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Abstract During courtship, many helicid snails attempt
to pierce the body walls of their mating partners with
mucus-coated calcareous darts. The mucus covering the
dart induces conformational changes in the female repro-
ductive tract of the recipient, closing off the entrance to
the gametolytic bursa copulatrix. We have tested the ef-
fect of dart receipt on the number of sperm stored by
once-mated snails, Helix aspersa. Snails that were hit by
darts stored significantly more sperm than did snails that
were missed. Additionally, the effect of the dart was
stronger in smaller animals and the number of sperm
stored decreased with the shell volume of the recipient.
Although larger animals produced larger spermato-
phores, dart-shooting success was not related to the num-
ber of sperm transferred. These data suggest a role for
dart-shooting in post-copulatory sexual selection.
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Introduction

Bateman’s (1948) principle describes opposing sexual
strategies for males and females. Males, whose repro-
ductive success is typically limited by the number of
available mates, compete to secure a large number of fer-
tilizations. Females, whose reproductive success is typi-
cally limited by the availability of resources, tend to be
more discriminating in their choice of mating partners.
This simple paradigm becomes paradoxical when ap-
plied to simultaneous hermaphrodites because male and
female strategies are antagonistic. Many adaptations al-
low simultaneous hermaphrodites to separate the male

and female components of their reproductive success.
For example, the marine flatworm Pseudoceros bifurcus
tries to hypodermically inseminate its mating partner
while avoiding its partner’s attempts to do the same
(Michiels and Newman 1998). Hypodermic insemination
allows a given animal to transfer sperm (mate as a male)
without necessarily receiving sperm (mate as a female).

Rather than avoiding being inseminated, pulmonate
land snails digest the vast majority of sperm received in
a specialized gametolytic gland called the bursa copula-
trix (Lind 1973). A small but variable number of sperm
escape to the sperm storage organ (spermatheca; Haase
and Baur 1995). The factors determining how many
sperm are stored by the recipient are unknown. However,
one possible influence on sperm storage is a bizarre mor-
phological adaptation named the gypsobellum or ‘love
dart’.

During the final stage of courtship, helicid land snails
attempt to push sharp calcareous darts into their mating
partners. The darts are coated with mucus from special-
ized digitiform glands immediately prior to being shot.
Koene and Chase (1998a) demonstrated that mucus ex-
tracted from the digitiform glands induced contractions
and conformational changes in the female reproductive
tract. These changes were interpreted as speeding the up-
take of the spermatophore and sealing off the entrance to
the gametolytic bursa copulatrix thereby allowing more
sperm to escape digestion and proceed to the storage
organ. That is, by successfully shooting a dart, a sperm
donor might increase the number of his sperm stored by
the recipient without transferring more sperm.

In the present study, we tested the hypothesis that
dart-shooting promotes survival of the shooter’s sperm
within the recipient’s female tract (Chung 1987; Adamo
and Chase 1996; Koene and Chase 1998a). We selected
the helicid snail Helix aspersa as a model organism. The
exact taxonomic status of this species is controversial; it
is variously assigned to the genera Cornu, Cantareus,
and Cryptomphalus. Since none of these names has
emerged as the standard, we retain the use of Helix to be
consistent with the existing behavioral literature.
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H. aspersa is a simultaneous reciprocal hermaphro-
dite. During prolonged copulation (6–8 h; Adamo and
Chase 1988), each snail transfers a spermatophore into
the partner’s bursa tract diverticulum. The sperm escape
into the spermoviduct via the long tail of the spermato-
phore and travel up to the fertilization pouch-spermathe-
ca complex (FPSC; Tompa 1984) where they are stored
in blind-ended spermathecal tubules (Lind 1973). The
mating system is potentially subject to sperm competi-
tion (Parker 1970) since individuals mate with multiple
partners between oviposition events (Moulin 1980) and
can store viable allosperm for up to 4 years (Duncan
1975). Virtually all individuals possessing darts shoot
them during courtship (>97%; Adamo and Chase 1988).

Methods

General methods

Mature and immature garden snails, H. aspersa, were collected
from natural populations in Strathmore, California, by commercial
suppliers. They were isolated upon arrival in small chambers
(5×5×8 cm) and maintained at 18–21°C under a reversed 16 h
light:8 h dark photoperiod. Immature animals were raised to sexual
maturity in the laboratory, as recognized by the development of a
reflected lip at the shell aperture. Maturation required 3–5 months,
during which time the snails were fed calcium carbonate and pow-
dered grains ad libitum. The animals were cleaned and fed every
2–3 days. Isolated snails raised to sexual maturity in the laboratory
are referred to here as ‘virgins.’ Snails that were sexually mature
upon arrival and were therefore presumed to have already mated at
least once are referred to as ‘experienced.’ Since snails do not pro-
duce darts until after their first mating (Chung 1986), we were
able to confirm the reproductive status of each animal by observ-
ing its mating behavior.

Prior to use in mating trials, mature snails were kept in isola-
tion for at least 10 days to replenish potentially depleted auto-
sperm reserves (Locher and Baur 1999). Mating trials were con-
ducted under a 4-day feeding/3-day starvation cycle to maximize
sexual proclivity (Adamo and Chase 1991). During the feeding
phase, 40–50 snails (the courting group) were placed together in a
large Lucite box (36×36×8 cm) and allowed to court freely.
Desired pairs were isolated following the initiation of courtship,
and dart-shooting behavior was closely monitored.

Scoring dart receipt

Shot darts were assigned to one of two strictly defined categories:
(1) miss – the dart was shot but failed to penetrate the recipient or
(2) hit – the dart penetrated over 50% of its length and remained
embedded in the recipient throughout copulation. When shot darts
fell into either of these categories, the snails were allowed to con-
tinue courting and ultimately trade spermatophores. However,
when a dart was shot but did not fall into either of the above class-
es, the courting snails were immediately isolated and prevented
from copulating. In the latter case, the shooter was isolated for
10 days to produce a new dart (Tompa 1984) before it was allowed
to court again. The recipient was isolated for 2 days to allow any
effect of the received mucus to dissipate. Each animal was permit-
ted to copulate only once, but most animals were involved in mul-
tiple courtships (median 2) before receiving a dart that fell into
either of the appropriate categories. Different snails were used in
the two studies described below.

Following a successful copulation, the heights, lengths, and
widths of the shells of the snails involved were measured to the
nearest 0.1 mm using vernier calipers. These measurements (in

millimeters) were used to calculate shell volume according to the
following formula (D. Rogers, unpublished data):

shell volume (cm3) = 3.00 × 10-4(height × length × width) – 0.46

Sperm transfer

To study the relationship between dart-shooting and sperm trans-
fer, we observed matings between experienced snails only.
Accordingly, in this experiment, the courting group consisted of
40–50 experienced animals. The presence of two experienced
snails in each mating pair resulted in reciprocal dart-shooting:
every snail shot its partner with a dart during courtship. Pairs were
allowed to copulate if at least one of the two shot darts fell into
either of the prescribed categories. Otherwise, the snails were sep-
arated prior to copulation and isolated as described above before
being returned to the courting group.

Mating snails were separated 290 min after the initiation of
copulation (when filled spermatophores were being transferred;
Adamo and Chase 1988) by slowly pulling the shells in opposite
directions. Once the spermatophores were expelled by the donors,
they were collected and frozen individually at –85°C. At the end
of the mating trials, 38 randomly selected spermatophores 
(19 from each dart-shooting class) were disrupted to determine the
number of sperm they contained.

Our spermatophore disruption method was modified from that
described by Locher and Baur (1997). We felt it necessary to stan-
dardize the duration of disruption across samples, so we substitut-
ed sonication with a detergent-trypsin protocol adapted from
Vindelov et al. (1983). The head and tail were removed from the
sperm-containing body of the spermatophore, which was cut open
with a fine blade. The contents of the body were scraped out and
placed with the shell of the spermatophore into 700 µl of citrate
buffer (Vindelov et al. 1983). This suspension was homogenized
with a 200-µl Pipetman with a tip cut to an internal diameter of
1.6 mm for 5 min, before 500 µl of trypsin-EDTA (0.25% trypsin
1:250, 1 mM EDTA·4Na in Hanks balanced-salt solution) was
added to the mixture. Trituration continued with the same pipette
tip for 10 min, at which point, 100 µl of Triton X-100 was added.
The suspension was then triturated through a tip with an internal
diameter of 0.7 mm for 10 min. After adding 200 µl of 4% para-
formaldehyde (in 0.1 M PBS), a tip with an internal diameter of
0.5 mm was used to triturate the suspension for 10 min. The sus-
pension was centrifuged at 4,000 g for 5 min, the supernatant was
discarded, and the pellet air-dried for 10 min. It was then resus-
pended in 1.0 ml of 4% paraformaldehyde in 0.1 M PBS using a
pipette tip with an internal diameter of 0.5 mm. All triturations
were performed at a constant rate of 2 s–1.

The final suspension was diluted 1:9 in 0.1 M PBS and the
number of sperm in a sample was counted using an improved
Neubauer hemocytometer at a total magnification of ×200. Both
intact sperm heads and liberated nuclei were counted.

Images of the spermatophores were captured with a CCTV
camera connected to a frame grabber (LG-3, Scion) and spermato-
phore dimensions were determined using ScionImage. Assuming a
cylindrical shape, volume was calculated from the longitudinal
area (A) and maximum length along the midline (L) of each sper-
matophore according to the formula:

V = πA2/4L

Sperm storage

In a separate experiment, we attempted to identify the effect of
dart receipt on the number of sperm stored by once-mated snails.
Mating pairs consisted of one virgin and one experienced snail. In
each pair, the virgin acted as the sperm recipient and the experi-
enced snail as the dart-shooter/sperm donor. Experienced animals
were used as dart-shooters because unmated snails do not produce
darts. Consequently, in this experiment, only the virgin was shot
with a dart. We conducted mating trials as described above but vir-
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gins were included in the courting group in a ratio of one virgin to
three experienced snails. The total size of the courting group re-
mained 40–50 individuals.

Following successful dart-shooting and copulation, ‘virgins’
were isolated for 7 days to allow the allosperm to reach the sper-
matheca. At the end of 7 days, they were anesthetized by injection
of 2 ml isotonic MgCl2 (97.4 mM MgCl2, 5 mM Tris·HCl). Shells
were removed and the FPSCs dissected out. Each FPSC was fixed
in 1.0 ml 4% paraformaldehyde for 60 min and then transferred to
1.0 ml of 9 µM Hoechst 33342 in 4% paraformaldehyde for
180 min. This protocol left the sperm heads inside the FPSC in-
tensely labeled and the spermathecal epithelium lightly labeled.

Stained FPSCs were washed in 0.1 M PBS for 5 min, embed-
ded in 7% agar, and serially sectioned longitudinally at 100 µm on
a Vibratome. Sections were dehydrated in an ascending ethanol se-
ries, cleared in methyl salicylate and mounted in Permount. Sperm
were counted under UV fluorescence (Leitz D-cube on a Leitz
Dialux 20 epifluorescent microscope) using a Leitz NPL Fluotar
×40 objective with a numerical aperture of 1.30 under oil immer-
sion at a total magnification of ×400. The depths of the profiles
(~1–2 µm) relative to the section thickness made the risk of dupli-
cating counts negligible. Counting sperm in sections allowed us to
distinguish between allosperm stored in the spermathecal tubules
and autosperm in the fertilization pouch. Since the walls of the
FPSC were lightly stained, we were able to reconstruct its anato-
my to distinguish the spermathecal tubules from the fertilization
pouch. Moreover, spermathecal allosperm are stored with their
heads pointed toward the tubular epithelium and their tails extend-
ing out toward the opening to the fertilization pouch. Autosperm
within the pouch are recognizable by their lack of orientation
(Lind 1973). Slides were coded and all counts were performed at
the end of the mating trials without prior knowledge of the source
of the tissue.

Statistical analysis

Statistical analyses were performed using Systat 8.0 (SPSS). Fac-
tors affecting the number of sperm transferred and the number of
sperm stored were evaluated using generalized linear model analy-
sis of covariance (GLM ANCOVA), a multiple regression-based
method. Categorical variables were included in the linear models
through effects coding. Backward elimination of statistically non-
significant factors (all with P>0.40) was employed to obtain the
most parsimonious models (Sokal and Rohlf 1969). All reported
P-values are two-tailed.

Results

Spermatophore volume and sperm number

Linear regression of the number of sperm transferred on
spermatophore volume (Fig. 1) revealed a highly predic-
tive relationship (r2=0.91, F1,36=348.8, P<0.001). This
allowed us to estimate the number of sperm contained in
the remaining spermatophores according to the linear
formula:

sperm number (× 106) = 1.093 (spermatophore volume)
– 1.573.

Analysis of the residuals provided no evidence of any
difference in the density of sperm in the spermatophores
produced by dart-shooters that hit their partners and dart-
shooters that missed their partners (two-tailed t-test:
df=36, t=1.18, P=0.244), warranting the use of the above
equation for both types of shooter.

Sperm transfer

We collected spermatophores from 64 animals (from a
total of 43 pairs) whose shots fell into one of the two
prescribed categories. These snails transferred between
1.05×106 and 13.73×106 sperm with the exception of a
single animal that produced an empty spermatophore.
The mean±SD number of sperm transferred was
5.56×106±2.88×106 (n=64). GLM ANCOVA revealed
that the sperm donor’s shell volume had a significant
positive effect on the number of sperm transferred
(Table 1, Fig. 2). Despite a strong trend toward success-
ful dart-shooters transferring fewer sperm than unsuc-
cessful shooters (least-squares mean±SE: missed, 6.29×
106±0.03×106, n=29; hit, 5.06×106±0.03×106, n=35), we
failed to detect a statistically significant effect of dart-
shooting success (Table 1). Since each snail in a mating
pair acted as both sperm donor and sperm recipient, we
included mating pair as a blocking variable in an early
model. Mating pair had no significant effect on the num-
ber of sperm transferred and was therefore dropped from
the model through backward elimination, thus allowing
each snail to be treated as an independent data point. The
candidate independent variables dart receipt category,
shell volume of the sperm recipient, number of sperm re-
ceived, and all possible two-way interactions were also
found to have no significant effect on the number of
sperm transferred and were likewise eliminated from the
model. All dropped variables had P>0.40. 

In total, 22 animals were excluded from the above
analysis because their shot darts did not fall into either of
the prescribed categories. When all collected spermato-

Fig. 1 Relationship between the number of sperm transferred and
spermatophore volume

Table 1 GLM ANCOVA model (R2=0.183) for factors affecting
the number of sperm transferred by copulating snails (n=64)

Factor df MS F P

Donor shell volume 1 72.87 11.28 0.001
Dart-shooting success 1 21.64 3.35 0.072
Error 61 6.46
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phores (n=86) were included in an expanded data set, in
a multiple-regression analysis, we once again failed to
find any effect of mating pair, recipient shell volume, the
number of sperm received, or any interaction on the
number of sperm donated. Regression of the number of
sperm transferred on donor shell volume again revealed
a significant effect (b=0.85×106 sperm/cm3, r2=0.14,
F1,84=13.33, P<0.001).

Sperm storage

Of the 39 snails examined, 37 were found to be storing
allosperm in their spermathecae. The number of sperm
stored by once-mated animals ranged from 0 to 2,986,
with a mean±SD of 1,425±879 (n=39). This mean corre-
sponds to roughly 0.025% of the mean number of sperm
transferred. Since sperm were invariably destroyed dur-
ing spermatophore disruption, this number is almost cer-
tainly an overestimate of the proportion of transferred
sperm that reach the storage organs. However, our esti-
mate agrees with Lind’s (1973) approximation that 0.1%
of donated sperm escape digestion in the closely related
species H. pomatia.

The effects of dart receipt, recipient shell volume, do-
nor shell volume, and all possible two-way interactions
on the number of sperm stored were investigated by
GLM ANCOVA (Table 2, Fig. 3). Dart receipt had a
strong positive effect on the number of sperm stored.
Snails penetrated by their partner’s darts stored 116%
more sperm than snails that were not penetrated by darts
(least-squares mean±SE: missed, 917±41, n=21; hit,
1,983±54, n=18). Furthermore, the body size of the
sperm recipient, represented by shell volume, was nega-
tively associated with the number of sperm stored. The
marginally significant interaction observed between dart
receipt and shell volume indicates that the effect of the
dart is stronger in small animals than in large animals.
No significant effect of donor body size or any other in-

teraction was detected, and these terms were dropped
from the model by backward elimination. 

Note that the squared multiple correlation coefficient
of the linear model used in the analysis was only 0.543,
suggesting that other factors not examined in this study
may influence the number of sperm stored after a single
mating.

Discussion

We have established an association between dart receipt
and sperm storage: once-mated snails hit by darts stored
significantly more sperm than once-mated animals of
equal size that were not hit by darts. However, the ob-
served effect of dart receipt on sperm storage could be
due to an association between dart-shooting and some
other factor – the most plausible being the number of
sperm transferred – rather than any direct physiological
effect of the dart. For example, in both the capercaillie
Tetrao urogallus (Mjelstad 1991) and the Trinidadian
guppy Poecilia reticulata (Matthews et al. 1997), male
courtship behavior is related to ejaculate volume. In
these species, male display rates signal ‘direct fertility
benefits’ to females. However, we found no evidence
that successful dart-shooters transfer more sperm to their
mating partners than do unsuccessful shooters. That is,
dart receipt is an unreliable indicator of ejaculate vol-
ume. In fact, we found a strong, but not statistically sig-

Fig. 2 Relationship between the number of sperm transferred and
donor body size (open circles dart missed recipient, closed circles
dart hit recipient)

Table 2 GLM ANCOVA model for factors affecting the number
of sperm stored by once-mated snails (n=39). The term dart re-
ceipt×recipient volume indicates a statistical interaction

Factor df MS F P

Dart receipt category 1 4.61×106 12.18 0.001
Recipient shell volume 1 5.00×106 13.21 0.001
Dart receipt × recipient volume 1 1.56×106 4.13 0.050
Error 35 3.78×105

Fig. 3 Effect of dart receipt on the number of sperm stored by re-
cipients of different volumes (Open circles dart missed recipient,
closed circles dart hit recipient)



nificant, trend in the opposite direction: unsuccessful
shooters transferred more sperm than successful ones.
This trend, if borne out by future investigation, would
suggest that unsuccessful shooters might attempt to com-
pensate for the reduction in the proportion of their ejacu-
late stored by transferring more sperm. In any case, the
observed relationship between dart receipt and sperm
storage is unlikely to be the indirect result of a correla-
tion between dart-shooting success and a third unknown
factor.

Leonard (1992) argued that dart-shooting signals the
shooter’s intention to mate as a male, not only to indicate
direct fertility benefits, but also to stimulate the partner
to reciprocate in kind. We found no evidence that dart re-
ceipt affects the number of sperm donated. Furthermore,
we found that 83 of 84 copulating snails fulfilled the
male role. Baur et al. (1998) found a similar number (91
of 92 snails) in the copse snail Arianta arbustorum, a
species where the frequency of dart-shooting is only
about 30% (Baminger et al. 2000). Consequently, neither
dart-shooting nor dart receipt seem to influence a snail’s
willingness to donate sperm.

The hypothesis of a direct physiological effect of dart
receipt on the number of sperm stored is well supported.
Koene and Chase (1998a) demonstrated in vitro that ex-
tracts of the mucus-producing digitiform glands close off
the entrance to the gametolytic bursa copulatrix where
the bulk of the donated allosperm are destroyed. Further-
more, we have observed that the effect of dart receipt is
stronger in small animals than in large animals, likely the
result of a dilution of the digitiform mucus within the
hemocoel of larger recipients.

Successful dart-shooters stand to benefit in two sepa-
rate ways from the increased number of sperm stored by
their mating partners. First, a large number of stored
sperm can be used to fertilize a large number of eggs re-
sulting in high male reproductive success. Chen and
Baur (1993) demonstrated that sperm from a single mat-
ing can be used by A. arbustorum to fertilize as many as
11 consecutive clutches, even extending into a second
breeding season. Thus, in the absence of sperm competi-
tion, successful dart-shooters will enjoy higher male re-
productive success than unsuccessful shooters. Non-
competitive mating may have been an important influ-
ence in the evolution of dart-shooting since low popula-
tion density and the associated low mating rate have
been proposed as factors contributing to the origin and
maintenance of hermaphroditism (Ghiselin 1969). How-
ever, the promiscuity of land snails generally results in
clutches of mixed paternity. Indeed, Murray (1964) esti-
mated the average number of fathers per clutch to lie be-
tween two and five for the black-lipped snail Cepaea
nemoralis. Therefore, sperm from different males usually
mix within the female reproductive tract, either in the
spermatheca during storage or in the fertilization pouch
during oviposition, resulting in sperm competition. How-
ever, the mechanism of sperm utilization employed by
H. aspersa is not presently understood. If fertilization
occurs through a ‘fair raffle’ (Parker et al. 1990), in

which fertilization success is decided by the proportional
representation of each male’s sperm in the spermatheca,
successful dart-shooters would enjoy greater male repro-
ductive success in competitive matings than unsuccessful
shooters, assuming that the effect of dart receipt ob-
served in this study extends beyond the first mating.

Recent results from our laboratory (Landolfa et al., in
press) provide evidence that the observed effect of dart-
shooting also occurs in multiply mated animals. Dart-
shooting influenced paternity ratios in the clutches of
twice-mated snails, but only the second male’s shot had
a statistically significant effect. If both males shot ‘well,’
the second male fathered 48% of the eggs in the clutch.
However, if the second male shot ‘well’ and the first
male shot ‘poorly,’ the second male fathered 60% of the
eggs. These numbers correspond well with the findings
of the present study. Since snails stored 116% more
sperm from successful shooters than from unsuccessful
shooters, we would expect, under the fair-raffle princi-
ple, a successful shooter to fertilize 68% of the eggs in a
competitive mating against an unsuccessful shooter.

Charnov (1979) suggested that the dart serves as a ba-
sis for mate choice either as a nuptial gift of calcium or
as an indicator of the shooter’s innate quality. While the
first hypothesis has been tested and rejected (Koene and
Chase 1998b), the second remains a viable possibility.
Without knowledge of the net costs and benefits of dart-
shooting and receipt, it is very difficult to determine if
snails increase the number of sperm stored with dart re-
ceipt through cryptic mate choice or if this response is
due to manipulation of the recipient by the shooter
(Adamo and Chase 1996).

Further insight into the advantages of successful dart
shooting was provided by Greeff and Michiels (1999a).
They demonstrated that sperm digestion coupled with
sperm competition could lead to an intersexual arms
race, with the male component evolving to transfer larger
ejaculates and the female component evolving to digest
more of the received sperm. Escalation of this arms race
could potentially lead to a point where Bateman’s princi-
ple would collapse. That is, the required resource alloca-
tion to the male function could approach or even surpass
the amount allocated to the female function (but see
Locher and Baur 2000). By reducing the amount of
sperm digested by the recipient, dart-shooting allows do-
nors to transfer smaller ejaculates. Dart-shooting would
be economical so long as the dart is less expensive to
produce than the excess sperm.

The number of sperm transferred in a single mating
by H. aspersa (5.56×106±2.88×106) is comparable to the
number for A. arbustorum (2.21×106±0.86×106; Baur et
al. 1998), the only other helicid species examined to
date. The large ejaculates of pulmonate snails, relative to
the number of sperm that reach the storage organ, are
consistent with Greeff and Michiels’ (1999a) prediction
of an evolutionary arms race resulting from the interac-
tion between sperm competition and sperm digestion.
Our observation that larger snails produce larger sper-
matophores can likely be explained by allometry. Roughly
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99.98% of transferred sperm were immediately digested
by the recipient in H. aspersa, indicating that the female
tract is extremely hostile towards allosperm. If, as pro-
posed by Short (1981), larger female tracts are more hos-
tile to sperm than smaller tracts, we might attribute the
negative effect of recipient body size on the number of
sperm stored to the greater hostility of the tracts of larger
recipients. Since donors do not appear to tailor their
spermatophores to the size of the recipient, we would ex-
pect fewer sperm to reach the spermathecae of larger
snails. The greater hostility of the reproductive tracts of
larger animals may be adaptive, allowing these animals
to derive more energy from digested sperm, or to elimi-
nate sperm from low-quality donors (Birkhead et al.
1993).

The selective pressures of pre-copulatory mate choice
are relaxed in simultaneous hermaphrodites (Greeff and
Michiels 1999b). Indeed, there is no evidence that hel-
icid land snails discriminate between potential mates
based on shell volume (Baur 1992) or relatedness (Baur
and Baur 1997). However, our findings on the effect of
dart-shooting in H. aspersa indicate that post-copulatory
sexual selection might play an important role in the mat-
ing systems of simultaneous hermaphrodites.
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