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Abstract
1. The efficient management of invasive alien species (IAS) requires the identification of their introduction pathways. Genetic assessments have proven useful to
inform invasion pathways at large (national to worldwide) scales, but studies at
local scales are still rare, despite their importance for guiding management.
2. In this study, genetic analyses were used to identify local invasion pathways of
two invasive crayfish species (the spiny-cheek crayfish Faxonius limosus and the
red swamp crayfish Procambarus clarkii) in a dense network of artificial lakes. We
first characterized the spatial patterns of genetic variability, effective population
sizes (Ne) and among-lakes recent migration events for each species using neutral
microsatellite markers. We then identified the environmental factors affecting genetic variability and inferred the potential local invasion pathways.
3. Results revealed different patterns of genetic variability between the two species:
F. limosus displayed very low levels of genetic diversity, Ne and spatial structuring
compared to P. clarkii, which displayed high genetic diversity, Ne and spatial genetic structuring. We also demonstrated context-dependent effects of different
environmental factors (fishery management, spatial distribution and lake size) on
genetic variability indices.
4. We did not identify local invasion pathways for F. limosus due to limited genetic
variability, likely caused by a strong founder effect and potential parthenogenetic
reproduction. Contrastingly, multiple invasion pathways (release, contaminant,
unaided/corridor spread and stowaway) were identified for P. clarkii.
5. Synthesis and applications. Although limited in some particular cases (e.g. for species having experienced strong shaping events and/or displaying asexual reproductive modes), neutral genetic variation assessments can provide important
insights for inferring local invasion pathways in complex landscapes for invasive
alien species displaying short generation times and complex invasion histories.
KEYWORDS
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information contained in the genetic footprints left during invasion

Rates of introduction, establishment and subsequent range expan-

(e.g. genetically distinctive alleles, genotypes or individuals in a pop-

sion of invasive alien species (hereafter, IAS) are increasing, pro-

ulation due to introductions involving different genetic sources) de-

moting a global rise in biological invasions (Seebens et al., 2017,

pends on multiple factors. These can be intrinsic, like species traits

2018). Invasive species exert negative economic and ecological ef-

(e.g. dispersal capacities, demography, reproductive traits), or extrin-

fects and act across levels of biological organization (Cucherousset

sic, like distances between populations, the physical configuration of

& Olden, 2011; Jeschke et al., 2014; Simberloff et al., 2013).

ecosystems or the socio-economic activities occurring in the study

Characterizing and predicting biological invasions are crucial for

area (Washburn et al., 2020). Consequently, the knowledge gained

efficient IAS management. Invasion genetics allow the study of

from population genetic analyses can be highly context-dependent

the eco-evolutionary consequences of biological invasions and

and may modulate our ability to identify local invasion pathways.

the reconstruction of complex colonization histories through the

Here, we used genetic analyses to identify local invasion pathways

inferential and correlative analysis of the genetic footprints oc-

of two global invasive crayfish (the spiny-cheek crayfish Faxonius

curring during invasions (Barrett, 2015; Cristescu, 2015). Indeed,

limosus and the red swamp crayfish Procambarus clarkii) character-

founder effects, intraspecific admixture or interspecific hybridiza-

ized by short generation times, and exhibiting contrasting ecology

tion shape the genetic characteristics of invasive populations (Bock

and invasion histories in Europe (Filipová et al., 2011; Oficialdegui

et al., 2015). Genetic analyses reveal the patterns of variation across

et al., 2019). We sampled a dense network of artificial gravel pit

invasive populations, facilitating hypotheses-driven reconstruc-

lakes harbouring a myriad of socio-economic activities within a

tions of invasion histories and informing global invasion pathways at

restricted spatial scale (Evangelista et al., 2015; Zhao et al., 2016),

large (national to global) spatial scales (Oficialdegui et al., 2019; Rey

in which the major invasion pathways may (co)-occur. Although lo-

et al., 2015; Sherpa et al., 2019). Yet, genetic assessments identifying

cated within a limited geographic area, these ecosystems are highly

invasion pathways are scarce at local scales, despite being the spatial

variable, notably in terms of age, size, use (from gravel extraction

scale at which management actions are primarily performed. The lim-

to water sports and recreational angling; Evangelista et al., 2015;

ited capacity of most genetic markers to capture significant genetic

Zhao et al., 2016) and management practices (e.g. from protected

structure at restricted spatial scales, and the short timeframes that

areas to lakes experiencing intensive fishery management involv-

often span between introduction and genetic sampling in local inva-

ing intensive fish stocking; Závorka et al., 2020; Zhao et al., 2016).

sion contexts may preclude local-scale invasion genetic assessments

Importantly, they are disconnected from the hydrological network

(Fitzpatrick et al., 2012). Indeed, evolutionary processes such as

and therefore represent—from a biogeographical standpoint—a net-

mutation, genetic drift and migration might not produce detectable

work of isolated aquatic ‘islands’ separated by a terrestrial ‘ocean’

genetic footprints in short temporal scales for many IAS (Fitzpatrick

(Hortal et al., 2014). These isolated ecosystems should promote

et al., 2012). However, IAS with short generation times may over-

differential effects of genetic drift among populations, while repre-

come these limitations (Fitzpatrick et al., 2012), especially if they

senting strong barriers to natural dispersal, hence providing a unique

invade complex (e.g. patchy) landscapes, as their populations might

opportunity to test whether genetic-based local invasion pathways

produce sufficient numbers of generations to generate measurable—

can be inferred for these IAS despite restricted spatial scale. We first

and differential—genetic changes (e.g. Bélouard et al., 2019). In this

quantified, for each species, the spatial patterns of genetic variabil-

context, invasion genetic assessments can be valuable to reveal in-

ity, their effective population sizes and among-lakes recent migra-

vasion pathways and inform IAS management actions at local scales.

tion events using neutral microsatellite markers. We then assessed

The identification of invasion pathways and spread vectors is

the effects of extrinsic environmental factors on genetic variation

crucial for (a) containing ongoing invasions by reducing propagule

patterns. We finally interpreted our empirical results in the light of

pressure (Simberloff, 2009), (b) preventing invasive populations from

Hulme et al.'s (2008) invasion pathways classification, and discuss

acting as bridgehead populations (Bertelsmeier & Keller, 2018) and

the added values and potential limitations of genetic assessments to

(c) hindering recolonization after successful eradication (Britton

identify local invasion pathways.

et al., 2011). Six major introduction pathways have been identified
(Hulme et al., 2008): deliberate release as a commodity, escape
from captivity, contaminant of a specific commodity, stowaway
on a transport vector and spread through unaided dispersal from
an invaded area or dispersal following anthropogenic corridors

2 | M ATE R I A L S A N D M E TH O DS
2.1 | Study organisms

(CBD, 2014; Hulme, 2015; Hulme et al., 2008). When an invasion
history is relatively simple (e.g. few introductions from identi-

We studied two invasive crayfish species (listed in the European

fied sources; Simon et al., 2011), pathway identification is usually

Union Regulations EU 1143/2014 and EU 2019/1262) displaying

straightforward. However, biological invasions are often the result

contrasting life-history traits and invasion histories at the continen-

of complex socio-ecological interactions involving multiple and

tal scale. Faxonius limosus is native to the Eastern Coast of North

often unreported introductions, propagules per introduction event

America (Filipová et al., 2011). Its only known successful introduction

and source populations (Blackburn et al., 2015; Rey et al., 2015). The

in Europe dates back to 1890 when 90 individuals were successfully
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(b)

F I G U R E 1 Study area with the location of studied populations for (a) Faxonius limosus and (b) Procambarus clarkii [Colour figure can be
viewed at wileyonlinelibrary.com]
introduced from the US Commission of Fish and Fisheries into

of native prey, disease transmission and ecological engineering (e.g.

western Poland to replace populations of native species that were

burrowing). However, they also display contrasting life histories (e.g.

decimated by crayfish plague (Filipová et al., 2011). The species

distinct trophic niches, thermal tolerances and overland dispersal ca-

subsequently spread across Europe and arrived in central France

pacities; Lang et al., 2021; Puky, 2014; Thomas et al., 2019; Veselý

between 1911 and 1913, where 2,000 individuals from Germany

et al., 2021).

were deliberately released (Laurent, 1997). It invaded the Garonne
river basin in the early 1960s (Laurent, 1997) and its presence in the
study area was first documented in 1988 (Magnier & Petit, 2016),

2.2 | Study area and sampling design

that is, approximately 50–60 generations, considering that the species can reproduce twice a year (Buřič et al., 2013; Lang et al., 2021).

The study area was composed of a network of artificial gravel pit

Procambarus clarkii is native to southern United States and north-

lakes of different ages (from 10 to 60 years) and sizes (surface rang-

eastern Mexico and has been widely introduced worldwide due to

ing from 1,280 to 474,274 m2) spread across a 70 × 75 km area

its economical value for aquaculture, colonizing almost all conti-

located within the Garonne floodplain and disconnected from the

nents (Oficialdegui et al., 2019). It was first introduced in Europe in

hydrographical network (South-western France; Figure 1; Tables S1

1973 from Louisiana to Spain, and the species rapidly spread across

and S2 in Supporting Information). They are also distributed along a

Europe (Oficialdegui et al., 2019). In France, the first introduction

decreasing north to south urbanization gradient (i.e. Toulouse met-

is reported in South-western France in 1976 with individuals from

ropolitan area on the north and Pyrenees Mountains’ piedmont on

Spain (Laurent, 1997). Besides this introduction event, many indi-

the south). Their fishery management in terms of angling practices

viduals were imported from Spain and Kenya for aquaculture from

and fish stocking can be categorized as high management level when

the late 1970s to the early 1980s (Holdich, 1993; Oficialdegui

managed by public and private angling clubs and as low manage-

et al., 2019, 2020). The presence of P. clarkii in our study area was

ment level when managed by municipalities or private owners (Zhao

first mentioned in 1995 (Changeux, 2003), that is, approximately

et al., 2016).

40–50 generations, considering two reproductions per year (Lang

This area is particularly interesting for studying local inva-

et al., 2021). Both crayfish species cause serious impacts on biodi-

sion pathways because many major pathways identified by Hulme

versity, ecosystem functioning and services, through consumption

et al. (2008) can potentially (co-)occur here for F. limosus and P. clarkii:
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deliberate releases in specific lakes for human consumption, contam-

co-amplified 9 and 14 microsatellite loci for F. limosus and P. clarkii,

inants of commodities (e.g. during fish stocking events), stowaways

respectively (Hulák et al., 2010; Jiang et al., 2015), using two (F. limo-

on transport vectors (e.g. dispersed from one lake to another by hu-

sus) or three (P. clarkii) multiplexed PCRs, 5–20 ng of genomic DNA

mans or aquatic birds; Anastácio et al., 2014; Coughlan et al., 2017)

and QIAGEN® Multiplex PCR Kits (Qiagen). Details on loci, primer

and unaided/corridor spread, by dispersing overland, through an-

concentrations, PCR conditions and multiplex sets are available

thropogenic corridors or the riverine network (Puky, 2014; Thomas

elsewhere (Hulák et al., 2010; Jiang et al., 2015; Lang et al., 2020).

et al., 2019). We hypothesized that (a) high management level lakes

Genotyping was conducted on an ABI PRISM™ 3,730 Automated

should display higher genetic diversities for both species, as they are

Capillary Sequencer (Applied Biosystems) and allele size scoring

more prone to receive individuals through the contaminant pathway

using GENEMAPPER® v.4.0 (Applied Biosystems).

(e.g. during fish stocking events); (b) lakes near the main city should
display higher genetic diversities for both species, as they are more
prone to receive individuals through deliberate releases (e.g. for

2.5 | Genotyping quality controls

human consumption) due to high surrounding human densities; (c)
big lakes are more prone to display higher genetic diversities and

For each species, we assessed (a) null alleles and potential scor-

Ne due to their putatively higher carrying capacities and that (d) P.

ing errors incidence with MICROCHECKER 2.3 (Van Oosterhout

clarkii should exhibit higher genetic diversities than F. limosus, as a

et al., 2004), (b) linkage disequilibria among loci within populations

consequence of its more complex invasion history at the continental

with FSTAT v2.9.3.2 (Goudet, 1995) and (c) departures from Hardy–

scale (which involves many introductions of individuals originating

Weinberg (HW) equilibrium with GENEPOP v4.0 (Rousset, 2008).

from the native area).

Levels of significance for these multiple tests were adjusted using

The sampling was conducted from mid-September to mid-

the false discovery rate (FDR) procedure of Benjamini and Hochberg

October 2016–2019 primarily using pairs of baited traps set both

(1995). Finally, we used BAYESCAN v.2.1 (Foll & Gaggiotti, 2008)

overnight and during the day (Alp et al., 2016; Závorka et al., 2020).

to test the neutrality of the microsatellite datasets. We specifically

We also performed active sampling using dip nets when needed.

ran four MCMC chains considering 100 prior odds for the neutral

Additional samples were provided by local anglers and agencies. We

model, sample sizes of 10,000 (with thinning intervals of 50), burn-

successfully sampled 18 populations of F. limosus (514 genotyped in-

in periods of 50,000 and 20 pilot runs with lengths of 5,000 per

dividuals) and 43 populations of P. clarkii (1,182 genotyped individu-

chain. The convergence of the four chains per species was checked

als; Figure 1). Almost all sampled F. limosus populations (16/18) were

through a Gelman–Rubin analysis (Gelman & Rubin, 1992). We con-

sympatric with P. clarkii populations. We targeted at least N = 28

sidered that chains reached convergence when values lower than

sampled individuals per population per species for subsequent

1.1 were obtained (Gelman & Hill, 2007). According to these quality

genetic analyses, although this number was not always reached

controls, we removed one (for F. limosus) and two (for P. clarkii) loci

(77.78% of F. limosus populations with N ≥ 20, mean N across popu-

(see details in Appendix S1). We finally conducted power analyses

lations = 29 ± 13 SD, Table S1, and 83.72% of P. clarkii populations

(i.e. random subsampling procedures) that confirmed that the se-

with N ≥ 20, mean N across populations = 27 ± 7 SD, Table S2).

lected number of loci and sample sizes was sufficient for capturing
the genetic structure of both species within the study area (details
in Appendix S2).

2.3 | Extrinsic factors
A set of extrinsic (environmental) factors was quantified to perform

2.6 | Genetic diversity and structure

subsequent landscape genetic analyses. Lake surface area (km²) was
calculated using aerial pictures (using the web portal Geoportail;

We assessed the genetic diversity over all loci and for each popula-

https://www.geopor tail.gouv.fr/). We further determined Euclidean

tion and species by calculating both allelic richness (AR) and private

distances between (a) each pair of lakes and (b) between each lake

allelic richness (PA) using the rarefaction procedures implemented

and Toulouse city using the R package

raster.

Distances between

in ADZE v.1.0 (Szpiech et al., 2008). We assumed minimum sample

lakes and Toulouse can be viewed as a proxy of an urbanization gradi-

sizes for rarefaction of N = 11 and N = 12 for F. limosus and P. clarkii

ent, with decreasing urbanization pressure with increasing distance.

respectively (i.e. minimum sample size for each species; Tables S1

Finally, we quantified the level of fishery management (i.e. high or low)

and S2). We also estimated (across loci for each species and pop-

from stakeholders and managers as previously described.

ulation) expected heterozygosities (Hexp) using GENETIX v.4.05
(Belkhir et al., 1996). We estimated current effective population

2.4 | Genotyping

sizes (Ne) using the linkage disequilibrium method implemented in
NeESTIMATOR v2.1 (Do et al., 2014). Finally, we calculated, for each
species, pairwise genetic differentiation values (i.e. F'st; Meirmans

Genomic DNA was extracted from abdominal muscle tissue using a

& Hedrick, 2011) with the R package

modified salt extraction protocol (Aljanabi & Martinez, 1997). We

We used F’st instead of Fst as the former enables interspecific

strataG

(Archer et al., 2017).
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comparisons. We then calculated for each population and species
the average of all pairwise F'st values estimated between one given

2.10 | Extrinsic factors explaining observed
patterns of genetic variability

population and all the remaining to obtain a within-population genetic uniqueness value (i.e. F'stUNI).

To identify the extrinsic factors affecting genetic variability, we built
linear models using AR, PA, Ne and F’stUNI as dependent variables,
and surface, distance and management as explanatory variables. All

2.7 | Spatial patterns of genetic variability

models were initially run with two-way interactions and the best
models were selected using a backward selection procedure using

We first mapped AR, PA and F'stUNI to visually inspect the spatial

R v.2.6.2. Marginal effects of significant interactions were plotted

distribution of genetic diversity and uniqueness. As Hexp values

using the R package sjPlot.

were highly correlated with AR values (Pearson's r = 0.958 and 0.950
for F. limosus and P. clarkii respectively), they were not mapped. We
then tested whether isolation by distance (IBD) patterns exist by exploring the relationship between pairwise Euclidean distances and
pairwise F'st values by conducting single Mantel tests with 1,000

3 | R E S U LT S
3.1 | Genetic diversity and structure

permutations with the R package vegan.
Faxonius limosus displayed very low levels of genetic diversity
(Figure 2; Table S1), with AR averaging 1.470 (±0.217 SD) and Hexp

2.8 | Genetic clustering analyses

averaging 0.131 (±0.056 SD) across populations. Mean within-
population PA values ranged between <0.001 and 0.333 (mean PA

Genetically homogenous groups of individuals (i.e. clusters) were
identified using the R package

rmavericK

across populations of 0.054 ± 0.08 SD) and mean F'stUNI values

(Verity & Nichols, 2016).

ranged between 0.111 and 0.302 (mean F'stUNI across populations

This method relies on the same mixture modelling framework

of 0.188 ± 0.056 SD). Effective population sizes were low (mean

implemented in STRUCTURE (Pritchard et al., 2000) but uses a

Ne across populations of 57.8 ± 152.9 SD; Table S1), except for

thermodynamic integration (TI) procedure to estimate the best K

CZA (Ne = 561.9). Five out of 18 Ne estimates were infinite, indi-

number of clusters in a dataset (Verity & Nichols, 2016). The TI

cating a lack of evidence for variation in the genetic characteris-

procedure allows evaluating K = 1 and provides more accurate

tics caused by genetic drift due to sampling error (Do et al., 2014).

evidence for K than classical methods like Evanno's ΔK (Evanno

Contrastingly, P. clarkii populations displayed higher levels of

et al., 2005) or Akaike, Bayesian and Deviance information criteria

genetic diversity (Figure 2; Table S2), with AR averaging 3.586

(Verity & Nichols, 2016). We explored values of K ranging from

(±0.621 SD) and Hexp averaging 0.596 (±0.082 SD) across popula-

1 to 18 for F. limosus and from 1 to 20 for P. clarkii, considering

tions. Mean PA values ranged between <0.001 and 0.224 (mean

two different evolutionary models (i.e. with and without admix-

PA across populations of 0.04 ± 0.05 SD) and F'stUNI ranged from

ture). We ran MCMC chains considering burn-in periods of 10,000

0.349 to 0.648 (mean F'stUNI value of 0.478 ± 0.081 SD). Effective

iterations, 2,000 sampling iterations and rung parameter equal to

population sizes were overall higher than for F. limosus, and ranged

10. We then determined, for each species and evolutionary model

between 1.6 (for LAF) and 2,834.1 (for CEA), although 13 of 43 Ne

(i.e. with/without admixture), the best K value according to the

estimates were infinite.

obtained TI posterior probabilities. Finally, we compared the evidence of the two tested evolutionary models to determine which
one better fits our genotypic data. For F. limosus, the two evolutionary models generated qualitatively similar results (Figure S1a);

3.2 | Spatial patterns of genetic variability and
genetic clustering

we thus only report results obtained under the most parsimonious
model (i.e. ‘without admixture’). For P. clarkii, we will only report

No significant IBD pattern was observed for F. limosus (Mantel

results for the ‘without admixture’ model, which had high support

r = −0.095, p = 0.827, Figure 3a), but there was a significant IBD

(Figure S1c).

pattern for P. clarkii (Mantel r = 0.415, p < 0.00099, Figure 3b).
We found strong evidence for two different genetic clusters for
this species (Figure S1b). Overall, there was no clear spatial distri-

2.9 | Recent migration

bution of these two clusters nor were populations exclusively belonging to one of these two clusters (Figure 4a). For P. clarkii, we
using

found evidence for the occurrence of 15 different genetic clusters

GENECLASS 2 (Piry et al., 2004), by computing the frequency-based

(Figure S1d). These clusters were highly spatially structured, with

We

identified

first-generation

migrants

among

lakes

criterion of Paetkau et al. (1995) and by assessing the likelihood as

many single lake populations (e.g. INN, CEA, VRA or JBV, Figure 4b)

the ‘L_origin / L_max’ ratio, using a Monte Carlo resampling method,

or groups of neighbouring populations belonging to the same pri-

1,000 bootstraps and an assignment threshold α = 0.01.

vate owner or experiencing similar management practices (e.g.

Journal of Applied Ecology

PAZ-VINAS et al.

F I G U R E 2 Spatial distribution of
allelic richness (AR; a and b), private
allelic richness (PA; c and d) and genetic
uniqueness (F'stUNI; e and f) for Faxonius
limosus (a, c and e) and Procambarus clarkii
(b, d and f) [Colour figure can be viewed at
wileyonlinelibrary.com]

(a)

(b)

(c)

(d)

(e)

(f)

SOD, SOC, SOB and SOA for cluster 7; BIR and BID for cluster 4;
Figure 4b) assigned almost exclusively to specific clusters. We also

|
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3.4 | Extrinsic factors explaining observed
patterns of genetic variability

identified (a) some distant populations composed of individuals assigned almost exclusively to the same cluster (e.g. LIN and BON for

We found a significant interaction term (Distance × Surface:

cluster 10; Figure 4b), (b) signals of introgression among clusters

F(13) = 8.0014, p = 0.0142) for AR of F. limosus (Table S3). Specifically,

(e.g. from cluster 4, mainly represented in BIR and BID, into TAC

AR decreased with increasing lake surface in lakes closer to Toulouse

and TAD, mainly represented by individuals assigned to cluster 1;

(Figure S2a), while AR increased with increasing lake surface in lakes

Figure 4b) and (c) potential long-distance migrants (e.g. four indi-

farther from Toulouse (Figure S2a). We did not find significant effects

viduals in JBV assigned to cluster 14, which is mainly represented

of the tested variables on PA, F'stUNI or Ne of F. limosus (Table S3).

by individuals from GRA and GRB lakes, situated 16 km away from

For AR of P. clarkii, the three interaction terms were significant

JBV; Figure 4b).

(Distance × Surface: F(36) = 1.0841, p = 0.013; Distance × Management:
F(36) = 19.9144, p < 0.001; Management × Surface: F(36) = 3.0271,

3.3 | Recent migration

p < 0.001; Table S3). Overall, AR increased with increasing surface
and distance from Toulouse (Figure S3a), though these effects differed depending on the level of fishery management. Specifically, AR

We identified a total of 14 migrants for F. limosus (Figure 5a), and

decreased with increasing distance in low management level lakes

almost all movements were long (mean = 32.240 km, range = 0.578–

and inversely increased with increasing distance in high management

67.078 km). For P. clarkii, we detected 30 migrants (Figure 5b), which

level lakes (Figure S3b). Lake surface did not affect AR in low man-

moved primarily between relatively close populations (mean among-

agement level lakes, although it had a strong positive effect on AR in

populations distance = 11.573 km, range = 0.297–37.061 km),

high management level lakes (Figure S3c). We did not find significant

though some migrants moved long distances (Figure 5b).

effects of the tested variables on PA, but we found two significant

2860
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(a)

(b)

F I G U R E 3 Pairwise F'st values among populations against Euclidean distances between lakes for Faxonius limosus (a) and Procambarus
clarkii (b). A piecewise regression line (b) is represented in blue (95% CI in grey) as the Mantel test detected a significant IBD pattern for this
species. The vertical red dotted line represents the breakpoint of the regression line at the distance of 1.290 km (95% CI = [1.011–1.565 km])
[Colour figure can be viewed at wileyonlinelibrary.com]
(a)

North-to-south Garonne river axis

(b)

North-to-south Garonne river axis

Ariège river
axis

North-to-south
Ariège river axis

F I G U R E 4 Proportion of ancestry of individuals to each cluster identified using ‘rmaverick’ procedure under a model assuming no
admixture: (a) Faxonius limosus (2 clusters) and (b) Procambarus clarkii (15 clusters) [Colour figure can be viewed at wileyonlinelibrary.com]

interactions for F'stUNI (Distance × Surface: F(37) = 5.4424, p = 0.025;

increased with increasing distance in low management level lakes

Distance × Management: F(37) = 29.2018, p < 0.001; Table S3).

(Figure S4). Finally, we found a significant effect of the fishery man-

Specifically, F'stUNI decreased with increasing lake surface and in-

agement level on Ne (Table S4), with higher Ne values in highly man-

creasing distance from Toulouse in high management level lakes, but

aged lakes (Figure S5).
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(a)

|

2861

(b)

F I G U R E 5 (a and b): First-generation migrants identified by Geneclass 2 for (a) Faxonius limosus and (b) Procambarus clarkii. Arrows
indicate the direction of the migration. The width of the arrows is proportional to the number of migrants. Light grey for lakes from the
Garonne river axis; dark grey for lakes from the Ariège river axis. Within all river axis, populations are ordered according to a clockwise
north-to-south latitudinal gradient

4 | D I S CU S S I O N

was brought from North America to Europe, followed by multiple
successive founder effects during subsequent introductions and

The present study revealed very different patterns of genetic vari-

colonization events across the continent (Filipová et al., 2011).

ability between two invasive co-occurring crayfish. Faxonius limosus

Additionally, facultative parthenogenesis has been reported under

displayed very low levels of genetic diversity, unclear spatial pat-

controlled conditions for this IAS (Buřič et al., 2013). Indeed, par-

terns of genetic structure and little evidence to identify local in-

thenogenetic reproduction could contribute to maintain popu-

vasion pathways. Contrastingly, P. clarkii displayed higher genetic

lations with low genetic diversities and Ne values like those we

variability and spatial genetic structuring, allowing the identification

observed, though the occurrence of parthenogenesis in the wild

of specific genetic footprints suggesting that its invasion was driven

remains unknown for F. limosus. Overall, our multilocus genetic

by the co-occurrence of multiple local invasion pathways (release,

analyses provided little evidence for the occurrence of specific

contaminant, unaided/corridor spread and stowaway). An effect of

local invasion pathways for F. limosus. Even though recent migra-

fishery management practices (alone or in interaction with lake sur-

tion events among distant populations were detected (which may

face and distance to the main city) on genetic diversity and Ne was

indicate the occurrence of human-mediated dispersal), we could

also observed. Overall, our results illustrate the usefulness—but also

not clearly infer any invasion pathway. It is more likely that the

the limitations—of multilocus neutral genetic variation assessments

detected migration events and the lack of clear spatial genetic

for inferring local invasion pathways in complex environments for

structuring observed may be just consequences of the very low

IAS with short generation times.

genetic baselines observed for this IAS within the study area. We

Some successful IAS have been reported to overcome the

also found a context-dependent effect of lake surface and distance

pervasive effects generally associated with low genetic diversity

to the main city on allelic richness, though we did not detect any

(e.g. high risk of inbreeding depression and extinction) and to per-

effect of fishery management practices on genetic metrics. No sig-

sist in an invaded environment (Rollins et al., 2013), as observed

nificant IBD pattern was detected, and pairwise F'st values were

for the Asian long-horned beetle (Anoplophora glabripennis; Javal

highly idiosyncratic, with pairs of populations separated by com-

et al., 2019) or the water hyacinth (Eichhornia crassipes; Zhang

parable distances displaying highly variable genetic differentiation.

et al., 2010). This could be the case for F. limosus, which displayed

Although this idiosyncrasy may indicate the occurrence of multiple

very low genetic diversities and Ne. These patterns of genetic vari-

human-mediated invasion pathways (Zhan et al., 2012), the very

ability are congruent with the main hypothesis of F. limosus inva-

low levels of genetic diversity observed for F. limosus have prob-

sion history in Europe. A strong reduction in genetic diversity was

ably blurred our ability to clearly identify local invasion pathways

likely caused by a strong founder effect in 1890 when the species

occurring in the study area for this IAS.
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Genetic diversities and Ne were overall higher for P. clarkii than for

or in populations with highest/lowest Ne or genetic diversities).

F. limosus. Our genetic analyses suggested the occurrence of multiple

However, this approach may only provide limited information on

invasion pathways for P. clarkii at a local scale, hence mirroring the co-

local invasion pathways for IAS displaying very low genetic variabil-

occurrence of multiple invasion pathways observed at the global scale

ity baselines due to past strong shaping events (i.e. a severe founder

(Oficialdegui et al., 2019, 2020). For instance, the high values observed

effect after a primary introduction) and/or atypical reproductive

for genetic variability metrics (notably for PA) for some populations,

modes (e.g. clonal and/or parthenogenetic reproduction), as for F.

combined with the very high number of detected genetic clusters,

limosus. In such cases, combining neutral genetic assessments with

suggest that many independent introduction events involving geneti-

other complementary approaches like studies focusing on other

cally distinct sources may have occurred despite the small spatial scale

intraspecific diversity facets (e.g. phenotypic or functional diversi-

(~5,000 km²), probably through the release or contaminant pathways.

ties; Lang et al., 2021), surveys aimed at understanding the role of

Furthermore, the sharp increase of pairwise F'st values in P. clarkii

local socio-economic activities in promoting the spread of IAS and/

at short distances suggests that differential effects of genetic drift

or with broader scale model-based invasion history reconstructions

are fuelling population differentiation in lakes that are mostly iso-

(e.g. Javal et al., 2019; Rey et al., 2015; Sherpa et al., 2019) will also

lated, despite the occurrence of some migration events, notably at

be helpful to reveal pathways that might remain obscure when solely

short distances (probably through unaided overland dispersal). These

using descriptive genetic approaches.

results are in agreement with a recent study (Bélouard et al., 2019)
which highlighted strong influences of genetic drift in highly struc-
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