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Abstract

The marbled crayfish (Procambarus virginalis) is an invasive, parthenogenetically
reproducing species that has spread to freshwater ecosystems in over 24 countries
across North America, Europe, Africa, and the Middle East. To date, the trophic ecology
of the marbled crayfish has only been studied in European lentic and lotic perennial
ecosystems. This study aims to shed light on the trophic ecology of the marbled crayfish
in ephemeral streams of semi-arid environments in the Middle East, using 8'3C and &'°N
stable isotope analysis. We also conducted a diet regime experiment to test the impact
of herbivorous and omnivorous diets on crayfish survival. In agreement with studies
elsewhere, our analysis confirmed that P. virginalis functions as a flexible omnivore,
occupying an intermediate trophic level (trophic position: 2.3—2.9), with the highest values
observed during summer. The diet regime experiment showed that juveniles can survive
on various diets, with only small differences in survival rates among the three diets that
were tested. Surprisingly, the highest survival rate was observed when the crayfish were
fed a poor plant-based diet. Adults and sub-adults also showed high survival rates under
all tested diets, as well as some extent of cannibalism, which was amplified when fed
purely plant-based diets. Cannibalism was primarily directed at small-sized juveniles (0-
2 months old). In contrast, cannibalism among adults and sub-adults was very limited,

even when reared at high densities.

Keywords: Bayesian mixing models, cannibalism, diet regime experiment, food web,
isotopic niche breadth, Kaplan-Meier survival analysis, opportunistic feeding, stable

isotope analysis
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Introduction

The effects of invasive species are a world-wide concern, threatening biodiversity and
altering ecosystem functioning, posing growing ecological and economic challenges
(Pysek et al., 2020; Maciaszek et al., 2022). How they interact with the indigenous species
and how they might affect the ecosystem over time are important questions for scientists,
policy makers, and the general public. The marbled crayfish, Procambarus virginalis
(Lyko, 2017) is a freshwater decapod crustacean that has successfully established in
numerous sites in Europe, North America, Africa, Asia and, in the last decade, also in
Israel (Liptak et al., 2019; Maciaszek et al., 2022; Yanai et al., 2024), spreading via
aquaculture and the international pet trade. It is recognized as one of the most invasive
crayfish (Lipték et al., 2019) and was therefore included in the European Union’s list of
Invasive Alien Species (IAS) of Union Concern (European Commission, 2016). The first
invasion in Israel was reported in 2018 in social media and was verified in December

2022 by morphological and molecular identification (Yanai et al., 2024).

Invasive crayfish are among the most destructive invasive species. They are generalist
omnivores, potentially affecting all trophic levels and altering the food web (Maciaszek et
al., 2022). Their foraging and burrowing make them potential ecosystem engineers - they
can change sediment properties, increase bioturbation, create thermal refuges and drive
other abiotic changes to the ecosystem (Twardochleb et al., 2013; Emery-Butcher et al.,
2020; Maciaszek et al., 2022; Rilov et al. 2024). Invasive crayfish were also found to
negatively affect biomass and abundances of macrophytes, invertebrates, fish, and
amphibians in experimental settings (Twardochleb et al., 2013).

Many Middle Eastern countries are characterized by semi-arid climatic conditions (e.g.,
Maruani and Amit-Cohen, 2009), where freshwater ecosystems are typically small,
fragile, and often seasonal. Understanding the impacts of the marbled crayfish invasion
on these systems is crucial. This study aims to examine the trophic interactions of the
marbled crayfish in semi-arid environments and assess its potential effects on local
ecosystems. Given the potential impact of P. virginalis on the ecosystem, it is important

to understand its role within local food webs to identify native species at risk. Determining
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its trophic position will also inform management strategies to mitigate its effects, prevent
further spread, and predict its ecological impacts in current and future invaded systems.

Previous invasions of P. virginalis have been studied across a range of aquatic
ecosystems differing in habitat type and water depth. Several studies have used stable
isotope analysis (SIA) to examine its trophic role and interactions within recipient
ecosystem (Liptak et al., 2019; Linzmaier et al., 2020; Vesely et al., 2021; Teesalu et al.,
2025). These studies were conducted in permanently flooded systems where fish
represent the top predators, and in some cases other invasive crayfish were also present
(Liptak et al., 2019; Linzmaier et al., 2020; Vesely et al., 2021). Overall, SIA results
indicate that P. virginalis occupies a flexible, intermediate trophic position, with diet
composition varying among sites. The main food sources included detritus, algae,
zoobenthos and macrophytes (Vesely et al., 2021), detritus and algae (Lipték et al.,
2019), macrophytes and periphyton (Teesalu et al 2025), or arthropods, snails and
mussels (Linzmaier et al., 2020). Experimental evidence further suggests a preference
for animal prey when available, including mobile invertebrates and carrion (Linzmaier et
al., 2020). These findings suggest that the marbled crayfish can alter food-web structure
and energy pathways in invaded ecosystems (Liptak et al., 2019).

Our study sites differ from those previously studied in several aspects: (1) Two of the
water bodies studied are ephemeral, occasionally dry, while moisture is found only in
underground burrows; (2) There are no indigenous crayfish species in Israel, and the
studied sites had no other invasive crayfish prior to the current invasions; (3) None of the
sites are inhabited by fish, which may prey on the invasive crayfish of compete with them,
and thus control their populations. These differences make it difficult to predict which
ecological niche and trophic position P. virginalis might occupy. To establish trophic
position and interactions of the marbled crayfish, we used two complimentary
approaches: (1) Stable isotope analysis of the crayfish and their potential food sources
across different sites and seasons, and (2) Diet regime experiments. These approaches
enabled us to assess the trophic position, isotopic niche breadth and main food sources
of P. virginalis, and to test the impact of herbivorous and omnivorous diets on crayfish

survival, while examining the extent of intraspecific predation (cannibalism). This
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investigation is especially relevant in seasonal freshwater ecosystems, where the
ecological succession is slow at the onset of winter (the wet season), and for several
weeks after the hydroperiod begins, macrophytes and animal prey are scarce. During this
time the crayfish that survived the dry summer are active, and cannibalistic behavior might
be intensified (Fox, 1975; Dong and Polis, 1992).

Materials and methods

Study sites

Crayfish for SIA and diet regime experiments were collected from three inland water
bodies in Israel, where established populations have been reported: (1) Ein Meshotetim,
Siah Stream (32.801°N; 34.974°E), (2) Tzaanan Pool, Guvrin Stream (31.604°N;
34.959°E), and (3) Mekorot Pool, Guvrin Stream (31.613°N; 34.946°E) (Yanai et al.,
2024) (Fig. 1). All crayfish specimens were collected between October 2022 and

September 2023. All potential food sources were collected in June 2023.

Ein Meshotetim is a contact spring in the Siah Stream, located in Mount Carmel near the
city of Haifa, in north-western Israel. The spring feeds an inner pool carved in the rock
(ca. 1 x 1 x 1 m), with limited lighting, that intermittently flows through a hatch into an
outside rock pool (ca. 1.5 x 1.5 x 1 m), which is occasionally emptied. Tzaanan Pool is
located in the Guvrin stream in central-eastern Israel, near Beit Guvrin. It is a seasonal
pool, with a maximum depth of 120 cm, which naturally dries out every year for at least
1-2 months (mid-October to mid-December). Approximately 1 km downstream from
Tzaanan Pool is Mekorot Pool. The water in this pool originates from surplus groundwater
discharged from a nearby drinking water facility. The pool is shallow, with depth ranging
from a few centimeters to 40 cm, depending on the daily volume of water released.

Laboratory diet regime experiments were conducted using crayfish from Tzaanan Pool.
SIA was performed on individuals collected from Ein Meshotetim, Tzaanan Pool, and
Mekorot Pool.
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Figure 1. Study sites: (A) Ein Meshotetim, (B) Tzaanan Pool, and (C) Mekorot Pool.

Sampling of crayfish and potential food sources

A total of 101 crayfish and 94 samples of potential food sources were collected manually
and using hand nets between October 15, 2022, and September 7, 2023. the collected
samples and their sampling dates are provided in Table 1. All crayfish sampled for SIA
were frozen at -80 °C until further processing. Sampling was conducted under INPA
permit no. 2024/43690 and in accordance with the handling requirements of invertebrates

at the Hebrew University of Jerusalem.
Stable Isotope Analysis

Carbon and nitrogen content, and stable isotope ratios (*3C:12C, *N:1“N) of the crayfish
and potential food sources were measured to estimate the trophic position and main food
sources of the crayfish in the three study sites. The crayfish were individually measured
for total length (rostrum to telson, in cm) and weighed to the nearest 0.1 mg. Potential
food sources were also weighed. Muscle tissue was dissected from the abdominal
segment of each crayfish, except 20 juveniles (<2.51 cm, <0.27 g), for which the entire

body was used for analysis. In all other species, the whole organism was analyzed.

All samples were oven-dried at 60 °C for 48 hours. Dried samples were homogenized
using a mortar and pestle, weighed, and shipped to the Stable Isotope Facility at Cornell
University (USA) for SIA. The isotopic composition of organic carbon and nitrogen was

determined by the analysis of CO2 and N2 continuous-flow produced by combustion on a
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Carlo Erba NC2500 connected on-line to a DeltaV isotope ratio mass spectrometer
coupled with a ConFlo Il interface.

Stable isotope ratios were calculated using the d-notation - the deviation in per mill (%o)

from the international standards: 8sgmpie = (M - 1) x 103

Rstandard

where, R represents the °N:“N or 13C:12C ratio. Stable isotope data are expressed
relative to international standards of Vienna PeeDee belemnite and atmospheric Nz for
carbon and nitrogen, respectively. The analytical precision for the in-house standard was
+ 0.04%o [10] for both '3C and &'°N. For animal-derived samples with C:N > 3.5, we used
a lipid correction of 33Ccorr = 813C - 3.32 + 0.99 x C:N (Post et al., 2007). All graphs shown
in this study present the lipid-corrected d'3C (5*3Ccorr). Isotopically similar sources were
grouped into composite source pools to reduce model complexity and improve parameter
identifiability (Phillips et al., 2014).

Trophic niche and contribution of food sources

Bayesian mixing models were applied using R package MixSIAR v. 3.1.12(Stock et al.,
2018) to assess the relative contribution of potential food sources to the crayfish diet in
each site and season. Each model was run with identical parameters (number of MCMC
chains = 3; chain length = 300000; burn in = 200000; thin = 100), and model convergence
was determined using Gelman-Rubin and Geweke diagnostic tests (Stock et al., 2018).

The trophic breadth of each crayfish population (n = 20) during summer were assessed
by calculating Standard Ellipse Area (SEA) using the R package SIBER v. 2.1.6 (Jackson
et al., 2011). Size-corrected SEAs (SEAc) were calculated for each site during summer,
which adjusts for underestimation of ellipse area at small sample sizes and allows for

inter-study comparison of ellipse sizes (Jackson et al., 2011).

The trophic enrichment factors used in the models follow Liptak et al. (2019), Ruokonen
et al. (2012) and Vesely et al. (2021), and are 3.23%o + 0.41 for 8°N and 0.47%. + 1.23
for 5!3C for animal food, and values of 2.4%o + 0.42 for 5N and 0.40%o + 0.28 for 53C,
for plant-based foods and detritus. The trophic position (TP) of the crayfish in the different
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sites and seasons was calculated by: TPc =1 + (3°Nc¢ - d®Nbase)/A,, (Post, 2002), where
0N is the isotopic N value of the consumer, 5'°Nbase is the 6'°N mean values of the
baseline, for which we use the isotopic N value of the small invertebrates in the
ecosystem, which function as a baseline (Jackson et al., 2017). For Tzaanan Pool we
used insects and annelids, for Ein Meshotetim insects, gastropods and zooplankton, and
for Mekorot Pool insects and zooplankton. A is the trophic position of the baseline; we
used the value 2 following Liptak et al. (2019). An is the trophic enrichment factor of 5°N
between trophic levels, which was set to 3.23 following Liptak et al. (2019). 5'°Nc is the
isotopic N value of the consumer, 3*Nbase is the 6°N mean values of the baseline, for
which we use the isotopic N value of the small invertebrates in the ecosystem, which
function as a baseline (Jackson et al., 2017). For Tzaanan Pool we used insects and
annelids, for Ein Meshotetim insects, gastropods and zooplankton, and for Mekorot Pool
insects and zooplankton. 1 is the trophic position of the baseline; we used the value 2
following (Lipték et al., 2019). An is the trophic enrichment factor of 3°N between trophic

levels, which was set to 3.23 following Liptak et al. (2019).
Diet regime experiments

Crayfish were fed ad libitum under three dietary regimes: (1) a poor vegetarian
(herbivorous) diet consisting of lettuce only; (2) a rich vegetarian diet including lettuce,
carrots and kohlrabi; and (3) an omnivorous diet, composed of the same vegetables,
supplemented with fish (commercially grown redbelly tilapia) and fish food (Dajana Mini
Tropical pellets, composed of fish, crustaceans, and plant material, and SISO blood
worms, composed of freeze dried blood worms). The crayfish were kept in 48x42x69 cm
plastic tanks throughout the experiment. Tanks were filled with 60-70 L water at the start
of the experiment. Rostrum to telson lengths were measured and the crayfish were
categorized according to their sizes at the beginning of the experiment: (1) 0-0.7 cm; (2)
0.8-1.5 cm; (3) 1.6-3.4 cm; (4) 3.5-5.8 cm.

The first experiment lasted 69 days, from 21 September to 28 November 2023, with 3
tanks for each treatment. Each tank had 37 crayfish from size class 1, 3 from size class
2, 5 from size class 3 and 3 from size class 4. The second experiment lasted 68 days, 3
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January to 10 March 2024, with juvenile crayfish reared in the absence of adults. Each
tank had 28 0-0.7 cm long crayfish, one tank per diet. Feeding was carried out 1-2 times
per week. The tanks were maintained at room temperature (21.8 °C) under 12:12 h
light:dark regime. All crayfish were manually surveyed and counted by the same observer

to maintain consistency.
Statistical analysis

All statistical analyses were conducted in R (version 4.4.1). Differences in d°N and
OCcorr values among sites and seasons were tested using Kruskal-Wallis rank-sum
tests, followed by pairwise comparisons with Dunn’s post-hoc tests and Holm’s correction
for multiple testing. Differences between juveniles and adults within each site and season
were evaluated using Wilcoxon rank-sum tests. Relationships between stable isotope
values (0N, 3*®Ccorr) and crayfish length and weight were assessed using linear
regression, with separate models fitted for each site-season combination and for pooled
seasonal data. Survival analyses for the dietary regime experiment were performed using
Kaplan-Meier survival curves and log-rank tests to compare survival between diet types
and size classes. Differences in juvenile growth (length) among diet treatments were
tested with one-way ANOVA, followed by Tukey’s HSD post-hoc tests. Significance was
accepted at p < 0.05 for all tests.

OpenAl’'s ChatGPT (version GPT-5, accessed February 2025) was used in this study for
assistance in refining and troubleshooting R code. All code was verified by the authors.
The source code was uploaded to GitHub and is openly accessible Vvia:
https://github.com/TamarGuy-Haim/marbled-crayfish.

Results

Stable isotopes

Mean d'°N values (+ SD) for Procambarus virginalis varied across sites and seasons,
ranging from 8.30 £ 1.78 %o in Mekorot Pool in the summer to 13.67 + 1.29 %o in Tzaanan

Pool in the summer. Mean 5*3Ccorr values ranged from -31.39 + 1.74 %o in Tzaanan Pool
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in the autumn to -23.66 + 2.14 %o in Ein Meshotetim in the summer (Table 1, Fig. 2). In

all sites and seasons in which our sample included both adults and juveniles (Mekorot

Pool - summer, Tzaanan Pool - summer and autumn), adults consistently showed higher

mean 35'°N values than the juveniles. During summer, when 4-14 taxa were collected per

site, P. virginalis was the most 6'*N-enriched species at all three sites.

Table 1. Summary data. All samples collected, including data on sample size, season,
site, isotopic values, and C:N ratio.
Length Weight 55N 513C 813Ceorr
(mean £ SD) (mean £ SD) (mean +SD) (mean +SD) (mean+SD) C:N

Taxon n Season (cm) @) (%o) (%o) (%o) (mean £ SD)
Mekorot Pool

P. virginalis

(all 26 Summer 3.49+167 0.88+114 830+178 -26.80+1.88 -26.44+1.75 3.65%0.50
P. virginalis

(juveniles) 9 Summer 1.73+0.25 0.07+0.03 7.78+250 -27.74+246 -26.83+2.40 4.28+0.12
P. virginalis

(adults) 15 Summer 454+1.18 145+126 8.70+124 -26.28+1.41 -26.28+1.41 3.32x0.06
Leaves 2 Summer NA NA 0.90+0.05 -30.57+0.01 -30.57+0.01 58.23+18.24
Detritus 5 Summer NA NA 8.38+4.68 -18.01+2.10 -18.01+2.10 23.20+2.13
Tadpoles 5 Summer NA NA 6.36 +0.16 -26.00+0.22 -24.80+0.30 4.57+0.10
Insect larvae 1 Summer NA NA 9.92 -39.53 -37.24 5.67
Zooplankton 1 Summer NA NA 1.50 -29.96 -27.42 5.92
Tzaanan Pool

P. virginalis

(all 10 Autumn 3.10+1.66 0.74+0.80 11.56+0.44 -31.80+1.48 -31.39+1.74 3.72+0.49
P. virginalis

(all 23 Summer 546+320 451+6.70 13.67+1.29 -28.87+2.33 -28.53+2.11 3.69+0.56
P. virginalis

(al 9 Winter 5.65+21 3.26+4.26 10.83+0.57 -28.25+0.83 -28.25+0.83 3.30+0.05
P. virginalis

(adults) 5 Autumn 4.64+053 144+046 1185+0.37 -32.63+1.29 -32.63+1.29 3.27+0.05
P. virginalis

(adults) 15 Summer 7.05+2.62 6.66+7.47 1416+1.25 -27.94+2.11 -27.94+2.11 3.34%0.07
P. virginalis

(adults) 9 Winter 5.65+21 3.26+4.26 10.83+0.57 -28.25+0.83 -28.25+0.83 3.30%0.05
P.virginalis

(juveniles) 5 Autumn 157+0.18 0.05+0.02 11.27+0.282 -30.97+1.25 -30.15+1.14 4.18+0.11
P.virginalis

(juveniles) 7 Summer 2.06+0.23 0.11+0.04 1259+0.70 -30.69+1.77 -29.56+1.83 4.50+0.18
Detritus 5 Summer NA NA 492+0.34 -9.14+0.44 -9.14+0.44 99.39+8.87
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Length Weight 15N 813C &3Ceorr

(mean £ SD) (mean + SD) (mean £ SD) (mean £ SD) (mean +£SD) C:N
Taxon n Season (cm) (9) (%o) (%o) (%o) (mean + SD)
Macrophytes 5 Summer NA NA 10.74 £0.08 -30.08 £0.05 -30.08£0.05 9.64+0.14
Notonectidae 5 Summer NA NA 10.74+0.16 -32.44+0.19 -30.75+0.24 5.07 £0.07
Periphyton 3  Summer NA NA 6.68+£0.05 -38.94+0.70 -38.94+0.70 13.17+0.48
Tadpoles 5 Summer NA NA 12.13+0.08 -30.76 £0.42 -29.17+0.52 4.97 £0.12
Annelida 4 Summer NA NA 12.06 +0.05 -29.62+0.10 -27.18+0.02 5.81+0.10
Ein
Meshotetim
P.virginalis (all) 5 Autumn 6.45+0.33 4.40+0.35 9.77+0.084 -31.28+0.61 -31.28+0.61 3.24%0.05
P.virginalis (all) 20 Summer 5.32+1.31 2.04+181 10.72+050 -23.66+2.14 -23.66+2.14 3.35%0.06
P.virginalis (all) 8 Winter 6.78+0.97 450+196 9547+0.10 -29.21+1.73 -28.01+2.36 4.46+1381
P.virginalis
(adults) 5 Autumn 6.45+0.33 4.40+035 9.769+0.08 -31.28+0.61 -31.28+0.61 3.24%0.05
P.virginalis
(Adults) 20 Summer 5.32+1.31 2.04+181 10.715+0.50 -23.66 +2.14 -23.66+2.14 3.35%0.06
P.virginalis
(Adults) 8 Winter 6.78+0.96 450+196 955+0.10 -29.21+1.73 -28.01+2.36 4.46+1381
Chronomus
larvae 3  Summer NA NA 8.26 £+ 0.07 -28.31+0.06 -26.98+0.05 4.70+0.03
Culex larvae 1 Summer NA NA 6.80 £ NA -26.28+ NA -2455+NA 511+NA
Culex pupa 4 Summer NA NA 7.41+0.07 -26.40+0.03 -24.64+0.07 5.13+0.05
Ephemeroptera
larvae 3  Summer NA NA 4.38+0.08 -35.55+0.05 -32.08+0.07 6.86+0.12
Insect larvae 11 Summer NA NA 6.76 £1.59 -29.41+404 -27.30+3.24 5.48+091
Zooplankton 3  Summer NA NA 6.74+0.03 -26.06+0.10 -23.83+0.13 5.61+0.14
Detritus 5 Summer NA NA 523+0.19 -20.53+0.32 -20.53+0.32 16.27 £0.58
Leaves 2  Summer NA NA 0.15+1.52 -30.87+0.01 -30.87+£0.01 83.49+8.34
Periphyton 20 Summer NA NA 6.31+261 -27.78+2.78 -27.78+2.78 6.33+3.21
Melanopsis
praemorsa 5 Summer NA NA 8.07+£0.94 -23.84+0.28 -21.76 £0.40 5.46 +0.25
Theodoxus 2 Summer NA NA 8.68+152 -2518+0.01 -23.36+0.15 5.20+0.15
Physellaacuta 4 Summer NA NA 7.65+0.04 -29.24+0.20 -27.71+0.32 4.89+0.15
Gastropods 11 Summer NA NA 8.03+£0.85 -26.05+259 -24.21+286 5.21+0.33

10
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Figure 2. Isotope biplot of 5'*C and &N values of Procambarus virginalis and food
sources across study sites and seasons.

0N values in crayfish from Tzaanan Pool (12.56 + 3.17 %., n = 42) were significantly
higher than in crayfish from Ein Meshotetim (10.29 £ 3.99 %o, n = 33) and Mekorot Pool
(8.30 + 2.53 %o, n = 26) (Kruskal-Wallis followed by Dunn’s post-hoc test with Holm
correction, x? = 62.04, df = 2, p < 0.001, all pairwise comparisons were significant with p
< 0.005). 3*3Ccorr values varied in samples from different sites (x2 = 24.43, df = 2, p <
0.001). Samples from Tzaanan Pool (-29.15 + 4.97 %) had higher 8'3Ccorr than samples
from the other sites (p < 0.001), whereas 5'3Ccor values in Mekorot Pool (-26.44 + 1.75 %o)
were not significantly different from those in Ein Meshotetim (-25.87 + 3.53 %o) (p = 0.630).

We found significantly lower 8*°N in juveniles (length < 2.51 cm, weight < 0.27 g) than in
adults in Mekorot Pool (Wilcoxon rank-sum test, p = 0.020). However, these differences

were not significant in Tzaanan Pool (p = 0.753). Differences in 3*3Ccorr between juveniles
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and adults were not significant both in Mekorot Pool (p = 0.916) and Tzaanan Pool (p =
0.298).

O'°N values were significantly different in different seasons when comparing crayfish
samples from the same site. Summer samples had higher values than samples collected
in autumn and winter. In Tzaanan pool (Kruskal-Wallis test, x?>= 30.35, df =2, p < 2.56x10"
), summer samples (average = 13.67 + 3.08 %o, n = 23) had higher 6'°N than autumn
samples (11.56 + 0.44 %o, n = 10) (p = 4.51x10%) and than winter samples (10.83 +
0.91 %o, n = 9) (p = 1.80x10°°). In Ein Meshotetim (Kruskal-Wallis: x2 = 15.03, df = 2, p =
0.0005), summer samples (10.72 + 0.50 %o, n = 20) had significantly higher 8'°N than
autumn (9.77 = 0.08 %o, n = 5) (p = 0.005) and winter samples (9.55 £ 1.00 %o, n = 8) (p
=0.006).

Similar comparison of 8'3Ccorr values of crayfish samples from the same site in different
seasons, showed significant differences. In general, autumn samples had lower values
than summer and winter samples. Significant differences were found in Tzaanan Pool
(Kruskal-Wallis: x* = 13.158, df = 2, p = 0.001), where summer (average = -28.53 +
2.40 %o) had significantly higher values than autumn (-31.39 £ 1.74 %o) (p = 0.004). Winter
samples (-28.25 + 4.97 %o) also had significantly higher 33Ccorr than autumn samples (p
=0.0027). In Ein Meshotetim (Kruskal-Wallis: 2 = 20.167, df = 2, p = 4.177x10°), 8"*Ccorr
values were significantly higher in summer (-23.66 * 5.72 %o) than autumn (-31.28 +
0.61 %o) (p = 0.00018) and winter (-28.01 + 2.36 %o) (p = 0.007). In Mekorot Pool only

summer samples were collected.

In Ein Meshotetim and Tzaanan Pool, 8°N values of the crayfish were positively
correlated with &3Ccorr values (r2 = 0.512, p < 0.01; r2 = 0.469, p < 0.01, respectively)
(Supplementary material, Figs. S1, S2). In both sites, the correlation was highest during
summer (Ein Meshotetim: r> = 0.697, p < 0.001; Tzaanan Pool: r> = 0.714, p < 0.001).
However, a significant negative correlation between 3°N and &'3Ccorr values was found
in Mekorot pool (r? =-0.847, p < 0.001) (Supplementary material, Fig. S3). Significant but
contrasting trends were observed across sites: 8'"°N values varied by season and site,

with adults consistently more enriched than juveniles. &'3Ccor values also varied
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significantly, and the correlation between &'°N and &'3Ccor differed in both strength and
direction among sites. These patterns likely reflect site-specific differences in resource

availability and how ontogenetic shifts in diet interact with local conditions.

Mean 3'°N values of primary producers (leaves, periphyton and macrophytes) varied
among sites and taxa, ranging from 0.15 £ 1.52 %o for leaves in Ein Meshotetim to 10.74
+ 0.08 %o for macrophytes in Tzaanan Pool. Similarly, mean &'3Ccorr values showed
substantial variation, ranging from -38.94 + 0.70 %o for periphyton in Tzaanan Pool to -
27.78 + 2.78 %o for periphyton in Ein Meshotetim. '°N values for detritus varied across
sites and ranged from 4.92 + 0.34 %o in Tzaanan Pool to 8.38 + 4.68 %o in Mekorot Pool,
while mean d'3Ccorr values ranged from -20.53 + 0.32 %o in Ein Meshotetim to -9.14 +
0.44 %o in Tzaanan Pool. Among consumers, 5*°N values in Tzaanan Pool (Notonectidae,
tadpoles and Annelida) ranged from 10.74 + 0.16 %o for Notonectidae to 12.13 £ 0.08 %o
for tadpoles. 8'3Ccorr values ranged from -32.44 + 0.19 %o for Notonectidae to -29.62 +
0.10 %o for Annelida. In Mekorot Pool, consumers included tadpoles, zooplankton and
insect larvae with 3'°N values ranged from 1.50 %o for zooplankton to 9.92 %o for insect
larvae, and 8'3Ccorr values from -37.24 %o for insect larvae to -26.00 + 0.22 %o for tadpoles.
In Ein Meshotetim, consumers (insect larvae, zooplankton and gastropods) exhibited,
0N values between 6.74 + 0.03 %o for zooplankton and 8.03 + 0.85 %o for gastropods.
O'3Ccorr values ranged from -29.41 + 4.04 %o for insect larvae to -24.21 + 2.86 %o for

gastropods.
Estimation of trophic position

The highest trophic position of P. virginalis was found in Ein Meshotetim during summer
(TP = 2.93 = 0.16). In all sites, trophic position values were highest in the summer. In
every site and season where both adults and juveniles were sampled, the juveniles
consistently showed lower trophic position than the adults: 2.64 + 0.78 versus 2.89 + 0.39
in Mekorot Pool during summer (Wilcoxon rank-sum test, p = 0.021), 1.98 + 0.09 versus
2.16 = 0.12 in Tzaanan Pool during autumn (p = 0.037) and 2.46 + 0.22 versus 2.93 *
0.39 in Tzaanan Pool during summer (p = 0.004) (Fig. 3).
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Figure 3. The trophic position (TP) of Procambarus virginalis across study sites and
seasons, estimated using invertebrate 3°N as a baseline and calculated following Post
(2002).

Ontogenetic effect

The correlations between crayfish weight and 3*3Ccorr and between weight and 3°N (Fig.
4) showed diverse trends across sites and seasons. In Tzaanan Pool in the autumn, a
positive correlation between crayfish weight and 3'°N values was observed (r?= 0.52, p
= 0.018). Samples from Ein Meshotetim in the summer and winter exhibited significant
negative relationships between weight and &'°N values (r?=0.52, p = 3.0x10%; r?> = 0.65,
p=0.016; respectively). Significant negative relationships between weight and &*Ccorr
values were found in samples from Tzaanan Pool in the autumn (r>= 0.53, p = 0.016) and
Ein Meshotetim in the summer (r>= 0.83, p = 2.7x10®). In Ein Meshotetim in the autumn
O'3Ccorr Was negatively correlated with length (r2 = 0.92, p = 0.009), but not with weight.
In all other cases where a significant correlation was found between 3N or 33Ccorr and
weight, a corresponding correlation was also found with length. When pooling samples
across all seasons, negative correlations were observed in Ein Meshotetim between 51°N
and weight (r?= 0.68, p = 3.8x107°), 8'°N and length (r?= 0.69, p = 2.8x10°), 8'*Ccorr and
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weight (r? = 0.49, p = 6.6x10°), and 5'3Ccor and length (r> = 0.44, p = 2.9x10%). No
significant correlations were found in other sites when data from all seasons were
combined. The contrasting ontogenetic trends across sites may reflect site-specific

differences in resource use or limited robustness of the isotopic signals.
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Figure 4. Ontogenetic effects. Linear regression analysis between weight (g) and 6'°N
values, and weight and d'3Ccorr values, for P. virginalis collected in different sites and
seasons.

Isotopic niche breadth

The isotopic niche breadth of the crayfish was calculated using the size-corrected
standard ellipse area (SEAc) based exclusively on summer specimens, as summer was

the only season sampled consistently across all three study sites (n = 20 per site). The
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largest isotopic niche breadth was observed in Tzaanan Pool (SEAc=6.09), followed by
Mekorot Pool (SEAc=5.55), with the smallest niche breadth in Ein Meshotetim
(SEAc=2.50) (Fig. 5).
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Figure 5. Trophic niche breadth of the marbled crayfish Procambarus virginalis in the
three study sites in the summer (n>20 per site) estimated by size-corrected standard
ellipse area (SEAc) boxplots (showing 95, 75 and 50% credibility intervals). Black circles
represent means; red x symbols represent the maximum likelihood estimates of SEAc.

Bayesian mixing models

To estimate the dietary composition of Procambarus virginalis, we applied Bayesian
mixing models using "*C and &'"°N from summer samples, when potential food sources
were also collected. The results revealed variable and site-specific dietary patterns (Fig.
6). In Ein Meshotetim, the crayfish diet was dominated by zooplankton (posterior median
=46.6% + 14.6%) and gastropods (34.9% + 9.1%). In Tzaanan Pool, macrophytes (36.3%
+ 14.8%) and tadpoles (34.8% + 20.1%) were the main contributors. In Mekorot Pool,
tadpoles (50.5% + 11.3%) and leaf litter (27.0% + 4.8%) were the primary sources. These
findings indicate an omnivorous diet in P. virginalis, with spatial variability reflecting local
resource availability. It is important to note that Bayesian analyses provide probabilistic
estimates rather than definitive conclusions. The results reflect the posterior medians, but

a wide range of possible values is also plausible, as indicated by the broad posterior
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distributions. Therefore, the uncertainty in these estimates must be considered. The
outcomes are highly sensitive to the assumptions made during model setup, such as the
food sources and trophic enrichment factors selected, and the results should be
interpreted with caution, recognizing that different assumptions could lead to varying

conclusions.
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Figure 6. Estimated relative contributions (%) of food sources used by Procambarus
virgnialis in the study sites, based on Bayesian mixing models. Bars represent mean
contributions and error bars represent mean + SD.

Diet regime experiment
To examine the effect of dietary regime on survival in Procambarus virginalis, we

conducted a controlled feeding experiment. The raw data is openly accessible via
https://doi.org/10.5281/zenodo.17998016. Kaplan—Meier curves, illustrating survival

patterns per diet type and size class, are presented in Fig. 7. Juveniles of the smallest
size class (length 0-0.7 cm) reared without adults exhibited high survival rates (>75%)
across all diets, with no significant differences between dietary treatments (log-rank test:
X2=0.1, p =1). Survival of juveniles appeared to be largely unaffected by diet.
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In contrast to survival, juvenile growth - measured by body length - was significantly
affected by diet type (ANOVA test: p < 0.001). Crayfish fed a rich vegetarian diet were
significantly larger (average length = 1.78 cm, n = 21) than those fed a poor vegetarian
diet (average length = 1.52 cm, n = 27, Tukey test: p = 0.00033). Crayfish in the
omnivorous diet group were smaller (average length = 1.62 cm, n = 21) from the rich
vegetarian group (Tukey test: p = 0.050). These results suggest that although diet
composition had little effect on survival, it did influence juvenile growth rates, with a

nutritionally richer plant-based diet supporting enhanced growth.
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Figure 7. Survival proportion of the marbled crayfish per diet, represented by Kaplan-
Meier plots. Lines represent different size class. Dashed lines represent standard error.
The red line marked by an asterisk represents an experiment with juveniles reared in the
absence of adults.

Survival of the smallest crayfish size class in the presence of adults dropped below 30%
in all three diets. The poor vegetarian diet showed significant survival differences between
size classes (log-rank test: X2 = 30.6, p = 4 x 10%) as well as the omnivorous diet (log-
rank test: X2 =10.2, p = 0.04), which might mean that more juveniles were preyed upon

than adults in those diets. When examining survival differences by size class across diets,
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a significant effect was found in juveniles (log-rank test: X2 =21.8, p =2 x 107°, table 2).
That is, in diets where adults lacked animal-based food, we observed higher mortality
among juveniles (0-0.7 cm). This is likely driven by increased cannibalistic predation on
this size class. However, no significant differences in survival were observed for the other

size classes across diets.

Table 2: Log-Rank tests for the effects of diet and size class on marbled crayfish survival.

By diet:

Poor vegetarian diet |Rich vegetarian diet |Omnivorous diet
Chi-sq 30.6 8.5 10.2
p 4.0x10° 0.07 0.04
By size class:

0-0.7 cm,

juveniles only |3.6-5.8cm [1.6-3.5 cm |0.8-1.5 cm |0-0.7 cm
Chi-sq 0.1 0.8 0.8 1.7 21.8
p 1.0 0.7 0.7 0.4 2.0x10°
Discussion

This study is the first to assess the trophic position of the invasive crayfish Procambarus
virginalis in the Levant, along with its trophic interactions and potential ecosystem
impacts. Understanding the trophic dynamics of invasive species can be an important tool
in predicting their ecological consequences following invasion (Gallien and Carboni 2017;
Jackson et al., 2017). Our findings provide insights regarding the trophic role of P.
virginalis at the Levantine invasion sites. Moreover, these insights may also be relevant
to other invaded water bodies characterized by periodical drying and lacking indigenous
crayfish species and fish that might provide top-down control of crayfish populations. The
highest 8"°N values recorded in Tzaanan Pool and Ein Meshotetim were from P. virginalis,
while in Mekorot Pool, P. virginalis had the second highest values among those recorded
in this study, suggesting that P. virginalis could be one of the top predators at the invasion

sites in Israel. Although the 8"°N values of P. virginalis and the calculated trophic positions
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were high compared to other taxa at all sites, they varied significantly across locations.
These findings indicate that P. virginalis feeds on different trophic levels at each site,
highlighting its high trophic plasticity and establishment potential across diverse
environments. Interestingly, 6'°N values of juvenile crayfish differed from those of adults
in Mekorot Pool, but not in Tzaanan Pool. A possible explanation might be that Mekorot
Pool is a poor habitat, where adults may resort to cannibalism in the absence of abundant,
nutritious food sources, leading to a separation in trophic levels between juveniles and
adults. In contrast, Tzaanan Pool offers a greater diversity and abundance of food
resources, which are likely shared by P. virginalis across all size classes, resulting in

similar 8'"°N values throughout the crayfish ontogeny.

Ontogenetic trophic shifts are common among aquatic species (Mittelbach et al., 1988;
Nakazawa 2015). Here we found a significant negative correlation between weight and
0'"N in P. virginalis collected in Ein Meshotetim. This may suggest that crayfish on this
site do not consume as much animalic food in later stages of their life. An opposite trend
was found in crayfish from Tzaanan Pool. This contrasting ontogenetic shift between the
two sites may reflect differences in resource availability. Tzaanan Pool is a relatively
resource-rich habitat, where a wide variety of potential prey items exist. In such
conditions, it is plausible that as P. virginalis individuals grow larger, their predatory
capacity increases and they incorporate more animal-derived food into their diet, leading
to the positive ontogenetic trend observed. Ein Meshotetim, on the other hand, is a
resource-poor habitat, with limited options beyond periphyton on the pool walls. Under
such constraints, larger individuals may not have access to more protein-rich prey,
resulting in the negative correlation between weight and &'°N detected there. This
negative ontogenetic effect is in accordance with other studies showing that juvenile
crayfish feed predominantly on zooplankton and invertebrates, whereas adult crayfish
consume primarily large amounts of detritus and macrophytes (Stenroth et al., 2006).
Nevertheless, it should be noted that these correlations are not particularly strong and
may be influenced by a few outliers, so the observed trends should be interpreted with

caution.
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Biota in ephemeral streams generally exhibit seasonal variation in 8'°N values (Jardine
and Cunjak, 2009; Jardine et al., 2014). Accordingly, we detected seasonal differences
in the crayfish 8'°N values, with higher values in the summer. Tzaanan Pool experiences
a dry period from mid-October to mid-December, and in some years an even longer
period, potentially leading to a dietary shift throughout the year. Elevated &'°N values
during summer likely reflect a combination of increased consumption of animal prey
(Hellmann et al., 2013), seasonal enrichment of baseline nitrogen pools driven by
enhanced microbial denitrification (Lehmann et al., 2004) and intensified internal nitrogen
recycling associated with reduced hydrological connectivity (Olin et al., 2013). The mean
TP calculated for P. virginalis in the invasion sites in Israel was consistent with values
reported for several European sites, ranging from 1.82 + 0.31 (Liptak et al., 2019) to 3.20
(Linzmaier et al., 2020).

The isotopic niche breadth of the crayfish was different across sites. In Ein Meshotetim,
the niche breadth was narrower than the other sites, with a SEAc of less than a half than
those of Tzaanan Pool and Mekorot Pool. This is consistent with the limited food sources
available in the inner pool, which include few gastropods, sparse zooplankton, few
occasional fallen leaves, and periphyton, thereby possibly restricting the isotopic diversity
in this habitat compared to both other sites. The isotopic niche breadth in Mekorot Pool
and Tzaanan Pool is similar, which may be attributed to their proximity and potential
connectivity. Mekorot Pool is located approximately one kilometer downstream from
Tzaanan Pool. Although the stream is not perennial, crayfish movement between the two
pools is plausible during the rainy season (November-March). Furthermore, there may be
unidentified invasion sites along the stream between the two pools that could facilitate
this connectivity. Nevertheless, when comparing isotopic niche breadth across studies,
the SEAc of Ein Meshotetim falls within the range observed in previous studies (0.09—
3.41; Linzmaier et al., 2020; Vesely et al., 2021; Teesalu et al., 2025), while Tzaanan
Pool and Mekorot Pool exhibit notably higher SEAc values, indicating a particularly
diverse diet in these sites. The Bayesian mixing model results suggest that P. virginalis
are omnivorous, consistent with other studies Linzmaier et al., 2020; Vesely et al., 2021;

Teesalu et al., 2025). Of the potential food sources included in our models, 1-2 were
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primary producers and 2-3 were consumers. In two of the sites, one of the vegetal food
sources accounted for 27-36% of the crayfish's diet, representing one of the two primary
food sources, while the other primary source was animal-based. In the third site, both
primary food sources were animal-based. These findings indicate that P. virginalis exhibit
omnivorous and flexible feeding behavior in the invasion sites in the Middle East.
However, the primary food sources still appear to be predominantly animal-based.

The diet regime experiment, however, suggests a slightly different interpretation. Our
results indicate that the survivability of juveniles in the absence of adults was high (>75%)
and unaffected by diet across all treatments, indicating that juvenile crayfish do not
require animal-based food to survive. In contrast, juvenile survival in the presence of
adults was consistently low (<31%) across all diets, pointing to substantial predation
pressure. Exceptin juveniles, non-significant differences in survival were observed across
diets and size classes. These findings highlight the possibility that additional factors may
be at play, alongside those that we outlined following the isotopic analysis. If survival rates
remain largely unaffected by diet over the course of two months, it raises the question of
why P. virginalis predominantly consume animal-based food sources, as shown in the
SIA and the mixing model. It is possible that diet does not directly influence survivability,
but instead provides other benefits, such as improved health, growth, or physical
condition (Das et al., 2024).

It is important to emphasize the differences, advantages, and limitations of the two
approaches. The diet regime experiments do not represent natural prey composition or
the integrated dietary patterns over time, as they reflect controlled and short-term
conditions. In contrast, stable isotope analysis (SIA) provides an integrated view of
assimilated diets but relies on trophic enrichment factors and prey item choices, which

may introduce bias and uncertainty.

One of the key factors we believe contributed to the successful establishment of marbled
crayfish populations in the ephemeral Beit Guvrin stream, where Tzaanan and Mekorot
pools are located, is the absence of natural predators. Previous studies conducted in

habitats with fish have shown higher &N values in fish compared with crayfish,
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suggesting that they may prey on the crayfish (Lipték et al., 2019; Linzmaier et al., 2020;
Vesely et al.,, 2021). The dry period of the ephemeral stream prevents fish from
establishing there and releases the crayfish from potential top-down control. However,
the dry season also presents a major challenge for the crayfish. Remarkably, P. virginalis
is capable of surviving for several months without water by taking refuge in underground
burrows within the mud (Dorn and Volin, 2009; Maciaszek et al., 2022). Although many
individuals perish during this period, as evidenced by the numerous dead specimens that

we observed, it appears that a sufficient number survive to sustain the population.

A primary concern regarding the invasion of P. virginalis is its potential impact on
amphibian populations. As noted previously, ecological succession is slow at the onset
of winter (the wet season), leading to a period during which the pool begins to fill. During
this time, crayfish that survived the dry summer are fully active, while other aquatic
organisms are still scarce, with many in early developmental stages (e.g., eggs, tadpoles).
For example, Israel is the southernmost range limit of the distribution of the banded newt
(Triturus vittatus), and its population in Israel is critically endangered (Gafny, 2004). The
newts typically begin their aquatic phase and reproduction shortly after the pools are filled
(Degani et al., 2013). Thus, the paucity of potential prey in the pool at this phase may
lead the crayfish to exert excessive predation pressure on the eggs and tadpoles of the

newts. This may lead to extirpation of the newt population at this site in the near future.

Numerous eradication strategies have been implemented worldwide to control invasive
crayfish, with mixed success. Temporary drainage has proven effective in several habitats
in Switzerland, where invasive P. leniusculus and P. clarkii were present (Krieg et al.,
2020). However, in ponds in Britain and Poland this approach resulted only in population
suppression rather than eradication (Stebbing et al., 2014). In the case of the ephemeral
Beit Guvrin stream, this method may be effective, depending on the timing of drainage
and the length of time to which it will extend the dry period that the crayfish must face.
Drainage has sometimes been combined with soil treatment using calcium hydroxide,
yielding partial success but posing substantial risks to non-target organisms (Krieg et al.,
2020). Biocides have also been proposed, yet no crayfish-specific compounds currently

exist, and trials using organic treatments (e.g., livestock manure) have failed to achieve

23



—ARPHAPreprints - s ,tnor-formatted, not peer-reviewed document posted on 24/12/2025 DOI: https://doi.org/10.3897/arphapreprints.e183353

531
532
533
534

535
536
537
538
539
540
541
542
543
544
545

546
547
548
549
550
551
552
553
554
555

556
557
558
559

eradication (Stebbing et al., 2014; Krieg et al., 2020). Other approaches, including
trapping, hand removal, electricity, and excavation of streambeds during dry periods,
have been shown to suppress crayfish populations but have not resulted in complete
eradication (Stebbing et al., 2014; Krieg et al., 2020; Caruana et al., 2024).

Biological control through the introduction of predatory fish has been explored as another
eradication strategy (Stebbing et al., 2014; Krieg et al., 2020). Many fish species,
including native species found in Israel such as Clarias gariepinus (Tyser and Douthwaite,
2014), are known to prey on crayfish and could potentially help suppress populations.
Like the previous approaches, this approach poses additional challenges, such as the
risk of predation on non-target species, potential environmental impacts, and the
possibility of predatory fish migrating away from the target area (Stebbing et al., 2014). In
Ein Meshotetim, which is an almost completely closed system, this method might be
effective. The use of pathogens has also been suggested, but no successful large-scale
applications exist, and the ecological risks of pathogen release remain substantial
(Simberloff and Stiling, 1996; Messing and Wright, 2006).

Our study raises some questions that will, for now, remain open. Are the invaded
ecosystems still undergoing adjustment or reorganization in response to the disturbance
caused by the invasion, or have they reached a new stable state? P. virginalis was first
recorded in Tzaanan Pool in 2018, and in Ein Meshotetim in 2022 (Yanai et al., 2024).
The period since then is unlikely to have been sufficient for the systems to reach a new
balance, and further ecological changes are likely to occur. Such changes may include
shifts in trophic interactions, changes in the abundance and composition of local species
and changes to the abiotic components of the ecosystem: P. virginalis activity, such as
burrowing and sediment disturbance, may directly modify the physical characteristics of
the habitat.

Predicting exactly how ecological systems at invasion sites will change in the future, and
which species may be harmed or potentially benefit, remains challenging. With the
influence of regional climate change, 2025 was one of the driest years on record in the

Beit Guvrin area, with Tzaanan Pool drying out just weeks after refilling, rather than
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retaining water until the end of the fall, as observed in previous years since the
establishment of the crayfish population. This, combined with the manual collection of
crayfish from their burrows, raises the possibility that the marbled crayfish population may
have been eradicated from this site. Future monitoring could confirm or refute this

hypothesis.
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718  Figure S1. Correlation matrix of isotopic values and other traits for crayfish sampled in
719  Tzaanan Pool across seasons. Distributions are shown on the diagonal, scatter plots

720 bellow, and Pearson correlation coefficients above.
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723  Figure S2. Correlation matrix of isotopic values and other traits for crayfish sampled in
724  Ein Meshotetim across seasons. Distributions are shown on the diagonal, scatter plots

725 bellow, and Pearson correlation coefficients above.
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729  Figure S3. Correlation matrix of isotopic values and other traits for crayfish sampled in
730  Mekorot Pool. Distributions are shown on the diagonal, scatter plots bellow, and Pearson

731 correlation coefficients above.
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734

735  Figure S4. High crayfish densities observed at Ein Meshotetim on October 15", 2022,
736  when no population control measures were applied. The photograph illustrates the

737  extent of crowding that occurred in the absence of top-down regulation.
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