N Naturalis

@ Biodiversity
@ Center

Naturalis Repository

Methods for species delimitation in bumblebees (Hymenoptera,
Apidae, Bombus): towards an integrative approach

Thomas Lecocq, Simon Dellicour, Denis Michez, Manuel Dehon, Alexandre Dewulf,
Thibaut De Meulemeester, Nicolas Brasero, Irena Valterova, Jean-Yves Rasplus, Pierre
Rasmont

Downloaded from:
h : i-org.naturalis.idm.oclc.org/10.1111%2Fzsc.12107

Article 25fa Dutch Copyright Act (DCA) - End User Rights

This publication is distributed under the terms of Article 25fa of the Dutch Copyright Act (Auteurswet)
with consent from the author. Dutch law entitles the maker of a short scientific work funded either wholly
or partially by Dutch public funds to make that work publicly available following a reasonable period after
the work was first published, provided that reference is made to the source of the first publication of the
work.

This publication is distributed under the Naturalis Biodiversity Center ‘Taverne implementation’
programme. In this programme, research output of Naturalis researchers and collection managers that
complies with the legal requirements of Article 25fa of the Dutch Copyright Act is distributed online and
free of barriers in the Naturalis institutional repository. Research output is distributed six months after its
first online publication in the original published version and with proper attribution to the source of the
original publication.

You are permitted to download and use the publication for personal purposes. All rights remain with the
author(s) and copyrights owner(s) of this work. Any use of the publication other than authorized under
this license or copyright law is prohibited.

If you believe that digital publication of certain material infringes any of your rights or (privacy) interests,
please let the department of Collection Information know, stating your reasons. In case of a legitimate
complaint, Collection Information will make the material inaccessible. Please contact us through email:

collectie.informatie@naturalis.nl. We will contact you as soon as possible.


https://doi-org.naturalis.idm.oclc.org/10.1111%2Fzsc.12107
mailto:collectie.informatie@naturalis.nl

/oologica Scripta

KUNGL.
VETENSKAPS-
AKADEMIEN

THE ROYAL SWEDISH ACADEMY OF SCIENCES

Methods for species delimitation in bumblebees
(Hymenoptera, Apidae, Bombus): towards an integrative

approach

THoMAS LECOCQ, SIMON DELLICOUR, DENIS MICHEZ, MANUEL DEHON, ALEXANDRE DEWULF, THIBAUT
DE MEULEMEESTER, NICOLAS BRASERO, IRENA VALTEROVA, JEAN-YVES RASPLUS & PIERRE RASMONT

Submitted: 8 December 2014
Accepted: 8 December 2014
doi:10.1111/zsc.12107

Lecocq T., Dellicour S., Michez D., Dehon M., Dewulf A., De Meulemeester T, Brasero
N., Valterovi I., Rasplus J.-Y. & Rasmont P. (2015). Methods for species delimitation in
bumblebees (Hymenoptera, Apidae, Bombus): towards an integrative approach. — Zoologica
Scripta, 44, 281-297.

Delimitation of closely related species is often hindered by the lack of discrete diagnostic mor-
phological characters. This is exemplified in bumblebees (genus Bombus). There have been
many attempts to clarify bumblebee taxonomy by using alternative features to discrete morpho-
logical characters such as wing shape, DNA, or eco-chemical traits. Nevertheless each approach
has its own limitations. Recent studies have used a multisource approach to gather different lines
of speciation evidence in order to draw a strongly supported taxonomic hypothesis in bumble-
bees. Yet, the resulting taxonomic status is not independent of selected evidence and of consen-
sus methodology (i.e. unanimous procedure, majority, different weighting of evidence). In this
article, we compare taxonomic conclusions for a group of taxonomically doubtful species (the
Bomibus lapidarius-group) obtained from the four commonly used lines of evidence for species
delimitation in bumblebees (geometric morphometric of wing shape, genetic differentiation
assessment, sequence-based species delimitation methods and differentiation of cephalic labial
gland secretions). We ultimately aim to assess the usefulness of these lines of evidence as compo-
nents of an integrative decision framework to delimit bumblebee species. Our results show that
analyses based on wing shape do not delineate any obvious cluster. In contrast, nuclear/mito-
chondrial, sequence-based species delimitation methods, and analyses based on cephalic labial
gland secretions are congruent with each other. This allows setting up an integrative decision
framework to establish strongly supported species and subspecies status within bumblebees.
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Introduction

The species is a fundamental unit, central to biodiversity
classification (Mayr 1942; De Queiroz 2007). However,
species delimitation between closely related species is often
impractical with traditional discrete morphological charac-
ters (Bickford et 4. 2007). Bumblebee (genus Bombus) tax-
onomy exemplifies this issue: different species can be
morphologically similar (i.e. cryptic species) while conspe-
cific specimens can be extraordinarily divergent in their
hair body’s colour patterns (Michener 1990; Williams
1998). As in other taxonomically confused groups, there
have been many attempts to clarify bumblebee taxonomy
by using alternative features to traditional morphological
characters such as geometric morphometrics of wing shape
(Aytekin er al. 2007), DNA (e.g. Ellis er al. 2006) or eco-
chemical traits (e.g. Rasmont ez a/. 2005).

The geometric morphometric approach based on wing
shapes remains poorly used in bumblebee taxonomy
despite promising pioneer studies (e.g. Aytekin er al
2007). Further knowledge on the evolution of this trait
between closely related species is needed to assess its use-
fulness for bumblebee species delimitation. In contrast,
the genetic approach (e.g. Brower 1994; Hebert ez al.
2003) has been widely used on several bumblebee species
groups (e.g. Williams et 2l 2011, 2012). Nevertheless,
species delimitation based on solely genetic evidence
remains controversial because (i) DNA sequences analysed
are chosen arbitrarily, (i) speciation processes are not
always characterized by accumulation of many genetic dif-
ferences while conspecific populations can display high
genetic divergence (e.g. Ferguson 2002; Salvato ez al
2002; Kuhlmann et /. 2007) and (iii) mating isolation can
happen faster than the differentiation of genetic markers
(e.g. Trewick 2008; Symonds er 2l 2009; Bauer et al.
2011). A solution to this last issue is to base the species
delimitaton  on  species-specific ~ reproductive  traits
involved in the species mating recognition (Paterson
1993). In bumblebees, the male cephalic labial gland
secretions (CLGS), a key species-specific chemical repro-
ductive trait for mate attraction (Calam 1969; Bergstrom
et al. 1981; Baer 2003; Bertsch et 4. 2005), have been
widely used as chemical markers in resolving species sta-
tus (e.g. Svensson 1979; Bertsch et al. 2005; Lecocq et al.
2011). However, it is difficult to determine a threshold of
species-level differentiation because the consequence of
reproductive trait differentiation can vary from low regio-
nal variaton with minor behavioural consequences (e.g.
Vereecken et al. 2007) to the rise of reproductive isolation
barrier (e.g. Martens 1996). These consequences are not
predictable without field observations or ethological tests
that are most of the time unavailable (Lecocq ez al

2013b).
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Few recent studies have used a multisource approach to
gather different lines of evidence of speciation in order to
draw strongly supported taxonomic hypotheses for bumble-
bees (e.g. Bertsch et al. 2005; Lecocq et al. 2011). This type
of approach combines taxonomic tools from different areas,
such as geometric morphometric, genetics and chemistry to
obtain to a more informed consensus. The development of
integrative taxonomy based on the unified species concept
(USC) provides a methodological framework for this taxo-
nomic evaluation (De Queiroz 2007; Schlick-Steiner et al.
2010). The USC argues that all species concepts agree on
the fact that species exist as separately evolving metapopu-
lation lineages but diverge in criteria for delimiting species
(De Queiroz 2007). The USC proposes that the numerous
delimiting species criteria are maintained as operational cri-
teria (De Queiroz 2007). Therefore, separaton of meta-
population lineages could be inferred from evidence for
reproductive isolation, phylogenetic divergence or ecologi-
cal differentiation. Integrative taxonomy considers these to
be separate line of evidence when assigning species status
(e.g. Burns er al. 2008; Fisher & Smith 2008), although
species diagnose is more likely in multiple evidence detec-
tion. Therefore, integrative taxonomy may provide an effi-
cient approach to species delimitation. Moreover, by
considering subspecies as a step in the process of allopatric
speciation (Mayr 1942), assigning subspecies rank to lin-
eages in ambiguous allopatric cases (i.e. differentiation in
only one character) has been proposed as a solution (see
argumentation in Hawlitschek ez 2. 2012). Nevertheless,
the resulting taxonomic status is not independent of the
kind of evidence chosen and of consensus methodology
(i.e. unanimous procedure, majority, different weighting of
evidence).

In this article, we compare the taxonomic conclusions
obtained by a ‘discovery-like approach’ (Schlick-Steiner
et al. 2010) on the four commonly used lines of evidence
for species delimitation in bumblebees (geometric mor-
phometric approach, genetic differentiation assessment,
sequence-based species delimitation methods and CLGS
differentiation) in a group of taxonomically doubtful
bumblebee species (the Bombus lapidarius-group; subgenus
Melanobombus; Cameron et al. 2007; Hines 2008; Williams
1998). We ultimately aim to assess the usefulness of
these lines of evidence as components of an integrative
decision framework for bumblebee species delimitation.

Material and methods

Studied species group and sampling

‘The Bombus lapidarius-group includes seven species (Wil-
liams 1998). Here, we focused on a group of closely related
taxa that includes the West-Palearctic taxa (Cameron et al.
2007; Williams et al. 2008): B. erzurumensis Ozbek, 1990,
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B. incertus Morawitz 1881, B. lapidarius (L.) and B. sichelii
Radoszkowski 1860 (Fig. 1A).

Bombus erzurumensis and B. sichelii are two closely related
taxa considered as conspecific (Williams 1998) or as distinct
species (Rasmont ez al. 2000). Bombus erzurumensis is ende-
mic to North East Anatolia and North Iran while B. sichelii
is a widespread Palearctic species (Rasmont & Iserbyt
2012). Bombus sichelii currently includes five recognized
subspecies (Fig. 1A): B. sichelii alticols Kriechbaumer, 1873
(central and eastern Alps), B. sichelii cazurroi Vogt, 1911
(North-East Turkey, Caucasus, and North Iran), B. sichelii
drenowskii Vogt 1911 (Balkans), B. sichelii flavissimus Tkalcu,
1974 (Pyrenees and western Alps) and B. sichelii sichelii
Radoszkowski, 1860 (Russia and Siberia).

Bombus incertus is restricted to Anatolia, Transcaucasia
and North Iran (Rasmont & Iserbyt 2012) (Fig. 1A).

Bombus lapidarius is a common and widespread species in
temperate West-Palearctic except in Southern Europe
where it is relatively rare (Reinig 1935; Rasmont & Iserbyt
2012). Bombus lapidarius currently includes five subspecies
based on colour patterns (Fig. 1A) (Reinig 1935, 1970;
Tkalcu 1960; Rasmont 1983) despite their poor reliability
as diagnostic characters in bumblebees (Bertsch & Schweer
2012a; Carolan et al. 2012): (i) B. lapidarius lapidarius (L.)
in the European plains, Balkans and West Anatolia, (ii)
B. lapidarius decipiens Pérez 1890 in the Iberian Peninsula
and in Southern Italy, (iii) B. lapidarius caucasicus Radosz-
kowski 1859 in the North East Anatolia and Caucasus, (iv)
B. lapidarius eriophorus Klug 1807 in Caucasus and (v)
B. lapidarius atlanticus Benoist 1928 in the Moroccan Atlas.
A recent genetic and eco-chemical study does not support
this classification and points out that B. lapidarius could be
a species complex (Lecocq et 4. 2013a). First, the large
genetic divergence of B. lapidarius caucasicus makes its con-
specificity with other B. lapidarius taxa doubtful. Second,
the European populations of B. lapidarius are clustered in
three monophyletic groups (Lecocq et #l. 2013a) which do
not reflect the current intraspecific taxonomy: (i) the Italian
B. lapidarius decipiens group, (ii) the South Eastern Euro-
pean B. lapidarius lapidarius group, (iii) the main group that
includes all other European B. lapidarius lapidarius and the
Iberian B. lapidarius decipiens. Moreover, the South Italian
B. lapidarius decipiens displays diagnostic CLGS (Lecocq
et al. 2013a).

We sampled 327 specimens (Table S1): B. erzurumensis
[genetic data (GD) = 7, CLGS data (CD) = 10, morpho-
logical data (MD) = 10], B. sichelii alticola (GD = 4,
CD =5, MD =5), B. sichelii cazwrroi (GD =5, CD =5,
MD =5),  B. sichelii  flavissimus  (GD =5, CD =7,
MD = 7), B. sichelii sichelii (GD =7, CD =7, MD =7),
B. incertus (GD =6, CD =10, MD = 10), B. lapidarius

lapidarius  (GD = 196, CD = 174, MD = 196), Iberian
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B. lapidarius decipiens (GD = 20, CD = 17, MD = 23), Ital-
ian B. lapidarius decipiens (GD = 20, CD = 35, MD = 35),
B. lapidarius atlanticus (GD =5, CD =0, MD = 10) and
B. lapidarius caucasicus (GD = 10, CD =5, MD = 13). We
failed to collect B. sichelii drenowskii and B. lapidarius erio-
phorus. All samples used in CLGS and wing shape analyses
were males while females/workers were included in the
genetic analyses; male samples were analysed in all kind of
analyses (Table S1). We also sampled B. alagesianus Reinig,
1930 as outgroup (GD =5, CD =5, MD = 5). The data-
set included new data and data from Lecocq et al. (2013a)
(see Table S1). Specimens were killed by freezing at
—20 °C (Table SI).

In the following analyses, we considered both taxa
defined in the literature (Reinig 1935, 1970; Tkalcu 1960;
Rasmont 1983) and genetic groups defined by Lecocq ez al.
(2013a). We referred to taxa as erzurumensis (B. erzurumen-
sis), alticola (B. sichelii alticola), cazurroi (B. sichelii cazurroi),
flavissimus (B. sichelii flavissimus), sichelii (B. sichelii sichelii),
incertus (B. incertus), caucasicus (B. lapidarius caucasicus), deci-
piens-like (Italian B. lapidarius decipiens), decipiens (Iberian
B. lapidarius decipiens), atlanticus (B. lapidarius atlanticus), lap-
idarius SE Europe (B. lapidarius lapidarius from the SE
European group; see Lecocq et al. 2013a) and lapidarius (all
other B. lapidarius lapidarius) (Fig. 1A).

Geometric morphometric approach

Wing venation is a traditional discrete character for insect
taxonomy (e.g. Grimaldi & Engel 2005). Wing shape varia-
tion has been increasingly studied by geometric morpho-
metric methods to discriminate taxa at intra- and
supraspecific levels (e.g. Aytekin ez al. 2007; Tofilski 2008;
Wappler et al. 2012; Dehon et 4l. 2014). These methods
compare the shapes themselves (see Adams er a/. 2004) and
produce informative data for separating groups (Monteiro
& Coelho 2002). We used the landmark based geometric
morphometrics on the B. lapidarius-group. We used only
males to avoid sexual dimorphism (Pretorius 2005; Jer-
atthitikul e 4/ 2014). We photographed the right fore-
wings of all specimens (z=321) using a D70 Nikon
coupled to an Olympus SZ010 binocular. Photographs
were gathered in one file using tps-UTIL 1.58 and then
one author (MD) digitized two-dimensional Cartesian
coordinates of 18 landmarks placed on the wing veins with
tps-DIG 2.17 (Rohlf 2010a,b) (Fig. S1, Table S2). First,
the landmark configurations were scaled, translated and
rotated against the consensus configuration by the general-
ized least square (GLS) Procrustes superimposition method
in R (R-package shapes, Dryden 2012). The GLS Procrus-
tes superimposition removed all the non-shape differences
and separated the size and shape components of the struc-
ture. Further statistical analyses were performed on
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landmark configurations projected in the Euclidean tangent
space approximate to Kendall’s shape space. This approxi-
mation is allowed if the amplitude of shape variation in the
dataset is small enough. To check this assumption, we cal-
culated with tps-SMALL (Rohlf 2013) the least-squares
regression slope and the correlation coefficient between the
two distances (Euclidean and Procrustes distances between
pairs of specimens) computed by tps-SMALL. We then
performed a clustering analysis performed with unweighted
pair group method with arithmetic mean (UPGMA) clus-
tering method on Procrustes distance matrix (R-package
ape, Paradis er al. 2004). We did not use discriminate
approaches commonly used in geometric morphometric
analyses on bees (e.g. Aytekin et /. 2007) since we devel-
oped a ‘discovery-like approach’ (without # priori; Schlick-
Steiner et al. 2010).

Genetic differentiation assessment

Genetic differentiation has been previously used for species
delimitation in bumblebees (e.g. Bertsch 2010). Here, we
assessed the genetic differentiation in two gene fragments
commonly used to analyse interspecific and intraspecific
relationships in bumblebees (Pedersen 2002; Cameron ez al.
2007): mitochondrial cytochrome oxidase 1 (COI) and
phosphoenolpyruvate carboxykinase (PEPCK) following
the phylogenetic approach of Lecocq er . (2011). We
extracted total DNA using a QIAGEN DNeasy® Tissue
Kit (Qiagen Inc., Valencia, CA, USA). Legs were removed,
crushed using liquid nitrogen and digested (4 h in protein-
ase K at 56 °C). We carried out polymerase chain reaction
(PCR) amplifications with primer pair Apl2013/ApH2931
(Pedersen 1996) for COI and FHv4/RHv4 (Cameron et al.
2007) for PEPCK. We carried out PCR amplifications by
initial denaturing for 3 min at 94 °C, 35 (COI) or 40
(PEPCK) cycles of 1 min denaturing at 94 °C, 1 min
annealing at 51 °C (COI) or 48.5 °C (PEPCK), 2 min
elongation at 72 °C and a final extension for 10 min at
72 °C. Genes were sequenced with an ABI 3730 DNA ana-
lyser or by GENOSCOPE (Centre National de Séquengage;
Evry, France). We sequenced both strands of each PCR
product. We performed the consensus of both strands with
CodonCode Aligner 3.0.1. We checked the bumblebee ori-
gin of each sequence with BLAST 2.2.20 (Zhang ez al.
2000). We performed the alignment with MAFFT ver.6.

T. Lecocq et al. » Comparison of Bombus species delimitation methods

(FFT-NS-2 algorithms, default parameters; Katoh er al.
2002) and edited the data matrix in Mesquite 2.75 (Maddi-
son & Maddison 2007). We performed translation to pro-
teins (Drosophila mitochondrial DNA genetic code or
Universal genetic code) with Mesquite. Sequences were
deposited in GenBank (Table S1). The final molecular
dataset spanned 2757 aligned nucleotides: 1056 bp from
COI [185 parsimony informative sites (PIS)] and 910 bp
from PEPCK (18 PIS). Sequences are available on Gen-
Bank (Table S1) and genetic data matrices are deposited on
TreeBase (TB2:S15458).

We analysed each gene independently using maximum
likelihood (ML) and Bayesian methods (MB). Trees were
rooted with outgroup species. We partitioned each gene to
explore the best substitution model: (i) PEPCK into two
exons and two introns, (if) COI and each PEPCK exon by
base position (Ist, 2nd and 3rd). We used the Akaike infor-
mation criteria corrected for small sample sizes (Hurvich &
Tsai 1989) to choose the best fitting substitution models
with jModeltest (Posada 2008) for each dataset: (i) for
COL TIM1 + G (Ist), F81 (2nd) and TPMIuf + G (3rd);
(ii) for PEPCK introns 1 and 2: HKY; (iii) for PEPCK
exon 1: TrN (Ist), JC (2nd) and TrNef (3rd); (iv) for PEP-
CK exon 2: F81 + 1 (Ist), K80 (2nd) and JC (3rd). We
conducted ML analyses with GARLI 2.0 (Zwickl 20006).
We used a random starting tree and the automated stop-
ping criterion (stop when the In score remained constant
for 20 000 consecutive generations). We performed 10
independent runs in GARLI for each of the genes; the
topology and —In L. were identical among replicates. We
retained the highest likelihood of one of those runs. We
evaluated statistical confidence in nodes with 10 000 non-
parametric bootstrap replicates (Felsenstein 1985) using the
automated stopping criteria set at 10 000 generations.
More bootstrap replicates could not be performed because
it would have required unpractical computing times.
Topologies with bootstrap values >70% were considered
well supported (Hillis & Bull 1993). We performed Bayes-
ian analyses (MB) with MrBayes 3.1.2 (Ronquist & Huel-
senbeck 2003). The model selection process was the same
as that for ML analysis. We substituted selected models
which are not implemented in MrBayes by the closest
overparameterized model (Huelsenbeck & Rannala 2004).
The TIM1, TIMI1uf, and TrN were replaced by the GTR

Fig. 1 Colour pattern, wing shape, and cephalic labial gland secretion (CLGS) differentiations. —A. Colour pattern of taxa studied. The
name in the top left-hand corner of each colour pattern group corresponds to the species that included these taxa according to Williams
(1998). —B. Unweighted pair group method with arithmetic mean (UPGMA) cluster based on Procrustes distance matrix based on the 18
landmarks coordinates of wing. Colours refer to the colour chart of taxa on the Fig. 1A. —C. UPGMA cluster based on a correlation
matrix calculated from the CLGSs matrix. The values near nodes are multiscale bootstrap resampling (only values >80 of main groups are

shown). Colours refer to the colour chart of taxa on the Fig. IA.
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model and the TPM3 and TrNef were replaced by the
SYM model. We conserved the proportion of invariable
sites and gamma distributed rates defined in jModeltest in
all models. We carried out five independent analyses for
each gene and for the combined data (500 million genera-
tions, four chains with mixed-models, default priors, saving
trees every 100 generations). We stopped the analyses after
checking convergence between runs using the average stan-
dard deviation of split frequencies and by plotting likeli-
hood values across generations with Tracer 1.4 (Rambaut
& Drummond 2007). We discarded the first 20 million
generations (200 000 first trees saved) as burn-in. The phy-
logeny and posterior probabilities were then estimated
from the remaining trees and a majority-rule 50% consen-
sus tree was constructed. Topologies with posterior proba-
bilities >0.95 were considered as well-supported (Wilcox
et al. 2002).

Given the substandally greater coalescence time of
nuclear gene sequences compared to mitochondrial genes,
we also calculated PEPCK phylogenetic networks (neigh-
bourNet method) using SplitsTree V.4 (for a review of
application see Huson & Bryant 2006) with heterozygous
characters treated as averaged. Phylogenetic networks allow
a more efficient representation when an incomplete lineage
sorting occurs.

Sequence-based species delimitation for the DNA taxonomy

Several recent bumblebee taxonomic studies (Williams
et al. 2012; Lecocq er al. 2014) have used sequence-based
methods for species delimitation such as the general mixed
Yule-coalescent (GMYC) model (Pons et al. 2006) or its
Bayesian implementation (bGMYC; Reid & Carstens
2012). The GMYC approach delineates species by search-
ing for the transition between a coalescent-type intraspe-
cific genealogy and a Yule-type inter-specific diversification
pattern (Yule 1925). While the single-threshold (Pons ez al.
2006) and multiple-threshold (Monaghan ez 2. 2009) vari-
ants of GMYC return species delimitation per se and are
based on only one ultrametric tree, the bGMYC method
returns a pairwise matrix of posterior probabilities that
specimens are conspecific and can be based on several dis-
tinct ultrametric trees. When these trees are sampled from
the same posterior distribution, this latter characteristic
allows taking the phylogenetic uncertainty into account.
For bGMYC results, the probability that a lineage was
conspecific with other lineages was here estimated by
reporting ranges of posterior probabilities among sequences
from different lineages. These approaches rely on the pre-
dicdon that independent evolution leads to the appearance
of distinct genetic clusters (i.e. monophyly), separated by
longer internal branches (Barraclough ez /. 2003). We
applied the single-threshold GMYC, the multiple-threshold
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GMYC as well as the bGMYC methods to the B. lapidari-
us-group. For bGMYC, a range of probabilities >0.95 was
considered as strong evidence that the groups compared
were conspecific while a range of probabilities <0.05
strongly suggested that the groups compared was not con-
specific (Reid & Carstens 2012). Other probabilities were
interpreted as indicating non-significance (i.e. the method
was not able to confirm if the specimens were conspecific
or not) (Reid & Carstens 2012). GMYC methods all
require ultrametric trees (i.e. trees whose tips are all equi-
distant from the root). We then used BEAST 1.7.4 (Drum-
mond et al. 2012) with a phylogenetic clock model to
generate a posterior distribution of trees (length of the
MCMC chain: 1 billion generations). GMYC and bGMYC
analyses were, respectively, conducted with the ‘splits’
(Ezard et al. 2013) and ‘bGMYC’ (Reid & Carstens 2012)
R packages. Single and multiple-threshold GMYC analyses
were both based on the mitochondrial consensus tree build
with TreeAnnotator v1.8.0 (Drummond ez a/. 2012), dis-
carding the first million sampled trees as burn-in, using the
maximum clade credibility method and setting the poster-
ior probability limit to 0. We based the bGMYC analysis
on 1000 trees sampled every 10 000 generations. For each
of these 1000 trees, the MCMC was made of 100 000 gen-
erations, discarding the first 90 000 as burn-in and sam-
pling every 100 generations.

Eco-chemical trait comparative approach

Courtship signals of male bumblebees include both
behavioural and chemical features (Baer 2003). Here, we
focus on the most studied trait, the CLGS involved in the
premating recognition (Ayasse et 2. 2001; Baer 2003; Ay-
asse & Jarau 2014). Most bumblebee males patrol along
paths (i.e. patrolling behaviour) where they scent-mark
objects with their CLGS. Several authors have used the
CLGS as chemical markers for resolving species status (e.g.
Svensson 1979; Bertsch et al. 2005; Lecocq et al. 2011).
CLGS are species-specific secretions synthesized de novo by
cephalic labial glands (Zacek et al. 2013). CLGS consist of
a complex mixture of (mainly aliphatic) compounds, with
several main components (Coppée er al. 2008; Lecocq et al.
2011). By main compounds of a taxon, we mean every
compound that has the highest relative amount (RA) within
the CLGS at least in one individual.

We extracted the CLGS in 400 pL #-hexane following
De Meulemeester et al. (2011). All samples were stored at
—40 °C prior to the analyses. We determined the CLGS
composition by gas chromatography-mass spectrometry
(GC/MS) and quantified the CLGS composition with gas
chromatograph-flame ionization detector (GC/FID). We
used a GC/MS Finnigan Focus GC Thermo (Waltham,
MA, USA) with a DB-5 ms non-polar capillary column (5%
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phenyl (methyl) polysiloxane stationary phase; 30 m x
0.25 mm x 0.25 pum) coupled to Fisons MD 800 quadrupol
mass analyser Fisons (Ipswich, UK) with 70 eV electron
ionization. We used a GC/FID gas chromatograph Shima-
dzu GC-2010 with a SLB-5 ms non-polar capillary column
(5% diphenyl/95% dimethyl siloxane; 30 m x 0.25 mm
x 0.25 pm) and a FID. For both, we used a splitless injec-
tion mode (220 °C) and helium as carrier gas (1 mL/min).
The temperature program of the column was set to 70 °C
for 2 min and then increased at a rate of 10 °C/min to
320 °C. The temperature was then held at 320 °C for
5 min. We identified compounds in Xcalibur™ with their
mass spectra compared to those at National Institute of
Standards and Technology library (NIST, U.S.A) with
NIST MS Search 2.0. We determined the double bond
positions (i) from mass spectra of dimethyl disulphide ad-
ducts of unsaturated components (Francis 1981) (reaction
time: 4 h) and (ii) by chemical ionization with acetonitrile
as a reaction gas (Oldham & Svatos 1999). An ion trap
GC/MS instrument Varian (Palo Alto, CA, USA) was used
for chemical ionization. We quantified the peak areas of
compounds in GCsolution Postrun Shimadzu (Kyoto,
Japan) with automatic peak detection and noise measure-
ment. We calculated RA (in %) of compounds in each
sample by dividing the peak areas of compounds by the
total area of compounds in each sample. We did not use
any correction factor to calculate the RA of individual
compounds. We discarded all compounds for which RA
were recorded as <0.1% for all specimens (De Meuleme-
ester et al. 2011). We elaborated the data matrix for each
species with the relative proportion of each compound for
each individual. We based the data matrix on the align-
ment of each compound between all samples performed
with GCAligner 1.0 (Dellicour & Lecocq 2013a,b). The
data matrix is available as supporting materials (Table S3).
We performed statistical comparative analyses of the
CLGS of each taxa in R (R Development Core Team
2013) to detect CLGS differentiation among B. lapidarius
group. We transformed data (log (x-1)) to reduce the great
difference of abundance between compounds (De Meulem-
eester et al. 2011). We explored the CLGS composition
inside the studied group with a clustering analysis per-
formed with UPGMA clustering method on Pearson r
Correlation distances matrix (R-package ape, Paradis er al.
2004). We assessed the uncertainty in hierarchical cluster
analysis with P-values calculated via multiscale bootstrap
resampling with a bootstrap sample size of 100 000 (R-
package pvclust, Suzuki & Shimodaira 2011). We assessed
CLGS differentiations between cluster groups by perform-
ing a multiple response permutation procedure (MRPP)
(R-package vegan, Oksanen er /. 2011). The MRPP is a
non-parametric, multivariate procedure that tests the null
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hypothesis of no difference between groups. MRPP has the
advantage of not requiring distributional assumptions (such
as multivariate normality and homogeneity of variances).
To determine compounds specific and regular to each
B. lapidarius taxa (indicator compounds), we used the indi-
cator value (IndVal) method (Dufréne & Legendre 1997;
Claudet et al. 2006; De Meulemeester et al. 2011). The
value given is the product of relative abundance and rela-
tive frequency of occurrence of a compound within a
group. We evaluated the statistical significance of a com-
pound as an indicator at the 0.01 level with a randomiza-
tion procedure.

Results

Wing shape differentiations

The test of correlation between Euclidean and Procrustes
distances revealed a regression coefficient higher than 0.99,
meaning that the linear tangent space closely approximates
the shape space. This allowed us to be confident in the var-
iation amplitude of the dataset. The cluster analysis showed
no separation between the different taxa analysed based on
inter-individual Procrustes distances (Fig. 1B).

Genetic differentiations

All phylogenetic analyses (ML and MB) performed on the
same dataset led to similar tree topologies and to identical
relationships between taxa (supplementary tree available at
TreeBase: TB2:S16318). Mitochondrial and nuclear data-
sets produced different topologies (Figs 2 and S2). COI
phylogenetic analyses detected nine strongly supported
monophyletic groups (Fig. 2A): (i) alticola + cazurroi + fla-
vissimus + sichelii, (1) erzurumensis, (i) incertus, (iv) caucasi-
cus part 1, (v) caucasicus part 2, (vi) decipiens-like, (vii)
lapidarius SE Europe, (viii) lapidarius + decipiens + atlanticus
and (ix) the outgroup B. alagesianus. PEPCK phylogenetic
analyses failed to resolve all taxa in distinct monophyletic
groups (Fig. S2). Nevertheless, several taxa display only
private haplotypes (haplotypes not shared with other taxa)
(Figs 2B and S2): (i) alticoln + flavissimus, (i) cazurroi +
sichelii, (iil) erzurumensis, (iv) incertus, (v) atlanticus, (vi)
caucasicus, (vii) decipiens, (viil) decipiens-like, (ix) lapidari-
us + lapidarius SE Europe and (x) the outgroup B. alagesi-
anus. 'The PEPCK phylogenetic network led to a similar
pattern with the same groups (Fig. 2B).

Sequence-based species delimitation

Single-threshold GMYC, multiple-threshold GMYC and
bGMYC analyses led to different species delimitation. The
single-threshold GMYC analysis splits off the consensus
tree in several entities that partially recovered the taxa
(Fig. 2A): (i) three groups that all included several alticola,
cazurroi, flavissimus and sichelii, (ii) one group with all
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Fig. 2 Phylogenetic, general mixed Yule-coalescent (GMYC) and bGMYC results. —A. Bayesian ultrametric tree based on cytochrome
oxidase 1 (COI) sequences with single threshold GMYC model applied and bGMYC pairwise probability of conspecificity. Values above
tree branches are Bayesian posterior probabilities/maximum likelihood (ML) bootstrap values. Only posterior probabilities >0.95 and ML
bootstrap values >70% are shown. The green branches are entities detected with the single-threshold GMYC method. The adjusted single
threshold from the GMYC model is shown by the vertical green bare. The coloured matrix corresponds to the pairwise probabilities of
conspecificity returned by the bGMYC method (see also the related colour scale on the right). —B. Phylogenetic network based on
phosphoenolpyruvate carboxykinase (PEPCK) data matrix. The scale bar represents the split support for the edges. Dots are haplotypes.
Names summarize all individuals from the same taxon included in one haplotype. Grey frames include several closely related haplotypes
from the same taxon.
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erzurumensis, (iii) one group with all #ncertus, (iv) two
groups that all included only caucasicus, (v) one group with
all decipiens-like, (vi) one group with all lapidarius from SE
Europe, (vii) one group with all lapidarius, decipiens and at-
lanticus and (viii) the one group for the outgroup B. alagesi-
anus. In contrast, the multiple-threshold GMYC analysis
identified a very high number of specific entities. Finally,
the bGMYC analysis showed fewer entities with low prob-
abilities (<0.05-0) to be conspecific with the other ones
(Fig. 2A, Table S4): (i) one group that included all alticola,
cazurroi, flavissimus and sichelii [bGMYC  conspecificity
probabilities between individuals included in the group (in-
tragroup probabilities, IP >0.18-1)], (ii) one group with all
erzurumensis (IP >0.99-1), (iii) one group with all incertus
(IP >0.99-1), (iv) two groups that all included only caucasi-
cus (for each group, IP >0.99-1), (v) one group that
included decipiens-like, lapidarius SE Europe, lapidarius, deci-
piens, atlanticus (intragroup probabilities: >0.39-1) and (vi)
one group for the outgroup B. alagesianus (IP >0.99-1).

CLGS differentiation

Seventy-three compounds were detected in the CLGS of
studied taxa (Table S3). The cluster analysis of the CLGS
revealed six strongly supported (bootstrap >90) groups
(Fig. 2C): (i) alticola + cazurroi + flavissimus + sichelii + er-
zurumensis, (ii) incertus (iii) caucasicus, (iv) decipiens-like, (v)
lapidarius + lapidarius SE Europe + decipiens and (vi) the
outgroup B. alagesianus. Global MRPP tests confirmed
these divergences (7' = 0.23, A = 0.36, P-value <0.01). Pair-
wise MRPP confirmed divergences between these groups
(Table S5). For each CLGS group, the IndVal method
revealed several significantly indicator compounds includ-
ing main compounds (Table S3).

Discussion

The species delimitation analyses based on wing shape,
COI, PEPCK and CLGS lead to quite divergent results
(Figs 1-2). All taxa have similar wing shape while most of
them display diagnostic COI haplotypes and CLGS. These
discrepancies are most probably a consequence of the spe-
cific evolution rates/type of each operational criterion
(wing shape, COIL, PEPCK and CLGS) (see below).

Wing shape as evidence for species delimitation

Clustering based on Procrustes distances between wing
shape do not detect an inter-taxa differentiation, even
between the outgroup and the ingroup despite that wing
shape is recognized as a diagnostic character to discrimi-
nate morphologically similar taxa in many insect groups
(Hill er al. 2012; Schutze er al. 2012) including other bum-
blebee groups (Aytekin et 4. 2007; Kozmus et al. 2011).
Nevertheless we used a

‘discovery-like  approach’

© 2015 Royal Swedish Academy of Sciences, 44, 3, May 2015, pp 281-297

T. Lecocq et al. » Comparison of Bombus species delimitation methods

(Schlick-Steiner et a/. 2010) while previous wing shape bee
studies used a ‘hypothesis-driven approach’ (Schlick-Steiner
et al. 2010) with an & priori based on other evidence such
as genetic or putative species status (e.g. previous taxo-
nomic revision; Aytekin et 2. 2007). In this context, the
wing shape usefulness as a diagnostic character between
closely related bumblebee species should be explored fur-
ther with a ‘hypothesis-driven approach’ such as discrimi-
nate analyses of wing shape based on # priori species status
defined by genetics and chemical reproductive traits. Nev-
ertheless, the lack of inter-taxa differentiation observed in
our analysis could be explained by the fact that the main
variation in wing shape is not always related to species dif-
ferences. Hypotheses on stronger stabilizing selection on
wing shape in particular species groups that minimize the
interspecific variations (but see Dockx 2007) should not be
avoided. Further studies on the evolution of wing shape
using the bumblebee phylogeny are needed to explain this
observation. Moreover shape variation in alternative char-
acters could be explored such as those of head or other
structure (e.g. Gurgel-Gongalves et al. 2011).

Genetic divergences and DNA sequence-based species
delimitations
Monophyly based on molecular data or at least original
haplotypes can provide evidence of speciation between taxa
(Avise 2000, 2004). These pieces of speciation evidence can
be reinforced if there is a concordance of genetic diver-
gence in tree topologies derived from mitochondrial and
nuclear genes and if there is a persistence of the genetic
differentiation through time despite sympatric distribution
(Avise 2004). Nevertheless, the detection of genetic differ-
entiation depends on the variability of the targeted markers
that could lead to different tree topologies and thus to con-
flicting results. Nuclear gene sequences do not resolve clo-
sely related species in a distinct monophyletic clade as
mitochondrial markers do (also observed in the present
study see Figs 2 and S2), presumably due to the substan-
tally greater coalescence time of nuclear genes (Boursot &
Bonhomme 1986). In bumblebees, all phylogenetic analyses
based on widely used nuclear markers (i.e. PEPCK, nuclear
protein-coding genes long-wavelength rhodoposin copy 1,
elongation factor-1 alpha F2 copy) have failed to resolve
relationships among some groups of closely related taxa
commonly recognized as species (Lecocq et al. 2013a,
2014). This is most probably a consequence of the recent
radiation of bumblebees (near the Miocene—Pliocene
boundary; Hines 2008 but see Dehon er 2/ 2014). How-
ever, further studies on the variation rate of nuclear mark-
ers in the context of species delimitation are needed.

Beside the tree topology incongruence between genes,
markers  for

the determination of objective species
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delimitation is difficult because several factors can cause
the genealogy from a particular locus to be discordant with
the true history of speciation (Maddison 1997; Reid & Car-
stens 2012). Developing a multilocus approach such as
restriction-site-associated DNA sequencing (RAD) to avoid
taxonomic conclusions based on few loci whose power to
discriminate species may be limited (Cruaud ez al. 2014).
However since such approaches are not yet within an easy
reach for all taxonomists, delimiting species approaches
based on one single locus such as GMYC and bGMYC
remain useful. The GMYC and bGMYC methods allow
taking into account the evolutionary theory, the variation
in typical levels of intraspecific and interspecific variation
among clades, and the substitution rate variation among
lineages (Barraclough et /. 2009). These methods assume
that species are distinct genetic clusters (i.e. monophyly)
separated by longer internal branches (Barraclough ez al
2009) even if this can be not observed between closely
related species (Esselstyn er al., 2012; Zhang et al., 2013;
see also an example in bumblebees in Lecocq et a/. 2014).
In the present study, the GMYC and bGMYC analyses
lead to different species delimitation (Fig. 2A). This could
be at least partially explained by (i) the intrinsic difference
between the single and multiple threshold methods (the
multiple version allowing independent transition times on
different branches of the phylogeny) and also by (i) the
difference between GMYC and bGMYC outputs (i.e.
delimitation per se vs. a pairwise matrix of posterior proba-
bilities). Regarding the differences between the single and
multiple-threshold models, Esselstyn er al. (2012) showed
that the latter one often overestimates the number of spe-
cies. For the bGMYC method, we here based our conclu-
sions on two selected significance levels (0.05 and 0.95) but
a change of these values will obviously have an impact on
the conclusions.

CLGS differentiation

In contrast with genetic markers and wing shape, reproduc-
tive traits such as CLGS are under a strong selective pres-
sure to promote a species-specific signal (Andersson 1994;
Symonds & Elgar 2007). This explains why the CLGS dif-
ferentiation partially corroborates the genetic groups (‘pro-
spective species’ defined by GMYC and bGMYC) observed
in our results and in other bumblebee species groups (Le-
cocq e al. 2013a,b, 2014). Genetic differentiated allopatric
groups can display similar reproductive traits because (i)
they are isolated populations (limited or null gene flow)
from the same species (Lecocq er al. 2011, 2014) or (ii)
they are allopatric species where the very low rate of inter-
specific miss-mating has not fostered the premating isola-
tion through reproductive trait differentiation (Paterson
1993; Symonds & Elgar 2007; Lecocq et al. 2013b). In
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contrast, group of genetically undifferentiated (in targeted
markers) individuals can display local reproductive trait
variations (e.g. Clearwater et /. 1991; Forschler & Kalko
2007). Indeed, local reproductive trait variations, promoted
by selection for specific optimized reproductive traits
(Lofstedt 1993; Symonds ez al. 2009), can appear due to
changes in factors that affect communication systems: (i)
mutation of genes involved in reproductive traits (Lofstedt
1993), (ii) intraspecific interactions like local preferences of
the receivers (Roelofs er al. 2002), (iii) the presence/abun-
dance of sympatric species with a similar courtship signal
which would result in selection for releasers with the most
distinct, optimized reproductive traits (Symonds ez al.
2009).

The use of CLGS differentiation as species delimitation
evidence remains difficult since few ethological studies have
showed the consequences of the CLGS differentiation on
the species premating recognition (Coppée 2010; Ayasse &
Jarau 2014). Nevertheless, the comparison of this semio-
chemical between closely related bumblebee taxa with a
recognized species status suggests that the interspecific dif-
ferentiation involves its main compounds (e.g. Calam 1969;
Rasmont et al. 2005; Bertsch & Schweer 2012b). There-
fore, these main compound differentiations could be con-
sidered as a strong indicator of potential ethological
consequences for premating recognition. Further bioassays
are needed to allow defining a threshold of species-level
differentiation in Bombus CLGS, but this requires species-
specific year-round rearing methods (Lhomme et 4/. 2012,
2013) that are not available for all species (Hasselrot 1960).
Moreover, the usefulness of the CLGS for species delimita-
tion remains definitely limited since (i) few bumblebee spe-
cies use alternative premating behaviour (i.e. nest waiting
behaviour; Bergman & Bergstrom 1997) and (ii) the CLGS
are sex-specific chemical features. Therefore, alternative
chemical species-specific signals should be explored such as
cuticular hydrocarbons produced by both sexes as a cue
involved in the nest mate recognition and used as taxonom-
ical tools in other organisms (Bagneres & Wicker-Thomas
2010).

Integrative decision framework and method limitations

The development of an integrative approach in taxonomy
aims to overcome the specific limitations of each single cri-
terion in order to draw a strongly supported taxonomic
hypothesis (Schlick-Steiner et #/. 2010). Our independent
analyses on the operational criteria tested here seem to rule
out the wing shape as efficient evidence for species delimi-
tation in the B. lapidarius-group (see Discussion before).
Therefore, an effective integrative decision framework for
bumblebee taxa should be based on mitochondrial, nuclear
and CLGS evidence according to currently available
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criteria. However, since species delimitation approaches
based on traditional discrete morphological characters (e.g.
colour pattern) are the earliest and the widest method used
in most of previous studies (e.g. Loken 1973), because the
wing shape geometric morphometric analyses have led to
conclusive results in other species groups using more com-
plex exploratory analyses or a ‘hypothesis-driven approach’
(e.g. Aytekin et al. 2007), and because natural selection acts
on phenotype (Schlick-Steiner et /. 2010), an integrative
decision framework should not put aside this evidence
(Schlick-Steiner et al. 2010).

For each criterion, a threshold of divergence where two
taxa can be presumably considered as distinct species must
be defined. Establishing a morphological differentiation
threshold (e.g. colour pattern or wing shape) to define spe-
cies remains doubtful since the difficulty to determine
objective morphological characters that accurately reflect
species (Bickford er al. 2007; e.g. colour pattern Carolan
et al. 2012 but the same issue concerns any other charac-
ters, Schlick-Steiner er al. 2010). Therefore, any morpho-
differentiation ~ should  be
differentiation evidence but not as enough to define species
without concordance with other evidence. Similarly, the

logical considered  as

lack of morphological differentiation should not invalidate
a species status (i.e. cryptic species). In genetic traits, the
concordance of mitochondrial and nuclear differentiation
can be considered as a first piece of evidence for a species
status (Avise 2000, 2004). Indeed, taxonomic conclusion
only based on mitochondrial marker can lead to false taxo-
nomic status as mitochondrial differentiation may result
from sex-specific characteristics (e.g. lower dispersion for
females; Kraus et al. 2009; Lepais er /. 2010 or mtDNA
introgression or incomplete lineage sorting). However, the
observed different mutation rates between nuclear and
mitochondrial markers imply a differential threshold
between the types of marker. The empirical observation of
interspecific differentiation between commonly recognized
bumblebee species suggests that the speciation lead most
probably to distinct haplotypes rather than to distinct
monophyletic lineage between closely related species
(Pedersen 2002; Lecocq er al. 2013b, 2014). In contrast,
distinct monophyletic mitochondrial groups can reflect spe-
ciation processes as well as interpopulational differentiation
(Lecocq et al. 2011, 2013b; Williams et 4l. 2012); these
mitochondrial divergences should be interpreted in the
light of objective DNA-based species delimitation methods
such as bGMYC and GMYC despite their own limitation
(see before). In CLGS, similar composition between taxa
can be interpreted as strong evidence of the lack of pre-
mating isolation (at least through this reproductive trait)
(Lecocq et al. 2011; Bertsch & Schweer 2012b). In the

opposite, the CLGS differentiation should not be
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interpreted as evidence of a speciation process without con-
clusive bioassays (Coppée 2010), except if it is consistent
with genetic evidence (Bertsch et /. 2005; Lecocq et al.
2013a,b).

As species diagnosis is more likely in multiple evidence
detection, the species status should be assigned to taxa with
a nuclear and mitochondrial differentiation, a status of
‘prospect species’ according to GMYC and/or bGMYC,
and a CLGS differentiation (including main compound
divergence). This restrictive approach recognizes only the
strongly supported species. This avoids overestimating the
species diversity that leads to a taxonomic inflation which is
problematic for several fields in biology (e.g. taxonomic
inflation making it increasingly difficult to provide funding
for conservation; Isaac er al. 2004). Moreover, by consider-
ing subspecies as a first step in the process of allopatric
speciation (Mayr 1942; Patten 2010), assigning subspecies
rank to lineages in allopatric ambiguous cases (i.e. where
only there are divergence in some operational criteria) can
be proposed as a solution (see argumentation in Hawlit-
schek et al. 2012). This procedure allows assigning a taxo-
nomic status to any doubtful bumblebee taxa and points
these taxa out for further taxonomic studies.

The accuracy of the integrative approach is not depending
on selected features only (see Discussion before) but also on
sampling. All modern taxonomic methods based on intra- and
interspecific variability comparisons are expected to consider
monophyletic groups. Not considering all members of a
monophyletic group is especially likely to affect the GMYC
and bGMYC results because the method compares branching
patterns within and among subgroups (Fujisawa & Barrac-
lough 2013). However obtaining a comprehensive sampling
of several individuals of all bumblebee taxa included in one
targeted monophyletic group remains most of the time diffi-
cult, especially in the context of the worldwide Bomzbus decline
(Williams & Osborne 2009). Similarly, limited sampling of a
group of taxa makes it difficult to estimate the morphological
and CLGS diversity among the group. This places a premium
to sample as many individuals as possible. However, since the
sampling of common species is more likely than uncommon
ones, this leads to a significant oversampling of some taxa that
could blur statistical analyses (e.g. principal component analy-
sis). This issue can be solved by subtracting a part of oversam-
pled taxa but means losing information. Therefore, all
sampling effects should be taken into account in taxonomic
conclusion.

Taxonomic implications

The concordance of the nuclear and mitochondrial diver-
gence, the species status according to GMYC and
bGMYC, and the observed CLGS differentiation strongly

suggest that our dataset included five species: B. alagesianus
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Reinig, 1930 (the outgroup), B. caucasicus Radoszkowski,
1859, B. incertus Morawitz 1881, B. lapidarius (L.) and B. sic-
belii Radoszkowski 1860. With the exception of B. caucasicus,
these species delimitations are congruent with current bum-
blebee 1998 update at NHM:
www.nhm.ac.uk/research-curation/research/projects/bom-

bus/). We have sampled most of the taxa included in B. lapida-
rius group but we have failed to collect B. ladakbensis,

taxonomy (Williams

B. semenovianus and B. tanguticus (Williams 1998 update at
NHN). However, we speculate that limited sampling did not
significantly affect our results as these species are considered
as very morphologically distinct from our ingroup (Williams
1998 update at NHN).

Our results strongly suggest that erzurumensis, alticola,
cazurroi,  flavissimus and  sichelii are conspecific and
included in B. sichelii Radoszkowski 1860 (oldest available
name). The erzurumensis and B. sichelii have been previ-
ously considered as conspecificity by Williams (1998)
despite the large phenotypic differentiation in colour pat-
tern (Fig. 1A) between erzurumensis and cazurroi (i.e. pre-
viously Turkish  subspecies  of
B. sichelii). According to the conspecificity suggested by
our analyses, this colour pattern differentiation could be

considered as the

regarded as a local intraspecific dimorphism as observed
in other bumblebee species (Rasmont et 4. 2005; De
Meulemeester et a/. 2011; Williams ez al. 2013). Never-
theless, the erzurumensis displays specific COI haplotypes
while cazurroi shares its haplotypes with other B. sichelii
taxa. Therefore, an alternative hypothesis could be that
erzurumensis would be an old lineage previously isolated
in Anatolia prior to colonization of the region by cazur-
roi (ie. the two taxa are barely sympatric; Rasmont &
Flagothier 1996). For other B. sichelii taxa, our integrative
decision framework does not support that alticola, flavissi-
mus and sichelii deserve a subspecies status (lack of
genetic and CLGS differentiation. However, most of
these allopatric taxa display obvious specific phenotype
(i.e. specific colour pattern used in traditional morphol-
ogy) that suggests differentiation and specific characters.
Therefore the subspecies status of these taxa should be
maintained awaiting further studies based on a larger set
of characters (i.e. whole genome, alternative ecological
character, Fig. 1A). In order to be conservative in taxo-
status, we consider that B. sichelii
included five subspecies: B. sichelii alticola, B. sichelii cazur-

nomic currently
roi, B. sichelii erzurumensis, B. sichelii flavissimus and B. sic-
belii sichelii.

The results of our integrative decision framework sug-
gest that B. lapidarius and B. caucasicus Radoszkowski 1859
(resurrected species status) should be considered as dis-
tinct species. This is conflicting with most previous mor-
phological studies (Reinig 1935; Tkalca 1960) but agrees
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with the species status assigned by the taxon descriptor
(Radoszkowski  1960).  Bombus lapidarius eriophorus (not
sampled here) and B. caucasicus have been considered as
two forms of the same taxon by Reinig (1935) while
Rasmont (1983) regarded them as two different taxa. If
B. lapidarius eriophorus and B. caucasicus are to be consid-
ered conspecific, B. eriophorus (Klug, 1807) would be the
oldest available name for the species. Further analyses on
B. lapidarius eriophorus and B. caucasicus are needed to
assess their conspecificity.

According to the differentiation in mitochondrial and
nuclear markers, the subspecies status was assigned to atlanti-
cus, decipiens and lapidarius, respectively, B. lapidarius atlanticus
Benoist, 1928, B. lapidarius decipiens Pérez, 1890 and B. lapi-
darius lapidarius (L.) (Table 1). The lapidarius SE Europe was
regarded as consubspecific with B. lapidarius lapidarius
according to the lack of nuclear and phenotypic differentia-
tion (Table 1). The mitochondrial and nuclear differentia-
tion, the species status according the GMYC methods, and
the CLGS differentiation of decipiens-like suggest that this
taxon deserved a species status while bGMYC analysis suggest
a subspecies status within B. lapidarius. The potential species
status of decipiens-like (from S. Italy and Sicily) still needs to be
explored in further analyses since there is an obvious lack of
gene flow with B. lapidarius in sympatry (Lecocq et al. 2013a).
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Table 1 Comparison of alternative criteria used for species delimitation on bumblebees

Genetic analyses

Phylogenetic Sequence-based
Private haplotypes analyses species delimitations
Taxa Colour pattern Wing shape col PEPCK col PEPCK GMYC bGMYC CLGS
erzurumensis + -] + + + - + + -
alticola + -1 - 1] -1 -1 - -1 -1 -1
cazurroi + -l =11 -2 sy -1 -1 sy =1
flavissimus + -1 —[1] —[1] —[1] —[1] —[1] —[1] -]
sichelii + =1 -1 - [2 - —[1] =1 = =
incertus + —[1] + + + - + + +
caucasicus + -1 + + + -1 + + +
decipiens-like — - + + + - + -2 +
decipiens -1 - + + -1 =1 - [2] - [2 - [2]
atlanticus + -l + + -l -l —[2] - 12 ?
lapidarius SE Europe -2 - + - [3] + -1 + -2 - [2]
lapidarius — 2 - + - [3] - - —[2] -2 -2
B. alagesianus + — 1] + + + — 1] + + +

PEPCK, phosphoenolpyruvate carboxykinase; GMYC, general mixed Yule-coalescent; COI, cytochrome oxidase 1; CLGS, cephalic labial gland secretion; bGMYC, Bayesian imple-
mentation.

Wing Shape indicates if a taxon has a diagnostic wing shape (+/- means that wing shape isfis not diagnostic. When the wing shape is not diagnostic, the numbers group
together taxa that share a similar wing shape). Private haplotypes indicates if a taxon has a specific haplotype (+/- means that the taxon has/has not only private haplotype
(s). When the taxon shares haplotype with other ones, the numbers group together taxa that share haplotypes). Phylogenetic analyses indicates if a taxon forms a monophy-
letic group strongly supported and distinct from other taxa (+/- means that the taxon is/is not a monophyletic group. When the taxon is not a distinct monophyletic group,
the numbers group together taxa included in the same monophyletic group). Sequence-based species delimitations indicates if a taxon is a prospective species according to
GMYC or bGMYC analyses (+/- means that the taxon isfis not a prospective species. When the taxon is not regarded as a prospective species, the numbers group together
taxa recognized as conspecific according to GMYC or hGMYC methods). CLGS indicates if the taxon has/has not specific composition of CLGSs (+/- means that the taxon has/
has not a specific CLGS composition. When the taxon shares CLGS composition with other ones, the numbers group together taxa that share similar CLGS. ? means that the

CLGS composition is unknown).

References

Adams, D. C, Rohlf, F. J. & Slice, D. E. (2004). Geometric mor-
phometrics: ten years of progress following the ‘revolution’. Ital-
ian fournal of Zoology, 71, 5-16.

Andersson, S. (1994). Unequal morph frequencies in populations
of tristylous Lythrum salicaria (Lythraceae) from southern Swe-
den. Heredity, 72, 81-85.

Avise, J. C. (2000). Phylogeography: The History and Formation of
Species. Cambridge, MA: Harvard University Press, 447 pp.

Avise, J. C. (2004). What is the field of biogeography, and where
is it going? Taxon, 53, 893-898.

Ayasse, M. & Jarau, S. (2014). Chemical ecology of bumble bees.
Annual Review of Entomology, 59, 299-319.

Ayasse, M., Paxton, R. J., Teng, ]J. & Tengo, J. (2001). Mating
behavior and chemical communication in the order Hymenop-
tera. Annual Review of Entomology, 46, 31-78.

Aytekin, A. M., Terzo, M., Rasmont, P. & Cagatay, N. (2007).
Landmark based geometric morphometric analysis of wing shape
in Sibiricobombus Vogt (Hymenoptera: Apidae: Bombus Latreille).
Annales de la Société entomologique de France (N.S.), 43, 95-102.

Baer, B. (2003). Bumblebees as model organisms to study male
sexual selection in social insects. Bebavioral Ecology and Sociobiol-
gy, 54, 521-533.

Bagneres, A.-G. & Wicker-Thomas, C. (2010). Chemical taxon-
omy with hydrocarbons. In G. J. Blomquist & A. G. Bagneres

© 2015 Royal Swedish Academy of Sciences, 44, 3, May 2015, pp 281-297

(Eds) Insect Hydrocarbons: Biology, Chemistry and Chemical Ecology
(pp- 121-162). Cambridge, UK: Cambridge University Press.
Barraclough, T. G., Birky C. W. Jr & Burt, A. (2003). Diversifica-
tion in sexual and asexual organisms. Evolution, 57, 2166-2172.
Barraclough, T. G., Hughes, M., Ashford-Hodges, N. & Fujisawa,
T. (2009). Inferring evolutionarily significant units of bacterial
diversity from broad environmental surveys of single-locus data.

Biology Letters, 5, 425-428.

Bauer, A. M., Parham, J. F., Brown, R. M., Stuart, B. L., Grismer,
L., Papenfuss, T. J., Bohme, W., Savage, J. M., Carranza, S.,
Grismer, J. L., Wagner, P., Schmitz, A., Ananjeva, N. B. &
Inger, R. F. (2011). Availability of new Bayesian-delimited gecko
names and the importance of character-based species descrip-
tons. Proceedings of the Royal Society B: Biological Sciences, 278,
490-492.

Bergman, P. & Bergstrom, G. (1997). Scent marking, scent origin,
and species specificity in male premating behavior of two scandi-
navian bumblebees. Journal of Chemical Ecology, 23, 1235-1251.

Bergstrom, G., Svensson, B. G., Appelgren, M. & Groth, L
(1981). Complexity of bumble bee marking pheromones : bio-
chemical, ecological and systematical interpretations. In E.
Howse & J.-L. Clément (Eds) Biosystematics of Social Insects (pp.
175-183. New York, London: Academic Press.

Bertsch, A. (2010). A phylogenetic framework for the bumblebee
species of the subgenus Bombus sensu stricto based on mitochon-

293



Comparison of Bombus species delimitation methods o 7. Lecocg et al.

drial DNA markers, with a short description of the neglected
taxon B. minshanicola Bischoff, 1936 n. status. Beitrage zur Ento-
mologie, 60, 471-487.

Bertsch, A. & Schweer, H. (2012a). Cephalic labial gland secre-
tions of males as species recognition signals in bumblebees: are
there really geographical variations in the secretions of the
Bombus tervestris subspecies? Beitrage zur Entomologie, 62, 103~
124.

Bertsch, A. & Schweer, H. (2012b). Male labial gland secretions as
species recognition signals in species of Bombus. Biochemical Sys-
tematics and Feology, 40, 103-111.

Bertsch, A., Schweer, H., Titze, A. & Tanaka, H. (2005). Male
labial gland secretions and mitochondrial DNA markers support
species status of Bombus cryptarum and B. magnus (Hymenoptera,
Apidae). Insects Sociaucx, 52, 45-54.

Bickford, D., Lohman, D. J., Sodhi, N. S., Ng, P. K. L., Meier,
R., Winker, K., Ingram, K. K. & Das, L. (2007). Cryptic species
as a window on diversity and conservation. Trends in Ecology and
Evolution, 22, 148-155.

Boursot, P. & Bonhomme, F. (1986). Génétique et évolution du
génome mitochondrial des Métazoaires. Genetique Selection Evo-
lution, 18, 73-78.

Brower, A. V. Z. (1994). Rapid morphological radiation and con-
vergence among races of the butterfly Heliconius erato inferred
from patterns of mitochondrial DNA evolution. Proceedings of the
National Academy of Sciences of the United States of America, 91,
6491-6495.

Burns, J. M., Janzen, D. H., Hajibabaei, M., Hallwachs, W. &
Hebert, P. D. N. (2008). DNA barcodes and cryptic species of
skipper butterflies in the genus Perichares in Area de Conservac-
i6n Guanacaste, Costa Rica. Proceedings of the National Acadenty
of Sciences of the United States of America, 105, 6350-6355.

Calam, D. H. (1969). Species and sex-specific compounds from the
heads of male bumblebees (Bomzbus spp.). Nature, 221, 856-857.
Cameron, S. A., Hines, H. M. & Williams, P. H. (2007). A com-
prehensive phylogeny of the bumble bees (Bomibus). Biological

Fournal of the Linnean Society, 91, 161-188.

Carolan, J. C.,, Murray, T. E., Fitzpatrick, U, Crossley, J.,
Schmidt, H., Cederberg, B., McNally, L., Paxton, R. J., Wil-
liams, P. H. & Brown, M. J. F. (2012). Colour patterns do not
diagnose species: quantitative evaluation of a DNA barcoded
cryptic bumblebee complex. PLoS One, 7, €29251.

Claudet, J., Pelletier, D., Jouvenel, J.-Y., Bachet, F. & Galzin, R.
(20006). Assessing the effects of marine protected area (MPA) on
a reef fish assemblage in a northwestern Mediterranean marine
reserve: identifying community-based indicators. Biological Con-
servation, 130, 349-369.

Clearwater, J. R., Foster, S. P., Muggleston, S. J., Dugdale, J. S. &
Priesner, E. (1991). Intraspecific variation and interspecific dif-
ferences in sex pheromones of sibling species in Crenopseustis
obliguana complex. Fournal of Chemical Ecology, 17, 413-429.

Coppée, A. (2010). Bombus terrestris (L. 1758): A complex species
or a species complex? — Intraspecific pheromonal and genetic
variations of Bombus terrestris (L.), Impacts on the speciation.
Mons, Belgium, Université de Mons, 120 pp.

Coppée, A., Terzo, M., Valterovi, I. & Rasmont, P. (2008). Intra-
specific variation of the cephalic labial gland secretions in Bombus
terrestris (L.) (Hymenoptera: Apidae). Chemistry & Biodiversity, 5,
2654-2661.

294

Cruaud, A., Gautier, M., Galan, M., Foucaud, J., Sauné, L., Gen-
son, G., Dubois, E., Nidelet, S., Deuve, T. & Rasplus, J.-Y.
(2014). Empirical assessment of RAD sequencing for interspe-
cific phylogeny. Molecular Biology and Evolution, 31, 1272-1274.

De Meulemeester, T, Aytekin, A. M., Cameron, S. & Rasmont, P.
(2011). Nest architecture and species status of the bumble bee
Bombus  (Mendacibombus)  shaposhnikovi (Hymenoptera: Apidae:
Bombini). Apidologie, 42, 301-306.

De Queiroz, K. (2007). Species concepts and species delimitation.
Systematic Biology, 56, 879-886.

Dehon, M., Michez, D., Nel, A., Engel, M. S. & De Meulemeester,
T. (2014).Wing shape of four new bee fossils (Hymenoptera:
Anthophila) provides insights to bee evolution. PLoS One, 9,
¢108865.

Dellicour, S. & Lecocq, T. (2013a). GCALIGNER 1.0 and GCKO-
VATS 1.0 — Manual of a Software Suite to Compute a Multiple
Sample  Comparison  Data  Matrix  from  Eco-Chemical Datasets
Obtained by Gas Chromatography. Mons, Belgium: University of
Mons, 52 pp.

Dellicour, S. & Lecocq, T. (2013b). GCALIGNER 1.0: an align-
ment program to compute a multiple sample comparison data
matrix from large eco-chemical datasets obtained by GC. Fournal
of Separation Science, 36, 3206-3209.

Dockx, C. (2007). Directional and stabilizing selection on wing size
and shape in migrant and resident monarch butterflies, Danaus
plexippus (L.), in Cuba. Biological Journal of the Linnean Society,
92, 605-616.

Drummond, A. J., Suchard, M. A., Xie, D. & Rambaut, A. (2012).
Bayesian phylogenetics with BEAUt and the BEAST 1.7. Molec-
ular Biology and Evolution, 29, 1969-1973.

Dryden, 1. L. (2012). The Shapes Package: Statistical Shape Analysis
in R. Vienna, Austria: R Foundation for Statistical Computing.
Contributed package. Version 1-1.10. Available via http://
www.R-project.org.

Dufréne, M. & Legendre, P. (1997). Species assemblages and indi-
cator species: the need for a flexible asymmetrical approach. Eco-
logical Monographs, 67, 345-366.

Ellis, J. S., Knight, M. E., Carvell, C. & Goulson, D. (2006).
Cryptic species identification: a simple diagnostic tool for dis-
criminating between two problematic bumblebee species. Molecu-
lar Ecology Notes, 6, 540-542.

Esselstyn, J. A., Evans, B. J., Sedlock, J. L., Anwarali Khan, F. A.
& Heaney, L. R. (2012). Single-locus species delimitation: a test
of the mixed Yule-coalescent model, with an empirical applica-
ton to Philippine round-leaf bats. Proceedings. Biological sciences /
The Royal Society, 279, 3678-3686.

Ezard, T. H. G., Thomas, G. H. & Purvis, A. (2013). Inclusion of
a near-complete fossil record reveals speciation-related molecular
evolution. Methods in Ecology and Evolution, 4, 745-753.

Felsenstein, J. (1985). Phylogenies and the comparative method.
The American Naturalist, 125, 1-15.

Ferguson, J. W. H. (2002). On the use of genetic divergence for
identifying species. Biological Fournal of the Linnean Society, 75,
509-516.

Fisher, B. L. & Smith, M. A. (2008). A revision of Malagasy spe-
cies of Anochetus mayr and Odontomachus latreille (Hymenoptera:
Formicidae). PLoS One, 3, e1787.

Forschler, M. I. & Kalko, E. K. V. (2007). Geographical differenti-
ation, acoustic adaptation and species boundaries in mainland

© 2015 Royal Swedish Academy of Sciences, 44, 3, May 2015, pp 281-297


http://www.R-project.org
http://www.R-project.org

citril finches and insular Corsican finches, superspecies Carduelis
citrinella. fournal of Biogeography, 34, 1591-1600.

Francis, G. W. (1981). Alkylthiolation for the determination of
double-bond position in unsaturated fatty acid esters. Chemzistry
and Physics of Lipids, 29, 369-374.

Fujisawa, T. & Barraclough, T. G. (2013). Delimiting species
using single-locus data and the Generalized Mixed Yule Coales-
cent approach: a revised method and evaluation on simulated
data sets. Systematic Biology, 62, 707-724.

Grimaldi, D. & Engel, M. S. (2005). Evolution of the Insects. New
York, NY: Cambridge University Press.

Gurgel-Gongalves, R., Ferreira, J. B. C., Rosa, A. F., Bar, M. E. &
Galvao, C. (2011). Geometric morphometrics and ecological
niche modelling for delimitation of near-sibling triatomine
species. Medical and Veterinary Entomology, 25, 84-93.

Hasselrot, T. B. (1960). Studies on Swedish bumblebees (genus
Bombus Latr.), their domestication and biology. Opuscula Entonzo-
logica Supplements, 17, 1-192.

Hawlitschek, O., Nagy, Z. T. & Glaw, F. (2012). Island evolution
and systematic revision of Comoran snakes: why and when sub-
species still make sense. PLoS One, 7, e42970.

Hebert, P. D. N., Stoeckle, M. Y., Zemlak, T. S. & Francis, C. M.
(2003). Identification of birds through DNA barcodes. Plos Biol-
0gy, 2, 1657-1663.

Hill, R. I, Elias, M., Dasmahapatra, K. K., Jiggins, C. D., Koong,
V., Willmott, K. R. & Mallet, J. (2012). Ecologically relevant
cryptic species in the highly polymorphic Amazonian butterfly
Mechanitis mazaeus s.. (Lepidoptera: Nymphalidae; Ithomiini).
Biological Fournal of the Linnean Society, 106, 540-560.

Hillis, D. M. & Bull, J. J. (1993). An empirical test of bootstrap-
ping as a method for assessing confidence in phylogenetic analy-
sis. Systematic Biology, 42, 182-192.

Hines, H. M. (2008). Historical biogeography, divergence times,
and diversification patterns of bumble bees (Hymenoptera:
Apidae: Bombus). Systematic Biology, 57, 58-75.

Huelsenbeck, J. P. & Rannala, B. (2004). Frequentist properties of
bayesian posterior probabilities of phylogenetic trees under sim-
ple and complex substitution models. Systematic Biology, 53, 904—
913.

Hurvich, C. M. & Tsai, C.-L. (1989). Regression and time series
model selection in small samples. Biometrika, 76, 297-307.

Huson, D. H. & Bryant, D. (2006). Application of phylogenetic
networks in evolutionary studies. Molecular Biology and Evolution,
23, 254-267.

Isaac, N. J. B., Mallet, J. & Mace, G. M. (2004). Taxonomic infla-
tion: its influence on macroecology and conservation. Trends in
Ecology and Evolution, 19, 464-469.

Jeratthitikul, E., Yago, M. & Hikida, T. (2014). Sexual dimorphism
and intraspecific variation in wing size and shape of Tongeia fisc-
heri (Lepidoptera: Lycaenidae). Entomological Science, 17, 342-353.

Katoh, K., Misawa, K., Kuma, K.-I. & Miyata, T. (2002). MAFFT:
a novel method for rapid multiple sequence alignment based on
fast Fourier transform. Nucleic Acids Research, 30, 3059-3066.

Kozmus, P., Virant-Doberlet, M., Meglic, V. & Dove, P. (2011).
Identification of Bombus species based on wing venation struc-
ture. Apidologie, 42, 472-480.

Kraus, F. B., Wolf, S. & Moritz, R. F. A. (2009). Male flight dis-
tance and population substructure in the bumblebee Bombus ter-
restris. Journal of Animal Ecology, 78, 247-252.

© 2015 Royal Swedish Academy of Sciences, 44, 3, May 2015, pp 281-297

T. Lecocq et al. « Comparison of Bombus species delimitation methods

Kuhlmann, M., Else, G. R., Dawson, A. & Quicke, D. L. J.
(2007). Molecular, biogeographical and phenological evidence
for the existence of three western European sibling species in
the Colletes succinctus group (Hymenoptera: Apidae). Organisms
Diversity and Evolution, 7, 155-165.

Lecocq, T., Lhomme, P., Michez, D., Dellicour, S., Valterovd, 1.
& Rasmont, P. (2011). Molecular and chemical characters to
evaluate species status of two cuckoo bumblebees: Bombus barbu-
tellus and Bombus macxillosus (Hymenoptera, Apidae, Bombini).
Systematic Entomology, 36, 453-469.

Lecocq, T, Dellicour, S., Michez, D., Lhomme, P., Vanderplanck,
M., Valterovd, L, Rasplus, ].-Y. & Rasmont, P. (2013a). Scent of
a break-up: phylogeography and reproductive trait divergences
in the red-tailed bumblebee (Bombus lapidarius). BMC Evolution-
ary Biology, 13, 263.

Lecocq, T., Vereecken, N. J., Michez, D., Dellicour, S., Lhomme,
P., Valterovi, I, Rasplus, J.-Y. & Rasmont, P. (2013b). Patterns
of genetic and reproductive traits differentiation in mainland vs.
Corsican populations of bumblebees. PloS One, 8, e65642.

Lecocq, T., Brasero, N., De Meulemeester, T., Michez, D., Delli-
cour, S., Lhomme, P., de Jonghe, R., Valterovd, I., Urbanovi,
K. & Rasmont, P. (2014). An integrative taxonomic approach to
assess the status of Corsican bumblebees: implications for con-
servation. Animal Conservation, doi: 10.1111/acv.12164.

Lepais, O., Darvill, B., O’Connor, S., Osborne, J. L., Sanderson,
R. A, Cussans, J., Goffe, L. & Goulson, D. (2010). Estimation
of bumblebee queen dispersal distances using sibship reconstruc-
tion method. Molecular Ecology, 19, 819-831.

Lhomme, P., Ayasse, M., Valterovi, 1., Lecocq, T. & Rasmont, P.
(2012). Born in an alien nest: how do social parasite male off-
spring escape from host aggression? PLoS One, 7, €43053.

Lhomme, P., Sramkova, A., Kreuter, K., Lecocq, T., Rasmont, P. &
Ayasse, M. (2013). A method for year-round rearing of cuckoo
bumblebees (Hymenoptera: Apoidea: Bombus subgenus Psithyrus).
Annales de ln Société Entomologique de France, 49, 117-125.

Lofstedt, C. (1993). Moth pheromone genetics and evolution.
Philosophical Transactions of the Royal Society B-Biological Sciences,
340, 167-177.

Leken, A. (1973). Studies on Scandinavian bumble bees (Hyme-
noptera, Apidae). Norsk entomologisk Tidsskrift, 20, 1-218.

Maddison, W. P. (1997). Gene trees in species trees. Systematic
Biology, 46, 523-536.

Maddison, W. & Maddison, D. (2007). Mesquite: a modular sys-
tem for evolutionary analysis. version 2.6 (Buid 486). Available
via http://mesquiteproject.org.

Martens, J. (1996). Vocalizatons and speciation of Palearctic birds.
In: D. E. Kroodsma & E. H. Miller (Eds), Ecology and Evolution
of Acoustic Communication in Birds (pp. 221-240). Ithaca, New
York: Comstock Publishing.

Mayr, E. (1942). Systematics and the Origin of Species. New York:
Columbia University Press.

Michener, C. D. (1990). Classification of the Apidae (Hymenop-
tera). University of Kansas Natural History Museum Special Publica-
tion, 54, 75-164.

Monaghan, M. T., Wild, R., Elliot, M., Fujisawa, T, Balke, M.,
Inward, D. J. G, Lees, D. C., Ranaivosolo, R., Eggleton, P.,
Barraclough, T. G. & Vogler, A. P. (2009). Accelerated species
inventory on Madagascar using coalescent-based models of
species delineation. Systematic Biology, 58, 298-311.

295


http://dx.doi.org/10.1111/acv.12164
http://mesquiteproject.org

Comparison of Bombus species delimitation methods o 7. Lecocg et al.

Monteiro, J. C. & Coelho, A. C. S. (2002). Comparative morphol-
ogy of Astraea latispina (Philippi, 1844) and Astraea olfersii (Phi-
lippi, 1846) (mollusca, gastropoda, turbinidae). Brazilian Fournal
of Biology, 62, 135-150.

Oksanen, F. J., Blanchet, G., Kindt, R., Legendre, P., Minchin, P.
R., O’Hara, R. B., Simpson, G. L., Solymos, P., Stevens, M. H.
H. & Wagner, H. (2011). Vegan: Community Ecology Package.
Tertiary Vegan: Community Ecology Package.

Oldham, N. J. & Svatos, A. (1999). Determination of the double
bond position in functionalized monoenes by chemical ionization
ion-trap mass spectrometry using acetonitrile as a reagent gas.
Rapid Communications in Mass Spectrometry, 13, 331-336.

Paradis, E., Claude, J. & Strimmer, K. (2004). APE: Analyses of
phylogenetics and evolution in R language. Bioinformatics, 20,
289-290.

Paterson, H. E. H. (1993). Evolution and the Recognition Concept
of Species. Balimore, MD, USA: The Johns Hopkins University
Press, 234 pp.

Patten, M. A. (2010). Null expectations in subspecies diagnosis.
Ornithological Monographs, 67, 35-41.

Pedersen, B. V. (1996). A phylogenetic analysis of cuckoo bumble-
bees (Psithyrus, Lepeletier) and bumblebees (Bombus, Latreille)
inferred from sequences of the mitochondrial gene cytochrome
oxidase 1. Molecular Phylogenetics and Evolution, 5, 289-297.

Pedersen, B. V. (2002). European bumblebees (Hymenoptera:
Bombini) - Phylogenetic relationships inferred from DNA
sequences. Insect Systematics & Evolution, 33, 361-386.

Pons, J., Barraclough, T. G., Gomez-Zurita, J., Cardoso, A.,
Duran, D. P., Hazell, S., Kamoun, S., Sumlin, W. D. & Vogler,
A. P. (2006). Sequence-based species delimitation for the DNA
taxonomy of undescribed insects. Systematic Biology, 55, 595-609.

Posada, D. (2008). jModelTest: phylogenetic model averaging.
Molecular Biology and Evolution, 25, 1253-1256.

Pretorius, E. (2005). Using geometric morphometrics to investigate
wing dimorphism in males and females of Hymenoptera — a case
study based on the genus Tachysphex Kohl (Hymenoptera: Spheci-
dae: Larrinae). Australian Journal of Entomology, 44, 113-121.

R Development Core Team (2013). R: A Language and Environ-
ment for Statistical Computing. Vienna: R Foundation for Statisti-
cal Computing. ISBN 3-900051-07-0. http://www.R-project.org.

Rambaut, A. & Drummond, A. J. (2007). Tracer. V 1.5.0. Available
via http://beast.bio.ed.ac.uk/Tracer.

Rasmont, P. (1983). Catalogue commenté des Bourdons de la
région ouest-paléarctique (Hymenoptera, Apoidea, Apidae). Notes
fauniques de Gembloux, 7, 1-72.

Rasmont, P. & Flagothier, D. (1996). Biogéographie et choix
floraux des bourdons (Hymenoptera, Apidae) de la Turquie.
OTAN-NATO research report, Mons (Belgium), Adana
(Turkey), 69 pp.

Rasmont, P. & Iserbyt, S. (2012). Adas of the European Bees:
genus Bombus, 3rd edn. STEP Project. Status and Trends of
European Pollinators, Atlas Hymenoptera, Mons, Gembloux
(Belgium), 1. Available via http://www.zoologie.umh.ac.be//
hymenoptera/page.asp?ID=169.

Rasmont, P., Verhaeghe, J.-C., Rasmont, R. & Terzo, M. (2000).
West-Palearctic Bumblebees. In: M. J. Sommeijer & A. Ruijter
(Eds) Insect pollination in greenhouses: proceedings of the specialists’
meeting held in Soesterberg, The Netherlands, 30 September to 2
October 1999. Universiteit Utrecht, Utrecht (pp. 93-97).

296

Rasmont, P., Terzo, M., Aytekin, A. M., Hines, H., Urbanova, K.,
Cahlikova, L. & Valterova, L. (2005). Cephalic secretions of the
bumblebee subgenus Sibiricobombus Vogt suggest Bombus niveatus
Kriechbaumer and Bombus vorticosus Gerstaecker are conspecific
(Hymenoptera, Apidae, Bombus). Apidologie, 36, 571-584.

Reid, N. M. & Carstens, B. C. (2012). Phylogenetic estimation
error can decrease the accuracy of species delimitation: a Bayes-
ian implementation of the general mixed Yule-coalescent model.
BMC Evolutionary Biology, 12, 196.

Reinig, W. F. (1935). On the variation of Bombus lapidarius 1. and
its cuckoo, Psithyrus rupestris Fabr., with notes on mimetic simi-
larity. Fournal of Genetics, 30, 321-356.

Reinig, W. F. (1970). Bastardierungszonen und Mischpopulationen
bei Hummeln (Bombus) und Schmarotzerhummeln (Psithyrus)
(Hymenopt., Apidae). Mitteilungen der Miinchener entomologischen
Gesellschaft, 59, 1-89.

Roelofs, W. L., Liu, W., Hao, G, Jiao, H., Rooney, A. P. & Linn,
C. E., Jr 2002). Evolution of moth sex pheromones via ancestral
genes. Proceedings of the National Academy of Sciences of the United
States of America, 99, 13621-13626.

Rohlf, F. J. (2010a). #ps Dig version 2.16. Stony Brook, NY: Depart-
ment of Ecology and Evolution, State University of New York.
Rohlf, F. J. (2010b). #ps UTIL wversion 1.46. Stony Brook, NY:
Department of Ecology and Evolution, State University of New

York.

Rohlf, F. J. (2013). tpsSMALL Version 1.25. Stony Brook, NY:
Department of Ecology and Evolution, State University of New
York.

Ronquist, F. & Huelsenbeck, J. P. (2003). MrBayes 3: Bayesian
phylogenetic inference under mixed models. Bioinformatics, 19,
1572-1574.

Salvato, P., Battisti, A., Concato, S., Masutti, L., Patarnello, T. &
Zane, L. (2002). Genetic differentiation in the winter pine pro-
cessionary moth (Thaumetopoea pityocampa - wilkinsoni complex),
inferred by AFLP and mitochondrial DNA markers. Molecular
Ecology, 11, 2435-2444.

Schlick-Steiner, B. C., Steiner, F. M., Seifert, B., Stauffer, C.,
Christian, E. & Crozier, R. H. (2010). Integrative taxonomy: a
multisource approach to exploring biodiversity. Annual Review of
Entomology, 55, 421-438.

Schutze, M. K., Jessup, A. & Clarke, A. R. (2012). Wing shape as
a potential discriminator of morphologically similar pest taxa
within the Bactrocera dorsalis species complex (Diptera: Tephriti-
dae). Bulletin of Entomological Research, 102, 103—111.

Suzuki, R. & Shimodaira, H. (2011). Puclust: Hierarchical Clustering
with P-Values via Multiscale Bootstrap Resampling. Vienna, Austria:
R Foundation for Statistical Computing. Contributed package.
Version 1-1.10. Available via http://www.R-project.org.

Svensson, B. G. (1979). Pyrobombus lapponicus auct., in Europe rec-
ognized as two species: P. lapponicus (Fabricius, 1793) and P.
monticola (Smith, 1849) (Hymenoptera, Apoidea, Bombinae).
Insect Systematics & Evolution, 10, 275-296.

Symonds, M. R. E. & Elgar, M. A. (2007). The evolution of pher-
omone diversity. Trends in Ecology and Evolution, 23, 220-228.

Symonds, M. R. E., Moussalli, A. & Elgar, M. A. (2009). The evo-
lution of sex pheromones in an ecologically diverse genus of
flies. Biological Fournal of the Linnean Society, 97, 594-603.

Tkalcu, B. (1960). Zur hummelfauna der apenninen. Memorie del
Museo Civicio di Storia Naturale di Verona, 8, 23-68.

© 2015 Royal Swedish Academy of Sciences, 44, 3, May 2015, pp 281-297


http://www.R-project.org
http://beast.bio.ed.ac.uk/Tracer
http://www.zoologie.umh.ac.be//hymenoptera/page.asp?ID=169
http://www.zoologie.umh.ac.be//hymenoptera/page.asp?ID=169
http://www.R-project.org

Tofilski, A. (2008). Using geometric morphometrics and standard
morphometry to discriminate three honeybee subspecies. Apidol-
ogie, 39, 558-563.

Trewick, S. A. (2008). DNA barcoding is not enough: Mismatch
of taxonomy and genealogy in New Zealand grasshoppers
(Orthoptera: Acrididae). Cladistics, 24, 240-254.

Vereecken, N. J., Mant, J. & Schiestl, F. P. (2007). Population dif-
ferentiation in female sex pheromone and male preferences in a
solitary bee. Bebavioral Ecology and Sociobiology, 61, 811-821.

Wappler, T., De Meulemeester, T., Murat Aytekin, A., Michez,
D. & Engel, M. S. (2012). Geometric morphometric analysis of
a new Miocene bumble bee from the Randeck Maar of south-
western Germany (Hymenoptera: Apidae). Systematic Entomology,
37, 784-792.

Wilcox, T. P., Zwickl, D. J., Heath, T. A. & Hillis, D. M. (2002).
Phylogenetic relationships of the dwarf boas and a comparison
of Bayesian and bootstrap measures of phylogenetic support.
Molecular Phylogenetics and Evolution, 25, 361-371.

Williams, P. H. (1998). An annotated checklist of bumble bees
with an analysis of patterns of description (Hymenoptera: Api-
dae, Bombini). Bulletin of the Natural History Museum (Entomol-
0gy), 67, 79-152.

Williams, P. H. & Osborne, J. L. (2009). Bumblebee vulnerability
and conservation world-wide. Apidologie, 40, 367-387.

Williams, P. H., Cameron, S. A., Hines, H. M., Cederberg, B. &
Rasmont, P. (2008). A simplified subgeneric classification of the
bumblebees (genus Bombus). Apidologie, 39, 46-74.

Williams, P. H., An, J. & Huang, J. (2011). The bumblebees of
the subgenus Subterraneobombus: integrating evidence from mor-
phology and DNA barcodes (Hymenoptera, Apidae, Bombus).
Zoological Fournal of the Linnean Society, 163, 813—862.

Williams, P. H., Brown, M. J. F., Carolan, J. C., An, J., Goulson,
D., Aytekin, A. M., Best, L. R., Byvaltsev, A. M., Cederberg, B.,
Dawson, R., Huang, J., Ito, M., Monfared, A., Raina, R. H,,
Schmid-Hempel, P., Sheffield, C. S., Sima, P. & Xie, Z. (2012).
Unveiling cryptic species of the bumblebee subgenus Bombus s.
str. worldwide with COI barcodes (Hymenoptera: Apidae).
Systematics and Biodiversity, 10, 21-56.

© 2015 Royal Swedish Academy of Sciences, 44, 3, May 2015, pp 281-297

T. Lecocq et al. « Comparison of Bombus species delimitation methods

Williams, P. H., Byvaltsev, A., Sheffield, C. & Rasmont, P. (2013).
Bombus cullumanus - An extinct European bumblebee species?
Apidologie, 44, 121-132.

Yule, G. U. (1925). A mathematical theory of evolution, based on
the conclusions of Dr. J. C. Willis, F.R.S. Philosophical Transac-
tions of the Royal Society B-Biological Sciences, 213, 21-87.

Zicek, P., Prchalovi-Hornikov, D., Tykva, R., Kindl, J., Vogel,
H., Svatos, A., Pichovd, 1. & Valterovd, I. (2013). De Novo bio-
synthesis of sexual pheromone in the labial gland of bumblebee
males. ChemBioChem, 14, 361-371.

Zhang, Z., Schwartz, S., Wagner, L. & Miller, W. (2000). A
greedy algorithm for aligning DNA sequences. Fournal of Com-
putational Biology, 7, 203-214.

Zhang, J., Kapli, P., Pavlidis, P. & Stamatakis, A. (2013). A general
species delimitation method with applications to phylogenetic
placements. Bioinformatics (Oxford, England), 29, 2869-2876.

Zwickl, D. J. (2006). Genetic Algorithm Approaches for the Phyloge-
netic Analysis of Large Biological Sequence Datasets Under the Maxi-
mum Likelibood Criteria. Austin: The University of Texas.

Supporting Information
Additional Supporting Information may be found in the
online version of this article:

Fig. S1. Right forewing of B. lapidarius lapidarius male
with 18 landmarks.

Fig. S2. Majority rule (50%) consensus tree based on
Bayesian analyses based on PEPCK data matrix.

Table S1. Table of sampling.

Table S2. Wing shape data matrix.

Table S3. Data matrix of cephalic labial gland secretions
(relative amounts of each compound) and list of the identi-
fied compounds in the B. lapidarius complex.

Table S4. Results of the bGMYC analysis (pairwise
table).
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