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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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Abstract 
 

Several land snail species of the helicoid and limacoid superfamilies possess one 

or more love-darts, which seem to have evolved as a result of conflict over the fate 

of donated sperm and/or as a way to select the most fit sperm donor. A love-dart is 

a calcareous stylet used during mating encounters to pierce the partner’s body 

wall. When used, it carries accessory gland mucous products that influence the 

partner’s physiology. Most of the knowledge on the effects of the glands’ mucus 

derives from a single well-studied species, Cornu aspersum, in which the mucus 

increases the male reproductive success of the dart user. However, detailed 

descriptions on the use of the dart are limited to just a few other species. Hence, 

here we compare physiological, morphological and behavioural aspects concerning 

love-darts in several dart-bearing species. Patterns in the use of the dart are 

identified according to family and we discuss the coevolution of the morphology of 

the dart and anatomical traits of the reproductive system. The reported 

physiological effects caused by the dart mucus suggest a common function of the 

dart in increasing male reproductive success. Nevertheless, caution is needed 

when generalizing the use and effects of the love-dart, which are predominantly 

based on one model organism. 
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Introduction 
 

Sexual selection drives the evolution of traits that favour an organism in the 

competition for reproductive success (Darwin, 1871). The two sexes face this 

competition differently, since their reproductive contributions differ. In general, 

females invest more resources, leading them to be the more selective sex (Trivers, 

1972). On the contrary, males produce relatively cheaper gametes and their 

reproductive success depends on how many eggs they are able to fertilize; for this 

reason they compete with each other for access to females or their eggs (Bateman, 

1948). To succeed better in reaching their divergent reproductive goals, males and 

females have evolved sexually-selected traits involved in pre- and post-copulatory 

processes. Males have, for example, evolved antlers to challenge other males prior 

to copulation and fast-swimming sperm to promote high paternity during sperm 

competition within the female’s genital tract after copulation (e.g., deer: Kodric-

Brown and Brown, 1984; cichlids: Fitzpatrick et al., 2009, respectively). In contrast, 

females select the fittest males before mating and often, if promiscuous, develop 

ways to control sperm usage after copulation (called cryptic female choice; 

reviewed by Eberhard, 1996). For instance, many species have evolved multiple 

sperm-storage organs that potentially enable them to favour the paternity of eggs 

by certain males (e.g., Hellriegel and Ward, 1998). Females can also remove 

received sperm immediately after mating by either ejecting it from their 

reproductive tracts or by digesting it in specialized organs (e.g., feral fowls: Pizzari 

and Birkhead, 2000; Succinea putris: Dillen et al., 2009, respectively). 

While these traits help the sexes to serve their respective reproductive interests, 

their sexual optima do not always coincide. As a result, the two sexes are often in 

conflict over the optimal outcome of a reproductive encounter (Arnqvist and Rowe, 

2002). Such sexual conflict can lead to the evolution of traits that are beneficial for 

one sex but harmful for the other. Commonly cited examples are grasping devices 

of males used to force females into mating and mating plugs that are placed inside 

the female’s genital tract to prevent a subsequent copulation with a rival male (e.g., 

water strider: Arnqvist, 1989; bumble-bee: Sauter et al., 2001, respectively). From 

this perspective, antagonistic coevolution between the sexes over the manipulative 
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traits of males and the mate-selection traits of females is expected. An interesting 

example of such antagonistic coevolution is found in seed beetles in which males 

have spines on their penes that damage the female tract (Crudgington and Siva-

Jothy, 2000; Hotzy and Arnqvist, 2009). A comparative analysis by Rönn et al. 

(2007) revealed that females belonging to species in which males have more 

elaborate penial spines had a thicker connective tissue layer in the vagina, which 

has been proposed as a counter-adaptation to protect them from injury. 

In the context of sexual selection, simultaneous hermaphrodites have been 

relatively neglected because it was long supposed that sexual selection could not 

act on them. This was due to either their limitation in expressing sex-specific traits, 

since these organisms are male and female at the same time, or their low sensory 

capability that would be limiting in detecting such traits in the partner (Darwin, 

1871; Morgan, 1994; Greeff and Michiels, 1999a). However, recent research 

clearly indicates that strong sexual selection does occur in these organisms (Baur, 

1998; Michiels, 1998; Chase, 2007; Schärer and Janicke, 2009; Anthes et al., 

2010; Nakadera and Koene 2013). There is no inherent reason for sexual selection 

not to be able to affect traits of organisms that express both sexual functions 

simultaneously. By extension, sexual conflict can occur whenever two genetically 

different individuals decide to reproduce sexually, even when the two sexes are 

joined in one individual (Arnqvist and Rowe, 2005). Such conflict about the 

outcome of a mating interaction commonly revolve around which sex role to 

perform and whether the donated gametes are used for fertilization (Michiels, 

1998). One way to deal with the preference for a specific reproductive role is to 

transfer sperm reciprocally during any mating encounter, i.e. performing both sex 

roles with the same partner simultaneously or in sequence (Michiels, 1998). While 

this solves a pre-copulatory conflict, it enhances the potential for post-copulatory 

conflict over the use of donated sperm (Arnqvist and Rowe, 2005). Such post-

copulatory conflicts occur whenever sperm from different mating partners are 

stored prior to the fertilization of eggs, allowing for sperm competition and cryptic 

female choice (Parker, 1970; Charnov, 1979; Eberhard, 1996).  

This scenario also applies to the evolution of love-darts in land snails (Arnqvist and 

Rowe, 2005; Koene and Schulenburg, 2005). A love-dart is a sharp calcareous 
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stylet carried in a muscular eversible dart sac (Tompa, 1984) and used during 

mating encounters to pierce the body wall of the partner. The location of the dart in 

the reproductive system is shown in Figure 2.1. While it is now generally accepted 

that love-darts have evolved as a result of conflict over the fate of donated sperm 

and/or as a way to select the most fit sperm donor, the discussion about their 

possible function has been long and controversial (reviewed by Chase, 2007). 

Decades ago, the love-dart was thought to be used to persuade the partner to 

mate (Adamo and Chase, 1988). However, the dart is utilized only when the 

partner is already stimulated and willing to mate, so additional motivation seems 

redundant (Chase and Vaga, 2006). Another hypothesis suggests that darts could 

be involved in recognizing conspecifics (Diver, 1940). However, species 

recognition in land snails happens earlier than dart usage, via chemical detection 

of the mucus trails left by other snails (Chase et al., 1978) and body contact during 

courtship (Chase et al., 2010). Another idea, that the love-dart could serve as a 

nuptial gift of calcium to the partner, was also rejected because the quantity of 

calcium contained in one dart is insignificant (equivalent to provisioning a single 

egg, while many more are laid within one clutch; Koene and Chase 1998b). Finally, 

the suggestion that the love-dart is used to show eagerness to transfer sperm was 

not supported by empirical evidence, revealing that snails delivered a 

spermatophore irrespective of whether they were hit by or used a dart (Rogers and 

Chase, 2001; Chase and Vaga, 2006). The one explanation that has withstood 

scrutiny of testing is the hypothesis that love-darts are used to enhance fertilization 

success of the donor by increasing the chance of fertilizing eggs. Experimental 

evidence clearly shows that mucous gland products, transferred on the dart into the 

partner’s haemolymph, increase sperm storage and consequently the paternity of 

the dart user (Landolfa et al., 2001; Rogers and Chase, 2001, 2002; Chase and 

Blanchard, 2006). It is crucial to note that all the above findings have been 

obtained for only one model species, the brown garden snail Cornu aspersum 

(Helicidae). Extending these findings to other dart-bearing species would greatly 

facilitated an assessment of whether the above function of the love-dart is 

conserved across species and families. 
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Figure 2.1 Portion of the reproductive system of Cornu aspersum showing the dart sac that hosts the 

love-dart; the mucous glands that produce mucus coating the dart’s surface; the copulatory canal 

leading to the bursa copulatrix; the bursa copulatrix, which is responsible for digesting the sperm and 

the remains of the spermatophore; the diverticulum that receives the spermatophore of the partner; and 

the spermoviduct, through which the sperm of the partner travel to reach the spermatheca (sperm 

storage organ).  

 

As a result of repeated evolutionary events, rather than one single origin, several 

species possess one or more love-darts (Koene and Schulenburg, 2005). Some 

species may have gained it and subsequently lost it again in the course of 

evolution (e.g. Cochlicella, with an empty rudimentary dart sac, belongs within a 

taxon with darts; Davison et al., 2005). The possession of a dart is associated with 

face-to-face mating behaviour (Davison et al., 2005; Jordaens et al., 2009) and 

low-spired shell shape (Davison et al., 2005), but not all species with these 

characteristics have darts. Dart-bearing land snail species are found in two 
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superfamilies, Helicoidea (families: Bradybaenidae, Helicidae, 

Helminthoglyptidae/Xanthonychidae, Hygromiidae) and Limacoidea (families: 

Ariophantidae, Dyakiidae) (Davison et al., 2005; Davison and Mordan, 2007; 

Koene et al., 2013). Darts in these superfamilies appear to be ontogenetically 

homologous, arising from the same part of the reproductive system (Tompa, 1984). 

Detailed descriptions of how the dart is used during reproduction are available for 

only a few species within the Helicoidea. More work is clearly needed to test the 

generality of the conclusions reached from these studies.  

To assist this, we bring together in this review information on several aspects 

related to the function of love-darts. First, we explain the effects of the mucus 

transferred along with the dart on the physiology of the recipient. Second, we focus 

on the dart morphology and its consequences on the anatomy of the reproductive 

system. Third, we describe the behavioural differences in the use of the love-dart 

among families. Finally, we synthesise the knowledge about these different 

subjects by suggesting useful avenues of research and by identifying the important 

gaps in our understanding of love-darts.  

 

Physiology 
 
The love-dart is used as a vehicle to inject mucus into the partner’s haemolymph 

during mating encounters. This mucus coats the surface of the dart and is released 

by the mucous glands associated with the dart sac when the dart is employed. The 

effect of the mucus has been extensively investigated in Cornu aspersum. As 

shown by Koene and Chase (1998a), the mucus causes two major changes when 

added to an in vitro preparation of part of the female reproductive system of C. 

aspersum. First, it induces peristaltic contractions of the blind-ended tubular organ 

that receives the spermatophore, the diverticulum, which may facilitate the uptake 

of the spermatophore. Second, contractions of the copulatory canal are initiated, 

narrowing the tract leading to the sperm-digesting organ, called the bursa 

copulatrix. As a consequence, the entrance of the bursa copulatrix becomes less 

accessible. Normally, about 99.98% of the sperm received is digested (Rogers and 

Chase, 2001), but as an effect of the injected mucus, more sperm avoid digestion 
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and can be stored, resulting in the dart user more than doubling its paternity of the 

partner’s eggs (Chase and Blanchard, 2006). The dart may, therefore, benefit the 

male function, but this may impose a cost on the female function by preventing 

control over her fertilization processes.  

The analysis of the bioactive substances in the mucus responsible for these 

physiological changes started with Chung (1986b), who identified a polypeptide 

that causes genital eversion in C. aspersum. Since then, no further research has 

been published in this field, but recently Stewart et al. (2016) have identified a 

peptide called love-dart allohormone (LDA) as the substance inducing contractions 

of the copulatory canal. The gene coding for LDA shows homology to buccalin, a 

neuromodulator conserved in freshwater and marine molluscs. LDA is expressed 

by both C. aspersum and Theba pisana (both Helicidae).  

Despite detailed knowledge of responses to the dart mucus in C. aspersum, little is 

known for other dart-bearing species. Hence, it is important to extend our 

understanding of the effects of the mucus on physiology, especially since recent 

studies on the Bradybaenidae suggest other possible effects, also enhancing male 

reproductive success. For example, in Euhadra quaesita (Bradybaenidae), snails 

that are stabbed during mating will mate again only after a longer period of time (c. 

10 d longer) than those not stabbed (i.e. those that had mated with virgin snails 

that had not yet formed a dart) (Kimura et al., 2013). Suppressing a partner’s 

willingness to mate again is also a common response to male accessory gland 

substances in insects (e.g., Drosophila melanogaster: Scott, 1986; Togo 

hemipterus: Himuro and Fujisaki, 2008). For dart-shooting land snails, this effect 

represents a novel reaction to the mucus, benefiting the dart user in terms of 

minimizing future sperm competition. Moreover, Kimura et al. (2013) also suggest 

that in E. quaesita the mucus may also induce oviposition, ensuring higher 

paternity gain before the partner mates again. However, this effect on egg laying 

was only found in smaller snails that were artificially injected with mucous gland 

extract once a week over a month. The dose of mucus injected into these smaller 

snails may have been unnaturally high. This experimental result needs treating with 

caution and further investigation is required, since by using a behavioural approach 

Koene and Chase (1998b) found that receiving a dart during a single mating 
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encounter does not affect oviposition in C. aspersum. In other species, results have 

been obtained similar to those for C. aspersum. For example, Kimura et al. (2014) 

found in an in vivo experiment on E. peliomphala that mucus closes off the tract 

leading to the bursa copulatrix. They demonstrated this by injecting snails with 

mucus extract near the genital pore and then injecting colorant through the genital 

opening, resulting in dye entering the oviduct but not the bursa copulatrix. This 

effect is the same as in C. aspersum, implying that similar physiological responses 

to the mucus are found across families of dart-bearing species.  

 

Morphology 
 

Shape of the love-dart  

Among dart-bearing species, dart shape is highly variable and species-specific. 

The most common form appears to be a sharp, conical, calcareous stylet that 

carries mucous products on its surface. The main characteristics possessed by 

darts, and the observed variation between species in these traits, are shown in 

Figure 2.2. First, the number of darts varies from one to eight. While many species 

possess only one dart, species of Humboldtiana, for example, have four dart sacs 

arranged around the vaginal duct, located under a ring of four mucous glands 

(Thompson and Brewer, 2000). Each sac can contain two darts (Webb, 1980; 

Schileyko, 1989). Second, love-darts differ in curvature, from straight, as in Trichia 

hispida, to curved, as in Hygromia cinctella, to curved and twisted, as in Leptaxis 

erubescens. Third, the dart can be bladeless as in Polymita picta, or bladed as in 

Cepaea hortensis (Koene and Schulenburg, 2005). When blades are present, they 

vary in number and length, as well as in presence of additional perpendicular 

blades, enlarging the surface area and possibly the amount of mucus that can be 

transferred. In general, families other than the Helicidae typically carry simpler 

darts with a smooth surface. In addition, multiple darts are found only in these 

families, each hosted in separate sacs (but see Nesiohelix bipiramidalis for an 

exception, Azuma 1995). 

While all the darts discussed so far carry the mucus on their outside, there is at 

least one alternative mechanism known to deliver mucus into the haemolymph of a 
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mating partner. The dart of Everettia corrugata corrugata (Dyakiidae) has 

perforations on the sides and numerous channels inside (Koene et al., 2013). 

Based on details of the connection of the dart gland with these channels, this dart 

is most likely used as a syringe that injects the mucus hypodermically via the 

perforations. This suggestion of a distinctive method of mucus delivery could be 

tested if the use of the dart during mating could be observed. It should be noted 

that Everettia belongs to the Limacoidea, a superfamily phylogenetically distant 

from the Helicoidea to which other studies refer (Wade et al., 2001).  

 

 
 

Figure 2.2 The main morphological characteristics of the love-dart. The first row shows that one or 

multiple darts can be present, in the latter case they can be contained in separate dart sacs or in one 

sac (for this category the shapes of the darts have been simplified); the second row shows that darts 

can be straight, curved or even curved and twisted; the last row indicates that the surface of the dart 

can be smooth, enlarged with blades or even more by additional perpendicular blades on those blades 

(cross sections of the dart are shown). Examples of species carrying the love-dart, and their 

corresponding family in parentheses, are given. Note that, in principle, all row combinations are 

possible. Drawings from Koene and Schulenburg (2005). 
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Anatomy of the reproductive system relative to the shape of the love-dart  

The anatomy of the reproductive organs in a wide range of animals shows 

evidence of modification as a consequence of sexual selection (Eberhard, 1996). 

For example, an elongated oviduct may counter male manipulation, such as where 

the male has traits that facilitate the transport of his sperm to outpace that of rivals. 

A longer oviduct might also select sperm that travel a long distance successfully or 

faster. These features and others reflect the conflict of interest between mating 

partners. As shown above, the morphology of the love-dart is species-specific. If 

the love-dart evolved as a result of sperm competition, to favour reproductive 

success of a particular male, or if it evolved as a trait on which females base their 

paternity choices, counter-adaptations between male and female traits are 

expected (Arnqvist and Rowe, 2005).  

Morphological coevolution does occur between the shape of the dart and the 

female reproductive tract, as revealed by a comparative analysis by Koene and 

Schulenburg (2005). This demonstrated that when the surface of the dart becomes 

relatively greater, due to an increased number of blades or their greater length, the 

number of darts possessed is reduced and the mucous glands increase in size, 

number and type of branching. Where these dart traits arise, the female function 

counter-adapts by evolving an additional spermatophore-receiving structure, the 

diverticulum, and the more the surface area of the dart is increased, the longer the 

diverticulum becomes (Figure 2.3). A diverticulum is also present in other species, 

such as the Clausiliidae, which lack darts (e.g., Schilthuizen and Lombaerts, 1995). 

This family has high-spired shells and mate by shell mounting, probably making the 

evolution of the dart unlikely since it would be mechanically difficult to use (Davison 

et al., 2005; Jordaens et al., 2009). Moreover, morphological studies indicate that 

the diverticula of the Clausiliidae and Helicidae may be homologous structures with 

different functions (Visser, 1977; Gómez, 2001; Szybiak and Gaba a, 2013). 

In dart-bearing species, the evolution of the diverticulum as a counter-adaptation is 

advantageous, because it probably decreases the chance of sperm being stored. 

This is the result of the longer travel distance to the sperm storage organ and/or 

because sperm cannot exit the spermatophore safely (i.e. without being digested). 
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Figure 2.3 Schematic representation of the evolution of part of the reproductive system of land snails 

with love-darts. At the bottom, cross sections of a dart are shown. The simplified evolutionary sequence 

illustrates the association between dart traits and female reproductive system traits reported by Koene 

and Schulenburg (2005). From left to right, as the dart’s surface is enlarged (due to the presence of 

blades and perpendicular blades on these blades), the number of darts is reduced and the mucous 

glands increase in size, number and complexity of branching. Meanwhile, female counter-adaptation is 

shown by the appearance and elongation of a diverticulum. It should be noted that this representation is 

simplified and not one linear sequence in the evolution of these structures. 

 

It is known that sperm reach the storage organ more successfully if the 

spermatophore is protruding from the diverticulum into the vaginal duct, allowing 

some sperm a safe way out through the tail, while the spermatophore is digested 

(Lind, 1973). Hence, it might be beneficial for the donor to evolve a spermatophore 

with an extended tail. Accordingly, a long spermatophore relative to the 

diverticulum of the mating partner enhances male paternity in C. aspersum 

(Garefalaki et al., 2010). Moreover, a longer tail might be beneficial in delaying the 

transport of the spermatophore into the bursa copulatrix. Since transportation is 
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achieved through peristalsis (Lind, 1973), more energy and time would be required 

to move the spermatophore. With this delay, more sperm is likely to escape and 

get stored, as found in the E. peliomphala (Kimura and Chiba, 2013a). Other 

aspects of spermatophore morphology may also be important. For example, the 

spines present on the tail of the spermatophore may impede and delay its passage 

up the bursa copulatrix when orientated opposite to the uptake direction (e.g., 

Xerocrassa: Sauer and Hausdorf, 2009; E. peliomphala: Kimura and Chiba, 2013a; 

P. picta: Reyes-Tur et al., 2015). 

Counter-adaptations of this sort are hard to demonstrate in single cases, but they 

may be revealed by comparative studies (Arnqvist and Rowe, 2002; Koene and 

Schulenburg, 2005; Beese et al., 2006b). Although the love-dart seems to have 

evolved several times, morphological traits associated with dart structure have 

been achieved repeatedly by similar evolutionary pathways (Koene and 

Schulenburg, 2005). 

 

Behaviour 
 

Use of the love-dart 

Although the term ‘dart shooting’ may suggest otherwise, the dart never gets 

airborne but rather is stabbed by a forceful eversion of the muscular dart sac. Nor 

does the dart contain sperm, a popular misconception. The dart shooting process 

tends to vary by family (Table 2.1). In Helicidae, the love-dart is used once per 

mating, before spermatophore transfer occurs. The dart is rapidly pushed out of the 

genital pore by muscular actions of the dart sac and when it hits the partner’s body 

wall it detaches and remains temporarily lodged or, in rare cases, becomes 

internalized (Koene and Chase, 1998b). The dart is sometimes shot so weakly that 

it remains inside the dart sac of the shooter or it can even miss its target 

completely (8.3% of cases in Cornu aspersum; Koene and Chase, 1998b). After 

use, a new dart is formed within 5–7 days by the dart sac (C. aspersum; Tompa, 

1981; Helix pomatia: Jeppesen, 1976). In this family the love-dart is generally used 

simultaneously by the two mating partners during courtship and is a standard 

component of the mating sequence. Exceptions to this rule are C. aspersum, H. 
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lucorum and H. pomatia, in which both partners do shoot a dart, but with a delay 

between the two shootings (Lind, 1976; Giusti and Lepri, 1980; Adamo and Chase, 

1988; Koene and Chase, 1998b). Another exception is found in Arianta 

arbustorum, which uses its dart in only 23–50% of matings (Baminger et al., 2000); 

this species does not always shoot a dart even when one is present in the dart sac. 

In contrast, C. aspersum performs shooting behaviour when the dart sac is 

surgically removed, empty (in virgins) or while a new dart is growing (Chung, 

1986a; Adamo and Chase, 1990b).  

One major difference between the Helicidae and the other families investigated 

(Hygromiidae, Bradybaenidae and Helminthoglyptidae/Xanthonychidae) is that in 

the latter the love-dart is normally not lost by the shooter, but instead remains 

attached to the dart sac. As a result, the dart can be used repeatedly to pierce the 

partner’s body wall during courtship and in some species this behaviour extends 

throughout copulation (i.e. spermatophore transfer). The number of times a dart is 

used seems to be associated with the length of the blades, at least in the 

Bradybaenidae. As shown in closely related bradybaenids of the genus Euhadra, 

darts with short blades are stabbed from 900 to more than 3,000 times per mating 

encounter, while darts that possess larger blades are stabbed less than 100 times 

(Koene and Chiba, 2006). While most species use a general stabbing motion, 

some families employ the dart differently. For example, the genus Polymita 

(Helminthoglyptidae/Xanthonychidae) has a dart apparatus that can extend to 

different degrees and be used with great agility. This allows P. muscarum to rub 

the dart in circular movements over the partner’s skin (Reyes-Tur and Koene, 

2007) and P. picta to use the love-dart in three different ways: to rub, wipe and stab 

the partner’s body wall (Reyes-Tur et al., 2015).  

In conclusion, the love-dart can be utilized in different ways, yet following a pattern 

according to the family. Despite this variability, the location hit by the dart seems to 

be less flexible and is often constrained by mating position, as discussed in the 

following section. 
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Table 2.1 Use of the love-dart in three different land snail families belonging to the Helicoidea. ‘Love-

dart type’ indicates whether the dart is shot and lost (disposable), or if it is reused. The ‘Timing of use’ 

during mating is either before, during or after spermatophore transfer (referred to as copulation). ‘No. of 

stabs’ indicates whether the partner is stabbed once or repeatedly, and ‘Place of stabbing’ indicates 

where the dart hits the mate (genital pore refers to the adjacent area) and percentages are given when 

available. ‘Use of love-dart’ refers to the timing when the partners employ the dart, either simultaneously 

or with a delay. ‘Mucus on love-dart’ specifies whether the dart was observed to deliver mucus on its 

surface or, in case of repeated stabbing, the mucous glands were observed to pulsate. References are 

provided and empty spaces occur when no information is available. 
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Locations hit by the love-dart 

Due to the face-to-face mating position, in which the genital openings are opposed, 

the love-dart hits mainly the right flank of the partner’s body in all families 

investigated (and the left flank in sinistral species). In the Helicidae, it still remains 

unclear if snails target a particular part of this area. This so because, as observed 

by Chung (1987) in C. aspersum, the movements of the partners influence the 

exact place where the dart is received in the body. Hence, the orientation of the 

mate towards the shooting partner might be crucial for a successful hit, explaining 

why dart shooting is not consistent in consecutive matings in C. aspersum (Koene 

and Schulenburg, 2005). Notwithstanding, it appears that snails may attempt to 

stab the area next to the genital pore since it is the point most hit, but darts are also 

known to penetrate the foot or the head of the partner. In contrast, in families 

where multiple stabbing occurs, partners remain motionless, resulting in repeated 

stabs in the same place. One exception is the genus Polymita, where the agile and 

extensible dart apparatus enables various parts of the partner’s body to be hit 

(Reyes-Tur and Koene, 2007; Reyes-Tur et al., 2015). In contrast, species of the 

bradybaenid genus Euhadra always stab the partner in the same area behind the 

genital pore. For example, the dart of E. subnimbosa is, on average, used for 3,311 

stabs (2.52 stabs/s) per mating. The stabbing continues for nearly an hour, creating 

a hole in the lateral body wall that extends to the partner’s foot (Koene and Chiba, 

2006) and snails can be seriously wounded as a result.  
Injury can occur even in helicids, which discharge a single dart. In Figure 2.4, a 

dart shot by the partner has passed through the head of this C. aspersum, 

emerging near the base of the superior tentacle with only the base still lodged in 

the snail. As a result, the stabbed snail could not fully extend its right tentacle for 

two weeks.  

Despite these injuries, hitting and being hit by the dart seems to be a standard 

component of mating. In the Helicidae, C. aspersum shows no indication of 

avoidance behaviour, since the outcome of dart shooting appears to be 

unpredictable and independent of the shooting performance of the partner (Chase 

and Vaga, 2006). Moreover, snails have a quick and minimal reaction when 

receiving the dart because the withdrawal reflex is inhibited during courtship by the 
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central nervous system (Balaban and Chase, 1990). A minimal reaction to 

receiving the dart might also be the case for the repeatedly dart-stabbing families, 

where avoidance seems not to be an option. The partners are hit continuously, 

which is inevitable if they are both motivated to continue mating and in some cases 

mutual penis intromission has already occurred, preventing significant movement 

(Koene and Chiba, 2006).  

 

 

 
 
Figure 2.4 A. An individual of Cornu aspersum hit in the head by a love-dart (indicated with an arrow). 

The dart was so powerfully stabbed that it came out of the other side of the head, next to the base of the 

right eyestalk. The tip of the dart is clearly visible. B. The same individual seen from the side to illustrate 

that the love-dart stabbed through the head prevented the right eye stalk of the snail from fully 

extending so that it is shorter than the left one. Shell length of this animal was 34 mm. 

 

We still do not exactly know how much damage is caused by receiving a dart, 

although severe injury is relatively rare (Chase and Vaga, 2006). Dorello (1925) 

suggested that the mucus on the dart may carry some coagulant to prevent 

leakage of haemolymph after dart shooting (because this is never observed, 

although this is also the case after injection with a sedative or other substances). 

Gastropods have a high regenerative capacity, hence receiving a dart might be 

less costly than in other taxa, even if vital organs are hit (Moffett, 1995). The only 

evidence of costs caused by receiving the dart is found in Bradybaena pellucida 
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(Kimura and Chiba, 2015), in which the repeated dart stabbing decreases egg 

laying and reduces the life span by 16 days. However, this species has only one 

reproductive season in which it mates up to 15 times (in the laboratory). Other land 

snails usually live longer (e.g., Arianta arbustorum lives for 3-4 years as an adult; 

Baur and Raboud, 1988), so the damage might be spread over a longer period of 

time and fewer mating occasions per reproductive season. Experimental data 

quantifying the costs are needed for more dart-bearing species. 

 

Transfer of mucus 

As outlined earlier, stabbing with the dart facilitates the entry of hormone-bearing 

mucus into the body of the partner. In almost all dart-bearing snails studied, 

transfer of mucus on the surface of the dart has been observed. In Helicidae, the 

digitiform glands release the mucus when the dart is pushed out. In contrast, in the 

repeatedly dart-stabbing families, the mucus secreted from the glands is partly 

loaded each time the dart retreats during multiple piercing (Koene and Chiba, 

2006). This multiple stabbing behaviour could be explained if the physiological 

changes caused by the mucus are also dose-dependent as in C. aspersum (Koene 

and Chase, 1998a). Since these families carry simpler darts with a smaller surface 

area, repeated stabbing may be necessary to deliver enough mucus and to ensure 

that the manipulation via bioactive substances remains effective, as suggested by 

species that stab their mating partner throughout copulation. On the contrary, in the 

Helicidae the dart is used only once during courtship and its degree of penetration 

into the partner’s body wall varies from being superficial (< 1 mm deep) to its entire 

length (c. 9 mm in C. aspersum) (Landolfa, 2002). Hence, helicid snails might 

attempt to hit the partner forcefully and as a result the dart remains lodged for 

longer and more mucus can be introduced into the mate. There appear to be two 

strategies involved in mucus transfer: stabbing a simple dart repeatedly or using 

just once a dart that is more fully coated with mucus.  
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Conclusion 
 

The comparative approach taken here indicates that the common feature in dart 

shooting across families is the enhancement of male reproductive success by 

transferring mucus from the shooter to the recipient, inhibiting the destruction of 

received sperm. The precise mechanisms may be family-specific or conserved 

across families (e.g., Kimura et al., 2013; Kimura et al., 2014, respectively). In vivo 

and in vitro investigations in this direction have only just begun, but are already 

showing promising results by highlighting differences and commonalities with the 

well-studied species Cornu aspersum. In this respect, particular families of interest 

to be investigated are the Helminthoglyptidae and Hygromiidae and the superfamily 

Limacoidea, for which no information is available.  

The relationship between the shape and size of the dart, its manner of use and 

other traits of reproductive anatomy show some consistent differences among 

families. While the patterns are all consistent with expectations based on sexual 

conflict (Koene and Schulenburg, 2005), the evolution of such coadaptations 

cannot yet be traced. The relationships between dart-bearing families are still 

unclear and thus the ancestral conditions cannot be determined. While there is an 

ontogenetic homology in the tissues forming the dart and its accompanying 

structures, darts as such might have evolved more than once as a strengthening of 

noninjurious, external hormonal secretions. More work on phylogeny is needed.  

More behavioural observations on the use of the dart are also necessary, 

especially for those species with multiple love-darts (e.g., the helicoid 

Humboldtiana). The quantification of the costs of receiving a dart has only just 

begun (Kimura and Chiba, 2015) and needs to be done for different species; it 

would be desirable to measure any immune or stress response following dart 

receipt (e.g., resulting from any bacterial infection due to the wounding by the dart). 

In our opinion the most promising and fruitful direction of investigation among all 

the aspects reviewed here is the physiological response of the receiver induced by 

the mucus delivered with the dart. As suggested by recent results, the dart seems 

to cause physiological changes that favour male reproductive success in more 

species than just C. aspersum. A broader study in this direction should assess the 
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function of the dart in multiple species. Not only complete mucus extracts, but also 

the recently discovered LDA peptide (responsible for one of the physiological 

changes in both C. aspersum and Theba pisana), could be used experimentally. 

This opens up a new area of study that can investigate the expression and 

similarity of LDA in different dart-bearing species. This will enable a comparison 

across families at the allohormone level and is expected to shed light on the 

evolution of such substances. Such analysis can be further expanded when the 

peptides and proteins in the mucus responsible for different responses are 

identified, such as for muscular contractions, mating inhibition and increased sperm 

storage or paternity. To broaden our understanding of love-darts, a comparative 

approach across superfamilies will provide more reliable general conclusions than 

can at present be drawn based mainly on studies of C. aspersum.  
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Abstract 
 
Sexual selection favours the evolution of male bioactive substances transferred 

during mating to enhance male reproductive success by affecting female 

physiology. These effects are mainly well documented for separate-sexed species. 

In simultaneous hermaphrodites, one of the most peculiar examples of transfer of 

such substances is via stabbing a so-called love-dart in land snails. This 

calcareous stylet delivers mucous products produced by accessory glands into the 

mate’s haemolymph. In Cornu aspersum, this mucus temporarily causes two 

changes in the recipient. First, the spermatophore uptake into the spermatophore-

receiving organ, called diverticulum, is probably favoured by contractions of this 

organ. Second, the amount of stored sperm increases by contractions of the 

copulatory canal, which close off the tract leading to the sperm digesting organ. 

However, it has yet to be determined whether these effects are similar across 

species, which would imply a common strategy of the dart in increasing male 

reproductive success. Thus, we performed a cross-reactivity test to compare the in 

vitro response of the diverticulum and copulatory canal of C. aspersum (Helicidae) 

to its own and other species’ mucus (seven helicids and one bradybaenid). We 

found that the contractions in the diverticulum were only induced by dart mucus of 

certain species, while the copulatory canal responded equally to all but one 

species’ mucus tested. In addition, we report a newly-discovered effect causing the 

shortening of the diverticulum, which is also only caused by dart mucus of certain 

species. The advantage seems to be a distance reduction to the sperm storage 

organ. To conclude, all these findings are the first to shed light on the evolution of 

the different functions of accessory gland products in dart-bearing species. These 

functions may be achieved via common physiological changes caused by the 

substances contained in the dart mucus, since the responses evoked were similar 

across species’ mucus. Moreover, while these substances can act similarly in 

separate-sexed species as in simultaneous hermaphrodites, differences may occur 

in their evolution between the two sexual systems. 
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Introduction 
 
The transfer of male bioactive substances during mating is ubiquitous (Koene and 

Ter Maat, 2001; Arnqvist and Rowe, 2005). So far these substances are especially 

well characterised in the genus Drosophila, being highly divergent and species-

specific (Chen, 1984; Chen et al., 1985; Stumm-Zollinger and Chen, 1985; Ohashi 

et al., 1991; Swanson et al., 2001; Findlay et al., 2008; Avila et al., 2011). The 

evolution of these substances is favoured by sexual selection since they enhance 

male reproductive success by affecting the behaviour or physiology of the female. 

Changes in the female body, such as inducing egg laying (Gillott, 2003) and 

decreasing female willingness to remate (Chapman et al., 2003b), are common 

examples of such male manipulation. However, these effects might contrast with 

the interests of females over reproduction, leading to sexual conflict (Chapman et 

al., 2003a; Arnqvist and Rowe, 2005). 

In internal fertilizers, male manipulation is achieved in two ways. The bioactive 

substances are either transferred along with the sperm in the seminal fluid or 

separately (Zizzari et al., 2014). A way to employ the latter strategy is to inject the 

substances through the partner’s skin (Lange et al., 2013). This occurs both in 

separate-sexed and hermaphroditic species (such as scorpions, salamanders, 

earthworms, sea slugs; Zizzari et al., 2014). One of the most prominent examples 

is the love-dart of simultaneously hermaphroditic land snails (gastropods), which 

has received growing attention recently (e.g., Koene et al., 2013; Kimura et al., 

2014; Reyes-tur et al., 2015). 

Simultaneously hermaphroditic snails are male and female at the same time and 

the love-dart is a stylet-like structure that is mainly made of a crystalline form of 

calcium carbonate and hosted in a muscular dart sac (Tompa, 1984). The 

morphology of darts depends on the species and so does the number of darts 

possessed (reviewed by Lodi and Koene, 2016b). During courtship, the dart is 

pushed out of the sac (referred to as dart shooting behaviour), exits via the genital 

pore and pierces the right flank of the partner’s body wall. When the dart is 

expelled, it is coated with mucus produced by accessory glands that are located 

adjacent to the dart sac (Tompa, 1984). Once this mucus is introduced into the 
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haemolymph of the partner, it is distributed throughout the circulatory system 

(Adamo and Chase, 1990b). For Cornu aspersum (Helicidae), which is the only 

species investigated in vitro in this respect, the mucus has been reported to cause 

temporary changes of two female reproductive organs of the partner (Koene and 

Chase, 1998a). The first occurs in the diverticulum, a blind-ended duct receiving 

the spermatophore, which is connected to the tract leading to the bursa copulatrix, 

the sperm digesting organ (Figure 3.1). 

 

 
 
Figure 3.1 The part of the reproductive system of C. aspersum that was used in this study. This 

includes the genital pore where the partner’s spermatophore enters; atrium; copulatory canal; the bursa 

copulatrix which is responsible for sperm digestion; the diverticulum which receives the spermatophore. 

This is the preparation used for each experimental trial. The three black squares (±2 mm²) of electrical 

tape glued onto diverticulum, copulatory canal and atrium were used as markers. The position of these 

markers was recorded with a webcam, then tracked with DLTdv5 marker tracking software to measure 

the response of the preparation to each species mucous extracts added to the saline bath (see 

supplementary file 3.1: Movie 1). Not illustrated: the small dish containing 2 ml saline solution where the 

preparation was placed and the pins on both sides along the length of the diverticulum, in the Sylgard 

base of the small dish, to make the measurements comparable. 
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Depending on the species, the diverticulum can be present or not (Barker, 2001). 

When absent, the spermatophore of the mate is received either in the bursa 

copulatrix tract or in the oviduct (Barker, 2001). The mucus has been shown to 

increase the number of contractions in the diverticulum, probably allowing an 

easier uptake of the spermatophore (Koene and Chase, 1998a). The second 

change occurs in the copulatory canal (called pedunculus of the bursa copulatrix 

by Nordsieck, 1987), which bifurcates into the diverticulum and the bursa copulatrix 

tract connecting them to the atrium, placed behind the genital pore (Figure 3.1). 

Under the influence of mucus, contractions of the copulatory canal make the 

entrance to the bursa copulatrix tract less accessible, permitting more sperm to 

avoid digestion and reach the sperm storage organ (Koene and Chase, 1998a). As 

a result, the successful dart shooter more than doubles its paternity in the partner’s 

eggs (Chase and Blanchard, 2006).  

The above changes represent the better known ways of affecting the partner 

physiology via the action of the mucus. Other examples are found in Euhadra 

quaesita (Bradybaenidae), whose dart mucus suppresses the partner’s willingness 

to remate and induces egg laying in small individuals (Kimura et al., 2013). All 

these findings suggest a common function of the dart in enhancing male 

reproductive success across families. Whether this function is achieved via 

common physiological changes in different species remains unknown.  

To gain insight into the evolution of male manipulative function across species, we 

investigated whether the effects induced by mucus carried on the love-dart in land 

snails are conserved or species-specific. We did so by assessing the response to 

dart mucus using a cross-reactivity test. This test is important to assess the 

diversity in effects of mucous products in related species, which would be missed 

when mucus was tested on the species itself. Thus, the mucus of the species 

tested might not cause the same reaction when applied to their own reproductive 

organs. This may be due to counter-adaption to the bioactive substance taking 

place, making the female organs less reactive, which usually occurs in response to 

sexual conflict (Arnqvist and Rowe, 2002). It should be noted that with our 

approach we cannot distinguish whether the observed effects are caused by similar 

substances; mucous products can be different between species but still maintain 
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the same manipulative function (Fan et al., 1999; Ram and Wolfner, 2007; Avila et 

al., 2011).  

Hence, for this study, we used seven species of the Helicidae and one of the 

Bradybaenidae family to test whether the response of the female reproductive tract 

of C. aspersum (Helicidae) to dart mucus is the same. This was done by comparing 

the in vitro reaction of C. aspersum’s diverticulum and copulatory canal to mucous 

accessory gland products of these different species. We also present the new 

technique developed to quantify the physiological response and its intensity. In 

addition, we report a newly-discovered effect of the mucus on the diverticulum.  

 

Material and methods 
 
Study species 

Snails of the species Cepaea nemoralis, Cepaea hortensis and Arianta arbustorum 

were collected between June and September 2013 in Almere, the Netherlands. 

Cornu aspersum, Helix pomatia, Theba pisana and Eobania vermiculata were 

obtained from the snail farm EuroHelix Chierasco, Italy in September 2013. The 

species Helix lucorum and Fruticicola fruticum were acquired from Thessaloniki, 

Greece in October 2013. These species belong to the Helicidae family besides the 

bradybaenid F. fruticum. All species were kept at 20°C with a reversed photoperiod 

L:16h D:8h at 60% humidity. Adult snails were kept individually in plastic boxes 

lined at the bottom with moist paper (Helix pomatia and Helix lucorum: 17.5 cm x 

11 cm x 13 cm; the smaller species: 11.5 cm x 11.5 cm x 5 cm), and isolated for at 

least two weeks to prevent them from mating and consequently empty their 

mucous glands. The snails were cleaned, fed with lettuce and snail feed as a 

source of calcium twice a week (the Chase mix; R. Chase, personal 

communication: 50% chicken feed for growing chickens and 50% grain mix of 

calcium carbonate 18%, soya protein 10%, wheat flour 20%, wheat bran 10%, corn 

flour 16%, barley flour 16%, ground sunflower seeds 6%, calcium phosphate 2%, 

ground vitamin mix 1%, methyl paraben to retard mould 1%).  
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Cross-reactivity test 

On each experimental day, one C. aspersum snail was anesthetized with 50mM 

MgCl  and the genital atrium, diverticulum, bursa copulatrix and its tract were 

dissected out. Besides the atrium, these organs were also the targets of stimulation 

by C. aspersum mucus in Koene and Chase (1998a) (the atrium, leading up to the 

genital pore, was included in case it was activated by mucus of other species). 

These organs, hereafter jointly referred to as the “preparation”, were kept in a small 

dish containing 2 ml of saline solution with pH 7.8 (control saline: Goldstein et al., 

2000), equivalent to the amount of haemolymph of C. aspersum (Martin et al., 

1958). In order to have comparable measurements of the diverticulum’s 

movements, several pins were placed on both its sides in the Sylgard base of the 

small dish (see also Koene and Chase, 1998a). Subsequently, three squares of 

black electrical tape of approximately 2 mm² were glued onto the diverticulum, 

copulatory canal and atrium with tissue adhesive (®TA5). These black squares will 

be referred to as “markers” (Figure 3.1).  

Each mucous gland extract was obtained by dissecting the mucous glands 

associated with the dart sac out of one anesthetized snail and crushing them with a 

plastic pestle in 0.5 ml saline solution. At the beginning of each experimental day, 

before testing the different types of mucous extracts, the preparation had a 30 min. 

adjustment period in the saline. Then, portions of gland extracts were tested by 

addition to the saline bath of the preparation. Every portion contains 2.2 mg of 

mucus which represents a biological relevant dose since it is equivalent to the 

amount of mucus carried by the dart of C. aspersum (this amount was calculated 

by subtracting the dart’s wet weight before and after dart shooting; Koene and 

Chase, 1998a). The mucous extract of C. aspersum was used as positive control 

once at the beginning and once at the end of each experimental day to check 

whether there was variation in response over time for each organ. The mucous 

extracts of five other species were chosen randomly as well as the order in which 

they were tested between the two controls. This means that not all the species 

were tested for each preparation and this created different sample sizes between 

species. To prevent pseudoreplication each extract was used only once.  
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For each trial, i.e. each mucus tested, the control activity of the preparation was 

recorded for 10 min. with a webcam (Logitech® HD Pro Webcam c920). 

Subsequently, a mucous extract was added and allowed to take effect for 5 min. 

before recording the response activity for another 10 min. (Koene and Chase, 

1998a). Between trials the preparation was washed three times with saline, and 

allowed to rest for 5 min. in new saline solution. In total, each preparation was used 

for 3.5 h, comparable to the amount of time employed by Koene and Chase 

(1998a) in their experiments with the preparations.  

The videos recorded were analysed with DLTdv5 software (Hedrick, 2008), which 

was set to auto-track the position of the markers for each frame. The resulting 

output coordinates were used to obtain graphs of the displacement of the markers 

every 5 sec., where the difference between time points was calculated with the 

Euclidian distance between two points. The measurements obtained with these 

graphs are: number of contractions induced by mucus, calculated as difference 

between numbers of contractions counted in the response period and control 

period; intensity of contractions to assess the potency of the extracts, measured as 

the maximum displacement reached in each trial (maximum displacement of the 

diverticulum can be approximately 1.5 cm, equal to the distance between the pins 

placed along the sides of the diverticulum, and approximately 1 cm for the 

copulatory canal); percentages of times each organ reacted to the different types of 

mucus based on the instances that the number of contractions in the response 

period were higher than the ones in the control period. Some additional criteria 

were applied in order to count relevant contractions (see also Koene and Chase, 

1998a): first, a threshold of 25% difference was fixed between the minimum and 

maximum point for each trial; second, contractions that lasted more than 3 min. 

were not counted; third, peaks of contractions had to be separated at least 15 sec. 

Figure 3.2 shows an example of a video track used in our analyses and Movie 1 

(see supplementary file 3.1) an example of the activity of the preparations 

recorded. 
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Figure 3.2 Example of a video track. The x-axis shows the duration of each trial where a control period 

is recorded as well as a response period after 5 min. pause in which the mucous extract was added. 

The y-axis indicates a measure of organ displacements (it can be approximately 1.5 cm for the 

diverticulum and approximately 1 cm for the copulatory canal). This measure is based on the coordinate 

output of the marker tracking software, expressed in millions, and shown on the y-axis as values divided 

by 106. The displacements are counted as contractions and marked with asterisks. In this case the 

mucus induced one more contraction compared to the control. The maximum intensity reached by the 

contractions is shown by a dotted line. To count only relevant displacements, a threshold of 25% 

difference was fixed between the minimum and maximum point for each trial (dotted line). 

 

Shortening effect on diverticulum 

Although it was not the main focus of the current study, while performing the 

experiment an effect never described before caused by the mucus was observed: 

within seconds from the addition of certain species’ mucous gland extract, the 

diverticulum became shorter (see supplementary file 3.2: Movie 2). This effect 

remained consistent throughout the response period. Hence, two pictures of the 

preparation were taken with the webcam, once after the control period (when the 

mucous extract was not added yet) and once after the response period (15 min. 

later). These pictures were used to assess the length of the diverticulum with 

ImageJ by measuring its length from the tip to the branching of the bursa copulatrix 

tract. Three length measurements of the diverticulum were made on each side of 

the organ, and the average of these measurements was used. Percentages of 

length reduction caused by each species’ mucus were also calculated. 
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Phylogeny 

To address the phylogenetic relationship between the species used in this study, 

the maximum likelihood (ML) method was applied by using partial 28s nuclear 

gene sequences (sequences by Koene and Schulenburg, 2005). Discus rotundatus 

was chosen as outgroup and Euhadra sandai was added as a second species 

(besides Fruticicola fruticum) from the Bradybaenidae family. The ML tree was built 

with MEGA5 following the protocol of Hall (2013). The sequences were aligned 

with MUSCLE, resulting in 726 reliably aligned nucleotide positions. The Tamura-3-

parameter with a gamma distribution was the best substitution model obtained by 

ranking the models by the lowest Bayesian Information Criterion (BIC). Partial 

deletion of gaps/missing data was applied and to estimate the reliability of the tree, 

1000 bootstraps were performed. Note that a full reconstruction of a phylogeny of 

land snails goes beyond our purpose here; our intention is to use the phylogenetic 

information to test for phylogenetic signal in our data. This would indicate whether 

mucus of closely-related species resemble each other in their response.  

  

Statistical analyses 

Data from the cross-reactivity test were analyzed as follows. Since the atrium 

showed very low reaction, also in response to other species’ mucus, it was 

excluded from further analyses as a non-meaningful response. Data from 

experimental days were left out from the analysis when either the diverticulum or 

copulatory canal did not respond to any species’ mucus (this happened twice for 

each organ; these preparations responded normally to the control). To account for 

dependency in our data, we included potential order effects by testing, within a 

preparation, whether the species’ mucus tested before affected the response to a 

specific species mucus. We did so using a Generalized Linear Model (GLM) with 

Poisson distribution and Log link function for the number of contractions, and a 

normal distribution and Log link function for the intensity of contractions. In these 

analyses we included Species and Previous species tested as factors and 

compared the models with or without the second factor based on the Akaike 

criterion. To check whether the physiological preparations differed in their response 

(number of contractions and their intensity for both diverticulum and copulatory 
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canal) across experimental days, we performed a Kruskal-Wallis test to compare 

days. To test whether for each organ there was variation in number and intensity of 

contractions between the two time points in which the positive control was tested, 

we performed a Wilcoxon test for paired observations. For the other mucus types, 

we tested whether there was a difference in response depending on testing order 

using a Kruskal-Wallis test. 

To test whether the number and intensity of contractions in response to different 

mucus types diverged from the response to C. aspersum mucus, multiple 

comparisons were performed with the Steel method with control (Steel, 1959) 

because these data were not normally distributed. This test compares each 

species to the control species and is thus the non-parametric version of Dunnett’s 

test with control. The percentage of times each organ reacted to different types of 

mucus was compared to the average percentage response of the two positive 

controls with a Chi-square test. 

Data on the shortening effect were repeated measures since the diverticulum 

length was measured at two time points. Since not all groups were normally 

distributed and in order to include them all in the same statistical test, we log-

transformed these data. Then, we performed a mixed ANOVA to test the effect of 

time on the length of the diverticulum. This test is regularly used to compare means 

between two or more independent variables of which one is a repeated measure 

(Field, 2005). Our two independent variables were Time and Species of which 

Time is the repeated measure. In case of significant interaction, we calculated the 

simple effect with Fisher’s LSD adjustment to reveal for which species the factor 

Time had a significant effect. This test makes pairwise comparisons between the 

variable Time for each species. Finally, to test for dependency in our data, we 

performed a one-way ANOVA on diverticulum length at time 0 to assess if this 

organ regained its original length after each trial. 

With the phylogenetic reconstruction, we tested for a phylogenetic signal in the 

response to mucus (number and intensity of contractions for both diverticulum and 

copulatory canal) and in the shortening effect (actual shortening in mm) by using 

Blomberg’s K with the phylosig function in the R package phytools (Revell, 2012). 

K indicates the degree at which a trait shows phylogenetic signal predicted under 
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Brownian evolution (K=0 means that there is no phylogenetic signal, K<1 means 

that closely-related species weakly resemble each other, and K>1 indicates that 

closely-related species strongly resemble each other) (Blomberg et al., 2003). To 

obtain p-values of K we used 1000 randomization.  

 

Results 
 
Cross-reactivity test 

The mean number ± SD of contractions induced by the mucus of the two C. 

aspersum positive controls, per 10 min. recording, is 1.98±2.23 for the diverticulum 

(N=58), 1.28±1.78 for the copulatory canal (N=58) and 0.57±1.25 for the genital 

atrium (N=58).  

The mucus type tested, i.e. the factor Species, had a significant effect on the 

response of the diverticulum (GLM: number of contractions, d.f.=8, p=0.005; 

intensity, d.f.=8, p<0.001) but not of the copulatory canal (GLM: number of 

contractions, d.f.=8, p=0.134; intensity d.f.=8, p=0.094), indicating that the variance 

in the response of the latter was similar between species. Moreover, these 

analyses showed that our data points were independent from each other, since the 

response to a species’ mucus was not influenced by the mucus type tested before 

(factor Previous species tested). This was neither the case for the diverticulum 

(GLM: number of contractions, d.f.=8, p=0.132; intensity, d.f.=8, p=0.144) nor for 

the copulatory canal (GLM: number of contractions, d.f.=8, p=0.233; intensity, 

d.f.=8, p=0.561). For these diverticulum tests, the Akaike score was better for the 

model without the second factor for the contractions (AICc: 221.4 and 236.8, 

respectively) but not for the intensity (AICc: 5176.7 and 5169.9, respectively). For 

the copulatory canal, the Akaike scores were lower for both models without the 

second factor (AICc: contractions, 271.0 and 290.9; intensity, 5678.5 and 5687.0, 

respectively). 

Overall, we did not find an effect of the experimental day (N=7 per day, Days=29) 

on either the response of the diverticulum (Kruskal-Wallis: number of contractions, 

H=37.226, p=0.114; intensity, H=35.863, p=0.146) or the copulatory canal 

(Kruskal-Wallis: number of contractions, H=32.546, p=0.253; intensity, H=31.719, 
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p=0.286). The two time points in which the positive control was tested on the same 

experimental day differed only in terms of number of contractions of the 

diverticulum (control 1= 1.48±2.32, control 2= 2.48±2.04; Wilcoxon: Z=-1.992, 

p=0.046), with the second control being higher, while its intensity showed a trend in 

the same direction (control 1= 2.4x106±4.6x106, control 2= 4.0x106±5.2x106; 

Wilcoxon: Z=-1.894, p=0.058). However, no such pattern could be found in the 

testing order of the other mucus types (Kruskal-Wallis: H=2.086, p=0.72). To 

overcome the variation of the diverticulum response between the two time points, 

the response of the preparation to each mucus type (sample sizes are indicated in 

Figure 3.3) was expressed as relative response: the response minus the mean 

response of the two controls on that experimental day. The relative number of 

contractions of the diverticulum as well as the relative intensity differed in the three 

species H. lucorum, H. pomatia and F. fruticum (Steel method: number of 

contractions H. lucorum, Z=-4.83, N=19, p<0.001; H. pomatia, Z=-4.36, N=19, 

p=0.0001; F. fruticum, Z=-3.34, N=19, p=0.0064; intensity: H. lucorum, Z=-4.08, 

N=19, p=0.0004; H. pomatia, Z=-2.90, N=19, p=0.0267; F. fruticum, Z=-4.08, 

N=19,  p=0.0004), with all of them being lower than the positive control (Figure 

3.3A, B). Except for C. hortensis (Steel method: Z=-4.21, N=18, p=0.0002), the 

relative number of contractions of the copulatory canal induced by mucus types did 

not differ from C. aspersum mucus (Figure 3.3C). For the relative intensity of the 

contractions, only H. lucorum and F. fruticum had lower intensity than C. aspersum 

(Steel method: Z=-4.50, N=20, p<0.001; Z=-2.72, N=20, p=0.0456, respectively) 

(Figure 3.3D). The percentages of times the diverticulum and copulatory canal 

responded to each type of mucus are shown in Figure 3.4. Only H. lucorum and F. 

fruticum diverticula reacted significantly fewer times compared to the control 

( ² =9.08, p=0.003; ² =4.97, p=0.026, respectively) and no differences between 

percentages of response of the copulatory canal were found. 
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Figure 3.3 Graphs illustrating the response of C. aspersum to each species’ mucus. A. Relative number 

of contractions of the diverticulum. B. Relative intensity of contractions of the diverticulum. C. Relative 

number of contractions of the copulatory canal. D. Relative intensity of contractions of the copulatory 

canal. Mean ± SE is given for each graph. The graphs are obtained by subtracting the mean response 

of the control species from the response of each species mucous extract for every experimental day. 

Note that the intensity is shown here as percentages of displacement compared to the control species 

(e.g., lower percentages indicate a relatively lower response); the control species has 100% response 

and 0% response is based on coordinates of preparations of the species showing zero response. The 

symbol ¹ indicates that C. aspersum is the baseline hence its bar mean is zero. Numbers in 

parentheses indicate the sample size and the asterisks show the significance according to the Steel 

method (* p<0.05, ** p<0.01, *** p<0.001). For ease of comparison, species are listed according to their 

order of appearance on the phylogenetic tree. 

 

 



Chapter 3

49

 
 
Figure 3.4 Summary of the results and phylogeny of the species used in this study. The ML 

phylogenetic tree is shown on the left side. The phylogeny is based on 726 nucleotide sites using 

Tamura-3-parameters model with a gamma distribution. Bootstrap values above 50% support are given 

to the nodes (1000 replications). The length of branches refers to the estimated number of changes 

occurred between nodes (see scale bar). Discus rotundatus is the outgroup and Euhadra sandai was 

chosen to support the Bradybaenidae. On the right side, a summary table of the results for both 

diverticulum and copulatory canal is shown (each row corresponds to each species used in this study). 

The first column of each organ shows whether it is present (Yes), absent (No) or facultative (Yes/No). 

The second column shows the percentages of response to the mucous gland extracts for each species. 

For the focal species Cornu aspersum, the average response of the two time points the mucus was 

tested is given (once at the beginning and once at the end of each experimental day). The asterisks 

refer to the significant Chi-square test when that species was compared to the focal species. The last 

two columns refer to the results shown in Figure 3.3 indicating whether the response was similar to the 

one of the focal species (Yes) or not (No). 
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Shortening effect on diverticulum 

For the shortening response of the diverticulum induced by mucus (sample sizes 

are indicated in Figure 3.5), there is an overall effect of Time and a significant Time 

x Species interaction (mixed ANOVA: F=147.805, d.f.=1, p<0.001; F=6.908, d.f.=9, 

p<0.001, respectively). This indicates that in general at 15 min. the diverticulum 

becomes shorter under the influence of mucus but the strength of this effect 

depends on which type of mucous extract was applied to the preparation. The 

greater shortening effect was specifically caused by the mucus of both C. 

aspersum positive controls (for each: N=29, p<0.001), C. hortensis (N=18, 

p=0.004), H. pomatia (N=17, p=0.035), H. lucorum (N=21, p=0.008), T. pisana 

(N=17, p<0.001) and E. vermiculata (N=18, p<0.001) (Figure 3.5). The strongest 

length reduction was induced by the mucus of E. vermiculata, which makes the 

diverticulum of C. aspersum approximately 20% shorter (Table 3.1). After 

performing each trial, the diverticulum regained its original length (ANOVA: 

F=0.601, d.f.=9, p=0.795) permitting the measurements to have the same baseline 

and the data points to represent similar measurements.  
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Figure 3.5 Shortening effect on Cornu aspersum’s diverticulum. Length (mean ± SE) of Cornu 

aspersum’s diverticulum before and 15 min. after the application of each species’ mucous gland extract 

(see supplementary file 3.2: Movie 2 for an example). Numbers in parentheses indicate the sample size 

and the asterisks show the significance (*p <0.05, ** p <0.01, *** p<0.001). C. aspersum 1 and 2 refer to 

the two positive controls tested at the beginning and at the end of each experimental day.  

 
 

 

Table 3.1 Length reduction of Cornu aspersum’s diverticulum. The table lists the species’ mucous gland 

extracts that caused significant shortening after addition to the saline bath. Length reduction is 

expressed as mean in mm and in percentages of the total length at time 0, i.e. before addition of the 

extracts. 
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Phylogeny 

In order to assess the phylogenetic relationship between the species tested, we 

performed a phylogenetic reconstruction analysis that resulted in a tree (Figure 3.4) 

that is in agreement with the latest Helicoidea phylogeny of Razkin et al. (2015). 

Features to point out include that the genus Helix is retrieved as a monophyletic 

group (Manganelli et al., 2005; Wade et al., 2007) and the two Bradybaenidae 

species form a distinct group (Wade et al., 2006, 2007) with relatively well 

supported nodes (bootstrap values: 99; 66, respectively).  

We found no significant phylogenetic signal, neither for the response to mucus in 

both diverticulum (number of contractions: K=0.25, p=0.298; intensity: K=0.38, 

p=0.154) and copulatory canal (number of contractions: K=0.10, p=0.732; intensity: 

K=0.10, p=0.687), nor for the shortening effect (K=0.67, p=0.136). 

 

Discussion 
 

By comparing the response of Cornu aspersum (Helicidae) to its own and other 

species’ mucous gland extracts, we found that the reactions of the copulatory canal 

and the diverticulum are not species-specific, since most species’ mucus induced a 

similar effect. An overview of the results and the phylogenetic relationship of the 

species used, eight helicids and one bradybaenid, is provided in Figure 3.4.  

The difference in response of the diverticulum among mucus types may be due to 

the morphological variation in this organ. In response to sexual conflict, this organ 

evolved as female counter-adaptation to the male manipulation of the love-dart 

(Lodi and Koene, 2016b; Koene and Schulenburg, 2005). In this way the female 

increases the distance to the sperm storage organ and the diverticulum is further 

elongated in species that possess darts with a greater surface area (potentially 

holding more mucus) (Koene and Schulenburg, 2005). As a result, the presence 

and length of the diverticulum depends on the species, whereas the copulatory 

canal is always a standard component of the reproductive system. This implies that 

the significantly lower reaction to the mucus of F. fruticum (Bradybaenidae) might 

be due to this species lacking a diverticulum and receiving the spermatophore in 

the vaginal duct instead (Bojat et al., 2002). Within the Helicidae all species tested 
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possess a diverticulum. Although in C. hortensis, C. nemoralis and H. lucorum, it is 

very short, and in H. pomatia either it is short or absent, the length showing a 

geographical trend (Van Osselaer and Tursch, 2000). Interestingly, the response of 

the diverticulum was significantly lower only for the two closely-related Helix 

species, with short or no diverticula. Thus, the substance causing the contraction of 

the diverticulum might have evolved only in the Helicidae since it is the only family 

possessing such an organ. The two Helix species may either never have had such 

a substance, have gained and subsequently lost it, produce a lower concentration 

of it, or have evolved really different proteins to achieve the same effects in their 

own species. Alternatively, the substance targeting this organ evolved in ancestors 

of the Helicidae but is not shared by the Bradybaenidae. Clearly, an extended 

study including more species of both families would clarify this point.  

For the copulatory canal, our video recording method allows us to describe the 

potential muscular mechanism induced by the mucus in more detail, even if the 

biochemical mechanism underlying this response is still unknown. Namely, we 

clearly show that the entrance to the bursa copulatrix tract is closed off by waves of 

contractions of the copulatory canal rather than via a permanent closure of the 

tract. This is supported by the fact that these contractions were visible once every 

10 minutes on average. With one exception within the Helicidae, our results 

indicate that the above-described reaction of the copulatory canal did not differ 

when the mucous extract of C. aspersum or one of the other species was applied. 

The non-specificity of this response is supported by two helicid species, C. 

aspersum and T. pisana, that share the recently discovered love-dart allohormone 

(LDA) that is the peptide contained in the mucous glands responsible for the 

contraction of the copulatory canal (Stewart et al., 2016). In addition, this effect of 

the copulatory canal may occur also in the Bradybaenidae family: when Euhadra 

peliomphala is injected with conspecific mucus, the bursa copulatrix tract of this 

species becomes inaccessible (Kimura et al., 2014). Euhadra peliomphala is a 

bradybaenid, just like F. fruticum, the only non-helicid in our study. This indicates 

that the function of dart mucus in closing off the tract leading to the bursa copulatrix 

may be a common strategy. Worth noting is that within the Helicidae, besides the 

two Helix species, the lowest percentage of copulatory canal response is found for 
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A. arbustorum, a species for which dart shooting is facultative (Baminger et al., 

2000) and sperm storage does not increase in snails hit by the dart (Bojat and 

Haase, 2002). This suggests that the copulatory canal might not be strongly 

influenced by mucus in this species.  

Overall, for both organs, we obtained a lower percentage of times the preparations 

responded to the mucous gland extract of C. aspersum compared to Koene and 

Chase (1998a). This lower responsiveness might be due to the markers glued on 

the surface of the preparation affecting its activity. However, the markers did not 

prevent the preparation from moving, since waves of contractions were seen to 

spread through the entire length of the organs. The low activity might be due to an 

overestimation by Koene and Chase in quantifying the response, since our 

recorded videos showed that the diverticulum could be displaced by either the 

contracting copulatory canal or the atrium and vice versa (which is something that 

was hard to disentangle based on their method of recordings). In addition, to 

explain the difference in response measured for the diverticulum at the two time 

points, the acclimation period of the preparation in the saline solution immediately 

after dissection might not have been long enough for the diverticulum to adjust to 

the new solution. Consequently, this is likely to have influenced its stability (e.g., Yi 

and Gillott, 2000). However, this does not affect the purpose of our study, since a 

relative response was used in our analyses and the responses of the preparations 

were all measured under the same experimental conditions.  

It should be noted that in our tests, substances other than dart mucus were not 

tested. We decided not to include these here for several reasons. Firstly, Koene 

and Chase (1998a) used control extracts to test for general effects of muscle, 

connective tissue and mucous extracts; their mucus control being the pedal gland 

that releases mucus onto the snail’s foot during locomotion. That study 

demonstrated that the dart mucus was the most reliable substance to induce the 

contractions, but that the mucus of the pedal gland also evoked a similar effect in 

terms of number of contractions, even though the intensity was not measured. As 

they concluded, this indicates either that the active substance is a general 

constituent of mucus or that the two extracts cause a similar effect via different 

mechanisms. In this context, one can wonder about how likely it is that mucus from 
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an entirely different source enters into the haemolymph via dart shooting. It is 

known that the love-dart is exclusively used to deliver mucous products into the 

mating partner (e.g., snails with excised mucous glands transfer a dry dart; Adamo 

and Chase, 1990). However, mucus present on the body wall might enter along 

with the mucous-covered dart albeit in insignificant quantities considering the small 

area of body wall that is wounded. Secondly, even if mucus from other sources 

also evokes a similar effect, this only indicates that the active component may also 

be used elsewhere in the body, in a different context than dart shooting. This is 

strongly suggested by the fact that the LDA precursor (see above) resembles 

buccalin precursors, which are known to be involved in modulation of muscle 

contractions in molluscs (Stewart et al., 2016). Moreover, the response induced on 

different parts of the body may also vary in strength. For example, in the 

grasshopper Melanoplus sanguinipes all male tissue extracts (e.g., brain, ventral 

nerve cord, haemoplymph, accessory glands) induced contractions of the female 

oviduct with different degrees of response, the highest caused by the accessory 

gland complex (Yi and Gillott, 2000). Note that Koene and Chase (1998a) did not 

measure whether the intensity of contractions induced by pedal gland extracts was 

similar to the ones induced by dart mucus, hence a difference in intensity cannot 

be excluded. Thirdly, previous work on the focal species (C. aspersum) has 

reported repeatedly that mucous products delivered by the dart into the mating 

partner’s haemolymph are the ones responsible for the physiological changes that 

ultimately increase the paternity of the dart user, for example compared to controls 

with saline solution (e.g., Rogers and Chase, 2002; Chase and Blanchard, 2006). 

Given that most of the later studies did not include additional controls for 

nonspecific mucus effects, future work should aim to test such controls whenever 

relevant (e.g., when finding a new effect caused by dart mucus). Finally, with our 

study we now go beyond a single-species approach: we compare the response of 

C. aspersum to its own dart mucus with its response to those of other species in 

order to assess how specific the induced physiological changes are between 

different dart-bearing species. The proper way to test this is to contrast the known 

response (to mucus of the own/focal species) with the response to mucus from 

other species. Ideally, future research would include more recipient species in 
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order to extend our understanding of the specificity of such male accessory gland 

products. 

While the reactions of the diverticulum and copulatory canal were similar to the 

ones described by Koene and Chase (1998a), since contractions of both organs 

were easily observed simultaneously, a new response causing length reduction of 

the diverticulum is here presented for the first time. There is an advantage to 

produce such an effect, since there are two possibilities for sperm to escape the 

sperm digesting organ and reach the oviduct, either by elongating the 

spermatophore or by shortening the organ in which it is received (Van Osselaer 

and Tursch, 2000). A longer spermatophore’s tail, for example, protrudes into the 

vagina. Thus, sperm can safely exit the spermatophore through the tail (Lind, 

1973). Interestingly, the mucus of Eobania vermiculata causes the strongest 

shortening of C. aspersum’s diverticulum (almost 20% of the total length). Among 

the species tested, E. vermiculata is the only one to possess a relatively long 

diverticulum with respect to its spermatophore-producing organs (Giusti and Lepri, 

1980). To overcome the difficulties that this long diverticulum imposes on the male, 

since the distance to the sperm storage organ increases, E. vermiculata could 

potentially benefit the most from the evolution of such a shortening effect. 

However, whether this advantage occurs within this species remains to be tested. 

Worth noting is that F. fruticum, belonging to a family without diverticulum, does not 

cause the shortening effect, strengthening our idea that substances targeting this 

organ may be exclusive to the Helicidae. The other species, for which this reaction 

was significant, might not benefit as much as E. vermiculata since they induce a 

much lower length reduction and because they have short diverticula and longer 

spermatophores. However, their response indicates that this effect is not species-

specific.  

Overall, the extent of the measured responses to each species’ mucus is not 

explained by phylogenetic relatedness, i.e. closely-related species do not resemble 

each other more in their response than less closely-related species, which 

contrasts with what would have been expected. Different degrees of manipulation 

between closely-related species could be expected if, under sexually antagonistic 

coevolution, the female function of a species recently evolved a counter-adaptation 
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(e.g., an increased threshold at which male substances are effective) and, as a 

consequence, the male function modified such manipulation to achieve its effect 

again (e.g., increased quantity of the substance). 

Based on the current findings, we suggest that the responses to mucus carried by 

the love-dart in helicids snails are due to a mixture of bioactive substances, each 

targeting different organs and causing different effects. These substances induce 

responses that are similar between species, making the effect of mucus not 

species-specific. To strengthen such evidence, more effects need to be identified in 

other species as well as the peptides and proteins causing them. The lack of 

identification of mucous products (besides the LDA) prevent us from explaining 

whether the responses observed are due to similar or divergent substances 

possessed by the species tested. When the substances are different they can still 

have the same function (Fan et al., 1999; Ram and Wolfner, 2007; Avila et al., 

2011). This can, for example, be due to proteins with different amino acid 

sequences but similar tertiary structures (Holm and Sander, 1996).  

Male manipulative substances can be diverse but their ultimate aim remains 

altering female behaviour or physiology. As a result, male substances in 

simultaneous hermaphrodites can also act similarly as in separate-sexed species. 

For example, land snails bearing love-darts cause a delay in remating of the 

partner (Kimura et al., 2013) which is similar to what a Drosophila male does with 

females (Chapman et al., 2003b). Comparable to the action of love-dart mucus 

reported here, studies on insects show that male products can also directly induce 

contractions of the female reproductive system (e.g., Melanoplus sanguinipes: Yi 

and Gillott, 2000; Locusta migratoria: Lafon-Cazal et al., 1987). However, 

differences may occur in the evolution of such substances between different sexual 

systems. For instance, males can evolve manipulative substances that resemble 

female neuroendocrine molecules used for regulating processes of the 

reproductive system (Eberhard, 1996). Males of separated-sexes species can 

evolve these female-like molecules through different mechanisms than 

simultaneous hermaphrodites, either via mutations or activation of silenced genes 

(reviewed in Koene, 2005). In contrast, the male function of simultaneous 

hermaphrodites has the great advantage to also possess female genes within the 



Chapter 3

58

same individual. However, these genes still need to be expressed in male tissues 

before being exploited by the male function (Schärer et al., 2014). 

To conclude, despite the lack of knowledge on the identity of mucous proteins 

carried on the dart of the different species, our study is the first to show that the 

love-dart transfers bioactive substances that seem functionally similar across most 

species’ mucus tested, based on the induced physiological changes measured 

here. While this indicates that these substances can act and evolve similarly in 

simultaneous hermaphrodites as in separate-sexed species, evolutionary 

differences between the two sexual systems need more attention and indeed more 

studies to confirm whether and when such differences are important.  

Hence, the evolutionary framework that emerges from our findings provides 

important insight into the evolution of manipulative function of male products across 

species. Clearly, much more work is needed on different land snails species, and 

we see our study as a strong stimulus for many researchers to do such work on the 

species they investigate, thus filling the gaps in knowledge. 
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Supplementary files 
 
Supplementary file 3.1: Movie 1. Contractions of the diverticulum and copulatory 

canal of a Cornu aspersum preparation. This response occurs when mucous 

extract of C. aspersum is applied to the saline bath. Video sped up 16 times 

(original video length 10 min.). For a visualization see online publication. 

 

Supplementary file 3.2: Movie 2. Shortening of Cornu aspersum’s diverticulum. 

This effect occurs immediately when the mucous extract of Eobania vermiculata is 

applied to the saline bath. Video sped up 8 times (original video length 50 sec.). 

For a visualization see online publication. 
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Abstract 
 
To increase fertilization chances compared to rivals, males are favoured to transfer 

accessory gland proteins to females during mating. These substances, by 

influencing female physiology, cause alteration of her sperm usage and remating 

rate. Simultaneously hermaphroditic land snails with love-darts are a case in point. 

During courtship, a love-dart is pierced through the partner’s body wall, thereby 

introducing accessory mucous gland products. This mucus physiologically 

increases paternity by inhibiting the digestion of donated sperm. The sperm, which 

are packaged in a spermatophore, are exchanged and received in an organ called 

the diverticulum. Because of its length, this organ was previously proposed to be a 

female anatomical adaptation that may limit the dart interference with the 

recipient’s sperm usage. For reproductive success of the donor, an anatomically 

long spermatophore, relative to the partner’s diverticulum, is beneficial since sperm 

can avoid digestion by exiting through the spermatophore’s tail safely. However, 

the snail Eobania vermiculata possesses a diverticulum that is three times longer 

than the spermatophore it receives. Here we report that the love-dart mucus of this 

species contains a contraction-inducing substance that shortens the diverticulum, 

an effect that is only properly revealed when the mucus is applied to another helicid 

species, Cornu aspersum. This latter finding suggests that E. vermiculata may 

have evolved a physiological resistance to the manipulative substance received via 

the love-dart by becoming insensitive to it. This provides useful insight into 

evolution of female resistance to male manipulations, indicating that it can remain 

hidden if tested on a single-species.  
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Introduction 
 

Males are generally in competition for reproductive access to females prior to 

copulation (Andersson, 1994). However, when females mate promiscuously, 

ejaculates of rival males can compete for egg fertilization inside the female 

reproductive system, referred to as sperm competition (Parker, 1970). This form of 

sexual selection and the potential selection on females to selectively use sperm for 

fertilization (the latter being referred to as cryptic female choice), are two 

evolutionary drivers that are difficult to separate since they both predict differential 

use of ejaculates in fertilization and favour post-copulatory adaptations that 

ultimately increase reproductive success (Eberhard, 1996; Birkhead and Pizzari, 

2002; Snook, 2005; Orr and Brennan, 2015). Examples of these adaptations, in 

males, include increased sperm mobility to reach the sperm-storage organ faster 

(e.g., domestic fowl; Birkhead et al., 1999), larger testes size to transfer more 

sperm under strong competition (e.g., frog Crinia georgiana; Dziminski et al., 2010) 

and transfer of accessory gland substances that influence female physiology 

(reviewed by Gillott, 2003). Common effects include reduced female remating rate 

to enhance storage of donated sperm (e.g., fruit fly Drosophila melanogaster; 

Chapman and Davies, 2004) and altered sperm usage by inducing oviposition 

following mating (e.g., cotton bollworm Helicoverpa armigera; Jin and Gong, 2001). 

In response, females may physiologically resist such male manipulations by 

modifying the targeted receptors or by increasing the threshold at which male 

products are effective (Holland and Rice, 1998; Rowe et al., 2003). This could 

occur in response to sexual conflict that leads to an arms-race between male 

adaptations and female counter-adaptations (Arnqvist and Rowe, 2002), by which 

females reduce the direct costs imposed by the manipulation and can select for 

males that are able to overcome such resistance (Eberhard, 1996; Cordero and 

Eberhard, 2003; Eberhard, 2009). However, in this context it is useful to note that 

female choice, in general, can vary plastically over a reproductive season or life 

time (e.g., Lynch et al., 2005), thus adding a layer of complexity to the 

interpretation. 
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Just like in many separate-sexed organisms, sperm of different donors can also co-

occur in the female reproductive system of simultaneous hermaphrodites (i.e. 

organisms with functioning male and female reproductive organs at the same time) 

since these organisms also mate promiscuously (Baur, 1998; Michiels, 1998; 

Koene, 2017). The male function of simultaneous hermaphrodites also transfers 

accessory gland substances that physiologically affect sperm usage by the mating 

partner (Zizzari et al., 2014). An interesting case is presented by the love-dart of 

land snails. This accessory reproductive device is a calcareous stylet with a 

species-specific shape (reviewed by Lodi and Koene, 2016b). The love-dart 

pierces the partner’s body wall during courtship, in a behaviour called dart shooting 

(Tompa, 1984), while holding accessory mucous gland products on its surface. In 

the model species, the brown garden snail Cornu aspersum, the mucus that enters 

the partner’s haemolymph has been shown to cause two temporary changes in the 

female reproductive system (Koene and Chase, 1998a; for a visualization of the 

effects see supplementary Movie 1 in Lodi and Koene, 2016a). The first change 

can be measured as waves of muscular contractions that close the entrance to the 

sperm-digesting organ, bursa copulatrix, and have been shown to delay sperm 

digestion. As a result, more sperm are stored and the successful dart user can 

double its paternity (Chase and Blanchard, 2006). The second change involves the 

diverticulum, the spermatophore-receiving organ (i.e. organ that receives the 

package containing sperm). Under influence of dart mucus, contractions of this 

blind-ended duct are initiated, possibly making spermatophore uptake easier 

(Koene and Chase, 1998a).  

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

manipulation of the dart. So far, only morphological coevolutionary patterns have 

been shown by an inter-species comparison (Koene and Schulenburg, 2005). That 

study found that in species where the shape of the dart increased the surface 

available to transfer mucus (e.g., by blades and perpendicular blades), the 

diverticulum appeared and became longer. Thus, the diverticulum has been 

proposed to be a female anatomical adaptation to counter dart manipulation. This 

is also based on the finding that sperm need to leave safely through the 

spermatophore’s tail when it protrudes from the diverticulum entrance into the 
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vaginal duct in order to reach the site of storage (Lind, 1973), so the length of the 

diverticulum may limit the ability of the dart to interfere with the process of sperm 

digestion. This idea is strengthen by the positive correlation found between the 

length of the spermatophore’s tail and the diverticulum (Koene and Schulenburg, 

2005). However, resistance to the dart, most likely also extends to the physiological 

and biochemical level. A recent cross-reactivity test between species showed that 

the dart mucus of Eobania vermiculata caused a temporary contraction of Cornu 

aspersum’s diverticulum that reduced its length by approximately 20% (for a 

visualization of this effect see supplementary Movie 2 in Lodi and Koene, 2016a). 

Both species belong to the Helicidae family and are relatively closely related, but 

they differ markedly in the length of their spermatophore-producing organs and 

diverticula. Contrary to C. aspersum, the diverticulum of E. vermiculata is extremely 

long (see Figure 4.1 and Table S4.1), which is an exception to the abovementioned 

general correlation (Koene and Schulenburg, 2005). Hence, to avoid donated 

sperm being digested by the mating partner, the male function of E. vermiculata 

would either require the spermatophore to become elongated or the organ in which 

it is received to be shortened. In our previous study, we showed that in this species 

the latter option is achieved via an effect that shortens the diverticulum (Lodi and 

Koene, 2016a).  

However, in our previous study we focused on responses of C. aspersum’s 

reproductive organs in order to determine how conserved the effects of the dart 

mucus are, so we did not test whether such female physiological responses also 

occurred in E. vermiculata. Thus, to investigate this prediction, we here studied the 

extent of the shortening effect on C. aspersum’s diverticulum by performing a dose-

time response test. Subsequently, we assessed whether this effect is specifically 

caused by mucus carried on the love-dart and, importantly, whether the shortening 

response also occurs in E. vermiculata.  
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Figure 4.1 Spermatophore-producing and -receiving organs of C. aspersum and E. vermiculata. 

Abbreviations: d, diverticulum; ep, epiphallus; fl, flagellum; p, penis. Shell length is 3.5 cm for C. 

aspersum and 2.6 cm for E. vermiculata. 

 

Material and methods 
 
Adult snails of the species Cornu aspersum and Eobania vermiculata were 

obtained from the snail farm EuroHelix Cherasco, Italy. The rearing conditions were 

20°C, a reversed photoperiod (L:16h D:8h) and 60% humidity. Twice a week, the 

snails were cleaned, fed lettuce ad libitum and snail feed as calcium supply (the 

Chase mix; see Lodi and Koene, 2016a). Before experiments, snails were kept 

individually for at least two weeks on moist paper in plastic boxes (11.5 cm x 11.5 

cm x 5 cm), to assure that mucus would be available in the glands for the tests. 

The set-up used was a portion of the reproductive system of either species, 

hereafter called “preparation” (for a visualization see Lodi and Koene, 2016a), kept 
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in a small dish with 2 ml saline solution at pH 7.8 (control saline; Goldstein et al., 

2000), which corresponds to the amount of haemolymph of both species (C. 

aspersum, Martin et al., 1958; E. vermiculata, Beltagi et al., 2011). The preparation 

was obtained after anesthetizing a snail with 50 mM MgCl  and by dissecting out 

the genital atrium, copulatory canal, diverticulum, bursa copulatrix and its tract. 

Right after dissection, the preparation was allowed to adjust in the saline bath for 

30 min. and between trials it was rinsed three times with saline solution and left for 

5 min. in a renewed saline bath. Each trial consisted of addition of an extract or 

saline solution (control) to the saline bath of the preparation. Extracts were 

obtained each day by dissecting the tissue of interest out of one snail and crushing 

it with a plastic pestle in 0.5 ml saline. For each test, one preparation was used per 

day for testing all different trials and each extract was used once to avoid 

pseudoreplication. To assess the length of the diverticulum, pictures of the 

preparation were taken with a webcam (Logitech® HD Pro Webcam c920). 

Diverticulum length was measured in ImageJ from its tip to the base where the 

bursa copulatrix tract branches. For each flank of the organ three measures were 

made and the average of these considered.  

 

Dose-time test 

To test the extent of the shortening effect, we performed a dose-time test on C. 

aspersum. Preparations of this species (N=10) were each tested with five test 

substances in random order. These trials included four doses of accessory mucous 

gland extracts of E. vermiculata and one dose of saline solution. The mucous 

doses were equivalent to 1.1 mg, 2.2 mg, 3.3 mg and 4.4 mg of the extract. Note 

that 2.2 mg is roughly the maximum amount of mucus that the love-dart of C. 

aspersum can carry (calculated as the difference between the wet weight of shot 

and non-shot darts; Koene and Chase, 1998a). 48 μl of saline was added, which 

equals the average volume addition of 2.2 mg mucus. Before addition of a 

substance, a picture of the preparation was taken (time 0 min.) and successively 

every 5 min. for 30 min. In total, the amount of time each preparation was used is 

comparable to the one employed in the experiments of Koene and Chase (1998a), 

approximately 3.5h. 
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Occurrence and specificity of shortening effect  

To test whether the shortening effect is specifically caused by E. vermiculata’s dart 

mucus, we applied this and several other substances to preparations of C. 

aspersum (N=18). The tested extracts were accessory mucous gland extracts of C. 

aspersum and E. vermiculata as well as body wall extracts from both species. Both 

materials are most likely to be introduced into a mating partner of the same species 

during dart shooting. When the dart perforates the partner, probably some of the 

mucus present on the body surface and mucus contained in the mucous cells 

embedded in the epithelium (Luchtel et al., 2001) enter the snail, although in 

insignificant quantities compared to the mucus covering the dart. The body wall for 

the extract was taken from the area next to the genital pore of both species, where 

the dart normally hits the partner (Lodi and Koene, 2016b). As a control, 48 μl of 

saline was used. The amount of mucous and body wall extract added were 

equivalent to 2.2 mg, since it is the maximum dosage that a partner would receive 

(Koene and Chase, 1998a). Two pictures of the preparation were taken: before 

and 5 min. after addition of each substance (this was a sufficient amount of time to 

see a distinct effect from saline according to results of the dose-time test). 

To test whether the shortening effect also occurred when mucus of E. vermiculata 

was applied to its own reproductive system and whether it was specific to dart 

mucus, E. vermiculata’s preparations (N=18) were tested with the five 

abovementioned substances by following the same protocol. 

 

Statistical analyses 

Data were log-transformed only for the test on occurrence and specificity of the 

shortening effect on C. aspersum, since not all groups were normally distributed. 

For all tests a mixed ANOVA was performed to estimate the effect of time and 

treatment on diverticulum length. This test compares means between two or more 

independent variables and one of them can be a repeated measure (Field, 2005). 

In our case, Time and Treatment were the two independent variables and Time the 

repeated measure, since the diverticulum length of each preparation was 

measured at two or more time-points. When the sphericity assumption was violated 

(only for the dose-time test), we performed the Greenhouse-Geisser correction. If 
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the interaction Time x Treatment was significant, the simple effect with Fisher’s 

LSD adjustment was tested. This test assesses whether a variable had a 

significant effect at each level of another variable by making pairwise comparisons. 

For the dose-time test, we also calculated percentages of length gain or reduction 

per time-point compared to min. 0 to see if the shortening response increased over 

time. In addition, to test for dependency in our data (since one preparation was 

used per day to test all treatments) for all tests we performed one-way ANOVAs on 

diverticulum length at time 0. If the original length was regained after each trial, the 

measurements returned to the same baseline.  

 

Results 
 
Dose-time test 

After applying four doses of E. vermiculata’s dart mucus and one dose saline to C. 

aspersum’s preparation, Time and the interaction Time x Treatment were 

significant (F2.5=21.877, p<0.001; F10=9.164, p<0.001, respectively). This implies 

that the different tested substances did not all cause a reaction in the same way 

over time. At 5 min., all mucous doses significantly differed in comparison to saline 

(all p-values <0.05), except for the lowest dose that showed a trend in the same 

direction as the other doses (p=0.052). This means that the mucous extracts 

induced length reduction compared to the control depending on the dose (Figure 

4.2A). At 30 min. all the doses differed from saline (all p-values <0.01), indicating 

that the shortening effect remained effective over time. Percentages of diverticulum 

length gain or reduction per time-point compared to min. 0 are indicated in Figure 

4.2B, which shows that with saline addition the diverticulum relaxed over time by 

increasing in length, while the mucous doses induced the diverticulum to become 

shorter and this response increased over time. For all measurements the 

diverticulum regained its original length after each trial (F4, 45=0.295, p=0.880). 

 



Chapter 4

70

 
 
Figure 4.2 Dose-time response of C. aspersum’s diverticulum. A. Mean length (± SE) of the 

diverticulum that became short when four doses of love-dart mucus of the species E. vermiculata were 

applied while it gained length when saline solution was applied as control. B. Percentages of 

diverticulum length gain or reduction (percentages compared to time point 0 min.). 

 

Occurrence and specificity of shortening effect  

When five different substances were applied to C. aspersum’s preparation, there 

was a significant interaction Time x Treatment (F4=9.622, p<0.001). By comparing 

the response among treatments over time, the saline solution induced the 

diverticulum to relax (p<0.001), neither the body wall extract of either species (C. 

aspersum: p=0.177; E. vermiculata: p=0.703) induced the diverticulum to become 

shorter but the mucous extracts did (C. aspersum: p=0.036; E. vermiculata: 

p<0.001) (Figure 4.3). Between the two species, E. vermiculata’s mucus showed 

the strongest effect by decreasing the diverticulum by 9% of its original length 

compared to C. aspersum’s, which caused approximately half the length reduction 

(4.8%).  

In contrast, E. vermiculata’s diverticulum showed no shortening effect in response 

to any of the five substances that were applied (Time: F1=0.119, p=0.732; Time x 

Treatment: F4=0.897, p=0.470) (Figure S4.1). For both species, the diverticulum 

regained its original length after each trial (C. aspersum: F4, 85=0.130, p=0.971; E. 

vermiculata: F4, 85=0.350, p=0.844).  
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Figure 4.3 Mean length (± SE) of C. aspersum’s diverticulum in response to different substances. The 

length was measured before (0 min.) and after (5 min.) the addition of the five tested substances. The 

asterisks show the significance (*p< 0.05, ** p< 0.001). 

 

Discussion 
 

Dart-bearing land snails affect the way in which their donated sperm are used by 

the partner via accessory mucous gland products transferred during courtship 

(Koene and Chase, 1998a; Kimura et al., 2013, 2014; Lodi and Koene, 2016a). 

Our study reveals, for the first time, that resistance to manipulation induced by 

these substances can occur at the physiological level, rather than only 

anatomically. This is only detectable when the love-dart mucus of E. vermiculata is 

applied to another helicid, C. aspersum. In this case, the length reduction of the 

diverticulum is visible and induced in a dose-time dependent fashion, becoming 

more effective over time. This shortening effect is most strongly caused by E. 

vermiculata’s dart mucus. 

Morphologically, E. vermiculata would have two ways in which it would be able to 

let the spermatophore’s tail protrude into the vaginal duct of its mating partner, thus 
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favouring donated sperm to avoid digestion (Lind, 1973). Either the spermatophore 

length would need to be increased or the organ in which it is received would need 

to become shorter. For C. aspersum the first option seems to apply since its 

spermatophore is more than twice the diverticulum length (see Figure 4.1 and 

Table S4.1). However, the opposite situation occurs in E. vermiculata. The 

spermatophore represents only a third of the length of the diverticulum (see Figure 

4.1 and Table S4.1). Given the difficulty that this long organ might impose on 

sperm survival is thus not overcome anatomically, the evolution of a substance that 

shortens the diverticulum physiologically seems beneficial as this reduces the 

distance to the oviduct entrance. The diverticulum has the potential to be modified 

in such a way since it is a very flexible organ. For example, its wall has been 

reported to change in thickness and diameter following spermatophore receipt 

(Beese et al., 2006a) and in our tests it regained its original length after the dart 

mucus was washed away.  

Interestingly, our results indicate that E. vermiculata is insensitive to the shortening 

effect caused by its own mucus. This may be due to, for example, a reduction in 

the receptor sensitivity on this species’ diverticulum to the shortening-inducing 

substance. This could be interpreted as evidence of antagonistic coevolution to the 

manipulative effect caused by the love-dart mucus. If this is the case, the results 

would indicate that the female function gained an advantage in the conflict for this 

particular effect (Arnqvist and Rowe, 2002). However, note that this scenario 

applies provided that the love-dart imposes costs on the dart receiver, thereby 

causing sexual conflict (Arnqvist and Rowe, 2002, 2005). Coevolution between 

male and female traits can generally also be explained by other sexual selection 

processes (e.g., female choice, Fisherian run-away and good-genes/sexy sons) 

that are not necessarily mutually exclusive (Andrés and Arnqvist, 2001; Rowe et 

al., 2003; Arnqvist and Rowe, 2005; Rowe and Day, 2006). To disentangle these, 

the costs and benefits, to the female, of being manipulated should be quantified 

(Eberhard, 2009).  

In contrast to the situation of E. vermiculata, the species C. aspersum never had 

the chance to receive the mucus of E. vermiculata, hence it did not evolve 

resistance to that particular substance. Thus, we were able to detect this expected 
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hidden female resistance in E. vermiculata only by testing the two species for 

cross-reactivity. One might also have expected E. vermiculata to react to C. 

aspersum’s mucus, since the former also did not have the possibility to coevolve 

with the latter’s mucus substance. However, since the shortening effect on C. 

aspersum’s diverticulum is induced by the mucus of both species, there is the 

possibility that these substances are similar (see also Lodi and Koene, 2016a). If 

this is the case, E. vermiculata becoming insensitive to its own substance may, as 

a result, also prevent a reaction to C. aspersum’s dart mucus. Further research on 

the identification of such substances, and their receptors, would clearly clarify this 

point.  

Although E. vermiculata did not display the shortening effect, this mucus effect still 

persists even though it seems to bring no benefit to the dart user, based on the 

results obtained so far. This situation could be explained if the female function 

recently evolved this resistance and the male did not counteradapt yet. Alternative 

explanations could be that the manipulative substance also causes other effects in 

the dart recipient, that were not measured here, or that there are no significant 

costs for producing this particular substance. Despite not showing this shortening 

effect, increased male reproductive success in E. vermiculata can still be achieved 

by other post-copulatory mechanisms. This could, for example, still work via the 

closing off of the entrance to the bursa copulatrix (Koene and Chase, 1998a; Lodi 

and Koene, 2016a). Other common strategies in the animal kingdom to think of in 

this context are, for example, the evolution of fast-swimming sperm (e.g., cichlids; 

Fitzpatrick et al., 2009), long sperm (e.g., stalk-eyed flies; Presgraves et al., 1999), 

and addition of new manipulative substances in the seminal fluid (Eberhard, 1996). 

In general, our results are comparable to cross population studies on signal-

receptor coevolution between sexes in flies, which also suggest evolution of female 

resistance. For example, during mating males of the housefly Musca domestica 

transfer accessory gland substances (seminal fluid proteins) that induce oviposition 

in females (Riemann and Thorson, 1969). However, when females mate with 

males of different strains (compared to their own), they show an increased 

oviposition effect (Andrés and Arnqvist, 2001). Another example is the seminal fluid 

of male Drosophila melanogaster that is able to remove sperm of males that 
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previously mated with the female (Harshman and Prout, 1994). This effect is 

weaker in females of the same strain (Clark et al., 1999). Strong resistance to the 

same male strain may occur as a result of antagonistic coevolution between female 

receptors and male seminal products (Rice, 1996; Andrés and Arnqvist, 2001). 

However, this is not always the case when crossing strains or populations 

(Chapman et al., 2003a; Rowe et al., 2003).  

In sum, despite the abundance of simultaneous hermaphrodites (Anthes, 2010), 

little is known about the consequences of the disagreement over usage of donated 

sperm between mating partners that have both sexual functions present in the 

same body (reviewed by Schärer et al., 2014). Until recently, studies on separate-

sexed species have dominated this field of research (e.g., Friesen et al., 2016) 

and, as a result, explanations based on separate sexes have dictated theory so far. 

Our current findings turn out to be in agreement with those observed in sexual 

antagonistic coevolution in separate-sexed species. However, they do highlight 

that selection outcomes can be complicate and conceptually more difficult to 

comprehend in organisms that are male and female at the same time (Koene, 

2017), since simultaneous hermaphrodites express both the genes for producing 

manipulative compounds and those for resisting their effects. Finally, our study is 

the first to provide evidence for simultaneous hermaphrodites that is in line with the 

idea that female resistance to a male signal may take place at the physiological 

level and, more importantly, that it can remain hidden when tested on a single-

species.  
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Supplementary files 

Table S4.1 Mean length (± SD) of spermatophore-producing and -receiving organs of C. aspersum and 

E. vermiculata. These organs were measured for both species (N=10 for each) with a digital calliper by 

using specimens used in this study preserved in 70% Ethanol. 

 

 
 

 

 

 

 
 
Figure S4.1 Mean length (± SE) of E. vermiculata’s diverticulum in response to different substances. 
The length was measured before (0 min.) and after (5 min.) the addition of the five tested substances. 

Significance between time points was not found. 
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Abstract 
 
Promoted by sexual selection, males usually adopt different ways to increase their 

fertilization chances. In many insect taxa males donate nuptial gifts together with 

sperm, which represent a valuable additional nutrient source that females can use 

to provision eggs. This has also been suggested to occur for simultaneous 

hermaphrodites, organisms with both sex functions. In theory, donation of nuptial 

gifts or extra nutrients is not effective when these organisms mate reciprocally 

(mutual exchange of ejaculates), since each partner receives the amount it also 

transfers. Hence, the net amount gained would be zero, and considering the non-

trivial costs of metabolic conversion the energy balance of this exchange ends up 

negative. To test this prediction, we measured material (dry weight) and resource 

(carbon and nitrogen content) investment into ejaculates of the fresh water snail 

Lymnaea stagnalis and spermatophores of the land snail Cornu aspersum. When 

compared to eggs, our results indicate that the investment is low for ejaculates and 

spermatophores, neither of which represent a significant contribution to egg 

production. Importantly, when these snails mated reciprocally, couples exchanged 

similar amounts of material and resources, thus a gain of extra substances seems 

irrelevant. Hence, caution is needed when generalizing functions of male 

reproductive strategies across mating systems. Although digestion of ejaculates 

does not provide extra material and resources in simultaneous hermaphrodites, 

their absorption could still be important to eliminate excess of received sperm and 

select sperm via cryptic female choice.  
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Introduction 
 
When males are in competition for egg fertilization, different strategies that 

increase their reproductive success compared to rivals are advantageous and 

favoured by sexual selection (Kodric-Brown and Brown, 1984; Birkhead and 

Pizzari, 2002; Snook, 2005). One well known example is the donation of extra 

nutrients as a nuptial gift to a female, which is common in many taxa of insects 

(Thornhill, 1976; Vahed, 1998; Gwynne, 2008). The donated nutrients can be 

compounds transferred with sperm, such as seminal fluid, spermatophores, or 

lipids (Vahed, 1998; Lewis and South, 2012; Lewis et al., 2014), which are 

digested by use of enzymes released in the female genital tract (e.g., Hartmann 

and Loher, 1999) or in specialized organs (e.g., Reijden et al., 1997). Nutrients can 

also take the form of male body parts, such as a male’s hind wing, caught prey or 

salivary secretions that are acquired by the female via oral ingestion before or 

during copulation (Lewis and South, 2012). Nuptial gifts can benefit males at 

different stages, before, during and after mating (reviewed by Lewis and South, 

2012). After copulation male reproductive success can be enhanced by increasing 

female fecundity; for example, females of the moth species Utetheisa ornatrix 

produce 32 more eggs in their clutches after digestion of one spermatophore, 

which is 15% more than their usual egg output (LaMunyon and Eisner, 1994).  

It has also been suggested that donated ejaculates could represent a source of 

additional nutrients to the partner or that they could be donated as a nuptial gift 

usable for egg production in simultaneous hermaphrodites (Charnov, 1979; Yusa, 

1996; Greeff and Michiels, 1999b; Rogers and Chase, 2001; Evanno et al., 2005; 

Garefalaki et al., 2010; Sauer and Hausdorf, 2010; Lange et al., 2012; Yamaguchi 

et al., 2012; Kimura and Chiba, 2013b), i.e. organisms that have and use both 

male and female reproductive organs. However, whether such cases occur has not 

been tested yet, these are either speculations or simplifying assumptions (see also 

Schärer et al., 2014).  

When sperm transfer is reciprocal in simultaneous hermaphrodites, i.e. both 

partners give and receive an ejaculate during one mating encounter, donation of 

nutrients seems unlikely to be effective (Koene and Chase, 1998b; Michiels, 1998). 
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First, if the donated material is a nuptial gift, this could not only be used for egg 

production but also be invested in body maintenance and/or in the male function of 

the partner (Figure 5.1), which would be a disadvantage to the donor and could 

potentially benefit the recipient that is a rival in sperm competition (Michiels, 1998). 

Second, irrespective of this, when sperm transfer is reciprocal an individual will 

receive roughly the same amount of material and resources as it donates (Figure 

5.1), even when sperm transfer is unilateral, an individual will donate and receive 

an equal number of times on average. Thus, the net substance gain would be zero 

for both partners (Beese et al., 2006a).  

 
 
Figure 5.1 Fate of donated ejaculate (in black) between mating systems. In separate-sexed mating 

(e.g., Drosophila), the donated ejaculate is received and used only by the female. In simultaneous 

hermaphrodites, when mating is unilateral (e.g., Lymnaea stagnalis), the received ejaculate can 

contribute to the recipient's reproductive investment (male and/or female); when mating is reciprocal 

(e.g., Cornu aspersum), the amounts of male investment are being exchanged, hence the bidirectional 

arrow (so no net gain on either side). Drosophila drawing from Zizzari et al. (2014). Note that the 

conversion costs of the received ejaculate are not taken into account in this visualization. For example, 

in reality the exchange of the black portions in the right hand side of the figure would result in smaller 

usable black portions (i.e. what is left after the energy needed for metabolic conversion is subtracted). 
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More importantly, the costs of metabolic conversion of the received ejaculate into 

energy would result in an energy loss for the partner (Leonard, 1999). Despite 

these insights, the use of ejaculate digestion as a way of gaining a material benefit 

from a mating is a recurring suggestion in the literature on hermaphrodites. 

However, until now quantitative data are lacking on the amount of material and 

resources exchanged during mating to confirm this scenario. Thus, here, for the 

first time, we addressed this issue directly.  

To test the abovementioned predictions, we used the fresh water snail Lymnaea 

stagnalis and the land snail Cornu aspersum, because they digest received 

ejaculates and represent two different cases of mating reciprocity that occur in 

simultaneously hermaphroditic organisms. Reciprocation for L. stagnalis is not 

obligatory, meaning that after a mating encounter, where one snail acted as female 

while the other performed the male role (hereafter named primary donor), either the 

snails separate or they swap roles: the one that was performing the female role can 

now act as male (hereafter named secondary donor) and inseminate the other. 

Thus, these snails can perform one sexual role at the time in a so-called sequential 

mating (Koene and Ter Maat, 2005). In contrast, mating reciprocation in C. 

aspersum is obligatory (Adamo and Chase, 1988; Chase and Vaga, 2006). During 

a mating encounter, both snails act as female and male at the same time by each 

receiving and donating a spermatophore. Hence, potential nutrient transfer is 

always mutual in C. aspersum, while it is unidirectional in L. stagnalis when 

reciprocation does not occur. 

To investigate whether donated ejaculates and spermatophores could provide 

valuable extra substances for a mating partner, for each species we quantified 

male contribution by measuring material investment as dry weight and resource 

investment as carbon and nitrogen content. These values were compared to the 

material and resource investment in eggs to verify whether ejaculates and 

spermatophores could represent significant substances to be used for egg 

production. To determine if spermatophores and ejaculates could function as 

nuptial gifts, we assessed whether C. aspersum couples and primary and 

secondary sperm donors of L. stagnalis invested similarly during mating.  
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Material and methods 
 
Lymnaea stagnalis 

Adult snails, aged four months, were taken from the lab culture of the VU University 

Amsterdam, The Netherlands. They were fed ad libitum with lettuce and all isolated 

in individual perforated polythene jars (9 x 9 x 10 cm) placed in a tank with running 

low-copper water at 20°C and with a photoperiod of L:12h D:12h.  

To estimate body size, shell length of egg-layers, primary and secondary sperm 

donors was measured with a digital calliper. To measure material investment into 

eggs and ejaculates compared to body mass, we measured egg and ejaculate dry 

weights after freeze-drying them for one day (ejaculates were freeze-dried during 

centrifugation). The dry body mass was calculated as the sum of the dry weight of 

the body without shell (immediately after mating or laying eggs, snails were 

anesthetized with 50mM MgCl2, their bodies kept at -20°C and then freeze dried for 

two days) and the shell, which was removed after anesthesia and dried at 50°C in 

a stove for 1.5 h. To estimate resource investment, the percentage of carbon and 

nitrogen contained in egg masses and ejaculates were measured with a CN-

analyser (FlashEA 1112 series). Each ejaculate could be analysed individually, 

whereas, due to the large size of egg masses, three portions per crushed egg 

mass were analysed and the average of those measurements considered. All 

samples were weighed before analysis, which allowed us to calculate the total 

amount of nitrogen and carbon content. Egg masses and ejaculates were collected 

as follows. 

 

Egg mass collection 

Lymnaea stagnalis from our lab culture lays 1–3 eggs masses per week (Nakadera 

et al., 2014a). Eggs are embedded in a gelatinous string and enclosed by a 

capsule to form an egg mass (Dogterom et al., 1983). To obtain eggs, snails were 

kept in isolation for four days in perforated polythene jars (9 x 9 x 10 cm) to allow 

for adjustment to experimental conditions and check for egg laying ability (Hoffer et 

al., 2010). After this period, they were transferred to a clean jar (9 x 9 x 10 cm) to 

stimulate egg laying (Ter Maat et al., 1983). Snails were checked daily for the 
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following three days during which the first egg mass laid by every individual was 

collected. The egg masses were scanned (CanoScan Lide 700F) so that the 

number of eggs could be counted with ImageJ. Afterwards, all egg masses were 

kept at -20°C. 

 

Ejaculate collection  

In order to collect the ejaculate of primary donors, snails were kept in isolation for 

one week to increase their willingness to mate in the male role (De Boer et al., 

1997). After this week, each day snails were randomly paired up for the mating 

trails in polythene containers without perforations (9 x 9 x 10 cm). One snail of the 

pair was marked with nail polish on its shell to enable distinction between the two 

partners during the behavioural observations. Copulation behaviour was observed 

every ten minutes (for a visualization of the behaviours see Koene, 2010) and we 

noted which snail wanted to perform the male role when mounting the shell of the 

other; whether the male-acting snail was probing by everting its preputium; and 

whether snails were mating when the penis was inserted in the female gonopore. 

This observation was repeated until snails stopped mating. In order to collect the 

ejaculate, immediately after mating the sperm receiver was anesthetized with 

50mM MgCl2 because the donated ejaculate has not yet been moved to the bursa 

copulatrix for digestion (Loose and Koene, 2008). Thus, the vaginal duct was 

dissected out, placed in an Eppendorf with distilled water and vortexed for 1 min. to 

recover the ejaculate. If some of the ejaculate was still attached to the tissue we 

removed it with tweezers. The Eppendorfs containing the ejaculates were vortexed 

for 1 min. and centrifuged at 20,000 rpm for 15 min. to form a pellet at the bottom. 

Then, excessive water was removed until 0.1 ml was left. Samples were kept at -

20°C.  

For ejaculate collection of secondary donors, nearly the same protocol as above 

was followed. All snails were isolated for a week to stimulate mating reciprocation 

(Koene and Ter Maat, 2005). Instead of dissecting out the ejaculate of the first 

receiver when the mating stopped, we waited for the reciprocal mating to start. 

When it did, observation of the mating behaviour was conducted as previously 
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described. After the second mating ended, ejaculate collection was conducted as 

explained above.  

 

Cornu aspersum   

Adult snails of the subspecies Cornu aspersum maximum where obtained from the 

snail farm Slow Escargot, Nieuwaal, The Netherlands. They were kept at 20°C and 

L:16h D:8h photoperiod at 60% humidity. They were cleaned, fed lettuce ab libitum 

and snail feed to provide calcium twice a week (the Chase mix, see Lodi and 

Koene, 2016a). 

To estimate body size, shell volume of egg-layers and mating couples was 

determined by measuring length, height and width of the shell with a digital calliper 

and then calculated with the formula of  Rogers and Chase (2001). To determine 

material investment compared to body mass, the dry weight of eggs and 

spermatophores was measured after they were freeze-dried for one day. Body dry 

mass was calculated as the sum of the dry weight of the body without shell 

(immediately after mating or laying eggs, snails were anesthetized with 50mM 

MgCl2, their bodies kept at -20°C and then freeze dried for two days) plus the shell, 

which was removed after anesthesia and dried at 50°C in a stove for 1.5 h. To 

estimate resource investment, the percentage of carbon and nitrogen content of 

eggs and spermatophores was measured with a CN-analyser (FlashEA 1112 

series). We randomly took three eggs per egg clutch (or fewer in case snails laid 

fewer eggs), crushed them individually and analysed a portion of each egg. For 

spermatophores, we divided each one in its three main components (neck, body, 

tail), crushed them individually and analysed a part of each. The average of the 

three egg parts and the three spermatophore parts, respectively, was considered. 

All samples were weighed before analysis, which allowed us to calculate the total 

amount of nitrogen and carbon content. Eggs and spermatophores were collected 

as follows. 

 

Egg collection 

Snails of C. aspersum maximum used in this study normally lay eggs twice a year 

(farm Slow Escargot, personal communication). Upon arrival, thirty snails were 
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grouped per cage (32 x 20 x 20 cm) for one week to give them the opportunity to 

mate to obtain sperm for egg fertilization and/or enough time for sperm received 

from previous matings to reach the sperm-storage organ (Rogers and Chase, 

2001). Subsequently, snails were individually kept in plastic boxes (17.5 x 11 x 13 

cm) with 4–5 cm of moist soil at the bottom to allow them to dig a hole in which to 

lay eggs (Koene and Chase, 1998b; Chase and Blanchard, 2006). Boxes were 

checked for eggs daily. When eggs were found, they were collected, counted and 

then kept at -20°C.  

 

Spermatophore collection 

Upon arrival, 116 snails were isolated for at least 10 days in plastic boxes (11.5 x 

11.5 x 5 cm) with moist paper towel at the bottom, to increase their eagerness for 

courting (Adamo and Chase, 1990a). For every mating trial, snails were kept in 

groups of 14 individuals per glass cage (30 x 20 x 10 cm). When a couple started 

courting, i.e. extensive tentacle contact and biting (Adamo and Chase, 1988), it 

was transferred to a plastic box (17.5 x 11 x 13 cm) to allow for closer observation. 
This transfer did not affect the couples behaviour except in one case where 

courtship stopped. When mutual penis intromission occurs, the spermatophore is 

immediately formed (it does not contain sperm until 2-6 h later), and its transfer 

occurs only after 4.5–6 h (Adamo and Chase, 1988). Thus, approximately 5 hours 

after intromission, snails were separated by slowly pulling them apart and within an 

hour they ejected their own sperm-filled spermatophore via their genital pore (Lind, 

1973; Koene and Chase, 1998b; Rogers and Chase, 2001; Chase and Vaga, 

2006). Spermatophores were collected and kept at -20°C. In eight cases the tail of 

the spermatophore broke and the rest was removed by dissecting the snail under a 

stereo microscope. 

 

Results 
 

Lymnaea stagnalis 

Mean ± SD shell length was 2.94 ± 0.11 cm for egg-layers (N=27), 2.99 ± 0.09 cm 

for primary donors (N=24) and 3.05 ± 0.10 cm for secondary donors (N=25). Snails 
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of these three groups differed in shell length with egg-layers being shorter than the 

second donor group (ANOVA: F2,73=7.889, p=0.001, Tukey HSD p<0.001). 

However, this difference is negligible since such size ranges are normally seen in 

snails of this age and their body masses did not differ (ANOVA: F2,73=2.607, 

p=0.081). Moreover, in the light of adult shell lengths ranging from 1.8 to around 

4.0 cm in this species, the above difference of about 1 mm is relatively small.  

As material investment, the mean ± SD dry weight was 0.40 ± 0.17 mg for the 

ejaculate of primary donors (N=24) and 0.43 ± 0.10 mg for the ejaculate of 

secondary donors (N=25), which did not differ significantly (Mann-Whitney U test: 

U=356.000, d.f.=1, p=0.263; Table 5.1). This investment did not correlate with shell 

length for either primary (r=0.089, p=0.679) or secondary donors (r=0.094, 

p=0.656). In contrast, egg masses weighed on average 13.76 ± 3.42 mg and 

contained 113 ± 19 eggs. Snails invested significantly less material into ejaculates 

compared to egg masses (Kruskal-Wallis test: H=52. 074, d.f.=2, p<0.001; 

Bonferroni post-hoc test: p<0.001 when dry weight of eggs was compared to those 

of ejaculates of primary and secondary donors). Material investment of an egg 

mass compared to body mass was 3.41%, and only 0.10% for the ejaculates of 

both primary and secondary donors (Table 5.1). 

In terms of resource investment, the amount of carbon did not differ between the 

ejaculates of primary (N=24) and secondary donors (N=25) (Mann-Whitney U test: 

U=372.000, d.f.=1, p=0.150), nor did the amount of nitrogen (Mann-Whitney U test: 

U=374.000, d.f.=1, p=0.139). Overall, the egg samples (N=27) had the largest 

quantity of carbon and nitrogen compared to the ejaculate samples (carbon: 

Kruskal-Wallis test H=52.414, d.f.=2, p<0.001; nitrogen: Kruskal-Wallis test 

H=52.462, d.f.=2, p< 0.001; Bonferroni post-hoc test p<0.001 when both carbon 

and nitrogen of eggs was compared to those of ejaculates of primary and 

secondary donors) (Table 5.1). Percentages of carbon and nitrogen content of 

ejaculates of primary donors, secondary donors and egg masses are visible in 

Table 5.1. The number of ejaculates needed to provision enough carbon for one 

egg mass would be 33 and 30, respectively for primary and secondary donors, and 

21 and 20, respectively, to provision enough nitrogen.  
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Cornu aspersum 

Mean ± SD shell volume was 11.96 ± 1.90 cm  for egg-layers (N=35) and 12.60 ± 

1.71 cm  for mating couples (N=13), which did not differ (T-test: F1, 59=0.102, 

p=0.750). 

On average, the dry weight of one spermatophore (N=26) was 8.78 ± 1.72 mg and 

such an investment did not correlate with shell volume (r=0.259, p=0.201), nor with 

the size of the spermatophore received by the partner (r=0.111, p=0.719; snails of 

each couple were assigned randomly as partner number one or two). In contrast, 

the dry weight of an egg clutch (N=35) was 383.91 ± 300.16 mg, which contained a 

mean of 50 ± 36 eggs. The dry weight of spermatophores was significantly lower 

compared to eggs (Mann-Whitney U test: U=52.000, d.f.=1, p<0.001). Material 

investment compared to body mass was 6.31% for egg clutches and only 0.13% 

for spermatophores (Table 5.1). 

Concerning resource investment, the egg samples (N=34) had larger amounts of 

carbon (Mann-Whitney U test: U=27.000, d.f.=1, p<0.001) and nitrogen (Mann-

Whitney U test: U=92.000, d.f.=1, p<0.001) compared to spermatophores (N=26) 

(Table 5.1). Percentages of carbon and nitrogen content of spermatophores and 

egg clutches are visible in Table 5.1. The number of spermatophores needed to 

provision enough carbon for one egg clutch would be 31, and to provision enough 

nitrogen it would be 14.  

Within a mating couple, the lighter spermatophores transferred between two mating 

partners on average weighed 7.81 ± 1.38 mg and the heavier 9.76 ± 1.49 mg, 

resulting in a difference in material investment of 1.95 ± 1.28 mg. This difference 

represents 22.24% of the average investment into a spermatophore and 0.51% in 

an egg clutch. The average difference in resource investment between heavier and 

lighter spermatophores was 0.95 ± 0.61 mg for carbon and 0.28 ± 0.19 mg for 

nitrogen. This, respectively, represents 22.35% and 22.69% of the average amount 

contained in one spermatophore and 0.72% carbon and 1.57% nitrogen in an egg 

clutch.  
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Table 5.1 Mean ± SD investment into egg masses and ejaculates of L. stagnalis and into egg clutches 

and spermatophores of C. aspersum. 

 

 
 
Discussion 
 
There is a lack of empirical evidence for whether simultaneous hermaphrodites 

gain a nutritional benefit from the receipt of ejaculates during mating. So far, only 

one study quantified male material and resource investment in a land snail, but 

since the research aim was focused on something else the net substance gain 

when mating is reciprocal was not measured (Locher and Baur, 2000). Our results 

show that ejaculates of the fresh water snail L. stagnalis and spermatophores of 

the land snail C. aspersum do not represent a substantial contribution to the 

partner. When compared to the investment in eggs, the male investment is 

considered too low to contribute meaningfully to the provisioning of eggs. In 

addition, when mating is reciprocal, couples exchange similar amounts of material 

and resources, making donation of a nuptial gift unlikely to evolve since the net 

substance gain for a partner is almost zero. 

In general, the relative material investment into ejaculates and spermatophores of 

the species used in this study is very low, only 0.10% compared to body mass for 

both primary and secondary donors of L. stagnalis and 0.13% for C. aspersum. 

Compared to other species, this is similar to the low investment of the male ground 

beetle Carabus insulicola, which transfers a spermatophore of 0.61% his body 

mass that is considered less of a nutrient source for females compared to other 

insect species (Takami, 2002). Higher contributions are found in the seed beetle 

Stator limbatus that gives an ejaculate that equals 4.8% of male body mass (Fox et 



Chapter 5

89

al., 1995), and in the Lepidoptera Pieris rapae, where the male gives a 

spermatophore that can reach up to 7% of its body mass (Watanabe and Sato, 

1993). Supplying even more, male moths of the species Gluphisia septentrionis 

invest 9% of their body weight in a spermatophore (Smedley and Eisner, 1996), 

male monarch butterflies invest 10% (Oberhauser, 1989), and tettigonid males 

Requena verticalis invest up to 20% (Davies and Dadour, 1989). In all these 

species males could actually provide a valuable nutritional contribution, which is 

considered a nuptial gift. The mentioned examples concern male investment of one 

mating encounter, and often involve a specialized nuptial gift, but even if males 

mate multiple times and only donate ejaculates their contribution can remain high. 

For example, male seed beetle (Callosobruchus maculatus) that mate three times 

give an ejaculate that is on average 3% of his body mass each time (Savalli and 

Fox, 1999). In general, the large investment of males can be costly, for example, 

males of the genus Ephippiger lose 25% of their weight after spermatophore 

production (Thornhill, 1976) and males of the tropical bruchid, Caryedon serratus 

lose 15% (Boucher and Huignard, 1987). In contrast, based on our results, the low 

male material investment of C. aspersum and L. stagnalis seems much less costly. 

However, one has to keep in mind that male contribution to reproduction is not only 

defined by the quantity of material invested. Significant reproductive costs are also 

made for courtship, mating behaviour (e.g., dumpling squid Euprymna tasmanica; 

Franklin et al., 2012) and accessory gland product production (e.g., seminal fluid; 

Koene, 2017).  

The investment of the male function of the snail species investigated here in terms 

of resources (measured as carbon and nitrogen content) was also relatively low, 

especially when compared to the amount necessary for producing eggs, excluding 

the metabolic conversion costs of the received material (Leonard, 1999). On 

average, 20 ejaculates would need to be digested by L. stagnalis in order to 

provide enough nitrogen to build an egg mass and 32 ejaculates to provide enough 

carbon. Similarly, for C. aspersum 14 spermatophores are needed to gain enough 

nitrogen and 31 for carbon to produce one egg clutch. The resource investment of 

C. aspersum reported here is similar to the concentration of nitrogen and carbon 

found in the eggs and spermatophores of the land snail Arianta arbustorum 
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(Locher and Baur, 2000). So, while for many insects species, partner-derived 

nutrients are known to be incorporated into eggs (e.g., Boggs and Watt, 1981) and 

largely affect female reproductive output in terms of egg size (e.g., Fox et al., 1995) 

and number of eggs laid (e.g., LaMunyon and Eisner, 1994), such a nuptial gift 

effect does not seem to apply to the snail species used in the current study. 

The general low male investment reported here was similar between reciprocating 

mating partners. For L. stagnalis, a secondary donor donated a similar amount to 

what it received in terms of material and resources, i.e. primary donors did not 

invest more than secondary donors. Still, for L. stagnalis a gain of extra 

substances could be possible whenever reciprocation does not take place, which 

can happen when insufficient seminal fluid is available (Koene and Ter Maat, 

2005). However, given the small amount received by the partner (0.40 mg) this 

would probably still not provide enough material and resources to really benefit 

from digesting this ejaculate. 

According to Nakadera et al. (2014b), a difference in investment could have been 

expected between ejaculates of primary and secondary donors, with the second 

one being lower. Secondary donors are known to transfer significantly fewer sperm 

(61% reduction) in their next copulation due to the effect of seminal fluid proteins 

received in the ejaculate from the primary donor (Nakadera et al., 2014b). Hence, 

in our experiments this decline in sperm transfer might have been reflected in a 

lower investment compared to primary donors, but such a difference was not 

found. Probably, if the seminal fluid is the largest part of the ejaculate, 

proportionally less sperm may not be so noticeable.  

Similarly, in the land snail C. aspersum, where mutual sperm exchange always 

occurs because mating reciprocation is obligatory (Adamo and Chase, 1988; 

Chase and Vaga, 2006), male investment of mating couples was similar. Within a 

pair, when a partner received a larger spermatophore compared to the one 

donated, it only gained approximately one fifth more material and resources. 

Hence, again a gain of extra substances via this route seems not to be meaningful. 

In these snails, accessory gland proteins are also transferred between partners in 

the form of mucous products on the surface of the so-called love-dart, which is a 

calcareous stylet that is stabbed through the partner’s body wall during courtship 



Chapter 5

91

(reviewed by Lodi and Koene, 2016b). However, receipt of such mucous products 

does not affect the number of sperm delivered (Chase and Vaga, 2006), but 

instead reduces the number of sperm digested by the receiver (Rogers and Chase, 

2001), which is why in our study we did not account for whether a snail was hit by a 

dart.   

Important to note is that in our study we only quantified carbon and nitrogen 

content. This might not be sufficient to fully address the value of male resource 

investment. However, these measurements do cover the major components of 

male as well as female resource investment into reproduction. For L. stagnalis the 

ejaculate is made up of spermatozoa and seminal fluid proteins (Hoffer et al., 2010) 

and eggs primarily consist of proteins (60%), which together with galactogen 

represent 94% of the egg composition, whereas lipids, calcium and glycogen are 

almost absent (Wijsman and van Wijck-Batenburg, 1987). For C. aspersum, 

spermatophores are mainly made of spermatozoa surrounded by a protein case 

(Mann, 1984) and eggs, covered by a partially calcified shell, contain galactogen 

(38% in Helix pomatia) and calcium, while lipids are nearly absent (Tompa, 1984). 

For land snails, calcium is known to be an important factor in reproduction (Crowell, 

1973). However, the amount of calcium in one spermatophore of C. aspersum 

(equal to 0.018 mg) is known to be irrelevant compared to the amount required for 

an egg clutch (equal to 24.25 mg) and thus unlikely to be donated as a nuptial gift 

(Koene and Chase, 1998b). Future research in other simultaneous hermaphrodites 

should aim to quantify other components transferred with sperm whenever relevant 

for the species studied. 

To conclude, caution is needed when generalizing male reproductive strategies 

between mating systems. We suggest that nuptial gifts can be donated whenever 

the exchange is unilateral, e.g., from a male to a female (Figure 5.1). In contrast, in 

many simultaneous hermaphrodites sperm transfer is bilateral (Baur, 1998), 

making the net benefit for a partner effectively absent when material and resources 

exchange is similar (Figure 5.1). In addition, for these organisms the metabolic 

conversion of the received ejaculate into nutrients that can be invested in eggs is 

more costly than just producing more eggs themselves (Michiels, 1998; Leonard, 

1999; Koene, 2017). Alternatively, producing a nuptial gift could require more 
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energy than the amount gained by ejaculate digestion (Koene et al., 2006). Even if 

the donated ejaculate seems not to provide a valuable source of extra material and 

resources for simultaneous hermaphrodites, its digestion could still be important to 

eliminate excess of received sperm since females only need a small fraction for 

fertilizing eggs while the rest needs to be discarded (Dewsbury, 1982; Ridley, 

1988; Greeff and Michiels, 1999b). Moreover, ejaculate digestion allows for storage 

of sperm from different males in the sperm-storage organ since the space available 

is limited (Beese et al., 2006a), and it enables a partner to remain in control of 

fertilization processes if it eliminates sperm from low-quality mates (Eberhard, 

1996). These functions may represent the main evolutionary driving force behind 

the evolution of sperm digestion in simultaneous hermaphrodites. 
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Abstract 
 
Post-copulatory adaptations that increase reproductive success compared to rivals 

are common when sperm competition occurs among males. An example is the 

transfer of accessory gland products that promote paternity by altering female 

physiology. Some land snails transport such substances as mucous products on a 

love-dart, a calcareous stylet that penetrates through the partner’s body wall during 

courtship. Once the mucus enters the partner’s haemolymph, it causes 

physiological changes that lead to an increased paternity of the dart shooter. While 

the effect of dart mucus is beneficial for the dart user, so far it has remained 

unknown whether its transport is greater when snails experience a high level of 

sperm competition. Therefore, in this study we compared dart surface availability 

and potential mucus production among four populations with different densities. We 

did this for four dart-bearing species, Arianta arbustorum, Cepaea nemoralis, 

Cornu aspersum and Helix lucorum. The results indicate that different adaptations 

of these traits occur among the studied species and these all seem to achieve the 

same goal of transferring more mucus when sperm competition is higher. For 

example, the presence of longer and more branched mucous glands most likely 

reflects increased mucus production. Likewise, an increase in dart surface can 

reflect more mucus transport. Interestingly, the species for which the use of the 

dart is reported to be facultative, A. arbustorum, did not show any variation among 

the examined traits. To conclude, sexual selection in the form of sperm competition 

seems to be an important selective force for these simultaneously hermaphroditic 

dart-bearing snails, driving differences in sexual traits. 
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Introduction 
 
When sperm of different males co-occur in the female reproductive system, the 

chance of fertilization decreases for each male (Parker, 1998). Thus, sperm 

competition can generate strong selection on post-copulatory adaptations to 

increase a male reproductive success compared to rivals (Birkhead and Møller, 

1998; Simmons, 2001), e.g., fast-swimming sperm, long sperm viability (Snook, 

2005), and transfer of manipulative accessory gland products (Gillott, 2003). The 

latter, also termed allohormones, are proteins and peptides that can alter female 

physiology by causing effects such as the induction of egg-laying or the delay of 

female remating (e.g., Chapman and Davies, 2004). In species where the gland 

products are not transferred together with sperm, they can be injected 

hypodermically into the partner in different ways (Lange et al., 2013; Zizzari et al., 

2014). Examples in separate-sexed species are the premaxillary teeth of 

salamanders (Houck et al., 1998) and the stinging organ of scorpions (Tallarovic et 

al., 2000). In simultaneous hermaphrodites, organisms that possess both female 

and male reproductive organs, examples of such devices are the copulatory setae 

used by earthworms Lumbricus terrestris (Koene et al., 2005) and the penile stylet 

of Siphopteron sea slugs (Lange et al., 2014). 

One prominent example of the transfer of accessory gland products in 

simultaneous hermaphrodites is the love-dart of land snails (Tompa, 1984). The 

love-dart is a calcareous stylet that carries such products on its surface, produced 

by accessory mucous glands. By comparing species, it has been shown that love-

darts have a species-specific shape, and darts with an enlarged surface area (e.g., 

presence of blades and perpendicular blades on these blades) are associated with 

more elaborate accessory mucous glands in terms of number and size (Koene and 

Schulenburg, 2005). During courtship, snails try to stab the dart through the mating 

partner’s body wall, and when they succeed the dart mucus enters the 

haemolymph of the partner (reviewed by Lodi and Koene, 2016b). The dart mucus, 

once transferred, causes direct changes in the female reproductive system to the 

advantage of the dart user (Koene and Chase, 1998a; Kimura et al., 2013; 2014). 

This is well-described for one model species, the brown garden snail Cornu 
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aspersum (Koene and Chase, 1998a), where muscular contractions of the 

spermatophore-receiving organ, called diverticulum, are induced in vitro. As a 

result, spermatophore uptake may be aided. Contractions of the copulatory canal 

are also initiated, causing the closure of the duct entrance leading to the sperm-

digesting organ, called bursa copulatrix (Koene and Chase, 1998a). Via this effect, 

more sperm escape digestion and the dart user can roughly double its paternity 

(Chase and Blanchard, 2006). In other snail species, the dart mucus is also known 

to cause other effects, like remating delay of the partner in the bradybaenid 

Euhadra quaesita (Kimura et al., 2013) and a temporary contraction that reduces 

the length of the diverticulum, probably to favour sperm storage, in the helicid 

Eobania vermiculata (Lodi and Koene, 2016a). 

Since land snails mate promiscuously and multiple times per reproductive season 

(Baur, 1998), sperm competition is a strong selective force in these organisms 

(e.g., Garefalaki et al., 2010). However, whether differences in level of sperm 

competition, which is determined by the number of competing ejaculates for egg 

fertilization (i.e. sperm competition intensity; Parker et al., 1996) and the probability 

that a male will face sperm competition when mating (i.e. sperm competition risk; 

Parker et al., 1997), affect reproductive traits of the male function in land snails is 

not well explored (but see Minoretti and Baur, 2006). In separate-sexed organisms 

there are many cases in which this happens. For example, when there are more 

competitors, males have an increased testis size (Gage, 1995; Dziminski et al., 

2010), highly aggressive behaviour (Evans and Magurran, 1999), and they 

increase the transfer of accessory gland products (Bretman et al., 2009). 

Hypothetically, when snails experience a high level of sperm competition, 

behavioral adaptations could make dart shooting more accurate in order to 

successfully transfer manipulative products via the love-dart. However, the 

outcome of this behaviour would largely depend on the position of the partner’s 

body with respect to the dart-shooter; in helicids the dart successfully hits the 

partner only 55% of times (Koene and Chase, 1998b). Alternatively, transfer of 

accessory gland products could be increased by morphological adaptations of the 

love-dart and the associated mucous glands. To test whether morphological 

adaptations would increase the transfer of dart mucus when sperm competition is 
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strong, in our study we used four dart-bearing species Cornu aspersum, Helix 

lucorum, Cepaea nemoralis, and Arianta arbustorum to compare dart surface 

availability (i.e. dart length, dart blades length, and perimeter of the dart cross-

section) and mucous gland size (i.e. length and number of branches) among four 

populations with different levels of sperm competition measured as population 

density.  

 

Material and methods 
 
Adult snails from four populations per species were collected. Cornu aspersum was 

collected in July-August in Greece at the localities of Hania (N=43), Rethymno 

(N=34), Kerkyra (N=36) and Preveza (N=35). Helix lucorum was collected in late 

April-beginning of May in Greece at Axios (N=31), Gefyra (N=35), Kokkinopilos 

(N=30) and Edessa (N=32). Cepaea nemoralis was collected in The Netherlands in 

May at the localities of Leiden (N=24), the Groene Kathedraal in Almere (N=30), 

Amsterdamse Bos (N=21) and Robbenoordbos (N=40). Arianta arbustorum was 

collected in May in Switzerland at the localities of Moléson (N=26), Gurnigel 

(N=25), Gantrisch (N=26) and Flumserberg (N=26). Population density based on 

adult number was measured with the quadrat method (Staikou, 1998), except for 

C. nemoralis. Since this species is distributed on trees (Jaremovic and Rollo, 

1979), one person counted snails in a 4 x 10 m area for 30 min. (e.g., Schilthuizen 

et al., 2015). After collection, snails were kept at -80 °C until dissection. However, 

after dissection not all individuals had love-darts (for sample sizes of each 

examined trait see Table S6.1). 

For each snail the following measurements were conducted. Snail size was 

estimated by measuring height, length and width of the shell with a digital calliper 

after which shell volume was calculated with the formula of Locher and Baur (2000) 

for both A. arbustorum and C. nemoralis (Jordaens et al., 2006), and the formula of 

Rogers and Chase (2001) for the other two species. Potential mucus production 

was estimated by dissecting the mucous glands out and measuring their average 

length (i.e. snails always have a pair of glands, so the longest branch of each gland 

was measured and the average calculated), and the total number of branches 



Chapter 6

98

since these glands are digitiform, except for A. arbustorum that has only one 

branch per gland (Baminger et al., 2000) (Figure 6.1). Dart surface availability to 

carry mucus was estimated by measuring the length of the dart (only when the 

love-dart was complete) as well as the perimeter of its cross section and the 

lengths of dart blades of the cross-section (Figure 6.1).  

 

 
 
Figure 6.1 Visualization of the measurements on mucous glands and love-darts performed in this study. 

The species A. arbustorum is shown in a separate column due to the different shapes of the glands and 

love-dart. Note that in the third row, the perpendicular dashed line represents where the dart was cut to 

obtain the cross-sections. In the last row, dart perimeter is indicated by the dashed line. 
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For this purpose, the dart was recovered after the dart sac (i.e. muscular sac 

containing the dart) was dissected out and dissolved in 2N NaOH over one day 

(Reyes-Tur and Koene, 2007). Afterwards, the dart was cleaned of tissue remnants 

and photographed under a stereo microscope connected to a camera. Dart length 

was measured by ImageJ software. To measure the perimeter of the dart cross 

section, the dart was embedded in transparent resin (®Epoxycoating, 

Polyestershoppen B.V) and cut at the point of its greatest width (where the blades 

are longest); approximately one third of the dart length for the species Cepaea 

nemoralis, Cornu aspersum and Helix lucorum (see Figure 6.1). The dart of Arianta 

arbustorum, which has a completely different shape, was cut at the wider part of 

the dart tip (see Figure 6.1). The cuts were done with a table saw consisting of a 

circular 0.5 mm wide saw, activated by an electric motor. Then, a picture of the 

cross section was taken with a camera connected to a stereo microscope and the 

outline of the dart perimeter was highlighted with the Quick Selection tool in 

Photoshop. Measurements were made with the ROI manager tool in ImageJ, after 

the background was darkened to make the contrast with the perimeter more 

evident (Figure 6.2).  

 

 
 

Figure 6.2 Pictures of a cross section of C. aspersum’s love-dart before and after editing. A. Shows the 

picture taken with the camera connected to a stereo microscope. B. Shows the outline of the perimeter 

made with Photoshop. C. Shows the change in background made with ImageJ to obtain a high contrast 

with the perimeter. 
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In addition, the lengths of the shorter dart blade (length 1) and the longer blade 

(length 2) were measured, except for A. arbustorum since the dart of this species 

has no blades (Figure 6.1). For each species, comparisons of all measured traits 

were made among populations. 

 

Statistical analyses 

For each trait, if the data of all groups (meaning the four populations) were 

normally distributed and the variances homogenous, comparisons were made 

using one-way ANOVA; if not, a transformation was applied to the data and if 

normality was then still not met and/or the variances were still not homogenous, the 

non-parametric Krukal-Wallis test was performed. Then, Pearson’s correlations 

were performed to check if the traits correlated with body size (e.g., shell volume vs 

gland length; shell volume vs dart length; etc.). If the correlation was not significant 

it meant that the trait was independent of body size and we reported the 

differences between populations described by ANOVA or Kruskal-Wallis tests. If 

the correlation was significant, we corrected for body size by comparing 

unstandardized residuals among populations with a one-way ANOVA, or a Kruskal-

Wallis test in case normality or variance homogeneity was not met. 

 

Results 
 
Cornu aspersum 

Population density (ind./m²) was 6.0 for population Preveza (PRE), 8.1 for Kerkyra 

(KE), 10.2 for Hania (HA) and 27.2 for Rethymno (RE). After data transformation 

(log10), shell volume differed among populations (ANOVA: F3, 144=50.259, 

p<0.001), with individuals from population HA being bigger than all the other 

populations (Tukey HSD: p<0.001; for all comparisons), and individuals from 

population KE being the smallest (Tukey HSD: KE-HA p<0.001, KE-RE p<0.001, 

KE-PRE p=0.011). There was no correlation between body size and the length of 

the glands (r=0.117, p=0.157) or the length of the dart (r=0.219, p=0.087). Gland 

length differed among populations (ANOVA: F3, 144=17.057, p<0.001); individuals 

from population KE had shorter glands compared to all the other populations 
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(Tukey HSD: p<0.001; for all comparisons). Dart length did not differ among 

populations despite the statistical test being significant (Kruskal-Wallis test: 

H=11.496, d.f.=3, p=0.009), which is probably due to the rather conservative post-

hoc test.  

A positive correlation was instead found for the number of gland branches 

(r=0.358, p<0.001), dart perimeter (r=0.472, p<0.001), dart blade length 1 (r=0.403, 

p=0.001) and length 2 (r=0.496, p<0.001). After correcting for body size, there was 

a difference in the number of gland branches among populations (Kruskal-Wallis 

test: H=45.509, d.f.=3, p<0.001) with individuals from population PRE having a 

lower number of branches compared to all the others (post-hoc test: p<0.001; for 

all comparisons). Dart perimeter also differed among populations (Kruskal-Wallis 

test: H=21.854, d.f.=3, p<0.001) with individuals from population PRE having a 

smaller dart surface than individuals from HA (post-hoc test: p=0.006) and RE 

(post-hoc test: p<0.001). When correcting for body size, also blade length 1 and 2 

differed among populations (length 1: ANOVA F3, 62=7.078, p<0.001; length 2: 

ANOVA F3, 62=7.911, p<0.001). Individuals from population PRE had a shorter 

blade 1 compared to those from HA (Tukey HSD: p=0.007) and RE (Tukey HSD: 

p=0.001). Individuals from population HA had a longer blade 2 compared to those 

from PRE (Tukey HSD: p=0.004), and individuals from population RE had a longer 

blade 2 compared to those from KE (Tukey HSD: p=0.027) and PRE (Tukey HSD: 

p<0.001). The mean (± SD) of each trait measured, the results of the statistical 

tests and population densities are shown in Table 6.1. 

 

Helix lucorum 

Population density (ind./m²) was 6.0 for population Axios (AX), 6.7 for Gefyra (GE), 

7.7 for Kokkinopilos (KO) and 7.9 for Edessa (ED). Shell volume differed among 

individuals of the four populations (Kruskal-Wallis test: H=67.768, d.f.=3, p<0.001). 

Individuals from the population KO had the largest size of all populations (post-hoc 

test: KO-GE p<0.001, KO-ED p<0.001, KO-AX p=0.002), whereas individuals from 

the population AX were bigger than those from populations GE (post-hoc test: 

p=0.002) and ED (post-hoc test: p=0.010).  
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There was no correlation between body size and dart length (r=0.136, p=0.221), 

nor for dart blade length 1 (r=0.039, p=0.713) or length 2 (r=0.156, p=0.137). 

Difference in dart length was found among populations (Kruskal-Wallis test: 

H=8.232, d.f.=3, p=0.041) with the dart from individuals of population GE being 

shorter than the one from individuals of population ED (post-hoc test: p=0.038). 

Blade length 1 and 2 of the cross section of the dart did not differ (length 1: 

ANOVA F3, 89= 1.549, p=0.207; length 2: ANOVA F3, 89= 1.402, p=0.247). There 

was a positive correlation for the length of the glands (r=0.405, p<0.001), number 

of gland branches (r=0.402, p<0.001) and dart perimeter (r=0.205, p=0.049) with 

body size. After correcting for body size, there was a difference in gland length 

among populations (ANOVA: F3,  124=20.392, p<0.001). Individuals of the population 

AX had the shortest glands compared to all other populations (Tukey HSD: 

p<0.001, for all comparisons), whereas individuals from the population GE had 

shorter glands compared to those from KO (Tukey HSD: p=0.017). Among 

populations, a difference was also found in the number of gland branches after 

correcting for body size (Kruskal-Wallis test: H=26.576, d.f.=3, p<0.001), where 

individuals from the population AX had the lowest number of branches compared to 

those from the other populations (post-hoc test: AX-GE p=0.001, AX-KO p<0.001, 

AX-ED p<0.001). The dart perimeter did not differ among populations (ANOVA: F3, 

88=1.287, p=0.284). The mean (± SD) of each trait measured, the results of the 

statistical tests and population densities are shown in Table 6.1.   

 

Cepaea nemoralis 

Population density (ind./m²) was 0.1 for population Amsterdamse Bos (AMB), 1.1 

for Groene Kathedraal (GK), 2.3 for Leiden (LE) and 2.7 for Robbenoordbos (RO). 

There was no significant difference in body size among the four populations 

(Kruskal-Wallis test: H=6.442, d.f.=3, p=0.092). No correlation with body size was 

found for the length of the glands (r=0.068, p=0.471), dart perimeter (r=0.031, 

p=0.811), dart blade length 1 (r=0.019, p=0.883) and length 2 (r=0.132, p=0.302). 

Gland length differed among populations (ANOVA: F3, 111=3.006, p=0.033), with 

individuals from population RO having longer glands than individuals from 

population AMB (Tukey HSD: p=0.025). The perimeter of the dart cross section did 
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not differ among populations (ANOVA: F3, 59=0.346, p=0.792), nor did dart blade 

length 1 (ANOVA: F3, 59=0.422, p=0.738) or length 2 (ANOVA: F3, 59= 1.230, 

p=0.307). However, the total number of gland branches (r=0.253, p=0.006) and 

dart length (r=0.268, p=0.029) positively correlated with body size. After correction 

for body size, the number of gland branches did not differ among individuals of the 

four populations (Kruskal-Wallis test: H=2.495, d.f.=3, p=0.476) and neither did the 

length of the dart (ANOVA: F3, 62=0.144, p=0.933). The mean (± SD) of each trait 

measured, the results of the statistical tests and population densities are shown in 

Table 6.1.  

 

Arianta arbustorum 

Population density (ind./m²) was 1.0 for population Flumserberg (FL), 1.2 for 

Gurnigel (GU), 4.4 for Gantrisch (GA) and 8.5 for Moléson (MO). After log10 

transformation, shell volume differed among individuals of the four populations 

(ANOVA: F3, 99=14.878, p<0.001). Individuals from both populations MO and GU 

were bigger than those from GA and FL (Tukey HSD: MO-GA p=0.002; MO-FL 

p=0.006; GU-GA p<0.001; GU-FL p<0.001). No correlation with body size was 

found for the length of the dart (r=0.058, p=0.740) and perimeter of the dart cross 

section (r=0.056, p=0.723), which both did not differ among populations (dart 

length: Kruskal-Wallis test, H=2.672, d.f.=3, p=0.445; perimeter: Kruskal-Wallis 

test, H=7.558, d.f.=3, p=0.056). A positive correlation with body size was found 

only for the length of the glands (r=0.354, p=0.001). However, after correcting for 

body size, the length of the glands did not differ among populations (Kruskal-Wallis 

test: H=3.876, d.f.=3, p=0.275). The analysis on the number of gland branches was 

not included because snails of this species always have two branches per 

individual. The mean (± SD) of each trait measured, the results of the statistical 

tests and population densities are shown in Table 6.1.   
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Table 6.1 An overview of the gland and love-dart traits examined in the four land snail species. The 

mean (± SD) of each trait is shown and next to it the result of the statistical test comparing each trait 

among populations is indicated by the letters in bold. Data is not available (n.a.) for the length of the dart 

blades of A. arbustorum since the dart of this species has no blades. 
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Discussion 
 
We found significant among-population variation in love-dart and accessory 

mucous gland traits in four simultaneously hermaphroditic land snail species. When 

comparing populations with the highest and lowest density, i.e. those with a high 

versus low level of expected sperm competition, there are several combinations of 

dart and gland traits per species that would increase transfer of mucous products. 

First, more mucus can be produced by more branched mucous glands and 

transported by a dart that has more surface available due to long blades (C. 

aspersum). Second, more mucus may be produced by long glands that also have 

more branches without a change in the dart surface availability (H. lucorum). Third, 

more mucus can be produced by longer glands while the number of gland 

branches and dart surface availability remain unaltered (C. nemoralis). According 

to the general pattern from low to high density described above, in-between 

differences of intermediate-density populations were also found. For example, it 

seems that the two C. aspersum populations PRE (low density) and KE 

(intermediate-low density) potentially deliver less dart mucus to the partner 

compared to the high density population RE via two different ways: individuals from 

the population PRE had a lower number of gland branches whereas those from KE 

had shorter glands. Similarly, for the species H. lucorum, snails from the low 

density population AX had shorter and less branched glands compared to those 

from the high density population ED, whereas snails from the intermediate-low 

density population GE had a shorter dart. In addition, individuals from population 

GE seem to produce less mucus via shorter glands compared to those from the 

intermediate-high density population KO, which is also found when comparing low 

and high density populations of this species. In general, any of these different traits 

can be advantageous for the dart-user and all have in common that they would 

result in the transfer of more mucous products into the partner when sperm 

competition is strong. However, at the moment there are no empirical data 

indicating whether the transfer of more mucus would increase fertilization chances, 

although the demonstrated in vitro effect of dart mucus is dose-dependent (Koene 

and Chase, 1998a). Hence, it does seem beneficial if more mucus is transported 
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by the love-dart. In addition, it is unknown whether longer glands produce more 

mucus/manipulative substances, although there is evidence from other species. 

For example, this is the case for Drosophila melanogaster, where males with larger 

accessory gland size produce more sex peptide, which consequently increases 

male reproductive success (Wigby et al., 2009).  

Among the four dart-bearing species studied here, the dart and gland traits of A. 

arbustorum did not differ according to the level of sperm competition. Interestingly, 

A. arbustorum uses its dart facultatively in about 30% of matings (Baminger et al., 

2000). Hence, sexual selection pressure may either be weaker in this species or 

target other traits than the ones studied (see Beese et al., 2006b). Interestingly, 

recent research has also revealed that the effect of the dart mucus of A. 

arbustorum is not as strong as that of other helicids (Lodi and Koene, 2016a) and it 

also does not induce the same end result, i.e. snails hit by a dart did not store more 

sperm (Bojat and Haase, 2002).   

In general, besides genetic differences, which factors cause diversity of sexual 

traits among species is often hard to specify. Variation in sexual selection pressure 

among populations is relevant in this respect (Cornwallis and Uller, 2010), 

especially when realising that this can be influenced by the environment (e.g., 

Clark et al., 1997; Kwiatkowski and Sullivan, 2002; Tomkins et al., 2011). As a 

result, environmental factors may affect mating frequency and favour different 

adaptations of dart and gland traits among populations. However, despite that all 

the species were collected from different environments and climate types, a pattern 

between high and low density populations across species was still revealed, 

suggesting that the level of sperm competition may be a strong selective force in 

driving differences in sexual traits for these species. For example, individuals from 

all populations of C. aspersum came from a dry Mediterranean climate where 

snails aestivate all summer (i.e. change occurring during hot periods where snails 

form a calcareous epiphragm to cover the shell opening and bury themselves into 

the ground). The individuals from high and intermediate-high density populations 

RE and HA were collected in natural shrubs in Crete, where copulation is restricted 

to when it occasionally rains, but mating frequency is high (A. Staikou, 

unpublished). On the other hand, individuals from low and intermediate-low density 
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populations PRE and KE were sampled in natural shrubs/gardens in the Epeirus 

region (north-western part of Greece) where snails are exposed to more evenly 

and continuously distributed rains during autumn, but mating frequency is lower 

than the other two populations (A. Staikou, unpublished). From a wet 

Mediterranean climate, H. lucorum snails of the high-density population ED were 

sampled near waterfalls and snails of the intermediate-high density population KO 

on the Olympus mountain (Staikou et al., 1988). From a dry Mediterranean climate, 

individuals from the intermediate-low population density GE were collected in 

village gardens and individuals from the lower population density AX in a 

natural/trees and shrubs habitat. Snails from Axios are the only ones to exhibit 

aestivation for three months compared to the other populations. From more moist 

climates, snails from all populations of A. arbustorum came from subalpine 

grassland habitats (Baur and Baur, 1992), except for snails of the population GU 

that were from a subalpine forest, and C. nemoralis populations were all collected 

in natural/trees and shrubs habitats.  

Environmental factors such as humidity, temperature, calcareous substrate 

(Goodfriend, 1986) and plant coverage are also known to affect snail shell size 

(Baur, 1988). In general, there is often a positive correlation between body size 

and male sexual traits (e.g., sperm length in butterflies; Gage, 1994), although 

these male traits can also coevolve with the morphology of the female reproductive 

system (e.g., land snails; Beese et al., 2006b). In our study, the reason why in 

some species dart and gland traits correlated with body size (positive allometry) but 

not in others is unclear and may not be linked to sperm competition. In general, 

how allometry is influenced by sexual selection in not well known (Bonduriansky 

and Day, 2003) and this matter becomes complex for simultaneous hermaphroditic 

organisms since body size is a trait shared by the two sex functions (Anthes, 

2010). Irrespectively, in our analyses we corrected for body size to control for this 

allometry effect.  

To conclude, in land snails differences in level of sperm competition can affect the 

morphology of reproductive traits that increase fertilization chances, as it happens 

in many separate-sexed species (e.g., Gage, 1995; Evans and Magurran, 1999; 

Bretman et al., 2009; Dziminski et al., 2010). The variation in morphological traits 
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detected in this study can be advantageous to the dart user since these 

adaptations can increase a dart shooter reproductive success when sperm 

competition is high. Nevertheless, other types of adaptations may be relevant to be 

investigated as well. Physiologically, for example, dart mucus composition could be 

altered to make the manipulation more effective (e.g., new manipulative proteins or 

modification of the existing ones; Eberhard, 1996; Stewart et al., 2016). Thus, it 

would be important to test whether mucus quality changes according to level of 

sperm competition and whether it affects fertilization success. In addition, 

antagonistic coevolution is known to occur between the morphology of the 

spermatophore-receiving diverticulum and the complexity of the dart in land snails 

(Koene and Schulenburg, 2005). The diverticulum is longer in species where love-

darts have an enlarged surface by means of blades and perpendicular blades. 

Thus, it should also be explored whether the female reproductive system of the 

populations with high sperm competition counter-adapted to the increased 

manipulation of the dart. All these future studies should ideally be done with a 

comparative approach to uncover different patterns across species as it was done 

in the current study. 
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When sperm of different males co-occur in the female reproductive system, sexual 

selection favours the evolution of adaptations that help a male to increase his 

chances in the competition with rivals for fertilization of the partner’s eggs (Parker, 

1970; Andersson, 1994). The aim of this thesis is to expand our knowledge on the 

strategies developed by simultaneous hermaphrodites in response to sperm 

competition and to gain a better understanding on whether these adaptations are 

similar to the ones that occur in gonochoristic (separate-sexed) species. Since 

adaptations can occur at the physiological, behavioural and morphological level of 

the mating interaction, I explored them at these three different levels in land snails 

with love-darts. Physiologically, I investigated whether different dart-bearing 

species employ a common strategy to physiologically manipulate the partner and 

whether they evolved new physiological manipulations. Behaviourally, I 

investigated whether snails can donate a nuptial gift via their ejaculate to the 

partner, which is a common strategy among separate-sexed species, and whether 

it could contribute substantially to egg production. Morphologically, I assessed 

whether the level of sperm competition affects the love-dart and associated 

mucous gland traits since these are expected to be selected to transfer more dart 

mucus when competition is high. In the following I will deal with each of these 

levels and finish with bringing them together in several general conclusions and 

suggested future directions of research.  

 
Physiological adaptation  
 
The cross-reactivity test performed in Chapter 3 showed that the in vitro response 

of C. aspersum’s reproductive system was similar when the dart mucus of the focal 

snail species C. aspersum or one of the other species was applied. This indicates 

that the physiological effects induced by the manipulative substances contained in 

mucus carried by the love-dart were not species-specific. As a result, the 

manipulative function of accessory gland products may be achieved via the use of 

similar or divergent substances that target the same organs across species (e.g., 

Stewart et al., 2016). This may be due to the fact that all the studied species have 

a similar basic morphology of the reproductive system and presumably also the 
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same receptors for the bioactive compounds in the mucus. For example, a 

copulatory canal and a bursa copulatrix are always present and can thus be 

targeted in all species, while the diverticulum shows morphological variation across 

species and may thus not always be a target for love-dart substances.  

The most important conclusion of the cross-reactivity test is that physiological 

manipulation of the reproductive system of the partner is a widespread strategy in 

dart-bearing species. In all cases it may favour the reproductive success of the 

sperm donor when individuals compete for fertilization. This is the aim of male 

accessory gland substances of many other organisms. Thus, gland products of 

simultaneous hermaphrodites can have functions similar to those of gonochoristic 

species. For example, just like in separate-sexed fruit flies (Drosophila 

melanogaster; Chapman et al., 2003b) and seed bugs (Togo hemipterus; Himuro 

and Fujisaki, 2008) where males induce the female to delay her next mating, 

mucous products of hermaphroditic land snails bearing love-darts also induce 

delayed remating in the sperm recipient (Euhadra quaesita; Kimura et al., 2013). 

Likewise, the direct induction of muscular contractions of the female reproductive 

system by male accessory gland products of separate-sexed grasshoppers 

(Melanoplus sanguinipes; Yi and Gillott, 2000) and locusts (Locusta migratoria; 

Lafon-Cazal et al., 1987) is also mirrored in the mode of action of the love-dart 

mucous substances of hermaphroditic land snails. Moreover, just like the male 

substances of gonochoristic organisms such as grasshoppers (M. sanguinipes; Yi 

and Gillott, 2000) and fruit flies (D. melanogaster; Schmidt et al., 1993), the 

substances carried by the dart induce effects in a dose-dependent fashion (e.g., C. 

aspersum; Koene and Chase, 1998a). I also show this clearly in Chapter 4, where 

most doses of Eobania vermiculata’s dart mucus, but not the lowest, immediately 

caused the shortening effect on C. aspersum’s diverticulum, an effect that also 

became stronger over time.  

The newly-discovered shortening effect on the diverticulum, induced by the mucus 

of the love-dart, is initially found and described in Chapter 3. The effect is a 

temporary contraction that reduces the length of C. aspersum’s diverticulum in vitro 

in response to application of the mucus of several of the tested species. Among 

them, the dart mucus of E. vermiculata caused the strongest reaction, resulting in 
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an average length reduction of 20%. As I show in Chapter 4, the evolution of such 

a strong effect may be due to the fact that the spermatophore of this species 

represents only a third of the length of the diverticulum. Thus, the length of E. 

vermiculata’s spermatophore-receiving organ probably challenges sperm to safely 

exit the spermatophore (Koene and Schulenburg, 2005). Hence, a substance that 

shortens the diverticulum physiologically can be interpreted as a beneficial 

adaptation as this reduces the distance to the oviduct entrance. This idea is 

strengthened by the knowledge that when the spermatophore’s tail protrudes from 

the diverticulum entrance into the vaginal duct, it allows sperm to leave through the 

tail’s channel, while the rest of the spermatophore is already being digested (Lind, 

1973). This is the case for C. aspersum, which possesses a spermatophore more 

than twice the length of the diverticulum.  

However, as shown in Chapter 4, the shortening effect is only visible when the dart 

mucus is applied in vitro to another species, the helicid C. aspersum, and not when 

applied to the diverticulum of E. vermiculata. This suggests that the receptor on the 

diverticulum of E. vermiculata may have evolved resistance to the manipulation of 

dart mucus by reducing the sensitivity to the shortening-inducing substance. Since 

C. aspersum never receives the dart mucus of E. vermiculata, it did not coevolve 

resistance to this particular substance (Arnqvist and Rowe, 2002). Hence, the 

important conclusion of Chapter 4 is that, in simultaneous hermaphrodites, female 

resistance to a male signal can take place at the physiological level and can go 

undetected when tested in a single-species. Such coevolution between female 

receptors and male accessory gland products is known to occur in separate-sexed 

species as well: females of the housefly Musca domestica and the fruit fly D. 

melanogaster also respond less to the seminal fluid of males of the same strain 

(respectively, Andrés and Arnqvist, 2001; Clark et al., 1999).  

Besides the effects that I have studied, it will now also be worth to investigate other 

physiological adaptations that are induced by the substances contained in the dart 

mucus by using a similar approach as I have done here, but including different 

species of land snails. As I and others have shown, these adaptations can be 

uncovered by performing cross-reactivity tests in vitro and in vivo between species. 

For example, besides my in vitro tests, in vivo experiments can reveal whether dart 
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mucus induces oviposition and suppression of a partner’s willingness to remate, an 

effect that occurs in a dart-bearing snail from the bradybaenid family, E. quaesita 

(Kimura et al., 2013). The dart mucus of this species could now be injected into 

more and less closely related species of the same family. This would indicate 

whether more species employ this strategy in their competition for fertilization.  

 

Behavioural adaptation 
 
In Chapter 5, I showed that simultaneously hermaphroditic species may not donate 

a nuptial gift to mating partners, which is a common behaviour among 

gonochoristic organisms to enhance male reproductive success by increasing 

female fecundity (Thornhill, 1976; Vahed, 1998; Gwynne, 2008; Lewis and South, 

2012). First, the results of this chapter suggested that the material and resource 

contribution of the donated ejaculate is insignificant and cannot represent a 

substantial contribution for egg production. In this respect, simultaneous 

hermaphrodites differ from separate-sexed species since they have both male and 

female reproductive organs functioning at the same time. Thus, the received 

ejaculate could also be used by the male function of the partner, which is a 

potential rival in sperm competition, rather than being donated only to the female 

function. Second, donation of a nuptial gift is efficient when the exchange is 

unilateral, in general from a male to a female. In contrast to separate-sexed 

species, simultaneous hermaphrodites are able to mate reciprocally during one 

mating encounter (i.e. mutual exchange of sperm). As a consequence, nuptial gift 

giving may not be an effective behaviour since a partner roughly donates the 

amount it transfers, as confirmed by the results of Chapter 5, resulting in no net 

gain of material and resources for either of the mating partners. Moreover, as also 

argued in Chapter 5, if one also takes the cost of the required metabolic conversion 

into account, this exchange clearly results in a negative energy balance for both 

partners (Leonard, 1999). 

It should be noted that for the dart-bearing species that I tested in Chapter 5, C. 

aspersum, the calcium contained in the love-dart (rather than the ejaculate) might 

also function as a contribution to the partner’s offspring. However, courting snails 
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are not always hit by the partner’s love-dart, for example when the partner is a 

virgin or when an individual missed the partner with its love-dart, which occurs in 

8% of the times in C. aspersum (Koene and Chase, 1998b). Hence, dart receipt 

sometimes occurs unilateral within a mating couple. Moreover, it has already been 

demonstrated that the amount of calcium contained in one love-dart is 1.5% 

compared to the amount needed for production of an egg clutch, and that the dart 

is often not incorporated by the recipient (Koene and Chase, 1998b). Thus, it is 

unlikely that the love-dart is donated as a nuptial gift of calcium to the partner. 

In general, since donation of nuptial gifts may not be an effective behaviour in dart-

bearing land snails, the occurrence of other types of behavioural adaptations used 

by separate-sexed species could be relevant to investigate. For example, 

prolonged copulation could function as post-insemination mate guarding to reduce 

the probability of sperm competition (i.e. the chances that a mate will copulate with 

rivals). This strategy is widespread in gonochoristic species, for example stink bugs 

Megacopta punctatissima mate for 11 hours while sperm transfer is completed 

within the firsts 2-4 hours (Hosokawa and Suzuki, 2001). So far, there is no direct 

indication of whether dart-bearing land snails perform such post-insemination mate 

guarding behaviour. However, land snails stay in copula after sperm transfer is 

completed. For example, mating in C. aspersum lasts on average 7 hours while the 

spermatophore is completely transferred around 2 hours before copulation ends 

(Adamo and Chase, 1988). This is also the case for the simultaneously 

hermaphroditic land snails species Succinea putris, which bears no love-darts, 

where sperm transfer stops 2-3 hours before the end of copulation (Dillen et al., 

2009). In addition, mating couples of the species C. aspersum do not withdraw 

their penis simultaneously when copulation stops, partners often remain joined for 

more than 30 minutes (Adamo and Chase, 1988). Therefore, land snails might be 

physically in control of copulation duration like the seed bug Nysius huttoni, where 

males hold females with claspers during mating (Wang et al., 2008). Thus, to 

assess whether post-insemination mate guarding is a strategy used by dart-bearing 

land snails, it should be investigated whether snails prolong copulation in high 

density populations, where the level of sperm competition is higher, as in the seed 

bug N. huttoni (Wang et al., 2008) and the water strider Gerris odontogaster 
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(Arnqvist, 1992). The time of copulation should be compared to the duration of 

sperm transfer for each partner of a pair by using a similar approach employed in 

Chapter 6, where several populations per species were studied.  

 

Morphological adaptation 
 
The results of Chapter 6 indicated that dart-bearing land snails show among-

population variation in traits of accessory mucous glands and love-darts, which can 

be explained by difference in the level of sperm competition. In high density 

populations, snails have more competitors and they may benefit by transferring 

more mucus to the partner, since the effects of dart mucus are known to be dose-

dependent (Koene and Chase, 1998a), as also shown for the shortening effect in 

Chapter 4. For the species studied, an increased transfer of dart mucus seems to 

be achieved by several morphological adaptations. For example, more mucus can 

be produced by bigger or more branched glands, and as an alternative, the dart 

morphology can allow for more mucus transport on its surface. The results of 

Chapter 6 show that a combination of such adaptations can be present in different 

species, which becomes evident from comparing populations with different levels of 

sperm competition. The pattern from low to high density populations (i.e. those with 

a high versus low level of expected sperm competition) was shown for all studied 

species except one, Arianta arbustorum. Interestingly, for this latter species dart 

shooting is known to be facultative even though snails have a love-dart ready in 

their dart sac (Baminger et al., 2000), suggesting that sexual selection pressures 

might be weaker in this species. The important conclusion of that chapter is that 

sperm competition can affect the morphology of the reproductive system across 

and within species of dart-bearing land snails. The resulting adaptations are similar 

to the ones employed by gonochoristic species. For example, males of the fruit fly 

D. melanogaster increase the production and donation of seminal fluid when there 

are more competitors (Bretman et al., 2009). Moreover, these flies can also adjust 

the ratio of allohormones in the seminal fluid, for example, the quantity of sex 

peptide increases and as a consequence paternity is enhanced (Wigby et al., 

2009).  
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Other types of morphological adaptations that could evolve in response to variation 

in sperm competition may involve the anatomy of the dart sac, i.e. the organ that 

hosts the love-dart. The muscular structure of this organ may be altered to achieve 

a more forceful dart-shooting behaviour, for example via an increased number or 

thickness of the muscle layers. As a result, if the dart is deeply stabbed in the 

partner it can remain lodged for a longer time (Landolfa, 2002) allowing more 

mucous products carried on the dart to enter the partner’s haemoplymph and affect 

its physiology (Koene and Chase, 1998a). However, the outcome of dart-shooting 

behaviour is variable (Chase and Vaga, 2006) and its accuracy depends on the 

position of the partner relative to the dart shooter (Chung, 1987). In addition, it 

seems that dart shooting is not a predictable behaviour since individual snails that 

are followed over consecutive matings do not have a consistent success rate in 

terms of hitting or missing a partner with their dart (Koene and Schulenburg, 2005). 

Other morphological adaptations that could be useful in sperm competition could 

involve the shape of the spermatophore. As explained in Chapter 2, land snails 

with love-darts can increase their chances of paternity if they delay the transport of 

the donated spermatophore to the sperm-digesting organ, the bursa copulatrix. 

This can be achieved by spines present on the tail of the spermatophore oriented 

opposite the uptake direction, like in the bradybaenid Euhadra peliomphala 

(Kimura and Chiba, 2013a). Thus, it would be interesting to investigate whether 

other species within the Bradybaenidae family have such adaptations and whether 

there are among-population differences in this trait (e.g., number of spines) 

according to the level of sperm competition. 

 

Conclusions  
 
The first important conclusion of this thesis is that sexual selection in the form of 

sperm competition can affect simultaneous hermaphrodites in different ways, 

despite the fact that these organisms have both sex functions within the same 

body. As argued throughout, these adaptations can allow individuals to be 

competitive in the struggle for paternity and I show that this involves both the 

physiology and morphology of land snails. The second important conclusion of this 
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thesis is that the adaptations that I described for dart-bearing land snails can be 

similar to the ones that occur in separate-sexed species. Importantly, differences 

due to the fact that simultaneous hermaphrodites possess both male and female 

reproductive organs and mate reciprocally do limit these organisms in developing 

some behavioural adaptations, such as the donation of nuptial gifts to the partner.  

The overall conclusion is that post-copulatory sexual selection is an evolutionary 

force relevant for any sexually reproducing species. In general, promiscuous 

mating as well as digestion and storage of donated sperm are factors that can play 

an important role in generating selection on males and females to evolve traits that 

favour reproductive success. However, it is difficult to point out exactly which 

component of sexual selection affects the evolution of male adaptations, since they 

could evolve as a result of sperm competition and cryptic female choice (Eberhard, 

1996; Birkhead and Pizzari, 2002; Snook, 2005; Anthes et al., 2008; Orr and 

Brennan, 2015), which are processes that are notoriously difficult to disentangle. 

For example, sperm length can be selected via sperm competition to make sperm 

swim faster to outpace rivals or via cryptic female choice favouring the evolution of 

elongated oviducts to select for faster sperm (Eberhard, 1996, 2009). Important to 

note is that sperm competition and cryptic female choice should not be seen as 

mutually exclusive and can generate similar evolutionary outcomes, like correlated 

evolution between male and female sexual traits (Eberhard, 2009). Irrespectively, if 

mechanisms of cryptic female choice occur (for which there is currently still 

surprisingly little convincing evidence), these would affect how competitive sperm 

of different partners are, thus fueling sperm competition. As a consequence, males 

would develop adaptations to regain their effectiveness in the competition among 

sperm (Greeff and Michiels, 1999b). 

 

Future directions 
 

Based on the overall results of this thesis, I can now suggest several future 

directions that would be interesting to explore. For example, the identification of the 

substances contained in the mucus carried by the love-dart and the targeted 

receptors would facilitate the study of the evolution of these substances across 
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species (e.g., Stewart et al., 2016) and also the investigation on female resistance 

to male products. In addition, besides the physiological resistance described in 

Chapter 4, at least one other type of female resistance to dart manipulation could 

be studied, which is the avoidance of being hit by the partner’s love-dart. 

Avoidance behaviour has been previously investigated and it seems that snails 

attempt to shoot their dart independently of the result of dart-shooting behaviour of 

the partner (C. aspersum; Chase and Vaga, 2006). However, morphological 

resistance could be tested by checking whether snails developed some defense in 

their body wall to prevent the dart from penetrating too deeply and causing too 

much damage. Investigated examples of such an adaptation come, again, only 

from species with separate sexes: female bed bugs Cimex lectularius have a thick 

cuticula in the abdominal region that is pierced by the male copulatory organ 

(Morrow and Arnqvist, 2003) and seed beetles of the genus Callosobruchus have 

been shown to have evolved a thicker vaginal wall that reduces the harm caused 

by the spines on the male’s penis (Rönn et al., 2007). However, in contrast to 

insects, the body wall of molluscs is not sclerotized but is rather made up of layers 

of epithelium, connective tissue and muscle (Luchtel et al., 2001). Thus, to check 

for morphological adaptation, the thickness of these tissue layers could be 

measured by preparing histological sections. Comparisons could be made between 

the region next to the genital pore (location most hit by the dart) and the equivalent 

area on the opposite (left) side of the body, which never receives the dart.  

Another interesting direction for future research would be to assess the importance 

of sexual selection at the pre-copulatory level in dart-bearing land snails, since in 

this thesis I focused only on post-copulatory sexual selection. This is not as straight 

forward as it might seem, because sexual traits involved in mate choice are evident 

in separate-sexed species (e.g., antlers, tail feathers) but this is not the case for 

simultaneous hermaphrodites (Schärer and Pen, 2013). These organisms are not 

sexually dimorphic by definition, thus mechanisms of mate choice based on a 

mate’s traits are either not (visually) present or difficult to attribute to only one 

sexual function (Anthes, 2010). Nevertheless, the limited literature on this subject 

shows that choice of mating partners may occur in simultaneous hermaphrodites. 

For example, estimation of the size of potential mating partners occurs in the 
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flatworm Dugesia gonocephala (Vreys and Michiels, 1997) and the earthworm L. 

terrestris (Michiels et al., 2001). Assessment of the partner’s mating history is also 

a relevant pre-copulatory selection process, given that mating with a recently 

mated partner can increase sperm competition and thus decrease the chance of 

fertilizing the partner’s eggs (e.g., sea slug Chelidonura sandrana; Anthes et al., 

2006). However, it is unclear which cues simultaneous hermaphrodites use to 

assess the mating status of a partner prior to copulation (but see Koene and Ter 

Maat, 2007). In dart-bearing land snails, there is evidence that the mating history 

may be assessed by the partner and it is used to adjust sperm transfer. A recent 

study on the land snail E. quaesita revealed that these snails transfer twice the 

amount of sperm to a virgin when compared to a non-virgin partner, while variation 

in sperm number according to the size of the mate did not seem to occur (Kimura 

and Chiba, 2013b). Obviously, increased sperm transfer to virgins allows sperm to 

survive longer since they attach to the epithelium of the sperm-storage organ from 

which they get nourishment (e.g., C. aspersum; Chase and Darbyson, 2008). To 

conclude, all the above described future work is needed since this would further 

expand our knowledge on the way in which sexual selection affects and acts on 

simultaneous hermaphrodites. 
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Summary 
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Sexual selection is an evolutionary force that shapes traits that improve an 

individual’s reproductive success. When a female mates with multiple partners 

during a reproductive season, sperm of different males co-occur in the female 

reproductive system and compete for fertilization of her eggs. Under such a 

scenario, which is very common in the animal world, sexual selection favours the 

evolution of male adaptations that increase the fertilization chances of 

spermatozoa facing sperm competition. So far, most of the work on this subject has 

been conducted on separate-sexed species, also referred to as gonochorists. 

However, sexual selection also acts on the many existing organisms that have 

functioning female and male reproductive organs, simultaneous hermaphrodites.  

The aim of this thesis is to expand our knowledge on the strategies developed by 

simultaneous hermaphrodites in response to sperm competition and to gain a 

better understanding of whether these adaptations are similar to the ones that 

occur in gonochoristic species. Since these adaptations can occur at different 

biological levels of the mating interaction, I explored them at the physiological, 

behavioural and morphological level. I did so for simultaneously hermaphroditic 

land snails bearing love-darts, which represent a prominent and interesting 

example of injection of male accessory gland substances into the mating partner. A 

love-dart is a reproductive device made of calcium carbonate that is stabbed 

through the partner’s body wall prior to sperm transfer. This forceful stabbing with 

the dart results in the transfer of mucous products, allohormonal substances 

produced by an accessory gland, into the partner’s haemolymph. Subsequently, 

these products enhance reproductive success of the sperm donor by inducing 

changes in the physiology of the partner (sperm recipient). An extensive review of 

the physiological, morphological, and behavioural aspects of what is known about 

the love-darts of land snails at the start of this research is provided in Chapter 2.  

At the physiological level, in Chapter 3, I experimentally investigated whether the 

effects of dart mucus that favour the reproductive success of the sperm donor were 

similar across species. This was done using a cross-reactivity test to compare the 

in vitro response of the model species Cornu aspersum to its own dart mucus and 

mucus of eight related species. The results showed that the physiological reaction 

of the reproductive system of the partner was not species-specific, suggesting a 
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common, conserved strategy among snail species for increasing male reproductive 

success. In addition, dart-bearing snails may also have evolved to trigger other 

reactions via the dart mucus. Indeed, this experiment also allowed me to discover 

and describe a previously-unknown shortening effect, which was a temporary 

contraction that reduces the length of the diverticulum when the dart mucus of 

certain species was applied in vitro. Since female resistance to such induced 

effects that probably all result in higher male reproductive success within each 

species may be expected, I followed up this finding by uncovering female 

physiological resistance to the shortening effect caused by dart mucus in Chapter 

4. 

At the behavioural level, a well-known male strategy that can increase male 

reproductive success is the donation of extra nutrients as nuptial gift to females, 

e.g. caught prey, seminal fluid, spermatophores, lipids, or salivary secretions. 

Thus, in Chapter 5, I investigated whether snails donate a significant amount of 

material and resources via their ejaculates to their partner and whether this could 

contribute substantially to egg production. The results indicated that the energetic 

contribution of the donated ejaculate is insignificant and can thus not represent a 

substantial contribution for egg production. 

At the morphological level, male reproductive traits are known to be affected by the 

level of sperm competition. Thus, in Chapter 6, I investigated whether the love-dart 

and the associated mucous gland traits differ in their mucus transfer properties 

depending on population density, where at high density sperm donors have more 

competitors. The results showed that for the four species studied, an increased 

transfer of dart mucus seems to be achieved via several morphological adaptations 

in high density populations. The adaptations include, for example, bigger or more 

branched glands for more mucus production and an enlarged surface area of the 

dart itself for more mucus transport. 

The main conclusion of my thesis is that sexual selection, in the form of sperm 

competition, can affect simultaneous hermaphrodites in different ways that drive 

the ability of individuals to be competitive in the struggle for paternity. Such 

adaptations involve both the physiology and morphology of dart-bearing land snails 

and are comparable to the ones that occur in separate-sexed species. Importantly, 
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the fact that simultaneous hermaphrodites possess both sexual functions does limit 

these organisms in developing some behavioural adaptations, such as the 

donation of nuptial gifts to the partner which is a common strategy in separate 

sexed species. To conclude, while focusing on simultaneous hermaphrodites, this 

thesis clearly illustrates that sexual selection acting at the post-copulatory level of 

the mating interaction is an evolutionary driving force that is not only relevant for 

separate-sexed species but for any sexually reproducing species.
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Samenvatting 
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Het verhaal der liefdespijlen: een gevecht om het vaderschap bij landslakken 
 
Seksuele selectie is de evolutionaire selectiedruk op eigenschappen die het 

voortplantingssucces van individuen verhogen. Als een vrouwtjesdier tijdens een 

reproductief seizoen met meerdere partners paart, zijn er in haar 

voortplantingsstelsel spermacellen van meerdere mannetjes aanwezig die allemaal 

als doel hebben haar eitjes te bevruchten. Dit soort competitie komt veel voor in 

het dierenrijk en zorgt ervoor, via seksuele selectie, dat er mannelijke 

aanpassingen evolueren die de bevruchtingskans van hun spermatozoa verhogen. 

Tot nu toe is het overgrote deel van het onderzoek hierover gedaan aan dieren met 

gescheiden seksen, ook wel gonochoristen genaamd. Seksuele selectie vindt 

echter ook plaats in de vele diersoorten die gelijktijdig beide seksen gebruiken, de 

simultane hermafrodieten. 

Het doel van dit proefschrift is om kennis op te doen over de strategieën die 

hermafrodieten hebben ontwikkeld in respons op spermacompetitie, om zo beter te 

begrijpen of deze aanpassingen overeenkomen met bekende strategieën van 

dieren met geschieden seksen. Aangezien zulke aanpassingen op verschillende 

biologische niveaus van de paringsinteractie kunnen plaatsvinden, heb ik ze hier 

zowel op fysiologisch, gedragsmatig en morfologisch niveau onderzocht. Dit heb ik 

gedaan op simultaan hermafrodiete landslakken met liefdespijlen. Deze 

liefdespijlen zijn een prominent en interessant voorbeeld van hoe mannelijke 

accessoire geslachtsklierproducten in de paringspartner geïnjiceerd kunnen 

worden. Ze bestaan uit een calciumcarbonaat structuur die voorafgaande aan de 

spermaoverdracht door de lichaamswand van de partner wordt gestoken. Deze 

krachtige steek resulteert in de overdracht van slijmproducten, allohormonale 

stoffen die door een accessoire klier worden geproduceerd, in de hemolymfe van 

de paringspartner. Deze geïnjecteerde producten induceren vervolgens 

fysiologische veranderingen in het vrouwelijke voorplantingsstelsel van de 

ontvanger die het voortplantingssucces van de spermadonor doen toenemen. 

Hoofdstuk 2 geeft een uitgebreid overzicht van wat er bij aanvang van mijn 

proefschriftonderzoek bekend was over de fysiologie, morfologie en 

gedragsaspecten van liefdespijlen in landslakken. 
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Op het niveau van de fysiologie laat ik in Hoofdstuk 3 zien hoe ik experimenteel 

heb onderzocht of de bekende effecten van het slijm, dat overgedragen wordt met 

de liefdespijl en het voortplantingssucces van de pijlschieter bevorderd, hetzelfde 

zijn tussen soorten. Dit heb ik gedaan met een kruisreactiviteit-test om zo, in vitro, 

de reactie van de modelsoort Cornu aspersum (de segrijnslak) op zijn eigen 

pijlslijm en dat van acht ander soorten te vergelijken. De resultaten laten zien dat 

de fysiologische reactie van het vrouwelijke voortplantingsstelsel niet soortspecifiek 

is, wat aangeeft dat hier een algemene, geconserveerde strategie aan ten 

grondslag ligt die mannelijk bevruchtingssucces bevordert. Maar naast dit bekende 

effect kunnen verschillende soorten zo geëvolueerd zijn dat hun pijlslijm ook 

andere reacties teweeg brengt. Dat bleek inderdaad het geval, want met dit 

experiment ontdekte ik ook een voorheen onbekend effect dat alleen door het 

pijlslijm van bepaalde soorten wordt opgewekt en dat ervoor zorgt dat het 

diverticulum tijdelijk wordt verkort. Ook deze verandering in het vrouwelijke 

voortplantingsstelsel zorgt waarschijnlijk voor een verhoging van het mannelijke 

voortplantingssucces binnen deze soorten, wat ertoe kan leiden dat het vrouwelijke 

voortplantingssysteem als tegenreactie minder gevoelig wordt voor de stof die dit 

teweeg brengt. Dat is ook precies wat ik in het vervolgexperiment, gepresenteerd 

in Hoofdstuk 4, demonstreer: De vrouwelijke kant van een hermafrodiet kan ook 

fysiologische resistentie ontwikkelen tegen dit effect van het pijlslijm. 

Op gedragsniveau is het doneren van extra nutriënten aan vrouwtjes, ook wel 

bruidsgift genoemd, een welbekende strategie van mannetje om hun 

voortplantingssucces te verhogen. Dit gebeurt bijvoorbeeld via een gevangen 

prooi, seminale vloeistof, spermatoforen, lipiden of speeksel. In Hoofstuk 5 heb ik 

onderzocht of hermafrodiete slakken tijdens de paring een zodanige hoeveelheid 

materiaal overdragen dat deze significant kan bijdrage aan de eiproductie van de 

ontvanger. Maar, mijn resultaten geven aan dat de energiebijdrage via een 

gedoneerd ejaculaat dusdanig laag is dat dit niet voldoende is om bij te dragen aan 

eiproductie. 

Op het niveau van de morfologie is het al langer bekend dat mannelijke 

reproductieve eigenschappen zich aanpassen onder invloed van 

spermacompetitie. In Hoofdstuk 6 heb ik onderzocht of de liefdespijlen en 
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geassocieerde klierstructuren van hermafrodiete slakken verschillen in hun 

slijmoverdrachteigenschappen onder invloed van de populatiedichtheid, aangezien 

bij hogere dichtheden spermadonoren meer competitie ondervinden. De 

uitkomsten van dit onderzoek, dat vier soorten omvatte, laat zien dat de toename in 

slijmoverdracht via verschillende morfologische aanpassingen plaats vindt in 

populaties met een hoge dichtheid. Deze aanpassingen bevatten, onder andere, 

grotere en meer vertakte klieren voor slijmproductie en een vergroot pijloppervlak 

waarop meer slijm getransporteerd kan worden.  

De belangrijkste conclusie die uit mijn proefschrift naar voren komt is dat seksuele 

selectie, in de vorm van spermacompetitie, simultane hermafrodieten op 

verschillende manieren kan beïnvloeden met als resultaat dat individuen effectiever 

worden in de competitie om het vaderschap. Zulke aanpassingen vinden voor 

landslakken met liefdespijlen zowel op fysiologisch als morfologisch vlak plaats en 

zijn vergelijkbaar met aanpassingen die in dieren met gescheiden seksen 

plaatsvinden. Maar, omdat simultaan hermafrodieten gelijktijdig een mannelijke als 

vrouwelijke functie hebben, zijn ze gelimiteerd in wat ze via gedragsaanpassingen 

kunnen bereiken; zo werkt de uitwisseling van een bruidsschat om meerdere 

redenen niet, terwijl dat een wijdverbreide strategie is voor dieren met gescheiden 

seksen. 

Tenslotte, door me op simultaan hermafrodieten te richten, illustreer ik met de 

bevindingen in dit proefschrift dat post-copulatoire seksuele selectie een 

evolutionaire drijfveer is die niet alleen relevant is voor dieren met gescheiden 

seksen, maar ook voor organismen met andere vormen van seksuele 

voortplanting. 
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Riassunto 
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La storia del dardo dell’amore: una lotta per la paternità nelle chiocciole 
terrestri  
 

La selezione sessuale è una forza evolutiva che favorisce caratteri che migliorano 

il successo riproduttivo di un individuo. Quando una femmina si accoppia con più 

partner durante una stagione riproduttiva, lo sperma di maschi diversi è presente 

nel sistema riproduttivo femminile e compete per la fecondazione delle sue uova. 

In un tale scenario, che è molto comune nel mondo animale, la selezione sessuale 

favorisce l'evoluzione di adattamenti maschili che aumentano le probabilità degli 

spermatozoi di fertilizzare le uova rispetto agli spermatozoi rivali. Finora, la 

maggior parte del lavoro su questo tema è stato condotto su specie a sessi 

separati, chiamate anche gonocoriche. Tuttavia, la selezione sessuale agisce 

anche sui molti organismi che hanno organi riproduttivi sia femminili che maschili, 

gli ermafroditi simultanei. 

Lo scopo di questa tesi è quello di ampliare le nostre conoscenze sulle strategie 

sviluppate dagli ermafroditi simultanei in risposta alla competizione spermatica per 

capire meglio se questi adattamenti sono simili a quelli che si verificano in specie 

gonocoriche. Dal momento in cui questi adattamenti possono verificarsi a diversi 

livelli biologici dell' accoppiamento, ho esplorato il livello fisiologico, 

comportamentale e morfologico nelle chiocciole terrestri che posseggono il dardo 

dell’amore. Queste chiocciole sono ermafroditi simultanei e rappresentano un 

esempio interessante di iniezione nel partner di sostanze prodotte in ghiandole 

accessorie maschili. Il dardo dell’amore è composto da carbonato di calcio e viene 

trafitto nella cute del partner prima che il trasferimento dello sperma occorra. Con il 

dardo vengono trasferite sostanze mucose nell’emolinfa del partner, prodotte da 

una ghiandola accessoria, dette allormoni. Una volta trasferiti, questi prodotti 

aumentano il successo riproduttivo del donatore di sperma attraverso cambiamenti 

indotti nella fisiologia del partner. Un esame approfondito degli aspetti fisiologici, 

morfologici e comportamentali di ciò che è noto sul dardo dell’amore delle 

chiocciole terrestri è presente nel capitolo 2 all'inizio di questa ricerca. 

A livello fisiologico, nel capitolo 3, ho studiato sperimentalmente se gli effetti del 

muco del dardo, i quali favoriscono il successo riproduttivo del donatore di sperma, 
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erano simili tra specie. Ciò è stato fatto utilizzando un test di cross-reattività in cui 

ho confrontato la risposta in vitro della specie modello Cornu aspersum con quella 

del muco di otto specie affini. I risultati hanno dimostrato che la reazione fisiologica 

del sistema riproduttivo del partner non è specie specifica. Questo suggerisce una 

strategia che aumenta il successo riproduttivo comune tra le varie specie di 

chiocciole. Inoltre, il muco trasferito dal dardo potrebbe innescare altre reazioni per 

ora a noi sconosciute. Infatti, questo esperimento mi ha anche permesso di 

scoprire e descrivere un effetto di accorciamento del diverticolo precedentemente 

sconosciuto. Questo effetto è una temporanea contrazione che riduce la lunghezza 

del diverticolo quando il muco del dardo di alcune specie è applicato in vitro. 

Siccome è prevista una resistenza femminile agli effetti indotti da sostanze 

maschili, ho infatti scoperto una resistenza femminile di tipo fisiologico all’ 

accorciamento causato dal muco del dardo nel capitolo 4. 

A livello comportamentale, una strategia maschile ben nota che può aumentare il 

successo riproduttivo maschile è la donazione di sostanze nutrienti supplementari 

come dono nuziale per le femmine, per esempio prede, liquido seminale, 

spermatofore, lipidi o secrezioni salivari. Di conseguenza, nel capitolo 5, ho 

indagato se le chiocciole donano al partner una notevole quantità di materiale e 

risorse attraverso i loro eiaculati e se questi potrebbero contribuire in modo 

sostanziale alla produzione di uova. I risultati hanno indicato che l'apporto 

energetico dell’eiaculato donato è trascurabile e pertanto non rappresenta un 

contributo sostanziale per la produzione di uova. 

A livello morfologico, alcuni caratteri riproduttivi maschili sono noti per essere 

influenzati dal livello di competizione spermatica. Quindi, nel capitolo 6, ho studiato 

se il dardo dell’amore e le ghiandole mucose sono modificate per trasferirire o 

produrre più muco a seconda della densità di popolazione, visto che ad alta 

densità ci sono più rivali. I risultati hanno dimostrato che nelle popolazioni con alta 

densità delle quattro specie studiate, un aumento del trasferimento del muco del 

dardo sembra essere raggiunto attraverso diversi adattamenti morfologici. Gli 

adattamenti comprendono, per esempio, ghiandole più grandi o più ramificate che 

potrebbero produrre più muco e una superficie ingrandita del dardo per 

trasportarne di più. 
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La conclusione principale della mia tesi è che la selezione sessuale, sotto forma di 

competizione spermatica, può influenzare gli ermafroditi simultanei in vari modi e 

modella la capacità degli individui di essere competitivi nella lotta per la paternità. 

Tali adattamenti coinvolgono sia la fisiologia e la morfologia delle chiocciole 

terrestri che hanno il dardo dell’amore e sono paragonabili a quelli che si verificano 

in specie a sessi separati. È importante sottolineare il fatto che gli ermafroditi 

simultanei sono limitati nello sviluppo di alcuni adattamenti comportamentali, come 

la donazione di doni nuziali al partner che è invece una strategia comune in specie 

a sessi separati. Per concludere, questa tesi, pur concentrandosi sugli ermafroditi 

simultanei, illustra chiaramente che la selezione sessuale agisce a livello post-

copulatorio ed è una forza evolutiva che non è rilevante solo per le specie a sessi 

separati ma per tutte le specie che si riproducono sessualmente.
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