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Chapter 1

Introduction
Sexual selection and sexual conflict
Darwin (1871) was the first to put forward that sexual selection arises
from differences in reproductive success caused by competition. The
origin of sexual competition lies in the most basic distinction between
males and females, namely the differential investment in gametes. This
difference in gamete size is referred to as anisogamy. Due to disruptive
selection on gamete size (Parker et al., 1972), males produce a virtually unlimited amount of tiny sperm, and females produce much fewer,
well-provisioned eggs. Thus, in principle, a male will have the capability
to fertilize all eggs in a population, if only the other males would not
try to do the same. As a result, male fitness is limited by access to the
eggs that females carry. In turn, this situation generates potential for
sexual selection to act upon traits that enable males to successfully compete against each other. It is this competition that has generated the
enormous variety in, for example, male colouration, song, and weaponry
which so amazed early naturalists. In fact, some of these adaptations
are particularly curious since they appear to hamper males in other important functions, such as survival. Fisher (1958) contributed to sexual
selection theory by explaining how such exuberant traits could be maintained through the so-called ‘runaway process’. His explanation of this
phenomenon is that females, which are generally far less conspicuous
than males, do not need to grow especially imposing, but rather profit
from blending into the surroundings, allowing them to choose the best
mate from the population, while staying hidden from predators. After
all, they are expected to be choosy about which male will fertilize their
limited number of eggs. Such female choice has been and still is a major
field of research within behavioural and evolutionary ecology (Eberhard,
1996).
3
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The above sketches the grand achievement of Darwin (1871) in providing an explanation for the differences between the sexes, much of
which still holds today. However, being a Victorian, Darwin was under
the impression that most species were monogamous and that sexual selection on reproductive traits would halt once pairs had formed. This
picture has been turned upside down during the last century, by findings
showing that there are very few examples, if any, of lifelong monogamy
in nature. The realisation that females and males are promiscuous when
they get the chance is crucial because it changed our view on sexual
selection. To illustrate this, consider two males having mated with the
same female: which male will fertilize her eggs? This will depend on
the performance of their respective ejaculates within the female. Parker
(1970) was the first to realize that male-male competition can continue
long after copulatory activity has stopped. As a consequence of female
promiscuity, there is selection on male traits that enable monopolization
of females during a breeding bout or breeding season. Alternatively, any
adaptation that kills or physically removes sperm from within the female
should also be favoured by selection. Such tactics will concurrently decrease the amount of control females have over the fertilization of eggs.
It is currently firmly established that sexual encounters are usually accompanied by conflicts of interest between partners (Arnqvist and Rowe,
2005). Such sexual conflicts arise because traits that are advantageous for
one sex can be harmful to the other. As a result, these conflicts can trigger co-evolutionary arms races leading to extreme, costly and sometimes
bizarre mating behaviours (e.g. Morrow et al., 2003). In recent years,
many studies have focussed on sexual conflicts, counter-adaptive arms
races and their evolutionary consequences in species with separate sexes
(reviewed in Arnqvist and Rowe, 2005). Many of these investigations
have shown that conflicts between the sexes can have severe implications
for the evolution of (secondary) sexual characteristics and behaviours and
can even lead to speciation.
By far the most work on sexual selection and sexual conflict has been
conducted in species that have separate sexes (Andersson, 1994; Arnqvist
and Rowe, 2005). However, the same principles that help understand the
4
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sexual adaptations found in separate-sex species also apply to organisms
with very different modes of reproduction, namely those that unite both
sexes in one body, i.e. hermaphrodites (Charnov, 1979; Charnov, 1982).
In both plants and animals, hermaphroditism is common, and in recent
years sexual selection in hermaphroditic breeding systems has developed
into a rich and exciting field of evolutionary ecology. This increased attention is easily observed from the fact that in the early nineties of the
last century, a book on sexual selection hardly mentioned hermaphrodites
(Andersson, 1994), while they were discussed in much more depth in recent books (Arnqvist and Rowe, 2005; West, 2009). This thesis, which
aims at better understanding the role of sexual selection and sexual conflict in hermaphrodites, builds on the research that these books reviewed.
Hermaphroditism
A hermaphrodite is an organism that has functional male and female
reproductive organs, during at least part of its life. True hermaphrodites
stand apart from separate sex species, called gonochorists, because the
former incorporate two functional sex functions in one body. To avoid
confusion, in gonochorists so-called hermaphrodites are actually pseudohermaphrodites, who suffer genetic or developmental mistakes and
are infertile in either sexual function (e.g. Levy et al., 1982). True
hermaphrodites come in two varieties, namely sequential and simultaneous hermaphrodites (Avise, 2011). Sequential hermaphrodites change sex
during their lives, which can happen only once or repeatedly depending
on the species, whereas simultaneous hermaphrodites have functionality
of both sex functions throughout (most of) their lives. This simiultaneously hermaphroditic lifestyle is predominant in plants (De Jong and
Klinkhamer, 2005) and a common mode of reproduction among animals
(Ghiselin, 1969), in about 5–6% of species (Jarne and Auld 2006). It
occurs in most animal phyla (24 out of 34), and it has evolved independently several times (Jarne and Auld, 2006; Michiels, 1998).
According to theory, hermaphroditism is favoured when the overall reproductive success through both sex functions is greater than that
of a pure male or female (Charnov, 1982; Charnov et al., 1976). The
5
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resource allocation model of Charnov et al. (1976) predicts that when
offspring produced by one sex function become increasingly expensive
as their numbers increase (i.e. result in diminishing returns), it is more
efficient to restrict resources allocated to this function and become a
hermaphrodite. This condition is traditionally thought to occur at in
low population densities, and parasitic, sessile or relatively immobile
lifestyles (Charnov et al., 1976; Ghiselin, 1969; Heath, 1977; Maynard
Smith, 1978; Puurtinen and Kaitala, 2002). Diminishing returns may
appear for the male function, meaning that under the above conditions
it may be relatively easy to inseminate a few partners, but the costs of inseminating many will rise because of, for instance, increasing mate search
costs. Increasing costs with larger numbers of progeny may also appear
for the female function, for example, when limited offspring dispersal enhances local sib competition (Michiels, 1998). Such diminishing returns
may also appear when population density is high, and mate choice strong
(Michiels, 1998). In support of the assumption that restricted mobility
and sessile lifestyles are important for the evolution of hermaphroditism,
it appears that changes in mate search ability are significantly correlated
with shifts in breeding system across a broad range of taxa (Eppley and
Jesson, 2008).
Once hermaphrodites have evolved, they can have several selective advantages over similar, but gonochoristic, species (Ghiselin, 1969). First
of all, assuming equal population densities, hermaphrodites may find a
partner more easily than separate sex species, for the simple reason that
all other adult individuals of its species are potential partners, instead
of only half of the population (Ghiselin, 1969; Michiels, 2000). Also,
hermaphrodites may adjust their resource allocation to their male and female function according to current conditions, and thus maximize fitness
under a wider range of conditions than gonochorists (see next section;
Schärer, 2009). Lastly, in the absence of partners, many hermaphrodites
have the option to self fertilize (Escobar et al., 2011). Although self fertilized offspring are likely to experience inbreeding depression, this mode
of reproduction will always be preferred over leaving eggs unfertilized.
In addition, optimal reproductive strategies may include a self fertilized
6
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fraction (chapter 6).
However, hermaphrodites may also suffer evolutionary disadvantages
compared to gonochorists. For instance, hermaphrodites have to maintain two reproductive functions, which is more costly than being a pure
male or pure female (Charnov, 1979). In addition, in gonochorists, trait
values can be optimized by sex-specific gene regulation and by sex chromosomes depending on whether an individual is male or female. In
contrast, intralocus sexual conflict cannot be resolved in this way in
hermaprodites, and trait values are further away from their respective
sex-specific optima than in separate sex species (Bedhomme et al., 2009).
Similarly, new mutations can be masked in gonochorists for multiple generations in the non-expressing sex, thereby adding to the genetic variation
of a population. In hermaphrodites, the continuous exposure to selection
of all traits erodes genetic variability in hermaphrodites more quickly
(Michiels, 2000). Lastly, the two sex functions in hermaphrodites make
them pre-adapted to evolve manipulative strategies via transfer of hormones and signalling compounds which can severely depress population
fitness through costly evolutionary arms races (Koene, 2005). In sum,
evolutionary trajectories of hermaphrodites and gonochorists are influenced by several unique inherent features and selection pressures, so that
benefits and costs of either system may well be species specific.
Sex allocation
Sex allocation theory is a highly successful branch of life-history theory, which has generated many testable predictions about the optimal
division of resources under different environmental and social conditions (Charnov, 1982; De Jong and Klinkhamer, 2005; Schärer, 2009;
Stearns, 1992; West, 2009). In gonochoristic species, sex allocation revolves around the offspring’s sex ratio in the next generation (West,
2009). However, in hermaphrodites sex allocation it involves the decisions about the timing of sex change (in sequential hermaphrodites), or
how to balance male and female investment in simultaneous hermaphrodites. It has been shown that several simultaneous hermaphrodites can
modify their sex allocation on demand, depending on social conditions
7
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(Brauer et al., 2007; Lorenzi et al., 2005; Schärer and Ladurner, 2003;
Schärer et al., 2005) or on environmental conditions (Janicke et al., 2011;
Janicke and Schärer, 2009), making them particularly well equipped to
adapt to current conditions (Borgia and Blick, 1981; Michiels, 1998).
Sex allocation models are not only concerned with mate availability
or other external conditions, but also include size dependency of optimal
allocation (Angeloni et al., 2002; Cadet et al. 2004; Klinkhamer et al.,
1997; Schärer et al., 2001). Body size is likely to influence energy budgets because increased mobility may lead to more efficient mate search
and foraging capability, and the relative efficiency of male and female sex
functions due to diminishing returns (Angeloni and Bradbury, 1999; Anthes et al., 2006; Lorenzi et al., 2006). The general theoretical prediction
is that with increasing size, relatively more resources should be allocated
towards the female function because the fitness return from eggs will be
linear with investment (Schärer, 2009). Sperm investment, by contrast,
will show a decreasing fitness gain curve due to costs of filling sperm storage organs or sperm displacement ability (Angeloni, 2003; Angeloni et
al., 2002). Since adults in a population of simultaneous hermaphrodites
may differ many times in size and volume, the scope for budget effects
of body size is large. As a result, sex-specific allocation decisions and,
hence, sexual selection, can be greatly influenced by size (Angeloni and
Bradbury, 1999; Anthes et al., 2006; Hall and Hughes, 1996; Koene et
al., 2007; Schärer et al., 2001).
Sexual conflict in hermaphrodites
As mentioned above, sexual conflict is a conflict between the evolutionary
interests of individuals of the two sexes (Parker, 1979). Lessells (2006)
made it clear that an ‘evolutionary conflict between the sexes’ is the same
as potential for sexually antagonistic selection, and it arises ultimately
because reproductive partners are genetically different (Lessells, 1999).
Darwin believed that hermaphrodites would have ‘too imperfect senses
and much too low mental powers to feel mutual rivalry’ (Darwin, 1871, p.
321), and that therefore sexual selection would not occur in these animals.
Although sexual conflict theory was first formulated with separate sex in8
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dividuals in mind (Parker, 1979), the same principles should apply to simultaneous hermaphrodites, since they, too, are anisogamous (Charnov,
1979). Charnov, (1979) realized that this implies that hermaphrodites
copulate mainly to give sperm away, and not to receive it, and that fitness
through male function is limited by the ability to have one’s sperm used
as gametes (Schärer and Janicke, 2009). Currently, it is well established
that sexual selection is acting on hermaphrodites (Arnqvist and Rowe,
2005; Baur, 1998; Michiels, 1998). Moreover, evidence is accumulating
that this can lead to coevolutionary arms races in hermaphrodites, as in
gonochorists (Beese et al., 2009; Charnov, 1979; Charnov, 1982; Koene
and Schulenburg, 2005), which can lead to behavioural, morphological,
and physiological adaptations and even speciation (Arnqvist et al., 2000;
Gavrilets and Hayashi, 2005; Gavrilets and Waxman, 2002).
One cause for conflict is that hermaphrodites may donate sperm, receive sperm, or both, in a given mating encounter. As a consequence,
the interests of mating partners may range from entirely compatible to
entirely incompatible (Michiels, 1998). For instance, if both mating partners are willing to donate sperm, but not to receive, this results in a conflict over mating roles. Over evolutionary time this has led to diverse solutions. One solution is to both donate and receive sperm, i.e. conditional
reciprocal sperm exchange, which resolves the conflict. Examples of this
have been described for fish and involves the repeated reciprocal release
of egg parcels, which can then be fertilized by the mating partner (Fischer, 1980; Fischer, 1984; Petersen, 2006). Egg trading (Fischer, 1984) is
also observed in pairs of polychaete worms (Sella, 1985; Sella, 1988; Sella
et al., 1997). This tactic allows for the simultaneous minimization of
sperm investment, while progeny numbers are maximized (Premoli and
Sella, 1995). Sperm can also be reciprocally exchanged, although this is
relatively rare. In an opisthobranch sea slug, mating partners insert their
penises in an alternating fashion (Leonard and Lukowiak, 1984; 1991),
while many land snails exchange sperm packages reciprocally via mutual
intromission, and in some land slugs penises are intertwined and reciprocal sperm exchange is completely external (references in Baur, 1998).
Often conflicts in hermaphrodites are not resolved in such a peaceful
9
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manner. To the contrary, overt hostile behaviour and genital weaponry
has evolved in order to achieve fertilization in many hermaphrodites. For
instance, ‘penis fencing’ has evolved in several marine flatworm species
as a likely consequence of conflict over mating roles (Michiels and Newman, 1998). Here, two individuals will rise up and try to stab each other
with their penisses, in order to hypodermically inject sperm and fertilize the eggs of the opponent. Mating tactics in many hermaphrodites
seem directed at giving sperm away, while minimizing exposure to semen potentially containing manipulating substances. Theoretical modelling indicates that extreme reproductive tactics may evolve more readily in hermaphroditic species than in species with separate sexes, mainly
because simultaneous hermaphrodites can gain paternity (male fitness)
which may outweigh losses in female fitness (Michiels and Koene, 2006).
Another potential conflict in hermaphrodites involves the sex allocation of the partner (Charnov, 1979). For any sperm donor, every investment of resources of its partner in sperm instead of eggs reduces
its potential reproductive success. Therefore, sperm donors should be
selected to transfer ejaculates that shifts sex allocation in the sperm recipient to the female function (Charnov, 1979). This objective may be
reached by transferring seminal compounds that either enhance female
function in recipients, or inhibit the male function (Schärer and Janicke,
2009). On the more sinister side, there have also been reports in a slug
species that the entire penis may be chewed off by the mating partner
(Reise and Hutchinson, 2002), but this behaviour appears to have more
to do with another source of conflict in hermaphrodites, namely sperm
competition.
Usually, sperm donors invest heavily in strategies that maximize the
number of offspring produced with their sperm. This is because many
hermaphroditic species have specialized organs that can keep sperm alive
for prolonged periods, generating strong post-copulatory sexual selection
on tactics that avoid competition with sperm from other donors. Adaptations to sperm competition in hermaphrodites include copulatory plugs
and gigantic penises in land slugs (Baur, 1998; Reise and Hutchinson,
2002) and hypodermic injection of manipulative substances in earth10
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worms (Koene et al., 2005). Probably the best-known example is the
shooting of the so-called ‘love darts’ in land snails (Chase and Blanchard,
2006; Koene and Chase, 1998a; Koene and Chiba, 2006; Schilthuizen,
2005). Here, the penetration of the calcareous dart into the partner
increases the shooter’s paternity, probably via the inhibition of sperm
digestion (Koene and Chase, 1998a; Koene and Chase, 1998b), while the
receiver’s skin is injured, infection risk could increase, and the process of
sperm storage is manipulated (Landolfa et al., 2001; Rogers and Chase,
2001).
The above examples are certainly bizarre and fascinating, but less
conspicuous adaptations to sperm competition have the potential to be
every bit as devious. In analogy with gonochorists, hermaphrodites will
be selected to transfer substances along with their sperm that confer
control over the fate of their sperm (Charnov, 1979). The benefit of
using ‘allohormones’, defined as compounds (usually proteins) that induce a direct behavioural or physiological response in conspecifics (Koene
and Ter Maat, 2001), is that they may evolve to serve many different
functions in recipients (Kubli, 2003; Wolfner, 2002). Moreover, there is
evidence to suggest that allohormonal seminal proteins are among the
fastest evolving traits known (Haerty et al., 2007; Panhuis et al., 2006).
Such compounds with bioactive functions in recipients have been known
for some time (Benke et al., 2010; Chase and Blanchard, 2006; Koene et
al., 2009a; Koene and Chase, 1998a), but have been fully characterized
in a hermaphroditic species only recently (Koene et al., 2010).
Choice of model organism
Molluscs are the second largest animal phylum whose history goes back
to the Cambrian explosion 540 million years ago (Ponder and Lindberg, 2008). Molluscs exhibit an impressive range of morphological, behavioural and ecological diversity and include oysters, clams, limpets,
snails, slugs, squid, cuttlefish, and octopus, to name but a few groups.
There are more than 100.000 described molluscan species, of which the
Gastropoda are by far the largest and most diverse group. About 20.000
gastropod species belong to the order Pulmonata, all of which are herma11
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Figure 1.1: A schematic figure of the reproductive morphology of Lymnaea stagnalis
and the routes of male and female gametes. Male and female gametes are produced in
the ovotestis (OT). The grey dotted path shows the route of a snail’s own sperm (autosperm). When matured in the OT, autosperm is transferred to the seminal vesicles
(SV) from where it is released when copulating as a male. Autosperm then passes the
sperm duct (SD) and is supplemented with seminal fluid (sf) from the prostate gland
(PG) before being pumped through the vas deferens (VD) and the penis (P) into the
sperm recipient. The route of received sperm from the mating partner (allosperm)
is indicated by the dotted black line. The mating partner receives allosperm in the
vagina (V), from where most is transferred into the bursa copulatrix (BC) for digestion, while the remaining portion is transferred along the female reproductive tract
to the SV for storage. After maturation in the OT, between 100 and 300 eggs (◦)
are transported through the hermaphroditic duct (HD) to the carrefour (C). There,
fertilization occurs (fert.) with either autosperm or allosperm. After fertilization, the
albumen gland (AG) adds nutritious perivitelline fluid (pf) to the eggs, followed by
an internal (mi) and an external membrane (me) in the pars contorta (PCO). The
muciparous gland (M) adds additional nutritious tunica interna (ti) to the developing
egg mass, which is finally surrounded by the tunica capsules (tc) by the oothecal
gland (O) before it is slowly pushed out through the female opening (V). The figure
is adapted from Koene (2010).

phroditic. The two major suborders within the pulmonates are the Stylommatophora and Basommatophora.
Pulmonates are excellent study organisms, because many species can
be easily accessed in the field, and can be cheaply cultured at high densities. Also, several species have been used historically as model organisms
to study neurological and endocrine systems (e.g. Davison and Blaxter,
2005; Feng et al., 2009) or in parasitology, as many species are intermediate vectors of parasites that can affect humans (e.g. Bargues et
al., 2001; Esch and Fernandez, 1994). As a consequence, a rich body of
literature exists on the evolution, ecology, behaviour, and physiology of
12
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Figure 1.2: Copulation and egg laying behaviour of Lymnaea stagnalis. A. Behavioural components of copulation. Copulation is unilateral in pond snails, i.e. one
individual performs the male role (grey shell) and a second individual the female role
(white shell). The male-acting snail mounts the shell of the female-acting individual
(1), where it starts circling (2) until it reaches the edge of the shell just above the female gonopore. After positioning (3), the penis is everted (4) and after some probing
(5) the penis is intromitted into the female gonopore (6). This behavioural sequence
lasts approximately 15–60min, while insemination usually takes about 20–30min. B.
Egg laying behaviour. After a resting period (1), turning behaviour (2) is accompanied by cleaning of a surface where the egg capsule will be attached. Oviposition
(3) takes about 5–10min, after which the capsule is inspected (4). The figures are
adapted from Koene (2010).

pulmonates. Among the basommatophorans, the great pond snail Lymnaea stagnalis has been used most extensively in the above research fields.
A great deal is known about its internal morphology (figure 1.1) and the
neurophysiological mechanisms of both male and female reproduction (reviewed in Koene, 2010), its sexual behaviour (De Boer et al., 1996; Jarne
et al., 2010; Van Duivenboden and Ter Maat 1988; see figure 1.2) and
energy budgets (Ter Maat et al., 2007; Zonneveld and Kooijman, 1989).
Therefore, this species is well-suited for research on evolutionary ecology,
not in the least because several characteristics of this species allow for experimental manipulations, mating group size, male insemination ability,
surgical castration, experimental insemination, and alterations in sexual
motivation.
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In relation to sexual conflict, Lymnaea stagnalis is interesting to study
because along with sperm, large amounts of seminal fluid are transferred
from one partner to the other during copulation. These seminal fluid
compounds are produced by the prostate gland, which has an important
function in the regulation of male sexual drive (De Boer et al., 1997;
Koene, 2010). Because of this association, seminal fluid compounds were
suspected to have important functions in the reproduction of pond snails
(Koene and Ter Maat, 2004). More specifically, they could potentially
act as allohormones that manipulate the mating partner and cause sexual conflict over the use of sperm. Many hermaphrodites have specialized
glands that absorb most received sperm soon after insemination, which
is not to the benefit of sperm donors. Sperm digestion also takes place
in the bursa copulatrix of L. stagnalis (Koene et al., 2009b), thus selecting for male adaptations that increase their number of sperm used for
fertilization instead of food (Charnov, 1979). Because hermaphrodites
are both male and female, they are pre-adapted to produce and subsequently transfer substances that manipulate reproductive functions in
mating partners (Koene, 2005), which may affect sperm usage, but also
sex allocation and behaviour. As a consequence, mating partners will
be selected to evolve counter adaptations to remain in control over these
processes.
Thesis outline
In this thesis I will focus on the economy of sexual conflict in the pond
snail L. stagnalis. Sexual conflicts are predicted to arise between mating
partners because of diverging evolutionary interests, and can be mediated via different routes. For internally fertilizing hermaphrodites one
such route is likely the ejaculate, which carries bioactive substances that
have the potential to increase the relative reproductive success of sperm
donors. In chapter 1, I will test the potential manipulative effect of
prostate extract on sperm recipients. On the basis of the results from
this experiment, doubt is cast on an important assumption of the resource allocation model: the linear trade-off between male and female
reproductive investment in hermaphrodites. In chapter 2, the costs of
14
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mating in the male and female role are determined. For the male function it is shown that production and transfer of an ejaculate is costly, and
significantly reduces investment in eggs. Mating as a female also reduces
egg production, which is caused by receipt of manipulative seminal compounds. Together these results demonstrate that the trade-off between
the two sex functions is obscured by the direct costs of sexual conflict.
Mating rate can have a profound effect on female lifetime fitness due
to the interplay between antagonistic adaptations and (in)direct benefits.
In chapter 3, I therefore focus on the long-term effects of different mating
regimes on female reproductive investment and growth in L. stagnalis.
The results show the dynamics of mating rate, fecundity and investment per offspring, providing insight into effects of sexual conflict and
potential beneficial effects of multiple mating in the form of nutritional
or genetic benefits. Because manipulative substances may not only target the female function but also the male function in hermaphrodites, I
tested the prediction that hermaphrodites are selected to evolve ejaculate
compounds that reduce male ejaculate investment in sperm recipients in
chapter 4. For the first time, it was shown that directly after mating as a
female, investment in sperm was decreased when subsequently the male
role was performed. In addition, experimental injection of single seminal proteins showed that this effect was due to two separate compounds
produced by the prostate gland.
Finally, in chapter 5, I focussed on quantification of sexual selection
in L. stagnalis. I tested the validity of the three Bateman principles
in hermaphrodites: i) larger variance in male reproductive, ii) larger
variance in male mating success and iii) a stronger correlation between
mating success and reproductive success for the male function. In addition, temporal effects of sex-specific selection were included into the
experimental design, as was offspring quality. This approach allowed me
to integrate results from previous chapters into a comprehensive picture
of selection pressures, arising from the interplay between sexual conflict
and genetic benefits, and the implications that these findings have on the
reproductive ecology of this hermaphroditic snail.
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Reduced egg laying caused by a male
accessory gland product opens the
possibility for sexual conflict in a
simultaneous hermaphrodite
Joris M. Koene, Annelies Brouwer, Jeroen N.A. Hoffer
Abstract

Promiscuity, sperm storage and internal fertilization trig-

ger sperm competition, which leads to sexual conflict whenever an advantageous trait for sperm donors is harmful to recipients. In separatesex species, such conflicts can severely impact the evolution of reproductive characteristics, physiology and behaviours. For simultaneous
hermaphrodites, the generality of this impact remains unclear and underlying mechanisms remain largely unexplored. In the hermaphrodite
Lymnaea stagnalis several previous studies showed that investment in
eggs differs depending on semen receipt, but these were inconsistent
about the direction of change. We investigated whether the change in
egg laying is caused by a seminal fluid component. By intravaginally injecting animals, we here reveal that a component of the seminal fluid inhibits egg laying, thus providing the first direct evidence for involvement
of such components in competition for fertilization in hermaphrodites.
We discuss the broad implications that this finding has on a number of
previous studies performed in the same species.
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Introduction
In internally fertilizing animals sperm are usually accompanied by seminal fluid, which together compose the ejaculate. Within the ejaculate,
natural selection favours substances that activate and nourish the sperm
and that are thus essential for proper fertilization of oocytes (e.g. Mann
and Lutwak-Mann, 1981). Additionally, post-copulatory sexual selection
favours the evolution of seminal substances that further enhance fertilization chances by influencing female physiology (e.g. Arnqvist and Rowe,
2005), which thereby fall within the definition of allohormones (Koene
and Ter Maat, 2001). Selection pressure on such substances is elevated
because male reproductive success is usually dependent upon the number of matings obtained (Bateman, 1948). With the traditional division
of the sexual roles, Bateman’s principle thus results in males competing for fertilizations. However, although seminal fluid components can
increase male reproductive success, they may at the same time reduce
female reproductive success. If that is the case, the male and female
objectives within a mating encounter are in conflict, and females may
evolve resistance traits to counteract the effect of a specific seminal fluid
component (persistence trait). This conflict can then drive the evolution
of ejaculates towards complex mixtures of sperm and numerous seminal
fluid components by antagonistic co-evolution (e.g. Gillott, 2002).
The best studied system, in which seminal peptides provide clear fitness advantages to males and cause clear fitness disadvantages to females,
is the fruit fly Drosophila melanogaster. Around 20 accessory gland proteins (Acps) have been identified and in total 133 proteins have been
shown to be transferred along with the sperm (Findlay et al., 2008).
They have been found to affect females in several ways (Fowler and Partridge, 1989; Chapman et al., 1995). For example, Acp70A (also called
sex peptide) decreases female receptivity and increases egg production
(Wigby and Chapman, 2005). Rice (1996) showed, using an experimental
evolution approach, that more competitive ejaculates can be detrimental
to the survival of females. This reduced survival is most likely caused
by Acp62F, which seems to protect sperm within the female tract but at
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the same time has a toxic effect on the female (Lung et al., 2002).
The above illustrates that such seminal peptides can enhance the
male’s reproductive success at the expense of the female’s, causing a
sexual conflict. There is, as yet, no clear evidence that any of these
seminal substances is solely transferred to harm the female, and thereby
inhibit e.g. remating. It rather seems that most of the negative effects are
collateral damages due to toxicity of the substances that are targeting
physiological processes in the female (Arnqvist and Rowe, 2005).
Seminal peptides thus have an essential role to play in species with
separated sexes, i.e. gonochorists (Gillott, 2002; Arnqvist and Rowe,
2005). However, in species that possess both functional male and female
reproductive organs (simultaneous hermaphrodites) the role of seminal
fluid components has remained largely unexplored. Therefore, we here
explore whether seminal products may also be involved in some of the
conflicts found in simultaneous hermaphrodites. Clearly, being a simultaneous hermaphrodite adds a layer of complexity to sexual selection processes because each individual can perform both sexual roles and can gain
male as well as female reproductive success through mating (Charnov,
1979; Michiels and Koene, 2006; Bedhomme et al., 2010). Moreover,
we know that most hermaphrodites store sperm from different donors
and can digest excess sperm, which are conditions that enhance sperm
competition (e.g. Koene et al., 2009).
Seminal fluids have been put forward to be responsible for changes
in egg production observed in the simultaneously hermaphroditic model
species, the great pond snail Lymnaea stagnalis. On the one hand, Van
Duivenboden et al. (1985) showed that egg laying is suppressed after
insemination and that this leads to reduced fecundity. On the other
hand, Koene et al. (2006) found that controlled repeated mating seemed
to result in increased investment in egg production compared to oncemated individuals. Although these experiments differed in duration, i.e.
weeks versus months, the results remain contradictory. Irrespective of
the contradiction of change in egg production, both studies suggested
that the change could be mediated by a component of the seminal fluid.
Thus, there are a number of questions surrounding this issue that remain
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unanswered. In this paper, we therefore want to present some new evidence and, based on these new findings, re-evaluate some of the previous
studies.
We will start by describing an experiment in which we tested the
involvement of a seminal fluid component in changes in egg production in
order to resolve the question about whether egg production is stimulated
or suppressed by mating. Subsequently, based on this finding we will
discuss its implications on the conclusions of previous findings, and then
explore some of the possible mechanistic aspects underlying this change
in egg laying. Finally, we will discuss whether this actually causes a
sexual conflict and provide some fruitful directions for future research in
simultaneous hermaphrodites.
Inhibition, not stimulation of egg laying after mating
Changes in egg production in L. stagnalis were initially mainly investigated in order to develop optimal breeding conditions. Several studies
have looked at the effects of density on reproductive activity (defined as
egg output, e.g. Mooij-Vogelaar et al., 1970). In controlled experiments
where densities were increased from 2 to 10 individuals it was observed
that egg laying decreased, while the opposite was true for cases where
densities were decreased from 10 to 2 (Mooij-Vogelaar et al., 1970). If
considered separately, the above results could be due to factors other
than receiving sperm and seminal fluid. But, when mating opportunities
change by changing densities from 1 to 12 and vice versa, the respective
decrease and increase in egg laying were also observed (Van Duivenboden
et al., 1985). Interestingly, more recent findings hinted at an increase in
egg laying when more mating opportunities were given (Koene et al.,
2006). Despite their opposite findings, the latter two studies both suggested, as one possibility, that the observed changes in egg laying could
be due to a seminal fluid component transferred during mating.
In order to test the effect of the seminal fluid on egg laying we performed the following experiment. We obtained 50 adult specimens of L.
stagnalis (L.) from our culture facility (shell lengths 30 ± 1mm). During
the experiments the animals were kept in individual perforated plastic
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jars, placed within a large tank under standard laboratory conditions, i.e.
running low-copper water at 20℃ with standard light conditions (L:D;
12:12h). Every day each snail was provided with an excess of lettuce
discs each measuring 19.6cm2 . These animals were randomly divided
over two treatments (Control and Seminal fluid) in two replications (per
treatment: n=10 snails in replication 1 and n=15 snails in replication 2).
For the statistical analysis of egg laying we nested the replications within
treatment. The analyses were performed with JMP version 5.0.1 (SAS
Institute Inc.). The data were tested for normality and non-parametric
methods were used wherever necessary.
For the seminal fluid treatment, five adult donor snails were taken
from the breeding facility and isolated for seven days to allow for prostate
gland replenishment (De Boer et al. 1997, see below). During these days
lettuce leaves were provided ad libitum. On day eight each donor snail
(average shell length 31 mm ± 8.7SD) was anaesthetized by means of
an injection of approximately 2ml of 50mM MgCl2 through the foot.
The prostate gland was then dissected out and its contents immediately
expressed into a collection vial that was placed on ice. Subsequently,
the seminal fluid was diluted with saline (see Loose and Koene, 2008)
and 1ml of fluid was prepared for immediate use containing 0.25 prostate
gland equivalents. A control containing saline only was prepared at the
same time (i.e. 0.00 dose). The seminal fluid dose approximates the
estimated amount of seminal fluid transferred during one insemination
(J.M. Koene, unpublished data).
For intravaginal injection, two 1ml syringes were filled with the different solutions and each syringe was fitted with a blunted injection needle.
A silicon tube with a diameter of 1mm and a length of 10cm, was slid
over each injection needle. The randomly chosen experimental animals
were inseminated intravaginally with either the control or the test solution in an alternating fashion. Prior to intravaginal injection, each snail
was anaesthetized with 2ml of 50mM MgCl2 . This anaesthetic ensured
that the animal was completely relaxed and maximally extended from
its shell within seconds. The silicon tube was then carefully inserted into
the female gonopore, now clearly visible as a white spot on the right side
21

Chapter 2
of the animal anterior to the right tentacle and male gonopore. A volume of 0.03ml was then slowly injected after which the silicone tube was
pulled out. Following this procedure, the shell length of each injected
snail was measured and the snail was returned to its perforated plastic
jar in a large tank, where it would recover over the next hours.
Following intravaginal injection, egg production was measured during
one week. Egg masses were collected and the number of eggs per mass
were counted. Egg counting was greatly facilitated by placing the egg
masses in 70% alcohol, which turns the egg bodies white within 30min.
For Replication 1, to quantify daily consumption per snail its lettuce
remains were collected and a picture was taken using a digital camera
that was placed at a standardized distance. The surface of the remains
of the lettuce discs was measured using ImageJ (NIH, Abramoff et al.,
2004). Consumption was calculated by subtracting the leftover area from
the total area of the lettuce provided (see De Visser et al. 1994). To verify
the validity of this measure, we weighed different surfaces of lettuce,
measuring between 0.19 to 19.6cm2 , and found that the relation between
surface area and weight in grams was highly significant (linear regression:
r 2 =0.97, n=40, P<0.001). Thus, lettuce surface area can be used as a
reliable measure for nutritional intake.
The results of this experiment indicate that there is a significant difference in the number of individuals laying eggs (Nested nominal logistic
procedure: χ2 =6.02, df=2, P=0.036). As shown in figure 2.1, the presence of seminal fluid clearly suppressed egg laying in both replications
of the experiment. Between egg laying individuals of both treatment no
differences were found in number of eggs laid (Wilcoxon: Replication
1, χ2 =1.21, df=1, P=0.27; Replication 2, χ2 =0.21, df=1, P=0.65) or
lettuce consumption (t-test: Replication 1, t 16 =0.97, P=0.35; not quantified for Replication 2).

22

Reduced egg laying and sexual conflict
100

% Laying eggs

80
60
40
20
0

Control

Seminal fluid

Treatment

Figure 2.1: The occurrence of egg laying in Lymnaea stagnalis after intravaginal
injection with a control substance or seminal fluid (0.25 gland equivalent) from the
prostate gland. The percentage of animals laying eggs is shown for each treatment.
The different shades of grey indicate the two replications.

From this experiment we can thus conclude that a seminal substance
(probably a peptide) is indeed responsible for an inhibition of egg laying,
not a stimulation. In the next section we now want to explore the implications of this finding on previous research investigating sex allocation.
To do so, we will first provide a brief review of the regulation of male
mating activity in this hermaphrodite.

Re-interpreting re-allocation of reproductive resources
The male behaviour consists of a fixed sequence of events that starts with
shell mounting (reviewed in Jarne et al., 2009). The animal crawls to the
tip of the shell in a counter clockwise fashion (circling). It then descends
to the right side of the partner’s shell where it positions itself on the edge.
Circling and positioning can be repeated several times. When the correct
position is found, the partially everted preputium becomes visible. Once
the preputium, which carries the penis, is completely everted it probes
to find the female opening. After one to several attempts, the penis is
intromitted and semen is transferred (De Visser et al., 1994; De Boer et
al., 1997).
23

Chapter 2
Despite being a simultaneous hermaphrodite, L. stagnalis can only
mate in one sexual role at the time. Hence, before mating the sexual
roles need to be divided for that particular interaction. One determining
fac.tor seems to be sexual isolation, because after a period of several days
of sexual isolation these animals are more eager to mate in the male role
(e.g. Van Duivenboden and Ter Maat, 1985). During this isolation period
the animal’s largest male gland, the prostate gland, also increases in size
(De Boer et al., 1997). The prostate gland produces the seminal fluid
that is added to the sperm prior to transfer to the partner. This increase
in the size of this gland is detected by the central nervous system via a
small branch of the penial nerve that runs along part of the vas deferens
(De Boer et al., 1997). The nervous information is received in a brain
area, called the anterior lobe, that controls male reproductive behaviour
and seems to be evolutionarily conserved across the Gastropoda (Koene
et al., 2000).
Koene and Ter Maat (2005) observed that sex role alternation, i.e. a
second mating in which the individuals within a pair swap sexual roles,
was mainly observed when both individuals were eager to mate. Thus,
the swapping of sexual roles can be nicely explained by the motivation
of both animals to mate in the male role. Moreover, the dependency of
performing the male role on the available amount of seminal fluid (rather
than sperm supply itself, De Boer et al., 1997) probably highlight the
importance of substances in this fluid for successful fertilization. Several
subsequent studies have further illustrated that the filling state of the
prostate gland is not the only thing that counts in a mating encounter.
For example, it was also shown that animals experience an increase in
their male motivation when they encounter a new partner, even if they
have just mated as a male (Koene and Ter Maat, 2007). Moreover, sperm
donors seem also able to assess the mating history of their mating partner
and donate sperm accordingly (Loose and Koene, 2008), but they do not
seem to make a distinction between partners of different ‘quality’ prior
to mating (Koene et al., 2007; 2008).
The fact that male motivation largely originates from the amount
of seminal fluid available in the prostate gland has also led to attempts
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to eliminate male behaviour. Indeed, when the nerve, running along
part of the vas deferens, that innervates the prostate gland is cut, the
animals essentially become females and no longer mate in the male role
(De Boer et al., 1997). Thus, male mating behaviour and sperm transfer
are eliminated, but the male reproductive organs remain otherwise intact
and active (i.e. sperm and seminal fluid production continue, but reserves
are not used). This observation has also prompted an attempt to quantify
the investment in the male function. The details of the procedure are
described in De Visser et al. (1994), but in brief, the setup was as follows.
In the experimental group male behaviour was eliminated by cutting the
part of the vas deferens along which the nerve branch runs between the
prostate gland and the central nervous system, they called these animals
‘non-copulants’. The 2 control groups (together called ‘copulants’) were
untreated (copulants: control) and sham operated (copulants: sham).
Animals were then kept in pairs within treatments and their consumption
of the standardized amount of lettuce (39 cm2 ) was measured daily. Egg
laying was also monitored daily whereas growth and dry weight were
measured at the end.
After eliminating the male behaviour as described above, De Visser et
al. (1994) recorded the change in investment in the female function as a
result of this treatment compared to controls. They found that egg laying
doubled in the animals in which the male behaviour had been eliminated.
The interpretation of this finding was placed within hermaphrodite sex
allocation theory (e.g. Charnov, 1979), which assumes a trade-off in investment between the male and female function. Hence the observed
difference in egg laying was interpreted as the shift of the allocation of
energy that was no longer invested into the male function towards the
female function.
Although the approach of the De Visser et al. (1994) experiment was
very elegant (see also Koene, 2006), they seem not to have excluded a
different explanation of their findings. What seems to have been previously overlooked, is that the animals in their experiment were all placed
in pairs. They had two control groups, unoperated and sham-operated,
which they used together as ‘copulants’. The experimental group, which
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were the ‘non-copulants’, showed increased egg laying. As a consequence,
they are comparing two factors that they manipulated at the same time:
First, elimination of sperm donation (i.e. male motivation) and second,
elimination of sperm receipt. Hence, they cannot conclude as firmly
as they do, that the observed change in egg production represents the
amount of resources that are no longer invested into the male function
and thus get reallocated towards the female function. The alternative
explanation, that the change in egg laying is due to an absence of receipt
of seminal fluid (including an egg laying suppression component) cannot
be ruled out in their study.
Fortunately, a study that was done several years earlier can help to
distinguish between the two alternative hypotheses. Van Duivenboden
et al. (1985) performed an experiment that was very similar to the one
done by De Visser et al. (1994). The crucial difference was that Van
Duivenboden et al. (1985) did include the factor copulation separately
(albeit sperm donation and receipt combined). Figure 2.2 depicts her
findings, originally published in a table, in graphical form. For clear
comparison, we have depicted them in the same way as the representation
of the De Visser et al. (1994) data in Koene (2006). The first three
groups on the left side essentially represent and confirm the findings of
De Visser et al. (1994). Most interestingly, the right three groups show
the same treatments but in this case copulation in either sexual role is
excluded (i.e. individuals are isolated). This illustrates convincingly that
the observed change in egg production is not due to a removal of the
male behaviour, but rather due to an absence of insemination.
We are therefore now confident that the lower egg laying in copulating snails, compared to non-copulating snails, should be ascribed to
an effect of receiving seminal fluid (containing the male accessory gland
product that suppresses egg laying). Evidently, it is still unclear how
the component of the seminal fluid inhibits the egg laying process in the
recipient. To explore how this might work, we first need to have a brief
look at the underlying mechanism regulating female reproduction in L.
stagnalis.
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Figure 2.2: Total egg production per snail against the different operations and copulation opportunities. N indicates the number of individuals per treatment. The terms
used in the text are also indicated on the x-axis. The overall ANOVA was significant
(see Van Duivenboden et al., 1985). The post-hoc results of comparisons between the
groups are indicated by different letters (P=0.05). However, note that the grouped
animals were housed together and thus do not represent independent data points (i.e.
pseudoreplicated).

How is the egg laying process affected in the recipient?
Egg laying is controlled by a bilateral group of neurons in the cerebral
ganglia, the caudo-dorsal cells (CDCs; Ter Maat et al., 1983). The importance of the CDCs was first revealed by cauterizing these cells, which
completely stopped egg laying (Geraerts and Bohlken, 1976). These cells
project into the neurohaemal area of the cerebral commissure, are electrically coupled, and send axons through the cerebral commissure to the
contralateral cell cluster (Joosse, 1964; Wendelaar-Bonga, 1971; Roubos,
1976; De Vlieger et al., 1980). As a consequence, these cells show a synchronous, long-lasting discharge (De Vlieger et al., 1980; Ter Maat et
al., 1986). That these CDCs are neurosecretory and that their products
induce egg laying was first shown by injecting extracts from the cerebral commissure into the blood (e.g. Geraerts and Bohlken, 1976). The
confirmation that the CDCs release hormones during their bursting ac27
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tivity comes from a very convincing in vitro experiment by Ter Maat et
al. (1988). In that experiment the CDCs in one CNS preparation were
induced to discharge. The reaction in a second preparation, that was
placed adjacent in the same saline bath, was recorded and revealed that
these CDCs also started a long lasting discharge. This unequivocally
demonstrated that the initiation of this activity is chemically mediated.
It turns out that several peptides are involved and released into the
blood (e.g. Geraerts et al., 1983, 1985; Geraerts and Hogenes, 1985). By
now, 13 different peptides have been identified (Li et al., 1994; Jimenez et
al., 2004) of which 11 are all encoded on the same gene, the CDCH-gene
(e.g. Geraerts et al., 1983, 1985; Vreugdenhil et al., 1985, 1988). The key
peptide for egg laying seems to be CDC-hormone (CDCH), because the
injection of this peptide alone triggers egg laying (Ter Maat et al., 1987).
Egg laying behaviour of L. stagnalis consists of a fixed sequence of
behavioural events at the end of which the egg mass is fixed to the substrate (reviewed in Jarne et al., 2009). Egg masses contain on average
somewhere between 50 and 150 eggs, depending on the individual’s body
size (Koene et al., 2007). Animals stop laying eggs when the water gets
too dirty. As a consequence, egg laying can be triggered by a transfer
from dirty to clean water. Although this is known as the clean water
stimulus (CWS), the effect is actually caused by a combination of clean
water, clean surface and higher oxygen level (Ter Maat et al., 1983).
Understanding the regulation of egg laying and the CWS response
is important for understanding the following experiment, in which the
CWS was tested on snails that had just mated (Van Duivenboden et al.,
1985). The details of the experiment can be found in the original paper,
but in essence the following was done. Animals were kept individually in
pots without changing the water for six days. The experimental snails
were then placed in pairs and allowed to mate in one role while the
control snails were not allowed to mate. All remained in dirty water.
After mating each snail was transferred to a clean jar with clean water
(i.e. given a CWS), as were the control animals. Egg laying was then
observed for 4 hours. With this experiment Van Duivenboden et al.
(1985) were able to show that immediately following a mating in the
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Figure 2.3: Egg laying (oviposition) response after a clean water stimulus (CWS).
There were three experimental groups, animals that had not mated (Control, N=14),
animals that had only donated semen by performing the male role only (‘Male’,
N=10), and animals that only received semen by performing the female role only
(‘Female’, N=10). Egg laying was scored at either occurring (yes) or not (no) and the
proportion of animals ovipositing in each group is depicted. See Van Duivenboden et
al., 1985 for original data.

female role, the CWS does not elicit egg laying. For control animals and
animals that mated in the male role they found that the CWS worked
normally (Likelihood ratio χ2 =14.17; n=34, df=2, P<0.0001). Their
results, based on the published table, are graphically depicted in figure
2.3.

The above clearly shows that already immediately following mating,
egg laying is indeed inhibited in sperm recipients. This suggests that
in these sperm recipients the CWS does not trigger the CDCs to initiate their long-lasting discharge (to release the egg laying peptides), as
they normally would in response to an egg laying trigger. This makes
it very tempting to speculate about a possible link between the seminal
substance and CDC activity. Evidently, a very fruitful avenue for future
research will be to investigate the mechanism underlying the inhibition
of egg laying caused by the seminal substance.
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Does suppression of egg laying reflect a conflict?
The foregoing has revealed that mating inhibits egg laying. The inhibition of egg laying in a mating partner seems counter-intuitive, hence the
question about why this occurs is very legitimate. One clear direction
for future research should therefore focus on investigating the advantage(s) for the sperm donor as well as the possible resistance (counteradaptations) to this by the sperm recipient.
As reviewed in Arnqvist and Rowe (2005), seminal substances can
cause direct or indirect effects on the recipient. If the effect we observe
in these pond snails represents a general inhibition of the female function, then the willingness to remate may also be reduced and that would
provide a direct benefit for the sperm donor. However, no remating inhibition seems to occur in L. stagnalis because sperm recipients can be
easily inseminated by a second donor within 24 hours or even immediately after insemination (Koene et al., 2009; Koene and Ter Maat, 2007,
respectively). Alternatively, inhibited egg laying could be an indirect effect, i.e. a collateral effect brought about by a substance that is targeting
a different physiological process in the female. In this context, one obvious principal, direct effect could aim at a higher paternity, for example
via increasing storage of the donated sperm and/or sperm displacement
of already-stored rival sperm. Another aim could be, by postponing egg
laying, to commit the partner to invest more resources per egg, thus
increasing egg quality (rather than quantity). Either of these different
hypotheses could explain why egg laying is suppressed by seminal fluid
and could be tested by using the intravaginal injection approach reported
above.
In any case, the fact that the sperm donor can influence processes in
the sperm recipient via the semen illustrates another important point.
Although there has been a recent surge in sexual conflict research in
hermaphrodites, most of these studies have focused on bizarre behaviours.
Examples include dart shooting in land snails (Koene and Schulenburg,
2005), penis fencing in flatworms (Michiels and Newman, 1998), body
piercing in earthworms (Koene et al., 2005) and stylet piercing in sea
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slugs (Anthes and Michiels, 2007). These extremes have highlighted the
important role that sexual selection and sexual conflict play in the evolution of hermaphrodites. Our findings confirm that also in a relatively
normal hermaphrodite, which simply transfers seminal substances along
with the sperm during insemination rather than by using a stabbing device, sexual selection and conflict can be of equal importance.
Concluding remarks
Although many effects of seminal fluids are already known from animals with separate sexes, we have here presented the first clear example
for the influence of seminal fluid on egg production in a simultaneous
hermaphrodite. That the seminal fluid component, originating from the
prostate gland, suppresses egg laying is of great consequence for the conclusions of several previous studies. Those previous studies could not distinguish between whether the observed changes in egg laying were caused
by i) an active shift in resource allocation by the recipient in response to
changed circumstances or ii) a seminal fluid component influencing egg
production. This means, as argued above, that the observed changes in
egg laying after removal of the male behaviour (De Visser et al., 1994) do
not reflect a reallocation of freed-up male resources towards the female
function, but rather an absence of the inhibiting effect of the seminal
fluids received during inseminations (as is essentially confirmed by Van
Duivenboden et al., 1985).
Our findings thus support the suggested inhibition of egg laying (Van
Duivenboden et al., 1985), rather than the proposed stimulation (Koene
et al., 2006), and show that this is indeed mediated by a component in
the seminal fluid of L. stagnalis. Why then did these previous studies
reach opposite conclusions? The explanation seems to lie in the different
experimental procedures used. The most important difference lies in
that the snails in the earlier study had continuous access to mates (Van
Duivenboden et al., 1985), while in the later study restricted access was
used (one day per week, Koene et al., 2006). Assuming that the decreased
egg laying observed in the first study was caused by repeated receipt of
seminal fluid, this may indicate that the second study underestimated the
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natural mating rates in groups. Evidently, this now needs to be tested,
but recent work already indicates that mating rates may indeed be much
higher (Koene and Ter Maat, 2007).
Our findings have another vital implication for research on hermaphrodites. Generally, hermaphrodites are flexible in optimizing their investment in growth, male and female reproduction depending on circumstances (Schärer and Ladurner, 2003). This is usually seen as beneficial, for example because a sperm recipient can invest resources based
on mate availability and/or quality. However, as our data show, this
flexibility may come at a cost, because it also gives sperm donors the opportunity to reroute resources in their partners (probably with the goal
to assure optimal use of the donated sperm). If this goes at the expense
of the sperm recipients, i.e. causes a conflict, this would clearly mean
that flexible resource allocation is a mixed blessing for hermaphrodites
(Bedhomme et al., 2010).
To conclude in terms of future perspectives, revealing the exact biochemical identity of the seminal fluid component that is produced in the
prostate gland, as well as its nucleotide sequence, is now imperative.
Furthermore, the reason for and mechanism of suppression of egg laying
warrant closer investigation. On a much more general note, the fact that
we found a manipulative substance that is transferred along with the
sperm (rather than via a stabbing device), implies that such substances
may be very common in internally-fertilizing hermaphrodites.
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Costs of receipt and donation of
ejaculates in a simultaneous
hermaphrodite
Jeroen N.A. Hoffer, Jacintha Ellers, Joris M. Koene
Abstract

Sexual conflicts between mating partners can strongly

impact the evolutionary trajectories of species. This impact is determined by the balance between the costs and benefits of mating. However, due to sex-specific costs it is unclear how costs compare between
males and females. Simultaneous hermaphrodites offer a unique opportunity to determine such costs, since both genders are expressed
concurrently. By limiting copulation of focal individuals in pairs of
pond snails Lymnaea stagnalis to either the male role or the female
role, we were able to compare the fecundity of single sex individuals
with paired hermaphrodites and non-copulants. Additionally, we examined the investment in sperm and seminal fluid of donors towards
feminized snails and hermaphrodites. Compared to non-mating focal
snails, reciprocating individuals as well as male and female copulants
experienced a significant fecundity reduction (∼40%) after, on average,
3.07 ± 0.12 copulations (mean ± 1SE) in their allowed roles (for donors
2.98 ± 0.16 copulations and for recipients 3.14 ± 0.12 copulations). In
a single copulation, significantly more sperm was donated to partners
that were restricted to mating in the female role than to hermaphrodites,
while seminal fluid transfer was unaffected by recipient type. Our data
indicate that the costs of mating in both sex functions are high in L.
stagnalis. This conclusion is based on fecundity data collected separately
for male and female copulants. Male mating costs result from investment in expensive ejaculates, composed of sperm and seminal fluid. For
female copulants, fecundity reduction correlated with transferred sperm
numbers in the first copulation, while differences in transferred quantities of seminal fluid were not detected. These findings may point toward
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a ‘sperm effect’ as a novel feature of pond snail reproductive ecology.
In conclusion, sex allocation and sexual conflict both contribute to decreased female fecundity in pond snails.

Introduction
In contrast to earlier views of reproduction as a cooperative affair between
two mating partners, it has become evident that sexual encounters between males and females are commonly accompanied by conflict between
sexually interacting partners (Arnqvist and Rowe, 2005). A basic understanding of this phenomenon can be found in Bateman’s principle, which
holds that a female’s reproductive output is primarily limited by access
to resources while male fitness is primarily limited by access to female
gametes (Arnold, 1994; Bateman, 1948). The most important implication of this is that females are selected to be choosy about whom to mate
with, while males can profit from mating with many females. Therefore,
with the exception of strict monogamy, the genetic interests and optimal
reproductive strategies of mating partners will rarely coincide.
Under these circumstances a trait that is advantageous for one mating
partner but harmful to the other can fuel repeated cycles of adaptation
and counter-adaptation in the two sexes, i.e. a coevolutionary arms race
(Lessells, 2006). The last decade has seen many contributions showing
that such sexual antagonism between the sexes can severely impact the
evolution of reproductive behavior, physiology and morphology in animals (Arnqvist et al., 2000; Fedorka and Zuk, 2005; Martin and Hosken,
2003). For instance, conflict over mating in water striders has led to the
evolution of harassment behaviors and grasping structures in males and
anti-grasping traits in females (Arnqvist, 1997). Although sexual conflict
in plants is less extensively studied, here supporting evidence is also accumulating (Lankinen and Larsson, 2009; Prasad and Bedhomme, 2006).
In addition to antagonistic traits in males and females, competition between males can indirectly cause sexual conflict when traits beneficial
in sperm or pollen competition –as a corollary– harm females and lower
their fitness (Chapman et al., 1995; Crudgington and Siva-Jothy, 2000;
Delph and Havens, 1998; Gay et al., 2009). For example, early induc34
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tion of stigma receptivity by pollen donors promotes avoidance of pollen
competition in Collinsia heterophylla, but is associated with lower seed
set of pollen recipients (Lankinen and Kiboi, 2007). However, investment of limiting resources into expensive pollen or ejaculates (Dewsbury,
1982) that maintain sperm competitiveness has also been demonstrated
to come at non-trivial costs to other life-history traits in males (Olsson et
al., 1997; Partridge and Farquhar, 1981; Van Voorhies, 1992). It is therefore not surprising that males modulate ejaculate size according to sperm
competition risk, which can even lead to sperm-limited females (Wedell
et al., 2002). Hence, the expression of traits beneficial in sperm competition and female manipulation, e.g. male accessory gland proteins, is
costly to their bearers, such that males can become limited in the number
of fertilizations they can secure.
Ultimately, the evolutionary outcome of sexual conflict for both sexes
depends on the relation between costs and benefits of mating interactions,
which define the fitness pay-off (Lessells, 2006). Benefits are typically
expressed in additional eggs, sired offspring or enhanced offspring quality,
which can all increase an individual’s fitness. Costs can also take several
forms. First, costs of production that result from, for instance, sperm
and seminal fluid synthesis. Second, costs of manipulation result when
receipt of manipulative compounds shift reproductive investment away
for the optimum. Third, costs of collateral harm result from loss of
resources, e.g. when received compounds (or their metabolites) need to
be detoxified. All costs accumulate during an individual’s lifetime and
lead to loss of fitness.
In gonochorists (i.e. separate sex species), costs and benefits are normally estimated separately for males and females, and can be inferred by
comparing populations or closely related species under different selection
pressures (Arnqvist, 2002; Vahed, 2007). Importantly, direct comparison
of costs of mating for both sexes requires a common measure of reproductive investment, which is problematic in separate sex species. In
hermaphrodites, however, a basic assumption of sex allocation theory is
the existence of a fixed budget for reproduction, thus resources spent on
the male function will trade off against female reproductive investment
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and vice versa. As a consequence, costs of donation and subsequent de
novo synthesis of ejaculates can be detected via a decrease in female reproductive investment. Second, the cost of manipulation of reproductive
investment, i.e. sex allocation, can be traced by proxies of fitness in both
reproductive functions. Again, when predictions of sex allocation theory
hold, manipulation by donors could for example, result in an increase in
egg production, and a concurrent decrease in male reproductive investment. Third, as collateral harm usually affects both sexes, the costs of
harm can be traced through a decrease in fecundity, but since the male
function should be affected too, ideally, ejaculate investment should be
measured as well.
The flexibility of sex allocation in hermaphrodites is of great importance since it allows them to adapt quickly to local changes in reproductive opportunities. However, plasticity in sex allocation increases vulnerability to exploitation by mating partners. The latter occurs because
selection favours sperm donors (hereafter donors) that transfer ejaculates that increase egg production in receiving partners (hereafter recipients), creating potential for sexual conflict over sex allocation (Charnov,
1979; Schärer and Janicke, 2009), which is predicted to evolve readily
(Bedhomme et al., 2009). Costs of such manipulation fall in the second
category mentioned above, and may be detected through decreased investment in the male function or increased egg output and/or enhanced
growth (size advantage model (Ghiselin, 1969)). Despite the attention
for sexual conflict in hermaphrodite mating systems, data on the costs of
expression of antagonistic traits is rare (or involved the concurrent elimination of both sexual functions (Patel et al., 2002)), although several
authors point out that such data would be essential for determining the
evolutionary consequences of antagonistic traits (Lessells, 2006; Michiels
et al., 2009; Schärer, 2009).
The hermaphroditic pond snail Lymmaea stagnalis has been used
as a model to study reproductive ecology (e.g. De Visser et al., 1994;
Koene and Ter Maat, 2007; Van Duivenboden et al. 1985). De Visser
et al. (1994) found that snails that were allowed to copulate produced
half as many eggs as non-copulating individuals, despite the presence of
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stored allosperm in all snails. This led them to conclude that in noncopulants male resources were re-allocated to the female function, as sex
allocation theory predicts (Charnov, 1979; Charnov, 1996). This study
has been considered the most clear-cut demonstration of resource reallocation between male and female function, and thus a direct trade-off
as predicted by sex allocation theory. Quite to the contrary, a study
by Van Duivenboden et al. (1985) showed that inhibition of egg laying
occurs upon copulating as a female, suggesting that compounds in the
ejaculate may be responsible. This idea is corroborated by recent work
(Anthes et al., 2010; Koene et al., 2009a) showing that seminal proteins
transferred during copulation induce a delay in egg mass production.
To distinguish between the two hypotheses for the decreased fecundity upon copulation, we performed two experiments using L. stagnalis
to determine the costs associated with copulation and the mechanism
underlying loss of fecundity. In the first experiment we restricted the
roles in which snails could copulate. The costs of mating as a male and
a female were expressed in a common measure of investment, namely
the decrease in egg production compared to non-mating animals. In the
second experiment, we specifically assessed the investment in ejaculates
(i.e. male investment) by determining the number of sperm and amount
of seminal fluid transferred during a single copulation. Taken together,
these experiments provide the first quantification of the costs of ejaculate
receipt and donation in a simultaneously hermaphroditic animal.

Materials and methods
Study species

Lymnaea stagnalis is a common pond snail species of the northern hemisphere, where it resides in freshwater lakes, ponds and ditches. Pond
snails are hermaphroditic but mate unilaterally, i.e. one mating partner
performs the male sexual role during copulation and the other the female
role. During copulation copious amounts of sperm and seminal fluid
from the prostate gland are transferred to the recipient snail. In this
promiscuous species, received sperm from several donors can be stored for
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up to 3 months (Cain, 1956). Although individuals also carry autosperm,
which they can use for self-fertilization, allosperm is preferentially used
for fertilization, resulting in complete out-crossed offspring after receipt
(Koene et al. 2009b).
The motivation to act as a donor is highly correlated with the volume
of the prostate gland. A part of the penial nerve (branch NP1) that runs
from the prostate to the central nervous system informs the brain about
the filling status of the prostate (de Boer et al., 1997). Mating depletes
seminal fluid reserves in the prostate gland, which are replenished after 8
days of abstinence (Van Duivenboden and Ter Maat, 1985). When both
mating partners are motivated to donate, mating roles can be swapped
after the first insemination (Koene and Ter Maat, 2005).
Effect of mating role on egg production

Adult animals from a three-months-old cohort were collected from our
mass rearing culture and housed individually in perforated plastic jars
in a large tank with running low-copper water under standard lighting
conditions (L:D; 12:12). Every day after isolation each snail received one
disc of lettuce of 19.6cm2 . This amount was slightly below their maximum intake rate, so that all lettuce was consumed each day (Zonneveld
and Kooijman, 1989). After acclimatizing for four days to experimental conditions the snails were checked for egg laying capability and were
randomly assigned to one of three experimental procedures. We anesthetized one group by injecting 2ml of 50mM MgCl2 using a syringe.
Subsequently, we cut away (lesioned) part of the vas deferens which, crucially, runs parallel with part of the penial nerve (NP1) through the skin.
This surgery removes the motivation to mate in the male role (de Boer
et al., 1997) and as a result turns operated individuals into females (although male organs remain intact). A second group was anesthetized
and cut in the skin directly above the vas deferens, i.e. sham operated.
These animals remained fully functional in both reproductive roles. A
third group was left intact. In addition to these procedures, a numbered
tag (Het Bijenhuis, The Netherlands) was glued to the shell of half of
the animals of all groups for identification. After the glue dried all snails
38

Costs of receipt and donation
were returned to isolation under the conditions mentioned above.
On the eighth day after isolation (when male motivation reaches its
maximum) animals from the three different experimental procedures (222
animals in total) were assigned to five treatment groups. Two treatments
were made by pairing two functional hermaphrodites, with the difference
that one group consisted of two unoperated individuals (‘Control’) and
the other of two sham operated individuals (‘Sham’). Both pair types
had one focal snail and will be jointly referred to as reciprocal copulants
(reciprocals for short) since they were given the opportunity to mate in
both sexual roles. For the third treatment an operated focal was paired to
an unoperated individual. This restricts both individuals to copulating in
one role only, since the focal is effectively a female and cannot reciprocate
as a donor. Therefore, this was the ‘Receive’ treatment, where we referred
to focals simply as females. The fourth treatment was identical to the
third, except that here the focal was the unoperated hermaphrodite.
Since focal individuals were restricted to donating and never received
from their partner (a ‘female’), this was the ‘Donate’ treatment. Focals
were simply called males. Finally, the ‘Operated’ treatment consisted of
two operated individuals one of which served as focal. Since both snails
lacked motivation to mate as a male, this treatment is characterized by
a general lack of copulatory activity, hence focal individuals are referred
to as non-copulants. A schematic overview of the make-up of these five
experimental treatments is given in table 3.1.
Each day, all pairs (including operated pairs) were observed until
mating activity ceased (1.5–8 hours) before they were returned to isolation for the remainder of the day and received food. This protocol
was the same for the five days of the observational period. High mating
rates were ensured by making use of the Coolidge effect, i.e. the motivation to inseminate novel partners over previous partners (Koene and Ter
Maat, 2007). Under these circumstances, sperm is transferred in nearly
all copulations as has been made plausible previously (Van Duivenboden
and Ter Maat, 1988). Each day focals were paired with different mating
partners, which were circulated within treatments. For the focal individuals mating roles were noted and egg masses produced during both day
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Table 3.1: Schematic overview of pairing types of Lymnaea stagnalis individuals in
five experimental treatments. Capital letters denote hermaphrodites (H) and surgically feminized individuals (F). Surgery involves lesioning a branch of the penial
nerve (NP1) in snails and removes the motivation to mate as a male (see text for
details). Therefore, combinations of H and F result in pairs that can only copulate
in one mating role: H as donor and F as recipient. In FF pairs, male function is lacking and copulatory activity is absent. HH pairs denote normally mating functional
hermaphrodites.

Treatment

Pairing type

Description

Focal

Partner

Control

H

H

Reciprocal copulation, focals receive and donate

Sham

H

H

Reciprocal copulation, focals receive and donate

Receive

F

H

Unilateral copulation, focals restricted to receiving

Donate

H

F

Unilateral copulation, focals restricted to donating

Operated

F

F

No copulation, focals neither receive nor donate

(immediately upon laying) and night (next morning) were collected for
egg counting. Egg masses laid by non-focals were discarded as soon as
they were produced. Counting of eggs was greatly facilitated by placing egg masses in a vial containing 70% ethanol, which renders the egg
bodies opaque within an hour. After counting, egg masses of each focal
were pooled in a pre-weighed collection tube. After freeze drying, the
dry weight of each egg mass was determined to the nearest 0.02mg on a
closed micro-balance (Sartorius, model 1712 MP8, Göttingen, Germany).
By dividing the total dry weight by the total number of eggs laid by an
individual we calculated the investment per egg. Directly after the experiment shell length of focal individuals was measured with calipers to
the nearest 0.1mm.

Ejaculate donation to hermaphrodites and females

Adult snails taken from the mass rearing culture were isolated and maintained as described above. After checking for egg laying capability on the
fourth day after isolation, half of the 94 snails were randomly distributed
into three groups that were either surgically feminized, sham operated
or left intact, following the same procedures as described in the previous
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section. The other half of the experimental snails remained in isolation
without manipulation and would serve as standardized donors. Bee tags
(het Bijenhuis) were glued on the shells for identification.
On the eighth day after initial isolation pairs of snails were assigned
to one of three treatment groups. The ‘Control’ treatment consisted of
an unoperated snail paired to another unoperated individual that was
the prospective donor. The ‘Sham’ treatment consisted of a sham operated snail paired to an unoperated donor. In the ‘Operated’ treatment
unoperated donors were paired to operated individuals. All pairs were
observed and the mating role of focal snails was noted. As soon as a focal
had received sperm (none mated first as a male), both donor and recipient were anaesthetized and shell lengths were determined. Subsequently,
the shell of the recipient was removed and the skin was cut open using
small surgical scissors, taking care not to puncture the underlying spermfilled ducts. The female ducts (vaginal duct, truncus bursae/pedunculus
and oviduct) were dissected out as a whole and placed in a 1.5ml vial
containing 200µl of saline. After vortexing for 30s the female tissue was
transferred to another vial containing 200µl of saline and vortexed again.
This was repeated a third time after which the tissue was discarded and
the three vials were pooled (600µl in total). The sperm in each sample
was counted in quadruple using a Neubauer counting chamber (0.1mm
depth by 0.0025mm2 ). A more detailed description of the protocol can
be found elsewhere (Loose and Koene 2008). In addition, the prostate
glands of both the recipient and the donor were dissected out and placed
in separate pre-weighed vials after which the dry weights (after freeze
drying) were determined.
Statistical analyses

All statistical analyses were performed in R (version 2.8.1). When the
data were not normally distributed they were transformed to suit model
assumptions. In the experiment where we looked at fecundity upon mating, one focal in the ’Donate’ treatment mated as a female, and was
therefore excluded from the analyses. In the sperm transfer experiment,
data from six recipient snails were excluded from the analysis (∼10%, two
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Number of eggs
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0

Reciprocal
copulants

Single sex
copulants

Noncopulants

Figure 3.1: Fecundity of Lymnaea stagnalis individuals restricted to experimentally
allowed mating roles during five days. ‘Control’ and ‘Sham’ treatments include reciprocally mating focals (Reciprocal copulants), whereas the ‘Receive’ and ‘Donate’
treatments’ focals are restricted to mating as a recipient and as a donor, respectively
(Single sex copulants). In the ‘Operated’ treatment focals do not mate at all (Noncopulants). The symbols depicted in the bars denote the imposed mating role(s) of
the focal individuals in the different treatments. The bars indicate mean ± 1SE.
Tukey post-hoc results are shown above the bars.

in each treatment). These individuals had appeared to be copulating but
no sperm was recovered from the female ducts.

Results
Effect of mating role on egg production

During five days pairs of pond snails were observed for mating activity and fecundity. Between treatments there was no difference in shell
length, which is tightly correlated with body size (ANOVA: F 4,106 =0.64,
P=0.64). The overall difference in fecundity was significant for treatment but not for size (ANCOVA on square root transformed fecundity data: F 4,106 =7.94, P<0.001 and F 1,106 =0.12, P=0.73, treatment
and shell length, respectively). The non-significant interaction term was
dropped from the model. The treatment effect was entirely due to the
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Figure 3.2: Number of copulations in experimentally imposed mating roles. The bars
indicate the mean number of copulations as a recipient (white bars) and as a donor
(black bars) ± 1SE. Note that an X indicates prohibited mating roles (missing values),
and were therefore excluded from statistical analysis.

higher fecundity of animals in the ‘Operated’ treatment compared to the
other 4 treatments, whereas none of the other groups differed significantly
(figure 3.1). The dry weight per egg did not differ significantly between
treatments (ANOVA: F 4,106 =1.90, P=0.12). In addition, there was no
significant difference between the number of eggs per egg mass (ANOVA:
F 4,106 =1.76, P=0.14), but the number of egg masses laid was different
between treatments (ANOVA: F 4,106 =17.79, P<0.001). This difference
was due to more egg masses being produced in the ‘Operated’ treatment
(Tukey post-hoc test: P<0.05). Interestingly, the number of copulations in the allowed roles did not differ between treatments (ANOVA on
number of copulations: F 2,64 =0.80, P=0.45 and F 2,61 =2.22, P=0.12; for
donors and recipients, respectively). Thus, animals that were restricted
to one mating role did not perform that role more often than reciprocating hermaphrodites (figure 3.2). On average, individuals mated 2.98 ±
0.16 times as a donor and 3.14 ± 0.12 times (mean ± 1SE ) as a recipient,
when allowed. Since animals used in the experiment were all of the same
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Figure 3.3: The number of sperm transferred during copulation of Lymnaea stagnalis
towards three categories of recipients. Sperm was recovered from the female tract of
the recipients directly after mating. The bars represent mean ± 1SE with post hoc
results indicated above the bars.

age cohort and consumed equal amounts of lettuce, we assumed that the
costs of bodily maintenance and growth were also equal, based on the
tight relationship between shell length and body weight (Zonneveld and
Kooijman, 1989).
Ejaculate donation to hermaphrodites and females

Directly after insemination by standardized donors we determined the
number of sperm transferred to either unoperated, sham operated or
operated recipients. The differences in the amount of sperm transferred
between treatments was highly significant (ANOVA on square root transformed sperm counts: F 2,38 =9.39, P=0.001, figure 3.3). This was due
to higher numbers of sperm transferred to surgically feminized recipients
(post hoc test: P<0.001), whereas the other treatments did not differ
from each other. The sizes of both recipients and donors were not significantly correlated to numbers of sperm transferred (linear regression:
r2 <0.01, F 1,39 =1.03, P=0.32 and r2 =0.02, F 1,39 =0.04, P=0.84, recipients and donors, respectively). Shell length was also not significantly
different among treatments (ANOVA: F 2,38 =0.05, P=0.95).
In addition to sperm, prostate gland products added to production
costs of ejaculates. Prostate glands dry weights were proportional to
body size (linear regression: r 2 =0.24, F 1,72 =23.21, P<0.001). After re44
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Figure 3.4: Dry weight of donor prostate glands. Prostate gland dry weights of
Lymnaea stagnalis excised from donors directly after copulation with three categories
of recipients. A lower prostate mass indicates the donation of more seminal fluid
during copulation. The bars represent mean ± 1SE.

moving the non-significant interaction term (treatment × mating role)
from the model, we found that mating role (donor or recipient) had a significant effect on prostate dry weight, while treatment did not (ANCOVA
on residual prostate dry weight: F 1,70 =4.50, P=0.04 and F 2,70 =0.33,
P=0.72, for mating role and treatment, respectively). Thus, donors
from different treatments did not have different prostate weights after
a single insemination (figure 3.4). Overall, donor prostates weighed approximately 14% less than recipient prostates (6.59 ± 0.29mg vs. 7.62 ±
0.26mg). Thus, a considerable amount of stored accessory gland secrete
was transferred during a single copulation. Based on these findings we
concluded that although sperm numbers were modulated depending on
the type of recipient, the amount of seminal fluid transferred (as measured via prostate weight) during copulation was not.
Discussion
We found that single sex-acting individuals experienced a similar decrease
in fecundity as did reciprocally mating individuals. From the perspective
of the female function this suggests receipt of ejaculates to cause reduced
fecundity, because reciprocals received an equal number of ejaculates
compared to females. In addition, reciprocals mated on average the same
number of times as donors did. Without knowledge about the cost of
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ejaculate donation this may suggest that all of the observed reduction in
egg production after mating is due to receipt of an ejaculate, as has been
proposed before (Van Duivenboden et al., 1985). Surprisingly, however,
for animals restricted to the male role, egg production was decreased to
the same extent as in females and reciprocals. Since focal males did not
receive any ejaculates, any decrease in fecundity can only be attributed
to copulations as donors and suggests a re-allocation between male and
female function. However, focal males donated the same number of times
as reciprocals did, which seems incompatible with the observed costs of
mating in reciprocals.
This paradox highlights the importance of also quantifying ejaculate
investment to different recipient types. In fact, we found that sperm donation in the first copulation after an isolation period was twice as high
towards imposed females compared to hermaphrodites. Provided that
these sperm investment patterns persist over consecutive matings, the
increased investment in these ejaculates provides a possible mechanism
for the observed decrease in fecundity of male acting snails compared
to reciprocals. For reciprocally mating snails, on the other hand, ejaculate receipt as well as ejaculate production and delivery costs may be
responsible for decreased fecundity in mating individuals. Based on these
results we conclude that Van Duivenboden et al. (1985) and De Visser
et al. (1994) were both partly correct.
The results of our second experiment suggest that the main costs of
ejaculates arise from enhanced investment in sperm and not from seminal
fluid investment. Although this outcome is only based on the costs of a
single copulation, it is surprising for three reasons. First, previous work
on L. stagnalis showed that inhibition of egg laying is the result of at least
one seminal protein and not of the presence of sperm (Koene et al., 2010).
Therefore, one may expect that the amount of seminal fluid would be
modulated instead of sperm. However, the dry weight of donor prostates
is independent of recipient type. In this respect it is a tentative idea that
not the total volume, but rather the relative quantities of transferred
proteins within an ejaculate are modulated. Such strategic allocation of
seminal peptides has been shown to occur in Drosophila melanogaster
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(Wigby et al., 2009) indicating that such mechanisms could also operate
in other species where post-copulatory sexual selection is important.
Second, although it is known that pond snails are capable of strategic
sperm donation (Loose and Koene, 2008), the result that more sperm
are transferred to imposed females compared to hermaphrodites is unexpected. This is simply because feminized snails are not more fecund
than hermaphrodites when kept in isolation (Koene et al., 2009a; Van
Duivenboden et al., 1985). Donors are therefore unlikely to benefit from
increased sperm investment towards operated snails. Although speculative, it is in principle possible that surgery interferes with a cue used by
donors for partner assessment. This may alter the donor’s expectation
of egg load and/or risk of sperm competition, but an active role of the
recipient in accepting larger ejaculates cannot be ruled out. Nonetheless,
sperm allocation was found to be tailored according to recipient type.
Subsequent copulations with other recipients of the same type may yield
similar sperm investments (Parker, 1998). Conversely, repeated large donations could also quickly deplete sperm stores, resulting in decreasing
investments (Wedell et al., 2002). It therefore remains to be tested in
pond snails whether sperm donation in subsequent copulations continues
to follow this pattern of male investment.
Third, in combining the results from the two experiments it appears
that imposed females (in the ‘Receive’ treatment) suffer decreased fecundity from receipt of increased numbers of sperm. This is the first
indication that a ‘sperm effect’ may be present in L. stagnalis. The
previous absence of a sperm effect (Koene et al., 2010) is possibly a consequence of the methods used. Namely, in the latter paper, sperm was
recovered from excised sperm storage organs and mixed with single purified prostate proteins before experimental insemination. This practice
excludes any male compound that may originate from either the sperm
duct or the vas deferens and penial complex, which may be present in
naturally transferred ejaculates. Especially the sperm duct seems relevant in this respect, since its epithelium contains three types of excretory cells that contain proteinaceous compounds (Plesch et al., 1970).
Similarly, although in fruit flies the accessory male gland products have
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received most attention, their ejaculatory duct and ejaculatory bulb also
add molecules to seminal fluid (Bairati, 1968; Chapman, 2001). Clearly,
these additional secretions deserve closer investigation with respect to
their functions in animal reproductive biology.
In female copulants, net egg investment is decreased, since fecundity
losses are not balanced by increased investment per offspring (i.e. dry
weight per egg). This implies that the fitness of both mating partners
is affected, which is indicative of a harmful strategy. Inflicted harm can
be adaptive if female responses to harm benefit the donor. Alternatively,
harm is collateral when traits involved in intraspecific competition also
have deleterious effects on females as a side-effect (Lessells, 2006; Morrow et al., 2003). Under the experimental conditions tested, we find no
indication that pond snails increase the remating interval or egg output
which would suggest the harm to be adaptive (but see Koene et al. 2006).
However, the fact that pond snails are highly promiscuous (Koene and
Ter Maat, 2007) and sperm of multiple partners can be stored for three
month after insemination (Cain, 1956), harm could arise collaterally from
adaptations to sperm competition.
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Mating rate influences female
reproductive investment in a
simultaneous hermaphrodite
Jeroen N.A. Hoffer, Dennis Schwegler, Jacintha Ellers, Joris M. Koene
Abstract

Females often sustain direct fitness costs from mating

events beyond those necessary to fertilize their eggs. These additional
copulations can provide indirect benefits such as enhanced genetic diversity and quality of offspring. The costs and benefits of multiple mating
have been investigated extensively in separate-sexed species. Simultaneous hermaphrodites have remained understudied in this respect, while
this is highly relevant given their flexible resource allocation and ability
to compensate costs experienced in one sexual role by gains in the opposite role. At high mating rates, the promiscuous hermaphroditic pond
snail Lymnaea stagnalis experiences depressed female fecundity mediated by seminal fluid compounds. Here, using extensive experimental
manipulation of mating opportunities, we tested for effects on female
reproductive investment during a 10-week period. Continuous access to
mating partners resulted in decreased female investment, both in terms
of fecundity and egg mass dry weight. Additionally, the increase in
investment in offspring over time was significantly less pronounced in
treatments with continuous access to partners, irrespective of partner
identity. On the contrary, investment per offspring was positively correlated with higher mating rates across the whole range of treatments.
Thus, our study indicates that at low mating rates multiple mating results in higher egg mass investment than at higher mating rates. We
conclude that, in L. stagnalis, mating multiply can severely impact female fitness and, although we cannot entirely exclude reallocation of
resources to the male function, we suggest that this is the result of sexual conflict caused by seminal fluid components.
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Introduction
As a consequence of differential investment in gametes, males and females
adopt different strategies to maximize their fitness. Females, by definition, produce large, costly gametes and fitness is limited mainly by resources that can be allocated to eggs and maternal care. On the contrary,
males often produce millions of sperm which, in theory, could fertilize all
the eggs in a population. Therefore, the fitness of males is limited by
access to eggs carried by females and selection will favour males that can
obtain, besides many copulations, the highest proportion of fertilizations
from copulations (Bateman, 1948; Anthes et al., 2010). As a result of
male strategies aimed at increasing paternity, females often experience
costs of mating multiply (Chapman et al. 2003). Such mating costs can
include impaired immunity (Rolff and Siva-Jothy, 2002), exposure to parasites, increased predation risk, and physical injuries (Crudgington and
Siva-Jothy, 2000). In addition, males often transfer not only sperm during copulation but also seminal fluid compounds that can influence the
recipients’ behaviour and physiology, for instance by increasing current
investment in offspring at the expense of future reproduction (Chapman
et al., 1995). Such male seminal fluid compounds can prevent females
from reaching their reproductive optima (Arnqvist and Rowe, 2005).
Despite these negative effects of mating, females generally seem to
copulate more often than appears to be necessary to fertilize all eggs.
Why then do females mate multiply? Recent evidence reveals that multiple mating is not only driven by male promiscuity, but can also provide
benefits to females that can counter-balance costs (Arnqvist and Nilsson, 2000; Jennions and Petrie, 2000; Simmons, 2005). These benefits
may either be direct or indirect. Direct benefits to females can be accrued through, for example, guarding behaviour by sires or nutritious
nuptial gifts. In the field cricket Gryllus lineaticeps, for instance, females that mated multiply and thus received multiple spermatophores,
live 32% longer and produce almost twice as many offspring as singlymated individuals do (Wagner et al., 2001). A meta-analysis of the effects
of polyandry in insects also found evidence for positive effects of mating
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with multiple males on female fitness, including increased egg production
and higher percentages of hatched eggs (Arnqvist and Nilsson, 2000). Indirect benefits may result from an improved offspring genetic make-up or
genetic diversity of offspring (Møller, 1997). A recent example of indirect
benefits comes from the springtail Orchesella cincta, in which females
benefit from choosing between spermatophores from different males, because male offspring resulting from a double male treatment produced
more spermatophores than the male offspring from females without a
choice (Zizzari et al., 2009).
The bulk of work on benefits and costs of polyandry has focused on
separate-sex species, even though hermaphroditism is present in 20 of the
28 more speciose animal phyla (Michiels, 1998; Anthes, 2010) and is estimated to be present in 5% of animal species (Jarne and Auld, 2006) and
most plants. Although sexual selection was once thought to be absent
from the lower animal classes (Darwin, 1871), its presence is now well
established in hermaphrodites (Anthes et al., 2010; Pélissié et al., 2011
and references therein) and considered an important evolutionary force
(Charnov, 1979; Michiels, 1998; Arnqvist and Rowe, 2005; Koene, 2012).
Many hermaphroditic species mate promiscuously even when damaging
mating tactics are employed, e.g. stabbing mating partners with so-called
‘love-darts’ in land snails (Koene and Schulenburg, 2005), piercing the
body with copulatory setae in earthworms (Koene et al., 2005), and
hypodermic insemination in marine flatworms (Michiels and Newman,
1998). This is thought to occur because individuals can compensate fitness losses in one sexual function via their other sexual function and it
has therefore been suggested that sexual conflicts between mating partners can become more costly for hermaphrodites than for separate sex
species (Michiels and Koene, 2006).
Similar to the situation in separate sex species, in hermaphrodites
the extent to which benefits can counterbalance mating costs depends on
many variables, such as food and mate availability and whether or not individuals can phenotypically adapt to current conditions (Schärer, 2009).
For example, in the hermaphroditic marine slug Chelidonura sandrana
investment per offspring is increased in polyandrous animals compared
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to animals that have repeatedly mated with the same individual, and
maternal investment peaks at intermediate mating rates (Sprenger et al.,
2008a, b). Here, we focus on the simultaneous hermaphroditic pond snail
Lymnaea stagnalis. This species fertilizes internally, prefers outcrossing,
and its egg production has been shown to be influenced by mating rate.
Intermediate mating rates (animals grouped once a week) resulted in enhanced female reproductive output compared to snails that mated only
once (Koene et al., 2006). However, even higher mating rates (continuous access to one or more partners) led to strongly depressed oviposition
rates (Van Duivenboden et al., 1985; De Visser et al., 1994). The negative effect of copulation on the number of eggs laid by female copulants
(hereafter recipients) is due to repeated receipt of ejaculates, which contain bioactive male accessory gland products (Koene et al., 2009a, 2010),
but also due to male (hereafter donor) expenditure into expensive ejaculates (Hoffer et al., 2010). In addition, received sperm (allosperm) can
be stored and used for months in L. stagnalis, hence female fertility can
be maintained at low mating rates (Cain, 1956; Y. Nakadera and J.M.
Koene, unpubl.).
The above-mentioned results suggest a sexual conflict in L. stagnalis,
since mating rates exceed those optimal for recipients. However, it remains unclear whether decreased reproductive investment in terms of egg
production is ameliorated by possible benefits accrued through multiple
mating and polyandry. The main goal of the present paper is therefore to
integrate previous treatments into one comprehensive study that assesses
the effect of mating opportunity on fecundity and female reproductive
investment. To that end, we subjected pond snails to treatments that
provided either no mating (self fertilization) or various mating opportunities that comprised one-time mating, and repeated and continuous
access to either the same or different potential partners. Under these
conditions, paired snails copulate in both sexual roles and mating rates
are highest when continuously paired (Koene and Ter Maat, 2005; 2007).
By tracking growth, egg production and investment in eggs under controlled feeding conditions we tested the effect of mating opportunity and
partner availability on female reproductive investment.
52

Mating rate and female investment
Materials and methods
Experimental setup

All specimens of L. stagnalis were obtained from our laboratory culture.
In the breeding facility and experimental tank the low-copper water was
kept at 20℃ and the light:dark cycle was 12:12h. In total 154 juvenile
animals with a shell size of 16mm were individually raised to maturity
in two weeks in perforated plastic jars (460ml) in an experimental tank,
which had continuous water exchange. These focal snails were each fed
a circular disc (19.6cm2 ) of lettuce per day, which was slightly below
their maximum daily food intake and therefore completely consumed.
An additional set of 88 snails of the same size and age, similarly treated
as above, was used as partners for the focal snails. For these partner
snails we did not collect any body size or egg laying data. In between
mating trials these animals were kept isolated to ensure eagerness to
donate sperm (De Boer et al., 1997a; Koene and Ter Maat, 2005).
Upon maturity the focal animals were randomly divided over the following 7 treatments (see also figure 4.1) and individually labelled using
numbered tags (Het Bijenhuis, The Netherlands) that were fixed to the
shell with a cyanoacrylate-based glue. The control treatment consisted of
unmated virgin animals that produced eggs through selfing (No mating,
Selfing). For the second treatment focals were allowed to be inseminated
only once at the start of the experiment (Once Mated). The third treatment (Once + Presence) was only different from the previous one in that,
after having been inseminated once, the same partner joined the focal every week but they were unable to copulate due to a plastic mesh that
divided the jar in two compartments (but allowed for water exchange
between the compartments). The presence of a snail in this treatment
was to check for possible effects other than those caused by copulation,
and was done at the same time intervals as the following two repeated
mating treatments. In the fourth and fifth treatment focals were allowed
to copulate every seven days with either the same (Repeated, Same) or
a different (Repeated, Different) partner each time. During these mating trials the mating behaviour was observed. Animals were returned
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Once
Mated

Once
Presence

Repeated
Same

Repeated
Different

Continuous Continuous
Same
Different

etc.

Day 9-14

Day 8

Day 2-7

Day 1

No mating
Selfing

Figure 4.1: Schematic overview of the experimental set up and procedures. Only the
first 2 weeks of a total of 10 weeks are shown, as later weeks are a repetition of days
8–14. Treatments labels are explained in the main text. Focal animals are shown
in white. Grey coloured snails indicate either the same partner (light grey shell) or
a different partner (dark grey shell). Dashed squares indicate experimental jars and
dashed diagonal lines indicate a physical separation in the jar. Focal snails are shown
as copulating as a female, but in reality individuals mated in both sexual roles. Snail
outlines were redrawn after De Boer et al. (1996).

to their individual jars as soon as they had mated reciprocally or when
the trial had lasted 8 hours. For the sixth treatment focals were continuously paired to the same individual during the whole experimental period
(Continuous, Same). Finally, for the seventh treatment focals were also
continuously allowed to mate, but were provided with a different partner every week (Continuous, Different) on days when mating trials took
place. Each of the first five treatments contained 22 focals. In the last
two treatments, with continuous mating opportunities, it was impractical
to score egg laying individually of both focals, therefore these data were
averaged over the pairs (i.e. n=11), thus also avoiding pseudoreplication.
For the treatments with different partners we ensured that partners were
never paired more than once with the same focal. For these treatments
(i.e. Repeated, Different and Continuous, Different) we reused each part54
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ner snail by moving it over to a different focal within the same treatment,
thus ensuring that these partners all had the same mating history and
eagerness. Figure 4.1 provides an overview of the experimental schedule.
During the whole experimental period, which lasted 10 weeks, egg
masses were collected once a week from the jars of the focal snails. Given
that allosperm is stored for up to 3 months in L. stagnalis and used for
outcrossing (Cain, 1956), egg masses from all treatments except Selfing
contained largely outcrossed offspring. Each egg mass was collected in
a separate, pre-weighed Eppendorf tube filled with 70% ethanol. The
ethanol turns the egg bodies white within 30 minutes, thus facilitating
counting of the eggs. Since the lipid content of egg masses is insignificant compared to other constituents (less than 0.5%, Wijsman and Van
Wijck-Batenburg, 1987), we assumed egg mass weight loss due to lipid extraction negligible. Following counting, the egg masses were lyophilized
overnight in a freeze-dryer. Of each individual, the dry weight of egg
masses produced during one week was then determined on a closed microbalance (Sartorius, model 1712 MP8, Göttingen, Germany). Shell
length was measured weekly with callipers to the nearest 0.5 mm. At the
end of the experiment all animals were killed and separated from their
shells and freeze-dried in punctured 2ml Eppendorf tubes. After drying,
each individual was weighed on a closed microbalance. As body size and
shell length are closely correlated (Zonneveld and Kooijman, 1989), measuring shell length enables checking if possible treatment differences in
fecundity are the result of differential investment in growth. As body size
and shell length are closely correlated (Zonneveld and Kooijman, 1989),
measuring shell length enables checking if possible treatment differences
in fecundity are the result of differential investment in growth.
Statistical analysis

All variables were checked for conformation to model assumptions of
parametric tests. Final shell size was analyzed with a non-parametric
(Kruskal-Wallis) rank test. In addition, we inferred growth rates by fitting Von Bertalanffy growth curves to the weekly measurements of shell
length with a fixed initial size of 16 mm for all individuals (e.g. Zonneveld
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and Kooijman, 1989; Koene et al., 2008). The onset of egg laying was
analyzed using proportions of individuals producing egg masses in each
week. In the event of mortality of experimental snails, the lack of reproductive data was taken as a missing value with its predictable effect on
the degrees of freedom in statistical analyses. The survival analysis itself
was performed assuming a non constant hazard with a Weibull distribution. We tested the effect of treatment on total fecundity and total dry
weight of egg masses by one-way variance analyses. The effect of time
on measured variables was analyzed with several generalized linear mixed
models (GLMM), with weekly number of eggs and egg mass dry weight as
the dependent variables, treatment and time (in weeks) as fixed factors,
and snail identity as a random factor. To compare differences between
treatments we performed Tukey post-hoc tests (α=0.05) with Bonferroni
corrections for multiple testing. Changes in investment per offspring may
show patterns of interest. However, calculated new variables (by dividing
the weekly dry weight of eggs masses by the number of eggs) can result
in erroneous conclusions (Packard and Boardman, 1999). Therefore, we
constructed an ANCOVA in which number of eggs and time were taken
into account as covariates. In this way, we controlled for effects of fecundity and time on the dry weight of egg masses, thus enabling us to test for
differences in investment per offspring. In addition, possible differences
in survival were approached with a survival analysis. Statistical analyses
were performed in R (version 2.8.1).
Results
We found no significant differences of shell growth (GLMM: F6,1441 =3.47,
P=0.064, figure 4.2a, table 4.1) or final body weight between the animals
of the different treatments (ANOVA: F6,113 =1.090, P=0.373). Fitted
growth curves of the Von Bertalanffy type on the weekly measured shell
lengths provided us with estimates of final shell size as well as growth rate
(table 4.2). Given that the 95% confidence intervals all overlap for both
estimated parameters, this corroborates that final shell size did not differ
between treatments but also reveals that there were no significant differences in growth rate (table 4.2). This additional growth rate parameter
56

Mating rate and female investment
indicates that not only final shell size was the same for all treatments,
but also the temporal investment in bodily growth. However, survival
analysis showed that there were significant differences in survival between
treatment groups (χ2 =20.92, df=6, P=0.0019). In the No mating, Selfing and the Once, Presence treatment no snails died. In the Once Mated
treatment one snail died, while two died in the Repeated, Different treatment. Four snails died in the Repeated, Same and the Continuous, Same
treatments, while six died in the Continuous, Different treatment. The effect of treatment on the weekly number of eggs produced was significant
(GLMM: F6,792 =45.82, P<0.001, see table 4.1). Most notably, Tukey
post-hoc testing revealed that continuously paired individuals produced
significantly fewer eggs in total than most of the treatments that had
less frequent contacts. Interestingly, being virgin (No mating, Selfing) or
the presence of an inaccessible mating partner (Once, Presence) had no
effect on the total number of eggs produced, neither did the identity of
the partner (Same vs. Different partner treatments).
The effect of treatment on the weekly dry weight of egg masses revealed a similar pattern (GLMM: F6,792 =32.54, P<0.0001, see figure 4.2c
and table 4.1). These results demonstrate an increase of weekly investment in eggs over time up to mating rates of once per week. Continuouslypaired snails, however, differed from these treatments in that their slopes
were significantly more shallow (figure 4.2c). For all but the continuously
paired treatments, there was a significant difference in the proportion of
individuals laying eggs during the second experimental week (χ2 =10.05,
df=4, P=0.040; during the first week no egg masses were produced).
This difference was due to the fact that only 7 out of 22 virgins had laid
eggs (31.82%), while for the once and repeated treatments the average
was 12.5 out of 22 (56.82%). In all subsequent weeks, the proportion of
animals laying eggs was not significantly different between treatments.
We used an ANCOVA to test for the effect of treatment on the dependent variable weekly dry weight of egg masses with time (weeks) and
number of eggs as covariates. As expected, the main source of variation in
dry weight of egg masses was the number of eggs present in these masses
(covariate Number of eggs: F1,798 =2405.53, P<0.0001). Importantly,
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Table 4.1: Generalized linear mixed model for the effects of treatment and week on
size and fecundity measures (number of eggs and dry weight of egg masses). Snail
identity, nested within treatment, is included as a random factor (see text). Mean
squares values are denoted as MS. Significant effects are indicated by bold P-values.
P

r2

76.16

<0.0001

0.51

9.1

3.47

0.064

1

3701.9

1408.27

6

2.0

0.77

0.596

1441

2.6

Full model

20

7702.5

54.89

<0.0001

Treatment

6

23944.6

45.82

<0.0001

Week

1

35.5

0.07

0.795

6

1876.1

3.59

<0.002

792

522.6

df

MS

Full model

20

200.2

Treatment

6

Week

F

Shell length

?

Treatment Week
Error

<0.0001

Weekly number of eggs

?

Treatment Week
Error

0.27

Weekly dry weight of egg masses
Full model

20

0.000655

28.22

<0.0001

Treatment

6

0.000755

32.54

<0.0001

Week

1

0.004805

207.11

<0.0001

6

0.000227

9.79

<0.0001

792

0.000023

?

Treatment Week
Error

0.41

in addition to this effect, the ANCOVA revealed a significant effect of
the treatment (F6,798 =9.19, P<0.0001). The latter finding means that,
because this test takes the two covariates (number of eggs and time)
into account, the treatment affects the average investment per offspring.
For convenience, we depicted the investment per offspring (weekly dry
weight of egg masses divided by number of eggs) in figure 4.2d, where
post-hoc t-test results derived from output of the ANCOVA described
above are presented to denote treatment differences. Repeatedly mated
and continuously mated snails have a higher investment per offspring
than un-mated and singly mated individuals (figure 4.2d).
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Figure 4.2: Growth and female reproductive investment of Lymnaea stagnalis during
10 weeks. Treatments are denoted above the graphs (‘Cont.’ is ‘Continuous’). a,
growth measured as shell length of snails over time. b, the number of eggs produced
weekly within each treatment. c, dry weight of egg masses produced per week. Letters
in b and c above the graph indicate Tukey post hoc results on the total number of
eggs produced per week and the mean dry weight of egg masses produced per week,
respectively. d, to indicate how the investment per offspring changes over time, this
variable was calculated by dividing the weekly dry weight of egg masses by the weekly
number of eggs. Letters in d denote post hoc t-test results (see text). Treatments not
connected by the same letter are significantly different. The dots and bars represent
means ± 1SE. Note that in graphs b, c and d the scale on the x-axis is different from
that in a, because no egg masses were laid during the first experimental week.
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Discussion
Our study documented that mating rate alters female reproductive investment, but not growth, in the pond snail Lymnaea stagnalis (earlier
estimates relied solely on egg numbers, not dry weights). Importantly,
at mating rates above once a week, i.e. in the continuously-paired treatments, overall female investment was strongly suppressed in comparison
with the treatments with lower mating rates. This suppression likely results from receipt of male accessory gland products, transferred by the
donor, that increase the oviposition interval in recipients (Koene et al.,
2009a; Koene et al. 2010). This is supported by earlier work, where a
recovery of inhibited egg laying was observed after 6 days (Van Duivenboden et al., 1985). Given that observations of mating frequencies in
grouped pond snails are above two inseminations per individual in 24
hours (Koene and Ter Maat, 2007), this suggests that at such insemination intervals the inhibition of egg laying is maintained and allows no time
for recovery to the higher fecundity level at lower mating frequencies.
On the contrary, we also report here that when these animals were
only grouped once a week, egg production remained high. In addition,
such animals showed a higher investment per offspring (i.e. dry weight
per egg) than treatments that mated never or only once. Interestingly,
within those repeatedly mated individuals the treatment that received a
different mating partner each week invested more per egg, which suggests
that potentially there is a benefit in being polygamous in this species.
This polygamy effect was not detected in the continuously-paired treatments; probably due to the continuous suppression of egg laying and
higher mating costs. This interpretation is corroborated by the result
that mortality rates are generally higher in our treatments with higher
mating opportunity.
At the other end of the spectrum (i.e. no mating at all), we find that
selfing individuals invested less per eggs than the other treatments. This
can not only be due to the fact that the receipt of semen accelerates the
onset of egg laying (Van Duivenboden, 1983), which is reflected in the
lower proportion of individuals in the selfing treatment producing egg
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Table 4.2: Means for the different treatments with the post hoc differences indicated
by different superscripted letters. Note that the dry weight per egg measure is a
calculated value and that its post hoc results emerge from an ANCOVA where the
covariates appearing in the model were kept constant (eggs = 65.283, week = 46.895).
Consequently, these values represent the relative increase in dry weight per egg corrected for the effects of egg number and week.

Treatment

Total number

Dry weight of

Dry weight per

of eggs ± SD

masses ± SD(g)

egg ± SE(mg)

abc

a

0.073 ± 0.029

11.572 ± 0.209a

0.095 ± 0.035b

12.407 ± 0.199b

No mating, Selfing

408.8 ± 172.8

Once Mated

504.4 ± 171.9a

Once, Presence

448.4 ± 199.8abc 0.084 ± 0.038ab 12.293 ± 0.209b

Repeated, Same

483.9 ± 132.2ab

0.094 ± 0.035bc

13.184 ± 0.217c

Repeated, Different

509.4 ± 164.8a

0.108 ± 0.038c

13.983 ± 0.202d

Continuous, Same

283.0 ± 103.4bc

0.064 ± 0.024c

13.410 ± 0.319cd

Continuous, Different 273.2 ± 57.00

c

bc

0.061 ± 0.010

13.325 ± 0.332c

masses in the second week. The lower female reproductive investment
in virgins might also represent a way to avoid costs of self-fertilization
(Escobar et al., 2011), as current reproductive investment would trade
off against future reproductive investment (e.g. Wedell et al., 2006).
Given the above, the current results suggest that a mating frequency
around once per week results in optimal investment in eggs in terms of
both number and dry weight. This is further supported by the finding
that the presence of an unreachable mating partner (Once + Presence)
does not affect these female reproductive traits, i.e. the effect is not due
to chemicals or pheromones that are released by a potential partner but
caused by actual mating. Hence, fecundity is elevated with mating rates
up to once a week for both sex roles. This relationship does not hold under continuously-paired treatments, where mating rates were minimally
1.5 times per week (a highly conservative estimate, see Koene and Ter
Maat, 2007). Given that growth was not affected by these latter treatments, and food intake was kept equal across treatments, this indicates
that resources were not invested elsewhere.
Growth (and ageing) in the course of the experiment revealed a clear
increase in investment per offspring over time that was independent of
treatment. Given the absence of growth differences, larger (and older)
individuals had higher female reproductive output, as predicted by size
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advantage models (Ghiselin 1969; Charnov 1982). A number of empirical studies have shown this relationship in hermaphroditic animals (e.g.
DeWitt, 1996; Yusa, 1996; Angeloni et al., 2002; Ohbayashi-Hodoki et al.,
2004; Jordaens et al., 2007) and in hermaphroditic plants (Klinkhamer et
al., 1997; Cadet et al. 2004). For L. stagnalis, a mating preference based
on size was not found previously (Koene et al., 2007), but more recent
work demonstrates that this species does mate relatively more often as a
female as it becomes older (Hermann et al., 2009). Thus, our results are
consistent with the idea of age-dependent sex allocation in this species,
but targeted experiments are needed to exclude the possibility that older
snails also transfer larger ejaculates per mating.
While we attribute the differences in female reproductive output mainly to the transfer of bioactive compounds from the male accessory gland
(see above; Koene et al., 2009a, 2010), there are two other options to
consider. One is that pond snails, like all Basommatophoran gastropods,
have a specialized gametolytic organ, which digests the bulk of received
sperm (Koene et al., 2009b; Jarne et al., 2010). Our current data partly
supports the hypothesis of energy gains through ejaculate digestion. Nevertheless, it should be noted that evolutionarily this is an unlikely scenario, given that hermaphrodites generally end up exchanging ejaculates
directly or indirectly. Alternatively, polyandry could potentially enhance
offspring quality, for which we report some evidence here since investment
per offspring is increased in polyandrous snails compared to multiple inseminations by the same partner in the repeatedly-mated treatments.
One of the few studies that looked specifically at potential direct benefits of multiple mating and polyandry in hermaphrodites was performed
on the opisthobranch Chelidonura sandrana. This marine slug did produce larger egg capsules and larger offspring when mated to four different
male-acting individuals, but experienced decreased fecundity when inseminated four times by the same individual (Sprenger et al., 2008a). It
should be noted that in that study, mating histories for the sperm donors
in the treatment with the same and different mates were not equal, thus
potentially introducing the confounding factor of sperm replenishment
(i.e. the ‘same’ males may become sperm and/or seminal fluid depleted
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and may thus transfer fewer sperm in later matings, while the ‘different’
partners do not). In the present study, we circumvented this problem by
standardizing the donors’ mating history (which was also done in later
studies on C. sandrana, e.g. Sprenger et al., 2008b). In our set up this
also resulted in a standardized inter-mating interval, thus ensuring that,
at maximum, each individual received and donated once during each
observation session in once- and repeatedly-mated individuals. Unfortunately, this standardization introduced a potential confounding factor in
the different partner treatments, because the same partners were reused
(for practical reasons) and offered to another focal within the treatment,
thus potentially inflating effects of partners with particularly high fecundity or potent ejaculates.
Despite the result that intermediate mating rates maximize fitness,
copulations occur more frequently than optimal for female reproduction
when L. stagnalis is given the opportunity, suggesting that mating rates
are male-driven (as predicted by Michiels and Koene, 2006). Clearly, this
situation generates potential for sexual conflict to arise and the evolution of female resistance traits (Lessells, 2006), as occurs for instance in
water striders (Arnqvist and Rowe, 2002; Han and Jablonski, 2009). In
hermaphrodites, resistance against insemination has been described for
the pulmonate Physa acuta, which performs rejection behaviours such as
shell swinging and penis biting (Wethington and Dillon, 1996; OhbayashiHodoki et al., 2004; Facon et al., 2006). Such behavioural and morphological mechanisms to avoid being inseminated remain largely undescribed
in L. stagnalis (Van Duivenboden and Ter Maat, 1988) but seem very
relevant given our findings.
In the end, hermaphrodites are selected to maximize total fitness, i.e.
fitness through both reproductive functions (Anthes et al., 2010). Similar results to ours were previously interpreted as a shift in sex allocation
towards the male reproductive function (De Visser et al., 1994), as predicted by theoretical models (Charnov, 1980; 1982). However, it was
recently shown that re-allocation towards the male function and sexual
conflict both contribute to reduced female investment (chapter 3). Hence,
to properly address sex allocation, and the re-allocation of reproductive
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resources, a major objective for future research should be to simultaneously assess male and female reproductive success. This present study
now provides us with the relevant information about which parameters
to measure as well as which treatments to use. In addition, we need to
evaluate whether increased maternal investment per offspring improves
offspring quality and performance in this species, as suggested by theory
(Jennions and Petrie, 2000; Simmons, 2005).
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A novel function for seminal fluid
proteins: reduction of ejaculate size
Jeroen N.A. Hoffer, Jacintha Ellers, Joris M. Koene
Abstract

Ejaculates contain compounds that nurture sperm, elim-

inate rival sperm, and alter female physiology. In theory, hermaphroditic
sperm donors can use ejaculate compounds to boost their partners’ female function while simultaneously inhibiting male function. We demonstrate, using the pond snail Lymnaea stagnalis that hermaphroditic animals experimentally inseminated with the extract of male accessory
glands transfer less than half the number of sperm cells in a subsequent
mating than control individuals do. Subsequent testing of single seminal
fluid compounds shows that this inhibitory effect is elicited by two distinct, characterized proteins. These results corroborate the theoretically
predicted inhibition of male function, potentially reducing male-male
competition. Moreover, they emphasize the potency of sexual selection
in species without sexual dimorphism. Finally, although the presented
situation is unique to hermaphrodites, we highlight that suppression of
male competitors, albeit via different routes, is a general phenomenon.
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Introduction
High sperm numbers are essential for obtaining fertilization success under sperm competition (Parker, 1970; Martin et al., 1974; Simmons and
Parker, 1992; Gage and Morrow, 2003). However, ejaculates are costly to
produce (Dewsbury, 1982) and limited production capability leads males
to strategically allocate their sperm (Weddell et al., 2002). With few
exceptions, females typically accept sperm from several males, so that
males are selected to avoid competition with rivals (Parker, 1970). Such
male adaptations to sperm competition can prevent rival sperm from entering the fertilization arena, e.g. via re-mating inhibition or female mate
guarding (Birkhead and Møller, 1998). In addition, mechanical sperm removal can reduce the number of already stored rival sperm. Furthermore,
a host of seminal compounds (proteins, peptides, co-factors) are transferred during copulation that can capacitate sperm, eliminate rival sperm,
and alter female physiology and behaviour, among other things (Poiani,
2006). Theoretical considerations suggest that such allohormonal adaptations could also readily evolve in hermaphrodites (Charnov, 1979; Koene
and Ter Maat, 2001), i.e. organisms with both male and female reproductive organs, a mating system that occurs in 24 out of 34 animal phyla
(Jarne and Auld, 2006).
Many hermaphrodites have specialized reproductive organs that are
used to introduce allohormones (Koene and Ter Maat, 2001) into their
mating partners, such as penial stylets in sea slugs (Anthes and Michiels,
2007) and love darts in land snails (Chase and Blanchard, 2006). Given
that mating partners are both male and female, hermaphrodite sperm
donors (hereafter donors) have the unique opportunity to not only manipulate female physiology in their sperm receiving mating partners (hereafter recipients) but also to disrupt or down-regulate their recipients’
male function in order to feminize sex allocation or decrease sperm competition (Charnov, 1979). Besides via injection, such allohormones can
also be transferred to the partner along with the sperm, in the semen,.
In basommatophoran molluscs, the prostate gland produces seminal proteins that are added to the ejaculate and can be potent modifiers of
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recipient physiology (Koene et al., 2009). For example, in the freshwater
pond snail Lymnaea stagnalis female reproductive output is decreased by
approximately 50% upon receipt of seminal proteins (Van Duivenboden
et al., 1985; Hoffer et al., 2010; Koene et al., 2010). Such altered female
reproduction may be the results of an increase in the investment per
egg (chapter 4). Here, we exploit the unique opportunity provided by
this hermaphroditic model species to investigate the potential of seminal
proteins altering male reproduction.
Our experimental setup involved the manual insemination of focal
snails with complete seminal fluid or single seminal fluid proteins, after
which copulation with a standardized partner was allowed. By sacrificing the partner and counting the transferred sperm, this setup enabled
us to directly address the question whether the number of sperm donated by focals was altered by their treatment. In addition, we could
evaluate whether the focals’ motivation to donate or receive sperm was
affected by the treatments. In this species, mating roles are easily distinguished because the male-acting individual actively mounts on top of the
shell of the rather passive recipient and sperm transfer is unidirectional
(as opposed to hermaphrodites with reciprocal copulation, where sperm
is exchanged) (De Boer et al., 1996). Importantly, it should be noted
that after a first copulation, mating roles can be swapped. Such role
alternation mainly depends on both partners’ motivation to mate in the
male role and is not an essential component of a mating interaction of
Lymnaea stagnalis (Koene and Ter Maat, 2005). To distinguish between
individuals within such role alternating pairs, we refer to first and second
donor as, respectively, primary and secondary donor.

Materials and methods
Animal collection and maintenance

A mass culture of pond snails is maintained at VU University in Amsterdam (The Netherlands). Initial stock animals were obtained from
ditches and ponds in a nature reserve and agricultural area near Eemnes,
the Netherlands. Every four weeks a new cohort is raised from egg masses
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laid within 24h by five-month-old laboratory-reared individuals. Snails
are kept in low-copper fresh water in large laminar flow tanks. The water
is aerated and kept at 20 ± 1℃ and the animals are fed with a broad
leaved variety of lettuce and, when juvenile, with fish food (Tetraphyll,
Tetra GmbH, Melle, Germany).
Before the experiment, focal snails were kept in isolation for a week,
which is long enough for the physiological effects of previous receipt to
disappear (Van Duivenboden et al., 1985) and to replenish the prostate
gland, thus restoring male motivation (De Boer et al., 1997). After this
period of isolation, we tested the effect of either complete seminal fluid
or single seminal fluid proteins using manual insemination (see bioassay
descriptions below, figure 5.1a). Subsequently, each treated snail was
paired with one standardized partner of the same age, that had been
isolated from the mass culture four days earlier. During these mating
trials, that were performed on a single day within each series, the focal’s mating role, duration until intromission, insemination duration and
body size were documented (figure 5.1b). Immediately after copulation,
the standardized recipient was sacrificed to count the transferred sperm
(figure 5.1c).
Because this species can swap its sexual roles after a first mating
(Koene and Ter Maat, 2005), we made a distinction between focals that
mated first in the male role (primary donor) and focals that were inseminated by their standardized partner prior to donating sperm to it
a

b

c

Figure 5.1: Experimental design for testing effects of seminal proteins on recipient
male function. a) In two experiments (see main text), focal individuals were randomly assigned to an insemination treatment. b) One day after insemination focal
individuals were allowed to copulate with a standardized partner. c) Directly after
a focal ended intromission, its recipient was sacrificed and sperm was extracted from
a
b
the female ducts,
to determine ejaculate
size. Note c
that the focal is indicated with
a dark grey shell and thick outlines, while the standardized partner has a light grey
shell and thin outlines.

68

Seminal proteins and male investment
(secondary donor). Focals that only acted in the female role (recipient)
or did not engage in copulation (non-copulant) within the eight hours
of behavioural observation were not allowed any further opportunities to
mate in the male role.
Whole prostate extract bioassay

We tested for the effect of prostate gland extract and sperm on sperm
allocation in two identical series (A and B) of the following bioassay.
On the day of experimental insemination, 22 snails were anaesthetized
by injecting 2ml of 50mM MgCl2 through the foot and their prostate
glands (seminal fluid producing organ) and seminal vesicles (autosperm
storage organ) were dissected out using microsurgical scissors and forceps.
The vesicles were pooled in a 1.5ml vial containing 1ml saline solution
(5.83mM CaCl2 ·2H2 O, 3.76mM MgCl2 , 42.69mM NaCl, 37.53mM KCl)
and vigorously vortexed to liberate sperm from the organ’s tissue (see also
Loose and Koene, 2008). After removal of the tissue, sperm numbers in
four subsamples were counted with a Neubauer counting chamber (depth,
0.1mm; area, 0.0025mm2 ) to obtain an estimate of the total number of
sperm present. Two subsamples containing approximately 500 × 106
sperm were then transferred to two 1.5ml vials, and kept on ice. Prostate
glands were pooled, crushed and vortexed in 0.5ml saline solution. After
all tissue was removed, half of this solution (prostate extract) was added
to one of the vials already containing sperm while the other half was
transferred to a clean vial. To each of these three vials, saline solution was
added up to a total volume of 1ml. At the same time an additional, empty
vial was filled with saline. Thus, we had three different test solutions for
experimental insemination: sperm only, prostate fluid only, and sperm
and prostate fluid; plus a control solution: the carrier medium (saline).
Each vial contained enough material for 33 inseminations of 0.03ml each.
Within each inseminated volume, ∼15 × 106 sperm and/or 0.33 prostate
gland equivalent were present, thus approximating the quantities present
in a natural ejaculate. For experimental insemination, four 1ml syringes,
equipped with 15cm of soft silicon tubing (internal 1mm), were filled
with one of the four treatment concoctions each and kept on ice.
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The freshly-made artificial ejaculates were carefully injected into the
female tract of randomly-chosen focal snails that were first anaesthetized
with 2ml of 50mM MgCl2 . These intravaginal injections were performed
in an alternating fashion, with each focal receiving one of the test solutions (focals: n=190; for detailed methods see Koene et al., 2010). A
numbered bee tag (Het Bijenhuis, The Netherlands) was glued onto the
shell of each treated snail for identification. After 2 minutes the glue had
dried, the tubing was removed, and the snail was returned to its individual jar to recover. For series A, 92 individuals (shell length 2.92 ±
0.18cm; mean ± 1SE) were inseminated of which 24 control, 23 sperm, 19
prostate fluid, and 26 sperm and prostate fluid. For series B, 98 individuals (shell length 2.92 ± 0.17cm) were inseminated of which 25 control,
23 sperm, 28 prostate fluid, and 22 sperm and prostate fluid.
The day after experimental insemination, all focal animals were paired
with standardized individuals. The shell lengths of these partners in the
two series were, respectively, 2.88 ± 0.15cm and 2.82 ± 0.11cm. During
the mating trials, which lasted eight hours, the behaviour was recorded
and courtship duration as well as insemination duration was calculated.
Directly after a focal snail ended intromission, its mating partner was
anaesthetized and its female tract was carefully dissected out, taking care
not to damage the underlying sperm-filled ducts, in order to obtain the
transferred sperm (figure 5.1). Sperm were subsequently vortexed out of
the isolated female ducts, diluted and counted using a Neubauer counting
chamber. Details of the sperm counting protocol can be found elsewhere
(Loose and Koene, 2008; Hoffer et al., 2010). For focal animals that
performed the male role, the number of ejaculate samples containing zero
sperm did not differ between primary (n=13 of 114) and secondary (n=2
of 23) donors (χ2 <0.001, df=1, P=0.979). Such copulations without
sperm transfer were excluded from statistical analyses.
Single protein bioassay

Using the same protocol as described above and illustrated in figure 5.1,
we tested for the effect of single seminal fluid proteins on the number
of sperm transferred with a new set of focal individuals. Eight purified
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seminal fluid proteins, which were previously purified and sequenced using a reversed-phase HPLC approach (Koene et al., 2010), were used for
experimental inseminations. A detailed description of the methods used
for re-purification and characterization of these compounds can be found
elsewhere (Koene et al., 2010). These experiments were performed in
four series, spread over several months. In each of the four test series,
five substances were tested, which always included a saline control and
four other treatments (single seminal fluid proteins, the HPLC carrier
medium HFBA, or sperm alone). In total, 159 individuals were tested,
excluding secondary donors. Focal size was the same for all series (overall
size: 2.90 ± 0.15cm), which was also true for their partners (overall size:
2.85 ± 0.19cm).

Statistics

Both experiments were performed in multiple series (prostate extract
tests: 2 series, single protein tests: 4 series). For the analyses of the
prostate extract tests, treatments with and without seminal proteins
were pooled as these were not different from each other (primary donors,
t-tests on square root transformed sperm data: with prostate extract,
t 51 =0.392, P=0.697; without prostate extract, t 37 =0.173, P=0.864 and
secondary donors, t-tests: with prostate extract, t 6 = 1.268, P = 0.252;
without prostate extract, t 8 =1.339, P=0.217). Pooled data were analysed with a general linear mixed model (GLMM) with series included as a
random factor. Least squares estimates from the model were further analysed using unpaired t-tests (2-tailed, P<0.05) with a Hochberg correction
for multiple testing. Sperm counts of secondary donors were obtained in
the second series of prostate extract tests only. Data on courtship duration and insemination duration were log transformed. GLMM for single
protein tests was done on square root transformed sperm counts with
series included as a random factor. All statistical analyses were done in
R, version 2.8.1 (R Development Core Team).
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Results and Discussion

Number of sperm transferred (x 106)

Experimental insemination with prostate extract (with sperm and without sperm) significantly reduced the number of sperm that the focal
transferred to its partner compared to insemination with ejaculates not
containing prostate extract (n=190; figure 5.2). More specifically, the
donors that were inseminated with prostate fluid transferred, on average, 54% less sperm per copulation than did the donors that were inseminated with carrier medium or sperm only (mean ± 1SE, respectively,
8.36 ± 0.41 × 106 sperm cells compared to 18.04 ± 0.36 × 106 sperm
cells). In addition„ secondary donors transferred 49% fewer sperm than
primary donors (5.52 ± 0.33 × 106 sperm compared to 10.87 ± 0.14 ×
106 sperm, respectively), which was entirely due to the secondary donors
in treatments without prostate extract transferring less sperm after hav40

30

***

** *

primary donors
secondary donors
n.s.

20

10

0

Without prostate extract

With prostate extract

Treatment

Figure 5.2: Effect of prostate gland extract on the number of sperm transferred by L.
stagnalis. The graph distinguishes between primary donors (focals that mated first in
the male role) and secondary donors (focals that were inseminated by their standardized partner prior to donating sperm). Within the primary donors, individuals that
received prostate extract transferred significantly less sperm than control animals and
animals inseminated with sperm (t-test: t 90 =-5.396, P=0.003). This was not the case
for secondary donors (t 16 =0.756, P=0.461). Primary and secondary donors differed
significantly in the amount of sperm they transferred (t 108 =-4.502, P=0.001), this is
caused by to lower number of sperm transferred by secondary donors that were not
inseminated with prostate fluid. Boxes indicate the 25% and 75% quartiles. Pooled
group median is marked as a solid line, open circles represent outliers and asterisks
denote significant differences (??? P<0.001; n.s., not significant).
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ing been inseminated (figure 5.2). The latter indicates, on the one hand,
that the effect of the seminal fluid on sperm transfer also occurs as a
result of natural inseminations. On the other hand, this reveals that the
effect is brought about rapidly, given that the average interval between
primary and secondary copulations was 95.09 ± 19.11 minutes (i.e. the
reduction in sperm transfer is triggered immediately after insemination).
We found no difference in transferred sperm numbers between primary
and secondary donors that had been inseminated with prostate extract,
which indicates that additional receipt of semen does not result in a
further decrease in the number of transferred sperm.
Treatments did not affect the proportion of focal individuals that did
not copulate, mated as a female, or mated as a primary or secondary
donor (χ2 =7.946, n=190, df=9, P=0.540). Thus, motivation to perform
the male role was not affected by treatment or, alternatively, it did not
Protein 3 (n=15)
Sperm control (n=7)
Protein 7b (n=8)

1

HFBA control (n=9)
Protein 7a (n=13)
Protein 8a (n=14)
Protein 8b (n=17)
Protein 4 (n=18)

*
**

Ovipostatin (n=11)
Protein 5 (n=18)
−1.0

−0.8

−0.6

−0.4

−0.2

0.0

0.2

Relative change in transferred sperm numbers

0.4

Figure 5.3: Effect of singly-inseminated seminal fluid proteins on the number of sperm
donated by Lymnaea stagnalis. We observed that, compared to the saline control
treatment, the number of transferred sperm was reduced in focal animals treated
with ovipostatin and protein 5 (t38 =-2.831, P=0.030 and t45 =-3.844, P=0.009, respectively). See Koene et al., (2010) for the amino acid sequences of the tested peptides. Bars and whiskers represent mean ± 1SE of the relative increase or decrease of
transferred sperm numbers compared to the saline control. The grey background area
represents the standardized mean ± 2SE of the saline control treatment. Treatments
are ordered by effect size. Asterisks indicate a significant difference from the saline
control (? P<0.05; ?? P<0.01).
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alter the attractiveness of focal animals as donors. Hence, our results
clearly show that prostate extract alters recipient physiology by reducing the number of sperm that are transferred in the subsequent mating
as a male, i.e., it induced oligospermia (a medical term for having a below average sperm count). In addition, this oligospermia materialized
rapidly, within the interval needed for reciprocal insemination, potentially providing an instant sperm competitive edge for primary donors.
To identify candidate compounds responsible for the observed oligospermia, we tested prostate-derived proteins singly. We tested eight
previously-characterized, purified seminal proteins, including ovipostatin
(Koene et al., 2010). We used the same protocol as for the first experiment, with the adaptation that lyophilized and frozen (-80℃) samples
of the eight proteins were dissolved separately in a saline solution in
ejaculate-equivalent concentrations. Three control treatments were included: sperm and saline, saline only, and HPLC-buffer, the latter in the
same trace amounts as in the purified protein samples. We found that
two seminal compounds induced a significant decrease in sperm number
compared to saline controls (n=159; figure 5.3). Ovipostatin-inseminated
snails transferred 6.79 ± 0.17 × 106 sperm compared to 12.0 ± 0.09 ×
106 sperm in the saline control, a reduction of 43%. Oligospermia is even
more strongly induced in the protein 5 treatment, where only 4.43 ± 0.14
× 106 sperm were transferred, a reduction of 63%. Neither the size of
donors and recipients, nor the duration of courtship and copulation (i.e.
insemination), had a significant effect on transferred sperm numbers.
In combination with the previous finding that ovipostatin inhibits the
recipient’s female function (Koene et al., 2010), our results suggest that
there are two distinct routes to oligospermia induced by seminal proteins. First, compounds like ovipostatin may be systemically toxic to a
recipient, given that they lack specificity for one particular sex function.
This supports the idea that the effect of seminal proteins is pleiotropic to
another physiological target in the recipient that influences sperm competition (Parker, 1979; Morrow et al., 2003). Second, compounds such
as protein 5 affect the recipients’ male function while leaving its female
function unaffected (Koene et al., 2010). Therefore, protein 5 may be
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involved in manipulation of sex allocation (male investment divided by
total reproductive investment) in these hermaphrodites (Charnov, 1979;
Schärer, 2009). Manipulation of its partners’ sex allocation may benefit
the donor through the possibility of reduced sperm competition and a
concurrent increase in siring success via increased relative female investment (Charnov, 1979). Our results therefore suggest that fitness gained
via the male function becomes more dependent on an individual’s female
mating rate than on its male mating rate (Bedhomme et al., 2009; Anthes
et al., 2010).
In sum, we uncovered that hermaphroditic sperm donors transfer seminal fluid proteins that induce oligospermia in the recipients, thus providing a novel and direct mechanism to affect male reproductive investment
of competitors. Our data suggest that in hermaphrodites, copulation
serves not only to deliver sperm to partners, but also to reduce the male
function of competitors. In various animal taxa male behavioural and
pheromonal cues are also known to affect the reproductive investment
of other males in the group. For example, physiological responses to
urinary pheromones from dominant mice include retarded sexual development and disrupted spermatogenesis in juvenile males (Koyama, 2004).
Furthermore, chemical suppression of male competitors may also be relevant to species such as gorillas (Bradley et al., 2005), rams (Aguirre et
al., 2007) and cockroaches (Montrose et al., 2008), in which reproductive
dominance is mainly considered a function of social interactions. Our results suggest that aggression and imposed stress to establish dominance
may be complemented by chemical traits. Seen in this broad context,
suppression of male competitor physiology may play a, previously unrecognized, crucial role in sexual selection.
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Antagonism and mutualism in sexual
selection on hermaphrodite male and
female function is affected by social
group size and age
Jeroen N.A. Hoffer, Jacintha Ellers, Janine Mariën, Joris M. Koene
Abstract

Sexual selection is predicted to act more strongly on

males than on females, because anisogamy generates different reproductive strategies for males and females. Despite the fact that they unite
male and female sex functions in one body, this fundamental division between the sexes also applies to simultaneous hermaphrodites. Therefore,
like separate sex species, hermaphrodites are predicted to experience
stronger sexual selection on the male function than on the female function. In hermaphrodites, sex allocation, the division of resources over
both sex functions, is expected to depend on social conditions, which
in turn will affect sexual selection. Moreover, as individuals grow older,
and larger, age and budget effects can have profound effects on the optimal sex allocation. The hermaphroditic pond snail Lymnaea stagnalis
experiences high costs arising from sexual conflicts over fertilization, and
is expected to adjust its sex allocation in response to social group size.
Adult focal snails were kept isolated but were mated twice a week to the
same partner (monogamy), four partners (polygamy) or remained isolated, during 8 weeks. We calculated the variances in reproductive success (RS) and mating success (MS), and Bateman gradients (the linear
regression of RS on MS) to study the effect of social conditions and age
(at 2 and 8 weeks) on sexual selection in a simultaneous hermaphroditic
snail, L. stagnalis. The effects of social conditions on offspring quality
were based on progeny developmental success. We found no evidence
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to support the prediction that male function of hermaphrodites is under stronger selection than the female function. To the contrary, under
polygamy, the variances in both MS and RS were higher for the female
function than for the male function, and significant Bateman gradients
were found for both sex functions at both young and medium age. Fecundity was significantly affected by social conditions, with polygamous
individuals having the lowest reproductive output. However, offspring
quality was oppositely affected by social conditions, with highest offspring developmental success under polygamy. Re-calculation of the
estimated fitness, with undeveloped eggs and eggs that had experienced
arrested development discounted, resulted in equal fitness for monogamous and polygamous individuals, which was lower in self fertilizers.
We conclude that the costs arising from sexual conflict are balanced by
direct and/or indirect benefits arising from having several partners.

Introduction
From its inception, sexual selection (Darwin, 1871) has been a hotly debated topic in evolutionary biology (Arnqvist and Rowe, 2005). Basic
theory predicts that sexual selection acts stronger on males than on females, an idea which finds its origin in the fundamental difference in
gamete investment by the two sexes, termed anisogamy (Bateman, 1948;
Kokko and Jennions, 2003). Males produce tiny sperm in quantities
vastly exceeding the number of large, resource-rich eggs available for fertilization. As a consequence, although males could potentially fertilize
all eggs in a given population, the number of females that can be successfully fertilized is limited by competition with other males. Selection
pressure on males to secure fertilizations is therefore stronger than on
females, and the latter are predicted to be choosy about the sire(s) of
their valuable eggs (Andersson, 1994).
Since the landmark paper by Bateman (1948) much effort has been
spent on the quantification of sexual selection (Arnold, 1994; Crow, 1958;
Emlen and Oring, 1977; Lande, 1979; Lande and Arnold, 1983; Trivers,
1972). From the paper by Bateman (1948) the three major conclusions
are now known as the Bateman principles (Arnold, 1994). The first two
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of these principles hold that the variance in reproductive success (RS)
and mating success (MS) is larger for males than for females, respectively. These principles can be converted into a measure of the maximum
strength of selection and thus represent the upper limit (i.e., the intensity) of overall selection and sexual selection, respectively (Arnold and
Wade, 1984; Crow, 1958; Wade and Arnold, 1980). The third principle
is the correlation between the number of mates and fitness is stronger
for males than for females, which Bateman (1948) saw as the cause of
sexual selection. This last principle has become known as the Bateman,
or sexual selection, gradient (Arnold and Duvall, 1994). Currently, all
three measures are used to quantify mating systems and to attempt to
extract general patterns of selection on the two sexes (Jones, 2009; Klug
et al., 2010; Krakauer et al., 2011).
A number of studies tested directly whether Bateman gradients are
indeed steeper for males than for females in gonochorists (e.g. Fairbairn
and Preziosi, 1996; Hunt et al., 2009; Jones, 2009; Jones et al., 2002;
Jones et al., 2005; Mills et al., 2007; Rodriguez-Munoz et al., 2010; Webster et al., 2007). Compared to separate sex species, hermaphrodites
have been largely absent from this sexual selection literature, despite
the fact that hermaphroditism is the dominant mating system in plants
(Yampolsky and Yampolsky, 1922) and common in animals (Eppley and
Jesson, 2008). Hermaphrodite models offer highly interesting opportunities for sexual selection research. Unique hermaphrodite traits, such as
mating role decisions, sex allocation to male and female function, and
self-fertilization will all affect selection pressures on both sex functions
within an individual (Anthes et al., 2010; Michiels, 1998). In addition,
hermaphrodites lack sexual dimorphism and are therefore excellent models to test whether anisogamy indeed forms the basis for the prediction
that males will experience stronger sexual selection, because interference
of sex-specific traits that occurs in gonochorists is absent (Anthes et al.,
2010; Pélissié et al., 2011). The development of sexual selection theory
adapted to simultaneous hermaphrodites (hereafter hermaphrodites) has
started decades ago (Arnold, 1994; Charnov, 1979; Morgan, 1994), yet
empirical studies measuring the strength of selection are still scarce for
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hermaphroditic animals (Anthes et al., 2010; Lorenzi and Sella, 2008;
Pélissié et al., 2011) and plants (Delph and Ashman, 2006; Willson,
1994).
Among the few studies performed on hermaphroditic organisms, the
pattern of sexual selection on male and female function appears to be
different from separate sex organisms. For example, in hermaphroditic
plants the variance in mating success is often larger for the female than
for the male function (Delph and Ashman, 2006). In hermaphroditic
animals, this lack of larger variance for the male function than for the
female function has also been found (Lorenzi and Sella, 2008). To date,
the three studies that explicitly determined the relationship between RS
and MS either found equal correlations (Pongratz and Michiels, 2003) or
steeper sexual selection gradients for the male function than the female
function (Anthes et al., 2010; Pélissié et al., 2011).
Here, we report on laboratory experiments performed on the highly
promiscuous hermaphroditic pond snail Lymnaea stagnalis. We assessed
the dynamics of sex-specific selection under polygamy, monogamy and
isolation at two times in an eight week period. Our study on L. stagnalis included two additional features that were not addressed in the
previous work on sexual selection in hermaphroditic animals, and which
are expected to impact estimates of selection: variation in group size
and estimates of age-specific changes in sexual selection gradients. Data
was collected on mating activity for both sex functions, and female fecundity. Siring success and self-fertilization rates were estimated from
microsatellite data. For the quantification of selection on the male and
female function of pond snails we applied the statistical framework recently developed for hermaphrodites (Anthes et al., 2010). This allowed
us to test which sex function experiences the highest opportunity for selection (I ) and sexual selection (Is ), and determine Bateman gradients
(the sex-specific linear regression of RS on MS).
Following theory, we hypothesized that with larger mating group size,
variances in RS and MS would increase because of intraspecific competition. In addition, we expected that Bateman gradients for the male
function would be steeper than for female function (Charnov, 1982).
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Given that we followed individual snails over a considerable period of
reproductive activity, this experiment provided us with the opportunity
to evaluate sex-specific differences in sexual selection over time. Here, we
anticipated stronger selection on the male function under polygamy over
time, as sperm competition would become more intense as sperm from
an increasing number of sperm donors would compete within the recipient. With more intense competition, polygamous individuals were also
expected to produce less progeny than monogamous individuals, because
of the costs of mating. Finally, offspring quality, based on developmental
success, was assessed in relation to mating group size. In combination,
these approaches enhance our understanding of sex-specific selection and
the resulting fitness consequences for the hermaphroditic lifestyle.

Materials and methods
Study species

The basommatophoran pond snail Lymnaea stagnalis is a species common to the Holarctic region, and resides in ponds, ditches, and lakes.
At the mass culture facility at VU University, a laboratory population
of L. stagnalis has been maintained on running, low-copper water for
more than 40 years (Van der Steen et al., 1968). Snails were kept under a 12:12h (L:D) photoperiod. Each month, egg masses laid within a
24h time-window are raised to become the next generation. Snails are
fed alternatingly fish food flakes (Tetraphyll Gmbh.) and broadleaved
lettuce. At a shell length of about 18mm individuals begin to copulate,
soon followed by production of egg masses.
L. stagnalis has a mixed mating system with high outcrossing rates
(∼80%) despite low self-fertilization depression (Cain, 1956; Coutellec
and Caquet, 2011; Puurtinen et al., 2007). Copulation is unilateral,
meaning that one partner performs the male role and the other the female
role. After an initial copulation role-alternation regularly takes place
(Koene and Ter Maat, 2005) and also chain-copulations can be observed
in groups. Mating rates have been observed to increase with population
density (Koene and Ter Maat, 2007). Copulations can be easily observed
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in the laboratory (De Boer et al., 1996; Van Duivenboden and Ter Maat,
1988). L. stagnalis is a promiscuous species and can store received sperm
(allosperm) for about 3 months (Cain, 1956). Pond snails are highly
fecund and usually lay between 100–300 eggs per week in 1–4 egg masses,
depending on mating conditions (Van Duivenboden et al., 1985; chapter
4).
Experimental design

Two hundred immature (shell length < 15mm) snails were collected from
the mass culture kept at VU University and individually housed in perforated plastic jars standing in a laminar-flow basin (20 ± 1℃). For the
duration of the start-up period and the experiment, 19.6cm2 of lettuce
was provided daily. During this start-up period, the jar was replaced
with a clean one each week, and egg laying capability was checked. At
14 weeks after hatching (shell length ∼30mm) all animals were confirmed
to be fecund. After this confirmation, snails were sedated with 50mM
MgCl2 and a small part of their foot was cut off for genotyping purposes
(see next section) using fine surgical scissors (World Precision Instruments, Inc., Saratosa, USA). The quantification of selection on mating
success (MS) and reproductive success (RS) was started when animals
–still virgin– were 110 days old, at which time they had fully recovered
from tissue sampling.
The experiment included three treatments: Polygamy, Monogamy
and Selfing. The Polygamy treatment consisted of 25 groups of 5 snails
each, the Monogamy treatment of 25 groups of 2 snails each, and the
Selfing treatment of 25 singly-housed snails. The Monogamy and Selfing treatments can be regarded as control treatments for the Polygamy
treatment, because the former lead to ‘local sperm competition’ (Schärer,
2009) and hence, because sperm investment should be minimized, are predicted to have a similar sex allocation (Charlesworth and Charlesworth,
1981; Charnov, 1982). Behavioural observations were performed two
times a week for ∼7h, during which the snails were kept in groups according to their treatment. The volume of water per individual was set
at 100ml, so that snail density was equal among treatments (500ml for
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polygamous groups, 200ml for monogamous pairs, and 100ml for virgins).
The rest of the time all snails were kept in isolation.
In each treatment mating activity was observed on the first and fourth
day of each week, for eight weeks. Within all groups, copulation and mating role were noted for every individual. Egg masses laid during trials
were removed from the container and placed in the isolation jar of the
mother. Each week, egg masses were collected from the isolation jars,
measured to the nearest mm, and placed in pre-weighed 10ml vials, one
for every individual. For each treatment, for twenty-four egg clutches
progeny numbers were determined each week, which were used to determine the relationship between the number of eggs and the langth of
the egg mass. After counting, egg masses were returned to their vials
and freeze-dried. The dry weight of egg masses was determined on a
microbalance (type 1712 MP8, Sartorius) to the nearest 0.02mg. In the
first, second, fourth, sixth and eighth week, one egg mass per individual (if present) was allowed to develop until the offspring had developed large enough for genotyping (usually at 9–10 days after egg laying).
Then, these masses were freeze dried, weighed separately, and stored at
-20℃until offspring genotyping.
All snails were measured and weighed at day 15 and day 57 after the
start of the behavioural observations. Growth in L. stagnalis follows a
sigmoid curve, and the experimental period started at the moment snails
entered the monotonically increasing phase restricting potential budget
effects. Egg masses laid during the day after the eighth week (day 57)
were placed in 15ml of water each, which was refreshed every other day
for two weeks. At day 14 after laying, the number of undeveloped eggs,
early embryos, late embryos and hatchlings in each egg mass were counted
under binocular microscope.
Genotyping protocol

For genotyping of experimental animals, total genomic DNA was extracted by crushing tissue samples in 100µl 50mM NaOH in a 1.5ml vial,
thoroughly mixed by vortex and left standing for 10min. After digestion
of the connective tissue the solution was neutralized by adding 10µl 1M
83

Chapter 6
TRIS HCl of pH 8.0 (protocol adapted from Meeker et al., 2007). After
centrifugation at 14000rpm for 10min, the supernatant was transferred to
a clean vial. The precipitate containing the tissue debris was discarded.

PCR amplification of the A16 microsatellite locus (Knott et al., 2003;
please note that the reverse primer is displayed in 3’–5’ orientation) was
performed in 25µl reaction mixture containing 5.0µl 5x PCR buffer, 1.5µl
MgCl2 , 2.0µl dNTP’s, 1µl of the forward and reverse primer each, 0.2µl
GO-taq polymerase, plus 0.02µl proofreading polymerase (pfu) and 9.3µl
very pure H2 O (Sigma). Lastly, 5µl of genomic DNA was added to the
reaction mixture. The PCR amplification protocol consisted of an initial
denaturation at 95℃ for 5min, followed by a hot-started procedure at
80℃, and 35 cycles at 95℃ for 15s, 55℃ for 45s, and 72℃ for 60s, with a
final extension period at 72℃ for 5min in a thermocycler (MJ Research
PTC-100). A volume of 16µl amplification product was added to 4µl
loading dye (Elchrom Scientific) which was then denatured at 95℃ for
5min, and chilled on ice. Spreadex EL 600 Wide Mini Gels (S-2x25 slots,
Elchrom Scientific) were submerged in a 55℃ 0.8x TAE buffer solution,
and slots were carefully filled with PCR product, including one slot for
each half gel for a 250bp DNA ladder. Electrophoresis was performed at
120V for 165min, with a second loading PCR product after 45min. Gels
were stained in 150ml 0.25x TAE buffer containing 15µl Syber Gold for
45min. All gels were photographed and snails were visually genotyped
separately by two persons without discrepancies.

Genotyping of offspring was performed on single eggs. Sixteen embryonic snails, recognized by their dark colour, were removed randomly
from a egg mass and put singly in a well of a 96-wells PCR plate. When
the plate was full (16 offspring per egg mass, 6 egg masses) the tissue was
crushed in 50µl 50mM NaOH, incubated at room temperature for 10min,
and neutralized with 5µl 1M TRIS HCl of pH 8. After centrifugation,
supernatant was either stored at -20℃ or used for amplification directly.
The PCR protocol was identical to the one mentioned above.
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Fecundity, siring success and self-fertilization rate

Individual fecundity was estimated by counting the number of eggs of
20–24 randomly picked egg clutches for each treatment, every week. The
number of eggs was then related to the length of the clutch. By extrapolating this relationship between clutch length and number of eggs, weekly
fecundity for each individual was estimated, and thus weekly reproductive success (RSf ). Male reproductive success (RSm ) was estimated by
using the genotyping data of the A16 microsatellite (Knott et al., 2003).
Given that we found three alleles at this locus within our experimental
population, we were unable to distinguish each individual’s siring success
in the polygamy treatment (RSm ). Therefore, groups were assembled in
such as way that one individual –the focal– within each group was homozygous while the other four were heterozygous for the two remaining
alleles. In the Monogamy treatment, within-pair genotypes were never
overlapping at the A16 locus.
The high fecundity of L. stagnalis (∼100–300 eggs per week per individual) ruled out complete genotyping of all offspring. Instead, we
genotyped between 10–24 randomly selected offspring per developed egg
mass (see Experimental design), of focals and non-focal individuals. To
establish siring success for all individuals, the data was subsequently
transformed to proportion data (denoted as pRSm ) and fitted to the following variables: treatment (Monogamy, Polygamy), week, number of
competitors with partner j, MSm , and MSf in a generalized linear model.
To account for non-random sperm usage patterns, copulatory mating
ranks were included in the model. Ranks came in two varieties, one signifying the rank number of all inseminations of sire (focal) i with partner
j (the non-focal) from the start of the experimental period. The second
rank numbers were determined in a similar vein, but backwards from
the last copulations. The order of mating is crucial in systems were respectively first or last male sperm precedence plays an important role in
sperm competition. Finally, the proportion MSm (pMSm ) of i to the total
number of inseminations received by j was included as an explanatory
variable, and sire and dam genotypes as random factors.
Potential explanatory variables were deleted step-wise when not sig85
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nificant. Subsequently, with the final model the number of sired offspring
with each female mating partner was then calculated for every individual
for each experimental week. By summing the resulting estimates of RSm
over mating partners the weekly estimate of total siring success for all
individuals within experimental groups was obtained. The model used
for estimation of siring success could therefore also be applied to estimating the proportion of self-fertilized offspring, as one minus the summed
pMSm of all potential sires.
The proportion self-fertilized offspring (denoted as pRSs ) is 1 minus
the sum of pMSm of all potential sires of a clutch, and can therefore
be derived from the model for estimating pRSm . To confirm that estimates arising secondarily from the model to estimate siring success, we
additionally estimated pRSs with an asymptotic function with the model
ax
, where y is 1–pRSs and x is MSf of individual i.
formula: y = b+x
Quantification of sexual selection

Various quantitative measures of sexual selection have been developed
during the last decades. These measures are based on the estimated or
measured RS and mating success (MS), and they are therefore interlinked
(Arnold, 1994; Jones, 2009). The opportunity for (overall) selection, I,
is the variance in relative RS standardized by its squared mean. The
opportunity for sexual selection, I s is calculated in the same fashion,
but RS is replaced by MS. These two measures represent the maximum
strength of selection that can be reached, given the circumstances. When
comparing variances in RS and MS between sex functions, one needs to
account for the fact that count data is often not normally distributed and
that among-group variances are constrained to be equal. Therefore, any
difference in variance will be found through the within-group component
of variance (Pélissié et al., 2011). Therefore we fitted a generalized linear
model with a fixed group effect, after which the ratio of residual deviance
of male and female RS and MS was calculated and tested with two-sided
F -tests against the expectation that this ratio was 1. Significant deviations from 1 indicate that male and female RS or MS are not equal, with,
in our case F -ratios smaller than 1 arbitrarily indicate larger variance for
86

Sexual selection in a hermaphrodite
female function and F-ratios larger than 1 indicate larger variance for
male function.
Another important, and often used, measure of sexual selection is
the Bateman gradient (βss ), i.e. the linear least-squares regression slope
of sex-specific RS on sex-specific MS (Jones 2009; Klug et al. 2010).
Bateman gradients determine the expected fitness increase achieved by
mating one additional time in a specific sex role (βm or βf ). However,
hermaphrodites express both sex functions within one body, and investments in one reproductive function alter investment in the other. To deal
with this non-independence of male and female reproduction, multiple regression with MSm and MSf as explanatory variables on respectively RSf
and RSm make cross-sex effects explicit (Anthes et al., 2010). The resulting cross-sex effects (βmf and βf m ) describe how MS in one sex function
changes RS in the other sex function.
For simultaneous hermaphrodites, male and female mating success
may not be independent, depending on the mating system. Even in unilaterally mating species, reciprocity in mating (i.e. playing both roles in
a mating encounter) could make a multiple regression analysis statistically fragile (Mitchell-Olds and Shaw 1987). To cope with this potential
problem, Anthes and co-authors (2010) suggested to replace MSm and
MSf by their principal components which results in two completely independent new variables (PC1 and PC2 ). Anthes et al. (2010) suggested
the principal components to represent overall mating activity and the sex
bias in mating, respectively; however, this needs to be confirmed by independent regression analysis of PC1 and PC2 on calculated overall mating
activity (MSm +MSf ) and mating bias (MSm –MSf ) from the original MS
measures. An alternative approach would be to directly perform multiple regression measured mating success with calculated overall mating
activity and mating bias as explanatory variables. In practice, both approaches may not differ very much in their interpretation of the outcome,
especially when collinearity is low. Here we choose to follow Anthes et
al. (2010).
For the analyses, we used the data for 2- and 8-weeks-old animals and
refer to these as young and medium aged adults (young and medium age,
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Table 6.1: Means and within-group deviance in reproductive and mating success for
Lymnaea stagnalis, calculated from the raw data for young and medium aged individuals. Mating conditions are indicated with M for monogamy, and P for polygamy.
Under monogamy, male and female among-group variances in MS and RS are constrained to be equal. To compare within-group variances, residual deviances were
compared to a ratio of 1 with bilateral F -tests, smaller ratios indicating larger female
variance (see main text).

Age

Early

Medium

Age

Early

Medium

Reproductive success
Treatment Sex
Mean Deviance
male
299.3
1944.7
Monogamy
female
299.3
1944.7
male
242.7
4885.9
Polygamy
female
242.7
8508.1
male
1552.1
3759.4
Monogamy
female 1552.1
3759.4
male
1345.7 10899.0
Polygamy
female 1345.7 21285.0
Mating success
Treatment Sex
Mean Deviance
male
2.8
8.5
Monogamy
female
2.8
8.5
male
3.1
35.3
Polygamy
female
3.1
64.7
male
9.3
29.1
Monogamy
female
9.3
29.1
male
11.0
101.1
Polygamy
female
11.0
118.5

F
1.0

P
1.0

0.572

0.002

1.0

1.0

0.511

F
1.0
0.544

<0.0001

P
1.0
<0.0001

1.0

1.0

0.853

0.376

respectively).
Results
Fecundity, self-fertilization rate and siring success

We found that number of eggs was strongly correlated with the length
of egg masses (linear regression: r2 =0.979, F1,395 =18992, P<0.0001).
Neither treatment nor week of measurement had a significant effect on
the number of eggs per given egg mass length. Consequently, female
reproductive success (RSf ) of all individuals was calculated using the
following formula: RSf =4.085 times egg mass length (in mm).
The estimation of the proportion siring success (pRSm ) of individu88
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als with their mating partners was based on the genotyping data. After
repeated elimination of non-significant variables, the proportion of mating success of focal sperm donors (pMSm ) and the number of sperm
donations with each mating partner (MSm ) significantly explained the
variation in the proportion of sired offspring (weighed GLM on squared
pRSm : r2 =0.825, F2,68 =115.8, P<0.0001). We found no evidence for
quadratic relationships within the final model, nor did we find a significant interaction.
The proportion of selfing success (pRSs ) is equivalent to one minus
the summed pMSm of all potential sires, predicting an overall proportion
of self-fertilized eggs of 0.181 ± 0.014 (mean ± 1SE) within egg masses.
In addition, genotyped offspring from egg masses laid by focal individuals
allowed us to estimate pRSs independently from siring success. When
considering self-fertilization rates separately, the number of inseminations
received (MSf ) was the only relevant explanatory variable. From the fitted values of our asymptotic model (see Materials and methods), overall
pRSs was found to be 0.166 ± 0.007 (mean ± SE). The two estimates
of pRSs were not significantly different (t95 =0.667, P=0.506). Moreover,
these results are in accordance with previous estimates of selfing rate in
L. stagnalis (Cain, 1956; Puurtinen et al., 2007). Given that the model
for estimating pMSm also generates accurate estimates on selfing rates,
RSm and RSs were calculated using this formula for further analyses (as
described above).
Variance in mating success and reproductive success

In the polygamy treatment, the variance in RS was larger for the female
function than for the male function, both at early and medium age (residuals deviances. However, I was rather small for both functions, leaving
limited scope for sexual selection. The variance in MS was also significantly larger for female function than for male function at early age,
but not at medium age (table 6.1). The potential for sexual selection
was also small; in all cases Is , was below 0.20. In addition, the opportunity for selection on self-fertilization was larger than for male and female
reproduction (table 6.2). This is likely an artifact from the complete self89
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Table 6.2: Components of sexual selection in L. stagnalis based on relative data (RS
and MS divided by their sample means) during early age and medium age, under
monogamy, polygamy and self-fertilization. I is the opportunity for selection, and
Is is the opportunity for sexual selection. βss denotes sexual selection, or Bateman,
gradients. s0 is the selection differential on size, and m0 is the mating differential on
size. Significant values (P<0.05) are indicated in bold type. Dots represent values
that could not be calculated because of a lack of (effects of) MS on self-fertilization.
Sex-specific differences in a selection component are indicated by different superscripts
before values.
Early age
I

Is

βss

s

m

I

Is

βss

s0

m0

0.11

.

.

-0.04

.

0.09

.

.

-0.03

.

Treatment Source
Selfing

selfed
male

Monogamy

female
selfed (m)
selfed (f)

Polygamy

0.23 0.11
0.36

.

0.20 0.10

female

0.31 0.18

selfed (f)

0.33
a

male
selfed (m)

Medium age

0.39

.
.

b

0.46

-0.74

0

0

0.36 -0.02
0.26 0.03
-0.01

.
.

0.52

0.11 0.13
a

0.13

.

b

-0.27

0.80 -0.01 0.00 0.08 0.08
0.51 0.19 0.05 0.13 0.10
a
b

0.42

-0.37

0.07

.
.

0.14

.
.

0.42

a

0.40

a

0.44

b

-0.56

-0.02
0.15
.
.

0.63 -0.15

-0.04

0.61 0.17

0.06

0.59

b

0.30

-0.20

.
.

fertilization at the start of the experiment. This idea is supported by the
result that at medium age I -values for selfing, monogamy, and polygamy
are very similar. In the monogamy treatment, the variance and the opportunity for overall selection (I ) and sexual selection (Is ) was restricted
to be equal, because partners shared all outcrossed offspring and had
mated the same number of times (table 6.1). At early age, opportunity
for selection on selfing is relatively large compared to those for male and
female function, a difference that had dissipated at medium age, as it did
in the polygamous treatment (table 6.2).
Bateman gradients

For polygamous individuals, sexual selection gradients were significantly
positive for both male and female function. The increase in reproductive
success for every additional mating was largest for the male function at
young and medium age, but there was no significant difference with the
sexual selection gradient for female function (table 6.2). When the combined effects of male and female mating on MSm and MSf were included
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Table 6.3: Coefficients of Bateman gradients forLymnaea stagnalis, including cross-sex
effects, for paired (monogamous) and grouped (polygamous) individuals. Estimates
are based on the raw data. βmm shows how RSm varies with MSm , βf f shows how
RSf varies with MSf , βmf shows how RSm varies with MSf , etc. Bold values denote
significant slopes, and t and P-values are presented for comparisons of sex-specific
effects.
Monogamy
Comparison of slopes
Age

Early

Medium

Slope
βmm

27.59

βf f

27.59

βmf

18.29

βf m

18.29

βsm

26.49

βsf

-46.24

βmm

62.66

βf f

62.66

βmf

21.56

βf m

21.56

βsm

22.45

βsf

-15.49

Polygamy
Comparison of slopes

t

P

Slope

t

P

0.0

1.0

64.56

1.695

0.091

1.518

0.130

2.993

0.003

1.746

0.082

4.573

<0.001

5.401

<0.001

44.14
0.0

1.0

5.19
25.07

2.461

0.016

21.76
-20.90

0.0

1.0

82.30
58.00

0.0

1.0

-13.95
51.24

2.501

0.014

34.09
-9.06

in the analysis, within-sex slopes (βmm and βf f , table 6.3) remained qualitatively similar to the sex-specific Bateman gradients in table 6.2. Table
6.3 shows that for young snails MSf significantly decreased RSs and that
this effect faded with time, as the asymptote was reached (see Materials
and methods). Bateman gradients were necessarily equal for monogamous individuals because outcrossed progeny has one mother and one
father (self-fertilized offspring are treated separately, see below). At early
age, βm and βf were not different from zero, but at medium age mating
increased reproductive success significantly under monogamy (table 6.2).

Specific hermaphrodite components of sexual selection

For the first time, we found a significant cross-sex effect in a hermaphrodite.
Specifically, in the polygamous treatment, mating in the male role (MSm )
had a significant positive effect on RSf (βf m , figure 6.1, table 6.3), which
became stronger over time. The effect of mating in the MSf on self fer91
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Early Age

Medium Age

βmm

RSm

βmm

βmf

βmf

βfm

MSf

βff

MS

m

m

βff

MS

RSf

βfm

MSf

Figure 6.1: Graphs showing male and female Bateman gradients and their respective
cross-sex effects under polygamy, based on relative data (RS and MS divided by their
sample means) at young and medium age. The grey areas denote the least squares
regression planes of RS on MS (Bateman gradients) and its cross-sex effect.

tilization rate (βsf ) was significant at early age, but waned at medium
age. To the contrary, self fertilization is positively influenced by MSm
(βsm ), an effect that increased with age (table 6.3).
For unilaterally copulating L. stagnalis it has been established that
there is no obligatory swapping of mating roles after a first mating, although this does happen when both snails are motivated to perform the
male role (Koene and Ter Maat, 2005). Under such relaxed reciprocity, it
is expected that MSf and MSm are relatively independent of each other
(Anthes et al., 2010). For monogamous individuals, indeed no significant correlation was found between MSf and MSm (Pearson r=-0.083,
P=0.58 and r=0.058, P=0.70, for young and medium aged snails, respectively). In contrast, in larger mating groups (Polygamy) male and
female MS were significantly linked (r=-0.201, P=0.025 and r=0.340,
P<0.001, for young and medium aged snails, respectively). Note that
with age, the sign of the correlation changes from negative to positive in
both treatments. However, Pearsons r remained well below 0.8, the value
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Table 6.4: Regression analyses where principle components replace original data on
mating success for polygamous individuals. The principal components have a different
interpretation than the original sex-specific MS data, and are therefore explicitly
mentioned. β denotes the regression slope of principal components (PC1 or PC2 )
on RSm and RSf . Bold values denote significant slopes, and the test statistics show
comparisons between sex-specific effects. Note that the meaning of the regression
slopes based on principal components depends on whether PC1 is referring to overall
mating activity or the bias in mating activity (see text).
Comparison of slopes
Age

Interpretation
Overall mating activity

Early
Bias in mating activity
Overall mating activity
Medium
Bias in mating activity

Source

Slope

t

P

βmP C2

-63.07

1.772

0.078

βf P C2

-37.34

βmP C1

-14.74

4.779

<0.001

βf P C1

34.39

βmP C1

39.16

3.352

0.001

βf P C1

77.22

βmP C2

-73.72

4.822

<0.001

βf P C2

-5.21

where collinearity starts to undermine statistical rigidity (Mitchell-Olds
and Shaw, 1987).
We follow Anthes et al. (2010) and replace the original mating data
by their principal components. The PCA approach showed that under
polygamy, PC1 captured 67% of the variance in MS at early age, and
PC1 33% (table 6.4). PC1 correlated with the bias in mating activity
and PC2 correlated with overall mating activity. When snails grew older
and became medium aged, selection pressures changed as was indicated
by PC1 being more correlated with overall mating activity (explaining
68% of variance), while PC2 explained 32% of the variance and correlated
with the sex bias in mating activity (table 6.4).
Breaking down the covariance between RSm and RSf into its constituent components showed that the shared effects of mating as a male
were at least more than two times as large as the effects of mating as
a female (table 6.5, upper panel). These results were in line with the
steeper Bateman gradients for males and/or the larger cross-sex effects
involving MSm compared to those computed for MSf (table 6.3, figure
6.1). The principal components analysis (table 6.5, lower panel) revealed
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that young snails had higher reproductive success when their sex allocation was biased, while an overall higher mating rate increased RS in older
individuals. In addition, table 6.5 shows that for snails in the monogamous treatment, a bias in mating activity decreased fitness covariance
and opposed the effect of overall mating activity. For young snails in the
polygamous treatment, bias and overall mating activity were both adding
to fitness covariance, while at medium age this was changed to opposite
effects. These results indicate that our model system shifts between sexually antagonistic and sexually mutualistic selection on overall mating
activity and bias in mating activity, depending on social conditions and
age.
Selection on body size

There was a small size difference between early and medium age snails
(respectively 3.28 ± 0.61 cm and 3.42 ± 0.41, mean ± 1SE). Shell length
was significantly correlated with body weight, but there was no effect
of treatment on body weight (ANOVA: F1,64 =52.960, P<0.0001, and
F2,64 =0.382, P=0.684, shell length and treatment, respectively). The
same was true for medium aged snails (ANOVA: F1,64 =27.086, P<0.0001,
and F2,64 = 0.041, P=0.960, shell length and treatment, respectively).
Body size (shell length) had no significant effect on RS irrespective of
treatment and age of the snails (table 6.2, column s0 ). Medium age
snails had a significant positive relationship between body size and mating success for the female function, but not for the male function (table
6.2, column m0 ).
Longevity, fitness and offspring quality

Longevity and reproductive success were obtained during the experimental period, while offspring quality was determined on egg masses collected
directly after this period. In total, 8 out of 46 (17%) snails died in the
monogamy treatment. For polygamy and self fertilization these numbers
were 25 out of 125 (20%) and 3 out of 25 (12%), respectively. Survival
analyses (with Weibull distribution) revealed that death rates were not
statistically different between mating regimes (χ2 =1.5, df=2, P=0.47).
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Table 6.5: Decomposition of fitness covariance for monogamous and polygamous Lymnaea stagnalis individuals. Variance components in the upper panel are based on
relative MS and RS (values divided by their sample mean) to aid comparison between age and social conditions. In the lower panel relative MS data are replaced by
their principal components (see main text). Note that the penultimate row is zero by
definition.
Monogamy
Relative MS

Early

Male-female covariance in RS

Medium

Polygamy
Early

Medium

-0.021

0.019

0.027

0.022

Shared effects of MSm on RSm and RSf

0.008

0.018

0.036

0.023

Shared effects of MSf on RSm and RSf

0.003

0.005

0.004

-0.005

Effect of covariance between MSm and MSf

-0.001

0.001

-0.005

0.006

Independent of MS

-0.011

-0.005

-0.008

-0.002

-0.021

0.019

0.027

0.022

0.001

0.029

0.011

0.046

-0.010

-0.004

0.025

-0.023

0.000

0.000

0.000

0.000

-0.011

-0.005

-0.008

-0.002

Principal components of MS
Male-female covariance in RS
Effects of overall mating activity
Effects of sex bias in mating activity
Due to all mating effects
Independent of MS

Not unexpectedly, variance in RS increased significantly with age for both
sex functions. which was also the case for MS (compare variances in table
6.1 between early age and medium age within sex functions; P<0.0001).
We calculated individual fitness by summing RSf , RSm , and 2RSs
(i.e. the number of haploid sets transferred to the next generation, figure 6.2). Mating regime had a significant effect on RS in young and
medium aged snails (respectively, ANOVA: F2,193 =11.063, P<0.0001,
and F2,193 =20.828, P<0.0001). For young snails (figure 6.2a), post hoc
t-tests (P<0.05) showed that polygamous individuals had significantly
lower fitness than individuals experiencing less reproductive competition
(i.e. self fertilization and monogamy). This was also the case in medium
aged snails, but in addition here fitness was higher for selfing than monogamous individuals (t-tests; P<0.05, figure 6.2b).
To examine developmental success of offspring, which was not estimated from eggs collected for genotyping, we collected egg masses for
one day after the experimental period ended. Treatment had a significant effect on the number of undeveloped offspring (χ2 =570.257, df=2,
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Figure 6.2: Genetic reproductive success under self-fertilization (S), monogamy (M),
and polygamy (P) for young (a) and medium aged (b) L. stagnalis individuals. The
contributions of offspring produced through self-fertilization, and male and female reproductive success are shown in different shades of grey. Asterisks denotes significant
differences between treatments (P <0.05) and n.s. denotes non-significant differences.

P<0.0001). In the polygamous treatment, 8.7% of the eggs were undeveloped (455 of 5104), for monogamous individuals 16.3% (272 of 1672)
and for selfing individuals 32.9% (533 of 1621). In addition, the number of eggs that hatched 14 days after laying differed significantly among
treatments (ANOVA: F2,85 =4.647, P=0.012) (figure 6.3). Post hoc treatment contrasts (P<0.05) revealed that this was due to a significantly
larger proportion of hatchlings under polygamy than self fertilization.
Because offspring quality can be a function of egg investment, we analysed the investment per offspring per treatment over time. Our regression of the weight per egg on the experimental week, with treatment as
a covariate, showed that both treatment and time had a significant effect on the investment per egg (ANCOVA: F1,3835 =139.94, P<0.0001 and
F2,3835 =14.05, P<0.0001, for time and treatment, respectively). Furthermore, post hoc t-tests show that polygamous individuals increase their
investment per offspring more than individuals in the other two treatments (P<0.05). The mean investment per offspring under polygamy
was 0.120 ± 0.001 mg per egg, and for monogamous and self fertilizing
individuals this was 0.115 ± 0.001 mg and 0.114 ± 0.002 mg, respectively.
Above, fitness was based on total estimated egg numbers. However, it is obvious that undeveloped eggs will not result in viable off96
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spring. Therefore this class of offspring can be discounted from individual fitness. The proportions of four developmental stages were determined on fourteen-day-old egg masses, initially collected one day after the experimental period had ended. When taking losses from undeveloped eggs into account, treatment differences in fitness disappeared
(ANOVA: F2,193 =1.087, P<0.339, and F2,193 =1.434, P<0.241, for young
and medium aged snails, respectively). Moreover, progeny that is still
in the early embryonic (veliger) stage after 14 days can be assumed
to have suffered from arrested development, like the completely undeveloped eggs. Consequently, we analysed the corrected dataset again,
with both developmental classes absent. This showed a significant effect of treatment on individual fitness (ANOVA: F2,193 =12.10, P<0.0001,
and F2,193 =32.56, P<0.0001, for young and medium aged snails, respectively), with monogamous and polygamous individuals having a significantly higher fitness that forced self fertilizing individuals.

Discussion
Costs and benefits of mating

Our PCA-based analysis indicated that L. stagnalis varied between sexually antagonistic and sexually mutualistic selection on sex bias in mating
and overall mating activity, depending on age and social conditions. In
this section we discuss several aspects of hermaphrodite reproduction
that relate to sexual selection. By doing so, we attempt to put our findings in L. stagnalis in a broader context relevant to other hermaphroditic
species.
It has become accepted that fitness costs can arise through antagonistic selection between mating partners (Arnqvist and Rowe, 2005).
For hermaphrodites, Charnov (1979) argued that sperm donors should
be selected to manipulate the sex allocation of sperm recipients, e.g. increase egg production or decrease sperm production, to enhance their
relative siring success. In addition, conflicts over the fate of transferred
ejaculates should generate conflict between mating partners (Charnov,
1979; Charnov, 1996), leading to cryptic female choice (Thornhill, 1983).
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The ejaculatory proteins of L. stagnalis certainly have the potential to be
agents of sexual conflict (Koene et al., 2009a; Koene et al., 2010; chapter 3, 5), putting selection on counter adaptations in sperm recipients
(Parker, 2006). In turn, such interactions may result in sexually antagonistic coevolution between (sex functions) of mating partners (Parker,
2006). From a theoretical basis, hermaphrodites are predicted to be
prone to coevolutionary arms races (Bedhomme et al., 2009; Koene,
2005; Michiels, 1998). Thus, significant Bateman gradients for both
sexes may be a sign of strong counter-selection on the female function
of this hermaphrodite. In dart-shooting land snails, it has been demonstrated that the co-evolution has led to a diverse array of morphological and physiological adaptations. Moreover, strong sexual selection on
the female function of the flatworm Schmidtea polychroa (Pongratz and
Michiels, 2003) and the polychaete worm Ophryotrocha diadema (Lorenzi
and Sella, 2008) could also indicate counter-adaptation of the female
function, suggesting that this pattern is not unique to L. stagnalis.
Over time, the covariance between male and female RS is explained
increasingly by overall mating rate and less on a specialisation in mating role. In other words, mating rates decline with age, a known phenomenon in age-matched L. stagnalis (Hermann et al., 2009). In the
latter study, the authors demonstrated that the afferent electrical signal
from the prostate gland declines with age, and link this to decreasing
sensitivity of the stretch receptors on the prostate gland over time, signalling ‘male readiness’. In the field, where several generations co-exist
during summertime, this mechanism may be adaptive for larger and older
snails when budget effects play a role. Reformulating mating activity as
being biased or not biased to a particular sex function (i.e. replacing MS
measures with their principal components) thus demonstrates its added
value in analysing data concerning hermaphrodites. We note that under
low collinearity between MSm and MSf these values may also be simply
added (i.e. overall mating activity) and subtracted from each other (i.e.
bias in mating activity) to obtain variables equivalent to PC1 and PC2 ,
although these would not be completely independent of each other, as in
a PCA approach. In addition, previous reports may seem to suggest that
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Figure 6.3: Developmental success of egg masses produced under selfing (S), monogamous (M), and polygamous (P) conditions after 14 days of development. Four developmental stages are represented by different shades of grey.

PC1 is equivalent to overall mating activity, but we demonstrate that the
meaning of the principal components may change depending on, in our
case, age.
One obvious remedy to sexual conflicts is to lower mating rates. However, hermaphrodite mating systems are predicted to have evolved under
low populations densities (Charnov et al., 1976), enforcing high mating
rates when partners are available. We found that L. stagnalis will continue to repeatedly inseminate partners during prolonged periods, even
in monogamous pairs. A potential reason for this observation is that direct or indirect benefits are accrued from multiple mating (Arnqvist and
Nilsson, 2000; Jennions and Petrie, 2000). The result that polygamous
individuals produced higher quality offspring supports this suggestion.
Moreover, although total fecundity was lowest under polygamy, sperm
receipt from several partners ultimately resulted in the same number of
viable offspring as under monogamy when unviable eggs were discounted.
In a previous study, we also found a trade-off between the number of eggs
and investment per offspring, with an optimal balance at intermediate
mate availability (chapter 4). These findings do not stand alone (e.g.
Levitan, 2004; Milinski, 2006; Sprenger et al., 2008), which suggests that
hermaphrodites are particularly well adapted to balance the costs and
benefits of multiple mating, probably via their flexible sex allocation.
We fail to confirm Bateman’s principles (Arnold, 1994) for the pond
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snail L. stagnalis. Instead we find that variance in MS and RS is larger
for the female function than for the male function, and that Bateman
gradients are significant for both sex functions in this hermaphrodite. Individuals incur high costs of mating in the female role, which is supported
by higher mating rates under polygamy correlating with lower fecundity
compared to selfing and monogamy. Based on previous research (chapter
3), we claim that costs arise as a consequence of receipt of manipulating seminal compounds, but also because of the resources reallocated to
the male function when competition for fertilization increases. These
results suggested a trade-off between male and female reproductive investment in hermaphrodites, as predicted by resource allocation theory
(Charnov, 1979; Charnov, 1982). However, we find no support for this
under our current experimental paradigm. Rather, a synergistic effect
of MSm on RSf is found, which can be interpreted in the following way.
When the animal mates relatively more in the male role, it receives less
of the seminal peptide (i.e. ovipostatin) that suppress egg laying, which
may thus result in a higher reproductive success. This is corroborated
by earlier studies finding similar effects under experimentally controlled
mating conditions (chapter 4).
Irrespective of the mechanism, costs arising from sexual conflict are
compensated by increased offspring developmental success, which derived
from benefits of multiple mating. Both mating rate and the number of
genetic partners appear to have had an effect on offspring quality. As a
consequence, genetic fitness under monogamy and polygamy was equal,
and both treatments outperformed self fertilizing individuals. These results can be interpreted as a demonstration of the adaptive advantage
that hermaphrodite sex allocation has to offer, despite generating vulnerability to manipulation by mating partners.
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Discussion

As in species with separate sexes, sexual selection is suggested to have
shaped the behaviour, morphology, and physiology of hermaphroditic
species (Baur, 1998; Ghiselin, 1969; Michiels, 1998). Sexual selection
pressures in hermaphrodites arise as a consequence of the dynamic interplay between adaptations to pre-copulatory mate choice, sperm competition, and sexual conflicts over sex allocation (Charnov et al., 1976;
Schärer and Janicke, 2009a). Because it is assumed that selection on the
male function is stronger than on the female function of hermaphrodites,
the male function is expected to evolve traits that increase relative siring success (Charnov, 1979). Examples of bizarre adaptations thought
to have evolved to enhance male reproductive success are mentioned
throughout this thesis. In turn, the female function is expected to counteradapt to reduce the amount of control that sperm donors achieve.
As a result of the generated conflict load, evolutionary trajectories can
converge to benign solutions to sexual conflicts, or escalate into harmful
tactics that may decrease population fitness. Ultimately, co-evolutionary
arms races between the sexes can lead to (sympatric) speciation or the
demise of a species as it competes with other species over limiting resources (reviewed in Arnqvist and Rowe, 2005).
In this thesis, I discussed various aspects that are related to sexual selection and sexual conflict in the pond snail Lymnaea stagnalis.
In the preceding chapters, I provided evidence for the existence of sexual selection, sexual conflict and mitigating effects that assist reproductively active individuals to obtain optimal fitness under different conditions. First, sexual selection is acting on both sex functions in this
hermaphrodite (chapter 6). Second, reproductive proteins have several
functions in this snail that modify reproductive investment (chapter 2
and 5). Third, costs arising from sexual conflict are detected in both
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sex functions (chapter 3). Fourth, mating multiply with different partners generates benefits for sperm recipients, and therefore also for sperm
donors (chapters 4 and 6). Together, these results highlight that L. stagnalis, and potentially also other hermaphrodites, may be more resilient
to costs of sexual conflict than separate sex species. It is the flexible
adjustment of sex allocation to current conditions that amy allow for
this optimization of reproductive fitness under a broad range of circumstances.
Sexual conflict in Lymnaea stagnalis
In chapter 2, the first unequivocal support for the potential of sexual conflict in L. stagnalis is found in the form of secretions from the prostate
gland that reduce female fecundity by approximately 50%, as had been
suggested before (Van Duivenboden et al., 1985). The allohormone
(Koene and Ter Maat 2001) responsible for this short-term fecundity
reduction was later identified (Koene et al., 2010) and dubbed ovipostatin. The consequence of receipt of ovipostatin is, however, opposite
to the proposed stimulation of egg laying (Koene et al., 2006).
There are several explanations for this rather counter-intuitive result.
Male adaptations to increase relative paternity can have either direct or
indirect effects (Arnqvist and Rowe 2005). One direct aim of ovipostatin
may be to suppress the female function entirely, so that remating is
less likely to cause sperm competition. However, inhibition of remating
does not seem to occur in L. stagnalis (Koene et al., 2009b; Koene and
Ter Maat, 2007). It is therefore more likely that suppression of egg
laying is an indirect, ‘collateral’ consequence of another physiological
function of ovipostatin. For instance, it could aim at high paternity, for
instance through displacement of competing sperm. This would predict
a paternity skew, but the two studies to date that have looked at sperm
competition in L. stagnalis lack evidence for skewed paternity patterns,
but rather suggest ‘fair raffle’ sperm competition (Koene et al., 2009b,
chapter 5).
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Another potential target for the sperm donor could be to force a
re-allocation of resources from the male to the female function of the
recipient, which would result in a larger number of eggs available for
fertilization. The findings presented in chapter 5 are of interest here,
because in recipients ovipostatin not only suppresses egg laying, but also
male investment. The result that investment in eggs correlates positively
with mating rates up to oncve a week (chapter 4) thus supports the notion that sex allocation shifts to the female function. Moreover, increased
investment per offspring potentially enhances offspring fitness (chapter 4
and 6), suggesting a target for the seminal proteins delivered by sperm
donors. This idea could be confirmed if decreased male and female investment correlate with increased investment per offspring. Subsequently, by
determining competitive ability of offspring that hatched from low and
high egg weights, it could be tested whether offspring fitness correlates
with initial egg weight.

Irrespective of the precise aim of seminal substances, sexually antagonistic selection between mating partners increase sexual selection pressure on both sexes. Sexual selection on the male and female functions of
L. stagnalis is discussed in chapter 6. I find ample sexual selection pressure on both sex functions. This challenges theoretical predictions that
sexual selection acts more strongly on the male function (Baur, 1998;
Charnov, 1979; Charnov, 1982; Ghiselin, 1969; Michiels, 1998; Williams,
1975). Although other experimental studies in hermaphrodites confirmed
these predictions (Anthes et al., 2010; Pélissié et al., 2011), it is becoming increasingly clear that Bateman principles do not always apply in
hermaphroditic animals (Lorenzi and Sella, 2008; Pongratz and Michiels,
2003), nor in separate sex species (Rodríguez-Muñoz et al., 2010). Given
that I included age as a factor in my experimental design and found
strong effects on selection pressures, it is now interesting to find out
whether this is an important factor in other hermaphrodite species already tested. In other words, conclusions based on short term experiments may not accurately expose the total sexual selection experienced
during the reproductive life of individuals.
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Direct and indirect benefits of multiple mating
Since mating once or a few times would suffice to enable a female to
fertilize all her eggs, and because mating incurs costs associated with
predation (Rowe 1994), disease (Rolff and Siva-Jothy, 2002) and harm
(Chapman et al., 1995), females could be under selection to minimize the
number of copulations. However, females of most species will mate with
more than one male (Jennions and Petrie, 2000; Zeh and Zeh, 2001).
Among the insects, polyandry has a strong positive effect on female fitness (Arnqvist and Nilsson, 2000). For hermaphroditic species, multiple
mating and polyandry may also have an important effect on interactions
between mating partners (Sprenger et al., 2008a; 2008b). There are several potential benefits (reviewed in Simmons, 2005).
Firstly, direct benefits may be accrued through the digestion of ejaculates in specialized gametolytic glands. In this respect, ejaculates may be
seen as a form of nuptial gift, from which the recipient may derive valuable resources. In L. stagnalis, although large ejaculates are transferred
during copulation, only a small proportion of sperm reaches the storage
site, and most is digested (Koene et al., 2009b). However, it has not
been demonstrated that sperm recipients actually obtain energy from digested ejaculates. In addition, it is unlikely that nuptial gifts will evolve
in hermaphrodites since individuals donate and receive similar amounts
of invested resources (Greeff and Michiels, 1999).
Secondly, indirect, genetic benefits may be derived from polyandry
when this results in enhanced offspring quality. For instance, individuals
can mate in the female role with males to obtain genetically diverse offspring, as an insurance against future environmental uncertainty (Yasui,
1998; 2001). In chapter 4, I found that increased access to mating partners and, hence, higher mating rates, enhance investment per offspring.
Moreover, in chapter 6, I found support for increased offspring developmental success under polygamous conditions. Here, the proportions of
four developmental stages after fourteen days of development were more
skewed towards hatching in polygamous individuals compared to selfing
and monogamous individuals. This is suggestive of a contribution of
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genetic diversity to development success of progeny.
Conclusions and future directions
For hermaphroditic animals, the relationship between resource allocation
and fitness for the two sex functions depends on the expected returns from
a given reproductive investment (Charnov, 1979; 1982). Optimal fitness
returns under different conditions can then be obtained by adjusting
sex allocation to current conditions, a notion supported by experimental
results (reviewed in Schärer, 2009). However, internally fertilizing species
are under selection to manipulate their mating partner’s sex allocation in
the direction that will enhance sperm donor fitness (Charnov, 1979). In
this thesis, I confirm that hermaphrodites have indeed evolved ejaculate
compounds that alter both male and female reproductive investments in
recipients. This not only opens up the field to experiments that elucidate
the effects that these compounds have on donor and recipient fitness
as has been done in separate sex species (Kubli, 2003; Wolfner, 2002),
but also allows for specifically testing predictions of cross sex effects (as
formulated by Anthes et al., 2010). In other words, uniquely, we can
experimentally test for the effect that the male strategy of an individual
has on the male (and female) reproductive success of the recipient. In
addition, unpublished work (JNAH and JMK) suggests a fruitful avenue
for the use of selection lines or isolines to look deeper into potential tradeoffs between male and female reproductive investment. Experimental
evolution, e.g. selection on sex allocation by enforced social conditions for
many generations, may be a powerful tool to determine the evolvability of
sex allocation and other reproductive traits, and effects on sexual conflict
and conflict mitigation.
Sexual conflict is an evolutionary force that can induce speciation in
gonochorists (Arnqvist et al., 2000; Gavrilets and Waxman, 2002; Martin, 2002). Hermaphrodites offer unique opportunities to investigate the
effect of breeding system on the power of sexual conflict as an evolutionary force. For instance, as all traits are always exposed to selection
in hermaphrodites (Bedhomme et al., 2009), it could be expected that
the evolutionary rates of change in genes coding for seminal compounds
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would be even higher than those found in gonochorists (Haerty et al.,
2007). It will be an interesting challenge to determine if substances that
target male and/or female function in the recipient evolve at different
rates. There are currently two proteins that appear to fall in different
functional classes (i.e. aim at male function and at both functions simultaneously) that present an opportunity to do this work in L. stagnalis.
In addition, as it is the functional site of the proteins that is likely to experience the fastest change (Haerty et al., 2007), more conserved regions
of the coding genes will aid in the identification of similar allohormones
in other, related, hermaphroditic species.
Ideas on the dynamics of sexual conflict between the male and the
female function do not explain why mating occurs more often than is
required for fertilization of eggs (e.g. Simmons, 2005). In this thesis, evidence is presented that offspring from multiply mated and polygamous
hermaphrodites have higher quality offspring, with respect to developmental success. This means that the costs of conflict can be outweighed
at an intermediate, optimal mating rate. In the future, field mating rates
will need to be determined and compared to those in the laboratory, in
order to elucidate the relative impact of direct, material benefits and genetic benefits of mating. It remains to be investigated how such effects
in short term experiments translate to the population level.
Environmental conditions may well affect the economy of reproductive success (Fricke et al., 2009). Therefore, the effects of factors such as
food availability, competition and predation become increasingly important questions in sexual conflict research. For instance, there are indications that food limitation decreases the inhibitory effect of ovipostatin
in L. stagnalis (unpublished data E. Zimmer), potentially because of the
high costs of seminal fluid production. Such questions also touch upon
the evolution of hermaphroditism itself. It may be expected that because
of their potential for optimizing reproductive investment, hermaphrodites
are better competitors than gonochorists when conditions are benign.
However, as hermaphrodites pay the costs of having two reproductive
systems and are predicted to incur higher levels of conflict, gonochorists may be at an advantage when environmental conditions are un108
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favourable. To answer such questions, it remains an important future
challenge to find sister species that differ in breeding system in order to
make a direct comparison. To conclude, seminal proteins, sexual conflict
and sex allocation are all important factors driving reproductive strategies in hermaphrodites and impact their evolutionary trajectories.
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Summary
Sexual selection is, together with natural selection, the driving force
for evolutionary change. Sexual conflict contributes to sexual selection because it has the power to generate potential for sexual selection.
Hermaphrodites were long excluded from sexual selection research, but
during the last decades it has become apparent that they, too, can experience strong selection on reproductive traits. In addition, hermaphrodites
can experience sexual conflicts, even though they have both sexes joined
within one body, and therefore deserve closer attention of the scientific
community.
Just like separate-sexed species, hermaphrodites produce large, nutritious eggs and numerous tiny sperm. Consequently, they are theoretically predicted to experience stronger selection on characters that
increase male fitness compared to characters that promote female fitness
(i.e. Bateman’s principle). Aside from this basic dichotomy between male
and female function, the hermaphrodite condition can produce conflicts
over mating roles and sex allocation that are absent from gonochorists. In
addition, hermaphrodites appear especially prone to severe reproductive
conflicts which have been explained by the fact that they can compensate fitness losses in one sexual function with fitness gains in the other
function.
This thesis revolves around the quantification of sexual conflict experienced by the simultaneously hermaphroditic pond snail Lymnaea stagnalis. When two individuals of this species are willing to mate, it can
occasionally be observed that a struggle commences over which individual will perform the male and the female role. However, this appears a
mild conflict compared to the strong decrease in short term fitness after copulating as a female. I investigated whether reduced egg laying is
caused by a seminal fluid component. By experimentally injecting animals with prostate gland extracts, I revealed that a component of the
seminal fluid inhibits egg laying, thus providing the first direct evidence
for involvement of such components in competition for fertilization in
hermaphrodites. This result suggests that recipients of sperm and sem135

inal fluid lose fitness as a result of mating, and should be selected to
withstand such manipulation.
In itself, reduced fecundity of female mating partners does not fit
the expected enhancement in reproductive investment, as sperm donors
would clearly benefit from higher egg production. However, recipient
sex allocation may still be shifted in the theoretical direction –higher
investment towards the female function– if the male function was disproportionally reduced compared to the female function in recipients. In
order to test this idea, I introduced prostate gland extract into individual pond snails, which were subsequently assessed for male motivation
and performance. I found that the propensity to mate as a male was
not affected by injection of seminal fluid extract. However, sperm numbers transferred during a sperm donation of treated snails was reduced
by 54%. Moreover, injecting single purified seminal compounds revealed
that this effect is mediated by two distinct proteins, one of which was
previously also found to be involved in the reduction of female investment (i.e. ovipostatin). These results suggest that these two proteins act
in concert to target the relative sex allocation of recipients, because male
reproductive investment may be even more reduced in the short term
than female function.
However, not all changes in reproductive investment of both sex functions can now be attributed to a shift in sex allocation due to receipt
of semen. Another factor, namely investment in copulation itself, is
known to be costly in many sexually reproducing species, and should
therefore be included in the quantification of the costs of mating. By
experimentally limiting copulation of focal individuals in pairs of pond
snails to either the male role or the female role, I was able to compare
the fecundity of single sex individuals with paired hermaphrodites and
non-copulants. Additionally, I examined the investment in sperm and
seminal fluid of donors towards feminized snails and hermaphrodites, to
obtain a measure of male investment. Compared to non-mating focal
snails, reciprocating individuals as well as male and female copulants experienced a significant fecundity reduction (∼40%) after mating in their
allowed roles. In a single copulation, significantly more sperm was do136
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nated to partners that were restricted to mating in the female role than
to hermaphrodites, while seminal fluid transfer was unaffected by recipient type. These results indicated that the costs of mating in both sex
functions are considerable. Therefore, the observed reduction in female
fecundity of reciprocally mating individuals is not only caused by receipt of bioactive seminal compounds, but also by the transfer of costly
ejaculates when copulating in the male role. Crucially, these findings
reconciled two conflicting views on this topic expressed in earlier papers.
In general, females often accept fitness costs from mating events beyond those necessary to fertilize their eggs. They may do so because
additional copulations can provide indirect benefits such as enhanced
genetic diversity and quality of offspring that may only become apparent after prolonged periods of mating activity. The costs and benefits
of multiple mating have been investigated extensively in separate sex
species. I described an experiment that also looked at the long term
effects of mating on female fecundity of L. stagnalis. By using extensive
experimental manipulation of mating opportunities, I tested for effects
on female reproductive investment during a 10-week period. For mating
rates up to once a week, fecundity remained at a level of around 75 eggs
per week, while the dry weight of these eggs increased over this range.
At higher mating rates, female fecundity decreased strongly, irrespective
of the number of different mates an individual had encountered during
the course of the experiment. Put together, there results indicate that
mating rates of once a week may maximize female reproductive output.
These results were corroborated in another experiment that focussed
on the relative strength of sexual selection in pond snails. Here, offspring
quality was assessed by determining hatching rates of self-fertilized offspring, offspring produced by monogamous pairs, and offspring produced
by polygamous individuals. Offspring developmental rates were strongly
correlated with the number of partners of focal snails, while reproductive investment showed the opposite effect, providing an indication that
intermediate mating rates can optimize female fitness in L. stagnalis.
However, mating rates under laboratory conditions are generally much
higher that the suggested optimum for female fecundity. This suggests
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that mating rates are driven by the male function, which is therefore
expected to experience to stronger sexual selection than the female function, as also predicted by theory. However, I found no evidence to support
the prediction that the male function of pond snails is under stronger selection than the female function. On the contrary, under polygamy the
variances in both mating success and reproductive success were higher for
the female function than for the male function, and significant Bateman
gradients were found for both sex functions at both young and medium
age. This result indicated that the differential investment in gametes
by male and female function in hermaphrodites may not always be the
most important driver of sexual selection. Rather, I conclude that sexual
conflict as a result of strong competition for fertilizations in L. stagnalis
appears to drive strong counter-adaptation in the female function. To
conclude, this work emphasizes that using hermaphrodites as model organisms in sexual selection research may generate new insights into the
reproductive ecology of sexual species in general.
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Samenvatting
Seksuele selectie is, samen met natuurlijke selectie, de drijvende kracht
achter evolutionaire veranderingen. Seksueel conflict draagt hieraan bij
omdat het als een brandstof is voor seksuele selectie. Hermafrodieten zijn
lange tijd genegeerd in onderzoek naar seksuele selectie, echter, de laatste
decennia is het duidelijk geworden dat ook zij sterke selectie ondervinden
op eigenschappen die in dienst staan van de reproductie. Het feit dat
hermafrodieten de mannelijke en de vrouwelijke seksen verenigen in één
individu, belemmert het voorkomen van seksuele conflicten niet. Alleen
daarom al verdienen ze een nadere inspectie van de wetenschappelijke
gemeenschap.
Net als soorten met gescheiden seksen, produceren hermafrodieten
grote, eiwitrijke eitjes en enorme hoeveelheden miniscule spermacellen.
Hierdoor wordt vanuit een theoretisch oogpunt voorspeld dat seksuele selectie sterker is op eigenschappen die de mannelijke fitness verhogen dan
op eigenschappen die de vrouwelijke fitness verhogen (het zogenoemde
Principe van Bateman). Naast deze basale dichotomie tussen de mannelijke en de vrouwelijke functie, zijn hermafrodieten onderhevig aan
diverse reproductieve conflicten die bij soorten met gescheiden seksen
niet voorkomen. Bovendien lijken hermafrodieten gemakkelijk in extreme
seksuele conflicten te belanden. Dit gegeven kan mede worden verklaard
door de mogelijkheid dat verliezen van reproductief succes in de ene functie worden gecompenseert door een toename van reproductief succes in
de andere functie.
Dit proefschrift is een verhandeling over de kwantificatie van het seksuele conflict in de hermapfrodiete poelslak Lymnaea stagnalis. Als twee
individuen van deze soort paringsbereid zijn, kan het gebeuren dat beiden de mannelijke rol op zich willen nemen, waarna tijdens een kortere
of langere periode wordt uitgemaakt wie deze rol (het eerst) op zich mag
nemen. Deze vorm van conflict lijkt mild in vergelijking met de sterke
afname in eiproductie na een copulatie in de vrouwelijke rol. Ik onderzocht of deze reductie het gevolg is van stoffen die worden overgedragen
in het ejaculaat. Door slakken op experimentele wijze te injecteren met
het extract van prostaatklieren, werd duidelijk dat er inderdaad com139

ponenten in de seminale vloeistof de vermindering van eileg tot gevolg
hebben. Hiermee was het eerste directe bewijs geleverd dat stoffen die
tijdens de paring worden overgedragen, betrokken zijn bij competitie
voor bevruchting van hermafrodieten. Dit resultaat suggereert dat de
vrouwelijke functie onder druk staat om aanpassingen te evolueren die
deze onvoordelige situatie kunnen opheffen.
Verminderde eileg is niet de theoretisch verwachtte uitkomst van selectie op eigenschappen die mannelijke fitness ten goede komen, omdat
spermadonoren –zoals individualen die in de mannelijke rol paren worden genoemd– juist voordeel zouden hebben van de bevruchting van méér
eitjes. De mogelijkheid bestaat dat de relatieve verdeling van reproductieve middelen nog steeds aan de theoretische verwachting kan voldoen,
wanneer de mannelijke functie ten opzichte van de vrouwelijke functie
disproportioneel wordt verlaagt. Dit idee werd getest door slakken te injecteren met extract van prostaten en vervolgens de motivatie te bepalen
om als spermadonor te paren. Componenten uit de seminale vloeistof,
afkomstig uit de prostaatklier hadden hierop geen invloed. De hoeveelheid spermacellen die werd overgedragen door behandelde slakken was
met 54% afgenomen in vergelijking met onbehandelde dieren. Een vervolgexperiment dat bestond uit inseminaties van slakken met een aantal geisoleerde bestanddelen van seminale vloeistof toonde aan dat de
gereduceerde investering in sperma tijdens de paring het gevolg was van
twee afzonderlijke eiwitten. Deze resultaten suggereren dat deze eiwitten ten doel hebben om de relatieve investering in vrouwelijke functie
van sperma-ontvangers te verhogen, ten koste van de mannelijke functie.
Hiermee werd voor de theoretische verwachting van een meer vrouwelijke
sekse allocatie door reproductieve eiwitten ondersteund.
Niet alle veranderingen in de voortplanting van beide reproductieve
functies konden worden verklaard door effecten van reproductieve eiwitten. Een andere factor is namelijk dat de paring zelf ook energie kost, wat
bij de kwantificatie van het seksuele conflict niet genegeerd kon worden.
Ik onderzocht de kosten van copulatie door telkens twee individuen van
L. stagnalis op experimentele wijze te beperken in de seksuele rol die ze
op zich konden nemen. Hierdoor kon de eileg van zowel mannelijk-actieve
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en vrouwelijk-actieve slakken worden bepaald en vergeleken met de eileg van functionele hermafrodieten en dieren waar paring onmogelijk was
gemaakt. In een tweede experiment werd tevens het aantal spermacellen
en de hoeveelheid seminale vloeistof bepaald, om een maat te hebben
voor de investering in de mannelijke functie. In vergelijking met dieren
die niet konden paren hadden mannelijk-actieve, vrouwelijk-actieve en
hermafrodieten (actief in beiden rollen) een vermindering in eileg van
omstreeks 40% na paring in de toegestane functie. Daarnaast werd in
een enkele copulatie significant meer sperma overgedragen naar partners
die waren beperkt tot de vrouwelijke rol in vergelijking tot hermafrodiete
partners, terwijl de hoeveelheid seminale vloeistof gelijk bleef. Deze resultaten geven aan dat de kosten die zijn verbonden aan copulatie in
hermafrodieten hoog zijn voor zowel de mannelijke als de vrouwelijk functie. Op basis van deze resultaten concludeerde ik dat bij hermafrodiete
poelslakken die actief zijn in beide rollen verminderde fecunditeit niet
alleen wordt veroorzaakt door de werking van ontvangen seminale eiwitten, maar ook door het overdragen van kostbare ejaculaten wanneer
er gepaard wordt als mannetje. Deze bevindingen brachten twee conflicterende hypotheses, voortgekomen uit eerder onderzoek aan dit onderwerp, bij elkaar.
Ondanks de hoge kosten van copulatie in de vrouwelijke rol, paren
poelslakken vaker als vrouwtje dan noodzakelijk is om voldoende sperma
te hebben om al hun eitjes te bevruchten. Een verklaring hiervoor is dat
deze additionele paringen indirecte voordelen kunnen opleveren, zoals een
verhoogde genetische diversiteit en/of kwaliteit van nakomelingen. Deze
voordelen zijn al vaak onderzocht in soorten met gescheiden seksen en
kunnen mogelijk pas duidelijk worden na langere experimentele perioden.
In het volgende experiment lag de focus op de lange termijn effect van
paring in L. stagnalis. Gedurende tien weken werd de eileg vastgesteld
van slakken die maagd bleven en van slakken die meerdere keren per week
copuleerden, en ook van diverse tussenliggende paringsregimes. De eileg
van maagden tot en met individuen die eenmaal per week copuleerden
was gemiddeld rond de 75 eitjes per week, terwijl over dat deel van het
spectrum de droogmassa van deze eitjes toenam. Meer paringen per week
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deed echter de eileg sterk dalen, ongeacht of de copulaties met dezelfde
partner werden uitgevoerd of met verschillende partners. Hier leek dus
sprake te zijn van een gemaximaliseerde eileg in situaties waar er eenmaal
per week gepaard kan worden.
Deze resultaten werden ondersteund door een ander experiment waar
de relatieve sterkte van seksuele selectie op de beide reproductieve functies werd onderzocht. De ontwikkelingssnelheid van eitjes geproduceerd
door vrouwtjes die zelfbevruchtten, waren bevrucht door een enkele partner, of waren bevrucht door meerdere partners, werd hierbij als maat
genomen voor de kwaliteit van nakomelingen. Hieruit bleek dat ontwikkelingssnelheid van eitjes sterk positief gecorreleerd was met het aantal
paringspartners van een slak, terwijl de fecunditeit van individuen het
tegenovergestelde patroon liet zien. Hoewel er dus kosten waren gekoppeld aan copulatie, bleken er dus ook positieve effecten met betrekking
tot de kwaliteit van de nakomelingen.
Onder laboratorium omstandigheden vertoont L. stagnalis veelal een
opeenvolging van copulaties die boven het gesuggereerde optimum liggen.
Dit kan betekenen dat de paringen worden bepaald door de mannelijke
functie, die daardoor een sterkere selectiedruk ervaart dan de vrouwelijke
functie. Ik vond hiervoor geen bewijs bij poelslakken: onder polygame
condities waren de variantie in reproductief succes en de varientie in
paringssucces groter voor de vrouwelijke functie dan voor de mannelijke
functie, en significante Bateman gradienten werden gevonden voor beide
seksen, in zowel jonge slakken als oudere slakken. Dit resultaat geeft aan
dat het basale verschil tussen de mannelijke en de vrouwelijke functie
–‘dure’ eitjes en ‘goedkoop’ sperma– niet altijd de belangrijkste factor
hoeft te zijn in seksuele selectie. Ik poneer dan ook de stelling dat seksueel conflict als gevolg van competitie voor fertilisatie in L. stagnalis
wordt gedreven door adaptatie en tegen-adaptatie van beide seksuele
functies. Tot slot wil ik nog opmerken dat dit proefschrift benadrukt
dat het gebruik van hermafrodiete modelorganismen in onderzoek naar
de oorzaken en gevolgen van seksuele selectie en seksueel conflict, kan
leiden tot nieuwe inzichten in de reproductieve ecologie van soorten in
het algemeen.
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