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Abstract Quantifying the trophic niche of non-
native species is a valuable way to measure both their
invasion success and putative impacts on recipient
food webs. Theory predicts that successful invasive
species display flexible diet depending on environ-
ment conditions, have large trophic niche, and can
overlap the trophic niche of functionally similar
native species. We investigated these predictions
using the redclaw crayfish (Cherax quadricarina-
tfus) as an invasive species model and omnivorous
and detritivorous shrimps as native competitors in
recently invaded insular Martinican streams (Car-
ibbean region). Although the redclaw crayfish is
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globally widespread, little is known about its trophic
ecology and potential impacts on other crustaceans
in its non-native regions. Using stable isotope analy-
ses to quantify the trophic ecology of redclaw cray-
fish, we found that it occupied a central position in
the food webs, with a primary consumer tendency at
the population level. Evidence for ontogenetic shifts
was found with different trajectories across streams,
highlighting its trophic flexibility to environmental
conditions. However, redclaw fed on a limited range
of resources (small niche sizes) probably due to the
local context, characterised by simplified food webs.
Crayfish and shrimps shared partly similar food
resources (20.5+9.7% of niche overlap with omniv-
orous shrimps and 14.9+13.8% with detritivorous
shrimps). Finally, a slight shift in trophic niche (with-
out niche constriction) of native crustaceans (mainly
omnivorous shrimps) was observed when cooccurring
with crayfish. Stable isotope analysis revealed here no
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evidence of striking impact of the newly introduced
crayfish on the trophic ecology of native shrimps, but
we call for further investigations to assess potential
longer-term repercussions on native communities.

Keywords Biological invasion - Invasive crayfish -
Niche size - Niche position - Stable isotopes - Trophic
ontogeny

Introduction

Freshwater macroinvertebrates are represented by
a large number of species, ranging from a few mil-
limeters to several tens of centimeters body size, and
belong to different functional groups (Wallace and
Webster 1996). They are keystone organisms involved
in numerous important ecosystem functions such as
nutrient cycling, detritus recycling and energy trans-
fer processes (Wallace and Webster 1996; Nieto et al.
2017; Wissinger et al. 2021). Crayfish are among the
most studied group of freshwater macroinvertebrates
(Reynolds and Souty-Grosset 2011), since they occur
in most aquatic habitats, are generally large-sized
organisms dominating benthic biomass, and are omni-
vore, capable of changing their diet according to life
cycle, season, or resource availability (Alcorlo et al.
2004; Olsson et al. 2009; Reynolds et al. 2013). Some
crayfish can be qualified as “ecosystem engineers”
because they modulate their environment through bio-
turbation and/or burrowing activities (Momot 1995;
Souty-Grosset et al. 2016). All these make crayfish
both ecologically important and popular for aquacul-
ture and aquarium trade purposes (i.e. some species
presenting extravagant colouring) (Lodge et al. 2012),
the downside is that they are commonly recorded
that they can be harmful when introduced into new
ecosystems (Gherardi et al. 2011; Lodge et al. 2012;
Souty-Grosset et al. 2016). Numerous studies have
highlighted significant negative impacts of introduced
crayfish on native molluscs (Herrmann et al. 2022),
other benthic invertebrates (Twardochleb et al. 2013
and references therein; Ercoli et al. 2015) and macro-
phyte communities (Gherardi and Acquistapace 2007,
Souty-Grosset et al. 2016 and references therein).
Introduced species develop new trophic links with
native species in recipient ecosystems (predation and
competition) while possibly also impacting them
by modifying the environment and/or developing
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antagonistic interactions (Lodge et al. 2012; Ricciardi
et al. 2013; McCue et al. 2020). Theory predicts that
responses of native species to an invasive competi-
tor (thought to have a competitive advantage; Bol-
lache et al. 2008; Alexander et al. 2014) may occur
through changes in trophic niches taking various
forms [the use of other food resources, a decrease, or,
conversely, an increase in niche breadth, i.e. an eco-
logical displacement sensu David et al. (2017)]. All
these processes leading to a decrease in the extent
of trophic niche overlap, and ultimately, to favour
coexistence with the invasive species. For example,
Magoulick and Piercey (2016) empirically observed
large diet overlap between native and invasive cray-
fish, and Vesely et al. (2021) showed that the trophic
niches of the spiny-cheek crayfish Faxonius limosus
and the marbled crayfish Procambarus virginalis
were narrower when cohabiting with the invasive red
swamp crayfish Procambarus clarkii. Dietary niche
constriction was also observed between competitive
decapods, leading to the replacement of a native crab
species by the invasive red swamp crayfish (Jackson
et al. 2016). Furthermore, the impacts of invasive spe-
cies can vary according to individual body size and
related dietary ontogenetic shifts. Empirical studies
using crayfish have indeed demonstrated significant
ontogenetic dietary changes (Correia 2003; Alcorlo
and Baltanas 2013; Jackson et al. 2017; Vesely et al.
2020). Guan and Wiles (1998) found that adult sig-
nal crayfish Pacifastacus leniusculus consumed sig-
nificantly more detritus than juveniles, which pre-
ferred macroinvertebrate prey due to specific nutrient
requirements for growth and adult crayfish were less
able to forage on fast mobile prey.

Impacts of invasive species also depend on the
attributes of recipient ecosystems, in other words,
environmental conditions and native communities
they support (Kestrup and Ricciardi 2009; David
et al. 2017). In turn, trophic niches of native and inva-
sive species are constrained by food resource levels
in general and more specifically shared resources
for competing species (Evangelista et al. 2014). For
example, island ecosystems are considered as highly
vulnerable to biological invasions owing to typical
simplified food webs without top predators and small
population sizes (Velmurugan 2008). However, island
ecosystems, and especially tropical ones, have been
subjected to increased anthropized pressures (such
as land artificialization and urbanization, directly
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linked to growing human demography) that have led
to food web erosion and the arrival of an increasing
number of non-native and eventually invasive species
(Velmurugan 2008; Barlow et al. 2018; Chong et al.
2021).

Martinique island, in the Caribbean region, is not
spared from biological invasions, since several non-
native fish and crustacean species have been intro-
duced there (Lim et al. 2002; Dubreuil et al. 2021)
including recently, the redclaw crayfish Cherax
quadricarinatus (four wild established populations
were found in 2015; Baudry et al. 2020). This spe-
cies originates from northeastern Australia and south-
ern Papua New Guinea (Haubrock et al. 2021) and it
is considered as a flagship species in aquaculture in
the tropics [similarly to the red swamp crayfish in
the temperate zone; Oficialdegui et al. (2020)]. The
species is present on all continents except Antarc-
tica as reported in a recent monograph conducted by
Haubrock et al. (2021). To date, despite its success-
ful worldwide expansion, observational studies on
its diet and possible impacts in introduced regions
are still limited (see however Marufu et al. 2018;
Zengeya et al. 2022). As detailled by Haubrock et al.
(2021), its impacts are rather extrapolated from what
is documented in other invasive crayfish. Its large
body size (>20 cm in the wild; Kozak et al. 2015),
its aggressive behaviour, environmental plasticity
(King 1994), growth (up to 100 g in 1 year; Wingfield
2002; Arzola-Gonzalez et al. 2012) and fecundity
(sexual maturity at 6 month old, with female able to
lay between 200 and 600 eggs, up to 3—5 times a year;
de Moor 2002; Tropea et al. 2010), make it a poten-
tial perfect invader. In Martinique, the redclaw cray-
fish has recently become established at many streams
over the past few years (Baudry et al. 2021), meaning
that it can significantly impact indigenous freshwa-
ter fauna, and more particularly functionally similar
native shrimp species. As mentioned above, there are
only two studies documenting the diet of the redclaw
crayfish outside its native range using stable isotope
analyses (in the Southern African regions; Marufu
et al. 2018; Zengeya et al. 2022). Both studies found
that despite its omnivory, diet changes according to
crayfish size (i.e. low isotope niche overlap) with
small individuals preferring macroinvertebrate prey
while larger crayfish extending their diet to macro-
phytes and detritus. Zengeya et al. (2022) also found
variations in the trophic niche of the redclaw crayfish

across freshwater ecosystems and variable extent
of competition with a native crab species across
localities.

In the present study, we investigated the trophic
niche of the redclaw crayfish in Martinican streams.
First, we quantified the variations in its trophic
niche in relation to body size (dietary ontogeny shift
hypothesis) and habitats (dietary plasticity hypoth-
esis) using stable isotope analysis. Second, we inves-
tigated the extent to which redclaw crayfish compete
with native crustaceans (shrimps) belonging to two
distinct functional groups (detritivore and omnivore),
by quantifying the size and position of their stable
isotope niche. Given that redclaw crayfish were found
to be omnivore elsewhere, we hypothesized that niche
overlap would be higher with the omnivorous shrimp
group. In addition, we tested eventual trophic dis-
placement of native shrimps living in sympatry with
the redclaw crayfish (outcompeting hypothesis; Elton
1958; David et al. 2017; Haubrock et al. 2021), by
comparing niche size and position with streams not
invaded by crayfish.

Material and methods
Study area

Martinique is a French volcanic island (1128 km?)
belonging to the Lesser Antilles (14° 39’ 00” N and
61° 00" 54" W, Fig. 1). Its hydrographic network is
well developed owing to a rainy tropical climate,
including 70 major streams fed by numerous perma-
nent or semi-permanent tributaries, depending on
seasons (Baudry et al. 2020). Ten stream stretches
(thereafter referred to as stations) were sampled
in August-September 2021 (Fig. 1): five stations
invaded by redclaw crayfish (I1-I5) and five unin-
vaded stations (U1-US5), the presence/absence of
the species was ascertained thanks to environmental
DNA and conventional -trapping and dip-netting- sur-
veys (Baudry et al. 2021). Streams under study were
very similar in terms of hydromorphology, environ-
mental features and composition of the native com-
munity. They are generally slow flowing, typically
composed of alternating pools (especially sandy),
flats and inverts, mainly composed of gravel and
rocks of varying size, ranging from a few cm to 1 m.
Riparian vegetation is dominated by two tree species
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(Bombacaceae spp. and Artocapus altilis), and an
herbaceous plant (Panicum maximum). Aquatic veg-
etation is mostly composed of Chara spp. and Cera-
tophyllum spp. (Maddi 2014). Aquatic animal com-
munities are dominated by shrimps (mainly Atyidae,
Xiphocarididae and Palaemonidae spp.) and fish
(Gobiidae, Eleotridae, Poeciliidae and Mugilidae
spp.) (Lim et al. 2002). They also include molluscs,
the dominant ones being Neritidae spp. in flowing
stream parts and Thiaridae spp. in pools or flat stream
parts (Delannoye et al. 2015).

Sample collection

Crayfish and large-sized shrimps were caught using
a 12-h trapping session conducted overnight with
traps baited with cassava [length X width X height:
80X%25x%25 cm, 1-cm mesh size with a single cone-
shaped inlet; more details in Baudry et al. (2021)].
Juvenile shrimps were preferably sampled using a
kick-net. We repeated sampling, in some cases, with
the objective of collecting at least 20 crayfish and 20
shrimps from each of the two distinct trophic groups
to seemly capture variation in the stable isotope val-
ues at the population/group levels [following recom-
mendations in Jackson et al. (2011)]. Sometimes,
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depending on the site, we did not succeed in collect-
ing this number of samples for shrimps (Supplemen-
tary Information S1). Based on their feeding habits
and their morphology, captured shrimps are com-
monly classified as mainly detritivore or omnivore.
More precisely, Atyidae and Xiphocarididae spp. are
small species (<35 mm and 50 mm in length, respec-
tively) with cheliped fans (Atyidae) (Lim et al. 2002;
March and Pringle 2003) or tiny pincers (Xiphoca-
rididae) (Pringle et al. 1993; Lim et al. 2002; March
and Pringle 2003) used to filter and brush to find fine
organic particles or to eat decaying leaf/plant mate-
rial; they are, hereafter, called detritivorous shrimps.
By contrast, Palaemonidae (Macrobrachium spp.) are
large-sized species (for example, >20 cm in length
for M. carcinus) with strong claws (sometimes longer
than the body) used to feed on plants and animal prey
items; they are classed as omnivore in the literature
(Lim et al. 2002; Covich et al. 2006; Coat et al. 2009).

In addition, we sampled molluscs and basal
resources (biofilm and plants) to standardize sta-
ble isotope values between stations (see below).
Molluscs (Thiaridae and Neritidae spp.) were col-
lected by hand. They are documented as presenting a
diversified diet, from grazer, detritivore to carnivore
(March and Pringle 2003; Coat et al. 2009; Kilham
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et al. 2009; Delannoye et al. 2015). Biofilm and algae
were collected by scraping the surface of rocks with a
scalpel and represented, with aquatic plants, autoch-
thonous vegetal resources whereas leaves of the ripar-
ian vegetation constituted the allochthonous plant
resources. Basal resources were processed as follow,
depending on availability: autochthonous sources
were pooled to obtain one/two samples per sta-
tion (except in Ul where autochthonous sources did
not occur, see below) and up to six samples per sta-
tion were processed for allochthonous sources. Fish
specimens were captured together with crustaceans
in traps and using a kick-net to provide both a com-
plete overview of Martinican freshwater food webs
(poorly documented until now) and a better assess-
ment of the trophic place of the invasive crayfish
therein. Common captured fish were either herbivore,
with a microphagy tendency [Gobiidae and Sycidium
spp.; Lim et al. (2002); Debrot, (2003)], or predatory
[Eleotridae, Poecillidae and Mugilidae spp. (Nordlie
1981; Lim et al. 2002)]. Fish specimens were eutha-
nized using a 250-ppm benzocaine dose. All samples
were kept in a cooler box after collection, until return
to the laboratory and stored at —20 °C until process-
ing (number of samples processed in Supplementary
Information S1).

Sample preparation and stable isotope analysis

To explore the extent of variation in stable isotope
values between individuals, crayfish size was meas-
ured (from the tip of the rostrum to the end of the
telson, to the nearest millimeter) and varied from 20
to 171 mm, with marginal between-station differ-
ences (mean value of 98.9 +33.64 (s.d.) mm, n=133;
ANOVA test, F=2.27, p=0.07). There is no excess
in a given crayfish size class among each population
which could influence the calculation of niche met-
rics due to expected ontogenetic dietary changes.
Abdominal muscle was sampled for crayfish and
shrimps, dorsal muscle for fish and foot for molluscs.
All samples, including basal samples were rinsed
with distilled water, then oven-dried at 60 °C for 96 h.
Samples were ground with a Retsch® Mixer Mill 400
to obtain a fine homogenous powder. Samples were
then packed in tin capsules, with 1.01 +0.08 mg per
sample for crayfish and shrimps, 1.01 £0.19 mg per
sample for molluscs, 0.97+0.04 mg per sample for
fish, and 2.3 +1.39 mg per sample for basal samples.

Carbon and nitrogen stable isotope ratios (8'°C as
BC/12C and 8N as N/'N) were measured at the
Cornell Isotope Laboratory (Cornell University,
Ithaca, NY). Stable isotope ratios were expressed
using conventional delta notations 8'3C and 8§"°N
relative to international standards, Vienna Pee Dee
Belemnite for carbon and atmospheric air for nitro-
gen. In-house standards were analyzed after every
series of ten samples to ensure the analytical accu-
racy of the measurements; resulting precision val-
ues (standard deviation) were 0.10%o for carbon and
0.13%0 for nitrogen. Two additional in-house stand-
ards (‘KCRN’ corn and ‘CBT’ trout) were used to
perform two-point normalization (linear regression)
stable isotope corrections.

Handling of stable isotope data

8'°C and 8'°N values of crayfish and shrimps were
corrected to allow comparisons between stations
(biplots of raw data are available in Supplementary
Information S2). Corrected 8'°C (8'*Ccor) values
were calculated using the following formula:

63 Ccor = (6"°Ci — 6'3Cinv) /6"*CRinv

where 8'* Ci is the carbon isotope ratio of the sam-
ple of interest (crayfish or shrimp), and 8'*Cinv and
8'>CRinv are the mean and range carbon stable iso-
tope ratios of all invertebrates collected in the sta-
tion considered [molluscs, shrimps and crayfish; see
Olsson et al. (2009); Vander Zanden and Rasmussen
(1999)].

Likewise, individual trophic positions (TP)
were calculated using the following formula (see
McCutchan et al. 2003):

TP =1+ (6"°Ni — 6'°N,,,)/AN

where 8'°N; is the nitrogen stable isotope ratio of
the sample of interest (crayfish or shrimp), 8N, is
the mean 8'°N of primary producers (basal sources)
of the station considered (8'°N values of allochtho-
nous and autochthonous sources being before aver-
aged separately), AN is the Trophic Discrimination
Factor (set to 2.4 which is commonly used in fresh-
water tropical environments; Coat et al. 2009), and
A =1 is the trophic position attributed to primary pro-
ducers. TP values of target species were calculated
based solely on allochthonous sources in Ul (owing
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to the absence of aquatic vegetation and biofilm) but
we made sure that it was not responsible for trends
in the subsequent analyses by comparing the results
with this tributary removed from the dataset (data not
shown). Moreover, we did not use molluscs to stand-
ardize 89N values of crayfish and shrimps because of
their potential carnivorous diet as aforementioned that
would result in overestimated TP values.

The position of the stable isotope niche of each cray-
fish population and each shrimp trophic group was cal-
culated as the average 8'>Ccor and TP values in each
station. Standard Ellipses Areas corrected for small
sample sizes (SEAc) were then calculated (Stable Iso-
tope Bayesian Ellipses—20,000 iterations, 1000 burn-
in, 2 chains parameters; Jackson et al. 2011). Lastly,
the extent of competition between crustaceans was
measured as niche overlap (percentage of SEAc of each
trophic shrimp group shared with the second one or
with crayfish, depending on stations).

Statistical analyses

Between-station differences in crayfish size was tested
using an Analysis of Variance (ANOVA), after data
normality and variance homogeneity verification with
Shapiro—Wilk and Bartlett tests, respectively. We tested
whether 8'3Ccor and TP values of individual cray-
fish varied according to their size (fixed effect) across
the five invaded stations (covariate) using Analysis of
Covariance (ANCOVA). Post-hoc pairwise compari-
sons were performed using Student t-tests (considering
Bonferroni-adjusted p values). We also tested whether
8"3Ccor and TP values of each shrimp trophic group
were associated with crayfish presence (fixed effect)
using separate Generalized linear mixed models inte-
grating a random “station” effect. Lastly, we tested
whether SEAc of each shrimp group and SEAc overlap
between the two shrimp groups varied between invaded
and uninvaded stations using separate Analyses of Vari-
ance (ANOVA). All statistical analysis were performed
in R v4.2.3 (R Development Core Team 2023) using
the SIBER (Jackson et al. 2011), Ime4 (Bates et al.
2015) and dplyr (Wickham et al. 2023) packages.
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Results

Variations in crayfish stable isotope variables across
streams

Redclaw crayfish occupied a relatively central posi-
tion in the stable isotope space of all invaded sta-
tions, with intermediate values across ranges of both
stable isotopes (Supplementary Information S2).
Mean raw 8'°C values varied slightly between sta-
tions (from —23.9+1.06 to —22.01+0.9%0, Sup-
plementary Information S1) and varied more for
8N (from 7.76+0.61 to 12.67+0.89%0, Supple-
mentary Information S1), leading to a mean 83 Ccor
of —0.05+0.08%c (range: —0.12+0.14%0 to
0.04 £0.16%0) and a mean TP of 1.99+0.25 (range:
1.26 +£0.23 to 2.57+0.37, Table 1). Moreover, SEAc
varied by a factor of two depending on stations
(0.85-1.90%2, Table 1).

At the individual level, a significant positive rela-
tionship was found between &'*Ccorr values and
crayfish size across all stations (ANCOVA, F=24.42,
p<0.001; Fig. 2A) but higher 8'3Ccorr values were
noted in stations I2 and I3 (post-hoc pairwise com-
parisons, p <0.01). TP values were also significantly
correlated to crayfish size but this relationship dif-
fered between stations (lower values in I11; ANCOVA,
F=75.67, p<0.001). Specifically, a large increase in
TP values with crayfish size was found in I5, a slight
increase in Il and I4, and, conversely, a decrease
in TP values with body size in stations 12 and I3
(Fig. 2B, post-hoc pairwise comparisons not shown).

Comparison of shrimp niche variables according to
crayfish presence

When  co-occurring  with  crayfish, omnivo-
rous shrimps displayed enriched &'°Ccor values
(0.1+0.22%0 in mean instead of —0.06+0.21%0 in
non-invaded stations) whereas no difference were
observed in detritivorous shrimps (—0.06+0.19%0
vs. —0.02+0.23%o, respectively; Fig. 3A). A sig-
nificant decrease in TP values was found for both
shrimp groups in presence of crayfish (2.86 +0.87%o
vs. 4.12+£0.6%o0 and 2.64 +0.58%0 vs. 4.00 +0.33%o;
Fig. 3B, see also values in each station in Table 1).
Contrary to our expectation, no differences in
shrimp niche size were observed between invaded
and uninvaded tributaries (2.72 vs. 3.36%c> for
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in %o0) and B trophic position (TP) values according to cray-
fish size (total length, in cm) in the five invaded stations (I1 to
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Fig. 3 Comparison of A corrected 8'3C (8'3Ccor, in %o) and
B trophic positions (TP) of the two shrimp trophic groups
(detritivore and omnivore) according to crayfish presence in
stations (invaded in grey and uninvaded in orange). Boxplots

detritivorous shrimps; F=0.56, p=0.48; and 3.75 vs.
3.91%0? for omnivorous shrimps; F=0.59, p=0.46);
however, large variations occurred within the two
sets of stations (Fig. 4, Table 1). Trophic niche was
smaller in crayfish than in both shrimp groups (1.50
vs. 2.72%¢* for detritivorous shrimps and 3.75%0"
for omnivorous shrimps) and, despite large between-
station variations, crayfish niche, on average, partially
overlapped the niche of detritivorous shrimps (mean
value of 14.9+13.8%; range: 0.001-29.9%) and the
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Detritivore Omnivore

include the minimum, first quartile, median, third quartile and
the maximum values excluding outliers which are represented
by black dots. *p=0.05, ***p <0.001

one of omnivorous shrimps (20.5+9.7%; range:
9.2-34.9%, Table 1, Fig. 4). In addition, average niche
overlap was larger between the two shrimp groups
(28.3+14.7%) compared to crayfish (14.9+13.8%
and 20.5+9.7% for detritivorous and omnivorous
shrimps, respectively). Finally, no significant dif-
ference was found in niche overlap between the two
shrimp groups when they were, or not, in sympatry
with crayfish (28.3 +£14.7% vs. 36.9 +23.6%, respec-
tively; F=0.48, p=0.51).
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Fig. 4 Stable isotope values (8'*Ccor (in %o) and trophic posi-
tions TP) of individuals of the two shrimp groups (detritivo-
rous and omnivorous shrimps, in grey and violet, respectively)
and the invasive redclaw crayfish (in red), with their associated

Discussion

Investigating the trophic ecology of invasive species
in recipient ecosystems is a valuable way to evaluate
its successful invasion ability and possible impacts
on native species (McCue et al. 2020). In the present
study, we provided unique results on the trophic ecol-
ogy of the newly established invasive redclaw cray-
fish (a central position in the food webs with a pri-
mary consumer tendency at the population level, and
dietary ontogenetic shifts) and low niche overlap with
native shrimps in Martinican freshwaters. Below, we
discuss these two issues separately, and we conclude
by future investigations to progress on these issues
and on the potential repercussions on the structure
and functioning of invaded ecosystems.

Trophic ecology of the redclaw crayfish

The average TP value of 1.99 of the redclaw cray-
fish in the freshwater ecosystems of Martinique
is broadly lower to what was found in the invaded
Southern African region [2.61-2.87 in Marufu et al.
(2018), and 2.10-4.10 in Zengeya et al. (2022)]. In
turn, our results place the redclaw crayfish mostly

-~ Omnivorous shrimps

-~ Crayfish

standard ellipses across invaded (I1-15) and non-invaded (U1-
U5) stations. Variable extent of niche overlap is noted between
crustaceans

at a primary consumer, which aligns with findings
in farming conditions (Joyce and Pirozzi 2016).
Furthermore, its consistent central position in the
Martinican aquatic food webs (TP typical of a pri-
mary consumer and 8'*Ccor values near zero) sug-
gests that it probably provides a pivotal connection
between primary production and detrital matter and
higher consumers. This finding is consistent with
findings in other invasive crayfish species (see for
instance, Alcorlo and Baltanas, 2013; Liptak et al.
2019; Pacioglu et al. 2019; Linzmaier et al. 2020).
Finally, the intermediate TP value of crayfish popu-
lations can be explained by a diet directed prefer-
entially towards basal resources (plant and detri-
tus material). In the past, it has been documented
that, under competitive pressure, newly introduced
crayfish rather consume easily accessible materi-
als (plants and detritus) even if they are less nutri-
tious (Gherardi and Acquistapace 2007; Reynolds
et al. 2013). Furthermore, the low between-popula-
tion variations in 8'3Ccor and TP values we found,
when compared, for instance, to values in Zengeya
et al. (2022) probably express the simplified food
web architecture in island systems (Vitousek 1988;
Myers et al. 2000).
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At the individual level, we, however, found within-
and between-station variations in TP and 8*Ccor
values confirming that the redclaw crayfish was fac-
ultative omnivore and, in some extent, flexible in
likely food resource use as reported elsewhere in its
non-native range (Marufu et al. 2018; Zengeya et al.
2022). More precisely, we found evidence to support
both the dietary ontogeny shift and dietary habitat-
linked plasticity hypotheses since TP and &'*Ccor
varied with crayfish size, with different intensity
and, sometimes different trends (the case of 8'*Ccor)
across stations. Large-sized individuals fed food with
lower TP values in some stations (likely in link with
food availability), the trend was reversed in other sta-
tions, and they had, consistently, enriched 83Ccor
values when compared to small crayfish. Evidence
for dietary ontogenetic shifts has been found in other
crayfish (to satisfy specific life-stage nutrient require-
ments; Jones 1990; Momot 1995; Reynolds et al.
2013), but once again with variable extent and some
inconsistently across studies (e.g. Guan and Wiles
1998; Alcorlo and Baltanas 2013; Jackson et al. 2017;
Vesely et al. 2020). All crayfish species in these spe-
cific works were found to be omnivorous and flex-
ible in food resources use, usually moving towards
dominant available food sources (see also Ercoli et al.
2014; Zengeya et al. 2022). The two aforementioned
hypotheses have also found support in other inva-
sive freshwater crustacean (for instance in the killer
shrimp Dikerogammarus villosus, Mancini et al.
2021) and taxa, notably in fish (Harms and Turingan
2012; McHugh et al. 2012; Guo et al. 2014), in rep-
tilian (the red-eared slider Trachemys scripta elegans,
Balzani et al. 2016) and in amphibian (the American
bullfrog Lithobates catesbeianus, Bissattini et al.
2019).

Extent of competition with native shrimps

The recent expansion of the redclaw crayfish in Mar-
tinique suggest that it presumably developed efficient
competitive interactions with native ubiquitous crus-
tacean counterparts. The niche position of omnivo-
rous shrimps varied with crayfish presence indicating
a trophic displacement (enriched 8'*Ccor and lower
TP values) without any changes in niche size. Niche
overlap of omnivorous shrimps with the invasive cray-
fish was slightly higher than between detritivorous
shrimps and crayfish (c.a. 20 and 15%, respectively,

@ Springer

with up to 35% depending on stations for omnivorous
shrimps). These findings indicate that crayfish and
native omnivorous shrimps share partly the same food
resources, and that the invader could mainly impacts
shrimps by exploitative competition [see also similar
findings with a native omnivorous crab in Zengeya
et al. (2022)]. Empirical case studies supporting the
competitive superiority hypothesis of introduced
crayfish are not rare, but with variable ends: from
only partial niche overlap (Olsson et al. 2009; Ercoli
et al. 2014; Magoulick and Piercey 2016) to niche
constriction leading sometimes to local extirpation
of the native competitor (Rabalais and Magoulick
2006; Jackson et al. 2017; Vesely et al. 2021). Com-
petition for shelter and aggressive behaviour are other
mechanisms supposed or documented to explain the
interactions between invasive crayfish and function-
ally similar native crustaceans (Banha and Anastacio
2011); but, unfortunately, we did not possess data to
explore this issue. A matter that remains unresolved
in the present study is whether the observed trophic
niche displacement of omnivorous shrimps is suffi-
cient for them to coexist with redclaw crayfish in the
future (see below).

Successful invasive species are frequently thought
to have a competitive advantage over native spe-
cies (i.e. a higher efficiency in exploiting available
food resources; Bollache et al. 2008; Davidson et al.
2011; Alexander et al. 2014). Consequently, they are
expected to feed on a large range of food resources
and to have larger trophic niches than function-
ally similar native species. For instance, Wang et al.
(2021) demonstrated that the red swamp crayfish
was competitively superior to the native Macrobra-
chium nipponense in the Yangtze (China) thanks to a
greater feeding plasticity. Interestingly, in the present
study, the niche size of the redclaw crayfish was regu-
larly narrower than the one of both native functional
shrimp groups (mean value of 1.50%¢> vs. 2.72 and
3.75%q” for detritivorous and omnivorous shrimps).
One possible explanation of this result would be that
redclaw crayfish do not yet fully use all available food
resources since the species recently invaded freshwa-
ter food webs in Martinique. An alternative expla-
nation would be that crayfish exploit all available
resources indicating that they would not be as harmful
as expected and that resource partitioning with native
competitors is possible. However, a limitation in our
work is to compare crayfish trophic niches with those
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of shrimp groups (detritivore and omnivore) and not
to a particular shrimp species due to small numbers
of specimens usually found in Martinican streams.
In such a case, it cannot be excluded that niche size
could vary among shrimp species of a group and that
the group likely has a wider trophic niche than a sin-
gle compared species (see similar findings for fish
species in Dillon et al. 2021). Further investigations
are therefore required to study with more precision
the competitive advantage hypothesis of the invasive
redclaw crayfish compared to native shrimps. Finally,
it is interesting to note that the niche size of shrimps
did not vary with redclaw crayfish presence suggest-
ing that the trophic flexibility of the two groups of
native crustaceans was not strongly affected in sym-
patry with the invasive crayfish few years after its
introduction. However, additional investigations are
needed to examine whether these results would be
stable over time (i.e. with increasing invasive crayfish
population size).

Conclusive remarks, future prospects and
management implications

Our study provides unique findings on the trophic
ecology of the invasive redclaw crayfish in insu-
lar lotic Caribbean environments few years after
its introduction. It occupies a central position in the
food webs feeding, however, on a limited range of
resources (resulting in small trophic niche sizes com-
pared to that of shrimp groups) probably in line with
the simplified food web architecture of insular eco-
systems under study. Ontogenetic and habitat-linked
changes in the trophic niche of crayfish attest its
ability to adapt to changes in food availability which
make it a successful invader. Finally, slight changes in
the niche position of native competitive crustaceans
(mainly in omnivorous shrimps) were observed when
living with the invasive crayfish.

It is difficult to claim that the recently introduced
redclaw crayfish significantly impact the food web
architecture of Martinican freshwaters, even if it is
largely documented that insular food webs are highly
vulnerable to biological invasions (Velmurugan 2008;
Barlow et al. 2018; Chong et al. 2021). We call for
additional investigations to elucidate possible long-
term effects of redclaw crayfish on native shrimps
communities. As a reminder, this species dramati-
cally impacted Southern African recipient ecosystems

15 years after its introduction (Zengeya et al. 2022).
Current crayfish abundance in Martinican freshwaters
are logically moderate but are expected to increase
with time (Baudry et al. 2021). So, we first predict
that impacts on native crustaceans would increase
with growing redclaw crayfish abundance (the abun-
dance impact hypothesis; Bradley et al. 2019), an
issue that has not been tested until now in this spe-
cies. Second, given that trophic niches vary according
to environmental conditions, conducting mesocosm
studies under controlled environmental conditions
and, for instance, with different crayfish abundance,
would be helpful to disentangle the respective effect
of both factors. Third, competitive superiority of
redclaw crayfish compared to native crustaceans in
Martinique remains to be studied using, for instance,
functional response experiments. Finally, crayfish
and omnivorous shrimps share some similar food
resources, this mean that they have partially compara-
ble functional roles. Further studies are thus required
to investigate the extent of potential ecological redun-
dancy of redclaw crayfish with native species, and,
ultimately, possible implications for the structure and
functioning of invaded ecosystems.

As aforementioned, our results may describe a
transitory state due to the recent introduction of red-
claw crayfish in Martinique. To date, all proposed
strategies for managing invasive crayfish species
have focused on control measures (see Manfrin et al.
2019). Even though fishing is banned in Martinique
(Prefectorial decree no. R02-2017-12-28-003) due to
chlordecone contamination in particular, this activ-
ity remains a reality, being ancestral and above all
lucrative for local fishermen (see Baudry et al. 2022).
The effectiveness of such a management method can
be limited, even if locally it can significantly reduce
crayfish abundance and thus limit new infestations.
The challenge in Martinique is to mitigate redclaw
crayfish in connected streams. Physical barriers would
therefore be required to limit crayfish spreading in
parallel to control operations (Reisinger et al. 2024).
All those management actions are costly, very time-
consuming and cannot be conducted over the long
term. Surprisingly, basic information on the demog-
raphy of invasive species is often lacking while being
fundamental for the design of effective management
programs. Therefore, monitoring programs should be
implemented to track changes in the demography the
redclaw crayfish and native shrimp communities and
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to identify the causes of change over time and space.
More broadly, any management action aimed at main-
taining local biodiversity would make freshwater eco-
systems more resistant to the invasive crayfish.
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