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Both geographical and ecological speciation interact during the evolution of a clade, but the relative
contribution of these processes is rarely assessed for cold-dwelling biota. Here, we investigate the role
of biogeography and the evolution of ecological traits on the diversification of the Holarctic
arcto-alpine butterfly genus Oeneis (Lepidoptera: Satyrinae). We reconstructed the molecular phylogeny
of the genus based on one mitochondrial (COI) and three nuclear (GAPDH, RpS5, wingless) genes. We
inferred the biogeographical scenario and the ancestral state reconstructions of climatic and habitat
requirements. Within the genus, we detected five main species groups corresponding to the taxonomic
division and further paraphyletic position of Neominois (syn. n.). Next, we transferred O. aktashi from
the hora to the polixenes species group on the bases of molecular relationships. We found that the genus
originated in the dry grasslands of the mountains of Central Asia and dispersed over the Beringian Land
Bridges to North America several times independently. Holarctic mountains, in particular the Asian Altai
Mts. and Sayan Mts., host the oldest lineages and most of the species diversity. Arctic species are more
recent, with Pliocene or Pleistocene origin. We detected a strong phylogenetic signal for the climatic
niche, where one lineage diversified towards colder conditions. Altogether, our results indicate that both
dispersal across geographical areas and occupation of distinct climatic niches promoted the diversifica-
tion of the Oeneis genus.

1. Introduction

Although allopatric and ecological speciation processes interact
in evolution (Rundell and Price, 2009; Bennett and O’Grady, 2012),
they are rarely studied together, especially in older radiations (cf.
Vila et al,, 2011; Condamine et al., 2012; Bentley et al., 2014). A
clade is rarely the pure product of allopatry (Muller and
Beharegaray, 2010; Imada et al., 2011). Geographical speciation
can be coupled with ecological speciation (Hall, 2005; Willmott
etal., 2001; Matos-Maravi et al., 2013) involving the differentiation
of species lineages by changes in habitat use or behaviour (Jiggins,
2008; Chamberlain et al., 2009). Diversification along climatic gra-
dients, such as moisture (Rieseberg et al., 1999; Gee, 2004) or
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temperature (Keller and Seehausen, 2012) has been documented
in several clades. However, the signal of ecological speciation
might be blurred by non-adaptive ecological speciation (Rundell
and Price, 2009). In that case, speciation via geographic isolation
precedes significant ecological diversification and reproductive
isolation (Swensson, 2012). Geographical and ecological speciation
processes probably frequently interacted in rugged environments
with unstable climates such as in the Holarctic region, especially
in the diversification of cold-dwelling biota inhabiting mountains.

Distributions of Holarctic organisms were shaped by climatic
changes during the past 15 million years (Vila et al., 2011), the
effect of which interacted with regional topographies (Todisco
et al, 2012). Cold periods interconnected biota across the
Holarctic by promoting lowland dispersal events (Schmitt and
Haubrich, 2008; Todisco et al., 2012) and movements of Arctic
assemblages to southern latitudes (Packert et al., 2012; Eidesen
et al,, 2013) followed by in-situ speciation (Vila et al., 2011). This
connectivity was probably associated to species’ ecological



preferences (Vila et al., 2011). For instance, dry-adapted alpine spe-
cies widely dispersed to lowlands (Schmitt and Hewitt, 2004),
which had mainly an arid character, whereas alpine species not
tolerant of dryness were restricted to more humid areas (e.g. along
rivers) around the glaciated high mountain systems (Schmitt et al.,
2006). The interactions of ecological preferences and geographical
speciation processes in montane and Arctic regions are relatively
well studied (Todisco et al., 2012; Eidesen et al., 2013; Yannic
et al., 2014), but mainly using plants and birds as models (e.g.
Drovetski, 2003; Kadereit and Baldwin, 2012; Fjeldsa, 2013). The
understanding of the speciation in cold-dwelling butterflies is still
limited (Kodandaramaiah and Wahlberg, 2009; Simonsen et al.,
2010; Todisco et al., 2012).

Butterflies represent a model group of organisms to study the
mechanisms of speciation in relation to their ecology and geo-
graphic distribution. Butterflies show conservatism in their habitat
affiliations (van Swaay et al., 2006) and thermal niches (cf. Vila
et al., 2011; Kleckova et al., 2014), but this remains to be tested
in the evolution of cold-adapted butterfly lineages. The butterfly
genus Oeneis, Hiibner, 1819 (Lepidoptera: Satyrinae) arose in the
Miocene (Pefia et al., 2011) and diversified into 30 species across
the mountains and Arctic of the Holarctic region. Here, we investi-
gated the Holarctic diversification of this cold-dwelling genus in
relation to shifts in ecological traits and geographic range. We
reconstructed the biogeographic history and evolution of habitat
affiliations as well as climatic requirements as drivers of diversifi-

O cation. Specifically, we asked: (1) Where was the origin of the dis-
= tribution and radiation of this genus? (2) What are the relative
contributions of geographical and ecological speciation in the evo-
Y [ution of the genus Oeneis? (3) Is a traditional taxonomical division
of the genus Oeneis and classification of closely related genera con-

L_ sistent with molecular phylogeny?
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O 2. Methods
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2.1. Study organisms and molecular data

We studied the phylogenetic relationships within the genera
Oeneis, Paroeneis Moore, 1893 and Neominois Scudder, 1875
(Lepidoptera: Satyrinae, Satyrina). More than half of the Oeneis
_C species occur in the mountainous areas of Central Asia, five species
are distributed in Arctic Eurasia and roughly ten species in the
Arctic and mountain regions of North America (Tuzov et al.,
1997; Layberry et al., 1998; Gorbunov, 2001). Seven species are
distributed in both Eurasia and North America (Tuzov et al.,
1997, Table S1). Individual Oeneis species occur in steppic or alpine
grasslands, tundra, taiga, mountain woodlands and screes (Tuzov
et al., 1997; Layberry et al., 1998; Gorbunov, 2001). Larvae feed
on various grasses (Layberry et al., 1998), hence diversification
should be primarily driven by other factors than host plant shifts
(cf. Schweiger et al., 2008). A phylogeny of the genus has been
lacking to understand the drivers of diversification and solve
the currently problematic taxonomy of the genus (Pelham,
unpublished). The representatives of the genus Oeneis were tradi-
tionally sorted into two subgenera, Protoeneis Gorbunov, 2001
and Oeneis Hiibner, [1819] s. str., and then to morphologically
defined species groups (Table S1, Lukhtanov and Lukhtanov,
1994a; Gorbunov, 2001; Pelham, unpublished), but the internal
taxonomy of the genus has not been established and differs
between publications (Tuzov et al., 1997; Layberry et al., 1998;
Gorbunov, 2001).

The genera Paroeneis and Neominois share similar appearance,
ecology and bionomy as the genus Oeneis. The genus Paroeneis
includes about six species, all inhabiting the mountains of
Central Asia (Gorbunov, 2001). The genus Neominois includes 2-3
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species living in the sparsely vegetated grasslands of North
America, from southern Alberta to northern Mexico (Warren
et al., 2008).

For our study, we used 19 species (43 specimens), representing
all recognised species groups of the genus Oeneis (Gorbunov, 2001,
Table S2), plus Paroeneis palaearcticus (Staudinger, 1889), P. pumi-
lus (C. & R. Felder, [1867]) and two (sub)species of the Neominois
ridingsii ridingsii (Edwards, 1865) and Neominois ridingsii wyomingo
(Scott, 1998), frequently considered as distinct species (Opler and
Wright, 1999). We were able to extract DNA from 14 species, rep-
resented by at least two specimens from different populations; 9
species were represented only by 1 specimen. As outgroup
taxa, we used the related Satyrinae butterflies Melanargia
galathea (Linnaeus, 1758), Hipparchia statilinus (Hufnagel, 1766),
Karanasa pamira (Staudinger, 1887), and Karanasa bolorica
(Grum-Grshimailo, 1888).

DNA was extracted from two legs or part of the thorax of dry
specimens using DNEasy extraction kit (QIAGEN). DNA was ampli-
fied by Polymerase Chain Reactions (PCR) for one mitochondrial
(COI - 1487 bp) and three nuclear genes (GAPDH - 691 bp, RpS5
- 617 bp, wingless — 400 bp), using forward-reverse primer pairs
described in Wahlberg and Wheat (2008). In total, the genetic
information contained 3207 bp. For COI synthesis, we used two pri-
mer pairs, LCO-HCO for the first half and Jerry-Pat for the second
half, for GAPDH primer pair Frigga-Burre, for RpS5 pair rpS5degF-
rpS5degR and for wingless LepWG1-LepWG2. PCR run in 20 pl vol-
ume by using PPP mastermix (TOP-BIO, following a standard pro-
tocol). PCR thermal program 95 °C for 5 min, 40 cycles at 94 °C
for 30 s, annealing temperature 50 °C for 30 s (COI, wingless) resp.
55 °C for 30 s (GAPDH, RpS5), 72 °C for 1 min 30 s and final exten-
sion period at 72°C for 10 min. The amplified genes were
sequenced commercially by the Macrogen Company (dna.macro-
gen.com) using an ABI 3730XL DNA analyser. Sequences were
aligned manually in the program BIOEDIT v 7.0.5.3 (Hall, 1999).
Sequences of outgroup taxa as well as of Neominois r. ridingsii were
downloaded from GenBank (Pefia et al., 2011, http://www.ncbi.
nlm.nih.gov/, Table S2).

2.2. Phylogenetic analyses

Maximum parsimony analysis was performed in software TNT
1.1 (Goloboff et al., 2008) using Melanargia galathea as outgroup.
All characters (with gaps as the fifth state) were treated as unor-
dered and equally weighted. We performed heuristic searches,
using the New Technology Search algorithms with a level of search
15, followed by branch swapping of resulting trees. The strict con-
sensus tree was built from 10 final trees.

Two Bayesian analyses were performed using MrBayes v 3.1.2
(Ronquist and Huelsenbeck, 2003) and Beast v 1.8.0 (Drummond
and Rambaut, 2007) with Melanargia galathea as outgroup. First,
we performed the model tests of substitution rates. The best fit
of the model of evolution was determined by using the
FindModel tool of the Los Alamos HIV databases and compendia
(www.hiv.lanl.gov), which implements Modeltest script (Posada
and Crandall, 2001) calculating AIC scores, and the program
Weighbor (Bruno et al., 2000) generating the tree based on
Jukes-Cantor distances.

In the MrBayes analysis, we defined variable evolution rates,
which were independent for each partition, representing one gene.
The most general GTR+G substitution model was applied to all par-
titions. Markov Chain Monte Carlo Metropolis-Hastings (MCMC)
algorithm with 4 chains was run for 10 million generations.
Chains were sampled every 1000 generations. The convergence
of two runs was checked visually according to the log likelihood
of both runs. The first 2 million trees were discarded as burn-in.
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BEAST analysis with relaxed uncorrelated lognormal clock
model and speciation by Yule process was used to estimate the
timing of diversification events within the genus Oeneis. We used
two secondary calibration points, based on divergence time esti-
mates of the tribe Satyrini (Pefia et al., 2011), which used fossils
for calibration. We defined the monophyly and age of MRCA of
13 (+4) Ma for the taxa set which included all representatives of
the genera Oeneis (including Neominois) + Karanasa. The second
calibration point was set to the timing of the split between
Neominois sp. and O. jutta with an age of MRCA 9 Ma (4). Gene
evolutions were estimated by using separate partitions for each
gene with site model GTR+G for COI, TN93+G for GAPDH, and finally
HKY+G for RpS5 and wingless. For wingless and RpS5, simpler mod-
els than suggested by the model tests were used to avoid
overparameterisation and to reach diagnostics of Effective
Sample Size (ESS)>200 of traces of MCMC in Tracer v 1.5.0
(Rambaut and Drummond, 2003-2009). We specified MCMC chain
length of 30 million, screened every 1000 steps. Operators were
auto-optimised. Parameter ucld.mean was set as lognormal, while
other parameters of BEAST analysis were left in default values. The
BEAST analysis was repeated with three independent runs and the
trees were combined with LogCombiner v 1.8.0., with 3000 trees
per run as burn-in. The final maximum clade credibility tree was
checked by TreeAnnotator v 1.8.0, using median node heights
and posterior probability limit 0, annotating all nodes from all
trees obtained by BEAST. Final trees resulting from Bayesian
analyses were visualised using software FigTree v 1.3.1
(Rambaut, 2009). We ran the analysis using the computational
facilities of MetaCentrum of the Czech National Grid
Infrastructure  (https://metavo.metacentrum.cz/) and CIPRES
(Miller et al., 2010).

2.3. Biogeography and ancestral habitats reconstruction

We pruned the final Beast tree in the APE package (Paradis et al.,
2004) of the software R v 2.15.2 (R Core Team, 2012) to obtain a
phylogeny with only one tip per species of the genera Oeneis spp.
and Neominois spp (paraphyletic). We defined four distribution
areas according to centres of endemism of the genus: (A) Alps,
(B) Mountains of Central Asia (including Altai, Sayan, Karakoram,
Saur, Tarbagatai, Tian-Shan, Pamir, Himalayas), (C) Arctic
(Eurasian taiga and tundra) and (D) North America. In addition,
we classified the species habitat into four categories: (a) xerophi-
lous, (b) mesophilous, (c) open and (d) woodland habitats from
information published in Lukhtanov and Lukhtanov, 1994a;
Layberry et al., 1998; Gorbunov, 2001; personal observations by
MC and ZF; and for O. buddha by Milan Kopp.

We used RASP v 2 software (Reconstruct Ancestral State in
Phylogenies; Yu et al., 2013) to reconstruct the biogeography and
ancestral habitats of the genus. Biogeographical hypothesis and
ancestral habitat reconstructions were inferred by running
Bayesian Binary MCMC analysis (BBM), without specifying outgroup
taxa and with maximum number of areas set equal to four for bio-
geographic reconstruction and two ancestral habitat reconstruc-
tions. We used estimated F81 state frequencies and the gamma
among-site rate variation model. The MCMC analysis number of
cycles was 50,000 with discard (burn-in) of 100 samples. We ran
separate analyses for dry/wet and for open/woodland habitat traits.

2.4. Evolution of climatic and habitat requirements

For each species, we collected occurrences data from the
literature and biodiversity databases (Appendix A). We recovered
extensive occurrences for most species, except for O. buddha,
0. fulla, 0. mongolica and O. mulla, occurring in remote areas, and
for N. wyomingo, the rare North American species (<10

occurrences). We extracted climatic information from Worldclim
climate layers (http://www.worldclim.org/, Hijmans et al., 2005,
ESRI grid, resolution 10 x 10 km) in R package Raster (Hijmans
et al.,, 2014) for the distribution points. For each species and each
climatic variable, we computed the average value. We investigated
annual mean temperature (biol), maximum temperature (bio5),
minimum temperature (bio6), temperature seasonality (bio4),
annual precipitation (bio12) and precipitation seasonality
(bio15), given that butterflies of the genus show preferences along
temperature and moisture gradients.

The presence of phylogenetic signal in habitat and climatic
requirements was tested using Blomberg’s K statistics (Blomberg
et al., 2003), implemented in the package Picante (Kembel et al.,
2010) in R. K-value closer to 1 corresponds to a Brownian motion
process, which implies some degree of phylogenetic signal indicat-
ing trait structuring across the phylogeny. The presence of phylo-
genetic signal was tested also for the reduced dataset, which
excluded species with low numbers of distribution points.
Climatic variables whose evolution was non-random (K-values
close to 1) were mapped as continuous traits on the pruned tree
using the R package phytools (Revell, 2012).

3. Results
3.1. Models tests

The General Time Reversible substitution model with Gamma
distribution of rate variation among sites (GTR+G) was identified
to be the best model for COI and RpS5, and the Tamura-Nei substi-
tution model with Gamma distribution (TrN+G) for GAPDH and
wingless. The most general GTR+G substitution model was applied
to all partitions. For MrBayes analysis, the TrN model suggested to
be used for GAPDH (AIC value 3021.96) and wingless (AIC value
1044.99) was not implemented. We used GTR+G, which was the
second best model of evolution (AIC values 3026.78 and 1047.45,
respectively for GAPDH and wingless).

3.2. Phylogenetic relationships

The trees obtained from the maximum parsimony analysis
(Fig. S1), the Beast analysis (Fig. 1) and the MrBayes analysis
(Fig. S2) differed in detection of relationships among members of
the subgenus Protoeneis (Table S1) and among O. glacialis, O. fulla
and O. norna. The maximum parsimony resulted in polytomies
among O. sculda, O. tarpeia and (O.uhleri, (O. diluta, O. mongolica))
and among O. fulla, O. glacialis and O. norna (Fig. S1). In MrBayes,
0. sculda was basal to the O. tarpeia and (O.uhleri, (O. diluta, O. mon-
golica)) (Fig. S2). In contrast, in the Beast analysis, O. tarpeia was
basal to the O. sculda and the remaining three species (Fig. 1).
Both Bayesian inference analyses showed basal position of O. gla-
cialis in relation to (O. fulla, O. norna). Phylogenetic reconstructions
detected ambiguous relationships among O. tarpeia - O. lederi and
0. jutta — 0. magna. The maximum parsimony, the Beast analysis
and the MrBayes analysis consistently indicated monophyly of O.
tarpeia and O. lederi. O. jutta and O. magna were monophyletic
according to the maximum parsimony and MrBayes analysis.
According to the Beast analysis, 0. magna was basal to O. jutta.

The relationships among groups were congruent across all anal-
yses (Figs. 1, S1, and S2). The subgenus Protoeneis was found to be
basal to the Neominois spp. and the subgenus Oeneis. The genus
Neominois was in all analyses placed inside the genus Oeneis and
it was a sister taxon to the subgenus Oeneis, which included repre-
sentatives of the bore, the buddha, the hora and the polixenes
groups (Table S1, Fig. 1). Therefore the traditionally recognised
genus Oeneis is paraphyletic. Our molecular study showed that
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Fig. 1. Phylogenetic tree and time estimates of diversification occasions (Mya) of the butterfly genus Oeneis resulting from Bayesian inference by Beast. The numbers are the

posterior probabilities of the respective nodes.

Neominois represents a monophyletic lineage within the genus
Oeneis. The Neominois diverged from Asian representatives of the
genus Oeneis by vicariance. The generic name Neominois should
therefore become a subgeneric level (stat. nov.) and put the name
Neominois (syn. n.) as a synonymum to the name Oeneis on the

generic level. The bore group was basal, while the buddha group
was sister to (the hora+the polixenes) groups. In addition,
0. aktashi, which was traditionally considered to be related to
0. mulla and O. elwesi of the hora group, was more related
to O. melissa of the polixenes species group in all analyses.
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3.3. Timing of diversification events

The origin of the genus at Miocene (around 13 Ma) was fol-
lowed by diversification of the three main subgenera. The Beast
analysis estimated the age of the subgenus Protoeneis around
12 Ma. The remaining two subgenera Neominois and Oeneis split
around 10 Ma. Most of current lineages appeared during the
Pliocene (5-2.5Ma). The Pleistocene period (2.5Ma - now)
induced the main diversification on the species and sub-species
levels.

3.4. Biogeography and ancestral habitats reconstruction

The origin of the genus Oeneis was located in the mountains of
Central Asia (region B) (node 41, Fig. 2 and Table S5). According to
the biogeographic reconstruction, the genus colonised North
America (region D) via Beringian land bridges several times during
the Miocene, Pliocene and Pleistocene. In particular, the Miocene
vicariant event (ca 9 Ma, node 35) led to the separation of
Neominois spp., which now inhabit the Rocky Mountains of North
America. Pliocene or early Pleistocene vicariant event (ca 3 Ma)
led to the origin of North American O. uhleri (node 38), distributed
from Alaska to New Mexico and, likely of the common ancestor of
O. chryxus and O. bore (nodes 32, 31). The Pleistocene dispersions to
America may have occurred in a common ancestor of O. jutta,
0. magna, O. aktashi and O. melissa (node 26, low probability) or,
with higher probabilities, simultaneously with the splitting of the
sister species pairs, O. jutta from O. magna (node 24) and O. aktashi
from O. melissa (node 25). The Arctic (region C) was probably colo-
nised by O. bore during the Pliocene/early Pleistocene (node 31).
The arctic distribution of O. jutta, O. magna, O. melissa and O. norna
could originate from a unique Pliocene event (node 27, low proba-
bility) or from several independent dispersal events across the
Pleistocene (nodes 22, 23, 24, 25, 26). The Alps (region A) with only
one species, O. glacialis, were colonised during the Pliocene/early
Pleistocene (node 23).

The RASP analyses of habitat affiliations showed that the ances-
tral habitats of the genus were xerophilous grasslands (node 41,
Figs. S3 and S4). The species of the subgenus Protoeneis and sub-
genus Neominois were conservative in their preference of dry habi-
tats (Table S6 and Fig. S3). The shift to wet habitats probably
appeared in a common ancestor of the bore, the buddha and the
polixenes group (node 33) during the Miocene, or, with lower
probabilities, later within the bore (nodes 32, 31), the buddha
(node 30) and the polixenes (nodes 29, 27, 22, 26 and 24) groups.
Woodlands were colonised at least two times independently by
representatives of the subgenus Protoeneis (nodes 40, 39) during
the late Miocene or during the Pliocene and next, during the
Pliocene or Pleistocene, by the polixenes group of the subgenus
Oeneis (nodes 22, 23, 24, 26 and 27) (Table S7 and Fig. S4).

3.5. Evolution of climatic and habitat requirements

The strongest phylogenetic signal was expressed in the require-
ments of maximal temperature (Table S3). Basal members of the
subgenus Protoeneis and also subgenus Neominois occur in regions
with higher maximum temperature then ancestors and members
of the subgenus Oeneis (Fig. 3). The analyses performed on the
reduced dataset, excluding species with low numbers of occur-
rences, provided congruent results (Table S4). Possible differences
in climatic preferences in the subgenus Protoeneis, the subgenus
Oeneis and subgenus Neominois were illustrated by Principal
Component Analysis (PCA) and duality diagrams (dudi) imple-
mented in R package ade4 (Dray et al., 2007), in relation to the

available climatic environment of Northern Hemisphere. Oeneis
species occupied climatic space with low temperatures (on the first
axes of climatic PCA), and with higher precipitations (on the sec-
ond axes) within the Northern Hemisphere (Fig. 4). The species
of the subgenus Protoeneis and subgenus Neominois occurred in
slightly warmer and dryer environments with higher precipitation
seasonality compare to the subgenus Oeneis.

4. Discussion
4.1. Biogeography

The early Oeneis diversification within the ancestral region of
the mountains of Central Asia (region B) dates back to the
Miocene and the Pliocene (Fig. 2), contemporary to the uplift of
the Himalayas and adjacent ranges (Valdiya, 2002; De Grave
et al., 2007). The uplift promoted the speciation of mountain birds
(Fjeldsa et al., 2012; Drovetski et al., 2013), plants (Xu et al., 2010),
but also cold-adapted butterflies (Kodandaramaiah and Wahlberg,
2009; Leneveu et al., 2009). Our dating suggests that the early spe-
ciation of Oeneis provides another example of diversification asso-
ciated with the Himalayan uplift.

Later speciation events in the genus were largely associated to
dispersal events from the Palaearctic to Nearctic via Beringian land
bridges, similarly to other Holartic butterfly genera, e.g. Boloria
(Simonsen et al., 2010), Limenitis (Mullen, 2006) or Coenonympha
(Kodandaramaiah and Wahlberg, 2009). Oeneis butterflies dis-
persed to North America through the second (from the Miocene
to the late Pliocene, 14-3.5Ma) and the third (the Pleistocene,
1.5-1 Ma) Beringian Land Bridge (Sanmartin et al., 2001). After
the submersion of the second Beringian Land Bridge, isolation
likely led to the origin of subgenus Neominois and O. uhleri, and
probably also to the split of sister pair O. chryxus and O. bore
(Figs. 2 and 5). The third Beringian Bridge connection enabled
the formation of the recent Holarctic distribution of O. bore,
0. melissa and O. jutta, which dispersed from Asia to North
America during the Pleistocene. The biomes of the Beringian
bridges provided a mosaic of diverse habitats (Elias et al., 2000).
Open-habitat specialists O. uhleri, subgenus Neominois and
0. chryxus dispersed cross the taiga-prevailing (Sanmartin et al.,
2001) second Beringian Bridge, and woodland species O. bore and
0. jutta were able to spread cross the tundra-prevailing third
Beringian Bridge (Sanmartin et al., 2001).

The Arctic region was colonised by the bore and the polixenes
species groups at least two times independently. Ancestors of these
groups probably colonised the Arctic after the climatic cooling of
the Pliocene (Fig. 2, node 27, node 31), in coincidence with the
emergence of this new biome (Zachos et al., 2001). Arctic species,
0. melissa and O. jutta of the polixenes group, might have split from
their sister species O. aktashi and O. magna, either in the Arctic
(region C) or in the mountains of Central Asia (region B, nodes 24
and 25). The last Arctic species included in our study, O. norna,
has a sister relationship to O. fulla, which inhabits the mountains
of Central Asia (region B). Thus, O. norna probably colonised the
Arctic from the Asian part of the Palaearctic. Basal to the sister pair
0. norna and O. fulla was the only species of the European Alps, O.
glacialis. The basal position of O. glacialis could be a consequence of
large scale Pliocene/early Pleistocene colonisation. This colonisa-
tion could be followed by Pleistocene extinctions of their common
ancestor after a warming event, hypothetically occurring in the
centre of the Palaearctic as observed in e.g. Coenonympha butter-
flies (Kodandaramaiah and Wahlberg, 2009). Together, our results
suggest that cold-climate phases opened dispersal routes from
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(A) Oeneis glacialis (MoLL, 1783) OE-48

(BC) Oeneis norna (THunsers, 1791) OE-74B

(B) Oeneis fulla (Eversmann, 1851) OE-55

(BCD) Oeneis jutta (Huener, 1806) ZF-LY-001442

(BC) Oeneis magna Graeser, 1888 CB12-17

(B) Oeneis aktashi Lukntanov, 1984 OE-16

(CD) Oeneis melissa (Fasricius, 1775) OE-53B

(B) Oeneis elwesi Staupinger, 1901 OE-71B

(B) Oeneis mulla Staubinger, 1881 OE-54

(CD) Oeneis chryxus (E. DousLebay, [1849]) OE-05

(BCD) Oeneis bore (Schneer, 1792) OE-07

(B) Oeneis ammon Ewwes, 1899 OE-12

(D) Oeneis ridingsii (Ebwaros, 1865) CD-1-1

(D) Oeneis wyomingo (Scotrt, 1998) AB10-14

(B) Oeneis tarpeia (PaLLas, 1771) OE-65B

(B) Oeneis lederi ALpreraky, 1897 OE-72B

(B) Oeneis sculda (Eversmann, 1851) OE-33

(B) Oeneis diluta Lukxtanov, 1994 OE-35

(B) Oeneis mongolica (OerTHUR, 1876) CB10-6

(CD) Oeneis uhleri Husner, [1819] OE-52
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Fig. 2. Historical biogeography of Oeneis butterflies. RASP reconstruction of ancestral distributions of Oeneis butterflies based on the phylogenetic tree resulting from Beast
analysis. Pie charts on each node depict the relative probabilities of ancestral ranges; A: European Alps, B: Mountains of Central Asia, C: Arctic, D: North America.
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Oeneis uhleri OE-52
Oeneis mongolica CB10-6
Oeneis diluta OE-35
Oeneis sculda OE-33
Oeneis lederi OE-72B
Oeneis tarpeia OE-65B
Oeneis wyomingoAB10-1
: Oeneis ridingsii CD-1-1
Oeneis ammon OE-12
Oeneis bore OE-07
Oeneis chryxus OE-05
Oeneis mullaOE-54
Oeneis elwesi OE-71B
Oeneis melissaOE-53B
Oeneis aktashiOE-16
Oeneis magna CB12-17
Oeneis juttaZF-1Y-001442
Oeneis fullaOE-55
Oeneis norna OE-74B

Oeneis glacialisOE-48
Oeneis buddha CB12-6

13.3°C
Lenth = 5.003

27.9°C

Fig. 3. Ancestral climate reconstruction for maximum yearly temperature (bio5),
which displayed strong phylogenetic signal within the arcto-alpine butterfly genus
Oeneis. Branch colours indicate values of the bio5 (see legend).

mountain areas and enabled colonisation of North America, the
Arctic and the Alps.

4.2. Refuges for cold-dwelling biota

The mountain areas of the Holarctic had a crucial importance
for promoting and maintaining a large diversity of species within
the Oeneis genus. The mountains of Central Asia were free of ice
since the Miocene (Kamelin, 1998; Sanmartin et al., 2001) and rep-
resented general long term refugia of temperate biota (Tiffney
1985; Chytry et al,, 2012; Condamine et al.,, 2012). The oldest
Oeneis lineages (members of the subgenus Protoeneis) and
two-thirds of Oeneis diversity (19 species, Table S1) occur in the
mountains of Central Asia (region B). In particular, the majority
of the diversity occurs in the Altai Mts. and Sayan Mts., with 13
species (0. aktashi, O. ammon, O. brunhilda, O. diluta, O. elwesi,
0. fulla, O. lederi, O. magna, O. nanna, O. sculda, O. tarpeia, O. urda;
Database of Animals of the Altai-Sayan Ecoregion). The Altai Mts.
and Sayan Mts. are characterised by a diversity of habitat
(Kamelin, 1998), with southern slopes covered by steppe and
northern slopes by mixed woodlands (Kamelin, 1998; Chytry
et al., 2012). Pleistocene persistence of habitat diversity might have
ensured the close vicinity of diverse habitats and thermal environ-
ments, and facilitated species survival under climatic changes.
Similarly, the North American Rocky Mountains served as climatic
refugium (Weber, 2003; de Chaine and Martin, 2005), for two old
evolutionary lineages (Neominois spp., O. uhleri) and seven younger
species (O. alberta, O. nevadensis, 0. macouni, O. bore, O. jutta,
0. polixenes, O. melissa, O. chryxus). Our study confirms the general
importance of mountain regions for long-term survival of

bio15

bio12

Fig. 4. Principal Component Analysis (PCA) and duality diagrams illustrate climatic space occupied by the subgenus Protoeneis and the subgenus Neominois (orange circles)
and the subgenus Oeneis (blue circles within the climate available in the Northern Hemisphere. Climatic variables included in the PCA were annual mean temperature (bio1),
maximum temperature (bio5), minimum temperature (bio6), temperature seasonality (bio4), annual precipitation (bio12) and precipitation seasonality (bio15). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. The main colonisation routes of representatives of the butterfly genus Oeneis.

cold-dwelling invertebrates. Mountain regions provided a more
climatically stable environment compared to the Arctic, the
extreme northernmost area on Earth.

Arctic Oeneis are relatively young, with Pliocene or the
Pleistocene origin, and their differentiation was probably driven

s by extreme fluctuations of suitable habitats. Occurrences of all

-
et

Arctic Oeneis species (Region C, Table S1) within Beringia support
a primary refugial importance of this area for species survival
(Yannic et al., 2014). Beringia was ice-free during the whole
Pleistocene and served as refugium for mammals (Hope et al,,
2013), plants (Eidesen et al., 2013) and other insects (Elias et al.,
2000). Beringia could also represent another speciation centre for
Oeneis butterflies, analogically to small mammals, which
diversified in Beringia during glacial cycles by gradual adaptation
(Hope et al., 2013). Further, we do not exclude the importance of
smaller refugia outside of Beringia such as Siberia (Hope et al.,
2010; Eidesen et al., 2013) for survival of some species/populations
during the Pleistocene. More detailed studies, including population
structure (cf. Todisco et al., 2012) are needed to reveal finer biogeo-
graphic patterns.

4.3. Ecological speciation

Geographic speciation can interact with adaptive speciation or
with non-adaptive ecological speciation (Rundell and Price,
2009). We found a phylogenetic signal in thermal niche prefer-
ences (Table S3) arising from the difference between the subgenus
Protoeneis inhabiting the mountains of Central Asia with warmer
conditions (Figs. 3 and 4), compared to the subgenus Oeneis with
geographical range shift towards the Alps, North America and the
Arctic (Fig. 2). This result suggests that shifts in the geographical
range in Oeneis were accompanied with shifts in its occupied ther-
mal niche, especially when moving towards the Arctic. Some lin-
eages might have been pre-adapted to cold conditions which

facilitated their range shifts as shown for cold adapted lineages
of Polyommatus butterflies, which were better able to tolerate cold
environments and use the Beringia land bridge (Vila et al., 2011).
Similarly, in Oeneis, possible climatic niche-shift in direction to tol-
erance to lower temperatures might have facilitated dispersions of
the subgenus Oeneis to new mountain ranges and Arctic areas.

4.4. Systematic and taxonomic implications

According to the reconstructed phylogeny, the North American
Neominois spp. is placed within the Holarctic genus Oeneis (Figs. 1,
S1, and S2). The Neominois spp. were hypothetised to be related to
other Satyrini butterflies of genera Hipparchia, Karanasa or Oeneis
(Warren et al., 2008) and the molecular phylogeny of the Satyrini
butterflies placed Neominois in a sister relationship with Oeneis
jutta (Pefia et al., 2011). The genus Neominois was considered to
be monotypic, but two other taxa were described in 1998 (Scott,
1998) and ten years later (Warren et al., 2008). Whereas our data-
set does not allow us to clarify the situation of O. wyomingo, the
combination of the recognised species names should be O. ridingsii
(Edwards, 1865) (comb. n.) and O. carmen (A. Warren, Austin,
Llorente, Luis & Vargas, 2008) (comb. n.).

Phylogenic relationships detected by our molecular study were
basically congruent with the traditional division of the genus
(Table S1), with the exceptions of the traditional position of
0. aktashi, and further, some species have an ambiguous status.
0. aktashi, which was considered to be a member of the hora spe-
cies group, was found to have a sister relationship to O. melissa
from the traditional polixenes species group (Gorbunov, 2001).
The ambiguous phylogenetic relationships of the closely related
0. tarpeia - O. lederi and O. jutta - 0. magna has to be solved
by more detailed species sampling. Also, we do not exclude parap-
atric speciation, with gene flow among isolated subpopulations
(species) limited by geographic barriers, in closely related taxa like
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0. magna/O. jutta or O. tarpeia/O. lederi. (but see Kim et al., 2013).
Finally, phylogenetic relationships detected within the subgenus
Protoeneis differed among computational methods: MrBayes anal-
ysis (Fig. S2) indicated that the traditional division of the subgenus
into the urda and the tarpeia species groups (Table S1) is unsup-
ported, because species of the tarpeia group were included within
the urda group. Contrary, the Beast analysis (Fig. 1) supported tra-
ditional division of the subgenus Protoeneis.

5. Conclusions

Our study links together the phylogeny, biogeography and ther-
mal niche divergence to assess the role of geographical and ecolog-
ical speciation in cold-dwelling butterflies. The ancestral area of
the genus Oeneis is located in the mountains of Central Asia and
dispersions to peripheral areas promoted the diversification of
the genus. The dispersal and formation of new lineages in the
Arctic, Alps and North America were associated with shifts in the
species habitat associations and thermal niche, suggesting adap-
tive or non-adaptive ecological speciation. Our study illustrates

Appendix A. Sources of Oeneis occurrence data

the conservatism of thermal climatic niche along lineages, which
suggests that ongoing climate change will drive an upward and
northward distribution of those cold-adapted butterflies. Last but
not least, we have found that the Nearctic genus Neominois has
to be synonymised with Oeneis, and further, we provided a
molecular-based skeleton for modern taxonomy of the genus.
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Databases and private collections

Arctos (http://arctos.database.museum/taxonomy.cfm) [April 2014]

BOLD (http://www.boldsystems.org/index.php/Public_BINSearch coordinates of species in the public part of the database after search
of BINs AAA3562, AAA8029, AAA2560, AAB8090, AAB9629, AAD0556, AAD0600, AAD3088, AAD3111, AAI3057, AAK3069, AAP3620,
AAP4075, ABW5892, ABX6327, ABZ7577, ACE5691, ACE9580, ACF4493)

GBIF (http://www.gbif.org/) [April 2014]
Martin Cesanek Coll. (O. mongolica)

Data from GBIF were supplied by the following institutions or collections:

European Distributed Institute of Taxonomy (EDIT) 2007-2010 - All Taxa Biodiversity Inventory + Monitoring (ATBI+M) in “Parc
National du Mercantour” (France) and “Parco Naturale delle Alpi Marittime” (Italy)

Natural History Museum, University of Oslo: Arthropod collection, Tromsa, Museum

The Provincial Museum of Newfoundland and Labrador Natural History Collection

Yale Peabody Museum, (c) 2009. Specimen data records available through distributed digital resources

iNaturalist.org: iNaturalist research-grade observations
Agriculture and Agri-Food Canada, Saskatoon

The Norwegian Biodiversity Information Centre (NBIC): Norwegian Species Observation Service

New Brunswick Museum Collection

University of Alaska Museum Observation data (non-marine arthropods)

Gerald Hilchie Collection
Manitoba Museum of Man and Nature

Finnish Museum of Natural History: Finnish Entomological Database: Lepidoptera
National Museum of Natural History Luxembourg Recorder database
University of Alaska Museum Insect Collection (UAM), University of Alaska Fairbanks

Memorial University Department of Biology Collection

Natural History Museum, University of Oslo: Lepidoptera collection, Natural History Museum, University of Oslo

McMaster University Collection

Canadian Biodiversity Information Facility: Peter Hall Observations

Canadian National Collection (CNC) of Insects, Arachnids and Nematodes
University of Alberta Museums: University of Alberta Entomology Collection (UASM)

M. Gollop Collection
Biologiezentrum Linz Oberoesterreich: Biologiezentrum Linz

Stadt Kassel, Naturkundemuseum (Ed.) (2011, continuously updated): Digitised specimen data at Naturkundemuseum im Ottoneum

Kassel (NMOK)
E.C. Manning Park Collection
Lyman Entomological Museum
ArtDatabanken: Artdata
Crispin S. Guppy Observational Records
Royal British Columbia Museum Entomology Collection

(continued on next page)
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Chittaro Y. Swiss National Butterflies Databank. Centre Suisse de Cartographie de la Faune
Nicolaus Copernicus University of Torun: The Distribution Atlas of Butterflies in Poland

Crispin S. Guppy Collection
Lepidopterists’ Society Season Summaries 1973-1997

Natural History Museum, University of Oslo: Norwegian Biodiversity Information Centre - Other datasets

GBIF-Sweden: Lepidoptera (Specimens NRM)

Finnish Museum of Natural History: Fieldjournal.org observation database
Jyvaskyla University Museum - The Section of Natural Sciences: Invertebrate collection of Jyvaskyla University Museum
Finnish Museum of Natural History: National Butterfly Survey of Finland

Alan Wormington Collection
Agriculture and Agri-Food Canada, St. John’s, Newfoundland

Zoologische Staatssammlung Munchen/Staatliche Naturwissenschaftliche Sammlungen Bayerns: Zoologische Staatssammlung
Muenchen - International Barcode of Life (iBOL) — Barcode of Life Project Specimen Data

SysTax: SysTax - Zoological Collections
Butterflies and Skippers of Alberta Project

Inatura - Erlebnis Naturschau Dornbirn: inatura - Erlebnis Naturschau Dornbirn

GBIF-Sweden: Wetland Inventory (NV)
Royal Belgian Institute of Natural Sciences: RBINS collections

Sam Noble Oklahoma Museum of Natural History: Recent Invertebrates Specimens

Kenelm W. Philip lepidoptera collection

Natural History Museum, University of Oslo: Norwegian Lepidoptera working group

Donald F. Hooper Butterfly collection, Canada

Lepidoptera collection of Hannu Saarenmaa

University of Guelph, Department of Environmental Biology
Illinois Natural History Survey: Illinois Natural History Survey

Natural History Museum, University of Oslo: Helgeland Museum, Lepidoptera

Publications

(Bolotov, 2012; Gorbunov and Kosterin, 2007; Chernov and Tatarinov, 2006; Korb, 2014; Kozlov et al., 2006; Lukhtanov and
Lukhtanov, 1994b; Nekrutenko, 1990; Nekrutenko and Tshikolovets, 2005; Rubin and Yakovlev, 2013; Shokhrin, 2009; Tshikolovets,
2005; Tshikolovets, 2011; Tshikolovets and Nekrutenko, 2012; Tshikolovets et al., 2002; Tshikolovets et al., 2009a; Tshikolovets

et al., 2009b, Yakovlev, 2012)

Appendix B. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.ympev.2015.06.
012.
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