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Abstract

Rapid geographic range expansions can have dramatic effects on the

distribution of genetic diversity, both within and among populations. Based

on field records collected over the past two decades in Western Europe, we

report on the rapid geographic range expansion in Colletes hederae, a solitary

bee species. To characterize how this expansion shaped the distribution of

genetic diversity within and among populations, we performed a genetic

analysis based on the sequencing of three nuclear loci (RNAp, CAD and

WgL). We then simulated the evolution of DNA sequences under a spatially

explicit model of coalescence to compare different hypotheses regarding the

mode of colonization associated with this rapid expansion and to identify

those that are most consistent with the observed molecular data. Our

genetic analyses indicate that the range expansion was not associated with

an important reduction in genetic diversity, even in the most recently colo-

nized area in the United Kingdom. Moreover, little genetic differentiation

was observed among populations. Our comparative analysis of simulated

data sets indicates that the observed genetic data are more consistent with a

demographic scenario involving relatively high migration rates than with a

scenario based on a high reproduction rate associated with few migrants. In

the light of these results, we discuss the factors that might have contributed

to the rapid geographic range expansion of this pollen-specialist solitary bee

species across Western Europe.

Introduction

In the course of their evolution, most species regularly

experience major modifications of their geographic

range, for example, as a result of climate change,

changes in dispersal capabilities, reproduction rate or

resource availability, or through the regulating effect of

natural enemies (Wallner, 1987; Ferriere et al., 2000;

Bowler & Benton, 2005; Phillips et al., 2010). These

changes strongly impact on the distribution of genetic

diversity within a species, as already highlighted in

theoretical studies on range expansion (Ray et al.,

2003), range contraction or range shifts (Arenas et al.,

2012). In general, theoretical and applied studies of the

genetic consequences of a past range modification are

expected to benefit greatly from the use of spatially

explicit evolutionary models (e.g. Excoffier et al., 2009).

However, despite the availability of various spatially

explicit models of population evolution (reviewed, e.g.,

in Ray & Excoffier, 2009; Frank et al., 2011), such mod-

els are only used sporadically in population genetic and

phylogeographic studies.

Although species range variations certainly occur in

bees (Hymenoptera, Apoidea), the dispersal behaviour

of individual bees is considered to be limited a priori.

Indeed, many groups of bees seem to be phylopatric,
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that is, they generally remain in or return to the same

nesting site across generations (Michener, 1974, 1979,

2007; Westrich, 1990), and their foraging range is gen-

erally limited (see Gathmann & Tscharnke, 2002; Zur-

buchen et al., 2010; Dorchin et al., 2012 and references

therein). Furthermore, distributional data indicate that

most bees are not particularly good at bypassing major

dispersal barriers (e.g. water barriers such as oceans or

mountain ranges) to reach distant habitats without

human assistance (Michener, 1979, 2007; Goulson

et al., 2011). Reports of long-range jumps in dispersal

(100–1000 km) and rapid geographic expansion of bees

are indeed relatively scarce (see, e.g., Camargo et al.,

1988; Cane, 2003; Fuller et al., 2005; Hinojosa-D�ıaz
et al., 2005; Michener, 2007 and references therein;

Zayed et al., 2007; Gibbs & Sheffield, 2009; Vereecken

& Barbier, 2009; Strange et al., 2011). In contrast, an

increasing number of studies indicate that natural pop-

ulations of many managed and wild bees, particularly

pollen-specialist species, undergo dramatic declines

around the world (contraction in range and/or decrease

in population sizes), raising worries about the future of

the bees’ ecosystem services and their contribution to

the pollination of cultivated crops (Steffan-Dewenter

et al., 2005; Williams, 2005; Biesmeijer et al., 2006; Fitz-

patrick et al., 2007; Colla & Packer, 2008; Goulson et al.,

2008; Patiny et al., 2009; Potts et al., 2010; Cameron

et al., 2011; Gallai et al., 2011; Burkle et al., 2013;

Garibaldi et al., 2013).

Among the pollen-specialist bee species that seem to

resist the declining trend is Colletes hederae, a univoltine

species that was described as new to science in 1993

(Schmidt & Westrich, 1993). It is morphologically,

genetically and ecologically distinct from its sister spe-

cies in the monophyletic C. succinctus group with differ-

ent floral choices and geographic distributions (Schmidt

& Westrich, 1993; Kuhlmann et al., 2007, 2009), and

its flight activity coincides with the long flowering per-

iod of its key pollen forage plant, Hedera helix (Schmidt

& Westrich, 1993; Bischoff et al., 2005; Kuhlmann

et al., 2007; M€uller & Kuhlmann, 2008; Westrich,

2008). At the time of its description, C. hederae was con-

sidered to be of very sporadic occurrence in Southern

and Western Europe, yet contrary to the decline

observed in a wide taxonomic range of pollen-specialist

species, multiple independent observations suggest that

this species has expanded beyond its initial distribution

range in recent years (Vereecken et al., 2009). The first

line of evidence comes from the growing number of

independent reports on small groups of pollen-laden

females initiating their individual nests in hitherto

unoccupied habitats (Herrmann, 2007; Frommer,

2010). Perhaps the most convincing line of evidence for

the rapid and recent geographic range expansion of

C. hederae stems from observations made in the UK,

where the presence of this species was only confirmed

in 2001 along the Dorset coast (Cross, 2002), despite

increased search efforts by experienced UK entomolo-

gists and apidologists along the UK coasts since 1993,

the time when C. hederae was described as new to sci-

ence. Today, C. hederae has spread across much of

southern England, but also increasingly inland, and is

now extremely plentiful in several coastal localities

with lots of individual nesting aggregations encompass-

ing tens of thousands of individuals (Fig. S2).

Here, we first provide a detailed and comprehensive

report on the recent history of geographic range expan-

sion of C. hederae based on field records collected over

the past two decades. Because the detailed history of

this spread can be inferred from these observations, it

offers a unique opportunity to study the mode and

genetic consequences of a very recent dispersion, by

characterizing the geographic distribution of genetic

variation with molecular markers. We therefore investi-

gated sequence data from three independent DNA frag-

ments of samples collected across a large portion of its

geographic range, to test whether or not the range

expansion involved the migration of a few individuals

across relatively long distances and the extent to which

this range expansion was associated with a reduction in

genetic diversity. Finally, we conducted simulations of

DNA sequence evolution under a spatially explicit

model of coalescence, to compare the likelihood of dif-

ferent scenarios of dispersion that (i) could explain the

observed current distribution of genetic variation and

(ii) are consistent with our field records. Finally, the

results shed light on the dispersal mechanisms of this

pollen-specialist solitary bee species and allow us to dis-

cuss the factors that might have contributed to its rapid

geographic range expansion across Western Europe.

Materials and methods

Biological records and expansion history in
Western Europe

We examined the expansion history of Colletes hederae as

annual changes in the distribution from 1993 to 2010.

The measures of expansion used were (i) the cumulative

number of biological records collected each year and (ii)

the cumulative number of 25 9 25 km occupied grid

cells each year. All biological records were validated and

compiled from field records accumulated through consis-

tent sampling effort by the Bees, Wasps, and Ants

Recording Society (BWARS, www.bwars.com) and the

Observatoire des Abeilles (OA, www.oabeilles.org)

through a joint pan-European survey involving both

field naturalists and professional bee experts.

Sampling and sequencing

We sampled C. hederae in 22 localities covering its 2010

distribution range in Western Europe (Table 1, Fig. 1a).

We found no evidence for major stretches of unsuitable
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habitat separating the sampling localities; the heteroge-

neous distribution of the sampling sites across the spe-

cies range (Fig. 1a) is due to our incomplete knowledge

on the location of available populations in certain areas

and does not reflect, to the best of our knowledge, an

actual variation in population density. Genomic DNA of

111 male and 7 female individuals was extracted using

the Qiagen DNeasy� Blood & Tissue kit. Half a thorax per

specimen was grounded in the Qiagen ATL buffer and

incubated overnight with proteinase K at 56 ° C. The

remaining DNA extraction steps were conducted as

described in the manufacturer’s protocol. We sequenced

118 samples of a � 850-base pair (bp)-long fragment

of the protein-coding nuclear gene RNAp (RNA polymer-

ase II), 105 samples of a � 1000-bp-long fragment of the

protein-coding nuclear gene CAD (Conserved ATPase

Domain), 125 samples of a � 750-bp-long fragment of

the WgL (Wingless) gene and 32 samples of a � 850-bp-

long fragment of the mitochondrial gene COI (cytochrome

oxidase I). All fragments were PCR-amplified with the

TrueStart Hot Start Taq DNA polymerase, following the

guidelines in the manufacturer’s protocol (Fermentas

International Inc.). The RNAp fragment was amplified

(annealing temperature of 57 °C) using primers Polfor2a

and Polrev2a (Danforth et al., 2006), the CAD fragment

(annealing temperature of 55 °C) with primers CAD-

Mel-for1 (5′-GAR CCY AGY CTC GAT TAY TG-3′) and

Ap1098rev2 (Danforth et al., 2006), the WgL fragment

(annealing temperature of 63.5 °C) with primers

Bee-wg-For2 and Lep-Wg2a-Rev (Almeida & Danforth,

2009) and the COI fragment with primers Jerry and

Pat (Simon et al., 1994). The CAD forward primer

CAD-Mel-for1 is a modified version of the primer

Ap787for2 (Danforth et al., 2006). Using these primers, a

portion of one intron was included in the sequenced

CAD fragment (� 70 bp) and another small intron

(70 bp) was included in the sequenced WgL fragment.

All the haplotype sequences gathered for this project are

available in GenBank under accession numbers

JX431564–JX431618.

Data analyses

Sequences were aligned using the MUSCLE algorithm

(Edgar, 2004) implemented in CODONCODE ALIGNER

(v. 3.7.1.1, Codon Code Corporation). These alignments

were checked manually and pruned at both 5′ and 3′
ends. Only one gap of 4 bp was detected, in the CAD

data set. This gap was recorded as a single character for

the haplotype network inference, summary statistics

computations and comparisons with simulated data

sets. We used the maximum likelihood method imple-

mented in the software PHASE 2.2.1 (Stephens et al.,

2001; Stephens & Donnelly, 2003) to reconstruct the

haplotype phase of the few diploid (female) individuals.

The algorithm of PHASE is based on the comparison

between sequences identified in haploid (or homozy-

gous) individuals and unphased sequences coming from

heterozygous individuals. For each locus, we conducted

three independent runs of 10 000 iterations, while

Table 1 Sampling localities and distribution of haplotypes for the three loci used in this study.

Population Locality

Geographical

coordinates

n

(RNAp)

Haplotypes

(no. of copies)

RNAp

n

(CAD)

Haplotypes

(no. of copies)

CAD

n

(WgL)

Haplotypes

(no. of copies)

WgL

Bruxelles (Belgium) 50.82°N, 4.32°E 5 14(4), 26 5 1, 3, 4, 5(2) 5 1, 2(3), 3

Genk (Belgium) 51.05°N, 3.73°E 4 14, 19, 34, 41 4 1, 4, 5, 6 4 3(2), 4(2)

Ain (France) 46.20°N, 5.22°E 5 10, 16, 32, 37, 41 5 1(2), 3, 4, 5 4 2, 4(3)

Angervilliers (France) 48.58°N, 2.05°E 4 8, 14, 26, 33 5 1, 3, 5(3) 4 3, 4(3)

Avignon (France) 43.95°N, 4.82°E 9 9, 12, 15, 17, 20, 29, 30, 35, 38 10 1, 2, 4, 5(3), 6(4) 10 3(7), 4(3)

Brest (France) 48.38°N, 4.48°W 2 14(2) 3 1(2), 6 3 2, 3(2)

Etampes (France) 48.43°N, 2.15°E 5 14(2), 15, 24, 41 4 1, 3, 4, 6 5 2, 3(3), 4

Le Nizan (France) 44.47°N, 0.27°W 10 2, 8, 10, 16, 22, 26, 32, 36, 39(2) 10 1(3), 3(3), 4, 6(3) 10 3(2), 4(8)

Vendôme (France) 47.78°N, 1.05°E 4 3, 21, 28, 33 5 4, 5(2), 6(2) 5 2(2), 4(3)

Westhalten (France) 47.95°N, 7.25°E 5 14, 18, 26(2), 32 5 1, 3(2), 4(2) 5 3(2), 4(2), 5

Hamel (France) 50.28°N, 3.08°E 2 3, 26 2 1, 5 2 2, 4

Bad-D€urkheim (Germany) 47.95°N, 8.17°E 5 8(3), 14, 24 5 3(3), 5(2) 5 3, 4(4)

Radolfzell (Germany) 47.73°N, 8.97°E 5 3(2), 14, 19, 42 5 3(3), 6(2) 4 1, 3(3)

Lausanne (Switzerland) 46.52°N, 6.62°E 10 6, 8, 9, 13, 14, 20, 25, 32, 37, 43 10 2, 3(2), 4, 5(2), 6(4) 10 2, 3(3), 4(5), 6

Neuchâtel (Switzerland) 46.98°N, 6.92°E 8 6(2), 8(2), 14, 18, 23, 24 10 1(2), 3(3), 4, 5(2), 6(2) 10 3(7), 4(3)

Guernsey (England) 49.47°N, 2.59°W 4 1, 2(3) 4 1(2), 5(2) 4 4(4)

Dorset (England) 50.60°N, 2.04°W 5 7, 8, 14(2), 28 – – 5 3(4), 4

Easthbourne (England) 50.76°N, 0.25°E 2 14(2) 2 5(2) 2 4(2)

Oxfordshire (England) 51.76°N, 1.25°W 5 5(2), 14(3) 3 1(3) 5 3, 4(4)

Cornwall (England) 50.11°N, 5.38°W 5 1, 2(2), 5, 14 5 1, 3(2), 5(2) 5 4(5)

Salisbury (England) 51.07°N, 1.80°W 2 14, 27 1 1 4 3(2), 4(2)

Lesyos (Greece) 39.08°N, 26.38°E 12 4, 11(2), 31(2), 40(7) 2 3(2) 14 3(3), 4(11)
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thinning at every 100 steps and discarding the first

1000 samples as burn-in. Convergence among chains

was checked by comparing haplotype reconstructions

inferred by the three independent runs. Median-joining

networks (Bandelt et al., 1999) were inferred for each

gene fragment using the software NETWORK 4.6.6

(available at http://www.fluxus-engineering.com) with

e = 0.
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Fig. 1 (a) sampling localities of Colletes hederae in Western Europe (all sampling sites except “Lesvos” in Greece which was not included in

the coalescent simulations). Each locality is identified by a specific colour. Two pairs of localities were pooled together under the same

colour because of their relative geographic proximity: “Angervilliers” has been pooled with “Etampes” (S-Paris, France) and “Lausanne”

with “Neuchâtel” (SE-Switzerland). (b) median-joining networks for the three nuclear gene fragments (RNAp, CAD and WgL) used in this

study. Each sequenced haplotype is represented by a circle, the size of which is proportional to its overall frequency, and identified by a

unique number (see also Table 1). Each line in the network represents a single mutational change. Small white circles indicate

intermediate haplotypes not included in our dataset that are necessary to link all observed haplotypes to the network. (c) median-joining

networks for two RNAp fragments which do not contain any identified recombination site. RNAp (1) a 221 bp fragment (the first 221 bp

on the original RNAp alignment) and RNAp (2) a 287 bp fragment (between nucleotides 511 and 798 of the original RNAp alignment).

Haplotype colours correspond to the sampling localities displayed on Fig. 1a.
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To compare the genetic diversity between the ancestral

range (as defined by the 1994 observations) and the

newly colonized areas (Fig. 2), sampled populations in

Western Europe (i.e. excluding ‘Lesvos’ in Greece) were

arbitrary categorized into three separate groups: group

n°1 with all the sampled populations located in the area

of origin (i.e. the range before the last recent expansion

that begun 20–30 generations ago), group n°2 with sam-

pled populations located in the newly colonized areas in

northern France and Belgium and group n°3 with sam-

pled populations located in the most recently colonized

area in southern England. We removed the population

Lesvos because we had very reliable and complete bio-

geographical records (field observations) for the coloni-

zation of England but not of south-eastern Europe

(Fig. S1). Global UST statistics among all sampled popula-

tions and AMOVA U-statistics (Excoffier et al., 1992) com-

puted for the partition corresponding to the three

defined groups of populations were computed using the

toolbox SPADS 1.0 (Dellicour & Mardulyn, in press avail-

able at http://ebe.ulb.ac.be/ebe/Software.html). Statisti-

cal significance of all U-statistic values was assessed by

recalculating these on 10 000 random permutations of

the original data sets. We also used SPADS to estimate (i)

the relative number of different haplotypes NH/NS (i.e.

the number of different haplotypes identified in the

group divided by the number of sampled sequences in

this group), (ii) the allelic richness AR (El Mousadik &

Petit, 1996) and (iii) the nucleotide diversity p (Nei & Li,

1979) within the three defined groups of sampled popu-

lations. Although NH/NS and AR are only based on allelic

frequencies, p is also based on allelic distances (i.e. the

number of mismatches between different haplotypes). In

particular, we focus on the variation in these three diver-

sity measures between groups n°1 and n°3. This is

because our biogeographical records allow us to state

with high confidence that populations in group n°1 are

included in the area of origin of the species and that pop-

ulations in group n°3 were colonized very recently. We

have less support for the recent status of the three sam-

pled populations in group n°2 (see Fig. S1).

Our RNAp haplotype network displayed a high num-

ber of loops (a loop, or cycle, reveals equally parsimoni-

ous alternative connections among alleles, that is,

uncertainties about the evolutionary relationships in

the haplotype network, Fig. 1b). The presence of loops

in a haplotype network is most likely explained by two

mechanisms: (1) multiple convergent mutations at a

single site or (2) one or more recombination events

that have occurred within the sequenced DNA

fragment. We used the PHI test (Bruen et al., 2006)

implemented in the software SPLITSTREES 4.12.3

(Huson & Bryant, 2006) to test for the presence of

recombination events. We then estimated the nucleo-

tide position of the inferred recombination events using

(i) the methods RDP (Martin & Rybicki, 2000) and

MaxChi (Maynard Smith, 1992) implemented in the

RDP4 package (Martin et al., 2010) and (ii) the method

of Hudson and Kaplan (Hudson & Kaplan, 1985) imple-

mented in the software DNASP 5.0 (Librado & Rozas,

2009). Finally, by taking into account the estimated

positions of the recombination sites, we generated

median-joining subnetworks devoid of any loop.

Coalescence simulations

To investigate under what conditions a recent and rapid

range expansion is able to generate the observed pat-

tern of genetic diversity, computer simulations were

run to identify the migration scenario that is most con-

sistent with the observed pattern of genetic variation.

In other words, the aim of the comparison between our

real data set and the simulated sequences is to identify

under which conditions this rapid range expansion

could have resulted in the observed geographic distri-

bution of intraspecific genetic diversity.

1

1

1

11

1

1
1

1

1

1

21
2

2
3

3 3
3

3

Fig. 2 Grid (30 9 30 km cells) used as a reference for the

coalescent simulations performed with PHYLOGEOSIM 1.0. Black

circles indicate grid cells with sampled populations, red cells

correspond to the fictive area of origin occurring 10 000

generations/years ago, orange cells are the only accessible cells

before the last recent expansion (whose beginning was set at 25

generations/years ago according to biogeographical records),

yellow and green cells are the newly accessible cells since the

beginning of this expansion, with green cells characterized by an

effective population size 10% lower than that of other cells. White

numbers refer to one of the 3 user-defined group to which each

sampled population belongs (see text). The maximal effective

population sizes of accessible cells was fixed at Ne = 1000,

Ne = 10 000 or Ne = 100 000 depending on the simulation. The

orange cells correspond to the only accessible cells for the

remaining gene copies when simulations reach 25 generations

back in time (ancestral range).
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To simulate the evolution of genetic diversity in a

geographic framework, we have superimposed a

2-dimensional grid on the map showing the evolution

of the range of C. hederae. We used the software PHY-

LOGEOSIM 1.0 (available, with a detailed manual, at

http://ebe.ulb.ac.be/ebe/Software.html) to simulate the

evolution of genetic data on this grid, with each cell

treated as a separate population (Fig. 2). This was

implemented as a two-step process. First, starting from

initial values defined by the user, the evolution of

effective population sizes in each cell is simulated for-

ward in time (one generation per year) according to

the parameters specified a priori: short-distance

(between adjacent populations) and long-distance

(between populations separated by two grid cells) for-

ward migration rates mf1 and mf2, reproduction rate tR
(population growth rate) and maximum effective size

Ne of each cell (carrying capacity). This preliminary for-

ward simulation is used to generate backward-in-time

migration rates and effective sizes that are required for

the main coalescent simulation. Indeed, these parame-

ters may vary between generations during modifica-

tions of the species range, and a preliminary forward

simulation allows to automatically assign values for

these parameters at each generation. The alternative of

setting these parameter values manually for the coales-

cent simulation would be tedious as well as subjective.

A similar forward simulation approach was previously

developed by Currat et al. (2004) and Ray et al. (2010)

in the context of a geographically explicit model. Sec-

ond, separately for each locus, a gene genealogy is gen-

erated through the simulation of the coalescence

process for a user-defined sample that mimics the real

data set (i.e. specifying the number of gene copies sam-

pled in each cell), and the evolution of DNA sequences

is simulated, using the same DNA sequence length and

the same number of mutations as those identified in

our real DNA sequence alignments.

Input files for PHYLOGEOSIM were constructed by

superimposing a grid with cells of approximately

30 9 30 km to a map of Western Europe (Fig. 2). This

grid resolution was chosen so that long-distance migra-

tion could be implemented by crossing two grid cells in a

single generation. Indeed, the distance spanned by two

grid cells is a good approximation of the distance separat-

ing the Channel Islands from the coasts of southern Eng-

land, a distance that had to be crossed by individuals to

colonize England. Furthermore, the very few experi-

mental studies documenting bee dispersal distances are

consistent with the fact that the reference for long-dis-

tance migration should not exceed the equivalent of two

grid cells as defined in our study (Kraus et al., 2009; Le-

pais et al., 2010). For different sets of simulations, the

following parameters of the preliminary forward simula-

tions varied: (i) the reproduction rate tR within each cell,

(ii) the two forward migration rates mf1 and mf2 corre-

sponding to short- and long-distance migration (i.e.

between adjacent populations and populations separated

by two grid cells), (iii) a matrix of ancestral effective pop-

ulation sizes, (iv) one or more matrices of maximum

effective population sizes and finally, (v) the time (in

number of generations) at which these matrices occur.

Note that, in this study, we did not vary the times at

which each matrix occurs. Indeed, as our biogeographi-

cal records informed us about the age of the expansion

(i.e. we know that this species was first recorded in Eng-

land in 2002), we constrained our model with this infor-

mation and did not test different times for the beginning

of the range expansion.

Step 1: selection of dispersion scenarios and
corresponding simulation parameters
We used our field records to constrain the range of

potential scenarios that could explain the sequence data.

Based on these biogeographical records, we assumed that

the geographic range expansion started from a defined

ancestral area (corresponding to the orange cells in

Fig. 2) 25 years ago, that is, in a time window of 25 gen-

erations, as C. hederae is a univoltine species (1 genera-

tion/year). Both yellow and green cells in Fig. 2 were

accessible at the beginning of this expansion. Because

the green cells connect continental Europe to southern

England, and include a large area of sea water, their

maximum effective population size was set to 10% of the

size of the other cells. This reduction in population size

results in effect in reducing the level of gene flow

between these two geographic entities, relative to that

occurring among adjacent cells in other areas of the dis-

tribution. To make the simulated data match the

observed data, we had to considerably restrict the range

of the species starting 10 000 generations ago, going

backward in time. Without this strong reduction in

range, which allowed the coalescence of the remaining

lineages in a relatively short period of time, the simula-

tions generated genealogies with TMRCA values an order

of magnitude larger than those observed in our sequence

data. Although we arbitrarily located the restricted

ancestral range of the species in northern Italy (red cells

on Fig. 2), its specific position had no effect on our com-

parison of scenarios (data not shown).

In the absence of prior information, we tested a large

range of short-distance and long-distance forward migra-

tion rates (Table 3), which are the proportions of individ-

uals from a cell A migrating to an adjacent cell B in one

generation (see the manual of PHYLOGEOSIM for fur-

ther details). For each tested couple of short-distance and

long-distance forward migration rates, the reproduction

rate was adjusted to allow the migration wave to com-

plete the colonization (i.e. to reach the furthest sampled

populations) at the sampling generation. The resulting

combinations of forward migration rates and reproduc-

tion rates correspond to variations in the strengths of iso-

lation by distance and founder effects associated with

this geographic expansion. As forward simulations are

ª 2 01 3 THE AUTHORS . J . E VOL . B I OL . 2 7 ( 2 0 1 4 ) 1 1 6 – 13 2

JOURNAL OF EVOLUT IONARY B IO LOGY ª 20 1 3 EUROPEAN SOC I E TY FOR EVOLUT IONARY B IO LOGY

Study of a rapid range expansion 121



stochastic processes, some of them did not allow the

migration wave to reach the location of the farthest sam-

pled populations on the grid (UK samples) in the allo-

cated amount of time. These failed forward simulations

were systematically discarded. Note that absolute migra-

tion rate values have no particular meaning outside the

defined spatially explicit model of coalescence and will

always directly depend on the selected grid resolution

(i.e. the cell dimension). Ultimately, we selected four sets

of parameter values to perform the simulations, defining

four distinct scenarios consistent with the constraint of a

rapid geographic range expansion (see details of parame-

ters in Table 3). The first and fourth scenarios correspond

to the two extreme cases of a continuum, with scenario 1

implementing high migration rates associated with a low

reproduction rate, and scenario 4, low migration rates

associated with a high reproduction rate. The two other

scenarios are intermediate cases. It is interesting to notice

that long-distance forward migration rate (fm2, Table 3)

had to be sufficiently high to allow the range expansion

to reach the limits of the current distribution in only 25

generations. In the four selected scenarios, this long-dis-

tance forward migration rate (fm2, Table 3) is only two

times lower than the short-distance forward migration

rate (fm1, Table 3). Because a cell is usually connected to

twice more distant cells (through fm2) than to adjacent

cells (through fm1), the probabilities of short- and long-

distance migration rates from that cell are similar. This

relationship between the short- and long-distance for-

ward migration rates defined the shape of the dispersion

considered in the four tested scenarios. These four sce-

narios were tested under three different maximum cell

effective population sizes (Ne = 1000; 10 000 and

100 000). However, for a given scenario, the strength of

the founder effect, as measured by the products Ne*fm1

and Ne*fm2 (the product between the maximum cell

effective size and the two forward migration rates), was

maintained by adjusting the forward migration rate. For-

ward migration rates are thus lower when Ne is larger

(see Table 3). As already mentioned, the reproduction

rate was every time adjusted to allow the migration wave

to complete the colonization, resulting in widely differ-

ent reproduction rate values among scenarios simulated

under different maximum effective sizes.

Step 2: main simulations and comparison with the real
data set
We performed a total of 10 000 independent back-

ward simulations for each individual scenario. To take

into account the stochastic variation associated with

the forward simulation, we reiterated a forward simu-

lation every 100 backward simulations to estimate the

backward simulation parameters (backward migration

rates and effective population sizes), yielding a total of

100 forward for 10 000 backward simulations. Several

summary statistics were automatically computed by

PHYLOGEOSIM on each simulated data set: the total

number of different haplotypes NHtot, UST (Excoffier

et al., 1992) among populations, NST and GST (Pons &

Petit, 1995, 1996) among populations, IBDSC (isola-

tion by distance slope coefficient; Rousset, 1997) and

several genetic diversity statistics estimated within

each population and within each defined group of

populations: ratios XH between the number of haplo-

types in a user-defined group of populations and the

total number of haplotypes, the relative number of

different haplotypes NH/NS (the number of different

haplotypes divided by the number of sampled

sequences), the allelic richness AR (El Mousadik &

Petit, 1996), the nucleotide diversities p (Nei & Li,

1979) and the ratio pR between the nucleotide diver-

sity within a considered user-defined group of popula-

tions and the nucleotide diversity within the virtual

group formed by all the other populations that are

not in this group (Mardulyn et al., 2009). For exam-

ple, the relative nucleotide diversity of group n°1,
pR(G1), equals p(G1)/[p(G2 [ G3)]. All these sum-

mary statistics are described in Table S1. Combinations

of statistics (e.g. the difference between NST and GST

or the difference between the nucleotide diversities

estimated in the two defined groups of populations)

were also computed manually. We performed several

principal component analyses (PCAs) to determine the

best summary statistics for comparing simulated and

real data sets (as suggested, e.g., in Veeramah et al.,

2012), that is, the most efficient ones to discriminate

among data sets simulated under distinct demographic

scenarios. The different PCAs were performed using

the PCA function available in the R package ade4

(Chessel et al., 2004; Dray et al., 2007).

We combined the selected summary statistics into a

chi-square statistic following the formula given below:

v2i ¼
X
j

Stj;i �mj

� �2
r2j

 !

where Stj,i is the jth selected summary statistics esti-

mated on the ith simulated data set (i ranges from 1 to

10 000), and where mj and rj are, respectively, the

average and the standard deviations of the jth statistic

over the 10 000 simulations generated under the same

scenario and set of parameters. For a given scenario

and a given set of parameters, we thus obtained a dis-

tribution of 10 000 chi-square statistics. We then com-

pared each distribution with the chi-square statistic

estimated on the corresponding real data set:

v20 ¼
X
j

Stj;0 �mj

� �2
r2j

 !

where Stj,0 is the jth selected summary statistics esti-

mated on the real data set. Stj,0s statistics were estimated

using the software SPADS 1.0 (Dellicour & Mardulyn,

in press), a toolbox computing the same statistics as
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PHYLOGEOSIM, but on data sets provided by the user

(as opposed to data sets generated by the program itself

in PHYLOGEOSIM). This comparison is based on a non-

parametric hypothesis test returning a P-value equal to

the proportion of simulated v2i � v20. Note that this P-

value is highly dependent on the selected set of sum-

mary statistics and simply reflects the probability that

the associated scenario generated the observed

sequences (thus, the sum of probabilities calculated for

the alternative scenarios considered can easily exceed 1).

Its usefulness is restricted to the comparison of alterna-

tive scenarios. P-values obtained for each locus under a

given set of parameters were then combined using the

Fisher’s method (Fisher, 1948) to obtain a unique and

global P-value for each set of simulation parameters.

To evaluate the performance of our approach for

comparing demographic scenarios, we conducted a

test based on pseudo-observed data sets (pods), which

is similar to the procedure suggested to validate a spe-

cific approximate Bayesian computation analysis

(Wegmann et al., 2009; Bertorelle et al., 2010). More

specifically, 1000 additional data sets were simulated

under each of the three scenarios that were not iden-

tified as the most likely by our analysis. These pods

were then compared with the same simulated data

that were used to analyse the real data, generated

under the scenario previously identified as the most

likely (scenario 1 or 2, depending on the combination

of parameter values tested; see results), and we

recorded the number of times that this validation

analysis failed to reject the most likely scenario as

having generated the pseudo-observed data. Our aim

was to obtain an estimation of the type II error, esti-

mated here as the proportion of pods that are not

rejected when compared with data sets simulated

under our most likely scenario (combined P-value >
0.05). In other words, these estimated proportions

correspond to a measure of the rate at which our

most likely scenario was chosen when data sets were

generated under the alternative scenarios.

Results

Expansion history of C. hederae in Western Europe

Our survey of the historical distribution of Colletes hede-

rae indicates a clear and recent geographic expansion:

both the cumulative number of records and the cumu-

lative number of grid cells occupied by this species in

Europe have increased by a 6- to 7-fold factors between

2001 and 2010 (Fig. 3), which also coincides with the

time when independent reports have recorded C. hede-

rae as new addition to the wild bee fauna of several

European countries (Austria, Belgium, The Grand

Duchy of Luxembourg, Greece, Serbia, Spain, Switzer-

land, the Netherlands, The United Kingdom) (Fig. S1,

S2; Vereecken et al., 2009).

Back in 1993, C. hederae was known from specimens

collected in several localities in Europe, including the

Channel Islands, only a few tens of kilometres off the

UK coasts. Apidologists from the Bees, Wasps and Ants

Recording Society (www.bwars.com, which hold a

complete database for all UK bee species) have investi-

gated stands of ivy flowers since 1993 along the coasts

of southern England, hoping to rapidly add the record

of the ivy bee to the fauna of England. Despite inten-

sive year-by-year investigations, the presence of C. hede-

rae on the UK coasts was only confirmed in 2001 in a

locality that had been thoroughly surveyed in previous

years (Cross, 2002). The individual nesting aggregations

observed today at these UK localities colonized in 2001

often encompass many thousands of individuals that

make them obvious to the general public. No such

aggregation has been observed for years in the newly

colonized areas of its current distribution.

DNA sequences data set

Surprisingly, we found no sequence variation among

the 32 copies of the mitochondrial COI fragment. We

therefore focused our comparative analyses on the
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Fig. 3 Geographic range expansion of

Colletes hederae in Western Europe

between 1994 and 2010. The results

illustrate a parallel increase in the

number of records and the occupied

grid-cells since the description of this

species in 1993. All biological records

were validated and compiled from field

records accumulated by both the Bees,

Wasps, and Ants Recording Society

(BWARS) and the Observatoire des

Abeilles (OA) (see methods section for

details).
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three other DNA sequence alignments, namely RNAp,

WgL and CAD, which contained 17 (802 bp), 5

(659 bp) and 4 polymorphic sites (544 bp), respectively.

All mutations observed in the coding regions were syn-

onymous: 17 mutations for RNAp, 3 mutations for WgL

and 2 mutations for CAD. For WgL and CAD, the

remaining mutations, respectively, two and three muta-

tions along with the gap detected for CAD, are located

on the sequenced intron. Among the 118 specimens

analysed, we identified ten diploid individuals: seven

females from Lesvos in Greece and three males from

three different UK populations (Cornwall, Dorset and

Oxfordshire). Identification of diploidy was simply per-

formed by the detection of ambiguous bases. However,

as the probability to observe homozygous sequences at

all three loci simultaneously is quite low (especially

looking at the RNAp alignment), there is relatively little

chance that additional unnoticed diploid males were

present in our samples.

In the CAD alignment, diploid individuals were all

homozygous, whereas for RNAp and WgL alignments,

we found 7 (of 9) and 2 (of 10) heterozygous diploid

individuals. The reconstruction of haplotypes from

these heterozygous diploid individuals with the PHASE

software was facilitated by comparisons with phased

haplotypes produced from haploid individuals. All the

haplotypes were reconstructed with estimated probabili-

ties > 0.8, and three independent runs launched for

each locus confirmed the robustness of our results.

Eventually, 6 haplotypes were detected in the CAD and

WgL alignments and 43 haplotypes, for only 17 poly-

morphic sites, in the RNAp alignment.

Although we cannot formally exclude the effects of

multiple convergent mutations, recombination events

seem to be responsible for the high number of loops

observed in the RNAp haplotype network (Fig. 1b),

as the PHI test (Bruen et al., 2006) detected

statistically significant evidence for recombination

(P-value = 0.0002376). However, the RDP (Martin &

Rybicki, 2000) or MaxChi (Maynard Smith, 1992)

methods did not identify recombination sites within our

data set of closely related sequences. We then used the

method of Hudson & Kaplan (1985) to define sequence

regions within which recombination events have not

been detected. We used this partition to generate subnet-

works based on regions free of detected recombination

sites. A minimum of seven recombination events have

been detected in the RNAp alignment, five between the

219th and 510th bp and one between the 672th and

798th bp. Taking this information into account, we man-

aged to generate two haplotype networks without any

loop (RNAp(1) and RNAp(2), Fig. 1c) which we used for

comparing different expansion scenarios. These two

RNAp subnetworks are based on a 221-bp fragment (the

first 221 bp of the original alignment) and a 287-bp frag-

ment (located between nucleotides 511 and 798 of the

original alignment). RNAp(1) and RNAp(2) alignments

both contain four polymorphic sites defining five and

four haplotypes, respectively, and display similar levels

of polymorphism as those detected for CAD and WgL. To

avoid a bias linked to the high polymorphism caused by

potential intra-allelic recombinations, these two subnet-

works were used in simulation analyses instead of the

overall RNAp fragment.

Genetic diversity and structure analyses

Our haplotype networks, along with the geographic dis-

tribution of each allele (Fig. 1b,c), show no obvious

population genetic structure. However, our global UST

statistics (calculated on the 22 populations) and their

associated P-value computations did reveal a low but

significant genetic structure (significant UST values

between 0.086 and 0.284, Table 2). The AMOVA results

(Table 2) revealed (i) low but similar estimated USC

(measure of the proportion of variation among popu-

lations within groups) and UST (measure of the propor-

tion of variation among populations) values and

Table 2 Global UST values among populations, AMOVA U-statistics for the partition defined by the three defined groups of populations (see

the text), the number of analysed sequences (NS) in each group and four different diversity measures estimated inside each of these three

groups: the number of different haplotypes identified in the group divided by the number of sampled sequences in this group (NH/NS), the

allelic richness (AR) and the nucleotide diversity (p). RNAp(1) and (2) correspond to two identified RNAp gene subfragments without any

recombination sites.

Locus Global UST

AMOVA for the three defined

groups of populations

Group n°1: Ancestral

populations (orange cells in

Fig. 2)

Group n°2: new colonized

populations in France and

Belgium

Group n°3: new colonized

populations in southern

England

USC UST UCT NS NH/NS AR p NS NH/NS AR p NS NH/NS AR p

CAD 0.086* 0.059* 0.104* 0.048 81 0.012 4.77 0.0040 11 0.076 5.00 0.0039 11 0.046 3.00 0.0034

RNAp 0.150* 0.093* 0.103* 0.011 76 0.461 9.26 0.0053 11 0.546 6.00 0.0043 19 0.421 5.67 0.0050

RNAp(1) 0.096* 0.063 0.081* 0.020 76 0.066 3.77 0.0043 11 0.273 3.00 0.0023 19 0.105 2.00 0.0023

RNAp(2) 0.284* 0.182* 0.173* �0.011 76 0.053 2.62 0.0023 11 0.182 2.00 0.0015 19 0.158 2.82 0.0019

WgL 0.216* 0.173* 0.243* 0.075 79 0.076 3.08 0.0012 11 0.364 4.00 0.0018 21 0.095 2.00 0.0007

*A significant value for the U-statistics (P-value < 0.05 for 10 000 permutations).
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(ii) systematically nonsignificant estimated UCT (mea-

sure of the proportion of variation among groups) val-

ues close to zero. The latter result demonstrates the

absence of significant population structure specifically

linked to geographic fragmentation between England

and the continent. We found no clear pattern of varia-

tion in genetic diversity when comparing the different

genetic diversity measures estimated within each of the

three defined groups of sampled populations (Table 2).

When comparing groups n°1 and n°3 (i.e. the area of

origin vs. the most recent colonized area), estimated

allelic richness AR and nucleotide diversity p at the

three analysed loci were systematically slightly lower in

group n°3. On the other hand, the relative number of

different haplotypes NH/NS was instead higher in group

n°3, except for RNAp for which the two values are sim-

ilar (0.461 for group n°1 against 0.421 for group n°3).
Note that due to the small sample size of group n°2,
comparisons between this group and the two others

need to be interpreted cautiously.

Comparisons with simulated data sets

Principal component analyses of the simulation results

allowed us to identify the summary statistics displaying

more variability between scenarios (GST, NST, UST,

XH(G2), XH(G3), p(G2), p(G3), p(G1)-p(G2), p(G1)-p
(G3), pR(G1), pR(G2), pR(G3); G1, G2 and G3 referring

to groups n°1, n°2 and n°3) and those displaying more

variability within scenarios (NHtot, p(G1), ptot, NST-GST)

(Fig. S3 for Ne = 1000, Fig. S4 for Ne = 10 000 and Fig.

S5 for Ne = 100 000). Based on this visual comparison,

we selected several promising sets of summary statistics

for comparing our four alternative scenarios. Several

comparison analyses were also conducted using only

one of the promising summary statistics. In the end, we

identified a set of four statistics as the most discrimi-

nant for our model comparison: two statistics measur-

ing the population genetic structure (GST and NST; Pons

& Petit, 1996) and two statistics measuring the differ-

ence in genetic diversity between a newly colonized

area and the area of origin pR(G3) and the difference

between NH(G1)/NS(G1) and NH(G3)/NS(G3). We chose

populations from group n°1 (Fig. 2) to represent the

area of origin and populations from group n°3 (south-

ern England) to represent a newly colonized area, in

agreement with our detailed biogeographical records.

The difference between NH(G1)/NS(G1) and NH(G3)/

NS(G3) is the difference between the relative number

of different haplotypes identified in groups n°1 and

n°3, whereas pR(G3) is the nucleotide diversity in group

n°3 relative to that of the rest of the distribution (group

n°1 + group n°2, Mardulyn et al., 2009).

Using these four summary statistics to compare the

real data set with the simulated ones, the combined

P-values over loci (Table 3; see Table S2 for details per

locus) reveal that, when considering Ne = 1000, sce-

nario n°2 (S2) is clearly more likely than the three

alternative scenarios S1, S3 and S4, displaying an asso-

ciated combined P-value close to one. In that case, the

second most likely scenario is scenario n°1 (S1a), with

a combined P-value close to 0.55. On the other hand,

when considering Ne = 10 000 or Ne = 100 000, sce-

nario n°1 (S1b and S1c) becomes the most likely, fol-

lowed by scenario S2, which is even rejected for

Ne = 100 000. For the three maximum effective sizes

Table 3 Consistency of the real genetic data set against simulated data sets using PHYLOGEOSIM software for four demographic scenarios

(10 000 simulations per set of parameters). P-values give the probability that the real data set is consistent with the simulation model, on

the basis of four summary statistics (GST, NST, p(G1)-p(G3), pR(G3)) obtained on each of four nuclear genomic regions (CAD, RNAp(1),

RNAp(2), WgL).

Scenario T1 Ne Ne(barriers) fm1/fm2 tR P-value Estimation of type II error

S1a 25 1000 100 0.01/0.005 1.5 0.551 0.758

S2a 25 1000 100 0.002/0.001 5 0.978* –

S3a 25 1000 100 0.0004/0.0002 15 0.055 0.330

S4a 25 1000 100 0.0001/0.00005 25 0.000 0.015

S1b 25 10 000 1000 0.001/0.0005 3 0.972* –

S2b 25 10 000 1000 0.0002/0.0001 10 0.298 0.641

S3b 25 10 000 1000 0.00004/0.00002 30 0.020 0.074

S4b 25 10 000 1000 0.00002/0.00001 50 0.007 0.027

S1c 25 100 000 10 000 0.0001/0.00005 6 0.427* –

S2c 25 100 000 10 000 0.00002/0.00001 20 0.033 0.743

S3c 25 100 000 10 000 0.000004/0.000002 60 0.002 0.039

S4c 25 100 000 10 000 0.000002/0.000001 100 – –

T1 is the number of generations since the beginning of expansion, Ne is the maximal effective populations sizes of yellow and orange cells

(Fig. 2), Ne(barriers) is the maximal effective populations sizes of green cells (connection France – UK), fm1 is the short-distance forward

migration rate and fm2 is the long-distance forward migration rate, tR is the reproduction rate, and the estimation of type II error is the pro-

portion of pods (pseudo-observed data sets generated under the considered scenario), which are not rejected (combined P-value > 0.05)

when compared with data sets simulated under the most likely scenario (i.e. the scenario associated to the highest P-value marked by an

asterisk and based on the same Ne). P-values obtained for each genomic region are detailed the Supporting information (Table S2).
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tested, scenarios S3 and S4, characterized by lower

migration rates and higher founder effects, are system-

atically rejected (P < 0.05), except for scenario S3a,

which is only slightly above the rejection limit

(P = 0.055). Note that scenario S4c (S4 for

Ne=100 000) could not be simulated. Indeed, even

when increasing the reproduction rate to an extremely

high value (tR = 100), the range expansion in the for-

ward simulation never managed to reach the most

remote sampled populations. Scenario S4c presents a

priori the same level of founder effects (i.e. the same

Ne*fm values), but its parameter values lead to a much

slower migration wave than in scenarios S4a and S4b.

Overall, these results indicate that an increase in cell

effective size further decreases the likelihood of scenar-

ios associated with lower migration rates. Yet, for all

effective size values tested, scenarios 1 and 2 are always

more likely than scenarios 3 and 4.

Estimation of type II error based on pseudo-observed

data sets seems to validate our results further. With the

exception of the pseudo-observed data sets simulated

under scenario S3a and compared with data sets simu-

lated under scenario S2a, all the type II errors of sce-

narios S3 and S4 were associated to small probabilities

(< 0.05, except for scenario S3b that generated a proba-

bility of type II error of 0.074 when compared with

data sets simulated under scenario S1b).

Discussion

Evidence for a rapid range expansion without a
drastic founder effect

Witnessing and documenting a rapid geographic range

expansion of a solitary bee species is a rare phenome-

non. Here, our field surveys and observations provide

strong evidence that C. hederae has undergone a rapid

geographic expansion in Western Europe (Figs. 3, S1

and S2). Because colonies of this species are quite con-

spicuous and portions of its newly colonized range (e.g.

southern England) have been extensively scanned by

bee experts for several years before its appearance, we

are confident that the inference of this range expansion

is not an artefact associated to increased search efforts.

Because newly established populations were found to

rapidly increase to hundreds, and occasionally to thou-

sands of individuals as observed today in southern Eng-

land, and given the phylopatric behaviour encountered

in many groups of bees, we first hypothesized that

C. hederae increased its range through the migration of

a few individuals across relatively long distances (sev-

eral hundreds of metres to several kilometres). These

migrants would then have reached suitable habitats

and would have rapidly established large populations as

a result of their high reproduction rate (Bischoff et al.,

2005). Strong founder effects would be expected under

this hypothesis. However, the absence of a drastic

decrease in genetic diversity among populations sam-

pled in the more recently colonized areas (Fig. S1)

appears in conflict with this view. Our comparisons

with data sets simulated using a spatially explicit coales-

cence model give more support to a demographic sce-

nario involving relatively high migration rates. It shows

that the increase in population size of a newly colo-

nized cell to its maximum density is not only based on

the reproduction of the few first individuals that have

colonized it, but also based on continuous migration

between neighbour cells on the grid. Overall, these

results indicate that C. hederae is characterized by good

dispersal capabilities. Although this may be surprising

for such a pollen-specialist species, it is consistent with

its recent rapid spread across Europe and with the rela-

tive abundance of its host plant in urban, suburban and

rural gardens across Western Europe. The recent colo-

nization of southern England by C. hederae since 2001

and the lack of a drastic decrease in genetic diversity of

the UK populations compared with those sampled in

continental Europe highlight the migration capabilities

of this bee even further. Contrary to the almost simul-

taneous arrival of the violet carpenter bee Xylocopa viol-

acea in the UK (Peat, 2007) or of the giant Asian resin

bee Megachile sculpturalis in France (Vereecken & Barbi-

er, 2009) where anthropogenic activities (in particular

the import of timber) might have facilitated their estab-

lishment, the colonization of southern England and

most parts of Western Europe by C. hederae during the

past decade can reasonably be considered natural.

Among the fifteen males that we analysed from the

UK, we identified three diploid individuals. The produc-

tion of diploid males in Hymenoptera populations can be

the result of a loss of allelic diversity at the sex-determin-

ing loci (sl-CSD; Zayed, 2009). High frequencies of dip-

loid males in Hymenoptera populations are therefore

sometimes interpreted as a sign of inbreeding (Crozier &

Page, 1985; Pamilo et al., 1994; Cook & Crozier, 1995;

Roubik et al., 1996; Zayed et al., 2004; Zayed & Packer,

2005; but see Paxton et al., 2000), but can also be associ-

ated to a population bottleneck or founder event (Ross

et al., 1993). The identification of diploid males in south-

ern England could therefore be interpreted as a sign of

local founder effects associated with the relatively small

number of individuals that have crossed the channel and

succeeded in founding new populations in this region.

This is not necessarily incompatible with the fact that the

overall genetic diversity estimated from the group of

populations sampled in southern England is very similar

to that of the continent. Indeed, it can be hypothesized

that the colonization of England by a small number of

individuals has occurred many times and simultaneously

(or at least in a relatively short period of time) in differ-

ent locations. However, although the sampling currently

allows comparing the overall genetic diversity among

our defined groups of populations (especially between

groups n°1 and n°3), the local sampling (number of
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sequences available for each sampled locality) remains

too small to test further this hypothesis of multiple local

founder events. A more thorough sampling of the newly

colonized areas in southern England is needed to address

this issue.

Drivers and facilitators of range expansion in
C. hederae

To date, the factors that triggered the geographic range

expansion of C. hederae have not been accurately pin-

pointed. Yet, we postulate that climate change, in par-

ticular the recurrent occurrence of hotter and longer

summers (‘heat waves’) in Europe over the past two

decades (e.g. Sch€ar et al., 2004; Fischer & Sch€ar, 2009;
Fischer et al., 2012), might have contributed to the

recent range expansion of this solitary bee species.

Indeed, its principal forage plant, H. helix, is known to

reproduce vegetatively in areas characterized by colder

climates and that flowering is associated with areas of

greater warmth (Iversen, 1944). Hence, an increase in

summer temperatures might have contributed to the

production of more abundant and longer-lasting flow-

ering stands, which provided C. hederae females with a

locally abundant source of pollen and nectar.

We hypothesize that several factors might have con-

tributed to the demographic changes and the rapid geo-

graphic expansion of C. hederae. First, features of the

host plant upon which females of C. hederae strongly

rely for pollen, the flowering ivy (H. helix), presumably

facilitated the colonization of novel habitats across Wes-

tern Europe while minimizing competition for pollen

resources with other bees. Indeed, H. helix is very wide-

spread, locally abundant and produces large numbers of

flowers in both urban and peri-urban habitats across

Europe (Grivet & Petit, 2002). The distribution of

C. hederae is much wider than that of e.g. C. halophilus,

one of its sister species in the C. succinctus group: the

latter species is strictly associated with salt marshes of

the Atlantic coasts of France and the North Sea where

females provision their brood cells primarily with pollen

of Aster tripolium (Asteraceae), a more ephemeral and

geographically restricted source of pollen in July–
August for various other wild bee species (Kuhlmann

et al., 2007; Rooijakkers & Sommeijer, 2009; Sommeijer

et al., 2009, 2012). Moreover, the very late flowering

period (August–November) of the flowering ivy makes

it a very poorly exploited pollen source by most wild

bee species. Second, the local abundance of the flower-

ing ivy and its long flowering period (6–8 weeks), par-

ticularly when summers are warm and the early

autumn is mild (Bischoff et al., 2005), allow females of

C. hederae to collect larger quantities of pollen over a

longer period and to complete sometimes up to eigh-

teen brood cells, whereas a completed nest of C. halo-

philus generally consists of five or six brood cells

(O’Toole & Raw, 1991).

These factors might have been acting in concert,

enabling a spectacular range expansion and leading to

the recent burst of biological records over the past

decade (2000-2010). We predict that further north-

ward and eastward expansion of C. hederae in Europe

will probably be limited by the ivy’s inability to pro-

duce large flowering stands for long periods in areas

where summers are wetter and where temperatures

in early autumn are harsher (i.e. colder) (see also

Roberts et al., 2011). Another potentially important

consequence of the recent and rapid geographic range

expansion of C. hederae is that populations on the

invasion front have apparently escaped from their

specific natural enemies such as the cleptoparasitic

solitary bee species Epeolus fallax (N.J. Vereecken,

unpublished data) or the brood parasitic meloid beetle

Stenoria analis (Coleoptera, Meloidae) (Vereecken &

Mah�e, 2007; Vereecken et al., 2010) that are regularly

found in southern regions of Europe. This expansion

of C. hederae into areas devoid of specialist enemies

may have contributed to the rapid development of

dense populations of C. hederae in recently colonized

habitats, for example, in the southern UK populations

where we have observed the largest known popula-

tions of C. hederae encompassing tens of thousands of

individuals and no specialist nest parasite in recent

years. The absence of natural enemies might in turn

have favoured the migration of individuals to neigh-

bouring suitable habitats to minimize local frequency-

dependent density and competition as observed in

other groups of organisms (Hamilton & May, 1977;

Clobert et al., 2001; Matthysen, 2005; Ronce, 2007;

Kim et al., 2009; Nowicki & Vrabec, 2011).

Pollen specialization can be viewed a priori as an

apparent obstacle to geographic range expansion as it

constrains the ability of the migrating individuals to

locate and exploit their specific host plants in novel

habitats. Yet, our study shows that C. hederae has suc-

ceeded in expanding its geographic range in Western

Europe in regions where populations of its host plant

capable of supporting colonies of this solitary bee were

already present. Similar cases have been reported from

the USA where some adventive solitary bees native to

Europe are also pollen specialists [Chelostoma on Cam-

panula (Campanulaceae), Hoplitis anthocopoides on Echi-

um (Boraginaceae), Lithurgus chrysurus on Centaurea

(Asteraceae)], illustrating that although a generalist diet

can facilitate the colonization of novel habitats (Giles &

Ascher, 2006), pollen-specialist solitary bee species are

also capable of invading new territories while keeping

their floral preferences unchanged, particularly if their

specific pollen hosts are locally abundant (Matteson

et al., 2008). In the specific case of C. hederae, our

analyses show that this rapid range expansion was

made possible by important levels of migration

occurring between newly colonized territories and areas

in which the species is already established and
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demonstrates the strong dispersal capabilities of this

specialist solitary bee. Because this range expansion

was not associated with a drastic decrease in genetic

diversity, the newly established populations probably

maintain their evolutionary potential, for example, to

cope with environmental variations (Soul�e, 1987).

Largely different levels of polymorphism among loci

The polymorphism levels reported in this study were

strikingly different among loci, with the COI locus dis-

playing a single allele over the entire species range, the

CAD and Wg loci displaying each 6 alleles and the

RNAp locus displaying as many as 43 different alleles.

Although this variation can be explained to some

extent by the stochastic nature of the coalescent pro-

cess, assuming all 3 loci are unlinked, by the occur-

rence of recombination events in the RNAp fragment

and by the smaller effective size of the mitochondrial

locus, natural selection cannot be ruled out as another

possible cause. Indeed, evidence that natural selection

can influence the pattern of variation in the mitochon-

drial genome was presented recently (Ballard & Whit-

lock, 2004; Bazin et al., 2006). Adaptive selection could

at least partially explain the absence of polymorphism

found in the COI sequences.

A common assumption of phylogeographic methods

is that the examined loci are neutral and that the

observed pattern of variation is essentially created by

demographic history. Without this crucial assumption,

the interpretation of many phylogeographic data sets

would be erroneous, because selection strongly

impacts the shape of gene genealogies (e.g. Avise,

2000). In the case of this study, however, we believe

this assumption is less important. Indeed, the investi-

gated period of time spans only two decades, which

is much too short to account for the shape of gene

genealogies characterizing the studied loci; that is,

these genealogies were generated over a much longer

period of time. When comparing different colonization

scenarios that have occurred in a 20-year period, the

analyses rely essentially on the geographic distribution

of the different alleles and their frequencies, not on

the shape of genealogies. Even if a few alleles are

currently subject to selection pressures, the majority

of those are likely to be influenced only by dispersal

and reproduction. Moreover, the weak signal of popu-

lation structure found across the range of the species

suggests that adaptive selection, if present, played

only a minor role in shaping the geographic distribu-

tion of alleles. Its presence would actually result in

underestimating migration in this species, and correct-

ing for this effect would only strengthen our conclu-

sion of high dispersal capabilities. Finally, the COI

locus, for which suspicion of adaptive selection is

highest, was excluded from the analyses, due to its

lack of polymorphism.

The use of a spatially explicit model of coalescence

A spatially explicit model of coalescence appears essential

to simulate the evolution of molecular data in a popula-

tion or species going through a geographic range expan-

sion, certainly for the goal of investigating the impact of

this range expansion on the geographic distribution of

genetic diversity. Such a spatially explicit model was

defined here by simply superimposing a grid on the map

of the species range, in which each cell is defined as a

separate population within which a coalescent event can

occur. Although this feature of the model makes it much

more realistic, its demographic component is defined by

a relatively small number of parameters. In addition to

the size of the grid, we have only defined the following

demographic parameters: initial and maximum effective

population sizes per cell, short- and long-distance migra-

tion rates and a single reproduction rate. By combining

different values of these parameters in an extensive sim-

ulation analysis, we have explored a large portion of the

space of possible scenarios that could have resulted in

the geographic expansion observed in the field. This

exploration allowed us to identify the mode of coloniza-

tion that was the most compatible with our sequence

data, as well as to exclude scenarios that were clearly

incompatible.

Although using an explicitly geographic model of

coalescence offers a natural way to implement a range

expansion, possibly associated to a pattern of isolation

by distance, it necessarily leads to an increase in model

complexity that results in slower computation simula-

tions. However, when comparing demographic hypoth-

eses, a large number of simulations are needed, to

explore the space of all combinations of parameter val-

ues as thoroughly as possible. The longer computation

time needed for this explicit geographic model pre-

vented us from using an approximate Bayesian compu-

tation (ABC) framework (e.g. Beaumont et al., 2002)

that would have been better suited for exploring that

space, despite recent advances decreasing the required

number of simulations (e.g. Beaumont et al., 2009;

Wegmann et al., 2009). Clearly, a compromise needs to

be reached in population genetic studies between

model complexity and accuracy of the method selected

to compare evolutionary models. In the context of this

study, a model sufficiently complex to explicitly

describe the geographic expansion of the studied bee

seemed unavoidable.

Despite recent works in the context of ABC methods

(e.g. Joyce & Marjoram, 2008; Nunes & Balding, 2010;

Blum et al., 2012; Fearnhead & Prangle, 2012), the

choice and number of summary statistics to use for the

comparison of simulated and real data sets outside an

ABC framework still remains a challenging issue for

which there is a lack of theoretical knowledge. The use

of the PCA here, as has already been suggested by oth-

ers (e.g. by Veeramah et al., 2012), to explore the value
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of each summary statistic in discriminating among dif-

ferent scenarios of expansion, has been proved to be

very efficient. Even if simply based on a visual inspec-

tion of the PCA graph, this approach allowed to identify

summary statistics that vary mostly among scenarios

rather than within scenarios. In addition, the calcula-

tion of a chi-square statistic combining all summary sta-

tistics into a single value greatly facilitated the

comparison between the simulated and real data. Note

that the estimated P-values reported remain closely

associated to a given set of summary statistics. A com-

plementary approach to cross-validate the results imple-

mented in this study has therefore consisted in testing

distinct sets of statistics that had been identified as

promising by the PCA analysis. Furthermore, a valida-

tion procedure such as that performed in this study for

evaluating the probability of a type II error helps to

increase our confidence in the results.
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Figure S1 Evolution of the distribution of records for

Colletes hederae in Europe from the time of its descrip-

tion (-1994), through 2002, 2006 and 2010.

Figure S2 Biannual changes in the distribution of Col-

letes hederae in the United Kingdom since the confirma-

tion of its presence in 2001 along the Dorset coast (see

black arrow indicating its entry point in the UK).

Figure S3 Principal component analyses (PCA) of 24

summary statistics per locus computed on 1000 simu-

lated data sets for each of four demographic scenarios

with a cell effective population size of Ne = 1000.

Figure S4 Principal component analyses (PCA) of 24

summary statistics per locus computed on 1000

simulated data sets for each of four demographic sce-

narios with a cell effective population size of

Ne = 10 000.

Figure S5 Principal component analyses (PCA) of 24

summary statistics per locus computed on 1000

simulated data sets for each of four demographic sce-

narios with a cell effective population size of

Ne = 100 000.
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dataset.

Table S2 Consistency of the real genetic data set
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