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7. 
Discussion
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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 



Chapter 7

119

(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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