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Abstract

Hybridization has become a central element in theories of animal evolution during the

last decade. New methods in population genomics and statistical model testing now

allow the disentangling of the complexity that hybridization brings into key evolution-

ary processes such as local adaptation, colonization of new environments, species

diversification and extinction. We evaluated the consequences of hybridization in a

complex of three alpine butterflies in the genus Coenonympha, by combining morpho-

logical, genetic and ecological analyses. A series of approximate Bayesian computation

procedures based on a large SNP data set strongly suggest that the Darwin’s Heath

(Coenonympha darwiniana) originated through hybridization between the Pearly Heath

(Coenonympha arcania) and the Alpine Heath (Coenonympha gardetta) with different

parental contributions. As a result of hybridization, the Darwin’s Heath presents an

intermediate morphology between the parental species, while its climatic niche seems

more similar to the Alpine Heath. Our results also reveal a substantial genetic and

morphologic differentiation between the two geographically disjoint Darwin’s Heath

lineages leading us to propose the splitting of this taxon into two different species.
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Introduction

Hybridization between well-established species is

known to be frequent in nature (Rieseberg 1997; Mallet

2007; Mav�arez & Linares 2008; Schwenk et al. 2008; Des-

cimon & Mallet 2009, Abbott et al. 2013), with around

10% of animal species and 25% of plants involved in

interspecific crosses according to Mallet 2005. However,

and particularly among zoologists, this process has for

long been considered either to be a genetic dead end

leading mainly to sterile hybrids or to have no major

effect in the divergence of species, even when fertile

hybrids are produced (Mayr 1963). Indeed, it is gener-

ally accepted that gene flow through hybridization

between diverging lineages can delay the achievement

of reproductive isolation by homogenizing the gene

pools, working against the speciation process (Elgvin

et al. 2011; Yakimowski & Rieseberg 2014). These views

have been challenged during the last decades, and

interspecific hybridization is now accepted as a major

process with a profound impact on several important

evolutionary phenomena such as adaptation (Gompert

et al. 2008; Kim et al. 2008; Song et al. 2011; The Helico-

nius Genome Consortium 2012, Pardo-Diaz et al. 2012),

extinction (Rhymer & Simberloff 1996; Hohenlohe et al.

2011; Vonlanthen et al. 2012) and diversification/specia-

tion (Mallet 2007; Mav�arez & Linares 2008; Nolte &

Tautz 2010; Nice et al. 2013; Yakimowski & Rieseberg

2014). In particular, there is a recent interest in studying

the contribution of hybridization to speciation through

the formation of new hybrid taxa. This has led to the

identification of hybrid species in diverse animal

groups including insects (Mav�arez et al. 2006; Salazar

et al. 2010; Kunte et al. 2011), birds (Brelsford et al. 2011;

Hermansen et al. 2011), fishes (Nolte et al. 2005) and

mammals (Amaral et al. 2014). These studies, mostly

conducted during the last decade, have contributed to

our understanding of hybrid speciation, which is

defined as the emergence of a different, stable and iso-
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lated population/species by hybridization between two

different taxa (Rieseberg 1997; Seehausen 2004; Gross &

Rieseberg 2005; Mallet 2007; Mav�arez & Linares 2008;

Nolte & Tautz 2010; Abbott et al. 2013). A distinction

has been made between ‘hybrid speciation’, where the

emergence and isolation of the newborn lineage are the

direct consequences of hybridization and ‘secondary

gene flow’, where a lineage already diverged from a

species undergoes introgression from another one

(Mav�arez & Linares 2008; Schumer et al. 2014). The

major difference is the role played by hybridization

during the initial divergence of the third species. How-

ever, even if the evolutionary steps differ, both pro-

cesses can result in the stabilization of a novel lineage

whose genome is a composite of two parental contribu-

tions and that can therefore be qualified as a ‘hybrid

species’.

Hybrid species appear to be quite rare in nature, but

the expanding literature on this topic is beginning to

provide valuable information regarding the patterns

associated with this phenomenon (Seehausen 2004; Mal-

let 2007; Mav�arez & Linares 2008; Abbott et al. 2013).

Some studies have highlighted a primordial role of

intermediate morphology in the emergence of the new-

born taxon (Mav�arez et al. 2006; Salazar et al. 2010),

while others have focused more on the crucial ecologi-

cal adaptations brought by the genetic hybrid combina-

tion (Nolte et al. 2005; Schwarz et al. 2005; Gompert

et al. 2006; Kunte et al. 2011) or the intrinsic genomic

mechanisms which have allowed the isolation of the

hybrid lineage from parental species (Lukhtanov et al.

2015). Taken together, these studies suggest that even if

population genetics provide definitely the best tools to

identify hybrid species, multiple lines of evidence,

including morphology, ecology and genetics, must be

taken into account when investigating the hybrid origin

of a taxon. Furthermore, most studies to date have pro-

posed the hybrid speciation hypothesis for a lineage

based on its patterns of genetic composition and/or

phenotype intermediacy, without further statistical test-

ing. Yet recent improvements in DNA sequencing (e.g.

genome projects, large SNP data sets) and model testing

(e.g. approximate Bayesian computation procedures)

allow for more powerful testing of the specific evolu-

tionary processes and the scenarios involved during a

hybrid speciation event (Nice et al. 2013; Sun et al.

2014).

Here, we examine the role of hybridization in the

evolutionary history of three European butterflies in the

genus Coenonympha (Nymphalidae: Satyrinae). Two are

well-differentiated species: (i) the Pearly Heath (Coeno-

nympha arcania, Linn�e 1761), a common lowland butter-

fly present from Spain to Russia, and (ii) the Alpine

Heath (Coenonympha gardetta, Prunner 1798), a species

living above 1500 m with a disjoint distribution includ-

ing mainly the Alps, but also the French massif central,

Bosnia & Herzegovina, and Albania (Tolman & Lewing-

ton 2008). These two species diverged 1.5–4 million

years ago according to a phylogeny of the genus Coeno-

nympha based on mitochondrial COI sequences (Kodan-

daramaiah & Wahlberg 2009). The third taxon, the

Darwin’s Heath (Coenonympha darwiniana), shows an

intermediate morphology and completely replaces

C. gardetta in two distinct and narrow areas: the Valais

and Tessin regions in Switzerland and the southwest of

the French Alps. Limited contact zones between pairs

of the three taxa have been reported (Porter et al. 1994),

but ongoing gene flow between them is unknown. The

taxonomic status of C. darwiniana has been hotly

debated and specialists have variously classified it as a

subspecies of C. arcania, a subspecies of C. gardetta or as

hybrid between them (Porter et al. 1994; Wiemers 1998;

Schmitt & Besold 2010; Lafranchis 2000; Tolman &

Lewington 2008). However, most of these claims were

based on studies with limited geographical coverage,

without proper analyses of the ecology and morphology

of the species and with genetic analyses based exclu-

sively on allozyme markers (Porter et al. 1994; Wiemers

1998; Schmitt & Besold 2010). To resolve the evolution-

ary history of the complex, we first use a large SNPs

data set to compare different scenarios through ABC

procedure. We especially tested for the hybrid origin of

C. darwiniana by confronting this hypothesis with alter-

native evolutionary models of cladogenesis. As men-

tioned above, a combination of evidence (i.e.

phenotypes, behaviours, ecology, genetics) is helpful to

support the hybrid origin of a taxon and understand

the context of such speciation event. Yet this kind of

analysis has never been made for C. darwiniana. We

combined analysis based on population genetics, mor-

phometry of wing shapes and comparison of climatic

niches to identify the genetic, morphological and eco-

logical patterns associated with the species and put

them in regard to the scenario retained by the ABC

analysis. This set of analyses reveals new insights into

the crucial role that hybridization has played in the

diversification of this group of European butterflies.

Material and methods

Butterfly sampling

We sampled populations across the entire geographical

range of Coenonympha darwiniana in the south French

Alps and the Tessin region in Switzerland/Italy, as much

as possible from the main range of Coenonympha gardetta

(Alps), altogether with nearby populations of Coenonym-

pha arcania within these areas. Using entomological nets,
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twelve populations of C. darwiniana (seven in south

French Alps and five in Tessin) were sampled; we

also sampled eleven populations of C. arcania and

nineteen populations of C. gardetta (Fig. 1). Sample sizes

per population depend on the analysis (genetics or

morphology) and are listed in Table S1 (Supporting

information).

Genetic data acquisition

DNA was extracted from the complete thorax of each

individual using the DNeasy Blood and Tissue Kit

(QIAgen, Germany) according to the manufacturer’s

instructions and stored at �20 °C. A double-digested

RAD (restriction site-associated DNA) experiment was

conducted on 174 individuals using a modified ver-

sion of the protocol described in Peterson et al. (2012).

In short, 300 ng of DNA template from each individ-

ual was double-digested with 10 units each of SbfI–
HF and MspI (New England Biolabs Inc.) at 37 °C
during one hour in a final volume of 34 lL using the

CutSmart buffer provided with the enzymes. Diges-

tion was further continued together with the ligation

of P1 and P2 adapters (see Peterson et al. 2012) by

adding 10 units of T4 DNA ligase (New England Bio-

labs Inc.), adapters P1 and P2 in 10-fold excess (com-

pared to the estimated number of restriction

fragments) and 1 lL of 10 mM ribo-ATP (New Eng-

land Biolabs Inc.) in each sample. This simultaneous

digestion–ligation reaction was performed on a ther-

mocycler using a succession of 60 cycles of 2 min at

37 °C for digestion and 2 min at 16 °C for ligation,

after which the enzymes were heat-inactivated at

65 °C for 10 min. An equal volume mixture of all the

digested–ligated fragments was purified with Agen-

court AMPure XP beads (Beckman Coulter, France).

Fragments were size-selected between 250 and 500 bp

by gel extraction (agarose gel: 1.6%) and purified with

QIAquick Gel Extraction Kit (Qiagen). The ddRAD

library obtained was amplified using the following

PCR mix: a volume of 20 lL with 1 lL of DNA tem-

plate, 10 mM of dNTPs, 10 lM of each PCR probe

(Peterson et al. 2012) and 2 U/lL of Taq Phusion-HF

(New England Biolabs Inc.), and the following PCR

cycles: an initial denaturation at 98 °C for 10 min; 15

cycles of 98 °C for 10 s, 66 °C for 30 s and 72 °C for

1 min; followed by a final extension period at 72 °C
for 10 min. The amplified ddRAD library was puri-

fied with QIAgen MinElute PCR Purification Kit (Qia-

gen) and sequenced on an Illumina Hi-Seq 2000 (4/10

lane, paired-end 2 9 100 bp, Fasteris SA, Switzerland).

The DNA reads (120 million reads) from the library

were used to call SNP genotypes with the STACKS

pipeline (Catchen et al. 2013) to create the SNPs data set

used in the ABC procedure (see section ‘Test of evolu-

tionary history scenarios with approximate Bayesian

computation (ABC) method’) and multivariate analysis

(see section ‘Multivariate analysis’).
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Fig. 1 Map of the European Alps with the sampling locations for the three taxa in the complex: Coenonympha arcania (squares),

Coenonympha gardetta (circles) and Coenonympha darwiniana (triangles). Right: picture of C. arcania (bottom) and C. gardetta (top)

with the putative hybrid species (C. darwiniana) in the middle. (Pictures from http://www.digitale-naturfotos.de and http://

www.lepiforum.de).
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Test of evolutionary history scenarios with
approximate Bayesian computation (ABC) method

We used the STACKS pipeline to treat the ddRAD

sequencing data as follows: the process_radtags function

was first run to demultiplex the data and filter the reads

on their quality with a sliding window of 15% of the read

length and a Phred score limit of 10. Reads with low

quality or uncalled bases were removed. A de novo

assembly was then performed on each individual read

pool using the ustacks function, the minimum coverage

for creating a stack of identical reads (-m) was fixed to 5,

and a maximum of 4 different nucleotides were imposed

to merge two different stacks in a polymorphic locus

(-M). Highly repetitive stacks and overmerged tags were

dropped using both the ‘removal algorithm’ (-r) and the

‘deleveraging algorithm’ (-d). A data set of the loci from

all the individuals’ loci data sets was then built using the

cstacks function in order to find all the alleles in the

libraries and to produce a catalog of consensus alleles for

each locus. A maximum of 5 mismatches were allowed

for considering two individual tags as the same locus

and to merge them in the catalog (-n). The sets of loci

constructed within each individual read pool were then

searched against the newly produced catalog (sstacks

function), and a SNP data set was produced with the

genotype of each individual for every polymorphic

position (populations function). Only tags present in more

than 60% of the sampling were used to find the SNPs in

order to avoid an excess of missing data. Finally, SNPs

with a frequency lower than 5% were removed from

the data set, and only one polymorphic site was kept for

each RAD-tag. This genetic matrix was then used to test

different models of evolution.

Several scenarios have been proposed for the evolu-

tionary history of these three Coenonympha species and

especially for the origin of C. darwiniana. To compare

them and find the most plausible one, we used the SNP

data set with the approximate Bayesian computation

(ABC) approach implemented in the software DIYABC

(Cornuet et al. 2014). In short, a large number of simu-

lated data sets were produced under each tested scenario

by sampling parameter values into predefined prior dis-

tributions, and an estimation of each scenario posterior

probability was calculated as a function of the similarity

between several summary statistics of simulated data

sets and observed data using a logistic regression proce-

dure. These posterior probabilities enable a ranking of

scenarios and allow for the identification of the most

probable evolutionary history. We only considered five

evolutionary scenarios (Fig. 2), based on previously pub-

lished studies dealing with the evolution of the complex

(Porter et al. 1994; Wiemers 1998; Schmitt & Besold 2010)

and our own hypothesis based on the morphometric and

phylogenetic analyses (see Results).

Scenario design and simulations. A uniform distribution

with a large interval was chosen for each prior increas-

ing the need in computation time but overcoming the

lack of knowledge on population sizes, divergence

times and admixture rate (see Table S2 Supporting

information). Only one approximate C. arcania /

C. gardetta divergence time of 1.5–4 million of years was

available from Kodandaramaiah & Wahlberg (2009). For

each scenario, a total of one million data sets were sim-

ulated and the posterior probability was computed by

performing a logistic regression on the 1% of simulated

data closest to the observed data set (Cornuet et al.

2008, 2010). Summary statistics used for observed/sim-

ulated data sets comparisons are the mean gene diver-

sity and Fst across all loci and Nei’s distances among

A
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Time

Scenario 1 Scenario 2 Scenario3

Scenario 4 Scenario 5

Time

A
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Fig. 2 The 5 scenarios tested in the ABC

analysis with model involving only

cladogenesis events in the top and mod-

els involving hybridization in the bottom.

A corresponds to the ancestral popula-

tion, P1 to the current Coenonympha arca-

nia population, P2 to Coenonympha

gardetta population, P3 to French Coeno-

nympha darwiniana population and P4 to

Swiss C. darwiniana.
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populations. Gene diversity was chosen because allelic

richness is directly influenced by hybridization; the

genetic differentiation (Fst) and distance (Nei’s) among

taxa were used because these indexes reflect the degree

of differentiation between populations and are highly

relevant to compare evolutionary histories.

Assessing the ‘goodness of fit’ of the model. Once the most

probable scenario was identified, different posterior anal-

yses were carried out to evaluate the trustfulness of the

procedure. First, to be sure of the choice of the scenario,

500 new data sets were simulated with each historical

model creating pseudo-observed data sets for which pos-

terior probabilities were re-estimated with the same pro-

cedure described above. Type I and type II errors were

evaluated by measuring, respectively, the fraction of data

sets simulated under the best scenario that were assigned

to other scenarios and the fraction of data sets simulated

under other scenarios that were assigned to the best sce-

nario. Second, we wanted to know whether our selected

model is able to produce data sets similar to the observed

one. This confidence in the model is evaluated by esti-

mating the similarity between simulated (1000 simula-

tions) and real data sets using summary statistics

different than the ones used for model choice (an impor-

tant precaution, see Cornuet et al. 2010). For each sum-

mary statistic, a P-value is estimated by ranking the

observed value among the values obtained with simu-

lated data sets, and a principal component analysis was

also performed to check visually the position of the

observed data in relation to the data sets generated from

the posterior predictive distribution.

Posterior distribution of parameters and their precision. It

was possible to evaluate the posterior distributions of

parameters for our selected scenario using a local linear

regression on the 1% of simulations closest to the

observed data set (Cornuet et al. 2010). These distribu-

tions gave an idea of the most probable value (median)

and the ‘approximation’ (width of the distribution) for

each historical model. A precision of these estimations

was evaluated by computing the median of the absolute

error divided by the true parameter value of the 500

pseudo-observed data sets simulated under the selected

scenario using the median of the posterior distribution

as point estimate (Cornuet et al. 2010).

Multivariate analysis

We investigate individuals grouping and differentiation

without any assumptions through a principal compo-

nent analysis (PCA) carried out on the same SNPs data

set. We used R 3.1.0 (R Development Core Team) and

the library ADEGENET (Jombart 2008) to achieve the PCA.

Missing values were replaced by the mean frequency of

the concerned allele in all the sampling.

Geometric morphometry analysis

We performed a geometric morphometric analysis includ-

ing wing shape, patterns and venation, with a particular

interest on traits that have been previously considered as

indicative of intermediacy in C. darwiniana such as the

form and position of eyespots, the shape of the hindwing

white band and the global size of the wings. We identified

22 and 18 homologous landmarks in the fore- and hind-

wings, respectively, corresponding to either (a) ‘pure’

wing shape when using vein intersections and termini or

(b) wing patterns when using eyespots and the white

band outline (see Fig. S1 Supporting information).

The wings were scanned with a resolution of 1200 dpi,

and the geometric morphometric analysis was performed

using the tps (thin-plate spline) series of programs (avail-

able at http://life.bio.sunysb.edu/morph/) for file cre-

ation (TPSUTIL, ver 1.58, Rohlf 2006b) and landmarks

positioning (TPSDIG 2, ver 2.17, Rohlf 2006a). A Procrustes

superimposition was then applied to the landmarks coor-

dinates in order to remove nonshape variation in loca-

tion, scale and orientation. After a dimensionality

reduction to correct for the effect of using a large number

of variables relative to the number of specimens was

applied (see M�erot et al. 2013), we tested shape differ-

ences among species using a one-way MANOVA on the

remaining principal components (PCs) with shape as

dependent variable and species as factor. A canonical

variate analysis (CVA) allowed for the investigation of

species discrimination (M�erot et al. 2013), and a dendro-

gram was produced with morphometric distances

(Mahalanobis distances) among groups to allow for a

clearer visualization of population morphological posi-

tion in the three species complex. The generalized Pro-

crustes analysis and the different statistics were

performed with R and the RMORPH (M. Baylac, personal

communication), ADE4 (Chessel et al. 2004) and APE (Par-

adis et al. 2014) libraries. In parallel to the Procrustes

superimposition and shape analysis, a wing size index

was obtained using the log-transformed centroid size

directly from the wing landmarks. Difference in size

among species was tested through an analysis of variance

(ANOVA) with size as a dependent variable and species

as factor.

Climatic niche comparisons

Occurrence data of the three species in the Alps were

collected from numerous institutions data sets: FLAVIA

(French association of entomology, http://www.fla

via.ade.free.fr), MNHN (French national museum of
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natural history, http://www.mnhn.fr), CSCF (Centre

Suisse de Cartographie de la Faune, http://

www.cscf.ch), Mercantour National Park (http://

www.mercantour.eu), Asters CEN (Conservatoire

d’Espaces Naturels de haute Savoie, http://www.aster-

s.asso.fr), LPO (Ligue pour la protection des oiseaux,

http://www.lpo.fr), GBIF (Global Biodiversity Informa-

tion Facility, http://www.gbif.org) and personal data

from Michel Savourey and Roger Vila. After deleting all

points with too low precision of coordinates or with

obvious mistakes, around 6900 points remained for

C. arcania, 4000 points for C. gardetta and 1000 for

C. darwiniana distributed all along the Alps and adja-

cent regions. These occurrence data were associated

with the 19 ‘bioclimatic’ variables available in the

WORLDCLIM database (Hijmans et al. 2005, http://world

clim.org). These variables represent a range of metrics

(mean value, variance and extremes) on global tempera-

ture and precipitations. For more precision, we used the

30-s resolution grids (� 1 km2), and we kept only one

occurrence per species in each pixel in order to avoid

overweighed values. Importation and manipulation of

the data were carried out in R (R Development Core

Team) using dismo and raster libraries (Hijmans et al.

2015).

An ordination method ‘outlying mean index’ (OMI,

Dol�edec et al. 2000) was used to compare each species

environmental niches obtained from occurrence data

and climatic variable correspondence. This approach

gives the position and the breadth of each species niche

along main axes calculated from a set of environmental

variables. The niche position corresponds to the mean

location of the species in the environmental space, and

the breath represents the variability of the used envi-

ronment (SD of the species values in the OMI axes,

Thuiller et al. 2004). The method is appropriate to eval-

uate ecological niche proximity among taxa and gives

an idea of the environmental capacities of each species.

The analysis was performed in R using the ADE4 library.

Results

Genetic evidence of hybridization

The double-digested RAD libraries produced a mean of

3200 fragments (RAD-tags) with a mean coverage of 35

reads/fragment for the 174 individuals analysed. The

polymorphism in these RAD-tags allowed the scoring

of 851 independent SNPs. These markers were first

used for the evolutionary model testing with the

approximate Bayesian computation procedure, and the

results obtained are summarized in Fig. 3. The poste-

rior probabilities (Fig. 3A) show that the scenario

involving hybridization between Coenonympha arcania

and Coenonympha gardetta at the origin of an ancestral

population of Coenonympha darwiniana (scenario 4) is far

superior to any other scenario. All scenarios involving

only cladogenesis without hybridization appeared

highly improbable given the observed data set and

were thus completely rejected by the analysis. Scenario

4 supposes a unique ancestral population for C. darwini-

ana and thus a common origin for the taxon, which

would have split later into the two geographical clus-

ters present today (Fig. 3B). It is worth mentioning that

the genetic differentiation and distinct geographical

range of these two C. darwiniana clusters prompted us

to test a scenario with two independent hybridization

events for the origins of these two entities (scenario 5).

However, it also showed a posterior probability close to

zero and was therefore rejected.

It is relevant to observe that scenario 4 is the one

with the best fit (40% of the summary statistics calcu-

lated on data sets simulated with scenario 4 are very

close to the summary statistics calculated with the real

genetic data set) in comparison with the other four sce-

narios tested (only 19–33%). Our model produces simu-

lations slightly distant from the observed genetic data

set in the summary statistics space, but given the sim-

plicity of designed scenarios, it is not surprising that

they do not perfectly match the real history of our pop-

ulations and do not produce simulations in complete

concordance with observed data. Moreover, type I

(11.4%) and type II (0.05%) errors were very low in

comparison with similar studies (Cornuet et al. 2010;

Barr�es et al. 2012). The scenario 4 was thus greatly dis-

tinguishable from the others. Taken together, these

scores in post-ABC procedure verifications strongly

support the evolutionary scenario 4, that is a hybridiza-

tion event, at the origin of C. darwiniana.

All the parameter estimates under the selected sce-

nario show quite realistic values (Fig. 3), with a diver-

gence time between C. arcania and C. gardetta of

1.7 � 0.05 Myr (t3 in Fig. 3C). The time for the

hybridization event that gave origin to C. darwiniana (t2:

12000 � 100 years) and the time for the splitting

between the two geographical populations currently

observed in this species (t1: 10000 � 150 years) appear

nonetheless quite recent. However, these two times cor-

respond to a suitable period for numerous C. arcania/

C. gardetta contacts and species range upheaval (see

Discussion). Our analysis also indicates that the initial

parental contributions in the genetic composition of the

ancestral C. darwiniana population (i.e. parameters ra

and 1-ra) were not 50/50. Indeed, there is evidence for

larger contribution of a C. arcania genetic background

(75%), suggesting multiple events of hybridization and

backcrossing between the hybrid and the parental

species.
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PCA identifies four well-differentiated clusters, corre-

sponding to the putative parental species C. arcania and

C. gardetta, and the two geographical isolates of C. dar-

winiana (Fig. 4). The C. arcania and C. gardetta groups

exhibit the highest interspecies differentiation along the

most informative principal component (PC1 19.3%),

while the two geographical groups of C. darwiniana take

intermediate scores along the axis. The second PC

(7.3%) differentiates these two populations of C. dar-

winiana from the other two species and points out the

genetic variability intrinsic to these lineages. Finally, we

observe that the C. darwiniana individuals are clustered

in two distinct groups along the third PC (3.7%), corre-

sponding to the populations from the Tessin area and

the south France Alps, respectively. A substantial

genetic structure within C. darwiniana is thus high-

lighted by this analysis and matches perfectly the dis-

continuous geographical distribution of this species.

Morphological proximities among the complex

A total of 510 specimens had both right forewings and

right hindwings in good conditions and were included

in the morphological analysis. A major result of the

morphometric analysis is the good concordance they

show with the genetic clustering analysis (Fig. 5A). We

found highly significant differences in size (ANOVA:

P-value <2e�16, d.f. = 3, F-value = 172.2) and shape

(MANOVA: P-value <2e�16, d.f. = 3, approx. F-value

= 14.5) among the four previously established genetic

clusters. For these two traits, the strongest differentia-

tion is visible between C. arcania and C. gardetta

individuals with almost no overlap in wing centroid

size values (Fig. 5B) and in scores of the discriminant

analysis first axis (Fig. 5A). This first axis of the CVA

combines the majority of the discriminant variability

(80%) and separates clearly the four groups, with both
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C. darwiniana populations taking intermediate values

between the two putative parental species (Fig. 5A–C).
Other analyses of landmarks corresponding only to

either venation, the shape of the hindwing white band

or only the positions of hindwing eyespots confirm this

intermediacy (not shown). Our results robustly support

the intermediate position of C. darwiniana in regard to

the putative parental species, not only for easily visible

characters in the phenotypes such as the eyespots’ col-

our or their alignment, as previously highlighted by

some experts, but also for most of the wing structures.

The analysis also showed a significant distinction

between the two C. darwiniana populations (MANOVA,

P-value = 1.4e�07, approx. F-value = 4.6), in agreement

with the results from the genetic differentiation analy-

ses. Furthermore, we observe that although in general

C. darwiniana populations appear intermediate between

parental species, C. darwiniana from Switzerland shows

a closer phenotypic proximity with C. gardetta as shown

by the large overlap between these two groups in the

discriminant analysis result (Fig. 5A).

Finally, the relative homogeneity of each group, in

terms of wing shape and size, points out their morpho-

logical integrity. The second axis of the CVA corre-

sponds to C. darwiniana specific variability, which

emphasizes the differentiation within this taxon (two

distinct genetic lineages) even if it concerns only a little

part of the discriminant information (LD2, 14%).

Climatic niches analysis

The climatic niches of the four populations can be visu-

ally inspected in Fig. 6. The first two axes of the OMI

analysis explained almost all the variability of climatic

niches and represented, respectively, 96 (OMI1) and 3%

(OMI2) of the total inertia. The first one, negatively cor-

related with the rainfall variables and positively corre-

lated with the temperature variables, mostly

corresponds to altitudinal effects with a part of local

specificities. It thus logically separates C. arcania and

C. gardetta with great significance for each climatic vari-

able. On this axis, both French and Swiss C. darwiniana

appear to have a climatic niche much closer to

C. gardetta, with only French C. darwiniana showing a

slight overlap with C. arcania. This is concordant with

the fact that C. darwiniana completely replaces

C. gardetta at slightly lower elevations in southern lati-

tudes. On the other hand, the fact that Swiss C. darwini-

ana shows a higher degree of overlap with C. gardetta

for climatic conditions supports, again, a closer proxim-

ity between these two taxa. Although the second axis

(OMI2) only explains 3% of the variability, it distin-

guishes the humid continental climate influence in the

central and east Alps with cool and rainy summers

(high mean T°C values during the wettest quarter) and

the oceanic influence in the western flank of the Alps

with more precipitation during the winter and spring

(high mean T°C values during the driest quarter). This

axis mainly differentiates the two C. darwiniana taxa,

with the Swiss population in continental climatic condi-

tions and the French population in mountain ranges

with lower summer rainfall.

Discussion

Hybrid species hypothesis for Coenonympha
darwiniana

By comparing different evolutionary scenarios based on

numerous genetic markers, we validated the hybrid ori-

gin hypothesis for the Coenonympha darwiniana lineages
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Fig. 4 Principal component analysis obtained from the SNPs

data set. The first three PCs are represented with the percent-

age of information kept on each of them. The four main groups

are represented by different symbols and colours: Coenonympha

arcania ( ), Coenonympha gardetta ( ), French Coenonympha dar-

winiana ( ) and Swiss C. darwiniana ( ). Ellipses contain about

2/3 of the individuals for each group.
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and were able to partially reconstruct the history of the

complex this taxon forms with its parental species Coe-

nonympha arcania and Coenonympha gardetta. The ddRAD

sequencing technique allowed us to genotype a large

number of codominant markers (851 SNPs) which are

likely widely distributed over the species genomes (one

of the advantages of the RADseq and similar tech-

niques, see Baird et al. 2008). This property of the mark-

ers was ideal for quantifying the posterior probability

of different evolutionary histories through approximate

Bayesian computation methods. This procedure clearly

favoured the hybrid species scenario giving it by far the

highest probability among the five evolutionary models

tested. ABC methods have already been used to com-

pare different types of evolutionary scenarios (Estoup

et al. 2004, Csill�ery et al. 2010; Barr�es et al. 2012), includ-

ing the study of hybridization events in another butter-

fly species (Nice et al. 2013). But keeping in mind that

no abstract models can fully account for the inherent

complexity of species evolutionary history (Csill�ery

et al. 2010) and that ABC approaches are sensitive to

complexity differences in the compared models, we

decided to use this approach only to choose between

three pure cladogenesis scenarios and two simple sce-

narios combining cladogenesis and hybridization (see

Fig. 2). These scenarios correspond to the most credible

evolutionary steps that could have led to the currently

observed genetic structure among the three species. The

results, completely rejecting the scenarios involving

only cladogenesis events, provide strong evidence in

favour of the hypothesis that hybridization was

involved in the evolutionary events that gave rise to

C. darwiniana and its resulting patterns of genetic, mor-

phological and somewhat ecological intermediacy.

Moreover, it was possible to distinguish between two

relatively close alternatives: a single hybridization event

implying a unique origin and a double hybridization

event implying two independent origins for the two

C. darwiniana lineages. The unique hybrid origin was

strongly preferred during the analysis with a differenti-

ation of the two populations coming only later. We

acknowledge, however, that the simplicity of the tested

scenarios does not permit for a more precise reconstruc-

tion of all the steps in the evolutionary history of the

complex. Such a detailed reconstruction was not the

objective of this work.

The results provided by the multiproxy approach are

in agreement with the retained scenario and offer sub-

stantial information about the consequences of

hybridization on the phenotypes and ecology of the

C. darwiniana lineages. The potential implications of

hybridization in species evolution remain little known
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Fig. 5 Individual wing shape and patterns discrimination (A) and relative wing size differences (B) with four groups: Coenonympha

arcania ( ), Coenonympha gardetta ( ), French Coenonympha darwiniana ( ) and Swiss C. darwiniana ( ). The centroid size (relative

wing size index) calculated during morphometric analysis shows significant differences among the four studied groups, and a Tukey

post hoc test highlighted size difference between each pair of population. A MANOVA realized on PCs scores after the Procrustes

superimposition shows high differences among populations (P-value <2e�16), and only a discriminant analysis performed on these

PCs scores is represented in the figure. And (C) is a dendrogram showing morphological distances between groups.
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(Mallet 2005; Abbott et al. 2013), yet the genetic, mor-

phological and ecological patterns associated with a

hybrid species can provide new insights to better

understand the possible outcomes of the phenomenon.

Genetics. PCA provides an idea of genetic clustering

without making any assumptions and supports the

hybrid origin scenario. The two C. darwiniana lineages

have intermediate scores between C. arcania and

C. gardetta along the first PC which reflects the highest

genetic structure within the complex. Although not a

formal proof of hybrid origin, this result greatly con-

cords with that hypothesis. The successive differentia-

tion shown by the first three PCs completely

corresponds to the successive events of the hybrid spe-

cies scenario (parental differentiation, hybridization

event and hybrid lineages differentiation, see Fig. 3). As

stated above, the first PC shows the ancestral diver-

gence of the lowland and alpine species with intermedi-

acy of the two lineages of C. darwiniana. The second

axis corresponds to the distinction of the hybrid lin-

eages on the one side and the parental species on the

other side, showing the intrinsic genetic variability of

these taxa and their history since the speciation event.

Finally, PC3 discriminates the two C. darwiniana popu-

lations, consistent with the geographical location of the

individuals. This result increases our confidence in our

conclusions and adds support to the view that ddRAD

sequencing can be a powerful technique for genetic

clustering at a fine scale (Rubin et al. 2012; Wagner et al.

2013; Cruaud et al. 2014).

If we accept a common and unique origin for the two

C. darwiniana populations, which is supported by the

ABC method, it is surprising to have two distinct

groups in the PCA (Fig. 3). Although both taxa show

intermediate patterns when compared with the parental

species, French C. darwiniana is closer to C. arcania,

whereas Swiss C. darwiniana is closer to C. gardetta (sim-

ilar patterns in morphology and climatic conditions).

This observation first led us to suppose two indepen-

dent hybrid lineages as shown in North American

Lycaeides butterflies (Nice et al. 2013). But the ABC mod-

elling clearly rejected this possibility and converged

towards a unique and common origin for the two

C. darwiniana taxa. Given the recent origin of the taxa

(<20 000 years), the divergence observed between them

seems large to be due only to independent evolution

after geographical splitting. A possible explanation

would be a differential backcrossing rate with the par-

ental species for each of the two C. darwiniana lineages.

Under this hypothesis, independent parental genetic

contributions subsequent to the lineage splitting

observed within C. darwiniana would explain the sub-

stantial separation. The genetic stability evident now in

the populations would be the result of their repeated

interactions with one or both parental species, possibly

driven by different environmental pressures. However,

this hypothetical scenario remains uncertain and needs

to be tested. It could provide an interesting case of suc-

cessive hybridization events leading to differential

adaptations and illustrate the tenuous equilibrium

between backcrossing due to incomplete reproductive

isolation of the newborn lineage and success of hybrid

population establishment.

Morphology. Morphology can play an important role in

species isolation for butterflies and other animals

because of visual preferences associated with mating

behaviours. This is one of the reasons why it has been

investigated for most animal hybrid species. In some

cases, the hybrid lineage shows extreme traits compared

to the parental species (e.g. a sculpin lineage in Nolte

et al. 2005 or the bat Artibeus schwartzi in Larsen et al.

2010), and these extreme phenotypes are potentially

advantageous in species fitness. But most hybrid species

present an intermediate morphology (e.g. the hybrid

butterfly Heliconius heurippa in Mav�arez et al. 2006 and

Salazar et al. 2010; the birds Passer italiae in Hermansen

et al. 2011; Dendroica auduboni in Brelsford et al. 2011 or

the butterfly Papilio appalachiensis in Kunte et al. 2011).

Fig. 6 Climatic niche separation in the OMI ordination analy-

sis. The first axis corresponds to most of the precipitation/tem-

perature gradients (see section Material and Method for more

details). The second axis corresponds to mean temperature

during the wettest (top of the graph) and driest (bottom) per-

iod of the year.
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More than just being a consequence of hybridization,

intermediate traits could play a major role in species

emergence and rise, as was the case for Heliconius heur-

ippa species (Mav�arez et al. 2006; Salazar et al. 2010). In

our case, we found no transgressive traits, but a strong

morphological intermediacy for most of the wing ele-

ments, including patterns and venation shape, position-

ing and size. This morphology of C. darwiniana, easily

visible when looking at specimens of each species, has

been the principal argument behind the hypothesis of

its hybrid origin (Porter et al. 1994). The possibility that

intermediate values in wing traits are independent from

hybridization for this taxon seems unlikely when taking

all the evidence into account. Although it could be only

a neutral consequence of hybridization, the homogeny

of taxa in terms of wing patterns led us to suspect that

the intermediacy could be involved in species isolation.

Intermediate phenotype preferences by hybrids have

been recorded for fish species (Selz et al. 2014) and

could have been involved in C. darwiniana rise. Further-

more, the two C. darwiniana lineages differ from each

other, but within each population, the morphology is

quite homogenous. Intra- C. darwiniana morphological

variability is not as large as the morphological variabil-

ity we encountered in the parental species taken

together. From all the phenotypic combinations poten-

tially brought by the mixture of the parental entities,

the newborn lineage probably only rose and established

from a restricted pool of them.

Ecology. Ecology is known to play a major role in

hybrid species emergence (Mallet 2007; Mav�arez &

Linares 2008; Abbott et al. 2013). The mix of different

genetic backgrounds leads to novel combinations that

can favour the rise of a hybrid lineage by multiple

means (Seehausen 2004; Mallet 2007; Abbott et al. 2010,

2013) including intermediate phenotypes (Mav�arez et al.

2006; Hermansen et al. 2011; Kunte et al. 2011) and/or

transgressive phenotypes (Nolte et al. 2005; Gompert

et al. 2006). For example, one of the main mechanisms

by which new hybrid lineages achieve reproductive iso-

lation vis-�a-vis their parental species seems to be the col-

onization of habitats not used by them (Rieseberg 1997;

Nolte et al. 2005; Gompert et al. 2008; Krehenwinkel &

Tautz 2013; Nice et al. 2013). We investigated the posi-

tioning of the hybrid species in terms of climatic condi-

tions to determine whether an extreme climatic niche

was a key parameter in the hybrid species’ emergence.

However, we found that the climatic niches of

C. gardetta and C. darwiniana strongly overlap, espe-

cially for the Swiss C. darwiniana lineage, although the

two species only share narrow sympatric zones in the

wild. This indicates that large-scale climatic conditions

are unlikely to be responsible for the differences in the

geographical distributions of these species. Temperature

and precipitation regimes were probably not the mecha-

nism behind species isolation. Nonetheless, the climatic

niche does appear intermediate for the French C. dar-

winiana lineage, supporting the view of some degree of

adaptation to intermediate climatic conditions. That

makes sense considering the southern exposure and

modest altitudes of the mountain ranges where they are

found in France. Further analyses of ecological differen-

tiation, such as fine-scale habitat use and relationships

with host plants, remain necessary to paint a clear pic-

ture of the role of ecology in the differentiation, isola-

tion and coexistence of both C. darwiniana lineages vis �a

vis their parental species.

Our study provides strong evidence of hybridization

between two distinct Coenonympha species in the com-

position of C. darwiniana and a substantial reproductive

isolation as suggested by the genetic, morphologic and

climatic clustering of the taxa. However, an important

additional aspect needs to be evaluated: the evidence

that reproductive isolation between the hybrid and par-

ental lineages is a direct consequence of hybridization

(Mav�arez & Linares 2008; Nolte & Tautz 2010; Schumer

et al. 2014). It is difficult with our results to determine

whether hybridization has been the key mechanism of

the speciation process (as shown for example for a scul-

pin hybrid species in Nolte et al. 2005; or for a hybrid

butterfly species in Mav�arez et al. 2006) or whether a

lineage already diverged from one of the parental spe-

cies has undergone a strong introgression from the

other. However, the current stability, homogeneity and

specificities of C. darwiniana in its two geographical

populations together with the complete exclusion of

parental species in these regions suggest an important

role of hybrid patterns in the adaptation and persis-

tence of this taxon.

Structure of the complex and taxonomic considerations

The genetic and morphological analyses differentiated

four entities within this species complex with complete

concordance and in agreement with the ‘four-unit

complex’ hypothesis first proposed for this group by

Schmitt & Besold (2010). For each of the analyses used,

the clustering pattern was similar, even if the climatic

analysis failed to clearly discriminate the three alpine

taxa (C. gardetta and the two C. darwiniana popula-

tions). The main differentiation was observed between

C. arcania and C. gardetta, with no overlap between

these two species regardless of which marker was

used. Contrastingly, the C. darwiniana individuals clus-

tered in two groups corresponding to the two distinct

geographical ranges of the taxon, one in the Tessin

area (mostly in Switzerland) and the other in the
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southwest of the Alps (mostly in France). Furthermore,

each of the four ‘units’ shows intrinsic homogeneity in

their genetic composition, wing patterns and ecological

(climatic) conditions. Regarding taxonomy, C. arcania

and C. gardetta have long been considered as different

species (Lafranchis 2000; Descimon & Mallet 2009;

Kodandaramaiah & Wahlberg 2009; Schmitt & Besold

2010), and our combination of approaches confirms

this taxonomic arrangement. The status of C. darwini-

ana has been more debated (see Porter et al. 1994; Wie-

mers 1998; Schmitt & Besold 2010; Descimon & Mallet

2009). The genetic positioning of this taxon within the

complex was previously examined based on protein

electrophoresis and conclusions varied from a sub-

species of C. gardetta (Porter et al. 1994; Wiemers 1998)

to a subspecies of C. arcania (Schmitt & Besold 2010).

The small number of markers used prevented these

studies from detecting the hybrid composition of dar-

winiana’s genetic background, and their divergent con-

clusions are consistent with the fact that hybridization

can lead to incongruence in the coalescence patterns of

genetic markers (Leach�e & McGuire 2006; Meng &

Kubatko 2009; Roos et al. 2011). Despite these consid-

erations, the taxon is now mostly considered as a dif-

ferent species (Lafranchis 2000; Tolman & Lewington

2008). The observed differentiation of C. darwiniana in

regard to its two parental species effectively agrees

with the ‘cluster’ definition of a species (Coyne & Orr

1998; Mallet 2007). Even so, one question remains

unanswered: how should we treat the two geographi-

cal populations of C. darwiniana? Although they are

genetically, morphologically and climatically close and

appear to have a relatively recent common origin, we

are definitely able to separate them in two distinct

groups. For this reason, we propose to go further than

Schmitt & Besold (2010) by giving species status to

each of the two currently recognized subspecies of

C. darwiniana. Their disjunct geographical ranges

together with their differences in genetic composition,

wing structure and patterns and, to a lesser extent,

their climatic niches seem to us as enough evidence to

justify their species status. We propose to raise the

names previously used for the subspecies (Schmitt &

Besold 2010) to a species level: Coenonympha darwiniana

for the Tessino population and Coenonympha macromma

for the southwest Alps population.

Further studies are needed now to investigate the

mechanisms (ecological, behavioural or others) that

maintain reproductive isolation among these four pop-

ulations into the wild. Such information could greatly

help to better understand the factors which have

favoured the hybrid lineages rise and provide evi-

dence concerning the potential adaptive role of

hybridization.
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