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Sexual selection and sperm competition  
 
Sexual selection is an evolutionary force that drives the evolution of traits that 

benefit an individual in reproduction (Darwin, 1871). This form of selection is 

usually divided into intrasexual selection and intersexual selection (Andersson, 

1994; Miller, 2013). Intrasexual selection is the selection between males for 

reproductive access to females, as a consequence the evolution of males’ 

weaponry to fight other males is favoured (e.g., antlers of deer; Kodric-Brown and 

Brown, 1984) as are traits that make males more attractive to females during 

courtship (e.g., peacocks’ train; Petrie et al., 1991). Intersexual selection is the 

classic female choice defined as the nonrandom selection of males by females. For 

example, females prefer males with certain morphological traits (e.g., number of 

eye-spots on peacocks’ train; Petrie et al., 1991). In general, males are in 

competition for females due to the different contributions in reproduction of the two 

sexes, which finds its origin in anisogamy (Parker et al., 1972; Andersson, 1994). 

Males produce larger numbers of relatively cheap gametes and their reproductive 

success depends on the number of eggs they can fertilize, thus their fertilization 

chances can increase with number of matings (Bateman, 1948). By contrast, 

females generally invest more resources into their gametes and progeny, and their 

reproductive output is limited by the number of offspring they can produce, not by 

the number of matings (Bateman, 1948). Hence, they would benefit more from 

being selective about with whom they mate, thus ensuring high quality of their 

offspring (Trivers, 1972).  

Around forty years ago, when females were still thought to be monogamous, only 

sexually-selected traits involved in male-male competition before copulation were 

being described (Birkhead and Pizzari, 2002). However, if we take into account that 

females also mate promiscuously during a reproductive season, males are no 

longer only in competition before mating, but after copulation their ejaculates can 

now potentially compete in the female reproductive system for egg fertilization. This 

post-copulatory male-male competition is referred to as sperm competition (Parker, 

1970) and the female equivalent of post-copulatory mate choice is called cryptic 

female choice (Eberhard, 1996), which is a potential selection on females to 
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selectively use sperm of certain males for fertilization. As a consequence, different 

adaptations that help a male to succeed in sperm competition compared to rivals 

are advantageous and can be the result of both abovementioned forms of sexual 

selection, both of which predict differential use of ejaculates in fertilization thus 

making their effects difficult to disentangle (Eberhard, 1996; Birkhead and Pizzari, 

2002; Snook, 2005; Orr and Brennan, 2015). Such male adaptations can occur at 

different biological levels. Examples of morphological adaptations are increased 

sperm length (reviewed by Snook, 2005), higher sperm mobility (e.g., domestic 

fowl; Birkhead et al., 1999), and larger testis size (e.g., frog Crinia georgiana; 

Dziminski et al., 2010). At the behavioural level, mate guarding is a strategy by 

which males guard females after copulation (e.g., cricket Gryllus bimaculatus; 

Wynn and Vahed, 2004). Physiologically, males are known to transfer accessory 

gland proteins that cause changes in female physiology, typically leading to an 

altered female sperm usage and reduced ability to remate (reviewed by Gillott, 

2003). 

So far, most of the work on sperm competition has been conducted on separate-

sexed species, named gonochorists. However, this form of sexual selection also 

acts on organisms in which both female and male reproductive organs function at 

the same time, namely simultaneous hermaphrodites (Baur, 1998; Michiels, 1998; 

Chase, 2007; Anthes et al., 2010; Nakadera and Koene, 2013). These organisms 

are not sexually dimorphic, but they still produce different gametes (sperm and 

eggs) and, thus, have the same issues related to anisogamy described above, e.g., 

a male interest in increasing ‘his’ chances of fertilization (Schärer et al., 2012). 

Within this scenario, this thesis aims to expand our knowledge on the strategies 

used by simultaneous hermaphrodites in sperm competition and to gain a better 

understanding on whether these adaptations are similar to the ones that occur in 

gonochoristic species. 

 

Simultaneous hermaphrodites and sperm competition  
 
Simultaneous hermaphroditism is dominant in plants and occurs in 5-6% of the 

animal species (Jarne and Auld, 2006), with the exception of all insects while in 
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vertebrates only some fish species have evolved this mode of reproduction 

(Anthes, 2010). In theory, hermaphroditism originated because the total 

reproductive success of both sex functions was greater than that of a pure male or 

female under conditions of low density, e.g., small populations, limited mobility, low 

capability to search for a mating partner and scarce mate encounters (reviewed by 

Anthes, 2010). Under such circumstances, these organisms benefit if they have the 

possibility to mate with every encountered individual, which is a potential mating 

partner. 

However, in many simultaneously hermaphroditic taxa, population density is high 

and promiscuous matings are common (Michiels, 1998), thus allowing for sperm 

competition and cryptic female choice to take place (Parker, 1970; Charnov, 1979; 

Eberhard, 1996; Michiels, 1998; Schärer et al., 2014). During one reproductive 

season, simultaneous hermaphrodites mate multiple times (Baur, 1998), and a 

large part of the donated sperm is digested by the recipient (Baur 1998; Michiels, 

1998). Only a small fraction is stored in the sperm-storage organ, often together 

with other males’ sperm, for later use in fertilization of eggs (e.g., Rogers and 

Chase, 2001; Beese et al., 2006b). Thus, it is in the best interest of the sperm 

donor to evolve ways in which he can influence the sperm recipient to only use his 

sperm for fertilization. This can be achieved via sexually-selected adaptations at 

different biological levels of the mating interaction. 

First, adaptations to sperm competition may be morphological in nature. For 

example, adaptation to high density groups has been shown to occur in the free-

living flatworm Macrostomum lignano (Schärer and Ladurner, 2003) as well as in 

the simultaneously hermaphroditic leech Helobdella papillornata (Tan et al., 2004); 

both develop larger testis size to produce more sperm. Since these organisms mix 

the sperm that they receive from different partners, an increased quantity of 

donated sperm would increase the chances of fertilization by the sperm donor.  

Second, adaptations may be behavioural. For example, during copulation the 

sperm of the free-living flatworm M. lignano may displace and/or remove rival 

males’ sperm from the female antrum (sperm-receiving and egg-laying structure) 

with the use of the male copulatory organ, called a stylet (Vizoso et al., 2009). In 

addition, in this species behaviour of the sperm itself also seems to be the result of 
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competition among sperm: when new sperm arrive in the female antrum, where 

sperm from previous copulations are already present, they probe the female 

epithelium and anchor themselves. It has also been suggested that simultaneous 

hermaphrodites can donate a nutritious ejaculate as nuptial gift, a common 

behaviour among insects (Lewis and South, 2012) that, for example, can enhance 

male reproductive success by increasing female fecundity.  

Third, adaptations may be physiological. Simultaneous hermaphrodites are known 

to transfer accessory gland substances to increase the reproductive success of the 

sperm donor. For example, the fresh water snail Lymnaea stagnalis transfers these 

manipulative substances in the seminal fluid during mating (Koene, 2006). Among 

the induced effects, egg laying is postponed in the partner, probably to allow time 

for donated sperm to reach the sperm-storage organ and/or time to increase the 

quality of eggs by investment of more resources (Koene et al., 2010). Another 

example is found in the hermaphroditic earthworm Lumbricus terrestris, which 

injects accessory gland substances via copulatory setae that pierce the partner’s 

skin (Koene et al., 2005). These gland products aid uptake of donated sperm and 

may displace sperm of rival males already present in the sperm-storage organ. 

Another example of injection of these substances is via the love-dart in land snails 

(Tompa, 1984).  

This thesis mainly focusses on the latter interesting example. Such love-darts are 

reproductive devices that are stabbed through the partner’s body wall prior to 

sperm transfer. As discussed in the next section, the dart transfers mucous 

products containing manipulative substances that originate from an accessory 

gland. 

 
The love-dart of simultaneously hermaphroditic land snails 
 
A detailed overview of the morphological, behavioural and physiological aspects 

regarding the love-dart is given in Chapter 2. In summary, a love-dart is a 

calcareous stylet used during courtship to pierce the partner’s body wall (Tompa, 

1984). An overview of the reproductive system of land snails and location of the 

dart is given in Figure 1.1. Only two super-families of land snails, the Helicoidea 
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and Limacoidea, have darts, a taxonomic distribution which seems generally to be 

associated to the face-to-face mating position of these groups (Davison et al., 

2005; Jordaens et al., 2009) and low-spired shell shape (Davison et al., 2005). The 

shape and number of darts possessed is diverse and species-specific (Koene and 

Schulenburg, 2005). In general, the love-dart has a conical shape and the number 

of darts varies from one to eight depending on the species. Across species, a 

common function of the dart seems to be the transport of gland products into the 

partner that enhance male reproductive success (Koene and Chase, 1998a; 

Kimura et al., 2013, 2014). 

 

 
 
Figure 1.1 Reproductive system of land snails with a love-dart. The dart sac (S) produces, stores and 

‘shoots’ the love-dart (D). The mucous glands (MG) produce the mucus that covers the dart.  To transfer 

the spermatophore during mating, the penis (P) is intromitted in the partner’s genital pore (G) and 

vagina (V) by action of the penis retractor muscle (PRM). Sperm, produced in the ovotestis (OT), go 

through the hermaphroditic duct (HD) and vas deferens (VS) to fill the epiphallus (EP). The flagellum 

(FL) produces the spermatophore’s tail. When present, the bursa tract diverticulum (BTD) receives the 

spermatophore of the partner and with the bursa copulatrix (BC) and bursa tract (BT) digest the 

spermatophore (together referred to as spermatophore-receiving organ, SRO). Sperm leave through the 

spermatophore’s tail to reach the sperm storage organ (SP) located in the fertilization pouch (FP). After 

fertilization, eggs are produced by the ovotestis and enriched with nutrients by the albumen gland (AG). 

Drawing from Koene and Schulenburg (2005). 
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These products, collectively referred to as dart mucus, are transferred on the 

surface of the dart and produced by glands associated with the dart sac, which is 

the muscular organ that produces, stores and ‘shoots’ the love-dart.  

The physiological effects of dart mucus have been well-described for one model 

species, the brown garden snail Cornu aspersum. In this species, the mucus 

causes two temporary changes when applied in vitro to part of the female 

reproductive system (Koene and Chase, 1998a). First, the entrance to the duct 

leading to the sperm digesting organ is closed off by waves of contractions. 

Normally, 99.98% of donated sperm is digested (Rogers and Chase, 2001) but 

under influence of the mucus, digestion of donated sperm is inhibited. Thereby, an 

increase in sperm storage occurs and a successful dart user can double its 

paternity (Chase and Blanchard, 2006). Second, contractions of the 

spermatophore-receiving organ, called the diverticulum, are induced possibly 

aiding spermatophore uptake (Koene and Chase, 1998a). Despite detailed 

knowledge about the manipulative effects caused by dart mucus in C. aspersum, 

little is known about other dart-bearing species. Also unknown is whether the 

female function can counteract such manipulations, while this is potentially an 

important evolutionary driving force.  
 
Female resistance to dart manipulation 
 
In general, when males have adaptations that increase their reproductive success 

by influencing female physiology, females can evolve resistance to such 

manipulation. For example, resistance to a male signal can be achieved by raising 

the response threshold to male products (Holland and Rice, 1998; Rowe et al., 

2003; Eberhard, 2009). This occurs to reduce the imposed costs when male 

manipulation harms females, thereby causing sexual conflict (Arnqvist and Rowe, 

2005), and as a mechanism of female choice to select males that can overcome 

such resistance (Eberhard, 1996; Cordero and Eberhard, 2003; Eberhard, 2009). 

Therefore, resistance is likely to evolve, owing to an increase of female fitness. 

Thus, in this scenario, the female function of dart-bearing snails may resist the 

manipulation of the dart. So far, only morphological coevolutions between the male 
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and female functions have been investigated and described (Koene and 

Schulenburg, 2005). For example, in species where the dart has a relatively large 

surface available to transfer mucus (e.g., by means of blades and perpendicular 

blades), the female function has developed an additional spermatophore-receiving 

organ, called the diverticulum, and the more the dart surface is increased, the 

longer the diverticulum becomes. Thus, this organ has been suggested to be a 

female adaptation to limit interference of the dart with the female sperm digestion 

process. Because of its length, the diverticulum may elongate the distance to the 

sperm-storage organ and compromise a safe exit of sperm since sperm can avoid 

digestion by leaving through the channel of the spermatophore’s tail that protrudes 

into the vagina (Lind, 1973).  

Resistance to the dart, besides morphological adaptations, most likely also extends 

to the physiological and biochemical level. So far, this has not yet been considered 

and described in land snails with love-darts, or any other hermaphrodites for that 

matter. However, such a scenario has been shown to take place in some separate-

sexed species, for example, female resistance to seminal fluid occurs in the fly 

Musca domestica (Andrés and Arnqvist, 2001) and fruit fly Drosophila 

melanogaster (Clark et al., 1999). 

 

Thesis outline  
 
This thesis begins with a review of what is known about the love-darts of land 

snails that also integrates knowledge about physiology, morphology, and 

behavioural characteristics (Chapter 2). After this general introduction, I explore 

adaptations at these three different levels that dart-bearing snails could have 

developed in response to sperm competition to increase their fertilization chances 

compared to rivals. 

Physiologically, so far, some effects induced by the manipulative substances 

contained in dart mucus have been described. Whether these effects are similar 

across species remains unknown and such investigation would tell us if different 

species employ a common strategy to manipulate their partner. Thus, in Chapter 3 

I perform a cross-reactivity test to compare the in vitro response of the model 
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species C. aspersum to its own and other species’ mucus. In addition, dart-bearing 

snails could also have developed new manipulations in their mucus, never 

described before. Indeed, in Chapter 3, I also describe a newly-discovered 

shortening effect, which is a temporary contraction that reduces the length of the 

diverticulum when the dart mucus of certain species is applied in vitro. Since 

female resistance to male manipulation may be expected, in Chapter 4, I follow this 

up by uncovering female physiological resistance to the shortening effect caused 

by dart mucus. 

Behaviourally, a well-known male strategy that can increase male reproductive 

success is the donation of extra nutrients as nuptial gift to females (Lewis and 

South, 2012). Since it has already been shown that the love-dart is not likely to 

have evolved as a gift of calcium to the partner (Koene and Chase, 1998b), in 

Chapter 5 I investigate whether snails could donate significant additional material 

and resources via their ejaculate and whether these could contribute significantly to 

egg production. 

Morphologically, male reproductive traits are known to be affected by the level of 

sperm competition, i.e. the number of competing ejaculates (sperm competition 

intensity; Parker et al., 1996) and the probability that a male will face sperm 

competition when mating (sperm competition risk; Parker et al., 1997). For 

example, testis size and accessory gland substances production can be increased 

to overcome such competition (e.g., Bretman et al., 2009; Dziminski et al., 2010). 

Thus, in Chapter 6 I investigate whether the love-dart and the associated mucous 

gland traits are modified in order to transfer more dart mucus when the level of 

sperm competition is high. 

I summarize all the results of the abovementioned studies in Chapter 7, where I 

also provide a general conclusion and future directions that seem opportune given 

my findings. 
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