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Abstract

Relationships between native and invasive species can modify trophic interactions in food webs and
the diet of native species, leading to substantial changes in their trophic niches. We quantified the
stable isotope niche of native amphibians (two species of tadpoles and two species of newts) and the
invasive red swamp crayfish (Procambarus clarkii) in 18 ponds of an area invaded for more than 30
years. We tested whether crayfish presence and abundance explained variation in the size and posi-
tion of the amphibians’ stable isotope niches compared with proxies of pond resource availability
and competition levels. Agile frog tadpoles (Rana dalmatina) had consistently low trophic positions,
while tree frog tadpoles’ niches (Hyla arborea) showed signs of an opportunistic diet. Newts (palmate
newt (Lissotriton helveticus) and marbled newt (Z7iturus marmoratus)) had high trophic positions
consistent with a predatory diet. Crayfish showed a high level of trophic variability, but their trophic
niche never overlapped with the trophic niche of amphibians. Amphibian niche size and position
were associated with amphibian density and pond canopy cover rather than with crayfish presence
or abundance. This study suggests limited changes in amphibian diets in the presence of red swamp
crayfish in ponds compared with results from experimental studies, suggesting that complex environ-
mental conditions and the long time since invasion might limit trophic interactions between these

native and invasive species.

Key words: Biological invasion, environmental variable, newt, ontogenetic shift, pond, stable

isotope analysis, tadpole

Introduction

Biological invasions represent a major threat to biodiversity because they induce
considerable impacts on native species in recipient ecosystems (Elton 1958; Shea
and Chesson 2002; Ricciardi et al. 2013), often measured as changes in abun-
dance or distribution of native species (Nentwig 2008; Davis 2009; Simberloff et
al. 2013). Analyses of realised ecological niches, and trophic niches in particular,
contribute to identifying proximate responses of native species that may be asso-
ciated with changes in population dynamics during biological invasions (ecolog-
ical displacement sensu David et al. (2017)). Alterations of the trophic niches of
native species have been evidenced in empirical studies in the form of diet shifts
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in native species in invaded ecosystems (Vander Zanden et al. 1999; Nilsson et al.
2012; Jackson et al. 2016). Successful invasive species often establish several types
of relationships with native species (e.g. predation and competition) and analyses
of stable isotope niches, as proxies of trophic niches (Newsome et al. 2007), are
integrative of the additive consequences that these relationships may have on the
diet of native species (David et al. 2017). In addition, natural variation in resource
levels affects patterns of realised trophic niches in both native and invasive species
(Evangelista et al. 2014; Carreira et al. 2017; McCue et al. 2020). Quantifying
changes in stable isotope niches of native species in multiple ecosystems is, thus,
expected to help gain insights into the dietary responses of native species inter-
acting with invasive species in ecosystems (Strauss et al. 2006; David et al. 2017).

The red swamp crayfish (Procambarus clarkii) is one of the most widespread and
harmful aquatic invasive species worldwide, notably because it modifies habitats
(e.g. destruction of aquatic vegetation) and is an omnivorous species that oppor-
tunistically feeds on aquatic plants, detritus, invertebrates, fish, amphibian eggs
and larvae (Correia 2003; Alcorlo et al. 2004; Twardochleb et al. 2013). There is
a general agreement that the red swamp crayfish is responsible for major impacts
on amphibian populations in multiple ways, with predation being at the top of
the list (Beebee and Griffiths 2005; Cruz et al. 2006a; Ficetola et al. 2011). With
its broad diet, this crayfish may also compete with both herbivorous-omnivorous
tadpoles (Montafa et al. 2019) and predatory newts (Sdnchez-Hernandez 2020).
Predation, competition and non-trophic interactions with the red swamp cray-
fish, including habitat modification and antagonistic interactions (Gamradt et al.
1997; Rebelo and Cruz 2005; Arribas et al. 2014), may all induce dietary changes
in native amphibians. Two mesocosm studies found evidence for diet changes in
amphibians in sympatry with red swamp crayfish using stable isotope analyses
(SIA), in the form of increased trophic positions and decreased 8'°C values (Caut
et al. 2013; Arribas et al. 2015). However, knowledge on the dietary response of
amphibians to the red swamp crayfish in natural environments is limited.

In the present study, we quantified the variation in stable isotope niches of four
native amphibians using carbon and nitrogen isotopes in 18 ponds of a region that
has been colonised by the invasive red swamp crayfish for three decades. The stable
isotope niches of these amphibians - tadpoles of agile frogs (Rana dalmatina) and of
European tree frogs (Hyla arborea), adult palmate newts (Lissotriton helveticus) and
adult marbled newts (77iturus marmoratus) - remain undescribed in natural ecosys-
tems. We first described the position of their stable isotope niches relative to that
of the red swamp crayfish. The invasive red swamp crayfish is expected to have in-
termediate trophic positions between tadpoles and newts with possible partial diet
overlap due to the crayfish diet being made up of food items from all trophic posi-
tions (Alcorlo et al. 2004). The simple presence of crayfish may have dietary impacts
on native amphibians if chemical cues trigger anti-predatory strategies (Nunes et al.
2013; Arribas et al. 2015) that modify foraging behaviour and the choice of foraging
areas, for example. Besides, dietary impacts from competition and non-trophic inter-
actions likely increase with crayfish abundance according to the abundance-impact
hypothesis (Bradley et al. 2019). Finally, diet variation is expected to be linked with
food availability in ponds. Thus, we tested if variation in size or in position of am-
phibians’ stable isotope niches was linked to crayfish presence or abundance, to prox-
ies of pond productivity (e.g. canopy cover, pond area and aquatic vegetation cover)
and to proxies of intra- and interspecific competition (i.e. amphibian abundances).
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Changes in the stable isotope niche of amphibians predominantly consistent with
red swamp crayfish presence or abundance rather than with other variables would
indicate disproportionate effects of the invasion on the diet of native amphibians.

Materials and methods

Study populations and pond characteristics

The present study focused on tadpoles of agile frogs, tadpoles of European tree
frogs, adult palmate newts and adult marbled newts in a large network of ponds
in the Regional Natural Park of Bri¢re (northwest France, - 15 ponds/km?, see
Belouard et al. (2019a) for a detailed description of the study area). In ponds,
herbivorous-omnivorous tadpoles develop from March to June and adult pred-
atory newts are present from January-March to June-July (Montana et al. 2019;
Sédnchez-Herndndez 2020). Larval newts, which were too small to be non-lethally
sampled, and adult agile frogs and tree frogs, which only spend a few days in ponds
to lay eggs, were not included in the present study. The red swamp crayfish was in-
troduced in the Bri¢re marsh in the early 1980s. It colonised half the ponds of the
study area, those at short aquatic distances from the marsh, regardless of their sur-
face, depth, hydrology, usage, chemistry or landscape density (Tréguier et al. 2018).

The stable isotope niches of amphibians and crayfish were studied in 18 ponds
(P01-P18) in May-June 2016 or 2017 depending on ponds (Fig. 1, Table 1).
Two ponds initially included in our sampling scheme were not considered here,
due to the lack of molluscs to standardise nitrogen values (see subsection - Treat-
ment of stable isotope data). The pond selection was based on the possibility to
trap multiple specimens of the species of interest (primary consumers for stable
isotope data standardisation, amphibians and/or crayfish). For reference, amongst
the 157 ponds of the study area sampled in May 2012 (Tréguier et al. 2018), only
26 (17%) yielded at least 10 crayfish. Therefore, a limited fraction of ponds was
appropriate to obtain enough specimens for SIA. The selection of 18 ponds was
not intended to be representative of the co-existence rates between species, a topic
addressed elsewhere (Belouard et al. 2019a). The ponds under study include natu-
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Figure 1. Map of the area and study ponds (numbered geographically). The spatial distribution and

assemblages of amphibian and crayfish populations used in SIA are represented for each study pond.
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Table 1. Environmental characteristics and abundances of target taxa in the 18 ponds studied. The
number of samples processed in SIA are reported. In a few cases, no individuals were trapped during
standardised trapping sessions due to low densities, but we captured them during additional trapping
and used them for SIA. Populations (numbers) with an asterisk were not used for the calculation of

population niche metrics due to low sample sizes (see text for more details).

Habitat descriptors Number of samples processed

in SIA
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Po1 2017 143 0 90 0 12 30 8 0.58 0 20 19 20 19
P02 2016 536 10 1 100 0 2 2 0 0.55 0 9* 19 13 19
Po3 2016 166 0 90 0 7 0.7 0 20 15 20 16
P04 2017 69 10 95 0 48 95 3 0.63 0 20 20 19
P05 2017 1079 10 0 0.8 2 0 0 11/20 20 0 0 0
P06 2016 525 75 0 0.11 3 2 0.44 1/3* 10 0 19 20
Po7 2017 460 70 0 1.26 0 0 0 9/19 15 0 1* 0
P08 2017 34 30 1 1.5 8 5 0 0 26/10 | 20 0 20 2%
P09 2016 144 30 30 0.22 10 ' 106 1 0 5/20 19 20 12 0
P10 2016 179 30 80 1.1 4 3 1 0.2 12/18 | 20 0 9 6*
P11 2017 300 15 10 0 1 0 4 0.5 0 20 20 20 9
P12 2017 105 70 | 80 0 13 | 23 5 0.43 0 20 20 20 11
P13 2016 146 25 0 1.78 0 0 0 10/20 0 0 1* 0
P14 2017 90 25 5 1.29 | 22 0 0 20/20 | 20 20 1* 0
P15 2016 138 50 | 70 0.44 8 11 3 0 17/20 | 20 14 20 0
P16 2017 780 50 0 0.78 0 0 0 0 2/20 10 0 1* 0
P17 2016 34 90 0 1.07 0 0 0 0 6/19 8* 0 4* 0
P18 2017 278 75 0 1.77 1 0 0 0 23/20 0 0 0 0

ral variation in amphibian and crayfish abundances and environmental conditions
across the study area (see subsection - Sample collection and Table 1).

Given that ponds harbour a diversity of food resources that is difficult to sample
exhaustively, we used three pond characteristics as proxies for food resource availabil-
ity: (1) canopy cover (0-90% of forested shoreline, estimated as the proportion of
shoreline with trees by a single fieldworker; Table 1) known to negatively influence
pond productivity (Skelly et al. 2002; Schiesari 2006); (2) pond area (34-1079 m?,
BD ORTHO map) as an indirect proxy of the hydrology and stability of ponds and
of the resulting composition of resident communities (Post et al. 2000; Williams
2006, Table 1); and (3) aquatic vegetation cover (floating and submerged macro-
phytes, 0-100%, visual estimation during fieldwork; Table 1) playing a significant
role in food availability (Scheffer 1998; Williams 2006; Oertli and Frossard 2013).

Sample collection

In each pond, sampling occurred when tadpoles had grown hind limbs (Gosner
stage > 38, Gosner (1960)), to ensure that their stable isotope values reflected
pond resources and not their maternally-inherited terrestrial stable isotope values
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(Trakimas et al. 2011; Caut et al. 2013). We assumed that, at this time, adult newts
had also assimilated the stable isotope values of resources they consumed in ponds.

Amphibians and crayfish were sampled using pipe exhaustion sampling or un-
baited wire minnow traps, depending on their body size. Pipe sampling consists
in quickly plunging a 0.25-m? hollow cylinder through the water column into the
sediments, thus providing a closed unit to sample swimming animals (see Skelly
and Richardson (2010)). Amphibians were caught in the pipe with a dip net of
4-mm mesh until depletion. Four pipe samples were spaced on the banks of each
pond to estimate tadpoles and adult palmate newt densities (individuals/m?) and
to sample specimens in diverse microhabitats. Larger species (adult marbled newts
and red swamp crayfish) were better caught using a 12-h trapping session conduct-
ed overnight (trap characteristics: length x width x height: 50 x 29 x 21 c¢m, 5.5-
mm mesh size with two side entrances, 4-cm inner opening diameter). Traps were
set roughly every 5 m along the shoreline, with a maximum of 20 traps per pond
(mean pond perimeter: 66 m, range: 22—172 m). Abundances were expressed in
catch-per-unit-effort (CPUE, mean number of individuals/trap/12h). The crayfish
abundances recorded were lower than in previous years in these ponds, but simi-
lar to those recorded in most other ponds of the region that year (Belouard et al.
(2019a, 2019c¢) for crayfish abundances in 2012-2016). In each pond, we aimed
to sample 20 individuals of each target species to capture intra-specific variation in
stable isotope values. Additional trapping was, therefore, conducted when neces-
sary. In a few cases, we did not reach this objective (Table 1) as amphibian popu-
lations are sometimes low in individual ponds. Ontogenetic dietary changes have
been demonstrated in red swamp crayfish (Correia 2003; Paillisson et al. 2011;
Alcorlo and Baltands 2013), so we aimed at sampling 20 juveniles and 20 adults
per pond to confirm the ontogenetic diet shift and better capture the extent of
the trophic space of crayfish populations. Overall, red swamp crayfish were found
in 12 of 18 ponds and amphibians in 9 to 16 ponds depending on species (Table
1). The fin of amphibians was sampled using a biopsy punch (one to two 2.5- or
3-mm-diameter samples per amphibian, see details in Belouard et al. (2019b))
and individuals were immediately released. Crayfish were euthanised by freezing
during the field campaign.

Primary consumers were collected to standardise isotope values between ponds.
Macroinvertebrates (Physa acuta, Corbiculidae spp., Gammarus gammarus, Asellus
aquaticus, Corixidae spp.) were collected during pipe sampling and three zooplank-
ton samples were obtained by filtering 50 1 of water each. Two to five taxa were
found per pond and up to three samples were processed per taxa per pond for a
total of 205 samples (Suppl. material 1: table S1). Each macroinvertebrate sample
was made of an average of 7 + 3 SD individuals. All samples were kept on ice
during field collection and frozen at -20 °C until further processing.

Sample preparation and stable isotope analysis

Crayfish were measured from the tip of the rostrum to the end of the telson to
the nearest millimetre before sampling the abdominal muscle. Length-frequency
histograms showed a bimodal distribution with juveniles (mean total length of
40.1 mm * 8.6 SD, range: 19-60 mm) and adults (92.0 mm £ 9.2 SD, range:
75-122 mm). Other macroinvertebrates were processed whole, molluscs without
shells. All samples were rinsed with deionised water, then freeze-dried for 48 hours.
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They were ground to homogenise tissues, except amphibian fins and zooplankton
due to the small amount of material available. Samples were packed in tin cap-
sules, with 378 £ 57 pg per sample for amphibians, 1,012 + 64 pg for crayfish,
925 £ 230 pg for other macroinvertebrates. Low-mass samples for amphibians
(0.1-1 mg) comply with EU ethical regulations in vertebrates while providing
accurate measures for SIA due to their high nitrogen content (see Belouard et al.
(2019b), Cornell Stable Isotope Laboratory communication). Carbon and nitro-
gen stable isotope ratios (8"°C as C/"C and 8N as “"N/"N) were measured
at the Cornell Stable Isotope Laboratory (Cornell University, Ithaca, NY). Stable
isotope ratios were expressed using conventional delta notations 8°C and 8" N rel-
ative to international standards, Vienna Pee Dee Belemnite for carbon and atmo-
spheric air for nitrogen. In-house standards resulted in a measurement precision

(SD) of 0.14%o for carbon and 0.07%eo for nitrogen.

Treatment of stable isotope data

813C values were lipid-corrected following the equation of Post et al. (2007):

813C = 813C —-3.32+0.99 x C:N,

untreated

where 8°C and 8°C___  are the lipid-corrected and raw 8"°C values of the sam-
ple, respectively, and C:N is the carbon-to-nitrogen ratio of the sample.

Stable isotope values of amphibian muscle were derived from the values of the
fin samples following the specific mathematical equations established in Belouard
etal. (2019b). Corrected 3"°C (8°C_ ) values between ponds were calculated using

the following equation:
3PC_ = (8”C_—-8"C_) ! (CR.),

where 8"°C_is the 8"°C value of the sample of interest (crayfish or amphibian),
8"”C., and CR_, are the mean and range of the mean 8" C values per prima-
ry consumer (C1) available in the pond considered (Suppl. material 1: table S1;
Physa acuta, Corbiculidae spp., Gammarus gammarus, Asellus aquaticus, Corixidae
spp. and zooplankton; following Olsson et al. (2009)). All C1 were used in this
equation because the standardisation of 8"*C values consists of including the en-
tire variability of communities. In addition, there is a strong littoral influence on
the entirety of pond ecosystems due to their small size (see, for example, Benetti
et al. (2014)).

Individual trophic positions (TP) were calculated using the following equation:

TP =%+ (3"N_—8"N ) / APN,

where L = 2 is the trophic position attributed to the primary consumers present
in all study ponds (here, molluscs Physa acuta and Corbiculidae spp.), 3N _is the
8"N value of the sample of interest (crayfish or amphibian), 8N is the mean
of the mean 8N values of each mollusc species available in the pond considered
and APN the trophic discrimination factor (set to 3.4, following Olsson et al.
(2009)). Only molluscs were considered amongst C1, because molluscs are long-
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lived, stable, exclusive herbivores and are, therefore, the most reliable consumers to
establish the baseline of the trophic position (Post 2002).

Stable isotope niche metrics were calculated for populations in which more
than 10 individuals were sampled (following recommendations in Jackson et al.
(2011)). For three newt populations, we sampled only 7-9 individuals (Table 1)
despite repeated trapping. High rates of recapture observed thanks to the mark left
by the biopsy attested that virtually all the population had been sampled. There-
fore, we calculated niche metrics for these populations as well, but made sure that
their inclusion did not change trends in the model results. Niche metrics were
calculated in a total of 41 amphibian populations (in 15 ponds) and 11 cray-
fish populations (Table 1). Standard ellipse areas corrected for small sample sizes
(SEA) were calculated as a measure of the stable isotope niche size for each pop-
ulation using the SIBER R package (Jackson et al. 2011). The average position of
the niche was calculated as the average TP and the average 8°C__per population.
The average position of the niche is based on all individuals, while standard ellipses
contain ~ 40% of the individuals in the stable isotope space (Jackson et al. 2011).
The degree of stable isotope niche overlap between two species (percentage of spe-
cies 1’s standard ellipse that is overlapped by species 2) was calculated as the ratio
between the area of overlap of the two standard ellipses and species 1’s ellipse area.

Statistical analyses

The existence of an ontogenetic shift in resource use in crayfish was tested in each
pond (except P06 that had only four crayfish sampled) using linear models. For
this specific issue, either crayfish TP or 813C__ were used as independent variables
and crayfish length as the explanatory variable.

In addition, we tested if niche metrics (SEA, TP and 813Ccor) of amphibians
were associated with crayfish presence or abundance, amphibian abundances or
proxies of pond productivity (pond area, canopy cover, aquatic vegetation cover)
using Linear Mixed Models with pond identity as a random factor (R package
Ime4; Bates et al. (2015)). Tadpoles and newts may show qualitatively different
variation in niche metrics due to their different diets, so we also included group
(tadpoles or newts) as a candidate predictor. SEA_was log-transformed to meet
assumptions of normality of the model residuals. We computed models with com-
binations of up to two variables (scaled), including a null model, to avoid overfit-
ting. When considering crayfish, we tested either presence/absence or abundance.
Marbled newt and crayfish abundance were highly negatively correlated in this
dataset (Spearman’s rank correlation rho < -0.8). As this correlation may not be
causal (Belouard et al. 2019a), we kept both variables, but they were not included
in the same models. Spearman’s rank correlations were lower than |0.8| for all other
pairs of variables.

Models were ranked by the Akaike Information Criterion, corrected for small
sample sizes (AICc; Burnham and Anderson (2003)). All models within AAICc < 2
of the best model were kept, as they are equivalent in their probability of best ex-
plaining the data (Burnham and Anderson 2003). The ranking of the first model
including crayfish presence or abundance was noted, as well as the ranking of the
null model, for comparison. Statistical analyses were done in R version 4.0.3 (R

Core Team 2023).
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Results
Amphibian and crayfish relative isotope positions

The trophic niche of newts and tadpoles strongly differ on both the carbon and
nitrogen stable isotope axes (Fig. 2). Populations of agile frog tadpoles, marbled
newts and palmate newts displayed relatively consistent trophic niche between
ponds. Both newts consistently showed enriched 8°C_ compared with agile frog
tadpoles (see niche metrics in Suppl. material 1: table S2). Both newts also showed
higher TP values (1.93-3.14) than agile frog tadpoles (1.86-2.54), except in a few
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Figure 2. Stable isotope values of individuals with the associated standard ellipses, where sample
size > 10. Note that P09 and P12 have a different x-scale compared to the other ponds due to larger

variation in 813C__values.
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ponds where the overall range of TP was very small (P06, P11, P17). Overall,
marbled newts had higher 8°C_ than palmate newts, except in P03, and similar
TP, except in P02. By contrast, the position of tree frog tadpoles varied greatly,
from low (P01, P11, P12, P14, P15) to high 813Cmr (P02, P04) as well as low
(1.49, P01-P03, P15) to high TP (2.95, P04, P11, P12, P14). Niche size varied
by a factor of 20 across ponds, with SEA_ranging from ~ 0.01 to ~ 0.20 for each
species (0.12 maximum in the marbled newt, Suppl. material 1: table §2). SEA_
was correlated between marbled and palmate newts (Spearman’s rank correlation
rtho = 0.93, p < 0.01), but not between agile and tree frog tadpoles (rho = -0.29,
p > 0.05). In a few cases, an overlap was observed between the trophic niche of the
two tadpole species (8 to 59% overlap in 3/8 ponds, Suppl. material 1: table S3)
and between the two newt species (8 to 15% overlap in 2/7 ponds, Suppl. material
1: table S3).

On the carbon stable isotope axis, crayfish occupied a central position be-
tween tadpoles and newts (Fig. 2), except in PO6 where the four crayfish spec-
imens had comparably low values as tadpoles of agile frogs. The crayfish dis-
played a highly variable TP: as low as tadpoles in P05 (2.41), but most often
higher and similar to newts (2.39-2.98) in P06-P09, P15 and P17 and at least
some individuals higher than newts in P08, P10, P14 and P17 (2.39-2.98).
The crayfish niche never overlapped with the amphibian niches (Suppl. mate-
rial 1: table §3). Crayfish niche size varied by a factor of 10, ranging from 0.02
to 0.16 between ponds (Suppl. material 1: table S2) and was not correlated
with tadpoles’ or palmate newts’ SEA_ (Spearman’s rank correlation tests, all
p > 0.05).

Crayfish 8"°C_ increased with crayfish length in all ponds (p < 0.05, Suppl. ma-
terial 1: fig. S1, table S5), except in P10 and P16 where it decreased with crayfish
length (p < 0.05) and there was no effect of crayfish length in P14. Crayfish TP
increased with crayfish length in PO8-P10, P14, P18 (p < 0.05, Suppl. material
1: fig. S2, table S5), decreased with crayfish length in P05 and P13 (p < 0.05) and
there was no effect of crayfish length in P07 and P15-P17.

Drivers of amphibian niche metrics

Variation in the niche size and niche position of amphibians was best explained
by amphibian abundances and pond productivity proxies (Table 2, Fig. 3). Model
selections kept two models for SEA_and TP and a single top model for 8"°C_ .
The best models each contained one to two variables and each model explained
20 to 84% of variance (Table 2). The best model including crayfish presence or
abundance was ranked 3™ to 10" depending on niche metrics, with consistently
high AAICc (> 3.3) and low likelihood of being the best model (WAICc < 8%).
Results were qualitatively similar when tree frog populations, that had a variable
position in the stable isotope space, were excluded from the analyses (Suppl. mate-
rial 1: table S4). Amphibian SEA_were larger in ponds with higher marbled newt
abundance (averaged estimate: 0.58) and lower agile frog density (Table 2, Fig.
3A). TP decreased with canopy cover (average estimate: 0.35) and was influenced
by the amphibian taxa, with newts having higher TP than tadpoles (Fig. 3B, Table
2). 8¥C_ was influenced only by the amphibian taxa, with newts having higher
3"C_ than tadpoles (Fig. 3C, Table 2).
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Discussion

Studying trophic niches is a valuable way to quantify the possible consequences of
invasive species on native species. We provided unique results on the stable isotope
niches of four native amphibians and factors explaining their variation in ponds. A
key finding is that no niche overlap occurred between amphibians and the invasive
red swamp crayfish and variation in amphibian niche size and position was associ-
ated with amphibian density and a proxy of pond productivity.

The position and segregation of the stable isotope niches of tadpoles and newts
were, in most cases, consistent with their documented feeding habits: low TP
for herbivorous-omnivorous tadpoles of agile frogs (reviewed in Montafa et al.
(2019)) and higher TP for predatory newts (Sdnchez-Herndndez (2020) and ref-
erences therein). Tree frog tadpoles showed more inconsistent relative positions,
sometimes with high trophic positions. It suggests that tree frog tadpoles may be
more opportunistic feeders than agile frogs and they may occasionally prey on
small macroinvertebrates (e.g. Chironomids larvae) or forage on carcasses, concor-
dant with a mesocosm study showing a high level of omnivory in tree frog tadpoles
(Carreira et al. 2016). The partial niche segregation between newts and between
tadpoles likely promotes co-existence between species from the same trophic level
(Chesson 2000).

The variation in stable isotope niche metrics of the red swamp crayfish reflects
its opportunistic feeding behaviour. Trophic flexibility is typically one of the eco-
logical traits that makes invasive species successful and possibly harmful, because it
makes them likely to thrive in diverse environments, be resilient to changes in food
availability and compete with many co-occurring species (Davidson et al. (2011)
on phenotypic plasticity; Rader et al. 2017). In addition, ontogenetic dietary shifts
in red swamp crayfish diet were confirmed here in most ponds. We showed shifts in
8"°C_values showing differences in food sources between juveniles and adults. In
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some ponds, we showed an increase in crayfish trophic position compatible with a
more predatory diet at the adult stage, even though some opposed trends were also
found in other ponds (see also standard ellipses separated for adult and juvenile
crayfish in Suppl. material 1: fig. $3). The flexibility in the trophic ecology of the
red swamp crayfish indicates that crayfish, specifically predatory adults, have the
potential to impact amphibians through predation and competition for some food
resources (Beebee and Grifhiths 2005; Twardochleb et al. 2013). Testing whether
the age structure of crayfish populations influences the severity of crayfish impacts
would be an interesting avenue to explore using, for instance, experimental studies.

Our findings are noteworthy given the rarity of stable isotope studies on am-
phibians in natural ecosystems, as well as for investigating the potential effect of
red swamp crayfish on diets of our study species. We showed that the stable isotope
niche of the red swamp crayfish never overlapped with the stable isotope niche of
amphibians. This trophic partition may be constitutive, i.e. species never compet-
ed for food resources, or induced, i.e. individuals changed their diet to limit com-
petition for a shared resource. Although determining trophic relationships is out
of the scope of this work and requires more investigations, predation of crayfish on
tadpoles can be suspected in most ponds, while predation is unlikely between adult
newts and crayfish, as they occupy similar trophic positions. In cases of intraguild
predation (Vieira Marques et al. 2018), such as crayfish feeding on larval newts,
or reciprocal intraguild predation if newts also feed on juvenile crayfish, spatial
segregation of species in the water column and, therefore, the use of different food
resources, is believed to limit the exposure of amphibians to crayfish and vice versa
(Belouard et al. 2019a). The inverse question of whether the crayfish niche changes
in the presence of amphibians cannot be addressed with our sampling design (n = 2
ponds without amphibians).

Although these potential relationships between the invasive red swamp crayfish
and native amphibians could cause dietary changes in amphibians, the stable iso-
tope niches of amphibians were not dictated by the red swamp crayfish. Indeed,
amphibian densities and pond canopy cover were better explanatory variables for
the variation in all amphibian niche metrics than crayfish. Our result is inconsis-
tent with mesocosm studies that documented significant effects of crayfish on food
availability for tadpoles (e.g. Geiger et al. (2005); Rodriguez-Pérez et al. (2016)),
causing a diet shift towards resources depleted in 8'°C in mesocosms (Arribas et
al. 2015). The lack of support for a direct link between the crayfish invasion and
amphibian niche metrics that we found could stem from the relatively low crayfish
abundances in the ponds studied. As a result, the exposure of amphibians to cray-
fish may not be high enough to trigger major dietary changes in native amphibi-
ans. The difference in findings between other studies and the present study could
also come from the simplified environmental conditions and shorter time since
introduction in mesocosms compared with natural ecosystems.

First, resource availability likely shapes species realised trophic niches in natural
conditions, as shown by the negative effects of canopy cover or amphibian abun-
dances on all niche metrics, a complexity that can only partially be incorporated
in experimental studies. Additional investigations are needed to better understand
the observed relationships between amphibian niche metrics and a proxy of pond
productivity, as well as the effects of intra- and interspecific competition.

Second, observations in natural ecosystems occur in a time window that is rarely
equivalent to what can be achieved in experimental studies. As impacts of invasive
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species often decrease with time since invasion, mesocosm studies likely unveil
exacerbated effects in comparison with some observational studies (Lodge et al.
1998; Strayer et al. 2006; Zdvorka et al. 2018). Our observational study con-
siders a 35-year-old invasion, which may explain why our results imply milder
consequences of the invasion compared to experimental settings. The long-term
perspective offered by our study is, indeed, likely the product of changes in hab-
itat and resource use in space and time. For example, at the population scale,
behavioural changes in the form of anti-predatory strategies have been observed in
a diversity of tadpole species in response to the presence of the red swamp crayfish
using laboratory experiments (Nunes et al. 2013; Polo-Cavia and Gomez-Mestre
2014). At the metapopulation scale, immigration from adjacent subpopulations
may have rescued declining amphibian populations during the early stages of the
invasion, providing time for such changes to take place, especially as crayfish popu-
lations themselves likely experienced a decrease in abundances over time (Belouard

etal. 2019¢).

Conclusion

Proximate consequences of biological invasions may manifest as dietary changes in
native species. Such investigation can be viewed as complementary with analyses of
large-scale, ultimate impacts of biological invasions, such as population declines or
even extinctions. Overall, our study is a first step towards documenting the prox-
imate effects of the red swamp crayfish on amphibian trophic niches, a topic that
would require more investigations. Comparing ponds that are similar in canopy
cover and amphibian densities and that either lack or harbour crayfish in a paired
sampling design are tasks for a future study. Further challenges for understanding
and predicting the fate of invasions in different environmental settings include
measuring low-density growth rates (sezsu Chesson 2000) and combining species
niches, fitness and species relative dispersal abilities within the metacommunity
framework (Schligel et al. 2020; Thompson et al. 2020).

Acknowledgements

We thank the Regional Natural Park of Briére, notably J.P. Damien, for supporting
our research activities on amphibian ecology and A. Oger and D. Huteau for their
help in sample processing. We thank Eric R. Larson and two anonymous reviewers
for their helpful comments on a previous version of this manuscript.

Additional information

Conflict of interest

‘The authors have declared that no competing interests exist.

Ethical statement

Red swamp crayfish and amphibians were collected under the permits n°07/2016, 12/2017, 2016/
SEE-Biodiversité/070, 2017/SEE-Biodiversité/1145 approved by the Préfecture de Loire-Atlantique.
Fin biopsies of amphibians were conducted in accordance with ethics on animal welfare and permit
n°APAFIS#3125-20152071140177v2. All applicable institutional and/or national guidelines for the

care and use of animals were followed.

NeoBiota 93: 245-262 (2024), DOI: 10.3897/neobiota.93.120477 257



Nadege Belouard et al.: Stable isotope niches of amphibians in invaded ponds

Funding

This study was funded by the Agence Francaise pour la Biodiversité (research programme supervised
by J.-M.P) and the Ministére de 'Education Nationale, de 'Enseignement Supérieur et de la Recher-
che (PhD Grant to N.B.).

Author contributions

N.B. Conceptualisation, Writing — original draft, Writing — review and editing, Data curation, For-
mal analysis, Investigation, Methodology, Validation, Visualisation. E.P. Conceptualisation, Writing
— review and editing, Investigation, Methodology, Supervision, Validation. J.C. Conceptualisation,
Writing — review and editing, Investigation, Methodology, Supervision, Validation. J.M.P Conceptu-
alisation, Writing — review and editing, Funding acquisition, Investigation, Methodology, Resources,

Supervision, Validation.

Author ORCIDs

Nadege Belouard @ https://orcid.org/0000-0002-7968-7735
Eric J. Petit © hetps://orcid.org/0000-0001-5058-5826

Julien Cucherousset © https://orcid.org/0000-0003-0533-9479
Jean-Marc Paillisson © https://orcid.org/0000-0001-7270-7281

Data availability

Isotope data for the species of interest and taxa used in the baseline calculation are available as Suppl.
material 2. R scripts to reproduce the analysis and figures are available on GitHub: https://github.

com/nbelouard/AmphibianIsotopicNiches.

References

Alcorlo P, Baltands A (2013) The trophic ecology of the red swamp crayfish (Procambarus clarkii) in
Mediterranean aquatic ecosystems: A stable isotope study. Limnetica 32: 121-138. https://doi.
org/10.23818/limn.32.12

Alcorlo P, Geiger W, Otero M (2004) Feeding preferences and food selection of the red swamp cray-
fish, Procambarus clarkii, in habitats differing in food item diversity. Crustaceana 77(4): 435-453.
hteps://doi.org/10.1163/1568540041643283

Arribas R, Diaz-Paniagua C, Gomez-Mestre I (2014) Ecological consequences of amphibian larvae
and their native and alien predators on the community structure of temporary ponds. Freshwater
Biology 59(9): 1996-2008. https://doi.org/10.1111/fwb.12402

Arribas R, Diaz-Paniagua C, Caut S, Gomez-Mestre I (2015) Stable isotopes reveal trophic partition-
ing and trophic plasticity of a larval amphibian guild. PLoS ONE 10(6): €0130897. https://doi.
org/10.1371/journal.pone.0130897

Bates D, Michler M, Bolker B, Walker S (2015) Fitting Linear Mixed-Effects Models using Ime4.
Journal of Statistical Software 67(1): 1-48. hetps://doi.org/10.18637/jss.v067.i01

Beebee TJC, Griffiths RA (2005) The amphibian decline crisis: A watershed for conserva-
tion biology? Biological Conservation 125(3): 271-285. https://doi.org/10.1016/j.bio-
con.2005.04.009

Belouard N, Petit EJ, Paillisson J-M (2019a) Variable effects of an invasive species on the reproduc-
tion and distribution of native species in pond networks. Freshwater Biology 64(3): 544-554.
https://doi.org/10.1111/fwb.13241

Belouard N, Petit EJ, Huteau D, Oger A, Paillisson J-M (2019b) Fins are relevant non-lethal sur-
rogates for muscle to measure stable isotopes in amphibians. Knowledge and Management of

Aquatic Ecosystems 420(420): 8. https://doi.org/10.1051/kmae/2018040

NeoBiota 93: 245-262 (2024), DOI: 10.3897/neobiota.93.120477 258


https://orcid.org/0000-0002-7968-7735
https://orcid.org/0000-0001-5058-5826
https://orcid.org/0000-0003-0533-9479
https://orcid.org/0000-0001-7270-7281
https://github.com/nbelouard/AmphibianIsotopicNiches
https://github.com/nbelouard/AmphibianIsotopicNiches
https://doi.org/10.23818/limn.32.12
https://doi.org/10.23818/limn.32.12
https://doi.org/10.1163/1568540041643283
https://doi.org/10.1111/fwb.12402
https://doi.org/10.1371/journal.pone.0130897
https://doi.org/10.1371/journal.pone.0130897
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1016/j.biocon.2005.04.009
https://doi.org/10.1016/j.biocon.2005.04.009
https://doi.org/10.1111/fwb.13241
https://doi.org/10.1051/kmae/2018040

Nadege Belouard et al.: Stable isotope niches of amphibians in invaded ponds

Belouard N, Paillisson J-M, Oger A, Besnard A-L, Petit E] (2019¢) Genetic drift during the spread phase
of a biological invasion. Molecular Ecology 28(19): 4375-4387. https://doi.org/10.1111/mec.15238

Benetti CJ, Pérez-Bilbao A, Garrido J (2014) The determination of food sources for invertebrates
in four ponds in N'W Spain using stable isotope analysis. Limnetica 33(1): 89-106. https://doi.
org/10.23818/1imn.33.08

Bradley BA, Laginhas BB, Whitlock R, Allen JM, Bates AE, Bernatchez G, Diez JM, Early R, Lenoir
J, Vila M, Sorte CJB (2019) Disentangling the abundance—impact relationship for invasive spe-
cies. Proceedings of the National Academy of Sciences of the United States of America 116(20):
9919-9924. https://doi.org/10.1073/pnas. 1818081116

Burnham KB, Anderson DR (2003) Model selection and multimodel inference: a practical informa-
tion-theoretic approach. Springer Science & Business Media.

Carreira BM, Segurado P, Orizaola G, Gongalves N, Pinto V, Laurila A, Rebelo R (2016) Warm
vegetarians? Heat waves and diet shifts in tadpoles. Ecology 97(11): 2964-2974. https://doi.
org/10.1002/ecy.1541

Carreira BM, Segurado P, Laurila A, Rebelo R (2017) Can heat waves change the trophic role of
the world’s most invasive crayfish? Diet shifts in Procambarus clarkii. PLoS ONE 12: ¢0183108.
https://doi.org/10.1371/journal.pone.0183108

Caut S, Angulo E, Diaz-Paniagua C, Gomez-Mestre I (2013) Plastic changes in tadpole trophic
ecology revealed by stable isotope analysis. Oecologia 173(1): 95-105. https://doi.org/10.1007/
s00442-012-2428-3

Chesson P (2000) Mechanisms of maintenance of species diversity. Annual Review of Ecology and
Systematics 31(1): 343-366. https://doi.org/10.1146/annurev.ecolsys.31.1.343

Correia AM (2003) Food choice by the introduced crayfish Procambarus clarkii. Annales Zoologici
Fennici 40: 517-528.

Cruz M, Rebelo R, Crespo E (2006a) Effects of an introduced crayfish, Procambarus clarkii, on
the distribution of south-western Iberian amphibians in their breeding habitats. Ecography 29:
329-338. https://doi.org/10.1111/j.2006.0906-7590.04333 .x

David B, Thébault E, Anneville O, Duyck PE Chapuis E, Loeuille N (2017) Impacts of invasive species on
food webs: A review of empirical data. In: Bohan D, Dumbrell AJ, Massol F (Eds) Network of invasion:
A synthesis of concepts. Academic Press, Oxford, 60 pp. https://doi.org/10.1016/bs.aecr.2016.10.001

Davidson AM, Jennions M, Nicotra AB (2011) Do invasive species show higher phenotypic plastici-
ty than native species and, if so, is it adaptive? A meta-analysis. Ecology Letters 14(4): 419—-431.
https://doi.org/10.1111/j.1461-0248.2011.01596.x

Davis MA (2009) Invasion biology. Oxford University Press, Oxford, 244 pp.

Elton CS (1958) The ecology of invasions by animals and plants. University of Chicago Press. Chi-
cago, IL, USA. https://doi.org/10.1007/978-1-4899-7214-9

Evangelista C, Boiche A, Lecerf A, Cucherousset ] (2014) Ecological opportunities and intraspecific
competition alter trophic niche specialization in an opportunistic stream predator. Journal of
Animal Ecology 83(5): 1025-1034. https://doi.org/10.1111/1365-2656.12208

Ficetola G, Siesa ME, Manenti R, Bottoni L, De Bernardi F, Padoa-Schioppa E (2011) Early assess-
ment of the impact of alien species: Differential consequences of an invasive crayfish on adult
and larval amphibians. Diversity & Distributions 17(6): 1141-1151. https://doi.org/10.1111/
j.-1472-4642.2011.00797 x

Gamradt SC, Kats LB, Anzalone CB (1997) Aggression by non-native crayfish deters breeding
in California newts. Conservation Biology 11(3): 793-796. https://doi.org/10.1046/j.1523-
1739.1997.96230.x

Geiger W, Alcorlo B, Baltanas A, Montes C (2005) Impact of an introduced Crustacean on the tro-
phic webs of Mediterranean wetlands. Biological Invasions 7(1): 49—73. https://doi.org/10.1007/
510530-004-9635-8

NeoBiota 93: 245-262 (2024), DOI: 10.3897/neobiota.93.120477 259


https://doi.org/10.1111/mec.15238
https://doi.org/10.23818/limn.33.08
https://doi.org/10.23818/limn.33.08
https://doi.org/10.1073/pnas.1818081116
https://doi.org/10.1002/ecy.1541
https://doi.org/10.1002/ecy.1541
https://doi.org/10.1371/journal.pone.0183108
https://doi.org/10.1007/s00442-012-2428-3
https://doi.org/10.1007/s00442-012-2428-3
https://doi.org/10.1146/annurev.ecolsys.31.1.343
https://doi.org/10.1111/j.2006.0906-7590.04333.x
https://doi.org/10.1016/bs.aecr.2016.10.001
https://doi.org/10.1111/j.1461-0248.2011.01596.x
https://doi.org/10.1007/978-1-4899-7214-9
https://doi.org/10.1111/1365-2656.12208
https://doi.org/10.1111/j.1472-4642.2011.00797.x
https://doi.org/10.1111/j.1472-4642.2011.00797.x
https://doi.org/10.1046/j.1523-1739.1997.96230.x
https://doi.org/10.1046/j.1523-1739.1997.96230.x
https://doi.org/10.1007/s10530-004-9635-8
https://doi.org/10.1007/s10530-004-9635-8

Nadege Belouard et al.: Stable isotope niches of amphibians in invaded ponds

Gosner KL (1960) A simplified table for staging anuran embryos and larvae with notes on identifi-
cation. Herpetologica 16: 183-190.

Jackson AL, Inger R, Parnell AC, Bearhop S (2011) Comparing isotopic niche widths among and
within communities: SIBER — Stable Isotope Bayesian Ellipses in R. Journal of Animal Ecology
80(3): 595-602. https://doi.org/10.1111/j.1365-2656.2011.01806.x

Jackson MC, Grey J, Miller K, Britton JR, Donohue I (2016) Dietary niche constriction when
invaders meet natives: Evidence from freshwater decapods. Journal of Animal Ecology 85(4):
1098-1107. https://doi.org/10.1111/1365-2656.12533

Lodge DM, Stein RA, Brown KM, Covich AP, Bronmark C, Garvey JE, Klosiewskt SP (1998) Predict-
ing impact of freshwater exotic species on native biodiversity: Challenges in spatial scaling. Aus-
tralian Journal of Ecology 23(1): 53-67. https://doi.org/10.1111/.1442-9993.1998.tb00705.x

McCue MD, Javal M, Clusella-Trullas S, Roux JJL, Jackson MC, Ellis AG, Richardson DM, Val-
entine AJ, Terblanche JS (2020) Using stable isotope analysis to answer fundamental questions
in invasion ecology: Progress and prospects. Methods in Ecology and Evolution 11(2): 196-214.
https://doi.org/10.1111/2041-210X.13327

Montana CG, Silva SDGTM, Hagyari D, Wager J, Tiegs L, Sadeghian C, Schriever TA, Schalk
CM (2019) Revisiting “what do tadpoles really eat?” A 10-year perspective. Freshwater Biology
64(12): 2269-2282. https://doi.org/10.1111/fwb.13397

Nentwig W (Ed.) (2008) Biological invasions. Springer, Betlin, 441 pp. https://doi.org/10.1007/978-
3-540-36920-2

Newsome SD, del Rio CM, Bearhop S, Phillips DL (2007) A niche for isotopic ecology. Frontiers in
Ecology and the Environment 5(8): 429-436. https://doi.org/10.1890/060150.1

Nilsson E, Solomon CT, Wilson KA, Willis TV, Larget B, Vander Zanden MJ (2012) Effects of an
invasive crayfish on trophic relationships in north-temperate lake food webs. Freshwater Biology
57(1): 10-23. https://doi.org/10.1111/j.1365-2427.2011.02688.x

Nunes AL, Richter-Boix A, Laurila A, Rebelo R (2013) Do anuran larvae respond behaviourally to
chemical cues from an invasive crayfish predator? A community-wide study. Oecologia 171(1):
115-127. https://doi.org/10.1007/s00442-012-2389-6

Oertli B, Frossard P-A [Eds] (2013) Mares et étangs: écologie, gestion, aménagement et valorisation. Press-
es Polytechniques et Universitaires Romandes. Collection: Ingénierie de I'Environnement, 480 pp.

Olsson K, Stenroth P, Nystrom P, Granéli W (2009) Invasions and niche width: Does niche width
of an introduced crayfish differ from a native crayfish? Freshwater Biology 54(8): 1731-1740.
hetps://doi.org/10.1111/j.1365-2427.2009.02221 x

Paillisson J-M, Roussel JM, Tréguier A, Surzur G, Damien JP (2011) Préservation de la biodiversité
face aux invasions de I'écrevisse de Louisiane (Procambarus clarkii), rapport ONEMA/INRA.

Polo-Cavia N, Gomez-Mestre I (2014) Learned recognition of introduced predators determines surviv-
al of tadpole prey. Functional Ecology 28(2): 432—439. https://doi.org/10.1111/1365-2435.12175

Post DM (2002) Using stable isotopes to estimate trophic position: Models, methods, and assumptions.
Ecology 83(3): 703-718. https://doi.org/10.1890/0012-9658(2002)083[0703:USITET]2.0.CO;2

Post DM, Pace ML, Hairston Jr NG (2000) Ecosystem size determines food-chain length in lakes.
Nature 405(6790): 1047-1049. https://doi.org/10.1038/35016565

Post DM, Layman CA, Arrington DA, Takimoto G, Quattrochi J, Montafia CG (2007) Getting to
the fat of the matter: Models, methods and assumptions for dealing with lipids in stable isotope
analyses. Oecologia 152(1): 179-189. https://doi.org/10.1007/s00442-006-0630-x

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

Rader JA, Newsome SD, Sabat B, Chesser RT, Dillon ME, Martinez del Rio C (2017) Isotopic niches
support the resource breadth hypothesis. Journal of Animal Ecology 86(2): 405-413. https://doi.
org/10.1111/1365-2656.12629

NeoBiota 93: 245-262 (2024), DOI: 10.3897/neobiota.93.120477 260


https://doi.org/10.1111/j.1365-2656.2011.01806.x
https://doi.org/10.1111/1365-2656.12533
https://doi.org/10.1111/j.1442-9993.1998.tb00705.x
https://doi.org/10.1111/2041-210X.13327
https://doi.org/10.1111/fwb.13397
https://doi.org/10.1007/978-3-540-36920-2
https://doi.org/10.1007/978-3-540-36920-2
https://doi.org/10.1890/060150.1
https://doi.org/10.1111/j.1365-2427.2011.02688.x
https://doi.org/10.1007/s00442-012-2389-6
https://doi.org/10.1111/j.1365-2427.2009.02221.x
https://doi.org/10.1111/1365-2435.12175
https://doi.org/10.1890/0012-9658(2002)083%5B0703:USITET%5D2.0.CO;2
https://doi.org/10.1038/35016565
https://doi.org/10.1007/s00442-006-0630-x
https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.1111/1365-2656.12629
https://doi.org/10.1111/1365-2656.12629

Nadege Belouard et al.: Stable isotope niches of amphibians in invaded ponds

Rebelo R, Cruz M (2005) Vulnerability of Southwest Iberian amphibians to an intro-
duced crayfish, Procambarus clarkii. Amphibia-Reptilia 26(3): 293-303. https://doi.
org/10.1163/156853805774408577

Ricciardi A, Hoopes MF, Marchetti MP, Lockwood JL (2013) Progress toward understanding the
ecological impacts of nonnative species. Ecological Monographs 83(3): 263-282. https://doi.
org/10.1890/13-0183.1

Rodriguez-Pérez H, Hilaire S, Mesléard F (2016) Temporary pond ecosystem functioning shifts me-
diated by the exotic red swamp crayfish (Procambarus clarkii): A mesocosm study. Hydrobiologia
767(1): 333-345. https://doi.org/10.1007/s10750-015-2523-7

Sénchez-Herndndez ] (2020) Reciprocal role of salamanders in aquatic energy flow pathways. Diver-
sity 12(1): 32. hteps://doi.org/10.3390/d12010032

Scheffer M (1998) Ecology of shallow lakes. Chapman and Hall. London.

Schiesari L (2006) Pond canopy cover: A resource gradient for anuran larvae. Freshwater Biology
51(3): 412-423. https://doi.org/10.1111/j.1365-2427.2005.01497 .x

Schligel UE, Grimm V, Blaum N, Colangeli P, Dammhahn M, Eccard JA, Hausmann SL, Herde
A, Hofer H, Joshi J, Kramer-Schadt S, Litwin M, Lozada-Gobilard SD, Miiller MEH, Miiller
T, Nathan R, Petermann JS, Pirhofer-Walzl K, Radchuk V, Rillig MC, Roeleke M, Schifer M,
Scherer C, Schiro G, Scholz C, Teckentrup L, Tiedemann R, Ullmann W, Voigt CC, Weithoff G,
Jeltsch F (2020) Movement-mediated community assembly and coexistence. Biological Reviews
of the Cambridge Philosophical Society 95(4): 1073-1096. https://doi.org/10.1111/brv.12600

Shea K, Chesson P (2002) Community ecology theory as a framework for biological invasions. Trends
in Ecology & Evolution 17(4): 170-176. https://doi.org/10.1016/S0169-5347(02)02495-3

Simberloff D, Martin J-L, Genovesi P, Maris V, Wardle DA, Aronson J, Courchamp F Galil B,
Garcia-Berthou E, Pascal M, Pysek B, Sousa R, Tabacchi E, Vila M (2013) Impacts of biologi-
cal invasions: What's what and the way forward. Trends in Ecology & Evolution 28(1): 58-66.
https://doi.org/10.1016/j.tree.2012.07.013

Skelly DK, Richardson JL (2010) Larval sampling. In: Dodd Jr CK (Ed.) Amphibian ecology and
conservation - A handbook of techniques. Oxford University Press, Oxford, 55-70. https://doi.
0rg/10.1093/0s0/9780199541188.003.0004

Skelly DK, Freidenburg LK, Kiesecker JM (2002) Forest canopy and the performance of larval am-
phibians. Ecology 83(4): 983-992. https://doi.org/10.1890/0012-9658(2002)083[0983:FCAT-
P0OJ2.0.CO;2

Strauss SY, Lau JA, Carroll SP (2006) Evolutionary responses of natives to introduced species: What
do introductions tell us about natural communities? Ecology Letters 9(3): 357-374. https://doi.
org/10.1111/j.1461-0248.2005.00874.x

Strayer DL, Eviner VT, Jeschke JM, Pace ML (2006) Understanding the long-term effects of spe-
cies invasions. Trends in Ecology & Evolution 21(11): 645-651. https://doi.org/10.1016/j.
tree.2006.07.007

Thompson PL, Guzman LM, De Meester L, Horvdth Z, Ptacnik R, Vanschoenwinkel B, Viana DS,
Chase JM (2020) A process-based metacommunity framework linking local and regional scale
community ecology. Ecology Letters 23(9): 1314—1329. https://doi.org/10.1111/ele.13568

Trakimas G, Jardine TD, Barisevi¢iaté R, Garbaras A, Skipityté R, Remeikis V (2011) Ontogenetic
dietary shifts in European common frog (Rana temporaria) revealed by stable isotopes. Hydrobi-
ologia 675(1): 87-95. https://doi.org/10.1007/s10750-011-0804-3

Tréguier A, Roussel J-M, Bélouard N, Paillisson J-M (2018) Is it a hindrance for an invasive aquatic
species to spread across scattered habitat patches? Aquatic Conservation 28(3): 610-618. https://
doi.org/10.1002/aqc.2887

Twardochleb LA, Olden JD, Larson ER (2013) A global meta-analysis of the ecological impacts
of nonnative crayfish. Freshwater Science 32(4): 1367-1382. https://doi.org/10.1899/12-203.1

NeoBiota 93: 245-262 (2024), DOI: 10.3897/neobiota.93.120477 261


https://doi.org/10.1163/156853805774408577
https://doi.org/10.1163/156853805774408577
https://doi.org/10.1890/13-0183.1
https://doi.org/10.1890/13-0183.1
https://doi.org/10.1007/s10750-015-2523-7
https://doi.org/10.3390/d12010032
https://doi.org/10.1111/j.1365-2427.2005.01497.x
https://doi.org/10.1111/brv.12600
https://doi.org/10.1016/S0169-5347(02)02495-3
https://doi.org/10.1016/j.tree.2012.07.013
https://doi.org/10.1093/oso/9780199541188.003.0004
https://doi.org/10.1093/oso/9780199541188.003.0004
https://doi.org/10.1890/0012-9658(2002)083%5B0983:FCATPO%5D2.0.CO;2
https://doi.org/10.1890/0012-9658(2002)083%5B0983:FCATPO%5D2.0.CO;2
https://doi.org/10.1111/j.1461-0248.2005.00874.x
https://doi.org/10.1111/j.1461-0248.2005.00874.x
https://doi.org/10.1016/j.tree.2006.07.007
https://doi.org/10.1016/j.tree.2006.07.007
https://doi.org/10.1111/ele.13568
https://doi.org/10.1007/s10750-011-0804-3
https://doi.org/10.1002/aqc.2887
https://doi.org/10.1002/aqc.2887
https://doi.org/10.1899/12-203.1

Nadege Belouard et al.: Stable isotope niches of amphibians in invaded ponds

Vander Zanden M]J, Casselman JM, Rasmussen JB (1999) Stable isotope evidence for the food
web consequences of species invasions in lakes. Nature 401(6752): 464-467. https://doi.
org/10.1038/46762

Vieira Marques R, Almeida Sarmento R, Gongalves Oliveira A, Rodrigues D, Venzon M, Pedro-Neto
M, Pallini A, Janssen A (2018) Reciprocal intraguild predation and predator coexistence. Ecology
and Evolution 8(14): 6952-6964. https://doi.org/10.1002/ece3.4211

Williams DD (2006) The biology of temporary waters. Oxford University Press, New York, 337 pp.

Zavorka L, Buoro M, Cucherousset ] (2018) The negative ecological impacts of a globally introduced
species decrease with time since introduction. Global Change Biology 24(9): 4428-4437. https://
doi.org/10.1111/gcb.14323

Supplementary material 1

Detailed sample sizes and stable isotope niche metrics and detailed description of

the ontogenetic shift in the stable isotope values in the red swamp crayfish

Authors: Nadege Belouard, Eric J. Petit, Julien Cucherousset, Jean-Marc Paillisson

Data type: docx

Copyright notice: This dataset is made available under the Open Database License (http://opendata-
commons.org/licenses/odbl/1.0/). The Open Database License (ODbL) is a license agreement
intended to allow users to freely share, modify, and use this Dataset while maintaining this same

freedom for others, provided that the original source and author(s) are credited.

Link: https://doi.org/10.3897/neobiota.93.120477 .suppl1

Supplementary material 2

Stable isotope data

Authors: Nadege Belouard, Eric J. Petit, Julien Cucherousset, Jean-Marc Paillisson

Data type: csv

Explanation note: Dataset used for the analyses done in the manuscript.

Copyright notice: This dataset is made available under the Open Database License (http://opendata-
commons.org/licenses/odbl/1.0/). The Open Database License (ODbL) is a license agreement
intended to allow users to freely share, modify, and use this Dataset while maintaining this same

freedom for others, provided that the original source and author(s) are credited.

Link: https://doi.org/10.3897/neobiota.93.120477 .suppl2

NeoBiota 93: 245-262 (2024), DOI: 10.3897/neobiota.93.120477 262


https://doi.org/10.1038/46762
https://doi.org/10.1038/46762
https://doi.org/10.1002/ece3.4211
https://doi.org/10.1111/gcb.14323
https://doi.org/10.1111/gcb.14323
http://opendatacommons.org/licenses/odbl/1.0/
http://opendatacommons.org/licenses/odbl/1.0/
https://doi.org/10.3897/neobiota.93.120477.suppl1
http://opendatacommons.org/licenses/odbl/1.0/
http://opendatacommons.org/licenses/odbl/1.0/
https://doi.org/10.3897/neobiota.93.120477.suppl2

	Variation of the stable isotope niches of native amphibians in ponds invaded by the red swamp crayfish
	Abstract
	Introduction
	Materials and methods
	Study populations and pond characteristics
	Sample collection
	Sample preparation and stable isotope analysis
	Treatment of stable isotope data
	Statistical analyses

	Results
	Amphibian and crayfish relative isotope positions
	Drivers of amphibian niche metrics

	Discussion
	Conclusion
	Acknowledgements
	Additional information
	References

