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Abstract

1.

Patterns of genetic diversity in invasive populations can be modulated by a range
of factors acting at different stages of the invasion process, including the genetic
composition of the source population(s), the introduction history (e.g. propagule
pressure), the environmental suitability of recipient areas, and the features of sec-

ondary introductions.

. The North American red swamp crayfish, Procambarus clarkii, is one of the most

widely introduced freshwater species worldwide. It was legally introduced into
Spain twice, near the city of Badajoz in 1973 and in the Guadalquivir marshes in

1974. Thereafter the species rapidly colonised almost the entire Iberian Peninsula.

. We used seven nuclear microsatellites to describe the genetic diversity and struc-

ture of 28 locations distributed across the Iberian Peninsula and to explain the
expansion process of the red swamp crayfish. Additionally, we analysed the re-
lationship between environmental suitability and genetic diversity of the studied

locations.

. The red swamp crayfish had a clear spatial genetic structure in the lberian

Peninsula, probably determined by the two independent introduction events in
the 1970s, which produced two main clusters separated spatially, one of which

was dominant in Portugal and the other in Spain.

. The human-mediated dispersal process seemed to have involved invasion hubs,

hosting highly genetically diverse areas and acting as sources for subsequent in-
troductions. Genetic diversity also tended to be higher in more suitable environ-

ments across the Iberian Peninsula.

. Our results showed that the complex and human-mediated expansion of the red

swamp crayfish in the Iberian Peninsula has involved several long- and short-dis-
tance movements and that both ecological and anthropogenic factors have shaped
the genetic diversity patterns resulting from this invasion process. Early detection
of potential invasion hubs may help to halt multiple short-distance translocations
and thus the rapid expansion of highly prolific invasive species over non-native

areas.
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1 | INTRODUCTION

Biological invasions are one of the main threats to biodiversity
globally (Bellard, Cassey, & Blackburn, 2016). The intensification
of global trade and human movements, as well as the increase of
activities such as aquaculture, pet trade, or gardening, have led to
an acceleration of the global-scale exchange of biota (Hulme et al.,
2008; Ricciardi, 2007), which is blurring the traditionally described
biogeographical barriers (Capinha, Essl, Seebens, Moser, & Pereira,
2015). The number of species introduced outside their native ranges
has been increasing in recent decades and is expected to keep grow-
ing (Seebens et al., 2017). Only a fraction of the introduced species is
able to establish self-sustained populations, thrive, and spread, and
only a fraction among them cause biodiversity losses, disruptions
of ecosystem functioning, and economic impacts (Walsh, Carpenter,
& Vander Zanden, 2016). Understanding why some introduced spe-
cies succeed and become invasive, while other fail, is a central topic
in invasion science (Blackburn & Duncan, 2001; Blackburn, Prowse,
Lockwood, & Cassey, 2013; Facon et al., 2006).

The genetic diversity of introduced populations can influence
their ability to adapt to novel environments and, thus, determine
their invasiveness (Lavergne & Molofsky, 2007; but see Bossdorf,
Richards, & Pigliucci, 2008; Hawes et al., 2018). Biological invasions
are a multistep process often described as a series of stages (trans-
port, introduction, establishment and spread) separated by differ-
ent barriers that can impede the progress of an invasion (Blackburn
et al., 2011). Overcoming each of these barriers can generate popu-
lation bottlenecks and alter the genetic diversity patterns in invasive
populations (Hardesty et al., 2012; Okada, Lyle, & Jasieniuk, 2009).
Different factors can modulate the intensity of population bottle-
necks in each barrier of the invasion process, including genetic di-
versity of the source population, propagule pressure, environmental
suitability of the recipient area, and/or the characteristics of sec-
ondary introductions. Genetic admixture (hereafter admixture) oc-
curs when multiple divergent genetic lineages come into contact and
interbreed, increasing the genetic diversity of a population, as can
occur in the source population of the native range before the trans-
port stage (van Boheemen et al., 2017; Dlugosch & Parker, 2008;
Oficialdegui et al., 2019; Rius & Darling, 2014). During the introduc-
tion stage, propagule pressure (i.e. number of introduction events,
inoculum size or both) modulates resulting genetic diversity patterns
since more introduction events and/or a large number of introduced
individuals promote higher genetic diversity in the introduced pop-
ulation (Blackburn et al., 2013; Drolet & Locke, 2016). During the
establishment stage, biotic (i.e. niche competition) and abiotic (i.e.
environmental suitability) factors can affect the genetic diversity
of an introduced population through modulation of survival and

its associated population bottleneck (Banks et al., 2013; Ellegren &

Galtier, 2016). As such, the environmental suitability refers to the
climatic and physiographic variables of the introduced range. During
the spread stage, founding events, involving all the previous cited
modulators of genetic diversity, take place whenever a secondary in-
troduction occurs (i.e. the source population being itself introduced).
Therefore, range expansions are generally associated with decreas-
ing genetic diversity (i.e. allelic richness and expected heterozygos-
ity) along the expansion front (Austerlitz, Jung-muller, Godelle, &
Gouyon, 1997; Excoffier, Foll, & Petit, 2009).

The red swamp crayfish (Procambarus clarkii), native to north-east-
ern Mexico and south-central U.S.A., has been broadly introduced
around the world, to the point that it is present in up to 40 countries of
four continents (Oficialdegui, Sdnchez, & Clavero, 2020). It was inten-
tionally introduced to southern Spain in the early 1970s, through two
independent shipments from Louisiana (U.S.A.). Both introductions
had legal authorisation and were motivated by the high socioeconomic
value that crayfish was attaining in Spain (Clavero, 2016). The first
introduction took place in Badajoz (Spain) in 1973, and involved the
release of around 300 individuals, the survivors of an original batch
of 500 crayfish (Habsburgo-Lorena, 1978). One year later, a larger
batch (around 500 kg) was imported to the marsh area of the Lower
Guadalquivir River (Puebla del Rio, Seville), although only 100 kg
(around 6,500 individuals) survived. The red swamp crayfish immedi-
ately established self-sustained and abundant populations in the ini-
tial introduction areas and rapidly spread over the Iberian Peninsula
(Gutiérrez-Yurrita et al., 1999; Oficialdegui et al., 2020), aided by both
intrinsic traits (e.g. short life cycle, high fecundity, high environmen-
tal tolerance; Geiger, Alcorlo, Baltanas, & Montes, 2005) and by mul-
tiple (arguably, thousands) and uncontrolled secondary introductions
(Clavero, 2016; Oficialdegui et al., 2019). Shortly after the introduc-
tion, by 1982, there were already reports of the red swamp crayfish in
the Tablas de Daimiel National Park and the Ebro Delta (some 320 and
730 km straight-line, respectively, from the Lower Guadalquivir intro-
duction site) (Clavero, 2016; Oficialdegui et al., 2020). Once introduced
and established, this species often becomes dominant in the occupied
freshwater habitats, producing severe ecological impacts and losses of
ecosystem services (Gherardi, 2006; Souty-Grosset et al., 2016).

In this study, we examine the spatial patterns of genetic diversity
of the red swamp crayfish in the Iberian Peninsula to test various hy-
potheses about the invasion history. Based on the analysis of nuclear
microsatellites, we aim to analyse the present-day genetic structure
of the red swamp crayfish, to then explore the drivers that may have
modulated the dynamics of genetic diversity during the invasion pro-
cess. The main questions we address are: (1) is there a relationship
between the number and size of initial introduction events and the
present-day genetic diversity?; (2) how was the pattern of spread of
the swamp crayfish among the Iberian Peninsula?; and (3) is there a

relationship between environmental suitability and genetic diversity?
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TABLE 1 Information on the 28 locations of red swamp crayfish (Procambarus clarkii) surveyed in the Iberian Peninsula, including name,

code (as in Table 2 and Figure 1), number of collected individuals (N), geographical coordinates, type of habitat, environmental suitability (as
reported by Capinha & Anastacio, 2011), straight-line distance (km) to the original introduction focus (step distance) and minimum distance
between those to the introduction focus or to the nearest invasion hub (hub distance; see Figure 2b)

Locations Code N Lat Lon
Albufera ABF 26 39.184 -0.192
Anca ANC 30 40.160 -8.306
Arreo ARE 20 42.779 -2.991
Brugent BRU 30 42.021 2.362
Cidacos CID 29 42.274 -1.373
Delta del Ebro DEB 28 40.783 0.690
Badajoz BDJ 31 38.899 -6.871
Guadalporcun GDP 50 36.565 -5.213
Gijon Gl 13 43.321 -5.382
Guadiamar GUA 50 37.392 -6.134
Hueznar HUE 40 37.556 -5.415
Jaén JAE 30 37.494 -3.441
Jiloca JIL 15 40.544 -1.293
Leza LEZ 30 42.263 -2.184
Lower LGQ 49 37.755 -6.959
Guadalquivir

Lousal LOU 30 38.014 -8.255
Madrid MAD 30 40.400 -4.056
Mundo MUN 21 38.273 -1.462
Olivargas OLI 50 37471 -6.486
Reguengos REG 30 38.284 -7.312
Requeixo REQ 30 40.353 -8.313
Rocina ROC 30 37.101 -6.372
Sopeton SOP 20 36.573 -6.266
Sotogrande STG 50 37.097 -6.463
Valle VAL 50 36.050 -5.414
Villar VIL 32 37.412 -6.433
Valoria la buena VLB 29 41.801 -4.588
Vila-Rica VLR 30 41.135 -7.055
Total 903

Habitat Enviromental suitability Step dist Hub dist
Rice Field 0.873 566 0
River 0.803 206 206
Lake 0.764 683 382
River 0.808 927 213
River 0.825 708 274
Rice Field 0.891 718 0
Ponds 0.833 0 0
River 0.731 75 75
Pond 0.886 713 611
River 0.801 59 59
River 0.767 98 98
River 0.836 301 301
River 0.538 568 171
Stream 0.790 676 316
Rice Field 0.894 0 0
River 0.857 164 164
Pond 0.646 435 350
Stream 0.678 415 157
River 0.826 93 93
River 0.836 71 71
River 0.786 233 233
Stream 0.826 41 41
Lagoon 0.874 32 32
Lake 0.883 27 27
River 0.737 124 124
River 0.825 79 79
Stream 0.729 536 454
Stream 0.744 462 462

We hypothesise that populations originated from Lower Guadalquivir
would have a higher genetic diversity than the ones originated from
Badajoz, as the inoculum size was around 20 times larger in the Lower
Guadalquivir. Besides, genetic patterns within the Iberian Peninsula
would be mainly explained by human-mediated dispersal, with a neg-
ligible influence of natural dispersal. We also consider two disper-
sion processes: the jump-dispersal and the invasion hub scenarios.
The jump-dispersal scenario assumes that the spread has occurred
through successive small-scale secondary introductions, supposing
that genetic diversity would tend to diminish with increasing dis-
tances to the initial foci, due to the accumulation of genetic bottle-
necks at each secondary introduction. The invasion hub scenario
involves also large-scale translocations and relevant sources other
than the initial foci (i.e. the invasion hubs). It supposes that the high

genetic diversity in the invasion hubs could enhance genetic diver-
sity in neighbouring introduced populations. Finally, we hypothesise
that suitable environmental conditions would reduce the intensity of
population bottlenecks, so that crayfish introduced in suitable areas
would present higher genetic diversity than those in unsuitable areas.

2 | METHODS

2.1 | Sample collection, DNA extraction, and
microsatellite genotyping

A total of 903 adult red swamp crayfish were collected from 28 loca-

tions distributed across the Iberian Peninsula (Table 1; Figure 1). A
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FIGURE 1 Genetic structure of

the red swamp crayfish in the Iberian
Peninsula, as resulting from STRUCTURE
outputs. The upper map shows the spatial
distribution of the 28 locations and the
proportion of association to each of the
genetic clusters defined for the most
plausible K value (K = 3). Lower panels
show the probability of assignment of

red swamp crayfish individuals to the
genetic clusters defined for plausible K
values (K = 2, K= 3 and K = 6, after the AK
method, Figure S2). In these panels, each
vertical line represents an individual, with
individuals being grouped by locations
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piece of abdominal muscle tissue was extracted from each crayfish
and stored in 96% ethanol at room temperature until subsequent
analyses.

Total genomic DNA was extracted from approximately 10 mg
of dried muscle tissue using a modified DNA salt-extraction pro-
tocol (Aljanabi, 1997) containing NaCl 25 mM, Tris 12.5 mM (pH
8.0), EDTA 12.5 mM (pH 8.0), 31.5 pl SDS 10%, 230 pl deionised
water, and proteinase K. After overnight incubation at 34°C, DNA
samples were extracted with a Tecan robot, Freedom Evo model.
Resulting DNA was diluted 1:10 and preserved at -20°C for ge-
notyping analyses. We designed two multiplex polymerase chain
reactions (PCRs) for fragment analysis, with Mix 1 (PCSH0002,
PCSHO0O006, PclG-17, PclG-29) and Mix 2 (PCSHO038, PCSHO065,
PclG-15, PclG-48) containing microsatellite loci previously devel-
oped by Belfiore and May (2000) and Jiang et al. (2015). A multiplex
PCR was performed on both Mix 1 and Mix 2 (Table S1). All PCR

amplifications were performed in 15-ul reactions containing 4 pl

of template DNA, 3 ul buffer 5x PROMEGA, 2.5 mM dNTP, 25 mM
MgCl,, 2 pl of primer mix (forward primer end-labelled with [*2P]
y ATP), 0.75 U Taq polymerase PROMEGA, and deionised water
up to the final volume of 15 pl. The thermocycling regime of the
Mix 1 consisted of an initial denaturation step at 95°C for 3 min,
followed by eight cycles of denaturing at 95°C for 30 s, annealing
at 60°C (decreasing 1°C for each cycle) for 30 s, and extension at
72°C for 30 s, followed by 23 cycles of 95°C for 30 s, 52°C for
30 s and 72°C for 30 s with a final extension at 72°C for 10 min.
Thermocycling conditions of the Mix 2 were 95°C for 3 min fol-
lowed by 10 cycles of 95°C for 30 s, 60°C (decreasing 1°C for each
cycle) for 30 s, 72°C for 30 s, followed by 23 cycles of 95°C for
30, 50°C for 30's, 72°C for 30 s with a final extension at 72°C for
10 min. Genotyping of amplified products was performed by using
an ABI3130x| Genetic Analyser (Applied Biosystem, UK) and allele
size was determined using the Genescan 500-LIZ size standard

and electrophoretograms were scored in Genemapper version 4.0
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(Applied Biosystems). All peaks were manually verified by the lead
author to ensure genotyping accuracy.

2.2 | Genetic structure and diversity

MICROCHECKER v.2.2.3 was used to assess the presence of null al-
leles, large allele drop-outs and scoring errors due to stuttering (van
Oosterhout, Hutchinson, Wills, & Shipley, 2004). GENEPOP v.4.7.0
software (Rousset, 2008) was used to detect deviation from Hardy-
Weinberg equilibrium (HWE) and linkage disequilibrium between
pairs of loci and each locus across locations. While HWE test pro-
vided possible departures from equilibrium in our locations, which
may indicate systematic genotyping errors and other biases (Salanti,
Amountza, Ntzani, & Joannidis, 2005); linkage disequilibrium test
was used to assess the independence between analysed loci. Exact
tests were used with specified Markov chain parameters of 10,000
dememorisation steps, followed by 5,000 batches of 5,000 itera-
tions per batch. Statistical significance levels were adjusted accord-
ing to Bonferroni's procedure to counteract the problem of multiple
testing in HWE and linkage disequilibrium (Rice, 1989).

To characterise the genetic diversity of the red swamp crayfish
in the Iberian Peninsula, we estimated the total number of observed
alleles (N,), the effective number of alleles (Ng), the expected and
the observed heterozygosity (H, and H,, respectively) and the in-
breeding coefficients (F ) for each locus in each location by using
GENALEX v.6.503 software (Peakall & Smouse, 2012). The allelic
richness (Ap) and the number of private alleles (P,) were calculated
with ADZE software (Szpiech, Jakobsson, & Rosenberg, 2008), a
rarefaction method to be able to compare locations with different
sampling sizes. To infer the genetic differentiation among loca-
tions, pairwise F¢; values were calculated by using ARLEQUIN v.3.1
(Excoffier, Laval, & Schneider, 2005). Bonferroni's correction was
performed to adjust the significance for multiple pairwise compari-
sons in F; values (Rice, 1989).

BOTTLENECK v.1.2.02 was used to identify locations that have
recently experienced a significant reduction in effective popula-
tion size (Piry, Luikart, & Cornuert, 1999). This software performs
a test of heterozygosity based on the assumption that the number
of alleles decreases faster than the heterozygosity when a popu-
lation experience a bottleneck. The stepwise-mutation (SMM) and
two-phased (TPM) models with 10,000 replicates were used to test
population bottlenecks. Variance for TPM was set to 30 and the
proportion of SMM in TPM was set to 80%. The Wilcoxon's test
was used to establish whether the number of loci showing hetero-
zygosity excess was significantly greater than expected in locations
at equilibrium.

Isolation by distance analysis was used to evaluate the relation-
ship between genetic (F5;) and geographic (based on X-Y coordi-
nates) distances among pairs of locations (Wright, 1943). A Mantel
test with 100,000 replicates was performed using ade4 package
in R software (Dray & Dufour, 2007). To calculate the geographic

distances among Iberian locations we used the geosphere (Hijmans,

(a) Jump-dispersal scenario

FIGURE 2 Schematic representation of plausible dispersal
patterns of the red swamp crayfish (Procambarus clarkii) across

the Iberian Peninsula. In the jump-dispersal scenario (a), the
accumulation of bottlenecks due to successive introduction events
would involve a reduction of genetic diversity with increasing
distance from the introduction focus (Badajoz, Lower Guadalquivir).
Contrastingly, in the invasion hub scenario (b), long-distance
transport of genetically diverse crayfish batches (e.g. due to high
propagule pressure, which is represented by arrow thickness) could
have generated invasion hubs (Valencia Albufera, ABF; Ebro Delta,
DEB), acting as additional sources for secondary introductions.
Thus, genetic diversity would decrease with increasing distances to
either original introduction foci or to invasion hubs.

Williams, & Vennes, 2017) and Imap (Wallace, 2015) packages in R
v3.2.3 (R Development Core Team, 2014).

STRUCTURE v.2.3.4 was used to characterise the genetic
structure of red swamp crayfish in the Iberian Peninsula, and par-
ticularly to test whether the two introduction foci can explain the

present-day observed genetic structure (Pritchard, Stephens, &
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Donnelly, 2000). This Bayesian clustering method assigns individ-
uals to a given number of genetic clusters (K) based on their gen-
otypes. To identify the number of clusters, we first analysed the
likelihood of models with a number of clusters ranging from K = 1
to 27 (n - 1). Due to the large number of clusters, we performed
20 independent runs for each K, each run involving a Markov
chain Monte Carlo using 2,000 burn-in followed by 10,000 iter-
ation steps. Once preliminary results were obtained and to get
more accuracy, another analysis was performed from K = 1 to 8
with 20 independent runs for each K, each run involving a Markov
chain Monte Carlo using 200,000 burn-in followed by 1,000,000
iteration steps. Admixture ancestry models and correlated al-
lele frequencies (with default parameters) were considered in all
cases. The most likely value of real number of clusters in the ge-
netic dataset was estimated by examining the log probability of
data [Ln Pr(X|K)] and the AK method (Evanno, Regnaut, & Goudet,
2005) using STRUCTURE HARVESTER (Earl & vonHoldt, 2012).
We summarised the clustering results of multiple runs for each K
value and these were visually evaluated in CLUMPAK (http://clump
ak.tau.ac.il) (Kopelman, Mayzel, Jakobsson, Rosenberg, & Mayrose,
2015). Additionally, a discriminant analysis of principal components
(DAPC) was performed to identify the number of different clusters
without assuming marker linkage neither HWE (Jombart, Devillard,
& Balloux, 2010). This multivariate method consists of a two-step
procedure to characterise population subdivision, being a principal
component analysis as a prior step to discriminant analysis (Jombart
etal., 2010). The DAPC was performed using adegenet version 2.1.1
(Jombart, 2008) in the R environment.

2.3 | Historical, human, and environmental
drivers of genetic diversity

To introduce the historical factor in our models, we firstly used the
grouping of locations resulting from STRUCTURE (Figure 1; Table
S4) to generate a new categorical variable (genetic group) with two
levels (Badajoz and Lower Guadalquivir). Genetic group thus identi-
fies the original introduction foci that originated each of the present-
day populations.

We then evaluated two alternative scenarios of human-driven
spread through secondary introductions: the jump-dispersal sce-
nario and the invasion hub scenario. To test the jump-dispersal sce-
nario (Figure 2a), we calculated the linear distance (in km) of each
location to its corresponding introduction foci (Badajoz [BDJ] and
Lower Guadalquivir [LGQ], based on STRUCTURE results) and used
this variable (step distance) as a continuous predictor of genetic di-
versity. This scenario assumes that transport distances are relatively
constant among secondary introductions, resulting in an increas-
ing number of jumps for increasing distances. By contrast, to test
the invasion hub scenario, we selected the Ebro Delta and Valencia
Albufera (northeast and east coast of Iberian Peninsula, respectively;
see Figure 2b) as plausible invasion hubs, because both are large

coastal wetlands with vast areas devoted to rice cropping (similar

to the two original introduction foci), which received an important
amount of the red swamp crayfish soon after the initial introduction
(1978 in the Albufera and 1979 in the Ebro Delta; Gutierrez-Yurrita
et al., 1999) and where the species have reached high densities (e.g.
Clavero, Lopez, Franch, Pou-Rovira, & Queral, 2015). To test the
plausibility of the invasion hub scenario, we calculated the distance
(in km) of each location to their associated introduction foci (same as
for step distance) and to the candidate invasion hubs (Ebro Delta and
Valencia Albufera), and selected the minimum value among these
distances to generate a new continuous predictor (hub distance) of
genetic diversity.

Finally, we characterised the environmental suitability for the
red swamp crayfish in each location, in order to test whether higher
levels of genetic diversity were related to higher suitability values.
We obtained the estimated suitability based on the results of the
species distribution model presented by Capinha and Anastacio
(2011). These authors collected red swamp crayfish records world-
wide, including native and non-native areas, and used six climatic
(annual mean temperature, mean temperature of warmest quarter,
mean temperature of coldest quarter, annual precipitation, precipita-
tion of wettest quarter, and precipitation of driest quarter) and four
physiographic (altitude, slope, distance to ocean, and a compound
topographical index) variables to predict the species occurrence in
the Iberian Peninsula with a cell resolution of 1 x 1 km. The envi-
ronmental suitability, which we used as a continuous predictor of
genetic diversity, was calculated as the average value of the 1 x 1 km
cells included within a 5-km buffer constructed around each of our
locations, excluding sea surface whenever it was included inside the
buffer (Figure S1).

2.4 | Statistical analyses

We used generalised linear models (GLMs) to test the influence of the
historical, human and environmental factors on the spatial patterns of
genetic diversity of red swamp crayfish in the Iberian Peninsula. We
ran GLMs using two genetic diversity indices (A and H) as dependent
variables and genetic group, step distance, hub distance, environmen-
tal suitability, and sampling size (i.e. number of individuals analysed in
each location) as predictors. Generalised linear models used normal
error distribution and identity link function for both dependent vari-
ables (Ag, Shapiro-Wilk, W =0.98, p = 0.89; H; Shapiro-Wilk, W = 0.97,
p = 0.60). We first ran univariate GLMs testing the influence of each
of the five predictors on each of the two dependent variables. Then,
we ran multivariate GLMs and selected final models following a back-
ward stepwise procedure, through which predictors were sequen-
tially excluded from the models attending at the significance of their
effects (i.e. higher p-values excluded first) until all predictors had ei-
ther significant or marginally significant p-values (i.e. <0.1). Backward
stepwise procedures for variable selection in multiple regression-type
models often use p = 0.1 as a threshold to retain or remove variables.
When forward and backward procedures are combined, a common

strategy is to use p < 0.05 to enter and p > 0.1 to remove (e.g. Swartz,
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Hossack, Muths, Newell, & Lowe, 2019). Generalised linear models
were conducted with the Ime4 package (Bates et al., 2015) in Rv3.2.3
(R Development Core Team, 2014).

3 | RESULTS
3.1 | Genetic diversity

We genotyped eight polymorphic microsatellite loci for 903 red
swamp crayfish specimens from 28 locations distributed across the
Iberian Peninsula. The PcIG-29 locus was discarded from our data-
set because it had evidence of null alleles and scoring errors due
to stuttering. We thus carried out subsequent analyses with the
remaining seven loci. The seven microsatellite loci exhibited mod-
erate to high levels of polymorphism (H. between 0.56 and 0.79)
across all locations (Table 2). Most microsatellite loci were found
to be in HWE, except locus PCSHO2 in Anca and BDJ locations,
PCSHO6 in BDJ, PCSH65 in Anca and BDJ, PcIG-15 in the BDJ and
Guadiamar and PclG-17 in the BDJ location (Table S2). Badajoz
location presented five out of seven loci in Hardy-Weinberg dis-
equilibrium and also six locus comparisons with significant linkage
disequilibrium.

We found a total of 98 alleles in the seven microsatellite loci
genotyped, with polymorphism ranging from 21 (PclG-15) to eight
alleles (PCSH38). At population level, the average number of alleles
per locus (N,) ranged between 4.71 + 0.78 SE in Valle location (VAL),
and 10.57 = 1.54 SE in LGQ, where a large number of crayfish was
introduced. Overall, measures of genetic diversity such as Ag, Hg,
and H were relatively high (Table 2). The Ay ranged from 4.14 (VAL)
to 7.93 (LGQ), H, ranged from 0.51 (Jaén [JAE]) to 0.79 (LGQ) and
He varied from 0.60 (JAE) to 0.80 (LGQ). While LGQ location had
the highest genetic diversity among all locations, with the highest
allelic richness (7.93 + 2.65, mean + SE), observed (0.79 = 0.04) and
expected heterozygosity values (0.80 + 0.04), the BDJ location had
low levels of genetic diversity and the highest F¢ value (0.22 + 0.06)
across all locations.

We tested whether any of 28 locations had recently experi-
enced a population bottleneck. According to the Wilcoxon's test
with two tails, while the TPM model showed that 14 locations had
probably experienced bottleneck (p < 0.05), the SMM model indi-
cated that only BDJ location could have experienced bottleneck
(p < 0.05), although other four locations were marginally significant
(0.05 < p > 0.10; Table S3). The BDJ location was the only one that
had probably experienced a bottleneck using both models.

The BDJ location showed the lowest genetic diversity values and
highest F ¢ values (F s = 0.22) among all locations, lower observed
than expected heterozygosity, frequent significant Hardy-Weinberg
deviations and likely genetic bottleneck (Table 2 and Table S3). This
fact could be explained by the origin of these samples, which were
collected from aquaculture ponds (where crayfish were originally in-
troduced) that could have been largely isolated from free-ranging

crayfish for an unknown period of time. Because of this, we used the
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BDJ location for the analyses related to the genetic structure, but
not for analyses of genetic diversity patterns.

3.2 | Genetic structure

Clustering genetic structure analysis showed that the most solid
structure of red swamp crayfish in the Iberian Peninsula is the one
assuming three distinct genetic clusters, K = 3 (Figure 1 and Figure
S2). Six locations were mainly assigned to cluster 1 (orange), which
mostly included Portuguese locations, as well as the Spanish BDJ
and JAE locations. This cluster arguably corresponds to the group
of locations originated by the spread of the crayfish introduced to
Badajoz in 1973, and we henceforth refer to it as the Badajoz group
(Table S4). Sixteen locations were assigned to cluster 2 (blue) and
the remaining six locations were mainly included in cluster 3 (pur-
ple). Clusters 2 and 3 grouped several and widespread Iberian loca-
tions including the Lower Guadalquivir area, where a large batch of
red swamp crayfish was introduced in 1974. The identification of
cluster 1 (i.e. the Badajoz group) remained constant for different
K values (see Figure 1 for K = 2, K = 3 and K = 6), while clusters 2
and 3 were grouped in a single cluster for K = 2. As we found no
clear geographical structure between cluster 2 and 3, we consider
them together as the Lower Guadalquivir group. The DAPC anal-
ysis grouped the locations in concordance with the STRUCTURE
results, with a first axis separating the locations belonging either
to the Lower Guadalquivir or Badajoz groups and a second axis
that separates mainly the two clusters of the Lower Guadalquivir
group (cluster 2 and 3) (Figure S3). STRUCTURE and DAPC analyses
both supporting an admixed origin of the Mundo location, which
was intermediate between Badajoz and Lower Guadalquivir group.
However, it is noteworthy that, unlikely STRUCTURE analysis, the
Brugent location was not grouped with Lower Guadalquivir in clus-
ter 2.

For the isolation by distance analyses, we did not find any re-
lationship between geographic and genetic distances among red
swamp crayfish locations in the Iberian Peninsula, neither when
considering all analysed locations nor when analysing the Badajoz
and Lower Guadalquivir group independently (Mantel tests, p > 0.5

in all cases).

3.3 | Drivers of genetic diversity

The GLMs showed that the hub distance (i.e. the minimum distance
of one location to its corresponding introduction foci or invasion
hub) had a negative influence on the two descriptors of genetic
diversity used in the analyses (Table 3; Figure 3). These relation-
ships were significant in all univariate models and were kept in all
multivariate ones (Table S5). Moreover, they were evident for both
Badajoz and Lower Guadalquivir genetic groups (Figure 3). No other
predictor was consistently maintained in the multivariate models.

For instance, the step distance (i.e. the distance of each location



ACEVEDO-LIMON ET AL.

ﬂl—Wl B 2Ae cshwater Biology

TABLE 3 Univariate and multivariate general linear models assessing the influence of different predictors on the estimators of genetic
diversity (allelic richness and expected heterozygosity). Results are provided in terms of the direction of the relationship (positive, POS, or
negative, NEG) for continuous predictors and comparing Lower Guadalquivir (LGQ) and Badajoz (BDJ) groups, for the genetic group factor,
with an indication of the statistical significance. The coefficient of determination of the final multivariate models (selected following a

backward procedure) is also shown (for full models see Table S5)

Geneticgroup N Step distance Hub distance Environmental suitability
Allelic richness Univariate LGQ > BDJ POS** NEG* NEG** POS
Multivariate (R? = 0.54) POS NEG*
Expected heterozygosity =~ Univariate LGQ > BDJ POS NEG NEG* POS
Multivariate (R? = 0.13) NEG*
*p < 0.05;
**p < 0.01.
(a) g4 R2= 27 (b) 81 R2 = .09 FIGURE 3 Genetic diversity
’ indices (allelic richness and expected
u 7 heterozygosity) of the 28 red swamp
8 ) crayfish locations in relation to: (a, c) the
s minimum distance of each location to its
g respective introduction focus (Badajoz or
o Lower Guadalquivir, see Figure 1) or the
<=( closest invasion hub (Valencia Albufera or
®. Ebro Delta); and (b, d) the environmental
41 ® 4 suitability of the area occupied by those
0 5 10 15 20 25 03 04 05 06 07 08 locations. Each location is assigned
to one of the two genetic groups
(c) (d) identified (Badajoz group, blue dots;
1 _ E _ Lower Guadalquivir group, orange dots).
*g 080 0 Rz=.16 0.80 R? _ 02 Linear regression lines and associated
S 075 1 0.75 19 0% o ° coefficients of determination for the
4 & ) . D> two genetic groups pooled and with the
g 0.70 - 0.70 A / Badajoz population excluded (marked in
° ; ; all panels with a yellow arrow, see results)
% 0.65 0.65 1 o © are also shown
2
8§ 0.60 0.60 A
& / =
0.55 - r . . : 0.55

0O 5 10 15 20 25

Distance to introduction
focus or invasion hub (km,
square-root X)

to its corresponding introduction foci) had a weaker, often non-
significant, effect on univariate models than hub distance and it
was not included in any of the multivariate models (Table S5). These
patterns support the existence of genetically diverse invasion hubs
other than the original introduction foci, which would have served
as sources for secondary introductions (i.e. invasion hub scenario,
Figure 2b).

Genetic diversity figures tended to be higher in locations belong-
ing to the Lower Guadalquivir group than in those of the Badajoz
group and to be higher in areas with higher environmental suitability
(Figure 3), although none of these effects were significant in uni-
variate models (Table 3). However, the non-significance of environ-
mental suitability could be related with the relatively high genetic
diversity values of the Jiloca location, the one with the lowest suit-

ability values (see Table 1; Figure S1).

03 04 05 06 07 08
Environmental suitability (X?)

4 | DISCUSSION

4.1 | Introduction history, genetic structure, and
political boundaries

The genetic patterns observed for the red swamp crayfish in the
Iberian Peninsula are associated with a complex human-mediated
dispersal process involving both short- and long-distance translo-
cations and give insight to the importance of invasion hubs, which
have resulted in a lack of relationship between genetic and spatial
distances. This scenario may differ from that described for other
invasive freshwater organisms, when expansion after an initial in-
troduction is due to unaided dispersal, to human-driven dispersal
involving only short-distance transport or to a combination of both

processes. For example, Diez-del-Molino et al. (2013) reported a
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positive relationship between genetic and spatial distances for
Spanish eastern mosquitofish (Gambusia holbrooki) populations.
However, long-distance human-mediated spread of invasive spe-
cies is currently a frequent feature of aquatic invasions (Audzijonyte,
Baltranaité, Vainola, & Arbaciauskas, 2017; Dias et al.,, 2018;
Marescaux et al., 2015) and has been already described for the red
swamp crayfish at the global scale (Oficialdegui et al., 2019).

We identified two robust genetic groups among red swamp cray-
fish locationsin the Iberian Peninsula, which arguably derive from the
quasi-independent expansion of the two crayfish batches introduced
to Spain (1973 in Badajoz and 1974 in Lower Guadalquivir). Despite
the sources of crayfish for both introductions being arguably close
areas in Louisiana (i.e. the native range), the lack of a strong genetic
structure and the large degree of genetic admixture in Louisiana
(Oficialdegui et al., 2019) could have favoured a random genetic dis-
tinction between the two transported batches due to founder ef-
fect. Once in the Iberian Peninsula, the Badajoz group would have
expanded mainly westward into Portugal, but also, though less
intensely, eastward (JAE location). The Lower Guadalquivir group
comprised most of the red swamp crayfish Spanish range, including
also a location in North-eastern Portugal (VLR location). The proba-
bility of belonging to a given group was very high around the intro-
duction foci of both groups (i.e. near Badajoz or around the Lower
Guadalquivir, Table S4), a pattern that strengthen the assumption
that the observed genetic groups clusters correspond to those
initial introduction events. Similarly, in a previous study based on
mitochondrial DNA, Oficialdegui et al. (2019) found one haplotype
(Hap_06) that was present in most Portuguese locations, but was not
detected in the Lower Guadalquivir basin.

Since most alien species in inland waters are dispersed by human
vectors (Cerri, Ciappelli, Lenuzza, Zaccaroni, & Nocita, 2018; Strayer,
2010), clear spatial structuring of genetic variability is often lacking
among populations of invasive freshwater species (Audzijonyte et al.,
2017; Blakeslee et al., 2017). However, we observed a strong ge-
netic structure among red swamp crayfish populations in the Iberian
Peninsula, probably generated by the two expansion ways from both
introduction foci. A similar pattern was observed in the invasion
process of the European green crab in North America, in which two
separately introduction events led to two genetically distinct groups
(Jeffery et al., 2017). Although natural and artificial barriers in rivers
can define the spatial distribution or expansion of freshwater inva-
sive species (see Teixeira, Neto, Gomes, Beheregaray, & Carvalho,
2020), the limited admixture in both genetic groups of red swamp
crayfish (Badajoz and Lower Guadalquivir) suggests an effect related
to the political border between Spain and Portugal. The border has
apparently favoured the existence of two quasi-independent ex-
pansion processes, despite both countries sharing several river ba-
sins through which natural dispersion of invasive species may occur
(Gago, Anastacio, Gkenas, Banha, & Ribeiro, 2016). In fact, the red
swamp crayfish may have entered in Portugal through natural disper-
sion since the first record in the country is very near to the introduc-
tion area in Badajoz (Ramos & Pereira, 1981), although short-distance

human transport cannot be discarded. However, present-day genetic
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patterns suggest that most subsequent human-driven translocations
have remained within the political border of Portugal, with few ad-
ditional introductions from Spain (even though at least one other
did occur, see VLR location). Contrastingly, the expansion of the red
swamp crayfish across Spain relied on the transport of individuals
belonging mainly to the Guadalquivir group (except JAE location).
The genetic structure within the Lower Guadalquivir group did not
follow any clear spatial pattern (absence of isolation by distance and
spatial distribution of clusters 2 and 3), fitting well with the patterns
reported for other widely spread freshwater species (see above). The
political border between Spain and Portugal may thus act as an ac-
tual ecological barrier, as has been already described for other taxa
(Arrondo et al., 2018; Garcia et al., 2018). In the red swamp crayfish
case, this barrier does not seem to be related to policy differences
between countries (as reported Arrondo et al., 2018), but to the be-
haviour of the people stocking crayfish, who apparently tended to
remain within national limits. We thus emphasise the importance of
political boundaries as invisible barriers that can determine the struc-
ture of wild populations, especially so for those species translocated
by humans, calling for an international coordination management
measures accordingly (Dresser, Pierson, & Fitzpatrick, 2018; Rollins,
Woolnough, Wilton, Sinclair, & Sherwin, 2009).

4.2 | Drivers of genetic diversity

Propagule pressure is a key factor modulating the probability of es-
tablishment in introduced populations and their dynamics of genetic
diversity (Lockwood, Cassey, & Blackburn, 2005). Overall, genetic
diversity indices were lower in locations of the Badajoz group than
in those of the Lower Guadalquivir group, a pattern probably re-
lated to the higher propagule size of the introduction event into the
Lower Guadalquivir. In fact, the number of crayfish involved in the
Guadalquivir introduction was around 20 times larger than in that in
Badajoz (Habsburgo-Lorena, 1978).

The nature of transport events (short-distance, long-distance or
both) and the existence of one or several invasion hubs acting as ge-
netically diverse sources of individuals (e.g. Figure 2a,b) may influence
the genetic diversity spatial patterns of an already established inva-
sive species. In the Iberian Peninsula, it seems that large stocks of red
swamp crayfish specimens were long-distance translocated without
intermediary bottlenecks (Gutierrez-Yurita et al.,, 1999), generating
highly genetically diverse invasion hubs that subsequently acted as
source for multiple secondary introduction events. Accordingly, we
found that genetic diversity tended to decrease in locations that were
farther from either its respective introduction focus or invasion hub.
This steady decline in genetic diversity along the invasion process
corroborate the genetic consequences described for population ex-
pansion range (Austerlitz et al., 1997; Excoffier et al., 2009). For ex-
ample, White, Perkins, Heckel, and Searle (2013) found a significant
decline in genetic diversity across the expansion range of the bank
vole (Myodes glareolus) in Ireland. Based on historical information and

environmental characteristics, we had selected a priori the Ebro Delta
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and the Valencia Albufera as plausible invasion hubs, but additional
invasion hubs could have existed. Candidate areas for this role could
be the Tablas de Daimiel National Park, where the red swamp cray-
fish was introduced in 1982, or the northern Spanish plateau, where
a long-lasting tradition around crayfish consumption could have fa-
voured the occurrence of several introduction events (Clavero, 2016).
Detecting possible invasion hubs is a determining factor to predict and
prevent potential range expansion of invasive species over non-native
territories (Muirhead & Maclsaac, 2005).

How the genetic diversity is affected by the distance to the in-
troduction focus and by the accumulation of bottleneck effects have
been well studied in invasion biology (van Boheemen et al., 2017).
However, our results also showed a positive relationship between ge-
netic diversity and environmental suitability for the red swamp cray-
fish in the Iberian Peninsula, highlighting the importance of ecological
factors in shaping the genetic patterns of invasive species. Similar
patterns have been reported for other invertebrate species (Ortego,
Aguirre, Noguerales, & Cordero, 2015). They support the influence of
environmental suitability on evolutionary processes through demo-
graphic mechanisms that affect the effective population size (Wang,
2012) and ultimately modulate the genetic patterns of populations.
Furthermore, the relevance of the suitability-genetic diversity rela-
tionships for the management of biological invasions can be modu-
lated by climate change. Capinha, Anastacio, and Tenedoério (2012)
predicted that suitable areas for the red swamp crayfish in the Iberian
Peninsula would show moderate changes (including both suitability in-
creases and decreases) from the present situation. However, warmer
future environments will enhance climate suitability for the red swamp
crayfish across several European areas (Zhang et al., 2020), which ac-
cording to our results, could end up hosting viable and more geneti-
cally diverse red swamp crayfish populations.

4.3 | Conclusions

We have described clear patterns in genetic structure of red swamp
crayfish in the Iberian Peninsula, determined by the two introduc-
tion events that took place in the 1970s, a complex human-mediated
dispersal process involving the presence of invasion hubs, and a ten-
dency of higher levels of genetic diversity occurring in more suitable
environments. These results help to comprehend the invasion his-
tory of the red swamp crayfish in the Iberian Peninsula and how the
natural and anthropogenic factors modulate it. Our study thus high-
lights the importance of analysing patterns of genetic variability to
understand the invasion processes, a knowledge that can be applied

to manage current invasions and prevent possible future invasions.
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