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Resumen

La dispersién tiene un importante rol en el proceso invasivo ya que determina la
habilidad de las especies de diseminar hacia nuevas édreas no invadidas. Si la dispersion
es moderada, patrones de aislamiento-por-distancia (IBD) pueden ser observa;los.
Segin este modelo, un incremento general en la diferenciacién genética entre
poblaciones estaria asociado con un incremento en la distancia fisica entre ellas. Sin
embargo, frecuentes eventos de dispersién a larga distancia (LDD) pueden contrarrestar
los efectos asociados con patrones de IBD. Adicionalmente, como la informacién
genética refleja s6lo aquellos movimientos de dispersion que resultan en una exitosa
reproduccion, bajo la perspectiva de la genética del paisaje, la dispersion es uno de los
mecanismos clave que relacionan procesos microevolutivos con patrones del paisaje.
Por 1ultimo, durante el proceso de colonizacién y expansién, procesos demograficos
tales como cuellos de botella, eventos fundadores y muiltiples introducciones también
pueden moldear la estructura genética en especies invasoras. Este estudio tiene como
objetivo proporcionar informacion sobre los procesos que subyacen la invasién en
plantas incluyendo ambas aproximaciones, genética del paisaje y procesos
demograficos. La especie modelo en este estudio fue Eschscholzia californica Cham.
(Papaveraceae), una planta invasora que habita la zona central de Chile. Un total de 506
individuos de 24 poblaciones fueron genotipados usando 8 microsatélites. Debido a un
débil patron de IBD, el nulo efecto de variables ambientales sobre la estructura genética
y el bajo flujo génico entre poblaciones invasoras, los resultados sugieren un patrén de

aislamiento-por-colonizacién, donde la estructura genética de las poblaciones estaria
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fuertemente determinada por efectos fundadores. Nuestros resultados también sefialaron
la existencia de multiples introducciones de E. californica en Chile y eventos de LDD
que no pudieron ser descartados. En conclusion, la evidencia presentada en este estudio
sugiere un bajo efecto de la capacidad de dispersién y los efectos fundadores inferidos

para E. californica en su proceso de invasion en Chile central.

Palabras claves: dispersién, eventos fundadores, multiples introducciones, expansion

geografica, genética del paisaje.




Abstract

Dispersal has an important role in the invasive spread because determines the ability of
the species to disseminate to new non-invaded areas. If dispersal is moderated, patterns
of isolation-by-distance (IBD) could be observed. Under this model, a general increase
in genetic differentiation among populations will be associated with increasing inter-
population physical distance. However, frequency long-distance dispersal events (LDD)
may counterbalance the effect associated with IBD patterns. In addition, as genetic data
reflect only those dispersal movements that result in successful breeding, under a
landscape genetic perspective, dispersal is one of the key mechanisms linking
microevolutionary processes to landscape patterns. Lastly, during the colonization and
expansion, demographic process such as bottlenecks, founder events and multiple
introductions can also shaped the genetic structure in invasive species. This study aims
to provide information about the process underlying invasion in plants including both
landscape genetic and demographic process approach. The model species in this study
was Eschscholzia californica Cham. (Papaveraceae), an invasive plant inhabiting
Centrgl Chile. A total of 506 individuals from 24 populations were genotyped for 8
microsatellites. Due a weak pattern of IBD, the null effect of the envirommental
variables on genetic structure and low gene flow between invasive populations, the
results suggested a pattern of isolation-by-colonization were the populations genetic
structure would be strongly determined by founder effects. Our result also pointed out
the existence of multiple introductions of E. californica in Chile and LDD events that

cannot be rejected. Overall, the evidence presented in this study suggest a low effect of
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the dispersal potential and founder effect inferred for E. californica in their invasive

process in Central Chile.

Keywords: dispersal, founder events, multiples introductions, range expansion,
landscape genetic.
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Introduction

The biological invasions are defined as the arrival and successful spread of species
into a new geographic range (sensu Richardson et al. 2000) a major main concern in
conservation biology (Mack et al, 2000). Colonization and subsequent invasive
spread implies consequences in the genetic structure of invasive species, therefore
studies that enhance our understanding about this issue may highlight onto the
microevolutionary process related with the invasiveness, constituting an important

issue in order to elaborate management strategies to control invasion.

The dispersal has an important role in the invasive spread since it determines
the ability of the species to disseminate to new non-invaded areas (With 2001). In
this context, invasive species showed different degree of dispersion. In one hand, the
majority of plants disperse over short distance, showed Short Distance Dispersal
(SDD) and a low likelihood to propagule dispersal over long distances is assumed. If
dispersal is moderated, patterns of isolation-by-distance (IBD) could be observed
(Wright 1943). Under this model, a general increase in genetic differentiation among
populations will be associated with increasing inter-population physical distance. On
the other hand, other species showed a large dispersal of propagule. For example,
Pergl et al (2011) showed that, for the invasive plant Heracleum mantegazzianum,
the long-distance dispersal (LDD) is an important component of the population
dynamics. Frequency LDD events could preserve the genetic diversity along the
invaded range and may counterbalance the effect associated with IBD patterns

(Fayard et al. 2009; Berthouly-Salazar ef al. 2013).




Dispersal is one of the key mechanisms linking microevolutionary processes
to landscape patterns since genetic data reflect only those dispersal movements that
result in successful breeding (Broquet & Petit 2009). In this context landscape
genetics approach is particularly well suited for assessing landscape influences on
effective dispersal in invasive populations (e.g. Zalewski et al. 2009; Berthouly-
Salazar et al. 2013). Lastly, during the colonization and expansion across their new
habitat demographic process such as bottlenecks, founder events and multiple
introductions (Chakraborty & Nei 1977; Clegg et al. 2002) can also shaped the

genetic structure in invasive species.

Based on these evidences, it is possible to identify the key drivers of the
genetic structure in invasive species: dispersal strategies, demographic process and
landscape variables. In the last years, studies addressed questions about the
mechanism that underline the biological invasions (e.g. Facon et al. 2006; Suarez &
Tsutsui 2008) neglecting the importance of the landscape genetic approach in the

plant invasion process.

Currently, the success of invasive species have been attributed to the high
genetic diversity at in the invasive range, high propagule pressure, high genetic
connectivity among invasive populations, good dispersal abilities and positive
populations growth rates (With 2001; Ward 2008) among others. Phenotypic
plasticity has also been invoked to explain plant invasive success (Bossdorf ef al.
2005, Richards et al. 2006). Specific mechanisms involve the change from sexual to
asexual reproduction (Haaga & Ebert 2004), or physiological changes in relation to

environmental gradients (Paker et al. 2003; Lafuma 2003). However, research so far




reveals no single pattern or unique combination of invasive attributes explaining or
predicting the plant invasion, highlighting the importance of studies species by

species.

As effective dispersal of many individuals over time is reflected as gene flow,
it includes a successful movement, survival and reproduction (Zeller et al. 2012).
Thus, different environmental conditions between the source and the receiving
habitat can produce a differential establishment success of immigrants (Orsini et al.
2013b). For instance, climatic variables such as precipitations and temperature
influence the effective dispersal raising as a key factor to determinate the location of
suitable habitat to migrate, this is particularly important for the primary production
and therefore the resource availability (Berhouly-Salazar et af, 2013). In case of a
population covering an environmental gradient, such the latitudinal climatic gradient
present in Chile (Mooney 1977, Di Castri 1991), individuals may present differential
responses to local conditions (Spurgin et al. 2014). For example, elevation gradients
or topography can influence effective dispersal between population (Murphy et al.
2010, Storfer et al. 2010). Lastly, for several invasive species inhabiting disturbed
places (areas where native habitat has been cleared) may enhance the risk of invasive
spread (Hobbs & Huenneke 1992), moreover, these areas can favors the movement
and establishment of individuals (With 2004) and therefore, may improve effective

dispersal among populations.

This study focused on the invasion of Eschscholzia californica Cham.
(Papaveraceae) in Chile. E. californica is an herbaceous native from California and

invasive in other Mediterranean areas of the world (Stebbins 1965 It has been




reported in New Zealand, Tasmania, and mainland Australia (Cook 1962).Their
arrival in Central Chile occurred between 1890s and early 1900s, presumably for
ornamental purposes; later was naturally established along railways lines (Frias et al.
1975; Arroyo et al. 2000). It also probably accidental introduced together with alfalfa
seeds from California (Hillman & Henry 1928). By 1975, this species had extended
240 ki North of Santiago de Chile to Los Vilos and 520 ki to the south of Santiago
de Chile. Fifteen years ago, this species was present in central-southern Chile,
covering a wide latitudinal (30° S - 38° §) as well as altitudinal range, from 0 to 2000
m.a.s.l. (Arroyo et al. 2000). E. californica is a diploid plant (Becker et al, 2005) and
present sexual reproduction, their flowers are pollinated by insects and their seeds are
apparently gravity-dispersed. Whereas it has been described as self-incompatible in
their native area (Cook 1961), in Chile this species presented both self-incompatible
and self-compatible reproductive system. Arredondo-Nuiiez (2011) showed a partial
compatibility in the invaded range (0.2<ISI<l; mean compatibility index at
individual level = 0.32) with high intra-population variability. Previous studies in
Chile have also showed no significant differences in fecundity between reproductive
phenotype, suggesting that both reproductive strategies would be adequate to face the
environmental heterogeneity in E. californica (Arredondo-Ntifiez 2011). In addition,
not variation in their fecundity under different altitudes in Central Chile has been
observed (Arredondo-Nuiiez 2011; Pefia-Gémez & Bustamante 2012), however, at
higher altitude seed recruitment was significant lower (Pefia-Gémez & Bustamante
2012). Under this, pre-dispersal process (i.e., production of seed)} would be not

limited by stressing conditions such as altitudinal gradient, in contrast, these studies




have proposed the importance that might have the post-dispersal process (i.e., seed

recruitment) in a successful establishment.

Given the life-history traits for this species, this study aims to provide
information about the process underlying invasion of Eschscholzia californica by
addressing the following objectives: Firstly, we used molecular markers to determine
spatial structure of populations across the whole distribution of E. californica in
Central Chile in order to provide evidence to infer the place of introduction and the
direction of the expansion in the invaded range. For this, populations genetic,
Bayesian approach and historical information were used in the model analysis,
Secondly, in order to assess the dispersal abilities of E. californica in Chile we used
population genetic analysis and estimated recent migration rates between pairs of
populations. Thirdly, in order to evaluate the effect of the environmental and
physical variables on both the effective dispersal and demographic process, we tested
several landscape features such as climatic condition, topography or disturbed places

and correlated them with population genetic structure.




Methods

Study area and data collection

In Central Chile, rainfall increase and temperature decrease from north to south
(Mooney 1977; Di Castri 1991); topography is complex; there is a central valley is
flanked by coastal and Andean mountain ranges (Mooney 1977). In order to perform
the analysis, 24 sites (named as population hereafter) were randomly sampled
between 30° to 38° S (Tablel). In total, 506 individuals of E. californica were
sampled for the genetic analysis ranging from 10 to 30 samples per local population.
The geographic location of each local population was recorded using Garmin

eTrex30 GPS.

Microsatellite typing

Genomic DNA was extracted from silica gel-dried leaf tissue using CTAB protocol
described by Tel-zur ef al. (1999). Eight polymorphic microsatellite loci described
for the species were amplified follow Véliz et al. (2012) namely Ecalifdil, Ecalifdi3,
Ecalifdi5, Ecalifdi9, Ecalifdill, Ecalifdil6, Ecalifdi22 y Ecaliftetl. PCR products
were genotyped in MacrogenInc (http://dna.macrogen.com/eng/). Allele scoring was
performed with PeakScanner (Applied Biosystems) and GeneMarker (Softgenetics)

software.




Genetic analysis

Within population analvses, Departures to the Hardy-Weinberg equilibrium (HWE)
and linkage disequilibrium (LD) were estimated for each microsatellite locus in each
sampling site with GENEPOP 4.2 (Rousset 2012). A permutation test (5000
permutations) was used to test the significance. Standardized allelic richness (Ae)
and heterozigocity (Ho and Hg) were estimated using FSTAT 2.9.3.2 sofiware
(Goudet 2002). A series of consecutive founder effects during expansion will create a
gradient in genetic diversity decreasing along the spatial axis of expansion
(Austerlitz et al. 1997). To identify these gradients in diversity Ae and heterozigocity
were used. Considering that the first introduction of E. californica was described in
the coastal range, central Chile, specifically in Valparaiso and Vifia del Mar (Arroyo
et al. 2000), the core of invasion was estimated at 33° Lat. close to these localities,
with a posterior expansion to northward and southward. Under this scenario, a
Spearman correlation and permutations test (999 permutations) were used to evaluate
the fit of Ae and heterozygocity of each population and their latitude into each
expansion range, as we assumed that these populations are distributed along a 1~
dimensional axis of expansion which coincides with their latitude. Lastly, detection
of genetic bottleneck in invasive populations was performed throngh a graphic
approach accorded to Luikart et al. (1998). It is important to note that methods
commonly used to detect bottlenecks (Piry et al. 1999; Garza & Williamson 2001)
were not conducted since they are based on the heterozygote excess, and our

populations presented heterozygote deficit.




Among population analysis. In order to determine differences among population,

both classical and Bayesian analysis were performed. First, Fsr values (Weir &
Cockerham 1984) were estimated for each pair of sites analyzed using GENETIX
(Belkhir ez al. 1996). Additionally, conditional genetic distance (¢GD; Dyer & Nason
2004) was estimated among populations using Rstudio package of R software (R
Core Team 2014). This measure simultaneously considers the genetic covariance of
all populations into the analysis including both, the direct and indirect genetic
connectivity among populations, thus providing a more sensitive measure than Fgr;
previous studies have provide insight about their effective use in landscape genetic
analysis (Dyer ef al. 2011; Garroway et al. 2011). Secondly, to identify the number
of genetic clusters (K) the GENELAND v. 1.0.7 was conducted (Guillot ef al. 2005)
taking into account the spatial localization of the sampling sites. This sofiware uses
Bayesian inference with Markov Chain Monte Carlo (MCMC) algorithms to infer
genetic spatial discontinuities (Guillot et al. 2005). For this study, five replicates with
1x10° MCMC iterations was used, the maximum rate of the Poisson process was
fixed at 1,000 for each run and the number of nuclei in the Poisson-Voronoi
tessellation fixed at 450 for a better representation of the number of individuals in the
data set. Also, to visualize the level of genetic structure, a Correspondence Analysis
was performed using the Adegenet package (Jombart 2008) implemented in R
software (R Core Team 2014). As a complementary analysis, a non-Bayesian
partitioning method, using the program FLOCK 3.0 (Duchesne & Turgeon 2012)
was run. This method does not require the accomplishment to the HWE, thus it was
useful for E. californica populations in the invaded area in Chile. This analysis is

based on the iterated reallocation into K sub-samples (which have the highest




likelihood score) of all genotypes pooled, following the multilocus maximum
likelihood method (Duchesne & Turgeon 2012). In this case, 50 runs (each with 20
iterations) were conducted for different number of k ranging from 2 to 24. The
results obtained for the complete sequence of k values were used as input in the
TRACE software, a complementary method used with FLOCK. The TRACE
software computes pairs of distance statistic, based on the Jaccard similarity
coefficients and then it clusters the populations samples for each K maximizing
nearness between them (Duchesne & Turgeon 2012). To generate pairs of random
distance, 25 runs for each k value were chosen. Finally, a tree based on distance of
Nei (Nei e al. 1983), representing the relationships among the sampled sites was
reconstructed using a neighbour-joining (NJ) algorithm with the ape R package (R
Core Team 2014). To determine the nesting scene that maximized the among-
variance component, an analysis of molecular variance {AMOVA; Excoffier et al.
1992) was realized on each genetic clusters obtained from the analysis described

above.

Gene flow. Recent migration rates between pairs of populations were calculated with
BAYES-ASS software (Wilson & Rannala 2003). This software use a Bayesian
criteria for estimating recent migration using multilocus genotype information, thus
without assumptions of HWE of populations. In order to perform this analysis, ten

million iterations were run with a burn-in of nine million.




Secenario explaining introduction and _geographical expansion of E californica. In

order to describe the past demography and the most probably scenario of
introduction of E. californica in Chile, the DIYABC sofiware was used (Cornuet et
al. 2008). Previous studies have verified that this method is adequate to modelling
the introduction history of non-native species using complex scenarios (Beamont
2010; Brouat et al. 2014). Considering the historical information that proposes
multiples introductions of E. californica in Chile and the scenario of expansion
previously described, the analyses with DIYABC were performed using the previous
two clusters obtained from among population comparisons and the four most
possible well-founded colonization hypotheses (Fig. S1; Supporting information).
Scenario 1 propose done non-sampled source population with a single introduction
event into the cluster I, which populations are present into the area historically
considered of first introduction, and posterior expansion (Scenariol). Scenario 2
proposed a single introduction event into the cluster 2 and posterior expansion
{Scenario 2). Scenario 3 proposed two introduction events into the each cluster from
one unsampled source population (Scenario 3). Scenario 4 includes two independent
introductions from two unsampled source populations into each one cluster (scenario
4). In all scenarios migrations between clusters after expansion or introduction event
were not included and each cluster was considered as isolated group. Considering
that E. californica has been described as perennial in the invaded region (Frias et al.
1975) with more than one reproductive event by year (personal observation), we
estimated a maximum of two generation by year, hence the prior introductions and
divergence times were defined to be within the last 240 generations. Each locus was

estimated to have allele number ranging from 34 to 64. The set mutation model was
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the default parameters given by the DIYABC sofiware. To discriminate among the
scenarios proposed, we used the mean number of alleles/loci and mean gene
diversity/loci (Nei 1987) to characterize the genetic diversity within population. On
the other hand, Fsr between two samples (Weir & Cockerham 1984) and distance
between two samples (8u2; Golstein et al. 1995) were used as summary statistic to
characterize the genetic differentiation between populations. These statistics were
used previously in the analysis of invasion routes (e.g., Estoup & Guillemaud 2010;
Brouat et al. 2014). The prior distributions were uniform and defined as follow: 10
<N< 5000; 1 <Nib< 500; l<tgp< 30; 1 <ti<r2<e3< 240; were N is the effective
population size, Nib is the effective population size under founder effect, ¢4 is the
duration time of bottleneck and, # is the number in generations. For each scenario, 1 x
10° simulated data sets was computed. Scenarios were pre-evaluated by performing a
PCA as implemented in DIYABC sofiware and by ranking the observed data set
against simulated data set. Scenario comparison were realized using a linear
discriminant analysis (LDA) on summary statistics taking into account the default
values and then using a logistic regression with original summary statistics realized
with the 1% of the closest data set. Results were similar when using more or less
closest data sets (e.g. 2%, 0.8%, 0.6%, data not shown). The best scenario was
selected using posterior probability value, with the 95% confidence interval (CI) not
overlapping among scenarios. We evaluated confidence in our choice of scenario by
calculating type I and II error rates using the standard procedures available in
DIYABC (Cornuet ef al. 2008). Posterior distributions of each parameter was also
obtained and their performance was evaluated by computing the relative bias (see the

DIYABC notice).
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Influence of landscape on effective dispersal

As already described, bioclimatic gradient and topography may affect the effective
dispersal through populations of E. californica in Central Chile. Additionally, this
species is well established in open areas (Cook 1962, Frias et al. 1975) and it has
been described that both fecundity and size increased under open spaces, with low
vegetative cover (Leger & Rice 2003). Considering this information, the hypothesis
that environmental variables (climatic condition, altitude and land cover) and spatial
physical distance, either separately or in combination, affect the effective dispersal
among populations of E. californica in Central Chile was tested. For this, the relation
of these landscape features and the genetic distance between pairs of populations was

evaluated.

Climatic variables were represented by nineteen bioclimatic data layers
obtained from the WorldClim dataset (Hijmans ef al. 2005) at ~1-km spatial
resolution, including monthly temperature and precipitation records from 1950 to
2000. Altitude was also obtained form WorldClim dataset (Hijmans et al. 2005). Land
cover map is a remotely sensed variable (MODIS Land Cover), this was obtained
from Global Land Cover Facility (http://www.landcover.org) and contains 22 categories

since tree cover to non-forest/natural or developed land.

The effect of each landscape variables on effective dispersal of E. californica
in Chile was evaluated using landscape genetic approach and SDMs (species
distribution models). SDMs have been used in previous studies as adequate methods
to generate information where species can live, and correlate this information with

genetic differentiation of their populations (Wang ef al. 2008; Velo-Anton et al.
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2013). These models were performed with MaxEnt 3.3.3k (Phillip ez @/ 2006). This
software predicts probability of presence of species based on their niche
requirements. It uses different environmental variables {continuous, categorical) as
predictors of the presence of species MaxEnt randoinly selects 10,000 background
points from the landscape and provides an estimate of probability of presence of a
species, Presence records were obtained from geo-referenced points in Chile from
museum specimens and our own collections (24 unique localities in this study). One
SDMs for each landscape variable was generated into the invaded region of E,
californica in Chile using default settings in MaxEnt. Current model accuracy of the
models were checked using a random sample over the 25% dataset as training data and
the remaining 75% were used in testing data for model validation. The area under the
receiver operating characteristic (ROC), curve known as AUC (Swets 1988), was the
metrics used to evaluate the performance of the models. The AUC ranges from 0.5

(random accuracy) to a maximum value of 1.0 (perfect discrimination).

Each raster maps generated by MaxEnt was converted into a ‘conductance’
surface that presumably constraints effective dispersal using the ‘transition’ function
available in g distance package of R software (R Core Team 2014). Then, a
connections scheme among the eight nearest cells was applied and a conductance
grid was generated in which a pixel with a high probability of suitable habitat
represent a low cost to dispersal. This function uses this grid and generates a matrix
of movement probability between cells. Each cell in the matrix répresented acell in
the original raster object and contained a value that can be interpreted as
“conductance” for movement due to a determinate landscape feature, One

“conductance” surface for movement (a spatial model of connectivity) was
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constructed for each landscape variable. Then, a pairwise resistance to dispersal was
calculated among populations based on the least cost patch using gdistance package
(R Core Team 2014). Optimal routes for dispersal were identified between
populations following areas with high movement probability (McRae 2007), in this
case, areas with high probability of suitable habitat. The cost of moving through the
‘least cost path’ was then calculated between all pairs of focal points or regions

generating 276 pairwise ecological (cost) distances for each landscape variable.

To test the effect of each landscape feature on population genetic structure,
Multiple Regression Matrices (Legendre et @l 1994) were used to examine the
association of ¢GD and standardized Fst (Fs1/1-Fst) with ecological distances and
physical distance. Physical distances between populations were calculated using the

“rdist.earth” function from “fields” package (R Core Team 2014).
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Genetic analysis

Within population analysis. Pooling all samples, the number of alleles per locus was

17.4 in average, ranging from 9 for ecalifdi3 to 27 for ecaliftet9. Few loci present
significant departures of Hardy—Weinberg Equilibrium, however, this deviation was
not observed for all population for the same locus. Overall, a relative high inbreeding
index value was found throughout invaded area of Chile (Fis = 0.33; Table S1). At
populations level, the rarefied allelic richness presented highest value at Puchuncavi
(Ae = 3.92) and the lowest at Monte Zorro and Trehuaco (both with Ae = 1.86; Table
1). It is important to note that Monte Zorro and Vichuquén exhibited heterozygote

excess pooling all loci and all other populations showed heterozygote deficit (Table

1).

A non-significant gradient in genetic diversity was recorded along the
hypothesized axis of expansions (Fig. 1).For the north expansion range Ae and
heterozigocity increased at lower latitudes (Ae: RZ =-0.33; P = 0.39; Hg: R =-0.11;
P = 0.78; Ho: R* = -0.33; P = 0.38) and for the south expansion range Ae and Hg
decrease at higher altitudes (Ae: R?=-0.15;P=0.59; Hg: R® = -0.06; P = 0.84; Ho:
R? = 0.19; P = 0.51). Following the graphical approach described by Luikart et al.
(1998) a longer tail for populations was observed for E. californica (Fig. S2),

suggesting bottleneck for all populations independentty.
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Among population analysis. Population differentiation, as measured by pairwise Fsr

values (Tabla S2, Supporting Information) showed statistical differences for most
pair of population. Few comparisons showed no statistical differences, for example
two sites located northward (Recoleta and Illapel) and southward (Vichuquén and
Hualqui). It is important to note that some populations geographically distant showed
not differences in allele frequencies (for instance, Vichuquén and Recoleta; Fst =

0.09, P = 0.06).

Geneland software assigned the 24 population samples into 20 clusters. From
the Correspondence Analysis, the first axis produces a cluster 1 with the following
populations: Quinteros, Tunquén, Navidad, Coya, Las Chinchillas, Melipilla and
Curico and the cluster 2 with all other populations. The second axis placed the sites
Coya, Rengo and Buchucuro separate from the other populations (Fig. 2a). The next
axes were unable to define a higher genetic structure and separe one single sample

population at time from the rest of cluster (result not showed).

Assignment analysis performed with FLOCK software was unable to
determine an optimal k value; however, at k =2 and k= 3 genetic clusters containing
the following populations: Quinteros, Tunquén, Navidad and Coya (Fig. 2b fork =2
and Tabla S3, Supporting Information). The sample populations Las Chinchillas and

Puchuncavi were no allocated into any cluster,

The metric based on Nei’s distance among samples identified Quinteros,
Tunquén, Navidad, Coya, and Curicd as one cluster (Fig. 2c¢). Considering these
results, two hypothetical nesting scenes were considered, one of them related the 20

genetic clusters identified with Geneland, and the other nesting scene identified 2
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genetic clusters: cluster 1 that included Quinteros, Tunquén, Navidad and Coya and
cluster 2 all other populations. These clusters were heterogeneous in size and both
including population samples that are not neighbor. For the AMOVA analysis the
partitioning populations suggested by Geneland sofiware showed a not significant
estimate among-groups differentiation (o> P = 0.99), however, the partition that
include 2 genetic clusters yielded a significant estimate among-groups differentiation

(c® P < 0.001) and explain the 18.15% of variance between groups.

Gene flow. Recent migration rates among populations of E. californica were
extremely low with an average value of 0,011 and with a high standard deviation of
+0.010 for almost all pairs of populations (see Table S2, standard deviation for each

estimate not showed).

Scenario _explaining introduction _and geographical expansion of E californica,

Scenario3 resulted the most probable (P = 0.48, 95% CI = [0.47; 0.49]) which
include two introduction events into the each cluster from one single unsampled
ancestral population (Fig. 3). For this scenario, the probability of type 1 error was
0.83 and type II error was 0.10. The second most probably scenario was the Scenario
4 (P = 0.40, 95% CI = [0.39; 0.42]) which consider two introductions to each cluster
originated from two un-sampled population source. The other two scenarios were

poorly supported by the analysis (Fig. 3).

The posterior distributions of demographic parameters inferred under

Scenario 3 showed to be robust for most parameters, as the relative bias calculated
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for each parameter was close to zero (Table S4, Supporting information). The
effective population sizes was of 2,230 for cluster] [N, 95% CI = (692; 4,777)] and
4,130 for cluster2 [N2, 95% CI = (2,340; 4,970)]. The effective number of founder
was of 114 for clusterl [N15b, 95% CI = (12.8; 457)] and 289 for cluster2 [N2b, 95%
CI = (56.6; 489)]. This represent a bottleneck with a reduction of more than 95% for
both cluster, presumably with a duration of 21 generations [t5, 95% CI = (L.5;
29.8)]. Assuming two generation by year for E. californica, we estimated the
occurrence of 198 generations after the introduction [¢3, 95% CI = (67; 240)] or

approximately 100 years ago.

Influence of landscape on effective dispersal

The distribution of suitable habitat of E. californica obtained with MaxEnt showed
with an average test AUC (%8D) value of performance of 0.73 (£0.07). Fst was not
related to physical distance between populations (R = 0.017; P = 0.420; Fig. 4a),
however, our result showed a significant and low association between ¢GD and
physical distance between populations (R = 0.202; P < 0.01; Fig. 4b) indicating a
weak isolation-by-distance pattern. The landscape genetic approach indicated no
significant relationship between both genetic distances and any ecological distances

(climatic variables, altitude nor land cover; Table S5, Supporting information).
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Discussion

Founder effect as the main demographic process

The main results of this study were i) the absence of isolation-by-distance pattern
when Fsr and physical distance were used (as a measure of direct connectivity) and a
weak pattern of isolation-by-distance when c¢GD and physical distance (as a measure
of indirect connectivity) were considered; ii) the null effect of the environmental
variables on genetic structure and iii) low gene flow among the sites studied. All of
these results are in agreement with a pattern of isolation-by-colonization (IBC) where
the genetic structure is expected to reflect the colonization (founder events) of the
populations (Orsini et al. 2013b). Under this the genetic structure, the invasive
process of E, ealifornica seems to be strongly determined by founder effects and thus

by colonization history rather than contemporary patterns of dispersal.

Invasive species are often introduced into novel areas in relatively small
numbers of individuals resulting in founder effects (see Barrett et al. 2008). Added to
this, persistent long-lasting founder effects are expected to be common in plants, as
they exhibit rapid population growth (Orsini et al. 2013b). The founder effect
inferred with ABC suggested introductions of E. californica by few individuals, the
absence of gene-flow-drift equilibrium detected in populations as well as a recent
genetic bottleneck evidenced by the graphic analysis (Fig. S2) indicate that founder

effects in the colonization process are still running.
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In cases where populations inhabit in an environmental gradient, individuals
are expected to be adapted to local conditions (Spurgin et al. 2014) and populations
may exhibit difficult signals to separate to the founder effect. Here, the variation of
the abiotic conditions but low gene flow between populations of E. cdlifornica in
Central Chile would indicate that these populations could experiment local
adaptation. In this case, literature has sought to provide contrasting results. Leger and
Rice (2007) described adaptive changes in growth patterns and flowering times under
abiotic conditions in introduced Chilean populations of California poppy that
resemble those seen in native Californian populations. In contrast, others studies
have described that invasive populations are highly plastic in their physiological
traits (Sanfuentes, 2014). Moreover, studies of reciprocal transplanting with
populations of Central Chile have showed no local adaptation (Gallegos, in prep).
Nevertheless, founder effect can persist despite adaptive differentiation in recently
separated populations (Kolbe et al. 2012) and their influence can be evidenced even

over evolutionary time scale (Spurgin et al. 2014).

Multiples introductions of E. californica in Chile

The genetic analyses of this study suggested that the invasion of E. californica in
Chile was the result of at least two independent introductions. Specifically, the best
scenario selected by ABC was the one involving two independent introduction of E.
californica, one of them pointed out the introduction into the Central Chile. The area
and time of second introduction is still unknown. However, ABC approach showed a

low potential to discriminate between one or more unsampled source populations.
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Thus, these introductions suggested repeated exchanges between Chile and a unique
or distinct sources populations of E. californica at the time of its introduction.
According with the historic records, this or these source populations would be
localized in the native range of E. californica. Different small introductions in
different areas are in agreement with historic registers of accidental introductions
through the import of alfalfa seed and the inclusion of seeds in private gardens (Frias
et al. 1975; Arroyo et al. 2000). As was observed in this study, including unsampled
populations in the inferred evolutionary scenarios is an approach that can to make
robust inferences with respect to scenario choice, even without samples of potential
origin areas or hypothesis about introduction routes (e.g. Lombaert et al. 2011;
Brouat ef al. 2014). Overall, this issue of the colonization origin and areas where this

species was introduced is an open question that deserves further analysis.

Multiple introductions may cause an increased genetic diversity along
invasive range, helping to overcome the negative effects of founder events so that
newly established populations can, and often do, arriving to the similar levels of
genetic diversity to that in native populations (Lavergne & Molofsky 2007). Even
when assumptions about the loss of genetic diversity in introduced populations
require a sufficient sampling in both native and invaded range, a number of authors
have noted that founder effect associated with initial colonization can significantly
reduce genetic diversity in invasive populations. For instance, Henry et al. (2009)
found that despite the multiple independent introductions registered of the invasive
Heracleum mantegazzianum, their populations exhibited an important founder effect

from the invasion process. Under this premise, the founder effect detected in the

3 21

<
BIBLIOTECA =

CENTRAL.
*




beginning of invasion of E. californica in Chile seems to be present still now

regardless the multiples introductions registered in this study.

Dispersal strategies: SDD and LDD

As was explained before, our result pointed out the low gene flow and high genetic
distance values that suggest poor dispersal potential in the California poppy. In
addition, the genetic structure detected along Central Chile (low association between
c¢GD and physical distance between populations) was consistent with a weak pattern
of IBD. Even when our proposal of reproductive events was conservative, the
populations of this species probably arrived 198 generations ago in Chile (under our
ABC results), sufficient time to express a stronger IBD pattern. In fact, since their
introduction, two different populations groups have already emerged (Fig. 2)
explaining the 18.15% of variance between groups. However, IBD occurs under the
assumption of populations in gene-flow-drift equilibrium (Wright 1943). Certainly,
range expansions through a series of colonization events can produce genetic
consequences that result in a non-equilibrium condition (Slatking & Excoffier 2012).
Our results are in good agreement with this last proposition, since some populations
of E. californica geographically separated showed not differences in allele

frequencies indicating departure from gene-flow-drift equilibrium (Table S 2).

During the invasion process is expected a process of serial colonization
events that produce a gradient in genetic diversity decreasing along the route of
expansion (Austerlitz et al. 1997); this process often results in a pattern of IBD. It is

important to note that allelic diversity is a more sensitive indicator of changes in
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population size than heterozygosity, because rare alleles can be lost easily (Nei et al.
1987). In this study, opposite patterns in genetic diversity on range expansions of E.
californica was observed. Whereas a decline in allelic richness and Hg along the
south expansion range, an increase in allelic richness or heterozigocity was observed
along the north expansion range. Even when these correlations were not significant,
our finding here provides a striking example of how others factors may affect levels
of diversity following species introduction and generate different allele frequency
gradients. In particular studies on dispersal strategies have given new insights about
their consequences on genetic diversity in natural populations. Szévényi ef al. (2012)
showed null or weak IBD patterns and a positive, but not significant, correlation
between allelic richness or Hg and distance from the core in populations of peat
mosses. Berthouly-Salazar er al. (2013) detected a weak IBD pattern in the invasive
European starlings and a weak but significant decrease in allelic richness along the
expansion range. In all these cases, frequent long-distance-dispersal (LDD) would
allow species to conserve, or even increase their genetic diversity along the
expansion range (Fayard et al. 2009) eroding the IBD pattern (Berthouly-Salazar et
al. 2013). In the light of the literature, the pattern of distribution of allele frequencies
founded in the invasive populations of E. californica would be in agreement with the
pattern expected under LDD events than species propagating only by short-distance
dispersal. Thus, LDD events cannot be rejected has a process that could in part
influence the genetic structure of invasive populations of E. californica in Chile. As
in Berthouly-Salazar er al. (2013), the founder effects proposed here is not in
contradiction with LDD events as the cumulative effect of founding events is not

entirely prevented by LDD (Austerlitz et al. 1997; Comps et al. 2001).
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Landscape variables as predictors of the effective dispersal

Our result indicated a null effect of the environmental variables on genetic structure.
This result rejects our hypothesis about the importance of the environmental
variables as predictors of the effective dispersal between invasive populations of E.
californica. Effective seed dispersal necessarily requires successful establishment, as
a consequence, seed migration coupled with successful germination and survival of
seedling. Under the SDMs approach, optimal routes for dispersal were identified
where the environmental conditions would influence the survival of individuals and
thus a successful establishment. Considering this, the effective dispersal among
populations is not influenced by the presence of these optimal routes with a high
probability of success establishment. However, effective dispersal also integrates a
successful movement. In plants, the adult organism is typically sessile with dispersal
occurring via two types of propagules: pollen and seed. Pollen- and seed-mediated
gene flow are both dependent on dispersal mechanisms extrinsic to the plant, be they
biotic or abiotic, such that the spatial dimension of effective dispersal is determined
not only by geographical distance but by features of the intervening landscape that
influence the movement of pollen and seed dispersal vectors (Dyer et al. 2010). As
was described by Anic et al. (2014) and Arredondo-Nuiiez (2011), the pollination in
of the California poppy is not limited by pollinators emerging the wind as the main
probably vector of pollen transfer. After pollination, the resulted fruit is a long,
slender pod that dries and splits, shooting seeds in all directions. Under this, the
movement of dispersal vectors would be random with respect to landscape variation
which could explain the non-significant fit between genetic distance and ecological
distance.
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~~ As our result suggested founder effects may be the key demographic process of the

¢

genetic structure in invasive populations of E. californica. Under this assumption,
invasive populations of E. californica in Chile would be founded by few individuals
who grow rapidly in size and established an advantage purely numeric. Given the
poor dispersal potential, the established populations exchange a low number of
migrants. By this way, reproductive success tends to rely heavily on few individuals

and genetic differentiation arising during founding in the last hundreds of

generations.

Fisher (1930) proposed that the capacity to adapt to novel conditions is
proportional to genetic diversity present. Under this, it has been speculated that the
erosion of genetic diversity due to founding events may limit the invasion process
(Berthouly-Salazar et al. 2013). However, genetic diversity is not always a
prerequisite for successful plant invasion (Poulin et al. 2005; Meimberg et al. 2006).
Genetically similar individuals in the invading populations can tolerate
environmental heterogeneity and a range of associated stresses, with potentially
variable phenotypic expression in response to different conditions (Ward et al. 2008).
Theoretical works have also demonstrated that demographic rates could be more
important than dispersal capability in the prediction of the population persistence
(South 1999; With & King 19995). Populations of California puppies in Chile
present a positive population grown (Alves 2012; Pefia-Gémez & Bustamante 2012),
indicating a potential to continue spread. For one hand, these conditions may indicate

that their invasive process does not rely uniquely on the genetic connectivity of their
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gulations and therefore, the poor dispersal potential and founder effect inferred for
E. californica may have not limited their invasive spread in Central Chile. On the
other hand, this analysis suggested the importance of a successful establishment and
variable phenotypic expression in response to different conditions on the invasion
process of E. californica. Additionally, a history of multiples introductions, but also
rare LDD events that cannot be discarded, but may have favored the invasion, both

probably promoted by anthropogenic activities that occur along the invaded range.
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Table 1 Summary of sampling sites, spatial coordinates, abbreviation and genetic

values for each site/population. n: number of individuals sampled, A:mean number of

alleles; Ae: richness rarefied to n=4; Hg: expected heterozygosity; Ho: observed

heterozyosity. List of population follow a north—south gradient.

Sampling site Latitude Longitude Abbreviation n A Ae Hp Hg
Recoleta -30.511 -71.101 Rec 28 7.38 3.64 043 0.63
Ovalle -30.614 -71.129 Ova 12 425 3.18 032 0.52
Las Chinchillas -31.571 -71.109 LCh 10 3.75 297 023 0.1
Tilapel -31.652 -71.206 I 22 438 294 035 0.58
Caimanes ~31.933 -71.137 Cai 27 3.00 2.17 023 037
Palquico -32.259 -71.138 Pal 24 425 2.59 025 045
Pedegua -32.353 ~71.069 Ped 29 475 2.63 029 046
Puchuncavi -32,732 -71.442 Puch 19 5.63 392 027 0.69
Quinteros -32.792 ~71.479 Qui 24 4.63 295 029 (.52
Tiltil -33.156 -70.896 Til 0 3.63 2,82 030 045
Tunquen -33.274 -71.652 Tun 24 475 275 045 0.52
Melipilla -33.385 -71.393 Mel 28 563 323 030 049
Navidad -33.964 -71.865 Nav 24 425 2.88 032 0.57
San Francisco -33.972 =70.707 SFco 29 623 3,77 027 0,68
de Mostazal

Coya -34.195 -70.563 Coy 24 6.25 3.68 034 0.66
Rengo -34.402 -70.871 Ren 22 563 3.71 035 0.69
Vichuquén -34.778 -72.045 Vich 10 425 341 0350 044
Tloca -34.953 -72.184 flo 10 450 253 0.37 0.58
Curicd -34.993 -71.229 Cur 12 3.25 3.20 039 057
Peyuhue -35.826 -72.612 Pey 12 3.13 2.64 041 0.55
Buchucnro -36.078 -72.794 Buch 10 3.63 2.79 033 0.54
Monte Zorro -36.329 ~72.835 Mzo 10 213 1.86 0.33 0.28
Trehuaco -36.426 -72.664 Tre 20 3.63 1.86 0.33 0.50
Hualqui -36.893 -73.020 Hua 10 4.88 3.63 0.38 0.61

36




@

2.5~

30-

@
<25

15~
0.7~

(b)

9.6-

0a-

©

¢.5-

a2 a4 28
L) -
[ ]
L
.
L]
. -
.
.
*
.\\_“_\3 .
-
.
L]
-
R .
.
.
L)
] [} T
az 34 28
.
»
.
.
.
L)
e
. .
L]
.
-
.
-
* L4
r L] L3
32 a4 K]
Latitude (decimal degrees)

Fig. 1 Pattern of changes in genetic diversity along the hypothesized invasion

pathway. The latitude of populations allocated along the north (in red) and south (in

blue) invasion pathway (considering 33° S as invasion core).

37




(@

n Je [ i
o Monte Zorro i e’ Melipilla Navldad Tunquén
R, .e_ i o S ;.. _______ ..._._.....................O.....O
™~ (T} @ ® ! Curcd  Las Chinchillas
=L —  Buch : Quinteros
G 9 uchucuro i
- ’ 1 Q
Rengo : Coya
1 | | | l
05 0.0 0.5 1.0
CA1
(b)
100%
Q
L g0% o
*2 80% 11
@ 70% I I
g 60% 110
Q. 50% 11 L
S 40%
L 11 mrefl
E 30% I I
o 20%
= i1
2 10% I I
0%
EYETSg3TE§3ES3L88E83228%
s 2PEo s 3 ¥REEs3gRTFEESEEE=252835 %
COC=EET S ECE a ® e O 5 =3I NE S
s f8 22558 £§ £ v 5 e8I
= 5 8%%358°F = § “3EF
g 3 =
©

Fig. 2 Cluster analysis performed on the populations of E. californica in Chile. (a)
Representation of the populations on a correspondence analysis (CA) plot. CAl =
12.4% and CA2 = 10.8%. (b) Allocation percentage values per sampling site for K =
2 determined by FLOCK. (c) Tree based on the Nei’s distance using neighbor-
joining (NJ) algorithm. For abbreviations of samples sites, see Table 1.

38




(a) (b)

Logistic regression Scenarlo 3
' 1 H - N

-y

-

-

-

1o T T

L] L] 1] 1
20000 5000 30000 35000 ADOOD

Clusterl

(Worning:  Tina s ot ' xcake)

Cluster2

§-8 Scenariol @@ Scenario2  @-® Scenario 3 @-8 Scenarfo 4

(©

tl

tdbl: Nib

Custer 1

Fig. 3 Result of the DIYABC analysis. (a) Logistic regression representing the

posterior probability of each scenario. (b) and (¢) the most likely scenario

{Scenario3) with Cluster 1 = Quinteros, Tunquén, Navidad and Coya, and Cluster 2 =

all other populations. Description in Method section.

39




(a)

- ‘ R'=0.017
P =0.420
105~
2 .
& . . .
2 - .
hod i Tl .
5 . . .
2 . . .
g .‘ . . . . . .
»
3&50- ..: * L] v - ~: Y * - . »
g . e %
E LI N L e *
[
- — e YT
025 ! 0.:':' I:‘.y ..: ;- o e
seh Se'L . ry K
. L]
* ‘ :.f.‘ : O.:.’. .’.c..ﬁ T * -:.. - -
L ]
0.00 . . ' 7.
102 200 200 400
Physical Distace
(b)
- ‘ . . R=0202

8 & 8
L n [N

Conditional Genatic Distance
13

-
(=]
t

269

. , P<001

Physical Distance

Fig. 4 Coefficient of regression (R) and P-value for regression on physical distance
between populations fitting to (a) pairwise genetic distance and (b) conditional

genetic distance for E. californica.

40




Table 81 Summary of parameters per loci. He: unbiaised expected heterozygosity;

Ho: observed heterozyosity; A: number of alleles; and Fis (Weir & Cockerham

1984).
All populations
Locus A Ho Hg Fis
ecalifdi5 10 021 0.77 0.614

ecalifdi22 23 033 086 0.507

ecalifdill 24 052 080 0.246

ecaliftet] 16 023 078 0.559
ecalifdil 13 009 031 0.653
ecalifdi3 9 065 065 -0.100
ecaliftet9 27 038 070 0.082
ecalifdilé 18 044 081 0.317

Overallloci 174 037 070 0.210
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Table S3 Allocation (ref) of populations performed with TRACE software (a
complementary method used with FLOCK) for k = 2 and k = 3 values. For

abbreviations of samples populations, see Table 1.

k=2

refl | Quiteros Tunquén, Navidad, Coya

ref2 Recoleta, Ovalle, Illapel, Palquico, Pedegua, Tiltil, Melipilla, San Francisco,
Rengo,Vichuquén, Iloca, Peyuhue, Monte Zorro, Trehuaco, Hualqui

k=3

refl | Quiteros Tunquén, Navidad, Coya

ref2  {Ilipel, Palquico, Pedegua, Trehuaco, Hualqui

ref3 | Recoleta, Caimanes, Rengo, Iloca, Buchucuro, Monte Zorro
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Table S4 ABC estimations of posterior distributions of parameters under scenario 3

using the prior distribution (see Method section) and the confidence estimates for

each parameter. The table shown the median of the posterior distributions for each

parameter and the 95% CT and the relative bias (see the DIY-ABC notice).

Parameter Median 95%CI Bias
NI 2230 [692; 4777] 0.074
N2 4130 [2340; 4970] 0.037
N3 3290 [1240; 4910] 0.020
1 198 [67; 240] -0,015
Laps 20.9 [1.5;29.8] 0.246
Nib 114 [12.8; 457] 0.261
N2b 289 [56.6; 489] 0.235
Humicrosat 8.6e-4  [53e-4;99e-4] -0.033 |
P 0.27 [0.15; 0.30] 0.017
SNI 2.0e-6  [1.9e-8;1.0e-5] -0.845




Table S5 Coefficient of multiple determination (R®) and probabilities (P) for

multiple regressions on distance matrices models fit to pairwise genetic distance

(Fst) and conditional genetic distance (¢GD) for E. californica. Empty cells represent

ecological variables whose inclusion in the model was not found to be significant (at

a = 0.05).
Fsr cGD

Predictor R’ P R’ P
Annual mean temperature 0.0008 0.8256 0.0026 0.2911
Mean diurnal range 0.0001 0.9360 0.0015 0.5863
Isothermality 0.0001 0.9779 0.0012 0.6383
Temperature seasonality 0.0004 0.9530 0.0007 0.7062
Max temperature of warmest month 0.0002 0.9170 0.0022 0.5655
Min temperature of coldest month 0.0003 0.9529 0.0024 0.4097
Temperature annual range 0.0002 0.9657 0.0012 0.6567
Mean temperature of wettest quarter 0.0001 0.9235 0.0024 0.3948
Mean temperature of driest quarter 0.0003 0.9607 0.0024 0.3392
Mean temperature of warmest quarter 0.0003 0.8550 0.0043 0.3900
Mean temperature of coldest quarter 0.0002 0.9020 0.0040 0.3989
Annual precipitation 0.0047 0.6490 0.0077 0.3001
Precipitation of wettest month 0.0002 0.9170 0.0075 0.2757
Precipitation of driest month 0.8130 0.0009 0.0035 0.1407
Precipitation seasonality 0.0006 0.8457 0.0033 0.1687
Precipitation of wettest quarter 0.0022 0.7498 0.0022 0.2790
Precipitation of driest quarter 0.0040 0.9790 0.0031 0.1576
Precipitation of warmest quarter 0.0006 0.8610 0.0106 0.1949
Precipitation of coldest quarter 0.0023 0.7390 0.0021 0.2720
Land cover 0.0496 0.9115 0.0026 0.4996
Altitude 0.0001 0.9441 0.0022 0.5177
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Fig. S1 Scenarios used in the Approximate Bayesian Computation (ABC) analyses.
Cluster 1 = Quinteros, Tunquén, Navidad and Coya; Cluster 2 = all other
populations). N1-N35: effective population sizes for populations 1-5. N1b and N2b:
effective number of founder specimens for invasive populations 1 and 2. tqy; and tap:
time duration of bottleneck for populations 1 and 2. t is the number in generations,

with t1<t2, Detailed description in Method.
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Fig. S2 Graphic approach according to Luikart et al. (1998) based on the count of

occurrence of alleles (abscissa) in each frequency class (ordinate). This approach was

used to detect recent genetic bottleneck considering all alleles in the 24 populations

of E. californica. In non-bottlenecked populations, there are many alleles that occur

at low frequencies and few alleles that occur with high frequency. List of population

follow a north-south gradient.
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