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PHYLOGEOGRAPHIC HISTORY OF THE LAND SNAIL CANDIDULA UNIFASCIATA
(HELICELLINAE, STYLOMMATOPHORA): FRAGMENTATION, CORRIDOR
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Abstract. We studied sequence variation in 16S rDNA in 204 individuals from 37 populations of the land snail Candidula
unifasciata (Poiret 1801) across the core species range in France, Switzerland, and Germany. Phylogeographic, nested
clade, and coalescence analyses were used to elucidate the species evolutionary history. The study revealed the presence
of two major evolutionary lineages that evolved in separate refuges in southeast France as result of previous fragmentation
during the Pleistocene. Applying a recent extension of the nested clade analysis (Templeton 2001), we inferred that
range expansions along river valleys in independent corridors to the north led eventually to a secondary contact zone
of the major clades around the Geneva Basin. There is evidence supporting the idea that the formation of the secondary
contact zone and the colonization of Germany might be postglacial events. The phylogeographic history inferred for C.
unifasciata differs from general biogeographic patterns of postglacial colonization previously identified for other taxa,
and it might represent a common model for species with restricted dispersal.
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The formation of species or major phylogenetic lineages
within species in Europe has been deeply influenced by a
history of repeated glaciations during the Pleistocene period.
Phylogeographic studies on organisms with efficient dis-
persal capacities have led to the recognition of a common
set of processes resulting from the fragmentation into glacial
refuges, range expansions via postglacial colonization routes,
and suture or secondary contact zones among formerly dis-
jointed lineages (Taberlet et al. 1998; Hewitt 2000).

All the same, similar studies on animal species with re-
stricted vagility are still rare. As a matter of fact, the study
of species with limited dispersal may reveal different his-
torical patterns of refuges and migration routes than those of
more mobile species, and therefore, it may lead to a more
complete understanding of the relationship between evolu-
tionary history and contemporary distribution of genetic var-
iation (Cruzan and Templeton 2000). Indeed, the identifi-
cation of cryptic northern refugia in plants and mammals has
recently drawn additional attention to this issue (Stewart and
Lister 2001).

Land snails are ideal organisms to study phylogeographic
patterns and evolutionary processes in species with limited
dispersal. Although a few land snails have attained a world-
wide distribution via anthropogenic displacement (Godan
1979), the range of most land snails is usually quite restricted
due to their poor dispersal ability and particular habitat re-
quirements (Cowie 1984; Baur 1993; Pfenninger et al. 1996).
These characteristics prevent land snails from actively escap-
ing changing ecological conditions, and it is commonplace to
assume that Pleistocene glaciations led to the extinction of
most gastropod species and were followed by postglacial col-
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onization from suitable refuges (Ant 1966). Indeed, this low
dispersal capacity tends to preserve patterns of genetic vari-
ation that arose in the past, as these patterns are not blurred
by contemporary gene flow, and it renders a species particu-
larly amenable to phylogeographic study (Cruzan and Tem-
pleton 2000). In addition, the shells of land snails are well
preserved in a subfossil state in aeolian sediments like loess
(Goodfriend 1992), and this abundant fossil record provides
useful knowledge about past geographical distributions. It is
surprising that, despite the suitability of land snails for phy-
logeographic inference, only a few studies of this kind have
been carried out (Ross 1999; Guiller et al. 2001).

Here we tried to decipher the phylogeographic history of
the land snail Candidula unifasciata (Poiret 1801) (subfamily
Helicellinae, family Helicidae). These are small snails (3.8 6
0.6 mm height, 6.3 6 0.8 mm breadth) that display substantial
variation in shell morphology (Gittenberger 1993; Pfenninger
and Magnin 2001), and with a life span that usually does not
exceed one year. The average active dispersal during this pe-
riod is estimated from mark-recapture experiments to be
roughly 5 m (Bahl et al. 1996). The core distribution of this
species comprises southeast France and Germany, with scat-
tered populations reported from north and west France, Hun-
gary, Poland, and Scandinavia (Kerney et al. 1983;
M.Pfenninger, pers. obs.). Populations of this species are rel-
atively abundant in the southern part of the species range,
whereas density decreases towards the north. This pattern is
explained by habitat preference, as populations of C. unifas-
ciata often occur in dry grass- and scrublands with sparse
vegetation cover, preferentially on calcareous soils or rocks
(Magnin 1993; Bahl et al. 1996), which is less frequent in
higher latitudes. Regarding the fossil record, the widespread
occurrence of C. unifasciata in Pleistocenic loess deposits in
southeastern France is associated with interstadial climate
stages, where periods of warming climates allowed a rapid
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FIG. 1. Geographical location of Candidula unifasciata sampling
sites. The lower map is a magnification of the framed part in the
upper map; abbreviations correspond to those given in Table 1.

colonization of preboreal open lowland habitats (Magnin 1989,
1993). In the northern part of the present day distribution, C.
unifasciata has only been reported from fossil assemblages
attributed to Holocene deposits (Puissegur 1978).

Phylogeography is the study of the history of gene flow
in space and time (Avise 2000). Indeed, knowledge of gene-
flow pattern is essential to understand the evolutionary pro-
cesses acting when lineages are divided in space and time

(Cruzan and Templeton 2000) or when formerly divided lin-
eages meet again (Hewitt 1996). Compelling advances in
coalescent theory over the last twenty years have provided
a sound statistical framework to test complex hypotheses
about historical and present gene flow (Donnelly and Tavaré
1995; Fu and Li 1999; Templeton 1998; Edwards and Beerli
2000). Here we conducted phylogenetic, coalescent, and nest-
ed clade analyses upon 16S sequence variation in C. unifas-
ciata in order to study the impact of Pleistocene glaciations
on the temporal dynamics of species distribution and pop-
ulation structure of a poor disperser. We focus specifically
on the identification of potential Pleistocene refuges, migra-
tion routes, and potential secondary contact zones.

MATERIALS AND METHODS

Sampling Collection and DNA Extraction

Thirty-seven sites, comprising the core species range of C.
unifasciata in Germany, Switzerland, and France, were sam-
pled (Fig. 1 and Table 1). Sampling effort represents roughly
population density, as recommended by Cruzan and Tem-
pleton (2000). The taxonomic status of sampled individuals,
especially their distinctness from the congeneric species C.
rugosiuscula (Michaud 1831) and C. gigaxii (L. Pfeiffer
1850), was assessed through the application of a morpho-
metric and genetic marker-based recognition approach (Pfen-
ninger and Magnin 2001). A total of 204 individuals were
crushed with their shells in 10% w/v laundry detergent so-
lution for storage at room temperature and tissue digestion,
following the protocol of Bahl and Pfenninger (1996). All
samples were shaken for 24 h at 378C in the laboratory prior
to phenol/chloroform extraction of total DNA following a
standard protocol (Sambrook et al. 1989).

Amplification of 16S rDNA, Sequencing and Alignment

The 16S target-DNA was amplified by PCR with standard
universal primers for the sequence 16S1 (59 . CGC AGT
ACT CTG ACT GTG C , 39 and 16S2 59 . GTC CGG TTT
GAA CTC AGA TC , 39). Amplification was performed
with Boehringer Taq-polymerase in 12.5 ml total reaction
volume with standard reaction conditions. Samples were am-
plified for 10 cycles (928C for 50sec, 448C for 50sec, and
728C for 40sec) and 36 cycles (928C for 30sec, 488C for 40sec
and 728C for 40sec) after initial incubation of 908C for 2
min, 30sec. Both strands of the purified amplification prod-
ucts were cycle-sequenced with the Perkin Elmer Taq
DyeDeoxy terminator cycle sequencing kit after the protocol
of the supplier and read automatically on the ABI Prism 377
sequencing device of the same manufacturer. Sequences
(GenBank accession nos. AF407841–AF408058) were
aligned with the Clustal option (Thompson et al. 1994) in
the program Sequence Navigator (Perkin Elmer, Applied Bio-
systems Foster City, CA), and adjusted by eye. We attempted
to sequence other genes as well, but available universal prim-
er for fast evolving protein genes as COI or Cytb produced
unspecific results.

Phylogenetic Estimation

The phylogeny of the 16S rDNA haplotypes was inferred
using maximum-likelihood (ML), maximum-parsimony
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TABLE 1. Sampling sites from south to north, region (Département, Kanton, Bundesland, respectively), abbreviations used, abbreviation of
pooled population for coalescent analyses, geographical position and number of sampled individuals (n). The abbreviations for the pooled
populations are: SD, South of river Durance; RR, Right of river Rhône; LR, Left of Rhône; B, Burgundy, and D, Germany.

Population Region Abbreviation
Pooled

population Position n

Sainte Victoire Bouches du Rhône STV SD 438329180N, 058349660E 3
Vauvenargue Bouches du Rhône VAU SD 438339140N, 058359060E 5
Regasse Var REG — 438399300N, 068089000E 2
Saint Paul Var SPA SD 438409300N, 058419150E 5
Grotte Saint Cezaire Alpes Maritimes GSC — 438409820N, 068489570E 9
Maussane Bouches du Rhône MAU SD 438419710N, 048509550E 4
Escragnolles Alpes Maritimes ESC — 438439780N, 068479580E 11
Lauris Vaucluse LAU RL 438459350N, 058159310E 5
Grand Luberon Vaucluse LUB RL 438479550N, 058269100E 6
Petit Luberon Vaucluse PLU RL 438489180N, 058179020E 5
Valensole Alpes de H te Provence VAL — 438499400N, 058589500E 4
Naverre Alpes de H te Provence NAV — 438529550N, 068139500E 5
Saint Jurs Alpes de H te Provence SJU — 438539550N, 068129400E 8
Col d’Orme Alpes de H te Provence CDO — 438549400N, 068129360E 2
Col de Murs Vaucluse CMU RL 438589500N, 058139450E 5
Plateau de Vaucluse Vaucluse PTV RL 448009100N, 058329050E 5
Les Eicharettes Vaucluse EIC RL 448049500N, 058269450E 6
Les Adriens Vaucluse ADR RL 448069260N, 058309430E 5
Le Ventouret Vaucluse VEN RL 448079450N, 058229200E 5
Alès Gard ALE RR 448079450N, 048129400E 4
Sisteron Drôme SIS RL 448129150N, 058549390E 4
Ardèche Ardèche ARD RR 448189300N, 048339220E 5
Aubenas Ardèche AUB RR 448359300N, 048259100E 1
La Mure Isère MUR — 448529550N, 058509620E 15
Montalieu Isère MON B 458089300N, 058239250E 5
Mons Salève Haute Savoie SAL B 468049400N, 068079300E 6
Fort d’Ecluse Ain FDE B 468079250N, 058539150E 5
Gex Ain GEX B 468219050N, 068039000E 5
Col de Marchaidruz Fribourg CMA B 468329620N, 068159150E 6
Herticourt Doubs HER B 478159300N, 068459100E 5
Münsingen Baden-Württemberg MÜN D 488259000N, 098309000E 10
Jakobsberg Rheinland-Pfalz JAK D 498759710N, 078599080E 3
Flörsheim Hessen FLÖ D 508009010N, 088239100E 7
Schlüchtern/Elm Hessen SLE D 508219400N, 098339200E 8
Winterscheid Hessen WIN D 508559850N, 098019910E 4
Dierdorf Thüringen DID D 518109660N, 108179340E 5
Halle Sachsen-Anhalt HAL D 518429350N, 118539150E 5

(MP), and statistical-parsimony (SP) analyses (Templeton et
al. 1992). For the MP and SP analyses, insertions and de-
letions were treated as a fifth state. The best-fit model of
nucleotide substitution for the ML analyses was selected us-
ing the hierarchy of likelihood-ratio tests implemented in
Modeltest 3.0 (Posada and Crandall 1998). Maximum-par-
simony and ML heuristic searches were conducted with 1000
random sequence addition replicates. Nodal support was es-
timated using the bootstrap approach (Felsenstein 1985) with
1000 replicates. The MP and ML analyses were performed
with PAUP 4.03b (Swofford 1998). The SP cladogram was
constructed using TCS vers. 1.06 (Clement et al. 2000).

Nested Clade Analyses

We carried out a nested clade analysis (NCA; Templeton
et al. 1995; Templeton 1998) to infer the population history
of C. unifasciata. The NCA is an objective statistical ap-
proach that first tries to reject the null hypothesis of no as-
sociation between haplotype variation and geography, and
then interprets the significant patterns using explicit criteria
that include an assessment of sampling adequacy. This anal-
ysis uses the temporal information contained in the haplotype

tree to partition historical (fragmentation, range expansion)
from current (gene flow, drift, system of mating) processes
responsible for the observed pattern of genetic variation. In
addition, the NCA allows for the inference of separate evo-
lutionary events in space and time. The NCA nesting design
was constructed by hand on the SP cladogram following the
rules given in Templeton (1998) and Crandall (1996). The
program GeoDis 2.0 (Posada et al. 2000) was used to cal-
culate the various NCA distance measures and their statistical
significance:

(1) Average clade distance (DC) measures the average dis-
tance of all clade members from the geographical center of
the clade distribution relative to other clades within the same
nesting clade; (2) Nested clade distance (DN) measures how
widespread a particular clade is relative to the distribution
of its nesting clade; (3) Interior-tip distances (I-TC and I-TN)
indicate how widespread younger clades (tips) are compared
to their ancestors (interiors), relative to other clades within
the same nesting clade; and (4) Average population clade
distances (APCD) measures average clade distance from the
geographical center for the involved haplotypes or clades
found in a particular population.
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The statistical significance of the distance measures was
calculated by comparison with a null distribution derived
from 10,000 random permutations of clades against sampling
locality. Biological inferences for each clade with significant
geographical association were drawn from the patterns of
significant distance measures using the inference key given
in Templeton (1998) and available at http://zoology.byu.edu/
crandallplab/geodis.htm.

To detect secondary contact between lineages for which
the previous inference of fragmentation is a prerequisite, we
used an extension of the NCA recently proposed by Tem-
pleton (2001). This strategy consists of calculating the av-
erage clade distance from the geographical center for the
involved haplotypes or clades found in each population and
each nesting level (APCD). In panmictic populations, all hap-
lotypes and clades are expected to have the same geographical
center, so that the average population clade distance should
be the same for all populations. Under isolation by distance,
the lower clade levels are expected to have small positive
average population clade distances that approach zero with
rising clade level. If haplotypes from previously fragmented
clades are united in a single population, the average popu-
lation clade distance is expected to remain high or even rise
with clade level, until a maximum should be reached at the
clade level where the fragmentation was inferred (Templeton
2001). The statistical significance of this distance measure
was evaluated through 10,000 random permutations of clades
against sampling locality.

Solving Cladogram Ambiguities

In some cases, and to construct the nesting, ambiguities in
the cladogram (represented by loops) have to be solved (al-
though see Templeton and Sing 1993). For that purpose, and
at least under neutrality, we can apply several empirical pre-
dictions derived from coalescent theory (Crandall and Tem-
pleton 1993; Crandall et al. 1994; Posada and Crandall 2001).
First, we expect that more frequent haplotypes are older. The
probability that an allele that occurs ni times in a sample of
size n is the oldest is ni/n (Watterson 1976; Kelly 1977; Wat-
terson and Guess 1977; Donnelly and Tavaré 1996), and the
expected rank of the alleles by age is equal to the rank of
alleles by frequency (Donnelly and Tavaré 1996). If high fre-
quency haplotypes have been present in the population for a
long time, they had more chances of originating new haplo-
types than did younger haplotypes. This implies not only that
frequent haplotypes occupy often interior nodes in the clad-
ogram whereas rare haplotypes are expected to occur at the
tips of the cladogram, but also that frequent haplotypes have
a greater number of mutational connections (Excoffier and
Langaney 1989; Golding 1987). Second, we expect that newly
arisen haplotypes are more likely to remain in the original
population than to move to a distant population, unless high
levels of gene flow occur (Watterson 1985; Takahata 1988).
Therefore, singletons (haplotypes with a frequency of one) are
more likely to be connected to haplotypes from the same pop-
ulation than to haplotypes from different populations.

These predictions from coalescent theory, validated in em-
pirical data sets by Crandall and Templeton (1993), were
summarized in three criteria that were used to decide among

alternative solutions of the loops: (1) Frequency criterion:
haplotypes are more likely to be connected to haplotypes with
higher frequency than to singletons; (2) Topological crite-
rion: haplotypes are more likely to be connected to interior
haplotypes than to tip haplotypes; and (3) Geographical cri-
terion: haplotypes are more likely to be connected to hap-
lotypes from the same population or region than to haplotypes
occurring in distant populations.

Coalescence Analyses

Although the NCA may be very useful to infer different
historical process, this approach does not allow for the es-
timation of population genetic parameters of interest like
rates of gene flow. The coalescence approach (Kingman
1982) can be used to obtain maximum-likelihood estimates
of gene flow among populations taking into account at the
same time population structure and demographic processes.
This class of estimators overcomes the limitations imposed
by more conventional population genetic models, which usu-
ally rely on the biologically unrealistic assumptions of equal
population sizes of subpopulations or symmetric gene flow
(Bossart and Prowell 1998; Beerli and Felsenstein 2001). It
is thus likely that these coalescent-based approaches of gene
flow estimates deliver better estimates than FST based meth-
ods (Beerli and Felsenstein 1999).

Here we are interested in the relative likelihoods of dif-
ferent biologically plausible migration models within clade
4-2. We focus on this clade because it was the clade that
expanded its range to the north. We defined a priori two
biologically plausible gene-flow models, and compared these
two with a third ad hoc model derived from the results of
the NCA analysis:

(1) NCA Model, with unconstrained gene flow among SD,
RL, RR, B, and expansion towards D. This posthoc model
reflects the inferences obtained by NCA; (2) Island-like mod-
el, where only neighboring populations exchange migrants;
and (3) Northern expansion model, from southern France to
Germany.

Ideally one would simultaneously estimate all the relevant
parameters for these migration models along with their like-
lihoods, but this is not computationally feasible. First, it does
not seem possible to estimate these parameters for the 37
populations, as this implies many migration parameters to be
estimated from low sample sizes. In such cases, data pooling
can be a reasonable solution, so we pooled the 37 populations
in five groups representing distinct geographical regions (Ta-
ble 1). Second, even for five populations, it still does not
seem possible to jointly estimate all the relevant migration
parameters, thus we decided to split the estimation problem
in several steps. First we estimated the migration matrices
corresponding to the three models evaluated using Migrate
0.9.7 (Beerli and Felsenstein 1999). Second, we estimated
the population mutation parameter and growth rate using
Genetree 8.3 (Griffiths and Bahlo 1998), given the migration
matrix estimated in the previous step. Finally, we estimated
the likelihood of the competing models using Genetree 8.3
given the previously estimated SP cladogram, migration ma-
trices, population mutation parameter, and growth rate.

For the Migrate analysis, the starting values of population
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TABLE 2. Distribution of C. unifasciata haplotypes (columns) at each sampled location (rows). Abbreviations as in Table 1 and Figure 1.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

STV
VAU
MAU

2
3

SPA
REG 1 1
VAL
SJU
NAV

3
4 1

CDO
GSC 8
ESC 1
SIS
VEN

2 2
4 1

EIC 3 3
PTV 2 3
ADR 3 1 1
LUB 2 1
CMU 1 1 1 1 1
PLU 1
LAU
ALE
ARD
AUB

4
5
1

MUR 8 3
MON 3 2
GEX 5
FDE 4 1
SAL 2 2 1 1
HER 5
CMA
MÜN
FLÖ
SLE
WIN
HAL
JAK
DID

6
8
7
4
1
1
3
1

3
4

4

2

S 2 73 11 20 1 1 1 1 9 9 1 1 2 2 7 1 1 1 4 1

mutation parameter u and M, the ratio between immigration
rate to the respective subpopulation and the mutation rate per
generation, were estimated from FST values (Maynard Smith
1970, Nei and Feldman 1972, Beerli and Felsenstein 1999).
We ran 10 short chains, each with a total of 50,000 gene-
alogies and with a sampling increment of 20 genealogies,
and five long chains, each with a total of 100,000 genealogies
and a sampling increment of 20 genealogies. The first 10,000
genealogies in each chain were discarded. For the other set-
tings, we used the default values. For the Genetree analysis
first we jointly estimated the population mutation parameter
u and the growth rate b under a subdivided population model
with migration and given the SP cladogram. To obtain these
parameter estimates we iteratively completed 15 runs with
1,000,0000 replications each. Given the u and b estimates
and the SP cladogram, the likelihoods of the three migration
matrices estimated in Migrate were then calculated in a single
run with 10,000,000 replications.

Divergence Times

The molecular clock hypothesis was tested with a likeli-
hood ratio test (LRT) upon the estimated tree and best-fit
model (Felsenstein 1981). To calibrate the molecular clock

we used an estimate of 0.056 changes per site and million
years (Pfenninger and Magnin 2001). This relatively high
molecular clock rate for 16S was estimated from the pre-
sumed age of the split of C. unifasciata and its sister species,
C. rugusiouscula. Such rates might be typical for terrestrial
snails (Thomaz et al. 1996). Divergence times were estimated
according to Nei (1987). Patristic pairwise distances among
haplotypes were inferred from the statistical parsimony net-
work. The divergence time t between clades was computed
as t 5 (dxy 2 0.5 * (dx 1 dy)) 3 substitution rate), where dx

and dy denote the average sequence diversity within and dxy

the sequence divergence among clades, respectively (Nei
1987). An advantageous feature of this approach is that it
accounts for divergence in the ancestral population and does
not require reciprocal monophyly (Edwards and Beerli 2000).

RESULTS

16S Haplotype Diversity

The amplified mitochondrial 16S rDNA sequences from
204 individuals of C. unifasciata were between 321 and 326
base-pairs long. We observed two indels, both in loop coding
regions of the 16S rDNA, according to a molluscan consensus
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TABLE 2. Extended.

21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46

2 1
2 1

1
3 1 1

1 3
5

2
1 1

7 1 1 1

1 1 1

2 1 1
1 1 1 1 1

2 1 1

3 1

9 2 1 5 12 3 2 1 1 1 1 1 2 1 1 1 1 1 1 1 1 2 1 1 1 1

secondary structure model (Lydeard et al. 2000). The best-
fit model of nucleotide substitution was the HKY model (Has-
egawa et al. 1985), including rate variation among sites as
modeled by the gamma distribution (Yang 1996). The tran-
sition/transversion ratio and gamma shape parameter (a) es-
timates were 1.9619 and 0.0094, respectively. The sequences
were moderately AT-rich with a mean AT content of 66%.

Forty-six haplotypes were identified (Table 2), defined by
41 segregating sites. The number of haplotypes per sampling
site was low, ranging from one to five, with a tendency to
decrease towards the northern range of the distribution. The
number of substitutions between haplotypes ranged from one
to 16 (0.3–4.9%) with an average number of nucleotide dif-
ferences of 3.61. Genetree estimates were 6.6 for the popu-
lation mutation parameter u and 2.4 for the population growth
parameter estimate b.

Phylogenetic Relationships of 16S Haplotypes

Maximum-likelihood analysis found three haplotype trees.
The MP search recovered 1062 equally parsimonious trees
of length 56. The unrooted strict consensus MP trees are
shown in Figure 2. Both trees showed almost identical to-
pologies, with phylogenetic relationships of four major

groups remaining unresolved. The bootstrap support for all
nodes was weak, except for the clade comprising haplotypes
10, 19, 40, and 41.

In the SP analysis, haplotypes separated by up to seven
mutational steps had greater than 95% probability of being
connected in a parsimonious fashion (i.e., no overimposed
mutations), so that the criterion of parsimony could be as-
sumed for all mutational connections in the cladogram. Hap-
lotype 2 had the highest relative root probability (P 5 0.15)
(Castelloe and Templeton 1994). The parsimonious clado-
gram was not fully resolved; four loops were encountered
(see Fig. 3).

To define the nesting for the NCA analysis, loops in the
cladogram were resolved by breaking the connections marked
by a numbered solid arrow in Figure 3. In loop 1, the con-
nection relating haplotypes 13 and 45 seems the least likely
according to the topology, frequency, and geographical cri-
teria. Haplotype 13 is more likely linked to haplotype 2,
which is very frequent and co-occurs with haplotype 13 in
population MON, than to haplotype 45, which is a singleton
found in the distant STV population. Likewise, haplotype 45
is more likely connected to haplotype 21, which is quite more
frequent and that co-occurs with haplotype 45 in population
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FIG. 2. Maximum-likelihood and maximum-parsimony estimates
of haplotype phylogeny. Above: strict consensus of three maximum-
likelihood trees under the HYK-model of sequence evolution. Be-
low: strict consensus of 1062 equally parsimonious trees. Haplo-
types refer to those listed in Table 2. Italicized numbers represent
the percentage bootstrap values from 500 replications. Bootstrap
values lower than 50% are not shown.

STV, than to haplotype 13, less frequent and found far away.
Loop 2 can be solved in a very similar fashion to loop 1,
whereas loop 3 is easily solved by appealing to the frequency
and geographical criteria. However, the remaining loop could
be broken at four different places (4A–4D, see Fig. 3) with
similar probabilities according to the different criteria. The
four resulting cladograms led to different nesting designs and,

thus, potentially different inferences about population his-
tory. We explored the inferences drawn from all possible
solutions of loop 4, and despite the differences in the resulting
nesting designs, the interpretation of the population history
was essentially identical. We present here the nesting solution
corresponding to the removal of connection 4A (see Fig. 4).
This nesting solution was chosen because it removes two
uncertainties at a time and seems more plausible.

Inferred Population History and Coalescence Analysis

There were significant associations between haplotype
clades and geographic distribution on all clade levels (Table
3). The oldest inferred event was a past fragmentation be-
tween clade 4-1 (populations in the foothills of the French
Sea-Alps) and clade 4-2 (all other populations) (Fig. 5). With-
in clade 4-1, a continuous range expansion (CRE) to the north
was inferred. Within clade 4-2, there was indication for iso-
lation by distance (IbD). The clades nested in 3-4 and 3-5
were also characterised by recurrent gene flow restricted by
distance. In clade 3-1, no distinction between isolation by
distance and past fragmentation was possible. Due to the lack
of significant clade distances, no inference was possible for
clades 3-2 and 3-3. The most interesting inference on the
lower clade levels was the isolation by distance with some
long distance colonizations of clade 1-17 into Germany. Geo-
graphical distributions of major clades and inferences of pop-
ulation history are plotted in Figure 5.

There were no significant APCD values at the haplotype
level. At the one-step level, several values were significant;
however, since no fragmentation was inferred for this level,
no secondary contact was identified. On the two-step level,
past fragmentation of clades within clade 3-4 was inferred.
The significantly high APCD for population LAU is therefore
indicative of a secondary contact zone. With increasing clade
level, APCDs for four populations remained significant up
to the three-step level. However, because no fragmentation
event was inferred on this level for the populations MUR and
LAU, these significant values did not signify a secondary
contact zone. On the four-step level, only in populations
VAL, SAL, and FDE did the APCDs remain significantly
different from zero. Because past fragmentation events were
inferred for populations at the four-step level, the significant
APCDs indicate two secondary contact zones at the highest
clade level. These are situated around the Geneva Basin and
in the Sea Alps.

The island model of gene flow had a significantly higher
likelihood than the NCA or the northern expansion model
(LRTs, P , 0.05) (Fig. 7). A common feature of the NCA
and Island-like models was a net gene flow from the popu-
lations left of the Rhône (RL) to all other neighboring regions.
Thus, both coalescence analysis and NCA suggested a source-
sink model of gene flow with the region RL as source.

DISCUSSION

Inferring Intraspecific Sequence Evolution

The ML and MP trees and the SP cladogram exhibited
similar topologies (Figs. 2A, B, and 4). However, both ML
and MP trees failed to resolve most of the relationships
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FIG. 3. Statistical-parsimony cladogram and loop solutions. Potential connections to resolve loops 1–4 are indicated by arrows. Haplotypes
are designated by names defined in Table 2. Zeros indicate haplotype states that are necessary intermediates but were not present in the
sample. Each line represents a single mutational step connecting two haplotypes.

among haplotypes as well as among higher-level clades. The
polytomy in the center of the MP and ML trees prevents a
meaningful interpretation, whereas the SP cladogram is more
resolved, although it includes four loops. This result high-
lights how network approaches as the SP method may portray
more effectively intraspecific evolution. In the ML or MP
representations, all taxa are located at the tip of the branches.
This appears to be an inappropriate depiction of evolutionary
relationships within species, where many haplotypes can be
derived from the same ancestral haplotypes, and ancestral
haplotypes are commonly extant (Posada and Crandall 2001).

Population History

The population history of C. unifasciata as inferred by
NCA appeared to be complex, involving historic events as
well as recurrent gene flow on virtually all clade levels. We
will focus the discussion on the inferences with implications
on a broader geographic scale.

The oldest event that can be traced is a fragmentation,
separating populations in the foothills of the French Sea-Alps
from populations closer to the river Rhône. The fact that this
fragmentation is not marked by several mutation steps in the
cladogram might be due to the retention of ancient poly-
morphisms in each of the major clades, which appears to be
typical for the population structure of terrestrial gastropods
(Thomaz et al. 1996). Given that the molecular clock was

not rejected (LRT P-value . 0.05), we could estimate the
time of the population fragmentation to have occured 280,000
6 20,000 years ago. This estimate suggests that the frag-
mentation might have been caused by a Pleistocene climate
event, perhaps the Riss glaciation, isolating different C. un-
ifasciata populations in separate refuges.

A continuous range expansion from the French Sea-Alps
to the North seems to have taken place after the fragmen-
tation. This expansion most likely occurred along the valleys
of Durance, Isére, and upper Rhône Rivers, following the
north-south running mountain ranges of the French pre-Alps
to the Geneva Basin (Fig. 5). Around the Geneva Basin,
haplotypes belonging to clade 4-1 and 4-2 were found in
sympatry in two different sampling sites. Significantly large
average population clade distances at the four-step clade level
of fragmentation for populations FDE and SAL suggest a
secondary contact zone of the formerly fragmented four-step
clades in this area (Figs. 5, 6). Inferences for clade 4-2 and
the clades nested within suggest an overall pattern of isolation
by distance, except for the range expansion into Germany.

The fact that the island model provided a better fit than
the model suggested by the NCA does not contradict these
inferences, as indeed an island model of gene flow is equally
restricted by distance. In fact, the migration matrix associated
with the island model suggested gene flow towards the Ger-
man populations, which is in agreement with the northern
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FIG. 4. Statistical-parsimony cladogram with completed nesting design. Haplotypes belonging to the same clade level are boxed up to
clade level 4-x. Clade level designations are given within each box that contains observed haplotypes.

TABLE 3. Chi-squared test of geographical association of clades and biological inference from the NCA analysis. Probability P is the probability
of obtaining a x2-statistic larger than or equal to the observed statistic by randomly permuting the original contingency table 9999 times.
Inferences were obtained following the key given in Templeton (1998). Abbreviations for the inferences are: CRE, continuous range expansion;
IbD, isolation by distance; and LDC, long distance colonization.

Clades
nested with

Permutational
x2 statistic P Chain of inference Inference

Clade 1-1
Clade 1-14
Clade 1-17
Clade 2-1
Clade 2-9
Clade 3-1
Clade 3-2
Clade 3-4
Clade 3-5
Clade 4-1
Clade 4-2
Entire cladogram

7.00
66.93

459.69
7.47

64.65
17.00
21.43
22.42

124.90
97.99
83.70

187.65

0.046
0.044
0.000
0.024
0.020
0.016
0.000
0.022
0.044
0.000
0.000
0.000

2-11-12-13-14-NO
2-3-4-9-10-NO
2-3-5-6-7-YES
2-only interior clades
No significant clade distances
2-3-4-9-10-NO
No significant clade distances
2-3-4-9-NO
2-3-4-NO
2-11-12-NO
2-3-4-NO
2-3-4-9-NO

CRE or LDC
IbD or past fragmentation
IbD with some LDC
Inconclusive outcome

—
IbD or past fragmentation

—
Past fragmentation
IbD
CRE
IbD
Past fragmentation

expansion suggested by NCA (Fig. 7B). In addition, the co-
alescent analysis suggested that the region west of the Rhône
and north of the Durance (RL) might have been acting as the
source for all other regions within clade 4-2 (Fig. 7). Indeed,
haplotype 2, which is the most probable root for the entire
cladogram, is well represented in the RL region. This sug-

gests that RL is probably the area where the most recent
common ancestor of the sample lived, and that the presence
of C. unifasciata in the Burgundy area might have originated
from a northward expansion along the Rhône Valley. A post-
glacial expansion scenario seems plausible, because the cover
of the Geneva Basin by the Rhône glacier during the Würm
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FIG. 5. Geographical distribution of three- and four-step clades
and inferred events. Area of inferred secondary contact between
four-step clades is shaded.

FIG. 6. Average population clade distance for all clade levels.
Significantly large clade distances at the 1% level (P , 0.01) are
marked by an asterisk. Populations, where secondary contact was
inferred, are marked by an arrow.

glaciation (Frenzel 1981) likely prevented the presence of C.
unifasciata. Further evidence for a corridor migration are the
clade distributions along the migration axis (Fig. 5) and their
bondage to the corridor by geographic barriers (Cruzan and
Templeton 2000). These conditions were met, because the
distribution of clade 4-2 is limited to the Rhône Valley in
the area in question and it is restricted to it by unsuitable
habitat in the west and high mountains in the east, where no
populations could be found.

The presence of haplotypes from both four-step clades in

populations VAL and ESC in southeastern France indicated
a secondary contact (Fig. 5). Even though the APCDs in these
populations are quite large at the four-step level, only the
values for VAL were significantly high (Fig. 6). The presence
of the haplotypes on the Plateau de Valensole and the Sea-
Alps (VAL, ESC) found otherwise in populations further to
the west (LUB, VAU, STV, SPA) may be explained by the
annual transhumance of sheep from winter pastures on the
Plain de la Crau close to the Rhône delta to summer pastures
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FIG. 7. Effect of differing migration matrices on estimated likelihoods in the coalescence analysis for pooled populations (Table 1) of
clade 4-2. (A) NCA model: migration rate estimates based on a gene-flow model reflecting the inferences of NCA. (B) Island model:
migration rate estimates based on a gene-flow model reflecting an island-migration pattern. (C) Expansion model: migration rate estimates
based on a gene-flow model reflecting an expansion pattern. The estimated migration rates given as Nm (where N is the effective population
size, and m is the migration rate per individual per generation) are represented by arrows whose line width is proportional to the gene-
flow rate. Likelihoods for the migration patterns having created the data are given below each pattern as the mean, errors are 95%
confidence limits of the mean. Model B has a significantly larger likelihood than the other two models (P , 0.05).

in the higher Sea-Alps during the last centuries. These trails
connected suitable habitat for C. unifasciata, and passive
transport by sheep has been suggested to be a major source
of dispersal in land snails (Dörge et al. 1999; Pfenninger and
Magnin, 2001).

All inferred range expansions in C. unifasciata involved
large distances compared to the dispersal capacity of the in-
dividual snail (Bahl et al. 1996), so that we can hypothesize
that these long distance colonizations were achieved by pas-
sive dispersal. We can only speculate about the vectors, but
the most likely seem to be larger mammals, even though other
agents like birds or even wind have been implicated in the
dispersal of snails (Boag 1986; Kirchner et al. 1997).

Colonization of the Northern Species Range

Passive transport by migrating animals was probably also
the mechanism for the expansion to the German populations
from southern sources. Additional but indirect support for an
inference of a colonization or a range expansion in general
arose from the significant APCDs for German populations
on the haplotype level (Fig. 6). A large APCD indicates that
a population consists of at least some haplotypes that are far
away from their clade center. A significantly large APCD is
therefore indicative of migration towards this particular pop-
ulation, even if the overall evidence for the respective clade
points to another inference (see inference for clade 1–17 in
Table 3).

The inference at the one-step level suggests that the ex-
pansion of the range into Germany is a relatively recent event.
This colonization occurred probably soon after the onset of
the climate warming after the last Pleistocene glaciation. The
habitat preference of sparsely covered, open grass- and scrub-
land suggests that the expansion happened mainly in the pre-

boreal phase. This is in concordance with a first occurrence
of C. unifasciata shells in early Holocene sediments of the
upper Rhine Valley (Puissegur 1978). The migration route
went presumably through the Rhône Valley and then along
the Jura Mountains into Germany. The findings for the south-
ern species range stress the importance of river valleys as
migration corridors for C. unifasciata. This and the location
of the German populations in or close to river valleys suggest
that river corridors had also relevance for the spread into
Germany.

Conclusions

The phylogeographic analysis of C. unifasciata suggested
the occurrence of a fragmentation of the species in different
refuges in south eastern France 300,000 years ago, followed
by and independent range expansion via corridor migration
and a secondary contact zone in the Geneva Basin. The in-
ferred long distance colonization of Germany is most likely
of postglacial origin.

An unexpected result from this study is the location of
refugial populations in the south of France. Many phylogeo-
graphic studies conclude that the three main glacial refuges
for current central and northern European biota were located
south of the Pyrenees, south of the Alps, and on the Balkans
(Taberlet et al. 1998; Hewitt 2000). Although these are the
traditionally recognized refuges for land molluscs as well
(Ant 1966), C. unifasciata does not seem to have occurred
so far south. Indeed the inferences from one species is not
sufficient to draw wide-ranging conclusions, nevertheless
these results may add new details to the general biogeograph-
ic patterns described by Taberlet (1998) and Hewitt (2000).
Further studies with more species are needed to show whether
the inferred biogeographic pattern of refuges in the south of
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France represents a common model for land gastropods and
other taxa with restricted vagility.

The increasing availability of powerful statistical tech-
niques, well rooted in population genetics, allows today for
a very welcomed ‘‘statistical phylogeography.’’ Within this
framework, the NCA is an approach based on expectations
closely linked to the biological inference. The coalescent
analyses estimate different parameters under explicit popu-
lation genetic models, but the value of the statistics need to
be linked afterwards to some biological process. Here we
have utilized and combined these two statistical approaches
in order to obtain detailed insights on the history of our
species of interest. Indeed, the use of rigorous statistics on
top of phylogeographic information will increase during the
next years. We hope that this study encourages the use of
such a powerful framework to better understand the natural
history of populations.
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breitung der europäischen Landgastropoden. Malacologia 5:
61–62.

Avise, J. C. 2000. Phylogeography: the history and formation of
species. Harvard Univ. Press, Cambridge, MA.

Bahl, A., and M. Pfenninger. 1996. A rapid method for isolation
of DNA using laundry detergent. Nucleic Acids Res. 24:
1587–1588.

Bahl, A., M. Pfenninger, H. Bamberger, M. Frye, and B. Streit.
1996. Survival of snails in fragmented landscapes. Pp. 329–343
in J. Settele, C. R. Margules, P. Poschlod, and K. Henle, eds.
Species survival in fragmented landscapes. Kluwer, Dortrecht,
The Netherlands.

Baur, B. 1993. Population structure, density, dispersal, and neigh-
bourhood size in Arianta arbustorum (Linnaeus 1758) (Pulmon-
ata: Helicidae). Ann. Naturhist. Mus. Wien 94:307–321.

Beerli, P., and J. Felsenstein. 1999. Maximum-likelihood estimation
of migration rates and population numbers of two populations
using a coalescent approach. Genetics 152:763–773.

———. 2001. Maximum-likelihood estimation of a migration ma-
trix and effective population sizes in n subpopulations by using
a coalescent approach. Proc. Natl. Acad. Sci. USA 98:
4563–4568.

Boag, D. A. 1986. Dispersal in pond snails: potential role of wa-
terfowl. Can. J. Zool. 64:904–909.

Bossart, J. L., and D. Pashley Prowell. 1998. Genetic estimates of
population structure and gene flow: limitations, lessons, and new
directions. Trends Ecol. Evol. 13:202–206.

Castelloe, J., and A. R. Templeton. 1994. Root probabilities for
intraspecific gene trees und neutral coalescent theory. Mol. Phy-
log. Evol. 3:102–113.

Clement, M., D. Posada, and K. A. Crandall. 2000. TCS: a computer
program to estimate gene genealogies. Mol. Ecol. 9:1657–1660.

Cowie, R. H. 1984. Density, dispersal and neighbourhood size in
the land snail Theba pisana. Heredity 52:391–401.

Crandall, K. A. 1996. Multiple interspecies transmissions of human
and simian T-cell leukaemia/lymphoma virus type I sequences.
Mol. Biol. Evol. 13:115–131.

Crandall, K. A., and A. R. Templeton. 1993. Empirical tests of
some predictions from coalescent theory with applications to
intraspecific phylogeny reconstruction. Genetics 134:959–969.

Crandall, K. A., A. R. Templeton, and C. F. Sing. 1994. Intraspecific
phylogenetics: problems and solutions. Pp. 273–297 in R. W.

Scotland, D. J. Siebert, and D. M. Williams, eds. Models in
phylogeny reconstruction. Clarendon Press, Oxford, U.K.

Cruzan, M. B., and A. R. Templeton. 2000. Paleoecology and co-
alescence: phylogeographic analysis of hypothesis from the fos-
sil record. Trends Ecol. Evol. 15:491–496.
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