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1Département d’Ecologie et Evolution, Bâtiment Biologie, Université de Lausanne, 1015 Lausanne, Switzerland
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Abstract. Self-compatible hermaphroditic organisms that mix self-fertilization and outcrossing are of great interest
for investigating the evolution of mating systems. We investigate the evolution of selfing in Lymnaea truncatula, a
self-compatible hermaphroditic freshwater snail. We first analyze the consequences of selfing in terms of genetic
variability within and among populations and then investigate how these consequences along with the species ecology
(harshness of the habitat and parasitism) might govern the evolution of selfing. Snails from 13 localities (classified
as temporary or permanent depending on their water availability) were sampled in western Switzerland and genotyped
for seven microsatellite loci. FIS (estimated on adults) and progeny array analyses (on hatchlings) provided similar
selfing rate estimates of 80%. Populations presented a low polymorphism and were highly differentiated (FST 5 0.58).
Although the reproductive assurance hypothesis would predict higher selfing rate in temporary populations, no dif-
ference in selfing level was observed between temporary and permanent populations. However, allelic richness and
gene diversity declined in temporary habitats, presumably reflecting drift. Infection levels varied but were not simply
related to either estimated population selfing rate or to differences in heterozygosity. These findings and the similar
selfing rates estimated for hatchlings and adults suggest that within-population inbreeding depression is low in L.
truncatula.
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The maintenance of biparental reproduction, with its as-
sociated costs and benefits, is a standing problem in evolu-
tionary biology (Darwin 1876; Ghiselin 1974; Maynard
Smith 1978) and substantial debates continue regarding most
aspects of mating system evolution (e.g., Hurst and Peck
1996; Jokela et al. 1997; Ayala 1998; Agrawal and Lively
2001; Herlihy and Eckert 2002; Victoir and Dujardin 2002).
Self-compatible hermaphrodite organisms offer ideal models
to examine the evolution of two different mating systems:
outcrossing and selfing.

The evolution of outcrossing versus selfing can be viewed
as a conflict between two genetic phenomena: the cost of
outcrossing and inbreeding depression (Maynard Smith 1978;
Charlesworth 1980). The cost of outcrossing corresponds to
a gene transmission advantage of selfing (Fisher 1941) and
derives from a 3:2 excess of successful gametes for selfers
compared to outcrossers. The second, inbreeding depression,
is a decrease in fitness of selfed progenies when compared
to those that are outcrossed (Charlesworth and Charlesworth
1987, 1990). The available data concerning the genetic basis
of inbreeding depression suggest that it can be due to reces-
sive or partly recessive deleterious alleles that are maintained
in populations by a mutation-selection balance (dominance
hypothesis) or to superiority of heterozygotes over homo-
zygotes at loci determining fitness (overdominance). How-
ever, overdominance seems of less importance (Charlesworth
and Charlesworth 1990; Crow 1999a,b). Theoretical models
show that if the inbreeding depression is less than 0.5, a gene
causing self-fertilization will spread in a population, and self-
ing will be favored. Whereas if the inbreeding depression is
greater than 0.5, outcrossing will be favored (Maynard Smith
1978; Charlesworth 1980; but see Uyenoyama et al. 1993).
This simple rule, based on genetic factors, turns out to be

complicated by both genetic factors (e.g., associations that
develop between alleles at different loci) and ecological fac-
tors (e.g., reproductive assurance). The relative importance
of these factors in the evolution of mating systems has been
extensively studied in plants. In animals, however, where
hermaphroditism occurs in most metazoan groups, infor-
mation has just started to accumulate (in ascidians: Bishop
and Ryland 1993; Cohen 1996; platyhelminthes: Trouvé et
al. 1996, 1999a,b; snails: Jarne and Delay 1990; Coutellec-
Vreto et al. 1997; Städler and Jarne 1997), and much more
work remains to be done.

This is the context of our work, which focuses on the
hermaphroditic freshwater snail Lymnaea truncatula. In this
species, it has long been known that an isolated individual
can produce fertile eggs (Roberts 1950; Kendall 1953). We
evaluate in this study factors involved in the evolution of
selfing and we consider more particularly the effect of in-
breeding depression, the temporality of the habitat, and par-
asitism.

The production of inbred individuals resulting from selfing
might constitute a major disadvantage for the evolution of
selfing in L. truncatula if these individuals have lower fitness.
The estimation of inbreeding depression involves either com-
parisons of viability and fecundity between individuals of
differing inbreeding levels (for review see Keller and Waller
2002), or inferences based on estimated changes in homo-
zygosity along the life cycle (Ritland 1990). This later meth-
od will be used in this study, and it has the advantage of
being able to measure the inbreeding depression directly in
the field.

Population size and metapopulation dynamic may also af-
fect the evolution of mating system (Tomlinson 1966; Pannell
and Barrett 1998, 2001), including levels of inbreeding de-
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pression and genetic load (Kirkpatrick and Jarne 2000). Lym-
naea truncatula is found in small ponds, small streams, ir-
rigation ditches, wet or swampy pastures, or even in ‘‘any
depression in the ground which will accumulate and store
water’’ (Smith 1981), such as hoof tracks of cattle. Therefore,
individuals inhabit temporary as well as permanent habitats.
During harsh periods, when nonpermanent ponds become dry
or frozen, populations decrease in size and might even go
extinct. The survival of individuals depends on numerous
critical parameters such as meteorological factors, soil type,
and position of shell aperture (Kendall 1949). The nonper-
manency of the habitats should have three main consequenc-
es. First, the frequent reduction in population size associated
with the transience of the habitats should favor selfing, be-
cause this mating system guarantees gene transmission to the
next generation when finding a mate is uncertain. Second,
because random sampling of gametes affects subsequent gene
frequencies, reduced population sizes should decrease the
level of genetic diversity through loss of alleles and hetero-
zygosity (Wright 1969; Bonnell and Selander 1974; Nei et
al. 1975; Leberg 1992). Thus, populations of L. truncatula
from temporary habitats should have a reduced genetic poly-
morphism compared to populations from permanent ones.
Third, population dynamics should also modify the parti-
tioning of genetic variation among local populations (Slatkin
1977; Whitlock and McCauley 1990; Giles and Goudet
1997). Fluctuations in population size (and extinctions) in
temporary habitats strongly reduce the effective size and rep-
resent a source of genetic drift. In this context, we predict
that differentiation among temporary populations of L. trun-
catula should be greater than among permanent ones.

Lymnaea truncatula constitutes the main intermediate host
in transmission of a number of digenetic parasites (Platy-
helminthes), known to be extremely harmful to the snail (Ma-
lek 1980). In the struggle against pathogens, homozygosity
and reduced variability resulting from selfing might consti-
tute major disadvantages. To understand how parasitism
might constitute a major factor preventing the evolution of
self-fertilization, we consider two common models of resis-
tance to parasites. First, resistance might be controlled by a
few genes and host-parasite interactions could then be con-
sidered from the point of view of particular genetic models
(Flor 1956; Frank 1993, 1994; Otto and Michalakis 1998;
Agrawal and Lively 2001). Under the matching-allele model,
for instance, sexuality has classically been viewed as advan-
tageous in the struggle against parasites. In sexual hosts,
recombination confers an advantage because it generates new
genetic combinations capable of resisting attacks by locally
adapted parasites (Red Queen hypothesis: Van Valen 1973;
Jaenike 1978; Hamilton et al. 1990). Biparental reproduction
should therefore be more common in infected populations
(but see Ladle et al. 1993; Lively and Howard 1994; Agrawal
and Lively 2001). Second, resistance to parasites can be seen
as a trait related to fitness, and its relation with heterozygosity
can be investigated. Under this paradigm, inbred individuals
should have a lower fitness due to the expression of mildly
deleterious alleles and/or the nonexpression of overdomi-
nance (Charlesworth and Charlesworth 1987, 1990). Hosts
with heterozygous genotypes would better resist infection
than homozygous genotypes. In this context, when hosts and

parasites originate from the same population, we expect in-
bred individuals to be preferentially infected (Jarne and Thér-
on 2001).

The purpose of this study is to accurately estimate the
selfing rate (selfing has been reported but not quantified in
this species), to analyze the consequences of this mating sys-
tem in terms of genetic variability within and among popu-
lations, and to investigate how selection and levels of in-
breeding may favor the evolution of selfing versus outcross-
ing in combination with this species’ ecology.

MATERIALS AND METHODS

Lymnaea truncatula (Gastropod, Lymnaeidae) is a diploid
hermaphroditic freshwater snail. Dispersal in snails occurs
over small distances via animal movements and at larger
distances via movements of birds, water flow, or human ac-
tivities (Malone 1965; Purchon 1968; Boag 1986; Bilton et
al. 2001). Lymnaea truncatula constitutes the first interme-
diate host essential to the accomplishment of the life cycle
of many digenetic parasites (Malek 1980). Most digeneans
(Platyhelminthes) affect the fitness of the first intermediate
host by inducing their castration and even sometimes pre-
mature death (Malek 1980; Sorensen and Minchella 1998).

Sampling of adult snails took place in Switzerland and
ranged from the Jura to the Lemanic plain (Fig. 1). Thirteen
populations separated by about 25 m to 120 km have been
sampled. About 100 snails from each population were col-
lected in autumn 1998, except for the population of Lac de
Bret, which was collected in spring 1999. Fall and spring are
favorable to investigate the mating system because they cor-
respond to reproductive seasons clearly identified in this spe-
cies (Rondelaud and Mage 1992 and references therein).
Snails were brought back to the laboratory between layers of
wet paper in small boxes.

Snails were found in two types of habitats differing by
water availability: permanent and temporary habitats. Per-
manent habitats are ponds subsisting the whole year, and
temporary habitats are ponds that dry up once or numerous
times per year. Snails were sampled in five permanent and
eight temporary populations (Table 1). In each site an area
of about 15 m2 was sampled to minimize the likelihood of
sampling a unique family and avoid Wahlund effects.

To estimate the proportion of individuals infected in each
population, snails were dissected under a binocular micro-
scope and screened for the presence of digenetic parasites.
Tissues from the foot of 569 adult parasitized or healthy
snails were genotyped at seven microsatellite loci (loci 16,
20, 21, 24, 29, 36 and 37: Trouvé et al. 2000).

Genetic Data Analyses

Allelic count and richness (a measure of allele number
independent of sample size; see El Mousadik and Petit 1996;
Petit et al. 1998), as well as observed and expected hetero-
zygosities within samples (following Nei 1987) were esti-
mated with the program FSTAT version 2.9.3 (Goudet 2001),
which also calculates Weir and Cockerham (1984) estimators
of F-statistics (f estimates FIS, u estimates FST). Randomi-
zation procedures were used to test for departure from pan-
mixia and for differentiation among populations (Goudet et



2305SELFING AND NEUTRAL VARIATION IN LYMNAEA

FIG. 1. Geographic localities of the populations studied in Switzerland.

al. 1996; Petit et al. 2001) and were performed with FSTAT.
To guard against false significant results due to multiple test-
ing, a Bonferroni correction (Rice 1989) was applied to tests
on each sample and pairs of populations. To test for isolation
by distance we followed Rousset (1997), who described the
appropriate transformations for pairwise FST and geograph-
ical distances for such a test. For FST, the transformation is
FST/(1 2 FST). Because the habitat colonized by L. truncatula
is not-unidimensional, the significance of the relationship was
tested on log-transformed geographic distances by mean of
a Mantel test (Manly 1997). The matrix of geographic dis-
tances corresponded to the straight-line distances measured
on a map because the sampling sites are not connected by
river basins or systems of drains.

Statistical independence among loci was assessed using
the genotypic disequilibrium test of FSTAT version 2.9.3
(Goudet 2001). For each pair of loci in each sample, the table
of genotypic association is obtained. The statistic used to test
the tables is the log-likelihood ratio G-statistic. Only indi-
viduals typed at both loci enter the table. The P-value of the
test is obtained as follows. Genotypes at the two loci are
associated at random within samples a number of times
(5000) and the G-statistic is recalculated on the randomized
dataset. The P-value is estimated as the proportion of G-
statistics from randomized datasets that are larger or equal
to the observed. An overall sample statistic is obtained by
summing the G-statistics over all samples. The overall test
is obtained by comparing this overall G-statistic with that
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TABLE 1. Ecological characteristics of populations. T, temporary
habitat; P, permanent habitat; N, number of individuals dissected;
% of infection, percentage of snails parasitized by digenetic par-
asites.

Populations Habitat N
% of

infection

Bioley 1
Bioley 2
Chaux-de-Fonds
Dizy
Fontenais
Monods
Suchy

T
T
T
T
T
T
T

65
51
43
75

116
110
148

0.00
0.00
0.00

36.00
0.00

17.27
46.62

Taulard
Chevenez
Corcelles
Courtemaı̂che
Lac de Bret
Vursis

T
P
P
P
P
P

120
124
105
136

97
126

15.83
37.90
25.71

0.00
1.03
7.94

obtained from randomized tables (randomization occurring
only within samples).

Mating System

Two approaches (indirect and direct) were used to inves-
tigate the reproductive system exhibited by this species. As-
suming that inbreeding only results from self-fertilization, a
selfing rate has been indirectly estimated using the classical
equation FIS 5 s/(2 2 s) (Hartl and Clark 1997). This esti-
mation is based on adult individuals and assumes the pop-
ulation to be at equilibrium. It furnishes an average selfing
rate over several generations. However, if biparental inbreed-
ing is occurring, selfing estimated from this formula will be
overestimated; if selection operates against homozygous ge-
notypes, selfing will be underestimated.

To account for these potential biases, we also took the
direct approach of progeny array analysis (Ritland and Jain
1981), which provides a single-generation estimate. This
method compares the maternal genotype with those of its
offspring born in the laboratory but issued from mating that
occurred in natura (snails store sperm and use it for several
months after copulation; Wethington and Dillon 1991; for a
review see Jarne et al. 1993; Dillon 2000). After field col-
lection, snails were rapidly isolated in the laboratory in plas-
tic goblets filled with water of Lake Leman (sometimes mis-
named Lake Geneva), maintained at a constant temperature
of 178C and fed ad libitum with defrosted lettuce. These
individuals (also used in the analysis of population structure)
constituted the parents for the progeny array. Snails were
allowed to lay eggs during three weeks, and the order of egg
capsule appearance was noted. The hatching rate was high,
about 95%, which confirms previous work reporting little or
no mortality until hatching (Kendall 1949). As soon as the
eggs hatched, juveniles were collected and frozen prior to
genetic analyses. Twenty-three to 44 juveniles, originating
from four to seven families, were analyzed in each of six
populations. The choice of the populations for the progeny
array analyses includes the whole range of the observed FIS
and temporary as well as permanent populations. We esti-
mated single and multilocus outcrossing rates with a maxi-

mum-likelihood procedure using the MLTR program (Ritland
1986), which calculates a selfing rate using the allelic fre-
quencies in the respective populations. To obtain a good es-
timation of the allelic frequencies, and thus of the selfing
rate, the program was run with all the genotyped individuals
for each population whether we analyzed their offspring or
not. Standard deviations of the selfing rate estimates were
obtained from 500 bootstraps. MLTR compares the single-
locus (ss) and multilocus selfing rate (sm) to discriminate the
part of inbreeding due to biparental inbreeding to the one
due to selfing (Ritland and Jain 1981; Ritland 1986). The
method of Waller and Knight (1989), which is based on ge-
notypic correlations between male and female gametes, was
also used to estimate biparental inbreeding in those progeny
arrays that include outcrossed offspring. Furthermore, we
note here that a lower selfing rate estimated on adult (with
the FIS-based approach) than on hatchling (with progeny ar-
ray analysis) would indicate inbreeding depression (Ritland
1990).

Harshness of the Habitat

Because temporary populations are likely to undergo fre-
quent fluctuations in population size, one might expect that
they would show higher selfing rates (and therefore higher
FIS) compared to permanent ones. We also expect temporary
ponds to exhibit a lower allelic richness and genetic diversity
and to be more differentiated among themselves than per-
manent ones. To test for this, we estimated for the two groups
(permanent vs. temporary) FIS, allelic richness (Rs), gene
diversity (He), and FST and took, for each statistic (FIS, Rs,
He, FST), the difference among the two groups. Under the
null hypothesis of no difference between the two groups, the
observed difference in these four statistics should not be
greater than what is expected by randomly allocating samples
to the two types of habitat (keeping the number of samples
in each habitat constant); 5000 randomizations were carried
out. The alternative hypothesis is that permanent habitats
have a higher allelic richness and gene diversity, but a lower
FIS and FST than temporary ones. The probability was esti-
mated as the proportion of cases in which the difference in
allelic richness, gene diversity, FIS, or FST from randomized
samples was larger or equal to the observed.

Parasitism

Because pathogens are important selective agents, we an-
alyzed the relation between selfing rate and parasitic level
among populations with a Spearman rank correlation. Ad-
ditionally, in the presence of parasites, small and isolated
populations might be more susceptible to infection if they
have lost genetic variation or accumulated more deleterious
mutations. Spearman rank correlation was therefore applied
to test whether isolated populations present higher prevalence
of infection. The degree of isolation of each population was
estimated by its average pairwise FST with all other popu-
lations.

Due to reduced fitness, inbred genotypes might be pref-
erentially infected by parasites. We therefore compared the
observed heterozygosity of healthy and infected snails in each
population to test whether infected snails had lower hetero-
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zygosity. Each pond was split in two groups of parasitized
and nonparasitized individuals. The heterozygosity of in-
fected and healthy groups was then compared within each
population. To test for differences in heterozygosity between
these groups, we used a randomization test included in
FSTAT version 2.9.3 (Goudet 2001). We randomly assigned
a parasitized status to each individual in proportion to the
number of parasitized individuals in each sample. We then
compared the difference in heterozygosity between the pseu-
do-parasitized and pseudo-healthy groups in 10,000 sample
runs. The probability of our null hypothesis was estimated
as the proportion of randomized datasets that gave a differ-
ence in heterozygosity larger or equal to the observed.

RESULTS

Within-Population Variability

The total number of alleles observed per locus across the
sampling area ranged from four (locus 37) to nine (loci 36,
16). Two populations, Dizy and La Chaux-de-Fonds, are
monomorphic for the seven microsatellite loci (Table 2), but
the genotype in Dizy is different from that in La Chaux-de-
Fonds. The mean number of alleles per microsatellite locus
per population varied from 1.0 for Dizy and La Chaux-de-
Fonds to 3.43 for Lac de Bret (Table 2). The mean gene
diversity is low for microsatellite markers, ranging from 0.0
in Dizy and La Chaux-de-Fonds to 0.52 in Bioley 2. Addi-
tionally, the mean observed heterozygosity is very low (Ho
5 0.06).

Mating System

FIS-values per locus ranged from 0.74 to 0.88 (Table 2)
and show highly significant deviations from Hardy-Weinberg
expectations (P , 0.0002 for each locus). FIS-based estimates
of selfing are strikingly high. Selfing rates range from 42%
to 98%; eight of 11 populations exhibit a selfing rate higher
than 80%. The MLTR method of Ritland (1986) provided
similar estimates: the population selfing rates estimated as
an average of the individual rate range from 46% to 100%
(Table 3). Outcrossing only occurred in three of the 25 fam-
ilies (with more than four offspring) and 22 of these 25 appear
to self-fertilize at 100% (Table 3). In each family where
outcrossing occurred, only one outcross father was detected.
Egg capsules laid later do not show an increased selfing rate
and still indicated the occurrence of outcrossing events (data
not shown). Differences between single and multilocus es-
timates of outcrossing rates and estimates of biparental in-
breeding (Waller and Knight 1989) are small in five of the
six populations (Table 3). The Corcelles population, how-
ever, exhibits higher biparental inbreeding (0.26). The selfing
rates estimated on hatchlings (with the MLTR method) and
on adults (with the FIS-based method) are similar, suggesting
little or no inbreeding depression for survival between hatch-
ing and adulthood.

Genotypic Disequilibrium

Of the 21 pairs of loci analyzed, 11 pairs show significant
linkage disequilibrium, although never in more than three
populations. Additionally, disequilibrium varies widely

among populations. In Chevenez nearly half the pairs of loci
are in disequilibrium, whereas in Corcelles no disequilibrium
was detected.

Spatial Structure

The genetic differentiation among populations is highly
significant (P 5 0.001) with a mean u-value (the estimator
of population genetic differentiation following Weir and
Cockerham 1984) of 0.58. The individual loci estimates of
FST were consistent across all seven loci (Table 2). Pairwise
u-values ranged from 0.4 (e.g., between Courtema che andî
Monods or between Bioley 2 and Lac de Bret) to 1.0 (between
Dizy and La Chaux-de-Fonds or between Bioley 1 and Dizy).
All the pairwise comparisons are strongly significant after
Bonferroni correction. Even at a small scale, genetic differ-
entiation is high. In Bioley, two samples separated by 25 m
are significantly differentiated (FST 5 0.5, G-test: P 5
0.0001). No isolation by distance was detected, and geo-
graphic distance explains none of the variability in genetic
distance (r2 5 0.0029, P 5 0.613).

Harshness of the Habitat

Although FIS from temporary habitats is not significantly
higher than that from permanent ones (FIS[temp] 5 0.83 vs.
FIS[perm] 5 0.77, P 5 0.38), permanent habitats do exhibit
a significantly higher allelic richness (rs[perm] 5 2.62 vs.
rs[temp] 5 1.86, P 5 0.03) and gene diversity (He[perm] 5
0.40 vs. He[temp] 5 0.25, P 5 0.03). FST among temporary
samples is slightly but not significantly higher than among
permanent ones (FST[temp] 5 0.65 vs. FST[perm] 5 0.51, P
5 0.11).

Parasitism

Infection levels vary drastically among sites, ranging from
0% in Fontenais, Courtema che, la Chaux-de-Fonds, andî
Bioley to 47% in Suchy (Table 1). Within populations, in-
fected individuals do not exhibit significantly lower hetero-
zygosity than healthy individuals (Ho[parasitized] 5 0.06 vs.
Ho[healthy] 5 0.074, P 5 0.19). Among populations, infec-
tion increases nonsignificantly with the selfing rate (rs 5 0.47,
P 5 0.13) and shows no relation to the degree of population
isolation (rs 5 20.14, P 5 0.64).

DISCUSSION

In this work, we have demonstrated that L. truncatula is a
preferential selfer, with a low genetic diversity within and
high differentiation between populations. The lack of differ-
ence in the selfing rate estimates obtained from hatchlings
and adults implies similar survival to adulthood of inbred
and outcrossed individuals. We also found that parasites do
not seem to preferentially target the more inbred genotypes.
These two observations suggest that inbreeding depression
measured locally is low or absent in this species and support
the prediction of low inbreeding depression in preferential
selfers (Lande and Schemske 1985; Charlesworth and Char-
lesworth 1987). Before discussing how inbreeding depression
might affect the evolution of mating system in this species,
we comment on our findings on genetic variability and mating



2308 S. TROUVÉ ET AL.

TABLE 2. Genetic characteristics for each population and locus. Number of alleles (Na), gene diversity (He), and FIS are estimates per
locus and per population, as well as averages over loci for each population and over populations for each locus. Means and standard
errors of FIS and FST per locus were obtained through jackknifing. N is the number of individuals genotyped and an asterisk indicates
significance for departure from Hardy-Weinberg proportions (FIS) or for population differentiation (FST) after sequential Bonferroni test.
Standard deviations of Na and He are given in parentheses.

Locus Bioley 1 Bioley 2
Chaux-de-

Fonds Dizy Fontenais Monods Suchy

21
N
Na
He
FIS
FST

15
1
0

—

14
4
0.72
0.50

25
1
0

—

48
1
0

—

42
2
0.43
0.72*

46
3
0.53
0.88*

48
3
0.47
0.91*

37
N
Na
He
FIS
FST

15
2
0.24
0.45

14
3
0.56
0.49

31
1
0

—

48
1
0

—

29
1
0

—

45
2
0.09
0.49

48
2
0.19
0.78*

20
N
Na
He
FIS
FST

14
1
0

—

14
2
0.40
0.46

29
1
0

—

48
1
0

—

27
2
0.31
0.76*

40
4
0.49
1*

44
2
0.51
0.96*

29
N
Na
He
FIS
FST

14
1
0

—

14
3
0.61
0.53

31
1
0

—

48
1
0

—

42
2
0.25
1*

44
3
0.53
1*

48
2
0.49
0.87*

36
N
Na
He
FIS
FST

14
1
0

—

14
4
0.70
0.80*

25
1
0

—

48
1
0

—

34
2
0.06
1

43
5
0.68
1*

48
3
0.23
1*

24
N
Na
He
FIS
FST

14
1
0

—

11
2
0.54
0.49

21
1
0

—

48
1
0

—

33
2
0.31
0.80*

42
2
0.29
1*

48
1
0

—

16
N
Na
He
FIS
FST

14
1
0

—

14
2
0.14
1

30
1
0

—

48
1
0

—

38
2
0.49
0.73*

43
3
0.49
0.95*

48
2
0.50
1*

Mean
Na
Rs
He
FIS

1.14 (0.38)
1.14 (0.38)
0.03 (0.09)
0.45

2.86 (0.9)
2.82 (0.9)
0.52 (0.2)
0.61 (0.21)*

1 (0)
1 (0)
0 (0)

—

1 (0)
1 (0)
0 (0)

—

1.86 (0.38)
1.79 (0.39)
0.26 (0.18)
0.84 (0.13)*

3.14 (1.07)
2.85 (1.00)
0.44 (0.19)
0.90 (0.19)*

2.14 (0.69)
2.06 (0.6)
0.34 (0.2)
0.92 (0.08)*

FST

system in L. truncatula. We then turn to the effect of pop-
ulation dynamic and parasitism on mating system and pop-
ulation genetic parameters.

Within-Population Variability

Despite the high mutation rates characteristic of micro-
satellite loci (Jarne and Lagoda 1996), the genetic variability

detected in our study was globally low. Surprisingly, no poly-
morphism was observed in two populations, Dizy and La
Chaux-de-Fonds. This means that for the seven microsatellite
loci investigated, the 48 and 25 individuals screened in the
respective populations appeared as clones. Because caution
was taken to sample several families in each population, this
result cannot be attributed to a sampling artifact. We did find
some genetic differences, unlike Meunier et al. (2001), who
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TABLE 2. Extended.

Taulard Chevenez Corcelles Courtemaı̂che Lac de Bret Vursis Mean

47
2
0.23
0.81*

51
3
0.49
0.88*

54
2
0.41
0.27

41
3
0.40
0.88*

47
3
0.58
0.52*

85
3
0.67
0.83*

2.38 (0.96)
0.38 (0.25)
0.74 (0.07)*
0.45 (0.09)*

43
2
0.34
0.86*

47
2
0.04
1

54
2
0.28
0.34

39
1
0

—

47
3
0.28
0.78*

82
3
0.37
1*

1.92 (0.76)
0.18 (0.18)
0.77 (0.13)*
0.74 (0.06)*

43
2
0.09
1*

47
2
0.04
1

54
2
0.31
0.15

41
3
0.49
0.80*

34
3
0.38
0.85*

84
5
0.62
0.87*

2.31 (1.18)
0.28 (0.23)
0.81 (0.09)*
0.59 (0.08)*

43
3
0.64
0.60*

42
4
0.66
1*

53
4
0.61
0.32*

41
2
0.49
1*

30
3
0.39
1*

76
2
0.45
0.91*

2.38 (1.04)
0.39 (0.25)
0.80 (0.1)*
0.45 (0.08)*

44
3
0.53
0.70*

51
5
0.59
0.97*

54
5
0.30
0.32

34
4
0.42
0.79*

44
6
0.63
0.86*

80
3
0.48
0.90*

3.31 (1.70)
0.35 (0.27)
0.85 (0.06)*
0.54 (0.08)*

42
2
0.20
0.63*

41
3
0.30
1*

51
2
0.51
0.54*

38
5
0.46
0.60*

19
4
0.64
0.92*

82
1
0

—

2.08 (1.26)
0.25 (0.24)
0.72 (0.09)*
0.67 (0.08)*

44
3
0.47
0.76*

46
2
0.34
0.94*

54
2
0.11

20.05

39
4
0.39
0.87*

33
2
0.20
0.85*

83
3
0.60

0.86*

2.15 (0.9)
0.29 (0.22)
0.88 (0.04)*
0.62 (0.08)*

2.43 (0.53)
2.25 (0.47)
0.35 (0.19)
0.77 (0.14)*

3 (1.15)
2.54 (1.03)
0.35 (0.25)
0.97 (0.05)*

2.71 (1.25)
2.32 (0.65)
0.36 (0.16)
0.27 (0.18)*

3.14 (1.34)
2.73 (0.98)
0.38 (0.172)
0.82 (0.13)*

3.43 (1.27)
3 (0.82)
0.44 (0.18)
0.82 (0.15)*

2.86 (1.25)
2.51 (0.92)
0.46 (0.23)
0.89 (0.06)*

2.36 (0.86)
2.15 (0.36)
0.30 (0.18)
0.79 (0.02)*
0.58 (0.04)*

found no genetic variability at six microsatellite loci among
13 sites, separated by 3–240 km in the northern Bolivian
Altiplano.

In the absence of gene flow, genetic drift can lead to re-
duced genetic variability in populations of limited size (Slat-
kin 1985). Alternatively, high selfing rates could also account
for low variability. It is widely believed that inbreeders pre-
sent lower levels of within-population genetic variations than

outbreeders due to reduced effective population size (Pollak
1987; Jarne 1995), hitchhiking (Hedrick 1980; Kaplan et al.
1989; Berry et al. 1991), and background selection (Char-
lesworth et al. 1993). Hitchhiking and background selection
are likely to be particularly strong in highly self-fertilizing
organisms, in which linkage disequilibrium can be strong
(Hedrick 1980). Selfing plants often display reduced within
population genetic diversity (review in Hamrick and Godt
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TABLE 3. Population and family selfing rates. They are based on single-locus (ss), multilocus (sm), and FIS-based estimates. Family
selfing rates are given for populations exhibiting some outcrossing. Standard deviations (SD) are obtained from 500 bootstraps. BP,
fraction of inbreeding due to biparental inbreeding.

Population
Number of

families

Number of
clutches/

family
Number of
offspring ss (SD) sm (SD)

s (FIS-
based) BP

Fontenais
Monods
Suchy
Taulard

5
5
4
5

37
42
40
44

1 (0)
1 (0)
1 (0)
0.81 (0.11)

1 (0)
1 (0)
1 (0)
0.77 (0.11)

0.91
0.95
0.96
0.87 20.002

Fam. 9
Fam. 67
Fam. 83
Fam. 87
Fam. 111

2
2
2
1
1

10
10

9
6
9

1 (0)
1 (0)
0.22 (0.14)
1 (0)
1 (0)

Chevenez
Fam. 21
Fam. 42
Fam. 83
Fam. 101

4
1
1
1
1

38
10

9
10

9

0.98 (0.01) 0.97 (0.03)
1 (0)
1 (0)
1 (0)
0.88 (0.12)

0.98 20.019

Corcelles
Fam. 1
Fam. 12
Fam. 20
Fam. 55
Fam. 57
Fam. 74
Fam. 104

7
1
1
1
1
1
1
1

23
1
5
1
3
2
7
4

0.56 (0.11) 0.46 (0.11)
1 (0)
0.79 (0.18)
0 (0)
1 (0)
1 (0)
1 (0)
0 (0.10)

0.42 0.255

1990; see also Liu et al. 1998). In freshwater snails, several
studies confirm the pattern of reduced neutral genetic vari-
ability in selfed compared to outcrossed species (for review
Jarne and Städler 1995; see also Coutellec-Vreto et al. 1994;
Viard et al. 1997).

Mating System

Lymnaea truncatula appears to be a predominant selfer,
although some variations in selfing rate exist among indi-
viduals and between populations. Selfing rates were generally
higher than 80%, using either a progeny array analysis or
estimates based on FIS. The fact that these two approaches
provide similar results indicates that the selfing rate is stable
and high.

The sample from Corcelles has a lower selfing rate. This
could result from a higher density in this population, as ex-
pected on theoretical grounds (Tomlinson 1966; Ghiselin
1969, 1974; Jain 1976; Jarne et al. 1993) and confirmed in
various studies on plants (e.g., Van Treuren et al. 1993; He
et al. 1998; Franceschinelli and Bawa 2000). However, this
explanation appears unlikely because Corcelles had at the
time of sampling one of the lowest densities in our sampling
area. In this population, not only selfing rates were lower,
but biparental inbreeding was also higher. Thus, increased
outcrossing may have brought an increase in biparental in-
breeding. Such inbreeding could reduce the advantage of out-
crossing and thus select against further increases in outcross-
ing. Besides the particular genetic characteristics of Corcel-
les, this population also exhibits a smaller clutch size of one
to three individuals versus five to 10 in the other populations.
This could reflect a smaller snail size, a sensitivity of Cor-
celles snails to laboratory conditions, or early inbreeding de-
pression. We have no evidence for or against the first two

hypotheses. Stronger early inbreeding depression in the Cor-
celles population would indicate among-population differ-
ences in inbreeding depression, as reported in several studies
(e.g., He et al. 1998; see for review Byers and Waller 1999)
and might be related to differences in selfing rate as shown
experimentally by Holtsford and Ellstrand (1990) in Clarkia
tembloriensis.

Inbreeding Depression

We found no difference in selfing rate estimated on hatch-
lings and on adults, nor in heterozygosity between infected
and healthy snails. This suggests that inbreeding depression
is weak in L. truncatula, although experimental work is need-
ed to confirm this. The few empirical works providing ac-
curate estimates of inbreeding depression in freshwater snails
are restricted to outcrossers. They pointed out that high out-
crossing rates are associated with strong inbreeding depres-
sion. This is the case of Bulinus globosus (Jarne et al. 1991),
Lymnaea peregra (Coutellec-Vreto et al. 1998), and Physa
acuta (Jarne et al. 2000). Information on inbreeding depres-
sion in selfers is restricted to the work of Doums et al. (1996)
on Bulinus truncatus and Biomphalaria straminea. They
found a high survival of selfed progeny, suggesting inbreed-
ing depression is low. In plants, populations and species with
a long history of acute inbreeding often show reduced in-
breeding depression (references in Jarne and Charlesworth
1993; Keller and Waller 2002), but many exceptions exist
(Ågren and Schemske 1993; Byers and Waller 1999).

The commonly accepted hypothesis for low inbreeding de-
pression in selfers is the purging of deleterious recessive
mutations. Indeed, little or no difference in fitness between
selfed and outcrossed individuals is expected in large inbred
populations, where recessive lethal mutations are exposed to
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selection and eliminated (review in Jarne and Charlesworth
1993). However inbreeding does not necessarily purge the
genetic load, particularly if populations are small and mu-
tations are mildly deleterious. In this situation, little inbreed-
ing depression may be expressed because (local) populations
may become fixed by genetic drift for some mildly deleterious
alleles (Maynard Smith 1978; Keller and Waller 2002).
Among-population crosses could determine whether an ab-
sence of inbreeding depression results from the local fixation
of deleterious mutations. If deleterious recessive alleles are
fixed within populations, offspring from among-population
crosses are expected to show significantly higher fitness com-
pared to offspring issued from selfing or from crosses within
populations. This occurs because between-population crosses
result in a net masking of their deleterious effects, reflecting
the among-population component of inbreeding depression,
a phenomenon termed ‘‘drift load’’ by Whitlock et al. (2000;
for review see Keller and Waller 2002).

Inbreeding depression constitutes an important factor in
the evolution of mating systems. However, one can wonder
whether the among-population component of inbreeding de-
pression played a role in the evolution of selfing in L. trun-
catula. In this species, 58% of the genetic variation (FST) is
attributed to genetic differences among populations, implying
little genetic exchanges among populations. Indeed, dispersal
is so reduced that even close populations remain highly dif-
ferentiated (FST 5 0.5 between Bioley 1 and 2 separated by
25 m). Thus, even if among-population crosses are fitter, they
are so rare that the among-population component of inbreed-
ing depression may play only a minor role in the evolution
of selfing in L. truncatula.

Alternatively, one might argue that the absence of evidence
of inbreeding depression in this study is due to the low range
of inbreeding levels covered. However, 24% of the genotyped
individuals were heterozygous for at least one of the seven
loci, and 5% for at least three of the loci. Although hetero-
zygosity is only a loose indicator of inbreeding when the
number of loci is not large (Keller and Waller 2002; Slate
and Pemberton 2002), the range observed here indicates that
levels of inbreeding do vary substantially in our samples.
These results suggest low within-population inbreeding de-
pression in these populations. Alternatively, inbreeding de-
pression could occur at a stage earlier than egg formation,
as suggested by the variance in clutch size (Corcelles’s
clutches are smaller than clutches from other populations)
and limited mortality once eggs are formed (the hatching rate
was about 95%). This will need to be confirmed experimen-
tally.

Harshness of the Habitat

Lymnaea truncatula has little dispersal capability and col-
onizes temporary habitats, two features for which selfing con-
stitutes certainly a major advantage. The temporary habitats
are frequently subjected to harsh periods of drought inducing
demographic bottlenecks (Kendall 1949; Roberts 1950).
When conditions became favorable the density is low, thus
reducing the probability of finding a mate. In such circum-
stances, selfing constitutes a reproductive assurance that
might have been selected in temporary habitats (Pannell and

Barrett 1998; but see Pannell and Barrett 2001). However,
higher selfing rates were not detected in temporary habitats.
Nevertheless, we showed that populations from temporary
habitats maintain less allelic richness and gene diversity than
populations from permanent ones. In a tropical self-fertilizing
snail, Bulinus truncatus, Viard et al. (1997) also found re-
duced polymorphism in populations subjected to variation in
population size. The low polymorphism observed in L. trun-
catula results from the combined effect of the harshness of
the habitat and selfing. The first factor should have a stronger
effect than selfing because even self-fertilization maintains,
at most, half the effective population size (Pollak 1987).

Populations of snails occupying temporary habitats also
exhibit a globally higher, albeit nonsignificantly so, FST-val-
ue. The lack of significance for the FST-values certainly re-
sults from the small number of populations in each group
(five permanent and eight temporary populations). Indeed if
we replicate each population of our dataset and perform the
same analysis, temporary populations appear significantly
more differentiated than permanent ones (P 5 0.02). The
higher differentiation of nonpermanent habitats can be ex-
plained by fluctuations in population size, which strongly
reduce the effective size, amplifying the effect of genetic
drift. However, higher differentiation of temporary popula-
tions might not be predicted if a large number of founders
are involved in recolonization (Wade and McCauley 1988;
Whitlock and McCauley 1990). The low levels of among-
population gene flow found in L. truncatula suggest that few
colonizers found new populations.

Parasitism

We observed no relationship between selfing rate and the
prevalence of infection among the studied populations. Con-
trary to classical models that predict the evolution of sex
when antagonistic coevolution between hosts and parasites
occurs (Van Valen 1973; Jaenike 1978; Hamilton et al. 1990),
even highly parasitized populations exhibit high selfing rates.
However, uniparental reproduction might also constitute an
unbeatable strategy in the struggle against parasites. In a
metapopulation model, Ladle et al. (1993) predicted that sex-
uality is far from universally successful. Where there is a
large discrepancy between host and parasite migration rates,
sex fails and asexuality is favored. Additionally, Lively and
Howard (1994) showed that a mixed mating system can be
evolutionary stable when parasites exert moderate to severe
effects and when the inbreeding depression is less than 0.5.
Finally, Agrawal and Lively (2001) pointed out that a mixed
mating system, strongly biased toward selfing, appears more
successful for a large fraction of the parameter space they
investigated, which included several host-parasite genetic in-
teractions (e.g., matching-alleles model and inverse match-
ing-allele model), parasite selfing rate, parasite virulence, and
pollen discounting. To evaluate the predictions of these mod-
els in snail–digenetic parasite systems requires more empir-
ical work and information on the precise host-parasite genetic
interactions.

Within populations, we found no difference in levels of
homozygosity between parasitized and healthy individuals.
In contrast, Coltman et al. (1999) reported a higher suscep-
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tibility to infection of inbred Soay sheep, which induces a
higher mortality during harsh winters. Similarly Meagher
(1999) and Cassinello et al. (2001) observed higher rates of
infection in inbred deer mice and endangered gazelles, re-
spectively. These researches strongly suggest that in mam-
mals, by removing more homozygous individuals, parasites
counter-select inbred genotypes and could select for altered
pattern of mating. The discrepancy between these studies and
ours might be because we considered a hermaphrodite that
mostly self-fertilizes. Deleterious alleles might have been
purged or fixed within populations, reducing the (local) in-
breeding depression. Alternatively the absence of evidence
of different level of homozygosity in infected and healthy
snails could result from the fact that heterozygosity might
not be a very accurate indicator of inbreeding, as mentioned
previously. Finally, a third hypothesis could be that ecology
(i.e., the probability of encounter between host and infecting
parasites) is more important than genetics in determining
patterns of infection.

Conclusion

Lymnaea truncatula presents a self-fertilization syndrome,
as defined by Doums et al. (1996), including a high selfing
rate, limited inbreeding depression, and low neutral vari-
ability. This syndrome seems to be enhanced by the harshness
of the habitat colonized. In temporary habitats, genetic poly-
morphism is also reduced.

An intriguing question remains: Why does some outcross-
ing occur given the lack of costs associated with selfing? A
simple rule predicts that, due to the cost of outcrossing (Fish-
er 1941), a mutation that increases the selfing rate is expected
to spread in a population if the inbreeding depression is less
than 0.5. However, in L. truncatula some individuals still
engage in cross-fertilization. Outcrossing seems indeed to be
concentrated in a few families. In the 25 families (with more
than four offspring), only three contained eggs produced by
outcrossing, and only one of the three contained more than
one outcrossed egg. Perhaps the trait is not advantageous
enough to spread in the population (inbreeding depression is
low), yet sufficiently beneficial in some situations (e.g., Cor-
celles) to be maintained at a low frequency in the metapop-
ulation. For instance, limited sex in hosts (0.05–0.10 of out-
crossing) can be an evolutionarily stable strategy when par-
asites self to some degree and interactions between host and
parasite follow a matching allele model (Agrawal and Lively
2001). Alternatively, population dynamics could prevent al-
leles for self-fertilization from becoming fixed. Indeed, the
probability of fixation of selfing is reduced in a metapopu-
lation when the number of immigrants per generation is low
and, to a lesser extant, when the probability of extinction is
high (Pannell and Barrett 2001). Thus, factors such as in-
breeding depression, parasitism, and population dynamics all
appear to play a role in maintaining L. truncatula high selfing
rate. Further experimental and empirical work is needed to
quantify the relative importance of these factors.

ACKNOWLEDGMENTS

We thank C. Bouteiller, V. Castella, and N. Di Marco for
technical assistance and M. Chapuisat, P. Jarne, J. Jokela, L.

Keller, N. Perrin, E. Petit, and M. Reuter for comments on
the manuscript. We are especially grateful to D. Waller and
two anonymous reviewers for comments that greatly improve
the manuscript. This work was supported by a Swiss National
Science Foundation grant (31-068325.02) to JG and ST, the
Swiss Société Vaudoise des Sciences Naturelles, and the
French Embassy in Switzerland (French Ministry des affaires
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Jarne, P., and A. Théron. 2001. Genetic structure in natural pop-
ulations of flukes and snails: a practical approach and review.
Parasitology 123:S27–S40.

Jarne, P., L. Finot, B. Delay, and L. Thaler. 1991. Self-fertilization
versus cross-fertilization in the hermaphroditic freshwater snail
Bulinus globosus. Evolution 45:1136–1146.

Jarne, P., M. Vianey-Liaud, and B. Delay. 1993. Selfing and out-
crossing in hermaphrodite freshwater gastropods (Basommato-
phora): where, when and why. Biol. J. Linn. Soc. 49:99–125.

Jarne, P., M.-A. Perdieu, A.-F. Pernot, B. Delay, and P. David.
2000. The influence of self-fertilization and grouping on fitness
attributes in the freshwater snail Physa acuta: population and
individual inbreeding depression. J. Evol. Biol. 13:645–655.

Jokela, J., C. M. Lively, M. F. Dybdahl, and J. A. Fox. 1997.
Evidence for a cost of sex in the freshwater snail Potamopyrgus
antipodarum. Ecology 78:452–460.

Kaplan, N. L., R. R. Hudson, and C. H. Langley. 1989. The hitch-
hiking effect revisited. Genetics 123:887–899.

Keller, L. F., and D. M. Waller. 2002. Inbreeding effects in wild
populations. Trends Ecol. Evol. 17:230–241.

Kendall, S. B. 1949. Bionomics of Limnaea truncatula and the par-
thenitae of Fasciola hepatica under drought conditions. J. Hel-
minth. 23:57–68.

———. 1953. The life-history of Limnaea truncatula under labo-
ratory conditions. J. Helminth. 27:17–28.

Kirkpatrick, M., and P. Jarne. 2000. The effects of a bottleneck on
inbreeding depression and the genetic load. Am. Nat. 155:
154–167.

Ladle, R. J., R. A. Johnstone, and O. P. Judson. 1993. Coevolu-
tionary dynamics of sex in a metapopulation: escaping the Red
Queen. Proc. R. Soc. Lond. B 253:155–160.

Lande, R., and D. W. Schemske. 1985. The evolution of self-fer-
tilization and inbreeding depression in plants. I. Genetic models.
Evolution 39:24–40.

Leberg, P. 1992. Effects of population bottlenecks on genetic di-
versity as measured by allozyme electrophoresis. Evolution 46:
477–494.

Liu, F., L. Zhang, and D. Charlesworth. 1998. Genetic diversity in
Leavenworthia populations with different inbreeding levels.
Proc. R. Soc. Lond. B 265:293–301.

Lively, C. M., and R. S. Howard. 1994. Selection by parasites for
clonal diversity and mixed mating. Phil. Trans. R. Soc. Lond.
B 346:271–281.

Malek, E. A. 1980. Snail-transmitted diseases. Vol. I and II. CRC
Press, Inc., Boca Raton, FL.

Malone, C. R. 1965. Killdeer (Charadrius vociferus Linnaeus) as a
means of dispersal for aquatic gastropods. Ecology 46:551–552.

Manly, B. F. J. 1997. Randomization, bootstrap and Monte Carlo
methods in biology. 2d ed. Chapman and Hall, London.

Maynard Smith, J. 1978. The evolution of sex. Cambridge Univ.
Press, Cambridge, U.K.

Meagher, S. 1999. Genetic diversity and Capillaria hepatica (Nem-
atoda) prevalence in Michigan deer mouse populations. Evo-
lution 53:1318–1324.

Meunier, C., C. Tirard, S. Hurtrez-Bousses, P. Durand, M. D.
Bargues, S. Mas-Coma, J. P. Pointier, J. Jourdane, and F. Re-
naud. 2001. Lack of molluscan host diversity and the transmis-
sion of an emerging parasitic disease in Bolivia. Mol. Ecol. 10:
1333–1340.

Nei, M. 1987. Molecular evolutionary genetics. Columbia Univ.
Press, New York.

Nei, M., T. Maruyama, and R. Chakraborty. 1975. The bottleneck
effect and genetic variability in populations. Evolution 29:1–10.

Otto, S. P., and Y. Michalakis. 1998. The evolution of recombi-
nation in changing environments. Trends Ecol. Evol. 13:
145–151.



2314 S. TROUVÉ ET AL.

Pannell, J. R., and S. C. H. Barrett. 1998. Baker’s law revisited:
reproductive assurance in a metapopulation. Evolution 52:
657–668.

———. 2001. Effects of population size and metapopulation dy-
namics on a mating-system polymorphism. Theor. Popul. Biol.
59:145–155.

Petit, E., F. Balloux, and J. Goudet. 2001. Sex-biased dispersal in
a migratory bat: a characterization using sex-specific demo-
graphic parameters. Evolution 55:635–640.

Petit, R. J., A. El Mousadik, and O. Pons. 1998. Identifying pop-
ulations for conservation on the basis of genetic markers. Con-
serv. Biol. 12:844–855.

Pollak, E. 1987. On the theory of partially inbreeding finite pop-
ulations I. Partial selfing. Genetics 117:353–360.

Purchon, R. D. 1968. The biology of the mollusca. Pergamon Press,
Oxford, U.K.

Rice, W. R. 1989. Analysing tables of statistical tests. Evolution
43:223–225.

Ritland, K. 1986. Joint maximum likelihood estimation of genetic
and mating structure using open-pollinated progenies. Biomet-
rics 42:25–43.

———. 1990. Inferences about inbreeding depression based on
changes of the inbreeding coefficient. Evolution 44:1230–1241.

Ritland, K., and S. Jain. 1981. A model for the estimation of out-
crossing rate and gene frequencies using n independent loci.
Heredity 47:35–52.

Roberts, E. W. 1950. Studies on the life-cycle of Fasciola hepatica
(Linnaeus) and of its snail host, Limnaea (Galba) truncatula
(Müller), in the field and under controlled conditions in the lab-
oratory. Ann. Trop. Med. Parasitol. 44:187–206.

Rondelaud, D., and C. Mage. 1992. Lymnaea truncatula Müller: les
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Tomlinson, J. 1966. The advantages of hermaphroditism and par-
thenogenesis. J. Theor. Biol. 11:54–58.
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