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Abstract
The Iberian Peninsula is known to have acted as a glacial refugium for many species during the Pleistocene in Europe. 
Several phylogeographical studies have been carried out within the genus Bombus which indicate a genetic differentiation 
of some of its species in the southern European peninsulas. Bombus lucorum (Linnaeus, 1761) is one of the three cryptic 
species belonging to the B. lucorum complex. In recent years, this complex has been widely studied; however, there is a lack 
of information about the genetic diversity of this species and its possible postglacial recolonization events. To overcome this 
knowledge gap, in this study several populations from the centre of the Iberian Peninsula to Belgium have been characterized 
using mitochondrial and nuclear markers (cox1 barcoding and 11 microsatellite loci) and the geometric morphometrics of 
the wings. Results from cox1 indicate a genetic differentiation of the population of Sierra de Guadarrama at the centre of the 
Iberian Peninsula, while microsatellite loci and geometric morphometrics analyses do not show any population structure. 
These results point to a past event of genetic differentiation of B. lucorum in the Iberian Peninsula although they also suggest 
a current gene flow with populations from mainland Europe.

Keywords Bombus lucorum · Gene flow · Genetic differentiation · Population structure · Glacial refugium · Iberian 
Peninsula

Introduction

The Iberian Peninsula is considered one of the most impor-
tant glacial refugia of the Pleistocene in Europe. In addi-
tion, mountainous areas as well as the influence of both the 
Mediterranean Sea and the Atlantic Ocean create differ-
ent climatic zones that are thought to have functioned as 

“microrefugia” in different parts of the Peninsula during the 
last maximum glacial (LMG). In this way, a wide variety of 
organisms is known to either have differentiated genetically 
in the Peninsula or have colonized the north and east of 
Europe from this region (Gómez and Lunt 2007).

Recently, several phylogeographic studies of the genus 
Bombus Latreille, 1802 have been carried out due to the 
increasing interest about the conservation of this group 
given their status as important pollinators of wild flora 
and crops (Widmer et  al. 1998; Widmer and Schmid-
Hempel 1999; Duennes et al. 2012; Lecocq et al. 2013a, b, 
2015; Françoso et al. 2016). Bombus lucorum (Linnaeus, 
1761) (subgenus Bombus) is a Palearctic species which 
extends from southern Europe north to the Barents Sea 
coast, reaching Iceland to the west and the Pacific coast 
to the east (Rasmont et al. 2015). It is abundant all over 
Western, Central and Northern Europe but is restricted 
to the mountainous regions in Southern Europe (Bertsch 
et al. 2004). Recent studies (Bertsch et al. 2005; Bertsch 
2009; McKendrick et al. 2017) have provided evidence 
that B. lucorum is a complex of three cryptic species: B. 

Electronic supplementary material The online version of this 
article (https ://doi.org/10.1007/s1084 1-019-00178 -2) contains 
supplementary material, which is available to authorized users.

 * Pilar De la Rúa 
 pdelarua@um.es

1 Departamento de Zoología y Antropología Física, Facultad 
de Veterinaria, Universidad de Murcia, 30100 Murcia, Spain

2 Departamento de Biodiversidad, Ecología y Evolución 
Facultad de Ciencias Biológicas, Universidad Complutense, 
28040 Madrid, Spain

3 Laboratory of Zoology, Research Institute of Biosciences, 
University of Mons, Place du parc 23, 7000 Mons, Belgium

http://orcid.org/0000-0002-0035-8411
http://orcid.org/0000-0003-0615-0790
http://orcid.org/0000-0001-8880-1838
http://orcid.org/0000-0002-0058-1402
http://crossmark.crossref.org/dialog/?doi=10.1007/s10841-019-00178-2&domain=pdf
https://doi.org/10.1007/s10841-019-00178-2


934 Journal of Insect Conservation (2019) 23:933–943

1 3

lucorum, B. magnus (Vogt 1911) and B. cryptarum (Fab-
ricius 1775). Analyses of male labial gland secretions and 
sequence variation of the mitochondrial cytochrome oxi-
dase I (cox1) consistently distinguish the three species in 
Europe (Bertsch et al. 2004, 2005; Bertsch 2009; Carolan 
et al. 2012), but there is a lack of morphological characters 
to easily discriminate among them (Carolan et al. 2012). 
The form of the first collar in the queens may be the unique 
character to discriminate them in the field (Rasmont 1984; 
Bertsch 1997; Bertsch et  al. 2004). In B. lucorum the 
lateral border of the collar is higher than in B. magnus 
and B. cryptarum and is almost exclusively restricted to 
the pronotal lobes (Bertsch et al. 2004). Regarding their 
ecology and based on the most recent studies that used 
genetics-supported identification, B. lucorum is generally 
the most abundant of the three species in the complex at 
the majority of European sites (Murray et al. 2008; Vester-
lund et al. 2014; Scriven et al. 2015; Bossert et al. 2016), 
with the exception of Waters et al. (2011) who found B. 
cryptarum as the most frequent species in north-western 
Scotland. B. lucorum feeds on a wide range of flowers and 
seems to be most closely associated with urbanized areas 
than other members of the species complex (Murray et al. 
2008; Waters et al. 2011; Scriven et al. 2015). However, 
the fact that the three species of the complex can be found 
living simpatrically in various habitats and the insufficient 
comparative studies across large geographic areas make it 
difficult to establish the factors determining the particular 
niche of B. lucorum (Bossert 2015).

Many B. lucorum populations have been characterized 
using cox1 gene sequence variation throughout Europe with 
the aim of differentiating the three species of the lucorum 
complex (Bertsch et al. 2005; Murray et al. 2008; Bertsch 
2009; Carolan et al. 2012; Williams et al. 2012). However, 
only one individual from the Iberian Peninsula was included 
in one of those studies (Bertsch 2009). The Iberian Penin-
sula is the southwest limit of the species distribution and it 
becomes less abundant here, being present only in the moun-
tains of the northern half (Ornosa and Ortiz-Sánchez 2004). 
As stated in Penado et al. (2016), the lack of knowledge of 
bumblebee distribution in the Iberian Peninsula combined 
with the susceptibility to a rapid decline of these marginal 
populations, urge studies in this area. Indeed, B. lucorum is 
considered a species of Least Concern in the IUCN Red List 
of European Bees, but it has already become less abundant 
in Belgium and western France and a projected climatic sce-
nario for 2050 has shown the reduction and even loss of the 
Iberian populations (Rasmont et al. 2015). Taking this into 
account, and the possibility that the peninsula could have 
acted as a glacial refugium for bumblebee species (Widmer 
and Schmid-Hempel 1999; Lecocq et al. 2013a, 2015), it 
may be particularly informative to sample Iberian popula-
tions and perform molecular analyses to infer the genetic 

diversity of the species and to clarify possible postglacial 
recolonization events.

In this work, several populations of B. lucorum ranging 
from the Iberian Peninsula to Belgium have been charac-
terized by cox1 sequencing adding published sequences to 
the data set. A median-Joining haplotype network was con-
structed to infer intraspecific relationships (Bandelt et al. 
1999). Furthermore, individuals were genotyped with nine 
nuclear microsatellite loci to infer the intraspecific popula-
tion structure, and finally the geometric morphometry of 
the wings has been analyzed to resolve fine-scale variation 
(Aytekin et al. 2007; Kozmus et al. 2011; Schutze et al. 
2012). As has been observed in other insect species (Cooper 
and Hewitt 1993; Schmitt and Seitz 2004; Habel et al. 2005; 
Lecocq et al. 2013a, 2015), a differentiation is expected of 
the Iberian individuals with respect to those from central 
Europe.

Materials and methods

Sampling

Sampling was conducted along a latitudinal gradient from 
central Iberian Peninsula to Belgium between the summers 
of 2013 and 2017. Ninety-nine individuals were collected 
from the Spanish National Parks Sierra de Guadarrama (cen-
tral Spain), and Aigüestortes and Ordesa (Pyrenees), and the 
Cantabrian mountain range (Spain) and preserved in abso-
lute ethanol (Fig. 1). Forty-five individuals from the Pyr-
enees and Monts dˈArdèche (southern France), Namur and 
the High Fens (Belgium) sampled between 1986 and 2001 
(Fig. 1) were provided from the collection of Dr. Denis 
Michez (University of Mons, Belgium) (Table S1).

DNA extraction

DNA was extracted from a hind leg removed from every 
individual using the Chelex method (Walsh et al. 1991). In 
the case of the bumblebees from the Belgian collection, total 
DNA was extracted using the Canadian Centre for DNA Bar-
coding Glass Fiber Plate DNA Extraction Protocol (Ivanova 
et al. 2006).

Cox1 amplification and sequencing

PCR amplification of a fragment of the cox1 gene was car-
ried out using the primers pair LCO1490/HCO2198 (Folmer 
et al. 1994) with an initial denaturation at 94 °C for 3 min; 
followed by 40 cycles of 94 °C for 30 s, 48/50 °C for 30 s, 
72 °C for 1 min, and a final extension step at 72 °C for 
10 min. As some individuals had degraded DNA, the cox1 
amplification was carried out for those individuals using the 
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mini barcode approach (Françoso and Arias 2013). PCR 
conditions included in this case an initial denaturation at 
94 °C for 5 min; followed by 35 cycles of 94 °C for 1 min, 
46 °C for 1 min 20 s, 64 °C for 2 min, and a final extension 
step at 64 °C for 10 min. Amplicons of the cox1 fragments 
were Sanger sequenced (Secugen SL, Madrid, Spain).

Species identification and haplotype analysis

Bombus lucorum individuals were initially identified 
through morphological characters and lately confirmed 
by cox1 sequencing and BLAST comparisons (https ://
blast .ncbi.nlm.nih.gov/Blast .cgi). B. lucorum sequences 
available for the same mitochondrial fragment were 

downloaded from GenBank (accession numbers in 
Table S2). Sequences were aligned using Geneious 7.1 and 
the final matrix comprised 216 sequences. Sequences were 
translated to check for aminoacid changes and to discard 
possible sequencing mistakes and the presence of NUMTs 
(nuclear mitochondrial DNA segments).

To study haplotype relationships, a haplotype network 
was constructed with PopArt 1.7 (Leigh and Bryant 2015) 
using the median-Joining distance method. Nucleotide 
divergence and differentiation coefficients (ФST) were 
calculated using the package StrataG (Archer et al. 2017) 
in R software only in those sampling locations consisting 
in more than ten individuals (including both females and 
males). Bonferroni correction was applied to p-values.

Fig. 1  Map showing the sampling locations of Bombus lucorum: Hfens high fens, Ardèc Monts dˈArdèche, Pyr1 Pyrenees1, Pyr2 Pyrenees2, 
Pyr3 Pyrenees3, Pyr4 Pyrenees4, Pal Palencia, Gua Sierra de Guadarrama

https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://blast.ncbi.nlm.nih.gov/Blast.cgi
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Microsatellite amplification and genotyping

Eleven microsatellite loci (B10, B11, B96, B100, B118, 
B119, 121, B124, B126, B131, B132, (Estoup et al. 1995, 
1996) were amplified with two multiplex reactions (Cejas 
et al. 2019). PCR consisted in an initial denaturation at 95 °C 
for 5 min, followed by 30 cycles of 92 °C for 30 s, 54 °C for 
30 s, 72 °C for 30 s, and a final extension step at 72 °C for 
30 min. Allele discrimination was carried out on an AB3700 
capillary genotyping system (Servei Central de Suport a la 
Investigació Experimental,University of Valencia, Spain). 
Alleles were scored using GeneMapper 4.8 (Applied Bio-
systems Inc.).

Microsatellite analysis

Only females from sampling locations with more than nine 
individuals were used in the microsatellite analysis. Putative 
full siblings were identified with the software Colony 2.0 
(Jones and Wang 2010). Individuals with probabilities of 
sibship above 0.95 were discarded from further molecular 
and geometric morphometrics analyses.

The presence of null alleles, scoring error due to stut-
tering, and allele dropout were analyzed with the software 
Micro-Checker 2.2 (Van Oosterhout et al. 2004). Genetic 
structure was estimated using two methods. Firstly, a Bayes-
ian clustering algorithm was performed using the program 
STRU CTU RE 2.3.4 (Pritchard et al. 2000). The admixture 
correlated frequency model was used and K (number of clus-
ters) was tested from 1 to 10. Five independent runs were 
performed with a burn-in period of 250,000 and a run length 
of 750,000 iterations. The optimal number of clusters (K) 
was selected using Structure Harvester (Earl 2012) accord-
ing to the ad hoc statistic deltaK. In a first step temporal sta-
bility of populations was tested performing an analysis only 
with Pyrenean samples collected in 2001 and 2013–2017. 
Then a second analysis was done with all the samples inde-
pendently of their geographical location. Additionally, a 
discriminant analysis of principal components (DAPC) 
(Jombart et al. 2010) was also performed with the package 
adegenet in R. Number of clusters was identified following 
the Bayesian Information Criterion (BIC) and an optimal 
number of principal components that explained more than 
90% of the variance was selected.

Mean allele richness  (AR), number of private alleles 
(Npa), observed  (HO) and unbiased expected heterozigosity 
 (uHE),  FIS values, departure from Hardy–Weinberg equi-
librium, linkage disequilibrium, migration rate, and differ-
entiation coefficients (pairwise  FST) were calculated using 
the software GenAlEx v6.5 (Smouse and Peakall 2012) and 
the packages GenePop (Rousset 2008), adegenet (Jombart 
2008), StrataG (Archer et al. 2017) and diveRsity (Keenan 
et al. 2013) in R. Due to the different number of individuals 

of each group  AR values were corrected after rarefaction 
with diveRsity (Keenan et al. 2013). Bonferroni correction 
was applied to p-values when testing for linkage disequi-
librium, Hardy–Weinberg equilibrium and  FST pairwise 
comparison.

Wing morphometrics

Wing shape was considered to characterize the phenotype 
of the individuals. Wings are two dimensional structures 
where crossing veins and maximum curve can be considered 
as homologous (e.g. Dehon et al. 2017). The left forewings 
were removed and mounted with water in glass slides with 
glass slipcovers. Only females were considered to avoid dif-
ferences based on sexual dimorphism (Gerard et al. 2015). 
Pyrenean samples were grouped in this analysis given their 
geographical proximity. All slide-mounted wings were 
photographed with a Spot Insight Firewire camera and the 
application SPOT Advanced (SPOT Imaging). Images were 
converted to tps format with tpsUtil 1.74 (Rohlf 2017a). 
Eighteen landmarks were selected (Fig. S1) and manually 
plotted on the forewings images using tpsDig2 2.32 (Rohlf 
2016). Correlation between the Procrustes distances in the 
shape space with the Euclidean distances in the tangent 
space was checked using the software tpsSmall 1.34 (Rohlf 
2017b).

Geometric morphometrics analysis

The program MorphoJ 1.06d (Klingenberg 2011) was used 
for geometric morphometrics analyses. A Procrustres fit was 
performed to eliminate all the variations due to non-shape 
differences and outliers were checked. Individuals were 
classified by population clusters. A principal component 
analysis (PCA) was performed to visualize shape variation 
among groups. A canonical variance analysis (CVA) was 
performed and the Mahalanobis and Procrustres distances 
were computed for each group and tested by a permutation 
test applying Bonferroni correction. The separation of the 
groups was also tested in a discriminant function analysis 
(DFA) with a leave-one-out cross-validation test. ANOVA 
tests were performed to see if the origin of the individuals 
had any effect on the size and the shape of the wings.

Results

Although southern locations suitable for Iberian bumble-
bees were sampled, including the mountain ranges Sierra 
Nevada and Sierra Espuña, and the natural park Calares del 
Mundo y de la Sima (southeastern Spain), no B. lucorum 
individuals were found supporting its limited distribution 
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to the northern half of the Iberian Peninsula (Ornosa and 
Ortiz-Sánchez 2004).

Cox1 analyses

The resulting matrix of the partial cox1 gene included 216 
sequences of 564 base pairs (bp) with a total of 28 segre-
gating variable sites, 11 parsimony-informative sites and a 
nucleotide diversity (π) of 0.0028. Sequences obtained in 
this study were submitted to GenBank (accession numbers 
MK279535–MK279653). All variable nucleotides corre-
sponded to synonym mutations, thus discarding the presence 
of NUMTs. Eleven haplotypes were found in the locations 
analyzed with seven being private and only two of them (IV 
and V) being predominant in the individuals of the Iberian 
Peninsula. The private haplotype of Palencia was obtained 
from one sample of this location (Fig. 2). Individuals from 
Sierra de Guadarrama showed a differentiation from the 
rest of the populations with two main private haplotypes, V 
and IV, observed in 92.7% of the samples of this location. 
These haplotypes, V and IV, were 3 and 4 mutation steps 
apart from the most common haplotype in Europe and Asia, 
respectively. Individuals from the locations of High Fens 
and the Pyrenees shared haplotypes I and VII with the rest 
of Europe with 83.3% and 91.9% of the samples, respec-
tively. One sample of Monts dˈArdèche had the haplotype I 
and the two individuals sampled of Namur had a different 
haplotype, XIII. Remarkably, one sample with haplotype V 
was found in the Pyrenees and one sample with haplotype I 
was found in Sierra de Guadarrama. The haplotype IV found 
in Palencia occupied an intermediate position in the network 
between the haplotype VII found mainly in the Pyrenees 
and the haplotype V found mainly in Sierra de Guadarrama 
(Fig. 2).

Only a single individual from Monts dˈArdèche yielded 
DNA of enough quality for sequencing, therefore this popu-
lation was excluded from further analyses. Intra-population 
nucleotide divergence for the populations of this study was 
low, with a maximum value of 0.0014. Inter-population 
nucleotide divergence values were within the same range as 
intra-population values, except for the population of Sierra 
de Guadarrama, which had values of divergence ranging 
from 0.0056 to 0.0065 in relation to the rest of populations 
(Table S3). The pairwise ФST indicated a significant dif-
ferentiation only in the population of Sierra de Guadarrama 
(Фst = 0.768–0.806) after applying the Bonferroni correction 
(Table 1).

Microsatellite analysis

Three putative full sibling individuals were identified 
with a probability > 0.95 and discarded from the analyses. 
Locus B131 was monomorphic and loci B121 and B132 
gave unclear peak patterns in the electropherograms, con-
sequently they were discarded from further analyses. Micro-
Checker did not detect the presence of null alleles, nor found 
evidence for scoring error or allele dropout.

The lack of structure in the temporal analysis of the old 
(2001) and new (2013–2017) samples from the Pyrenees 
allowed us to gather all the samples independently of the 
sampling year in the following analyses (data not shown). 
Although STRU CTU RE and Structure Harvester indicated 
an optimal number of groups with K = 2, none of the popula-
tions showed a higher proportion of their individuals belong-
ing to one of the two genetic groups, i.e. all individuals had 
a similar probability of belonging to both groups (Fig. S2).

The DAPC showed that the BIC reached its minimum 
value and an elbow in the curve at K = 3. The first 35 

Fig. 2  Bombus lucorum haplotype frequencies and haplotype network based on cox1 gene. Analysis included all B. lucorum sequences available 
in GenBank for the same cox1 gene fragment
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principal components explaining 92.4% of the variation and 
two discriminant functions were retained. Microsatellite loci 
B119 and B96, contributed more to define the discriminant 
function 1 and 2, respectively. DAPC classification of indi-
viduals in clusters was consistent with a membership prob-
ability > 91.9% in all cases. However, the clustering showed 
no correspondence between genetic clusters and spatial dis-
tribution of the samples (Fig. 3a), with individuals from dis-
tant locations included in the three genetic clusters (Fig. 3b).

Given the lack of structure, individuals were finally 
grouped according to their geographical proximity to calcu-
late population genetics parameters. Allelic richness ranged 
from 3.8 in Monts dˈArdèche to 4.0 in High Fens. Popu-
lations of Sierra de Guadarrama and Pyrenees showed the 
same value of expected heterozigosity  (HE = 0.624) mean-
while the highest inbreeding coefficient value  (FIS = 0.466) 
was observed in Sierra de Guadarrama (Table 2).

Significant linkage disequilibrium was not observed for 
any loci after applying the Bonferroni correction. Only the 
population of Sierra de Guadarrama showed a significant 
departure from Hardy–Weinberg equilibrium due to a sig-
nificant heterozygosity deficiency in the loci B96, B100 and 
B124 (Table 2). Pairwise differentiation coefficients  FST 
ranged from 0.0015 to 0.1277 and were not significant in 
any case after applying the Bonferroni correction (p-value 
< 0.0024) (Table 3). An overall migration rate of Nm = 3.40 
was obtained using private alleles.

Geometric morphometrics

The same populations as above were considered in this anal-
ysis. When the PCA was performed, the first two principal 
components explained an accumulated variation of 34.7% 
(PC1 = 21.4%, PC2 = 13.3%). The scatterplot of variation 

Table 1  Differentiation test 
values (ФST) between B. 
lucorum populations based on 
mitochondrial variation

ФST coefficients are shown in the lower part of the matrix with their corresponding p-values for 1000 per-
mutations in the upper part of the matrix. The asterisks indicate the significance at the 5% level after apply-
ing Bonferroni correction (p-value < 0.0033)

Sierra de 
Guadarrama

Pyrenees1 Pyrenees2 Pyrenees3 Pyrenees4 High Fens

Sierra de Guadarrama NA 0.0009* 0.0009* 0.0009* 0.0009* 0.0009*
Pyrenees1 0.7682* NA 0.6263 0.0819 0.6483 0.1488
Pyrenees2 0.7896* − 0.0284 NA 0.0349 0.2807 0.0129
Pyrenees3 0.8058* 0.0960 0.2747 NA 0.2467 0.9500
Pyrenees4 0.7907* − 0.0247 0.0010 0.0720 NA 0.4625
High Fens 0.7890* 0.0374 0.1215 − 0.0166 − 0.0109 NA

Fig. 3  Results of a nested discriminant analysis of principal components (DAPC). a Scatterplot of the first two principal components based on 
microsatellite genotypes. b Distribution of B. lucorum populations per cluster



939Journal of Insect Conservation (2019) 23:933–943 

1 3

with the two principal components did not show any clear 
differentiation between the individuals of different popula-
tions (Fig. 4a).

The differences between the Mahalanobis distances 
were significant in all the pairwise comparisons except 
between the populations from Monts dˈArdèche and High 
Fens (Table S4). The differences between the Procrustres 
distances were not significant in any case after applying 
the Bonferroni correction (Table S5). The total accumu-
lated variation explained by the first two canonical variates 

was 81.9% (CV1 = 49.1%, CV2 = 32.8%). The scatterplot 
of variation with the first two canonical variates showed 
an overlap in the shape of the wings for all the groups 
although the population of Sierra de Guadarrama seemed 
more differentiated with a higher within group variance 
(Fig. 4b). The discrimination between the groups was 
assessed with a DFA by calculating the percentage of 
individuals correctly classified to one population of each 
pairwise comparison with a leave-one-out cross-validation 

Table 2  Population genetic 
parameters for every B. 
lucorum population based on 
microsatellite variation

Number of individuals (N), allelic richness  (AR) after rarefaction, number of private alleles (Npa), 
observed  (HO) and unbiased expected heterozigosity  (uHE), inbreeding coefficient  (FIS) and loci showing a 
significant departure from Hardy–Weinberg equilibrium (H–W)

N AR Npa HO uHE FIS H–W

Sierra de Guadarrama 16 3.9 4 0.358 0.624 0.466 B96, B100, B124
Pyrenees 57 3.9 18 0.605 0.624 0.043 –
Monts dˈArdèche 9 3.8 1 0.500 0.535 − 0.111 –
High Fens 11 4.0 2 0.577 0.612 0.014 –

Table 3  Differentiation test 
values (pairwise  FST) between 
B. lucorum populations based 
on microsatellite data

FST coefficients are shown in the lower part of the matrix with their corresponding p-values for 1000 per-
mutations in the upper part of the matrix

Sierra de Guadar-
rama

Pyrenees Monts dˈArdèche High Fens

Sierra de Guadarrama NA 0.1878 0.4482 0.0710
Pyrenees 0.0136 NA 0.0370 0.0200
Monts dˈArdèche 0.0015 0.0483 NA 0.0221
High Fens 0.0576 0.0433 0.1277 NA

Fig. 4  Results from geometric morphometrics analysis of the wings 
of B. lucorum individuals. a Scatterplot showing the first two prin-
cipal components from the principal components analysis (PCA). b 

Scatterplot showing the first two canonical variates from the canoni-
cal variance analysis (CVA)
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test. The percentage of correct classifications ranged from 
54.5 to 76.2% in all the pairwise comparisons (Table S6).

The results from the ANOVA analyses indicated that 
there was not a significant effect of the population origin of 
the individuals on the size of the wings (p value = 0.8822) 
(Table  S7) but significant on the shape of the wings 
(p-value = 0.0022) that explained a 5.9% of total sum of 
squares (Table S8).

Discussion

Mitochondrial and nuclear markers were analyzed in B. 
lucorum individuals collected along a European gradient 
from the centre of the Iberian Peninsula to Belgium, with the 
aim of increasing our understanding of the genetic diversity 
and phylogeography of this bumblebee species. The results 
from the cox1 gene sequence analysis resolved a divergence 
of B. lucorum from the central Iberian Peninsula from those 
of the Pyrenees and central Europe. However, microsatellite 
and geometric morphometrics analyses failed to provide any 
additional evidence of differentiation.

The haplotype network based in the cox1 gene showed a 
clear differentiation between the B. lucorum population from 
Sierra de Guadarrama and those from the rest of Europe, 
with evidence for an intermediate haplotype in the Canta-
brian mountain range. Differentiation tests also supported 
this distinction with a highly significant ΦST value obtained 
between Sierra de Guadarrama and the other populations 
analyzed. In contrast, the analysis of population structure 
using microsatellite data, supported no clear genetic differ-
entiation. Although structure analysis identified a similar 
composition of the two genetic clusters for all the individu-
als, DAPC analysis did not display a correlation between 
the geographical location of the populations and the genetic 
clustering. The contrast between the degree of differentiation 
obtained with the cox1 gene and the microsatellite loci could 
be explained by differences in coalescence times (Boursot 
and Bonhomme 1986). While the number of microsatellite 
loci and their high variability make them useful to study 
local gene flow and inbreeding (Queller et al. 1993), the 
mitochondrial marker cox1 has a shorter coalescence time 
and is sex-biased because of the maternal inheritance of the 
mitochondrial molecule. Differentiation mirrored in cox1 
gene diversity could reflect a low dispersion of the queens. 
However, queens are known to migrate long distances 
(Mikkola 1984; Lepais et al. 2010) so the differentiation 
observed probably results from the short coalescence time 
and may reflect a differentiation event that took place in the 
past. Previous studies within the genus Bombus have already 
observed a contrast between the divergence of mitochondrial 
genes and the homogeneity with nuclear markers that could 
be explained due to a current gene flow between populations 

(Lecocq et al. 2013a, b; Moreira et al. 2015: Maebe et al. 
2019).

In the case of the morphometric analysis, a slight dif-
ferentiation could be seen in the CVA, but this analysis is 
known to maximize the differences between groups estab-
lished a priori (Campbell and Atchley 1981). The DFA with 
a cross validation test and the PCA are more reliable and in 
both cases did not indicate any population differentiation. 
PCA failed to resolve the different populations and DFA 
was unable to classify most individuals according to their 
population in the leave-one-out cross-validation. Further-
more, insufficient individuals from Sierra de Guadarrama 
were included in these analyses as most of them were males 
and only females were used to avoid inter-caste bias (Gerard 
et al. 2015). Although some studies have discriminated taxa 
at an intraspecific level with this method (Schachter-Broide 
et al. 2004; Tofilski 2008; Francoy et al. 2011), there could 
be a convergent or stabilizing selection on wing shape 
(Dockx 2007). Nevertheless, given the lack of isolation 
between the populations as indicated by the microsatellite 
data, a differentiation in wing morphology would not be 
expected.

Several studies in other Bombus species have found a 
differentiation in the southern European Peninsulas that 
support the hypothesis that they could have acted as glacial 
refugia during the Pleistocene (Widmer and Schmid-Hempel 
1999; Lecocq et al. 2013a, 2015). In the case of B. lucorum, 
Bossert et al. (2016) already pointed out that the low genetic 
diversity of the species through Europe could be indicative 
of a rapid expansion from a glacial refugium. The diver-
gence observed in the population of Sierra de Guadarrama 
with respect to European populations supports the hypoth-
esis that the Iberian Peninsula could have acted as a glacial 
refugium during the Pleistocene glacial cycles. A high hap-
lotype diversity would be expected if the peninsula acted as 
a refugium, therefore it would be necessary to sample more 
populations to finally confirm our hypothesis. Alternatively, 
an expansion from central Europe after the last glacial period 
should be also tested. Nevertheless, the differentiation found 
in the gene cox1 in Sierra de Guadarrama coupled with the 
high inbreeding value obtained, highlight that populations 
of central Spain are important when evaluating the genetic 
diversity of B. lucorum as these population parameters are 
important factors to be measured in conservation strategies 
(Boettcher et al. 2010).

The lack of population structure observed with micros-
atellite data and geometric morphometrics is suggestive of 
ongoing gene flow between the populations of the Iberian 
Peninsula and those from central Europe. The presence of 
two samples from Sierra de Guadarrama and the Pyrenees 
with shared haplotypes supports this view. Microsatellite 
data obtained for B. lucorum and other Bombus species 
have previously indicated that in general, there is gene flow 
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between bumblebee populations on the mainland of Europe 
(Estoup et al. 1996; Moreira et al. 2015; Potapov et al. 2018; 
Maebe et al. 2019) resulting in low levels of genetic differ-
entiation despite of the geographic distance. Only significant 
geographical barriers, such as seas or mountain ranges seem 
to result in the reduction or interruption of gene flow what 
could be mirrored in the microsatellite loci variation (Estoup 
et al. 1996; Widmer and Schmid-Hempel 1999; Moreira 
et al. 2015). However, our data suggests that Pyrenees fail 
to act as a geographical barrier that interrupts gene flow 
between the northern and southern populations. It would be 
possible that a rapid expansion of B. lucorum from the Ibe-
rian Peninsula had caused a genetic homogeneity in micros-
atellite loci but given the high mutation rate of these markers 
it is more plausible that a minimum gene flow exists. Never-
theless, the population of Sierra de Guadarrama is the only 
one where a high inbreeding coefficient and a departure from 
Hardy–Weinberg equilibrium are observed. These results 
may reflect a higher degree of isolation or selective pressure 
in this population with respect to the northern populations 
analysed, probably affected by the distribution of this spe-
cies: while in Europe B. lucorum is a common and abundant 
species, in the Iberian Peninsula is restricted to northern 
mountains (Ornosa and Ortiz-Sánchez 2004).

Although our work provides a first step in understand-
ing the genetic structure and diversity of B. lucorum in the 
Iberian Peninsula, there is a need to sample other Iberian 
populations to better characterize the genetic and morphol-
ogy of their populations. This will help to determine the 
intraspecific variability of this widespread and common 
species through Europe. Nonetheless, this study highlights 
the importance of including Iberian populations of bumble-
bees to determine and characterise their genetic diversity. 
Given the current situation of decline of insects in general 
(Sánchez-Bayo and Wyckhuys 2019) and pollinators in par-
ticular (Potts et al. 2010; Powney et al. 2019), our results 
must be taken into account when managing the conserva-
tion of bumblebee species. The observed absence of genetic 
structure suggests that neither geographical barriers such as 
mountain ranges nor the European agricultural landscape are 
a barrier to gene flow. Although observed levels of genetic 
diversity are not as low as those observed in other species 
of the genus Bombus (Maebe et al. 2019), conservation and 
management plans should be developed to maintain or even 
increase current levels of genetic diversity. The connectiv-
ity of the current populations may be favoured to avoid the 
impact that changes in the landscape due to human, environ-
mental or climate change pressure could produce limiting 
gene flow between populations of this species.
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