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Abstract

The metapopulation concept is a cornerstone in the recent history of ecology and

evolution. However, determining whether a natural system fits a metapopulation model

is a complex issue. Extinction-colonization dynamics are indeed often difficult to

quantify because species detectability is not always 100%, resulting in an imperfect

record of extinctions. Here, we explore whether combining population genetics with

demographic and ecological surveys can yield more realistic estimates of metapopulation

dynamics. We apply this approach to the freshwater snail Drepanotrema depressissimum
in a fragmented landscape of tropical ponds. In addition to studying correlations

between genetic diversity and demographical or ecological characteristics, we undertake,

for the first time, a detailed search for genetic signatures of extinction–recolonization

events using temporal changes in allele frequencies within sites. Surprisingly, genetic

data indicate that extinction is much rarer than suggested by demographic surveys.

Consequently, this system is better described as a set of populations with different sizes

and immigration rates than as a true metapopulation. We identify several cases of

apparent extinction owing to nondetection of low-density populations, and of aestivating

individuals in desiccated ponds. More generally, we observed a frequent mismatch

between genetic and demographical ⁄ ecological information at small spatial and temporal

scales. We discuss the causes of these discrepancies and show how these two types of

data provide complementary information on population dynamics and history, especially

when temporal genetic samples are available.
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Introduction

The metapopulation concept is central in modern eco-

logical and evolutionary literature (Hanski & Gaggiotti

2004). According to the original definition (Levins

1969), a metapopulation is composed of separate sub-

populations that have limited lifespans, and its dynam-

ics depends on a balance between extinction and

colonization. This has deep influences on demography,

evolution and community dynamics. For instance, it

affects the degree of genetic variation (Whitlock & Bar-

ton 1997), it increases stochasticity in invasion dynamics
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(Facon & David 2006), it influences the evolution of dis-

persal (Olivieri et al. 1995), dormancy (Rajon et al.

2009) and self-fertilization (Pannell & Barrett 1998) and

it can allow species coexistence through coloniza-

tion ⁄ competition tradeoffs (Calcagno et al. 2006).

Yet, we have surprisingly few indubitable examples of

natural metapopulations. Although spatial fragmentation

of habitats is extremely common (e.g. forest patches,

butterflies living on patchily distributed plants, frogs

inhabiting ponds, fishes inhabiting coral reefs, etc.),

extinction-colonization cycles are less well documented.

Observations, when available, consist of demographic

surveys in which population presence ⁄ absence is

recorded in a set of habitat patches along a time series

(e.g. Hanski 1994, 1999). However, seed banks in plants
� 2012 Blackwell Publishing Ltd
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(e.g. Bekker et al. 1998) and resting stages in animals (e.g.

De Stasio 1989) remain undetected in most demographic

censuses, and even adult individuals may go unnoticed

when their density is very low, resulting in erroneous

records of extinction and recolonization. Symmetrically,

true extinction events can be overlooked when recolon-

ization occurs between surveys (i.e. the ‘rescue-effect’

sensu Hanski 1994). Intensifying demographic surveys is

certainly an option to improve reliability, but systematic

biases seem unavoidable (e.g. noncapturable life stages).

In this study, we explore another possibility, that is, to

use genetic data as an independent validation of

observed extinction and colonization events. Indeed,

recolonization by immigrants after a true extinction and

population reconstitution from local individuals after an

apparent extinction are expected to leave different

genetic signatures: in the first case, the new population is

derived from an external gene pool, while in the second

case, it comes from the local gene pool. In principle, tem-

poral changes in genetic structure should therefore allow

to distinguish true extinctions from apparent ones. How-

ever, although many genetic studies have investigated

fine-scale spatial structure (Guillot et al. 2009), relatively

few have explored temporal changes in allele frequencies

(see Luikart et al. 2010). Moreover, the latter focused on

effective population size within supposedly isolated pop-

ulations rather than on metapopulation structure. So far,

the only genetic test of the metapopulation concept has

been to correlate estimates of apparent population age

(APA) (e.g. date of most recent apparent extinction) or

habitat age (most recent perturbation) with diversity and

differentiation (Whitlock 1992; McCauley et al. 1995;

Giles & Goudet 1997; Ingvarsson et al. 1997; Haag et al.

2005): younger populations of a metapopulation tend to

exhibit less diversity and more differentiation than older

ones. Nevertheless, we are not aware of any study that

directly tested the validity of demographic extinction

records using temporal genetic analysis.

Our aim here is to show how spatial and temporal

genetic data can be combined with demographic and

ecological observations to test the metapopulation con-

cept. We illustrate this approach in a snail living in

fragmented and unstable aquatic habitats, and exhibit-

ing high apparent rates of local extinction and recol-

onization. On this basis, this system could qualify as

a textbook example of the metapopulation concept.

We confront demographic and ecological observations

with an analysis of spatial and temporal genetic struc-

ture to test whether apparent population extinctions

or perturbations of habitat patches indeed correspond

to extinctions of local gene pools. More generally, we

evaluate whether metapopulation dynamics inferred

from demography remains valid after genetic evalua-

tion.
� 2012 Blackwell Publishing Ltd
Materials and methods

Alternative models of population structure
and predictions

To test the metapopulation concept, we must consider

alternative, competing models of structured population,

and associated predictions (Table 1). Although no natu-

ral system perfectly matches a given model, such pre-

dictions should allow identifying which model best

describes a natural situation. The simplest alternative to

the metapopulation model is the island model (Wright

1931), in which extinction-colonization cycles do not

occur. Yet, the original island model is highly idealized

because of the symmetry assumption (all demes have

equal size and immigration rate). Therefore, we also

consider a more realistic version that relaxes this

assumption, the ‘asymmetric island model’. In this

model, the source of asymmetry is not the same as in a

metapopulation: demes differ in size and connectivity

rather than in population age. For each model (symmet-

ric island, asymmetric island and metapopulation

model), we listed predictions that can be tested by com-

paring genetic, ecological and demographic data. They

are summarized in Table 1 and explained in more

detail in the Supporting information (Appendix S1).

Importantly, spatial genetic structure is not sufficient to

distinguish metapopulation dynamics from alternative

models. This requires studying correlations between

genetic changes and ecological ⁄ demographic ones in

space ⁄ time, and especially the analysis of temporal

changes in allele frequencies. To summarize, stronger

inferences can be drawn by observing genetic structure

before and after observed extinction–recolonization

events than by looking for the phantoms of past extinc-

tion and recolonization.
Species, habitats and sampling

Our work was conducted in the Grande-Terre of Gua-

deloupe, an Island of the Lesser Antilles (French West

Indies). Grande-Terre is a plateau of about 800 km2 har-

bouring many small ponds (c. 2000), and a few small

rivers and swamp grasslands connected to mangroves.

The 29 recorded species of molluscs (Pointier 2008) con-

stitute a major fraction of the macrobenthos in these

environments. Here, we focus on Drepanotrema depres-

sissimum (Gastropoda: Basommatophora: Planorbidae),

a very common hermaphroditic snail found mostly in

small ponds with abundant aquatic vegetation. A frac-

tion of these ponds completely dry out either yearly, or

more irregularly. Sites can stay dry for up to several

months, especially in the northern and eastern parts of

Grande-Terre. An extensive survey was initiated in



Table 1 Expectations on spatial and temporal distribution of genetic variation and on demography in three models of subdivided

populations

Symmetric patch model Asymmetric patch model Metapopulation model

Symmetric Yes No No

Extinction ⁄ recolonization No No Yes

Spatial distribution of genetic diversity

Genetic diversity and allelic richness Identical in all patches Variable Variable

Spatial FST Only dependent on

distance

Dependent on distance

and He

Dependent on distance

and He

Effect of patch characteristics on FST and genetic diversity

Connectivity None + on diversity, ) on FST + on diversity, ) on FST

Size None + on diversity, ) on FST + on diversity, ) on FST

Stability None None + on diversity, ) on FST

Apparent population age None None + on diversity ) on FST

Temporal distribution of genetic diversity

Genetic diversity and

allelic richness

No significant change

between successive

generations

No significant change

between successive generations

No significant change or

slight increase in

diversity in some

patches, important loss

of diversity in others

Temporal FST Equal and small; a

fraction of genes in

the (t + 1) sample

comes from the same

patch at t

Variable among sites; a

fraction of genes in the

(t + 1) sample comes

from the same patch at t

A few very large values;

in some patches, all

genes in the (t + 1)

sample come from

different patches at t

Effect of patch history

Apparent extinction None None + on temporal FST; in sites

with apparent extinction,

genes at time t + 1 come

from other sources than

the same patch at t

The models considered are the symmetric patch model (island or stepping stone model with identical patches) and two asymmetric

models, namely the asymmetric patch model (island model with differences in size or connectivity among patches and without

extinction ⁄ recolonization) and the metapopulation model (with extinction ⁄ recolonization). We consider how variation (mean genetic

diversity and FST over loci) is distributed and how it is affected by demographic characteristics.

Apparent extinction refers to the nondetection of species in a patch between t and t + 1 (null apparent density or disturbed site).
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2001 with yearly visits in 244 sites distributed over the

whole Grande-Terre; D. depressissimum was observed at

least once in 214 of these sites. Each year, we repeated

some visits in approximately 30 randomly chosen sites,

from which we derived an estimate of species detect-

ability [77.5%; 95% CI (73.9–81.0)]. The apparent yearly

extinction rate (presence at year t, absence at t + 1) was

21.7% over the 2001–2011 period, and the apparent col-

onization rate (absence at t, presence at t + 1) was

19.6%. The yearly fraction of dry sites was on average

4.9%. This underestimates the true frequency as sam-

pling is performed at the beginning of the dry season

(January–February), when water level is high and mol-

luscs are very abundant. Many sites may dry out later

in the season. In short, population dynamics and habitat

perturbation (drought) strongly suggest a metapopula-

tion structure, with yearly extinction and recolonization

of a significant fraction of populations. However,
(i) populations at very low density can be overlooked;

(ii) previous field observations suggested that this spe-

cies can survive for several weeks under rocks or vegeta-

tion when sites are dry [‘aestivation’; Pointier & Combes

(1976)]; and (iii) populations can go extinct and be

recolonized during the time interval between two visits.

We defined a spatially and temporally stratified sam-

pling scheme for population genetic analysis (Fig. 1).

(i) Twenty-five populations were sampled all over the

island (mean pairwise Euclidean distance = 16.3 km);

(ii) Twelve of these formed four well-separated clusters

of three neighbouring sites (mean Euclidean distance

within clusters = 3.1 km) allowing to explore fine-

grained differentiation; and (iii) Twelve sites were

repeatedly sampled in different years (two to four

times). These sites were chosen to cover most of

Grande-Terre and to be representative of habitat types.

However, sampling was constrained by the possibility
� 2012 Blackwell Publishing Ltd
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Fig. 1 Distribution of the 25 sites from Grande-Terre Island (Guadeloupe, Lesser Antilles) studied in the genetic analysis. Sites sam-

pled several times (see Table 2) are indicated by either squares or stars (the latter are sites that were dry in 2010 and in which sam-

ples were collected in 2009 and 2011). Shaded areas correspond to clusters of three neighbouring populations. Grey dots are sites

that have been surveyed annually since 2001.
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of collecting large enough numbers of individuals

(N > 22). On the whole, 42 samples (i.e. site by year;

1270 individuals) were collected (Table 2). Snails were

killed in 80 �C water for 1 min and preserved in 95�
ethanol prior to genetic analysis.
Demographical and ecological information on sampled
sites

Yearly field surveys including (among others) all sites

sampled for the genetic analysis have been performed

since 2001. Each site was explored by three people for

at least 15 min each (total searching time 45 min). We

tried to explore all the favourable subhabitats (mostly

near the shore) and consequently increased searching

time in larger sites in order to walk around the site

margin until every part of the shore had been

explored. However, we stopped after a maximum of

30 min (total searching time 90 min), and therefore,

very large sites are not as intensively explored as small

ones. Snails were caught using a scoop (0.5 m) allow-

ing to forage both the sediment and plant strata. We

also visually surveyed rock surfaces or floating debris

when present. A set of environmental variables was

characterized at each site. For the present analysis, we

retained size (pond diameter or river width) and vege-
� 2012 Blackwell Publishing Ltd
tation cover (in %) (Table 3). We also assessed two

permanent characteristics of sites: overall hydrological

regime (five levels; from fully permanent to frequently

dry) and water connectivity to neighbouring water-

sheds (four levels; 0: always completely isolated; 1:

connected to the local watershed through water flow

less than once a year; 2: connected to the local

watershed on most years during the rainy season; and

3: nearly always connected to the local watershed).

Hydrological regime and connectivity were estimated

based on field experience, the visual aspect of water

margins and topographical considerations (outlets,

slopes, etc.), independently at each visit, and then

averaged over years. We also defined site stability as

the first axis (56% of total variance) of a principal com-

ponent analysis (PCA) including hydrological regime,

the proportion of visits during which the site was dry

over the 2001–2011 period, the temporal variance in

size of the water body, and the temporal variance in

the percentage of vegetation cover during the same

period. We also used detailed maps (Bruyere & Ques-

tel 2001) to estimate the number of water bodies

(including those not surveyed) within a radius of

2000 m around each site. This estimated the local ‘den-

sity’ of favourable habitats (Table 3). It should be

noted that metapopulation connectivity is often defined



Table 2 Characteristics of the 42 popu-

lations (25 sites) of Drepanotrema depres-

sissimum sampled in Grande-Terre

Site Year n RA He f ŝ

Pico† 2006 34 11.21 0.897 0.038 0

2007 24 11.36 0.911 0.022 0

2009‡ 32 11.4 0.896 0.024 0.03

Grosse Roche† 2006 32 11.21 0.831 0.005 0

2007‡ 32 11.04 0.82 0.018 0

Senneville† 2006 32 11.2 0.876 )0.008 0

2007‡ 30 11.59 0.88 0.046 0.026

Valet Est† 2006 31 10.54 0.864 0.034 0.03

2007 32 11.27 0.854 0.044 0.033

2008‡ 31 11.18 0.871 0.014 0

Geffrier† 2006 29 11.27 0.89 )0.038 0

2007 29 12.33 0.905 0.039 0

2008 32 12.07 0.899 )0.001 0

2009‡ 30 11.92 0.901 0.012 0

Réjoui Nord† 2006 31 13.82 0.897 0.031 0

2007 31 13.67 0.908 0.034 0

2008‡ 31 14 0.919 0.017 0

L’Ecluse† 2006 31 12.4 0.898 0.024 0.068

2009‡ 30 11.75 0.884 0.064 0

Couronne Conchou† 2006 31 10.77 0.878 )0.022 0.036

2009‡ 22 10.74 0.875 0.025 0

Fond Rose§ 2009‡ 32 10.56 0.861 )0.003 0

2011 32 12.5 0.895 0.015 0.039

Mahaudière§ 2009‡ 31 11.62 0.878 0.087 0

2011 29 9.05 0.823 0.087 0

Pistolet§ 2009‡ 30 10 0.82 0.054 0

2011 31 11.31 0.839 0.056 0

Porte Enfer Vigie§ 2009‡ 32 9.84 0.848 0.005 0

2011 30 9.71 0.848 )0.014 0

Blonval Nord 2009‡ 29 10.82 0.887 0.04 0.043

Poucet 2009‡ 30 12.21 0.904 0.013 0

Desbonnes 2009‡ 31 6.26 0.736 0.075 0

Bamboche 2009‡ 32 9.65 0.83 0.068 0

Bazin 2009‡ 32 12.66 0.892 0.052 0.025

L’Henriette 2009‡ 24 8.01 0.786 0.02 0

Mammé 2009‡ 31 12.04 0.901 0.021 0

Titon 2009‡ 28 12.57 0.904 0.019 0

Delisle 2010‡ 32 10.49 0.863 0.096 0

Pavillon 2009‡ 31 14.16 0.921 0.02 0

Saint Jacques 2010‡ 30 12.77 0.904 0.041 0

Kancel 2010‡ 32 12.41 0.895 0.03 0

Pointe des Châteaux 2009‡ 24 6.62 0.761 0.049 0.168

Mean — 30 11.24 0.870 0.030 0.006–

Year is the sampling year and n the sample size. Populations considered in the spatial

analysis are indicated by‡, and those in the temporal analysis by † and §. †Indicates

populations that have not gone extinct (non-APE) and §those that have gone extinct

(APE) between temporal samples. RA is the allelic richness based on a sample size of 14

individuals, He the gene diversity and f the inbreeding coefficient. Estimates of the

selfing rate (ŝ) are based on a multilocus maximum-likelihood method. Values in bold

characters are significantly higher than 0 at P < 0.05. Underlined values are significant

after Bonferroni correction (P < 0.0012). –Estimate using the ML method assuming that all

populations have the same selfing rate.
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as a function of patch area and a dispersal kernel that

scales the effect of distance on migration rate (Moila-

nen & Hanski 2001). This is not the definition we

retained here: connectivity does not vary from year to
year and characterizes the overall probability that the

focal population has to be connected to surrounding

freshwater habitats (i.e. the closest watershed) during

the rainy season when flood occurs.
� 2012 Blackwell Publishing Ltd



Table 3 Variables used to characterize patches and the demography of Drepanotrema depressissimum populations in the 25 sites stud-

ied based on yearly surveys (2001–2011)

Variable Symbol Description Transformation

Patch characteristics

Size Size Largest diameter in meter log(1 + X)

Vegetation cover V Fraction of site covered by aquatic vegetation

(macrophytes and algae)

log(1 + X)

Connectivity C Connectivity to neighbouring sites —

Density of favourable

habitats

D Number of water bodies within a radius of 2 km —

Stability Stab Temporal stability (first axis of a principal

component analysis including four variables)

—

Hydrological regime

Fraction of years at which the site was dry

Variance of site size over years

Variance of vegetation cover over years

Population demography

Apparent population age APA Time in years since the most recent potential

founder effect

—

Long-term population size NLT Combination of observed density and site size

averaged over years

—

Symbols used as well as transformation for statistical analyses are also indicated. For more details, see text.
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The density of D. depressissimum was estimated visu-

ally on a semi-log scale [10 levels: 0 (species not

detected), 1 (<1 ind ⁄ m2), 2 (1–5 ind ⁄ m2), 3 (5–

10 ind ⁄ m2), up to 9 (5000–10 000 ind ⁄ m2)]. When the

pond included subhabitats with contrasted densities,

we estimate the average density over all subhabitats

weighted by their area. The APA was defined per year

and site as the number of years since the last record of

null density (including when the site was dry). APA

got the maximum score (i.e. the total number of years

in the survey) when densities were always non-null.

Population size can be approximated by the product

of pond perimeter (favourable habitat is usually only at

pond margins) by snail density. Long-term population

size (over years) was computed on a log scale as:
NLT ¼Meanð1=2dt þ log10ðsizetÞÞ ðeqn 1Þ

where dt is the semi-log density index, sizet is site

diameter and t refers to years. The scaling factor 1 ⁄ 2
reflects the fact that dt increases by two units (not one)

when actual densities are multiplied by 10. The arith-

metic mean of logarithms gives weight to years with

very low population size, which have a stronger influ-

ence on long-term diversity (Wright 1938).
Microsatellite amplification

DNA was extracted using a Chelex� method (Bio-Rad).

Genotypes were obtained at ten polymorphic microsat-
� 2012 Blackwell Publishing Ltd
ellite loci (Table S3, Supporting information; Nicot et al.

2009). PCRs were conducted in 10 lL final volume

including 1 lL of primers (2 lM), 5 lL of Qiagen multi-

plex PCR kit (Qiagen, Inc.), 3 lL of water and 1 lL of

genomic DNA (1 ⁄ 10 dilution). PCR conditions were as

in Nicot et al. (2009). Three microlitres of diluted ampli-

con was pooled with 15 lL of deionized formamide

and 0.2 lL GeneScan-500 LIZ Size Standard and analy-

sed on an ABI PRISM 3100 Genetic Analyser.
Statistical analyses

Genetic diversity. The number of polymorphic loci, alle-

lic richness (RA, Petit et al. 1998; see Appendix S2, Sup-

porting information) and gene diversity (He, unbiased

estimator; Nei 1987; see Appendix S2, Supporting infor-

mation) were computed for all populations and loci.

Deviations from Hardy–Weinberg equilibrium (HWE)

were tested at each locus using exact tests (Raymond &

Rousset 1995a), and a global P-value for all loci was

obtained using Fisher’s method (Sokal & Rohlf 1995).

All calculations were made using GENEPOP 4.0.9 (Ray-

mond & Rousset 1995b), GENETIX 4.05.2 (Belkhir et al.

2000) and FSTAT 2.9.3 (Goudet 2001). The estimator of

Wright’s inbreeding coefficient FIS, f, was calculated fol-

lowing Weir & Cockerham (1984). Its significance was

assessed using 10 000 permutations using GENETIX 4.05.2

(Belkhir et al. 2000). The selfing rate (ŝ) was estimated

using the maximum-likelihood multilocus method

implemented in RMES (David et al. 2007).
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Spatial genetic structure. The estimator h of FST between

population pairs was calculated following Weir & Cock-

erham (1984), and their significance was assessed by

exact tests, using genepop 4.0.9 (Raymond & Rousset

1995a). Hereafter, we refer to these estimates as pair-

wise FST (between sites) or temporal FST (between sam-

ples from the same site). Isolation by distance (IBD)

was tested using Euclidian distance between popula-

tions with GENETIX 4.05.2 (Belkhir et al. 2000), based on

10 000 permutations. An analysis of molecular variance

(AMOVA) was performed to quantify variance within and

between the four clusters of three populations using

ARLEQUIN 3.5.1.2 (Excoffier et al. 2005), with significance

tests based on 10 000 permutations. The effect of patch

characteristics (size, vegetation cover, connectivity, sta-

bility and density of favourable habitat), long-term pop-

ulation size and APA on population genetic structure

was investigated using the Bayesian method GESTE 2.0

(Foll & Gaggiotti 2006). This method estimates the

genetic differentiation between each local population

and the overall metapopulation (hereafter, site-specific

FST) and relates it to environmental factors using a gen-

eralized linear model. We used 10 pilot runs of 5000

iterations to obtain proposal distributions. Posterior

probabilities were obtained by a MCMC with 5 · 104

burn-in iterations, a thinning interval of 20 and a sam-

ple size of 10 000.

Estimates of effective size and migration rate from time series

of genetic data. We used temporal samples to jointly esti-

mate the effective population size (Ne) and immigration

rate (m) using the likelihood method of Wang & Whit-

lock (2003). The method assumes an infinitely large

source population providing immigrants to the focal

population in which Ne and m are estimated. Genera-

tion time was fixed at two months (based on laboratory

cultures, Lamy et al. 2012), and the maximum Ne was

set at 4000. In our data set, Ne = 4000 is practically

indistinguishable from infinity (both result in insignifi-

cant changes in allele frequencies) and allowing higher

values would only waste computing time. The runs

often failed to converge owing to a very high polymor-

phism. We therefore binned alleles into eight size cate-

gories at each locus. This potentially entails a loss of

precision because size homoplasy increases. However,

microsatellite alleles always display homoplasy (Estoup

et al. 2002), and homoplasy cannot bias estimates of Ne

and m under the assumption of selective neutrality

because drift and immigration are independent of allelic

states. Indeed, changes in the frequency of a composite

allele C (representing alleles A and B pooled together)

over time reflect the same drift and immigration pro-

cesses as changes in the frequencies of A and B sepa-
rately, although the precision of the estimations of Ne

and m may be lower because the information on the

change in the relative frequencies of A and B within

class C is lost. In addition, pooling alleles into size cate-

gories minors the potential impacts of misreading and

of some of the mutations occurring between sampling

dates (‘stepwise’ mutations), as the resulting erroneous

or mutant allele sizes are likely to be binned with the

original allele. The source population was composed of

all other populations except the focal one. We also

tested more specific sources composed of neighbouring

populations only, and estimates of Ne and m were not

affected (results not shown).

Clustering and assignment. We performed a Bayesian

clustering of all temporal samples (12 sites and 29

samples) with STRUCTURE version 2.3.1 (Pritchard et al.

2000). We completed 20 runs under the constraint that

the number of clusters (K) equals the number of sites

(K = 12). Our goal was not to assess the number of

groups that best fits our data but rather to test

whether genotypes collected at different times in the

same site cluster together, without prior information.

We applied the admixture model with a burn-in of 106

and a run length of 106. Summary output was dis-

played graphically using the software DISTRUCT (Rosen-

berg 2004).

We also used an assignment method (Rannala &

Mountain 1997) implemented in GENECLASS 2 (Piry et al.

2004) to identify whether individuals from the 12 sites

are related to their local gene pool, or to external ones,

at the previous time step. In each site sampled at year t,

we estimated the likelihood that multilocus genotypes

are drawn from the same site at year t ) 1 and from

each of the other 24 sites using Rannala & Mountain’s

method (1997). In addition, we computed the probabil-

ity that each individual sampled at year t belongs to the

same site at year t ) 1 using a Monte-Carlo resampling

method (Paetkau et al. 2004, 1000 simulations). Type I

error was set to 0.01 (other thresholds gave the same

qualitative results). We then computed the number of

individuals, NP < 0.01, for which this probability was

lower than the type I error threshold. Clustering and

assignment were performed on raw data without bin-

ning alleles.

When significant, migration rates derived from Wang

& Whitlock’s (2003) method were used to estimate total

genetic turnover between two temporal samples (t1, t2)

taking into account the time interval (in generations)

between t1 and t2. Indeed, even in the absence of extinc-

tion and recolonization, repeated immigration during

several generations may dilute local gene pools in such

a way that most genes sampled at t2 do not originate
� 2012 Blackwell Publishing Ltd
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from the local gene pool at t1. The genetic turnover

coefficient is simply the probability that the nth-gener-

ation ancestor of a gene resided outside the local popu-

lation, computed as:
R ¼ 1� ð1�mÞn

with n being the number of generations elapsed

between the two samples. Populations that went extinct

and were refounded by immigrants during the time

interval studied should have R = 1, whereas R = 0 in

the absence of migration.
Results

Genetic diversity within populations

All loci were polymorphic in all populations. Allelic

richness (standardized for a sample size of N = 14) was

high but variable among sites, ranging from 6.26 to

14.16 alleles per locus, while gene diversity, He, ranged

from 0.736 to 0.921. Moderate heterozygote deficiencies

(average f = 0.030, maximum = 0.096) were observed in

19 of the 42 samples, and in 48 of 418 sample-locus

combinations (Table S5, Supporting information). Sel-

fing rates were not significantly different from zero in

most populations (Table 2). Three populations exhib-

ited very low, though significant selfing rates (4–7%, or

�1–2 individuals of �30), and one had a higher value
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(Pointe des Châteaux, 17%, or �4 selfed individuals of

24).
Patterns of spatial differentiation

All pairwise FST were significant, ranging from 0.006 to

0.191 (Table S6, Supporting information). The overall

FST was 0.060 [95% CI (0.054–0.065)]. Mantel test of IBD

was significant (r = 0.318; P = 0.020), although the influ-

ence of distance on pairwise FST was moderate (Fig. 2).

For example, the mean pairwise FST within clusters of

neighbouring sites was 0.059 ± 0.036 SD, not much

lower than that among pairs from different clusters

(0.062 ± 0.030 SD). The amount of molecular variance

among clusters was indeed low (AMOVA, 0.40%,

P = 0.032) in comparison with the variance among pop-

ulations within clusters (5.74%; P < 0.001). On the other

hand, the site-specific FST was predicted quite accu-

rately by the average genetic diversity per site (Pearson

r2 = )0.953; Fig. 2).

We explored the influence of five patch characteristics

on site-specific FST using GESTE: size, vegetation cover,

connectivity, density of favourable habitats and stability

(Table 4). Two models, out of the 32 explored, exhib-

ited higher posterior probabilities (PP) than the null

model (which has PP = 0.07; PP < 0.05 in all other mod-

els). The best model (PP = 0.37) included the effects of

connectivity and size, while the second-best model

(PP = 0.36) included connectivity only. Connectivity
0.85 0.90
iversity

pulation size
3 4

Fig. 2 Relationships between genetic,

geographic, demographic and ecological

variables. (a) Genetic distance

[FST ⁄ (1 ) FST)] between population pairs

as a function of log-transformed geo-

graphic distance in km. Black triangles

represent populations within clusters of

neighbouring populations and black cir-

cles samples within the same sites.

Genetic differentiation (site-specific FST

from GESTE) as a function of: (b) genetic

diversity (He), (c) site connectivity and

(d) long-term population size. Dashed

lines represent linear regressions.



Table 4 Characteristics of the 25 sites sampled in the analysis of spatial genetic structure

Site Type FST GESTE Size V C Stab D APA NLT

Pico m 0.055 1.61 1.89 0.50 0.14 35 6 3.29

Grosse Roche m 0.095 1.41 0.99 0.25 )0.09 37 4 2.06

Senneville m 0.048 1.21 0.98 0 )0.47 40 3 2.24

Valet Est m 0.055 1.36 1.90 1.00 )0.20 36 5 2.83

Geffrier mg 0.043 1.19 1.34 2.00 )1.78 9 9 2.87

Réjoui Nord m 0.012 1.55 1.48 2.13 0.93 34 5 2.60

L’Ecluse m 0.057 1.93 1.16 0.13 )0.93 56 1 3.02

Couronne Conchou m 0.07 1.29 1.40 0.13 )2.39 29 6 2.36

Fond Rose m 0.071 0.84 1.02 0.13 )3.93 36 1 2.12

Mahaudière m 0.045 1.64 1.73 0.13 )1.41 32 3 3.00

Pistolet m 0.079 1.42 1.23 0.29 )3.31 27 1 2.42

Porte Enfer Vigie m 0.088 1.00 1.34 0 )5.56 14 1 2.18

Blonval Nord m 0.072 1.17 0.62 0 )2.27 103 6 1.95

Poucet r 0.035 0.87 0.86 2.63 0.16 7 2 1.51

Desbonnes m 0.243 1.06 0.45 0 )1.81 35 3 1.79

Bamboche m 0.087 1.33 0.76 1.00 1.09 172 2 2.36

Bazin m 0.037 1.58 1.62 0 0.78 75 9 3.49

L’Henriette m 0.14 1.13 1.50 0 1.29 189 1 1.68

Mammé m 0.041 2.39 1.82 0 1.02 164 2 3.12

Titon mg 0.038 1.84 1.67 2.13 )1.09 13 9 3.34

Delisle m 0.072 1.52 1.72 0 0.95 72 7 3.30

Pavillon m 0.015 1.88 1.32 0.43 0.43 88 6 3.93

Saint Jacques m 0.032 1.17 0.97 0.88 )0.21 38 1 1.90

Kancel m 0.035 0.93 1.96 2.13 )0.30 26 2 1.68

Pointe des Châteaux m 0.21 1.38 1.26 0 )1.20 0 NA 1.71

Type is habitat type (p = pond, r = small river and s = swamp grasslands). FST GESTE is population-specific FST as returned by GESTE.

Size refers to site size, V to vegetation cover, C to connectivity, Stab to stability, D to density of favourable habitats, APA to apparent

population age and NLT to long-term population size (see Table 3).
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and size had negative effects on FST [mode of slope esti-

mate: connectivity = )0.442, 95% CI ()0.699; )0.168);

size = )0.334, 95% CI ()0.609; )0.0644)]. Similar results

were obtained using multivariate linear regressions

with site-specific FST or genetic diversity (He) as the

dependent variable: connectivity and size were the only

significant variables and had positive effects on diver-

sity (size slope = 0.052, P = 0.03; connectivity

slope = 0.029, P = 0.006).

The same analyses were run using long-term popula-

tion size and APA in addition to habitat connectivity

(Table 4). Habitat size was discarded because it is

included in the computation of long-term population

size. Using GESTE, the best model (PP = 0.86) did not

include APA as a predictor but included connectivity

and long-term population size, both having a negative

effect on FST [mode of slope estimate: connectivity

mode = )0.394, 95% CI ()0.655; )0.173); long-term pop-

ulation size mode = )0.408, 95% CI ()0.648; )0.154);

Fig. 2]. Similarly, using multivariate regressions, APA

influenced neither FST, nor He, while both connectivity

and long-term population size had a significantly posi-

tive effect on He (long-term population size
slope = 0.039, P = 0.002; connectivity slope = 0.028,

P = 0.003).
Temporal genetic turnover

Seven populations, out of 12, did not undergo apparent

population extinction (hereafter, non-APE sites) during

the sampling period. Temporal FST were extremely low

in these populations (<0.006), well below those estimated

among populations (0.060). An exception is the Couronne

Conchou population (0.049). Five populations underwent

apparent population extinction (APE sites), of which four

were found dry in 2010 while sampled in 2009 and 2011.

In the last one (L’Ecluse), D. depressissimum was absent

between the two samples but the pond was not dry.

Among these sites, temporal FST were not significant in

Pistolet and Ecluse ()0.0007 and 0.001, respectively), low

but significant in Porte Enfer Vigie (0.012, P < 0.001), and

much larger in Fond Rose and Mahaudière (0.042 and

0.042, P < 0.001 in both cases). In no site did we observe

any detectable drop in He or allelic richness between tem-

poral samples, all values being consistently high (>0.8

and >9, respectively; Table 2).
� 2012 Blackwell Publishing Ltd



Table 5 Estimates of effective size (Ne), migration rate (m), genetic turnover (R) and temporal FST in the 12 populations considered

in the temporal analysis

Site n Ne m R FST

No apparent population extinction

Pico 3 448.7 (185.4–1691.9) 0.009 (0.003–0.02) 0.15 0.006

Grosse Roche 2 ¥ (240.1–¥) 0 (0–0.001) 0 )0.005

Senneville 2 512.2 (132.7–¥) 0 (0–0.12) 0 0.001

Valet Est 3 ¥ (958.62–¥) 0 (0–0.005) 0 )0.001

Geffrier 4 ¥ (458.3–¥) 0 (0–0.011) 0 0.005

Réjoui Nord 3 ¥ (958.62–¥) 0 (0–0.027) 0 0.001

Couronne Conchou 2 49.5 (25.1–96.1) 0.07 (0.03–0.15) 0.73 0.049

Apparent population extinction

Ecluse 2 ¥ (603.3–¥) 0 (0–0.12) 0 0.001

Fond Rose 2 51.1 (25.4–98.0) 0.1 (0.05–0.23) 0.72 0.042

Mahaudière 2 52.1 (29.03–95.6) 0.05 (0.026–0.1) 0.46 0.042

Pistolet 2 ¥ (469.7–¥) 0 (0–0.023) 0 )0.001

Porte Enfer Vigie 2 175.9 (80.2–532.9) 0.016 (0.005–0.035) 0.18 0.012

The first seven sites correspond to populations that apparently did not go extinct. The five other sites experienced an apparent

population extinction because either the site dried out in 2010, or D. depressissimum was not detected between two samples (Ecluse).

n is the number of temporal samples. Ne and m were derived according to Wang & Whitlock (2003) assuming six generations per

year and are reported together with their 95 % confidence intervals. FST is the mean pairwise FST between temporal samples within

site. Significant values (P < 0.05) are in bold characters.
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In sites with temporal FST < 0.01 (six non-APE and

two APE), Wang & Whitlock’s (2003) method either

yielded very high values of Ne (>400) and low values of

m (<0.009) or failed to converge (Table 5 and Fig. 3). In

the latter case, the maximum-likelihood estimates for m

were zero. That of Ne was beyond the maximum autho-

rized value (4000), i.e. indistinguishable from infinity.

In the four populations with temporal FST > 0.01, effec-

tive sizes were around 50 (except in Porte Enfer Vigie,

Ne = 176) and immigration rates ranged between 1.6%

and 10.2% per generation (all significantly different

from 0). The genetic turnover R could be as high as

70% in some sites (Mahaudière and Fond Rose;

Table 5).

STRUCTURE was run to produce 12 genetic clusters

using the 884 individuals from the 29 temporal samples,

without any prior information on site or sample. A

striking match was detected between clusters and site

boundaries. Indeed, temporal samples from a given site

were consistently classified in the same cluster (Fig. 3)

with few exceptions. In Réjoui Nord (a population with

very high genetic diversity), the three temporal samples

seemed to be of mixed origin (i.e. several clusters) but

remained very similar to each other. Differences in clus-

ter distribution among temporal samples were only

observed in the two sites with the highest turnover

rates, Mahaudière and Fond Rose (Fig. 3). In Maha-

udière, the 2009 sample contains mostly two types of

genotypes with distinct cluster memberships (see

Fig. 3); the 2011 sample is composed mostly of one of
� 2012 Blackwell Publishing Ltd
these types. In Fond Rose, the 2009 sample is entirely

assigned to a single genetic cluster, and very few indi-

viduals in the 2011 sample have the same profile; nearly

all of them are of a different, mixed genetic make-up

(Fig. 3).

Results of assignment tests are reported in Table 6.

In all samples except Fond Rose and Couronne Conc-

hou, the most likely population of origin of the sample

at year (t) was the same site at (t ) 1), and the number

of individuals whose genotype was unlikely to be of

local origin (NP < 0.01) was low (0–5 out of a total of

around 30). For both Couronne Conchou (non-APE site)

and Fond Rose (APE site), the most likely site of origin

was Réjoui Nord. However, the likelihood of being the

potential origin of its own population, respectively

three and two years later, was much higher in Cour-

onne Conchou (D)log(L) = 51, ranks 6th among all 24

possible candidate populations; NP < 0.01 = 13 of 22)

than in Fond Rose (D)log(L) = 198, ranks 16th;

NP < 0.01 = 31 of 32).
Discussion

Asymmetric island model vs. metapopulation

Drepanotrema depressissimum showed virtually no sel-

fing, confirming a previous study (Lamy et al. 2012),

and exhibited a higher polymorphism than any other

freshwater snail we know of (Jarne 1995; Escobar

et al. 2011). However, genetic diversity was highly
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variable among sites, and so was genetic differentia-

tion, the two variables being strongly correlated. This

variation indicates that the symmetry assumption is

not met in our system. This feature is probably fre-

quent in natural fragmented populations and is

shared by asymmetric island and metapopulation

models (Table 1). In the former, population sizes and

immigration rates remain constant in time but differ

among subpopulations, while in the latter, subpopula-

tions differ with respect to age, recently recolonized

ones being less diverse and more differentiated. A

given system may combine both sources of asymme-

try, the important question for metapopulation studies

being to assess their relative importance (i.e. a sensi-

tivity analysis).
To address this question, we have to study the effect

of ecological variables and temporal genetic structure

(Table 1). Among ecological variables, patch connectiv-

ity and size had a negative effect on genetic differentia-

tion and a positive effect on genetic diversity. However,

neither habitat stability (an indicator of both perturba-

tion frequency and potential extinction) nor APA had

any detectable effect. Thus, our system seems to be bet-

ter described by an asymmetrical island model than by

a metapopulation model.

Temporal changes in allele frequencies in 12 sites

with (5) and without (7) apparent extinction further

confirmed this conclusion. In general, temporal samples

from the same site were very weakly differentiated, had

the same genetic diversity and clustered together using
� 2012 Blackwell Publishing Ltd



Table 6 Results of assignment tests in the 12 populations considered in the temporal analysis

Site Year Rank Best D)log(L) Mean(D)log(L)) NP < 0.01

Non-apparent population extinction

Pico 2007 1 — 0 293 ± 104 0 ⁄ 24

2009 1 — 0 279 ± 126 2 ⁄ 32

Grosse Roche 2007 1 — 0 387 ± 145 0 ⁄ 32

Senneville 2007 1 — 0 262 ± 117 2 ⁄ 30

Valet Est 2007 1 — 0 337 ± 140 0 ⁄ 32

2008 1 — 0 335 ± 135 1 ⁄ 31

Geffrier 2007 1 — 0 248 ± 109 4 ⁄ 29

2008 1 — 0 329 ± 133 0 ⁄ 32

2009 1 — 0 306 ± 131 3 ⁄ 30

Réjoui Nord 2007 1 — 0 210 ± 106 0 ⁄ 31

2008 1 — 0 195 ± 113 3 ⁄ 31

Couronne Conchou 2009 6 REJ2008 51 109 ± 84 13 ⁄ 22

Apparent population extinction

L’Ecluse 2009 1 — 0 257 ± 103 0 ⁄ 30

Fond Rose 2011 16 REJ2008 198 175 ± 106 31 ⁄ 32

Mahaudière 2011 1 — 0 220 ± 95 2 ⁄ 29

Pistolet 2011 1 — 0 324 ± 122 5 ⁄ 31

Porte Enfer Vigie 2011 1 — 0 321 ± 146 2 ⁄ 30

Year is the sampling year. L is the likelihood that the set of individuals sampled at year t entirely comes from the same site at year

t ) 1 or from one of the 24 other samples of the metapopulation according to Rannala & Mountain (1997). Rank refers to the rank of

the likelihood of the focal site. When rank „ 1, Best indicates the sample displaying the highest likelihood, and D)log(L) the

difference in likelihood between the two sites. Mean(D)log(L)) represent the average pairwise difference in likelihood between the

focal sample and the 24 other samples. NP < 0.01 is the number of individuals for which the probability of being assigned to the same

site was lower than 0.01.
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STRUCTURE. Assignment tests also showed that, irrespec-

tive of apparent extinctions, genes sampled in a site at t

mostly came from the local gene pool at t ) 1 (to a few

exceptions discussed below). Importantly, in three cases

(Ecluse, Pistolet and Porte d’Enfer Vigie), apparent pop-

ulation extinction was not associated with any genetic

change. This does not mean that extinction never hap-

pens, rather that its rate is much lower than estimated

based on field surveys (21.7%), as most of, if not all,

apparent extinctions turned out not to be true extinc-

tions. Our study therefore illustrates that demographical

surveys can suggest a metapopulation structure that is

later invalidated by genetic data.
Apparent vs. real extinction–recolonization cycles

Several studies have previously found an increase in

genetic diversity with population age (Whitlock 1992;

McCauley et al. 1995; Giles & Goudet 1997; Ingvarsson

et al. 1997; Haag et al. 2005). Only two focused on a

metapopulation (Giles & Goudet 1997; Haag et al.

2005), and they probably estimated population age with

good accuracy. In the Daphnia metapopulation of Haag

et al. (2005), habitats were small rock pools, and the

temporal frequency of visits was high enough to state

extinction with some certainty. In Giles & Goudet
� 2012 Blackwell Publishing Ltd
(1997), population age was based on the date of emer-

gence of new islands, before which the absence of pop-

ulation was certain. However, population age might not

in general be known so precisely when extinction

records are imperfect, as in our system. It should be

noted that the detectability of D. depressissimum (0.78) is

not particularly low; for example, detectability of Glan-

ville fritillary butterfly is around 0.5 (Hanski 2011).

More generally, field ecologists can never be certain that

presence ⁄ absence data are 100% reliable. A species can

go undetected due to dilution in large sites (Kéry et al.

2006), or because it is present as a cryptic form (such as

seed banks, Honnay et al. 2008).

Detection probability depends on many factors

including density, season, individual size and sampling

effort (Royle & Nichols 2003; Bailey et al. 2004; Chen

et al. 2009). Sampling effort per unit area often

decreases with patch size (Altermatt & Ebert 2010),

especially when the latter is very variable. Indeed,

maintaining a constant sampling effort would require

unrealistic amounts of time in the largest sites (e.g. a

100-fold longer time in a 150-m-diameter pond than in

a 15-m pond). Many ‘false extinctions’ may thus occur

in large sites, although true extinctions are probably

less frequent there. This primarily concerns invertebrate

or plant species inhabiting habitat fragments with
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considerable size variation, spanning several orders of

magnitude [e.g. butterflies (Hanski 1999), Daphnia (Haag

et al. 2005)]. Although one may want to target land-

scapes with small habitat fragments in which extinc-

tion ⁄ colonization is both more frequent and easier to

characterize, real metapopulations often combine very

large and very small sites (Massol et al. 2011).

In addition, cryptic forms, such as banks of seeds or

resting stages, can buffer local populations against

demographic stochasticity (Kalisz & McPeek 1992) and

increase population effective size (Vitalis et al. 2004).

Seed bank effects (sensu lato) have an important impact

in our system as illustrated by the Pistolet and Porte

d’Enfer Vigie ponds. These ponds completely dried out

in 2010, without any genetic signature of extinction or

of bottleneck. The question arises whether the genetic

similarity of samples taken in 2009 and 2011 in these

two sites is due to the persistence of aestivating indi-

viduals in the soil or to extinction followed by recolon-

ization from very close populations, genetically

indistinguishable from the local population. However,

this second hypothesis is highly improbable because

IBD is weak in our system and geographically close

sites are not genetically identical. Indeed, differentia-

tion at a local scale (clusters of three neighbouring

sites) is in general as high as at the regional scale, and

this is true for pairs of sites which are true nearest

neighbours to each other and still show high FST (Des-

bonnes ⁄ Porte Enfer Vigie = 0.139; Desbonnes ⁄ Saint Jac-

ques = 0.098; L’Henriette ⁄ Mammé = 0.086; L’Henriette ⁄
Bamboche = 0.09). Therefore, substantial numbers of

individuals must have persisted in the ground [aestiva-

tion; Pointier & Combes (1976)], preventing extinction.

Although aestivation has previously been observed

in freshwater snails (Brown 1994), our study is the

first demonstration that population resurrection after a

long drought can rely on local recruitment and does

not require recolonization. More generally, genetic evi-

dence for seed bank effects is scarce and indirect in

all organisms, including plants, where it relies on

comparisons of spatial genetic structure between spe-

cies with long- and short-lived seeds (Honnay et al.

2008). Our study provides a more direct approach to

the contribution of resting stages to persistence during

unfavourable periods. Direct quantification of seed

banks (sensu lato) is often challenging, and temporal

genetic studies represent an interesting, and accessi-

ble, alternative.
Genetic bottlenecks are not always associated
with detected demographic accidents

Even if apparent extinction does not result in true

extinction, it might be associated with a demographic
bottleneck, and therefore a large genetic turnover. Such

events were detected here in three populations, result-

ing in significant temporal FST and changes in cluster

membership (STRUCTURE). Two of them (Mahaudière and

Fond Rose) underwent desiccation during the time

interval considered, and one did not undergo apparent

extinction (Couronne Conchou). For Mahaudière and

Couronne Conchou, genetic data are incompatible with

total genetic resetting and rather reflect the combined

action of drift (bottleneck) and immigration. The case

of Fond Rose is more ambiguous because local geno-

types in 2011 were not more assigned to Fond Rose in

2009 than to any other population. Although this is

compatible with extinction and recolonization, Wang &

Whitlock’s (2003) method suggests that a moderate bot-

tleneck (Ne = 50) together with a large immigration rate

(m = 0.1) over 12 generations is also compatible with

the data. On the whole, large genetic turnovers some-

times occur in our system, but it seems hard to predict

where and when, as they are not systematically associ-

ated with detected demographic accidents or apparent

extinction. We know of no other study that tried to

match small-scale genetic changes to demographic esti-

mates. However, differences between genetical Ne and

demographical N are frequently detected (Luikart et al.

2010). Although previous studies focused on large pop-

ulations and long temporal scales, they put forward

two explanations that also apply to the smaller spatio-

temporal scale of our study: (i) genetic and demograph-

ical surveys are not sensitive to the same range of

variation in population size and (ii) dispersal affects

the two types of data in a different way. We consider

them in turn.

Changes in effective size affect genetic diversity as a

saturating function. In most situations, bottlenecks

become detectable when Ne remains below a few tens

of individuals for several generations. A true extinc-

tion–recolonization, a bottleneck of a few individuals

and a bottleneck of a few tens of individuals leave dif-

ferent genetic signatures (Cornuet & Luikart 1996).

However, in small animals or plants, all these situa-

tions may correspond to relatively low densities, diffi-

cult to distinguish using demographic surveys.

Reciprocally, demographic changes easily detected by

observation (for instance, from 1000 ind ⁄ m2 to a few

ind ⁄ m2 in our data) leave no significant trace on

genetic diversity, as total population size remains large

and genetic drift in a few generations remains negligi-

ble. For example, D. depressissimum was not found in

2008 in the Ecluse pond, but allele frequencies

remained stable from 2006 to 2009. Indeed, given the

large diameter (150 m) of the pond, even densities that

we can hardly detect (>1 ind ⁄ m2) can represent a local

population of a few hundreds, not small enough to
� 2012 Blackwell Publishing Ltd
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leave a detectable genetic signal of bottleneck. Thus,

demography and genetics are sensitive to different

ranges of variation in population size. This may not

hold in large species, such as mammals or birds, in

which demographic observations are more efficient at

detecting changes in small populations. Note however,

that long-term population size is clearly related to

genetic diversity and differentiation in our system.

Therefore, although genetic data do not fit year-to-year

variation in demography, demographic data reflect true

long-term properties of populations with significant

impact on genetic diversity at a larger temporal scale.

This illustrates that genetics and demography are com-

plementary because they document both different

ranges of population size variation and different time-

scales.

Propagule movement is very difficult to observe

(Clobert et al. 2001), which is why many studies must

rely on genetic data (Bohonak 1999). In our data set,

Wang & Whitlock’s (2003) method revealed an unsus-

pected intensity of migration among ponds in D. de-

pressissimum. In some populations, the effective size

was so high that even a substantial number of

migrants per generation would not change allele fre-

quencies (dilution effect). However, the genetic impact

of immigrants became very important in small popula-

tions, where they resulted in large genetic turnover

rates (20–70%). The effective number of immigrants

per generation (Ne m) ranged between 2 and 5 (which

can represent as much as 10% of the effective size).

There is little reason to believe that Ne m is any smal-

ler in larger populations, given the confidence inter-

vals, although the actual estimates may be

nonsignificant because of dilution. Thus, most sites are

probably submitted to constant immigration, maintain-

ing high genetic diversity despite demographic fluctua-

tions.

Gene flow among sites can occur through passive

transportation in the rainy season, when neighbouring

sites can be connected through water flow. The impor-

tance of connexions is revealed here by the positive

effect of connectivity on genetic diversity. However,

distance is only weakly correlated with genetic differen-

tiation in D. depressissimum, suggesting that dispersal

also occurs over long distance. Possible vectors are

water birds (Figuerola & Green 2002), although estimat-

ing their role directly is difficult (Bohonak 1999; Bilton

et al. 2001). Frequent long-distance dispersal should

allow empty sites to be quickly colonized and to rap-

idly reach high genetic diversity. Importantly, this infer-

ence can be drawn only when gene flow and

colonization rely on the same process (here, snail move-

ment). Similar reasoning may not apply to other organ-

isms. For example, gene flow in plants results from
� 2012 Blackwell Publishing Ltd
both pollen and seed dispersal, but colonization can be

initiated by seeds only.
Scope and limitations

This study raises an important general question:

which fraction of extinction-colonization cycles

observed in natural systems is real? While the extinc-

tion-colonization assumption lies at the heart of the

metapopulation theory, solid evidence for metapopula-

tion dynamics in nature boils down to very few

examples (Hanski 1999; Haag et al. 2005), and too

few systems have been intensively studied, especially

from both a demographic and genetic point of view.

Our study shows that temporal genetic studies would

be a useful complement to demographic surveys to

gain insight into metapopulation dynamics. Small

invertebrates and plants seem particularly appropriate

for this approach, owing to the difficulty of exhaus-

tive samples and to the presence of seed banks and

resting stages.

Can our methodology be generalized to species that

do not share the particulars of our system? Clearly, the

high levels of genetic diversity and spatial differentia-

tion found in our study create favourable conditions to

detect genetic signatures of extinction ⁄ recolonization.

However, very high diversities can limit the range of

FST. There is an ongoing debate on the possible use of

other metrics such as G0ST (Hedrick 2005) or D (Jost

2008) that do not share this property. High diversity is

derived from high mutation rate, which tends to obliter-

ate the effects of migration and ⁄ or recolonization. In

our case, replacing FST by other measures of differentia-

tion does not alter our conclusions (data not shown). In

principle, if a genetic signal is weak and overwhelmed

by mutational noise, no change in the differentiation

metric (G0ST, D or FST) is expected to cure the problem

(Whitlock 2011), and the only solution would be to find

markers with lower mutation rates. Fortunately, our

study shows that even with genetic diversity as high as

He = 0.8–0.9, FST carries significant information on

migration and extinction-colonization dynamics. Future

studies could benefit from analysing the effects of

choosing a given differentiation metric.

A further possible limitation to the approach devel-

oped here is limited genetic differentiation, reducing

the performances of FST, STRUCTURE and genetic assign-

ment. However, multilocus methods such as STRUCTURE

behave surprisingly well even with FST of a few per

cents (Coulon et al. 2008; Schwartz & McKelvey 2009),

as they use linkage disequilibrium information in addi-

tion to within-locus differentiation. An important

requirement of our methods, however, is the existence

of clearly delimited populations. Indeed, continuous
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landscapes complicate the interpretation of assignment

and STRUCTURE outputs (Schwartz & McKelvey 2009).

They also represent situations under which local extinc-

tion and recolonization can hardly be defined (a reason

not to test metapopulation dynamics in such systems).

In conclusion, our methodology has a large range

of applicability; as soon as populations are clearly

delimited, genetic diversity is not extremely high and

differentiation not too low. Although no population

ever fits perfectly any simple model, the importance

of the metapopulation concept in ecological and evo-

lutionary sciences is such that it is worth knowing to

how many natural systems it can, even approxi-

mately, be applied. The increasing availability of

molecular markers opens the way to routinely check-

ing the validity of metapopulation models in systems

hitherto studied only demographically, and potentially

to develop future methods combining genetics and

demography to precisely quantify extinction and

recolonization rates.
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help with genotyping. T. Lamy was supported by a fellowship

from the French Ministry of Research. This work was funded

by the CNRS, ANR JCJC-0202 to P. David, the Ecosystèmes

Tropicaux program and a ‘Chercheurs d’Avenir’ Grant to P.

David from the Région Languedoc-Roussillon.
Conflict of interest

The authors declare no conflict of interest.
References

Altermatt F, Ebert D (2010) Populations in small, ephemeral

habitat patches may drive dynamics in a Daphnia magna

metapopulation. Ecology, 91, 2975–2982.

Bailey LL, Simons TR, Pollock KH (2004) Estimating site

occupancy and species detection Probability parameters

for terrestrial salamanders. Ecological Applications, 14, 692–

702.

Bekker RM, Bakker JP, Grandin U et al. (1998) Seed size, shape

and vertical distribution in the soil: indicators of seed

longevity. Functional Ecology, 12, 834–842.

Belkhir K, Borsa P, Chikhi L, Raufaste N, Bonhomme F (2000)

GENETIX, logiciel sous Windows TM pour la génétique des

populations. Université de Montpellier II.
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