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Abstract

The freshwaters of Martinique (French West Indies) have recently been invaded by snails belonging to the Thiaridae
family (Gastropoda; Prosobranchia). Eight distinct Thiarid lines have been successively introduced in Martinique,
and are still in the process of sequentially replacing one another within local habitats, revealing a range of increasing
invasive abilities. Our aim was to test whether the variation in invasive ability can be partly explained by a specific life-
history trait, desiccation tolerance, which might be important in view of the typical instability of tropical freshwater
habitats. We therefore tested desiccation tolerance in both juveniles and adults under laboratory conditions. Our
data show that, although all Thiarid lines resist desiccation quite well, they exhibit extreme variation in the degree
of tolerance. These differences are mostly mediated by individual size, but are definitely of genetic origin given that
our individuals were of similar ages and were raised under standardized laboratory conditions. The overall invasive
success of a line in Martinique, deduced from field surveys, does not correlate with its desiccation tolerance.
However, desiccation tolerance does seem to be a limiting factor for the invasion of the small fraction of habitats
that are most exposed to drought. More generally, our study exemplifies the possibility that the invasion differential
among habitats, rather than a general invasion ability, be predicted according to a particular life-history trait, within
a set of closely related invasive taxa.

Introduction

Biological invasions facilitated by human activities
have become a worldwide environmental problem in
the last century (Everett 2000). Humans have caused
an unprecedented redistribution of numerous organ-
isms, plants as well as animals. Indeed, human activ-
ities (such as agriculture, trade exchange...) have
often broken down natural dispersal barriers (Kolar
and Lodge 2001). As an example, the rate of species
introductions in freshwaters is continuously increas-
ing throughout the world (Welcomme 1992). The
most spectacular cases include the homogenization

of fish faunas across the United States (Rahel 2000),
and the recent mass invasion of the North American
Great Lakes by Ponto-Caspian species (Ricciardi and
Maclsaac 2000).

The case of invasive freshwater molluscs has been
extensively studied, especially because of their con-
flicting consequences for human health (Pointier 1999).
Indeed some freshwater gastropods can play the role
of intermediate hosts for numerous parasites infecting
domestic animals and humans. Introduced exotic mol-
luscs can be responsible for the new establishment or
the increased rate of parasite transmission to humans
(see, for example, the transmission of the liver fluke in
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Andean countries by Lymnaea truncatula introduced
from Europe, Jabbour-Zahab et al. 1997). On the other
hand, recent studies have shown that other invading
species may have a positive influence on human health
by displacing local molluscan vectors (Pointier and
McCullough 1989; Pointier 1993).

The present study focuses on the recent invasion
of the freshwaters of Martinique Island (French West
Indies) by several snails belonging to the Thiaridae
family (Gastropoda; Prosobranchia). The invasion
sequence is well documented. Indeed, after 1979, time
of the first introduction of Thiarids, annual surveys
have been conducted in Martinique (Pointier et al.
1993; Pointier 2001). These surveys have revealed
that introductions repeatedly occurred in Martinique.
Various Thiarid lines seem to successively replace one
another within local habitats (Pointier 2001).

Many studies have tried to identify the traits
that characterize a good invader (Hill et al. 1993;
Williamson and Fitter 1996a). Although some life-
history traits can explain some successful invasions
(Hill et al. 1993; Williamson and Fitter 1996a), a
high diversity in the life-history traits of successfully
introduced species is observed throughout the world
(Lockwood 1999; Sakai et al. 2001), and it seems
very difficult to make general predictions (Williamson
and Fitter 1996b). Moreover, some studies (Moyle and
Light 1996; Rosecchi et al. 2001; Hacker et al. 2001)
suggest that abiotic factors can also determine invasive
success.

This study forms part of a research program with the
general aim to test whether the variability in invasive
abilities among the different Thiarid lines occurring
in Martinique can be explained by differences in life-
history-traits. We will here focus on desiccation toler-
ance that might constitute an important life-history trait
in freshwater molluscs. Drought and flood are indeed
prominent factors shaping freshwater environments in
the tropics, and thus may influence the distribution
and life cycles of freshwater molluscs (Appleton 1978;
Jarne and Stddler 1995; Brown 1994). The ability to
invade tropical freshwater environments could there-
fore be related to desiccation tolerance. Survival under
drying conditions is expected to play a key role in two
components of the invasive process: (i) it could influ-
ence the ability to spread from a water body (or a water-
shed) to another, as migrant individuals must spend
some time out of water during this process, whatever
migration vector is involved. (ii) It could increase colo-
nization capacity and/or resistance to local population

extinction in environments characterized by large fluc-
tuations in water levels, such as temporary ponds
and river margins. On such bases, it could also be
expected that molluscs exhibit differential invasive
ability according to habitat types: isolated, unstable
habitats, such as temporary ponds, should be more
sensitive to invasion by desiccation-tolerant taxa or
genotypes, than more connected and stable habitats,
such as permanent rivers.

Using our annual survey of the Martinique freshwa-
ter habitats and an experimental design in laboratory,
we attempt to answer the following questions:

1. Are there differences in desiccation tolerance
between the different Thiarid lines which have
invaded Martinique Island? Which part of this vari-
ation is due to differences in individual size? These
questions have been asked for two age classes,
adults and juveniles.

2. Did Thiarid lines differentially invade temporary
and permanent habitats according to their desicca-
tion tolerance?

Materials and methods
Biological material

Melanoides tuberculata and Tarebia granifera are
tropical freshwater prosobranch gastropods belong-
ing to the Thiaridae family which recently invaded
the whole intertropical belt (Pointier 1999). Before
1940, the two species were found in various regions
of Asia and Africa. Since then, Neotropical waters
(from Argentinia to Florida) have been quickly invaded
by one species or the other. The third species,
Melanoides amabilis, originates from Sulawesi,
Indonesia (Reeve 1860). Its discovery in Martinique
in 1997 constitutes its first report out of its origin
area (Pointier 2001). These three species are classi-
cally considered to be parthenogenetic (Abbott 1952;
Jacob 1958; Stoddart 1985), although there is evidence
that sexual reproduction occurs at low frequency in
natural populations for M. tuberculata (Samadi et al.
1999). Surveys in recently invaded areas, especially
in the French West Indies (Pointier 1989; Samadi
et al. 1999), have shown that M. tuberculata exhibits
an important variation in shell ornamentation, that
allows the definition of discrete morphs. Microsatellite
surveys have revealed that each morph corresponds
to a genetically homogeneous, clonally-propagated



parthenogenetic line. Unlike M. tuberculata, the two
other species (M. amabilis and T. granifera) consist in
single clonal lines essentially devoid of morphological
variation. Up to now, in Martinique, a total of eight
different lines of invasive Thiarids have been observed:
M. amabilis (MA), T. granifera (TG) and six morphs
of M. tuberculata (PAP, FAL, PDC, CPF, FDF, MAD)
(Pointier 1999). We can notice here that 7. granifera,
which is the most taxonomically distant line, exhibits
a distinctive morphology compared to all Melanoides
lines, with a proportionally larger aperture. For five
lines (PAP, FAL, PDC, MAD and MA), seven indi-
viduals were collected in two populations in the field
and transferred to the laboratory. Given the decline of
FAL in Martinique, we had to collect one of the two
populations of FAL in Marie Galante, another island
of the French West Indies in which the FAL morph
arrived approximately at the same time in the 1970s.
For two lines (CPF and TG), three populations were
sampled, and for FDF, the only population known in
Martinique was sampled. Figure 1 shows the location
of these populations and abbreviations used in this
study. The individuals collected in the field constitute
the first generation (GO0). Offspring (G1) laid by these
snails (6-7 newborn per GO individual) were isolated
in individual boxes and fed ad [libitum with boiled
lettuce until they were adults. They were maintained
undera 12 : 12 L : D photoperiod in 75-ml plastic boxes
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filled with water originating from the Lez spring (near
Montpellier). Water and food were changed once a
week and the position of rearing boxes was randomly
changed once a week. These snails were used to test the
desiccation tolerance of adult snails using the drying
protocol explained below. Because all G1 offspring
were collected over a relatively short period, our pro-
tocol ensures that all G1 snails had approximately the
same age (13 =+ 1 months), and had been raised under
standardized conditions throughout their lives, when
the experiment started. Any line effect observed is
therefore entirely due to genetic differences. Offspring
(G2) produced by these individuals (before they were
submitted to desiccation tests) was used to test the
desiccation tolerance of juvenile snails.

Drying protocol

Juveniles

Thiarids are viviparous snails and directly produce
juveniles. A total of 1234 G2 juveniles from all popula-
tions and morphs was collected (maximum age: 7 days)
and placed under drying conditions (exposed to air at a
temperature of 25 °C and a relative humidity of 80%)
during a 3-h period. They were then put back into water
to detect the surviving individuals. The survivors were
counted and the mean survival rate was calculated per
population. The same protocol was repeated with other

Carriére Falaise Spring, CPF-FAL |

Lézarde River,
TG-LS

Gondeau River,
MA-G

Madame River,
FDF-PC and PDC-PC

Pagerie River,
PAP-P

Fond Placide River,

Lorrain River, CPF-L |

FAL-FP and MAD-FP

TG-PIL

Pilote River,

Baie de la Crique River, PAP-BC‘

La Tracée River, PDC-TB|

Manzo Lake , CPF—M|

Coulisses River, TG-CPF |

Massel River,
MA-M and MAD-M

10 km

Figure 1. Map of Martinique Island showing the locations of populations collected in this study. The code used is as following: the first two or
three letters correspond to the name of the Thiarid lines (for instance, PAP, FAL or TG), and the last letters correspond to an abbreviation of the
sampled populations (for instance, FP for Fond Placide river, or PIL for Pilote river). The second population of FAL (FAL-N) was collected in

Nesmond Pond (Marie Galante Island).
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G2 juveniles for a drying time of 15h (N = 1369).
Dead and surviving juveniles were separately trans-
ferred into alcohol immediately after the experiment.
All shells were later digitized and their lengths auto-
matically measured to the nearest 0.1 mm using the
morphometric software Optimas 6.5€.

Adults

G1 adults (N = 746) were first put individually in dry-
ing conditions for a period of 24 h. Then they were put
back into water during 48 h, which allowed us to detect
the surviving individuals. These surviving individuals
were then submitted to drying conditions for 48 h, then
brought back into water during 48 h. This process was
repeated with increasing drying periods (1, 2, 3, 4, 5,
6,7,8,10,12, 14, 16, 18, 20, 24, 28 days) up to a point
where all the snails died. Hence a maximum survival
time in drying conditions could be estimated for each
individual. Adult shell length was measured for each
individual using a binocular microscope.

Statistical analysis

Juveniles

For each drying period (3 and 15 h, respectively) sur-
vival was a binomial variable and the mean survival
probability (and 95% CI) was estimated for each pop-
ulation and line. The effects of explanatory variables
(line, population and shell length) on logit-transformed
survival probabilities were analyzed using deviance
analysis (Crawley 1994). The different tests were
worked out by model simplification using the software
JMP® (Sall and Lehman 1996). In this kind of tests,
models including (1) and not including (2) the variable
of interest are compared by calculating the change in
deviance X? = 2(Ln(L)model 1 — L(L)model 2). This
follows a x? distribution with N; — N, degrees of free-
dom (V; being the number of independent parameters
estimated in model i ; see McCullagh and Nelder 1983).
Departure from a binomial distribution was tested, and
when necessary, overdispersion was taken into account
by replacing x? test by Fisher’s test (Sokal and Rohlf
1995). We first tested for a line effect and a nested
population effect, both of which document genetic vari-
ation in juvenile desiccation tolerance in our design.
Then we included a shell length effect, in order to
evaluate how much of the genetic (between-line) and
non-genetic (within-line) variation in desiccation toler-
ance is accounted for by differences in juvenile size. In

testing size effects, the population effects were ignored
for the sake of simplicity, as the first analysis showed
that they were very weak. All model simplifications
were done sequentially, by first removing nested terms
or interaction terms.

Adults

For adults, our data set consisted in the maximum
duration of desiccation that each individual was able to
survive. Because this variable did not follow a classical
distribution, we analyzed it using non-parametric anal-
ysis of variance. We used Kruskal-Wallis test to assess
a line effect, and for each line a population effect. We
also tested for effects of shell length using Spearman
rank correlation.

Classification of the morphs according to their
invasive ability

A survey of 110 sites (chosen so as to cover most water-
sheds in Martinique) was carried out each year since
1994. This survey allowed us to follow the variation
of the relative densities of all Thiarid lines in each site
(Pointier et al. 1993). For each pair of lines, we deter-
mined the best-invading line as the one that increased
in relative frequency most often when both lines were
observed in the same site. Although not all possible
pairs could be documented in our data set, all the avail-
able pairwise relationships happened to be transitive,
that is, for any three lines A, B and C, when A > B and
B > C, we also observed A > C. This allowed us to
establish a single classification of all lines according to
increasing invasive abilities: FAL < PAP < MAD <
PDC < FDF < CPF < MA < TG. We used a Spear-
man rank correlation test to infer whether the variability
in desiccation tolerance (for the juveniles and for the
adults) could explain the variability in invasive abilities
observed in the field.

The distribution of lines in Martinique among
temporary and permanent sites

The 110 sites used to establish invasive history almost
all pertain to the ‘permanent, stable’ type of habitat
(permanent rivers) as this is by far the dominant habitat
for Thiarids in Martinique. This data set cannot be
used to document invasive history in the minority of
‘temporary, unstable’ habitats (some small rivers or
streams, as well as isolated ponds), most of which
are located in the southern part of the island. For
this reason we tried in 2002 to increase our survey



by specifically adding ‘temporary’ sites (164 sites, of
which 147 are of the permanent type, and 17 of the
temporary type). Although we lack historical data on
these sites, we expect that, under the null hypothe-
sis that desiccation tolerance plays no role in relation
to invasion, the relative representation of desiccation-
tolerant and desiccation-sensitive lines be the same in
both classes of sites. We tested whether the relative
representation of three lines (PAP, MAD and TG) dif-
fered between the two kinds of sites using a g-test.
We used these three lines because they are well rep-
resented in the 2002 data set, and representative of
three contrasted situations: MAD is overall the most
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desiccation-tolerant line while TG is overall the most
desiccation-sensitive line, and PAP is intermediate,
taking into account both adults and juveniles.

Results

Juveniles

Histograms corresponding to survival rates for each
population with their confidence intervals are repre-
sented in Figure 2. For both drying periods (3 and
15h, respectively), there is an extremelypronounced
line effect and a population effect on survival (Table 1).
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Figure 2. Survival rates of juveniles for each population with their confidence intervals (at 95%). The eight lines are ranked in an increasing
order according to their invasive abilities. Numbers of individuals used in the experiment are given in parenthesis.
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Although significant (because of the large sample size),
the population effect explains a very small proportion
of deviance compared to the line effect, and the line
by line analysis of the population effect shows that this
effect is only significant for MAD at 3h (P < 0.001)
and for CPF (P = 0.01) and TG (P = 0.03) at 15h.
The graphs in Figure 3 represent the fitted relationship
between juvenile survival rate and length for each line.
Juvenile survival increases with shell length. For both

Table 1. Results of the likelihood-ratio tests of lines, population
and length effects on juvenile survival under drying conditions.

Deviance A dev A ddl P
3h N = 1234
14+ L+ p(L) 1612.93 2898 11 0.006
1+ L 1641.91 266.04 <10E-6
1 1907.95
1+ L+1g+1g*L  1350.94 7.57 7 0.372
1+L+1g 1358.51 97.13 7 <10E-6
1+L+1g 1358.51 283.40 1 <10E-6
1+1g 1455.64
15h N = 1369
14+ L+ p(L) 1647.29 29.39 11 0.004
1+L 1676.68 411.65 7 <10E-6
1 2088.34
1+L+1g+1g*L 1317.01 17.18 7 0.016
1+L+1g 1334.19 13.71 7 0.025
1+L+1g 1334.19 342.48 1 <10E-6
1+1g 1347.91

A dev corresponds to changes of deviance due to the suppression
of the bold-typed term. The tests are F or X2 according to the
presence or absence of overdispersion. L is the line effect, p(L) the
population effect nested within line, /g the shell length effect, and
lg* L is the shell length by line interaction. The term ‘1’ symbolizes
the constant term (overall mean).

Survival at 3h

T.granifera

drying periods (3 and 15h), there is an extremely
pronounced length effect on survival, even when the
line factor is included in the model (Table 1). This
means that both among- and between-line variation in
survival is partly explained by variation in shell length.
The deviance explained by the line effect is consider-
ably reduced (97.13 vs 266.04 for the 3 h experiment,
13.71 vs 411.7 for the 15h experiment) when shell
length is included in the model, although the line effect
remains significant. This indicates that most, butnot all,
of the variation among lines is explained by differences
injuvenile size. The interaction between line and length
effects is only significant at 15 h. Because the morphol-
ogy of TG distinctly differs from that of all lines of
Melanoides, we performed the same tests after remov-
ing TG from the sample. All results remain essentially
similar, but for the disappearance of the shell length by
line interaction (Adev = 11, 7834, 6 df, NS). For the
juveniles, the classification of the eight Thiarid lines
according to increasing desiccation tolerance is essen-
tially consistent between the 3- and 15-h experiments:
PAP < FAL < TG < MA/PDC < CPF/FDF < MAD.

Adults

Figure 4 shows the adult mean survival time for the
eight lines. According to the Kruskal-Wallis test (P <
0.0001), there is a highly significant line effect. The
population effect is significant only within the MAD
(P = 0.0006) and TG (P = 0.022) lines. The
correlation between the mean shell length of a line
and its mean survival time under desiccation is also
significant (Spearman rank correlation: P < 0.05,
Figure 4). The classification of the eight Thiarid lines
according to increasing resistance to desiccation is the

Survival at 15h

1 1 MAD
M.amabilis
0.8 0.8 PDC
T.granifera M.amabilis
0,6 0,6
0,4 PAP 0,4
0,2 0,2
PAP.
0 0
0 1 2 3 4 0 1 2 3 4

Figure 3. Logistic fit of juvenile survival rate as a function of length for the eight invasive Thiarid lines. Each fitted curve is represented only
for the range of sizes actually observed in the experimental juveniles of the corresponding line.
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Figure4. Adultsurvival time (on the left) and adult size (on the right,
shaded) for each Thiarid line. The filled circles represent the means
while the quantile boxes indicate the median as well as the 25th
and 75th percentiles. The eight lines are ranked according to their
increasing invasive abilities.

following: FAL <TG < MA < FDF <PAP < PDC <
CPF <MAD for adults.

Relation between variability in desiccation

tolerance and variability in invasive abilities

The results of the Spearman rank correlation test is
nonsignificant for the juvenile desiccation tolerance as
well as the adult desiccation tolerance. It can be seen
in Figures 2 and 4 (where lines are ranked according to
increasing invasive abilities), that no clear relationship
emerges between survival under drying conditions and
invasive abilities.

Distribution of lines between temporary and
permanent sites

Twelve, two and six sites out of seventeen belonging to
temporary habitats are respectively occupied by MAD,
TG and PAP populations. In permanent habitats, the
proportions are dramatically different, as 38 sites out
of 147 harbour MAD populations while TG is found
in 94 sites, and PAP in 89 sites. The null hypothesis
Hj of independence between line and type of habitat
is strongly rejected (G = —2.80, 1 df, P < 0.001).
Note that the temporary sites are mostly located in the
southern part of the island where the climate is overall
much dryer (Figure 5).

Discussion

All studied Thiarid lines seem to resist desiccation quite
well at the adult stage, as they can survive at least a few
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days and up to a month under drying conditions. Proso-
branchs could be expected to resist desiccation more
successfully than Pulmonates, by virtue of their ability
to close the aperture by the operculum (Brown 1994).
However, this resistance to drought is much lower than
observed for many Pulmonates which may survive sev-
eral months or even more to the desiccation (Barbosa
and Barbosa 1959; Cridland 1967; Véra et al. 1994).
Survival time during drought may be further increased
in the field, if snails can find relatively humid protected
microhabitats in the soil (Sturrock 1970; Pointier and
Combes 1976). Our estimates of adult survival times
also coincide quite well with an estimation carried
out on TG by Chaniotis et al. (1980), although our
experimental drying conditions are somewhat differ-
ent. Juveniles are logically less resistant to drought
and survive hours rather than days. The most promi-
nent feature of our data set is the extreme variation
in desiccation tolerance observed among Thiarid lines,
for both age classes. The difference in survival prob-
ability under desiccation between the most sensitive
and the most resistant line is approximately 10-fold
for juveniles (in both the 3- and 15-h experiments),
and the maximum difference in survival time under
desiccation reaches fourfold or more in adults (5 days
vs 24 days). Although TG, the most morphologically
and taxonomically distant line, is among the most sen-
sitive, the bulk of the variation in sensitivity to desic-
cation is not due to the inclusion of distinct species.
Indeed, the very closely related lines belonging to the
species M. tuberculata together cover the entire range
observed in the present experiment. This is in line
with previous studies that have established the exis-
tence of pronounced differences among three of these
lines for other life history traits (Pointier et al. 1992).
Some population effects within lines for desiccation
tolerance were also observed, but these effects were
weak, in agreement with the idea that little genetic
variation should be present within recently introduced
parthenogenetic lineages.

The relative resistances of the eight lines are rel-
atively similar according to the developmental stage
(adults vs. juveniles), except for the PAP line. Indeed,
the PAP line exhibits very poor resistance at the juvenile
stage, whereas adults show a quite strong resistance.
This can be explained because PAP adults are relatively
large, whereas the juveniles are very small compared
to the other lines. Indeed, as it has been demonstrated
for other freshwater molluscs (Dudgeon 1981; Tucker
et al. 1996), desiccation tolerance is mainly explained
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Figure 5. Map of the Martinique island showing the distributions of PAP, MAD and TG in 2002. Circles and triangles represent permanent and
temporary sites respectively. Filled and empty symbols represent occupied and non-occupied sites respectively.

by individual size. A common interpretation is that
changes in surface to volume ratio, as these animals
increase in size, may render larger individuals less
susceptible to water loss (Dudgeon 1980).

The relationship between size and desiccation toler-
ance in juvenile TG differs from that of other Thiarid
lines. This probably relies on its distinctive morpho-
logy, with a proportionally larger aperture, and hence
evaporation surface, compared to Melanoides spp. with
equivalent shell length (Pointier 2001).

The shell size effect, and the fact that adults are much
more resistant to desiccation than juveniles within each
line, suggest that as they grow older individuals pro-
gressively get more tolerant to desiccation. However,
this does not contradict the interpretation that the differ-
ences observed among lines are essentially of genetic
origin. Indeed, not only are there significant differences
among lines when size is controlled for in the analysis,
but also the large size differences observed among lines
(especially at the juvenile stage) are themselves under
genetic control, given that all experimental individuals
were of similar ages and had similar environmental
histories in the laboratory. In conclusion, Thiarid lines
genetically differ in desiccation tolerance, both because
their size at birth (in juveniles) or their maximum
size (in adults) are genetically different and because
of intrinsic, size-independent, genetic differences in
susceptibility to water loss.

It is unfortunately difficult to predict a priori the
ecological relevance of our measures of desiccation
tolerance in the laboratory without a precise knowl-
edge of the context in which temporary droughts take
place in the field. However exposure to drying con-
ditions in unstable or temporary habitats is probably
a matter of days rather than hours, suggesting that
adult rather than juvenile desiccation tolerance may

be an important factor for population persistence in
such habitats. Whether desiccation tolerance is a limit-
ing factor during passive migration is an even more
difficult question. Little is known about migration,
although aquatic birds have been shown to carry mol-
luscs (Maguire 1963). Other factors linked to human
activities may be also involved such as cars and cat-
tle that often cross rivers. Unfortunately, we have
little idea of the stage at which migration majoritar-
ily occurs, and of the potential duration of the travel
from one water body to another. Because we lack
firm a priori expectations, we tested the correlation
between desiccation tolerance and invasive ability for
both developmental stages.

No positive correlation emerges between desiccation
tolerance (at either adult or juvenile stage) and invasive
ability according to our historical record of Thiarid
invasions in Martinique. This suggests at first glance
that desiccation stress was not a major determinant of
the migration and establishment (or persistence) com-
ponents of invasion. However, our historical records
mainly bear on permanent rivers, which constitute the
bulk of favorable habitats for Thiarids in Martinique.
Given the overall good resistance to drought shown
by Thiarids in this experiment, the degree of desicca-
tion stress experienced in permanent and open habi-
tats (periodic fluctuations in river margins and water
flux) seems insufficient to limit invasion. For this rea-
son, it appeared interesting to investigate the less com-
mon temporary, closed habitats such as ponds that are
considerably affected by drought, and we accordingly
increased our sampling effort in this direction. Three
lines, TG, PAP and MAD, were sufficiently abun-
dant and spatially widespread in Martinique in 2002
in order to compare their distributions among the two
categories of sites. These three lines represent all the



range in desiccation tolerance, for adults as well as
juveniles. Their distributions were highly unbalanced,
as the desiccation-resistant MAD dominate temporary
habitats while the reverse is true in permanent habi-
tats. Symmetrically, the desiccation-sensitive TG dom-
inates permanent habitat while it is nearly absent in
temporary habitats. The repartition of PAP, the line
with intermediate desiccation tolerance, is the most bal-
anced among the two habitat types. Also, in permanent
habitats, TG is the most invasive Thiarid according to
our historical record, while MAD is nearly the less
invasive line and PAP is intermediate. Several biases
could potentially have affected our comparison of dis-
tributions between permanent and temporary habitats.
The first one is spatial autocorrelation. Because inva-
sion is a dynamic process, an invasive taxon taken at a
given time after its introduction in the island, may not
have had sufficient time to reach all parts of the island,
which is problematic because most of our temporary
habitats are located in a single region, that is, the rel-
atively dry southern end of Martinique. Distributions
could actually reflect the date and site of introduction
of different lines rather than their intrinsic ability to
invade different habitats. However, this possibility can
be rejected because these three lines have been intro-
duced more than 10 years ago and have had sufficient
time to reach all parts of the island, as attested by
their presence from the northernmost to the southern-
most sites in 2002 (as well as in the previous years in
our historical record). A second potential problem lies
with metapopulation effects: sites exchange migrants
and are therefore not independent. However, under
the null hypothesis that habitat type plays no role in
relation to invasion, this effect would tend to homoge-
nize the occurrences of the three lines (MAD, PAP and
TG) across habitats rather than to differentiate them.
This is strengthened by the fact that the permanent
rivers, which shelter huge populations, are doubtlessly
the main sources of migrants. Note that, because of
this asymmetry, the abundance of MAD in temporary
habitats could be transient, and, being competitively
excluded by TG and other lines in the predominant
permanent habitats, it could go extinct in all habitats
on the long run. Extinction is currently in process for
the FAL line, which is restricted to three sites in 2002
while it was widespread throughout the island in the
early eighties, before the introduction of the other lines
(Pointier et al. 1993). Whether the advantage of MAD
in temporary habitats will be sufficient for it to avoid
extinction is not known.
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To summarize, our data suggest that relative inva-
sive capacity is dependent on the type of habitat and
that, although desiccation tolerance is not a limiting
factor for Thiarid invasion in general, it does limit the
invasion of habitats most exposed to drought. This is
in agreement with the correlation established for other
molluscs (Machin 1975) between the ability to survive
desiccation and the abundance in temporary habitats,
although it had never been studied in an invasion con-
text. Our study reinforces the growing evidence for
differential invasion according to local characteristics
in aquatic communities (Rosecchi et al. 2001; Hacker
et al. 2001; Miller et al. 2002). For instance, Moyle
and Light (1996) found that the most important factor
determining the success of an invading fish in Cali-
fornia streams and estuaries is the hydrologic regime.
It has traditionally been difficult to tease apart the
roles of the biotic component (e.g., the diversity of
the resident species pool, Case 1990; Tilman 1997;
Levine 2000) and of the match between the biology
of invaders and the physical environment (Fausch et al.
2001; Rossetal. 2001; Holway etal. 2002) in determin-
ing ecosystem-level vulnerability to invasion. More
studies on ecological invasion differentials between
closely related invasive taxa could increase our predic-
tive power on invasions, in addition to the more class-
ical comparisons between invasive and non-invasive
species.
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