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Abstract Intraspecific variation in the proportion of 
offspring sired by the second mate with a female (P2) 
is an aspect of sperm competition that has received 
little attention. I examined the effects of delay between 
copulations (range 9-380 days) and size of sperm donor 
on sperm precedence in double-mated individuals of 
the simultaneously hermaphroditic land snail Arianta 
arbustorum. Using shell cotour as a genetic marker, 
paternity was analysed in 132 broods produced by 35 
snails that had mated with two partners of different 
genotype. Sperm precedence (P2) was influenced by the 
time between the two matings when the mating delay 
exceeded 70 days (one reproductive season). P2 aver- 
aged 0.34 in the first brood of snails that mated twice 
within 70 days indicating first mate sperm precedence. 
In contrast, P2 averaged 0.76 in broods of snmls that 
remated in the following season, indicating a decreased 
viability of sperm from the first mate. The size of sperm- 
donating individuals had no effect on the fertilization 
success of their sperm in the first brood produced after 
the second copulation. Analysis of long-term sperm 
utilization in 23 snails that laid three to nine egg batches 
over 2 years revealed striking differences among indi- 
viduals. Five snails (21.7%) exhibited first-mate sperm 
precedence throughout, eight snails (34.8%) showed 
second-mate sperm precedence throughout, whereas 
ten snails (43.5%) exhibited sperm mixing in succes- 
sive batches. It is suggested that the individual varia- 
tion in sperm precedence in A. arbustorum may partly 
be due to differences in the amount of sperm trans- 
ferred. Paternity analysis in 34 batches laid by 19 
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wild-caught individuals of A. arbustorum indicated that 
at least 12 snails (63.2%) used sperm from two or more 
mates tbr the fertilization of their eggs. This suggests 
a high incidence of multiple paternity in broods of A. 
arbustorum under field conditions. 
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Introduction 

Since Parker (1970) first pointed out the importance of 
competition between sperm from different males for the 
fertilization of eggs of a single female, differential sperm 
usage from consecutive matings has been documented 
across a wide diversity of animal taxa, including insects, 
spiders, fishes, reptiles, birds, bats, and primates (for 
reviews see Walker 1980; Smith 1984; Ginsberg and 
Huck 1989; Birkhead and Hunter 1990; Birkhead and 
Moller 1992). These studies typically have measured 
species-specific sperm precedence as mean proportion 
of eggs fertilized by the second of the two mates (mean 
P2 value; Boorman and Parker 1976). However, many 
of the species examined show a wide, and as yet unex- 
plained, range of variation around these P2 values. This 
intraspecific variability may be due to random varia- 
tion, to differences among males in the competitive abil- 
ity of their sperm, to female sperm preference or to 
unknown details of sperm transfer and storage that 
were not controlled for in the experiments. Further- 
more, most studies and examples of sperm precedence 
have focused on the relative number of fertilizations 
achieved by two males in eggs laid immediately after a 
double copulation (see Gwynne 1984). Studies that 
extend their observation period to cover several egg- 
laying episodes have demonstrated that sperm prece- 
dence may change and thus may reduce the advantage 
of a particular male enjoyed immediately after the last 
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copu la t i on  (Siva-Jothy a nd  Tsubak i  1989, a nd  refer- 
ences therein). 

G a s t r o p o d s  show diverse ma t ing  behav iour  and  
spe rm t ransfer  m e t h o d s  ( D u n c a n  1975; T o m p a  1984), 
yet  little is k n o w n  a b o u t  spe rm c om pe t i t i on  a m o n g  
these animals.  I n  na tu ra l  popu la t i ons  o f  the s imulta-  
neous ly  he rmaphrod i t i c  land snails Arianta arbustorum 
and  Helix pomatia mat ing  was f o u n d  to  be r a n d o m  
with  respect  to  shell size (Baur  1992a). In  A. arbusto- 
rum, repeated  ma t ing  has  been observed  b o t h  in a field 
cage exper iment  and  in the l abora to ry  (Baur  and  
R a b o u d  1988; Baur  1992a). Ma te -cho ice  tests revealed 
tha t  individuals  o f  A. arbustorum discr iminate  nei ther  
be tween poten t ia l  mates  o f  different size n o r  be tween 
snails o f  different reproduc t ive  status (virgin/mated)  
and  different degrees o f  relatedness (Baur  t992a;  B. 
B a u r  and  A. Baur, unpub l i shed  data) .  T ime  cons t ra in t s  
on l o c o m o t o r  activi ty and  high costs  o f  searching for 
a ma te  migh t  explain the prevalence  o f  r a n d o m  mat -  
ing pat terns  in land snails (Baur  1992a). However ,  a 
r a n d o m  ma t ing  pa t t e rn  does  no t  necessari ly imply  ran-  
d o m  fert i l izat ion o f  eggs, for  these snails ma te  repeat-  
edly a n d  are able to  s tore viable spe rm {'or long  periods.  
This  m a y  p r o m o t e  spe rm compe t i t i on  and  differential 
"ma le"  fert i l ization success in this h e r m a p h r o d i t i c  
gas t ropod .  

The  p u r p o s e  o f  this s tudy  was to  examine  two vari- 
ables o f  potent ia l  i m p o r t a n c e  to  " m a l e "  fert i l izat ion 
success in A. arbustorum. A labo ra to ry  exper iment  was 
des igned to investigate the effects o f  the delay between 
two mat ings  and  the size o f  the s p e r m - d o n a t i n g  snails 
on  spe rm precedence  in doub le  ma ted  individuals  o f  
A. arbustorurn. Pate rn i ty  in b roods  was ana lysed  using 
shell c o l o u r  as a genet ic  marker .  T he  obse rva t ion  per iod  
fol lowing the second  ma t ing  was extended to  1-2 years  
to cover  several egg- laying episodes and  to examine  any  
possible changes  in spe rm precedence.  I also present  
da ta  on  hatchl ings  der iving f r o m  wi ld -caugh t  snails 
tha t  demons t r a t e  a h igh incidence o f  mult iple  pa te rn i ty  
and  spe rm compe t i t i on  in a na tu ra l  p o p u l a t i o n  o f  
A. arbustorum. 

Methods 

Study organism 

Arianta arbustorum is a simultaneously hermaphroditic land snail, 
which is common in moist habitats of north-western and central 
Europe (Kerney and Cameron 1979). Individuals become sexually 
mature at an age of 2-4 years. On average, adult snails live 3-4 
years (maximum 14 years; Baur and Raboud 1988). In the field, 
snails deposit 1-3 clutches, each containing 20-50 eggs, per repro- 
ductive season (Barn- and Raboud 1988; Baur 1990). 

Mating of A. arbustorum includes elaborate courtship behav- 
tour and lasts 2-48 h (Hofmann 1923; Baur 1992a). Coptflation is 
reciprocal; spermatophores are transferred after sinmttaneous 
intromission. A. arbustorum mates repeatedly in the course of a 

reproductive season and viable sperm can be stored for more than 
I year (Baur 1988a). The sperm storage organ (receptaculum sem- 
inis) of A. arbustorum consists of several blind sacs that have a 
common entrance into the duct of the fertilization pouch (M. Haase, 
unpublished data). A. arbustorum has been reported to be self- 
incompatible (Lang 1904). More recently, extensive laboratory 
breeding revealed that l 2 of 44 virgin individuals (27.3 %) prevented 
from mating produced a few hatchlings by self-fertilization in the 
2nd or 3rd year (Chen 1993). However, their reproductive success 
was less than 2% of that of mated snails (Chen 1993). 

Using genetic markers 

The genetic background of shell polymorphism including ground 
colour and banding pattern is well studied in A. arbustorum (Oldham 
1934; Cook and King 1966). One locus controls the ground colour 
of the shell, which may be yellow or brown (brown being domi- 
nant). I used shell colour as genetic marker to analyse paternity in 
broods of double-mated individuals of known genotype because 
shell colour is already distinctly expressed in hatchlings. 

General methods 

Virgin snails with yellow shells (subadult individuals that had not 
yet completed shell growth) were colIected in an alpine pasture near 
Amden, Switzerland (47°10 , N, 9°11' E; altitude 1430 m above sea 
level), where the brown phenotype is not known to occur. The snails 
were kept isolated in transparent plastic containers (14 x I0 x 5 cm 
in size) until they reached sexual maturity as indicated by the for- 
mation of a reflected lip at the shell aperture. The bottoms of the 
containers were lined with moist soil mixed with powdered lime- 
stone. The containers were cleaned one or two times per week and 
fresh lettuce was provided ad libitum as food. Sexually mature snails 
were marked individually with numbers written on their shells with 
a waterproof felt-tipped pen on a spot of correction fluid (Tipp-Ex). 
The animals showed no visible reaction to the marking procedure. 

As mating partner (sperm donor) either adult snails from the 
same population (homozygous recessive for shell colour) or indi- 
viduals that were homozygous dominant for shell colour were used. 
The latter animals were obtained from the embankment along a 
track in a subalpine forest near Gurnigel, Switzerland (46044 ̀ N, 
7°27 , E; altitude 1430 m). All snails from this population had brown 
shells, and no yellow phenotype was observed during 4 years' field 
work in this population. Furthermore, preliminary breeding exper- 
iments with yellow snails indicated that all individuals from the 
Gurnigel population were homozygous for the shell colour 
"brown". The snails that served as sperm donors were kept isolated 
in containers as described above. Each snail was used only once as 
sperm donor. 

Mating trials were initiated in the evening and run during the 
night between May and July (period of maximum mating activity 
in natural snail populations) in 1989-1991. All mating trials were 
carried out outdoors to expose snails to natural temperature and 
light conditions. The experimental snail and a sperm donor of 
known phenotype were placed in a transparent plastic container (14 
x 10 × 7 cm in size) whose bottom was covered with moistened 
paper towelling to maintain snail activity. The snails' behaviour was 
observed at intervals of 30 rain (at night using a torch), and copu- 
lating pairs were carefully checked to see if reciprocal intromission 
had taken place. Most of the snails were mated first with a yellow- 
shelled partner and then with a brown-shelled partner. However, 
to test for equal competitive ability of sperm from the two popu- 
lations, I changed the mating sequence in seven individuals. These 
animals showed no difference in sperm utilization pattern. This sug- 
gests that the sequence of mating does not change the competitive 
ability of sperm from the two populations. 
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After mating, snails were kept isolated in plastic containers lined 
with moist soil (as described above) in an environmental chamber 
at 19 ° +_ I°C and with a tight/dark cycle of  t8 :6  h. The contain- 
ers were checked weekly for eggs. Eggs were counted and incubated 
in plastic dishes lined with moist paper towelling at 19°C. Newly- 
hatched snails were separated daily from remaining unhatched eggs 
to prevent egg cannibalism (Baur and Baur 1986; Baur 1992b). Eggs 
laid by single mated snails in the period between the two matings 
were also checked for successful fertilizations by sperm from the 
first mate by counting the hatchlings. 

Newly-hatched snails were assigned to the first or second sperm- 
donating snail (mate) depending on their shell colour. Sperm prece- 
dence (P2) was calculated as the proportion of  total offspring sired 
by the second mate after a virgin snail had mated twice (Boorman 
and Parker 1976). P2 values range from 0 to 1: a P2 of 0 indicates 
first-mate sperm precedence, a P2 of 0.5 indicates equal fertilization 
success for both mates, and a P2 of I indicates second-mate sperm 
precedence. I only calculated P2 values when a minimum of two 
hatchlings emerged fl'om an egg batch. 

To assess the influence of the interval between two consecutive 
matings on sperm precedence, the snails were allowed to remate 
either within the same reproductive season (interval between mat- 
ings 9-70 days; n = 27 snails) or in the following year (interval 
between matings 300-380 days; n = 8). To assess any possible effect 
of the size of  the sperm donor and receptor on sperm precedence, 
I measured the size (shell breadth and height) of each mating snail 
(except for four snails acting as sperm donors) to the nearest 
0.1 mm using vernier callipers and calculated the shell volume using 
the following formula: Shell volume = 0.312 x [(breadth)2 x height] 
-0.038 (measurements in ram; B. Baur, unpublished data). Shell 
volume is a more reliable measurement of  snail size than weight, 
because weight depends on the state of hydration and thus is highly 
variable in terrestrial gastropods. 

Eggs of double-mated snails were collected over 2 years (until 
the snails died). To simulate seasonality of the reproductive period 
as it may occur in the field, the snails were allowed to hibernate 
from October to April at 4°C in darkness. During this period the 
snails were kept singly in plastic beakers (6 cm diameter, 8 cm high) 
provided with a 3- to 4-cm layer of moist soil, but no food. 

Double-mated snails that laid three and more clutches were 
assigned to one of the following groups: individuals with a mean 
P2 value significantly smaller than 0.5 (paired t -test) showed a first 
mate sperm precedence pattern, those with a mean P2 value 
significantly larger than 0.5 showed a second-mate sperm prece- 
dence pattern. Snails whose mean P.~ value did not differ from 0.5 
were considered to show a sperm mixing pattern over successive 
clutches. 

Means are given _+ SEs unless otherwise stated. Statistical analy- 
ses were performed using the SAS program package (SAS Institute 
i991). Non-parametric correlation analysis was used to evaluate 
any relationship between Pz and shell size of the mother snail, shell 
size of the two sperm donors and several reproductive variables 
(dutch size, time between the two matings, number of batches and 
fertilized eggs produced between the two matings). 

Multiple paternity in a natural population 

Twenty-two adult A. arbustorum with yellow shells were collected 
in a pasture on the north-facing slope of Mont Rairaeux (Jura moun- 
tains, Switzerland; 47°18' N, 7°26 , E) at an altitude of 1290 m on 
20 May 1993. This population is dimorphic with respect to shell 
colour. The percentage of adults with yellow shells was recorded 
twice in 1993. Both estimates revealed very similar results: 27.7% 
(u = 94) of the adult A. arbustorum had yellow shells on 20 May, 
and 27.4% (n=124) on 24 July (Z2 =0.002, 4 / '=1 ,  P>0.9) .  
Assuming Hardy-Weinberg equilibrium, these data allowed an esti- 
mate of the frequencies of the allele "brown" (p =0.475) and 
"yellow" (q = 0.525) for this population. 

Adult snails were kept isolated in containers lined with moist 
soil for a period of 65 days. Maintenance of snails and treatment 
of eggs were as described above. A total of 892 hatchlings that 
emerged from 34 clutches were scored for their shell colour. The 
percentage of hatchlings with yellow shells (25.7%) was similar to 
that of adult snails recorded in the field (mean of both field records: 
27.5%; Z 2 = 0.31, df = 1, P > 0.5). This suggests that there is no 
selection on shell colour during tile juvenile stage in A. arbustorum 
of the Mont Raimeux population. 

Because the wild-caught snails were homozygous recessive for 
shell colour, the shell colour of the offspring gives some indication 
of their paternity. According to the null hypothesis of single pater- 
nity, each clutch should consist either of only yellow or only brown 
hatchlings or a 1 : 1 segregation of  each. Significant deviations from 
Mendelian ratios indicate double or multiple paternity within a 
brood. However, ratios in accordance with the null hypothesis do 
not necessarily represent single paternity. Obviously, repeated 
matings with snails of the same genotype will produce results that 
are indistinguishable from the broods of single matings. In the 
present population, the probability of a particular snail mating 
successively with two homozygous recessive individuals is 0.076 
[= prob (homozygous "yellow") x prob(homozygous "yellow") 
= 0.5252 x 0.5252], with two homozygous dominant individuals is 
0.05I [= prob(homozygous "brown") x prob(homozygous "brown") 
= 0.4752 x 0.4752], and with two heterozygous individuals is 0.249 
[ = prob(heterozygous) x prob(heterozygous) = (2 × 0.525 × 0.475) x 
(2 x 0.525 x 0.475)]. Thus, this technique allows an accurate estimate 
of multiple paternity in 62.4% of the cases when the snails have 
mated twice. Consequently, the actual frequency of multiple pater- 
nity in broods of wild-caught A. arbustorum may be underestimated. 

Results 

Immediate sperm precedence 

Following the second mating, the snails produced their 
first egg batch in 8 days (median; range = 1 - 338 days; 
n = 35). Figure 1 shows the distribution of Pz values of 
the first egg batches laid subsequent to the second 
mating. Sperm precedence, as expressed by the P2 value, 
averaged 0.43 + 0.06 (range 0 -  1.00, n = 35). Of 35 
snails 24 (68.6%) used sperm from both mating part- 
ners for the fertilization of the first egg batch, 
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Fig. 1 Frequency distribution of  P2 values of the first egg batches 
laid subsequent to the second mating by Arianfa arbustorum 
(n = 35). Lightly shaded bars refer to snails that mated within 70 
days, dark bars to snails that remated after 300 and more days 
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Table 1 Effect of time between 
two matings on sperm prece- 
dence of the second mate in 
Arianta arbustorum. P~, clutch 
size and hatching success of 
the first batch laid subsequent 
to the second mating are 
given. Data are means + SE 
[rangel 

Interval between 
matings (days) 

9 21 9 
23 34 13 
47 70 5 

300 380 8 

P2 Clutch size Hatching success 
(no. of eggs) (%) 

0.32 + 0.14 [0-1.00] 44.4 + 5.1 45.4 + 10.7 
0.35 + 0.10 [0-0.93] 42.6 + 6.0 49.2 _+ 8.6 
0.33 + 0.16 [0-0.94] 41.1 + 4.8 35.9 + 7.5 
0.76 + 0.06 [0.50-1.00] 33.0 _+ 4.5 41.1 + 6.8 

resulting in multiple paternity in their offspring, 
whereas 8 snails (22.9%) exclusively used sperm from 
the first sperm donor (P2 = 0) and 3 snails (8.6%) sperm 
from the second sperm donor (P2 = 1). Snails using 
sperm from only one individual did not differ in clutch 
size and hatching success of eggs from snails using 
sperm from two mates (Mann-Whitney U-test; clutch 
size: P =  0.59; hatching success: P = 0.18). 

Considering snails that remated in the same repro- 
ductive period (time between matings 9-70 days), P2 
averaged 0.34 _+ 0.07 (n = 27; Table 1). In these snails 
the time between the two matings had no influence on 
sperm precedence (r~ = 0.04, n = 27, P = 0.83). Howevel; 
snails that remated in the following reproductive sea- 
son (after 300 380 days) showed a significant second 
mate sperm precedence with a P2 averaging 0.76 + 0.06 
(n = 8) (Mann-Whitney U-test, P =  0.013). This indi- 
cates that the time between two matings affects sperm 
precedence if the delay exceeds one reproductive sea- 
son (rs = 0.41, n = 35, P = 0.013). The interval between 
second mating and oviposition of the first clutch did 
not influence sperm precedence ( r~=-0 .20 ,  n = 35, 
P = 0.25). 

In the period between the two matings the snails 
produced 3.3 + 0.4 (range 1 10) clutches with a total 
of 117 + 10 (41 312) eggs. Both the number of clutches 
and total number of eggs produced were positively cor- 
related with the time between the two matings (clutches: 
rs=0.78, n=35 ,  P<0.001;  eggs: rs=0.62, n=35 ,  
P < 0.001). However, P: was not correlated with the 
number of hatchlings sired by the first sperm donor in 
the period between the two matings (rs = 0.03, n = 35, 
P = 0.85). This suggests that the increase in P2 after 
remating in the successive season is unlikely to be 
caused by depletion of first mate's sperm due to fertil- 
ization of eggs in the period between the two matings. 
Furthermore, P~_ was not correlated with clutch size 
(rs= -0 .11,  n=35 ,  P =  0.53). 

"Female" fecundity (i.e. the number of clutches pro- 
duced per season, clutch size and egg size) is positively 
correlated with shell size in A. arbustorum (Baur 1984, 
1988b; Baur and Raboud 1988). Assuming that the 
number of  sperm received by the mother snail is related 
to the size of the sperm donor, one could expect 
first-mate sperm precedence if the first sperm donor is 
larger than the second sperm donor, whereas second- 
mate sperm precedence should occur if the first sperm 
donor is smaller than the second one. Thus, P_~ should 

negatively correlate with the shell size ratio first/second 
sperm donor. However, no correlation between imme- 
diate P2 and the shell size ratio of the two sperm donors 
was found (all snails: rs = -0 .17,  n = 31, P = 0.35; only 
snails that remated within 70 days: r s = - 0 . 1 9 ,  
n = 26, P = 0.35). 

Long-term sperm precedence 

In 23 double-mated snails, I obtained P2 values for three 
and more successive egg batches (mean = 5.0, maxi- 
mum = 9 batches). The snails showed different patterns 
of sperm utilization. Of the 23 snails 5 (21.7 %) exhib- 
ited first-mate sperm precedence (P2 = 0.087 + 0.014) in 
successive batches. Eight snails (34.8%) showed 
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Fig. 2 Variation in P2 of successive egg batches for individual 
snails. Triangles refer to snails showing first-mate sperm prece- 
dence, open dots to snails with second-mate sperm precedence and 
full dots to snails with sperm mixing. The snails hibernated approx- 
imately from day 100 to day 280 



second-mate sperm precedence throughout 
(P2 = 0.842 + 0.046), whereas ten snails (43.5%) exhib- 
ited sperm mixing in successive batches 
(P2 = 0.447 _+ 0.049). Figure 2 shows the variation in P2 
with time in successive batches for individual snails. 

Snails that showed different sperm utilization pat- 
terns did not differ in shell size (Table 2). The size ratio 
of successive mating partners indicates that the second 
sperm donor tended to be larger than the first sperm 
donor in individuals with second-mate sperm prece- 
dence, whereas the reverse occurred in snails with first- 
mate sperm precedence and sperm mixing (Table 2). 
However, the differences in size ratio of  successive mates 
did not quite reach the 5% significance level (P = 0.079). 
Individuals with second-mate sperm precedence had a 
larger mating delay than snails with first-mate prece- 
dence or sperm mixing (Table 2). As a result of  the 
longer period between the two matings, snails of  the 
group "second-mate sperm precedence" produced 
more eggs and hatchlings than snails from the other 
two groups (Table 2). Considering reproduction after 
the second mating, snails of the three groups did not 
differ in number of clutches produced, clutch size or 
hatching success of their eggs (Kruskal-Wallis test, in 
each case P > 0.2). 

Multiple paternity in a natural population 

Of the 22 adult A. arbustorum collected on Mont 
Raimeux 19 produced 34 clutches with fertilized eggs 
in the laboratory. Of the 34 clutches 9 (26.5%) devi- 
ated significantly from Mendelian ratios of  single pater- 
nity, providing evidence for multiple paternity (Table 3; 
two-tailed binomial test, in 9 clutches, P < 0.05). As 
explained in Methods, this figure may underestimate 
the actual frequency of multiple paternity in broods of  
A. arbustorum. 

Several snails deposited two or three clutches. 
Considering the total number of offspring produced by 
single snails during 65 days, the progeny of 12 of  19 
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individuals (63.2%) deviated significantly from 
Mendelian ratios of a single copulation. Again, this 
figure may underestimate the actual frequency of  mul- 
tiple mating in A. arbustorum. 

For a two-allele, autosomal locus, the proportion 
of offspring of different genotypes from homozygous 
recessive females can be calculated for random mating 
with a single mate, with two, or with three mates 
(Johnson 1977). The distribution of genotypes found 
in hatchlings of  the 19 snails of  the Mont Raimeux 
population fitted the expected distribution of random 
mating with two mates per snail best (Z 2= 1.54, df= 2, 
P>0.4) ,  and that with three mates rather well 
(Z 2= 3.00, df= 2, P > 0.2), but it deviated significantly 
from the expected distribution of random mating with 
a single mate (Z 2= 15.42, df= 2, P < 0.001). This indi- 
cates that adult snails had copulated with 2 or 3 mates 
before they were collected for this study. 

Of the 19 snails 3 produced three batches within 65 
days. Figure 3 shows the percentage of brown hatch- 
lings for each snail and batch. Considering single 
batches, the offspring of the first and third batch from 
snail 2 might have multiple paternity, while the offspring 
from the snails 11 and 13 did not deviate significantly 
from Mendelian ratios of single paternity (Table 3). 
Considering successive batches, snail 11 must have 
mated with two snails of different genotype. 

Discussion 

The present study demonstrates that individual varia- 
tion in sperm precedence in A. arbustorum is related to 
the time between matings. However, there may be addi- 
tional factors, such as the amount of  sperm transferred 
and the way in which sperm are stored in the sper- 
matheca, that influence the individual variation in P2 
(see below). To my knowledge, this is the first study 
which experimentally examines sperm competition in 
a simultaneously hermaphroditic land snail. 

Table 2 Reproductive characteristics of 23 A. arbustorum that exhibited different sperm utilization patterns over 2 years (see Methods). 
Data are means -+ SE 

Variable Sperm utilization pattern 

First-mate Sperm Second-mate Kruskal-Wallis 
precedence mixing precedence test P 

Number of snails 5 10 8 
Shell size mother (Clll 3) 1.54 +0.06 1.57 _+0.04 1.63 _+0.07 0.573 
Size ratio of two 
successive mates 1.24 +0.06 1.19 -+0.07 0.98 -+0.09 0.079 
Time between two 
matings (days) 23.6 -+2.0 52.5 _+35.2 192.4 _+61.6 0.004 
Number of eggs produced 
between two matings 104.0 _+10.4 84.9 _+14.0 147.5 _+28.4 0.047 
Number of hatchlings 
between two matings 27.4 _+ 10.0 34.9 _+8.4 74.4 + 18.3 0.070 
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Table 3 Paternity in offspring 
of homozygous recessive A. 
arbustorum which were col- 
lected as adults in a natural 
population on Mont Raimeux. 
Deviations from the 
Mendelian ratios of the null 
hypothesis of single paternity 
were evaluated using two- 
tailed binomial tests (see 
Methods) 

Snail no Batch no Number of Yellow Brown P to reject Ho 
hatchlings hatchlings hatchlings single paternity 

1 1 26 26 0 - 

2 11 2 9 0.066 
2 1 19 3 16 0.004 

2 30 11 19 0.201 
3 35 4 31 < 0.001 

4 1 37 1 36 < 0.001 
5 1 48 8 40 < 0.001 
6 1 51 0 51 - 
7 1 22 6 16 0.052 

2 29 8 21 0.026 
9 1 24 0 24 - 

2 30 9 21 0.044 
10 1 31 5 26 < 0.001 
11 1 36 0 36 - 

2 28 0 28 - 
3 19 6 13 0.168 

12 1 9 6 3 0.508 
13 1 27 13 14 1.000 

2 39 16 23 0.337 
3 32 13 19 0.379 

14 1 43 6 37 < 0.001 
15 1 13 3 10 0.092 

2 8 2 6 0.290 
16 1 29 13 16 0.711 

2 45 20 25 0.549 
18 1 11 5 6 1.000 

2 10 5 5 1.000 
19 1 16 0 16 - 

2 11 5 6 1.000 
20 1 42 15 27 0.089 

2 6 1 5 0.218 
21 1 35 5 30 < 0.001 

2 12 0 12 - 
22 1 28 12 16 0.569 

An understanding of variation in sperm competi- 
tion success is important for understanding the mech- 
anisms and evolutionary significance of sperm 
competition. Lewis and Austad (1990) examined 
sources of variation in sperm precedence in the flour 
beetle Tribolium castaneum and found consistent 
differences among males which accounted for 17.8% of 
the total variation in sperm precedence. The degree of 
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Fig. 3 Variation in percentage of hatchlings with brown shells in 
three successive batches laid by three wild-caught A. arbustorum 
from the Mont Raimeux population 

second-male sperm precedence in T. castaneum was 
positively correlated with body size of mating beetles. 
However, sperm precedence was not correlated with 
any aspect of mating behaviour (number of mounts by 
the mates or copulation duration). Simmons and 
Parker (1992) demonstrated that individual variation 
in the fertilization success of male dung flies, 
Scatophaga stercoraria, is related to body size. P2 
values were dependent on the relative sizes of first and 
second males; large males transferred more sperm per 
unit time than small ones. The diet of dung flies and 
probably the level of prey availability during the mat- 
uration period between emergence and onset of sexual 
activity also contributed to the variation in P2 
(Simmons and Parker 1992). 

In the present study, the size of the sperm donor 
had no effect on immediate sperm precedence. In A. 
arbustorum, the spermatophore is formed and filled 
with sperm during copulation (Hofmann 1923). The 
spermatophore has a distinctive form consisting of 
head, body (sperm container) and a 2-3 cm long tail. 
Spermatophores of A. arbustorum vary considerably in 
sperm content: in a sample of 55 spermatophores from 
snails of the Gurnigel population sperm number ranged 
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from 115,000 to 2,850,000 (median: 700,000) 
(Bernasconi 1993). Sperm number was positively 
correlated both with spermatophore size and with the 
shell size of the sperm donor (G. Bernasconi and B. 
Barn; unpublished data). However, the number of 
sperm transferred in a spermatophore was not corre- 
lated with copulation duration (Bernasconi 1993). 
Thus, like female fecundity, male fecundity might be 
size-related in this simultaneously hermaphroditic land 
snail. The number of sperm transferred, however, must 
not necessarily correlate with fertilization success 
(female sperm preference; see below). This could 
explain the lack of a significant effect of the size of the 
sperm donor on sperm precedence in this study 
(although a tendency for an increased fertilization suc- 
cess over a longer period was found in relatively large 
sperm-donating individuals). 

Sperm precedence in A. arbustorum could also be 
influenced by anatomical features of the reproductive 
tract and, especially, of the spermatheca that consists 
of several blind sacs with a common entrance. The way 
in which sperm from different mates are stored in the 
spermatheca is not known. However, a snail could 
manipulate the fertilization success of sperm from 
different mates by storing sperm in different sacs 
(female control of paternity). The adaptive significance 
of the spermatophore in helicid land snails with well- 
developed copulation organs and internal fertilization 
is unclear. In Helix pomatia, sperm leave the sper- 
matophore body through the spermatophore tail in the 
bursa stalk and migrate into the spermatheca (Lind 
1973). The spermatophore and any remaining sperm 
are dissolved later in the bursa copulatrix. Lind (1973) 
suggested that the function of the spermatophore is to 
ensure that a number of sperm can migrate into the 
oviduct (and reach the spermatheca) without coming 
into contact with the digesting bursa copulatrix. Thus, 
the significance of the peculiar way of transferring 
sperm in H. pomatia (and most probably in A. arbus- 
torum) may be to allow only the most active sperm to 
pass to the spermatheca. This kind of sperm selection 
would also allow "female" manipulation resulting in 
particular sperm preferences. Anyhow, the way in which 
the sperm have to escape from the bursa stalk implies 
that large numbers of sperm are lost. Lind (1973) stated 
(without presenting any actual data) that only about 
0.1% of the sperm of a spermatophore reach the 
spermatheca. 

Repeated mating has been observed in A. arbusto- 
rum (Baur and Raboud 1988; Baur 1992a). It is, how- 
ever, not exactly known how frequently A. arbustorum 
mates in the course of a reproductive season under nat- 
ural conditions. A controlled laboratory experiment 
demonstrated that one copulation per reproductive sea- 
son is sufficient to fertilize all the eggs produced by an 
individual (Chert and Baur 1993). However, there is a 
possibility that a particular copulation will not lead to 

successful fertilization of eggs. Furthermore, egg pro- 
duction in A. arbustorum tends to increase with the 
number of matings. As in several other stylom- 
matophoran land snails, mating behaviour and/or the 
transfer of a spermatophore stimulates egg production 
via hormones (Griffond and Gomot 1989; Saleuddin 
et al. 1991; Baur and Baur 1992). Furthermore, mul- 
tiple mating with different partners may lead to multi- 
ple parentage and thus increase genetic variability 
within a brood. Hence, repeated mating within a sea- 
son might be adaptive for the female function of A. 
arbustorum by stimulating egg production and serving 
as a hedge against sterile mates (Chen and Baur 1993). 

Recently, several models have been developed to 
explain sperm competition mechanisms, and particu- 
larly to explain the P2 characteristics for various types 
of reproductive systems (Lessells and Birkhead 1990; 
Parker 1990a, b, 1992, 1993; Parker et al. 1990; Parker 
and Simmons 1991). Sperm precedence may be 
influenced by the number of sperm received from either 
of two mates (Parker 1984). The more sperm a partic- 
ular male has in the female tract or in her sperm stor- 
age organ, the higher his chances for fertilization 
success. Parker (1990a) described this as the raffle prin- 
ciple, which is based on the assumption of random 
sperm mixing. The number of sperm transferred in a 
spermatophore of A. arbustorum varies enormously 
(see above). Sperm precedence could therefore result 
from different amounts of sperm received in two suc- 
cessive matings. Thus, sperm competition could be 
described by the fair raffle principle. However, com- 
plete sperm mixing is unlikely considering the anatom- 
ical structure of the spermatheca of A. arbustorum 
(several tubules). In contrast, second-mate sperm prece- 
dence becomes predictable with an increasing delay 
between two matings. This suggests that the first male's 
sperm became exhausted or that some spermatozoa 
died. 

Little information concerning the viability of 
allosperm in the storage organs of pulmonates is avail- 
able. Viable sperm have been found 520 days after the 
last copulation in the tropical land snail Limicolaria 
martensiana (Owiny 1974), 341 days in AchatinafuIica 
and 476 days in Macrochlamys indica (Raut and Ghose 
1979). However, sperm viability in terrestrial gas- 
tropods may not be a simple function of time. In 
A. fulica and M. indica, the viability of sperm stored 
is influenced by the length of the aestivation period. 
Sperm viability decreased to 105 days in aestivating A. 
Jhlica and to 150 days in M. indica (Raut and Ghose 
1982). Most probably sperm viability will also decrease 
in hibernating A. arbustorum, although detailed infor- 
mation is not available. Thus, considering a period 
longer than a year, a loaded raffle with time-related 
sperm viability may best describe the outcome of sperm 
competition in A. arbustorum. Much remains to be 
learnt about the physiological and behavioural 
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mechanisms of sperm uptake, maintenance and release 
from the spermatheca in hermaphroditic gastropods. 

The results in Tribolium castaneum (Lewis and 
Austad 1990) and dung flies (Simmons and Parker 
1992) and a reexamination of published data by Lewis 
and Austad (1990) demonstrated a high degree of 
intraspecific variation in sperm precedence, suggesting 
that mean values are insufficient to adequately char- 
acterize sperm precedence patterns. The present study 
supports this conclusion. 

The present study also provides evidence for a high 
incidence of multiple paternity in a natural popula- 
tion of Arianta arbustorum. Until recently, evidence 
for multiple paternity was scarce in gastropods, an 
exception being Cepaea nemoralis (Murray 1964). 
Using enzyme electrophoresis, multiple paternity has 
been demonstrated in a few species of freshwater 
snails (Biomphalaria obstructa, Mulvey and 
Vrijenhoek 1981; Bulinus cernicus, Rollinson et al. 
1989; Physa heterostropha pomilia, Wethington and 
Dillon 1991) and in a marine gastropod (Crepidula 
fornicata, a protandric hermaphrodite, Gaffney and 
McGee 1992). Sperm competition may occur more 
frequently among gastropods than commonly 
assumed. Several snail species may be well-suited for 
studies on sperm competition, but their potential as 
experimental organisms has not yet begun to be 
exploited by evolutionary biologists. 
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