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CHAPTER 1

CHAPTER 1

General introduction

Ecosystems provide numerous services and disservices that enable the survival of humans and other
living beings. Insects occupy a distinct place within ecosystems, as they influence numerous
ecosystem processes. While in the past the focus was mainly on negative aspects and associations
with plagues, pests, and pathogens, the ecosystem services provided by insects and their regulatory
functions are now increasingly considered (Schowalter et al. 2018).

Due to their large contribution to the global fauna (Scheffers et al. 2012), insects have important
provisioning, regulatory, and supporting roles in ecosystems. As a result of their high species diversity
and biomass, insects are important components of numerous trophic networks, and their loss would
significantly impact multiple ecosystems and further drive global species extinctions (Wilson 2016).

Especially in agricultural production, insects are of great importance. Numerous invertebrates exert
important top-down control on pests such as other invertebrates, fungi, and weeds (Losey &
Vaughan 2006). It is believed that approximately 80 % of all flowering plant species and 75 % of all
crops rely on insect pollination (Klein et al. 2007). Furthermore, insects contribute to nutrient cycling
and soil dynamics, structure, and fertility as decomposers of wood, leaves, manure, and carcasses
(Losey & Vaughan 2006).

Despite their great importance for the ecosystem, there is still much that is unknown. Officially,
fewer than 100 insect species are considered extinct worldwide (IUCN 2019). However, since it is
estimated that 80 % of all insects are still undescribed (Storck 2018) and thus no knowledge exists
about the majority of species, no statement can be made about the exact degree of endangerment
of the global insect fauna. Recent studies have found a sharp decline in abundance, biomass, and
area of distribution of formerly common species in several orders (Hallmann et al. 2017; Seibold et al.
2019; Wagner et al. 2019). However, trends differ largely among regions, species, and species groups
and therefore cannot be generalized (Macgregor et al. 2019). Loss of insect abundance and biomass
results in reduced energy flow within and between trophic levels and a decline in ecosystem services,
benefits, and functions. This decline is considered a precursor to extinction (Cardoso et al. 2019).
Conservation measures and monitoring intended to halt or slow this trend often focus on protecting
habitats of rare and endangered species, but this has not reversed trends on a global scale or in
protected areas (Filz et al. 2013).

The steady loss of habitat quality is considered one of the main drivers of the ongoing loss of
biodiversity, which continues even in declared protected areas (Filz et al. 2013). Insects depend on
the provision of diverse resources in small-scale areas of their habitat; however, the homogenization
of landscapes has destroyed these microhabitats and with them the quality of habitats (Filz et al.
2013; Cardoso et al. 2020). This deterioration of habitat quality has contributed to the steady
fragmentation of landscapes (Fischer & Lindenmayer 2007), making populations more susceptible to
risks such as parasitoids or weather caprices (Melbourne & Hastings 2008). The resulting higher
extinction probability may necessitate a focus on facilitating metapopulation networks to enable
recolonization (Nouhys 2009). Despite these general trends, the effects on individual species cannot
be extrapolated easily because their responses to these changes depend on specific characteristics
such as their mobility, population structure, and ability to form metapopulations (Cardoso et al.
2020; Seibold et al. 2019). The main drivers of habitat loss include clearing of primary forests,
conversion of nature to cultivated land, and changes in agricultural production (IPBES 2018).

Traditional agricultural production was characterized by historically developed, small-scale
management of semi-productive land, which created a variety of open and semi-open landscapes
with diverse landscape elements in which a variety of microhabitats existed (Kramer et al. 2012).
Semi-natural, flower-rich grasslands became some of the most species-rich habitats in Europe (van
Swaay 2002, Kramer et al. 2012). The modernization of agriculture caused an abandonment of small-
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scale management practices, resulting in semi-productive areas either being abandoned and losing
their open land characteristics as a result of incipient succession, being converted to residential or
industrial use, or becoming part of an industrialized agricultural enterprise (Wagner et al., 2020). The
latter is often characterized by large areas of monocultures, leading to a structural impoverishment
of the landscape (Sanchez-Bayo & Wyckhuys 2019). This structural simplification of the landscape is
exacerbated by the use of herbicides and fertilizers, which alter the composition of local flora and
further degrade or destroy habitat quality.

In addition to these indirect factors, there are also direct impairments of modern agriculture that
endanger insect fauna, such as the application of insecticides like neonicotinoids and fipronil. The
potential hazards of these insecticides are difficult to assess due to drift, unknown mixed effects,
non-lethal toxicity, and long half-lives. In addition to directly affecting insects (Wodd & Goulson
2017), these insecticides can affect other trophic levels through bioaccumulation and
biomagnification (Tooker & Pearsons 2021). However, on a global scale, the massive clearing of
tropical rainforests is probably causing the greatest damage to global biodiversity, although it is
difficult to quantify due to a lack of inventories (Storck et al. 2018). The destruction of rainforests not
only destroys habitats but also interferes with material and energy cycles, which can lead to further
changes in habitats (Pielke et al. 2016).

Aside from habitat degradation caused by human activities, climate change is another major threat
to global insect diversity. Insects, as ectothermic animals, are also strongly dependent on their
ambient temperature. The ambient temperature determines their metabolic rate as an
environmental cue, which in turn determines development and reproduction (Clarcke & Fraser 2004;
van Dyck et al. 2015). In particular, extreme ambient temperatures are among the strongest
evolutionary factors, which additionally have a direct impact on the population growth of a species
(Waldvogel et al. 2017). With global climate warming, there is an earlier onset and longer-lasting
growing seasons, from which some species may benefit. At the same time, however, decoupled,
asynchronous development may also occur within communities, which may pose an increased risk of
regional extinction for the species involved (van Dyck et al. 2015).

Other climate change risks include shifts in isotherms, increases in extreme weather events,
decreases in predictable weather patterns, and decreases in daily temperature variability (Houghton
et al. 2001). With the shift in climatic systems, large-scale changes in precipitation frequencies occur,
resulting in drought stress, increased fire risk, and even flooding. Thus, the consequences of climate
change extend not only to the previously mentioned phenological changes in individual ecological
niches, but also to the upheavals of entire ecosystems.

Species can respond to these changes with phenological plasticity (Visser 2008; van Dyck et al. 2015).
This involves shifting existing ratios within a population toward better-adapted phenotypes through
directed selection. Phenological plasticity allows for fast adaptation to a changing environment but is
limited by the existing gene pool. Once the potential for local adaptation is exhausted, range shifts
must occur (Berg et al. 2010). For many Northern Hemisphere species, a shift of 17 km or 11 m in
elevation per decade has been observed (Chen et al. 2011). However, the response of individual
species to the shift in isotherms is subject to other influences such as land-use effects and
precipitation conditions. Therefore, there may also be large deviations from the general trend. Even
mobile orders such as butterflies follow the shift in isotherms only with a delay, due to their
dependence on habitat dispersal. The discrepancy between isotherm shift and range shift results in
an increased risk of extinction for many species, the so-called extinction debt. Most recorded
extinction events occurred in mountainous regions where no further elevational shift was possible
(Parmesan 2006).

As with responses to changes in habitat quality, responses to climatic change are difficult to predict
for individual species. The effects of climate change on individual species are usually much more
difficult to predict as different regions are not affected by climate change to the same extent
(Devictor et al. 2012), and species-specific migration performances are often not adequately
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considered in range shift modelling (Cheaib et al. 2012). A species' climatic vulnerability is highly
dependent on both intrinsic factors (species, biology, ecological specialization, genetic diversity) and
extrinsic factors (frequency, magnitude, and type of climatic change, competition, trophic
relationships, additional stressors) (Foden et al. 2008; Dawson et al. 2011). Therefore, the responses
of a species may also differ at different distribution boundaries (Kerr et al. 2015). Thus, the
consideration of intrinsic and extrinsic factors at different distributional boundaries is necessary, to
make a more accurate assessment of the impacts of climate change on species.

One way to study the influence of extrinsic factors is to compare populations of different regions.
The comparison of different populations in the distribution range of a species allows an estimation of
the theoretical ecological niche. Often, there is a discrepancy between theoretical and realized
ecological niches due to constraints caused by extrinsic factors (e.g. competition, dispersal barriers),
which can lead to an underestimation of the adaptive potential of a species (Peterson et al. 2011).

Phylogenetic analysis can be used to determine genetic diversity as one of the intrinsic factors and
determinants of phenotypic adaptation. Likewise, phylogenetic analyses can help to identify local
adaptations and can serve as a basis for decisions on conservation measures. The study of functional
diversity as a link between biodiversity and ecosystem processes (Cardoso et al. 2020) is essential,
especially for disturbed habitats (Ng et al. 2018) because the ecological function cannot be inferred
directly based on phylogeny (Villéger et al. 2012).

The comprehensive survey of intrinsic and extrinsic factors requires large-scale monitoring methods
such as Malaise, Barber, and light traps as well as transect counts. However, such an effort is often
not feasible due to necessary taxonomic knowledge and economic and/or ecological constraints.
Therefore, the use of metabarcoding or carefully selected indicator species of known orders such as
grasshoppers or butterflies can reduce the effort to determine the consequences of the
aforementioned disturbance factors and the extent and severity of biodiversity loss, abundance
decline, and range shifts (Henry et al. 2019).

The choice of appropriate indicator species depends on the level of knowledge, identifiability in the
habitat, and sensitive response to changes in the variable under study (McGeoch 1998). Butterflies
are among the best-studied orders of insects. Records of occurrences in Europe date back to the 18th
century (Habel et al. 2019). Due to these extended data record series, changes and long-term trends
can be followed. Additionally, sensitive responses to gradual habitat changes (Kruess & Tscharntke
2002a), rapid generation succession and comparatively high mobility make butterflies good indicator
species for habitat quality (Thomas et al. 2004, Maes & van Dyck 2005).

A significant part of the biodiversity of European butterflies is centred in the European high
mountains (Dinca et al. 2021). Despite their often extreme living conditions, high mountains such as
the Alps harbour numerous species, endemics, and lineages (Menchetti et al. 2021). Their prominent
position as centres of diversity results in part from their altitudinal zonation and the resulting habitat
diversity (Spencer & Collins 2008). This altitudinal zonation allowed numerous species to survive in
these areas during past climatic oscillations and the associated alternation of optimal and pessimal
phases in these ecological centres of endemism (Hewitt 2000).

Climatic oscillation, which led to the alternation between glacial and interglacial phases, occurred
regularly through cyclic and non-cyclic events, especially since the Quaternary (Imbrie 1993; Hewitt
1996). During glacial periods, large parts of northern Europe and the European mountain systems
were covered with ice; cold steppes spread across central Europe (Ehlers et al. 2011). Many
temperate species responded by contracting their ranges and retreating to Mediterranean but also
extra-Mediterranean glacial refugia (Schmitt & Varga 2012). These extra-Mediterranean refugia are
mainly found at the edge of mountainous regions and act as important centres of dispersal for
temperate species during interglacials. In contrast, cold-adapted species retreat into the mountains
during interglacials (Schmitt 2007; Schmitt & Varga 2012).
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Apart from their function as refugia, European high mountains owe much of their diversity to their
location and orientation, which significantly influence the gene flow of dispersing species. Diverse
hybrid zones run along the European high mountains, further contributing to the genetic diversity of
these regions (Hewitt 1999). At the same time, the location of European high mountains supports
disjunctions and restricted gene flow, especially in arcto-alpine and boreo-montane species, which
has enabled allopatric differentiation, leading to the evolution of numerous endemics (Varga &
Schmitt 2008). The most species-rich genus of European butterflies, Erebia, is probably the result of
adaptive radiation that occurred as a combination of allopatric differentiation and ecological
adaptation (Yonder et al. 2010; Pena et al. 2015). These processes have resulted in a large number of
often young species, some of which are difficult to distinguish by appearance and ecology and
require molecular genetic techniques for unambiguous identification (Panigaj et al. 2015).

These molecular genetic methods can be used to identify intraspecific differentiation as well. The
reconstruction of intra- and interspecific phylogeny can be used to reconstruct biogeographical
events, allowing conclusions to be drawn about the location and age of refugia and differentiation
centres, as well as migration routes and hybridization events.

Molecular genetic markers should be chosen depending on the research question. Although they
often coincide in their differentiation patterns (Zink & Barrowclough 2008), there are sometimes
significant differences between individual genes or genetic markers (Chan & Levin 2005). For
example, the mitochondrial sequence COI ("genetic barcode") often used for species delimitation can
sometimes differ significantly from the phylogenetic patterns of nuclear genes (Toews & Brelsford
2012). These differences, termed mito-nuclear discordance, are caused by asymmetric population
structures, sex-specific dispersal potentials, and different mutation rates, among other factors (Funk
and Omland 2003).

The higher mutation rate of mtDNA was explained as a consequence of the oxidative environment,
the absence of histones, and the lack of DNA repair (e.g. Avise 2009). However, recent studies show
that the mitochondrion has structural proteins that are similar in function to histones, although the
type and number of proteins differ (Bogenhangen 2012). Additionally, numerous proteins have been
identified that serve for DNA repair (Stein & Sia 2017; Garcia-Lepe & Bermudez-Cruz 2019), therefore
oxidative stress-induced mutations cannot be the sole cause of the higher mutation rate of
mitochondrial DNA.

A further explanation for the high mutation rate of mtDNA is based on its special properties related
to genetic drift. Mitochondrial DNA is haploid and uniparentally inherited, which results in an
effective population size fourfold smaller than for nuclear DNA of diploid organisms with sexual
reproduction (Zink & Barrowclough 2008). This smaller effective population size is associated with
lower selection pressure and higher genetic drift (Lynch et al. 2016). The higher genetic drift of
smaller effective population sizes may contribute to the faster accumulation of mutations, which
favours faster lineage sorting, revealing younger differentiation (Funk & Omland 2003). However,
mtDNA does not allow inferences about hybridization events and the recent removal of formerly
existing barriers to gene flow. Therefore, phylogenetic patterns of mitochondrial markers can be
particularly distorted by introgression (Rubinoff et al. 2006), which is why an analytical combination
with nuclear genes is appropriate.

Another important factor to consider when analysing insect mitochondrial genes is the
protobacterium Wolbachia. Wolbachia is an endoparasite that occurs worldwide in the cytoplasm of
insects and can significantly affect the reproduction of its host. It can shift sex ratio in populations in
favour of females by killing or feminizing male offspring to ensure its transmission into subsequent
generations, thereby affecting patterns of maternally transmitted mtDNA (Jiggins 2003; Narita et al.
2006). Additionally, gene flow between infected and uninfected individuals or individuals infected
with other Wolbachia lineages can be restricted due to cytoplasmic incompatibility, accelerating
differentiation processes (Gompert et al. 2008; Smith and Fisher 2009; Sun et al. 2011). Wolbachia
also reduces the effective population size of mitochondrial DNA, which can increase the
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differentiation rate further. By removing gene flow barriers between the same Wolbachia lineages, it
can promote interspecific introgression, which is considered a key influencing force in species
adaptation and speciation (Toews and Brelsford 2012; Abbot et al. 2013).

Therefore, mtDNA-based phylogenetic studies must take into account events potentially caused by
Wolbachia, such as gene flow barriers, introgression, asymmetric population structures, or genetic
bottlenecks triggered by an initial infestation, so-called selective sweeps. Analysis of Wolbachia
infections and different Wolbachia lineages can serve as additional information for biogeographic
and phylogeographic reconstructions (see Lucek 2021). Consequently, a combination of diverse
markers is needed to obtain a comprehensive understanding of phylogenetic structures and intra-
and interspecific biodiversity.

1.1 The scope of this thesis

In this thesis, different markers and analytical techniques were combined to address questions on
the biodiversity and ecology of two European butterflies of the genus Erebia. Representatives of this
genus occur in rocky habitats, grasslands, or even open forest structures. Due to their link to open
habitats, numerous representatives of this species-rich genus are threatened by habitat loss. The
majority of European Erebia are cold-adapted species with alpine, montane, or boreal distributions.
The occurrences of widespread species are often disjunct due to these habitat requirements
(Sonderegger 2005), which can lead to restrictions in intraspecific gene flow. Disjunct occurrences
and allopatric speciation are considered to be the main causes of species diversity within Erebia
(Pena et al. 2015). At the same time, this circumstance offers enormous potential for previously
overlooked biodiversity. The combination of different genetic markers and ecological studies can
contribute to the understanding of the differentiation process of European butterflies as well as
serve as a basis for conservation measures.

The first representative of the genus Erebia studied here is the species Erebia pronoe. The species is
common on rocky grasslands and pastures of the European high mountains, from the montane to the
alpine level (Sonderegger 2005). Erebia pronoe has a wide distribution range with several disjunct
occurrences. Alpine butterflies and habitat specialists such as Erebia pronoe are often very sedentary,
which may result in increased susceptibility to the effects of habitat fragmentation and degradation.
At the same time, complex phylogenetic structures may emerge from diverse constraints on the
intraspecific gene flow. Shifting in altitudinal ranges caused by climate change and land-use change
may lead to further habitat fragmentation, thereby impairing gene flow even more. The phylogenetic
study of this species provides an opportunity to analyse the consequences of historical and recent
genetic isolation on intraspecific diversity. By comparing the ecological niches of different mountain
regions, niche maintenance and its ecological potential can be explored.

The second representative of the genus Erebia is the species Erebia aethiops. This species is one of
the exceptions within the genus Erebia with its adaptation to warmer, open forest habitats (van
Swaay et al. 2006). Erebia aethiops was considered a common species of the western Palearctic, but
it has already suffered major losses and is already vanishing at its northern limit in some regions such
as Scotland. Despite various thermoregulatory behavioural adaptations and oligophagous character
(Slamova et al. 2011; Slamova et al. 2013), it is extinct in some regions of Europe and considered
endangered in other parts (Slamova et al. 2011; Kiihn et al. 2018). Erebia aethiops responded to the
decline of open forest habitats by moving to forest ecotones, where it is exposed to additional heat
stress. The large-scale decline in large parts of Europe indicates insufficient compensation for habitat
loss and poses the risk of a loss of intraspecific diversity and future adaptive potential.

The results of the research were published or submitted as scientific publications in peer-reviewed
journals. The research focus of the publications is briefly presented in detail followed by the actual
publications.
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Erebia aethiops is a montane butterfly species that depends on open forest habitats, which were
originally maintained by megaherbivores, naturally occurring fire, and human management
(Samways et al. 2020). With the onset of modern forestry and the elimination of traditional
management practices (such as forest pastures), the early successional stages of the forest are being
lost, resulting in habitat loss for open forest species such as Erebia aethiops. This has caused
extinctions in entire regions and the formerly common species is now considered endangered in
Germany (Kiihn et al.2018).

The phylogenetic analysis of Erebia aethiops identifies the genetic lineages and serves as a basis for
conservation measures and the preservation of genetic diversity. In addition, phylogeographic
analysis has been used to reconstruct its biogeography, glacial refugia and its range dynamics. These
findings can be used to draw conclusions about the extra-Mediterranean glacial refugia of open
forest habitats (Schmitt et al. 2009).

The identification of glacial forest refugia is mostly done by pollen analysis and radiocarbon dating of
macrofossils, which are subject to various methodological limitations. Macrofossils are rare and can
only be used to detect individual species, rather than existing forests, while pollen analyses are tied
to the presence of sinks and only provide information on aerochore species (Comes & Kadereit
1998). Therefore, the detection of persistent, distinct genetic lineages of an open forest species can
provide more reliable information on the existence of glacial forest refugia and contribute to the
protection of these important habitats.

Mark-recapture analyses have been conducted to determine the ecological potential of Erebia
pronoe. The realized ecological niche of a species is defined by local biotic and abiotic conditions, and
by comparing two populations from different regions, a more realistic statement of the potential
ecological niche can be made (Peterson et al 2011). An investigation of dispersal potential provides
information on the dispersal capacity and connectivity of populations and the potential for
establishing metapopulation structures. However, the determined dispersal potential of a species
can be influenced by the size of the study area (Schneider 2003), so the study area was expanded to
account for this.

Insects are susceptible to decoupling trends due to their dependence on environmental cues. The
flight period of alpine butterflies is probably synchronized by the end of diapause and snowmelt,
which are no longer as reliable, leading to difficulties in mating and potentially negative effects on
population growth, density and stability (Konvicka et al. 2016; Kadlec et al. 2010). An analysis of
population structure can provide information about intraspecific decoupling tendencies, while an
analysis of resource use by Erebia pronoe is used to estimate niche flexibility and the likelihood of
spatial and temporal decoupling from relevant resources (van Dyck et al. 2015).

Alpine grassland systems are subject to diverse risks, such as conflicts of use, extensification or
intensification tendencies, which can lead to a loss of quality or habitat. Analysis of Erebia pronoe
population structures can be used as an indicator of habitat quality of associated habitats (Maes and
van Dyck 2005).

The genus Erebia is characterized by complex genetic structures and high phenotypic variability.
Complex structures also exist at the intraspecific level, making accurate estimates of the existing
diversity difficult. For example, more than eight different morphotaxa have been described for Erebia
pronoe, which are distributed among different mountain systems, suggesting the presence of cryptic
species. Large distributions with allopatric occurrences complicate gene flow and can lead to
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complex phylogenetic patterns, making it difficult to assess differentiation trends and species
delimitation (Dinca et al. 2019, 2021).

Studies conducted so far have focused on a subset of the whole distribution area and have been
based exclusively on mitochondrial sequences. These studies indicated a differentiation between the
occurrences of the Pyrenees and the occurrences of the Alps (Dinca et al. 2015; Pauculova et al.
2018), but failed to put them into context, thus not allowing an assessment of the phylogenetic
structures.

In addition, possible influencing factors such as Wolbachia infections or introgression, which might
have favoured differentiation of mitochondrial patterns (Smith et al. 2012), were not considered.
Due to the lack of references and the limited data available, it was not possible to evaluate these
results or estimate intraspecific diversity. To overcome these shortcomings, the study area was
extended to include important occurrences from the Western Alps as a potential link to the Pyrenean
region. Additionally, reference data of the sister species Erebia melas was incorporated. A
combination of different markers (genetic, morphological and Wolbachia infection pattern) was used
to account for the individual shortcomings of each marker and to create a more robust phylogenetic
and biogeographical analysis.
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Reconstruction of forest dynamics
in the Western Palaearctic based
on phylogeographic analysis

of the ringlet butterfly Erebia
aethiops

Martin Wendt'™?, Martin Husemann?, Katja Kramp? & Thomas Schmitt*

Glacial refugia are centers of high biodiversity. Therefore, knowledge on their locations and reactions
of associated populations and landscapes to climatic changes is crucial for conservation management.
We here investigated the biogeography of a butterfly species linked to open forest habitats. Using
mitochondrial and nuclear markers in combination with Bayesian simulations, we analyzed the
location and age of potential glacial refugia of the species. We identified five putative refugia in
Europe. Considering the ecological needs of our study species, tree density within these refugial
areas, in contrast to earlier assumptions, must have exceeded the level of individually scattered trees.
Our results also provide evidence that especially the refuge areas in the Carpathians were previously
underestimated regarding their age: the refugia in the Southern Carpathians presented suitable
conditions throughout several glacial cycles, probably since the Mindel or Riss cycles. Additionally,
our analyses provided support for a forest refugium near the Tatra Mountains persisting the last
glacial maximum. Our results underline the usefulness of this and probably other butterfly species as
indicators of forest refugia.

Distributions of living organisms are subject to permanent change with glacial and interglacial cycles of the Pleis-
tocene having strong effects on the ranges of animals and plants worldwide, especially in Europe'. During cold
stages, warm-adapted species were restricted to refugia. These species in general retreated towards the equator
with the onset of a glaciation; consequently, the Mediterranean peninsulas became important centers of survival
and re-colonisation in the western Palearctic>™. Various biogeographical studies extended the knowledge about
glacial refugia and added Arctic-Alpine and Siberian faunal elements for Europe®. Genetic studies discovered
numerous genetic lineages, often with complex structures, and thus led to the exploration of extra-Mediterranean
and cryptic refugia in Europe®.

Meanwhile, it has been shown for a larger number of temperate species representing a large array of different
animal and plant groups that they have survived glacial conditions in northern, often cryptic refugia’~*. In a num-
ber of cases, species occupied both classical Mediterranean and extra-Mediterranean refugia'®-*. The majority
of these species are those of open land or semi-open landscapes. However, species ecologically linked to closed
forest structures so far are rarely detected for these northern refugia. Nevertheless, numerous tree species have
survived the last cold phase of the Pleistocene in these extra-Mediterranean refugia, according to studies using
subfossil evidence of timber, pollen profiles, genetic analyses, and niche modeling'*'®. These lines of evidence
demonstrate that retreat areas for tree species were located especially at the edge of high mountain systems (i.e.
Alps, Pyrenees, Carpathians). In particular, the eastern edge of the Alps, the southern slopes of the Southern
Carpathians, and parts of the Carpathian Basin appear to have provided suitable conditions for the survival of
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temperate tree species®'”!%. Also on the Balkan Peninsula, trees were probably more widespread under glacial
climatic conditions than previously assumed".

All this has significantly changed our understanding of the conditions in Pleistocene Europe. However, most
studies have focused on the presence and density of single trees species in an area at a certain time, but not
whether they also created the ecological conditions of a forest ecosystem'**®. To investigate this question, it is
necessary to study species that are dependent on the existence of forest ecosystems. One such species that cannot
survive without the existence of forest ecosystems is the Scotch Argus, Erebia aethiops (Esper, [1777])'%-%. This
satyrid butterfly is widespread in the western Palearctic in forested areas and can be found mostly continuously
from the French Massif Central through Europe and western Siberia to the western Altai Mountains. In the
north, it reaches the plains of northern central Europe only sporadically; in the south, it is missing in Iberia, and
the entire south of the Balkan Peninsula. Relatively few populations are known from peninsular Italy. All over
this range, the morphological differentiation is weak?’; nevertheless, several morphology-based subspecies have
been described, e.g. the southern Alps subspecies E. aethiops rubia Fruhstorfer, [1909]. However, many of these
morphological lines were synonymized by Varga*. Although E. aethiops does not reach the Atlantic Ocean, an
isolated population exists in Scotland, formerly described as subspecies caledonia Verity, [1911]. Further popula-
tions isolated from the main distribution area exist in the mountains of northern Turkey and in the Caucasus,
which are currently treated as a separate subspecies, E. aethiops melusina Herrich-Schiffer, [1847].

To better understand the dynamics of forest ecosystems in Europe during the sequence of several glacial-
interglacial cycles, we studied the phylogeography of E. aethiops across large parts of the species’ range from its
westernmost parts in the Massif Central in France to the eastern Carpathians and the eastern Balkan Penin-
sula. We supplemented our dataset with available sequences from Genbank and BOLD to account for potential
northern and Asian lineages and compared this entire data set with sequence data from other closely related
species of the aethiops-group restricted to eastern Asia. We used mitochondrial and nuclear genetic information
to estimate divergence times of the main differentiation events of this butterfly depending on forests to address
the following questions:

1. Where did E. aethiops originate from and what does this tell us about the persistence of forest ecosystems in
Europe?

2. Which historical processes can explain the current distribution of E. aethiops and which conclusions can be
drawn from this for the dynamics of forest ecosystems?

3. Where were glacial refugia of E. aethiops located and which new insights on the dynamics of forest ecosystems
can be derived from this?

Results

Mitochondrial DNA. Concatenated COI and NDI sequences (1,212 bp) of 133 specimens from 28 popu-
lations yielded 34 haplotypes (see genetic diversity parameters in Table 1). The most common ones were H9
(24.8%), H7 (9.0%), and H1 (8.3%); all other haplotypes had frequencies less than 4%. The maximum p-distance
among E. aethiops haplotypes was 0.0091 (Spiazzi vs. Cheile Butii; Spiazzi vs. Nanos) with an overall mean
genetic distance of 0.004 (s=0.002).

Two main groups were distinguished by the haplotype network based on both mtDNA markers; a southern
Alps group, and all other populations (see Fig. 1). The Central Italian Alps group was represented by two Italian
populations and haplotypes detected at P16ckenpass (on the Austrian-Italian border, and thus north of the two
other populations of the Southern Alps group). This group roughly coincides with the geographic distribution
of E. aethiops rubria. Plockenpass exhibited a mixture of haplotypes from both main groups. While no clear
structure was visible in the southern Alps group, the second main group displayed a star-like pattern, with the
dominant haplotype H9 being central (found in the Alps, in populations in the Tatras, and the Romanian Car-
pathians), and the majority of its satellite haplotypes being restricted to the Alps. In the Tatras, another group
formed a secondary star-like structure with H1 at its core. However, H1 was also found in Baile Herculane (Roma-
nia) and Trigrad (Bulgaria); the latter was dominated by two satellite haplotypes of H1. The common H7 with its
two satellites was also restricted to the Tatras and the Romanian Carpathians. Only the haplotypes H5 (Cheile
Butii, Southern Carpathians) and H28 (Gheorgheni, Eastern Carpathians) were exclusive for the Romanian
Carpathians. The three populations sampled in Slovenia had three endemic haplotypes, that were most closely
related to each other. This result partially coincided with the results of the STRUCTURE analysis of allozyme
data (see below) in the divergence of the Nanos population, but was contradictory for the two populations from
the Slovenian Alps (Medvodje and Sija), which, according to the allozyme data, formed a group together with
the large majority of populations from the Alps (see Fig. 4). The western Balkan populations of Tresnjevik,
Ropojan Valley and Valbona (all of these were not represented in the allozyme analysis) had four closely related
haplotypes which were geographically restricted to this region, but were linked via H31 by just one mutational
step to the most common haplotype H9.

The geographically expanded dataset with additional samples from Genbank and BOLD, based exclusively on
a 429 bp COI fragment, yielded a considerably simpler haplotype network (see Fig. 2). Nonetheless, the southern
Alps and the Dinaric Mountains still displayed distinct groups, whereas the western Balkans and the Carpathian
region also represented the most common haplotype or direct derivates. This also applied to Germany, Scotland,
and Latvia. Haplotypes from eastern Europe and Asia partly showed remarkable differentiation from the above-
mentioned haplotypes. Thus, a separate lineage was located in the Pontic Mountains (northern Turkey). Despite
geographic proximity and inclusion in the same morphological subspecies (i.e. E. aethiops melusina), samples
from the western Caucasus represented a different group which genetically is most closely related to individuals
from the Urals and the Altai Mountains.
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CoI NDI Aligned haplotypes

Nucleotide diversity Pi 0.0026 | 0.0028 | 0.0039
Haplotype diversity h 0.822 | 0.696 |0.998
Segregation sites S 21 14 35

Average number of nucleotide differencesk | 1.7141 | 1.5733 | 4.7344

Table 1. Genetic diversity parameters of the two separated and combined mitochondrial DNA markers of E.
aethiops.
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Figure 1. Minimum spanning haplotype network based on the concatenated mtDNA haplotypes (COI, NDI)
of E. aethiops. Mutation steps are shown by the number of hatch marks.

We conducted a Bayesian analysis using BEAST to date the intraspecific splits; the splitting events of the two
outgroups were estimated at 5.6 mya for E. pronoe and 12.1 mya for Pararge aegeria (see Fig. 3). The southern
Alps group and the widespread group split about 560 kya. The oldest split within the latter group was estimated at
420 kya separating Slovenian specimens from those of the central Alps. Three groups branched-oft between 400
and 300 kya: one group representing haplotypes found in the Tatras, the Romanian Carpathians, and Bulgaria,
another group with haplotypes from the Tatras and Romanian Carpathians, and the third group with haplotypes
from the Alps and Cheile Butii (southern Carpathians). The split between Slovenia and the western Balkans was
estimated at 400 kya. Six of the seven haplotype groups had group posterior probabilities > 85%.

Including sequence data of the other representatives of the aethiops group which are restricted to eastern Asia,
a RASP analysis did not deliver strong support for one of the several possible ancestral areas of E. aethiops. A
European-Asian or a solely European origin is equally likely. However, support is given for an origin of the entire
aethiops group in eastern Asia (see supplementary S1 and S2). Bayesian Skyline plots indicated stable female
effective population sizes for the more distant past, with a decline starting at about 700 kya (Giinz glaciation)
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Figure 2. Minimum spanning Haplotype network of E. aethiops based on a COI fragment (429 bp). Mutational
steps are indicated by the number of hatch marks.

resulting in a bottleneck at around 130 kya (Eem interglacial). This was followed by an ongoing phase of expan-
sion starting in the Eem interglacial (128 kya to 115 kya B.P.)** (see supplementary S3).

Allozymes. We assessed the genetic diversity of allozymes over major parts of Europe; we calculated the
number of alleles per locus, expected (H,) and observed heterozygosity (H,), the percentage of all polymorphic
loci (Py,) and the percentage of loci with the most common allele not exceeding 95% (P95) (see supplemen-
tary S4). The average number of alleles per locus was highest in the Apuseni Mountains, Tatras, and northern
Italy. Central and western Alps populations had below-average diversities (1.62 +0.18 SD). Similar patterns were
found for the observed heterozygosity (H,). All loci and populations were in HWE. The 14 significant deviations
from the HWE (applying to single loci in single populations) were reduced to two after Bonferroni correction
(i.e. Medvodje for PGM; Fernpass for GGPDH). A test of LD revealed deviations in six populations after Bon-
ferroni correction (see supplementary S5). Six linkage pairs were detected in Medvodje, three linkage pairs in
Nanos, and Szelcepuszta. Each of the remaining three populations displayed just one case of linkage disequilib-
rium.

A locus-by-locus AMOVA based on a weighted average over the 20 polymorphic loci revealed the highest
amount of diversity within individuals (variance component: 0.681), followed by between population variance
(variance component: 0.300; Fgr: 0.263, p<0.001), and the variance between individuals within populations
(variance component: 0.159, Fi: 0.19). The unweighted genetic distance®® between all 27 populations varied
from 0.015 to 0.219 with a mean of 0.062 (+0.044 SD) (see supplementary S6). A Neighbor-Joining phenogram
(NJ) based on these distances revealed four distinct groups: one group consists of the Italian populations of the
central Italian Alps, a second geographically extensive group reaching from the Massif Central across the Alps
to the Tatras, a third cluster consisted of the Romanian Carpathian populations; Nanos (in Slovenia) represented
the fourth cluster (see supplementary S7).

The position of the Tatras group was not completely resolved. Most specimens were belonging to the extensive
group, the remaining specimens to the Romanian one. Bootstrap values were weak, except for the strong support
of the central Italian Alps group.

In addition to the NJ phenogram, a STRUCTURE analysis was conducted (see Fig. 4). The most likely AK
value was five (see supplementary S8), since the value of two should be ignored”. K=5 distinguished between
four groups; the populations sampled in the central Italian Alps, the southern Carpathians and the eastern Bal-
kans, Nanos, and a widespread group from the Massif Central to the Tatra populations, which is composed of
two Structure groups (see supplementary S9). Geneland suggested three clusters, largely identical to the results
of STRUCTURE (see supplementary S10, S11), yet, Nanos was grouped with the widespread group.

Pairwise genetic distances (derived for K=5) were the highest for the central Italian Alps group (see sup-
plementary S4), with the largest distance to the Nanos group (0.209 +0.014 SD) and the smallest distance to the
Southern Carpathians—Eastern Balkans group (0.121+0.008 SD). Pairwise Fq; values ranged from 0.009 (Son-
nenstein vs. Medvodje) to 0.633 (Col des Aravis vs. Spiazzi) (see supplementary S12). A change of the main allele
was observed in eight populations, where the highest number of three switches in the main allele was reached
by Trigrad (Bulgaria) and Campolaro (central Italian Alps group). In addition, the central Italian Alps group
is characterized by four endemic alleles, a number that was obtained in only one other group (i.e. the extensive
group) (see supplementary S13).

Discussion

The center of origin of E. aethiops and the entire species group. The species E. aethiops represents
a monophyletic group together with the species E. niphonica, E. neriene and E. alcmena®. As all these species
with exception of E. aethiops are exclusively found in eastern Asia, an Asian origin of the entire species group
appears to be likely. However, the region where E. aethiops was evolving cannot be reconstructed unambigu-
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ously. The species’ extant range stretches from western Europe to the Altai Mountains, hence allowing for several
alternative areas of origin. A RASP analysis also could not point out a clear provenance (see supplementary S1).
However, several aspects call for a western Palaearctic origin of the species. First, the aethiops group consists
of five strongly supported monophyletic lineages (one per species, but two in the case of E. niphonica) and an
unresolved backbone?. Apart from a limited geographic overlap between E. neriene and E. aethiops in the Altai
Mountains, all lineages are distributed strictly allopatrically?.

Consequently, an evolution in or nearby these species’ current distribution ranges is much more parsimonious
than a single speciation cradle in the Altai area with subsequent expansion of these lineages, but later extinction
in their center of origin in the majority of cases. The fact that the ecological niches, with the exception of the
more thermophilic E. alcmena, hardly differ suggest an allopatric origin instead of a common speciation origin.
Furthermore, the ecologically rather similar species E. aethiops and E. neriene show an ecological character
displacement in their limited area of sympatry in elevation levels in the Altai Mountains®, also rejecting the
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Figure 4. Cluster analysis with STRUCTURE for K =5 based on allozyme polymorphism. The colors indicate
the distinct genetic clusters to which the individuals of a population are assigned. The map was created with
Qgis v.3.10.107? (Available online: http://qgis.osgeo.org).

hypothesis of nearby centers of origin for both species. Consequently, we suggest that the origin of E. aethiops
is west of the Altai Mountains. Such a western Palearctic origin of E. aethiops was already postulated by Pena
etal.?’, but based on a dataset not including its sister species analyzed by Nakatani et al.?.

The internal genetic structures of E. aethiops give additional evidence for a European origin of the species
because the COI sequences reported from the Pontic Mountains and Transcaucasia (both northern Turkey) on
the one hand and the ones from the Urals to the Sajan Mountains on the other are branching from two opposite
sides of the European network. Additionally, the sequences of the individuals from the Russian Caucasus (i.e.
north of the main ridge of these mountains) are directly derived from the Ural/Sajan Mountains group, showing
its maximum p-distance towards the geographically nearby populations of Transcaucasia.

Based on these data, the following evolutionary scenario and range dynamics seem the most likely: a popu-
lation group expanded from Europe to Asia Minor with subsequent allopatric differentiation in the mountain
ranges of northern Turkey. An additional range expansion likely occurred along a north-eastern pathway reach-
ing as far east as the Sajan Mountains as its eastern endpoint. This expansion has given rise to a secondary one
in southerly direction, reaching as far south as the Russian Caucasus. This scenario well explains why the most
genetically distinct populations of this species are in such close geographic proximity: they represent the two
endpoints of an pincer-like expansion rooted in Europe. As the genetic differentiation at the Eurasian level is
considerably higher than in Europe alone, the time frame of these shifts must be seen prior to the beginning
of the differentiation in Europe (i.e. 560 ky BP), but due to the differentiation depth, the split likely is not older
than the onset of the Pleistocene.

The phylogeography of E. aethiops in Europe.  When looking at Europe in more detail, the oldest split
within E. aethiops, detected at the mitochondrial and nuclear level, is between the Central Italian Alps popula-
tions and all others. The age of this split was estimated at about 560 ky BP, i.e. approximately at the beginning of
the pronounced glacial-interglacial cycles with about 100,000 years per full cycle?. This matches other molecular
clock-based estimates of divergence events of other taxa in this region’. Hence, it is likely that the distribution
of European E. aethiops was covering at least parts of the Alps and its surrounding areas prior to the onset of
the Giinz glacial. Due to the climatic deterioration during this ice-age, which was not as severe as the following
ones, but nevertheless stronger than before?, this formerly continuous distribution area was apparently split up.
Consequently, a previously functional belt of interconnected forest ecosystems at the edge of the Alps must have
been disrupted by climatic changes for the first time in the Pleistocene. This apparently has led to the spatial
separation into two large population groups of E. aethiops in Europe.

One of these two groups correspond to the lineage currently found in the Italian parts of the Alps adjoining
the Po Valley. However, due to the lineage’s rear edge position, it did not participate in all the following range
dynamics®'. The genetic diversity patterns at the mitochondrial and nuclear levels as well as the structure of the
respective part of the mitochondrial haplotype network indicate a long-lasting persistence in the areas adjoining
the Po Valley at low abundance, but largely without strong fluctuations in the total number of individuals. The
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second (i.e. the widespread) group’s geographic centre of origin cannot be reconstructed as clearly as in the first
case, but our data suggest the eastern or south-eastern part of the Alps for several reasons. The genetic diversity
at the nuclear level is still highest here today, a centre west of the Central Italian Alps group would not be com-
patible with the southern Alps group’s rear edge status and, as known from other studies'**>*, the eastern and
southeastern Alps probably represent one of the most important centres for glacial survival of species dwelling
in forests, next to the Illyrean region, as indicated by the endemic Slovenian and Albanian haplotypes.

All further range dynamics of the widespread E. aethiops lineage must have taken place from this putative
eastern Alpine centre of dispersal. A molecular clock analysis suggests a largely synchronous split at about 400 ky
into six lineages. These lineages are also distinguished by the haplotype network, which together with the genetic
distances identifies two differentiation levels within these six lineages. Thus, two comparably older lineages are
found in Slovenia and Cheile Butii, with the latter located in a deep valley system in the southern Carpathians.
All other haplotypes found in the Alps, northern, eastern, and southern parts of the Carpathians, western and
eastern parts of the Balkan Peninsula are representatives of the younger differentiation events.

The range expansion during the mid-Mindel interstadial, which falls approximately within the time frame
at about 400 ky*, and their long-term biogeographical consequences cannot be reconstructed unambiguously.
However, a range expansion over the Carpathian region almost certainly must have taken place. It must have
been facilitated by a forested link between the north-eastern Alps and the Tatras and adjoining northwestern
Carpathian areasduring interglacials'®. This connection between these two regions, involving gene flow, is well
documented when it comes to mountain species®, but so far is not well-known regarding species intimately
linked to forests.

The persistence of E. aethiops in the Carpathians since then can be explained by two partly diverging lines of
evidence. The haplotype tree suggests the existence of several spatially separated glacial refugia in the southern
Carpathians both during the Mindel and the Riss ice age. The haplotype network with its few slightly differenti-
ated haplotypes partly contradicts this interpretation and requires a stronger reduction of populations in the
Carpathians during these periods. The differentiated haplotype H5, restricted to the southern Carpathian location
Cheile Butii, supports this hypothesis. These results are in line with previous findings that prove the survival of
trees in the Carpathians during glacial periods®'*'5, as well as the existence of extra-Mediterranean refugia of
arboreal species there®. However, our results also indicate that the existing communities were not just habitats
with single trees, but that they must have represented forest ecosystems, at least locally.

The colonisation of the western Balkan Peninsula might also go back to the Giinz-Mindel interglacial, but can-
not be reconstructed with certainty. Based on the haplotype tree, the expansion to this region should have taken
place via Slovenia. In the subsequent glacial period, the link between the Slovenian populations and the eastern
Alps should have been disrupted first, followed by the split between the western Balkans and Slovenia. However,
the haplotype network and the genetic distances contradict this hypothesis and indicate independent dispersal
events regarding the origin of the genetic lineages endemic to these two regions. Based on our mitochondrial
data, the Slovenian populations must have become separated from those of the eastern Alps during the Mindel
ice-age. This is also supported by our nuclear data. Consequently, the following range dynamics seem plausible:
the forest ecosystem on the eastern and south-eastern margin of the Alps that still might have been uninterrupted
during the Giinz ice age must have become disconnected during the colder Mindel glacial, leading to vicariance
in E. aethiops in this region. The high number of endemic species in Slovenia**-* and several phylogeographic
studies'>*** support a comparatively long isolation in Slovenia, also of E. aethiops. In this case, the Slovenian
populations, similarly to the Central Italian Alps lineage, must have held a rear edge position, and the colonisa-
tion of the western Balkan Peninsula (at least as far south as Albania) must have occurred independently from
the eastern Alpine region, without the Slovenian populations having any impact on them. Our data consequently
suggests that forest ecosystems were present in Slovenia, just as in the Carpathian region, at least since the Mindel
glacial, but probably throughout the entire Pleistocene. This goes beyond the previous knowledge of the uninter-
rupted existence of trees and arboreal species®*!*2. Furthermore, our data provide additional evidence for the
importance of the western Balkan Peninsula as a Mediterranean glacial refugium for arboreal biota.

Looking at the phylogeographic structure of E. aethiops across the Balkan Peninsula, a frequently observed
pattern is apparent, i.e. the separation between a western and an eastern Balkan lineage*’. Whilst the northward
range expansions of typical temperate species originate from their Balkan lineages during transitions from cold
to warm periods, the Balkan lineages usually represent the endpoints of colonisations for cold-adapted mountain
species, reaching the region from the eastern Alps and the southern Carpathians, respectively**. Consequently,
although E. aethiops has to be considered a temperate forest species, it behaves like a mountain taxon in this
context. Furthermore, in contrast to boreal taxa, which have been expanding into this region during ice ages,
the expansion of E. aethiops most likely took place during warmer periods, in which forests were spreading over
large parts of this region, thus facilitating the species’ dispersal.

According to our genetic data, the colonisation of the before mentioned western Balkan Peninsula from the
eastern Alps and the eastern Balkan Peninsula from the southern Carpathians happened within similar time
horizons. However, the almost complete lack of differentiation between the eastern Balkans and the southwestern
Carpathians (population Baile Herculane) supports the theory of an expansion via the Iron Gate (i.e. crossing of
the Danube through the south-western Carpathians) to the Balkan Peninsula, not before the Eem interglacial.
During the same time frame as this southern expansion, quick expansions out of the geographically strongly
restricted Riss glacial refugia in the Carpathian region must have taken place. These expansions (that must have
been associated with the complete reforestation of this region) apparently led to an area-wide distribution of
E. aethiops, which is in line with the results of our Bayesian Skyline analysis. This hypothesis is also supported
by the genetic patterns at the nuclear level, for which no detectable genetic differentiation in the southern Car-
pathian region exists. The mitochondrial level, however, might largely reflect the Riss glacial refugia, an apparent

Scientific Reports |

(2021) 12:201 https://doi.org/10.1038/s41598-020-79376-x natureresearch

19



CHAPTER 2

www.nature.com/scientificreports/

Figure 5. Geographic location of the sampled population of E. aethiops. Colors indicate the different genetic
groups detected by genetic analyses. The map was created with Qgis v.3.10.107* (Available online: http://qgis.
0sgeo.org).

contradiction, which might be explained by different dispersal potentials of the sexes?»*?, but which needs to be
investigated in more depth in future work.

The expansion within the Carpathian region during the Eem interglacial must have covered the entire arc
up to the Tatras. However, both nuclear and mitochondrial data show that both the Tatras and the eastern Car-
pathians were populated by E. aetiops not only from the southern Carpathians, but also from a centre of dispersal
in the eastern Alps. Such a mixture of Alpine and Carpathian elements of certain taxa in the Tatras has already
been demonstrated several times'™'!. However, the existence of numerous endemic haplotypes and allozyme
alleles in the Tatras also suggests that E. aethiops not only colonised this region during the Eem interglacial,
but was also able to survive the relatively mild Wiirm glacial there. A similar situation has been indicated for
the eastern Carpathians, but the available data is not as robust as in the case of the Tatras. Our data thus show
that not only individual trees must have been present on the southern fringe of the Tatras (and presumably also
in the eastern Carpathians) during the last glacial period®'*'"#4>45 but that there were local refugia in which
temperate forests have survived permanently.

If one considers the species patchy distribution or lack at the Mediterranean peninsulas and the insufficient
coverage of the Siberian Taiga, it becomes evident that E. aethiops’ occurrence is also strongly influenced by its
own biogeographic history. Therefore, the species cannot be considered as an indicator species of the entire west-
ern Palaearctic forest ecosystem, but within its range it can enrich the knowledge about the history and dynamics
of deciduous forest structures. Thus, due to its mobility and sensitive response to environmental changes, it reacts
reliably to changes in its ecosystem. Therefore, its recent distribution and genetic structure carries information
not only on its own evolutionary history, but also on that of its associated ecosystem.

Material and methods

Study species. The Scotch Argus Erebia aethiops is a univoltine species with overwintering larvae. Eggs are
laid on a wide spectrum of different grasses (Poaceae, e.g. Molinia caerulea, Brachypodium pinnatum, Festuca
ssp., Dactylis glomerata, Poa ssp.), but also, less commonly, on sedges (Cyperaceae, e.g. Luzula nivea, Carex fer-
ruginea, Carex sempervirens)*. The caterpillars pupate end of June, resulting in a flight season starting in July
and ending at the beginning of September, with the main activity in late July and August.

Sampling design. 859 E. aethiops individuals representing 35 populations (8-41 specimens, mean: 30.8 per
population) were sampled from 2002 to 2014 from the Massif Central in France to the Romanian Carpathians
and Bulgarian mountain systems (Fig. 5, supplementary table S14). The butterflies were captured with a hand net
in the field and frozen in liquid nitrogen. Specimens were subsequently stored in liquid nitrogen or in a refrigera-
tor at — 80 °C until analyses. We added 48 sequences from BOLD and Genbank (accession numbers in Table S15
and distribution map in Fig. S16 of the supplementary) to get genetic data from parts of the range not covered
by our own sampling. Since these just represented COI sequences, partly fragmentary (429 bp), only a simple
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comparison was possible and not a complete analysis. The sample areas did not require permissions, except for
Austria and Slovakia, whose environmental offices had issued these permits.

Genetic analyses. DNA sequencing. Total genomic DNA was extracted from one leg using the E.Z.N.A.
Tissue DNA Kit (Omega Bio-Tek, Norcross, USA) following the manufacturer’s protocol.

Variation of two mitochondrial genes was assessed for a subset of 133 individuals representing 28 populations
covering all eight regions (see supplementary S14). We sequenced the barcoding region of the cytochrome ¢
oxidase subunit I (COI, 658 bp), which provides reliable resolution at the intraspecific level as shown in several
previous studies on Erebia*”*%, as well as the NADH dehydrogenase subunit I (NDI, 554 bp). COI was amplified
with the primer pair LEP-F1 (5'-ATTCAACCAATCATAAAGATATTGG-3') and LEP-R1 (5'-TAAACTTCT
GGATGTCCAAAAAATCA-3")¥ applying the following PCR protocol: 95 °C for 5 min, followed by 38 cycles at
95 °C for 30 s, 49 °C for 90 s, 72 °C for 60 s and terminated with a final extension step at 68 °C for 30 min. NDI
was amplified using the primer pair FAW-NDI (5'-TTCAAACCGGTGTAAGCCAGG-3') and FAW-16S (5'-TAG
AATTAGAAGATCAACCAGC-3")* and the following PCR protocol: 95 °C for 5 min, 33 cycles at 95 °C for 30 s,
56 °C for 90's, 72 °C for 60 s and terminated at 68 °C for 30 min. PCR products were visualized on 1.4% agarose
gels, stained with GelRed (Biotium, Fremton, USA). Amplified products were purified with a mix of FastAP and
Exonuclease I (Thermo Scientific, Dreieich, Germany) and sent to Macrogen Europe (Amsterdam, Netherlands)
for sequencing in both directions with the same two primers as were used for PCR.

Allozymes. 836 individuals from 27 populations (see supplementary S14) were analysed by allozyme electro-
phoresis. We analyzed a total of 20 allozyme loci (i.e. 6PGDH, IDH1, IDH2, GPDH, G6PDH, GAPDH, FUM,
MDHI1, MDH2, ME, GOT1, GOT2, PEP LGG; MPL, PK1, PK2, PK3, PGM, PGI1, PGI2) following the standard
protocol by*'. Running conditions were applied as in Schmitt and Seitz *2.

Statistical analyses. Mitochondrial DNA. Sequences were assembled with Gexerous v. 10.2.3°2 and
aligned using CLusTALW™ implemented in BioEDrT v. 7.2.6.1°. Sequences of both genes were concatenated and
checked for stop-codons with GENEIOUS. Genbank accessions are given in Table S17 of the supplementary. The
frequency of haplotypes, haplotype diversity (h), number of segregating sites (S), nucleotide diversity per gene
(p;), and the average number of nucleotide differences (k) were calculated with DNAsp v. 6*°. The concatenated
file was used to construct a Minimum Spanning haplotype network® with POPARrT v. 1.7%.

A Bayesian tree was reconstructed based on the mitochondrial data with BEAST v. 2.5%. Published data of
Pararge aegeria (GenBank accessions in Table S17 of the supplementary) and own mtDNA sequences of Erebia
pronoe were used as outgroups. Partitions and substitution models were estimated with PARTITIONFINDER V.
2.1.1%° based on the lowest Akaike Information Criterion (AIC). The HKY model with empirical base frequen-
cies and a Gamma distribution with a category count of 4 was selected. We ran several analyses to select the
best fitting tree model. The coalescent constant population model performed best and hence was chosen for
the final analysis. The molecular clock was calibrated with a substitution rate of 0.0177%°. We ran the analyses
with 40 million generations sampling every 4,000 iterations. After checking the MCMC chain for convergence
in TRACER v. 1.7.1%!, a burn-in of 10% was applied. Three individual runs were performed and combined using
LoGCOMBINER V. 1.8.4%, TREEANNOTATOR V. 2.5° was used to generate a summary tree with common ancestor
heights. FIGTREE v. 1.4.4%' was used for visualisation.

The same protocol was followed to obtain an input and consensus tree for a reconstruction of ancestral area
analysis with RASP v. 4.29. This analysis was based on the extended COI data set of E. aethiops and further COI
sequences of E. neriene, E. niphonica and E. alcema obtained from Genbank and Boldsystems. The additional
accession numbers are given in the RASP tree. The individual sequences were assigned occurrences coded as
consecutive letters (A: Sakalin; B: Hoshu; C: zone of sympatry between E. aethiops and E. neriene in the Altai
Mountains; D: Mongolia; E: China; F: Europe; G: western Altai; H: Turkey; J: Ural; I: Caucasus). Based on the
results of the BioGeoBears model test, an S-DEC analysis was performed with the maxarea =6 setting.

To model the demographic history of the populations, a Bayesian Skyline plot was generated with BEAST.
Bayesian skyline analyses were run with the coalescent tree prior, in a single run with 40 million generations,
log parameters were sampled every 4,000 iterations. The effective sample size and female population size was
evaluated using TRACER v. 1.7.1. We used the substitution rate estimated by Papadopoulou et al.*’.

Allozymes.  Alleles were labeled according to their relative mobility, starting with “1” for the slowest. Their
frequency, the total number of alleles per locus (A) and further genetic diversity parameters (i.e. expected and
observed heterozygosity (H, H,), total number of polymorphic loci (P,,) and the percentage of polymorphic
alleles per locus with the most common allele not exceeding 95% (P95)) were estimated with G-STAT v. 3%,
Tests on Hardy-Weinberg equilibrium (HWE) and linkage disequilibrium (LD) were performed with ARLE-
QUIN v 3.5%. A sequential Bonferroni correction® was applied. A non-hierarchical and a hierarchical genetic
variance analysis (AMOVA) were performed with ARLEQUIN to attribute the genetic variation to the following
levels: among populations, among individuals within populations, and within individuals. Additionally, pair-
wise Fgr values were estimated with ARLEQUIN. A Neighbor Joining (NJ) phenogram® based on Nei’s genetic
distance® and 1,000 bootstrap replicates was generated with PHYLIP v. 3.67%. STRUCTURE v. 2.3.4% was used to
infer the number of genetic clusters without a priori definition of populations. To ensure a better delimitation
of the individual groups, which were suggested by STRUCTURE, each population was examined for a change in
the main allele. We tested for genetic clusters (K) from two to 27 (i.e. the number of populations analyzed for
allozymes). Ten replicates were carried out for each K, with a burn-in of 100,000 and 500,000 MCMC replicates
performed thereafter. Due to the un-reliability of logarithmic probabilities, an ad hoc method was used and the
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AK value, based on the change of the logarithmic probability of successive K values, was determined”®. The high
AK value for K=2 was ignored a suggested by Hausdorf and Hennig”. Additionally, a GENELAND"! analysis was
conducted with ten runs, each of 250,000 generations, in an uncorrelated frequency model with the number of
classes treated as unknown and variable along the MCMC chain.

Data availability

The datasets used and/or analysed during the current study are available from the corresponding author on
reasonable request. All data generated or analysed during this study are included in this published article [and
its supplementary information files].
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Simple Summary: High alpine meadows are home to numerous endemic butterfly species. A combination
of climate change and changes in agricultural practices has led to a severe decline in many species.
A seemingly unaffected representative of this habitat is Erebia pronoe. We studied the behaviour,
resource use and population structure of this species to explain its resilience and estimate its future
survival potential. This species shows pronounced protandry in combination with serial eclosion.
Males were significantly more active and mobile and were also caught significantly more often than
females, resulting in a pronounced shift in sex ratio in the predicted population structure. The adults
use a wide range of nectar plants and establish homeranges in areas of high habitat quality. Thus,
Erebia pronoe adults use a wide array of resources combined with a slight specialisation to avoid niche
overlap with closely related species. The resulting ecological flexibility seems to be an adaptation
to unpredictable environmental conditions, which should be the result of a long-lasting adaptation
process. Moreover, the combination of opportunism and modest specialisation should also be a good
basis for coping with future changes caused by climate and land-use change.

Abstract: A mark-recapture study of the nominotypical Erebia pronoe in the Alps was conducted to sur-
vey its ecological demands and characteristics. Population structure analysis revealed a combination
of protandry (one-week earlier eclosion of males) and serial eclosion. Significant differences between
both sexes were found in population density (males: 580/ha & 37 SE; females: 241/ha + 66 SE),
sex-ratio (2.4) and behaviour (57.7 vs. 11.9% flying). Both sexes used a wide range of nectar
plants (Asteraceae, 77.3%; Dipsacaceae, 12.3%; Gentianaceae, 9.7%). The use of nectar plants shows
a non-specific spectrum, which, however, completely avoids overlap with the locally co-occurring
species Erebia nivalis. Movement patterns show the establishment of homeranges, which significantly
limits the migration potential. Due to its broad ecological niche, E. pronoe will probably be able to
react plastically to the consequences of climate change. The formation of high population densities,
the unconcerned endangerment status, the unspecific resource spectrum and the sedentary character
of the species make E. pronoe a potential indicator of the quality and general resource occurrence of
alpine rupicolous grasslands.

Keywords: mark-release-recapture; movement patterns; opportunistic behaviour; partial protandry;
population demography

1. Introduction

The worldwide losses in species diversity and abundance are so strong that the recent
extinction of species is compared with the major extinction events in earth’s history [1].

Insects 2021, 12, 896. https://doi.org/10.3390/insects12100896
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Although biodiversity loss is a global phenomenon, individual regions, habitats and
species groups are particularly affected. For instance, as a result of their generally lower
plasticity, specialised stenotopic species are assumed to be more vulnerable to biotic and
abiotic disturbances, as they do not have the ecological flexibility to react plastically to the
numerous biotic and abiotic disturbances [2]. Especially extreme habitats, with the alpine
environments being one, require specific adaptations to the prevailing harsh conditions
and are thus home to many specialised and narrow-ranging species [3]. For this reason,
Europe’s high mountains are important centres of biodiversity [4].

Habitat loss is one of the main drivers of the current biodiversity crisis [5]. With the loss
of high-quality habitats, low-mobility species are affected in particular, as dispersal and/or
maintenance of metapopulations is only possible to a limited extent. This is especially true
for montane and alpine species, whose extinction risk is further increased by increasing
isolation [6] since their habitats are inherently more susceptible to fragmentation [7] and
their populations are more limited due to species—arearelationship [8]. Additional pressure
is caused by the ongoing climate change, which is causing range shifts in many species
in order to maintain their ecological niches [9,10]. Nevertheless, it is not possible for
numerous species to keep up with climate change, thus resulting in an extinction debt [2].
Another risk of climatic change is a potential inter-and intraspecific decoupling [11-13],
which can negatively affect population size [14]. Similarly, climatic conditions affect the
resource supply and quality of a habitat, which in turn affects the reproductive rate [15]
and thus the population size of the species found there. The population structures of
a species can strongly influence behaviour [16], and low abundance can lead to negative
feedback [13]. Therefore, to determine the status of a habitat or a potential indicator species,
an analysis of its population structure in combination with migration patterns, resource
use and behaviour must be examined.

The sensitive reaction of insects to environmental changes and their high reproductive
rate qualify them as excellent indicators and study objects for changes of habitat qual-
ity [2,17]. Especially, butterflies have become a preferred study group for analysing the
quality and linkage of habitats due to their ecological specialisation and mobility [6,18,19].

We have selected the butterfly species Erebia pronoe as a characteristic species of the
endangered flower-rich montane and alpine grasslands to evaluate its ecological needs,
its potential as an indicator species and its future prospects. Erebia pronoe is an excellent
representative of this habitat type because of its overall abundance and its wide distribution
in the high mountains of Europe [20] but also in numerous prime butterfly areas [21].
In this paper, the population structure and demographic development of this montane
butterfly were analysed based on a mark-release-recapture study in the Austrian Alps. The
region harbours the nominotypical taxon E. pronoe pronoe. This study provides essential
information about the specific adaptations to high mountain habitats, especially regarding
the potential expression of protandric structures [22,23]. Additionally, the sex-specific
mobility of individuals was investigated to derive conclusions about habitat linkage and
metapopulation structure in the region under investigation. We were able to analyse the
effect of climatic factors on the behaviour, the sex-specific behaviour and the resourceuse
of Erebia p. pronoe. Thus, the following two key questions are the focus of our investigation:

Does E. p. pronoe have specific adaptations of its population demography (e.g., mod-
ifications in protandry, prolonged eclosion phases) that can be understood as specific
adaptations to its habitats, and will these allow the species to adapt to expected future
climatic changes?

Does E. p. pronoe exhibit sufficient ecological flexibility and mobility to be able to
survive the expected further changes in its alpine environment?

2. Materials and Methods
2.1. Study Species

Erebia pronoe belongs to the western Palaearctic Nymphalidae. The species can be
found on wet meadows, calcareous grasslands and screes from the high montane to the
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alpine zone [24]. E. pronoe is widespread and often common throughout the Alps. It is
locally found in the Swiss and French Jura as well as in the Pyrenees, where high densities
can be reached. In the Carpathians, including the High Tatras and the mountains of the
Balkan Peninsula, populations of E. pronoe are relatively rare and small [25]. The species
flies in one generation from the end of July to mid-September and hibernates as L1 larva.
The larvae prefer Festucaspecies such as F. ovina, F. rubra and F. quadriflora, and to a lesser
degree Anthoxanthum odoratum; breeding was successful on Poa annua [26].

2.2. Study Area

The study area is located in the Austrian Alps in the core of the distribution area of
the nominal subspecies in the “Hohe Tauern National Park” near the “Haus der Alpinen
Naturschau” (47°07' N,12°49’ E), in the state of Salzburg. The investigated steep slope cov-
ers an area of 4.6 ha and extends at an altitude of 2250-2400m asl. The area is interspersed
with gravel areas and represents a characteristic habitat of E. pronoe. Other suitable habitats
are present within a distance of 200 m. To the north and east, it borders on the Special
Protection Area “Piffkar-Fusch”, where no collection was allowed. The area in the west
was too steep, and the “Untere Nassfeld” in the south was too heavily grazed for working.
The flat areas at the foot of the slope were grazed by 19 cows.

2.3. Mark-Release-Recapture Study

We conducted a mark-release-recapture study as the basis for our analyses of pop-
ulation structure and species-specific mobility parameters. Furthermore, behaviour and
specific resource use were surveyed to identify specific adaptations to alpine habitats. The
study was carried out from 16 July 2019 to 1 September 2019, covering most of the flight
season of E. pronoe. The butterflies were caught with a 40 cm diameter butterfly net under
suitable conditions (see [27]) from 9 am to 6 pm; to avoid day-time effects, the sampling
was always started at different sections. Each individual was marked on the underside of
the hind wings with a fine, waterproof pen (StabiloOHPen universal S) with an individual
code consisting of letters for the day and a consecutive number. In addition, GPS coor-
dinates, sex, wing condition (scale 1 = wing seam completely preserved; up to 4 = wing
heavily damaged [28]), behaviour when being captured and current weather conditions
were recorded. The same data were collected for each recapture, excluding recaptures
during the same day, to avoid behavioural effects of the capture and theoretically allow
complete mixing of the population [29]. We assessed the age structure of the population
based on wing conditions.

The ageing per time unit was calculated sex-specifically by correlating the time in-
tervals between capture and first recapture and the deterioration rate of wing condition.
For Spearman rank correlation analyses, only days with at least five individuals per sex
were considered, and their mean values were used. Furthermore, sex-specific behavioural
patterns were investigated by using the X?-test. The influence of wind and cloud cover
on the behaviour was also analysed with an X?-test. Potential sex-specific preferences of
nectar plants were investigated with X?-test and X?>-homogeneity test.

2.4. Population Demography

Based on the mark-release-recapture dataset, we conducted population modelling to
assess population size as a potential indicator of habitat quality and to examine population
structure for potential adaptations. The program Mark 8.2 and its module Popan [30], based
on the Jolly-Seber method, was used to calculate the daily, sex-specific population size.
Three parameters were calculated: ¢ (phi), the probability of survival; p, the probability
of capture; and pent, the proportional recruitment. These parameters can be constant (.),
sex-specific (g), time-factorial (t), linear (T) or quadratic (T?) and can have additive (g+t;
g+ T, ... ) orinteractive relationships (g x t; g x T; ... ) [31]. Furthermore, the sampling
effort (i.e., the time spent in the terrain) was considered as a covariant for the probability of
capture. A saturated model consisting of these parameters was verified by a goodness-of-fit

27



Insects 2021, 12, 896

CHAPTER 3

40f12

test with the program RELEASE. Based on this, various parameter combinations were
calculated, and the best-supported model was determined using the corrected Akaike
Information Criterion (AICc) [32] and the lowest number of parameters [33].

2.5. Wing Condition

We applied linear and non-linear mixed-effects models to illustrate the ageing of the
population based on the wing condition. These models didn’t converge with the female
dataset. We then tested polynomial functions from the first to the 9th order to describe
the ageing of the population and selected the best model based on the R?>-value. Based on
the breaking points for the different stages of ageing, we used linear models to describe
these periods. We used the average wing wear of at least five specimens to avoid a sample
size bias.

2.6. Mobility Parameters

We analysed movement patterns in the habitat to infer migration potential as well
as resource use and availability. The collected GPS data of captures and recaptures were
used to reconstruct movement patterns. These were imported into QGIS 3.8.3 [34], and
the direct geographic distance between capture and first recapture was determined for
each individual by creating a linear distance matrix layer with the vector analyses tool in
the WGS 84 (EPSG4326) Coordinate Reference System. For assessing the minimum total
distance moved, we summed up the distances between all points of capture.

We performed a Shapiro-Wilk test to check for normal distribution by using the
program R version 3.6.1 [35]. Since there was no normal distribution of the data (males
p: 1.376 x 10710, females p: 0.023), the test was followed by a Mann-Whitney U test to
determine differences in distances travelled by males and females and by a two-sided
Spearman’s rank correlation to analyse the influence of days since capturing on the distance.
The travelled distances were divided into distance classes (20 m, 30 m and 50 m intervals)
separately for each sex. The inverse cumulative percentage of these classes was determined,
which corresponds to the probability density function, i.e., the dispersal kernel. To check
for any potential artefacts caused by the chosen interval sizes, we analysed and compared
three different intervals and size classes.

Based on these classes, the probabilities of dispersal flights were investigated through
distance extrapolation. Two frequently applied regression analyses were used: the nega-
tive exponential function (NEF) and the inverse power function (IPF). The NEF tends to
underestimate rare long-distance movements, whereas the IPF may encounter problems
with “zero” movements [36]. The data were linearly transformed with a semi-In plot for
the NEF analyses or with a double-In plot for the IPF analyses. In both equations, P stands
for the proportional probability that an individual will travel at least as far as the distance
D, and a for the intercept of the regression. NEF works with the dispersal constant K as the
slope, whereas IPF uses the variable n as the slope, which represents the effect of distance
on dispersal [22].

Pner = ae P or InP =Ina—k D 1)
or Pipp =aD " or InP =Ina — n(In D) )

We selected the best model and the most suitable interval size based on calculated
stability indices R? of the calculated curves, which corresponds to the proportion of ex-
plained variance of the dependent variable by the independent variable. This allowed

extrapolations of the population’s proportion that should travel distances exceeding the
extent of the study area. The calculations were performed separately for males and females.

3. Results

During 28 days with captures, 962 individuals (808 males; 154 females) were marked;
260 individuals (246 males; 14 females) were recaptured. This corresponds to a recapture
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rate of 27.0% (30.4% males, 9.1% females) and a sexratio of five males per female. We
achieved up to five recaptures for males; females were recaptured not more than once.

3.1. Demography

The best-supported model with the lowest AICc value and the lowest number of
parameters yielded an additive effect of sex and factorial time on the survival probability
phi, an additive effect of sex and survey time on the capture probability p, and an interactive
effect of sex and factorial time on the proportional recruitment pent and also on the number
of individuals (Table 1). This model estimated population size of 2667 males, i.e., 580/ha
(437 SE). The population size of the females was estimated at 1110 individuals, i.e., 241/ha
(466 SE). The estimated sexratio was 2.4 males per female. Estimates based on the best
supported Popan model were consistent with the actual daily recapture events.

Table 1. Comparison of the best models of Popan 5.0 analyses for the estimates of the daily population
size of Erebia pronoe: Akaike Information Criterion (AICc) and number of parameters used, basic
variables: Probability of survival (Phi), probability of recapture (P), proportional recruitment (Pent),
the total number of individuals (N), dependent variables: sex (g); factorial (t), linear (T) and quadratic
(T2) dependence of time; time invested in sampling per day (hours).

Model Nr. Model AICc Parameters
1 {Phi(g + t) p(g + hours) pent(g x t) N(g x t)} 2404.7462 34
2 {Phi(g x t) p(g x hours) pent(g + t) N(g x t)} 2408.9191 64
3 {Phi(g + t) p(g + hours) pent(g + t) N(g x t)} 2414.2151 18
4 {Phi(g + t) p(g x hours) pent(g x t) N(g x t)} 2416.0908 29
5 {Phi(g x t) p(g x hours) pent(g x t) N(g X t)} 2417.6189 30

We observed distinct protandry. Thus, the first males were observed one week before
the first females; they showed a strong increase from 7 August 2019 onwards (Figure 1).
The first females were marked 5 August 2019; after two weeks of parallel development to
males, they exceeded the daily numbers of males on 23 August 2019. The highest estimates
were obtained for males and females on 27 and 28 August 2019, respectively.
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Figure 1. Estimated daily population size of both sexes of Erebia pronoe based on the best Popan
model in MARK: Phi(g + t) p(g + hours) pent(g x t) N(g x t).

We calculated changes in the average wing condition to assess the age structure
of the population (Figure 2). Males, in general, had very good wing conditions for the
first 16 days of the study and did not exhibit any deterioration until 11 August 2019
(y = —0.0238x + 1.5415; R? = 0.205). Only from 12 August 2019 onwards, average wing
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condition deteriorated continuously (y = 0.0697x + 0.1238; R? = 0.91) and significantly
(p <0.001). Due to later emergence and generally lower capture events, reliable data for
females are only available for the second half of August. In this time slot, deterioration
of females’ wing conditions (y = 0.0617x + 0.0862; R? = 0.83) showed no significant differ-
ence from males (p = 0.69). Both sexes showed a highly significant correlation between
the changes in wing condition and the time elapsed since first capture (Spearman rank
correlation analysis: male rho = 0.93; female rho = 0.63; p < 0.001).

3.0
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= 3r:| male
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y=0.0697x +0.1238

female: r?=0.83
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Figure 2. Changes in the average wing condition during the 2019 flight season of Erebia pronoe are categorised by sex. Males
are indicated by brown circles, and females are indicated by orange triangles. Linear trends for both sexes are given and are
based on the 3rd polynomial function. The 95% confidence interval of the polynomial function is given in grey.

3.2. Mobility and Movement Patterns

Erebia pronoe is a species with low mobility. Males (average dispersal distance:
106 m = 86 SE; n = 245) tended to move somewhat further than females (71 m =+ 58 SE;
n = 16) but not significantly so (p = 0.15). Both sexes moved distances below 150 m in
the majority of cases, but the percentage of males exceeding this distance (24.1%) was
considerably higher than for females (6.2%) (Figure 3). The longest and shortest distances
detected were 423 m and 3 m for males and 219 m and 8 m for females.

We applied the NEF and IPF functions for extrapolating the potential for dispersal over
longer distances. The highest stability indices (R?) for both functions to the inverse cumulative
proportion values (based on distance classes) were obtained for 30 m intervals (Table 2). For
both sexes, the fit of NEF was better than the fit of IPE. Following the NEEF, dispersal of 1 km
or more is unlikely (Table 3). Even if the NEF is prone to underestimate rare long-distance
movements, the IPF results also give a low probability for these long-distance movements
(i.e., males: 3 in 1000; females: 8 in 1000), which is consistent with our observations (Figure 3).

Table 2. Stability index (R?) of the inverse power function (IPF) and the negative exponential function
(NEF) based on calculations with 20, 30 and 50 m intervals of the covered distances of Erebia pronoe.

20 m Intervals 30 m Intervals 50 m Intervals
IPF NEF IPF NEF IPF NEF
Males 0.76 0.97 0.79 0.98 0.81 0.96
Females 0.79 0.94 0.83 0.93 0.80 0.93
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Figure 3. Percentage distribution of the sexes of Erebia pronoe over 30 m distance intervals corre-
sponding to the distances travelled when first recaptured and divided by sex.

Table 3. Percentage of Erebia pronoe individuals that were expected to disperse more than 1, 2, 3 or
5 km, calculated with inverse power function (IPF) and negative exponential function (NEF) based
on 30 m intervals.

Distance IPF Males IPF Females NEF Males NEF Females
1km 0.29 0.82 0.0003 3.50 x 107>
2km 0.07 0.29 427 x 10710 6.50 x 1012
3km 0.03 0.15 5.86 x 10716 1.21 x 10718
5km 0.01 0.07 1.10 x 10~% 415 x 10732

Spearman’s rank correlation revealed a positive correlation of elapsed time between
captures and migration distance. This effect was more pronounced in females (tho= 0.6679092,
p =0.003252, S = 185.97) than in males (rho = 0.1471955, p = 0.01128, S = 1964827).

3.3. Behavioural Differences between Sexes

Both sexes were observed with almost equal frequency in nectar uptake (Table 4).
Flight activity was most frequently observed in males, whereas females were primarily
encountered resting. Overall, both sexes differed highly significantly in their behaviour
(x* = 131.1, df = 3, p < 0.001). The behaviour of males became more passive (p < 0.001)
with increasing cloud cover and wind force, although this effect was only detectable for
cloudiness of 70% or more and a wind force of level 3 (ES3) or more.

Table 4. Percentage of individuals of Erebia pronoe in four different behavioural categories, divided

by sex.
Flying Resting Feeding Mating
Males 57.7 33.2 8.9 02
Females 11.9 75.6 11.3 12

3.4. Use of Nectar Plants

Members of the family Asteraceae were used as nectar sources in 77.3% of the cases.
Most frequently visited were Carlina acaulis (37.0%), Carduus defloratus (18.4%) and Leontodon
hispidus (13.2%). In addition to Asteraeceae, the family Dipsacaceae with Scabiosa lucida
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(12.3%) and the family Gentianaceae with Gentianella campestris (9.7%) were important.
Sex-specific preferences were not detected (x? = 8.798, df = 8, p = 0.36).

4. Discussion
4.1. Population Size and Structure

Although we estimated a relatively high overall population density of 820 adult
individuals per hectare, the proportion of female adults was comparatively low. This might
be either caused by an actual low female population size or by biases associated with
the methods. A biased sex ratio in the offspring, in emigration rates, and/or in survival
rates of larvae/pupae can cause such distorted sex ratios in a population. None of these
possible reasons mentioned above have so far been reported for such imbalanced sex ratios
in the offspring of Erebia, and we have not observed such migration pattern either. The
studied population displayed high levels of infection with the endoparasite Wolbachia
(Wendt et al., unpublished), which is known to alter the sex ratio of populations in favour
of the female offspring [37,38]. Higher mortality risk of the female pupae caused by the
prolongated preimaginal phase is rather unlikely, considering the serial eclosion of both
sexes. Therefore, we believe a bias due to methods as an explanation for the imbalanced
population structure to be more likely. Studies that considered behavioural patterns found
a correlation between population size and flight activity [22]. We assume that the rather
low flight activity of female E. pronoe led to underrepresentation in marking and recapture
events, which resulted in lower population estimates. Even in populations with a female
bias, a higher capture probability of males can lead to a male over-representation in
recapture studies [39]. It must also be considered that female behaviour and mobility are
determined by numerous other factors and may not be constant. For example, factors such
as larval plant availability can also lead to stronger, temporary changes in female mobility
within a flight period [40]. Constant sex-specific influence may arise from landscape
structures and topography. In studies on Maculinea nausithous and Maculinea teleius, strong
barrier functions of topographic structures on female mobility have been demonstrated [41].
An inhibitory effect of the elevation ranges of our study area cannot be excluded and may
have contributed to the low mobility of females and their underrepresentation.

4.2. Adaptation to Extreme Conditions through Protandry and Serial Eclosion

The plateau phases in the population curve and the wing condition curve indicate the
constant influx of freshly eclosed specimens into the population caused by serial eclosion.
This serial eclosion is more visible in the case of males and also starts earlier compared to
females. The earlier onset of male eclosion is considered beneficial for male reproductive
success since it allows an immediate mating of freshly eclosed females, although, in high
alpine areas, protandry can be a risk, especially for isolated populations. Extreme weather
events can eradicate a major part of the population, hence causing a local collapse [42]. As
a result, an earlier onset of the male flight period in combination with a prolonged phase of
male eclosion provides the advantages of proterandry but also mitigates the risks of local
extinction caused by weather caprices. Moreover, serial eclosion reduces the intraspecific
pressure of eventual mass eclosion events and the hereon emerging need for emigration.
Very similar population structures have also been witnessed in other high alpine butterflies
(e.g., [22]) and are assumed to be an adaptation to high alpine environments.

4.3. Resource Use

The analysis of the movement patterns of Erebia pronoe showed a rather sedentary
behaviour and the formation of home ranges (Figure 4). These home ranges suggest
a high habitat quality since the availability of resources determines the behaviour of
butterflies [36,43], and apparently, the needs are fulfilled in small sub-areas of our study
area. This is facilitated by the wide range of nectar plants used, which is consistent with
Rapport’s extended rule [44]. From early/mid-July to mid/late August, the congeneric
species Erebia nivalis is also common in our study area [22]. The larvae of E. nivalis have
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a biennial development but are also preferentially deposited on withered plant parts of
Festuca species like F. quadriflora. Interestingly, despite the wide range of nectar plants used
by E. pronoe and E. nivalis, no overlap was found. Both species use plant families that have
very different flower morphology and colouration [22]. Therefore, it can be assumed that
this is not a specific adaptation but a local, opportunistic use of resources. The wide range
of larval food plants and nectar plants might mitigate the risk of phenological mismatch
between hostplants and butterflies, a risk that has been observed several times in the
context of climate change (e.g., [45]). We assume that the observed ranges of nectar plants
used by E. pronoe rather reflect competitive mitigation than the actual foraging range of the
species. The abundance of the genus Festuca in alpine habitats makes the competition for
limited larval food plants unlikely.
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Figure 4. Example of movement patterns of a male of Erebia pronoe recaptured five times. The “+” symbols represent the
grid of the coordinate system.

4.4. Movement Patterns

We observed low mobility and movements of short distances but with significant
differences between sexes. While males were significantly more active than females, they
still moved mostly short distances and travelled larger distances only to establish home
ranges. As a result, the average distances travelled between capture and first recapture
did not increase as a function of time. Females, on the other hand, showed significantly
lower mobility than males, but the distance travelled was positively correlated with time.
Both of these behavioural traits can be explained by the population structure and resource
use discussed above. The wide range of nectar plants and the commonness of the larval
food plants do not force females to translocate larger distances due to the abundance of
all resources needed. In addition, migration always imposes a risk and reduces the time
for mating and oviposition [46]. Thus, reproductive success should initially be the highest
in the patch of origin and exploitation of further areas beyond only increases this success
when the female has already oviposited most of her eggs. Male harassment and the chance
to lay fertilised eggs in other areas might explain the later increase in observed translocation
as a function of time [47]. Due to the earlier eclosion of the males, they can establish a home
range and patrol it in search of freshly eclosed females. This patrolling is reflected in the
increased mobility and the low but constant migration performance of the males. The
establishment of home ranges can reduce the effective population size [48] and further
isolate a population in a fragmented landscape. Although detrimental on a population
level, the avoidance of large-scale movements might reduce the risks posed by strong
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wind and bad weather in general and could be therefore beneficial on an individual level.
The true migratory potential of the species may be significantly higher, as indicated by
the observed maximum distances flown by the males. However, to answer this question,
research in larger, potentially less resource-rich areas is required.

5. Conclusions

Erebia pronoe is a species that is well adapted to montane and alpine habitats because
of the combination of moderate protandry and serial eclosion, the opportunistic use of
resources as adults and its low mobility. The wide ecological niche reduces the risks of
negative fitness consequences that could result from butterfly-host asynchrony. The serial
eclosion of males reduces the risk of desynchronised adult emergence and the resulting
risk for reproduction and stability of the population. At the same time, its relatively high
abundance and stable populations make it a very good indicator species for the quality
and the intactness of alpine rupicolous grasslands. It is likely that the female portion of the
population is higher than predicted by our models, as previously discussed. Nonetheless,
a higher population density of females would further support our statement regarding
habitat quality. However, the population structure with serial eclosion and protandry
is unaffected by the number of females. There might be an influence on the sedentary
behaviour and migration potential during periods of resource scarcity, as may occur due to
mass emergence and/or low habitat quality. However, the wide range of larval food plants
and nectar plants should counteract intraspecific competition. We, therefore, assume that
even a higher abundance of females would not affect the basic conclusions of our work.
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Resource over-exploitation and competition lead to endangerment of the
extremely philopatric ringlet butterfly Erebia pronoe glottis

Abstract

A mark-recapture study of the subspecies Erebia pronoe glottis in the Pyrenees was
conducted to survey its ecological demands and characteristics. An area intensively used by
beekeepers and shepherds was studied. Population structure analysis revealed a small
population of low density. Significant differences between both sexes were found in
population density (males: 48/ha; females: 23/ha), sex-ratio (2.1) and behaviour (75.4 vs.
20.5% flying). Both sexes used a wide range of nectar plants (Asteraceae, 40.6%; Apiaceae
34.4%; Caprifoliaceae 18.8%). Despite the wide range of nectar plants, the available
resources did not seem to allow for greater abundance. Compared to an extensively used
pasture, a significant increase in flight behavior, but not in range, was observed. Movement
patterns show the establishment of home ranges, which significantly limits the migration
potential, which was low for both sexes (male: 101 m + 73 SE; female 68m +80 SE). A
sedentary species such as Erebia pronoe does not seem to be able to avoid the pressure of
resource shortage by migration. As a late-flying pollinator, Erebia pronoe competes
seasonally for scarcer resources. These are further reduced by grazing pressure and exploited
by the superior competitor Apis mellifera, resulting in low habitat quality and abundance.

Keywords: mark-release-recapture; resource depletion; movement patterns; population
demography

Introduction

Worldwide, insect fauna is under increasing pressure, which is reflected in massive losses in diversity
and abundance of numerous species (Hallmann et al. 2017; Seibold et al. 2019; Wagner 2020). One
of the main causes is the loss of high-quality habitats (Sanchez-Bayo and Wyckhuys 2019). The
availability of resources is one of the most significant quality parameters of habitats, along with
microclimate and vegetation structures (Dover und Settele 2009, Krus & Tschartnke 2002). For a
species to persist in a habitat, all significant biotic and abiotic conditions in an area must be met. In
this context, a landscape can also be understood as a network of different sub-areas, with their use
depending on the mobility of the respective species. If a habitat possesses only parts of the required
aspects, it can also serve as a partial habitat if the mobility of a species is sufficient. Thus, in addition
to size, the linkage among areas also determines the availability of resources, and subsequently
survival (Melbourne and Hastings 2008).

Changes in agricultural land use have caused, among other aspects, the isolation of habitats, the
destruction of their networks, and the general decrease in habitat size, which in combination reduces
the overall availability of resources in an area (Storch et al. 2005; Beck et al. 2017). Furthermore,
landscape restructuring exerts strong pressure on species behaviour within an area. Selection
between sedentariness or increased dispersal takes place to compensate for the increased amount of
matrix in a landscape. However, the (observed) dispersal potential of a species may vary depending
on the size of the study area or its topography (Schneider 2003; Plazio et al. 2020a). Similarly, the size
of the study area (Brown and Crone 2016) or its richness in resources (here nectar availability) (Timus
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et al. 2017; Evans et al. 2020) affects the behaviour of a species in general and its movement
patterns in particular. Therefore, the ecological characteristics of a species must be considered in the
context of the survey conditions.

Likewise, high mobility is of great importance for numerous species to keep up with climate change
and the associated shifts of range boundaries. However, even mobile taxa such as birds or butterflies
cannot fully compensate for these effects, resulting in extinction debts. For example, an alpine
species may follow the shift of the snowline and yet be subject to an increased risk of extinction. The
earlier onset of snowmelt can result in asynchronous development of flora and fauna that depend on
it, disrupting biotic interactions and removing resources, thereby increasing extinction risk (Parmesan
2006). This pressure can be met, especially by generalists, partly through a shift in their requirements
(i.e. resource evasion) (Parmesan 2006).

Among insects threatened by climate change, alpine butterflies, in particular, are under great
pressure due to their dependence on snow cover for the survival of their larvae (Parmesan 2006;
Stuhldreher et al. 2014; Konvicka et al. 2016). In addition, the majority of alpine butterflies are not
able to avoid stressors through migration in the often heterogeneous high mountain landscapes
because of their mostly sedentary behaviour (Junker et al. 2010; Ehl et al. 2018). This further
increases the risk of biodiversity loss within the alpine insect fauna. This sensitive response of
butterflies to environmental conditions and their changes as well as their high reproductive rates
make them excellent indicators of habitat quality and resource availability (Maes and van Dyck 2005;
Dover and Settele 2009; Viljur and Teder 2018). Therefore, the current status of local alpine butterfly
populations needs to be surveyed to gain an understanding of the local ecological niche and
ecological potential, and to assess the influence of various stressors. Based on these surveys,
potential conservation measures can then be developed.

We have chosen the alpine butterfly species Erebia pronoe as a characteristic representative of
alpine rupiculous grasslands (Huemer 2007). E. pronoe is widespread in the high mountain systems of
Europe and tends to form relatively large, stable populations (Tshikolovets 2011). In a recent study
performed in highly suitable habitats in high altitudes of the Eastern Alps, E. pronoe was found to be
a low-mobility species with opportunistic use of resources to establish home ranges (Wendt et al.
2021). However, phylogeographic analyses revealed a strong differentiation within this species
among and even within high mountain systems (Wendt et al. 2022). Therefore, it is unknown
whether different phylogeographic lineages are ecologically similar. Furthermore, it is unknown
whether populations in less suitable habitats and at lower altitudes behave similarly to the high-
altitude populations analysed by Wendt et al. (Wendt et al. 2021) in highly suitable habitat of the
Eastern Alps. In the here presented population ecology study, we therefore investigated the
population structure of a population in the French Pyrenees by applying mark-release-recapture
(MRR). This population belongs to a phylogeographic lineage strongly differentiated from the Eastern
Alps (Wendt et al. 2022). Furthermore, the Pyrenean study area had three times the size of the study
area assessed by Wendt et al. (Wendt et al. 2021) in the Eastern Alps; other than in the former with
only moderate perturbation by pasturing, our site in the Pyrenees was strongly impacted by a larger
number of apiaries and intensive high-altitude pasture by cows. Furthermore, this site was at the
lower edge of the altitudinal distribution of the species and not at the upper as in the Eastern Alpine
one. Studying the behaviour and mobility of both sexes and the influence of weather on these, we
address the following questions:

What is the population structure and behaviour of an E. pronoe population at the lower altitudinal
edge in the French Pyrenees?

Can behavioural differences (e.g. movement patterns, dispersal ranges, resource use) be detected
compared to the Eastern Alps?
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What is the influence of pastoral use and transhumance of honey bees on population structure and
size?

Material & Methods
Study species

Erebia pronoe (Esper, 1780) is a representative of the western Palaearctic Nymphalidae. The species
thrives on wet meadows, calcareous grasslands, and screes from the upper montane to the alpine
zone (Huemer 2007). E. pronoe is widespread and often common throughout the Alps. It is locally
found in the Swiss and French Jura as well as in the Pyrenees where high densities can be reached. In
the Carpathians including the High Tatras and the mountains of the Balkan Peninsula, populations of
E. pronoe are relatively rare and small (Tolman and Lewington 2012). The species flies in one
generation from the end of July to mid-September and hibernates as L1 larva. The larvae prefer
Festuca species such as F. ovina, F. rubra, and F. quadriflora, and to a lesser degree Anthoxanthum
odoratum; breeding was successful on Poa annua (Sonderegger 2005).

Study area

The study area is located in the French Pyrenees in the core of the distribution area of the subspecies
Erebia pronoe glottis near the "Parc national des Pyrénées" and close to the Station de Ski Cauterets-
Le Lys (42°52' N; 0°08' W), in the arrondissement Argelés-Gazost, Department Hautes-Pyrénées. The
investigated steep slope covers two study areas of 5.45 ha and 5.77 ha, respectively, and extends
1400-1650 m asl. The study areas are interspersed with gravel areas and represent a characteristic
habitat of E. pronoe. Other suitable habitats exist within a distance of 200 m. To the east, our study
areas border the protected area “Parc national des Pyrénées”, where no capturing of butterflies was
performed. The area in the west was too steep for performing MRR, the adjoining areas to the north
and south were too heavily grazed for the occurrence of E. pronoe. The surrounding area was grazed
by ca. 50 cows. Occasionally, a herd of horses (ca. 20) and a flock of sheep (>300) grazed in the
adjacent areas. Five apiaries with 36—-59 colonies each were located at a distance of 50-1,500 m from
our MRR sites (Fig. 1).
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Figure 1 Sampling area in pink. Black circles mark the location of apiaries with the number of colonies given. The
black square is the location of the cow shelter.

Mark-release-recapture (MRR)

We conducted a mark-release-recapture study as basis for our analyses of population structure and
species-specific mobility patterns. Furthermore, behaviour and specific resource use were surveyed
to identify specific adaptations to alpine habitats. The study was carried out from 20 July to 30
August 2019, covering most of the flight season of E. pronoe. The butterflies were caught with a
butterfly net (diameter: 40 cm) from 9 am to 6 pm under suitable weather conditions (see (Hickel et
al. 2016)); to avoid day-time effects, the sampling in the area was randomised and always started at
different parts of the study areas. Each individual was marked on the underside of the hind wings
with a fine, waterproof pen (StabiloOHPen universal S) and provided with an individual code
consisting of letters for the day and a consecutive number. In addition, we recorded: GPS coordinates
using the App Tourcount and a Samsung S4 mini, sex, wing condition (scale 1 = wing seam completely
preserved; up to 4 = wing heavily damaged (Zimmermann et al. 2005)), behaviour when being
captured and current weather conditions. The same data were collected for each recapture,
excluding recaptures during the same day, to avoid behavioural effects of the capture and
theoretically allow complete mixing of the population (Gall 1984). We assessed the age structure of
the population based on wing conditions.

The aging per time unit was calculated sex-specifically by correlating the time intervals between
capture and first recapture and the deterioration rate of wing condition. Only days with at least five
individuals per sex were considered and their mean values were used for a Spearman rank
correlation analyses. Potential sex-specific differences in behaviour and preferences of nectar plants
were assessed by X2 homogeneity tests. The influence of wind and cloud cover on the behaviour was
analysed with X*-tests.

Population demography

Based on the mark-release-recapture dataset, we conducted population modelling to assess
population size as a potential indicator of habitat quality and to examine population structure for
potential adaptations. The first five days of capture were not used for modeling as the low number of
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captures interfered with the modeling process. The program Mark 8.2 and its module Popan (Cooch
and White 2019), based on the Jolly-Seber method, were used to calculate the daily, sex-specific
population size. Three parameters were calculated: ¢ (phi), the probability of survival; p, the
probability of capture; and pent, the proportional recruitment. These parameters can be constant (.),
sex-specific (g), time-factorial (t), linear (T) or quadratic (T?) and can have additive (g +t; g+ T, ...) or
interactive relationships (g x t; g x T; ...) (White and Burnham 1999). Furthermore, the sampling effort
(i.e. the time spent in the field) was considered as covariant for the probability of capture. A
saturated model consisting of these parameters was verified by a goodness-of-fit test with the
program RELEASE. Based on this, various parameter combinations were calculated and the best-
supported model was determined using the corrected Akaike Information Criterion (AIC¢) (Sugiura
2007) and the lowest number of parameters (Burnham and Anderson 2002).

Mobility parameters

We analysed movement patterns in the habitat to infer the migration potential as well as resource
use and availability. The collected GPS data of captures and recaptures were used to reconstruct the
movement patterns. These were imported into QGIS 3.8.3 (QGIS Development Team 2018) and the
direct geographic distance between capture and first recapture was determined for each individual
by creating a linear distance matrix layer with the vector analyses tool in the WGS 84 (EPSG4326)
Coordinate Reference System. For assessing the minimum total distance moved, we summed up the
distances between all points of capture.

We performed a Shapiro-Wilk test to check for normal distribution by using the program R version
3.6.1 (R core Team 2017). Since there was no normal distribution of the data (males p: 1.376 x 107",
females p: 0.023), we used the Mann-Whitney U test to determine differences in distances travelled
by males and females and the two-sided Spearman’s rank correlation to analyse the influence of days
since capturing on the distances moved. In addition, an ANOVA was carried out using R to investigate
whether the distances travelled differed between sexes over time. The travelled distances were
divided into distance classes (20 m, 30 m, and 50 m intervals) separately for each sex. The inverse
cumulative percentage of these classes was determined, which corresponds to the probability
density function, i.e. the dispersal kernel. To check for any potential artefacts caused by the chosen
interval sizes, we analysed and compared three different interval size classes.

Based on these classes, the probabilities of dispersal flights were investigated through distance
extrapolation. Two frequently applied regression analyses were used, the negative exponential
function (NEF) and the inverse power function (IPF). The NEF tends to underestimate rare long-
distance movements, whereas the IPF may encounter problems with “zero” movements (Kuras et al.
2003). The data were linearly transformed with a semi-In plot for the NEF analyses or with a double-
In plot for the IPF analyses. In both equations, “P” stands for the proportional probability that an
individual will travel at least as far as the distance D, and “a” for the intercept of the regression. NEF
operates with the dispersal constant K as slope, whereas IPF uses the variable n as slope, which
represents the effect of distance on dispersal (Ehl et al. 2018).

Puer=ae™® or In P=1In a- kD
P,oe=aD" or In P=a- n (In D)

We selected the best model and the most suitable interval size, based on calculated stability indices
R® of the calculated curves, which corresponds to the proportion of explained variance of the
dependent variable by the independent variable. This allowed extrapolations of the population’s
proportion that should travel distances exceeding the extent of the study area. The calculations were
performed separately for males and females.
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Results

During 20 field days (20 July—30 August 2019), we marked 323 E. pronoe individuals (261 males; 62
females); 120 of these were recaptured (106 males; 14 females). This translates into a recapture rate
of 37.2 % (males: 40.6 %; females: 22.6 %) and a sex ratio of more than four males per female. We
achieved up to six recaptures for males; two females were recaptured twice.

Demography

The best-supported model with the lowest AIC. value and the lowest number of parameters yielded
an additive effect of sex and linear time on the survival probability phi, an interactive effect of sex
and factorial time on the capture probability p, a linear effect of time on the proportional
recruitment pent and an interactive effect of sex and factorial time on the number of individuals
(Tab. 1). This model estimated a population size of 535 males (+ 61 SE), i.e. 48/ha, and 260 females (*
90 SE), i.e. 23/ha. The estimated sex ratio was 2.1 males per female. The modeled population
structure showed no signs of protandry (see Supplementary S1).

Table 1 Comparison of the best models of Popan 5.0 analyses for the estimates of the daily population size of
Erebia pronoe: Akaike Information Criterion (AIC.) and number of parameters used, basic vari-ables: Probability
of survival (Phi), probability of recapture (p), proportional recruitment (pent), the total number of individuals
(N), dependent variables: sex (g); factorial (t), linear (T) and quadratic (T2) dependence of time; time invested in
sampling per day (hours).

Model- Nr. Model AIC. Parameters
1 {Phi(g+T) p(g*t) pent(T) N(g*t)} 2166.3061 37
2 {Phi(g+T) p(t) pent(g+T) N(g*t)} 2169.0766 37
3 {Phi(g+T ) p(g*t) pent(g+T) N(g*t)} 2171.3447 38

We calculated changes in the average wing condition to assess the age structure of the population
(See Supplementary S 2). Males in general had a constant deterioration of their average wing
condition (y = —0.0474x — 2067.6; R? = 0.864). Due to low numbers of captures, reliable data for
females are only available for the second half of August. During this time, deterioration of females’
wing conditions was much slower than in males (y = 0.0072x — 313.93; R? = 0.022). The degree of
wing deterioration was significantly correlated with the time elapsed until the first recapture in
males (Spearman rank correlation analysis: rho = 0.74, p = 0.002) but not in females (rho = 0.48; p <
0.11).

Mobility and movement patterns

Mobility in the studied E. pronoe population was low. Thus, the average dispersal distance from
capture to first recapture in males was 101 m (+ 73 SE; n = 175). Females moved significantly less (68
m + 80 SE; n = 16), (Mann-Whitney U test: W = 1950, p = 0.009). Both sexes moved distances less
than 150 m in the majority of cases, but the percentage of males exceeding this distance (17.6 %)
was considerably higher than for females (6.3 %) (Fig. 2). The longest and shortest distances detected
were 430 m and 2 m for males, and 340 m and 8 m for females.
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Figure 2 Dispersal of Erebia pronoe differentiated by sex. The percentage of individuals observed dispersing in
one of the given 50 m distance classes is given.

Table 2 Stability index (Rz) of the inverse power function (IPF) and the negative exponential function (NEF) based
on calculations with 20, 30, and 50 m intervals of the covered distances of Erebia pronoe.

20 m intervals 30 mintervals 50 m intervals
IPF NEF IPF NEF IPF NEF
males 0.85 0.98 0.87 0.98 0.90 0.98
females 0.88 0.91 0.89 0.88 0.95 0.99

We applied the NEF and IPF functions for extrapolating the potential for long-distance dispersal. The
highest stability indices (R?) for both functions to the inverse cumulative proportion values (based on
distance classes) were obtained for 50 m intervals (Tab. 2). For both sexes, the fit of NEF was better
than of IPF. Following NEF, dispersal of 1 km or more would be largely impossible (males: 7.07 x10~
%; females: 3.66 x 10® %). However, also the estimated values for the IPF were low (males: 0.25 %,;
females: 0.40 %) and the estimated proportions dispersing distances of more than 2, 3 or even 5 km
were still much lower than that (Tab. 3). A Spearman rank correlation revealed a positive correlation
between dispersal distance and the elapsed time between capture and first recaptures for females
(rho=0.570, p = 0.033) but not for males (rho=-0.040, p = 0.68) (Fig. 3).

Table 3 Percentage of Erebia pronoe individuals that were expected to disperse more than 1, 2, 3, or 5 km;
calculated with inverse power function (IPF) and negative exponential function (NEF) based on 50 m intervals.

Distance IPF males IPF females NEF males NEF females
1km 0.25 0.40 7.07x10” 3.66x10°
2 km 0.05 0.11 232x10°° 5.46 x 10
3km 0.02 0.05 7.6x10" 8.15x 107
5km 0.01 0.02 8.17x 107" 1.82x10°
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Behavioural differences between sexes

Both sexes were observed with almost equal frequency in resource uptake (feeding and drinking)
(Tab. 4). Flight activity was most frequently observed in males, whereas females were primarily
encountered resting. Overall, both sexes differed highly significantly in their behaviour (x2 = 129.6, df
=4, p <0.001). The behaviour of males became more passive (p = 0.021) with increasing cloud cover,
although this effect was only detectable for cloudiness of 60 % or more; no significant effect was
observed for females (p = 0.267). There was no significant effect of wind intensity on the behaviour
of both sexes (p > 0.1).

Table 4 Percentage of individuals of E. pronoe in four different behavioral categories, divided by sex.

Flying Resting Feeding  Drinking Egg deposition
males 75.4 13.3 53 5.8 0
females 20.5 59.0 12.8 0) 7.7

Use of nectar plants

Members of the family Asteraceae were used as nectar sources in 40.6 % of the cases. Most
frequently visited were Carlina acaulis (25.0 %), Carduus defloratus (9.4 %), Leontodon hispidus (3.1
%), and Cirsium eriophorum (3.1%). In addition to Asteraeceae, the families Apiaceae with Eryngium
bourgatii (34.4 %) and Caprifoliaceae with Scabiosa columbaria (18.8 %) were used. Sex-specific
preferences were not observed (x> = 4.354, df = 7, p = 0.74).

Discussion
Population density

With an estimated population size of about 800 individuals and a population density of about 70
individuals per hectare, the here studied population in the central Pyrenees is only about 20 % of the
size and less than 10 % of the density of the eastern Alps population studied by Wendt et al. (Wendt
et al. 2021). The low number of captures early in the flight period made it difficult to model the
actual population structure. The lack of a plateau phase in the population structure suggests a
delayed and unfinished flight period. Therefore, the actual population size is likely to exceed that
modeled. Nevertheless, the observed population size and density are well below those of
comparable studies. Comparing our results against other MRR studies in Erebia (i.e. E. nivalis >1.200
individuals per hectare in the eastern Alps (Ehl et al. 2018), E. epiphron >400 / ha, and E. sudetica
>1200 / ha in northern Bohemia (Kuras et al. 2003) reveals a low population size and density of the
here studied E. pronoe population. Other common alpine and arctic-alpine butterfly species also had
mostly higher densities in suitable habitats, such as Boloria pales , Boloria napaea (Ehl et al. 2017),
etc. However, in a comparative study of B. pales on grazed and ungrazed habitats in the south-
eastern Carpathians, the density on the grazed sites of hence low habitat quality was about 55
individuals per hectare and thus comparable with the density obtained in our study, but was about
250 at the flower-rich and thus highly suitable ungrazed sites (Ehl et al. 2019). Consequently, the low
density of E. pronoe in our Pyrenean population, compared within the species, among Erebia species,
and alpine butterflies in general, most likely is the result of prevailing unsuitable conditions (see
below).

If comparing high mountain butterflies with lowland species, low altitude butterflies also show a
similar range of different densities than high altitude butterflies do (Junker and Schmitt 2010;
Pennekamp et al. 2014). However, in suitable habitats, generalist lowland species normally have
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considerably higher densities (Habel et al. 2010) than our E. pronoe population in the Pyrenees, and
only specialist species have such low densities (Konvic¢ka et al. 2005). This further underlines the
generally bad state of the here studied population of a little specialised species.
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Figure 3 Correlation of migratory distance and passed time

Dispersal and behaviour

The studied population had a very sedentary behaviour and dispersal was also observed over rather
short distances. However, no significant difference was obtained if compared with the eastern Alpine
population (Wendt et al. 2021). This contradicts the widely accepted assumption that observed
dispersal distances are positively correlated with the size of the study area (Schneider 2003). Hence,
the tendency of males to establish home ranges, as already observed in the Alps and now also in the
Pyrenees (Fig. 4), may lead to a spatial restriction to a sector of the study area and thus result in a
limitation of the dispersal distances (KGrdsi et al. 2008). The lack of a correlation between dispersal
distance and elapsed time from the first capture to the first recapture underlines the sedentary
character of our male E. pronoe. The positive correlation in females might be explained by successive
movement away from the place of origin, and hereby improves egg-laying possibilities and the spatial
distribution of eggs in low-resource habitats (Evans et al. 2020; Plazio et al. 2020b) to increase
fecundity. In addition, avoidance of male harassment after successful mating may also lead to an
increase in female mobility as a function of time (Baguette et al. 1998). Furthermore, sex-specific
adaptation to low or high energy flight styles results in a selective effect of a topographically
structured habitat. Females avoid active, energy-consuming flight and prefer passive, low-energy
gliding flight (Plazio et al. 2020a), leaving more energy for reproduction. This energetic aspect could
be another explanation for the low flight activity and shorter range of females compared to males.
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Figure 4 Example of movement patterns of a male of Erebia pronoe recaptured six times.

Males were significantly more flight active than females, as commonly observed for patrolling species
(Slamova et al. 2011; Ehl et al. 2019). Overall, the studied Pyrenean population proved to be
significantly more flight active than the eastern Alpine one. In the Pyrenees, we observed a
behavioural shift for both sexes, with less time invested in feeding and more in flying, a trend also
obtained in other species on resource-poor sites (Ehl et al. 2019; Evans et al. 2020), but without the
frequently observed increase in average dispersal distance. In females, increased flight activity can be
detrimental because less time remains for nectar uptake being essential for egg production and
hence reproduction (Kérosi et al. 2008; Ehl et al. 2019). Energy uptake in general is crucial for income
breeders like butterflies, i.e. species in which egg maturation occurs during the adult stage and
depends on resource uptake (Boggs and Murphy 1997). This also might explain the low population
size in our Pyrenean population, as the number of eggs laid is among one of the most important
factors determining the population size of the next generation (Leslie Hayes 1981). The higher flight
activity of males on the one hand might be due to an increased effort in the search for nectar
sources, but on the other hand, an indirect effect of the increased female flight activity because the
activity of males changes with the appearance of females (Petit et al. 2001). Thus, the increased flight
activity of females might also increase the flight activity of males. Overall, the potential for the
establishment of strong metapopulation structures is considered relatively low, given the philopatry
and low dispersal distances of both sexes.

Environmental stress on alpine species

Alpine species are increasingly suffering from the loss of suitable high-quality habitats. This loss is
mainly driven by the change in the formerly extensive use of cultivated alpine landscapes (Huemer
and Tarmann 2001; van Swaay and Warren 2006; Zéchling 2012; Jerrentrup et al. 2016). Habitat
quality is a significant factor influencing behaviour (see (Ehl et al. 2019; Evans et al. 2020) and
population size (Beck et al. 2017) of butterflies. The high flight activity of both sexes of the here
analysed E. pronoe population in combination with its low population size indicates a population
suffering from environmental stress. This environmental stress is most likely caused by low habitat
quality, resulting from a more intensive agricultural use of our study area.
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Thistle flowers represented the most important nectar sources of our Pyrenean E. pronoe
population. This might be due to the low grazing pressure on thistles (Malo and Suarez 1995; Carpino
et al. 2003), allowing that, in contrast to most other not thorny flowering plants, many of them
continuously flowered in our study area characterised by high grazing intensity by cow and sheep
herds. Due to the known opportunistic nectar plants use of E. pronoe (Wendt et al. 2021), these
thorny herbs being mostly unpalatable to these ruminants were the most important sources of
energy for our Pyrenean population. However, even without high grazing pressure, thistles can be
the prevalent nectar resource supporting large and stable populations as in the Alps. Therefore, a
lack of resources caused by grazing cannot be the exclusive reason for the low population density, so
additional negative aspects of intensive grazing such as trampling damage and browsing of larval
plants have also to be considered (Huemer and Tarmann 2001; Jerrentrup et al. 2016).

The intensive use of our study area by beekeepers poses another threat for the appropriate nectar
supply and therefore causes a further reduction of habitat quality. Honey bees are superior nectar
foragers, which fly earlier, exploit resources selectively, and also take up nectar faster than
butterflies (Torné-Noguera et al. 2016; Klumpers 2017; Wignall et al. 2020), resulting in indirect
competition (Henry and Rodet 2018). Honey bees have a large range of action and exert enormous
competitive pressure on local insect faunas, especially near their colonies (Henry and Rodet 2018).
Each of the five recorded colonies was located at a distance of less than 2 km from our study site,
which is well within the average foraging distance of honey bees. Consequently, distances less than 2
km are considered high influence areas (Henry and Rodet 2018, 2020). As a result, minimum distance
thresholds were not kept and upper-density limits of apiaries were exceeded in our study area, a
situation for which massive impacts on the wild insect fauna have been documented (Henry and
Rodet 2020). Thus, the exploitative competition exerted by honey bees leads to increased effort in
nectar foraging, increased mobility, and lower population sizes of the native pollinator fauna (Henry
and Rodet 2018). Furthermore, the buzzing of honey bees triggers defensive behaviour to protect
against predators in caterpillars. This protective behaviour is leading to a massive decrease in the
feeding rate and thus also reduces the reproductive success of a population (Tautz and Rostas 2008).
Therefore, the high flight activity and low population size of E. pronoe in Cauterets might also be a
consequence of honey bee-induced or intensified resource scarcity.

Conservation implications

Late-flying pollinators compete seasonally for the decreasing amount of available nectar (Garbuzov
et al. 2020). In our study area, this scarce resource is further reduced by the high grazing pressure.
The remaining nectar plants are then exploited by a superior competitor, to the point that only a
comparatively small population of E. pronoe with low population density can survive in a supposedly
natural landscape and in proximity to the Pyrenees national park.

Such small populations are at risk of being trapped in a negative feedback loop, in which low
population density makes mate finding more difficult and thus favours emigration, which further
weakens the population. In the future, this effect could be enhanced by an asynchronous
development of both sexes. Alpine species rely on compact snow covers not only for overwintering
larvae and pupae (Matter et al. 2011; Scalercio et al. 2014) but also for terminating diapause
(Konvicka et al. 2016). Earlier onset of snowmelt could lead to asynchronous development of both
sexes, making mate finding more difficult and resulting in population decline.

The population studied here, weakened by various stressors, must be strengthened to warrant its
stability. The low dispersal capacity might impede the formation of a metapopulation structure,
making recolonization less likely in the event of a population collapse. Therefore, the population
must be supported by increasing habitat quality. This can be done by reducing grazing pressure,
which would increase resource diversity and reduce impacts such as browsing and trampling
damage. In addition, indirect exclusion of competition from beekeepers needs to be mitigated,
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especially in late summer, a phase with generally lower nectar availability. This should be
accomplished by maintaining minimum distances and density ceilings (Henry and Rodet 2020). These
measures would be beneficial for the here studied population of E. pronoe but also for many more
alpine plant and animal species living there.
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Pronounced mito-nuclear
discordance and various Wolbachia
infections in the water ringlet
Erebia pronoe have resulted

in a complex phylogeographic
structure

Martin Wendt'™, Dustin Kulanek2, Zoltan Varga?, Laszlo Rakosy* & Thomas Schmitt¥5®

Several morphological and mitochondrial lineages of the alpine ringlet butterfly species Erebia pronoe
have been described, indicating a complex phylogenetic structure. However, the existing data were
insufficient and allow neither a reconstruction of the biogeographic history, nor an assessment of the
genetic lineages. Therefore, we analysed mitochondrial (COI, NDI) and nuclear (EF1a, RPS5) gene
sequences and compared them with sequences from the sister species Erebia melas. Additionally, we
combined this information with morphometric data of the male genitalia and the infection patterns
with Wolbachia strains, based on a WSP analysis. We obtained a distinct phylogeographic structure
within the E. pronoe-melas complex with eight well-distinguishable geographic groups, but also a
remarkable mito-nuclear discordance. The mito-nuclear discordance in E. melas and E. pronoe glottis
can be explained by different ages of Wolbachia infections with different Wolbachia strains, associated
selective sweeps, and hybridisation inhibition. Additionally, we found indications for incipient
speciation of E. pronoe glottis in the Pyrenees and a pronounced range dynamic within and among
the other high mountain systems of Europe. Our results emphasize the importance of combined
approaches in reconstructing biogeographic patterns and evaluating phylogeographic splits.

Butterflies are among the best-studied groups of invertebrates in Europe, but they nevertheless have great poten-
tial for harbouring previously overlooked biodiversity in the form of cryptic species'”. However, unambiguous
identification of cryptic species is difficult, due to similarities in morphology, behaviour, ecological niches, or
individual genetic markers. Recent or rapid speciation events can promote cryptic diversity™, as can be seen
in the genus Erebia. This genus has a particularly high diversification rate and is one of the most species-rich
genera of European butterflies’. Numerous endemics, subspecies, diverse forms, and aberrations have been
described'*%”. The high intraspecific morphological variability combined with complex genetic structures has
caused difficulties in distinguishing valid species®, and many other taxonomic and biogeographic questions have
remained unanswered.

One of the unanswered questions relates to the status of the species Erebia pronoe (Esper, [1780]). Erebia
pronoe is a European alpine butterfly and a character species of alpine rupicolous grasslands. There are several
allopatric occurrences, due to the strong link to alpine habitats, among others in the Pyrenees, the Carpathians,
and the Balkan mountain systems. Widely distributed species with allopatric distributions tend to have complex
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Combined mitochondrial
CcoI NDI DNA EFlalpha | RPS5 Combined nuclear DNA
Nucleotid diversity Pi 0.01424 | 0.01332 | 0.01381 0.00333 0.00369 | 0.00346
Haplotyp diversity h 0.926 0.810 0.955 0.925 0.733 0.974
Segregation sites S 41 41 82 30 17 47
Average number of nucleotide | g 9757 | 740401 | 16.30658 318257 | 213649 | 53191
differences k

Table 1. Genetic diversity parameters of the mitochondrial and nuclear DNA markers of the separated and
combined sequences of Erebia pronoe.

phylogeographic structures, from which difficulties in species delimitation may arise>'’. Thus, various morpho-
logical lineages, subspecies, and hybrid forms have been described for E. pronoe (e.g.''-'*). Recently, three of
these described lineages have been confirmed by genetic markers'”. The mitochondrial gene segments analysed
in these previous studies displayed multiple entities and possible indications of overlooked cryptic species within
E. pronoe. Their results were based on haploid genetical markers, which are prone to influences like introgression,
sex-specific behavioural differences'®, and infection with parasitic bacteria such as Wolbachia'®'’. Furthermore,
important regions, such as the western Alps and the Balkan mountain systems, which probably served as dis-
persal corridors’, were not studied. A comprehensive understanding of the phylogeographic structure of this
species was therefore lacking. A dense network of sampling sites across the range of the species, comparisons
between biparental nuclear and maternally inherited mitochondrial genes, screening for Wolbachia infections,
and a comparison with closely related taxa, like the sister species Erebia melas'*'8, were needed to reconstruct
the phylogeographic history of E. pronoe.

To obtain detailed information on phylogeographic patterns in this species, we sampled a dense network
of sites across the entire range of E. pronoe: from the Pyrenees, through the entire Alpine region, and in the
Carpathians, and the western and eastern Balkan mountain systems. We sequenced two nuclear and two mito-
chondrial gene segments and intensively screened all detected genetic lineages for infection with Wolbachia to
address the problem of mito-nuclear discordance!*?. We performed a genetic comparison with the sister species
E. melas, together with other representatives of the genus Erebia as outgroups, to put the phylogeographic analysis
into a wider phylogenetic context. Additionally, we performed a morphometric analysis on the male genitalia to
check for differences correlated with the genetically identified lineages.

We asked the following research questions:

Which of the morphologically described subspecies represent distinct genetic lineages?

Do mitochondrial and nuclear markers show similar phylogeographic patterns and how can possible differ-
ences be explained?

3. Where is the geographic origin of the species E. pronoe and what events led to the present distribution pat-
tern with its phylogeographic structures?

N

Results

Genetic analyses. The combined sequences of COI and NDI (1181 bp) of the 124 specimens from the 27
populations had 46 haplotypes (genetic diversity parameters in Table 1). The most common haplotypes were
H30(39.2%), H17 (19.6%), H43 (19.6%), H22 (9.8%), H24 (9.8%), and H36 (9.8%). All other haplotypes had fre-
quencies below 8%. The largest maximum p-distance between E. pronoe haplotypes was 0.0356 (Port de Larrau,
F vs. Granchar, BG; Port de Larrau, F vs. Partnun, CH) with an overall average distance of 0.0179 (sd=0.0127).
The genetic distance between E. pronoe and its sister species E. melas ranged from p=0.0094 (Konigsstein, A;
Loser, A) to 0.0376 (Port de Larrau, F); mean 0.0201 (sd=0.0107). In both mtDNA markers, four non-silent
mutations with amino acid change occurred in each Pyrenean population. Two changes in amino acid polarity
occurred in each of the two mtDNA markers (see supplementary S1).

The haplotype network based on both mtDNA markers distinguishes three main groups: a Pyrenean group,
awestern Alps group, and a group including all other regions (see Fig. 1). The Pyrenean group, which coincides
with the occurrence of the subspecies E. pronoe glottis Fruhstorfer, [1920], has a mean genetical distance among
populations ranging from 0.0014 to 0.0034. There is no dominant haplotype in this group, but systems with
satellite haplotypes are emerging, especially around H12. The western Alps group, whose occurrence coincides
with the subspecies E. pronoe psathura Fruhstorfer, [1920], has a markedly low genetic diversity (0.0002-0.0014)
and possesses a dominant haplotype, i.e. H43. The third and by far most widespread group has a complex star-
shaped structure centred on the dominant haplotype H30, which occurs in the central, eastern and southern Alps.
Satellite haplotypes directly derived from it with only one mutation step have been found mainly in the central
and eastern Alps, but also the southern Alps (H29, H33), the High Tatras (H39), and the Romanian Carpathians
(H37). Two haplotypes with quite clear differentiation are also directly derived from H30, restricted to the Valais
(H17) and the central Italian Alps (H27).

The western Balkan Peninsula system (i.e. Dinaric Alps) with the central haplotype H22 is genetically more
distant from the eastern Alps (0.0034) than the system from the Slovenian Alps with the central haplotype: H24
(0.0021). The eastern Balkan Peninsula also has a similar system around H35, but is less differentiated from the
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Figure 1. (a) TCS haplotype network based on the concatenated mtDNA haplotypes (COL, NDI) of Erebia
pronoe. Mutational steps are shown by the number of hatch marks. The colour codes of each region and the
corresponding subspecies are given in the legend (N.A.=no subspecies name available for this region). The
reference haplotypes of E. melas are given in white. Detected Wolbachia infection strains are indicated by a
symbol next to each haplotype. (b) Distribution of the identified concatenated mtDNA haplotypes (COI, NDI)
among the populations of E. pronoe. The map was created with Qgis v.3.10.10 (Available online: http://qgis.
0sgeo.0rg).
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Figure 2. TCS haplotype network based on the concatenated phased nuclear DNA haplotypes (EF1a, RPS5) of
Erebia pronoe. Mutational steps are shown by the number of hatch marks. The colour codes of each region and
the corresponding subspecies are given in the legend (N.A.=no subspecies name available for this region). The
reference haplotypes of E. melas are given in white. The geographical location of the haplotypes is given in the
same colour scheme as in Fig. 1.

dominant H30 (0.0016). The haplotypes of E. melas have similar genetic distances to the second (westalps 0.0115)
and third groups (ostalps 0.0103) and are less differentiated from them than the Pyrenean group.

The 124 combined sequences of EFla and RPS5 (1536 bp) resulted in 68 genotypes (genetic diversity param-
eters in Table 1). The most frequent genotypes were G64 (21.8%), G45 (6.5%), G31 (4.8%), G23 (4.8%). All other
genotypes had a frequency of less than 3% (see supplementary S2 for the distribution). The maximum p-distance
between E. pronoe genotypes was 0.004 (Passo San Marco, I versus Pyrenees; Granchar Rila, BG; Gletsch, CH).
The average genetic distance was 0.0008 (sd=0.00056). The genetic distance between E. melas and E. pronoe
ranged from 0.0074 (Grindelwald, CH; Glockner Research Station, A; Alisnica, AL; Hochkénig, A) to 0.0094
(Passo San Marco, I); with an overall mean of 0.0077 (sd = 0.00035). There was no change of amino acids in the
nuclear markers of the studied populations.

The haplotype network of the phased nuclear dataset was composed of four groups, three of which had com-
plex structures (see Fig. 2). The Pyrenean group, the western Alps group, and the widespread group had internal
structures similar to the mtDNA network. However, the populations from the central Italian Alps represented a
separate fourth genetic group with high genetic diversity and were not part of the widespread group as they were
in the mtDNA network. However, nuclear DNA did not yield clearly separated subgroups within the widespread
group for the Slovenian Alps or the western and eastern Balkan mountain systems. The Romanian Carpathians
were more differentiated from the central haplotype of the widespread group based on the nuclear genes, and less
so based on mtDNA markers. The haplotype H29 of the western Alps group was rarely detected in the central,
eastern and Slovenian Alps. Overall, differentiation between groups was significantly lower in the nuclear genes
(compared to diversity and differentiation within groups) than in the mitochondrial genes. The western Alps
group clustered between the Pyrenean group and the widespread group and was closest to the Pyrenean group.
The separation between the sibling species E. pronoe and E. melas was significantly more prominent (12 vs. 18
mutational steps).

All examined specimens from the Pyrenean populations were infested with Wolbachia strain 2. This strain
was also found in all western Alps populations. All except one of the Valais specimens were without Wolbachia
infection. However, Wolbachia strain 3, which was exclusively found there, differed strongly from all other Wol-
bachia sequences (average p-distance 0.1766, see Table 2). Wolbachia strain 1 was detected in the central, eastern,
and central Italian Alps, and in the High Tatras. No Wolbachia infections were detected in the populations of the
Romanian Carpathians, Slovenian Alps, and Balkan Peninsula. The nominotypical E. melas population from the
south-western Carpathians (Baile Herculane, RO) was infected with Wolbachia strain 2.
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Table 2. Mean genetic distance of the three genetic strains of Wolbachia detected in Erebia pronoe based on
the WSP gene fragment.
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Figure 3. Bayesian phylogeny based on concatenated (a) mtDNA haplotypes (COI NDI) and (b) nuclear
haplotypes (EF1a, RPS5) of Erebia pronoe. Numbers next to the nodes: Bayesian posterior probabilities >0.7;
light blue node bars: 95% highest posterior density of node ages (age is explicitly given as number if bar includes
a cut in the timeline). The colour codes of each region and the corresponding subspecies are given in the legend
(N.A. =no subspecies name available for this region). The reference haplotypes of E. melas are given in white.
The geographical location of the haplotypes is given in the same colours as in Fig. 1.

Model testing revealed four partitions in the mtDNA dataset: HKY +I (Gen1:1, Gen2:3), K80 +1I (Genl:2), F81
(Genl:3), and HKY +1 (Gen2:1, Gen2:2). Because K80 +I and F81 are submodels of the HKY model and cannot
be selected separately, we used the HKY model instead. Model testing resulted in three partitions for the nuclear
dataset: JC (Genl:1, Genl:3, Gen2:2), K80 +I (Genl:2, Gen2:1), F81 (Gen2:3). The partitions suggested by the
model test did not result in a successful run with stable ESS values for the nuclear data set. Therefore, several
test runs were performed and the coalescent constant population size tree model with HKY substitution model
gave the best results (see “Material and methods”; supplementary S3). Both trees in the Beast analysis identified
the Pyrenees and western Alps as distinct groups (see Fig. 3). The Slovenian Alps, the western and the eastern
Balkan mountain systems groups are separated in the mtDNA tree but are included in the widespread group in
the nuclear tree. Conversely, the central Italian southern Alps are part of the widespread group in the mtDNA tree
but occupy a clearly separated position in the nuclear tree. We found the strongest discordance between the two
analyses and the nuclear and mitochondrial markers in the position of E. melas. In the mitochondrial markers,
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E. melas is nested within E. pronoe, whereas E. melas is the sister to E. pronoe in the nuclear tree. Analysis of
mismatch distributions of pairwise sequence differences revealed a bimodal distribution in the mitochondrial
DNA and a geometric distribution in the nuclear dataset (see supplementary S4, S5). RASP model test reported
the Dispersion-Extinction-Cladogenesis (DEC +]) as the best model for condensed trees based on AICc and LnL
criteria. RASP analyses with DEC +] setting failed to separate the region of origin for either data sets, displaying
every region as equally likely. In contrast, the Bayesian inference for discrete areas (BayArea) approach indicated
the eastern Alpine region (region "c") as the most likely area of origin for the nuclear markers and the Carpathian
region (region “e” for the mitochondrial markers (see supplementary S6-S9).

Genital morphology. The principal component analysis showed that the first two principal components
explained most of the variation (48.6% and 21.0%, see supplementary S10-S12). According to these compo-
nents, the valves of E. pronoe and E. melas were distinguishable from each other, whereas an intraspecific sepa-
ration within E. pronoe was not possible. K means clustering for k=3 (see supplementary S13) resulted in two
clusters with all E. pronoe lineages mixed and a third cluster with all E. melas specimens. Landmarks 8-10 had
the highest explanatory power of the 45 landmarks (see supplementary S14).

Discussion

Erebia pronoe exhibits highly structured and strongly differentiated mitochondrial lineages, which are consistent
with the distribution of previously described morphotaxa and analyses of Dinca et al.'” These genetic lineages
are also reflected to varying degrees in the nuclear markers. The observed mito-nuclear discordances can be
explained by different evolutionary rates of genetic markers, the effects of Wolbachia infections, and introgres-
sion. These aspects are discussed in more detail in the following sections on the phylogeographic history of this
species complex.

Mito-nuclear discordance and the systematic status of Erebia melas. Based on genital morphol-
ogy and nuclear markers, E. melas represents a distinct group to E. pronoe. The common area of origin of both
species was probably located in the eastern Alps, which is supported by a RASP analysis based on the nuclear
markers. However, E. melas acts as an ingroup of E. pronoe based on the mitochondrial markers, and a RASP
analysis indicates a common origin for both taxa in the Carpathian region. Since most Erebia species in Europe
have at least parts of their distribution in the Alps®! and are adapted to Alpine environments and habitats***, we
consider an eastern Alpine origin of the ancestor of E. pronoe and E. melas more likely. This hypothesis subsumes
the assumption that the genetic proximity on the mitochondrial level was probably caused by hybridisation and
introgression events, which could have occurred as a result of several eastward advances of E. pronoe to the Bal-
kan Peninsula (see below). This seems plausible, because the ability and tendency of E. pronoe to hybridise with
other Erebia species have been demonstrated repeatedly'>**%.

The existence of Wolbachia strain 2 in both species, and its distribution from the Pyrenees (in E. pronoe) to
the Balkan Peninsula (in E. melas) also speaks for a common origin of both species. Thus, Wolbachia strain 2
might represent the ancient strain present in the common ancestor of this species group, surviving today at the
geographic margins (i.e. Pyrenees, western Alps, Balkan Peninsula), but which at some time was replaced in the
centre of the butterfly’s range (i.e. the eastern and central Alps) by strain 1. The link between co-occurrence in a
common area and prevalence of one Wolbachia strain was also recently demonstrated in other Erebia species®
and might facilitate mitochondrial introgression®’.

Intraspecific differentiation and glacial refugia of Erebia pronoe. The Pyrenean region is inhabited
by one of the oldest and most differentiated intraspecific lineages of E. pronoe. The high genetic diversity in
the Pyrenees speaks for large effective population sizes throughout time, enabled by mostly altitudinal shifts
in response to climatic cycles, and a lack of major genetic bottlenecks. Compared to the Pyrenean group, the
genetic diversity of the western Alpine populations, also well differentiated from all other groups, is lower. This
lower diversity was probably the result of repeated cold stage retreat to a geographically more restricted refugium
at the foot of the south-western Alps, a well-known refugial area for numerous species®.

We cannot say conclusively whether the populations in the Pyrenean region or in the western Alps dif-
ferentiated first, due to the contradictory genetical markers. The higher evolutionary rate of the mitochondrial
markers, the allopatric distribution, and the hybridisation with diverse Erebia species may have led to a greater
differentiation of the Pyrenees and/or a loss of the genetic link between the western Alps and the Pyrenees. Since
alink between the western Alps and the Pyrenees is still well reflected in the nuclear data set and by the shared
Wolbachia strain 2, we consider the most likely scenario to be an early Pleistocene or even Pliocene expansion
from the western Alps to the Pyrenees, with subsequent isolation and differentiation. Thus, the Pyrenees-western
Alps populations might first have separated as one group from an eastern Alps group s.1., as suggested by nuclear
information, and not in two independent events, as suggested by mitochondrial genes.

Simultaneously to the split between western Alps and Pyrenees, a separation of the eastern Alpine group s.l.
into a southern Alpine subgroup and an eastern Alpine subgroup should have occurred. The southern Alpine
subgroup displays a high genetic diversity in their nuclear markers, but a significantly lower diversity in the
mtDNA. This might be explained by the existence of a cold-stage refugial area in the southern Alps or their mar-
gin, supporting the constant survival of large populations, but also a reshaping of the mtDNA patterns through
introgression from the eastern Alpine subgroup during secondary contact when both subgroups expanded into
formerly glaciated east-central Alpine areas. The isolated occurrence of Wolbachia strain 1 and mitochondrial
haplotypes H29 and H30 (shared with the eastern Alps subgroup) in the southern Alps further support the
hypothesis of gene flow from the eastern Alpine region into the southern Alpine populations and vice versa.

Scientific Reports |

(2022) 12:5175 | https://doi.org/10.1038/s41598-022-08885-8 nature portfolio

57



CHAPTER 5

www.nature.com/scientificreports/

The eastern Alpine subgroup probably survived glacial periods in a large, cohesive refugium at the eastern
edge of the Alps, as has been demonstrated for numerous other species®. This area is also seen as a potential
centre of origin of the entire taxon. From there, a recent (most likely postglacial) dispersal must have taken
place, which should be responsible at least partly for the star-like pattern of this group in both mitochondrial
and nuclear haplotype networks. However, further dispersal events out of the eastern Alps during previous inter-
glacials and maybe even going back to the Pliocene have to be postulated to explain the entire range dynamics
in E. pronoe.

Apparently, multiple advances out of the eastern Alps into the Balkan mountain systems have taken place
from several independent glacial refugia in the region, as indicated by the different mtDNA lineages in Slovenia,
western Balkan mountains, and eastern Balkan mountains. A separation between the eastern and western Bal-
kans, and hence also separate glacial refugia in both areas, was frequently observed for mountain taxa?®*'. This
pattern may have resulted from a succession of independent dispersal events from the eastern Alps throughout
the younger Pleistocene, with subsequent regional extinction events and/or independent dispersal events across
the Carpathians, as has been demonstrated for numerous other species®.

A similar pattern of two independent colonisation events also applies to the Carpathians. Thus, the highly
isolated populations in the south-eastern Carpathians must go back to an older expansion out of the eastern
Alps. This probably took place during one of the last interglacial phases. The route most likely followed the Car-
pathian arc, but only a few populations survived at their south-eastern edge. This underlines the phylogeographic
independence of this part of the Romanian Carpathians, which is also supported by studies on numerous other
mountain species®*~*2. On the other hand, the Tatra mountains, as the northernmost part of the Carpathians,
were colonised very recently, most likely postglacially, out of the eastern Alpine area. The strong and rather recent
link between these two areas is also supported by phylogeographic studies on many taxa®*->34,

Because of the slower evolutionary rate of nuclear DNA and the resulting incomplete lineage sorting, nuclear
markers can contribute little to the reconstruction of these presumably recent events. In line with that, the Valais
lineage also has little nuclear differentiation but is clearly distinguished from the western and eastern Alpine
lineages by the exclusive mtDNA haplotype H17 and Wolbachia strain 3. The presence of a single, highly dif-
ferentiated mtDNA haplotype and an exclusive Wolbachia strain indicates a selective sweep. This lineage most
likely represents a chronological relict of an interglacial expansion of the eastern Alpine subgroup to the western-
central Alps surviving since then in this area, finding glacial refugia in nearby unglaciated areas and becoming
infested by a Wolbachia strain not present in any other E. pronoe lineage, hence accelerating its differentiation.

Another selective sweep was probably the cause of the mito-nuclear unconformity in the southern Alps line-
age. The occurrence of the mtDNA haplotypes H29 and H30 and the Wolbachia strain 1 indicate mitochondrial
hybridisation between the eastern and southern Alpine lineages during an expansive interglacial phase. As a
result, Wolbachia infection probably occurred, which might have impoverished the mitochondrial diversity of
the southern Alps lineage.

Consequences for subspecific differentiation in Erebia pronoe. In general, the support given by
our data for the so-far described subspecies decreases from west to east. Erebia pronoe glottis Fruhstorfer, 1920,
distributed in the Pyrenees, represents the best-supported subspecies. Fixed mitochondrial amino acid changes
emphasize the distinctness of this taxon, which might be well advanced in the process of speciation; we cannot
even exclude the possibility that it has already reached full species rank. The genetic separation of the western
Alps from the Valais, geographically separated along the main Alpine ridge, justifies the recognition of the taxa
E. pronoe vergy (Ochsenheimer, 1807) and E. pronoe psathura Fruhstorfer, 1920, respectively, and is supported
by both marker sets as well as by the existence of two different Wolbachia strains. The eastern Alpine subgroup
resembles the nominotypical E. pronoe pronoe. The existence of at least one lineage in the southern Alpine area is
supported by both marker sets. A finer separation based on the mitochondrial markers is not possible, because
of recent introgression events affecting east Alpine haplotypes, as also indicated by the existence of Wolbachia
strain 1. This population group could be assigned to the taxon E. pronoe gardeina Schawerda, 1924, or to E. pro-
noe tarcenta Fruhstorfer, 1920, considering their ranges. Nevertheless, a final decision requires further regional
studies. Erebia pronoe fruhstorferi Warren, 1933 was accepted to be widely distributed in the Balkan mountain
systems. However, our data suggest independent lineages in the western and eastern Balkan mountain systems of
which only the eastern populations can be assigned to this taxon. The lineage of the Slovenian Alps is primarily
based on mitochondrial markers and morphological characteristics’. The existence of an independent lineage
for the highly isolated populations in the southern Carpathians, justifies the subspecies status of E. pronoe regalis
Hormuzachi, 1937. Both marker sets display a differentiation, which was more pronounced in the nuclear than
in the mitochondrial DNA.

Material and methods

Study species. The water ringlet butterfly Erebia pronoe (Esper 1780) is a typical species of gravel-inter-
spersed rough grasslands and also wet meadows of the high montane to alpine zone®. Erebia pronoe is wide-
spread from the Cordillera Cantabrica through the Pyrenees and into the Alps. However, the species occurs only
as scattered and isolated populations in the Carpathians and the Balkan mountain systems. Erebia pronoe is a
univoltine species with a flight period from late July to mid-September and overwinters as a L1 larva. The larvae
feed on Festuca ovina and F. quadriflora®.

Sampling design. 124 specimens representing 27 populations (1-8 specimens, mean: 4.6 specimens, see
Fig. 1b; supplementary S15) were collected from the Pyrenees to the Tatra Mountains and the Balkan Peninsula

Scientific Reports |

(2022) 12:5175 | https://doi.org/10.1038/s41598-022-08885-8 nature portfolio

58



CHAPTER 5

www.nature.com/scientificreports/

during the summers 2000-2014. Butterflies were captured with a hand net and frozen in liquid nitrogen in the
field. The specimens were stored in a freezer at — 80 °C until analysis.

Genetic analysis. DNA sequencing. Genomic DNA was extracted from one leg using the EZNA Tissue
DNA Kit (Omega Bio-Tek, Norcross, USA). The manufacturer’s protocol was followed.

Variation in two mitochondrial genes and two nuclear genes was examined for the entire dataset. We
sequenced the barcoding region encoding a fragment of cytochrome ¢ oxidase subunit I (COI, 658 bp) and
NADH dehydrogenase subunit I (NDI, 554 bp). COI was amplified with the primer pair LEP-F1 (5'-ATTCAA
CCAATCATAAAGATATTGG-3') and LEP-R1 (5'-TAAACTTCTGGATGTCCAAAAAATCA-3')* using the
following PCR protocol: 95 °C for 5 min, followed by 38 cycles at 95 °C for 30 s, 49 °C for 90s, 72 °C for 60 s, and
terminated with a final extension step at 68 °C for 30 min. NDI was amplified using the primer pair FAW-NDI
(5'-TTCAAACCGGTGTAAGCCAGG-3') and FAW-16S (5'-TAGAATTAGAAGATCAACCAGC-3')*" and the
following PCR protocol: 95 °C for 5 min, 33 cycles at 95 °C for 30 s, 56 °C for 90 s, 72 °C for 60 s, and terminated
at 68 °C for 30 min. Furthermore, the eukaryotic translation elongation factor 1 alpha (EF1a, 957 bp) and ribo-
somal protein S5 (RPS5, 610 bp) were sequenced. The nuclear markers isocitrate dehydrogenase (IDH, 709 bp),
Nedd2-like caspase (NC, 610 bp), glyceraldehyde-3-phosphate dehydrogenase (GAPDH, 663 bp), and wingless
(WG, 400 bp) did not provide sufficient variability among the Pyrenees, the western, southern, and eastern Alps.
Therefore, only a test series of each region was examined and no further analysis of these markers was performed.
For PCR protocols and primers, see’®*°.

The Wolbachia surface protein-coding gene (WSP, 549 bp) was amplified with the primer pair wsp81F (5'-
TGG TCC AAT AAG TGA TGAAGA AAC-3') and wsp 691R (5'-AAA AAT TAA ACG CTA CTC CA-3")%
using the following PCR protocol: 95 °C for 5 min, followed by 40 cycles at 95 °C for 30 s, 54 °C for 90's, 72 °C
for 60 s, and terminated with a final extension step at 68 °C for 30 min.

The PCR products were loaded onto a 1.4% agarose gel and stained with GelRed (Biotium, Fremton, USA)
to check for successful amplification. Primers and dNTPs were deactivated with a mixture of FastAP and exo-
nuclease I (Thermo Scientific, Dreieich, Germany). The amplified products were shipped to Macrogen Europe
(Amsterdam, The Netherlands). Both sense and antisense strands were sequenced.

Data analyses. Our mitochondrial and nuclear sequences were assembled using GENEIOUS v. 10.2.3 and
aligned using CLUSTALW implemented in BIOEDIT v. 7.2.6.1. The sequences of each marker set were concat-
enated and checked for stop codons using GENEIOUS. The GenBank accession numbers are given in the data
availability statement and in more detail with the corresponding haplotypes/genotypes in supplementary S16.
The nuclear dataset was phased in DNASP with default settings. Haplotype frequency, haplotype diversity (h),
number of segregating sites (S), nucleotide diversity per gene (pi), and average number of nucleotide differences
(k) were calculated using DNASP v. 6. The combined dataset was used to construct a TCS haplotype network
with default settings using POPART v. 1.7. A mismatch analysis was performed separately for both marker sets
in R using the packages ‘adegenet’ and ‘pegas.

A Bayesian tree was reconstructed based on the mitochondrial dataset and based on the nuclear dataset using
BEAST v. 2.5. Published data for Pararge aegeria and Erebia aethiops were used as outgroups. The partition and
substitution models were estimated using PARTITIONFINDER v. 2.1.1 based on the lowest Akaike Information
Criterion (AIC). For the mtDNA dataset, the HKY model with empirical base frequencies and a gamma distribu-
tion with a category number of 4 were selected. We performed several analyses testing every option offered by
Beast to select the best-fitting tree model. Based on the logarithmic likelihood and the explained sum of square
(ESS) values, the coalescent constant population model performed best and was therefore selected for the final
analysis. We used a relaxed clock log normal setting for the molecular clock and a clock rate of 0.0177*'.

For the nuclear dataset, using the settings proposed by Partitionfinder led to the early termination of the
analysis. We obtained stable analyses and parameter values with ESS above 200, by avoiding partitions and using
the HKY model with empirical base frequencies and a gamma distribution with a category number of 4. Based
on the logarithmic likelihood and the explained sum of square (ESS) values, the coalescent exponential popula-
tion model performed best and was therefore selected for the final analysis. We used a relaxed clock log normal
setting for the molecular clock and a clock rate of 0.00177%.

We performed the analyses with 40 million generations, collecting every 4000 iterations. After checking the
MCMC chain for convergence in TRACER v. 1.7.1, a burn-in of 10% was applied. Three individual runs were
performed and combined with LOGCOMBINER v. 1.8.4. TREEANNOTATOR v. 2.5 was used to generate a
summary tree with common ancestral probability. FIGTREE v. 1.4.4 was used for the visualization.

The same protocol was followed to obtain an input and consensus tree for both datasets for an ancestral occur-
rence reconstruction analysis using RASP v. 4.2. This analysis was performed for both marker sets of E. pronoe
and the outgroups of E. melas, E. aethiops, and P. aegeria. The individual sequences were assigned to occurrences
coded as consecutive letters (A: Pyrenees; B: western Alps; C: eastern Alps; D: Balkan mountain systems; E:
Carpathians). Based on the results of the BioGeoBears model test, an S-DEC analysis was performed with the
maxarea =5 setting, as well as a Bayesian Binary MCMC with 50,000 cycles and K81 instead of JC.

Preparation of genitalia. The genital capsule was removed with dissecting needles and macerated in a
10% potassium hydroxide solution for at least twelve hours. The genital apparatus was cleaned and the valvae
and aedeagus were separated from the tegumen. The specimens were then fixed in euparal or Canada balsam on
a microscope slide. Images were captured using a camera (Leica CFV450) mounted on a binocular microscope.
To combine images of different depths of focus, we used a focus stacking technique (Helicon Focus). A combi-
nation of 6 landmarks and 39 sliding semi-landmarks*? was used with the help of TPS software™*°. A general

Scientific Reports |

(2022) 12:5175 | https://doi.org/10.1038/s41598-022-08885-8 nature portfolio

59



CHAPTER 5

www.nature.com/scientificreports/

Procrustes analysis was performed to obtain relative warps. The calculation of K Means clustering, hierarchical
clustering based on Euclidian distance, and the generation of graphs were performed using R version 3.3.2%, the
implemented package R stats, and the R package networkD3 0.4".

Data availability

The datasets used and/or analysed during the current study are available from the corresponding author on
reasonable request. All data generated or analysed during this study are included in this published article [and
its supplementary information files]. GenBank accession number MZ190632-MZ190677 (E.p CO1); MZ345012-
MZ345057 (E.p ND1); MZ190563-MZ190631 (E.p RPS5); MZ190749-MZ190750 (E.m RPS5); MZ190678-
MZ190746 (E.p Eflalpha); MZ190747-MZ190748 (E.m Eflalpha), MZ358189-MZ358191 (WSP); MZ358183-
MZ358185 (E.m CO1); MZ358186-M 7358189 (E.m. ND1).
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CHAPTER 6
General Discussion

Europe and the Northern Hemisphere in general are subject to quasi-periodic glacial-interglacial
alternations, which have occurred with 100 kyr cycles since the mid-Pleistocene Transition (Clark et
al. 2006). Each separate glacial cycle, the amplitude of which increased in magnitude with the mid-
Pleistocene Transition, has had a profound impact on climatic and ecological conditions in Europe. As
climatic and ecological conditions change, the ranges of species change, which in turn significantly
influences their differentiation. According to their refugia and later centres of dispersal, the fauna of
Europe is roughly divided into Mediterranean, continental, and alpine / arcto-alpine species. During a
glacial period, Mediterranean species retreat from northern and central Europe and concentrate on
at least one of the Mediterranean peninsulas, though extra-Mediterranean refugia have also been
recorded for the Wiirm glacial period. Continental species retreat from northern and central Europe
similarly but maintain their distributional centres mostly in extra-Mediterranean glacial refugia.
Another distribution type with extra-Mediterranean glacial refugia are boreo-montane species,
which are linked to boreal coniferous forests and the mountain forest zone. Arcto-alpine species
spread during glacial periods over the cold steppes. With the end of a glacial period, they retreat to
their refugia in the northern tundra belt and/or in the high mountains of Europe (Schmitt 2009).

Collapsing distributional boundaries are often associated with local extinctions rather than migration
(Bennet et al. 1991), causing very dynamic regions such as northern Europe to exhibit genetic
impoverishment compared to more stable regions such as the Mediterranean peninsulas due to the
constant alternation of genetic bottlenecks and founder effects (Hewitt 2004). If persistence in
refugia is not possible during pessimal periods, an affected species becomes extinct. However, if
there is no renewed gene flow after the onset of differentiation between two or more sub-regions
that have become disjunct, the differentiation of the sub-regions will continue (Willis and Niklas
2004). Yet, the range dynamics associated with glacial cycles can also prevent the onset of
differentiation processes or overwrite differentiations that have already begun, resulting in
evolutionary stasis.

Although poikilothermic species are typically more affected by climatic changes than homeothermic
species (Richards 1973), the genus Erebia survived the Quaternary with its diverse glacial cycles as a
very species-rich genus. Unlike other genera, Erebia even increased in species richness during
climatically much more extreme phases of the Neogene (Pefa et al. 2015). The genus' high diversity
can be attributed to its climatic niche specialization, which includes very narrow climatic niches and
pronounced niche maintenance (Kleckova et al. 2023). In addition, general niche preservation and
niche overlap among sister taxa have supported allopatric speciation of the genus, allowing
differentiation to proceed even during glacial maxima. The differentiation processes induced by
glacial-interglacial cycles are found at the interspecific level and are detectable at the intraspecific
level of Erebia (e.g., (Vila et al. 2005; Albre et al. 2008).

The studied species Erebia aethiops and Erebia pronoe also show various differentiations, which
probably have their origin in the Mindel glacial, which exceeded the preceding Giinz glacial in its
intensity (Clark et al. 2006). Although the intensity of the glacial period determined the general
degree of glaciation and permafrost spreading in Europe, regions were affected differently
depending on latitude and altitude (Hewitt 2004). Accordingly, the distributional ranges of Erebia
aethiops and Erebia pronoe were also affected to different degrees due to their respective ecological
niches, which partly explains the differences in phylogenetic and biogeographic patterns of both
species.

The phylogenetic patterns of Erebia aethiops are comparably shallow despite its presumed origin at
the end of the Pliocene (Kleckova et al. 2023). Only the isolated Asian occurrences suggest greater
differentiation and longer-lasting isolation. This could not be investigated in more detail due to the
limited data set but is considered likely. The low differentiation along the main Alpine ridge indicates
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intense gene flow and thus lower population isolation. Erebia aethiops, with a distribution from the
colline to montane altitudes, is exposed to warmer climatic conditions than typical alpine species like
Erebia pronoe. Due to this adaptation to warmer habitats, flight activity is less constrained by lower
temperatures in the morning hours. Higher temperatures may be more likely to limit the flight
activity of males, which cool off in the shade of shrubs and trees when threatened with overheating
(Slamova et al. 2011). By exploiting a variety of microhabitats and sex-specific behavioural
adaptations, Erebia aethiops can maintain high flight activity throughout the flight season. In this
context, open forests not only provide the necessary microhabitat structures but also promote
butterfly orientation and dispersal along forest edges (Junker and Schmitt 2010). Thus, the ecological
niche of Erebia aethiops results in higher mobility and dispersal potential (Slamova et al. 2013), which
supports the formation of stable metapopulations and gene flow between occurrences (Baguette et
al. 2000). The better connectivity of occurrences supports evolutionary stasis and complicates
differentiation processes, resulting in less differentiated phylogenetic structures compared to Erebia
pronoe.

In contrast, Erebia pronoe, with its link to humid and stony alpine meadows, is constrained in gene
flow under both glacial and interglacial conditions. During glacial periods, the distribution was
disjunct due to the required proximity to high mountain systems, which mitigated drought stress
(Schmitt 2009; Schmitt and Varga 2012). With the transition to an interglacial or interstadial period, a
shift in altitude occurred, also leading to disjunct distributions in different high mountains. Disjunct
distributions and restricted gene flow can also occur within mountains, as shown by the
differentiations within the Pyrenees, the Western Alps, and the Balkans (Schmitt 2009).

The extreme climatic conditions of high mountains require thermoregulatory adaptations of Erebia
pronoe, which led to the formation of narrow climatic niches with a high degree of niche
conservation. Niche conservation in narrow climatic niches has caused dispersal or isolation during
glacial-interglacial cycles along high mountain altitudes, which may have contributed to the genus's
high diversity in European high mountains (Schmitt et al. 2016; Kleckova et al. 2023). Larger dispersal
efforts are not required to follow vertical shifts in altitude (Schmitt 2009) and are also subject to a
trade-off between mobility and fecundity (Tigreros and Davidowitz 2019). Further, a filtering effect
results from the topographic structures of the high mountains, directing the flight behaviour of
females toward more passive forms of flight. Thus, acting as a selection pressure against more active
flight and risky migration toward safe dispersal and reproduction (Plazio et al. 20203, b).

Selection toward philopatric behaviour and against greater dispersal performance explains the
observed low dispersal potential of Erebia pronoe, which is also found in other Erebia species (Polic
et al. 2014; Ehl et al. 2016). The dispersal behaviour of butterflies is considered plastic, allowing them
to respond to environmental stimuli like resource availability (Hovestadt and Nieminen 2009). This
includes the formation of home ranges, which are considered to represent a response to the
sufficient availability of resources on sub-plots. The formation of home ranges is accompanied by a
restriction of dispersal behaviour, which has been demonstrated for other mountain species (e.g.,
(Polic and Grill 2013; Ehl et al. 2018), and seems plausible for the population of Erebia pronoe in the
Hohe Tauern.

In contrast, there are influencing factors that are expected to increase the dispersal performance.
These include the size of the study area, population density, and lack of resources (Schneider 2003;
Timus et al. 2017; Evans et al. 2020). Accordingly, a significant increase in dispersal performance was
expected in the Pyrenean population of Erebia pronoe. It would be necessary to survey another
reference plot to determine whether the population was incapable of adjusting the dispersal
performance because it had reached its limits or whether a response did not occur because the
stimulus of the influencing factors was insufficient.

As mentioned earlier, larger dispersal efforts are not required of alpine butterflies to shift their
altitudinal range (Schmitt 2009). However, the formation of metapopulation networks may be
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impeded by high philopatry (Baguette et al. 2000). The formation of metapopulations enables a
species to survive in regions with sub-optimal habitats (Nouhuys 2009). In addition, metapopulations
also contribute to regional gene flow and biodiversity conservation (Vanden Broeck et al. 2017;
Junker et al. 2021). The extent to which Erebia pronoe is capable of forming metapopulation
networks remains questionable. Especially since the occurrence of phylogenetic structures within
individual high-altitude systems also suggests regional constraints on gene flow.

Despite some significant differences in the two species” phylogenies, Erebia aethiops showed the
most differentiation at its range limits. Species are usually exposed to less favourable weather
conditions at their range margins (Melbourne and Hastings 2008), which can result in greater
fluctuations in abundance (Thomas et al. 1994). According to the drift-barrier hypothesis, as
population size decreases, so does the selection pressure acting on populations. The decrease in
selection pressure results in a state of effective evolutionary neutrality, which promotes gene drift
(Lynch et al. 2016). The drift-barrier hypothesis thus provides an explanation for the stronger
differentiations at the range margins of both studied Erebia species.

Despite the weaker differentiation of mtDNA between populations of Erebia aethiops, the changes of
major alleles of allozymes and the presence of endemic alleles and major allele changes in rear-edge
populations like Spiazzi, Campolaro, and Trigrad also suggest local adaptations. The high infection
rate with Wolbachia in the Alps (Lucek et al. 2021) also suggests an influence of this endoparasite on
gene flow and mtDNA phylogenies. Infestations of different Wolbachia strains at the distributional
limits of Asian occurrences (llinsky and Kosterin 2017) may have contributed to the greater
differentiation of these regions, just as in Erebia pronoe.

In these isolated populations at the distribution boundaries of a species, lower selection pressure
and increased genetic drift may result in the accumulation of mutations in alleles. The asexual
inheritance and smaller effective population size of the haploid genome of mtDNA provide lower
selection pressure, which favours the accumulation of mutation (Lynch 1996). The mitochondrial
genome encodes only a fraction of the proteins necessary for its function, while the majority is
encoded in mitochondrially targeted genes (N-mtDNA) in the nucleus (Sloan et al. 2017). Processes
like cellular respiration, mitochondrial translation, the formation of the OXPHOS system, or the
formation of ribosomes rely on the interaction of mtDNA and N-mtDNA. The accumulation of
mutations in mtDNA can have a negative impact on the interaction of mtDNA and N-mtDNA,
resulting in incompatibilities (Sloan et al. 2017). These incompatibilities can arise within a population
or occur when populations come into contact with each other. If mito-nuclear incompatibilities occur
between populations, they can prevent hybridization upon secondary contact without the formation
of a “fitness valley” (see Bateson-Dobzhansky-Muller incompatibilities, (Orr 1996) and thus support
advancing speciation or differentiation. Because of nuclear alleles, the heterogametic sex carries an
increased risk of mito-nuclear incompatibilities (see Haldane's rule, (Toews and Brelsford 2012),
which can lead to asymmetric introgression.

If mito-nuclear incompatibilities occur within a population, males are particularly affected, since
mutations that are not deleterious to females can accumulate in the mtDNA without selection
against them (see "the mother's curse"; (Gemmell et al. 2004). If the potential of N-mtDNA to adapt
to the mtDNA change is exceeded, introgression to maintain mtDNA and N-mtDNA compatibility can
occur (Sloan et al. 2017). In general, this favours the introgression of mtDNA (Currat et al. 2008).
Introgression of mtDNA can also occur interspecifically and is aided in establishing distributional
boundaries by population abundance differences (see Hubbs effect, (Hubbs 1955).

The Pyrenees' strong differentiations and Erebia pronoe's pronounced mito-nuclear discordance are
most likely the results of a combination of the previously mentioned processes. In turn, the fixed
nature of amino acid changes in each individual studied in the region suggests positive selection and
local adaptation (Toews and Brelsford 2012; Abbott et al. 2013). The uniform amino acid pattern that
occur in all known species hybridizing with Erebia pronoe in the Pyrenees, as well as evidence of
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backcrossing that has occurred (Lalanne Cassou et al. 2018), suggest interspecific introgression as a
major cause of the strong differentiation of this region.

Reproductive isolation is considered a central feature of many species’ concepts, yet there is multiple
evidence for the successful mating of distantly related Erebia species. Butterflies in general have high
mating success, yet there is also some evidence of female reproductive failure (female mating failure,
or "FMF”, (Rhainds 2010, 2019). Diverse ecological traits such as flight activity, population density,
sex ratio, choosiness, and mating synchrony influence female mating success. While male mating
failure results only in individual reductions in reproduction, lifetime female mating failure also
potentially negatively affects overall population abundance. In order to avoid mating failure and
preserve the high energy and time investment in reproduction, diverse evolutionary adaptations
were developed to ensure female mating success (Rhainds 2010, 2019). Females may seek males or
locations attractive to males in the face of lower population densities and mate encounter
probabilities. Another phenomenon is the lowered selectivity in mate choice in the absence of
fertilization or low numbers of males (Rhainds 2010).

The lack or failure of reproductive isolation may be a result of mating failure avoidance. In Michel et
al. (2013), a protandry-induced overlap of Erebia epiphron females and Erebia pronoe males, caused
by protandry, has been implicated as a cause for the regular occurrence of the hybrid Erebia serotina.
As likely as this explanation for the occurrence of Erebia serotina is, it does not explain the cases of
interspecific hybridization of Erebia pronoe females with the earlier-flying Erebia meolans males.
Therefore, attention should be paid to the intraspecific sex ratio. Asymmetry of the intraspecific sex
ratio increases the risk of FMF, which leads to an adaptation in the female mating behaviour and a
subsequent increasing likelihood of interspecific hybridization.

As mentioned above, intraspecific asymmetry may be a natural consequence of portrandry. Another
reason for asymmetry in intraspecific sex ratio may be infection with Wolbachia. Especially during
the first infection, the sex ratio of a population can be massively disrupted by effects such as male
killing (Werren et al. 2008). Because of the high rate of Wolbachia infection in the Pyrenees and its
ability to infect across species, population structure-influencing events in the Pyrenees were or are
likely. With the low prospect of mating success, the probability of behavioural adaptation in Erebia
females is increased and may promote cross-species gene flow.

Given the widespread occurrence of Wolbachia and the frequency of protandry in butterflies,
asymmetries in sex ratio and subsequent promoted interspecific hybridization should be more
common. The high proportion of barcode sharing and fertile hybridization within the European
butterflies suggest this. An estimated 16 % of European butterflies engage in interspecific
hybridization, of which about half produce fertile offspring (Descimon and Mallet 2010).
Furthermore, 15 % of European butterfly species share genetic barcodes, which cannot be attributed
solely to methodological errors (Dinca et al. 2021). Instead, diverse cases of barcode sharing within
the genus Erebia, in combination with low genetic distances between the closest related species,
indicate further interspecific gene flow, supporting the hypothesis presented here.

These cases of barcode sharing and complex phylogenies cannot be resolved with the analysis of
mitochondrial markers alone. Only by a combination of different markers facilitates the construction
and interpretation of these phylogenies. At the same time, when interpreting the discovered
patterns, factors influencing gene flow, such as migratory potential, population structure, or
Wolbachia infections of a species, must be taken into consideration (see Toews and Brelsford 2012).
Only by combining different genetic markers and considering ecological aspects can a possible
assessment of phylogenetic structures be made. Nevertheless, phylogenetic categorization remains
difficult, especially for allopatric distributions such as the Pyrenean occurrences of Erebia pronoe and
the Asian occurrences of E. aethiops. Differentiation and speciation are ongoing processes that pass
through numerous stages and can therefore complicate categorizations (Descimon and Mallet 2010).
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Regardless of the category used, sub-areas in an allopatric distribution are significant centres of
differentiation that contribute significantly to biodiversity (Mutanen et al. 2012), as has also been
shown in the species presented here. However, the inferred interest for potential conservation
action must consider the specific conditions of the occurrence. Smaller occurrences are potentially
more vulnerable to intrinsic and extrinsic stressors (Melbourne and Hastings 2008) and could be
stabilized by lower levels of fragmentation and isolation. Here, the population strength of the regions
to be connected must also be considered, as gene flow occurs towards the smaller (Hubbs 1955) and
expanding populations (Currat et al. 2008). If hybridization and subsequent introgression occur after
secondary contact has occurred, previously not combined alleles might be combined, which carries
the risk of incompatibilities and hybrid breakdown (Orr 1996). Thus, bringing previously isolated
occurrences into contact may be associated with risks to occurrence stability and diversity, which
depend, among other things, on the duration of isolation or the degree of differentiation.

Another potential risk to be considered is the introduction of Wolbachia into an uninfected
population. In Erebia pronoe, secondary contact between the Eastern Alps and the Southern Alps
resulted in the introduction of Wolbachia and the loss of mitochondrial diversity in the Southern
Alps. A similar scenario would be likely for populations in the Valais and Balkan mountains. The
populations in both regions are uninfected or barely infected with Wolbachia and would thus be
susceptible to infection as a result of hybridization with the highly infected populations of the
eastern Alps. A subsequent selective sweep might then also lead to a loss of mitochondrial
differentiation in these regions. In contrast, the high infection rate with a competing Wolbachia
strain could protect populations in the Western Alps from a selective sweep and subsequent loss of
mtDNA differentiation. The extent to which a population can be protected from Wolbachia infection
in the long term is difficult to assess due to the horizontal transmission of Wolbachia demonstrated
for other Erebia species as well as differences in immune response depending on the Wolbachia
strain (Siozios et al. 2008; Zug and Hammerstein 2015; Lucek et al. 2021).

Similarly, little is known about the prevalence of Wolbachia in European occurrences of E. aethiops.
Apart from one Swiss region, previous studies have only been done for Asian populations (llinsky and
Kosterin 2017; Lucek et al. 2021). In E. aethiops, a potential loss of intraspecific diversity would be
expected in case of increased gene flow between the Eastern Alps and the Southern Alps or the
Balkan mountains occurrences. The Plockenpass population is grouped as a central and eastern Alps
population based on allozymes but clearly separates from the central and eastern Alps and groups
with the southern Alpine populations based on mtDNA. This suggests unilateral introgression and
might indicate the presence of different Wolbachia strains in E. aethiops populations in Europe.
Isolation in different glacial refugia supports infection with different Wolbachia strains, as
demonstrated for Erebia pronoe and other Erebia species (Lucek et al. 2021). Potential infection with
different Wolbachia strains would restrict gene flow between putatively contiguous occurrences and
contribute to the fragmentation of Erebia aethiops occurrences. Therefore, studies on range
fragmentation must take genetic aspects into account, too. This may require balancing the protection
of biodiversity and the protection of species.

Regardless of the focus of potential conservation measures, a primary focus must be on maintaining
or enhancing habitat quality (see Thomas et al. 2011; Kramer et al. 2012; Wagner 2020). Most Erebia
species require structurally rich habitats to utilize microclimate in microhabitats for
thermoregulation and reduction of climatic stress (see Stuhldreher et al. 2014; Kleckova and Klecka
2016; Konvicka et al. 2016). Species are often under climatic stress, especially at their distributional
boundaries (Hiyama et al. 2012). However, these regions are also important centres of diversity and
speciation (Kleckova et al. 2023), as in the case of Erebia aethiops and Erebia pronoe. These
speciation processes require an ecological opportunity and freely available resources, which require
high habitat quality (Yoder et al. 2010; Pefa et al. 2015). Accordingly, with the large-scale decline in
habitat quality in many landscapes in Europe, important speciation centres are being threatened, as
also shown by the example of Erebia pronoe in Cauterets.
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With the transition from summer to autumn, a natural scarcity of nectar resources occurs (Couvillon
et al. 2015; Garbuzov et al. 2020). The wide range of nectar plants used in the Hohe Tauern and
Cauterets allows Erebia pronoe to use the scarcer resources in a flexible and opportunistic manner.
Thus, a competitive situation with overlapping flight periods with other species such as Erebia nivalis
can be largely avoided, and a stable population with a high abundance, such as at the site in the
Hohe Tauern, can be established. Still, the low abundance at the Cauterets site indicates that
opportunistic use was not sufficient to facilitate a larger population. Several stressors interacted with
one another and increased the competitive pressure in the region. The high grazing pressure had
reduced the resource supply in the area. At the same time, a resource competitor that is superior in
many aspects was introduced in large numbers. The resource depletion caused by grazing has less
impact on the introduced honeybee, since Apis mellifera can respond to resource scarcity by
adjusting dispersal performance (Steffan-Dewenter and Kuhn 2003), which Erebia pronoe apparently
is unable to do. Honey bees are also superior to butterflies and other naturally occurring pollinators
in other aspects of nectar uptake (Torné-Noguera et al. 2016; Klumpers 2017; Wignall et al. 2020).
The resulting exploitative competition of honey bees correlates with their colony numbers and
proximity to natural pollinator networks (Henry and Rodet 2018). The Cauterets population was
subjected to competition in both density and distance that resulted in a decline in nectar uptake of
over 50 % among natural pollinators even under more favourable conditions (Henry and Rodet
2020). The resulting additional depletion of resources can lead to further degradation of habitat
quality and affect natural pollinator networks (Henry and Rodet 2018; Ropars et al. 2019, 2020;
Wignall et al. 2020), as in the case of the Erebia pronoe population at Cauterets.

The loss or decline of indicator species such as Erebia pronoe or Erebia aethiops is not only
problematic for intraspecific diversity but suggests broader problems for the resident community. As
was evident at the Cauterets site, the decline in abundance of Erebia pronoe indicates a fundamental
disturbance of the habitat due to overuse. With the loss of key species, co-extinction can occur in
disturbed communities, leading to further declines in biodiversity and ecosystem services. Therefore,
comprehensive monitoring is needed to determine the recent status of the study species and its
associated habitat, allowing us to examine the effects of cumulative stressors on habitat quality,
which may only become apparent upon closer examination. Since resources for conservation are
often limited, prioritization is necessary. Comprehensive phylogenetic and biogeographic studies are
needed to allow prioritization of lineages and regions of particular conservation value. These studies
must be based on a combination of different markers to compensate for the methodological
shortcomings of individual markers. The resulting complex systems may require balancing between
different aspects of biodiversity, as the examples presented here have shown.

Summary and outlook

In this work, the necessity of considering ecological aspects for the interpretation of phylogenetic
patterns was demonstrated. The use of single genetic marker systems has often proven to be
insufficient for the reconstruction of reliable phylogenies and could have led to misinterpretations of
phylogenetic and biogeographic structures, especially in the case of Erebia pronoe. Currently, the
application of next-generation sequencing techniques is often not possible for biogeographic and
phylogenetic studies due to time and cost constraints, which is why the combination of diverse
genetic markers still has its justification and can also serve as a basis for subsequent NGS analyses. In
this work, we demonstrated how the information of the different markers can be combined and how
possible contradictions between markers can be resolved. In particular, the importance of
incorporating information about Wolbachia infections and the need to identify the diverse
Wolbachia strains were highlighted. In addition, we considered the influence of Wolbachia on
abundance and population structure and how these aspects, together with other ecological factors
such as dispersal potential, may contribute to interspecific hybridization. On this basis, a hypothesis
for the frequent hybridization of Erebia pronoe with other Erebia species was developed.
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By comparing two realized ecological niches of Erebia pronoe in the field, a more accurate idea of the
potential niche was obtained. The identified population structure and resource use allow the species
to respond to biotic and abiotic stressors by providing flexibility and hedging against the potential
stochasticities of its habitat. Simultaneously, the limits of this flexibility at Cauterets site were
demonstrated by the cumulative stressors of anthropogenic use. The negative impact of exploitative
competition has been demonstrated for natural pollinators such as wild bees (e.g., (Henry and Rodet
2018; Ropars et al. 2020), but there have been few studies on the potential exploitation competition
between honey bees and butterflies. Existing studies have surveyed butterflies only incidentally,
resulting in a small amount of data with no statistical power (Osteen et al. 2018; Ropars et al. 2019;
Wignall et al. 2020). Furthermore, these studies were conducted at a time of high nectar supply,
allowing for spatial or temporal niche partitioning that may mask the competition effect (Balfour et
al. 2015). As agricultural systems continue to become more impoverished, there is an increasing shift
of apiaries to natural and semi-natural landscapes, which could further increase pressure on natural
pollinators. This subtle form of habitat degradation needs more attention to protect insect
biodiversity. To ensure better protection of natural pollinators, new limits for apiaries need to be
determined. The density and distance limits proposed by Henry and Rodet (2020) were established
with respect to wild bees under conditions of high resource availability. Future research needs to
identify thresholds for less potent pollinators and under less optimal resource availability to derive
recommendations for other habitats, seasons and pollinators.
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CHAPTER S2 Reconstruction of forest dynamics in the Western Palaearctic based on
phylogeographic analysis of the ringlet butterfly Erebia aethiops
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S1: Graphical output from Dispersal-Extinction-Cladogensis (DEC) analysis (exported from RASP). Graphical
results of ancestral distributions at each node of the aethiops group obtained by DEC analysis. Pie charts at
each node show probabilities of alternative ancestral ranges with the posterior probability for the node next to
it. a) Region codes; b) Color key to possible ancestral ranges at different nodes; black with an asterisk
represents other ancestral ranges; c) backbone nodes in detail. Tip labels have the area codes and the
accessions number or rather the haplotype number.

S2: Model test by RASP v. 4.2 with log of the Likelihood, number of parameters and corrected Akaike
Information Criterion.

Model LnL parameters AlCc
DEC -110.8 2 225.9
DEC+) -106.2 3 218.8
DIVALIKE -103.9 2 212
DIVALIKE+) -101.6 3 209.5
BAYAREALIKE -108.1 2 220.5
BAYAREALIKE+) -93.14 3 192.7
100
107
1-
1 . E-1 T T T T T T
0 1 2 3 4 5 6

Time
S3: Bayesian Skyline Plot of E. aethiops based on mtDNA data.
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S4: Allozyme diversity patterns of E. aethiops. The following values are given: mean number of alleles A,
percentage of the expected and observed heterozygosity He and Ho, percentage of all polymorphic loci Ptot
and of loci with the most common allele not exceeding 95 % P95. Values based on an insufficient number of
individuals are given in parenthesis and are excluded from the calculation of means.

Country | Location He Ho A Ptot P95 N
F Artout 10,1 10,4 (1,39) (33,3) (33,3) 8,0
F Col des Aravis 4,6 4,8 (1,28) (22,2) 16,7 | 14,0
CH-VS Ausserberg 6,0 5,4 1,44 38,9 16,7 42,0
CH-BE Grindelwald 6,8 5,3 (1,33) (22,2) 16,7 | 18,8
CH-UR Klausenpass 6,2 6,5 1,50 38,9 16,7 36,0
A-NT Fernpass 9,3 7,2 1,67 61,1 33,3 38,9
A-NT Holzleithner Sattel 6,4 5,6 1,83 72,2 33,3 39,5
I Pléckenpass 5,8 4,9 1,44 33,3 11,1 | 37,7
A-SB Sonnenstein 8,3 7,8 1,94 66,7 22,2 | 39,9
A-ST Loser 8,4 9,0 (1,40) (44,4) (44,4) 8,0
A-SB Seetal 5,3 5,3 1,44 27,8 11,1 | 36,9
SLO Medvodje 6,2 5,3 1,72 50,0 27,8 | 37,5
A-ST Kaisertal 7,7 6,6 1,61 55,6 33,3 39,3
A-ST Seebergsattel 8,1 7,1 1,83 61,1 27,8 37,6
I Spiazzi 4,8 4,6 1,56 33,3 22,2 | 26,0
| Campolaro 8,2 7,6 2,00 55,6 27,8 38,0
SK Tokariny 6,8 7,8 1,67 50,0 11,1 | 36,9
SK Pusté pole 11,2 9,7 2,06 66,7 38,9 | 36,0
Szelcepuszta 7,8 8,2 (1,39) 27,8 27,8 21,1
Haragistya 10,9 12 1,72 61,1 38,9 27,8
SK KojSovska hold 6,9 6,6 1,72 50,0 22,2 | 37,7
H Gyertydnkut 10,0 9,4 (1,39) (33,3) 27,8 | 14,9
RO Baile Herculane 7,0 7,1 (1,33) (22,2) (22,2) 7,9
RO Cheile Butii 10,5 10,0 1,89 61,1 33,3 | 37,9
RO Cheile Runcului 11,2 11,7 1,78 55,6 27,8 | 39,8
SLO Nanos 9,3 9,4 1,78 50,0 27,8 | 40,7
BG Trigrad 14,1 14,0 1,61 50,0 27,8 35,7
MEAN 8,1 7,8 1,62 46,1 26,0
SD 2,3 2,5 0,22 15,1 8,8
F C. oedippus 25,3 20,1 2,88 87,5 62,5 | 95,5




S5 Linkage pairs of alleles by populations of E. aethiops.

CHAPTER S2

Population/ | Medvodje Nanos Szelcepuszta | Sonnenstein | Kaisertal Grindelwald
Linkagepairs

1 GOT1-GOT2 6PGDH-IDH1 6PGDH-GOT2 | 6PGDH-PEP 6PGDH-GOT1 IDH2-PGM
2 GOT1-ME 6PDGH-IDH2 6PGDH-PGM

3 GOT1-PGI IDH1-IDH2 GOT2-PGM

4 GOT2-ME

5 GOT2-PGI

6 ME-PGI

S6: Mean genetic distance of the four main geo. groups of E. aethiops based on the allozyme data.

Central Alps Eastern Balkan Southern Alps Southern Carpathians
Eastern Balkan 0,079
10,012
Southern Alps 0,153 0,169
10,018 +0,008
Southern 0,059 0,046 0,121
Carpathians 10,018 10,004 10,008
Western Balkan 0,056 0,059 0,209 0,108
10,016 10,0 10,014 10,010
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S7: Neighbor Joining phenogram based on the genetic distance (Nei 1972) of 27 populations of E. aethiops.
Bootstrap values > 40 % are given at the branches. The box was magnified three times.
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S8: Structure K-values. Estimates of cluster number (K) from STRUCTURE analyses using allozyme
polymorphisms for (a) all species and populations analysed, calculated for K= 1-27. Ln(Pr) is the mean log-
likelihood probability calculated by the program STRUCTURE. SD is the standard deviation calculated from ten
independent runs. The ad hoc statistic AK is not applicable for K= 1 and the highest K value, and not proper for
K= 2 (Hausdorf and Hennig 2010).

K LN(PR) +SD AK
1 -6712.8500 0.0527 NA
2 -6079.6000 2.7673 180.412529
3 -5945.6000 23.6026 8.210523
4 -5617.8100 28.2878 8.214135
5 -5522.3800 4.3645 25.423579
6 -5537.9100 22.3992 0.609397
7 -5539.7900 12.1479 2.474496
8 -5511.6100 14.1166 0.570250
9 -5491.4800 28.7081 2.599966
10 -5545.9900 36.9710 1.188769
11 -5644.4500 36.9469 0.900481
12 -5709.6400 27.1023 1.718303
13 -5821.4000 124.6410 0.816264
14 -6034.9000 218.3150 0.886792
15 -6054.8000 202.7125 0.849134
16 -6246.8300 214.2018 0.991728
17 -6226.4300 192.6670 0.634255
18 -6328.2300 189.4610 0.236566
19 -6474.8500 261.2760 NA
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S9: Bayesian structure analysis of the E. aethiops populations using STRUCTURE software (Pritchard et al., 2000). The analysis was

performed for five given groups (K = 5).

A:Fernpass,B:Holzleitner Sattel, C:Sonnenstein, D:Loser, E:Kaisertal, F:Seebergsattel, G:Seetal, H:Grindelwald, I:Klausenpass,
J:Ausserberg, K:Col des Aravis, L:Artout, M:Ploeckenpass,N:Spiazzi, O:Campolaro, P:Medvodje, Q:Nanos, R: KojSovska hold, S: Pusté
pole, T: Gyertyankut, U: Haragistya, V: Szelcepuszta, W: Tokariny, X: Cheile Butii, Y: Cheile Runcului, Z: Baile Herculane, S:Trigrad
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S11: Map of population membership by Geneland based on the allozyme data of E. aethiops
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S$12: Pairwise Fsy values of the four main geo. groups of E. aethiops based on the allozyme data

Central Alps Eastern Balkan Central Italian Southern Carpathians
Alps
Eastern Balkan 0,284
+0,043
Southern Alps 0,567 0,498
+ 0,046 +0,013
Southern 0,276 0,164 0,467
Carpathians +0,080 +0,020 +0,034
Western Balkan 0,243 0,224 0,623 0,416
+0,053 +0,0 + 0,004 +0,017




S13: Private allele and changes of the main allele by populations of E. aethiops

Location

Switch in the main allele

Endemic alleles

Fernpass

HolzleithnerSattel

Sonnenstein

PGM-1

Loser

Kaisertal

Seebergsattel

IDH2-1

Seetal

Grindelwald

ME-1

Klausenpass

Ausserberg

PGM-3(4)

Col des Aravis

Artout

GOT-6

Plockenpass

Medvodje

Haragistya

Szelcepuszta

Gyertyankut

Tokariny

Pusté pole GOT-4, MDH1-1,
MDH1-3

Spiazzi PEP-3(2), PGM-3(4) G6PDH-1, GOT-5

CHAPTER S2
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Campolaro GOT2-1(3), PEP-3(2), PGM-3(4) FUM-1, GOT-2
Kojsovskahola PGM-3(4)

CheileButii PGM-3(4)

CheileRuncului IDH1-5(2), PGM-3(4) IDH1-3, MDH1-4
BaileHerculane PGM-3(4)

Nanos

Trigrad IDH1-5(2), PGI-3(5), PGM-3(4) IDH2-5

11



S14: Geographical sample location of all E. aethiops samples including geographic coordinates and altitude.

No.

10.

11.

12,

13.

14,

15.

16.

17.

18.

19.

20.

Location

Artout

Col des Aravis

Val-d‘illiez

Ausserberg

Grindelwald

Klausenpass

Fernpass

HolzleithnerSattel

Plockenpass

Sonnenstein

Loser

Seetal

Medvodje

Kaisertal

Seebergsattel

Spiazzi

Campolaro

Sija

Nanos

Szelcepuszta

Hight [m NN]

1250

1700

890

1200

1800

1800

1250

1100

1450

1200

1550

1300

1550

1050

1300

900

1550

500

800

500
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Coordinates

45°20'16'"N 03°01'25"E

45°51'54"N 06°27'22"E

46°07'03""N 07°01'19"E

46°19'10"N 07°51'33"E

46°38'43"N 08°01'44"E

46°52'21"N 08°52'18"E

47°21'53"N 10°50'01"E

47°18'24"N 10°53'13"E

46°36'10"'N 12°56'13"E

47°32'58"N 12°15'55"E

47°39'29"N 13°26'46"E

47°09'11"N 13°56'16"E

46°25'25"N 14°19'02"E

47°25'08"N 14°54'31"E

47°37'44"N 15°16'44"E

45°39'26"N 10°51'18"E

45°54'37"N 10°23'04"E

46°11'41"N 13°50'01"E

45°48'22"N 14°00'51"E

48°31'35"N 20°35'02"E
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21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Haragistya

KojSovskahola

Gyertyankuat

Pusté pole

Tokariny

Pascani

Covacipeter

Gheorgheni

CheileRuncului

CheileButii

BaileHerculane

Tresnjevik

Ropojantal

Valbona

Trigrad

550

1100

700

950

800

460

1360

980

600

950

350

1580

1400

1350

1350
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48°26'30"'N 20°32'18"E

48°46'35"N 20°59'11"E

48°26'30"'N 21°21'52"E

48°53'10"N 20°14'21"E

49°09'45"N 19°37'49"E

47°06'23"N 26°24'38"E

46°40'40"'N 25°43'13"E

46°34'45"N 25°33'46"E

46°30'48"'N 23°26'18"E

45°18'00"'N 22°58'29"E

44°51'57"'N 22°25'02"E

42°44'19"N 19°41'01"E

42°29'13"N 19°48'27"E

42°30'01"N 19°56'50"E

41°36'32"N 24°23'45"E
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S15: Bold and Genebank accession numbers of COIl sequences fragment (429bp) of E. aethiops with colour code, E. neriene,
E. niphonica und E. alcmena.

Species/Color

code of E.
Accession number aethiops Database Location
MK186285.1 red Genbank Graubunden Piz Beverin Switzerland
MK186282.1 orange Genbank Bern Neuveville Switzerland
MK186281.1 yellow Genbank Locarno Switzerland
KT782504.1 orange Genbank Riga Latvia
HQ563606.1 orange Genbank Bavaria Schmidmihlen Germany
HQO004360.1 light blue Genbank Suceava pas Pascanu Romania
HQO004359.1 light blue Genbank Suceava ValeaBistritei Romania
HQO004358.1 light blue Genbank Brasov Racos Romania
HQO004357.1 light blue Genbank Suceava Sunatori Romania
HQO004355.1 light blue Genbank Brasov cabana Babarunca Romania
HM391826.1 red Genbank Bavaria Wimbachschloss Germany
FJ663461.1 brown Genbank East Kazakhstan
KX040921.1 red Genbank Bavaria Oytal Germany
AB324832.1 brown Genbank Middle Urals Serga river Russia
AB324834.1 brown Genbank Alan Range Sayan Russia
AB324833.1 brown Genbank Caucasus Teberda Russia
KR138772 pink Genbank Achalkalaki Georgia
KR138741 pink Genbank Ersizlerdere Turkey
MN138605 red Genbank Bavaria Oberstdorf Germany
BIBSA1199-15 gold Bold Vipiteno Sant Antonio Italy
BIBSA125-15 gold Bold Liguria San Martino ltaly
BIBSA201-15 gold Bold Alpedella Gianna Italy
BIBSA934-15 gold Bold Rifugio Monte Mongioie Italy
EULEP2778-15 orange Bold Isle of Arran Scotland
EULEP593-15 red Bold Isere France
EULEP617-15 orange Bold Thiringen Altremda Germany
EULEP980-15 red Bold Ginzlingen Austria
EZHBA304-07 brown Bold Iskitim Russia
EZHBA306-07 brown Bold Iskitim Russia
GBLAB766-13 orange Bold Bavaria Fischerhauser Isarauen Germany
GWORR684-10 red Bold Bavaria Jachenau Germany
LEATC177-13 gold Bold Margreid Italy
LEPAA411-16 orange Bold Waldenburg Switzerland
LEPAA839-16 red Bold Uznach Switzerland
LOWAB239-09 pink Bold Ispir Turkey
0OXB258-15 orange Bold Kirkby Stephen Smardale Great Britain
0OXB259-15 orange Bold Kirkby Stephen Smardale Great Britain
0OXB260-15 orange Bold Kirkby Stephen Smardale Great Britain
OXB603-15 yellow Bold Madonna di Campiglio Italy
OXB724-15 gold Bold Col de Visentin Italy
PHLAI521-13 red Bold Greit Austria
WMB1643-13 red Bold Isere France
WMB1867-13 red Bold Col du Noyer France

14
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WMB3680-14 red Bold Piste Sky Laye France
WMB5027-14 gold Bold Monte Calvaria France
WMB837-13 gold Bold Mompantero Vecchio Italy
AB324849 E. niphonica | Genbank Sakhalin Reg. Russia

E. neriene Genbank Akaishi Mts. Japan
LC340527 niphonica
AB306501 E. niphonica Genbank Ishikawa Japan
AB306500 E. niphonica Genbank Nagano Japan
EZHBA341-07 E. neriene Bold Todzha interm Russia
AB324842 E. neriene Genbank Hangay Mts. Mongolia
AB324841 E. neriene Genbank Terelj Mongolia
AB324838 E. neriene Genbank Khabarovsk Russia
AB324837 E. neriene Genbank Khabarovsk Russia
KM111616 E. alcmena Genbank
AB324835 E. alcmena Genbank Shaanxi China
LC340541 E. alcmena Genbank Datong-Shan China
AB324836 E. alcmena Genbank Qinghai China
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S16: Geographic location of the 48 COI sequence samples from BOLD and Genbank of E. aethiops. The geographical location of the haplotypes is given in same color scheme as in The map was
created with Qgis v.3.10.107* (Available online: http://qgis.osgeo.org).
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S17: Nucleotide sequences and GenBank accession numbers of E. aethiops; E. pronoe and P. aegeria.

Nucleotide sequence
co1

GenBank accession
number

Nucleotide sequence
ND1

GenBank accession
number

Banklt2309627 H1 MT017932 Banklt2309627 H1 MT017966
Banklt2309627 H10 MT017933 Banklt2309627 H10 MT017967
Banklt2309627 H11 MT017934 Banklt2309627 H11 MT017968
Banklt2309627 H12 MT017935 Banklt2309627 H12 MT017969
Banklt2309627 H13 MT017936 Banklt2309627 H13 MT017970
Banklt2309627 H14 MT017937 Banklt2309627 H14 MT017971
Banklt2309627 H15 MT017938 Banklt2309627 H15 MT017972
Banklt2309627 H16 MT017939 Banklt2309627 H16 MT017973
Banklt2309627 H17 MT017940 Banklt2309627 H17 MT017974
Banklt2309627 H18 MT017941 Banklt2309627 H18 MT017975
Banklt2309627 H19 MT017942 Banklt2309627 H19 MT017976
Banklt2309627 H2 MT017943 Banklt2309627 H2 MTO017977
Banklt2309627 H20 MT017944 Banklt2309627 H20 MT017978
Banklt2309627 H21 MT017945 Banklt2309627 H21 MT017979
Banklt2309627 H22 MT017946 Banklt2309627 H22 MT017980
Banklt2309627 H23 MT017947 Banklt2309627 H23 MT017981
Banklt2309627 H24 MT017948 Banklt2309627 H24 MT017982
Banklt2309627 H25 MT017949 Banklt2309627 H25 MT017983
Banklt2309627 H26 MT017950 Banklt2309627 H26 MT017984
Banklt2309627 H27 MT017951 Banklt2309627 H27 MT017985
Banklt2309627 H28 MT017952 Banklt2309627 H28 MT017986
Banklt2309627 H29 MT017953 Banklt2309627 H29 MT017987
Banklt2309627 H3 MT017954 Banklt2309627 H3 MT017988
Banklt2309627 H30 MT017955 Banklt2309627 H30 MT017989
Banklt2309627 H31 MT017956 Banklt2309627 H31 MT017990
Banklt2309627 H32 MT017957 Banklt2309627 H32 MT017991
Banklt2309627 H33 MT017958 Banklt2309627 H33 MT017992
Banklt2309627 H4 MT017959 Banklt2309627 H4 MT017993
Banklt2309627 H5 MT017960 Banklt2309627 H5 MT017994
Banklt2309627 H6 MT017961 Banklt2309627 H6 MT017995
Banklt2309627 H7 MT017962 Banklt2309627 H7 MT017996
Banklt2309627 H8 MT017963 Banklt2309627 H8 MTO017997
Banklt2309627 H9 MT017964 Banklt2309627 H9 MT017998
Banklt2309627 EP_GF1 | MT017965 Banklt2309627 EP_GF1 | MT017999
Pararge aegeria MH089839.1 Pararge aegeria KM592968.1
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CHAPTER S4
CHAPTER S4 Resource over-exploitation and competition lead to endangerment
of the extremely philopatric ringlet butterfly Erebia pronoe glottis
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Date
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S 2 Estimated daily population size of both sexes of Erebia pronoe based on the
best Popan model in MARK: Phi(g+T) p(g*t) pent(T) N(g*t).
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S 3 Changes in the average wing condition during the 2019 flight season of Erebia
pronoe are categorised by sex.

19



CHAPTER S5

CHAPTER S5 Pronounced mito-nuclear discordance and various Wolbachia infections in the water
ringlet Erebia pronoe have resulted in a complex phylogeographic structure

S1 Non-silent mutation in the mtDNA marker of E. pronoe in the Pyrenees populations with details of the base pairs.

Co1

ND1

27 AA.: Asparagin(ASN)-
>Threonin(THR)

6 AA.:Threonin(THR)->Methionin(Met)
(polar->unpolar)

29 AA.: Serin(SER)->Glycin(Gly)
(polar-unpolar)

13 AA.: Glycin(Gly)-> Valin(Val)

30 AA.: Phenylalanin(Phe)->Serin(Ser)
(unpolar ->polar)

68 AA.: Methionin(Met)-> Valin(Val)

67 AA.: Valin(Val)->Isoleucin(lle)

122 AA.: Methionin(Met)->Threonin(THR)
(unpolar->polar)
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T ,45! ; e R A T

S 2 Distribution of the identified concatenated nuclear DNA haplotypes (Efla, RPS5) haplotypes among the populations of E. pronoe. The map was created with
Qgis v.3.10.10 (Available online: http://qgis.osgeo.org).
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S 3 Tested Beast tree models with respective posterior, likelihood prior values and the number of ESS values below 200 for the nuclear data set of E. pronoe.

Posterior Likelihood Prior ESS < 200
Yule model (with partition) 45672.036 -2511.205 48183.241 28
Calibrated Yule model (with - - - -
partition)
Birth Death model (with partition) -1191.461 -2910.297 1718.836 10
Coalescent constant population 88973.685 -2917.832 9189.517 31
model (with partition)
Coalescent exponential population -49485.186 -2480.265 -51965.451 24
model (with partition)
Yule model -3386.803 —3277.856 -108.948 5
Calibrated Yule model - - - -
Birth Death model -3342.947 —3296.598 -46.35 5
Coalescent constant population -3528.819 —3293.915 -234.904 -
model
Coalescent exponential population -3520.63 -3293.249 -227.381 -

model

CHAPTER S5
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S4 Mismatch distribution analysis of the mtDNA markers of E.

pronoe generated in R using the packages "adegenet" and "pegas".
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CHAPTER S5

S5 Mismatch distribution analysis of the nuclear DNA markers of E.
pronoe generated in R using the packages "adegenet" and "pegas".
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CHAPTER S5

S6 Graphical output from Bayesian analysis (exported from RASP). Graphical results of ancestral distributions at each node
of the E. pronoe group obtained by Bayesian Binary MCMC analysis based on the mtDNA dataset. Pie charts at each node
show probabilities of alternative ancestral ranges with the posterior probability for the node next to it. a) Region codes; b)
Color key to possible ancestral ranges at different nodes; black with an asterisk represents other ancestral ranges. Tip labels
contain the area codes and correspond to the GenBank accessions codes of S15.

S7 Results of the RASP Model Test for the mtDNA dataset.

LnL numparams | d e j AlCc AlCc_wt
DEC -43.77 2 0.1 0.14 0 91.81 4.80E-06
DEC+J -31.85 3 1.00E-12 2.90E-08 0.016 70.24 0.23
DIVALIKE -40.2 2 0.11 4.80E-09 0 84.67 0.0002
DIVALIKE+) -30.65 3 1.00E-12 1.00E-12 0.017 67.82 0.77
BAYAREALIKE -51.1 2 0.15 0.85 0 106.5 3.10E-09
BAYAREALIKE+) -36.73 3 1.00E-07 0.23 0.022 80 0.0017
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CHAPTER S5

S8 Graphical output from Bayesian analysis (exported from RASP). Graphical results of ancestral distributions at each node
of the E. pronoe group obtained by Bayesian Binary MCMC analysis based on the nuclear DNA dataset. Pie charts at each
node show probabilities of alternative ancestral ranges with the posterior probability for the node next to it. a) Region
codes; b) Color key to possible ancestral ranges at different nodes; black with an asterisk represents other ancestral ranges.
Tip labels contain the area codes and correspond to the GenBank accessions codes of S15.

S9 Results of the RASP Model Test for the nuclear DNA dataset.

LnL numparams | d e j AlCc AlCc_wt
DEC -82.3 2 0.027 0.037 0 168.8 3.60E-10
DEC+) -60.22 3 1.00E-12 1.00E-12 0.03 126.8 0.47
DIVALIKE -84.49 2 0.039 0.05 0 173.1 4.00E-11
DIVALIKE+) -60.74 3 1.00E-12 1.00E-12 0.031 127.8 0.28
BAYAREALIKE -113.5 2 0.045 0.11 0 231.1 1.10E-23
BAYAREALIKE+) | -60.84 3 1.00E-07 1.00E-07 0.031 128 0.25
0.05-
Clade
® Ep Balkan
F Y
__000- Ep_Eastern_Alpes
= B Ep_Pyrenes
=x
g —+ Melas
o L
e 005~
O Cluster
o +
-1
+ 4+ -+ . 2
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3

-0.1 EI.IEI 0.1
PC 1 (48.63 %)

$10 K means Clustering (K = 3) (49 landmarks) of penis valves of E. pronoe and E.melas as reference species. First principal
component (PC1) is on the x-axis, second principal component(PC2) on the y-axis.
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S11 Cluster Dendrogram (49 landmarks) of penis valves of E. pronoe and E.melas as reference species. Based on the
euclydian distance.
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S12 Principal component analysis with singular values and percentage explained by the relative warps.

CHAPTER S5

PCs SV % Cum % PCs SV % Cum %
1 0,64939 48,63% 48,63% 30 0,02264 0,06% 99,67%
2 0,42609 20,94% 69,57% 31 0,02092 0,05% 99,72%
3 0,28317 9,25% 78,82% 32 0,01928 0,04% 99,76%
4 0,19879 4,56% 83,37% 33 0,01779 0,04% 99,80%
5 0,15164 2,65% 86,03% 34 0,01663 0,03% 99,83%
6 0,14500 2,42% 88,45% 35 0,01544 0,03% 99,86%
7 0,13359 2,06% 90,51% 36 0,01489 0,03% 99,88%
8 0,12546 1,82% 92,32% 37 0,01264 0,02% 99,90%
9 0,10298 1,22% 93,55% 38 0,01231 0,02% 99,92%
10 0,08978 0,93% 94,48% 39 0,01186 0,02% 99,94%
11 0,08103 0,76% 95,23% 40 0,01122 0,01% 99,95%
12 0,07887 0,72% 95,95% 41 0,01013 0,01% 99,96%
13 0,07189 0,60% 96,55% 42 0,00904 0,01% 99,97%
14 0,06158 0,44% 96,98% 43 0,00820 0,01% 99,98%
15 0,05759 0,38% 97,37% 44 0,00727 0,01% 99,98%
16 0,05291 0,32% 97,69% 45 0,00598 0,00% 99,99%
17 0,04953 0,28% 97,97% 46 0,00578 0,00% 99,99%
18 0,04539 0,24% 98,21% 47 0,00535 0,00% 100,00%
19 0,04348 0,22% 98,43% 48 0,00443 0,00% 100,00%
20 0,04162 0,20% 98,63% 49 0,00359 0,00% 100,00%
21 0,03880 0,17% 98,80%

22 0,03793 0,17% 98,97%

23 0,03374 0,13% 99,10%

24 0,03098 0,11% 99,21%

25 0,03065 0,11% 99,32%

26 0,02650 0,08% 99,40%

27 0,02566 0,08% 99,47%

28 0,02503 0,07% 99,55%

29 0,02345 0,06% 99,61%
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Optimal number of clusters
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S13 Optimal number of cluster K for the morphology of penis valves of E. pronoe and E.melas as reference species.
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S14 Relative contribution of each landmark of the valves of E. pronoe.

CHAPTER

S5

Landmark | SS Landmark | SS Landmark SS

Nr. Nr. Nr.

1 0,00087 17 0,02099 33 0,00022
2 0,00146 18 0,01329 34 0,00010
3 0,00067 19 0,00836 35 0,00007
4 0,00259 20 0,00246 36 0,00006
5 0,01421 21 0,00067 37 0,00005
6 0,03325 22 0,00067 38 0,00005
7 0,06644 23 0,00061 39 0,00004
8 0,13907 24 0,00051 40 0,00007
9 0,15045 25 0,00024 41 0,00014
10 0,12320 26 0,00051 42 0,00014
11 0,10489 27 0,00092 43 0,00011
12 0,08705 28 0,00055 44 0,00052
13 0,07672 29 0,00022 45 0,00139
14 0,06073 30 0,00019

15 0,04918 31 0,00020

16 0,03562 32 0,00023
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S 15 Geographical location of the analysed populations of E. pronoe

CHAPTER S5

Population Kiirzel East North

Alisnica Al 019.03630648 43.01950597 04.08.2014
Babky Bab 019.25575314 49.06373272 01.08.2007
Cauterets Cau 000.14444951 42.88263512 10.08.2013
Col de Tourmalet CT 000.18655137 42.88357926 04.08.2013
Etang de Areau Etar 001.13755862 42.73844451 26.07.2013
GlocknerForschungsstation | GF 012.59021205 46.87349964 14.08.2012
Gletsch Glet 008.34917261 46.53948009 09.08.2005
Grindelwald Grin 008.34917261 46.53948009 06.08.2003
GrancharRila GRR 023.62406505 42.10001195 07.08.2011
Hochkonig HO 013.03669011 47.44197926 13.08.2006
Konigsstein KO 025.25521250 45.54982944 13.08.2019
Lac de Sayen LDS 000.22713762 42.94865481 09.08.2013
Loser LO 013.73884252 47.60825146 05.08.2007
Medvodje Med 014.71519500 46.41662963 18.07.2007
Oisternig Ol 013.49895954 46.49479040 05.08.2006
Partnun Pat 009.83871852 46.96376659 07.08.2003
Port de Laurrau PDL 000.99509131 42.92420538 12.08.2013
Peca Peca 014.57227828 46.18152147 06.08.2006
PassoGroce Domini PGD 010.37757524 45.77453490 12.08.2007
Plockenpass Ploe 012.95933898 46.58354109 04.08.2006
PoscenskiKraj Popkra 019.08818954 42.99469424 02.08.2014
Popova Shapka Posha 020.83895555 41.83845630 07-08.08.2011
PassoPromollo PPR 013.27387304 46.54113982 17.08.2005
Passo San Marco PSM 009.65906214 45.87224175 13.08.2007
Seebergsattel SE 015.27724122 47.63096436 16.07.2007
Simplonpass SIM 008.01663321 46.21699937 08.08.2005
Vail d’llliez Vail 006.89124460 46.16815996 08.08.2005
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mtDNA
EP_Alil
EP_Ali2
EP_AIi3
EP_Ali4
EP_Babl
EP_CAU1
EP_CAU2
EP_CAU4
EP_CAUS5
EP_CT1
EP_CT2
EP_CT4
EP_Etarl
EP_Etar2
EP_Etar3
EP_KOE1
EP_POPKRA3
EP_GF1
EP_Gletl

S16 GenBank accession numbers and corresponding haplotypes and genotypes.

co1

MZ190632
MZ190633
MZ190634
MZ190635
MZ190636
MZ190637
MZ190638
MZ190639
MZ190640
MZ190641
MZ190642
MZ190643
MZ190644
MZ190645
MZ190646
MZ190647
MZ190648
MZ190649
MZ190650

ND1

MZ345012
MZ345013
MZ345014
MZ345015
MZ345016
MZ345017
MZ345018
MZ345019
MZ345020
MZ345021
MZ345022
MZ345023
MZ345024
MZ345025
MZ345026
MZ345027
MZ345028
MZ345029
MZ345030

Haplotypes
H20
H21
H19
H22
H39
H16
H12
H14
H15
H10
H11
H9
H6
H3
H7
H37
H18
H30
H17

nDNA
EPALI1
EPALI2
EPALI3
EPCAU1
EPCAU2
EPCAU3
EPCAUS
EPCT1
EPCT2
EPCT3
EPCT4
EPCT5
EPETAR1
EPETAR2
EPETAR3
EPETARS
EPGF2
EPGF3
EPGF4

RPS5

MZ190563
MZ190564
MZ190565
MZ190566
MZ190567
MZ190568
MZ190569
MZ190570
MZ190571
MZ190572
MZ190573
MZ190574
MZ190575
MZ190576
MZ190577
MZ190578
MZ190579
MZ190580
MZ190581

EFlalpha
MZ190678
MZ190679
MZ190680
MZ190681
MZ190682
MZ190683
MZ190684
MZ190685
MZ190686
MZ190687
MZ190688
MZ190689
MZ190690
MZ190691
MZ190692
MZ190693
MZ190694
MZ190695
MZ190696

Genotypes
G54
G64
G53
G21
G20
G19
G9
G8
G4
Gl1
G2
G10
G7
Gl14
G3
G17
G65
G62
G66

CHAPTER S5
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EP_Grinl
EP_GRR1
EP_GRR2
EP_HO1
EP_HO3
EP_LDS1
EP_LDS3
EP_LO1
EP_LO4
EP_Med1
EP_Pat2
EP_PDL1
EP_PDL2
EP_PDL3
EP_PDL4
EP_PECA1
EP_PECA2
EP_PGD1
EP_PGD2
EP_PLOE3
EP_PLOES
EP_POSHA2
EP_PSM1

MZ190651
MZ190652
MZ190653
MZ190654
MZ190655
MZ190656
MZ190657
MZ190658
MZ190659
MZ190660
MZ190661
MZ190662
MZ190663
MZ190664
MZ190665
MZ190666
MZ190667
MZ190668
MZ190669
MZ190670
MZ190671
MZ190672
MZ190673

MZ345031
MZ345032
MZ345033
MZ345034
MZ345035
MZ345036
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H13
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EPGLET2
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EPGRIN4
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EPHO3
EPHO4
EPHOS5
EPLDS1
EPLDS3
EPLDS4
EPLDS5
EPLO1
EPLO4
EPMED3
EPMED4
EPOI1
EPPDL1

MZ190582
MZ190583
MZ190584
MZ190585
MZ190586
MZ190587
MZ190588
MZ190589
MZ190590
MZ190591
MZ190592
MZ190593
MZ190594
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MZ190596
MZ190597
MZ190598
MZ190599
MZ190600
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MZ190602
MZ190603
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MZ190700
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MZ190711
MZ190712
MZ190713
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G44
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CHAPTER S5

34



EP_SE2
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EP_Vail2
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EPVAILS
EPKOE1
EPKOE3
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melasl
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melas6
Erebia
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