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Biological invasions represent a complex phenomenon driven by multiple factors. In
this study, a real-time invasion process between a native ( Pontastacus leptodactylus

) and an invasive ( Faxonius limosus ) crayfish species was investigated in the Lower
Danube (South-East Europe) through an interdisciplinary approach, by measuring
various ecological, genetic, physiological and biometric endpoints. The results revealed
that the prolonged competition in old invaded sites of the river (at least a decade) either
drove the native species to extinction, or, unexpectedly, allowed its survival as highly
fragmented populations. However, for the latter situation, several biological and
ecological traits differed in the remnant populations: increased trophic position and
elemental imbalance for two major macronutrients (C: N molar ratio), low growth, as
strongly contracted trophic niche widths and low overlap degree with the invasive
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Response to Reviewers:

crayfish. The data suggest that the prolonged competition induced potential resource
partitioning between species, potentially driving their coexistence, as the development
of larger and heavier claws within the native males’ population. On the contrary, in
more recently invaded sectors of the Lower Danube (three years), the trophic niche of
the native species was significantly larger compared to old invaded sites and
characterised by high level of niche overlap, indicating almost identical diet with the
invasive crayfish, but characterised by the lowest trophic position compared to other
invasion sectors. The genetic diversity of the native crayfish populations was strongly
reduced in the invaded sectors of the river, but without signs of genetic bottleneck,
which may be explained by a drift-mutational equilibrium reached as a consequence of
diminishing population size. Our findings suggest strong coexistence potential in the
future for both species in the Lower Danube.

COMMENTS TO THE AUTHOR:

This MS has attracted contrasting reviews, but the paper may be publishable after
extensive revision, especially following carefully the comments from Reviewer 1. | thus
invite the authors to provide a revision and detailed letter of responses before any final
decision.

Reviewer #1: This study aimed to document patterns of divergence in a native crayfish
species following invasion by the invasive spiny cheeked crayfish. The authors took
advantage of knowing the invasion history of four sites along the lower Danube to
compare populations of both the native and invasive species pre and post-invasion
(pre-invasion for NCC only). Authors use a combination of genetic data, stable isotope
data to document diet, niche width, etc. and morphology data to identify how
populations differ with invasion history. For full transparency, | do not have a genetics
background and thus, cannot evaluate this part of the study. However, the rest of the
data | feel comfortable reviewing. Strengths of this paper include the
biogeographic/space for time substitution approach to identify patterns in how traits
have changed in both the native and invasive species, along with the multiple traits
assed in the study (e.g. genetic, diet, morphology). Trait divergence in response to
anthropogenic stressors is of general interest and an important area of research.
However, the paper could be greatly improved by more clearly and thoroughly stating
the general research question at the start of the introduction and then more broadly
introducing the study, stating objectives, hypotheses and predictions. There is a lot of
theoretical and empirical work that could be drawn from (e.g. strength competition
driving differences in niche width, invasion/genetic bottlenecks) to set the study up in a
much stronger way.

R: We would like to thank the reviewer for the thorough review that helped us to
improve the manuscript. Please find below the answers to both your specific and
general comments. All answers are written in red, to make the reading easier. We have
undertaken all changes required in the text. We have stated more clearly the general
research questions in the Introduction section (Lines: 58-78) and the hypotheses
(Lines: 101-115). Moreover, the text was improved and rewritten as required by the
reviewer (please see below).

My other main suggestion is to consider being more reserved in the conclusions
drawn. Yes, traits have shifted but given the study design (e.g. field study/correlational
data/patterns) I'd suggest that the paper could be improved by discussing the data as
such, rather than implying this is a direct consequence of invasion.

R: In the revised version of the manuscript we have followed closely the reviewer
suggestion. Therefore, we have discussed the trophic endpoints (i.e. trophic position,
omnivory, elemental imbalance) and growth rate as rather correlational and not as a
direct consequence of invasion (Lines: 389-392, 400-403). However, regarding the
decrease in genetic diversity and the occurrence of bigger, heavier and wider claws
and cephalothoraxes within male population from recovery zone, these are aspects
that in our opinion could be directly related to invasion and interspecific interactions
related changes. The reason for this is that the observed patterns for decreased
genetic diversity as a result of habitat fragmentation (Watterson 1984; Canales-
Delgadillo et al. 2012; Harrisson et al. 2014; Larsson et al. 2008) and different
morphology (Behn et al. 2008; Cattau et al. 2018; Carroll et al. 2005; Huey et al. 2005;
Strauss et al. 2006; Messager and Olden 2019; Houdina et al. 2012; Ooue et al. 2019)
were documented before in the literature for both crayfish and other taxa.
Nevertheless, concerning the finding of this study with respect to morphology, we have
added a cautionary statement in extrapolating the findings further, given the
observational and not the causality nature of the results (Lines: 452-454).

Specific comments:
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* The manuscript could be greatly improved by more clearly stating and setting up
the general research question being addressed in the study. The paper could also be
significantly improved by clearly stating objectives of the study, along with hypotheses
and predictions of how the authors expect the two species and populations within each
species to differ with respect to invasion history. For example, how do you expect
trophic position to change with invasion history, how do you expect it to differ between
the two species?

R: As stated above, the manuscript was improved by stating clearly the expected
research questions, and updating the hypotheses (Lines: 101-115) as well as the way
how different traits are related and influenced by invasion. Regarding the explanation
for the change in trophic position, supplementary and better documented information
was furthermore provided (Lines: 405-412), based on the findings of this study.

* | think it'd greatly help the reader if the author's referred to their sampling sites in
a more descriptive manner rather than using the site abbreviations, e.g. "NCC", "NID".
For example, consider referring to the sites in a way that describes the invasion
status/history. Maybe instead of "AID" use the word "active invasion" or "active" site.
R: The four invasion sectors were renamed ‘old invasion’, ‘recovery zone’, ‘active
invasion’ and ‘non-invaded’ throughout the manuscript.

* The authors might also consider being consistent with how the two crayfish
species are referred to. For example, sometimes the abbreviations are used, other
times "native species" and "invasive species" are used. | might also suggest using
"native" and "invasive" instead of abbreviations. | think it might help the reader keep
better track of the results.

R: Following the reviewer’'s recommendation, we have replaced the crayfish’s
abbreviations with ‘native’ and ‘invasive’ throughout the manuscript.

* Figure 4: I'd suggest denoting significant differences between groups on the
figures if possible.

R: The significant differences were denoted with small (native) and capital (invasive)
letters on all four panels.

* Figure 5: Indicate which pie charts belong to which species & what are the
differences between the 6 pie charts?

R: Done as requested.

* Lines 326 - 340: The data collected and presented on the abundance of both
species of crayfish is the "relative abundance" of the two species, e.g. proportion of the
total catch that were SCC or NCC. In the discussion the authors discuss the data as
"population abundance" and discuss how population abundance is, for example, low or
high relative to invasion status. | don't believe this is the correct way to interpret and
discuss the data because absolute abundance was not the data reported. | would
suggest that the authors discuss the relative abundance of the two species to be
consistent with the data presented.

R: We apologise for this inadvertence. We have replaced the incorrect wording
‘population abundance’ with ‘relative abundance’ (Line: 357) and discussed the results
accordingly (Lines 354-360).

* Lines 363-366: | would suggest tempering this interpretation and conclusion of the
lower growth rate and higher omnivore index & elemental imbalance for NCC where
the two species appear to coexist. The data presented are all correlational and I'd
suggest being careful to imply cause/effect. Additionally, lower growth rate doesn't
necessarily mean that a population is in "distress" (I'd also caution the readers against
anthropomorphic word choices). Sure it's likely a consequence of the shift in diet, but
as long as the population can maintain positive per capita growth, survive and
reproduce, it can persist and isn't necessarily "distressed".

R: The reviewer is correct. We have rewritten the text as such as to discuss the
emphasised trophic endpoints as rather interrelated and not as a consequence of
invasion (Lines: 382-384 and 389-393).

* Lines 374-382: The references and ideas brought up in this paragraph might be
particularly good ones to draw on to set up the introduction and outline hypotheses &
predications of the study. | think discussing how niche width may change as a
consequence of increased competition with an invasive species would improve the
introduction and nicely set some clear hypotheses and predictions.

R: We agree and have now added this information to the introduction. The second
hypothesis of the revised manuscript version is related to potential opposite patterns in
trophic niche widths and degree of overlap as a consequence of short versus long-term
coexistence between the native and the invasive species (Lines 104-112).

* Line 399: Consider revising the topic sentences in the discussion to make a
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stronger claim (almost like the heading of a newpaper article) and then have the rest of
the paragraph follow with supporting information from this study & others to support or
refute that claim. | think this would strength the points discussed rather than just stating
"Another very interesting result...". Why is it interesting? Maybe revise to lead in with
that.

R: As suggested by the reviewer, we have revised the topic sentences as headlines,
suggesting the main findings of the study as statements or questions (Lines: 351, 379,
426, 456, 492).
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Reviewer #2: Revision BINV-D-18-00491

The paper is well written and discusses an interesting topic on competition between
native and alien crayfish under field conditions. | have a few small remarks/ questions
listed below.

R: We would like to thank the reviewer for the thorough review that helped us to
improve the manuscript. Please find below the answers to your both specific and
general comments. All answers are written in red, to make the reading easier.

In the result section it is somewhat difficult to follow at a certain point all the
abbreviations. In the discussion this is much better to follow. | wonder if the authors
can make this more clear in the result section as well.

R: Following the reviewer suggestion, both sampling regions (and sampling sites), as
crayfish name abbreviations were replaced in the Results section as follows: the four
invasion sectors were renamed ‘old invasion’, ‘recovery zone’, ‘active invasion’ and
‘non-invaded’ and the crayfish names were replaced with ‘native’ and ‘invasive’
throughout the manuscript.

In the discussion the authors mention the possible reasons for competition and also
the impact of the alien species on the native, but | wonder what really drives the native
to extinction at some sites and at others allows coexistence. Are it external
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environmental factors others than the ones measured in this study? Do the authors
have an idea on this? Are there other examples of this coexistence or examples of
where only the alien crayfish wins the competition? Is it that if environmental conditions
are good coexistence is possible irrespective of changes in the food and size/genetics
of the native species?

R: There were two additional factors, besides the ones measured in this study, that are
most likely equally involved in driving both species to either coexistence or the trigger
replacement of the native by the invasive crayfish. These other two aspects are the
crayfish plague, that can spread even in the absence of its carrier (i.e. the invasive
species), and contrasting reproductive strategies (the native K type versus the invasive
r type). We agree with the reviewer that the invasion success is a combination of
potentially all these aspects, which are interlinked. Following the reviewer’s suggestion,
we have considered in the Discussion section a separate paragraph (Lines: 459-490),
entitled “Supplementary mechanisms that make the invasive species successful in
replacing the native crayfish” (Lines: 456-457). Therefore, we conclude that the
invasion process is, indeed, as the reviewer suggested a multifaceted process.

The authors conclude that this study might inform ecosystem management and
protection programs for native crayfish, but | wonder how the authors actually see this?
What could a water manager do to protect native crayfish or to actually restore native
populations? This is not really clear.

R: Potential management measures to be implemented for this case-study were more
thoroughly described in a special section (Lines: 494-510) entitled “Management
implications” (Lines: 492).

See also pdf for some small remarks.

R: Former Lines 59: answer provided in Line 80, by stating the introduction of the
invasive crayfish “on the continent”.

Former Line 78: the sentence reworded, term ‘capitalised’ removed (Line: 96).
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Abstract

Biological invasions represent a complex phenomenon driven by multiple factors. In this
study, a real-time invasion process between a native (Pontastacus leptodactylus) and an
invasive (Faxonius limosus) crayfish species was investigated in the Lower Danube (South-
East Europe) through an interdisciplinary approach, by measuring various ecological,
genetic, physiological and biometric endpoints. The results revealed that the prolonged
competition in old invaded sites of the river (at least a decade) either drove the native
species to extinction, or, unexpectedly, allowed its survival as highly fragmented
populations. However, for the latter situation, several biological and ecological traits
differed in the remnant populations: increased trophic position and elemental imbalance for
two major macronutrients (C: N molar ratio), low growth, as strongly contracted trophic
niche widths and low overlap degree with the invasive crayfish. The data suggest that the
prolonged competition induced potential resource partitioning between species, potentially
driving their coexistence, as the development of larger and heavier claws within the native
males’ population. On the contrary, in more recently invaded sectors of the Lower Danube
(three years), the trophic niche of the native species was significantly larger compared to old
invaded sites and characterised by high level of niche overlap, indicating almost identical
diet with the invasive crayfish, but characterised by the lowest trophic position compared to
other invasion sectors. The genetic diversity of the native crayfish populations was strongly
reduced in the invaded sectors of the river, but without signs of genetic bottleneck, which
may be explained by a drift-mutational equilibrium reached as a consequence of
diminishing population size. Our findings suggest strong coexistence potential in the future
for both species in the Lower Danube.

Key-words: Pontastacus leptodactylus; Faxonius limosus; Biological invasions; Invasive

species; Populations genetics; Stable isotopes
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Introduction

The introduction of invasive species into new ecosystems and their population expansion
represent a growing threat to biodiversity, drastically altering ecosystems’ structure and
functionality (Girdner et al. 2018). Invasive crayfish, for instance, are often associated with
negative effects on autochthonous fauna (Gherardi et al. 2011) and their expansion in new
territories frequently correlates with the decline of native crayfish species (Olden et al. 2006),
other macroinvertebrates (Lodge et al. 2012), macrophytes (van der Wal et al. 2013) and even
fish (Fitzsimons et al. 2007). However, the underlying mechanisms of native crayfish
recovery following biological invasions or their coexistence with invasive species are not
clearly determined (Nystrém et al. 2001; Kats et al. 2003; Rodriguez 2006). It was suggested
that the success of invasive over native crayfish represents the synergic interaction of
multiple factors. One aspect is the superior competition for resources of the invasive versus
native crayfish (Olsson et al. 2009). The consequences of such interactions are trophic niche
shifts (Jackson and Britton 2014), decreases in trophic position of the native species (Vander-
Zanden et al. 1999) or changes in elemental imbalance (i.e. dissimilarity in nutrient content
between consumers and their food) for major macronutrients (Gonzéalez et al. 2010) and
growth rate (Olsson et al. 2008). Moreover, the invasion success is frequently associated with
geographic disjunct distribution of native populations, which usually leads to lower genetic
diversity and, in the extreme case of a population approaching elimination, to a genetic
bottleneck (Fitzpatrick et al. 2012). Another suspected consequence of biological invasions is
represented by the fast evolution of phenotypic morphological traits in the natives’
populations, in order to cope with the new competition exerted by the invasive taxa (Strauss
et al. 2006; Hudina et al. 2012). Changes in population structure, morphology and physiology
have already been reported between old and new invasion sectors for crayfish (Hudina et al.
2012; Parvulescu et al. 2015; Rebrina et al. 2015). At large geographical scales, differences in
growth and feeding habits were registered between invasive and native crayfish, further
demonstrating the potential phenotypic changes brought by the invasion process (Pintor and
Sih 2009; Reisinger et al. 2017; Glon et al. 2018).

A very successful invader in Europe is the spiny-cheek crayfish Faxonius limosus
Rafinesque 1817, initially introduced for commercial purposes in 1890 to the continent
(Filipova et al. 2011). After reaching the basin of the Lower Danube, it started to expand
within the whole catchment and the lowland sections of its tributaries (Puky and Schad
2006). This crayfish colonises the Lower Danube at a speed of approximately 16 km a year
and competes with the indigenous narrow-clawed crayfish Pontastacus leptodactylus
Eschscholtz 1823 (Parvulescu et al. 2012). As a consequence of this, the Lower Danube can
be divided into three different sectors, according to the invasion stage of the spiny-cheek
crayfish and the proportion of both species (sensu Parvulescu et al. 2015). 1) An old-invaded
sector encompassed an area where the invasive crayfish is present for at least ten years and
has mostly displaced the native competitor, except for one native crayfish population
(Parvulescu et al. 2015). 2) An active invasion sector comprises an area where both species
coexisted for maximum three years. 3) A third sector is the non-invaded Danube, only
inhabited by the native crayfish (Parvulescu et al. 2012). Given the presence of a well-
established native crayfish population within the old-invaded sector (sector 1), coexistent
with the invasive crayfish, a supplementary fourth area (herein recovery zone) was defined in
this survey.

In this study, a real-time invasion process was investigated through an
interdisciplinary approach, by measuring various ecologic, genetic, physiological and
morphological endpoints for both of the native and invasive crayfish in the Lower Danube
(South-Eastern Europe). To explore reasons for the native crayfish replacement, we examined
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potential direct and indirect mechanisms that may have contributed to its decline. Therefore,
three hypotheses were tested. First, we hypothesized that the degree of genetic diversity of
the native crayfish populations decreased with the invasion age, with signs of a genetic
bottleneck in the sector where both species coexisted for at least ten years (i.e. the recovery
zone). Second, we predicted that the competition will induce diet shifts in both species, in
particular, a low degree of niche overlap (Jackson and Britton 2014) and low niche widths for
both species as a consequence of trophic segregation in the recovery zone (Sjodin et al.
2018). Moreover, these trophic endpoints will be accompanied by the native species
decrease of trophic position, omnivorous feeding behaviour (Jackson et al., 2011) and growth
rate (Olsson et al. 2008), but with the increase of the elemental imbalance (Gonzalez et al.,
2010) according to the invasion history. At the active invasion front, however, we expected a
higher degree of niche overlap between both species and greater niche width for the native
species due the short-term coexistence (Olsson et al. 2009). The third hypothesis predicted
that the native species will present adaptive phenotypic changes, such as increased
dimensions and mass of claws, as a consequence of prolonged competition with the invasive
crayfish in invaded sectors as opposed to non-invaded areas of the river (Hudina et al. 2012).

Materials and Methods

Sampling design

In each invasion sector, three sampling sites were selected following the design of Parvulescu
et al. (2015), excepting the recovery zone, where only one sampling site was chosen (for site
abbreviations see Fig. 1 and Annex 1). In each sampling site 10 traps were used, with a
distance of 50 m in-between. The crayfish were caught in the littoral area from each site with
bait-traps (Pirate type, with double entrance), left over night. All crayfish were captured,
euthanized according to animal welfare regulations and their relative abundance in each
sampling site calculated.

Population genetics of the native crayfish
DNA was purified from muscle tissue of a leg using the ‘High Salt DNA Extraction Protocol
for removable samples’ (Aljanabi and Martinez 1997) from seven selected native populations
and three invasion sectors (see Fig. 1). To genotype the samples, 12 microsatellite loci were
used according to Gross et al. (2017). PCR was conducted in two multiplex batches (Batch A:
Aastd 5, Aastd 12, Aastd 24, Aast4 32, Aastd 40, Aast4_48; Batch B: Aast4_8, Aast4_16,
Aast4 26, Aastd 30, Aastd 34, Aastd_43) using the Type-it MicSat PCR Kit (Qiagen,
Hilden, Germany). PCR was carried out on a Primus 96 Cycler (Peglab Biotechnologie
GmbH, Erlangen, Germany) under the following conditions: an initial denaturation at 95°C
for 5 min, followed by 30 cycles of 30 s at 94°C, 90 s at 57°C, 60 s at 72°C, and a final
extension of 30 min at 60°C. 2 puL PCR-product were added to 27.7 pulL SLS-Buffer
(Beckman Coulter, Krefeld, Germany) and 0.3 uL 400 bp standard. The fragment analysis
was performed on a Beckman Coulter CEQ 8000 eight capillary sequencer. Loci were scored
using the software GeneMarker version 2.4.0 (State College, Pennsylvania, USA).
Micro-Checker version 2.2.3 was applied to test for scoring error due to stuttering,
large allele dropout and null alleles (Van Oosterhout 2004). All loci were tested for linkage
disequilibrium with ARLEQUIN version 3.5.1.3 (Excoffier and Lischer 2010). The average
and mean numbers of alleles per locus per population (A and Am, respectively) as well as the
expected (He) and observed (Ho) heterozygosity were calculated as a measure of genetic
variability in ARLEQUIN version 3.5.1.3 (Excoffier and Lischer 2010). Each population was
tested for deviations of the Hardy-Weinberg equilibrium with Genepop on the web (Raymond
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and Rousset 1995). The number of private alleles (Ap, i.e., allele endemic to populations or
sectors) per population was calculated with the GenAlEx 6.5 software (Peakall and Smouse
2012). The genetic variation among all populations and invasion sectors was visualised by a
factorial correspondence analysis (FCA) conducted with the default settings in GENETIX
4.05 (Belkhir et al. 1996-2004).

All populations were tested for a recent reduction in the effective population size
(bottleneck event) using the coalescent-based software Bottleneck 1.2.02 (Cornuet and
Luikart 1997), which calculates the distribution of heterozygosity for each population and
locus under three microsatellite mutation models (infinite allele model, 1AM, stepwise
mutation model, SMM, two phase model, TPM). To determine whether a population
exhibited a significant number of loci with heterozygosis excess, a "sign test”, a
"standardized differences test”, and a "Wilcoxon sign-rank test” were applied. The expected
heterozygosis (He) was compared to the observed heterozygosity (Ho) to establish whether
there was an excess or deficit of heterozygosity across all loci. The distribution obtained
through coalescent simulations enabled the computation of a P value for the observed
heterozygosis. P values < 0.05 indicated significant heterozygote excesses and thus signs for
a recent bottleneck under the respective mutation model. The allele frequency distribution
was applied to test whether it is approximately L-shaped (as expected under mutation-drift
equilibrium) or not (indicating a recent bottleneck). The software was used with 100.000
simulations and default settings.

Trophic interactions, elemental imbalance and growth rate

All sampling stations (Fig. 1) were initially screened for several criteria to assure the
selection of representative sites (one within each invasion sector) for the assessment of
interspecific relations between crayfish. The selection criteria were the following: similar
macroinvertebrate communities, at least 40% macrophyte coverage and the presence of
riparian trees on the shores, to assure comparable habitat conditions for the analysed crayfish.
Therefore, random 30-s kick samples for macroinvertebrates were collected using a 250-pum
mesh pond net in each site (n=5). The invertebrates were identified in the laboratory to order
level or higher and community taxonomic composition was compared across sites with the
aid of one-way ANOSIM test (software PAST 2.01). The degree of coverage with
macrophytes and riparian trees was estimated visually in each sampling site.

Fresh subsamples of abdominal tissues from both species of crayfish (n=15-20
individuals/ species/site) and putative food resources (n=3 for each type) were collected in
the field, with a pond net or by hand and classified to taxonomic groups in place. In the
laboratory, the samples were oven dried (60°C for 48 h) before being homogenized and
wrapped into tin combustion capsules. The analysis for bulk stable carbon (*2C and 3C) and
nitrogen (}*N and °N) isotopes in the samples and of their elemental composition was
performed using a Flash 2000 HT elemental analyser coupled via a ConFlo IV interface to a
Delta V Advantage isotope ratio mass spectrometer (Thermo Fisher Scientific, Bremen,
Germany). The reported stable carbon and nitrogen isotope values are expressed as & (%o)
relative to the international reference standards Vienna PeeDee Belemnite and atmospheric
nitrogen, respectively.

To allow comparisons of diet variability among populations, stable isotope values
were corrected using resource baseline values (following Jackson and Britton, 2014). We
estimated the relative contribution (%) of each resource to the diet of both species of crayfish
using the Bayesian mixing model SIAR in R (Parnell et al. 2010; R Development Core Team,
2015). Fractionation factors between crayfish and resources were calculated according to
Jackson et al. (2017). The mean estimated proportional contribution of each resource to the
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diet of each individual was then used to calculate an index of individual omnivory and
trophic position, according to Jackson et al. (2017). The omnivory index represents an
indicator of the diversity of trophic levels consumed by crayfish and, along with their trophic
position, it gives a more comprehensive image of the role played by a major top-consumer in
a local food-web (Christensen and Walters 2004). Moreover, isotope values were used to
calculate the isotopic niche width of each population using SIBER in the SIAR package
(trophic niche, sensu Jackson et al. 2012). Bayesian standard ellipse areas (SEAn) were
calculated as a measure of the isotopic niche width and to obtain confidence intervals for
isotopic niche areas. These confidence intervals allow for statistical comparisons of the sizes
of isotope niche widths among populations (Jackson et al. 2011). The SEAb’s were then used
to calculate the degree of isotopic niche overlap, representing a quantitative measure of
dietary similarity between populations (Guzzo et al. 2013).

The elemental imbalance (based on C: N ratio) between crayfish and their food
sources was derived from the original formula of Cross et al. (2003). To comply with the
omnivorous feeding habit of crayfish (Olsson et al. 2008) we proposed in this study a more
equitable approach to calculate the elemental imbalance for C: N ratio, by employing the
percentage of various food items assimilated in their biomass and the elemental molar ratio of
targeted macronutrients (eq. 1). Therefore, the elemental imbalance (EI) for C: N ratio
between both species of crayfish and their food sources was calculated as follows:

= Yoresource, x C: X,
ln(z C: X J

i=1

El =

(eq. 1)
where %resource; represents the mean estimated proportional contribution of each resource
to the diet according to Bayesian model output, C: Xi represents the mean C: N molar ratio of
that i food resource, C: Xc represents the mean C: N ratio of crayfish and n the total amount
of resources as indicated by the SIAR mixing model. All values are in module.

The crayfish growth rate was estimated from the RNA/DNA ratio measurements
(sensu Ollson et al. 2008). Aliquots of approximately 15 mg of abdominal tissue were
extracted in the field and stored in RNALater (Thermofisher, AM7020). Later, the samples
were digested for 2 h in 75 mL proteinase K (10 mg/ml) digestion mixture at 55° C. The
samples were added each 1 mL of Phe: CHCIz mixture (Ambion, 9721G), centrifuged for 10
min at 13.000 rpm at 4°C and the aqueous layer further separated and transferred to a Spin Il1
C column of the ZR-Duet DNA/RNA Miniprep kit (Zymo Research, ZRC 187609) for DNA
and RNA purification, according to the kit protocol. All DNA and RNA samples were
quantified and characterized (260/280 and 260/230 ratios) using a Nano-Drop ND-1000 UV-
Vis Spectrophotometer.

The trophic positions, omnivory indices, elemental imbalance for C/N ratios and
growth rates (DNA/RNA ratio) for each species were compared across sites with Kruskall-
Wallis tests, followed by pairwise post-hoc Mann-Witney tests with Bonferroni corrections.
Statistical tests were performed using SPSS version 17 (SPSS Inc., Chicago, USA) for
Windows.

Biometric measurements

The collected crayfish were preserved in 4% formaldehyde and later measured in the
laboratory for several allometric parameters: total body length, cephalothorax length and
width, abdomen width, left and right claws’ length and width as well as dactylus length, using
a digital calliper of 0.01 mm accuracy (Stanley Black and Decker, New Britain, Connecticut,
USA). The body mass without claws and separately for each claw was measured individually
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with a balance of 0.01 grams accuracy (Kern and Sohn GmbH, Balingen, Baden-
Wirttemberg, Germany). The Crayfish Condition Factor was determined for collected
individuals according to Adegboye (1981). We decided to weigh separately the crayfish body
and their claws to avoid biases caused by claws’ size variability (Streissl and Hodl 2002).
Also, to avoid influences of physiological variances during pre- or post-reproductive stages
of females, we selected only males in this study. Injured individuals or those missing one or
both chelae were not considered.

Before statistically analysing the data, the total length was a priori compared across
sites to test for its variability, to assure the objectivity of employed sampling strategy for
selecting comparable data sets. Total length is considered a surrogate of crayfish age (Jackson
et al. 2017); therefore, it was used in this study as a reference variable to assure the
consistency of biometric representativeness across sampled sites. The allometric
measurements were compared across invasion sectors with one-way analysis of variance
(ANOVA), followed by post-hoc Tukey tests for each species of crayfish. Statistical tests
were performed using SPSS version 17 (SPSS Inc., Chicago, USA) for Windows.

Results

Invasion status

The monitoring of crayfish caught in traps in the summer of 2016 revealed that the old-
invaded sector (comprising sampling sites BAV, BAZ and COR, for abbreviations see Fig. 1
and Annex 1) is populated solely by the invasive crayfish, excepting the sampling site STA
(i.e. recovery zone, Fig. 1), where the proportion of both species is approximately equal (Fig.
2). Also, in the active invasion sector (comprising sampling sites SVI, DUB and ORS, see
Fig. 1) the frequency of both species is approximately equal, however with a tendency for the
invasive domination in the first two sampling sites (Fig. 2). The non-invaded sector,
comprising the sampling sites BEC, GIU and DD, is populated solely by the native species
(Fig. 1 and 2).

Population genetics of the native crayfish

In total, 252 native crayfish from seven populations and three invasion sectors were
successfully genotyped across 12 loci. The Micro-Checker analysis provided evidence for
putative null alleles for five loci in four populations (Table 1). No pair of loci showed
significant linkage disequilibrium. Six out of seven populations deviated significantly from
the Hardy-Weinberg equilibrium (Table 1). Among the sampled sectors, the number of alleles
and private alleles per population, as well as expected and observed heterozygosity are of the
same order of magnitude (Table 1). While the allele numbers and heterozygosity had a
similar range among all populations (Am: 2.33 - 4.08; He: 0.324 - 0.428; Table 1), the number
of private alleles was much higher in the non-invaded sector (Ap: 3 — 10) than in the active
invasion and the recovery zone (Ap: 0 — 2). An FCA analysis showed that the native crayfish
populations from the non-invaded sector were genetically more diverse (wider spread scatter
plot) compared to the populations from the invaded sectors of the river (Fig. 3). Most
populations exhibited no signs of a recent bottleneck event (Table 3), except for population
SVI (“standardized difference test”: P_IAM = 0.016; active invasion sector); GIU (“sign
test”: P_TPM = 0.047, P_SMM = 0.008; “Wilcoxon sign-rank test”: P_SMM = 0.004; non-
invaded sector) and DD (“Wilcoxon sign-rank test”: P_SMM = 0.013; non-invaded sector).
However, for no population the allele frequency distribution differed significantly from an L-
shaped distribution, as expected under the mutation-drift equilibrium (Table 2).

Trophic interactions and growth rate
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The ANOSIM test indicated that overall, the macroinvertebrate communities were similar in
all ten sites (P > 0.05). Moreover, sampling sites STA, COR, ORS and GIU were
characterised as well by similar macrophyte coverage (> 40% in average) and had an
extensive undergrowth of riparian trees on the shores (Annex 1). Therefore, these sites were
considered representative for each invasion sector, with similar habitat conditions to allow
comparison of trophic interactions and growth rate assessment for both species of crayfish
(Fig. 1).

The trophic position of the native was highest in the non-invaded sector, intermediary
in the recovery zone and the lowest in the active invasion (Fig. 4A and Table 3, P < 0.016
pairwise Mann-Whitney tests), whereas the invasive crayfish featured similar trophic
positions in the old-invasion sectors, but significantly higher than in the active invasion (Fig.
4A and Table 3, P < 0.016 pairwise Mann-Whitney tests). The omnivory index of the native
species was the lowest in the active invasion, but similar in the non-invaded and the recovery
zone (Fig. 4B and Table 3, P < 0.016 pairwise Mann-Whitney). The invasive crayfish showed
a decrease of the omnivory index with the invasion history (Fig. 4B and Table 3, P < 0.016
pairwise Mann-Whitney tests). The elemental imbalance of C: N ratio for the native species
was significantly higher in the recovery zone compared to other invasion sectors, whereas for
the invasive crayfish it did not differ significantly across regions (Fig. 4C and Table 3, P <
0.016 pairwise Mann-Whitney tests for the native). The growth rate (RNA/DNA ratio) for the
native increased significantly with the invasion progress, whereas for the alien crayfish it was
significantly higher in the active invasion compared to other sectors (Fig. 4D and Table 3, P
< 0.016 pairwise Mann-Whitney tests).

The trophic niche width of the native in the recovery zone was significantly smaller
compared to the invasive species, which was twice as large; the niche width of the latter
species was similar in size to the one from the active invasion (Fig. 5 and Table 4). The
trophic niche width of the native in non-invaded and active invasion sectors was seven and
four times, respectively, larger compared to recovery zone (Table 4). The trophic niches of
both species overlapped when coexisting (Fig. 5), with the overlap being much smaller in the
recovery zone (16.2%) compared to active invasion (62%).

The mean percentage of food items assimilated by both species of crayfish varied
considerably among invasion sectors (Fig. 5). In the recovery zone approximately two-thirds
of both species’ diets comprised detritus and primary producers (macrophytes and
filamentous algae). However, the last third was dominated by small fish (Fam. Gobiidae) in
invasive diet, whereas for the native it comprised macroinvertebrates (Fig. 5). In the old-
invaded sector, the invasive diet comprised a third detritus and a third macroinvertebrates,
being complemented by primary producers and small fish (Fig. 5). In the active invasion, the
diet of both species of crayfish was remarkably similar, comprising mainly primary producers
and macroinvertebrates, and only a small proportion (approx. 15%) represented by detritus
and small fish (Fig. 5). Most of the native’s diet (90%) in the non-invaded comprised
secondary consumers (an equal proportion of small fish and macroinvertebrates) and only 10
% primary producers and detritus (Fig. 5).

Biometric measurements

In total, 301 native and 318 invasive males were captured and measured in the laboratory.
Total body length of both species did not differ statistically significantly among sampling
sites (Table 3). However, the cephalothorax width, width and mass of both chelae and length
of both dactyli of the native species were significantly higher in the recovery zone compared
to both active invasion and non-invaded sectors (Table 3; one-way ANOVA, P < 0.001, post
hoc pairwise comparisons). The length of both chelae was significantly higher in the recovery
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zone and active invasion compared to non-invaded sector (Table 3; one-way ANOVA, P <
0.05, post hoc pairwise comparisons). The mass without chelae, cephalothorax length,
abdomen width and the Crayfish Condition Factor of the native crayfish did not differ among
different invasion sectors (Table 3). The same allometric measurements and biomass of the
invasive species showed no significant differences among invasion sectors (Table 3).

Discussion

Native crayfish populations registered a decreased genetic diversity corresponding to
invasion history

Corroborating the results of this study with those of the survey between 2011 and 2014
(Parvulescu et al. 2015), it was observed that the invasive species is gradually advancing in
the active invasion sector, slowly replacing the native crayfish (Fig. 2). Moreover, we found
that the reduction of the relative abundance of the native species in the active invasion sector
went along with diminished genetic diversity compared to individuals from the non-invaded
region (Fig. 3). This finding suggests that the pressure induced by the recent interaction was
sufficiently strong to affect the gene pool of the native species.

We would have expected to find even less alleles and lowered heterozygosity within
the recovery zone population compared to the active invasion and non-invaded sectors,
respectively, since the former area is comprised of individuals who potentially went through a
severe bottleneck event caused by long-term invasion and maintained by strong habitat
fragmentation and hindered gene flow. However, we could not detect statistically significant
evidence for a bottleneck event in this population. If a population gets abruptly contracted in
numbers, this usually induces a reduced genetic diversity. However, alleles are lost faster
than heterozygosity and theory predicts that a new mutation-drift equilibrium may be set
rapidly when effective population size becomes low (Watterson 1984), making the excess of
genetic diversity undetectable. This pattern was previously recorded for various animals
(Larsson et al. 2008; Canales-Delgadillo et al. 2012; Harrisson et al. 2014). Therefore, it
appears that for small population sizes new mutation-drift equilibrium is rapidly set, making
the detection of bottleneck events highly unlikely with this approach. Nevertheless, the
microsatellite analyses of the native crayfish showed that the genetic variability is reduced in
the invaded versus non-invaded sectors, which is reflected in the lower numbers of private
alleles (Table 1) and genetic diversity across sectors (Fig. 3).

Trophic endpoints and growth rates of native crayfish species differ according to invasion
history

The diversity of assimilated food items by the native species in the non-invaded sector
suggests a significantly more carnivorous feeding behaviour compared to the active invasion
sector, where almost half of its diet was based on macrophytes (Fig. 5). The almost identical
diet of native and the invasive species in the active invasion sector was reflected in a high
degree of trophic niche overlap (62%) and the widening of former’s niche width compared to
other sites (Fig. 5). These findings suggest that the native crayfish was potentially forced by
the recently established competition to increase the percentage of assimilated primary
producers in this sector of the river. The increased fraction of primary producers in the
native’s species diet, which are of lower quality compared to secondary producers (Cross et
al. 2003) comprising most of its trophic spectrum in the non-invaded sector can explain the
decrease of its trophic position, omnivory index and growth rate in the active invasion sector
(Fig. 3A, 3B and 3D). Previous studies found that following biological invasions, when top-
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predators managed to coexist, significant changes in the trophic position, degree of omnivory
and values of trophic niche widths were detectable for the native species (Vander-Zanden et
al. 1999; Bghn et al. 2008; Olsson et al. 2009; Jackson and Britton 2014). In crayfish, a
broader trophic niche that expanded towards lower trophic levels may have afforded
competitive advantages to the invasive versus native crayfish species in active invaded
regions (Olsson et al. 2009; Messager and Olden 2019).

An exceptional situation was found in the recovery zone, where both species
coexisted for at least ten years in roughly equal proportions (STA site, Fig. 2). Whilst the
growth rate and trophic position was the lowest for the native species in this sector compared
to all others (Fig. 3A and 3D), the elemental imbalance for C: N ratio was the highest (Fig.
3C). The native crayfish appears to be feeding higher in the recovery zone’ food web when
compared to conspecifics located in the active invasion sector. Recent findings related to
potential changes of trophic positions are, nevertheless, equivocal. Whilst the invasive
crayfish Faxonius rusticus in the USA showed similar patterns with both species in the
current case-study (i.e. lower trophic position in active versus old-invaded regions, Messager
and Olden 2019), other studies found the opposite. Round gobies at the edge of their
expanding range had higher §*°N signatures than the previous year front (Brandner et al.
2013) and invasion front bloody red mysid shrimp showed greater ability to locate and
capture zooplankton prey than those shrimp in core populations (lacarella et al. 2015).

Moreover, the low degree of trophic niche overlap with the invasive species (16.2%)
and the smallest recorded size of the niche width in the recovery zone concur with the
different assimilated food items: whilst the fraction of animal tissue from the native’s diet
was based on macroinvertebrates, the invasive species relied on small fish (Fig. 5). The idea
that a very important aspect in the success of the invasive species is a potentially broader diet
than the native species was emphasised before (Moyle and Light 1996; Olsson et al. 2009).
Thus, the invasive crayfish niche width being larger than their native counterparts is fitting
well with this theory. An increase of trophic niche width can be achieved either by shifting
the diet towards a wider array of food items or by resource partitioning (Bolnick et al. 2007;
Svanbéck and Bolnick 2007). The findings of this study suggest that the latter mechanism
may have occurred and likely represents one of the key-factors that allowed the coexistence
of both species of crayfish in this old invaded sector of the river.

The native species developed phenotypic traits as a result of long-term competition

The males of the native species showed significantly longer, wider and heavier claws as well
as wider cephalothoraxes in the recovery zone compared to other invasion sectors (Table 3).
Claws represent one of the major fitness determinants in adult male crayfish (Lele and
Parvulescu 2019). Larger chelae are not only advantageous in foraging, interactions and
defence against predators, but also in competition for females and copulation, resulting in a
higher reproductive success (Houdina et al. 2012). This assumption is corroborated by
previous studies that showed changes in body morphology induced by competition or
changes of foraging habits (Carroll et al. 2005; Huey et al. 2005; Bghn et al. 2008; Cattau et
al. 2018). The native crayfish’ population size and structure have important consequences for
whether an evolutionary response can occur (Strauss et al. 2006). For example, if an invasive
species reduces the population size of the native through competition, then native populations
that have been invaded may be demographic sinks relative to those without invaders (Fox et
al. 1997; Woodworth et al. 2005). If there is optimal gene flow among invaded and non-
invaded populations, the selective pressures and evolutionary responses in the former regions
may be buffered by potential greater population growth rates of genotypes from non-invaded
populations (Strauss et al. 2006). As recently observed, the crayfish Pacifastacus leniusculus
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presented bigger claws in rivers whilst coexisting with native species in Japan (Ooue et al.
2019) and Croatia (Houdina et al. 2012), and similar results were found for F. rusticus in the
USA (Messager and Olden 2019). However, the interactions between native and invasive
species does not necessarily result in the development of phenotypic traits as response to
invasion, given short coexistence, because the autochthonous taxa may possess
pre- adaptations that allow species coexistence (Solarz and Newman 2001; Agrawal and
Kotanen 2003). This could explain the lack of any morphologic differences in native
populations between active invasion and non-invaded sectors of the Lower Danube (Table 3).
However, without knowledge of the heritability of the crayfish traits examined in this study,
inference regarding the specific mechanisms in operation is still limited, demanding caution
for further extrapolations (Kamran and Moore 2015).

Supplementary mechanisms that make the invasive species successful in replacing the native
crayfish

There might be additional factors, besides the ones measured by us in this study, that are
more than likely equally involved in driving both species to either coexistence or the
replacement of the native by the invasive crayfish. American crayfish invaders can
successfully exploit new ecosystems through disease-mediated invasions, where pathogens
are found by over-spill mechanisms in the absence of their carriers (Strauss et al. 2012).
Accordingly, Aphanomyces astaci, the oomycete pathogen responsible for the crayfish
plague, was discovered well ahead of the invasive species in several sites from the non-
invaded Danube (Parvulescu et al. 2012; Schrimpf et al. 2012). Although European crayfish
species are susceptible to die after infection, resistant populations of the native species were
recorded before (Kokko et al. 2012; Schrimpf et al. 2012). The coexistence of A. astaci and
the native crayfish may be facilitated by adaptations of both pathogens and hosts, because the
oomycete haplotype groups identified in the non-invaded Danube are possibly relics from an
19™ century outbreaks (Panteleit et al. 2018). Remnant populations surviving the infestation
with this pathogen were documented even for more sensitive European crayfish species such
as Astacus astacus LINNAEUS, 1758 (Makkonen et al. 2012), Austropotamobius pallipes
LEREBOULLET, 1858 (Martin-Torrijos et al. 2017) and A. torrentium SCHRANK, 1803
(Kusar et al. 2013).

Another ecological mechanism possibly impacting on the invasion success is the
species reproduction strategy. The invasive crayfish is a typical r-strategist, whereas the
native is a typical K (Parvulescu et al. 2015). The former species has a short life cycle of
around four years and reaches maturity in the second year (Henttonen and Huner 1999). It has
a relatively high fecundity, with an average number of eggs varying between 100 and 400
(Kozék et al. 2007) and is suspected of facultative parthenogenesis (Bufi¢ et al. 2011).
Moreover, its reproductive strategy is very adaptable. It was discovered that following
invasion of the Lower Danube, a shift in sex ratio towards females emerged within the
populations from the active invasion sector, characterised by an increased number of eggs,
but with lower quantities of vitellus as compared to females from old-invasion sectors
(Parvulescu et al. 2015).

Therefore, the output from this case-study and related studies (Parvulescu et al. 2012,
2015; Panteleit et al. 2018) suggest that the replacement of the native crayfish from the
Lower Danube is caused by a multifaceted interaction between several factors, possible to
investigate thoroughly only through an interdisciplinary approach.

Management implications
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In the recovery zone, the proportion of the native crayfish is roughly the same as for the
invasive species (Fig. 2). It is, however, difficult to deduce if the native crayfish population is
actually recovering, steady or just declining at a slower pace compared to other invaded areas
of the Lower Danube, as no historic data are available for this sector. Practical measures to
eradicate or stop the downstream invasion are, in our opinion, very difficult to implement.
Most cases of biological invasions with crayfish species were considered as disastrous for the
local habitats and biota and the implementation of management solutions for alien species
eradication prone to failure (Gherardi et al. 2011). In fact, the eradication methods are
applicable only for isolated habitats that can be controlled. Only in such cases eradication is
feasible and economically profitable, when compared to the enormous costs that the spiny-
cheek crayfish may request to be removed from the Danube, being the second largest
European river. However, previous studies on taxonomically related invasive and native
species within the same habitats indicate the potential for their long-term coexistence (Byers
2000; Wauters et al. 2002; Carroll et al. 2005; Huey et al. 2005; Bghn et al. 2008; Cattau et
al. 2018). Therefore, we conclude that there is a fair chance for the native population to find
equilibrium with the invasive crayfish in the Lower Danube, albeit as strongly fragmented
populations.

Conclusions

In the present study, we assessed consequences of the interactions between a native and an
invasive crayfish species. Our findings suggest that one of the major causes for the native
crayfish replacement is that the invasive species is a superior competitor for food. Moreover,
we also showed that long-term coexistence of both species is possible, but with secondary
effects involved for the native crayfish, such as diminished genetic diversity, several trophic
endpoints and growth rate as a direct or indirect result of interspecific competition and
resource partitioning. With this knowledge in mind, larger assessment sectors should be more
thoroughly studied in the future, in order to implement efficient measures for invasive species
eradication in the Lower Danube, the second largest European river.
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Figure captions

Figure 1. Map depicting the invasion sectors in the Lower Danube and sampling sites
selected for this study. The sampling sites where selected according to the invasion dynamics:
old invasion (Ol), recovery zone (R), active invasion (Al) and non-invaded (NI) sectors.
Various sites are indicated using different geometric shapes. The sites sampled for stable
isotope analyses and growth rate assessments are indicated in bold. For sites’ name,
abbreviation and geographic location see Annex 1.

Figure 2. The relative abundances of native and invasive crayfish in various sampling sites,
caught with bait—traps. Sites abbreviation as in Figure 1 and Annex 1.

Figure 3. Factorial Correspondence Analysis (FCA) showing the degree of genetic similarity
of 252 narrow-clawed crayfish individuals across 12 microsatellite loci based on the first two
dimensions (factors). Each point represents one individual. The distance between points
reflects the degree of genetic differentiation among individuals. The individuals are grouped
by population (N = 7; colours) and by invasion sectors (N = 3; symbols: Recovery zone =
diamond, Active Invasion = square, Non-invaded = circle).

Figure 4. Trophic position (A), Omnivory index (B), Elemental imbalance for C/N ratio (C)
and growth rate (RNA/DNA) (D) for both narrow-clawed crayfish and spiny-cheek crayfish
competitors in the sampled invasion sectors. Error bars indicate +1SE. Abbreviations: Ol -
old invaded, R — Recovery zone, Al — Active Invasion, NI - Non-invaded sectors. Significant
differences (P <0.05) symbolised by different letters between taxa (normal letters- the native
and capital letters-the invasive species).

Figure 5. Trophic niches of both native and invasive crayfish in the sampled invasion sectors
(expressed as SEA’s) and mean frequencies of assimilated food types (expressed as pie-
charts). Abbreviations: Ol - old invaded, R — Recovery zone, Al — Active Invasion, NI - Non-
invaded sectors.
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Supplementary files

Annex 1: Sampling sites abbreviation, geographic location (latitude and longitude),
taxonomic composition of macroinvertebrates within each sampling site, cover degree by

macrophytes and presence/absence of riparian trees on the river shores.
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Tables

Table 1. Summarized microsatellite results across 12 loci. The table comprise the invasion
sectors, population code (Pop), number of samples (n), alleles across all loci (A), mean
number of alleles (Am) and number of private alleles (Ap), expected (He) and observed (Ho)
heterozygosity, as indication if the populations are in Hardy-Weinberg equilibrium (HWE).

Sector Pop n A Anm A, He Ho HWE
Active puB 37 45 375 2 0428 0.394 NO
Active ORs 39 43 358 1 0416 0.409 NO
Active svI 33 33 275 0 0.358 0.385 YES
Non-invaded BEC 20 28 233 3 0324 0275 NO
Non-invaded GIU 41 51 425 10 0.399 0.324 NO
Non-invaded DD 37 49 408 6 0395 0371 NO
Recovery STA 44 34 283 1 0328 0.357 NO
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Table 2. Summarized Bottleneck results, with mutation model for each population (infinite
allele model, 1AM, stepwise mutation model, SMM and two phase model, TPM). Significant

P values (< 0.05) are indicated in bold. For site abbreviations see Fig. 1 and Annex 1.

Standardized differences

Wilcoxon sign-rank

Sign test P test test

Sector Site |IAM TPM SMM | IAM TPM SMM | IAM  TPM SMM
Active DUB | 045 044 0.08 0.31 0.68 0.91 062 0.67 0.2

Active ORS | 0.25 024 0.07 0.28 0.76 0.97 056 051 0.05
Active SVl | 014 019 046 0.01 0.11 0.27 0.03 023 055
Non-invaded BEC | 0.43 052 0.44 0.28 0.61 0.78 055 084 049
Non-invaded GIU | 0.40 0.047 0.01 0.45 0.96 0.99 0.89 0.08 0.004
Non-invaded DD | 0.28 0.09 0.08 0.74 0.94 0.99 056 012 0.01
Recovery STA | 04 047 0.06 0.21 0.61 0.93 043 0.84 0.16
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Table 3. F-values of one way-ANOVA for biometric data (in bold) and of y2-values of
Kruskal-Wallis tests for RNA/DNA ratio, trophic position, omnivory index and elemental
imbalance (C: N ratio) for both crayfish species in different invasion sectors. Significance

levels: *P < 0.05, **P < 0.01, ***P < 0.001.

Variable Native Invasive
Total length 0.01 0.68
Cephalothorax length 0.05 0.56
Cephalothorax width 7.17%** 1.19
Abdomen width 0.71 0.2

Left claw length 3.4* 0.01
Left dactylus length 9.63*** 0.21
Left claw width 13.43*** 0.46
Right claw length 3.66* 0.16
Right dactylus length 8.15*** 0.29
Right claw width 25.28*** 0.94
Mass without claws 0.55 0.003
Left chelae mass 18.62** 0.07
Right chelae mass 52.1*** 0.07
Crayfish Condition Factor 2.8 7.09
Growth rate (RNA/DNA) 17.33*** 0.29
Trophic position 34.8*** 34.7***
Omnivory index 25.6** 41.9%**
Elemental imbalance (C: N ratio) 33.6*** 5.99
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Table 4. Contingency table of posterior probability of Bayesian distribution of SEAy’s
(between brackets) for both species of crayfish and invasion sectors (expressed as area in

trophic space, %02). The SEAb’s were compared two by two for each possible combination of
species x invasion sector and the significance P values stated.
Taxa Native o- | Native | Native non- | Invasive ow- | Invasive ow- | Invasive
invaded Active invaded invaded invaded Active
Native Recovery | - <0.001 |<0.001 <0.001 <0.001 <0.001
(0.45)
Native  Active | <0.001 - <0.001 <0.001 0.13 <0.001
(3.39)
Native non- | <0.001 <0.001 |- <0.001 <0.001 0.15
invaded (1-68)
Invasive <0.001 <0.001 |<0.001 - 0.85 <0.001
Recovery (0-96)
Invasive  oig- | <0.001 0.13 <0.001 0.85 - <0.001
invaded (4-12)
Invasive  Active | <0.001 <0.001 |0.15 <0.001 <0.001 -
(1.22)
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