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Abstract

Most invasive species established in Europe originate from either Asia or North

America, but little is currently known about the potential of the Anatolian Peninsula

(Asia Minor) and/or the Near East to constitute invasion sources. Mediterranean forests

are generally fragile ecosystems that can be threatened by invasive organisms coming

from different regions of the Mediterranean Basin, but for which historical data are

difficult to gather and the phylogeographic patterns are still poorly understood for

most terrestrial organisms. In this study, we characterized the genetic structure of Meg-
astigmus schimitscheki, an invasive seed-feeding insect species originating from the

Near East, and elucidated its invasion route in South-eastern France in the mid 1990s.

To disentangle the evolutionary history of this introduction, we gathered samples from

the main native regions (Taurus Mountains in Turkey, Lebanon and Cyprus) and from

the invaded region that we genotyped using five microsatellite markers and for which

we sequenced the mitochondrial Cytochrome Oxidase I gene. We applied a set of pop-

ulation genetic statistics and methods, including approximate Bayesian computation.

We proposed a detailed phylogeographic pattern for the Near East populations, and

we unambiguously showed that the French invasive populations originated from

Cyprus, although the available historical data strongly suggested that Turkey could be

the most plausible source area. Interestingly, we could show that the introduced popu-

lations were founded from an extremely restricted number of individuals that realized

a host switch from Cedrus brevifolia to C. atlantica. Evolutionary hypotheses are dis-

cussed to account for this unlikely scenario.
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Introduction

Elucidating the routes of introduction of invasive spe-

cies is essential for the support of effective vigilance

against the identified key source populations. It also

helps to define the ecological characteristics of

introduced populations and then predict the potential

extent of their distribution areas (Kolar & Lodge 2001;

Estoup & Guillemaud 2010). A recent survey of the

alien insects that have established in Europe showed

that the arrival of such species has significantly acceler-

ated since the mid-1990s, as a probable result of global-

ization and the subsequent worldwide movements of

goods (Roques 2010a,b). Most invasive species found in

Europe originate from Asia and North America, but

very rarely from Asia Minor (i.e., Anatolian Peninsula)
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and/or the Near East. Little is actually known about

the potential of these areas to constitute invasion

sources. A number of invaders are actually ‘hitch-hik-

ers’, that is, associated to alien organisms intentionally

introduced by humans. One such example is insects

associated with cultivated or ornamental plants, in

which case their cryptic lifestyle impedes species detec-

tion and phytosanitary interventions. Species develop-

ing within fruits or seeds are particularly difficult to

detect, and may have a high invasive potential (Roques

et al. 2003).

The insect genus Megastigmus (Hymenoptera: Torymi-

dae) is a group of micro-hymenoptera that mostly

develop in seeds of various plants (Auger-Rozenberg &

Roques 2012). The females directly lay eggs in the host

plant, and each larva develops within a single seed until

adulthood, affecting the host reproduction. Infested

seeds are visually undetectable. Due to seed trade and

the increase in international seed exchanges, several spe-

cies of Megastigmus have been introduced accidentally in

different parts of the world. When successful, such inva-

sions often have major economic consequences (Roques

& Skrzypczynska 2003; Roques 2010a). Previous data on

molecular phylogeny of Megastigmus spp. showed that

the evolution of the conifer-associated wasps is strongly

related to host use (Auger-Rozenberg et al. 2006). Not

surprisingly, in many cases, the Megastigmus species

were accidentally introduced when their hosts were

brought to a new region for cultivation purposes.

The host plant genus Cedrus (Pinaceae) includes four

coniferous evergreen species, three of which originate

from the Mediterranean region (namely C. atlantica

Carr., C. libani A. Richard and C. brevifolia (Hook. f.)

Henry) and one from the Himalayas (C. deodara (Rox-

burgh) Don). Cedrus species have been successfully

introduced in many countries outside their natural

range (Qiao et al. 2007), while native populations have

decreased due to human activity (C. libani and C. atlan-

tica) or to natural decline in population size (C. brevifoli-

a, limited to Cyprus) (Bou Dagher-Kharrat et al. 2007;

Fady et al. 2008). Seeds of C. atlantica were imported

from North Africa to France in the 1860s for reforesta-

tion of the Mediterranean zone. The associated seed

chalcid M. pinsapinis (Hoffmeyer) was probably intro-

duced in France at the end of the nineteenth century

with imported seed lots (Fabre et al. 2004). Much more

recently, the closely related species M. schimitscheki

Novitzky was detected in 1995 from cedar seeds in

Southern France (Fabre et al. 2004; Roques et al. 2008).

Its native range is the Eastern Mediterranean region,

where it develops on C. libani in the Near East (Turkey,

Syria and Lebanon) and C. brevifolia in Cyprus (Fabre

et al. 2004). Although these two cedar species were

introduced in many Mediterranean countries as orna-

mental trees, invasive populations of M. schimitscheki

have been observed to date solely in South-eastern

France. M. schimitscheki has progressively invaded most

of the planted C. atlantica stands, even showing a com-

petitive advantage over its direct competitor M. pinsapi-

nis. It is responsible for considerable damage,

destroying up to 80% of the seeds in a given locality

(Boivin et al. 2008).

As C. libani seeds used for reforestation of Southern

France mainly originated from Turkey in the early

1990s, foresters and entomologists logically suspected a

Turkish origin (Boivin et al. 2008). Yet, a possibility still

remained that the first migrants were imported from

Lebanon with seeds of C. libani (Fabre et al. 2004). On

the contrary, a Syrian or Cypriot origin was considered

as very unlikely, due to the very restricted seed imports

from these countries: Cedrus populations are extremely

restricted in Syria, where the presence of the wasp is

still to be ascertained (Novitzky 1954). Besides, seed

importations from Cyprus were not authorized in

France (French Ministry of Food, Agriculture & Fishing

2010).

Plausible routes of introduction have traditionally

been inferred using direct methods relying on current

and historical observations of invasive species and indi-

rect methods relying on patterns of population genetic

data (Guillemaud et al. 2010). While direct methods are

based on historical and observational data that may be

incomplete, sparse or misleading, indirect methods

using genetic data have frequently shed a critical light

on complex and sometimes counterintuitive introduc-

tion histories (Estoup & Guillemaud 2010). But stochas-

ticity in the demographic and genetic history occurring

during introduction (such as genetic drift and admix-

ture events) may produce complex genetic signals that

most indirect methods fail to decipher (Guillemaud

et al. 2010). Approximate Bayesian computation (ABC)

allows the use of molecular data to perform model-

based inference in a Bayesian setting (Beaumont et al.

2002). The ABC approach has been recently adapted to

invasion-associated demographic and evolutionary sce-

narios (Guillemaud et al. 2010; reviewed in Estoup &

Guillemaud 2010). ABC is an extension of classical full-

likelihood Bayesian analysis, which allows bypassing

exact likelihood computation in complex demographic

scenarios by using coalescent-based simulations and

summary statistics (Csilléry et al. 2010).

The aim of the present study was (i) to assess the

genetic structure of M. schimitscheki populations over

their native range, as the phylogeographic patterns of

species from the Near East are still poorly described

and understood; and (ii) to determine the most plausi-

ble demographic scenario(s) describing the introduction

history of the invasive French populations. We analysed
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insects from both native and introduced ranges, gath-

ered in all the regions where M. schimitscheki has been

mentioned except for Syria. Our goal was also to deter-

mine whether genetic data support a bottleneck in pop-

ulation size during the introduction of M. schimitscheki

in France and if the severity of this bottleneck could be

quantified. To achieve these aims, we used two types of

molecular markers, namely mitochondrial DNA

sequences (mtDNA) and five microsatellite loci. Both

markers can now be combined in ABC analyses to more

accurately test alternative historical scenarios (Cornuet

et al. 2010).

Materials and methods

Sample collection, identification and DNA extractions

Samples were collected from 19 sites in the native and

introduced ranges of M. schimitscheki (Table 1, Fig. 1).

The wasps were sampled in the native range by ran-

domly collecting seeds from the ground once the cones

had disarticulated, in eleven cedar forests (eight in two

regions of Turkey (Western and Eastern Taurus moun-

tains) in 1997, one in Cyprus in 2003 and 2004 and two

in Lebanon in 2005 and 2006; difficulties in sampling

such material explaining temporal differences of collec-

tion dates). In France, we also sampled eight localities

during the autumn of 2003. We randomly collected ten

cones per tree from five trees per site before cones dis-

articulated. Wasp-infested seeds were detected by X-ray

radiography using a Faxitron-43855® apparatus (15 kV,

3 mA, 3′30″–4′30″) and X-ray sensitive films (Kodak®

‘Industrex M’). Infested seeds were placed in individual

rearing boxes stored in an outdoor insectary located at

INRA, Orléans, France or at INRA, Avignon, France.

After emergence and identification, the insects were

preserved in 100% ethanol at �20 °C.
As wasps are haplodiploid, only diploid (i.e. female)

genotypes were used to assess concordance with the

assumptions of further population genetic analyses, as

in studies carried out on other species of this insect

genus (Nicholls et al. 2010). Total genomic DNA was

extracted from the entire body of adults following pro-

cedures from the DNeasy Blood & Tissue Kit (Qiagen,

Hilden, Germany) and eluted in 200 lL of AE buffer, or

using the Chelex method (Walsh et al. 1991). The

numbers of individuals per population used for

sequencing (mtDNA) and genotyping (microsatellites)

are presented in Table 1.

MtDNA sequencing and analysis

We used polymerase chain reactions (PCR) to amplify a

segment of cytochrome oxidase I (COI) using the

primers 1775-COI-F (Clyde, 5′-CGAATAAATAATA-

TAAGATTTTG-3′), and 2773-COI-R (Bonnie, 5′-GGAT

AATCTCTATATCGACGAGGTAT-3′) (Scheffer & Gris-

sell 2003). All PCR products were purified with QIA-

quick PCR purification kit (Qiagen) or genelute PCR

clean-up kit (Sigma, Steinheim, Germany). Purified PCR

products were directly sequenced with Bonnie and an

internal primer C1-J-2183 (Jerry, 5′-CAACATTTATT

TTGATTTTTTGG-3′, Simon et al. 1994). Sequencing was

performed using the big-dye terminator sequencing kit

(PE Applied Biosystems) and carried out with an ABI

3100 automatic sequencer.

One hundred and thirty six individuals were

sequenced in both directions. Sequences were aligned

using Clustal W (Thompson et al. 1994) as implemented

in BioEdit 7.05 (Hall 1999). No insertion, deletion or

stop codons were observed. All sequences were trun-

cated to the same length (730 bp).

A 95% confidence statistical parsimony network was

constructed using TCS 1.21 (Clement et al. 2000). Number

of haplotypes, haplotype diversity and nucleotide diver-

sity were obtained using DNASP 5.0 (Librado & Rozas

2009). Neutrality of the data was tested for geographic

populations using Fu’s Fs (Fu 1997) and R2 (Ramos-

Onsins & Rozas 2002) statistics available in DnaSP. A

simulated annealing procedure implemented in SAMOVA

1.0 (Spatial Analysis of MOlecular VAriance, Dupan-

loup et al. 2002) was used within the native area to

define groups of samples that are geographically homo-

geneous and differentiated from each other. The GPS

coordinates of each sampled locality in the Near East

were used as geographic information. The simulations

were conducted with K (number of groups) ranging

from two to ten and repeating each simulation anneal-

ing process 100 times. The optimal number of groups

supposedly corresponds to the value of K for which the

FCT value (the proportion of genetic variation among

groups) reaches a plateau (Dupanloup et al. 2002).

Microsatellite genotyping and analysis

Samples were genotyped at five microsatellite loci pre-

viously developed for M. spermotrophus (Boivin et al.

2003). Either the forward or reverse primer set was 5′

end-labelled with a fluorescent dye (6-FAM, HEX-

Sigma, or NED-Applied Biosystems) for laser-beam

detection of the PCR products that were sized on an

ABI PRISMR 3100 Genetic Analyzer using the GeneScan

software (Applied Biosystems). Genotypes that could

not be reliably scored were re-amplified at least once,

and if necessary were excluded as missing data. The

data set finally contained 340 individuals from 19 sites.

File format conversions were done using Convert 1.31

(Glaubitz 2004). The same software was used to
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calculate the numbers and allelic frequencies of private

and shared alleles among populations. Mean observed

and expected heterozygosities (HO and HE, respectively)

were computed over all loci for each sampling site in

Genetix 4.05.2 (Belkhir et al. 2004) (Table 1). We used

FSTAT 2.9.3 (Goudet 2002) to calculate allelic richness

(AR) for each population and each main region,

corrected for differences in sample size. To calculate the

richness of private alleles, we used the rarefaction pro-

cedure in HP-RARE (Kalinowski 2005), which compen-

sates for the increase in likelihood of sampling rare

alleles as sample size increases.

Hardy-Weinberg equilibrium (HWE) was tested using

Arlequin 3.11 (Excoffier et al. 2005) for each locus and

population, with a significance level of 95%, using 1000

permutation steps and 100 000 steps in the Markov

chain. Linkage-disequilibrium (LD) was also tested in

each population for all pairs of loci with 10 000 permu-

tations. Sequential Bonferroni corrections (Rice 1989) for

multiple comparisons were applied for both tests.

FreeNA (Chapuis & Estoup 2007) was used to esti-

mate the null allele (NA) frequencies for each locus in

each population according to the Expectation Maximi-

zation algorithm described by Dempster et al. (1977).

Pairwise FST (Weir & Cockerham 1984) were estimated

using the Excluding Null Alleles (ENA) correction

implemented in FreeNA (Chapuis & Estoup 2007). The

95% confidence intervals of corrected pairwise FST val-

ues were obtained by bootstrapping 5000 times over

loci. A population-based neighbour-joining (NJ) tree

was reconstructed using Populations 1.2.30 software

(Olivier Langella, http://bioinformatics.org/~tryphon/

populations/) using Cavalli-Sforza and Edwards chord

distance on the genotype data set corrected for null

alleles. Bootstrap values were computed by resampling

loci and are given as a percentage of 2000 replicates.

Pairwise FST and phylogenetic trees of populations were

assessed after exclusion of the four populations for

which the sampling size was insufficient, namely Konak

(Pop10), Y. Gokdere (Pop15), Maasser Ech’ Chouff

(Pop19) and Sault (Pop5).

We also performed assignment tests using all geno-

typed individuals, i.e., also including the populations

with a low sample size. We first used the program Struc-

ture 2.3.1 (Pritchard et al. 2000) to estimate the number of

genetic clusters actually represented in the data set to dis-

entangle the genetic structure over the sampled area. We

used 100 000 burn-in steps followed by 100 000 MCMC

simulation steps with a model allowing admixture. To

assess the consistency of results, we performed 25 inde-

pendent runs for each value of K ranging from 1 to 10. A

similar analysis was then conducted within each of the

two identified groups, namely the native range (11 locali-

ties in the Near East) and the invasive range (eightT
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populations from France) with K = 1–8 and K = 1–6,

respectively, using the same options. The most likely

number of clusters was determined using the method

described in Evanno et al. (2005).

Subsequently, we assigned the invasive French indi-

viduals to the four Near East main regions, namely

West Turkey, East Turkey, Cyprus and Lebanon (that

also proved to correspond to different genetic clusters,

see results) using Geneclass 2.0 (Piry et al. 2004). The

Bayesian assignment test was based on microsatellite

signature using the standard criterion described by

Rannala & Mountain (1997). We calculated the mean

multilocus assignment likelihood for each French indi-

vidual (i) to each of the four putative sources (the

groups of Near East native populations) (s), expressed

as �log(Li?s). Then, we calculated the mean of this sta-

tistic per introduced population. The deduced most

probable source was identified as the group with the

lowest �log(Li?s) values for a given French population

(Ciosi et al. 2008).

Approximate Bayesian Computation analysis of
introduction routes

An ABC approach was further developed using DIYABC

1.0 (Cornuet et al. 2010) with both mitochondrial and

microsatellite markers, to generate probabilistic estima-

tions of competing introduction scenarios. DIYABC pro-

vides the opportunity to explicitly include unsampled

populations that potentially contribute to an invasion

scenario (see Miller et al. 2005; Guillemaud et al. 2010;

Lombaert et al. 2011). Basically, a scenario is quantified

by a historical model describing how the sampled pop-

ulations are connected to their common ancestor

through a succession in time of events (population

divergence, discrete changes in effective population

size, admixture and sampling) and interevent periods

(Cornuet et al. 2010).

We did not consider the Lebanese cluster in the sce-

narios, as all results suggested that it is not a plausible

source for the French populations (see results). For the

sake of simplicity, native population samples were

grouped according to regions (West Turkey, East

Turkey and Cyprus). To determine the invasion routes,

we first considered only the French site where M. schi-

mitscheki was first observed in Europe, namely Mont

Ventoux (Pop3). Then, as the French populations were

shown to be structured in two genetic groups (see FST
and Structure results), we also conducted an ABC

analysis in which the French sample was St Michel that

mostly correspond to the second cluster, to determine

whether this population could originate from a different

source. M. schimitscheki displays a generation time of

2 years (Fabre et al. 2004), we thus assumed 0.5 genera-

tion per year in all models.

A two-step analysis procedure was followed to make

the ABC analysis computationally feasible. The first

step consisted in modelling the population structure in

the Near East (West Turkey, East Turkey and Cyprus)

assuming a common unsampled ancestral population

and including the possibility of genetic admixture

between them (10 competing scenarios, Fig. 2A). Bottle-

necks were not included in the models because we

expected any bottleneck event to have happened too far

in the past to be detectable at the time the populations

were sampled. The second step consisted in modelling

the establishment of the French invasive population

(Mont Ventoux or St Michel) by simulating a new refer-

ence table taking into account the scenario that had the

highest significant probability value in the first step.

The same priors of the scenario parameters were used

at both first and second steps, so that the posterior dis-

tributions of parameters from the first step were not

used as prior in the second one. Sampling of M. schi-

mitscheki populations could not be exhaustive in the

native area, as sampling is not straightforward there.

Fig. 1 Sample locations of 19 M. schi-

mitscheki populations used in this study.

The shaded zone corresponds to the dis-

tribution areas of the Cedrus host species

(from Fady et al. 2008).
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Recent work suggests that if the actual source popula-

tion has not been sampled and if native populations are

genetically structured, studies based on molecular

markers may generate incorrect conclusions about the

source of an introduced population (Lombaert et al.

2011). Following the suggestions of these authors, we

thus integrated the effects of unsampled native source

populations on DIYABC inferences by building 10 compet-

ing scenarios in which the introduced population could

originate from an unsampled population and allowing

admixture to occur (Fig. 2B). A bottleneck in population

size at introduction was included in all models.

Genetic variation within and between populations

was summarized using a set of statistics conventionally

used in ABC analyses (Cornuet et al. 2008, 2010). For

microsatellites, we used the mean Garza-Williamson’s

M index as a one sample summary statistic, and used

pairwise FST values and the mean classification index

for two sample summary statistics. For both one and

two sample summary statistics, we used the mean num-

ber of alleles per locus, the mean genic diversity and

the mean allelic size variance. The maximum likelihood

of admixture was also used. For mtDNA sequences, we

used the number of distinct haplotypes, the number of

segregating sites, the mean number of pairwise differ-

ences, the variance of the number of pairwise differ-

ences for one sample summary statistics, and the mean

of within sample pairwise differences and the mean of

between sample pairwise differences for two sample

summary statistics.

For each of the two steps of the ABC analyses,

5 000 000 genetic data sets were simulated using the

coalescent approach implemented in DIYABC, providing

500 000 simulations for each scenario. Parameters of

genetic data sets were drawn from their prior distribu-

tions, which were kept deliberately broad as no prior

information was known. For both steps, robustness of

inferences was evaluated by running two analyses with

two different sets of priors (Table S1, Supporting Infor-

mation), and by estimating for both sets of priors the

posterior probabilities of the competing scenarios using

a polychotomous logistic regression on the 1% of simu-

lated data sets closest to the observed data (Cornuet

et al. 2010). The selected scenario was that with the

highest significant probability value with a nonoverlap-

ping 95% confidence interval. Confidence in scenario

choice was evaluated by computing type I and type II

errors in the selection of scenarios. Posterior distribu-

tions of demographic parameters under the selected

scenario were estimated using a local linear regression

on the 5000 simulated data sets (0.1%) closest to our

real data (Beaumont et al. 2002). Because the effective

number of founders of the French invasive population

(NI) may partly depend on the duration of the bottle-

neck period during introduction (BDI), bottleneck sever-

ity at introduction was assessed from posterior

distributions as a composite demographic parameter

expressed as log10(BDI/NI) (Lye et al. 2011). Bottleneck

duration was bounded to a maximum of five gen-

erations after introduction because invasive popula-

tions of M. schimitscheki displayed relatively high

population growth rates (Fabre et al. 2004; Boivin et al.

2008).

Results

Mitochondrial DNA data

A total of 11 haplotypes was detected (GenBank acces-

sion numbers JX516077–JX516087). No population had a

statistically significant Fu’s Fs value, but three Turkish

populations had a significantly negative R2 value (Kapi-

Fig. 2 Graphic representation and posterior probabilities of the competing scenarios considered in the first (A) and second (B) steps

of the approximate Bayesian computation (ABC) analysis. *The best scenario was the scenario with the highest posterior probability

(P) and which 95% CI did not overlap with those of other competing scenarios. Times (tanc, tC, tET, tWT, tUi and tI) are translated into

numbers of generations running back in time from 2003 assuming 0.5 generation per year. Time 0 is the sampling year 2003 and time

3 is the sampling year 1997. All parameters (Nanc, NS, NU, NI, tanc, tC, tET, tWT, tUi, tI, BDI, and ra) with associated prior distributions

are described in Table S1 (Supporting Information). For all scenarios, populations were assumed to be isolated from each other, with

no exchange of migrants. (A) Assessment of the genetic relationships of the three most likely sources of introduction in the native

area. Native populations of Cyprus (C), West Turkey (WT) and East Turkey (ET) had a stable effective population size NS and

merged tanc generations ago into an unsampled ancestral population of stable effective population size Nanc. Native C, ET or WT pop-

ulations merged into another native population tC, tET or tWT generations ago (respectively), with tanc > tC, tET and tWT. The possibil-

ity of genetic admixture at a rate ra between C, WT and ET populations was considered in four scenarios. (B) assessment of the

source of the French invasive population. The French invasive population was founded at Mont Ventoux (MV) tI generations ago

from unsampled native populations (UC, UET and UWT). Introduction events were followed by bottleneck period of BDI generation

(s) involving a potentially small constant number of founders (NI), which then reached a larger stable effective population size (NS).

Relationships between native populations [Cyprus (C), West Turkey (WT) and East Turkey (ET)] were consistent with the results of

the first step of the ABC procedure. Unsampled native populations (UC, UET and UWT) merged into the sampled native populations

(C, ET and WT, respectively) at time tUi, with tUi � tanc and tET, tUi � tI, and i referring to as UC, UET or UWT.
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dag, Konak and Sevindik; P < 10�5). The overall haplo-

type (h) and nucleotide (p) diversities were estimated to

0.689 and 0.00263, respectively. Haplotype diversities

within populations ranged from 0 to 0.733, 10 of the 19

sites having a haplotype diversity of 0 (all populations

from Cyprus, Lebanon and France, Table 1).

(A)

(B)
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The geographic distribution of the 11 haplotypes is

shown on Fig. 3A, B. There were three major haplo-

types, found in at least 20 individuals. The main haplo-

type HT1 was found in 61 individuals (all French, all

Cypriot and four Turkish individuals). HT2 was the

most common in Turkey (41 individuals), and HT11

was found only in Lebanon (20 individuals). Two hapl-

otypes, namely HT3 and HT5, were found in Turkey

and shared by fewer individuals. All other haplotypes

were unique and found only in Turkey.

The haplotype network (Fig. 3C) had a maximum of

five mutational steps between haplotypes. The three

main haplotypes described earlier differed from each

other by one or two mutation(s) only. The Turkish HT2

was surrounded by sets of closely related rarer haplo-

types also restricted to Turkey. Note that the Lebanese

haplotype was the most distant from HT1, the only

haplotype found in the introduced range.

The SAMOVA was conducted on individuals of the

native range. The FCT values reached a plateau when K

was set to 3 (FCT = 0.71465; P = 0.00196). SAMOVA group

1 was located in Cyprus (Pop17), SAMOVA group 2 was

located in Lebanon (Pop18 and 19) and SAMOVA group 3

corresponded to the Turkish populations (Pop9 to

Pop16).

Microsatellite data

Genetic diversity and null alleles. Multilocus genotypes

were obtained with high genotyping success (97.6%).

Except for assignment tests that were run on all

individuals, analyses were performed on the 15 popula-

tions with at least 10 individuals. The estimated genetic

variability across the five loci for each population is

summarized in Table 1. Allelic frequencies per popula-

tion are shown in Table S2 (Supporting Information).

The observed and expected heterozygosities (HO and

HE) ranged from 0.46 to 0.82 in Near East populations,

and from 0.30 to 0.54 in France.

Significant LD was found between some pairs of loci

in some populations, but a given pair of loci was never

in significant LD more than three times. We thus consid-

ered that the five loci were independent. The average

proportion of NA for each locus was below 3%, except

for MS2-162 (almost 14%). After Bonferroni correction,

the HWE tests revealed that eight of the 75 popula-

tions 9 locus combinations showed significant depar-

tures. Two-thirds of the significant tests concerned the

locus MS2-162, which may be due to the presence of NA.

Consequently, we performed the following analyses

both with and without MS2-162 to achieve unbiased

and robust results. As the results were similar in

both cases, we only report those concerning the five

loci data set.

Population structure and assignment tests. The matrix of

pairwise FST obtained with the ENA correction is given

in Table 2. The global measure of genetic differentiation

was quite high, with FST = 0.209 (CI = 0.16–0.28).

The unrooted NJ tree clearly separated the introduced

populations from the native ones with high bootstrap

value (Fig. 4). Four subclades could be further identi-

fied within the native populations, corresponding to the

main regions, that is, West Turkey (Pop9, 11 and 12),

East Turkey (Pop13, 14 and 16), Cyprus (Pop17) and

Lebanon (Pop18). Interestingly, the Cyprus population

was closest to the introduced clade, reflecting the mito-

chondrial results.

We further used Structure on different data sets to

infer the population genetics structure through individ-

ual assignments.

Global data set: Following the method of Evanno

et al. (2005), the optimal number of clusters was 2. In all

25 runs, the two groups corresponded to the invasive

vs. the native populations, with mostly well-assigned

individuals. Some Cypriot individuals appeared

admixed between both clusters (Fig. 5A). Near East

data set: The method of Evanno et al. (2005) suggested

that the most likely number of clusters within the

native area was K = 3. The 25 runs raised very similar

results, with the three identified clusters corresponding

to the sampled countries, thus reflecting the SAMOVA

mitochondrial results. As DK reached a maximum for

K = 3 but formed a wide peak, with relatively high val-

ues between K = 2 and K = 4, we also explored the

genetic structures corresponding to these values of K.

Interestingly, for K = 2, one cluster was formed by the

Lebanese populations while the other one grouped all

Turkish and Cypriot individuals. Concerning K = 4, the

results revealed a genetic structure corresponding to the

main regions, that is, Lebanon, Cyprus, and Eastern

and Western Taurus mountains in Turkey. The results

for the three values of K are shown in Fig. 5B. Invasive

data set: The structure results clearly suggested K = 2

as the most likely number of clusters in France

(Fig. 5C). The results were consistent across runs, and

showed one main cluster grouping populations Pop1 to

Pop4 (including the region of first detection of the

wasp, Mont Ventoux) and one cluster mostly corre-

sponding to Pop5 to Pop8 (including the differentiated

population of St Michel).

The assignment tests obtained with GeneClass allow

ascertaining population membership of individuals. The

mean �Log(Li?s) values obtained for each French pop-

ulation are presented in Table 3. The group with the

lowest �Log(Li?s) values for each invasive population

was always Cyprus. On the other hand, Lebanon was

always the least plausible source for French populations

(highest �Log(Li?s)).
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Approximate Bayesian Computation analysis of introduction

routes. The first step of the ABC procedure aimed at

assessing the genetic relationships of the three most

likely sources of introduction in the native area (West

Turkey, East Turkey and Cyprus), as previous analyses

allowed to exclude Lebanon as a putative source. The

results unambiguously pointed to a scenario where the

East Turkish group is an admixture of West Turkey and

Cyprus (scenario 7, see Fig. 2A). The choice of this sce-

nario was patently supported by high posterior proba-

bilities using two alternative sets of priors (0.836 and

0.803) and low type I and type II errors using prior set

1 (Table 4).

The second step of the ABC treatment aimed at defin-

ing the source of the French invasive populations.

When using Mont Ventoux as the tested invasive popu-

lation, there was unambiguous evidence for an intro-

duction from Cyprus without any admixture with any

of the Turkish groups (scenario 1, Fig. 2B). The choice

of this scenario was highly supported by strong poster-

ior probabilities using two alternative sets of priors

(0.849 and 0.794) and by noticeably low type I and type

Table 2 Pairwise FST divergence between 15 different geographical populations of M. schimitscheki. Populations no. 5, 10, 15 and 19

were excluded because of their weak sample sizes. Pairwise FST matrix was obtained using all microsatellite loci after applying the

Excluding Null Alleles correction for null alleles using FreeNA. NSFST values nonsignificantly different from 0 (P > 0.05)

Populations

Invasive range Native range

1 2 3 4 6 7 8 9 11 12 13 14 16 17 18

Ménerbes 1

Vénasques 2 0.13

Mont Ventoux 3 0.13 0.09

Ventouret 4 0.07 0.02NS 0.06

St Michel l’Obs. 6 0.30 0.25 0.29 0.19

St Pierre d’Argençon 7 0.16 0.11 0.18 0.05 0.24

Sisteron 8 0.06 0.07 0.07 0.00NS 0.15 0.06

Arpaçik 9 0.35 0.27 0.31 0.25 0.30 0.30 0.28

Sevindik 11 0.34 0.26 0.25 0.22 0.29 0.27 0.26 0.06

Aykiriçay 12 0.31 0.24 0.27 0.22 0.27 0.26 0.25 0.00NS 0.02NS

Sultandagi 13 0.30 0.23 0.23 0.20 0.29 0.25 0.23 0.11 0.02NS 0.07

Kapidag 14 0.28 0.22 0.20 0.18 0.29 0.25 0.22 0.13 0.04 0.08 0.01NS

Abanoz 16 0.27 0.22 0.23 0.19 0.27 0.24 0.22 0.10 0.04 0.07 0.04 0.02

Paphos 17 0.20 0.16 0.11 0.14 0.32 0.24 0.17 0.22 0.17 0.19 0.13 0.11 0.14

Tannourine 18 0.48 0.41 0.37 0.39 0.49 0.45 0.42 0.30 0.21 0.26 0.19 0.19 0.22 0.26

(A)

(B)

(C)

Fig. 3 Geographical distribution of

M. schimitscheki mitochondrial haplotypes

and parsimony network. (A) Native

range in the Near East, (B) Introduction

range in France, (C) Haplotype network

of the 11 haplotypes.
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II errors using prior set 1 (Table 4). Consistently, when

using St Michel l’Observatoire as the tested invasive

population, an introduction from Cyprus only was still

considered as the most plausible scenario, which was

supported by strong posterior probabilities using the

same two alternative sets of priors (P = 0.798 [0.604–

0.992], and P = 0.755 [0.632–0.921]) and low type I and

type II errors using prior set 1 (0.078 and 0.109, respec-

tively). Because mtDNA haplotype frequencies were

found identical in France and Cyprus, we also tested

for their possible overarching effect on ABC inferences

by performing a similar step 2 ABC analysis using

microsatellite data only and prior set 1. The best sce-

nario was still an introduction from Cyprus only

(P = 0.756 [0.632–0.880]; type I error = 0.081 and type II

error = 0.131), which indicated consistency with our

previous results and no overarching effect of mtDNA

frequencies.

We used a local linear regression to estimate the pos-

terior distributions of all parameters of the scenario

selected in the second step analysis using Mont Ven-

toux (scenario 1, Table S1, Supporting Information).

Only the posterior distributions of the effective number

of founders during an introduction step (NI), the stable

effective population size (NS) and the admixture rate

(ra) showed distinct modes, which were different from

the distribution of the prior values (Table S1 & Fig. S1,

Supporting Information). This suggested that these pos-

terior values were informative as being derived from

the genetic data rather than being driven by the prior

distributions (Cornuet et al. 2010). DIYABC estimated the

median rate of admixture from Cyprus into Eastern

Turkey at 0.23 [0.12–0.61]. The median stable effective

population size in the native area (NS) was estimated at

50 100 [21 100–89 900], while the number of founders of

the invasive population (NI) was estimated to at the

rather low value of 9.3 [4.4–101] (Table S1, Supporting

Information). Computing posterior distributions of the

effective number of founders of the French invasive

population (NI) and the duration of the bottleneck per-

iod during introduction (BDI) provided an additional

strong support for a particularly severe bottleneck in

population size during the establishment of the French

population (Fig. 6).

Discussion

Population genetic diversity and genetic structure in
the native range

Very few studies have analysed the phylogeographic

history of terrestrial organisms in the Near East, espe-

cially for insects (Horn et al. 2006; Bodur et al. 2007;

Simonato et al. 2007; Stone et al. 2007; Nicholls et al.

2010). The present study demonstrates that Near East

can be the source of successful forest invasive species

and provides critical knowledge of the biogeographical

structure of Anatolia.

Across its native range, M. schimitscheki exhibited a

rather high genetic diversity and a strong genetic struc-

ture. The native area consisted of three or four genetic

clusters identified with microsatellites, corresponding to

a geographical pattern, that is, West Turkey, East Tur-

key, Cyprus and Lebanon (the differentiation within

Turkey being weakest based on Structure results). Inter-

estingly, the results obtained with mtDNA were quite

similar, corresponding to the three sampled countries.

First, results showed an isolation of Lebanese popula-

tions, with a major endemic haplotype, and a high level

of genetic differentiation observed with microsatellites.

Cedrus libani from Lebanon and Turkey are genetically

strongly differentiated and could be regarded as sepa-

rate subspecies that probably arose from one refugium

in Lebanon and multiple refugia in Turkey after the last

Quaternary glacial cycle (Fady et al. 2008). The phyloge-

ographic structure of its associated wasp suggests very

similar genetic patterns, probably resulting from histori-

cal host—parasite association (Auger-Rozenberg et al.

2006). Yet, the Lebanese population of M. schimitscheki

is genetically depauperate when compared to the Turk-

ish populations (only two mtDNA haplotypes and a

relatively low allelic richness). In Lebanon, the isolated

populations may thus result from relict populations that

did not expand after the last glacial maximum, as

observed for the circum Mediterranean bark beetle Tom-

Fig. 4 Unrooted neighbour-joining tree based on Cavalli-Sforza

& Edwards (1967) chord distance. Bootstrap values indicated

at each node are percentage support based on 2000 bootstrap

iterations.
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icus destruens (Horn et al. 2006). These populations may

well have experienced genetic drift due to the geo-

graphical isolation, fragmentation and drastic reduction

of its host populations from anthropogenic activities

(Fady et al. 2008).

Cyprus was the second-most differentiated popula-

tion. FST values between Cyprus and Turkey were high,

but still lower that those between Turkey and Lebanon

or Cyprus and Lebanon. The special feature of the Cyp-

riot population of M. schimitscheki is that it is exclu-

sively associated with C. brevifolia, an endemic Cypriot

taxon that probably diverged several million years ago

from C. libani (Qiao et al. 2007). C. brevifolia is also

found in small and fragmented populations but shows

a high level of diversity. Its range is currently restricted

to a single forest (Paphos) with patchy nonuniform

human-exploited populations. Seed dispersal and the

original genetic pool can partly explain the high genetic

diversity of the cedar species in this small area (Eliades

et al. 2011). The single mtDNA haplotype can reflect, as

in Lebanon, a demographic bottleneck resulting in

strong genetic drift due to drastic anthropogenic

impacts on host population size.

Within Turkey, mtDNA haplotypes were all closely

related. The absence of deep phylogeographic isolation

suggests that Turkish M. schimitscheki populations origi-

nate from the same refugium or the same group of refugial

areas. The several haplotypes indicate a probable recent

diversification centre in that region. The significantly

negative values of R2 for some Turkish populations

Table 3 Mean per population of individual assignment likeli-

hoods for each French locality (Li?s values expressed on a

�log scale), to potential source populations corresponding to

the four Near East groups. In bold, the sample with the lowest

�Log(Li s) values

Introduced

populations

Native populations: Near East groups

West

Turkey

East

Turkey Cyprus Lebanon

1-Ménerbes 10.807 9.733 6.227 15.534

2-Vénasques 10.613 9.460 6.386 15.911

3-Mont Ventoux 11.588 9.769 6.094 16.054

4-Ventouret 10.660 9.526 6.580 16.141

5-Sault 9.745 8.772 6.792 16.669

6-St Michel

l’Observatoire

8.397 9.204 7.410 13.843

7-St Pierre

d’Argençon

9.714 9.001 7.508 16.142

8-Sisteron 10.672 9.356 6.512 15.847

(A)

(B)

(C)

Fig. 5 Graphical representations of

nuclear genetic clusters for samples from

the global data set, the native and the

introduction ranges, respectively,

inferred from STRUCTURE simulations,

with the corresponding curves of Evan-

no’s DeltaK. Each individual is depicted

by a vertical line that is partitioned into

K coloured sections. (A) Assignment of

the 340 individuals from the global data

set to K = 2 clusters. (B) Assignment of

the 156 native individuals to K = 2, K = 3

and K = 4 clusters; (C) Assignment of the

184 introduced French individuals to

K = 2 clusters.
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(even if the Fu’s Fs, better for large samples (Ramos-On-

sins & Rozas 2002) did not reject the null hypothesis of

constant size) and the typical star-shape topology of

Turkish haplotypes suggest a genetic structure influ-

enced by a rapid range or demographic expansion,

probably also linked to the extensive national reforesta-

tion programmes in Turkey (Kaya & Raynal 2001).

Microsatellite markers characterized two differentiated

population groups corresponding to the Western and

Eastern Taurus Mountains, when four clusters were

fixed for the assignment tests. High gene flow appar-

ently occurs at a regional scale (within mountainous

ranges) as observed in another Megastigmus species

(Nicholls et al. 2010) but is more restricted at relatively

larger scales (between regions). This is consistent with

the flight capacities of Megastigmus species over several

dozens of kilometres (Jarry et al. 1997). Moreover, ABC

unexpectedly pointed to a high admixture rate (23%)

from Cyprus to the Eastern Taurus. This suggests recur-

rent unidirectional gene flow between Cyprus and the

closest continental populations assisted by dominant

northwards-blowing winds because the distance

between Cyprus and Eastern Taurus (approximately

280 km) exceeds the active flight abilities of the wasp.

Similar patterns were found in the eastern pine proces-

sionary moth Thaumetopoea wilkinsoni (Simonato et al.

2007; Kerdelhué et al. 2009), in which mitochondrial

markers showed a strong differentiation between

Cyprus and Turkey while microsatellites and AFLPs

suggested relatively high levels of gene flow. The direc-

tion of male exchanges was unfortunately not estimated

here.

Incompatibility between historic and genetic
information

The collection and use of both historical and observa-

tional data are generally a prerequisite to understand-

ing the invasion processes. In this study, we were in

the exceptional position of having a good knowledge

about the place of first introduction of the wasp in

France, and about the time of introduction. Addition-

ally, official routes of insect transport via international

Table 4 Confidence in scenario selection obtained from approximate Bayesian computation (ABC) analyses on Near East and French

populations of the invasive M. schimitscheki

ABC analysis

Population structure in the

Near East native area (step 1)

Foundation of the French invasive

population (step 2)

Number of competing scenarios 10 10

Selected scenario* East Turkey is an admixture of

West Turkey and Cyprus

Cyprus is the source of introduction

Posterior probability [95% CI]

with prior set 1†
0.836 [0.709–0.963] 0.849 [0.732–0.966]

Posterior probability [95% CI]

with prior set 2†
0.803 [0.732–0.874] 0.794 [0.695–0.893]

Type I error for scenario choice‡ 0.11 0.04

Type II error for scenario choice‡ 0.038 0.008

*See Fig. 2 for a graphical representation of the scenarios.

†The 95% confidence intervals of the selected scenarios never overlapped those of other competing scenarios.

‡Type I and type II errors were estimated using prior set 1. Type I error is the proportion of cases in which the scenario considered

is not selected although being actually the true one. Type II error is the proportion of cases in which the scenario considered is

selected but is not the true one.

Fig. 6 Bottleneck severity during the introduction of M. schi-

mitscheki in South-eastern France. Bottleneck severity (black

line) was expressed as the log10 of the ratio between the dura-

tion of the bottleneck during introduction (BDI, in number of

generations) and the effective number of founders (NI) of the

invasive population to take into account the potential depen-

dence of BDI on NI. Values superior to �0.5 reflect a particu-

larly severe bottleneck. Best estimates of bottleneck severity

occur where the posterior probability density function peaks.
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seed trades could be relatively well identified as autho-

rized importations of C. libani seeds in France for

reforestation were restricted to a limited number of

South-eastern Turkish cedar stands, near the sampled

Abanoz area (French Ministry of Food, Agriculture &

Fishing 2010). But isolated C. libani and C. brevifolia

seed imports from Lebanon and/or Cyprus (respec-

tively) could not be formally excluded at this period,

especially for clandestine ornamental purposes.

The use of both classical population genetics and

ABC approaches allowed us to unambiguously identify

Cyprus (rather than Turkey) as the source area of the

introduced M. schimitscheki population, suggesting that

the genetic and historical data were not compatible.

The results were consistent whatever the French popu-

lation considered (Mont Ventoux or St Michel l’Obser-

vatoire). Three main sources of error may negatively

influence phylogeographical reconstructions of inva-

sions (Muirhead et al. 2008): (i) insufficient numbers of

individuals sampled in putative source populations,

(ii) an incomplete list of putative source populations

surveyed, and (iii) a low spatial genetic structure in the

native area. In this study, we were able to counteract

these three sources of errors. First, the approach devel-

oped here combined genetic information from both

microsatellites and mitochondrial DNA based on repre-

sentative samplings among the known distribution of

C. libani and C. brevifolia (Fig. 1). Second, our ABC

design ensured more accuracy in source detection as it

allowed considering scenarios including putative

unsampled populations in the native area, especially

possible populations in Syria. Moreover, the rejection

of scenarios involving admixture between two native

populations supported the hypothesis of an introduc-

tion from a single source. Third, we found evidence of

significant spatial genetic structure within the native

area with a mean FST of 0.14 (Fig. 4). We thus provide

strong evidence of the misleading potential of historical

information in retracing invasion routes. Our conclu-

sions about an unexpected scenario recall previous

studies on different invasive species, for instance the

western corn rootworm Diabrotica virgifera (Ciosi et al.

2008) or the harlequin ladybird Harmonia axyridis

(Lombaert et al. 2010), in which invasion scenarios were

found to be much more complex than previously

believed. Acquiring correct information on the source

of introduced individuals will help to target the critical

native populations for further comparative studies

aiming at exploring the ecological and evolutionary

components of such an invasion success.

The Structure analysis revealed that the French popu-

lations were split into two clusters. As ABC inferences

defined Cyprus as a unique source of invasion when

we used reference populations from either of these two

groups (namely Mont Ventoux or St Michel), these two

French genetic clusters may either result from two dis-

tinct introductions from the same source, or from a

genetic signature of the post-introduction expansion of

the wasp. Although our ABC design did not formally

test for a single versus multiple introduction(s) from

Cyprus, several elements led us to favour the post-

introduction scenario. First, allelic frequencies indicated

that all French populations shared the same alleles,

with the exception of one rare allele found at St Michel

l’Observatoire (see Table S2, Supporting Information).

Second, South-eastern French cedar stands were rou-

tinely surveyed since the late 70s to monitor the already

established seed-wasp M. pinsapinis (Fabre et al. 1999).

This allowed detection of M. schimitscheki for the first

time in France on Mont Ventoux in 1995, following its

spatial expansion towards the south-east and identify-

ing the St Michel l’Observatoire population as a coloni-

zation front in 2002 (T. Boivin, personal observations).

Third, cedar stands are of various sizes and patchily

distributed across South-eastern France, and interpatch

distances are frequently greater than the wasp’s active

flight abilities (Roques et al. 2008). Hence, post-introduc-

tion expansion may have involved a combination of

short-distance diffusion within large and/or adjacent

cedar stands and a stepping-stone pattern between dis-

tant cedar patches in the landscape. Populations that

are growing in effective population size are expected in

the short term to show low genetic drift, relatively sta-

ble allele frequencies, an excess of rare alleles, and

homozygosity at neutral loci, but they may also show

founder effects and isolation by distance along spatial

expansion axes (Excoffier et al. 2009). This is consistent

with our data, and work is currently in progress to

further explore this hypothesis.

A successful invasion despite a severe founder effect
and a host shift

While there was a strong historical support for a single

introduction area of M. schimitscheki at Mont Ventoux in

the early 90s, whether the invasion success of this spe-

cies was subsequent to the introduction of a few or a

large number of founders was still a critical question to

address using molecular markers. Our genetic analyses

converged to an introduction from a single source

resulting in a severe founder event: (i) genetic diversity

in France was drastically lower than in each of the pop-

ulations of the native area, and (ii) ABC provided statis-

tical support for a very low number of founders from

one unique population source in Cyprus. We estimated

that bottleneck intensity was particularly severe during

the introduction of M. schimitscheki to France (log10

(BDI/NI) > �0.5). Other studies using the same estima-
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tion of bottleneck severity revealed either particularly

severe bottlenecks as in the bumblebee Bombus subter-

raneus introduced to New Zealand (Lye et al. 2011), or

moderate to minute bottlenecks as in B. terrestris (Lye

et al. 2011) and H. axyridis during its worldwide inva-

sion (Facon et al. 2011; Lombaert et al. 2011).

Invasion success is generally thought to be positively

correlated to the number of founders, a concept referred

to as ‘propagule pressure’ (Colautti et al. 2006). Success-

ful invasions through multiple introductions are com-

monplace, partly explaining how high genetic diversity

can be restored in invasive populations, especially

when source populations are genetically divergent

(Pascual et al. 2007; Lawson Handley et al. 2011). Yet, in

agreement with the present study, successful and wide-

spread invasions can also be founded by a surprisingly

small number of individuals (<10) (Grevstad 1999; Pasc-

ual et al. 2007; Zayed et al. 2007). There is evidence for

the ability of some successful invasive species to cir-

cumvent the loss of genetic variation associated with

bottlenecks during introductions. In the Argentine ant

(Linepithema humile), founder effects following invasion

towards North America resulted in lower intraspecific

aggression that allowed the formation of successful

supercolonies (Tsutsui et al. 2000). In H. axyridis, bottle-

necks of intermediate intensity could also facilitate inva-

sions by purging deleterious mutations underlying

inbreeding depression (Facon et al. 2011). More specifi-

cally to haplodiploid organisms, a genetic load that is

hidden in heterozygous female diploids should be

expressed and thus purged by selection in the haploid

males (Werren 1993). Hence, haplodiploidy in M. schi-

mitscheki might have limited adverse effects of inbreed-

ing depression during the first steps of the invasion in

France.

From an ecological point of view, there may be expla-

nations of invasion success even after a severe founder

effect that may alter adaptive potential. Resource avail-

ability and natural enemies are among the main drivers

of the growth rate of introduced populations (Shea &

Chesson 2002), and some adequate life-history traits

may be a key to establishment and persistence in the

new environment (Sakai et al. 2001). Phenotypic plastic-

ity is one of those traits allowing invaders to cope with a

variety of biotic and abiotic environmental characteris-

tics in a new area (Lavergne & Molofsky 2007). M. schi-

mitscheki shifted successfully from its native hosts

C. libani and C. brevifolia to the local host C. atlantica,

which does not occur in Cyprus but is by far the major

Cedrus species occurring in the southern French land-

scape. Natural crosses between C. atlantica and C. brevi-

folia produce fertile hybrids (Fady et al. 2003),

suggesting phylogenetic proximity. In France, C. atlanti-

ca may thus have represented a directly exploitable

resource for the seed chalcid, which became extremely

competitive on this new host, although they did not

co-evolve. Moreover, M. schimitscheki exhibits both an

earlier phenology and a higher realized fecundity than

its closely related competitor, M. pinsapinis, conferring to

the former a competitive advantage through enhanced

seed resource pre-emption (Boivin et al. 2008). Another

factor contributing to the success of M. schimitscheki may

be the fact that Cedrus atlantica is a masting species

(Krouchi et al. 2004), which means that seed production

is highly variable from year to year (Kelly 1994). The

fluctuating resource availability theory of invasion states

that pulses of resources, that is, resources becoming spo-

radically highly abundant or scarce during variable

intervals of time, are likely to increase invasion potential

through fluctuations in the intensity of competition,

which may limit or prevent competitive exclusion (Davis

et al. 2000). Finally, no specialist natural enemies of

M. schimitscheki known in the native area have been

detected in South-eastern France since 1995 (T. Boivin,

personal observation). The invaded French cedar stands

are then likely to provide enemy escape opportunities

that conferred a strong advantage to the wasp’s growth

rate in its new environment (Shea & Chesson 2002).

Finally, arrhenotokous parthenogenesis is a partially

asexual reproduction mode that may favour population

establishment during the first steps of invasion (Sakai

et al. 2001; Fabre et al. 2004).

Risk of invasion bridgehead in West-European and
North African Mediterranean forests

Mediterranean forests deserve specific attention as they

are characterized by remarkable features that make

them naturally and aesthetically attractive, but also

quite fragile due to rapid environmental changes (Scar-

ascia-Mugnozza et al. 2000). Cedars are expected to play

a fundamental role in the adaptation of Mediterranean

forests to climate change as they are not only relatively

resistant to drought and fire but also efficient soil

conservation and erosion control species (Quézel &

Médail 2003). For more than a decade, French

C. atlantica products have become particularly attractive

for both forestry and seed suppliers as reflected by the

considerable exports of French seeds within and outside

the European Union (French Ministry of Food, Agricul-

ture & Fishing 2010). However, quality control and

phytosanitary regulation of collected South-eastern

French C. atlantica seeds are almost inexistent, mainly

due to the need of sophisticated and expensive screen-

ing methods such as X-ray radiography to detect insects

within seeds. Consequently, commercial French cedar

seed lots can contain up to 20% of seeds infested by

M. schimitscheki (T. Boivin, personal observation). Many
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worldwide invasions have been shown to involve a par-

ticularly successful invasive population, which serves

as a source for colonists for distant new territories, a

phenomenon called the invasive bridgehead effect

(Lombaert et al. 2010). To our knowledge, South-eastern

France is the only area of occurrence of M. schimitscheki

outside of its native range. The inferred history of these

populations shows that it can be a very successful inva-

der even after a strong founder effect and a necessary

shift to a different host plant. In agreement with other

studies (Grevstad 1999; Frankham 2005; Zayed et al.

2007), we report here an interesting case study of per-

sistence and spread of an invasive population that

could be nearly independent of propagule size as occur-

ring despite a particularly severe bottleneck at introduc-

tion. We emphasize that chance events, ecological traits

of exotic species and the properties of invaded ecosys-

tems may also be of primary importance to explain

invasion success. Beyond the goal of the present paper,

further work on the processes of the spatio-temporal

expansion of M. schimitscheki in South-eastern France is

now required to apprehend the magnitude and the

potential ecological consequences of such invasion. Fur-

thermore, in a context of increasing demands of South-

eastern French C. atlantica seeds in Southern Europe or

in already threatened northern African cedar stands, we

should point out the increased risks of new introduc-

tions, from the invasive populations of southern France

rather than from the native area of the pest.
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