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admixture of some populations suggest that hypothetical barriers to dispersal (i.e.,
land and sea water) are permeable to gene flow and/or that they originated from in-
troductions involving multiple lineages. This study demonstrates the repeated arrival
of propagules with different origins and short time lags between arrival and establish-
ment, emphasizing the extraordinary capacity of the species to recover from founder
effects and genetically admix in invaded areas. This can explain the demonstrated
capacity of this aquatic insect to spread and outcompete native species once it colo-
nizes new suitable regions. Future genomic analyses of native range populations could

help to infer the genetic makeup of introduced populations and track invasion routes.
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1 | INTRODUCTION devastating impacts on natural ecosystems and different compo-

nents of human well-being (Pimentel et al., 2001; Pysek & Richardson,
The establishment and spread of non-native species is recognized 2010; Vitousek et al., 1996). However, biological invasions have been
as one of the most important threats to native biodiversity, with also regarded as “natural experiments” offering the opportunity to
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observe and study in real time ecological and evolutionary pro-
cesses that, at best, can only indirectly be inferred from research
conducted on natural populations (Lee, 2002; Moran & Alexander,
2014; Sakai et al., 2001; Sax et al., 2007). Understanding these pro-
cesses can, in turn, be crucial to guide management practices aimed
at preventing or mitigating the ecological and economic damage
caused by exotic species (Estoup & Guillemaud, 2010; Facon et al.,
2006; Yokomizo et al., 2017). Information on the ecoevolutionary
dynamics, genetic makeup, and demographic fate of alien species is
essential to determine their capacity to adapt to new environmental
conditions, recover from founder effects, and disperse, key aspects
to understand why some of them become invasive (Handley et al.,
2011; Sax et al., 2007).

High-throughput sequencing now offers the possibility of infer-
ring neutral and adaptive processes at an unprecedented resolution
and testing refined hypotheses about the ecological and evolution-
ary pathways of biological invasions (Handley et al., 2011; Viard
et al., 2016; for example, Ryan et al., 2019; Puckett & Munshi-South,
2019; McCulloch et al., 2021). Information on the genetic compo-
sition of invading populations can help to identify the number of
source populations, determine invasion routes, and predict the in-
trinsic capacity of the species to spread locally (i.e., without human-
assisted dispersal) once they arrive to non-native regions (Cristescu,
2015; Estoup & Guillemaud, 2010). For instance, the implications for
management can be very different if the species spread from a single
source population (i.e., one introduction event, high intrinsic capac-
ity of expansion; for example, Cao et al., 2016; Trumbo et al., 2016;
Zhang et al., 2019) or if the distribution in the non-native range is a
consequence of multiple independent introduction events (i.e., this
may suggest a more limited intrinsic capacity of expansion; for ex-
ample, Hagenblad et al., 2015; Lejeusne et al., 2014; Miller et al.,
2005; Xia et al., 2020). Determining the genetic background and or-
igin of introduced populations is not only important to understand
invasion routes and modes, but can also help to forecast admixture
among previously isolated gene pools in the non-native range, and
anticipate its potential negative impacts (Facon et al., 2008, 2011;
Kolbe et al., 2004). Interbreeding among introduced populations
with different origins can quickly restore genetic diversity after
strong founder effects, and increase the evolutionary potential of
alien species through new allele combinations, which can ultimately
boost their capacity to become invasive and outcompete native spe-
cies with similar ecological requirements (Facon et al., 2008; but see
Tsutsui et al., 2000). Genomic-based demographic reconstructions
also have a high potential to understand the colonization history of
invasive species, determine the mode of spread (e.g., gradual vs. ex-
plosive), and estimate the duration of lag phases between introduc-
tion and invasion if benchmark dates on the timing of introductions
are available (Coutts et al., 2018; Kowarik, 1995; Puckett & Munshi-
South, 2019; Rouget et al., 2016; Ryan et al., 2019). Direct estimates
about the scale of gene flow are also essential to predict the capacity
of the species to colonize new habitat patches and expand within
the non-native range (Ciosi et al., 2011; Handley et al., 2011; Trumbo
et al, 2016). When combined with spatially explicit information

within a landscape genetic framework, such estimates can also help
to identify barriers/corridors to dispersal and predict routes for fu-
ture expansion (Estoup et al., 2010; Zalewski et al., 2009).

The boatman Trichocorixa verticalis verticalis (Fieber, 1851)
(Hemiptera: Corixidae) is one of the few alien aquatic insects in
the world and a paradigmatic example of a successful invasive in-
sect (Carbonell et al., 2016; Fenoglio et al., 2016; Ricciardi, 2015).
This corixid has an extended natural range in brackish water sys-
tems from Atlantic North America and the Caribbean region, but its
distribution has recently expanded (<50 years ago) to similar habi-
tats in southern Europe (Spain and Portugal), Africa (Morocco and
South Africa), and Oceania (New Caledonia) (Carbonell et al., 2017;
Fouzi et al., 2020; Rabitsch, 2008). This alien outcompetes native
Corixidae (mainly Sigara spp.) in coastal wetlands (Carbonell et al.
2017, 2020). The original dispersal pathway is unknown, but pre-
vious studies have suggested that the species probably arrived to
non-native regions with maritime trade via ship ballast water or as
accidental introductions accompanying the release of alien fish for
mosquito control (Guareschi et al., 2013; Rabitsch, 2008). The fact
that T. verticalis is one of few insects able to breed in hypersaline
conditions and even survive in the open sea (Gunter & Christmas,
1959; Hutchinson, 1931) has also led to speculate that the species
might even have reached the Western Palearctic via marine disper-
sion during severe storm events, although this possibility was consid-
ered to be highly unlikely (Sala & Boix, 2005 and references therein).
Different intrinsic factors have been suggested to make T. verticalis a
successful invader, including high physiological plasticity (euryhalin-
ity, broad thermal tolerance, etc.), short life cycle, extraordinary fe-
cundity, and capacity to be passively transported as eggs (Carbonell
et al., 2016, 2020, 2021; Céspedes, Coccia, et al., 2019; Guareschi
et al., 2013). However, no study has yet been performed on the de-
mography and population genetics of the species in either the native
or invasive ranges. As a result, nothing is known about the genetic
makeup and demographic fate of introduced populations, patterns
of genetic structure and dispersal at different spatial scales, or the
potential role of different landscape features on promoting/limiting
gene flow among populations.

In this study, we employ genomic data (ddRAD-seq) to shed
light on key demographic processes that might underlie the ex-
traordinarily successful invasion history of T. verticalis in the
Western Mediterranean (Carbonell et al., 2017; Fouzi et al., 2020;
Guareschi et al., 2013; Rodriguez-Pérez et al., 2009). Specifically,
we first employed different approaches to quantify genetic struc-
ture (or its lack thereof) in populations within the non-native
range in the Iberian Peninsula and Morocco. These analyses re-
vealed significant genetic differentiation and the presence of
three main genetic groups in the region, rejecting the hypothesis
of genetic panmixia. Second, we performed coalescent-based sim-
ulations to infer the timing of divergence among the recovered
genetic groups. This allowed us to test whether their divergence
is compatible with in situ geographical diversification (e.g., due to
strong genetic drift and/or genetic monopolization during serial
colonization; De Meester et al., 2002; Trumbo et al., 2016) or if,
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on the contrary, the obtained inferences point to independent
introduction events involving multiple source populations with
different evolutionary histories (Cristescu, 2015; Handley et al.,
2011). Third, we tested alternative demographic models to esti-
mate the timing, magnitude, and rates of historical changes in ef-
fective population sizes, which can provide valuable insights about
the capacity of the species to recover from founder effects (i.e.,
bottlenecks), the extent of time lags between introduction and
invasion (i.e., invasion debt), and on whether demographic expan-
sions during the invasion phase were gradual or explosive (Coutts
etal,, 2018; Essl et al., 2011; Roman & Darling, 2007; Rouget et al.,
2016). Finally, we employed a spatially-explicit landscape genetic
approach to infer potential corridors and barriers to dispersal (sea
water, inland surface water, and land) that might explain genetic
connectivity among populations and the spread of the species in
the region (Handley et al., 2011; e.g., Zalewski et al., 2009; Estoup
et al., 2010).

2 | MATERIALS AND METHODS

2.1 | Population sampling

In 2018, we used a D-framed pond net (0.5 mm mesh) to sample
nine populations of Trichocorixa verticalis in the Iberian Peninsula
(Portugal, n = 2 populations; Spain, n = 5 populations) and
Morocco (n = 2 populations) (Table 1; Figure 1). We used occur-
rence records available in the literature to design sampling and
collect specimens from populations representative of the known
alien distribution range of the species in the Iberian Peninsula and
northwestern Morocco (Carbonell et al., 2017; Guareschi et al.,
2013). These include some previously unrecorded populations
at wetlands where we suspected the species would be present,
based on their coastal location and high salinities. We registered
spatial coordinates using a global positioning system (GPS) and
preserved whole specimens at -20°C in 1500 pl ethanol 96% until
needed for genomic analyses. Further details on sampling loca-

tions are provided in Table 1.

2.2 | Genomic library preparation and processing

We used NucleoSpin Tissue kits (Macherey-Nagel, Diiren, Germany)
to extract and purify DNA. We processed genomic DNA into one
genomic library (72 individuals/library; 8 individuals/population;
Table 1) using the double-digestion restriction-fragment-based pro-
cedure (ddRADseq) described in Peterson et al. (2012) (see Ortego
etal., 2018 for details). In brief, we digested DNA with the restriction
enzymes Msel and EcoRI (New England Biolabs) and ligated Illumina
adaptors including unique 7-bp barcodes to the digested fragments
of each individual. We pooled ligation products and size-selected
them between 350-450 bp with a Pippin Prep machine (Sage
Science). We amplified the fragments by PCR with 12 cycles using
the iProof High-Fidelity DNA polymerase (BIO-RAD, Veenendaal,
The Netherlands) and sequenced the library in a single-read 150-bp
lane on an Illumina HiSeq2500 platform at The Centre for Applied
Genomics (Toronto, ON, Canada). We used the different programs
distributed as part of the stacks v. 1.35 pipeline (Catchen et al., 2013)
to filter and assemble our sequences into de novo loci, call geno-
types, calculate population genetic diversity (x, nucleotide diversity)
and pairwise levels of genetic differentiation (Fs;), and export input
files for all downstream analyses. Briefly, we used the “blacklist” op-
tion of stacks to remove outlier loci (i.e., those putatively under se-
lection) identified using Bavescan v. 2.1 (Foll & Gaggiotti, 2008) and
the hierarchical and nonhierarchical island models (FDIST method;
Excoffier et al., 2009) implemented in ArRLEQUIN V. 3.5.2.2 (Excoffier &
Lischer, 2010). We exported only the first SNP per RAD locus, and
retained loci with a minimum stack depth = 5 (m = 5), a minimum
minor allele frequency (MAF) > 0.01 (min_maf = 0.01) and that were
represented in all populations (p = 9) and at least 50% of the indi-
viduals within each population (r = .5). For further details on data

filtering and assembling, see Methods S1.

2.3 | Quantifying genetic structure

We analysed population genetic structure and admixture using the

Bayesian Markov chain Monte Carlo clustering method implemented

TABLE 1 Locality, country, code, latitude, longitude, number of genotyped individuals (n), and genetic diversity (x) for each sampled

population

Locality Country Code
Aveiro Portugal AVEI

Portimao Portugal PORT
Marismas del Odiel Spain ODIE
Marismas de Cetina Spain CETI

Pedro Valiente Spain PEDR
Canal de Caracoles Spain CARA
Laguna Zarracatin Spain ZARR
Larache Morocco LARA
Merja Zerga Morocco MERJ

Latitude Longitude n T

40.64035 -8.66491 8 0.0021
37.15675 -8.52315 8 0.0028
37.25553 -7.00267 8 0.0028
36.56297 -6.14599 8 0.0028
36.03646 -5.62438 8 0.0028
37.07114 -6.32244 8 0.0027
37.03208 -5.80229 8 0.0028
35.19512 -6.12549 8 0.0027
34.84797 -6.27572 8 0.0026
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(a) Map showing the geographical location of sampling populations of Trichocorixa verticalis, with dot colours indicating their

respective levels of genetic diversity (n, in red to blue scale). (b) Results of genetic assignments based on the Bayesian method implemented
in the program sTrucTure (2490 SNPs). Each individual is represented by a horizontal bar, which is partitioned into K coloured segments
showing the individual's probability of belonging to the cluster with that colour. Thin horizontal black lines separate individuals from

different populations. Population codes as described in Table 1

in the program strucTure v. 2.3.3 (Pritchard et al., 2000). We ran
STRUCTURE analyses assuming correlated allele frequencies and ad-
mixture and without using prior population information (Hubisz
et al., 2009). We conducted 15 independent runs for each value of
K (from K = 1 to K = 10) to estimate the most likely number of ge-
netic clusters with 200,000 MCMC cycles, following a burnin step
of 100,000 iterations. We retained the 10 runs having the highest
likelihood for each value of K and determined the number of genetic
clusters that best describes our data according to log probabilities
of the data (LnPr(X|K) (Pritchard et al., 2000) and the AK method
(Evanno et al., 2005), as implemented in sTRUCTURE HARVESTER (Earl &
vonHoldt, 2012). We used cLumep v. 1.1.2 and the Greedy algorithm
to align multiple runs of sTrucTure for the same K value (Jakobsson &
Rosenberg, 2007) and pistrucT v. 1.1 (Rosenberg, 2004) to visualize
the individuals” probabilities of population membership in bar plots.
Complementary to Bayesian clustering analyses, we performed a
principal component analysis (PCA) as implemented in the r v. 3.6.3
(R Core Team, 2020) package adegenet (Jombart, 2008). Before run-
ning PCAs, we replaced missing data by the mean frequency of the
corresponding allele estimated across all samples (Jombart, 2008).

2.4 | Demographic analyses

We used the simulation-based approach implemented in FasTsiMcoaL2
(Excoffier et al., 2013) to infer the evolutionary relationships among
the three main genetic groups identified by stTRucture and PCA analy-
ses (see Results section) and estimate their divergence times under
alternative scenarios of gene flow (e.g., Eaton et al., 2015; Lanier
etal., 2015; Ortego et al., 2018). For these analyses, we selected the
eight individuals from each genetic group that presented the lowest
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FIGURE 2 Principal component analysis (PCA) of genetic
variation for Trichocorixa verticalis (2490 SNPs). Colours indicate the
main genetic cluster at which populations were assigned according
to sTRUCTURE analyses (see Figure 1). Black dots label individuals
selected for three-population analyses in FastsiMcoaL2. Population
codes as described in Table 1. Inset image shows an adult of T.
verticalis (photo by José Antonio Carbonell)

degree of admixed ancestry (g-value > 0.85; e.g., Zeng et al., 2018).
The specific individuals used for these analyses are indicated in the
dataset describing the samples deposited in Figshare (https://doi.
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org/10.6084/m9.figshare.14646339; see also Figure 2). We tested
24 models that considered a combination of the three possible sce-
narios of population divergence (i.e., topologies) and eight alterna-
tive gene flow scenarios representing all possible combinations of
gene flow among demes, including total absence of post divergence
gene flow and a full migration model (Table S1; e.g., Figure 3).

We also used FasTsiMcoAL2 to test alternative single-population
models, which allowed us to investigate in detail the demography of
each population while reducing the complexity and high amount of
parameters that would require multiepoch models based on several
populations (Liu et al., 2020; Zeng et al., 2018). We tested seven alter-
native single-population demographic models, including one-epoch
(i.e., constant population size; Model A), two-epoch, three-epoch
and four-epoch models (Figure 4; Table S2). Two-epoch models con-
sidered a population size reduction (Model B) or a population size
reduction followed by an immediate exponential demographic ex-
pansion (Model C). Three-epoch models considered a bottleneck fol-
lowed by either an instantaneous (Model D) or exponential (Model
E) demographic expansion. Four-epoch models considered two con-
secutive bottlenecks followed by an instantaneous (Model F) or ex-
ponential (Model G) demographic expansion (Figure 4).

We used the site frequency spectrum (SFS) and rasTsiMcoAL2
to estimate the composite likelihood of the observed data given a
specified model (Excoffier et al., 2013). We calculated the SFS for

multiple-population (joint SFS) and single-population demographic

eANC1
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FIGURE 3 Demographic model most supported by three-
population analyses in FastsiMcoaL2. Parameters include mutation-
scaled ancestral (0,,c; and 0,¢,) and contemporary (0, 05y, and
0w effective population sizes, migration rates per generation
(m,, m, and m,), and timing of population divergence (T, and

TDIVZ)

analyses considering a single SNP per locus to avoid the effects of
linkage disequilibrium. Because we did not include invariable sites
in the SFS, we fixed the contemporary effective population size
for one of the three demes (NWI) in multiple-population analyses
and for each of the populations in single-population analyses to en-
able the estimation of other parameters in rastsimcoaL2 (Excoffier
et al., 2013). The effective population size fixed in the model was
calculated from the level of nucleotide diversity () and estimates
of mutation rate per site per generation (u). Nucleotide diversity (r)
was estimated from polymorphic and nonpolymorphic loci using
stacks (Table 1). We used the mutation rate per site per generation
(2.8 x 10™%) estimated for Drosophila melanogaster (Keightley et al.,
2014), which is similar to the spontaneous mutation rate estimated
for the butterfly Heliconius melpomene (2.9 x 107%; Keightley et al.,
2015). To remove all missing data for the calculation of the SFS, min-
imize errors with allele frequency estimates, and maximize the num-
ber of retained SNPs, each population group was downsampled to
63% of individuals in multiple-population analyses (i.e., five individu-
als) and 75% in single-population analyses (i.e., six individuals) using
a custom Python script written by Qixin He and available on Dryad
(Papadopoulou & Knowles, 2015).

Each model was run 100 independent times considering
100,000-250,000 simulations for the calculation of the compos-
ite likelihood, 10-40 expectation-conditional maximization (ECM)
cycles, and a stopping criterion of 0.001 (Excoffier et al., 2013;
Excoffier & Foll, 2011). We used an information-theoretic model se-
lection approach based on the Akaike's information criterion (AIC)
to determine the probability of each model given the observed
data (Burnham & Anderson, 2002; e.g., Nater et al., 2015; Thome
& Carstens, 2016). After the maximum likelihood was estimated for
each model in every replicate, we calculated the AIC scores as de-
tailed in Thome and Carstens (2016). AIC values for each model were
rescaled (AAIC), calculating the difference between the AIC value
of each model and the minimum AIC obtained among all compet-
ing models (i.e., the best model has AAIC = 0). Point estimates of
the different demographic parameters for the best supported model
were selected from the run with the highest maximum composite
likelihood. Finally, we calculated confidence intervals (based on the
percentile method; e.g., de Manuel et al., 2016) of parameter esti-
mates from 100 non-parametric bootstrap data sets. We obtained
the 100 pseudoreplicate data sets by sampling loci with replace-
ment, calculated their respective SFS using the same downsampling
scheme as for empirical data, and used each pseudoreplicate SFS
to re-run the most supported model 100 independent times (e.g.,
Maier et al., 2019). We used parameter estimates from the highest
likelihood run from each pseudoreplicate data set to obtain 95%
confidence intervals.

2.5 | Exploratory landscape genetic analyses

We generated alternative spatially-explicit isolation-by-resistance
(IBR) scenarios of population connectivity and tested which one
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FIGURE 4 Single-population demographic models tested using FastsimcoaL2. Parameters include mutation-scaled historical (8,yc, 05071
and 0547,) and contemporary (04, effective population sizes, exponential growth rates (r, in models C, E and G), and timing of population

size change (T 14, Tgorer and Tiyp)

is better supported by observed data of genetic differentiation
(Fg; Table S3; McRae, 2006). We applied circuit theory and used
clrcuItscaPE V. 4.0.5 (McRae & Beier, 2007) to calculate resistance
distance matrices between all pairs of populations under two main
hypothetical scenarios of gene flow: (i) a “flat” landscape in which all
cells have equal resistance (resistance = 1). This scenario is analo-
gous to geographical distance but more appropriate for compari-
son with other competing models also generated with circuiTscaPE
(Noguerales et al., 2016; Ortego, Aguirre, et al., 2015); (i) a spatially
heterogeneous landscape defined according to the different resist-
ance offered by three surface categories: sea water, inland sur-
face water, and land/elevation. Elevation data was obtained from
WorldClim (https://www.worldclim.org/; Hijmans et al., 2005) and
inland water was based on the “maximum water extent layer” avail-
able at the Global Surface Water Explorer (https://global-surface-
water.appspot.com/), which provides detailed information about
areas detected as water at least once by remote sensing during a 35-
year period (1984-2018) (Pekel et al., 2016). All layers were trans-
formed to 30 arc-sec (ca. 1 km) resolution for subsequent analyses.
In scenarios considering spatially heterogeneous landscapes, we
assigned a minimum resistance value (=1) to inland water (i.e., the
habitat occupied by the species) and a range of resistance values
(1-100,000) to land and sea water (i.e., the two hypothetical barriers
to gene flow). We tested all possible combinations of resistance val-
ues for land and sea water, which allowed us to identify the specific
resistance values for these landscape features that provide the best
fit to our data on genetic differentiation (e.g., Andrew et al., 2012;
Gonzalez-Serna et al., 2018; Ortego, Gugger, et al., 2015). In the sce-
nario considering elevation rather than a homogeneous resistance
value for land, the range of resistance values explored was only ap-
plied to sea water. This resulted in a total of 41 resistance scenarios
plus the flat landscape (see Tables S4 and S5). Under each of these
scenarios, we calculated resistance distance matrices between all
pairs of populations considering an eight-neighbour cell connection
scheme in circuitscare (McRae, 2006). All GIS calculations were per-
formed using ARcMaP v. 10.5 (ESRI, Redlands, CA, USA).

We determined the fit of the different landscape resistance
models to our observed data of genetic differentiation (pairwise
Fsr values; Table S3) using multiple matrix regressions with ran-
domization (MMRR) as implemented in r v. 3.6.3 (Wang, 2013). The
final model was selected following a backward procedure, initially
fitting all explanatory terms and progressively eliminating nonsig-
nificant variables until all retained variables were significant. The
significance of the variables excluded from the model was tested
again until no additional variable reached significance (e.g., Ortego,
Gugger, et al., 2015). In order to explore the impact of spatial scale
and the geographical separation of populations in different conti-
nental landmasses on the obtained inferences, we re-ran the analy-
ses using four different data sets that excluded/included Moroccan
populations (LARA and MERJ) and the highly isolated population
from Aveiro (AVEI) (see Tables S4 and S5).

3 | RESULTS

3.1 | Genomic data and basic genetic statistics

The average number of reads retained per individual after the
different quality filtering steps was 1,639,507 (range = 666,878-
3,347,506 reads; Figure S1). On average, this represented 85%
(range = 73%-88%) of the total number of reads recovered for
each individual (Figure S1). After filtering loci (see Methods S1),
the final data set contained 2490 SNPs with a proportion of miss-
ing data of 12.58%. Levels of genetic diversity (n) in populations
of T. v. verticalis ranged between 0.0021 and 0.0028, with the
highest estimates in populations from southwestern Iberia and
northwestern Morocco and the lowest estimate in the highly
isolated population from northwestern Iberia (AVEl; Table 1;
Figure 1a). Accordingly, AVEI population presented significantly
lower levels of genetic diversity (24% lower) than the rest of
the study populations (one-sample t test: t = 24.32, p < .001;
Figure 1a).
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3.2 | Quantifying genetic structure

STRUCTURE analyses identified the most likely number of clusters as
K = 2 according to the AK criterion, but LnPr(X|K) reached a plateau
at K = 4 (Figure S2). For K = 2, the two genetic clusters separated
the highly isolated northwestern Iberian population (AVEI) from the
rest of the populations (Figure 1b). sTrucTure analyses for K = 3 split
northwestern Iberian (AVEI), southwestern Iberian (PORT, ODIE,
CETI, PEDR, CARA, and ZARR), and northwestern Moroccan (LARA
and MERJ) populations (Figure 1b). Finally, analyses for K = 4 split
inland (CARA and ZARR) and coastal (PORT, ODIE, CETI, and PEDR)
populations from southwestern Iberia (Figure 1b). sTRucTure analyses
also revealed a considerable degree of admixture among the inferred
genetic clusters, particularly among populations from southwestern
Iberia and northwestern Morocco (Figure 1b). Principal component
analysis (PCA) confirmed the results yielded by sTrucTure at the dif-
ferent hierarchical levels (Figure 2). The first principal component
(PC1) separated the highly isolated northwestern Iberian population
(AVEI) from the rest of the populations. The second principal compo-
nent (PC2) showed a gradient of genetic differentiation for remain-
ing Iberian and Moroccan populations, with northwestern Moroccan
populations and inland populations from southwestern Iberia placed
at the opposite extremes (Figure 2).

3.3 | Demographic analyses
Three-population demographic analyses in FastsiMcoAL2 supported
the model considering a full-migration matrix and a sister relation-
ship between the lineages present in northwestern and southwest-
ern lberia (Table S1; Figure 3). The second most supported model
(AAIC = 2.12) was the one with the same topology, but excluding
gene flow between populations from northwestern and southwest-
ern |beria (Table S1). Accordingly, estimates of gene flow between
these two populations (m,) were significantly smaller (i.e., 95% Cl did
not overlap) than those estimated among the two other population
pairs (m2 and mg; Table 2; Figure 3). The initial split between the line-
age of T. verticalis present in northwestern Morocco and the most
recent common ancestor of the lineages introduced in the Iberian
Peninsula (Ty,,,) was estimated to happen ca. 4.7 M generations ago,
whereas the split between the lineages introduced in northwestern
and southwestern Iberia (Tp,,) took place ca. 95k generations ago
(Table 2). Considering the generation time of the species (6 genera-
tions/year; Céspedes, Coccia, et al., 2019), these estimates corre-
spond to ca. 787 and 16 ka, respectively (Table 2).
Single-population analyses identified the three-epoch model
considering a bottleneck followed by an instantaneous expansion
(Model D) as the most supported demographic scenario for all popu-
lations (Table S2; Figure 4). Albeit statistically indistinguishable from
the most supported model (AAIC < 3; Table S2), an equivalent ex-
ponential growth scenario (Model E) did not provide a better fit to
our data and consistently yielded minute estimates for the growth
rate parameter (-.0001 < r < 0). This makes the exponential growth

TABLE 2 Parameters inferred from coalescent simulations
with FasTsiMcoaL2 under the most supported model (illustrated
in Figure 3) of divergence and gene flow among the three main
genetic groups (NWI: northwestern Iberia; SWI: southwestern
Iberia; NWM: northwestern Morocco)

Parameter Point estimate 95% ClI

Banct 325,043 143,622-1,322,148

O 69,425 4986-71,306

Oswi 383,482 318,872-525,859

Ehgn 201,681 138,046-282,433

Towt 786,591 526,490-864,323

s 15,757 10,680-18,806

m, 7.32 x 1078 1.60 x 10-5.53 x 107
m, 7.34 x 107% 5.82 x 10796-9.30 x 107
m, 1.80 x 107% 1.30 x 107%°-2.93 x 107

Note: Table shows point estimates and lower and upper 95% confidence
intervals for each parameter. Parameters include mutation-scaled
ancestral (6, and 6,¢,) and contemporary (6, and 6,,,,) effective
population sizes, migration rates per generation (ml, m, and m3), and
timing of population divergence (TDIV1 and TDIVZ)' Estimates of time are
given in years, considering the six generations per year for the species
(Céspedes, Coccia, et al., 2019). Effective population size of the NWI
population (6,,,) was calculated from the level of nucleotide diversity
(m; Table 1) and fixed in FasTsiMcoaL2 analyses to enable the estimation
of other parameters (see the Materials and Methods section for further
details). The site frequency spectrum used in the analysis was based on
2345 variable SNPs.

scenario virtually identical to the model considering an instanta-
neous expansion (i.e., r = 0; Excoffier et al., 2013). Parameter esti-
mates under the most supported model indicate that all populations
have experienced severe demographic bottlenecks <1700 years ago
(Tgorq) that reduced their ancestral effective population sizes (0,yc)
by >99% (Table 3). This strong bottleneck was followed by very re-
cent (T, < 60 years ago) instantaneous demographic expansion
that led to a considerable recovery of contemporary effective popu-
lation sizes (0q,) to >25% of 0, (Table 3).

3.4 | Exploratory landscape genetic analyses
Pairwise F¢; values ranged between 0.043 (for the nearby popula-
tions of PEDR and CETI in southwestern Iberia) and 0.113 (for the
geographically distant populations of AVEI in northwestern Iberia
and LARA in northwestern Morocco) (Table S3). Most pairs of popu-
lations were significantly differentiated, with the only exceptions
involving some pairs of populations from southwestern Iberia (Table
S3).

Landscape genetic analyses revealed contrasting effects of the
different landscape features depending on the subset of populations
considered (Tables S4 and S5; Figure 5). When the highly isolated
population from northwestern Iberia (AVEI) was included in the
analyses, genetic differentiation was exclusively explained by resis-
tance offered by a flat landscape (all populations: R? = .735, t = 9.72,
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TABLE 3 Parameters inferred from coalescent simulations with FastsimcoaL2 under the most supported demographic model for each study population (Model D in all cases, illustrated in

Figure 4)

TEXP

T'BOT1

0BOT1

0ANC

0CON

95% Cl

Point

95% Cl

Point

95% Cl

Point

Point 95% CI

Fixed

SNPs

Code

19-63
19-59
18-58

35
40

233-1862
241-1153
253-1068
275-1426
272-1144
361-2249
213-1358
226-1479
219-1358

884
502

802-8425
943-4917
990-4928
1145-6275
1047-4913

5683
1564
1369
1911

503,882-1,310,200
654,777-1,291,387
586,525-1,312,198
578,045-1,313,964
628,236-1,377,493
513,439-1,162,368
493,878-1,276,150
457,522-1,262,108
533,707-1,311,739

1,051,856
1,356,522

375,000
500,000
500,000
500,000
500,000
482,143

1867
2617

AVEI
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PORT

30

347
424
918

1010

1,101,936

2711

ODIE
CETI

19-66
19-57

24
26
32
33
53
28

858,913
1,135,994

3528
3083

4013

PEDR
CARA

20-85

1330-10,147
714-6322
797-6700
969-5967

4759

781,891

2950
3279

19-51

229
985
1635

789
4981

985,667
988,360

1,622,115

500,000
482,143
464,286

ZARR

19-68
18-55

2717
2934

LARA
MERJ

6885

Note: Table shows number of variable SNPs retained to calculate the site frequency spectrum, and point estimates and lower and upper 95% confidence intervals for each parameter. Parameters include

mutation-scaled historical (G)ANC and eson) and contemporary (E)CON) effective population sizes and timing of population size change (TBOT1 and TEXP)‘ Estimates of time are given in years, considering the six

generations per year for the species (Céspedes, Coccia, et al., 2019). Contemporary effective population size for each population (6.,) was calculated from their respective levels of nucleotide diversity (r;

Table 1) and fixed in FasTsiMcoaL2 analyses to enable the estimation of other parameters (see the Materials and Methods section for further details). Population codes as described in Table 1.

p =.006, Figure 5a; Iberian populations: R%?=.754,t=7.64, p=.048,
Figure 5c). Note that this scenario is equivalent to geographical
distance or an isolation-by-distance model (e.g., Noguerales et al.,
2016). When AVEI was excluded from the analyses, the effects of
landscape heterogeneity on spatial patterns of gene flow became
evident. Analyses including Moroccan and Iberian populations (ex-
cept AVEI) revealed that oceanic waters separating populations in
the two continents represent a major barrier to dispersal relative
to land and inland water (Figure 5b; Table S4). Accordingly, genetic
differentiation was only significantly associated with resistance dis-
tances in those scenarios in which sea water offered 2100 times
more resistance than land (Table S4). The most supported model was
the one considering that sea water offers 10° times more resistance
to gene flow than land and inland water (R2 =.418,t=4.32,p=.027,
Table S4; Figure 5b). When analyses focused on populations from
southwestern Iberia, not separated by oceanic waters, the opposite
pattern arose: genetic differentiation was only significantly asso-
ciated with resistance distances in scenarios in which land offered
more resistance than sea water and inland water (Table S5). In this
case, the most supported model was the one considering that land
offers 10 times more resistance to gene flow than sea and inland
water (R% = .309, t = 2.41, p = .005; Table S5; Figure 5d).

4 | DISCUSSION

Ouranalysesrevealed the genetic distinctiveness of populations from
the three main areas comprising the invasive range of the boatman
T. verticalis in the Western Mediterranean and coalescent-based de-
mographic model testing showed that they most probably originated
from independent introduction events involving different source
populations from the native range. All populations experienced
strong genetic bottlenecks followed by very recent instantaneous
demographic expansions, indicating the high capacity of the species
to recover from founder effects. Results from clustering analyses re-
vealed considerable genetic admixture in some populations (PORT,
LARA, and MERJ; Figure 1), suggesting that hypothetical barriers to
dispersal (e.g., land and sea water) are permeable to gene flow and/
or that they originated from human-mediated introductions involv-
ing multiple lineages. Collectively, these results demonstrate the
arrival of propagules with different origins and emphasize the high
capacity of T. verticalis to establish large populations once it reaches
new suitable regions (Carbonell et al., 2017; Guareschi et al., 2013),
which can explain the extensive natural range of the species along
the eastern coast of North America and its extraordinary ability to

colonize temporary wetlands on an annual basis (Coccia et al., 2016).

4.1 | Genetic makeup of introduced populations

Genetic structure inferred by Bayesian clustering analyses showed
a good correspondence with the distribution of the populations
along the main axes of genomic variation of the principal component
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FIGURE 5 Heatmaps showing the (a)
goodness of fit for alternative models 1
of landscape resistance. Colours show é 10
the coefficient of determination (R?) for g
models analysing genetic differentiation 2 100
in relation to isolation-by-resistance 5
(IBR) distance matrices, calculated & 1000
with circuitscape considering different ,;U 10,000
combinations (from 1 to 100,000) of & ’
resistance values for sea water and land. 100,000
Analyses were performed considering
(a) all populations, (b) all populations (©
excluding Aveiro, (c) Iberian populations, 1
and (d) Iberian populations excluding g
Aveiro § 10
[4)
'g 100
% 1,000
2
§ 10,000

100,000

Land resistance

space, rejecting the hypothesis of genetic panmixia and supporting
significant genetic structure within the invasive range of T. verticalis
in the Iberian Peninsula and Morocco (Figures 1 and 2). These anal-
yses showed the presence of three main genetic clusters separat-
ing northwestern Iberian, southwestern Iberian, and northwestern
Moroccan populations. Coalescent-based estimation of divergence
times for the three genetic groups indicate that these predate the
onset of the Holocene (>12 ka; Table 2), which is incompatible with
in situ geographical diversification and points to several introduction
events involving different source populations with contrasting evo-
lutionary histories (Roman & Darling, 2007). Previous studies have
hypothesized that the species probably reached invaded ranges
through ballast water or accompanying introductions of exotic fish
species, specially Gambusia holbrooki (Guareschi et al., 2013; Sala &
Boix, 2005; Vidal et al., 2010), these being dispersal pathways com-
patible with introductions from disparate source populations (Bailey,
2015). Our results indicate that the current distribution of T. vertica-
lis in the region has been aided by multiple introductions from North
America and suggest that the species might not spread so easily
through other potentially suitable areas in the Western Palearctic
(e.g., coastal wetlands in France, Italy, and Northern Africa) as sug-
gested by species distribution modelling if anthropogenic dispersal
vectors are disrupted (Guareschi et al., 2013).

Admixture among the three main genetic clusters revealed by
STRUCTURE analyses support secondary contact among gene pools
that have probably remained isolated for extended periods of
time (e.g., Stepien et al., 2005). Genetic admixture is expected to
increase the genetic diversity of introduced populations through
time, generating novel genotype combinations and boosting ge-
netic variance (Frankham, 2005; Kolbe et al., 2004; Lee, 2002;

(b)

RZ
>0.4
0.3-0.4

(d) 0.2-0.3

0.1-0.2

<0.1

Land resistance

Roman & Darling, 2007). These phenomena can ultimately increase
the ability of the species to adapt to contrasting environmental con-
ditions and accelerate the spread into non-native areas (Ellstrand &
Schierenbeck, 2000; Hedge et al., 2014; Simberloff, 2009; Stepien
et al., 2005). Differences in genetic diversity among populations
(Figure 1), particularly the significantly lower levels presented in
the only known population from northwestern Iberia, might re-
flect spatial heterogeneity in the degree of genetic admixture,
although other factors, such as differences in the initial size of in-
troduced populations, availability of suitable habitats or extinction-
recolonization dynamics, cannot be discarded (e.g., Braasch et al.,
2019; Erfmeier et al., 2013; Kanuch et al., 2021). For instance, we
sampled mainly permanent waters that may have held stable popu-
lations of T. verticalis for over a decade, but also temporary waters
where the species experiences local extinctions and must recol-
onize when inundation occurs again (Coccia et al., 2016). A good
example of the latter is CARA, a site which dries out each summer,
probably explaining its lower levels of genetic diversity compared
to other nearby sites (Figure 1).

4.2 | Demographic fate of introduced populations

Testing of alternative demographic models of population size
change provided important clues about how the species expanded
once it reached invaded regions. These analyses supported a three-
epoch model (Model D) as the best fit to genomic data of every
population of T. verticalis, revealing that all of them have experi-
enced a strong bottleneck followed by a recent and instantane-
ous demographic expansion (Figure 4; Table S2). These analyses
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also revealed that populations have restored a big portion (>30%)
of their respective ancestral effective population sizes after de-
mographic expansions, supporting the capacity of the species to
quickly recover from dramatic demographic bottlenecks during the
invasion process (Table 3). Considering the six generations per year
estimated for the species in the invasive range (Céspedes, Coccia,
et al., 2019), explosive demographic expansions were estimated to
take place 24-53 years ago (95% Cl = 19-85 years ago; Table 3).
Trichocorixa verticalis was first recorded in Andalucia region (Spain)
in 2001 (Rodriguez-Pérez et al., 2009) and then identified in mate-
rial collected from the Algarve region (Portugal) in 1997 (Sala & Boix,
2005), which establishes the first record of the species in the area
21 years before our genetic sampling (although the species is likely
to have been overlooked for years before its discovery). Despite the
expected time lag between introduction and detection of invasive
species and the fact that T. verticalis is not a conspicuous species,
and is unlikely to be identified by nonexperts in the group, estimates
of demographic expansions are remarkably congruent with the first
record for the species in the region. This congruence between the
first detection of T. verticalis and genomic-based inference of the
time of explosive demographic expansions suggests extraordinary
short time lags between arrival and spread, which is in agreement
with previous monitoring studies reporting a rapid local expansion
of the species in the region, and points to its high capacity to be-
come invasive once it disperses into non-native suitable areas (Fouzi
et al., 2020; Rodriguez-Pérez et al., 2009). High physiological plas-
ticity (Coccia et al., 2013), extraordinary fecundity (Carbonell et al.,
2016), short generation time (<60 days; Céspedes, Coccia, et al.,
2019), all year round reproduction (Rodriguez-Pérez et al., 2009),
and the capacity of the species to out-compete native corixids in
some habitats (Carbonell et al., 2017, 2020; Rodriguez-Pérez et al.,
2009) confer to T. verticalis all the attributes to be a successful in-
vader, which might explain the explosive population expansions in-
ferred by genomic-based demographic reconstructions (Guareschi
et al., 2013). The simultaneous arrival of propagules from different
source populations might have also contributed to a rapid increase
in local levels of genetic diversity via admixture, a phenomenon that
could potentially explain inferred demographic expansions shortly
after colonization and the fast spread of the species documented
in the Western Mediterranean (Guareschi et al., 2013; Rodriguez-
Pérez et al., 2009; see also, Frankham, 2005; Kolbe et al., 2004;
Roman & Darling, 2007).

4.3 | Insights from exploratory landscape
genetic analyses

Our hierarchical landscape genetic analyses suggest that sea and
land surfaces might act as barriers to dispersal, which is not surpris-
ing considering the impossibility of the species to form viable popula-
tions in these habitats. In this line, some pairs of coastal populations
separated by >170 km (e.g., ODIE-PEDR) showed no significant
genetic differentiation (Table S3), suggesting widespread dispersal

across large geographical scales. This may reflect frequent stepping
stone dispersal along the coast of Andalusia and Algarve regions,
where there is little distance between sites occupied by the species
owing to a series of low-lying deltas holding salt work complexes,
inland lagoons and fish ponds. This contrasts with a near absence of
suitable habitats between southern (PORT) and northern Portugal
(AVEI) and between coastal (PORT, ODIE, CETI, and PEDR) and in-
land populations (CARA and ZARR) in southern Iberia, which might
explain the significant genetic differentiation between these groups
of populations (Table S3). It should be noted, however, that land-
scape genetic analyses and spatial patterns of genetic differentiation
must be interpreted with extreme caution given the different evo-
lutionary origins of populations (i.e., multiple introduction events)
from the three main invaded areas in the Iberian Peninsula and
Morocco. The study populations are most probably not yet at equi-
librium and, thus, historical contingency rather than contemporary
gene flow probably still dominate spatial patterns of genetic diver-
sity and structure (Fitzpatrick et al., 2012). For instance, populations
located in southern Iberia and northwestern Morocco are separated
by sea water but their recent (probably < 50 years; Glnther, 2004;
Sala & Boix, 2005) and independent colonization histories probably
led our analyses to overestimate the role of this landscape feature as
a barrier to dispersal.

Multiple nonmutually exclusive factors could explain admixture
and/or gene flow among populations within the invasive range of
the species in the Western Mediterranean: (i) Different studies have
suggested that the species can survive in the open sea (Gunter &
Christmas, 1959; Hutchinson, 1931) and, thus, passive dispersal
through marine currents and possibly severe storms might play a
role in the spread of the species at regional scales (Sailer, 1948; Sala
& Boix, 2005); (ii) Low wing loading and high aspect ratios suggest
that T. verticalis is probably a good flyer in comparison with native
syntopic corixid species, which could facilitate dispersal among
nearby water bodies and explain low levels of genetic differentia-
tion among populations (F¢; < 0.12; Table S3); (iii) Recent empirical
evidence also suggests that T. verticalis could be passively dispersed
by attachment of eggs to legs of waterbirds (i.e., epizoochory), a phe-
nomenon that can greatly increase the dispersal distances that can
be travelled by the species. Zoochory may potentially explain the
recurrent colonization of inland temporary ponds located far away
from their likely source populations in permanently flooded coastal
wetlands (Carbonell et al., 2016, 2021); (iv) Human-transportation
(e.g., via ballast water) within the invasive range could still also fa-
cilitate gene flow between distant populations and contribute to
genetic admixture among introduced lineages in different areas
(Medley et al., 2015; Robinet et al., 2009; Valls et al., 2016); (v)
Finally, we cannot rule out the possibility that introduced popula-
tions have experienced local admixture after independent introduc-
tion events involving different proportions of multiple lineages, or
even that some source populations from the native range already
had admixed gene pools resulted from natural (i.e., contact/hybrid
zones; Hewitt, 1988) or anthropogenic processes (van Boheemen
etal., 2017; Martin et al., 2014).
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5 | CONCLUSIONS

Our analyses strongly support that multiple introduction events
are responsible of the invasion of T. verticalis in the Western
Mediterranean. This suggests that the expansion of the species at
regional and global scales could be avoided or at least limited if cur-
rent environmental regulations of most countries regarding the cor-
rect management of ballast water exchange and the prohibition of
releasing alien aquatic organisms are implemented in practice and
effectively enforced (e.g., Gollasch et al., 2007; see also Ormsby
& Brenton-Rule, 2017). Genomic-based inferences of explosive
demographic expansions immediately or shortly after arrival to
non-native areas indicate that the lag phase between introduction
and establishment is probably very short, which provides little op-
portunity for early detection, management or eradication (Coutts
et al., 2018; Simberloff, 2003). Future genomic analyses of native
range populations could help to infer the genetic makeup, sources
and geographic origins of introduced populations, reconstruct the
invasion history, and understand with more confidence the spe-
cific processes underlying the demographic dynamics of introduced
populations (Cristescu, 2015; Estoup & Guillemaud, 2010). Detailed
landscape genetic analyses in the native range could also contribute
to confidently identify corridors/barriers to dispersal for the species
and gain insights useful for understanding patterns of genetic con-
nectivity and metapopulation dynamics in invaded areas (Handley
et al., 2011). Likewise, continuous genetic monitoring of introduced
populations might help to document the arrival of individuals from
different source populations and provide a better understanding of
the demographic and evolutionary dynamics (i.e., adaptation pro-
cesses to water chemistry, colonization of temporary ponds, etc.)
of recently established populations of the species (Carbonell et al.,
2012; Céspedes, Valdecasas, et al., 2019; Coccia et al., 2016; Frisch
et al., 2021).
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