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Previous work suggests that low-spired hermaphroditic snails mate face-to-face and have reciprocal sperm
exchange, whereas high-spired snails mate by shell mounting and have unilateral sperm exchange. This dichotomy
lead others to speculate on the evolution of enigmatic mating behaviours and whole-body enantiomorphy. In the
present study, we review the current literature on mating behaviour in pulmonate snails and show that: (1) several
pulmonate species show considerable intraspecific variation in mating behaviour; (2) mating position does not
predict reciprocity of penis intromission and sperm exchange; (3) dart-shooting may be correlated with reciprocity
of sperm exchange but other factors must explain the gain or loss of darts; (4) it is unlikely that the degree of
reciprocity is the most important factor in explaining the relationship of whole-body enantiomorphy and shell
shape; and (5) the reciprocal intromission of penises does not necessarily involve the reciprocal transfer of sperm.
Hence, our survey shows that current ideas on the evolutionary relationship between shell shape and reciprocity
with sexual selection (including dart-use) and whole-body enantiomorphy in hermaphroditic snails should be
refined. The results obtained demonstrate that our current knowledge on gastropod mating behaviour is too limited
to detect general evolutionary trajectories in gastropod mating behaviour and genital anatomy. © 2009 The
Linnean Society of London, Biological Journal of the Linnean Society, 2009, 96, 306–321.

ADDITIONAL KEYWORDS: dart-shooting – freshwater snails – hermaphrodite – land snails – sexual
selection – whole-body enantiomorphy.

INTRODUCTION

Pulmonate gastropods comprise a group of approxi-
mately 20 000 hermaphroditic species that produce
sperm and eggs simultaneously, although, in some
species, the sperm may mature before the ova
(Heller, 1993). The majority of pulmonates belong to
two suborders (i.e. the Stylommatophora and the
Basommatophora). Pulmonates show diverse and very
complex reproductive organs (e.g. sperm-digesting
organ, allosperm-storage organ or spermatheca,
stimulator, dart-sac, penial appendages) and mating
behaviours (e.g. apophallation, dart-shooting, aerial
mating with sperm exchange at the tips of highly
extended penises) (Duncan, 1975; Tompa, 1984; Baur,
1998). Explaining the evolution of the complex

reproductive organs and behaviours in pulmonates
proves challenging (Davison et al., 2005b; Koene &
Schulenburg, 2005; Schilthuizen, 2005; Beese, Beier
& Baur, 2006).

Theoretically, during mating, hermaphroditic pul-
monates may donate sperm (sperm donor or ‘male’),
receive sperm (sperm receiver or ‘female’) or both
donate and receive sperm at the same time. Asami,
Cowie & Ohbayashi (1998), based on Cain’s (1977)
observation that shells of pulmonates are either low-
spired (flat) or high-spired (tall) with few inter-
mediate, globular species, reviewed the courtship and
mating behaviour of 17 stylommatophoran families
and found an intriguing relationship between shell
shape (i.e. low-spired versus high-spired) and mating
behaviour. Low-spired species show a symmetrical
courtship behaviour, mate face-to-face and have recip-
rocal penis intromission (Fig. 1A, B). By contrast,
high-spired species show an asymmetrical courtship*Corresponding author. E-mail: kurt.jordaens@ua.ac.be
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behaviour termed shell mounting during which one
individual (the ‘male’) mounts the shell of its partner
(the ‘female’) (Fig. 1C). This is followed by unilateral
penis intromission (i.e. the ‘male’ inserts its penis into
the vagina of the ‘female’ and donates sperm). In some
species, the first mating is followed by a second in
which the partners reverse roles (i.e. sex role alter-
nation) (Lipton & Murray, 1979; Koene & Ter Maat,
2005). Davison et al. (2005b) extended the list of
Asami et al. (1998) to 60 genera (28 families) and
confirmed the bimodality of mating behaviour that
was observed by Asami et al. (1998). Hence, the most
important outcome of the studies of Asami et al.
(1998) and Davison et al. (2005b) is that low-spired
species mate reciprocally and that high-spired species
mate unilaterally, with there being only very few
exceptions to this rule (Asami et al., 1998). This bimo-
dality in mating behaviour has lead to speculation on
the evolution of several striking phenomena in pul-
monates (i.e. sexual selection, including the shooting
of so-called ‘love-darts’ during mating; Davison et al.,
2005b; Schilthuizen, 2005) and intraspecific dimor-
phism in coiling (i.e. whole-body enantiomorphy;
Asami et al., 1998; Davison et al., 2005a; Schilthuizen
& Davison, 2005).

In the present study, we first show that the pre-
sumed relationship between shell-shape and mating
behaviour (i.e. low-spired species mate face-to-face
and reciprocally and high-spired species mate by shell
mounting and unilaterally) is not so straightforward
as is currently accepted. Then, we explore how these
findings may affect our current ideas on: (1) sexual
selection in pulmonates in general; (2) the evolution
of dart-gain and dart-loss within the Pulmonata;
and (3) the evolution of whole-body enantiomorphy.
Finally, we propose several issues of snail mating
behaviour that deserve further attention and that
may allow the fine-tuning of our current ideas on the
above mentioned topics. Because part of the miscon-
ceptions on the relationship between shell-shape and
mating behaviour may result from ill-defined mating
behaviours that cause confusion, we also provide defi-
nitions of some commonly used terminology of mating
behaviour in pulmonates.

MATERIAL AND METHODS

Based on a detailed literature study of the mating
behaviour of hermaphroditic pulmonate gastropods,
we summarize the relevant terminology of pulmonate
mating behaviour in Table 1. This terminology will be
adopted throughout the present study. We surveyed
shell shape, mating position, penis intromission or
penis entwining, sperm exchange, the presence of
darts (or dart-sacs), and whole-body enantiomorphy
in six basommatophoran genera (three families), one

non-stylommatophoran eupulmonate genus, and 74
stylommatophoran eupulmonate genera (24 families)
(see Supporting information, Appendix S1). Shell
shape was categorized as high-spired (spire-index > 1)
or low-spired (spire-index < 1). This was performed by
calculating the ratio of shell height to shell width,
which is known as the spire-index (Cain, 1977).
Mating position was categorized as face-to-face or
shell mounting. Penis intromission/entwining was
categorized as reciprocal or unilateral and whether
it occurs through intromission (i.e. internal sperm
exchange) or through entwining (i.e. external sperm
exchange) (Table 1; see also Supporting information,
Appendix S1). Data on shell shape, mating position,
penis intromission/entwining, sperm exchange, the
presence of a dart(-sac), and whole-body enantio-
morphy are provided in the Supporting information
(Appendix S1). The main references used for dart-
shooting were Davison et al. (2005b) and Koene &
Schulenburg (2005). Data on intraspecific whole-body
enantiomorphy were gathered from Asami (1993).

Shell width and shell height of species were gath-
ered from the literature whenever available (a list is
available by request from the authors) to examine the
dichotomy in shell shape in the species for which
enough data on the reproductive behaviour were
available.

We redrew the Bayesian phylogenetic tree for
the five well-supported stylommatophoran pulmonate
clades of Wade, Mordan & Naggs (2006), whose
Neighbour-joining analysis yielded virtually iden-
tical results. Some of the nodes with low Bayesian
probabilities were collapsed to aid interpretation. Pos-
session of darts, shell shape, mating behaviour, and
penis intromission reciprocity were then mapped onto
the phylogeny. The deep relationships between the
‘non-achatinoid’ clades (Orthurethra, Limacoidea,
Clausilioidea, Helicoidea, Orthalicoidea, and Elas-
mognatha) are not clear and there is poor resolution
at several important nodes (Wade et al., 2006). This
poor resolution prevents a strict, phylogeny con-
trolled, comparative analysis using independent con-
trasts (Purvis & Rambaut, 1995; see also Davison
et al., 2005b) of the results of Wade et al. (2006). An
alternative method, which calculates character corre-
lation using pairwise comparisons on a phylogeny,
suggested by Maddison (2000) could not be used
because we could not always judge the direction of
change of the character and because this method
yielded only very few comparisons so that a statistical
analysis could not be performed.

RESULTS

Figure 2 shows that the presumed dichotomy in shell
shape with species either high-spired or low-spired
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with few intermediates is not straightforward for the
species for which substantial data on the mating
behaviour are available. Although few species are
globular (i.e. spire-index of approximately 1), several
approach a globular shell shape (i.e. the data points
near the diagonal lines of Fig. 2). This may be because
many species for which some data on the mating
behaviour are available (e.g. the Helicoidea) approach
a globular shell shape. Nevertheless, species with a
mating behaviour that ‘deviates’ from the general rule
outlined above are either clearly low-spired or high-
spired. For this, the division of low-spired and high-
spired will be maintained throughout the present
study.

RELATIONSHIP BETWEEN SHELL-SHAPE AND

MATING POSITION

A summary of our results is given in Figure 2 and the
Supporting information (Appendix S1). This shows

that, in general, low-spired species (42 out of 47 taxa)
mate face-to-face and high-spired species (32 out of 34
taxa) mate by shell mounting (Fig. 2A). Yet, five out
of the 47 low-spired taxa (Helicophanta, Anguispira,
Haplotrema, Oreohelix, Paryphanta) mate by shell
mounting and, in Polydontes, both face-to-face mating
(two matings out of three) and mating by shell mount-
ing (one mating out of three) has been recorded
(Webb, 1970c). All these genera belong to different
families (see Supporting information, Appendix S1) so
that it is highly likely that the deviations in mating
position represent independent evolutionary events.
Two out of 34 high-spired taxa (Amphidromus and
Cochlicella) generally mate face-to-face (in Amphidro-
mus mating sometimes becomes side-by-side; Fig. 1F)
(Sutcharit, Asami & Panha (2007). Both genera
belong to different families (see Supporting informa-
tion, Appendix S1) and thus likely represent inde-
pendent evolutionary events. Basommatophorans all
mate by shell-mounting. Although Helisoma and

Figure 1. Photographs of copulating pulmonate snails. A, reciprocal, face-to-face mating in Cornu aspersum (photo:
Ronald Chase; the black arrows indicate the darts that were shot). B, reciprocal, face-to-face mating in Cornu aspersum
(drawing from Férussac, 1819). C, unilateral mating by shell mounting in Lymnaea stagnalis (photo: Joris M. Koene &
Anton Pieneman). D, reciprocal mating by shell mounting in Succinea putris (photo: Lobke Dillen & Kurt Jordaens). E,
a copulating pair of S. putris killed in liquid nitrogen while copulating (photo: Lobke Dillen & Kurt Jordaens). The
shell-mounter (M) was removed from the lower individual (L) to show the reciprocally intromitted penises. The upper
penis belongs to the shell mounter, the lower penis belongs to the lower individual of the mating pair. F, reciprocal mating
in two high-spired individuals of Amphidromus atricallosus that probably started mating face-to-face but continued
mating side-by-side (Sutcharit et al., 2007). In all figures, white arrows indicate penises.
�
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Figure 2. The relationship between shell shape, mating position (triangles, face-to-face; circles, shell mounting) and
penis intromission/entwining (closed symbols, reciprocal intromission/entwining; open symbols, unilateral intromission).
Grey symbols are genera/species in which both unilateral and reciprocal penis intromission/entwining have been recorded.
The lines in (A) and (B) represent equal shell heights and widths. Species with a high-spired shell are above the diagonal,
those with a low-spired shell are below the diagonal. A, with indication of genera that ‘deviate’ from the ‘high-spired
(i.e. shell mounting and unilateral mating) and low-spired (i.e. face-to-face and reciprocal mating) rule. B, with indication
of the genera/species in which both unilateral and reciprocal penis intromission/entwing have been recorded.
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Table 1. Definitions of some commonly used terminology of mating behaviour in hermaphroditic pulmonates

Courtship behaviour Behaviour that mating partners show before one of the penises is intromitted into the
partner in internal sperm exchanging species, or before penises get entwined in
external sperm exchanging species. Courtship behaviour is also referred to as
pre-copulatory behaviour

External sperm transfer Sperm is transferred on the penis of the partner without intromission of the penis into
the female reproductive system. During copulation, penises may be entwined or not

Face-to-face mating Mating position whereby both individuals are faced opposite to each other so that the
genital openings, which are situated on the right side (or left side in sinistral species)
are opposed and mating can be achieved

‘Female’ role The sperm receiver
Internal sperm transfer The sperm donor intromits its penis into the vagina of the sperm recipient and sperm is

released inside the female reproductive system
‘Male’ role The sperm donor
Mating behaviour Any behavioural aspect related to mate-choice, courtship behaviour and the act of

copulation
Mating position The position in which individuals copulate. This can be either face-to-face or shell

mounting
Penis intromission During mating the penis is intromitted into the atrium and/or the female reproductive

tract (see also Penis entwining)
Penis entwining The penis is not inserted into the atrium and the female reproductive tract of the

partner but both penises are exserted and entwine; sperm is then exchanged at the
tips of the penises. In this kind of mating, the penis is also used to take up the
allosperm (see also Penis intromission)

Pre-copulatory behaviour See Courtship behaviour
Reciprocal intromission Both individuals intromit their penises during a single copulation. Mostly this is

performed simultaneously; very rarely, intromission appears to be alternated during
the same copulation

Reciprocal mating Both partners act in the ‘male’ and the ‘female’ role. This can be done in a single
mating (= Simultaneous mating) or through subsequent copulations whereby
individuals change sex roles (i.e. the ‘male’ becomes ‘female’ and vice versa;
= Sex role alternation)

Reproductive behaviour Any behavioural aspect related to reproduction, including mating behaviour, egg-laying,
parental care, intraspecific egg-cannibalism, etc.

Sex change Individuals change their sex in the course of a reproductive season or between
reproductive seasons. This can either be proterandric (first male, then female) or
protogynic (first female, then male)

Sex role The role an individual adopts during copulation. This can be either the ‘male’ role
(i.e. sperm donor), the ‘female’ role (i.e. sperm receiver) or both (i.e. individual acts as
‘male’ and ‘female’)

Sex role alternation Reciprocal matings where one individual acts in the ‘male’ role and the other in the
‘female’ role. After this copulation, both individuals change roles and mate again with
each other

Shell mounting Mating position whereby one individual climbs onto the shell of the other individual
Simultaneous

hermaphrodite
An individual that produces sperm and ova at the same time

Simultaneous reciprocal
mating

Both partners act in the ‘male’ and ‘female’ role during a single mating; sometimes
referred to as ‘two-way copulation’

Two-way copulation See Simultaneous reciprocal mating
Unilateral intromission Only one of the mating partners (i.e. the ‘male’) intromits its penis into the ‘female’

partner
Unilateral mating Mating whereby one individual acts in the ‘male’ role (sperm donor) and the other in

the ‘female’ role (sperm receiver). After mating, individuals separate and do not
change sex roles
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Biomphalaria have low-spired shells, the shell is
held vertically so that the partner has to climb the
shells to achieve successful copulation (Duncan,
1975; Vianey-Liaud, 1998). Finally, the non-
stylommatophoran eupulmonate genus Melampus
comprises high-spired species that mate face-to-face
(Apley, 1970).

RELATIONSHIP BETWEEN SHELL-SHAPE/MATING

POSITION AND PENIS INTROMISSION/ENTWINING

The relationship between shell shape or mating posi-
tion and penis intromission/entwining is even less
clear (Fig. 2; see also Supporting information, Appen-
dix S1). Among the high-spired species, this is best
illustrated in species of the family Clausiliidae where
mating is always achieved by shell mounting but
penis intromission may be unilateral (nine genera),
reciprocal (seven genera), or even both (one genus)
(Fig. 3; see also Supporting information, Appen-
dix S1). Interestingly, within the Clausilliidae, there
appears to be a striking relationship between shell
size and whether penis intromission is unilateral or
reciprocal (Fig. 3) (i.e. smaller species appear to mate
unilaterally, whereas mating is reciprocal in larger
species; the only exception to this rule is Agathylla).

Besides several clausiliid genera, other shell-
mounting high-spired taxa have reciprocal penis
intromission, such as the Achatinidae (two genera
studied) (Plummer, 1975; Tomiyama, 1994), Succi-
neidae (all three genera studied) (Webb, 1977a, b, c;
Jordaens, Pinceel & Backeljau, 2005; Fig. 1D, E,
Fig. 4), and Euglandina (Cook, 1985) (Fig. 2A).

Face-to-face mating is strongly related to reci-
procal penis intromission/entwining (Fig. 2). Yet,

penis intromission is both unilateral or reciprocal in
the low-spired genera Glyptostoma (Webb, 1961),
Sonorella (Webb, 1980b, 1990a), and Helminthoglypta
(Webb, 1952b) that mate face-to-face and in the genus
Oreohelix that mates by shell mounting (Roscoe,
1950; Webb, 1951) (Fig. 2B). In Triodopsis vannos-
trandi, three out of four pairs showed unilateral penis
intromission. One of these matings was face-to-face,
another by shell mounting and a third in which
the snails had met at a 90° angle (Webb, 1959). Out
of approximately 100 matings in Mandarina, one
was unilateral instead of simultaneously reciprocal
(Davison et al., 2005b). Penis intromission is uni-
lateral in the low-spired genus Zonitoides (Bartsch
& Quick, 1926), but the mating position was not
recorded. Finally, Anguispira and Haplotrema have
low-spired shells and reciprocally intromit penises,
but mate by shell mounting (Webb, 1943, 1968c)
(Fig. 2A).

In general, in species with reciprocal penis
intromission, both penises are intromitted recipro-
cally. However, in the clausiliid genera that mate
reciprocally, the intromission is not simultaneous but
alternated. The shell-mounter mounts the shell of the
lower individual and puts the left front part of the
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Figure 3. The relationship between body size and penis
intromission in the family Clausiliidae.
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Figure 4. Camera lucida drawing of the proximal genita-
lia of copulating Succinea putris (family Succineidae)
showing the reciprocally intromitted penises (modified
after Hecker, 1965). B, bursa copulatrix; BW, body wall;
GA, genital atrium; PS, penis sheath; PE, pedunculus of
the bursa copulatrix; PR, penis retractor muscle; V,
vagina; VD, vas deferens. The number in subscript refers
to the individual to which the structure belongs.
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head-foot close to that of its mate. The lower partner
then everts the atrium (and sometimes the vagina),
which, in turn, stimulates the shell-mounter to intro-
duce its penis. Thereafter, the lower individual will
intromit its penis (Nordsieck, 2005). Alternated penis
intromission has further been observed in the genera
Caracolus (Webb, 1970c) and in some species of Hel-
minthoglypta (Webb, 1942, 1952b). Helminthoglypta
californiensis, Helminthoglypta dupetithouarsi, and
Helminthoglypta umbilicata reciprocally intromit
penises (Webb, 1942), whereas penis intromission is
alternately reciprocal in Helminthoglypta traski fieldi
(Webb, 1952b). In the latter species, mating starts
unilaterally with the intromission of the penis of the
male actor. Subsequently, the female acting indi-
vidual also intromits its penis. Shortly thereafter, the
‘male’ retracts its penis so that mating becomes uni-
lateral again but with partners switching roles
(Webb, 1952b).

Some Succineidae, Polygyridae, and Helicodiscidae
have external sperm exchange (see also Supporting
information, Appendix S1). During copulation, sper-
matozoa are deposited on the mate’s everted penis
without intromission. Reciprocal eversion of penises
is a necessity for a successful copulation because the
penis is also needed for the uptake of sperm by the
partner. Penis entwining therefore becomes per defi-
nition reciprocal.

All basommatophorans mate by shell-mounting
and penis intromission is unilateral. However, penis
intromission in Biomphalaria glabrata (Brumpt, 1941;
Vernon & Taylor, 1996; Trigwell, Dussart & Vianey-
Liaud, 1997; Vianey-Liaud, 1998), Biomphalaria teno-
gophila (Springer de Freitas, Pires Paula & Cariello,
1997), and Helisoma trivolvis (Duncan, 1975) is some-
times simultaneously reciprocal.

RELATIONSHIP BETWEEN SHELL-SHAPE/MATING

POSITION, WHOLE-BODY ENANTIOMORPHY

AND DART-SHOOTING

The Supporting information (Appendix S1) lists five
taxa showing whole-body enantiomorphy (i.e. Brady-
baena, Amphidromus, Liguus, Partula, and Lymnaea).
Bradybaena has a globular shell shape, mates
face-to-face, and has reciprocal penis intromis-
sion. Liguus, Partula, and Lymnaea have a high-
spired shell, mate by shell mounting and (except for
Liguus where the mode of penis intromission is
not known) have unilateral penis intromission.
Amphidromus has a high-spired shell, mate face-to-
face (sometimes side-by-side) and has reciprocal penis
intromission.

The mating behaviour of species of 19 genera that
have a dart(-sac) is relatively well-known (see also
Supporting information, Appendix S1). Species of all

these taxa, except for Zonitoides and Cochlicella, have
a low-spired (or globular) shell-shape, mate face-to-
face, and have reciprocal intromission of penises.
Zonitoides arboreus has a low-spired shell but penis
intromission is unilateral (Bartsch & Quick, 1926).
The position in which individuals mate is unknown.
Cochlicella has a high-spired shell and penis
intromission is reciprocally, but individuals mate
face-to-face.

DISCUSSION

The survey performed in the present study clearly
illustrates that the presumed strong relationship
between shell shape and mating behaviour in pulmo-
nate gastropods (i.e. low-spired species mate face-to-
face and reciprocally and high-spired species mate by
shell mounting and unilaterally) is not straightfor-
ward and that many exceptions to this rule exist.
Below, we illustrate and discuss how these new find-
ings may affect our current ideas on evolutionary
hot-topics in hermaphroditic gastropods (i.e. sexual
selection and gender conflict, dart-shooting and
whole-body enantiomorphy). Because dart-shooting is
the best documented aspect of sexual selection (but
see also Chase & Vaga, 2006), it will be considered
separately.

SEXUAL SELECTION AND GENDER CONFLICT

There is considerable support for the idea that
hermaphrodite mating systems are prone to develop
gender conflicts (Anthes, Putz & Michiels, 2006),
the evolutionary origin of, and potential adaptive
responses to, such conflicts are still controversial; for
a full discussion, see Anthes et al. (2006). Many of
the complex reproductive characters and behaviours
are assumed to have evolved in response to conflicts
between the two sexual functions within a hermaph-
rodite. Sexual conflict could provoke co-evolutionary
arms races in which the repeated origin of traits
advantageous for one sexual function but disadvan-
tageous to the other, is accommodated by counter-
adaptations in the other sexual function (Koene &
Schulenburg, 2005). Evidently, to elucidate the evo-
lutionary trajectories of genital structures, it is
essential to have a thorough understanding of not
only the functional significance of the reproductive
morphology, but also of the mating behaviour of
species.

Our survey shows that, exept for the land snail
Delima semirugata, in pulmonates with unilateral
penis intromission, the shell-mounter introduces its
penis and adopts the male role, whereas the lower
partner adopts the female role. Sex role alternation
may be common in basommatophoran snails but has
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not been observed in stylommatophoran snails,
except for Partula suturalis and Partula taeniata
(Lipton & Murray, 1979) and (together with reciprocal
penis intromission) in Polygyra (Archer, 1933). Helm-
inthoglypta traski fieldi appears to switch roles
during a single mating (Webb, 1952b). Possible
factors that affect sex role alternation have been
studied in the basommatophoran snails Lymnaea
stagnalis and Physa acuta. Koene & Ter Maat (2005)
showed that, in L. stagnalis, sex role alternation
occured more often in pairs in which both individuals
were isolated for some period than in pairs where
only one, or none, of the partners was isolated. More-
over, partners that were isolated acted as male. This
shows that sexual isolation increases the eagerness to
mate and indicates that the occurrence of sex role
alternation should not necessarily be interpreted as
conditional reciprocity (Koene & Ter Maat, 2005)
However, in pairs where both individuals were iso-
lated, a sexual conflict may still exist since insemi-
nation avoidance behaviours were observed regularly.
Facon, Ravigné & Goudet (2008) showed that sex
role alternation in Physa acuta did not preferen-
tially occur with the same partner, suggesting that
each individual showed a preference for sex role
alternation.

In most species that intromit penises reciprocally,
or that show penis entwining, it is not known whether
sperm transfer is also reciprocal. Sperm transfer
when penises are simultaneously reciprocally intro-
mitted is normally reciprocal in Arianta arbustorum
(Baur, 1998), Cornu aspersum (Rogers & Chase, 2001;
Chase & Vaga, 2006), Euhadra subnimbosa (Koene &
Chiba, 2006) and Polymita muscarum (Reyes Tur
& Koene, 2007). However, Jordaens et al. (2005)
observed in Succinea putris that sperm transfer
was not always reciprocal despite that penis intro-
mission always was (i.e. 12 out of 87 parings involved
the unilateral transfer of sperm). No relationship
was found with the activity role (shell-mounter or
mounted individual) or the size (difference) of the
partners.

Little variation in mating behaviour is observed in
basommatophoran species because they all mate by
shell mounting with the shell-mounter acting as the
‘male’ sperm donor and the mounted individual acting
as the ‘female’ sperm receiver (irrespective of shell
shape). Hence, sperm transfer in basommatophorans
is unilateral. Nevertheless, reciprocal penis intromis-
sion has been observed in some species whereas
others display sex role alternation. Hence, in these
species, reciprocal sperm exchange may be achieved
during a single or during alternated matings
(although this need not be a conditional exchange of
sperm; Koene & Ter Maat (2005). By contrast, many
stylommatophoran species show intraspecific varia-

tion in mating behaviour and even closely related
taxa may differ substantially in their mating behav-
iour (see also Supporting information, Appendix S1).
Unfortunately, any effect of phylogenetic dependence
cannot be investigated because the phylogenetic reso-
lution for the Pulmonta remains poor (Wade et al.,
2006). Five clades (Fig. 5) show a relatively high
resolution but in those groups data on the mating
behaviour is either very restricted (for the ‘achatinoid’
clade, Fig. 5A; the Limacoidea, Fig. 5D; and the
Orthurethra, Fig. 5E) or there is little variation in
shell shape, mating position, penis intromission and
the presence/absence of darts (for the Clausilliidae,
Fig. 5B, and the Helicoidea, Fig. 5C).

DART SHOOTING

Love-darts are calcacerous or chitinous structures
that many snails and slugs use to pierce the skin of
their partner during mating (Koene & Schulenburg,
2005). Calcareous darts are covered by mucus that
contains allohormones (Koene & Ter Maat, 2001). A
well-shot dart promotes the survival of sperm (Rogers
& Chase, 2001) and by successfully darting its
partner, a sperm donor increases its chances of
paternity (Rogers & Chase, 2002; Chase & Blanchard,
2006). Darts have repeatedly been gained and lost
during pulmonate evolution (Davison et al., 2005b)
and elucidating the evolutionary pattern of these
gains and losses may provide insights in the strength
of sexual selection in pulmonates (Koene & Schulen-
burg, 2005; Schilthuizen, 2005; but see also Chase &
Vaga, 2006). This prompted Davison et al. (2005b) to
compare the bimodality of mating behaviour against
dart use across stylommatophorans. Three hypoth-
eses are proposed to explain the evolution of darts in
low-spired and the absence of darts in high-spired
species First, darts would only evolve in low-spired
taxa because these species enforce simultaneous reci-
procity during mating. Consistent with this hypoth-
esis, Davison et al. (2005b) reported that darts only
occur in low-spired species. These authors further
speculated that high-spired species, which mate uni-
laterally by shell mounting, lack darts, probably
because mating by shell mounting does not correlate
with reciprocity and because it may be more difficult
to successfully hit a partner with a dart during shell
mounting. Finally, Davison et al. (2005b) proposed
that part of the dart shooting behaviour could also be
explained if high-spired species are more commonly
found on vertical surfaces, and reciprocal mating
would be more difficult in that position.

Two observations are not in agreement with the
first hypothesis. First, several high-spired taxa mate
simultaneously reciprocally although they do not
have darts. Hence, the claim of Davison et al. (2005b)
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Figure 5. Phylogenetic tree for the five well-supported larger clades within the stylommatophoran pulmonates; modified
sensu Wade et al. (2006). Bayesian posterior probabilities when > 60% or relevant are indicated. Shell shape
(L, low-spired; H, high-spired), mating position (SM, shell mounting; FF, face-to-face), dart(-sac) presence (↑), presence of
whole-body enantiomorphy (C) and whether penis intromission is reciprocal (R) or unilateral (U) are plotted next to the
genera. A, ‘achatinoid’ clade. B, Clausilliidae. C, Helicoidea. D, Limacoidea. E, Orthurethra.
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that it is more difficult to enforce reciprocity in high-
spired species does not appear to be justified. Second,
mating in Z. arboreus is unilateral even if the species
has a dart (Bartsch & Quick, 1926). However, because
the description of the mating behaviour and dart-use
in Zonitoides was not very detailed (Bartsch & Quick,
1926), these observations need to be confirmed.

The second hypothesis could not be refuted, but is
difficult to test because all taxa with darts mate
face-to-face, even the high-spired Cochlicella. The
observation that two low-spired taxa mate by shell
mounting and reciprocally but lack darts (i.e.
Anguispira, Haplotrema) may further strengthen the
idea that it is neither shell-shape, nor reciprocity of
penis intromission, but the mating position that is the
more important factor in explaining the evolution of
darts. Indeed, darts are never found in species that
mate by shell mounting and only evolved in species
that mate face-to-face.

If the third hypothesis would hold, then the rela-
tionship between mating position and substrate incli-
nation appears to be weak because climbing during
courtship has been observed in several low-spired,
reciprocally mating taxa (Webb, 1952a, b, 1954b), and
mating in Succinea and Oxyloma, which are high-
spired and mate reciprocally, appears to be as easy
on a vertical as on a horizontal surface (K. Jordaens,
L. Dillen & T. Backeljau, pers. observ.).

WHOLE-BODY ENANTIOMORPHY

Whole-body enantiomorphy is the left-right polarity
of whole-body asymmetry or of the primary asym-
metry resulting in the co-occurrence of two chiral
morphs (i.e. right-handed or dextral individuals and
left-handed or sinistral individuals). Whole-body
enantiomorphy has evolved repeatedly within the
Gastropoda (Asami et al., 1998; Schilthuizen &
Davison, 2005). Within the Pulmonata, it has been
recorded in at least 13 genera over eight superfami-
lies (Asami et al., 1998). Interchiral mating is pre-
vented or hindered in low-spired species that mate
face-to-face because genitalia exposed by a sinistral
on its left side cannot be joined with those exposed by
a dextral on its right side. High-spired species, which
mate unilaterally by shell mounting, appear to be
able to circumvent this problem to some extent
by small behavioural changes (Asami et al., 1998;
Schilthuizen & Davison, 2005; Sutcharit et al., 2007),
which may explain why whole-body enantiomorphy
is only observed in high-spired species that mate
unilaterally and by shell mounting (see Supporting
information, Appendix S1; Asami, 1993; Asami et al.,
1998).

Still, it remains unknown which of these three
factors (shell shape, mating by shell mounting or

unilateral sperm transfer) is the more important one
in explaining the repeated evolution of whole-body
enantiomorphy because shell shape, mating position,
and the pattern of sperm transfer (unilateral or
reciprocal) may have arisen due to shared ancestry
(Davison et al., 2005b; Wade et al., 2006). Unfortu-
nately, the mating behaviour has only been studied
to some extent in few of the 13 genera that show
whole-body enantiomorphy (see Supporting informa-
tion, Appendix S1). Nevertheless, we speculate that
mating position may be the most important one.
Although snails of different chirality that mate face-
to-face have to change their body orientation, snails
that mate by shell mounting can align their genitalia
by moving chiefly their heads and necks, whereas
shell mounting takes place as usual (Asami, 1993) or
partners may align side-by-side such as, for example,
in Amphidromus atricallosus (Sutcharit et al., 2007:
fig. S3a; Fig. 1F). It appears that behavioural adjust-
ments to allow interchiral matings is more easy to
accomplish by species that mate by shell mounting.
Even though species that mate face-to-face may have
some behavioural adjustments, these never result in
successful mating. An exception are some of the
Amphidromus species that are able to mate recipro-
cally even when mating is face-to-face. The long
epiphallic caecum of these species may be necessary
for reciprocal interchiral copulation (Sutcharit et al.,
2007) (Fig. 1F).

If mating position is the most important factor in
explaining the maintenance of long-term whole-body
enantiomorphy, whole-body enantiomorphy should
arise more easily in low-spired species that mate by
shell mounting (e.g. Anguispira, Haplotrema, Pary-
phanta, Helicophanta). Yet, to date, whole-body
enantiomorphy has not been recorded in these taxa.
Interchiral mating may not depend on whether
mating is simultaneously reciprocal or unilateral
because interchiral matings are possible in both
Partula and Amphidromus, which mate unilateral
and simultaneously reciprocal, respectively.

CONCLUSIONS AND FUTURE DIRECTIVES

Several exceptions to the presumed dichotomy of shell
shape and mating behaviour emerge from our data:
(1) several low-spired species mate unilaterally; (2)
several low-spired species mate by shell mounting; (3)
several high-spired species mate face-to-face; and
(4) several high-spired species mate reciprocally.
Moreover, some other striking results should be high-
lighted from these data: (1) sex role alternation is
more common in freshwater snails compared to land
snails; (2) in unilateral matings, it is not always the
shell-mounter that is the sperm donor; (3) reciprocal
mating is not always simultaneous, but sometimes
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alternated; and (4) reciprocal penis intromission not
necessarily implies reciprocal sperm tranfer.

However, studies on the evolutionary relation-
ship between shell shape and reciprocity with, for
example, dart-shooting and whole-body enantiomor-
phy, often make use of the presumed dichotomy of
shell shape and mating behaviour. Therefore, the
current view of the evolution of these phenomena
should consider the lack of a straightforward relation-
ship between shell shape and mating behaviour and
need to be fine-tuned. Our findings, and the near
absence of basic knowledge on the mating behaviour
of many pulmonates, suggest that, currently, gener-
alizations with respect to shell shape, mating behav-
iour, and the reciprocity of penis intromission, are
difficult to make.

A major problem is that for most species, data on
the reproductive behaviour are restricted to few
observations (see Supporting information, Appen-
dix S1). This makes it hard to discriminate among
general patterns in reproductive behaviour and
intraspecific variation in mating behaviour. Snail
mating behaviour inherently varies even within indi-
viduals of the same species. Evidently, some of the
intraspecific variation mentioned in this survey may
have no adaptive value but are rather exceptions of
an underlying general pattern. With very low sample
sizes, it will be almost impossible to discriminate
among relevant (i.e. adaptive) intraspecific variation
(e.g. different strategies that are adopted) and non-
adaptive variation. Such non-adaptive variation may
weaken or even obscure general reproductive patterns
within and among species and will hamper the exami-
nation of causality of trait evolution. Moreover, obser-
vations are often made on individuals with unknown
mating history or relatedness, whereas it has been
shown repeatedly that the mating history of an indi-
vidual (Koene & Ter Maat, 2005; Dillen et al., 2008) or
the relatedness between partners (McCarthy & Sih,
2008) affect an individual’s mating behaviour. Future
studies should take these factors into account.

Nevertheless, if the lack of a straightforward rela-
tionship between shell shape and mating behaviour is
further corroborated, then we may be able to accu-
rately estimate the relative influence of shell shape,
mating position and reciprocity of penis intromission
on several evolutionary phenomena and trait evolu-
tion of pulmonates. Furthermore, even though the
phylogenies of Davison et al. (2005b) and Wade et al.
(2006) suggest that several well-supported clades
either consist of low-spired species (e.g. Helicoidea
and Limacoidea) or high-spired species (e.g. Orthure-
thra, Clausilioidea, and an ‘achatinoid’ clade) (Fig. 5),
several exceptions occur within these clades. These
phylogenies also neatly illustrate the lack of knowl-
edge on the mating behaviour of most of the genera of

several clades, especially of the Orthurethra, Lima-
coidea, and the ‘achatinoid’ clade.

Based on our survey, which shows high intra- and
interspecific variation in mating behaviour in pulmo-
nate gastropods, and given the incomplete knowledge
of the mating behaviour of most species, we propose
several issues that deserve more attention because
these may expand our current knowledge on snail
reproductive behaviour and morphology, and the
strength and mechanisms of sexual selection in pul-
monate gastropods.

1. For most of the species, the description of the
mating behaviour is based on single or few obser-
vations. Hence, it is unlikely that such few obser-
vations provide a representative and general
picture. Observing more matings per species is
needed to assess intraspecific variation in mating
behaviour and to decide whether or not the curious
variation that has been described for several
species is exceptional. For example, in several
species, unilateral and reciprocal penis intro-
missions have been observed, but the frequency of
both is not known. Another curiosity is Z.
arboreus, which may be the first example of a land
snail that mates unilaterally, although it has a
dart challenging the belief that dart shooting and
reciprocal sperm transfer are tightly linked. Such
studies should also focus on the pre-copulatory
behaviour of species as the length and complexity
of the pre-copulatory behaviour may be related to,
for example, dart-shooting.

2. Part of the incomplete knowledge on the evolution
of reproductive characters or reproductive behav-
iours may be due to ill-defined behaviours that
cause confusion. In Table 1, we have defined some
commonly used terminology of mating behaviour
in hermaphroditic pulmonates that may help in
reducing confusion.

3. Sperm transfer during reciprocal mating is nor-
mally reciprocal. Yet, in S. putris, 12 out of 87
matings involved unilateral sperm transfer despite
reciprocal intromission (Jordaens et al., 2005).
Similarly, in the land slug Deroceras rodnae that
exchanges sperm packages at the tips of entwined
penises, sperm transfer was unilateral in three out
of 15 apparently normal matings (Reise, 1995).
Hence, reciprocal penis entwining or intromission
does not necessarily involve reciprocal sperm
transfer. To date, data for most taxa are lacking.

4. In stylommatophorans that mate by shell mount-
ing, it is not always justified to appoint the ‘male’
role (sperm-donor) to the shell mounting indi-
vidual and the ‘female’ role (sperm-receiver) to the
inactive individual as: (1) several species that
mate by shell mounting transfer sperm recipro-
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cally (see Supporting information, Appendix S1);
(2) in the genus Delima the shell-mounter is not
always the sperm donor (Nordsieck, 2005); and (3)
unilateral sperm transfer in S. putris was not
related to the mating position of the individuals
(Jordaens et al., 2005). So far, in basommatopho-
ran snails, the shell-mounter always acts as the
sperm donor and the mounted individual as the
sperm receiver (except for reciprocal intromission
in Biomphalaria, where both partners may act as
the sperm donor and receiver). Future studies that
study the evolution of mating behaviours in pul-
monates should keep in mind this intraspecific
variation in behaviour.

5. There is still a lack of knowledge about the func-
tional morphology of many pulmonate genital
organs. For example, several species have a dart-
sac, whereas other have a dart-organ which is not
homologous (Barker, 2001). Some species have
external sperm exchange (at the tips of entwined
penises) that appears to have evolved several
times independently (Barker, 2001). Even in
species that mate by intromission, the intromitting
organ is not necessarily the penis because, in
several taxa, the vagina acts as the copulating
organ. Moreover, the function of several structures
(e.g. the ligula in the atrium, penis, or oviduct in
many species) is unknown and poorly documented.
Evidently, before general conclusions are drawn,
the function of several reproductive characters
need to be unraveled. Detailed morphological
studies may even resolve enigmatic evolutionary
questions, such as the maintenance of left-handed
and right-handed individuals within single popu-
lations of the land snail genus Amphidromus
(Schilthuizen et al., 2007).

6. Finally, comparative studies only appear to be
relevant when the molecular phylogeny of the
study group is well-resolved. Currently, many
important nodes within the stylommatophoran
phylogeny are not supported which hampers com-
parative analysis (e.g. the use of independent
contrasts). Also at the family level, well-resolved
molecular phylogenies (together with basic ecologi-
cal data) will prove invaluable to understand the
evolution of mating behaviours in pulmonates. For
example, there is no complete phylogeny of the
family Clausilliidae so that the striking relation-
ship between shell size and the reciprocity of penis
intromission (Fig. 3) remaims enigmatic.

EPILOGUE

The reproductive morphology and reproductive
behaviours of pulmonates, and hermaphrodites in
general, is very diverse. Still, we know very little

about the factors that shape this diversity. It is clear
that there is scope for evolutionary arms races in
pulmonates (Koene & Schulenburg, 2005; Michiels &
Koene, 2006), which may result in adaptations that
are at least as diverse as those seen in other groups
of hermaphrodites or even gonochorists (Michiels,
1998). Above, we showed that generalizations with
respect to the evolution of mating behaviour and
related aspects should be made with much care. Even
though some of the behavioural deviations from the
typical pattern that are listed above may seem excep-
tional or rare, these observations may be of particular
interest (e.g. unilateral transfer in otherwise recipro-
cally inseminating species, matings by shell mounting
whereby the lower individual adopts the male role
and the upper individual adopts the female role,
reciprocal penis intromission in otherwise unilater-
ally mating species) (Michiels, 1998).
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online version of this article:

Appendix S1. Association of shell shape [L, low-spired (i.e. globular or flat); H, high-spired (i.e. tall)], mating
position (FF, face-to-face; SM, shell mounting; SS, side-by-side), penis usage during copulation [AR, alternate
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reciprocal; R, reciprocal; U, unilateral; (S), sex role alternation may occur], sperm exchange (I, internal; E,
external), the presence of a dart or dart-sac (Y, yes; N, no), and the occurrence of intraspecific whole-body
enantiomorphy (Y, yes; N, no) in pulmonate land and freshwater snails. The first column gives an estimate of
the number of matings on which the observations were based (‘?’, the number of mating observations was not
mentioned; ‘many’, a high number of matings were studied (> 100) but that specific numbers were not reported).

Please note: Wiley-Blackwell are not responsible for the content or functionality of any supporting materials
supplied by the authors. Any queries (other than missing material) should be directed to the corresponding
author for the article.
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