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Abstract

We present here a spatial and temporal population genetic survey of a common freshwater
snail, also a predominantly selfing species, Lymnaea truncatula. The rate of genetic diver-
sity loss was quantified by estimating the effective size (N,) of the snail populations, using
two different methods. A temporal survey allowed estimation of a variance effective size
of the populations, and a spatial survey allowed the estimation of an inbreeding effective
size, from two-locus identity disequilibria estimates. Both methods were consistent and
provided low N, values. Drift due to (i) high amounts of selfing and (ii) fluctuations in popula-
tion sizes because of temporary habitats, and also selection coupled to genome-wide linkage
disequilibria, could explain such reductions in N,. The loss of genetic diversity appears to be
counterbalanced only very partially by low apparent rates of gene flow.
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Introduction

The maintenance of genetic diversity is a key question in
evolution, as genetic diversity is the base material for selec-
tion, adaptation and/or divergence leading to speciation.
However, in natural populations, some species appear to
be genetically impoverished, e.g. 4% of plant taxa and
4.7% of animal species display no allozyme polymorphism
(Nevo et al. 1984; Hamrick & Godt 1989; Amos & Harwood
1998). Such a low level of intrapopulation genetic diversity
is usually found in rare and endangered species, whereas
a genetic impoverishment is seldom reported in common
and widespread species (Amos & Harwood 1998).
Further assessment of such cases may help understand-
ing if and at which scale genetic variation may be maintained.
The freshwater snail species Lymnaea truncatula is a choice
model to address these issues. L. truncatula populations
have already been shown to be genetically impoverished,
as inferred from allozymes (Jabbour-Zahab ef al. 1997) and
microsatellite markers (Trouvé et al. 2000; Meunier et al. 2001).
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L. truncatula is a predominantly selfing species (Meunier
et al. 2004; Trouvé et al. 2003), and lives mainly in temporary
habitats (e.g. in ponds, ditch margins or any depression in
the ground storing water) (Morel-Vareille 1973; Smith 1981).

Several factors, including drift, selection, migration and
metapopulation dynamics, may affect the amount of genetic
diversity (Barton & Whitlock 1997; Amos et al. 1998; Pannell
& Charlesworth 2000). In selfing species, the effective popu-
lation size (N,) is reduced compared to outcrossing species
(Jarne 1995; Tachida 1996), thereby enhancing drift. Direc-
tional selection may also enhance drift, because of a reduced
effective recombination across loci (linkage disequilibria):
in such cases, genetic hitchhiking (Hedrick 1980) and/or
background selection (Charlesworth et al. 1993) may cause
neutral genetic diversity losses analogous to the effect of
drift (Caballero 1994).

Thus, the effective population size (N,) allows one to
summarize all effects of drift into one parameter, and to
quantify the rate of genetic diversity loss. As N, is affected
most strongly by periods of reduced population size
(Caballero 1994; Hartl & Clark 1997), estimating N, should
also allow quantification of drift associated with popu-
lation dynamics features of the considered species.



2536 C. MEUNIER ET AL.

We estimated effective population sizes in L. truncatula
as part of a population genetics survey of a total of 17
samples of this snail species in France, using seven variable
microsatellite loci. Combining both a temporal and a
spatial study allowed us to use two independent methods
for the estimation of the population effective sizes. More-
over, temporal studies provide insights into population
dynamics, e.g. the occurrence of bottleneck events, and
into patterns of dispersal (see Viard et al. 1997). This, in turn,
helps understanding of the spatial structuring of the genetic
variability, addressing the issue of migration—drift equi-
librium in such populations. Having quantified the amount
of drift, and thereby the rate of genetic diversity loss within
populations, we addressed the question of the maintenance
of diversity at higher, i.e. metapopulation, scales.

Materials and methods

Sampling

Most of the sampling was conducted in the Limousin region
(Central France) (Adriers, Migné, St Marcel, Chateauponsac,
St Priest, Fig. 1). We sampled one location in Southern
France, St Paul et Valmalle, distant from all the others by
600 km. All populations were sampled along side-of-the-
road ditches except the St Priest population, which is a
river population, and St Marcel B, which is a pond popu-
lation. In each sampling site, we sampled across only c. 30
m along the ditch or the river to avoid sampling biases (e.g.
Wahlund effects) by sampling across a larger scale. The
absence of spatial differentiation between samples 10 m
apart (StMA and B, not shown) provides an a posteriori
confirmation of this choice of scale. Snail densities were
sufficient to ensure a sampling of 50-100 snails, among which
we chose randomly a subsample of snails to be genotyped
(Table 1).

We performed both spatial and temporal sampling
(Fig. 1). The spatial survey was undertaken at two scales,
a small scale in 1998 (Fig. 1B) and a larger scale in 2000
(Fig. 1A,B). The temporal survey allowed the testing of our
sampling scheme: possible biases may indeed arise from
incomplete sampling of the different families in a site if
mating among relatives is frequent. However, what we
named a ‘population” showed some temporal stability (see
Results), indicating that sampling was, each time, almost
complete in terms of breeding groups.

Microsatellite analysis

DNA extraction protocols, description of microsatellite loci
and genotyping methods have already been described in
Trouvé et al. (2000). The snails were genotyped at seven
variable microsatellite loci (9, 16, 21, 24, 36, 37, 43, GenBank
Accession nos: AF226976, AF226978, AF226980, AF226981,
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Fig. 1 Map of the sampled sites. (A) Map of France indicating the two regions of sampling. (B) Detail of the Limousin region, indicating
the five locations sampled in this region. Further details of the two subdivided populations (Adriers and St Marcel): A, B, C: locations of

the sampled subsites are also indicated. Sampling dates: F98: autumn 98. S00: spring 00. FOO: autumn 00. FO1: autumn 01. Sample sizes are
indicated in parentheses.
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AF226984, AF226985, AF226986, respectively). For unknown
technical reasons, at locus 24 only 61% and 25% of the
snails amplified in the 2000 and 2001 samples, respectively.
However, this amplification problem did not bring out any
bias in our analyses (not shown).

Spatial study; level of structuring

Nei’s genetic diversities (Hp), Fig and Fg; estimates were
computed using FsTAT 2.9.3. (Goudet 1995, 2001), which
provides the unbiased estimators f (for Fig) and 6 (for Fgp)
defined in Weir and Cockerham (1984). Departures from
Hardy-Weinberg expectations were tested within sample,
randomizing alleles among individuals within samples,
and using the statistic f to classify tables of randomized
data sets.

We also tested for genotypic disequilibrium between
all pairs of loci overall samples using FSTAT, and applying
Bonferroni corrections to the P-values obtained. We adjusted
P-values experimentally for a testwise P-value of 0.05.

Bootstrapped values of 8 over loci were obtained for the
populations of Adriers and St Marcel (each of which is sub-
divided, see Fig. 1B), and for all populations sampled in 1998
or 2000. This allowed us to compare the level of structuring
ata small scale (one subdivided population) to the structur-
ing at the whole spatial scale of the study. As bootstrapped
values are potentially biased by the use of a small num-
ber of loci, we also tested differentiation among samples
using the G-based global test on 6 in FSTAT, not assuming
Hardy-Weinberg equilibrium within samples (Goudet et al.
1996).

Friedmann rank sum tests were performed over popu-
lations sampled at the same date, in order to test for spatial
heterogeneity in genetic diversity (Hp). Spatial variation in
Hg may indeed impede the detection of isolation by dis-
tance (Goodman et al. 2001). To test for isolation by distance
also allows testing for migration—drift equilibrium (see
Hutchinson & Templeton 1999). This requires performing
Mantel tests between pairwise p = Fq;./(1 — Fgp) and the log-
arithm of the distance (In d) between populations (Rousset
1997), and also to test for an increase of the variance in
genetic distances with geographical distance. A Mantel test
was therefore performed between (In d) and the residuals
of the regression between p and (In d).

Temporal study; consistency of the estimated parameters
through time

We tested for temporal differentiation in genotypic fre-
quencies also performing a G-based global test, as above.
We also tested for change in Hy in the same population
over time: we used the FsTAT ‘biased dispersal menu’ to test
for differences in gene diversity between sampling dates
(date 1 and date 2). First, the procedure estimates the

observed value of ‘diff Hy" = [H (date 1) — Hg (date 2)] in
the data set. Then the labels ‘date 1" and ‘date 2’ were assigned
randomly to individuals in the same sample and ‘diff Hy
was estimated for all randomized data sets. The P-value
refers to the probability of obtaining a value of ‘diff Hy
larger or equal to that observed in the randomized data set.

Estimation of effective sizes

Two different methods allowed us to estimate effective
sizes: first, the temporal study allowed us to estimate the
variance effective sizes (N,) of five populations studied
(see Fig. 1, repetitive sampling) (Waples 1989). We used
the software MACLEEPS 1.1 (Anderson et al. 2000) which
performs maximum-likelihood estimates for different N,
using the allele frequencies shifts between generations.
The computation assumes that selection, migration and
mutation are negligible in changing allelic frequencies,
compared to drift. We assumed two generations per year
in L. truncatula (Morel-Vareille 1973). We used at least 105
iterations for the computation of the log-likelihood of each
N, values. A 95% confidence interval (CI) was estimated
using the values of N, at which the log-likelihood has
decreased of two units from its maximum (Anderson ef al.
2000).

Second, the spatial study allowed us to estimate the
inbreeding effective size of the populations using the soft-
ware ESTIM 1.2 (Vitalis & Couvet 2001a). This software per-
forms estimates of the two-locus identity disequilibria,
n, within populations, together with a single locus parameter

F= ;, where Q) ;is the probability of identity of a

pair of genes in subpopulation i, and Q, the probability of
identity for two genes in two different subpopulations
(Vitalis & Couvet 2001c). These two parameters, F and n,
both depend on local N, and 1, the immigration rate, but not
on ‘nuisance’ parameters such as the mutation rate or
mutation model (Vitalis & Couvet 2001b,c). However, the
selfing and recom-bination rates must be known. In our
study case, selfing rates have already been estimated by
progeny arrays in two populations of the Limousin region
(Meunier et al. 2004). Thus we have a range of probable
values for selfing rates (between 0.75 and 0.90). Choosing to
estimate N, along such a range also allows buffering
against possible overestimations of selfing rates in some
populations, due to ignored Wahlund effects or local
inbreeding. We fixed the recombination rate between loci
to 0.5, assuming their physical independence (the estima-
tions rely on the extant of physical, not statistical, linkage;
see helpfile in EsTiM). We computed effective sizes jointly
for populations sampled at the same date and report esti-
mates only for which we obtained reliable CI (i.e. different
from [0—co]).

© 2004 Blackwell Publishing Ltd, Molecular Ecology, 13, 2535-2543



Results

Genetic diversities

Nei’s H; computed for every location are spatially and
temporally variable (range 0.05-0.49, Table 1). Most
populations exhibit low Hy, (Table 1), except the populations
of St Paul et Valmalle and Adriers site B, which display
more genetic diversity. The Friedmann test for spatial
variation in H was significant in 1998 and autumn 2000
(P =0.04, P = 0.02, respectively).

Heterozygote deficiencies

All populations display significant departures from Hardy—
Weinberg equilibrium (global test, P < 0.001). F g values are
displayed in Table 1. Neglecting Wahlund effects and
apparent selfing due to mating among relatives, these Fig
values translate into very high values of selfing rates
(Table 1, range 0.78-1).

Linkage disequilibrium

We find significant linkage disequilibrium within popu-
lations in 10 cases of 21 comparisons between locus pairs
(not shown). Locus 36 is in linkage disequilibrium with all
six other loci.

Spatial structure: scaling gene flow

0 estimates reach very high values (Fig. 2). Contrasting
subpopulation and whole study scales does not provide
evidence for a reduced structuring at a small scale (Fig. 2).
The population of St Marcel is significantly less structured

0.8 + —
m - *
0.6 1 .
o m
* —
0.4
0.2 7
*
0
St Marcel Adriers All All
Aut. 1998 Aut. 1998 Aut. 1998 Aut. 2000

Fig. 2 6-values and 95% bootstrap confidence interval for these
values (bars). St Marcel, Adriers: 6 estimated in these subdivided
populations (see Fig. 1). All: 0 estimated in the whole data set for
the 1998 and 2000 surveys, Aut: autumn.
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than Adriers and the whole data set in 1998 and 2000 (see
bootstraps CI in Fig. 2). Whatever the scale, population
differentiation is always highly significant (global test,
P <0.001 for both surveys and in Adriers and St Marcel).

In the 1998 survey, there was a weak positive effect
of geographical distances (R2=0.22, P =0.03, Fig. 3A) on
p = Fgr /(1 = Fgp) when simple Mantel tests are undertaken.
However, the Mantel test between residuals of the former
regression and geographical distances is not significant
(P=0.13; R2=0.11).

Atalarger scale (12-600 km in 2000 vs. 0.01-69 km in 1998)
there is no significant isolation by distance (P = 0.33, Fig. 3B).

Temporal study; allelic frequencies and gene diversity shifts

Gene diversity may vary within a single population
through time (see Tables 1 and 2). We observe a significant
increase in Hy, in the population of St Paul et Valmalle
(Tables 1 and 2), but significant losses in gene diversity in
two populations: in Adriers in the two consecutive samples
from 2000 and in Migné between 1998 and spring or
autumn 2000 (Tables 1 and 2). These gene diversity losses
correlate with a significant temporal structuring in Adriers
and Migné, respectively (Table 2). We also noted a weak
but significant differentiation between temporal samples
in Chateauponsac. However, temporal Fq values were
consistently lower than spatial Fg; (mean: 0.11, 0.59,
respectively, see Table 2 and Fig. 2).
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Fig. 3 Linear regressions of Fg;/ (1 — Fgp) with In (d) (geographical
distance). Regression line and R2 are added when the regression is
significant. (A) Survey in autumn 1998. (B) Survey in autumn
2000.
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Table 2 Temporal dynamics of the snail

Parameter samples. Results of the test for population
Population tested Samples 1/2 Samples 2/3 Samples1/3  gifferentiation in FSTAT (8) and results
of the ‘biased dispersal’ tests (Hp) (see
Adriers A 0 0.03NS 0.17%% 015 Material and methods) between temporal
Hy NS o b samples of the same location. Samples 1,2, 3
Migné ) 0.002 NS 0.31%** 0.47#4+ are temporal samples of the same location
Hy ot NS * (see Fig. 1). Samples 1/2,2/3,1/3: pairwise
comparisons for 6 or H; between temporal
Chateauponsac 0 0.04* - - samples. O-values are given together
Hy NS - - with P-values of the test for population
St Paul et Valmalle 0 —0.01 NS — — differentiation, after Bonferroni corrections;
Hy * — — NS, *, **, ***: nonsignificant, P <0.05,
) P <0.01, P <0.001, respectively
St Priest 0 0.02 NS — —
H, NS - —
Table 3 Computed variance effective size
Variance effective size Inbreeding effective size and computed inbreeding effective size
of L. truncatula populations. N,: effective
Population ML 95% CI s N, 95%CI m size. m: immigration rate. s: range of tested
selfing rates. ML: maximum likelihood N,
Adriers A 16 19; 301 0.75 16.9 10; 148] 002 egtimate. 95% CI: 95% confidence interval
0.80 24.3 [0; 201] 001 for the estimates. For the inbreeding effective
0.85 37 [0; 1801 0.01 size, only estimates with most accurate
090 ->0 10; 01 - CI are shown. — not computed. abjoint
St Marcel Aa - - 0.75 11.3 10; 102] 004 estimations of inbreeding N, for populations
0.80 17.9 [0; 1071 0.03  with the same letter, using the 1998 and
0.85 ->0 10; 0 - 2000 sampling, respectively
0.90 ->0 [0; 0] —
St Marcel Ba — — 0.75 ->0 [0; 37] —
0.8 ->0 [0; 35] —
0.85 12.2 [0; 52] 0.03
0.90 ->0 [0; 01 -
Chateauponsacb 20 [14; 44] 0.75 ->0 [0; 117] —
0.8 5.36 [0; 155] 0.02
0.85 9.97 [0; 221] 0.01
0.90 17.75 [0; 161] 0.01
St Priestb 27 [14; 135] 0.75 10.65 [0; 82] 0.03
0.8 16.46 [0; 112] 0.02
0.85 ->0 [0; 117] -
0.90 ->0 [0; 01 -
Migné 4 [3; 10] — — — —
St Paul et Valmalle 28 [12; 174] - — - —
Estimating effective sizes Discussion

The variance effective sizes computed for the five locations
where we had temporal sampling were generally low
(Table 3). Using the second method (inbreeding effective
sizes), we report here the estimates for five populations
(Table 3), for which the CI were reliable. These N, values
depend strongly on the selfing rate, but were again very
low. These inbreeding effective sizes were in the same
order of magnitude as the variance effective sizes when
comparisons were possible (Table 3).

Selfing vs. local inbreeding vs. Wahlund effects

We observed extremely high Fig values in L. truncatula
populations (range 0.64-1, see Table 1). Population genetics
inferences make it difficult to disentangle selfing, mating
among relatives and Wahlund effects in their contribution
to Fig values (Stddler & Jarne 1997, but see also Goudet et al.
1994), unless fine-scale genetic analyses involving measures
of relatedness and spatial distances between individuals

© 2004 Blackwell Publishing Ltd, Molecular Ecology, 13, 2535-2543



are conducted (Vekemans & Hardy 2004). Quantitative,
direct assessments of selfing rates (e.g. breeding experiments
and progeny arrays) may also help to distinguish between
selfing and mating among relatives (Ritland 2002). Such
direct studies have already been conducted in this species,
and there is now consistent evidence from earlier works
that here selfing contributes much more to the high F; we
observed than other factors (Meunier ef al. 2001; Trouvé
et al. 2003; Meunier et al. 2004). Finally, also consistently
with high selfing rates, we detected linkage disequilibrium
between microsatellite loci within populations.

Selfing reduces N, by a factor (1 + Fig), and, thus, here the
mating system contributed to a loss in gene diversity.
Moreover, in selfing species directional and background
selection, as well as hitchhiking effect, can lead to a genome-
wide reduction in genetic diversity, owing to extant link-
age disequilibria between selected and neutral markers
(Caballero 1994; Green ef al. 2001). This effect would be
analogous to drift and also reduce N, estimations.

However, gene diversities here were lower than other
estimates in freshwater snails, e.g. the mixed-mating species
Biomphalaria glabrata (mean Hp, of 0.6, Mavarez et al. 2002),
or the highly selfing species Bulinus truncatus (Hg generally
above 0.5, Viard et al. 1996). Comparisons between species
may be difficult because of possible varying mutation rates
of the microsatellite markers used (Jarne & Lagoda 1996;
Hancock 1999). However, some of our results point to addi-
tional causes of gene diversity loss, i.e. bottleneck events.

Model of population structure

The population structure model (migration-driff equili-
brium or metapopulation model) has to be taken into
account when addressing the issue of the maintenance
of genetic diversity. Tests of isolation by distance and
examination of the scatterplot led to the rejection of a
regional equilibrium between migration and drift (see also
Hutchinson & Templeton 1999), even though we observed
some degree of association between geographical and genetic
distances for very close neighbouring demes (see Fig. 3).

Further results seem to point towards an alternative
model of metapopulation structure: first, we observed a
significant spatial heterogeneity in Hy values. This would
explain partly why geographical relationships seem to be
a poor predictor of genetic distances. Differences here in
gene diversity (i.e. differences in N,) may explain more
readily Fg; values (see Hedrick 1999). High differences in
N, may arise if events of extinction/recolonization are fre-
quent. Thus, in this study we could have indirect evidence
for fluctuations in population size.

Second, furthermore, although our populations show an
overall temporal stability (Table 2), our temporal survey
also showed evidence of some fluctuations in Hy over time.
In two populations (Adriers and Migné, Table 2), we

© 2004 Blackwell Publishing Ltd, Molecular Ecology, 13, 2535-2543
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observed a significant decrease in Hy: this result may reflect
bottleneck events. Random sampling of individuals and
founder effects after bottlenecks would also be consistent
with the significant temporal structure we found in these
two populations (Table 2). Freshwater snail populations
may indeed be disturbed frequently, depending on the
stability of the habitat, i.e. on the permanence of water
amount in the sites (Jarne 1995; Stadler et al. 1997). Earlier
direct observations had also shown extinction followed by
recolonization of some sites over time (Roberts 1950; Moens
1991; Vareille-Morel ef al. 2002). Such events could also explain
partly the extent of linkage disequilibrium we observed,
due to population admixtures during recolonizations.

These snail populations, thus, seem connected partly
with gene flow on one hand and on the other hand also
undergoing extinction—recolonization dynamics. The most
probably population structure model is thus a metapopu-
lation one (sensu Hanski & Simberloff 1996).

Quantifying genetic drift: estimation of effective sizes

N, estimates provide a measure of the effects causing or
analogous to drift in populations: in this study, we have
shown that selfing and probable fluctuations in population
size may contribute to gene diversity losses.

We quantified drift in estimating effective sizes in some
of the studied populations using two different methods.
In the first method (variance effective size), neglecting
migration and selection may seem a restrictive hypothesis.
However, the effect of directional, background selection
and hitchhiking on neutral markers, especially in selfing
species, may be considered as analogous to drift (Caballero
1994). When comparison is possible, the estimated sizes are
within the same order of magnitude between the two inde-
pendent methods, which make different assumptions on
migration. Therefore, the assumption of negligible migra-
tion in the temporal method may also seem acceptable.

In the EsTiM method, the estimation-underlying model
is a Wright-Fisher island model, which assumes that
migrants all originate from a random sample of all demes.
On the contrary, L. truncatula more probably disperse
locally (see previous section). However, when the total
migration rate is low, the differentiation between adjacent
populations is close to that expected in an island model
(Kimura & Maruyama 1971; Rousset 2000). The estimation
is also relatively robust with respect to finite deme number
(Vitalis, Couvet 2001b). More problematic may be the
assumption of migration—drift equilibrium. Bottlenecks
events would lead possibly to increased pairwise Fgy
between populations (Chakraborty & Nei 1977; see also
previous section). However, Vitalis & Couvet (2001b)
showed the relative robustness of their estimation method
to bias arising from nonequilibrium situations: while
simulating sampling of individuals 10-50 generations
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after the initial state, they showed that after only 50 genera-
tions bias and variance of N, were as small as after 1000
generations.

Furthermore, the estimation of N, relies on the compari-
son of observed F- and n-values to expected values (Vitalis
& Couvet 2001b). Expected values take into account fixed
loci in their computation, whereas the observed values of
these parameters are computed on polymorphic loci.
Consequently, the expected values for F and 1, and therefore
also N, values, may be overestimated (R. Vitalis, pers. comm.).

The estimated effective sizes are here generally low
(range 4-37, Table 3). As a comparison, Arnaud & Laval (2004)
estimated variance effective sizes in another gastropod, the
outcrossing snail Helix aspersa. Depending on the method
used, they found N, values ranging from 6 to e, and
explained low N, values by extinction-recolonization
dynamics in transient habitats.

Maintenance of genetic diversity at the metapopulation
scale

In these snail populations, we therefore noted high rates of
loss of genetic variation through drift, due to selfing and
population dynamics. We also noted low rates of gain of
genetic diversity, due to the low migration rates inferred.
This situation should lead to an increase in the effective
size at the metapopulation level, and thereby to gene
diversity storing at this higher scale. Subdivided meta-
populations retain more genetic diversity than panmictic
ones of the same size, assuming limited dispersal rates and
constant deme sizes (Barton et al. 1997; Wang & Caballero
1999). However, when there are differences in reproduc-
tive success among demes, of which an extreme case is
extinction-recolonization dynamics, as our results seem
to indicate, the metapopulation amount of genetic
diversity always decreases (Barton et al. 1997; Pannell &
Charlesworth 1999).

However, despite its apparent genetic impoverishment
this snail species may not lack evolutionary potential, as its
large distribution range would indicate. Adaptive vari-
ation may indeed be maintained despite reduced neutral
variation (see, e.g. McKay et al. 2001), and studies have
shown a possible lack of correlation between genetic diver-
sity at neutral and quantitative markers (Reed & Frankham
2001).

Acknowledgements

The authors wish to thank R. Jabbour-Zahab for excellent technical
help, J.-F. Arnaud, who kindly gave access to an unpublished
manuscript and T. de Meetis, J. Goudet, S. Trouvé and R. Vitalis
for helpful discussions. During this work, C. M. acknowledges a
PhD grant from the French Ministere de ’'Education Nationale
et de la Recherche (Allocation couplée). This work was also
supported financially by the CNRS and the IRD.

References

Amos W, Harwood ] (1998) Factors affecting levels of genetic
diversity in natural populations. Proceedings of the Royal Society
of London B, 353, 117-186.

Anderson EC, Williamson EG, Thompson EA (2000) Monte Carlo
evaluation of the likelihood for Ne from temporally spaces
samples. Genetics, 156, 2109-2118.

Arnaud J-F, Laval G (2004) Stability of genetic structure and effective
population size inferred from temporal changes of microsatellite
DNA polymorphisms in the land snail. Helix Aspersa. Gastropoda:
Helicidae). Biological Journal of the Linnean Society, 82, 89-102.

Barton NH, Whitlock MC (1997) The evolution of metapopula-
tions. In: Metapopulation Dynamics: Ecology, Genetics and Evolution
(eds Hanski I, Gilpin ME), pp. 183-210. Academic Press, San
Diego, CA.

Caballero A (1994) Developments in the prediction of effective
population size. Heredity, 73, 657—-679.

Chakraborty R, Nei M (1977) Bottleneck effects on average heter-
ozygosity and genetic distance with the stepwise mutation
model. Evolution, 31, 347—-356.

Charlesworth B, Morgan MT, Charlesworth D (1993) The effect of
deleterious mutations on neutral molecular variation. Genetics,
134, 1289-1303.

Goodman SJ, Tamate HB, Wilson R et al. (2001) Bottlenecks, drift
and differentiation: the population structure and demographic
history of sika deer (Cervus nippon) in the Japanese archipelago.
Molecular Ecology, 10, 1357-1370.

Goudet J (1995) stAT (vers. 1.2): a computer program to calculate
F-statistics. Journal of Heredity, 86, 485—486.

Goudet J (2001) rsTAt, a Program to Estimate and Test Gene Diversities
and Fixation Indices. Available from http://www.unil.ch/izea/
softwares/fstat.html [Updated from Goudet (1995)].

Goudet ], De Meetis T, Day AJ, Gliddon CJ (1994) The different
levels of population structuring of dogwhelks, Nucella lapillus,
along the south Devon coast. In: Genetics and Evolution of Aquatic
Organisms (ed. Beaumont A), pp. 81-95. Chapman & Hall,
London.

Goudet J, Raymond M, De Meeus T, Rousset F (1996) Testing
differentiation in diploid populations. Genetics, 144, 1933—-1940.

Green JM, Barker JH, Marshall EJ et al. (2001) Microsatellite analysis
of the inbreeding grass weed Barren Brome (Anisantha sterilis)
reveals genetic diversity at the within- and between-farm scales.
Molecular Ecology, 10, 1035-1045.

Hamrick JL, Godt MJW (1989) Allozyme diversity in plant species.
In: Plant Population Genetics, Breeding and Germplasm Resources
(eds Brown AHD, Clegg MT, Kahler AL, Weir BS), pp. 43-63.
Sinauer, Sunderland, MA.

Hancock JM (1999) Genomic context and mutational dynamics.
In: Microsatellites: Evolution and Applications (eds Goldstein DB,
Schlotterer C), pp. 1-9. Oxford University Press, New York.

Hanski I, Simberloff D (1996) The metapopulation approach, its
history, conceptual domain, and application to conservation.
In: Metapopulation Biology; Ecology, Genetics, and Evolution (eds
Hanski I, Gilpin M), pp. 5-26. Academic Press, San Diego.

Hartl DL, Clark AG (1997) Principles of Population Genetics, 3rd edn.
Sinauer Associates, Sunderland, MA.

Hedrick PW (1980) Hitchhiking: a comparison of linkage and
partial selfing. Genetics, 94, 791-808.

Hedrick PW (1999) Highly variable loci and their interpretation in
evolution and conservation. Evolution, 53, 313-318.

© 2004 Blackwell Publishing Ltd, Molecular Ecology, 13, 2535-2543



Hutchinson DW, Templeton AR (1999) Correlation of pairwise
genetic and geographic distance measures: inferring the relative
influences of gene flow and drift on the distribution of genetic
variability. Evolution, 53, 1898-1914.

Jabbour-Zahab R, Pointier JP, Jourdane ] et al. (1997) Phylogeography
and genetic divergence of some lymnaeid snails, intermediate
hosts of human and animal fascioliasis with special reference
to lymnaeids from the Bolivian Altiplano. Acta Tropica, 64,
191-203.

Jarne P (1995) Mating system, bottlenecks and genetic polymorphism
in hermaphroditic animals. Genetics Research, 65, 193—-207.

Jarne P, Lagoda JL (1996) Microsatellites, from molecules to
populations and back. Trends in Ecology and Evolution, 11, 424—
429.

Kimura M, Maruyama T (1971) Pattern of neutral polymorphism
in a geographically structured population. Genetical Research, 18,
125-131.

Mavarez J, Amarista M, Pointier JP, Jarne P (2002) Fine-scale
population structure and dispersal in Biomphalaria glabrata, the
intermediate snail host of Schistosoma mansoni, in Venezuela.
Molecular Ecology, 11, 879-889.

McKay JK, Bishop JG, Lin JZ et al. (2001) Local adaptation across a
climatic gradient despite small effective population size in the
rare saphire rockcress. Proceedings of the Royal Society of London
B, 268, 1715-1721.

Meunier C, Hurtrez-Bousses S, Jabbour-Zahab R et al. (2004) Field
and experimental evidence of preferential selfing in the fresh-
water mollusc Lymnaea truncatula (Gastropoda, Pulmonata).
Heredity, 92, 316-322.

Meunier C, Tirard C, Hurtrez-Bousses S et al. (2001) Lack of
molluscan host diversity and the transmission of an emerging
parasitic disease in Bolivia. Molecular Ecology, 10, 1333—1340.

Moens R (1991) Factors affecting Lymnaea truncatula populations
and related control measures. Journal of Medical and Applied
Malacology, 3, 73—84.

Morel-Vareille R (1973) Contribution a I'étude du cycle biologique
de Lymnaea truncatula Miiller dans le Nord-Ouest du Limousin.
Revue Médicale et Vétérinaire, 124, 1447—-1457.

Nevo E, Beiles A, Ben-Schlonio (1984) The evolutionary signi-
ficance of genetic diversity: ecological, demographic and life-
history consequences. In: Evolutionary Dynamics of Genetic Diversity
(ed. Mani GS), pp. 13-213. Springer Verlag, Berlin.

Pannell JR, Charlesworth B (1999) Neutral genetic diversity in a
metapopulation with recurrent local extinction and recoloniza-
tion. Evolution, 53, 664—676.

Pannell JR, Charlesworth B (2000) Effects of metapopulation pro-
cesses on measures of genetic diversity. Proceedings of the Royal
Society of London B, 355, 1851-1864.

Reed DH, Frankham R (2001) How closely correlated are molecular
and quantitative measures of genetic variation? A meta-analysis.
Evolution, 55, 1095-1103.

Ritland K (2002) Extensions of models for the estimation of mating
systems using n independent loci. Heredity, 88, 221-228.

Roberts EW (1950) Studies on the life-cycle of Fasciola hepatica
(Linnaeus) and of its snail host, Lymnaea truncatula (Miiller), in
the field and under controlled conditions in the laboratory.
Annals of Tropical Medicine and Parasitology, 44, 187—-206.

Rousset F (1997) Genetic differentiation and estimation of gene
flow from F-statistics under isolation by distance. Genetics, 145,
1219-1228.

© 2004 Blackwell Publishing Ltd, Molecular Ecology, 13, 2535-2543

SMALL N; IN A WIDESPREAD SPECIES 2543

Rousset F (2001) Inferences from spatial population genetics. In:
Handbook of Statistical Genetics (eds Balding DJ, Bishop M,
Cannings C), pp. 239-269. John Wiley & Sons, Chichester, UK.

Smith G (1981) Copulation and oviposition in Lymnaea truncatula
(Miiller). Research note. Journal of Molluscan Studies, 47,108 -111.

Stadler T, Jarne P (1997) Population biology, genetic structure, and
mating system parameters in freshwater snails. In: Evolutionary
Ecology of Freshwater Snails (eds Streit B, Stadler T, Lively CM),
pp- 231-261. Birkhduser-Verlag, Basel.

Tachida H (1996) Genetic diversity in partially selfing populations
with the stepping-stone structure. Heredity, 77, 469-475.

Trouvé S, Degen L, Meunier C et al. (2000) Microsatellites in the
hermaphroditic snail, Lymnaea truncatula, intermediate host of
the liver fluke, Fasciola hepatica. Molecular Ecology, 9, 1662—1663.

Trouvé S, Degen L, Renaud F, Goudet J (2003) Evolutionary impli-
cations of a high selfing rate in the freshwater snail Lymnaea
truncatula. Evolution, 57, 2303-2314.

Vareille-Morel C, Rondelaud D, Dreyfuss G (2002) Experimental
colonization of new habitats by Galba truncatula O.F. Muller
(Gastropoda: Lymnaeidae) in central France and their suscept-
ibility to experimental infection with the trematode Fasciola
hepatica L. International Journal of Limnology, 38, 35-40.

Vekemans X, Hardy OJ (2004) New insights from fine-scale spatial
genetic structure analyses in plant populations. Molecular
Ecology, 13, 921-935.

Viard F, Bremond P, Labbo R et al. (1996) Microsatellites and the
genetics of highly selfing populations in the freshwater snail
Bulinus truncatus. Genetics, 142, 1237-1247.

Viard F, Justy F, Jarne P (1997) Population dynamics inferred from
temporal variation at microsatellite loci in the selfing snail
Bulinus truncatus. Genetics, 146, 973—-982.

Vitalis R, Couvet D (2001a) EsTim 1.0: a computer program to infer
population parameters from one- and two-locus gene identity
probabilities. Molecular Ecology Notes, 1, 354—356.

Vitalis R, Couvet D (2001b) Estimation of effective population size
and migration rate from one- and two-locus identity measures.
Genetics, 157, 911-925.

Vitalis R, Couvet D (2001c) Two-locus identity probabilities and
identity disequilibrium in a partially selfing population.
Genetical Research, 77, 67—81.

Wang ], Caballero A (1999) Developments in predicting the effec-
tive size of subdivided populations. Heredity, 82, 212-226.

Waples R (1989) A generalized approach for estimating effective
population size from temporal changes in allele frequency.
Genetics, 121, 379-391.

Weir BS, Cockerham CC (1984) Estimating F-statistics for the
analysis of population structure. Evolution, 38, 1358—-1370.

This study is part of the PhD work of Cécile Meunier dealing with
the population biology of Lymnaea truncatula, and the adaptation
of this snail to trematode parasites. Sylvie Hurtrez is a lecturer
working on the population genetics of the liver fluke, Patrick
Durand is a researcher in molecular ecology and Francois Renaud
is head of the ‘Evolution of Symbiotic Systems’ research group at
the IRD in Montpellier. We collaborate with the Faculty of Medicine
at Limoges, where Daniel Rondelaud works on the histology
and biology of the interaction between lymnaeid snails and
trematodes.







