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Abstract

The pace of biological invasions has increased in recent decades, leading to multiple
invasions and the potential dominance of invasive species, destabilizing local ecologi-
cal networks. This provides opportunities to study new ecological species interac-
tions, including predation. Tropical freshwaters have been particularly concerned by
aquatic invasions and we focused here on the Martinique island (Lesser Antilles). We
examined the predator-prey relationships involving invasive Thiarid snails (Tarebia
granifera and Melanoides tuberculata) and the native Neritina punctulata, both con-
fronted with a newcomer predator, the redclaw crayfish (Cherax quadricarinatus). We
conducted several mesocosm experiments to assess the impact of crayfish preda-
tion on snail survival and the passive and active antipredator responses of snails. A
first experiment indicated snail survival rates between 50% and 80%, depending on
crayfish size and sex. Notably, there was a negative correlation between snail survival
and male crayfish size and the predation method (shell crushing vs. “body sucking”)
varied with crayfish size. The second experiment suggested no refuge size for snails,
with both very small (<5mm) and very large (>5mm) unable to escape predation, re-
gardless of crayfish size (from 77 to 138 mm) or sex. Finally, we investigated the es-
cape behavior of Thiarids regarding three crayfish cues. Melanoides tuberculata tend
to bury in the substrate and T. granifera to climb up aquarium walls, what was expected
from their shell morphologies, and both responding to crayfish cues within minutes.
Overall, C.quadricarinatus proves to be an efficient snail predator with limited escape
options for snails, potentially contributing to the decline of certain snail populations
in Martinique. This omnivorous predator might impact other native species across dif-
ferent groups, including shrimps and fish. Our study underscores the urgent need for
monitoring efforts, solidifying the redclaw crayfish reputation as a dangerous invasive

species for freshwater macrobenthic faunas worldwide.
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1 | INTRODUCTION

The stability of biological communities is often threatened by
Invasive Alien Species (IAS) because local species have not co-
evolved with them (Chase, 2003; Leibold & Chase, 2018). The
impact of introduced predators in particular is often extremely
negative, because prey may have developed defenses against local
predators, but not against introduced ones. These defenses in-
clude predator recognition through various signals (e.g., chemical),
behavioral escape, and morphological reinforcement (Alexander &
Covich, 1991; Krist, 2002; Vermeij, 1978). Introduced generalist,
high-rank predators often have the strongest impacts because they
affect many local species at a time, potentially destabilizing whole
ecosystems. An iconic example is the Nile perch which strongly de-
pressed the dynamics of numerous cichlid species in large African
lakes (Aloo et al., 2017; Lowe et al., 2000). Several crayfish species
are also among the invaders with strong impacts, able to feed on
mollusks (Haubrock et al., 2021; Herrmann et al., 2022; Sanders &
Mills, 2022), other benthic invertebrates (shrimps, insect larvae;
Ercoli et al., 2015; Mathers et al., 2020; Twardochleb et al., 2013),
and macrophytes (Gherardi & Acquistapace, 2007; Souty-Grosset
et al, 2016).

Biological invasions have become so frequent that it is not
uncommon to witness colonization by successive IAS, a process
sometimes called overinvasion (Dubreuil et al., 2021; Firmat
et al., 2013; Russell et al., 2014). Overinvasions have been widely
documented both at large geographic scales leading to fauna ho-
mogenization (e.g., Soto et al., 2023), or in more local situations
(Dubreuil et al., 2021; James et al., 2016; Linzmaier et al., 2018).
They may lead to predation by IAS on other IAS, potentially
controlling their dynamics or changing their relative abundance
in the community. To predict this impact, one must document
the IAS predation efficiency in its new environment (Chabrerie
et al., 2019; Mack, 2003), and the characteristics of the different
IAS prey, that make them more or less sensitive to predation, in-
cluding morphological and behavioral resistance traits (Chabrerie
et al., 2019; Wisz et al., 2013), or even the habituation to predator
presence (Holomuzki & Hatchett, 1994; Sih et al., 2010).

Aquatic ecosystems have been particularly impacted by IAS
(Cuthbert et al., 2021; Gallardo et al., 2016), often brought by aquar-
ium trade or aquaculture (Gherardi et al., 2008; Nunes et al., 2015;
Rodriguez-Barreras et al., 2020). Freshwaters of tropical islands
are particularly vulnerable, characterized by low species diversity
combined to high endemism, absence of top predators, and there-
fore simple food webs (Nivet et al., 2010) on small areas (Myers
et al., 2000). IAS may end up dominating these communities, as for
example in Puerto Rico (ca. freshwater fish species identified with
only 20% being native; Rodriguez-Barreras et al., 2020). This is also

true of Martinique (Lesser Antilles): its original freshwater fauna of
fish, crustaceans, and snails did not exceed 40-50 species, and it now
counts ca. twice as many (Delannoye et al., 2015; Lim et al., 2002;
authors' data). In particular, two snail species of the family Thiaridae
(Melanoides tuberculata and Tarebia granifera) have been extremely
efficient IAS. Introduced in the late 1970s and early 1990s, re-
spectively, as a consequence of aquarium trade, these two species
now occupy most of Martinique hydrographic network, competing
against each other and with local species (Delannoye et al., 2015;
Dubart et al., 2019; Facon et al., 2008), and making up most of the
benthic animal biomass in Martinican rivers (Dubart, 2019; Facon
et al., 2008; Facon & David, 2006).

A newcomer, the redclaw crayfish Cherax quadricarinatus, could
however change the game. This species represents a new threat
to freshwater ecosystems in the tropics worldwide (Haubrock
et al.,, 2021). Introduced in Martinique for aquaculture purpose
in the early 2000s, it has colonized the major watersheds in a de-
cade through human releases, with densities of up to five individ-
uals per m?, and is characterized by a very large adult size (up to
23cm; Baudry et al., 2020, 2021). Its impact on local communities
has not been studied, but its spread temporally coincides with an
apparent decline of Thiarid populations in some rivers (P. Jarne & P.
David, unpublished data). Crayfish are indeed known as snail pred-
ators (Herrmann et al., 2022; Hofkin et al., 1992; Souty-Grosset
et al., 2016), sometimes strongly driving down local populations (e.g.,
the crayfish Faxonius immunis in several German populations in a few
years; Herrmann et al., 2022). Moreover, Monde et al. (2017) have
documented efficient consumption of M. tuberculata by C. quadricar-
inatus under experimental conditions. However, M. tuberculata often
co-occurs with T.granifera, as well as native snails, in Martinique
rivers, and evaluating how predation affects both species would be
interesting.

Among those traits that may mediate the predator-prey inter-
action is the body size of both predator and prey. Both crayfish and
snails grow indefinitely, and certain size classes of snails may be
inaccessible to or less preferred by small crayfish, serving as “size
refuge” (Ebbestad & Stott, 2008). Crayfish sex may also play a role
as male crayfish are generally larger than females due to a larger
number of molts as adult (Grandjean et al., 1997; Saoud et al., 2013;
Stein, 1976), potentially leading to a greater efficiency in predation.
Another important trait that may mediate the interaction is the abil-
ity of snails to mount behavioral responses to predator presence (or
cue of), such as crawling out of water or burying into the sediment
(Mathers et al., 2022; Ueshima & Yusa, 2015), but these aspects
requires more work. Finally, the shell characteristics may also have
an importance, as a snail with a rounder shell, therefore harder to
handle for a crayfish than a thin, elongated shell, could more easily
escape predation (Krist, 2002).
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We studied the predation behavior of the crayfish C.quadri-
carinatus on three snail species occurring in Martinique (the two
introduced Thiarids T. granifera and M. tuberculata, and the local spe-
cies N.punctulata). We conducted several experiments to address
the following questions: (i) Are the snail species equally exposed
to predation by crayfish, depending on their shell morphology?
(ii) Does predation efficiency increase with crayfish size and sex?
(iii) Are some snail size classes relatively protected from predation
(size refuge)? (iv) Do snails exhibit antipredation behavior (crawl-
ing out or burying) in the presence of predator cues? Based on the
literature, our field observations, and species morphology, we ex-
pected a stronger predation pressure on snails with elongated shells
(Krist, 2002), increased in the presence of large-sized crayfish (and
possibly by male, often larger than females). We also hypothesized
not only that larger shells protect snails from predation (referred to
as “passive escape,” since behavior is not directly involved), but also
that two active behaviors can also play this role (“active escape”):
burial in the sediment in M. tuberculata and crawling-out in T. granif-
era. We finally discuss our results in the context of the management
of freshwater IAS in Martinique. Our study provides new insights
into predator-prey relationships, focusing on a predatory cray-
fish whose range is expanding rapidly in tropical fresh waters, but
whose effects on its prey (here snails) remain poorly documented.
Importantly, we analyzed the impact on several prey species, which
is rarely done in experimental studies, along the whole predation se-
quence, from encounter to prey survival. We show that crayfish size
and sex play a significant role, but that snail survival also depends on
species and shell morphology. Snail species can also different active
behavior to avoid predation.

2 | MATERIALS AND METHODS
2.1 | The species studied

Martinique is a French volcanic island (1128 km?) harboring a dense
hydrographic network, with 70 permanent rivers, fed by numerous
small tributaries. Hydrology is dominated by the rainfall regime, with
a marked rainy season (ca. September to December). These rivers
host a macrobenthic fauna of crustaceans, mollusks, and fish, of
which at least 20 species (on 40-50) have been introduced over the
last half-century (Lim et al., 2002; Pointier, 2008). We considered
here three mollusks species, T. granifera, M. tuberculata, and N. punct-
ulata (Figure 1). The first two species belong to the Thiaridae family
and were introduced in Martinique in the late 1970s and early 1990s,
respectively (Delannoye et al., 2015; Facon et al., 2008; Pointier
et al., 1998). They represent by far the dominant component of mol-
lusks in Martinique freshwaters, both occurring in the majority of
watersheds - their densities vary in time, but can reach 10,000 ind./
m? in both species (Facon et al., 2008; Samadi et al., 1997; P. Jarne
& P. David, unpublished observations). Neritina punctulata, belonging
to the Neritidae family, is naturally present in Martinique and fre-
quently found in the lower reaches of rivers (Delannoye et al., 2015;

Ecology and Evolution 30f15
=t S VY LEY- |2

(b)

()

FIGURE 1 Pictures of the four species studied. (a) The invasive
crayfish Cherax quadricarinatus; (b, c) the introduced snails Tarebia
granifera and Melanoides tuberculata; (d) the native snail Neritina
punctulata. Snail pictures from Delannoye et al. (2015).

Pointier, 2008). Local Gobiidae (small-sized fish) may be occasional
predators on these snails (Nordlie, 1981), but the only serious
predator is the single crayfish from Martinique, C.quadricarinatus
(Figure 1). Originating from Australia, it was introduced in the early
2000s for aquaculture purposes and then colonized Martinique riv-
ers around 2010, through escape or intentional releases and now
occupies more than 20 rivers, including the six main watersheds, in
some cases at high densities (with catch per unit effort >10; Baudry
et al., 2020, 2021). It is unlikely that the snail species studied have
been confronted to C.quadricarinatus, given that the later originates
from Northern Australia (Haubrock et al., 2021), while the introduced
snails are of African/Southern Asian origin (Delannoye et al., 2015).
Moreover, they have been introduced in Martinique several decades
prior to the crayfish invasion. This overall suggests that snails were
“naive” with regard to crayfish predation prior to the rise of C.quad-
ricarinatus. All these species are easy to maintain in the laboratory

under standard conditions.

2.2 | Species sampling and maintenance

The crayfish were captured during two field sessions at the begin-
ning of the study in January 2022 and just before the Prey behavio-
ral responses experiments (see Figure S1 for a timeline of the whole
study). Crayfish sampling was performed in three sites (Galion river at
Bassignac, 14°43'54” N/60°59’4” W; Lézarde river at Saint-Maurice,
14°40'11” N/61°0'1” W; Coulisses river at Saint-Esprit, 14°33'29”
N/60°56'24” W, Figure S2), previously surveyed by Baudry
et al. (2021). Individuals were captured using traps (80x25x25cm,
1x 1cm mesh), baited with cat meatballs. Traps were placed in turbid
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and deep pits, the preferential habitat of C.quadricarinatus, for 24
to 72h (see Baudry et al., 2020). The captured individuals (70 fe-
males and 65 males) were then brought back to the laboratory at
the IFREMER station (Le Robert, Martinique). Prior to and between
experiments, they were maintained in individual pots (3 L) stabilized
with floating board set in 500L tanks (Figure S3) and fed with small
carrot pieces. This device allows each individual to have its own
space, avoiding direct interactions between individuals, including
fights, mutilation, and cannibalism, but sharing water at tank scale.
Crayfish were placed in four identical 500L tanks, with males and fe-
males haphazardly distributed. Pots and tanks were numbered, en-
suring that crayfish were individually identified. Randomization was
ensured by regularly moving individuals among tanks, thus avoiding
possible habituation to a given tank and set of crayfish. The sampling
site was not taken into account in the experiments.

Snails were collected during the same two field sessions than
crayfish, for a total of more than 400 individuals of each species.
Sampling of M.tuberculata and T.granifera was carried out manually
or with a dip net in four sites (the already-mentioned Galion river at
Bassignac and Coulisses river at Saint-Esprit; Petite Pilote river at
Pont Madeleine, 14°29'46” N/60°54'18” W; Grande Pilote river at
Lowinsky, 14°31'0” N/60°52'55” W; Figure S2). These sites harbor
both the crayfish (Baudry et al., 2021) and the targeted snail spe-
cies (unpublished data from P. Jarne & P. David). Neritina punctulata
was sampled using the same method in two sites, Carbet river at
Aqwaland (14°42'54” N; 61°10'7” W) and Lorrain river at Seguineau
(14°49'31” N; 61°2'35” W), and we end up with ca. 200 individu-
als. All snails were brought back to the IFREMER laboratory and
were maintained (each species separately, all sites combined) in 60L
aquariums, equipped with lids to avoid snail escape. Snails were fed
with leaf litter collected in the field.

All aquariums were filled with conditioned tap water and experi-
mental conditions were 25-27°C,pH=7.5,and 12/12 h photoperiod,
close to natural conditions. Water was oxygenated continuously
with a centralized bubbler (Figure S3) and changed every week after
thorough cleaning (brushing and rinsing with tap water and drying
for several days). For the experiments, we used a dedicated set of
aquariums. Aquariums were cleaned (see before) after each experi-
ment, and each experiment was initiated with clean water. Note that
Thiarid snails readily reproduce under such laboratory conditions,
providing G1 individuals that were used in those experiment requir-
ing very small individuals (<ca. 4mm). Such individuals are indeed

not easily captured under natural conditions.

2.3 | Pre-experimental treatment and
measurements

Several measurements (to the nearest mm), classically used in cray-
fish studies (Akmal et al., 2021; Grandjean et al., 1997), were taken,
from each captured crayfish to the nearest mm using a digital caliper:
the total length (TL), the carapace length (CL), the main claw length
(MC), the main claw width (CW) at finger base, and the abdomen

width (Abd; Figure S4). Crayfish were individually monitored, and
each individual was used less than three times in the experiments
described next, and never experiencing the same conditions to avoid
habituation to experimental tests (Haddaway et al., 2012). Before
each experiment, individuals were again sexed (males exhibit a red
spot on claws and copulatory appendices), measured, and weighed
(to the nearest g). Individuals were starved for 4 to 5days prior to
each experimental test.

Four classical measurements were taken on snails captured
during the first sampling period (250 individuals of each Thiarid
species and 200 N.punctulata), using a digital caliper (see Chiu
etal., 2002; Samadi et al., 2000): the shell length (SL) and width (SW),
as well as the length (AL) and width (AW) of the aperture (Figure S4).
These measurements were used for the morphological analysis (see
the Section 2.5. Statistical analysis section), and we then considered
only the shell length before each experiment. Melanoides tuberculata
and T.granifera are parthenogenetic species, essentially constituted
of female individuals, such that sex is not an issue in our experi-
ments. Neritina punctulata considered here do not exhibit sexual di-
morphism, and sex was not considered. Each experimental test was
preceded by a 48-h acclimation phase, during which snails were set

together without predator or predator cue.

2.4 | Predator-prey experiments

We conducted three sets of experiments to investigate various as-
pects of snail-crayfish interactions, including snail mortality under
predation and snail reaction to predation cue.

241 | Predation efficiency

This experiment aimed at investigating the influence of crayfish sex
and size on predation efficiency when several prey species are avail-
able. Thirty replicate aquariums (55x 19 x 39 cm, half-filled with con-
ditioned tap water) were set up (Figure S3), each including 25 snails,
i.e., 10 T.granifera (SL: 8-29 mm), 10 M.tuberculata (SL: 8-22mm),
and 5 N.punctulata (SL: 3-12mm). Less individuals of the latter spe-
cies were included because preliminary observations indicated lim-
ited predation. In nine aquariums, a female crayfish (TL: 51-137 mm)
was introduced 48h later. Eleven aquariums received a male cray-
fish (TL: 95-172 mm). Ten aquariums received no crayfish, serving as
mortality control. Crayfish were removed after 48h, and surviving

mollusks were counted and measured.

2.4.2 | Minimum and maximum prey size

This experiment aimed at estimating the minimum and maximum
size of snails (T. granifera and M. tuberculata) that can be predated by
crayfish. Trials were conducted separately for two species and two
size classes, with 10 replicates per trial (40 in total). Each replicate
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included five snails, for a total of 200 studied individuals. Trials were
conducted in the same type of aquariums as those described earlier.
Snails were introduced in aquariums for 48 h prior to testing, and tri-
als last for 24 h. Tests on both minimum and maximum sizes included
five snails. For the minimum size, we used individuals with SL<5mm.
For maximum size, the size range (SL: 19-30mm in T.granifera and
15-21 mm in M. tuberculata) was based on observations from natural
populations. A single crayfish was introduced per aquarium - we did
not evaluate the effect of crayfish sex in this experiment, and indi-
viduals were drawn at random in a group with a balanced sex ratio
(TL: 77-138mm). The crayfish were removed after 24 h, and snail
mortality was evaluated. We initially intended to then sequentially
increase (for minimum size) and decrease (for maximum size) the size
of snail prey, but all snails with length smaller than 5mm were eaten
in the first trials and only three (out of 100) larger than 15 mm (con-
fronted with small crayfish, between 77 and 90mm) survived, and
we therefore stopped the experiment.

2.4.3 | Prey behavioral responses

The last set of experiments aimed at analyzing the predator avoid-
ance behavior of Thiarids (T. granifera and M. tuberculata) in response
to different stresses (predator cue, predator presence, and dead
conspecifics). Each stress was tested separately in aquariums filled
with 5cm of sand gravel type substrate and 20cm of water. No size
class (for crayfish and mollusks) or sex restrictions (for crayfish) were
applied, and the individuals used in this experiment reflect the size
classes mostly found in Martinique rivers, i.e., adult snails with SL
longer than 10 mm and crayfish between 65 and 150 mm. This means
that we assumed, as no direct contact occurred, that crayfish indi-
viduals of all sizes would induce the same response in snails through
the same signal. For the three tested stresses, the experimental
snails were set haphazardly on the aquarium sandy bottom, and we
monitored their position, either as “on the wall” (meaning vertical
migration) or “buried in the sand.” This was done every 15min for
1h 30min after their introduction. In the three sets of experiments,
20 snails were introduced per aquarium (T.granifera, SL: 10-25mm;
M.tuberculata, SL: 12-21mm), and the test was performed in 10
aquariums per species. Ten aquariums per species served as control:
the same protocol was applied without crayfish cue. Note that in the
absence of stress, individuals of both species generally forage on the
aquarium ground (sand). Each set of experiments therefore included
40 aquariums (120 in total).

Chemical stress - prior to the test, a single crayfish was placed
for 7days in each experimental aquarium, leaving ample time to emit
chemical signals, and removed before introducing the 20 snails.

Physical presence of crayfish - A single crayfish was introduced
per aquarium for 30 min and then caged, preventing any direct cray-
fish-snail contact (Figure S5), before introducing the 20 snails. Each
crayfish was placed in a pot, allowing it to be mobile and possibly
adding further cues of its presence to snails, such as water move-
ment and sound.
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Dead conspecifics - five conspecific individuals were manually
crushed and set in each aquarium, before introducing the 20 snails.
Snails are known to be sensitive to this stimulus, with responses
highlighted in many studies in the literature (Covich et al., 1994;
Hayashi & Sugiura, 2021).

2.5 | Statistical analysis

All statistical and graphical analyses were performed in the R envi-
ronment (R v4.0.2; R Development Core Team, 2023). Before each
statistical treatment, when appropriate, data normality and variance
homogeneity were verified using Shapiro-Wilk and Bartlett tests,
respectively.

We first analyzed morphometric variation between sex (cray-
fish) and species (snails) and searched for correlations between
morphometric variables based on a principal component anal-
ysis (PCA) using the FactoMineR (Lé et al., 2008) and factoextra
(Kassambara & Mundt, 2020) packages. The eigenvalues were
extracted using the get_eigenvalue() function and the correlation
between the different morphometric variables was investigated
using the fviz_pca_var() function. Individuals were projected on the
factorial axes using the fviz_pca_ind() function. Sexual dimorphism
in crayfish morphology was analyzed using a linear mixed model
(LMM), regressing main claw size (MC) on total crayfish length (TL)
(as random effect) considering sex as a fixed effect. Variances in
TL measurements from female and male crayfish were compared
using a Bartlett's K? test. MC/TL ratio was calculated in crayfish
and sex influence was tested using a Student t test with unequal
variance distribution. Interspecific variation in snail shell shape was
analyzed using the classical SW/SL ratio (+SD [standard deviation])
which evaluates shell “rotundity.” Spherical shells have ratios tend-
ing toward 1, while low ratios indicate elongated shells. The influ-
ence of SL on SW was analyzed based on a LM and an analysis of
variance (ANOVA), considering species (T.granifera, M.tuberculata,
or N.punctulata) as fixed effect.

Survival in the first experiment (“Predation efficiency”) was ana-
lyzed using a generalized linear mixed model (GLMM) with a binomial
distribution (number of dead vs. alive snails) and logit link, consider-
ing three fixed effects (crayfish sex, crayfish size, and snail species),
adding aquarium as a random effect to account for overdispersion.
Significance tests were made using likelihood ratio tests (LRTs) and
results were expressed with a chi-squared test ()(2) and p value. The
behavioral response of snails to the three stresses in these experi-
ments (“Prey behavioral response”), by comparison to the controls
(without predator), were also analyzed using a binomial GLMM - we
indeed observed two behaviors in each species per experimental
condition: crawling on the ground and on the wall in both controls
and in T. granifera with predation, and burying in the sand and crawl-
ing on the wall in M.tuberculata with predation. Snail species was
considered as a fixed effect, and we added aquarium as a random
effect as previously. Preliminary data analysis indicated that snail re-
sponse (e.g., ratio of individuals on the wall) reached a plateau after
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1h (out of 90 min observation), and the GLMM was run on the values
at this time point. Results were reported with the associated chi-
squared tests for all stresses versus control condition comparison,
and then each stress (chemical, physical, and dead conspecifics) was
compared to control condition, using a z test (z).

3 | RESULTS

3.1 | Morphometry

The morphometric analysis in crayfish indicated a strong sex di-
morphism for all six measurements (Table S2A), especially regard-
ing the main claw size (Figure Sé, Table S1). For example, the mean
size in males was 123.6 mm versus 94.5mm in females, with males
2.5 times heavier than females. The PCA showed a positive correla-
tion between all measurements (Figure 2a), with notably almost 90%
of the variance expressed on axis 1. Unsurprisingly, TL shows the

strongest correlation with this axis.
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A sex differentiation in morphometry is also clearly visible
(Figure 2b), with males showing more variation than females and
reaching larger maximal sizes (Bartlett's K?=17.085, p<.001).
Interestingly the correlation between MC and TL (p<.001 in both
sexes; Figure S6, Table S1) did not exhibit the same slope and is
steeper in males than in females, with ratio MC/TL significantly
lower for females than males (respectively 0.29 vs. 0.35; t=-5.9,
p<.001).

In snails, almost 62% of the explained variance was captured by
the first principal component, and 27% by the second (Figure 2c).
PC1 was positively correlated to all measurements (reflecting vari-
ation in overall size), while PC2 was a shape component opposing
relatively wider shells and apertures to relatively elongated ones
(positive correlation with SW and AW; negative with SL and AL).
On the first factorial plane, Thiarids were clearly separated from
N.punctulata (elongated vs. rotund shells), as were T.granifera and
M.tuberculata, though to a lesser extent (Figure 2d). SL was sig-
nificantly correlated to SW (Fly499=1478.18, p<.001), with strong
species differences (F1,499:640.67, p<.001): M.tuberculata indeed

Female
Male

0 4 8

Dim1 (88.5%)

| ® J Melanoides tuberculata
Neritina punctulata
| W | Tarebia granifera

0 5
Dim1 (61.7%)

FIGURE 2 Firsttwo axes of a principal component analysis on morphometric measurements in crayfish and snails. (a) First factorial
plane in crayfish with 88.5% of variation on axis 1. (b) Distribution of crayfish individuals according to sex (female as blue dots and male as
orange triangles) with concentration ellipses (0.95 confidence interval). (c) First factorial plane in snails with 61.7% of variation on axis 1. (d)
Distribution of snail individuals according to species (Melanoides tuberculata in green, Neritina punctulata in yellow, and Tarebia granifera in
red) with concentration ellipses (0.95 confidence interval). Centroids for each concentration ellipses were highlighted with a cross, of the

dedicated color.
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displayed a low shape index (0.31+0.05), with a homogeneous
distribution of points, reflecting an elongated and narrow shape,
while N.punctulata presented higher values (0.75+0.07), reflecting
a rather spherical shape (Figure S7). Tarebia granifera had an inter-
mediate shape (0.46+0.08), reflecting a moderately elongated and
stocky shape (Figure S7).

3.2 | Crayfish predation and snail survival

No snail died in the control treatment. The mean snail survival pro-
portion, in the presence of crayfish, was 0.64 +0.21 (SD), but varied
with crayfish sex and size and with snail species. With female cray-
fish, survival proportion was 0.78 +0.10 over all snail species, much
higher than the value observed with male crayfish (0.53+0.22). It
was also significantly higher in N.punctulata (0.815+0.215) based
on aLRT (p=.004) and the GLMM on survival was therefore run only
in Thiarids (Table 1). No effect of the Thiarid species alone, neither

TABLE 1 Results of the generalized
linear mixed model (GLMM) performed
to investigate the influence of three All
fixed effects (crayfish sex, crayfish size,

and snail species), adding aquarium as a

random effect, on snail survival.

Data

Crayfish (male)
Crayfish (female)
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combined with crayfish size, crayfish sex, or with both crayfish size
and crayfish sex was found (Table 1). Nevertheless, we detected an
interaction between crayfish size and sex (Table 1, Figure 3), and
therefore analyzed data separately according to crayfish sex. No
variation in snail survival occurred with crayfish size in females,
while survival was on average lower and markedly decreased with
size in the presence of males (Table 1), with an estimated survival
decreasing from ca. 0.7 to almost 0.1 over the size range of males
(Figure 3).

We then tested whether snails can passively escape predation
when they are too small or too large (“size refuge”). In the absence
of shelters, no such escape seems possible: in both trials, all snail in-
dividuals were killed (“minimum size” tests) and only three stay alive
(“maximum size” tests) within the 24 h of the trial. These three snails
(>15mm) had indeed been confronted to relatively small crayfish
(«90mm) that tried to attack their shell, but failed to consume them.
Considering this attack behavior and that all crayfish over 110mm
attacked and killed snails (>15mm), we tentatively conclude that no

Fixed effects 22 p
Crayfish size x crayfish sex x prey species 0.98 .32
Crayfish size x crayfish sex 4.32 .037
Crayfish size x prey species 1.13 .29
Crayfish sex x prey species 0.1 .75
Prey species 0.77 .38
Crayfish size 5.68 .017
Crayfish size 0.16 .68

Note: Data include only Thiarids as Neritina punctulata was not efficiently predated. Likelihood
ratio test (LRT) is provided for Thiarids survival (both Melanoides tuberculata and Tarebia granifera
combined). Given the significant interaction between crayfish size and sex, and the lack of prey
species effect, we tested the crayfish size effect separately for each sex, combining the two prey

species.
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FIGURE 4 Proportion of Thiarids snails (Melanoides tuberculata in red and Tarebia granifera in green) on the aquarium walls as a function
of time in the “prey escape behavior” experiments. (a) Control condition (no stress). (b) Crayfish odor in the aquariums as stress. (c) Caged
crayfish as stress. (d) Presence of dead (freshly crushed) conspecifics as predator cue. Regression curves were smoothed using the LOESS

method (0.95 Cl in gray shade).

“absolute” refuge size exists. Qualitatively, we observed that cray-
fish predation strategy seemed size dependent (for both prey and
predator). Mollusks smaller than 5mm were all fully crushed and
consumed by crayfish of all size. Additionally, crayfish over 110 mm
were able to crush the shell and consume large snail prey (>15mm)
by reaching directly into the snail body, whereas smaller crayfish
only left traces of attack on shells, with sometimes the shell emptied,
after the operculum was torn off. When we were able to observe
attacks, smaller crayfish tended to grasp the shell and use their man-
dibles to pull out the soft parts (“sucking” the body).

3.3 | Prey behavioral responses

The strategies adopted by snails in these trials are presented in
Figure 4. In the control condition (Figure 4a), snails from both

species mostly forage on the surface of the substrate and rarely
crawled on the wall (e.g., one individual in T.granifera at 30 min, two
in both species at 60min, two in M. tuberculata at 75min, and one in
both species at 90min). In the presence of predation cues or caged
predator, T.granifera individuals mostly climbed up the walls, though
a few keep crawling on the ground. The answer in M. tuberculata was
mostly burrowing in the sand, with some individuals climbing on
the walls. “Snails on the wall” was therefore used to quantify snail
response in both species (Figure 4). In the three stress conditions,
T.granifera tended to escape the aquarium ground, while M. tuber-
culata buried into the sandy ground (Figure 4b-d, Table 2). The be-
haviors reached a plateau after 60 min (Figure 4), and considering
species differential behavior we analyzed species separately using
values at this time point. We observed a marked effect of stress
for both species, but the two species behaves differentially under
the three stresses (Figure 4, Table 2): T.granifera seemed to react
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TABLE 2 Results of the GLMM

investigating the effects of species

(Tarebia granifera or Melanoides All
tuberculata) and stress (chemical cue,
physical presence of crayfish, and dead
conspecifics) on the snail behavioral
responses, after 60 min of experiment.

Data

Tarebia granifera

Melanoides tuberculata
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Fixed effects Statistics p
Species x stress X34 =22.45 <.001
Stress X34 =57.07 <.001
Chemical vs. control z=7.198 <.001
Physical vs. control z=8.512 <.001
Dead conspecifics vs. z=7.197 <.001
control

Stress X34 =21.69 <.001
Chemical vs. control z=0.539 .59
Physical vs. control z=4.009 <.001
Dead conspecifics vs. z=1.461 14

control

Note: Because of the significant interaction, the effect of stress was tested separately in the two
snail species. For each species, the different stress stimuli are compared to control condition using

z test.

significantly to all stresses compared to control condition, while
M.tuberculata significantly climbed up along the wall only in the
presence of the crayfish (physical stress) with no effect for chemical
and dead conspecifics stress (Table 2).

For the chemical stress, 16% of T.granifera individuals have mi-
grated vertically along the wall after 15min, and more than 50%
after 45min (Figure 4b). Conversely, most M. tuberculata individuals
buried themselves very fast in the substrate until the end of the ex-
periment (Figure 4b). For the stress induced by the physical presence
of the predator (caged C. quadricarinatus), the movements observed
in T.granifera are the same as in the previous experiment (Figure 4c).
In this situation, some vertical movements were observed in M. tu-
berculata individuals, reaching a fraction of 25% of individuals after
90min (Figure 4c). The responses under the last stress (dead con-
specifics) were similar than with the other stresses in T. granifera, and
intermediate between the responses to the two other stresses in
M. tuberculata, with ca. 10% migrating up the walls, while the other
stayed buried (Figure 4d).

4 | DISCUSSION

We investigated the predator-prey relationship between the inva-
sive redclaw crayfish (C.quadricarinatus) and several snail species
co-occurring in Martinique rivers (two invasive, T.granifera and
M.tuberculata, and the endemic N.punctulata) through laboratory
experiments. In the following section, we discuss our results fol-
lowing the temporal sequence going from crayfish-snail encoun-
ter to snail survival following encounter. More specifically, we first
discuss escape strategies in snails that aim at avoiding confronta-
tion with crayfish. We then consider how both prey and predator
phenotypes (e.g., size) affect the outcome of the interaction, i.e.,
passive avoidance of predators by prey and efficient strategies
in predators to detect and consume prey. Third, we discuss dif-
ferential snail survival depending on both snail species and cray-
fish size and sex. These elements provide hints to explain/predict

the collapse of snail populations in Martinique and the success of

C.quadricarinatus.

4.1 | Snail behavioral responses

Predation is one of the strongest selective pressures, and prey face this
threat by developing antipredatory responses, first to reduce the prob-
ability of encountering predators (Alexander & Covich, 1991; Lakowitz
etal., 2008). Active escape in slow movers such as gastropods is not an
efficient strategy against mobile predators such as crayfish at a short
distance, but snails can also detect cues (kairomones) at a long distance
in the water. These signals can have different sources and nature: di-
rectly through the presence, current or past, of the predator, called
“chemical signals,” or alarm signals from conspecifics killed by preda-
tion (Alexander & Covich, 1991; Lakowitz et al., 2008; Sih et al., 2010).
Little is known about the detection mechanism of these cues, but a
recent study highlighted that predator (the crayfish Faxonius virilis) rec-
ognition was rapidly learned by predator-naive snails (Lymnaea stagna-
lis), but not transmitted to successive generations. Moreover, the time
before responses was lower for predator-experienced snails (Batabyal
& Lukowiak, 2022; Tariel-Adam et al., 2023).

Two snail behaviors have been described in experimental stud-
ies as a reaction to these signals: crawling out along the wall up to
(or over) the waterline and burrowing into the sediment (Covich
et al., 1994; Hayashi & Sugiura, 2021; Mathers et al., 2022; Ueshima
& Yusa, 2015), with differences depending on both prey species
and signal. For example, Ueshima and Yusa (2015) and Hayashi and
Sugiura (2021) showed a quick response to an alarm signal from dead
conspecifics, which was also promoted in the presence of the pred-
ator. These two distinct behaviors are also possibly linked to prey
morphological characteristics: gastropod species that have a good
ability to cling to a substrate (e.g., more spherical shells and powerful
foot) tend to climb up this substrate, while species with elongated
shells tend to bury into the sediment (Alexander & Covich, 1991;
Turner, 1996).
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Our results are consistent with these expectations. Snails from
both Thiarid species were indeed able to detect the three signals
(chemical from physical presence of crayfish, past presence of cray-
fish, and dead conspecifics), displaying behaviors differing from the
control condition (without predator). At the beginning of the exper-
iments, as well as during control experiments, individuals foraged
on the sandy bottom. Any of the three stresses induced behavioral
escape responses, as soon as 15 min after experiment initiation. The
snail species with the more rotund and thick shell (T. granifera) imme-
diately tried to climb up the aquarium walls, up to the waterline and
sometimes above, while those with the more elongated shell (M. tu-
berculata) buried into the sand, in line with the abovementioned
trend (Alexander & Covich, 1991; Turner, 1996). No significant dif-
ference was observed between the three stress conditions, except
for the physical presence of C.quadricarinatus, that seemed to mod-
ify slightly the escape strategy of M.tuberculata, with more individ-
uals (of both species) attempting to climb up the walls. Interestingly,
these findings are consistent with field observations in Martinique
rivers, where T.granifera are mostly found on rocks, often near the
water surface and M.tuberculata more frequently in the sediment,
or in dense algal beds (author's unpublished observations). These
escape behaviors are also observed in these two species when the
water current rises to extreme levels during flood (P. Jarne & P. David,
unpublished observations), which occurs on a periodic basis in the
tropical waters of Martinique. They therefore belong to generalist
escape behaviors in freshwater snails serving as response to a wide
range of environmental (biotic and abiotic) perturbation (Grudemo &
Bohlin, 2000; Haubois et al., 2005; Orvain & Sauriau, 2002).

4.2 | Shell morphology and predator attack

In addition to passive avoidance behaviors, gastropods can also
rely on their armor (shell) as a passive way to defend themselves
against predators (Vermeij, 1987). Indeed, the shape, thickness/
resistance, and ornamentation of shells affect predation efficiency
and gastropod survival (Krist, 2002). For example, a more rotund
and smoother shell may make it harder for crayfish predators to
handle it (but easier to swallow it for predators such as fish), and
thicker shells is an efficient defense against crushing predators
(Dickey & McCarthy, 2007; Miranda et al., 2016). As an example,
Alexander and Covich (1991) showed a tendency for Procambarus
simulans to abandon prey too long to handle (Physella virgata), be-
cause of their smooth structure lacking structural relief, in favor
of prey easier to apprehend (Physella viruta), with a thinner and
elongated spiral shell. We indeed observe that crayfish predation
was far less efficient in N.punctulata, characterized by a rotund,
smooth, and heavy shell, than in Thiarids, with more elongated,
rugged, and light shells. The two Thiarid species also differ in
shell shape, with more elongated shells in M.tuberculata than in
T.granifera (Samadi et al., 2000). Shells are also thicker in T. grani-
fera than in M.tuberculata, with a resistance to crushing in adults
that is almost three times higher, as shown by Miranda et al. (2016)

based on an experimental approach with an apparatus measuring
shell resistance. These authors suggested that this might ensure
an advantage in the former species when confronted with a crab
predator. Using a more direct approach (i.e., with a living predator)
and after confirming that the two species differ in morphology, we
showed that shell resistance does not affect differentially survival
in the two snail species when confronted with C.quadricarinatus.
This predator seems strong and large enough to “easily” perform
deadly attacks on the Thiarids present in Martinique - confirming
its growing reputation of dangerous invasive species for freshwa-
ter macrobenthic faunas worldwide (Haubrock et al., 2021).

We also note that crayfish do not only rely on shell crushing to
feed on snails. Alternative approaches are indeed used when cray-
fish are not strong enough (here, young females and juveniles).
Crayfish use chelipeds (i.e., main claws) to crush snail shells, but they
can as well empty shells by tearing off snail operculum with their
mandible, while holding shells with their first two pairs of pereio-
pods. The latter (“sucking”) behavior has been observed in at least
two decapods species, the crayfish Faxonius rusticus feeding on the
freshwater mussel Dreissena polymorpha (Perry et al., 1997) and the
Japanese spiny lobster (Panulirus japonicus) on two marine gastro-
pods (Chlorostoma argyrostoma and Lunella coreensis; Takahashi
et al., 1995). This is what we repeatedly observed here, especially
in small crayfish (<100mm) confronted with large snails (>15mm).
This strategy may explain why crayfish do not seem to be affected
by differences in shell resistance between our two Thiarid species,
since they can always remove them from the substrate and eat them
without crushing. This is not possible with the native N.punctulata
though, because the latter is both very difficult to crush and to re-
move from the substrate.

4.3 | Predation pressure of Cherax quadricarinatus

Our results suggested a strong negative impact of C.quadricarinatus
on snail survival, with a mean survival of 64% (compared to no mor-
tality in controls), in our experiments. These results are consistent
with those from previous studies which have reported strong effect
of invasive crayfish on gastropods, for example, Hofkin et al. (1992)
and Souty-Grosset et al. (2016) with the crayfish Procambarus clarkii.
Closer to our study, Monde et al. (2017) showed that predation by
adult C.quadricarinatus may lead to no survival at all in M. tuberculata
(100 individuals consumed over 7 days in controlled conditions). This
high predation pressure in aquarium experiments may be linked to
an absence of “refuge” size, demonstrated in our experiments: very
small (<5mm) or large (>15mm) snails were indeed efficiently eaten
by crayfish. The “refuge size” concept is very difficult to general-
ize, because it depends not only on both prey and predator species
(whether crayfish or other taxa), but also on experimental or envi-
ronmental conditions (see Covich, 2010). It might even not apply
here, since C.quadricarinatus is an efficient predator given its large
size, even for “normal” individuals, and at least two possible preda-
tion behavior (crushing and sucking; see before).
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However, numerous factors can affect snail survival, including
crayfish sex and size and the diversity of prey. In our experiments,
male C.quadricarinatus were significantly more efficient predators
than females (50% vs. 80% snail survival, irrespective of Thiarid spe-
cies). This is consistent with previous results (Barbaresi et al., 2004;
Garvey & Stein, 1993), and might be due to a strong sexual dimor-
phism in crayfish and different physiological processes between
sexes (i.e., reproduction and growth) leading to different dietary
requirements (Stein, 1976). Male crayfish grow faster than females
and reach larger sizes, resulting in more frequent molting episodes
and therefore higher food requirements (Jones, 1990). This has
been observed in C.quadricarinatus (Haubrock et al., 2021) and in
the cogeneric species Cherax destructor (Biro et al., 2014). The lat-
ter also display more active exploratory behavior leading to larger
energy expenses. However, female redclaw crayfish may also have
high food requirements during specific stages of the life cycle, es-
pecially reproduction (Ghanawi & Saoud, 2012; Saoud et al., 2012),
but females were not at this stage in our experiments. A difficulty
when assessing the sex effect on mortality is the strong sexual di-
morphism in C. quadricarinatus - a classical issue in crayfish (see, e.g.,
Grandjean et al., 1997; Stein, 1976). Size indeed had a strong effect in
males with snail survival falling from 70% in the presence of crayfish
smaller than 100mm to about 20% with large crayfish (>150 mm).
No such effect was detected in females with snail survival approxi-
mately constant over the tested size range in crayfish (51-137 mm).
A final factor that may affect predation efficiency here is the di-
versity of prey. Predator efficiency is often evaluated with a single
prey species (Alexander & Covich, 1991; Nystrom & Pérez, 1998),
though prey choice is prevalent in nature. Not only dietary require-
ments may differ with ontogenetic stages, size, and sex in crayfish,
but also aptitude to access to food and to consume it, explaining
possible switches in diet along the life cycle (Guan & Wiles, 1998;
Jackson et al., 2017) - C.quadricarinatus indeed is more of an om-
nivore than a strict carnivore. We detected clear differences in sur-
vival between N.punctulata and Thiarids, but not between the two
Thiarid species (T.granifera and M.tuberculata), suggesting no prey
preference. Whether this applies to other food sources should be
further studied.

Overall, crayfish sex (and size in males) was the main predic-
tor of Thiarid snail survival, probably because males have stronger
claws and handle snails more efficiently. Further studies might ana-
lyze in more details the intake rate of crayfish as a function of food
(snail) density - in other words, determine Holling's type functional
responses (Holling, 1959) - according to sex, size, and prey diver-
sity, as, for example, done by Haddaway et al. (2012) in two crayfish
species (the native European species Austropotamobius pallipes and
the invasive North American Pacifastacus leniusculus). This would
be useful for better understanding not only the compromise be-
tween energy supply (assimilated food mass) and the energy cost
induced for predation at individual level, but also the population
dynamics of crayfish depending on available snail prey (Haddaway
etal, 2012).
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4.4 | Caveats about our experiments

We conducted experiments to explore various sides of predator-
prey interactions under artificial mesocosm conditions (e.g., small
size mesocosms, no current, no rocks for hiding in snails). An impor-
tant question, therefore, is how our results can be used to under-
stand predator-prey interactions in Martinique rivers - a question
that falls within the much broader framework of the respective in-
terest of experimental approaches in the laboratory and under natu-
ral conditions in ecology (e.g., Diamond, 1983). We argue that our
artificial conditions allow to evaluate the predation potential over
a short period and its potential impact on dense snail populations
when a new efficient predator is introduced. We considered a hid-
ing option (burying in the sediment) and an escape option (climbing
up the walls) for snails that have actually been observed in previous
studies (Alexander & Covich, 1991; Turner, 1996) and in Martinique
rivers (P. Jarne & P. David, unpublished observations). Including
rocks, which can serve as refuges and are making a good part of the
natural habitat, is an open possibility for further experiments. Note
though that even when crayfish occur at high density, snails must
forage to feed and risk being predated, so refuges are not absolute
guarantees against predation. A second issue is that crayfish have
access to other food sources in these habitats, presumably reduc-
ing predation risk by these omnivorous feeders. A last point is that
the highest densities of both Thiarid species are observed near river
bank, where the current is minimal. Testing predation in experimen-
tal conditions with current is therefore not necessarily compulsory.
Further work is certainly required to assess the impact of crayfish on
snail populations in Martinique, especially on the decline of T. grani-
fera in many watersheds in the absence of other predators (P. Jarne
& P. David, unpublished observations). Long-term monitoring, mod-
eling of population demography, and field experiments (e.g., using
enclosures) are certainly required to progress in our understanding
of these prey-predator relationships, as has been called in general
for invasive species (see, e.g., Kueffer et al., 2013).

5 | CONCLUSION AND IMPLICATIONS
FOR CONSERVATION

Successive invasions have put together several IAS belonging to dif-
ferent trophic levels in the freshwater ecosystems in Martinique,
the (predator) crayfish C.quadricarinatus, and the (prey) snails M. tu-
berculata and T.granifera. Both snail species showed escape capac-
ity, which does not seem enough to avoid high mortality as soon
as the snail is found by a hungry crayfish, especially in encounters
with large male crayfish. Of course, our experimental setups prob-
ably resulted in higher predation rates than in nature, where the
snails are not locked in a small aquarium together with their enemy.
However, while Thiarids have been present for more than 40years
in Martinique, sometimes at very high densities, essentially lim-

ited by inter- and intraspecific competition (Facon et al., 2008;
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Pointier, 1993), our data definitely suggest that the arrival of C. quad-
ricarinatus may change the game, possibly leading to demographic
bust in these snails, and to demographic fast increase (boom) in this
crayfish (see Strayer et al., 2017 for a review on boom-bust dynam-
ics in invasive species). An open question is whether C.quadricari-
natus may also impact local species, some of them having both low
occurrence and low density (Delannoye et al., 2015; P. Jarne & P.
David, unpublished data). Herrmann et al. (2022) indeed correlated
the collapse of mollusks populations of several species, including
endangered ones, in Germany, in the 7 years following the introduc-
tion of the invasive crayfish F.immunis. Considering these alarm-
ing observations and the relatively low richness of the Martinique
freshwater ecosystems (i.e., not only 11 native mollusks species, but
also 21 native fish and 13 native decapods species, some of which
may serve as prey for C.quadricarinatus) (Delannoye et al., 2015; Lim
et al.,, 2002), there is an urgent need to monitor the dynamics of
redclaw crayfish. Invasive crayfish are well-known to be difficult to
control once the first populations have settled (Aquiloni et al., 2010;
Gherardi et al., 2011). Strategies have to be developed to limit
C.quadricarinatus expansion in Martinique and preserve the unin-
vaded streams, based on biomonitoring with early detection method
(e.g., environmental DNA; Taberlet et al., 2018), to quickly act in case
of new invasion (Baudry et al., 2021).

AUTHOR CONTRIBUTIONS

Thomas Baudry: Conceptualization (lead); data curation (equal);
formal analysis (equal); funding acquisition (equal); methodology
(lead); software (equal); supervision (supporting); validation (equal);
visualization (equal); writing - original draft (lead); writing - review
and editing (equal). Lola Millet: Data curation (equal); formal analysis
(equal); investigation (lead); validation (equal); visualization (equal);
writing - review and editing (equal). Philippe Jarne: Formal analysis
(equal); methodology (supporting); validation (equal); visualization
(equal); writing - review and editing (equal). Patrice David: Formal
analysis (equal); software (equal); validation (equal); visualization
(equal); writing - review and editing (equal). Frédéric Grandjean:
Conceptualization (supporting); funding acquisition (equal); method-
ology (supporting); project administration (lead); supervision (lead);
validation (equal); visualization (equal); writing - review and editing

(equal).

ACKNOWLEDGMENTS

We warmly thank the IFREMER station, at Le Robert in Martinique,
for hosting our experiments and providing all the required equip-
ment, especially its director Emmanuel Thouard, as well as Alexandre
Arqué (Office de I'Eau de Martinique; ODE) and Jean-Pierre Gout
(Direction de I'Environnement, de I'Aménagement et du Logement
de Martinique; DEAL) for help with both field work and project
management. This work was funded by the Office Francais pour la
Biodiversité (OFB) (No. 20.0695) in the course of the PhD work of TB
at the University of Poitiers, funded by ODE and DEAL. PJ and PD's
work in Martinique is funded by OSU OREME (Montpellier), ODE
Martinique, and CNRS INEE.

CONFLICT OF INTEREST STATEMENT
The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-

ence the work reported in this article.

DATA AVAILABILITY STATEMENT

All data generated or analyzed during this study are included in this
published article (and its supplementary information files Data S1
and S2) and additional information and data are available from the

corresponding author upon reasonable request.

ORCID

Thomas Baudry "= https://orcid.org/0000-0001-5699-6837

REFERENCES

Akmal, S. G., Santoso, A., Yonvitner, Y., Yuliana, E., & Patoka, J. (2021).
Redclaw crayfish (Cherax quadricarinatus): Spatial distribution and
dispersal pattern in Java, Indonesia. Knowledge and Management
of Aquatic Ecosystems, 422, 16. https://doi.org/10.1051/kmae/
2021015

Alexander, J. E., & Covich, A. P. (1991). Predator avoidance by the fresh-
water snail Physella virgata in response to the crayfish Procambarus
simulans. Oecologia, 87, 435-442. https://doi.org/10.1007/BF006
34603

Aloo, P. A., Njiru, J., Balirwa, J. S., & Nyamweya, C. S. (2017). Impacts of
Nile perch, Lates niloticus, introduction on the ecology, economy
and conservation of Lake Victoria, East Africa. Lakes & Reservoirs:
Science, Policy & Management, 22, 320-333. https://doi.org/10.
1111/Ire. 12192

Aquiloni, L., Brusconi, S., Cecchinelli, E., Tricarico, E., Mazza, G., Paglianti,
A., & Gherardi, F. (2010). Biological control of invasive populations
of crayfish: The European eel (Anguilla anguilla) as a predator of
Procambarus clarkii. Biological Invasions, 12, 3817-3824. https://doi.
org/10.1007/s10530-010-9774-z

Barbaresi, S., Santini, G., Tricarico, E., & Gherardi, F. (2004). Ranging be-
haviour of the invasive crayfish, Procambarus clarkii (Girard). Journal
of Natural History, 38, 2821-2832. https://doi.org/10.1080/00222
930410001663308

Batabyal, A., & Lukowiak, K. (2022). Tracking the path of predator recog-
nition in a predator-naive population of the pond snail. Behavioral
Ecology, 34, 125-135. https://doi.org/10.1093/beheco/arac107

Baudry, T., Becking, T., Go(t, J. P,, Arqué, A., Gan, H. M., Austin, C. M.,
Delaunay, C., Smith-Ravin, J., Roques, J. A. C., & Grandjean, F.
(2020). Invasion and distribution of the redclaw crayfish, Cherax
quadricarinatus, in Martinique. Knowledge and Management of
Aquatic Ecosystems, 421, 50. https://doi.org/10.1051/kmae/
2020041

Baudry, T., Mauvisseau, Q., Godt, J., Arqué, A., Delaunay, C., Smith-ravin,
J., & Sweet, M. (2021). Mapping a super-invader in a biodiversity
hotspot, an eDNA-based success story. Ecological Indicators, 126,
107637. https://doi.org/10.1016/j.ecolind.2021.107637

Biro, P. A., Adriaenssens, B., & Sampson, P. (2014). Individual and sex-
specific differences in intrinsic growth rate covary with consistent
individual differences in behaviour. Journal of Animal Ecology, 83,
1186-1195. https://doi.org/10.1111/1365-2656.12210

Chabrerie, O., Massol, F., Facon, B., Thevenoux, R., Hess, M., Ulmer, R.,
Pantel, J., Braschi, J., Amsellem, L., Baltora-Rosset, S., Tasiemski, A.,
Grandjean, F., Gibert, P., Chauvat, M., Affre, L., Thiébaut, G., Viard,
F., Forey, E., Folcher, L., ... Renault, D. (2019). Biological invasion
theories: Merging perspectives from population, community and
ecosystem scales. Preprints 2019, 2019100327. https://doi.org/10.
20944 /preprints201910.0327.v1

85U8017 SUOWIWIOD BAEa.D 3|t jdde aup Aq peusenob e sajole VO ‘88N Jo sa|ni 1oy Ariq18UIUO AB]1/ UO (SUOIIPUOD-PUe-SLLBYLIOD A 1M ALelq 1 Bu [Uo//:Sdny) SUONIpUOD pue swie 1 8y} 89S *[202/20/60] Uo ARiqiauljuo /8|1 ‘soueld aueiyood Aq TETTT €899/200T OT/I0p/wod A8 | Arelq1jeujuo//Sdiy Wwolj pepeojumod ‘v ‘v20z ‘8G..Sv02


https://orcid.org/0000-0001-5699-6837
https://orcid.org/0000-0001-5699-6837
https://doi.org/10.1051/kmae/2021015
https://doi.org/10.1051/kmae/2021015
https://doi.org/10.1007/BF00634603
https://doi.org/10.1007/BF00634603
https://doi.org/10.1111/lre.12192
https://doi.org/10.1111/lre.12192
https://doi.org/10.1007/s10530-010-9774-z
https://doi.org/10.1007/s10530-010-9774-z
https://doi.org/10.1080/00222930410001663308
https://doi.org/10.1080/00222930410001663308
https://doi.org/10.1093/beheco/arac107
https://doi.org/10.1051/kmae/2020041
https://doi.org/10.1051/kmae/2020041
https://doi.org/10.1016/j.ecolind.2021.107637
https://doi.org/10.1111/1365-2656.12210
https://doi.org/10.20944/preprints201910.0327.v1
https://doi.org/10.20944/preprints201910.0327.v1

BAUDRY ET AL.

Chase, J. M. (2003). Community assembly: When should history mat-
ter? Oecologia, 136, 489-498. https://doi.org/10.1007/s0044
2-003-1311-7

Chiu, Y. W., Chen, H. C., Lee, S. C., & Chen, C. A. (2002). Morphometric
analysis of shell and operculum variations in the viviparid snail,
Cipangopaludina chinensis (Mollusca: Gastropoda), in Taiwan.
Zoological Studies, 41, 321-330. http://ntur.lib.ntu.edu.tw/bitst
ream/246246/161919/1/29.pdf

Covich, A. P. (2010). Winning the biodiversity arms race among freshwa-
ter gastropods: Competition and coexistence through shell variabil-
ity and predator avoidance. Hydrobiologia, 653, 191-215. https://
doi.org/10.1007/s10750-010-0354-0

Covich, A. P, Crowl, T. A., Alexander, J. E. J., & Vaughn, C. C. (19%94).
Predator-avoidance responses in freshwater decapod-gastropod
interactions mediated by chemical stimuli. Journal of the North
American Benthological Society, 13, 283-290. https://doi.org/10.
2307/1467246

Cuthbert, R. N., Pattison, Z., Taylor, N. G., Verbrugge, L., Diagne, C.,
Ahmed, D. A., Leroy, B., Angulo, E., Briski, E., Capinha, C., Catford,
J. A, Dalu, T., Essl, F,, Gozlan, R. E., Haubrock, P. J., Kourantidou,
M., Kramer, A. M., Renault, D., Wasserman, R. J., & Courchamp,
F. (2021). Global economic costs of aquatic invasive alien species.
Science of the Total Environment, 775, 145238. https://doi.org/10.
1016/j.scitotenv.2021.145238

Delannoye, R., Charles, L., Pointier, J.-P., & Massemin, D. (2015).
Mollusques continentaux de la Martinique/Non-Marine Molluscs of
Martinique, Lesser Antilles. Muséum National d'Histoire Naturelle.

Diamond, J. M. (1983). Laboratory, field and natural experiments. Nature,
304, 586-587.

Dickey, B. F., & McCarthy, T. M. (2007). Predator-prey interactions be-
tween crayfish (Orconectes juvenilis) and snails (Physa gyrina) are af-
fected by spatial scale and chemical cues. Invertebrate Biology, 126,
57-66. https://doi.org/10.1111/j.1744-7410.2007.00076.x

Dubart, M. (2019). Coquillages et crustacés: Dynamiques spatio-temporelles
de métacommunautés en eau douce. https://ged.biu-montpellier.fr/
florabium/jsp/nnt.jsp?nnt=2019MONTG069

Dubart, M., Pantel, J. H., Pointier, J.-P., Jarne, P., & David, P. (2019).
Modeling competition, niche, and coexistence between an invasive
and a native species in a two-species metapopulation. Ecology, 100,
e02700. https://doi.org/10.1002/ecy.2700

Dubreuil, T., Baudry, T., Mauvisseau, Q., Arqué, A., Courty, C., Delaunay,
C., Sweet, M., & Grandjean, F. (2021). The development of early
monitoring tools to detect aquatic invasive species: eDNA assay
development and the case of the armored catfish Hypostomus rob-
inii. Environmental DNA, 4, 349-362. https://doi.org/10.1002/edn3.
260

Ebbestad, J. O. R., & Stott, C. A. (2008). Failed predation in Late
Ordovician gastropods (Mollusca) from Manitoulin Island, Ontario,
Canada. Canadian Journal of Earth Sciences, 45, 231-241. https://
doi.org/10.1139/E07-052

Ercoli, F., Ruokonen, T. J., Koistinen, S., Jones, R. I, & Hamalainen, H.
(2015). The introduced signal crayfish and native noble crayfish
have different effects on sublittoral macroinvertebrate assem-
blages in boreal lakes. Freshwater Biology, 60, 1688-1698. https://
doi.org/10.1111/fwb.12601

Facon, B., & David, P. (2006). Metapopulation dynamics and biological
invasions: A spatially explicit model applied to a freshwater snail.
The American Naturalist, 168, 769-783. https://doi.org/10.1086/
508669

Facon, B., Pointier, J. P, Jarne, P., Sarda, V., & David, P. (2008). High ge-
netic variance in life-history strategies within invasive populations
by way of multiple introductions. Current Biology, 18, 363-367.
https://doi.org/10.1016/j.cub.2008.01.063

Firmat, C., Alibert, P., Losseau, M., Baroiller, J. F., & Schliewen, U. K.
(2013). Successive invasion-mediated interspecific hybridizations
and population structure in the endangered cichlid Oreochromis

Ecology and Evolution 13 0f 15
=t e W1 LEY- 2o

mossambicus. PLoS One, 8, e63880. https://doi.org/10.1371/journ
al.pone.0063880

Gallardo, B., Clavero, M., Sanchez, M. I, & Vila, M. (2016). Global eco-
logical impacts of invasive species in aquatic ecosystems. Global
Change Biology, 22, 151-163. https://doi.org/10.1111/gcb.13004

Garvey, J. E., & Stein, R. A. (1993). Evaluating how chela size influences
the invasion potential of an introduced crayfish (Orconectes rus-
ticus). The American Midland Naturalist, 129, 172-181. https://doi.
org/10.2307/2426446

Ghanawi, J., & Saoud, P. I. (2012). Molting, reproductive biology, and
hatchery management of redclaw crayfish Cherax quadricarinatus
(von Martens 1868). Aquaculture, 358-359, 183-195. https://doi.
org/10.1016/j.aquaculture.2012.06.019

Gherardi, F., & Acquistapace, P. (2007). Invasive crayfish in Europe:
The impact of Procambarus clarkii on the littoral community of a
Mediterranean lake. Freshwater Biology, 52, 1249-1259. https://doi.
org/10.1111/j.1365-2427.2007.01760.x

Gherardi, F., Aquiloni, L., Diéguez-Uribeondo, J., & Tricarico, E. (2011).
Managing invasive crayfish: Is there a hope? Aquatic Sciences, 73,
185-200. https://doi.org/10.1007/s00027-011-0181-z

Gherardi, F., Bertolino, S., Bodon, M., Casellato, S., Cianfanelli, S.,
Ferraguti, M., Lori, E., Mura, G., Nocita, A., Riccardi, N., Rossetti, G.,
Rota, E., Scalera, R., Zerunian, S., & Tricarico, E. (2008). Animal xe-
nodiversity in Italian inland waters: Distribution, modes of arrival,
and pathways. Biological Invasions, 10, 435-454. https://doi.org/10.
1007/s10530-007-9142-9

Grandjean, F., Romain, D., Avila-Zarza, C., Bramard, M., Souty-Grosset,
C., & Mocquard, J. P. (1997). Morphometry, sexual dimorphism and
size at maturity of the white-clawed crayfish Austropotamobius pal-
lipes pallipes (Lereboullet) from a wild French population at Deux-
Sevres (Decapoda, Astacidea). Crustaceana, 70, 31-44. https://doi.
org/10.1163/156854097X00320

Grudemo, J., & Bohlin, T. (2000). Effects of sediment type and intra-
and interspecific competition on growth rate of the marine snails
Hydrobia ulvae and Hydrobia ventrosa. Journal of Experimental Marine
Biology and Ecology, 253, 115-127. https://doi.org/10.1016/50022
-0981(00)00252-5

Guan, R., & Wiles, P. R. (1998). Feeding ecology of the signal crayfish
Pacifastacus leniusculus in a British lowland river. Aquaculture, 169,
177-193. https://doi.org/10.1016/5S0044-8486(98)00377-9

Haddaway, N. R., Wilcox, R. H., Heptonstall, R. E. A., Griffiths, H. M.,
Mortimer, R. J. G., Christmas, M., & Dunn, A. M. (2012). Predatory
functional response and prey choice identify predation differ-
ences between native/invasive and parasitised/unparasitised cray-
fish. PLoS One, 7, €32229. https://doi.org/10.1371/journal.pone.
0032229

Haubois, A.-G., Guarini, J.-M., Richard, P., Fichet, D., Radenac, G,
& Blanchard, G. F. (2005). Ingestion rate of the deposit-feeder
Hydrobia ulvae (Gastropoda) on epipelic diatoms: Effect of cell
size and algal biomass. Journal of Experimental Marine Biology and
Ecology, 317, 1-12. https://doi.org/10.1016/j.jembe.2004.11.009

Haubrock, P. J., Oficialdegui, F. J., Zeng, Y., Patoka, J., Yeo, D. C. J., &
Kouba, A. (2021). The redclaw crayfish: A prominent aquaculture
species with invasive potential in tropical and subtropical biodiver-
sity hotspots. Reviews in Aquaculture, 13, 1488-1530. https://doi.
org/10.1111/raq.12531

Hayashi, M., & Sugiura, S. (2021). Climbing rice plants above the water-
line: Escape of freshwater snails from underwater predation by
snail-eating specialists. Biological Journal of the Linnean Society, 130,
751-755. https://doi.org/10.1093/BIOLINNEAN/BLAA087

Herrmann, A., Grabow, K., & Martens, A. (2022). The invasive crayfish
Faxonius immunis causes the collapse of macroinvertebrate com-
munities in Central European ponds. Aquatic Ecology, 56, 741-750.
https://doi.org/10.1007/s10452-021-09935-5

Hofkin, B. V., Hofinger, D. M., Koech, D. K., & Loker, E. S. (1992).
Predation of Biomphalaria and non-target molluscs by the crayfish

85U8017 SUOWIWIOD BAEa.D 3|t jdde aup Aq peusenob e sajole VO ‘88N Jo sa|ni 1oy Ariq18UIUO AB]1/ UO (SUOIIPUOD-PUe-SLLBYLIOD A 1M ALelq 1 Bu [Uo//:Sdny) SUONIpUOD pue swie 1 8y} 89S *[202/20/60] Uo ARiqiauljuo /8|1 ‘soueld aueiyood Aq TETTT €899/200T OT/I0p/wod A8 | Arelq1jeujuo//Sdiy Wwolj pepeojumod ‘v ‘v20z ‘8G..Sv02


https://doi.org/10.1007/s00442-003-1311-7
https://doi.org/10.1007/s00442-003-1311-7
http://ntur.lib.ntu.edu.tw/bitstream/246246/161919/1/29.pdf
http://ntur.lib.ntu.edu.tw/bitstream/246246/161919/1/29.pdf
https://doi.org/10.1007/s10750-010-0354-0
https://doi.org/10.1007/s10750-010-0354-0
https://doi.org/10.2307/1467246
https://doi.org/10.2307/1467246
https://doi.org/10.1016/j.scitotenv.2021.145238
https://doi.org/10.1016/j.scitotenv.2021.145238
https://doi.org/10.1111/j.1744-7410.2007.00076.x
https://ged.biu-montpellier.fr/florabium/jsp/nnt.jsp?nnt=2019MONTG069
https://ged.biu-montpellier.fr/florabium/jsp/nnt.jsp?nnt=2019MONTG069
https://doi.org/10.1002/ecy.2700
https://doi.org/10.1002/edn3.260
https://doi.org/10.1002/edn3.260
https://doi.org/10.1139/E07-052
https://doi.org/10.1139/E07-052
https://doi.org/10.1111/fwb.12601
https://doi.org/10.1111/fwb.12601
https://doi.org/10.1086/508669
https://doi.org/10.1086/508669
https://doi.org/10.1016/j.cub.2008.01.063
https://doi.org/10.1371/journal.pone.0063880
https://doi.org/10.1371/journal.pone.0063880
https://doi.org/10.1111/gcb.13004
https://doi.org/10.2307/2426446
https://doi.org/10.2307/2426446
https://doi.org/10.1016/j.aquaculture.2012.06.019
https://doi.org/10.1016/j.aquaculture.2012.06.019
https://doi.org/10.1111/j.1365-2427.2007.01760.x
https://doi.org/10.1111/j.1365-2427.2007.01760.x
https://doi.org/10.1007/s00027-011-0181-z
https://doi.org/10.1007/s10530-007-9142-9
https://doi.org/10.1007/s10530-007-9142-9
https://doi.org/10.1163/156854097X00320
https://doi.org/10.1163/156854097X00320
https://doi.org/10.1016/S0022-0981(00)00252-5
https://doi.org/10.1016/S0022-0981(00)00252-5
https://doi.org/10.1016/S0044-8486(98)00377-9
https://doi.org/10.1371/journal.pone.0032229
https://doi.org/10.1371/journal.pone.0032229
https://doi.org/10.1016/j.jembe.2004.11.009
https://doi.org/10.1111/raq.12531
https://doi.org/10.1111/raq.12531
https://doi.org/10.1093/BIOLINNEAN/BLAA087
https://doi.org/10.1007/s10452-021-09935-5

BAUDRY ET AL.

14 of 15 .
Ecol Evol
WI LE Y-Ecelogy and Evolution

Procambarus clarkii: Implications for the biological control of schis-
tosomiasis. Annals of Tropical Medicine and Parasitology, 86, 663~
670. https://doi.org/10.1080/00034983.1992.11812723

Holling, C. S. (1959). The components of predation as revealed by a
study of small-mammal predation of the European pine sawfly.
The Canadian Entomologist, 91, 293-320. https://doi.org/10.4039/
Ent91293-5

Holomuzki, J. R., & Hatchett, L. A. (1994). Predator avoidance costs
and habituation to fish chemicals by a stream isopod. Freshwater
Biology, 32, 585-592. https://doi.org/10.1111/j.1365-2427.1994.
tb01149.x

Jackson, M. C., Evangelista, C., Zhao, T., Lecerf, A., Britton, J. R., &
Cucherousset, J. (2017). Between-lake variation in the trophic
ecology of an invasive crayfish. Freshwater Biology, 62, 1501-1510.
https://doi.org/10.1111/fwb.12957

James, J., Thomas, J. R., Ellis, A., Young, K. A, England, J., & Cable, J.
(2016). Over-invasion in a freshwater ecosystem: Newly introduced
virile crayfish (Orconectes virilis) outcompete established invasive
signal crayfish (Pacifastacus leniusculus). Marine and Freshwater
Behaviour and Physiology, 49, 9-18. https://doi.org/10.1080/10236
244,2015.1109181

Jones, C. (1990). The biology and aquaculture potential of the tropical fresh-
water crayfish, Cherax quadricarinatus. Department. ed, Department
of Primary Industries Queensland. https://researchonline.jcu.edu.
au/31548/

Kassambara, A., & Mundt, F. (2020). Factoextra: Extract and visualize
the results of multivariate data analyses. R Package Version 1.0.7.
https://CRAN.R-project.org/package=factoextra

Krist, A. C. (2002). Crayfish induce a defensive shell shape in a fresh-
water snail. Invertebrate Biology, 121, 235-242. https://doi.org/10.
1111/j.1744-7410.2002.tb00063.x

Kueffer, C., Pysek, P., & Richardson, D. M. (2013). Integrative invasion
science: Model systems, multi-site studies, focused meta-analysis
and invasion syndromes. New Phytologist, 200, 615-633. https://
doi.org/10.1111/nph.12415

Lakowitz, T., Bronmark, C., & Nystrém, P. E. R. (2008). Tuning into multi-
ple predators: Conflicting demands for shell morphology in a fresh-
water snail. Freshwater Biology, 53, 2184-2191. https://doi.org/10.
1111/j.1365-2427.2008.02045.x

Lé, S., Josse, J., & Husson, F. (2008). FactoMineR: A package for multi-
variate analysis. Journal of Statistical Software, 25, 1-18. https://doi.
org/10.18637/jss.v025.i01

Leibold, M. A., & Chase, J. M. (2018). Metacommunityecology (Vol.
59). Princeton University Press. https://doi.org/10.1515/97814
00889068

Lim, P, Meunier, F. J., Keith, P. A., & Noél, P. Y. (2002). Atlas des poissons
et des crustacés d'eau douce de la Martinique, Muséum national
d'Histoire naturelle, Paris. Patrimoines Naturels, 51, 124.

Linzmaier, S. M., Goebel, L. S., Ruland, F., & Jeschke, J. M. (2018).
Behavioral differences in an over-invasion scenario: Marbled vs.
spiny-cheek crayfish. Ecosphere, 9, e02385. https://doi.org/10.
1002/ecs2.2385

Lowe, S., Browne, M., Boudjelas, S., & De Poorter, M. (2000). 100 of
the World's worst invasive alien species: A selection from the
global invasive species database. Aliens, 12, 12. www.issg.org/
booklet.pdf

Mack, R. N. (2003). Phylogenetic constraint, absent life forms, and
preadapted alien plants: A prescription for biological invasions.
International Journal of Plant Sciences, 164, 185-196. https://doi.
org/10.1086/368399

Mathers, K. L., Guareschi, S., Patel, C., & Wood, P. J. (2022). Response
of freshwater snails to invasive crayfish varies with physiochemi-
cal exposure cues and predator experience. Freshwater Biology, 67,
473-486. https://doi.org/10.1111/fwb.13855

Mathers, K. L., White, J. C., Guareschi, S., Hill, M. J., Heino, J., & Chadd, R.
(2020). Invasive crayfish alter the long-term functional biodiversity

Open Access,

of lotic macroinvertebrate communities. Functional Ecology, 34,
2350-2361. https://doi.org/10.1111/1365-2435.13644

Miranda, N. A. F,, John Measey, G., Peer, N., Raw, J. L., Perissinotto, R.,
& Appleton, C. C. (2016). Shell crushing resistance of alien and na-
tive Thiarid gastropods to predatory crabs in South Africa. Aquatic
Invasions, 11, 303-311. https://doi.org/10.3391/ai.2016.11.3.08

Monde, C., Syampungani, S., Rico, A., & van den Brink, P. J. (2017). The
potential for using red claw crayfish and hybrid African catfish as
biological control agents for Schistosoma host snails. African Journal
of Aquatic Science, 42, 235-243. https://doi.org/10.2989/16085
914.2017.1373245

Myers, N., Mittermeier, R. A., Mittermeier, C. G., da Fonseca, G. A., &
Kent, J. (2000). Biodiversity hotspots for conservation priorities.
Nature, 403, 853-858. https://doi.org/10.1038/35002501

Nivet, C., Mc Key, D., & Legris, C. (2010). Connaissance et ges-
tion des écosystéemes tropicaux. Résultats du programme de re-
cherche «écosystemes Tropicaux» 2005-2010 (p. 208). GIP
Ecofor-MEEDDM.

Nordlie, F. G. (1981). Feeding and reproductive biology of eleotrid fishes
in a tropical estuary. Journal of Fish Biology, 18, 97-110. https://doi.
org/10.1111/j.1095-8649.1981.tb03764.x

Nunes, A. L., Tricarico, E., Panov, V. E., Cardoso, A. C., & Katsanevakis, S.
(2015). Pathways and gateways of freshwater invasions in Europe.
Aquatic Invasions, 10, 359-370. https://doi.org/10.3391/ai.2015.
10.4.01

Nystrém, P., & Pérez, J. R. (1998). Crayfish predation on the common
pond snail (Lymnaea stagnalis): The effect of habitat complexity
and snail size on foraging efficiency. Hydrobiologia, 368, 201-208.
https://doi.org/10.1023/a:1003266603371

Orvain, F., & Sauriau, P.-G. (2002). Environmental and behavioural fac-
tors affecting activity in the intertidal gastropod Hydrobia ulvae.
Journal of Experimental Marine Biology and Ecology, 272, 191-216.
https://doi.org/10.1016/50022-0981(02)00130-2

Perry, W. L., Lodge, D. M., & Lamberti, G. A. (1997). Impact of cray-
fish predation on exotic zebra mussels and native invertebrates
in a lake-outlet stream. Canadian Journal of Fisheries and Aquatic
Sciences, 54, 120-125. https://doi.org/10.1139/f96-255

Pointier, J.-P. (1993). The introduction of Melanoides tuberculata
(Mollusca: Thiaridae) to the Island of Saint Lucia (West Indies) and
its role in the decline of Biomphalaria glabrata, the snail intermedi-
ate hose of Schistosoma mansoni. Acta Tropica, 54, 13-18. https://
doi.org/10.1016/0001-706X(93)90064-I

Pointier, J. P. (2008). Guide to the freshwater molluscs of the Lesser Antilles.
ConchBooks.

Pointier, J. P., Samadi, S., Jarne, P., & Delay, P. (1998). Introduction and
spread of Thiara granifera (Lamarck, 1822) in Martinique, French
West Indies. Biodiversity and Conservation, 7, 1277-1290. https://
doi.org/10.1023/A:1008887531605

R Development Core Team. (2023). R: A language and
environment for statistical computing. https://www.R-project.org/

Rodriguez-Barreras, R., Zapata-Arroyo, C., Falcén, L. W., & Olmeda, M.
D. L. (2020). An Island invaded by exotics: A review of freshwater
fish in Puerto Rico. Neotropical Biodiversity, 6, 42-59. https://doi.
org/10.1080/23766808.2020.1729303

Russell, J. C., Sataruddin, N. S., & Heard, A. D. (2014). Over-invasion by
functionally equivalent invasive species. Ecology, 95, 2268-2276.
https://doi.org/10.1890/13-1672.1

Samadi, S., Balzan, C., Delay, B., & Pointier, J.-P. (1997). Local distribution
and abundance of Thiarid snails in recently colonized rivers from
the Caribbean area. Malacological Review, 30, 45-52.

Samadi, S., David, P., & Jarne, P. (2000). Variation of shell shape in the
clonal snail Melanoides tuberculata and its consequences for the in-
terpretation of fossil series. Evolution, 54,492-502. https://doi.org/
10.1111/j.0014-3820.2000.tb00052.x

Sanders, H., & Mills, D. N. (2022). Predation preference of signal cray-
fish (Pacifastacus leniusculus) on native and invasive bivalve species.

85U8017 SUOWIWIOD BAEa.D 3|t jdde aup Aq peusenob e sajole VO ‘88N Jo sa|ni 1oy Ariq18UIUO AB]1/ UO (SUOIIPUOD-PUe-SLLBYLIOD A 1M ALelq 1 Bu [Uo//:Sdny) SUONIpUOD pue swie 1 8y} 89S *[202/20/60] Uo ARiqiauljuo /8|1 ‘soueld aueiyood Aq TETTT €899/200T OT/I0p/wod A8 | Arelq1jeujuo//Sdiy Wwolj pepeojumod ‘v ‘v20z ‘8G..Sv02


https://doi.org/10.1080/00034983.1992.11812723
https://doi.org/10.4039/Ent91293-5
https://doi.org/10.4039/Ent91293-5
https://doi.org/10.1111/j.1365-2427.1994.tb01149.x
https://doi.org/10.1111/j.1365-2427.1994.tb01149.x
https://doi.org/10.1111/fwb.12957
https://doi.org/10.1080/10236244.2015.1109181
https://doi.org/10.1080/10236244.2015.1109181
https://researchonline.jcu.edu.au/31548/
https://researchonline.jcu.edu.au/31548/
https://CRAN.R-project.org/package=factoextra
https://doi.org/10.1111/j.1744-7410.2002.tb00063.x
https://doi.org/10.1111/j.1744-7410.2002.tb00063.x
https://doi.org/10.1111/nph.12415
https://doi.org/10.1111/nph.12415
https://doi.org/10.1111/j.1365-2427.2008.02045.x
https://doi.org/10.1111/j.1365-2427.2008.02045.x
https://doi.org/10.18637/jss.v025.i01
https://doi.org/10.18637/jss.v025.i01
https://doi.org/10.1515/9781400889068
https://doi.org/10.1515/9781400889068
https://doi.org/10.1002/ecs2.2385
https://doi.org/10.1002/ecs2.2385
http://www.issg.org/booklet.pdf
http://www.issg.org/booklet.pdf
https://doi.org/10.1086/368399
https://doi.org/10.1086/368399
https://doi.org/10.1111/fwb.13855
https://doi.org/10.1111/1365-2435.13644
https://doi.org/10.3391/ai.2016.11.3.08
https://doi.org/10.2989/16085914.2017.1373245
https://doi.org/10.2989/16085914.2017.1373245
https://doi.org/10.1038/35002501
https://doi.org/10.1111/j.1095-8649.1981.tb03764.x
https://doi.org/10.1111/j.1095-8649.1981.tb03764.x
https://doi.org/10.3391/ai.2015.10.4.01
https://doi.org/10.3391/ai.2015.10.4.01
https://doi.org/10.1023/a:1003266603371
https://doi.org/10.1016/S0022-0981(02)00130-2
https://doi.org/10.1139/f96-255
https://doi.org/10.1016/0001-706X(93)90064-I
https://doi.org/10.1016/0001-706X(93)90064-I
https://doi.org/10.1023/A:1008887531605
https://doi.org/10.1023/A:1008887531605
https://www.R-project.org/
https://doi.org/10.1080/23766808.2020.1729303
https://doi.org/10.1080/23766808.2020.1729303
https://doi.org/10.1890/13-1672.1
https://doi.org/10.1111/j.0014-3820.2000.tb00052.x
https://doi.org/10.1111/j.0014-3820.2000.tb00052.x

BAUDRY ET AL.

River Research and Applications, 38, 1469-1480. https://doi.org/10.
1002/rra.4023

Saoud, I. P, Garza de Yta, A., & Ghanawy, J. (2012). A review of nutri-
tional biology and dietary requirements of redclaw crayfish Cherax
quadricarinatus (von Martens 1868). Aquaculture Nutrition, 18, 349-
368. https://doi.org/10.1111/j.1365-2095.2011.00925.x

Saoud, I. P,, Ghanawi, J., Thompson, K. R., & Webster, C. D. (2013). A
review of the culture and diseases of redclaw crayfish Cherax quad-
ricarinatus (Von Martens 1868). Journal of the World Aquaculture
Society, 44, 1-29. https://doi.org/10.1111/jwas.12011

Sih, A., Bolnick, D. I., Luttbeg, B., Orrock, J. L., Peacor, S. D., Pintor, L.
M., Preisser, E., Rehage, J. S., & Vonesh, J. R. (2010). Predator-prey
naiveté, antipredator behavior, and the ecology of predator inva-
sions. Oikos, 119, 610-621. https://doi.org/10.1111/j.1600-0706.
2009.18039.x

Soto, I., Ahmed, D. A., Balzani, P., Cuthbert, R.N., & Haubrock, P. J. (2023).
Sigmoidal curves reflect impacts and dynamics of aquatic invasive
species. Science of the Total Environment, 872, 161818. https://doi.
org/10.1016/j.scitotenv.2023.161818

Souty-Grosset, C., Anastacio, P. M., Aquiloni, L., Banha, F., Choquer,
J., Chucholl, C., & Tricarico, E. (2016). The red swamp crayfish
Procambarus clarkii in Europe: Impacts on aquatic ecosystems
and human well-being. Limnologica, 58, 78-93. https://doi.org/10.
1016/j.limno.2016.03.003

Stein, R. A. (1976). Sexual dimorphism in crayfish chelae: Functional
significance linked to reproductive activities. Canadian Journal of
Zoology, 54,220-227. https://doi.org/10.1139/276-024

Strayer, D. L., D'Antonio, C. M., Essl, F., Fowler, M. S., Geist, J., Hilt, S.,
Jari¢, 1., Johnk, K., Jones, C. G., Lambin, X., Latzka, A. W., Pergl,
J., PySek, P., Robertson, P., von Schmalensee, M., Stefansson, R.
A., Wright, J., & Jeschke, J. M. (2017). Boom-bust dynamics in bio-
logical invasions: Towards an improved application of the concept.
Ecology Letters, 20, 1337-1350. https://doi.org/10.1111/ele.12822

Taberlet, P., Bonin, A., Zinger, L., & Coissac, E. (2018). Environmental DNA:
For biodiversity research and monitoring. Oxford University Press.
https://doi.org/10.1093/0s0/9780198767220.001.0001

Takahashi, H., Tsuchida, S., Fujiwara, S., & Watanabe, S. (1995). Predatory
behaviour of the Japanese spiny lobster Panulirus japonicus (Von
Siebold, 1824) (Decapoda, Palinuridae) on gastropods. Crustaceana,
68, 146-150. https://www.jstor.org/stable/20105032

Tariel-Adam, J., Luquet, E., & Plénet, S. (2023). Sensitive windows for
within and trans-generational plasticity of anti-predator defences.

Ecology and Evolution 150f 15
=t e W1 LEY- 2o

Peer Community Journal, 3, e71. https://doi.org/10.24072/pcjou
rnal.304

Turner, A. M. (1996). Freshwater snails alter habitat use in response to
predation. Animal Behaviour, 51, 747-756. https://doi.org/10.1006/
anbe.1996.0079

Twardochleb, L. A,, Olden, J. D., & Larson, E. R. (2013). A global meta-
analysis of the ecological impacts of nonnative crayfish. Freshwater
Science, 32, 1367-1382. https://doi.org/10.1899/12-203.1

Ueshima, E., & Yusa, Y. (2015). Antipredator behaviour in response to
single or combined predator cues in the apple snail Pomacea cana-
liculata. Journal of Molluscan Studies, 81, 51-57. https://doi.org/10.
1093/mollus/eyu057

Vermeij, G. J. (1978). Coevolution of freshwater gastropods and their
predators. The American Naturalist, 112, 833-843. http://www.
jstor.org/stable/2460161

Vermeij, G. J. (1987). Evolution and escalation: An ecological history of life.
Princeton University Press. https://doi.org/10.2307/j.ctv18zhf8b

Wisz, M. S., Pottier, J., Kissling, W. D., Pellissier, L., Lenoir, J., Damgaard,
C. F., Dormann, C. F., Forchhammer, M. C., Grytnes, J. A., Guisan,
A., Heikkinen, R. K., Hgye, T. T., Kuhn, I., Luoto, M., Maiorano,
L., Nilsson, M. C., Normand, S., C")ckinger, E., Schmidt, N. M., ...
Svenning, J. C. (2013). The role of biotic interactions in shaping
distributions and realised assemblages of species: Implications
for species distribution modelling. Biological Reviews, 88, 15-30.
https://doi.org/10.1111/j.1469-185X.2012.00235.x

SUPPORTING INFORMATION
Additional supporting information can be found online in the
Supporting Information section at the end of this article.

How to cite this article: Baudry, T., Millet, L., Jarne, P., David,
P., & Grandjean, F. (2024). Multiple invasions and predation:
The impact of the crayfish Cherax quadricarinatus on invasive
and native snails. Ecology and Evolution, 14, e11191. https://
doi.org/10.1002/ece3.11191

85U8017 SUOWIWIOD BAEa.D 3|t jdde aup Aq peusenob e sajole VO ‘88N Jo sa|ni 1oy Ariq18UIUO AB]1/ UO (SUOIIPUOD-PUe-SLLBYLIOD A 1M ALelq 1 Bu [Uo//:Sdny) SUONIpUOD pue swie 1 8y} 89S *[202/20/60] Uo ARiqiauljuo /8|1 ‘soueld aueiyood Aq TETTT €899/200T OT/I0p/wod A8 | Arelq1jeujuo//Sdiy Wwolj pepeojumod ‘v ‘v20z ‘8G..Sv02


https://doi.org/10.1002/rra.4023
https://doi.org/10.1002/rra.4023
https://doi.org/10.1111/j.1365-2095.2011.00925.x
https://doi.org/10.1111/jwas.12011
https://doi.org/10.1111/j.1600-0706.2009.18039.x
https://doi.org/10.1111/j.1600-0706.2009.18039.x
https://doi.org/10.1016/j.scitotenv.2023.161818
https://doi.org/10.1016/j.scitotenv.2023.161818
https://doi.org/10.1016/j.limno.2016.03.003
https://doi.org/10.1016/j.limno.2016.03.003
https://doi.org/10.1139/z76-024
https://doi.org/10.1111/ele.12822
https://doi.org/10.1093/oso/9780198767220.001.0001
https://www.jstor.org/stable/20105032
https://doi.org/10.24072/pcjournal.304
https://doi.org/10.24072/pcjournal.304
https://doi.org/10.1006/anbe.1996.0079
https://doi.org/10.1006/anbe.1996.0079
https://doi.org/10.1899/12-203.1
https://doi.org/10.1093/mollus/eyu057
https://doi.org/10.1093/mollus/eyu057
http://www.jstor.org/stable/2460161
http://www.jstor.org/stable/2460161
https://doi.org/10.2307/j.ctv18zhf8b
https://doi.org/10.1111/j.1469-185X.2012.00235.x
https://doi.org/10.1002/ece3.11191
https://doi.org/10.1002/ece3.11191

	Multiple invasions and predation: The impact of the crayfish Cherax quadricarinatus on invasive and native snails
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|The species studied
	2.2|Species sampling and maintenance
	2.3|Pre-­experimental treatment and measurements
	2.4|Predator–prey experiments
	2.4.1|Predation efficiency
	2.4.2|Minimum and maximum prey size
	2.4.3|Prey behavioral responses

	2.5|Statistical analysis

	3|RESULTS
	3.1|Morphometry
	3.2|Crayfish predation and snail survival
	3.3|Prey behavioral responses

	4|DISCUSSION
	4.1|Snail behavioral responses
	4.2|Shell morphology and predator attack
	4.3|Predation pressure of Cherax quadricarinatus
	4.4|Caveats about our experiments

	5|CONCLUSION AND IMPLICATIONS FOR CONSERVATION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


