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Abstract 

A prerequisite for addressing general questions concerning the evolution of intraspecific 

variability in space and time is the knowledge of the distribution of variability within the 

species' range. The development of molecular methods has been a major step forward, 

allowing various evolutionary questions to be addressed using natural populations of 

model species and their close relatives. Although wild relatives of Arabidopsis thaliana 

have long been in the focus of plant evolutionary biologists and molecular geneticists, the 

patterns of genetic diversity and phenotypic variation in their natural populations are 

often overlooked. 

The present work focuses on some of the most studied model species in the Brassicaceae 

family, Arabidopsis halleri and the complex of A. arenosa, whose members are widely 

used to study ecology, physiology and evolution as well as the molecular basis of 

phytoremediation and parallel adaptation. 

The study aimed to determine intraspecific variation at the ploidy level, to reveal 

phylogenetic relationships and the spatial distribution of genetic diversity across the 

range, and to propose a new taxonomic concept based on the detected intraspecific 

genotypic and phenotypic variation. 

In order to accomplish this goal, we used DNA flow cytometry, several molecular methods 

(AFLP, SSR, cpDNA and single/low-copy gene sequencing, ddRADSeq, whole-genome 

sequencing), and multivariate morphometric methods, all based on dense population 

sampling across the distributional range of both groups. 

In the solely diploid Arabidopsis halleri, we identified three major genetic lineages within 

Europe whose distributions were strongly correlated with major geographic barriers in the 

Central European mountain systems. Subsequent analysis of individual lineages revealed 

a further geographical distribution of the revealed diversity, resulting in five stable 

subgroups differing also on the basis of morphology, which allowed a new intraspecific 

classification of A. halleri.  

The Arabidopsis arenosa species complex comprised three cytotypes, forming 

predominantly cytotype-uniform populations. Diploid and tetraploid cytotypes showed 

a predominantly parapatric distribution with three secondary contact zones. In the 

A. arenosa complex, five diploid and five tetraploid genetic lineages were found, with 

lineages with the same ploidy being geographically isolated (correlating with the 

biogeographic subdivision of Central Europe).  The revealed intraspecific genetic lineages 

do not correlate with the current taxonomic concept of the A. arenosa species complex, 

which should be thoroughly re-evaluated. 
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Abstrakt 

Předpokladem pro řešení obecných otázek týkajících se vývoje vnitrodruhové variability 

v prostoru a čase je znalost rozložení variability v rámci areálu druhu. Velkým krokem 

kupředu byl rozvoj molekulárních metod, které umožnily řešení různých evolučních otázek 

za využití přirozených populací modelových druhů a jejich blízkých příbuzných. Ačkoli 

jsou volně žijící příbuzní Arabidopsis thaliana v centru pozornosti rostlinných evolučních 

biologů a molekulárních genetiků již dlouhou dobu, rozložení jejich genetické diverzity 

a fenotypové variability v přirozených populacích jsou často přehlíženy. 

Předkládaná práce se zaměřuje na jedny z nejstudovanějších modelových druhů v čeledi 

Brassicaceae, druh Arabidopsis halleri a druhový komplex A. arenosa, jejichž příslušníci 

jsou hojně využíváni pro studium ekologie, fyziologie a evoluce i molekulárních základů 

fytoremediace nebo paralelní adaptace. 

Cílem studie bylo zjistit vnitrodruhovou variabilitu na ploidní úrovni, odhalit fylogenetické 

vztahy a prostorové rozložení genetické diverzity v celém areálu výskytu a navrhnout nový 

taxonomický koncept založený na zjištěné vnitrodruhové variabilitě. 

Výsledků bylo dosaženo pomocí DNA průtokové cytometrie, několika molekulárních 

metod (AFLP, SSR, sekvenování cpDNA a single/low-copy genů, ddRADSeq, 

celogenomové sekvenování) a mnohorozměrných morfometrických metod, to vše za 

použití souboru dat tvořeného populacemi z celého areálu rozšíření obou skupin. 

U čistě diploidního druhu Arabidopsis halleri jsme v rámci Evropy identifikovali tři hlavní 

genetické linie, jejichž rozšíření silně korelovalo s hlavními geografickými bariérami 

v horách střední Evropy. Následná podrobnější analýza těchto linií odhalila celkem pět 

stabilních podskupin lišících se i na základě morfologie, což nám umožnilo navrhnout 

novou vnitrodruhovou klasifikaci druhu A. halleri.  

V populacích druhového komplexu Arabidopsis arenosa byly nalezeny tři různé cytotypy, 

kdy naprostá většina populací byla cytotypově uniformní. Diploidní a tetraploidní cytotypy 

vykazovaly převážně parapatrické rozšíření se třemi sekundárními kontaktními zónami. 

V komplexu A. arenosa bylo nalezeno pět diploidních a pět tetraploidních genetických 

linií, přičemž linie se stejnou ploidií byly geograficky izolované (korelující 

s biogeografickým členěním střední Evropy). Odhalené genetické linie nekorelují se 

současným taxonomickým pojetím druhového komplexu A. arenosa, proto je nutné 

stávající koncept přehodnotit na základě zjištěných fylogenetických vztahů. 
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1 Introduction 
Evolution represents a change in the variation of population characteristics that are 

heritable and change over generations through mutations. New alleles may encode novel 

functional traits and, together with gene flow, genetic drift and natural selection, trigger 

the speciation. This is, however, intermingled with additional processes, particularly in the 

plant kingdom. The polyploidization, hybridization and historical aspects enter the game 

and shape – until then simple – speciation. 

The current state of biodiversity is the result of years of evolution and the traces are 

still detectable in the DNA of survivors. But the mere study of genetic information does 

not provide full-scale data on the distribution of populations and species. In order to reveal 

the impacts of evolutionary processes, it is necessary to study also geographical 

distribution of genetic variation and compare it to the phylogeny (Hewitt 2001; Avise 

2009). Phylogenetic relationships among genetic lineages set in the biogeographical 

context, commonly known as phylogeography (introduced by Avise et al. 1987), can shed 

light on the species history and can help us to classify studied lineages into correct 

taxonomy. Such classification was previously frequently based only on phenotypic 

variation, which, however, results from both genotype and the influence of surrounding 

environmental factors and is therefore often misleading (Dubois 2003; Zink 2004). And 

a clear understanding of why and how lineages diversify and their valid taxonomy is 

required to efficiently manage and protect biodiversity for the future. 

In an ideal situation, we would study populations from all corners of the species 

distribution, have the appropriate dating methods and geographical history of the area as 

well, and in conclusion, based on phylogeography, we would be able to assess the 

microevolutionary processes operating within the species and with subsequent 

extrapolation to explain macroevolutionary differences among species and higher taxa. 

Unfortunately, this scenario is a utopia, as generating this amount of data and their 

processing would be technically and financially impossible. Nevertheless, we should strive 

for the best possible conditions. Thanks to mathematicians and theoretical population 

geneticists we no longer need to model entire populations as coalescent theory allows us 

to use only the sample of alleles to model gene genealogies and estimate phylogeographic 

parameters (Wakeley 2009). Yet, we still need to obtain a representative sample of alleles 

of the studied complex if we want to receive representative results from the analytical tools. 

Therefore, the selection of sampled populations, as well as marker selection, plays a key 

role. Partial knowledge of the species distribution and incomplete sampling of populations 

are often a source of the incomplete framework, where part of the genetic variability can 

stay hidden (CS III, CS V; Avendaño et al. 2017), equally insufficient variability of 

molecular markers can lead to neglecting the deeper structure inside the dataset. This 

could result in postulating improper biogeographic patterns or evolutionary processes and 

further into incorrect taxonomic classifications. 
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1.1 Europe as one of the centres of biodiversity 

The major impact on the distribution, variation and evolution of the current temperate 

organisms caused Pleistocene climate fluctuations (2.6–0.01 Mya; e.g. Hewitt 2000, 

2004; Qiu et al. 2011). They induced the range shifts of all species, changed their 

connectivity and the amount and distribution of intraspecific genetic variation. Although 

the impact of climatic changes depends on latitude and topography and vary among 

different taxa, common phylogeographic trends can be found. It was hypothesised that 

temperate species migrated south to overcome climatically unfavourable periods and 

established themselves in glacial refugia, where they were more likely to survive in a more 

stable climate (Taberlet et al. 1998). Initial studies revealed the glacial survival in the three 

main southern European refugia - the Balkan, Iberian and Apennine Peninsulas - and the 

postglacial recolonization of previously periglacial (central Europe) and glacial areas 

(northern Europe and the central European mountains) to the north (Taberlet et al. 1998; 

Hewitt 1999, 2004; Stewart and Lister 2001; Tzedakis et al. 2013). Subsequent studies, 

based on increased sampling and detailed analyses of genetic variation at the population 

level, as well as paleoecological data, have 

also brought forward evidence of glacier 

survival in non-Mediterranean areas in 

Central and Eastern Europe (Fig. 1; Stewart 

and Lister 2001; Willis and Van Andel 2004; 

Bhagwat and Willis 2008; Provan and 

Bennett 2008; Juřičková et al. 2014), as in 

the Carpathian Mountains, which were only 

sparsely glaciated (Ronikier 2011) and hosted 

forest communities during the Last Glacial 

Maximum (LGM; Jankovská and Pokorný 

2017). In plants, the majority of examples of 

Carpathian LGM survival can be found 

among the alpine (reviewed in Ronikier 2011) 

and montane taxa (Magri et al. 2006; Těšitel 

et al. 2009), but studies using a system 

spanning over a wide altitudinal range were 

missing. 

Repeated cycles of glaciation-induced 

range shifts and isolation of different 

populations in refugia resulted in a modified 

possibility of interbreeding and 

accumulation of distinct mutations. The 

subsequent postglacial range expansion from southern refugia throughout the present 

species’ distribution range also provided opportunities for secondary contacts of 

genetically differentiated lineages, creating sharply delineated contact zones where 

lineages have met but did not penetrate, or broader transition belts with intermingling 

lineages or admixed populations (Hewitt 1999; Stewart et al. 2010). By comparing 

different phylogeographic patterns it is possible to find such contact hybrid zones, which 

Fig. 1 General ideas about the general location 

of LGM refugia in the early Holocene. In green 

three major southern European glacial refugia; in 

pink northern “cryptic” glacial refugia; in blue 

the maximal extent of the continental ice sheet 

during LGM. Based on figures in Schmitt and 

Varga 2012. 
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tend to cluster along the Alps, the Pyrenees, 

western and eastern Central Europe and 

Central Scandinavia (Fig. 2; Taberlet et al. 

1998; Hewitt 1999, 2004; Schmitt 2007). 

Similarly, also biogeographical barriers 

played a role during the recolonization and 

hybridization, but their presence is harder to 

reveal, as the genetic differentiation between 

geographically close populations could have 

historical reasons or simply insufficient 

marker resolution, therefore a comparison of 

numerous species’ phylogeographic patterns 

is crucial. 

From this point of view the best-

explored areas, profiting of a thorough study 

of plants of alpine and subalpine belts, are 

mountain systems (e.g. Schmitt 2009; Thiel-

Egenter et al. 2009; Meirmans et al. 2011; 

Ronikier 2011; Ronikier and Zalewska-

Gałosz 2014; Zozomová-Lihová et al. 2015; Kirchheimer et al. 2016; Knotek and Kolář 

2018). In Europe, we can find a large number of high mountain systems varying in their 

size area and elevation. The island-like distribution of this harsh higher-altitude 

environment and its phylogeographic patterns has been studied over the last two decades, 

mainly for the species surviving glaciation within refugia in close proximity. Colonization 

and recolonization (from one or more refugia) resulted in harbouring higher genetic 

diversity on the genome level and endemism 

on the species level as well, creating 

biodiversity hotspots (e.g. Schmitt 2009; 

Schmitt and Besold 2010; Bálint et al. 2011; 

Mráz and Ronikier 2016). Each mountain 

system has its own most common pattern of 

genetic differentiation that is detectable in 

phylogeographic studies, when observed 

genetic lineages can be explained by several 

microrefugia in the perialpine areas serving 

as centres of dispersal. Although the 

distribution patterns differ from species to 

species, major phylogeographic trends are 

emerging. In the Alps, we mostly find the 

pattern of four or two genetic groups with the 

strong biogeographic border between the 

Western and Eastern Alps (Schönswetter et 

al. 2005; Thiel-Egenter et al. 2011), the 

Pyrenees host most often two genetic lineages 

within species (e.g. Kropf et al. 2002; Schmitt 

et al. 2006; Lauga et al. 2009) as well as the 

Carpathians (Mráz and Ronikier 2016), 

where multiple glacial refugia can be also 

Fig. 2 The secondary contact and hybridization 

zones during the postglacial range expansion, in 

green. Modified from Schmitt 2007. 

 

Fig. 3 Biogeographical links detectable between 

individual mountain ranges. Bold arrows indicate 

commonly observed sharing of identical genetic 

lineages; solid arrows show frequent pattern; 

dotted arrows indicate relatively few known 

cases; direction of arrows indicate the direction of 

exchange. Modified from Schmitt 2017. 
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found along the entire mountain arch (Thiel-Egenter et al. 2011; Ronikier et al. 2012; 

Taberlet et al. 2012). Individual mountain ranges also do not represent isolated genetic 

entities; multiple biogeographic links between them can be detectable as identical genetic 

lineages present in different areas (Fig. 3). 

1.2 Speciation as an outcome of evolution 

There is no doubt that evolution induces changes in populations, with various barriers 

entering the process, leading to population separation and increasing genetic isolation. 

This process can lead up to speciation, and because it is still evolving, the outcome – the 

species – is not easy to define. On the other hand, the term species is used frequently and 

is in the centre of cascading effect especially in the nature conservation – loss of 

populations of the species, loss of ecosystem diversity counted by the number of species, 

species survival, etc. The ability to identify individual species and use the correct 

taxonomic concepts is crucial for understanding the community structure and function 

(Knowlton and Jackson 1994; Zachos 2016). It is also important for many consequent 

disciplines, from the simple understanding of the subject of study and the possibility of 

inter-laboratory comparison of results, the position in phylogeny and the knowledge of 

relatives, to accurate conservation strategies, the correct selection of biological entities for 

ecological and behavioural studies, as well as phytomedical and chemical research. 

Although the “species” is one of the most important taxonomical units in biology, 

its definition is still controversial. Species concepts not only define what a species is, but 

by the definition of what a species is, they also define the speciation. Therefore, the 

definition of the term “species” based on the different species concepts have been endlessly 

discussed and many species concepts have been proposed based on different aspects of the 

speciation, apparently often resulting in different conclusions (Agapow et al. 2004; Isaac 

et al. 2004). But whether we want it or not, taxonomic names allow us to assess species 

boundaries and phylogenetic relationships of taxa (Godfray 2007). 

In plants, the species concept is challenged, and understanding the nature and 

genetics of the factors that restrict gene flow between species, and the conditions under 

which this isolation occurs, is complicated by two evolutionary processes – hybridization 

and polyploidization. Therefore, confession of the importance of semipermeable 

reproductive barriers plays a key role in defining species concepts in plants. Despite the 

ongoing hybridization and potential introgression of the genes (at least 25% of plant 

species; Mallet 2005), the species can differentiate and persist. Moreover, depending on 

the frequency of intermating and the fitness of resulting hybrids, the extensive gene flow 

may result in the extinction of taxa via genetic assimilation (e.g. Ayres et al. 2004; 

Genovart et al. 2012) or merging two taxa into a single lineage (e.g. Hegde et al. 2006; 

Taylor et al. 2006). In contrast, reduced fitness of hybrid progeny can result in forming 

a stable hybrid zone allowing introgression of some alleles (e.g. Brodin and Haas 2009; 

Pinto et al. 2019) and at least partial reproductive isolation of hybrids can result in the 

production of hybrid neospecies (Chapman and Burke 2007), both scenarios preserving 

parental taxa. An alternative way of creating immediate isolation of hybrid offspring is via 

chromosome doubling, polyploidization. Two general types of polyploids are defined – 

autopolyploids, which arise by the multiplication of one chromosome set, and 

allopolyploids, resulting from the fusion of structurally different chromosome sets (Tate 

et al. 2005). The later ones can generate new genetic variation that may be important for 

the adaptation of hybrid species to new habitats that are different from those of their 
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parents, thereby aiding the reproductive isolation of the hybrid from its parents (Rieseberg 

et al. 2003). Autopolyploids can, on the other hand, speciate without hybridization, simply 

by having multiple chromosome sets that cause problems during meiosis during 

backcrossing. This, however, also brings the advantage of the multiplication of alleles in 

the locus, which leads to the possibility of non-lethal accumulation of mutations with 

subsequent differential expression and, of course, ecological and evolutionary 

consequences. Even though the study of polyploidy has risen considerably during past 

decades (Soltis et al. 2014), the amount of autopolyploids is likely underestimated, because 

taxonomists often do not recognize autopolyploids as a separate species (Soltis et al. 

2007). These taxonomically cryptic autopolyploid cytotypes may represent a substantial 

part of plant diversity, given the fact that half of the polyploids are autopolyploids, with 

only ~7% taxonomically described (Barker et al. 2016). On the other hand, the delimitation 

of newly emerged autopolyploid species (and the necessity of their taxonomic 

classification) is disputable because mechanisms of direct differentiation from parents, 

both phenological and genetic, are lacking. 

1.2.1 Subspecies – the necessary taxonomical units? 

If the delimitation of species is a complex process, delimiting the subspecies is even more 

difficult due to the expected ongoing gene flow. Subspecies is defined as “a population, or 

collection of populations, that appears to be a separately evolving lineage with 

discontinuities resulting from geography, ecological specialization, or other forces that 

restrict gene flow to the point that the population or collection of populations is 

diagnosably distinct” (Taylor et al. 2017b). Therefore, it is obvious that a subspecies can be 

only defined in relation to a species and at least two subspecies are needed for the idea to 

make sense. Yet subspecies were described among various taxa and play an important role 

in conservation and evolutionary studies (e.g. Haig et al. 2006; Phillimore and Owens 

2006; Taylor et al. 2017a; Ramírez-Rodríguez and Amich 2019). Unfortunately, the focus 

on subspecies could misdirect conservation efforts, if existing subspecies are not 

genetically distinct, for example, if they were delimited only by arbitrarily chosen 

morphological characters (Zink 2004). To avoid similar discrepancies and different 

subjective definitions within various taxa, biological threshold needs to be established, 

evaluating both the lower (population vs. subspecies) and upper (subspecies vs. species) 

boundaries of a subspecies concept (Martien et al. 2017). The divergence between putative 

taxa within these boundaries need to be tested by an integrative approach to combine the 

results from several different analytical methods and data types (Padial et al. 2010; Tobias 

et al. 2010; Patten and Remsen 2017) and with the obtained knowledge the taxonomic 

frameworks can be set. The subspecies as a taxonomical unit represents an important 

stepping stone between populations and species and provides an opportunity to describe 

geographic patterns of variation in nature that are characterized as lineages in the 

scientific papers, but do not reach the “ordinary” world of government officials and 

environmental protection. 
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1.3 Genus Arabidopsis 

Representative of the tribe Camelineae, the genus Arabidopsis as currently circumscribed 

comprises about fourteen species worldwide, including those that were previously 

classified within a separate genus Cardaminopsis (O’Kane and Al-Shehbaz 1997, Shimizu-

Inatsugi et al. 2009, Kiefer et al. 2014 – Brassibase). The first step towards such 

classification was made in 1987 (Greuter et al. 1988) based on the proposal by Štěpánek 

(1983) when the name Arabidopsis Heynh. was conserved with the different type 

(Arabidopsis thaliana) and as a result of this, the genus comprised many different species 

based on the morphology of fruits and seeds (Arabis, Braya, Cardaminopsis, 

Cymatocarpus, Halimolobus, Nasturiopsis etc). Subsequently, after the first phylogeny of 

the group was published and morphological reassessment was done, only nine generally 

accepted species were left in the genus (O’Kane and Al-Shehbaz 1997) – the Arabidopsis 

thaliana (L.) Heynhold and its “wild relatives” – A. arenosa (L.) Lawalrée, A. neglecta 

(Schult.) O’Kane and Al-Shehbaz, A. croatica (Schott) O’Kane and Al-Shehbaz, A. lyrata 

(L.) O’Kane and Al-Shehbaz, A. halleri (L.) O’Kane and Al-Shehbaz, A. cebennensis (DC.) 

O’Kane and Al-Shehbaz, A. pedemontana (Boiss.) O’Kane and Al-Shehbaz and A. suecica 

(Fr.) Norrl. The diploid model species Arabidopsis thaliana is under intensive study for 

more than fifty years, being the first sequenced plant genome (Arabidopsis Genome 

Initiative 2000), making the genus a leading model in plant science. And thanks to the 

knowledge of the functions of its 27000 genes and 35000 coding proteins present on five 

chromosomes, it is more than convenient to study also wild populations of the other 

species from the genus. Unfortunately, the circumscription, taxonomy and evolutionary 

relationships among those wild relatives were and still are only poorly known (Koch and 

Matschinger 2007) and as a consequence, a vast number of experimental studies used 

a misleading taxonomy or an inaccurate phylogenetic framework. This not only hampers 

comparison of results among studies but there is also a risk that wrong conclusions may 

be drawn within a misleading evolutionary context (Koch et al. 2008). This concerns 

especially the evolutionary lineages of A. arenosa and A. halleri. 

1.3.1 Arabidopsis halleri  

The purely diploid taxon Arabidopsis halleri (2n=16, Kolník and Marhold 2006) is 

a clonal, self-incompatible and highly outcrossing perennial weed. Thanks to its ability to 

colonize contaminated sites with high content of heavy metals (Zn, Cd) and to absorb high 

amounts of these metals in leaf tissues, this species has become a key model for studying 

the genetic basis of heavy metal hyperaccumulation and phytoremediation (e.g. Willems 

et al. 2007; Pauwels et al. 2008, 2012; Roosens et al. 2008; Verbruggen et al. 2009; 

Krämer 2010; Bomblies and Weigel 2010; Stein et al. 2017; Stolpe et al. 2017; Preite et al. 

2019). The species has diverse geographical distribution from lowlands to subalpine zones 

and represents rarely studied montane species. Despite the absence of polyploidy, high 

morphological variability can be observed, which in combination with geographical 

diversity was probably responsible for the unresolved taxonomy of this group. 
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The centre of diversity is in Central Europe, where four of the five taxa occur (Fig 4; 

Jones and Akeyrod 1993; Jalas and Suominen 1994; Kolník and Marhold 2006). A. halleri 

subsp. halleri (L.) O’Kane and Al-Shehbaz is the only one widely distributed throughout 

Central Europe. Other subspecies show geographically separated or isolated distribution. 

A. halleri subsp. tatrica (Pavl.) Kolník is an endemic of the Western Carpathians (Tatry 

Mts.), A. halleri subsp. dacica (Heuff.) Kolník occurs in the Eastern and Southern 

Carpathians and the Balkans, and A. halleri subsp. ovirensis (Wulfen) O’Kane 

and Al-Shehbaz in the Eastern Alps (Kolník and Marhold 2006; Koch et al. 2008). The 

fifth taxon – A. halleri subsp. gemmifera (Matsum.) O’Kane and Al-Shehbaz – occurs in 

eastern Russia, northeastern China, Korea, Japan and Taiwan, and is one of the ancestors 

of the polyploid Arabidopsis kamchatica (Shimizu-Inatsugi et al. 2009). The genetic 

structure of European populations was studied using different molecular markers 

(Pauwels et al. 2008, 2012; Wasowicz et al. 2015), unfortunately, these studies did not 

contain sufficient and balanced sampling, especially in the southern and south-eastern 

Carpathians and the Balkans (Kolník and Marhold 2006). This made it impossible to 

unambiguously confirm the genetic structure and assess the authenticity of published 

mountain subspecies. At the same time, the origin and age of populations of A. halleri 

subsp. gemmifera in 

Japan was not clarified, 

whether it is the result of 

an ancient vicariance or 

a modern long-distance 

dispersal. 

 

 

1.3.2 Arabidopsis arenosa  

Arabidopsis arenosa is a colline, montane and subalpine species complex currently 
comprising a group of poorly defined diploid (2n=16) and tetraploid (2n=32) taxa with 
the highest diversity in the Central Europe (and in the Carpathians in particular; Koch 
and Matschinger 2007), involving also triploids and aneuploids resulting from 
widespread hybridization events (Měsíček 1970; Kolník and Marhold unpubl.). Its 
genome structure was unknown, though a close resemblance to the n=8 karyotype of 
A. lyrata (Kuittinen et al. 2004; Lysak et al. 2006) could have been expected. Besides the 
polyploidy and hybridization, the situation was further complicated by a large but 
structured variation in morphology, ecological preferences (the individuals occupy a wide 
range of habitats from alpine regions to sandy coastal dunes, some populations spreading 
into man-made habitats) and breeding strategies (probably different levels of selfing vs 
outcrossing; Clauss and Koch 2006). The species complex consists of biennials and short-
lived perennials.  

Fig. 4 Distribution of the 

described and undescribed 

taxa of the Arabidopsis 

halleri in Central Europe 

and East Asia (based on 

Měsíček 1970, Kolník 

and Marhold 2006). 
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Only few studies have been attempted to unravel the evolutionary history of the 
Arabidopsis arenosa complex (e. g. Měsíček 1970; Koch and Matschinger 2007; Schmickl 
et al. 2012; Arnold et al. 2015) and even fewer tried to solve the taxonomical concept based 
on the morphological data. The most thorough study of populations, but only from the 
Carpathian region, was undertaken by Měsíček (1970) based on the morphological and 
karyological data and resulted in recognition of several species and subspecies (at that 
time attributed to the genus Cardaminopsis) that were, however, never validly published 
and are kept as nomina provisoria (nom. prov.). This all resulted in inconsistent 
taxonomical solutions within different studies, where we can find up to five species and 
various subspecies (Fig. 5; e.g. Měsíček 1970; Novikova et al. 2016; Koch 2018), more or 
less divided by the ploidy. This could be a reason, why most of the evolutionary and 
experimental studies, including papers comprising this thesis, recognize only a single 
widely conceived species, A. arenosa (e.g. Yant et al. 2013; Arnold et al. 2015; Baduel et 
al. 2016) while the systematically oriented or local studies present more taxa (species or 
subspecies; e.g. Měsíček and Goliašová 2002; Schmickl et al. 2012). 

Based on Měsíček (1970), the Arabidopsis arenosa (L.) Lawarlée s.str. is further 
differentiated into A. arenosa subsp. arenosa (2n=16/32), with distributional range in 
Central and Western Europe and lower altitudes of Scandinavia, and A. arenosa subsp. 
borbasii (Zapal.) O’Kane and Al-Shehbaz (2n=32), inhabiting mountain ranges in Central 
and Western Europe. Another di-tetraploid species of the complex is Arabidopsis 
neglecta (Schult.) O’Kane and Al-Shehbaz found in the Carpathian mountains, 
differentiated into subspecies based on the ploidy, A. neglecta subsp. neglecta, nom. prov. 
(2n=16) and A. neglecta subsp. robusta, nom. prov. (2n=32). Arabidopsis petrogena 
(A. Kern.) V.I. Dorof. is another species found in the lower altitudes of the Carpathians 
and Pannonian lowland, with subspecies A. petrogena subsp. petrogena, nom. prov. 
(2n=16) and A. petrogena subsp. exoleta, nom. prov. (2n=32). Within the complex, we 
encounter two more purely diploid species, Arabidopsis carpatica nom. prov. (2n=16), 
found on the limestones of the Western Carpathians, and Arabidopsis nitida, nom. prov. 
(2n=16), also found in the Carpathian mountain ranges, at middle to subalpine altitudes. 

  

Fig. 5 Distribution and 

ploidy levels of the described 

and unde-scribed taxa of the 

Arabidopsis arenosa group 

in the Central Europe (based 

on Měsíček 1970). 
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2 Objectives 
The main aim of the thesis is to obtain a detailed knowledge of the cytological and genetic 

structure of two wild relatives of Arabidopsis thaliana based on extensive sampling of the 

Arabidopsis arenosa complex and A. halleri, covering their entire natural distribution 

area. These two species have become very promising and eventually important model taxa 

for numerous genomic and genetic studies and experiments in recent years, however, their 

phylogenetic relationships and evolutionary histories were not sufficiently explored, as 

discussed in the previous chapter. 

Therefore, the primary focus of presented case studies is to reveal the geographic 

distribution of distinct diploid/tetraploid genetic lineages (Case Study II, III, V) preceded 

by ploidy distribution investigation (Case study I), to infer the range-wide patterns of 

genetic diversity together with evolutionary history (Case study II, III) and finally to 

provide taxonomic treatment of intraspecific variation with the use of morphological 

characters (Case study IV). 

Specifically, I have addressed these particular objectives with the following questions: 

A) To investigate ploidy and genome size variation across the distributional ranges 

● What is the geographic distribution of diploids/triploids/tetraploids within the 

A. arenosa complex and A. halleri in Central Europe? 

● Is ploidy level variation present within populations? Are there any contact zones 

between distinct ploidies? 

● How does the genome size vary within the diploids and tetraploids? If there are 

homoploid differences in genome size, do they correspond with the distinct genetic 

lineages? 

● What are the ploidy level and putative area of origin of the plants of the A. arenosa 

complex currently spreading through man-made habitats in Central Europe?  

B) To reveal phylogenetic relationships and range-wide patterns of genetic diversity 

● What is the genetic variation across the ranges of both studied complexes? 

● Do these genetic structures correlate with geography or ecology (e.g. for alpine vs. 

montane habitats)? 

● How many polyploid lineages have originated within the A. arenosa complex in 

Central Europe? Did the tetraploids overcome their diploid ancestors in the 

occupied area and/or range of colonized habitats? 

C) To reveal intraspecific morphological variation and propose a taxonomical concept 

based on it 

● What is the modelling factor of morphological variation – genetics or 

environmental gradients? Are there any morphological characters defining the 

major genetic lineages within species? 

● Do the revealed genetic lineages affect the current taxonomic concept?  
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3 Materials and methods 
Plant material used in this study was collected in order to achieve homogeneous sampling 

across the entire distributional range of the Arabidopsis arenosa complex and A. halleri 

in Europe and to include all previously recognised European species and subspecies of the 

complexes. In addition, non-European subspecies of A. halleri was also included by 

sampling populations spanning most of its distribution in Japan. Sampling used in 

presented case studies represents the largest datasets published, which forms the most 

comprehensive basis for the study of genetic relationships within these taxa. Bearing in 

mind the future necessity of taxonomic conclusions and possible morphological variability 

caused by phenotypic plasticity, herbarium vouchers, environmental data (such as habitat 

and phytocenological relevés) and GPS coordinates were also sampled in addition to silica 

gel dried material. Here I present methods applied in the case studies that were used to 

achieve the objectives of this thesis. 

The ploidy level of all individuals was assessed by flow cytometry, complemented with 

chromosome counts and homoploid genome size diversity analyses for some accessions 

(detailed protocol in CS I). The knowledge about the ploidy of each individual based on the 

combined knowledge of chromosome counts and relative genome size is crucial for further 

molecular analyses, whether for AFLP and SSR approach or optimizing NGS methods and 

obtaining genome-wide SNPs. When combined with the geographic structure, the 

obtained cytogeographic data from sufficiently large cytometric screens form a substantial 

part for complex evaluation of the diversity and dynamics of ploidy-mixed plant systems 

(Kron et al. 2007). 

To reveal phylogenetic relationships, we employed several molecular methods 
providing a different level of particularity, leveraging the wide spectrum of molecular 
approaches available for the closely related model species Arabidopsis thaliana and the 
model systems themselves. 

The first studies were based on simple, albeit the most suitable methods at that 
time. AFLP (amplified fragment-length polymorphism, CS III, CS IV), the DNA-
fingerprinting technique allowed the detection of DNA polymorphisms across different 
genome regions (Vos et al. 1995; Meudt and Clarke 2007) and thus provided a large 
number of polymorphisms, it was suitable for cases of limited variability of other markers 
(Tribsch et al. 2002). Unfortunately, the method is not able to provide any information 
about the heterozygosity of studied populations and also its reproducibility is suboptimal. 
Therefore, co-dominant nuclear microsatellite markers (SSR) were amplified to 
overcome this disadvantage (CS II, CS III). SSRs exhibit a high degree of polymorphism 
due to a large number of alleles per locus (Valdés et al. 1993) and therefore they are 
suitable to assess genotypic variation within and among populations (Jarne and Lagoda 
1996). This method was effectively used for detecting pathways of 
introduction/colonization, for comparison of the amount of genetic variation in native 
and introduced populations, in the evaluation of the role of introgression, homoploid 
hybridization, of the impact of different reproductive systems on the population structure 
and, despite its possible limits in the uncertain allele composition inference in polyploids, 
also for polyploidization (Dobeš et al. 2004; Durka et al. 2005; Jørgensen et al. 2008). 
We took the advantage of published primers (Clauss et al. 2002; Schmickl et al. 2011) and 
employed them, gaining diversity indices also at the population level. This method is 
highly reproducible and obtained datasets can be supplemented with new samples that 
are set into the context, which was used later for geographically or morphologically 
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problematic samples collected after performing the main study. In order to infer ancestral 
relationships, we employed non-coding chloroplast DNA sequences, the fundamental 
molecular markers widely employed in plant species-level phylogenetics, taxonomy and 
phylogeography. The cpDNA regions are inherited uniparentally and they lack 
recombination. In presented studies (CS III, CS IV) three variable plastid DNA regions 
were designed (based on Novikova et al. 2016) and the most variable was used to construct 
a plastid DNA haplotype network. As an additional marker to infer approximate 
divergence dates of Arabidopsis halleri and its genetic subgroups, a nuclear gene 
encoding the enzyme chalcone synthase (CHS) was used (CS III). Single- or Low-copy 
nuclear markers (Strand et al. 1997), such as CHS, are useful for the reconstruction of 
phylogeny at the generic and species level as well as for identifying parental donors of 
suspected hybrids or polyploids. Despite potential drawbacks that may occur (complex 
genetic architecture, orthologous genes) several studies successfully employed various 
single-copy loci for the phylogenetic inference within Brassicaceae (Bailey and Doyle 
1999; Bailey et al. 2006). 

Thanks to the rise of high-throughput sequencing techniques and the importance 
of the genus Arabidopsis, many wet-lab library preparation methods were optimized for 
the model system. Our team took the opportunity to learn different library-prep methods 
abroad from our international collaborators and employed NGS techniques as one of the 
first at the faculty. 

The genome-wide single-nucleotide polymorphism (SNP) markers were obtained 
using double-digest RADseq (restriction-associated DNA sequencing; (Peterson et al. 
2012)). This genotyping method samples target genomes at reduced complexity and 
allows identification of single-nucleotide polymorphisms (SNPs) at putatively 
homologous loci across many individuals without any prior genomic information on the 
studied taxa (Baird et al. 2008; Andrews et al. 2016). The RADseq approach was used to 
delineate relationships among populations and assess the strength and (a)symmetry of 
gene flow among species, lineages and cytotypes. The use of two enzymes instead of one 
(double-digest protocol) was selected to obtain sufficient resolution (tens of thousands of 
reliable SNPs) at lower costs (Peterson et al. 2012). Genome-wide SNPs obtained from the 
first double-digest-library-prep protocol in CS II were used to reconstruct genetic 
differentiation of diploid populations of Arabidopsis arenosa, their phylogenetic 
relationships and to test the admixed origin of the diploid Baltic group. Unfortunately, 
this protocol contained AT-rich enzymes and therefore also AT-rich genome regions were 
addressed. This resulted in a lower yield of variable SNPs and the gain:price ratio was 
unsatisfactory. Therefore, the second double-digest RADseq protocol was established 
(Wos et al. 2019; Knotek et al. 2020), CS V), utilizing only one restriction enzyme with 
a balanced AT:CG ratio (protocol in Wos et al. 2019). Obtained SNPs were used to 
reconstruct the evolutionary history of diploids and tetraploids of A. arenosa in European 
alpine-foothill populations, to test the consequences of polyploidization on genetic 
diversity and parallel alpine differentiation (Wos et al. 2019, Knotek et al. 2020). 

In CS V the genetic structure of Arabidopsis arenosa’s tetraploids was investigated 
across the entire distributional range for the first time, containing, in addition to the 
RadSeq data, also data from whole-genome sequencing (WGS) protocol. WGS 
represents a powerful tool to address a wide range of questions (from phylogenetic 
reconstructions to genome-wide association studies) by sequencing the whole genomes of 
the targeted samples. The data obtained by this method represent a large pool of 
information researchable by different fields of interest; here we addressed the RADseq 
loci from the WGS data and incorporated them into the RADseq dataset. 

I have successfully established those three different NGS protocols in the DNA lab 
of the Department of Botany, Charles University – two double-digest protocols from 
Hiroshi Kudoh’s lab (University of Kyoto; CS II) and Kirsten Bomblies’s lab (Harvard 
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University; Wos et al. 2019), and an efficient low-cost whole-genome sequencing protocol 
from Darren Heavens (Earlham Institute, Norwich; Perez-Sepulveda et al. 2020). This 
represented a breakthrough in the use of NGS methods at our Department and those 
protocols have been optimized by me for many other species since then. 

Significant morphological differences between foothill and alpine populations (colour of 

petals, plant height), that led up to taxonomic differentiation of species and subspecies, 

indicated the need to reevaluate the morphological variation of the genus in addition to 

the genetic structure. Therefore, morphometric data obtained from herbarium vouchers 

were also collected during the project and the multivariate morphometric methods 

were carried out to examine the relative contributions of the environment, genetic 

structure and geographical distances of A. halleri (CS III) and to test the sufficiency of 

morphological differentiation of the genetic lineages of A. halleri, including the detection 

of the best characters for the identification of new intraspecific classification (CS IV). Both 

generative and vegetative traits were measured in order to cover the diversity known from 

the Brassicaceae family complicated by the parallel evolution of most of the morphological 

characters (Walden et al. 2020) and as both could be important in detecting eg. hybrids or 

ploidy levels (Macková et al. 2018). As the differential morphological characters within 

polyploid complexes in Brassicaceae are mostly of a quantitative nature, standard 

multivariate morphometric methods (cluster analyses, principal component analyses, 

principal coordinate analyses and discriminant analyses) were proved in numerous studies 

as most appropriate (Španiel et al. 2012, 2017). 
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4 Key results and discussion 
The aim of this research was based on the lack of information about the wild species of an 

important model genus Arabidopsis from the Brassicaceae family. The genomic studies of 

Arabidopsis thaliana had suggested that its wild relatives would soon be on the rise when 

it comes to studying the role of genes and their expression, phytoremediation, or the effect 

of polyploidization per se on several factors. Therefore, the knowledge about relationships 

and the geographical structure of genetic lineages of Arabidopsis halleri and the 

A. arenosa complex was the first step in creating a clear phylogenetic and taxonomic 

framework that can be used in follow-up studies.  

Given the need to resolve the evolutionary history of the Arabidopsis arenosa 

complex as a whole, we decided not to distinguish previously described taxa of this 

complex as evolutionary units and to use ploidy alone as a parameter for creating the 

studied datasets. In the following text, A. arenosa is considered as a broadly conceived 

species consisting of all the taxa presented in the chapter 1.3.1, built upon the monophyly 

of the whole group (Hohmann et al. 2014). 

4.1 Ploidy level and genome size variation across the 

distributional ranges 

In the first place, it was necessary to obtain a detailed knowledge of the geographic 

distribution of cytotypes. For Arabidopsis halleri, this meant mainly validating the 

solely diploid status of this genus. All accessions from 136 populations including also 

A. halleri subsp. gemmifera from East Asia (Fig 6), confirmed this premise, except for one 

triploid individual found on the border of Switzerland and Italy. Diploid individuals 

showed only little variation in nuclear DNA content (CS III). 

 

  

Fig. 6 Distribution 

of the 136 sampled 

populations of the 

Arabidopsis halleri 

a in Europe; b in 

Japan. 



16 
 

The situation in the Arabidopsis arenosa complex was much more interesting since it 

is a known diploid-autotetraploid group (chromosome counts by Měsíček 1970, Krendl 

and Polatschek published in Schmickl et al. 2012), especially in the Western Carpathians, 

where the coexistence of different cytotypes along the altitudinal gradient within different 

environments was reported (Měsíček and Goliašová 2002). In order to obtain sufficient 

cytogeographic data, individuals from 496 populations (the most complete sampling 

performed by our group until now) were ploidy-checked, resulting in three different 

DNA ploidy levels – diploid 2x, triploid 3x and tetraploid 4x (Fig 7; CS I, CS II, CS V). 

The representation of diploids and tetraploids was almost equal, the triploid cytotype was, 

on the other hand, extremely rare. The majority of populations was uniformly diploid or 

tetraploid, even in the two zones of cytotype co-occurrence in the Slovenian Forealps and 

the Carpathians. Mixed diploid-tetraploid populations were found mainly in the Western 

Carpathians, while the occurrence of triploid individuals was restricted to diploid 

populations. For the first time, the neglected areas of the Balkans, Southeastern 

Carpathians, Baltic coast and Scandinavia were sufficiently studied, revealing the 

surprising prevalence of diploids in some areas (the Pannonian basin, the Dinaric Alps), 

in contrast to another diploid-tetraploid complex of Arabidopsis lyrata subsp. petraea 

with only a few diploid populations (Schmickl and Koch 2011). For the first time, the 

distinct group of diploid populations along the southern Baltic Sea coast was reported 

(CS I), occupying ecologically distinct sandy coastal habitat. Tetraploids dominated the 

area of the Alps and to the north of them and west of the Carpathians, in the Hercynian 

Massif, and they also occupied the Scandinavian region.  

Fig. 7 Distribution and ploidy level of the 496 populations of the Arabidopsis arenosa species complex in 

Europe (red – diploid, blue – tetraploid, green – mixedploid, asterisk – triploid individuals observed in the 

population). a subset of Scandinavia; b  detail of the Western Carpathian contact zone; c detail of the contact 

zone in the Slovenian Forealps; d detail of the South-Eastern contact zone. 
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Contact zones of diploid and tetraploid cytotypes of A. arenosa complex found in 

the Carpathians and the Slovenian Forealps (CS I) represent most probably secondary 

contact zones, where cytotypes regained the contact after previous spatial separation 

(Fig. 7; Petit et al. 1999). This hypothesis is supported by the separate distribution in other 

areas and the dominating intrapopulation cytotype uniformity. The uniformity within the 

contact zones could be preserved by demographic processes in detached populations, 

where the species preference for open habitats with low competition isolates the 

population and neutral evolution together with minority cytotype exclusion (Levin 1975) 

causes the dynamic changes in cytotype frequencies. In favour of this scenario speaks also 

the absence of long-distance dispersal adaptation and short lifespan with limited 

vegetative persistence (Kolář, Lučanová, personal observation). On the other hand, similar 

pattern could be found also in another Brassicaceae perennial Alyssum montanum 

(Španiel et al. 2011, 2012). 

As primary different ploidy contact zones of the Arabidopsis arenosa complex, 

we may consider populations with triploid individuals that arise de novo from diploids 

via the fusion of reduced (n) and unreduced (2n) gametes (CS I). The hybridization of 

different ploidies seemed to be improbable because triploid individuals were found mostly 

in otherwise diploid populations (CS I; 6 triploids found in contact zones by Morgan et al. 

2020) represented only 0,14% of sampled individuals). It is worth noting that the triploids 

reported in CS I were the first adult triploid A. arenosa plants ever published, as triploid 

individuals recorded before were karyologically investigated seedlings (Kolník, 

unpublished). This interesting discrepancy was further studied in detail by Morgan et al. 

(2021), as Měsíček (1970) presumed interploidal hybridization as a scenario for triploid 

production, but only on ex-situ germinated progeny. By interploidy and control intraploidy 

experimental crosses followed by extensive phenotyping, the ploidy variation in the 

progeny of interploidy crosses was found. Most of the triploid individuals arose from 

tetraploid mothers pollinated by diploid fathers, but all interploidy crosses resulted in 

lower germination rates and survival of young rosettes than both diploid and tetraploid 

control treatments and the pollen produced by triploid progeny was less fertile than the 

control, indicating that the triploid block acts as a strong reproductive isolation 

mechanism reducing the interploidal crossing (Köhler et al. 2010). 

The gene flow from diploids to tetraploids detected by genetic studies (Monnahan 

et al. 2019) is mediated rather by the unreduced gamete production in diploid individuals 

(confirmed by Morgan et al. 2021 by a small number of tetraploid progeny) plays a role in 

forming genetic and cytotype diversity in contact zones and should be studied further. 

The genome size of individuals from the Arabidopsis arenosa complex varies on 

the homoploid level within both diploids (up to 1.17-fold) and tetraploids (up to 1,21-fold), 

both inter and intrapopulation, having linear character and no spatial structure (CS I). 

Mean monoploid DNA content was similar among all three ploidy levels, but not identical 

(monoploid value of tetraploids was 7,6% higher than that of diploids, on average). Part of 

the variation could be caused by methodological bias (like seasonal variation, changing 

instruments or buffers, different tissues; Bainard et al. 2011), but this error was minimized 

by performing repeated analyses and by the presence of double peaks in analyses with 

selected individuals. Another scenario is the presence of aneuploidy and dysploidy, 

characteristic for some polyploid complexes of Brassicaceae (Marhold 2010; Mandáková 

et al. 2013) and also found in karyological analyses of Arabidopsis seedlings (Měsíček 

1970, Kolník and Marhold, unpublished), or different intensity in genomic processes 

within species (e.g. unequal crossing over, non-coding DNA multiplication; Bennetzen et 
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al. 2005; Leitch and Leitch 2013). One way or another, the variation is most probably 

a result of neutral processes (Šmarda and Bureš 2010; Oliver et al. 2013) as we did not find 

any correlation with geographic, altitudinal or environment factors within contact zones 

(CS II; Knotek et al. 2020; Morgan et al. 2020; CSV). 

4.2 Phylogenetic relationships and range-wide patterns of 

genetic diversity 

To detect the range-wide patterns of genetic diversity of both species, we applied several 

molecular methods available, applicable and most suitable at the time. In the case of 

Arabidopsis arenosa complex, separate cytotype datasets were created based on the data 

from CS I, to reveal the phylogenetic relationships of diploid individuals in the first place 

(CS II) as the ancestors of polyploidization, and tetraploids were analysed subsequently 

(CS V). 

For individuals of Arabidopsis halleri from European and Japanese populations, 

Bayesian clustering and PCoA of the whole AFLP dataset revealed the distinct position of 

the Japanese lineage, but the divergence level was comparable to that among European 

lineages. The northern hemisphere disjunction spanning the Palearctic region could 

be explained by two scenarios – recent human-mediated dispersal or ancient vicariance 

promoted by contacts taking place since the early Tertiary (Sanmartín et al. 2001). Based 

on the European haplotypes present in Japanese populations we suggest an intermediate 

scenario of long-distance dispersal from Europe to East Asia probably during the 

Pleistocene (CS III).  

The European populations comprise increased levels of diversity in all markers as 

well as the majority of previously described subspecies (Hoffmann 2005; Hohmann et al. 

2014), which indicates the ancestral potential of this area. Previous studies of A. halleri 

(Van Rossum et al. 2004; Pauwels et al. 2005, 2006, 2008, 2012; Kolník and Marhold 

2006; Wasowicz et al. 2016) did not represent the entire European species range, 

completely neglecting the Balkan area, therefore, the phylogeographic conclusions were 

misleading. Our homogenous sampling pointed out the major genetic grouping into three 

main European lineages, whose distribution strongly correlated with major 

geographical boundaries in the Central European mountain systems, such as barriers 

separating the Alps and Hercynian mountains or the border between Western and Eastern 

Carpathians (Fig 8; e.g. Pawlowski 1970; Mráz and Ronikier 2016). The Alpine and 

North-Western lineages were addressed previously (Pauwels et al. 2005, 2012), but the 

South-Eastern lineage, located in the South and Eastern Carpathians and the Balkan 

Peninsula, was unknown, probably due to the undersampling of this area. The hierarchical 

approach was further applied in order to detect finer genetic substructuring of the main 

groups by carrying out a separate clustering analyses for each of them (CS IV). The stability 

of those subgroups was tested, revealing consistent stable grouping of populations only 

within Alpine and North-Western groups. We thus defined five subgroups: Western 

Alpine, Eastern Alpine, Hercynian, Western Carpathian and South-Eastern Carpathian 

(Fig. 11). 

The genetic (and also morphological) differentiation present within the Alpine 

lineage in the Alps almost completely matches the “Brenner line” located in the area west 

of the Dolomites, one of the two lines phylogeographically delimiting the Eastern and 

Western Alps (Schönswetter et al. 2005; Thiel-Egenter et al. 2011; Smyčka et al. 2018). 
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The similar scenario is found within the North-Western lineage, where the Western 

Carpathian subgroup, exhibiting elevated levels of genetic diversity and proportion of rare 

genetic markers known for this area, is genetically and also morphologically well 

differentiated from the Hercynian subgroup. The main separation of the South-Eastern 

lineage from the rest of the dataset follows the border between the Western and Eastern 

Carpathians (Mráz and Ronikier 2016) and interestingly this lineage hosts the largest 

proportion of unique genetic diversity across all studied markers.  

In terms of the separation of the main detected lineages, the applied admixture 

model suggested only minor admixture between populations of NW Carpathian group and 

Alpine group in the Austrian Tyrol and between NW Carpathian and SE Carpathian 

populations in central Slovakia, but together with observed ancestral haplotype sharing 

among lineages, we assume that old vicariance with incomplete lineage sorting and/or 

ancient gene flow was more probable than recent hybridization events and the revealed 

low level of admixture is caused by recent human-mediated spread followed by admixture. 

Fig. 8 Geographic distribution of major genetic groups of Arabidopsis halleri across its European range. 

a geographic distribution of sampled populations (colour pie charts reflect the proportion of individuals 

belonging to a particular STRUCTURE group); the dotted line denotes the borders of the distribution range of 

A. halleri; b cluster assignment of the AFLP phenotypes revealed by STRUCTURE for the complete Eurasian 

dataset; c cluster assignment of individuals revealed by separate STRUCTURE analyses of the European 

populations; d principal coordinate analyses based on Jaccard distances of the Eurasion dataset, colour coded 

according to their major ancestry inferred by the corresponding STRUCTURE analyses. Modified from CS III. 

The first study examining the genetic structure of Arabidopsis arenosa polyploid 

species complex was based on the previous thorough cytological screening (CS I) and 

involved diploid individuals from pure as well as mixed populations. The optimal 

grouping of the populations was determined based on genome-wide SNPs and revealed 

the separation into five groups that corresponded with geography (Fig 9). The Dinaric 

and Pannonian groups were the most separated on the first and second PCoA axis, 
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leaving the Western Carpathian and Southeastern Carpathian groups in a closer 

relationship, but still distinguishable by Bayesian clustering.  

The spatially isolated Baltic lineage showed admixture between W and SE groups 

and even while analysing only Carpathian and Baltic populations, individuals from the 

Baltic coast occupied an intermediate position in the PCoA ordination and admixed 

assignment in STRUCTURE. But this disjunct outpost hosts ecologically distinct stands 

such as chalk cliffs and grey sand dunes and we wanted to reveal also the origin of those 

postglacial colonizations. Therefore, the origin of those populations was investigated using 

three alternative scenarios for coalescent-based approximate Bayesian computing (ABC) 

further supporting the admixed origin of the Baltic group being genetically very close to 

 

Fig. 9 Rangewide genetic differentiation of diploid individuals from Arabidopsis arenosa species complex 

(a-c) and reconstruction of the relationships among the Baltic and Carpathian populations (d-f). 

a geographical distribution of sampled populations (pie charts reflecting proportional assignment to 

a particular STRUCTURE group) and an outgroup, A. croatica (black cross), bold line indicates maximal 

extent of the continental ice sheet during the last glaciation, dashed line denotes borders of the distribution 

range of diploid cytotype; b principal coordinate analyses of the A. arenosa individuals (histogram shows 

proportional contribution in explaining variance by the first 20 aces) and species tree of the three most distinct 

groups inferred under multispecies coalescent analyses, rooted with A. croatica, posterior probabilities above 

the branches; c cluster assignment of the individuals revealed by STRUCTURE; d principal coordinate 

ordination of Carpathian and Baltic individuals; e Treemix maximum-likelihood graph showing relationships 

among main lineages of diploid A. arenosa species complex with one migration edge, individuals from high-

altitude populations of W Carpathian group are marked by black dot; f three competing scenarios differing by 

the mode of origin of the Baltic populations simulated and tested in ABC framework with varying effective 

population sizes (N) and migration rate (r), scenario 1 was the most likely. Modified from CS II.  
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the W and SE Carpathian groups (Fig. 9f). The Baltic sea coastline was affected by the 

continental ice sheet and changes in global ocean levels (Björck 1995), creating the current 

landmass ca. 5700 years ago (Janke et al. 1993; Wohlfarth et al. 2008). This allows us to 

hypothesize that admixture occurred in the past when the W and SE lineages met and 

hybridized, and only then did the admixed individuals migrate north into the postglacial 

niches. 

 

The genetic distribution of European tetraploid populations from the A. arenosa 

species complex have already been subjected to investigations by many studies, therefore, 

the basic knowledge about the gene pools and their approximate geographical distribution 

based on fragmented sampling is already known (Arnold et al., 2015; Monnahan et al. 

2019). These studies supported a single origin of tetraploids in the W Carpathians 

followed by a subsequent spread across Europe probably accompanied and mediated by 

interploidy gene flow with local diploids.  

In the subsequent study (CS V), we built on the largest homogeneous range-wide 

collections from both natural and anthropogenic habitats of tetraploids and we presented 

detailed information about the genetic clustering of 187 populations, including previously 

undersampled (SE Carpathians, Alps, Baltics, Hercynian massif) and completely 

unsampled (Scandinavia, western Europe) areas. Our SNP data confirmed the division 

into five genetic clusters (Fig 10), four of them corresponded to geographic regions and 

the last one, ruderal, occupying man-made habitats, clustered irrespective to geography. 

However, the lineages have shown a higher degree of admixture than in previous studies. 

In each lineage, we observed “pure” populations that have been assigned to one single 

genetic cluster whereas in others intermediate to higher levels of admixture were found 

(Fig 10e). This can be caused by our broad geographical sampling, which also included 

contact zones between two or more lineages, especially between the Alpine and Central 

European ones where we usually find populations showing the highest levels of admixture.  

The most admixed differentiated lineage is the Central European, which can be found 

from western (Belgium, Germany) to Central (Czech Republic, Austria) Europe. All 

populations assigned to this lineage show a high proportion of membership to other 

clusters, mainly to the ones including populations located in very close proximity, in the 

Eastern Alps. Indeed, many populations assigned to the Alpine lineage, located in the 

biogeographic region of the Eastern Alps (Schmitt 2017), also show high levels of 

admixture. All this evidence suggests hybridization events such as between tetraploid 

lineages or with local diploids (Monnahan et al. 2019). Another crucial element in those 

areas is partially sympatric occurrence of Arabidopsis lyrata known to hybridize with 

A. arenosa on tetraploid level (Schmickl and Koch 2011; Lafon-Placette et al. 2017; 

Monnahan et al. 2019), creating a well known hybrid zone in the eastern Austrian Alps 

(Schmickl et al. 2011). This interspecies gene flow could also play a role in the level of 

admixture of the present populations. The Western Carpathian lineage occupies well-

known areas that have been described as glacial refugia for many species in these 

mountains and surrounding areas (also in Poland and Hungary; e.g. Thiel-Egenter et al. 

2011; Alvarez et al. 2012; Ronikier et al. 2012). Tetraploids of A. arenosa originated in the 

Western Carpathians, which also represents one of the three contact zones between 

diploids and tetraploids (Monnahan et al. 2019; CS I). Many populations assigned to this 

lineage are “pure” while others show relatively low or intermediate levels of admixture. 

The second main contact zone between diploids and tetraploids of A. arenosa is located in 

the Southeastern Carpathians. The tetraploid lineage found in this area was previously 
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underrepresented in previous biogeographical studies. One single population was 

included by Arnold et al. (2015), while three populations were analysed by Monnahan et 

al. (2019). Our study includes up to 24 populations assigned to SE Carpathian lineage, thus 

being the first time that the distribution range of A. arenosa in SE Carpathians is fully 

covered. The genetic differentiation is high, compared to other lineages and admixture 

proportions are relatively low, which suggests a long period of strong isolation due to the 

biogeographical barrier separating W and SE Carpathians (Mráz and Ronikier 2016).  

The Ruderal group represents the black horse in A. arenosa’s history and future. 

Despite the distribution of the lineage is not sharply geographically restricted, it is 

genetically well differentiated from the others and it is the only tetraploid lineage in 

A. arenosa that colonized higher latitudes of Central Europe and Scandinavia, yet still 

associated to anthropogenic niches, most likely expanding by migration along railway 

networks (Arnold et al. 2015). Populations assigned to this lineage show relatively low 

levels of admixture, but bear signs of introgression from the diploid A. arenosa lineage 

(Baltic diploid) and A. lyrata (Monnahan et al. 2019). In contrast, it has experienced huge 

niche expansion towards warmer and colder environmental conditions but contraction to 

drier areas with respect to the ancestral tetraploid W Carpathian lineage (CS V). 

Fig. 10 Geographic distribution of tetraploid populations from the Arabidopsis arenosa complex. 

a geographical distribution of sampled populations (pie charts reflecting proportional assignment to 

a particular STRUCTURE group); b subset of Scandinavia; c detail of the Western Carpathian contact zone; 

d detail of the Austrian zone; e individual cluster assignment into different tetraploid lineages within the 

A. arenosa complex revealed by STRUCTURE (SE Carpathians – light blue, W Carpathians – dark red, 

C European – light orange, Alpine – light yellow, Ruderal – purple). Modified from CS V. 



23 
 

Apart from detecting the range-wide genetic structure of studied species, we also studied 

the plausible glacial persistence in “cryptic” northern refugia (Stewart and Lister 

2001). The coordinated investigations of the sympatric A. halleri and the A. arenosa 

complex provided an opportunity to compare the evolutionary patterns and processes 

among closely related diploid vs. di-tetraploid complexes evolving within the same 

environmental context, widening the well documented glacial survival for cold-tolerant 

species (e.g. Tzedakis et al. 2013; Douda et al. 2014; Mandák et al. 2016). The alternative 

scenario to the one involving glacial survival in southern European refugia and post-glacial 

recolonization (Taberlet et al 1998; Hewitt 2004; Tzedakis et al. 2013) suggests glacial 

survival in the northern refugia such as in the Carpathians (Ronikier 2011).  

In our data, we can find several lines of evidence suggesting the scenario of survival 

in northern refugia, such as populations with high genetic differentiation and proportion 

of rare fragments (corresponding to the areas of long-term persistence, e.g. Tribsch et al. 

2002; Paun et al. 2008) in the areas of south and eastern foothills of Alps, Pannonian 

basin, the Western  tCarpathians and multiple regions of South-Eastern Carpathians 

(CS II, CS III). The recent spread from the single pool (as from the classical southern 

glacial refugium) was disproved by relatively high differentiation of populations within 

each group in both species (CS II, CS III, Arnold et al. 2015). Our data support the existence 

of the northern glacial refugia known also from other species (Tzedakis et al. 2013) based 

on the fossil data (Birks and Willis 2008) and genetic structure of temperate plants and 

animals (Magri et al. 2006; Kotlik et al. 2006; Těšitel et al. 2009; Sommer and Zachos 

2009). The most promising area for both A. halleri and diploid A. arenosa are the 

Carpathian foothills, as this area hosts their most diverse populations and was also affable 

habitat being inhabited by forest communities during the last glacial maxima (Juřičková 

et al. 2014; Jankovská and Pokorný 2017; CS II, CS III). 

 

The establishment and success of polyploids are thought to often be facilitated by 

ecological niche differentiation from diploids reflecting a WGD-driven shift in important 

functional traits, which in turn strengthens prezygotic isolation between ploidies and 

contributes to polyploid speciation. It is crucial not only to know the ploidy level of 

polyploids (Duchoslav et al. 2020) but also the intraspecific genetic structure. In CS V we 

were trying to solve the mystery of inconsistent outcomes by studying the role of niche 

differentiation in the autopolyploid evolution of the Arabidopsis arenosa complex. 

Ecological niche modelling was used in a study conducted by Molina-Henao and Hopkins 

(2019), which concluded niche expansion but not the divergence of tetraploids of 

A. arenosa. These results contrast with other studies in which an absence of ecological 

niche differentiation was described at both the landscape (CS II) and intra-population 

scales (Wos et al. 2019), and in three contact zones independently (Morgan et al. 2020). 

We investigated differences among climatic niches of tetraploid lineages considering the 

observed inter-lineage admixture proportions covering up the whole geographic 

distribution area of the tetraploid cytotype for the first time. The study confirms that niche 

evolution of polyploids is detectable only when polyploid lineages are compared with their 

corresponding diploid ancestors, not globally, as both niche expansion and conservatism 

were found. 
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4.3 Taxonomical concept based on intraspecific variation 

Arabidopsis species are one of the top model-species among the Brassicaceae to study 

ecology, physiology, molecular basis and evolution of phytoremediation or parallel 

adaptation e.g. Clauss and Koch 2006; Krämer 2010; Bohutínská et al. 2021 a, b, c; 

Konečná et al. 2021). Due to the inexplicit taxonomy or simply neglected phylogenetic 

relationships (as several species and subspecies are recognized within the taxa; chapter 

1.3.1 and 1.3.2), many published studies could suffer from misleading phylogenetic and 

evolutionary context. Therefore, we accompanied our thorough phylogeographic studies 

with the environmental conditions of the population’s locations and morphological data of 

sampled individuals as the revealed delimitation into several spatially and genetically well-

defined groups of both species does not fully correlate with current taxonomic concepts.  

Both species occupy a wide variety of substrates, climatic niches and habitats, spanning an 

elevational range over 2500 m, therefore, representing a suitable model for testing 

hypothesis concerning niche conservatism vs. shifts through evolutionary history (Pauwels 

et al. 2012; Schmickl et al. 2012; Hohmann et al. 2014). Although the data suggest 

a correlation between genetic structure and local bioclimatic conditions, suggesting 

ecological differentiation among major genetic lineages, this could be driven by the distinct 

geography of the groups.  

The genetic divergence is not in fact the source of morphological variation as 

shown in CS III. For Arabidopsis halleri, the largest proportion of observed phenotypic 

plasticity was explained by ecological conditions. The presence of similar morphotypes in 

high-altitude habitats within populations in the Eastern Alps and the Southern 

Carpathians, the areas with the most distinct genetic relationships, represents the similar 

phenotypic effect as in diploid A. arenosa. In this case, the range-wide climatic niche 

differentiation was correlated with the genetic structure, not with the morphometric data. 

The major genetic lineages occupying distinct climatic niches along the altitude-related 

bioclimatic gradient and the most prominent niche shifts were found in the populations 

which expanded into alpine and northern coastal postglacial environments but were only 

weakly genetically differentiated. 

Taking an advantage of revealed genetic structure complemented with morphological data, 

we presented a taxonomic re-evaluation of Arabidopsis halleri, considering the 

historical taxonomic treatments (Fig 5; Jones and Akeyrod 1993; Jalas and Suominen 

1994; Kolník and Marhold 2006). To provide a detailed phylogeographic structure with 

potential substructuring within the lineages, that could detect the structure proposed by 

current taxonomy, each major group was also analysed separately, revealing stable 

subgroups within the NW group and Alpine group, resulting in five subgroups, that were 

subsequently tested for morphological separation. The discriminant analyses of 

populations showed the morphological separation of five genetic sublineages, resulting in 

the proposed new intraspecific classification better reflecting the overall structure of the 

species, though their recognition based on single characters are not easy yet still sufficient 

on the subspecies level. The reliable differentiation can be done based on geographic origin 

(for details see Fig. 11), Arabidopsis halleri subsp. halleri spanning the area of Hercynian 

lineage, A. halleri subsp. tatrica for the populations from the Western Carpathians, 

A. halleri subsp. ovirensis in the Eastern Alps, A. haller subsp. dacica in the Southeastern 

Carpathians and newly proposed subspecies A. halleri subsp. occidentalis for the 

morphologically distinct populations of the Western Alps. 
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Fig 11 Taxonomic reasessment of Arabidopsis halleri based on the range-wide genetic differentiation. 

a colour pie charts reflecting the proportional assignment to particular STRUCTURE subgroups within each 

group, thick borders represent populations used also for morphological measurements, and black dots 

represent populations sampled for morphometry only), the dotted line denotes the borders of distribution 

range of A. halleri; b cluster assignment of the individual AFLP phenotypes revealed by STRUCTURE for the 

complete dataset; c cluster assignment of individuals revealed by separate STRUCTURE analyses of the North-

Western and Alpine groups (analyses of the South-Eastern group did not result in consistent results); 

d principal coordinate analyses based on Jaccard distances between all AFLP phenotypes; the colour coding 

matches the assignment to the respective lineages as inferred by STRUCTURE; e morphological separation of 

the five European subgroups revealed by means of canonical discriminant analyses based on population 

means. Modified from CS IV. 

The current taxonomy of Arabidopsis arenosa complex is even more problematic, 

harbouring the mixture of species and subspecies of different ploidy levels (Fig 4). 

Previously recognized diploid species A. carpatica, A. neglecta and A. nitida (Měsíček 

1970) were clustered into the W Carpathian lineage, while the genetically most 

differentiated Dinaric and SE Carpathian diploid lineages were completely neglected in the 

previous taxonomic treatments. The only taxon fitting one of the described diploid groups 

is A. petrogena, which corresponds to the Pannonian lineage. The observed admixture in 

several areas suggests, that the barriers between groups are still permeable (unlike in 

A. lyrata; Leppälä et al. 2013), and the situation is even more complicated by the gene flow 

to the tetraploid lineages (Arnold et al. 2015; Monnahan et al 2019). The proper taxonomic 

assessment based on the morphological and experimental investigations is needed while 

taking into account also phylogenetic relationships between diploid and tetraploid groups, 

yet the main message of our studies is clear – employing A. arenosa as a model group 

should rely on the presented lineages, not the previous inaccurate taxonomical 

classification.  
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5 Conclusions and future prospects 
During the past several years, wild relatives of Arabidopsis thaliana became an important 

model species for many scientific fields, e.g. heavy metal tolerance, adaptation for whole-

genome duplication, parallel evolution. Therefore, the knowledge of their interspecific 

phylogenetic relationships is crucial for the correct interpretation of those studies. Here, 

I summarise the main contributions of the five case studies and the remaining questions 

to be answered. 

Ploidy and genome size variation across the distributional ranges 

● Arabidopsis halleri represents purely diploid taxon. 

● Populations of the A. arenosa complex hosts three different cytotypes, whereas the 

minority triploid cytotype was found only within diploid populations. 

● The vast majority of populations are cytotype uniform and diploid and tetraploid 

cytotypes exhibit a largely parapatric distribution. Diploids occupy mainly 

southeastern areas of Europe and spatially isolated localities along the southern 

shores of the Baltic Sea. Tetraploids dominate in the northwestern half of the 

species range. 

● Three secondary contact zones were found in the Western Carpathians, northern 

Dinaric region and Southeastern Carpathians. 

● The genome size of A. arenosa varies only slightly, probably as a result of neutral 

processes as we did not find any correlation with geographic, altitudinal or 

environmental factors within contact zones. 

Phylogenetic relationships and range-wide patterns of genetic diversity 

● We can find three main European genetic lineages (further differentiated into five 

subgroups) accompanied with one in East Asia within Arabidopsis halleri and five 

diploid and five tetraploid lineages in the A. arenosa complex, their distribution 

correlated with major geographical boundaries in the Central European 

biogeographic systems. 

● The lineages of the same ploidy are geographically isolated, however in the areas 

of secondary contact of A. arenosa’s cytotypes gene flow from diploids to 

tetraploids was found. The tetraploids did not overcome their diploid ancestors in 

this area. 

● Autotetraploid cytotypes of A. arenosa originated only once in the Western 

Carpathians and spread through most of Europe. Especially the Ruderal lineage, 

containing diagnostic alleles from W Carpathian and Baltic diploid lineages, has 

experienced huge niche expansion towards warmer and colder environmental 

conditions but contraction to drier areas with respect to the ancestral tetraploid 

W Carpathian lineage. 

New taxonomical concept based on intraspecific variation 

● Revealed intraspecific structures do not correlate with the current taxonomic 

concept of neither Arabidopsis halleri nor A. arenosa. 
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● The major factor of morphological variation in A. halleri is the environment as the 

largest proportion of observed phenotypic plasticity was explained by ecological 

conditions. 

● The morphological separation of five genetically differentiated subgroups allowed 

a new intraspecific classification of A. halleri, even though the recognition based 

on single characters is not easy (yet still sufficient at the subspecies level). 

The reliable differentiation can be done based on geographic origin. 

 

Looking at the obtained results, the next direction of our research is obvious. We are still 

lacking the taxonomic concept for the autopolyploid complex of Arabidopsis arenosa. The 

morphometric measurements were processed and are available, but before we will proceed 

to the taxonomic reassessment of this intricate group, the relationships between diploid 

and polyploid lineages need to be unravelled. To do so, the joint dataset based on the 

tetraploid and diploid dd-RADseq SNP data from the whole distributional range will be 

created and analysed and set into the context with the morphological findings. As crucial 

we see the problem of circumscription of the separate species or intraspecific taxa of 

different ploidies within the same area. 

Another challenge represents the hybridization between tetraploids of the Arabidopsis 

arenosa complex and A. lyrata. Introgressive hybridization is now recognized as 

a widespread and fundamental evolutionary force (Sung et al. 2018), which can fuel 

adaptation (Arnold and Kunte 2017; Schmickl and Yant 2021). It might provide fertile 

ground for adaptive radiation either by enriching genetic variation in an initial 

hybridization event between two species that may then trigger radiation or by introducing 

adaptations that allow species of radiating lineages to occupy new niches and further 

diversify. Hybrid zones of A. lyrata and the A. arenosa complex are still active and thus 

provide a unique chance for studying microevolutionary processes related to introgression 

within this model genus. The on-going introgression has been reported for a hybrid zone 

in the eastern Austrian Fore-Alps (Schmickl and Koch 2011; Hohmann and Koch 2017), 

and this hybrid zone gives us the opportunity to study speciation mechanisms that involve 

gene flow in an immense detail. Taking the advantage of large sampling dataset of both 

species, including populations from hybrid zones, we will first address the hybrid zone 

range, modality and genetical structure along the environmental gradient and secondly the 

mechanisms of hybrid establishment, their competition with parental lineages and the 

question of putative interploidal gene flow direction. 
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ABSTRACT 

Aim 
Although whole genome duplication (WGD, polyploidization) is an important speciation 
force, we still lack a consensus on the role of niche differentiation in polyploid evolution. 
In addition, the role of genome doubling per se vs. later divergence on polyploid’s niche 
evolution remains obscure. One reason for this might be that the often intricate 
intraspecific genetic structure of polyploid complexes and interploidy gene flow is 
frequently neglected in ecological studies. Here, we aim to investigate to which extent 
these evolutionary impacts our inference on niche differentiation of autopolyploids.  
Location: Europe 
Taxon: Arabidopsis arenosa (Brassicaceae) 
Methods 
Leveraging a total of 352 jointly genotyped and cytotyped populations of diploid-
autotetraploid A. arenosa, we examined differences among climatic niches of diploid and 
tetraploid lineages globally and independently for each tetraploid lineage with respect to 
the niche of its evolutionary closest diploid and/or tetraploid relative. Then, we tested if 
there was an effect of additional interploidy introgression from other sympatric yet non-
ancestral diploid lineages of A. arenosa on climatic niches of tetraploids by integrating the 
niche data of the respective diploid lineages to the ecological models. 
Results 
The ecological niche shift of tetraploids is detected only when each tetraploid lineage is 
compared with the evolutionary closest diploid ancestor lineage, not when examined 
globally. Different patterns of climatic niche evolution (i.e., niche conservatism, 
contraction or expansion) are found in each tetraploid lineage. Climatic niches of 
tetraploid lineages are significantly different among them. We observe an effect of 
interploidy gene flow in patterns of climatic niche evolution of tetraploid ruderal plants of 
A. arenosa.  
Main conclusions 
The niche shift of tetraploids in A. arenosa is not driven by WGD per se but rather reflects 
dynamic post-WGD evolution in the species, involving tetraploid migration out of their 
ancestral area and interploidy introgression with other diploid lineages. Our study 
supports that evolutionary processes following WGD, which usually remain undetected by 
studies neglecting intraspecific genetic structure, may play a key role in the adaptation of 
polyploids to challenging environments.  
 

KEYWORDS 
Arabidopsis arenosa, climatic niche evolution, ecological niche comparison, genetic 
structure, polyploidy 
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INTRODUCTION 

Polyploidy is a leading evolutionary force driving speciation and diversification of all plant 
lineages (Stebbins, 1950; Otto and Whitton, 2000; Wendel, 2000; Soltis et al., 2015). All 
flowering plants have experienced one or more episodes of whole-genome duplication 
(WGD) during their evolutionary history (Jiao et al., 2011; Wendel, 2015) and it has been 
estimated that up to 15% of all speciation events in angiosperms are associated with 
a ploidy increase (Wood et al., 2009). Polyploid speciation has been considered 
a mechanism of sympatric speciation given the potential reproductive isolation that newly 
formed polyploids can experience due to strong postzygotic barriers among cytotypes 
(e.g. differences in the number of sets of chromosomes; Coyne and Orr, 2004). However, 
incomplete postzygotic isolation among cytotypes is common in plants, thus promoting 
interploidy reproduction (Sutherland and Galloway, 2017). Accordingly, polyploid 
speciation is not an “instantaneous” process and prezygotic reproductive barriers such as 
differences in ecological niches between polyploids and closest lower-ploidy progenitors 
can also play a key role in assortative mating and thus, polyploid speciation (Levin, 2004; 
Husband et al., 2016). According to the niche shift hypothesis, novel phenotypic, 
physiological and genetic combinations associated with polyploidy potentially could drive 
up polyploids to expand to new ecological niches that would have remained unavailable to 
their diploid progenitors (Madlung, 2013). According to this, niche ecological divergence 
with respect to progenitors may be more prone to occur in allopolyploids (i.e. formed by 
genome duplication after hybridization of two different parental genomes more or less 
divergent) than autopolyploids (i.e., formed within the same species or genetic lineage) 
because high heterozygosity could allow allopolyploids to colonize new habitats. Many 
empirical studies have addressed niche evolution after WGD, with some of them 
supporting niche divergence between diploids and polyploids (Theodoridis et al., 2013, 
Thompson et al., 2014, Visger et al., 2016, Muñoz-Pajares et al., 2018, Decanter et al., 
2020), while others do not (Godsoe et al., 2013, Glennon et al., 2014, Čertner et al. 2015, 
Visser and Molofsky, 2015, Castro et al., 2019; 2020a). Yet, there is not a consistent or 
universal pattern concerning the role of niche differentiation in polyploid establishment 
and evolution. This incongruence between studies has been explained by methodological 
issues as an inappropriate resolution of environmental variables (Kirchheimer et al., 
2016), because niche differentiation might be occurring at a different spatial scale (Čertner 
et al., 2019) and/or simply by different evolutionary histories of polyploid cytotype 
between studied species – an aspect that has been, however, often neglected in purely 
ecological studies. The presence or absence of niche evolution in polyploids strongly 
depends on species’ history: e.g. polyploid’s age, multiple origins or the number of ploidy 
levels, among others (see Duchoslav et al., 2020). There can also be a phylogenetic signal 
in environmental traits (Burns and Strauss, 2011), thus, ecological niches of polyploids can 
be potentially affected by ancestral niches of progenitors. Consequently, patterns of 
ecological differentiation could be misunderstood if niches of the polyploids are not 
compared to their closest lower-ploidy progenitors. Unfortunately, the intraspecific 
genetic structure of polyploid complexes is often unknown due to limitations associated 
with challenges surrounding population genetic data analysis of polyploids (Rothfels, 
2021), and if known, it is rarely taken into account when evaluating polyploid niche 
evolution (see López-Jurado et al., 2019 as the exception). Niches of allopolyploids are 
predicted by the sum of the niche of their progenitors (Parisod and Broennimman, 2016). 
This is not the case with strict autopolyploids, which usually conserve the climatic niche of 
their unique progenitor species. Nevertheless, hybridization and interploidy admixture 
between geographically close diploid and tetraploid populations are common in many 
plant species (Aagaard et al., 2005; Koutecký et al., 2011; Monnahan et al., 2019; Šmíd et 
al., 2020). Thus, it might also occur that autopolyploids come into secondary contact with 
distance-related diploid ancestors that have diverged before the WGD event. This genetic 
exchange may result in adaptive introgression that can also influence patterns of climatic 
niche evolution (Schmickl and Yant, 2021). Nevertheless, few studies have assessed 
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whether introgression promotes ecological niche evolution of polyploids, most of them 
being focused on strict allopolyploids (Arrigo et al., 2016, Blaine Marchant et al., 2016). 
The effect of interploidy introgression in the ecological niche of autopolyploids remained 
unexplored.  

Arabidopsis arenosa (Brassicaceae) is a diploid-autotetraploid species with a well-
described evolutionary history of its lineages, that has recently become an interesting 
system not only to study polyploid evolution (Monnahan et al., 2019; Morgan et al., 2021a; 
2021b; Bohutínská et al., 2021a)but also adaptation to extreme conditions (Konečná et al., 
2021; Bohutínská et al., 2021b, Knotek et al., 2020, Wos et al., 2021). Multiple studies have 
addressed the role of niche differentiation in the autopolyploid evolution of this system, 
however, reaching strikingly inconsistent outcomes. Ecological niche modelling was used 
in a study conducted by Molina-Henao and Hopkins (2018), which concluded niche 
expansion but not the divergence of tetraploids of A. arenosa. These results contrast with 
other studies in which an absence of ecological niche differentiation was described at both 
the landscape (Kolář et al., 2016b) and intra-population scales (Wos et al., 2019), and in 
three contact zones independently (Morgan et al., 2020). Unfortunately, neither of these 
studies did cover the whole distribution range of the species (Wos et al., 2019; Morgan et 
al., 2020) and they had not integrated the intricate evolutionary history of this species 
involving the intraspecific genetic sub-structure of each cytotype and interploidy gene flow 
(Kolář et al., 2016b, Molina-Henao and Hopkins 2018). Autotetraploid cytotype of 
A.arenosa originated only once in the Western Carpathians 20,000 to 31,000 generations 
ago, where it still coexists with its diploid progenitor until now, but also from where it 
spread through most of Europe from Romania in the south to Belgium in the west and 
Scandinavia in the north (Arnold et al., 2015; Monnahan et al., 2019). During this 
expansion, tetraploids also encountered other earlier diverged diploid lineages of 
A. arenosa and got introgressed by them in at least two contact zones, in SE Carpathians 
and the Baltic coast (Monnahan et al. 2019). An intriguing question about to which extent 
such intricate evolutionary history has been translated to niche divergence, however, 
remained unanswered.   

In the present study, we aim to examine the impact of the intraspecific genetic 
structure and interploidy introgression when testing for autopolyploid niche evolution. 
More specifically, we test the following hypothesis: (i) whether niche shift of polyploids is 
detectable only when polyploid lineages are compared with their corresponding diploid 
ancestor(s), not globally; and (ii) whether interploidy introgression events promote 
ecological divergence and/or expansion of polyploids due to additional genetic material 
from other source lineages. First, we used genome-wide single nucleotide polymorphism 
(SNP) genotyping to investigate the genetic structure within A. arenosa tetraploids across 
the landscape including for the first time samples from the whole geographic distribution 
area of the tetraploid cytotype. Second, we compared the environmental niche occupied by 
diploid and tetraploid lineages of A. arenosa, both globally, and independently for each 
tetraploid lineage with respect to the niche of the evolutionary closest diploid lineage, and 
among them. Third, we investigated the effect of interploidy gene flow in polyploid niche 
shift by comparing niches of tetraploid Ruderal and SE Carpathian lineages to the niches 
of its respective sympatric locally-adapted diploid-related lineages. 

MATERIAL AND METHODS 

Genomic data 
Dataset and library preparation 
The cytogeographical patterns in A. arenosa have been well documented (Kolář et al. 
2016b) and the genetic structure of diploid populations across their entire distributional 
range is well known (Kolář et al. 2016a). However, in the case of tetraploids, the 
identification of genetic lineages remains unclear mainly because the whole distribution 
range of tetraploids of A. arenosa has not been fully covered in previous studies (Arnold 
et al. 2015), or the number of sampled populations was limited (Monnahan et al. 2019). In 
order to identify range-wide tetraploid genetic structure, a dataset of genome-wide single-
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nucleotide polymorphisms (SNPs) was generated for a total of 275 tetraploid individuals 
from 125 populations (1-4 indiv/pop) using double-digest RADseq (as described in Wos et 
al. 2019). Available published WGS data (Monnahan et al. 2019) from 62 tetraploid 
populations were also integrated to generate a more robust dataset, consisting of a total of 
428 individuals from 186 populations.  
Raw data processing, variant calling and filtration 
Raw reads were demultiplexed using FASTX toolkit 0.0.14 and quality trimmed 
(> 20 Phred quality score) in Trimmomatic 0.36. Mapping on Arabidopsis lyrata 
reference genome v. 1.0.25 (Hu et al. 2011) was performed using BWA v. 0.7.3a and the 
resulting BAM was processed with Picard Tools v. 2.22.1. The Genome Analysis Toolkit 
v. 3.8 (GATK, McKenna et al. 2010) was used following the best practice recommendations 
(www.boradinstitute.org/gatk). Variant calling was performed for each individual using 
the HaplotypeCaller module, setting the ploidy=4 option. Then, we aggregated variants 
and performed genotyping across all individuals using GenotypeGVCFs. 
We used the coordinates of the identified RAD loci to retrieve the corresponding SNPs 
from a previous set of genome resequencing data (Monnahan et al. 2019) that was mapped 
to the same reference genome. In this way, we extracted the SNP data from the same sites 
for an additional 155 individuals using GATK. Both vcf files were merged and the final vcf 
contained 430 tetraploid individuals from a total of 187 populations. We only considered 
biallelic sites that passed the filter parameters indicated by GATK best practices 
(https://gatk.broadinstitute.org/hc/en-us/articles/360035890471-Hard-filtering-
germline-short-variants): 'QD < 2.0', 'FS > 60.0', 'MQ < 40.0', 'MQRankSum < -12.5', 
'ReadPosRankSum < -8.0', 'SOR > 3.0'. Additionally, for subsequent analyses, we only 
keep variants that were present in at least 80% of individuals at a minimum sequencing 
depth of 8x, reaching a final dataset of 179,698 SNPs. Scripts used for processing the data 
are available at https://github.com/V-Z/RAD-Seq-scripts. 
Identification of genetic lineages 
We inferred population genetic structure using Bayesian clustering analyses in 
STRUCTURE v. 2.3.2 (Pritchard et al. 2000), which allows us to take into consideration 
autotetraploid genotypes. Before running STRUCTURE, we pruned the dataset to avoid 
linkage among SNPs. Taking into account the average length of RADseq fragments (350 
bp), we randomly selected one SNP per each 1000-bp window to avoid linkage 
disequilibrium. We discarded those SNPs showing a lower minor allele frequency of 0.05 
and a higher minor frequency of 0.95 to remove uninformative singletons and errors in 
the dataset. Python scripts used for pruning and formatting the input data for 
STRUCTURE are available at https://github.com/MarekSlenker/vcf_prune. In 
STRUCTURE, we run ten replicates per each value of K between 1 and 10 applying a burn-
in of 104 iterations followed by 105 MCMC iterations. Convergence among different 
replicates per each K value was evaluated in R using a script that ran modified functions 
previously coded by Ehrich (2006) (https://github.com/MarekSlenker/structureSum). 
The results for every value of K were visualized using CLUMPAK (Kopelman et al. 2015). 
The optimal value of groups in our dataset was identified according to several criteria 
(i.e. K = 5 is the highest value of K showing a positive delta K value (Evanno et al. 2005) 
and convergence of the results among the ten replicates (Supplementary Figure 1). Each 
population was assigned to the cluster for which the highest proportion of membership 
was observed. We further investigated the population structure inferenced by 
STRUCTURE running principal component analysis (PCA). Based on putatively neutral 
four-fold degenerate (4dg) SNPs and using ADEGENET package in R (Jombart 2008) we 
summarized the neutral genetic variability among the identified lineages within our 
tetraploid samples. Additionally, we calculated pairwise Nei’s genetic distances (Nei 1987) 
among the same lineages to quantify the genetic differentiation between them using 
StAMPP R package (Pembleton et al. 2013).  
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Niche comparison analyses 
Occurrence data and climatic variables 
For the climatic niche comparison analyses, we used both diploid and tetraploid 
occurrences of A. arenosa with known affiliations to the genetic lineages. We collected leaf 
material of 10-20 individuals from diploid and tetraploid populations of A. arenosa in 
2011-2020 across their entire European distribution range (Kolář et al. 2016b) and we 
checked the ploidy level of each individual using flow cytometry (as described in Kolář et 
al. 2016b, Supplementary Table 1). Geographical coordinates were obtained from GPS 
during field surveys. The lineage assignment to tetraploid populations was done according 
to the Bayesian clustering of the SNP data obtained in this study (see details above). To 
avoid potential bias caused by admixture between different tetraploid lineages, we 
excluded equivocal populations showing less than 50% membership to one single cluster 
from the niche comparison analyses (in total 21 populations, see Supplementary Table 2). 
In the case of diploids, the assignment was based on previous Bayesian clustering of a set 
of populations covering the entire range of the diploid cytotype (Kolář et al. 2016) and the 
geographical location of additionally sampled populations. A total of 352 localities 
including 2x and 4x cytotypes of A. arenosa assigned to intraspecific genetic lineages were 
analyzed (see Supplementary Table 1). In order to avoid unequal representation caused by 
biased sampling in different areas, the obtained sampling points were filtered and those 
that were closer than 10-km distance were removed. The number of occurrences per 
cytotype and lineage is indicated in Table S3. Environmental data related to temperature 
(BIO1-BIO11 variables) and precipitation (BIO12-BIO19 variables) were extracted for all 
occurrence points from WorldClim at 30-s (ca. 1 km) resolution (Hijmans et al., 2005).  
Niche quantification and comparison 
Quantification and comparison of climatic niches were performed using a statistical 
framework developed by Broennimann et al. (2012). It applies a kernel density function to 
calculate the smoothed density of occurrences and environmental values along the first 
two axes of multivariate analysis (PCA-env). This method ensures that the niche overlap 
is independent of the resolution of the grid. We considered the first two axes of the PCA 
calibrated on the environmental space of the study area, which was divided into a grid of 
100 x 100 cells with each cell corresponding to a unique set of environmental conditions. 
The environmental space was produced by extracting the same climatic values for 10,000 
occurrence points randomly sampled from 100-km buffer zones around the occurrences 
of diploid and tetraploid A. arenosa records. This common environmental space, which 
theoretically corresponds to the potential habitat of the species, was used for all pairs of 
comparisons. Occurrence density grids had a resolution of 100 and a species density 
threshold of zero. Niche overlap, equivalence and similarity tests implemented in the R 
package “ecospat” (Di Cola et al., 2017) were performed to compare the divergence 
between lineages. Niche overlap calculation is based on Schoener’s D metric (Schoener, 
1968) that ranges from 0 (no overlap) to 1 (complete overlap). To evaluate the significance 
of niche overlap (α = 0.05), we performed an equivalency test (Warren et al. 2008), which 
uses random bootstrap resampling of presence occurrence points of both lineages to 
calculate if a null distribution of D and the observed D are significantly different (p < 0.05; 
niches are not statistically equivalent) or not (niches are equivalent). The significance of 
niche overlap was also evaluated by similarity tests, which use bootstrap resampling to 
assess whether the niche of one lineage predicts the other better than would be expected 
by chance (α = 0.05). If observed D is greater than the null distribution, niches are more 
similar than expected. Values lower than the null distribution indicate that niches are not 
similar and non-significant values mean a lack of power of the test to detect differences or 
similarities. However, simply testing if niches of diploid and tetraploid cytotypes are 
equivalent or different does neither fully account for dynamics of niche evolution, nor 
reflects the complex reticulated evolutionary history of the species. In order to understand 
alternative processes driving niche evolution in A. arenosa we have quantified niche 
dynamics per each genetic lineage, using niche unfilling (U), stability (S) and expansion 
(E) indices (Guisan et al., 2014) and calculating niche optimum and breadth along the axes 
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of temperature and precipitation variation. The niche optimum and breadth of each 
lineage was calculated following the procedure described in Theodoridis et al. (2013) and 
Kirchheimer et al. (2016). We randomly sampled 100 cells of the gridded space of each 
lineage with the probability of selection weighted by the density of the species occurrences. 
We calculated the niche optimum and breadth, calculating the median and the standard 
deviation of the scores along the two PCA axes, respectively. This re-sampling was repeated 
1000 times and differences in the distribution of optimum and breadth values were 
compared using Welch’s t-tests in R. The results were visualized using boxplots for each 
PCA axis. To test for the effect of the studied lineages on the niches’ optimum and breadth 
for each PCA axis, we first performed an ANOVA test, and then we performed a Tukey HSD 
test to perform all the possible pairs-comparisons.   
 

RESULTS 
Genetic structure within A. arenosa tetraploids 
We obtained a total of 179,698 filtered SNPs for the 428 tetraploid individuals of 
A.arenosa included in our study. The average depth is 11× and our dataset comprises 13.1% 
of missing data over populations and sites. Bayesian clustering analyses support the 
existence of five distinct genetic clusters among tetraploids of A. arenosa. These clusters 
are geographically separated (Fig. 1). Two of them (red and blue) are restricted to 
populations located in Western and Southeastern Carpathians, respectively. The majority 
of populations from the Western part of Central Europe (further referred to as C Europe) 
are included in a third cluster (light orange), only populations from the Eastern Alps form 
a separate, fourth, cluster (yellow). Finally, some populations sampled in human-made 
ruderal stands (mainly railways tracks and roadsides) in the Alps, Germany and the Czech 
Republic are clustered together with all populations located in Northern Europe and the 
Baltic Sea coast (purple).       

Principal component analysis based on genetic data confirms the genetic 
differentiation of A. arenosa tetraploids into the five lineages and further indicates the 
level of differentiation among them. Ruderal populations (4x-RUD) are separated from 
the others along the first axis, while populations located in SE Carpathians (4x-SEC) are 
differentiated from the rest along the second axis (Supplementary Figure 2A). Alpine 
(4x-ALP), W Carpathians (4x-WCA) and C European (4x-CEU) populations cluster 
together in the PCA of the complete dataset but get clearly distinct in a separate analysis 
excluding the populations identified within the 4x-RUD and 4x-SEC lineages 
(Supplementary Figure 2B). Nei’s genetic distances calculated among lineages reflect the 
fact that the genetic divergence among them is generally low (Supplementary Figure 2C).  

Niche quantification and comparison among diploids and tetraploids globally 
The variation explained by the two first axes of the PCA-env is 41.5% and 30.4% 
respectively, which means a total of 71.9% of the variance. Environmental variables related 
to precipitation (BIO12-BIO19) are highly correlated to PC1, while temperature-related 
variables (BIO1-BIO11) are mainly correlated to PC2 (Fig. 2A). The contribution of each 
variable to the two first axes of the PCA is summarized in Supplementary Table 4. Annual 
precipitation (BIO12), precipitation of the driest quarter and month (BIO17 and BIO14) 
together with precipitation of the coldest quarter (BIO19) show the highest percentage of 
correlation to PC1. The mean temperature of the coldest quarter (BIO11) and minimum 
temperature of the coldest month (BIO6) are the most correlated variables to PC2.  

When the niche of diploids and tetraploids of A. arenosa is compared globally, 
i.e. ignoring the assignment to intraspecific genetic lineages, the niche equivalency test 
does not have enough power to detect niche differentiation, while the similarity test 
indicates that niches are more similar than expected by chance independent of the 
direction of the test (Table 1). These results indicate niche conservatism between diploids 
and tetraploids when they are globally compared. Accordingly, tetraploids show a relative 
high niche overlap with diploids (50.2 %), very high stability index value (S = 0.947) and 
almost zero expansion and niche unfilling (E = 0.053 and U = 0.079, respectively).  
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Niche quantification and comparison between related diploid and tetraploid 
intraspecific lineages 
To integrate niche data with evolutionary history, we firstly reconstructed niche evolution 
reflecting the single evolutionary origin of all A. arenosa tetraploid lineages from the 
ancestral diploid lineage (2x-WCA). Niche conservatism is observed when comparing all 
A. arenosa tetraploid lineages to the 2x-WCA lineage, but excluding other diploid lineages 
from the analysis that did not contribute to the origin of autotetraploids (Fig. 2, Table 1). 
In this case, the proportion of niche overlap of tetraploids with the 2x-WCA diploid lineage 
is 62.8 %. The stability index value is high (S = 0.748) while the expansion and unfilling 
values are E = 0.252 and U = 0.006. Furthermore, when ancestral 2x-WCA lineage was 
compared independently to each tetraploid lineage, the resulting patterns differed in each 
comparison (Fig. 2). Specifically in the W Carpathians, niches of diploids and tetraploids 
are more similar than expected by chance, independent of the direction of the test (Table 
1c). Furthermore, a high niche overlap between 2x and 4x W Carpathians lineages (64.9 
%) with high stability and very low values for expansion and niche unfilling indices 
(S = 0.983, E = 0.017 and U = 0.127) is found. These results together suggest that in the W 
Carpathians, diploid and tetraploid lineages show similar ecological niches. In contrast, 
similarity tests were non-significant when comparing other tetraploid lineages to the 
ancestral diploid (2x-WCA). A high overlap was found between niches corresponding to 
4x-ALP and 2x-WCA (52.1%), also showing a high stability value (S = 0.785) and 
intermediate values of niche expansion (E = 0.215) and unfilling (U = 0.350). In the case 
of 4x-SEC lineage, niche contraction compared to the 2x-WCA lineage is indicated by an 
intermediate value of the unfilling index (U = 0.400) and a high stability index (S = 0.903) 
but almost zero expansion (E = 0.097). In this case, the percentage of niche overlap is 24.6 
% (Table 1). The 4x-RUD lineage has experienced niche expansion compared to the 2x-
WCA lineage (S = 0.664 and E = 0.336), whose niche was partially filled by the Ruderal 
one (U = 0.207). These results indicate that niche expansion of 4x-RUD has occurred 
towards areas of more extreme temperatures while it has not filled the “high-alpine” niche 
portion occupied by its 2x-WCA ancestor lineage, which is characterized by high 
precipitation values. The niche occupied by 4x-CEU lineage has also significantly 
expanded (S = 0.521 and E = 0.479) but in this case, tetraploids almost did not fill the 
niche occupied by 2x-WCA lineage (U = 0.607).  

Niche optimum (calculated as the median of the scores along each axis of PCA-env) 
reflects a higher optimal precipitation value (PC1) for 2x-WCA when compared to all 
tetraploid lineages, except for4x-ALP (Fig. 3). Optimal temperature values (PC2) are 
higher for tetraploids than 2x-WCA except for 4x-SEC. Niche breadth in terms of 
precipitation (PC1) is lower for all tetraploid lineages compared to 2x-WCA lineage (Fig. 
3). In terms of temperature (PC2), niche breadth is not significantly different among 2x-
WCA, 4x-WCA and 4x-CEU lineages. Temperature breadth is higher for 2x-WCA than for 
4x-ALP and 4x-SEC lineages but lower than for the 4x-RUD one.  

Niche quantification and comparison among tetraploid lineages 
Furthermore, we inferred niche evolution during tetraploid expansion. To do so, we 
compared the niche of each tetraploid lineage to the niche of tetraploids from the 
W Carpathians (4x-WCA) which occupy the presumed area of origin of tetraploid 
A. arenosa cytotype and are thus closest to the “ancestral polyploid” niche. Similarity tests 
were not significant for any pair-wise comparison (Table 1). Percentages of niche overlap 
varied from 14.4 % (4x-CEU) to 46.76 % (4x-ALP). All tetraploid lineages showed some 
degree of niche expansion relative to the 4x-WCA lineage occupying the ancestral area 
(Fig. 3), with values of E indices ranging between 0.258 (4x-SEC) and 0.447 (4x-CEU). 
The 4x-RUD lineage almost entirely filled the niche of 4x-WCA (U = 0.098) while other 
lineages show values of unfilling indices that vary between 0.347 (4x-ALP) and 0.438 
(4x-CEU). The optimal value of precipitation (PC1) is shown to be highest for 4x-ALP and 
lowest for 4x-RUD and 4x-CEU lineages, while in terms of temperature (PC2) is the 
4x-SEC which showed the coldest optimal value. Specifically, 4x-RUD and 4-CEU lineages 
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show the highest optimal values of temperature (Fig. 3). Niche breadth analyses indicate 
that 4x-WCA occupies the broadest gradient of precipitation compared to all other 
tetraploid lineages, while the temperature breadth is much higher for the 4x-RUD lineage 
than from other tetraploid lineages (Fig. 3).   

Niche quantification and comparison between tetraploid and locally 
sympatric diploid lineages 
Last, we investigated niche evolution when taking into account the influence of strong 
inter-ploidy introgression from more divergent diploid lineages of A. arenosa which co-
occur with particular tetraploid lineages within two contact zones: Southern Carpathians 
(4x-SEC lineage introgressed by 2x-SEC) and Baltic coast (4x-RUD lineage introgressed 
by 2x-BAL). When we compared the observed niche of 4x-SEC lineage to the combined 
niche of both diploid lineages that served as source gene pools (2x-WCA and 2x-SEC), we 
do not observe substantive changes in niche dynamics index values concerning the 
previous comparison including 4x-SEC lineage and only the ancestral diploid 2x-WCA 
lineage (Fig. 2, Fig. 4). It is shown that tetraploids have barely expanded their niche 
(S = 0.923 and E = 0.077) and that a considerable proportion of the niche of diploid 
lineages has not been filled by 4x-SEC (U = 0.417). Thus, niche contraction with respect to 
both diploid lineages has occurred in 4x-SEC lineage towards warmer and more humid 
areas. 

Comparing the observed niche of 4x-RUD to those predicted by the combination 
of niches of both diploid lineages that contributed to its genetic make-up (2x-WCA and 
2x-BAL), we observe differences concerning the previous comparison including just the 
ancestral diploid 2x-WCA lineage (Fig. 2). We observe a lower niche expansion of 4x-RUD 
lineage for both diploid lineages (E = 0.270). A lower unfilling index value (U = 0.133) and 
a higher stability (S = 0.730) are also shown (Fig. 4).  

 
DISCUSSION  
1. Varying extent of niche differentiation and expansion across tetraploid intraspecific 
lineages.  
It is usually assumed that polyploids have a different ecological niche than diploids, 
reflecting a WGD-driven shift in important functional traits, which in turn strengthens 
prezygotic isolation between ploidies and contributes to polyploid speciation. However, 
the existence and potentially the extent of ploidy-related niche differentiation differ 
between individual species and sometimes among case studies (Glennon et al., 2014), even 
within the same species. One explanation for this controversy is that niche evolution of 
polyploids might be detectable only when polyploid lineages are compared with their 
corresponding diploid ancestors but, unfortunately, the intraspecific genetic structure of 
polyploid complexes is often ignored when testing climatic niche evolution of polyploids. 
To test for this effect, we compared niches of ploidy cytotypes of A. arenosa - a species 
surrounded with controversy regarding the level of niche differentiation of its diploid and 
autotetraploid cytotype (Molina Henao and Hopkins, 2018; Morgan et al., 2020) - using 
the largest population sampling to date coupled with genotyping of each population. We 
assigned each autotetraploid population to one of the five major genetic lineages which 
corresponded with previous genetic structuring results based on smaller sampling (Arnold 
et al., 2015; Monnahan et al., 2019) and put our results in the context of polyploid origin 
and interploidy gene flow by integrating with previous population genomic investigations 
involving both ploidies (Monnahan et al. 2019).    

In our study, niche shift was not supported when we compared diploid and 
tetraploid cytotypes globally, i.e. ignoring the intraspecific genetic structure (Fig. 2, Table 
1). However, we identified highly variable patterns of niche differentiation when the 
climatic niche of each tetraploid lineage was compared independently to the niche of the 
ancestral diploid lineage (2x-WCA; Arnold et al., 2015; Monnahan et al., 2019). Niche 
conservatism between diploids and tetraploids was only found within the zone of primary 
coexistence (W Carpathians), where tetraploids of A. arenosa originated. This result 
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corresponds with previous studies that found neither regional climatic nor local habitat 
differences between diploid and tetraploid populations of A. arenosa in this contact zone 
(Wos et al., 2019; Morgan et al., 2020). The fact that diploids and tetraploids do not show 
niche differentiation indicates that tetraploids can coexist in the same niche as their 
diploid progenitors. These results confirm a growing body of empirical works showing that 
polyploids and diploids living in similar ecological niches tend to be common in 
autopolyploids (Godsoe et al., 2013; Glennon et al., 2014, Kirchheimer et al., 2016; Castro 
et al., 2019). Some such autopolyploids can escape or reduce competition with diploid 
progenitors by other changes in phenology, pollinators or parasite interactions (Thompson 
et al., 1997; Segraves and Thompson, 1999), or post-pollination prezygotic barriers 
involving pollen competition and altered pollen-stigma interactions (Husband, 2016, 
Castro et al., 2020b). In the autotetraploid A. arenosa, other processes than niche 
differentiation might promote reproductive isolation between cytotypes, which in turn 
allowed tetraploids to get established in sympatry with their diploid progenitors.  

After the presumed single origin ~ 20-30 thousands of generations ago (Monnahan 
et al., 2019), the tetraploids spread across Europe and diversified into four other lineages. 
When niches of these allopatric tetraploid lineages are compared to the ancestral WCA 
diploids, the results largely vary among lineages. Tetraploids from the Alps (4x-ALP) 
exhibited a high overlap with the niche of 2x-WCA lineage, but also a niche shift towards 
more humid climatic conditions (as compared to 2x-WCA lineage; Table 1, Fig. 2 and 
Fig. 3) is observed. Other studies have found similar patterns of a considerable degree of 
niche overlap but some niche shift of polyploids to more humid conditions with respect to 
progenitors (Muñoz-Pajares et al., 2018; Gaynor et al., 2018). Tetraploids from SE 
Carpathians have experienced a considerable niche contraction mainly related to 
precipitation gradient (Fig. 2). On the other hand, the Ruderal and C European tetraploid 
lineages have significantly expanded their niche to the ancestral diploids, 2x-WCA 
(Table 1, Fig. 2) either towards warmer climatic conditions (4x-CEU) or both colder and 
warmer climates (4x-RUD; Table 1, Fig. 2). Indeed, it has been shown in ruderal 
A. arenosa populations that these plants are heat and cold stress-tolerant and do not 
require vernalization (Baduel et al., 2016). All these phenotypic traits could have facilitated 
the colonization of human-associated habitats, especially in Northern Europe which in 
turn explains the observed expansion of their climatic niche to wider gradients of 
temperature. Furthermore, when we compare the climatic niches of these diverged 
tetraploid lineages to the tetraploid lineage that still occupies the ancestral area (4x-WCA) 
we also observe significant differentiation, suggesting notable post-WGD evolution of 
tetraploid niches (Table 1, Fig. 3). Most of them have experienced some niche expansion 
with respect to the ancestral 4x-WCA (Table 1) and they have colonized very different 
climatic conditions either towards drier and warmer (4x-RUD and 4x-CEU), colder 
(4x-SEC) and more humid environments (4x-ALP; Fig. 3).  

Overall, our study confirms that niche evolution of polyploids is detectable only 
when polyploid lineages are compared with their corresponding diploid ancestor lineage, 
not globally. While niche similarity is observed when comparing the niches of cytotypes 
coexisting in the ancestral area of the tetraploid cytotype, niche expansion is mainly driven 
by post-WGD diversification into several lineages, primarily those that colonized warmer 
and drier anthropogenic habitats. These results demonstrate that niche shift is likely not 
driven by WGD per se in A. arenosa but rather reflects dynamic post-WGD evolution in 
the species, involving tetraploid migration and potential further interactions of tetraploids 
with other diploid lineages as is discussed in the next section.  
 

2. Contribution of interploidy introgression to tetraploid niche expansion 
Previous analyses demonstrated that genetic distinctness of particular lineages (4x-SCA, 

4x-RUD) reflects strong interploidy gene flow after secondary contact with distantly 

related diploid lineages that have diverged before the WGD event (Monnahan et al., 2019). 

Such interploidy gene flow could have increased phenotypic and genetic variation which 
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may allow the tetraploid to colonize new ecological niches, in a way that is somewhat 

analogous to expectations stemming from the hybrid origin of allopolyploids (e.g. Parisod 

and Broenniman, 2016). Accordingly, the effect of introgression can be tested using an 

ecological niche comparison approach by looking at changes in terms of niche dynamic 

components such as unfilling and expansion. Here we leveraged the exceptionally well-

described evolutionary history of A. arenosa involving localized post-WGD introgression 

from divergent diploids into two distinct tetraploid lineages (SCA and RUD, Monnahan et 

al. 2019) to assess if considering a niche of such additional diploid “donor” in addition to 

the 2x-WCA ancestor help to explain inter-ploidy niche divergence. Although notable 

effects have been observed in both cases, the results, once again, differed for each lineage. 

In the case of the 4x-SCA lineage, adding niche requirements of the sympatric 2x-SCA 

lineage had not explained tetraploid expansion but rather indicated tetraploid’s 

contraction in terms of temperature. These results show that interploidy gene flow 

between the 4x-SCA and the sympatric but evolutionary distant 2x-SCA has not led to 

a broader niche of the 4x-SCA lineage (Fig. 4). On the other hand introgression of the Baltic 

diploid lineage partly explains the massive expansion of the tetraploid Ruderal lineage 

towards more northerly habitats that are characteristic of the Baltic lineage. Indeed, 

previous studies have demonstrated that introgression of alleles involved in flowering time 

regulation from 2x-BAL to 4x-RUD has played a role in the early flowering of tetraploid 

ruderal A. arenosa (Baduel et al., 2018). These results suggest a potential effect of 

interploidy gene flow in patterns of climatic niche evolution of tetraploid ruderal plants of 

A. arenosa. Thus, our study supports that interploidy introgression may be an important 

process for the adaptation of plants to challenging environments.  
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Figure 1. A Distribution of tetraploid A. arenosa populations used in the genomic analyses (colour pie charts 
reflecting the proportional assignment to particular clusters identified by STRUCTURE); B Detail of 
Scandinavia; C Detail of the Western Carpathian region; D Detail of the Austrian region; E Individual 
assignment into different clusters representing tetraploid lineages within A. arenosa: W Carpathian (dark red), 
Alpine (light yellow), SE Carpathian (light blue), Ruderal (purple), C European (light orange) lineages. 
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Figure 2. Climatic niche dynamics of diploid and tetraploid A. arenosa lineages. The fraction of diploid niche 
that remains unfilled by tetraploids represents tetraploid niche contraction (pink), whereas climatic space 
occupied by the tetraploid and not by the diploids indicates niche expansion (blue). The fraction of the 
tetraploid climatic niche that overlaps with diploids indicates niche stability (dark blue). A Correlation circle 
of 19 environmental variables along the first two axes of PCA-env. The percentage of variation and the main 
environmental gradient explained by each axis is indicated; B Niche of all A. arenosa diploids compared to the 
niche of all A. arenosa tetraploids without considering their assignment to different lineages and the niche of 
the ancestral diploid lineage (2x-WCA) compared to the niche of all A. arenosa tetraploids; C-H Climatic niche 
reconstruction of each A. arenosa tetraploid lineage and the ancestral diploid W Carpathian lineage. 
Occurrence density grids are represented by a black-to-white downward gradient along the two first axes of 
PCA-env; I-M Comparisons of climatic niches of each tetraploid lineage to their ancestral diploid lineage. 
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Figure 3. A-E Climatic niche reconstruction for each tetraploid lineage of A. arenosa. Occurrence density 
grids are represented by a black-to-white downward gradient along the two first axes of PCA-env. F-I Niche 
comparisons between each tetraploid lineage and the ancestral W Carpathian tetraploid. The fraction of the 
W Carpathian tetraploid niche that remains unfilled is represented in dark red, whereas the niche expansion 
of each tetraploid lineage coloured according to Fig. 2. The niche overlap is indicated in dark blue. J-K Niche 
optimum and breadth for W Carpathian diploid and each of the tetraploid A. arenosa lineages along the PC1 
and PC2 axes. 
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Figure 4. Climatic niche comparisons of observed and expected niches for SE Carpathian tetraploid  (A) and 
Ruderal tetraploid (B) lineages. The occurrence density grid for each diploid and tetraploid lineage is 
represented in the climatic space along with the first two principal components (black and white plots). The 
observed niche of each tetraploid lineage is compared to the observed niche of their respective putative diploid 
progenitor and sympatric diploid and to their expected niches, which are calculated as their combined niche 
spaces. The fraction of the tetraploid climatic niche that overlaps with the diploid niche space indicates niche 
stability (S, dark blue), whereas the fraction that remains unfilled represents tetraploid niche contraction 
(U, pink). Climatic space occupied by the tetraploid lineages while not predicted by the combination of diploid 
progenitors indicates niche expansion (E, blue). 
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Figure S1. A, B Mean delta K and likelihood values respectively, both calculated based on the Evanno method 
(Evanno et al. 2005), C, D Plot and values of mean similarity coefficients and standard deviation considering 
10 replicates for each value of K. 

 

 

 

 

 

Figure S2. A Principal Components Analysis (PCA) of all tetraploid A. arenosa lineages identified in this 
study. Axis 1 and axis 2 explain 4.9% and 2.9% of the variation, respectively, B PCA including W Carpathians, 
C European and Alpine tetraploid lineages of A. arenosa. Two first axes explain 4% and 2.7% of the total 
variance, respectively. C Nei’s genetic distances among the identified lineages. 
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Table 1. Niche overlap values (D), results for equivalency and similarity tests and niche dynamic indices 

(expansion, stability and unfilling) are shown for pairwise comparisons (lineage 1 vs. lineage 2) 

lineages % Niche 

overlap 

(D) 

Niche 

equivalency 

Niche similarity Indices of niche change 

1 2 1 --> 2 2 --> 1 
Expansion 

(E) 

Stability 

(S) 

Unfilling 

(U) 

2x-ALL 4x-ALL 50.2 
ns 

(EQUIVALENT) 

More similar 

* 

More similar 

* 
0.053 0.947 0.079 

2x-WCA 4x-ALL 62.8 
ns 

(EQUIVALENT) 

More similar 

* 

More similar 

* 
0.252 0.748 0.006 

                  

2x-WCA 4x-WCA 64.9 
ns 

(EQUIVALENT) 

More similar 

* 

More similar 

* 
0.017 0.983 0.127 

2x-WCA 4x-ALP 52.1 
ns 

(EQUIVALENT) 
ns  ns  0.215 0.785 0.350 

2x-WCA 4x-SEC 24.6 
ns 

(EQUIVALENT) 
ns  ns  0.097 0.903 0.400 

2x-WCA 4x-RUD 28.1 
ns 

(EQUIVALENT) 
ns  ns  0.336 0.664 0.207 

2x-WCA 4x-CEU 7.7 
ns 

(EQUIVALENT) 
ns  ns  0.479 0.521 0.607 

                  

4x-WCA 4x-ALP 46.8 
ns 

(EQUIVALENT) 
ns  ns  0.329 0.672 0.347 

4x-WCA 4x-CEU 14.4 
ns 

(EQUIVALENT) 
ns  ns  0.447 0.553 0.438 

4x-WCA 4x-RUD 32.4 
ns 

(EQUIVALENT) 
ns  ns  0.364 0.636 0.098 

4x-WCA 4x-SEC 21.6 
ns 

(EQUIVALENT) 
ns  ns  0.258 0.742 0.390 

 

 

 

  



138 
 

Table S1. Details of the Arabidopsis arenosa populations included in this study. Nma = number of individuals 

used for molecular analyses, Nnc = population used for niche comparison method. 
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Locality details 

2x BA AA153 2 yes 
D, Mecklenburg-Vorpommern, Usedom, Bansin, sandy slopes along the coast of Baltic 
sea (primary habitat), 22 m a.s.l., sand dunes, 53.9857N, 14.1251E, E. Záveská 

2x BA AA197 3 yes 

PL, Województwo Zachodniopomorskie, Miedzyzdróje, at the top of the sabulous 
traverse along seashore cca 1km western from the town Miedzyzdróje and around the 
pathway in the hut colonies in pinewood at the western border the town (distance 
between forest and seashore ca 100m), 19 m a.s.l., shady forest pathway, sand dunes, 
53.9211N, 14.4216E, E. Záveská 

2x BA AA199 3 yes 
LT, Klaipėda, Curonian Spit, environs of Preila village, coast of the Baltic Sea, eastern 
slope of foredune, 1 m a.s.l., grey dune habitat, 55.3782N, 21.0323E, Z. Gudžinskas 

2x BA AA217   yes 
LV, Riga, Vecdangara (Riga), 11 m a.s.l., open pine forest along railway, 57.0423N, 
24.1004E, J. Kalůsková, P. Vít 

2x BA AA258 2 yes 
LT, Riga, Between Pludmales iela and Pakalnes iela, 1 m a.s.l., secondary sand dunes, 
57.0794N, 24.1037E, I. Rurane 

2x BA AA259   yes 
LT, Riga, At the end of Ilmena iela at the sea, 1 m a.s.l., secondary sand dunes, 
57.0190N, 23.9640E, I. Rurane 

2x BA AA268 2 yes 
DK, Sjælland, Møns Klint, slopes 30 m SE of GeoCenter, 93 m a.s.l., open sandy slope 
between chalk cliffs, 54.9633N, 12.5506E, F. Kolář, E. Záveská 

2x BA AA269   yes 
DK, Sjælland, Stevns Klint, Holtug Kritbud old chalk pit, 22 m a.s.l., chalk rocks and 
scree, 55.3405N, 12.4441E, F. Kolář, E. Záveská 

2x BA AA275 3 yes 
PL, Województwo Zachodniopomorskie, Świnoujście, forest 2 km ESE of the port, 4 m 
a.s.l., pine forest and road bank, 53.8947N, 14.2924E, F. Kolář, E. Záveská 

2x BA AA276   yes 
PL, Województwo Zachodniopomorskie, Świnoujście, railway station 5 km E of the port, 
3 m a.s.l., railway embankment, sandy soils, 53.8979N, 14.3336E, F. Kolář, E. Záveská 

2x BA AA278   yes 
PL, Województwo Zachodniopomorskie, Mielno, along the road in Unieście E of the 
town, 8 m a.s.l., sandy sites along the road, 54.2736N, 16.1041E, F. Kolář, E. Záveská 

2x BA AA313 2 yes 
UA, Tarnopilska oblasť, Horodnytsia, rocks E of the village, 376 m a.s.l., shady crevices 
in dry limestone rocks, 49.40776N, 26.065374E, E. Záveská 

2x BA AA394 3 yes 
UA, Kremenets, calcareous rocks above the NE margin of the town, rock margin semi-
shaded by deciduous forest, 50.118939N, 25.739772E, F. Kolář, D. Požárová, M. 
Holcovár 

2x BA AA395 1 yes 
UA, Bilokrynytsia, old peat bog N of the village, dry places in excavated peatbog and 
mire with scattered sandy outcrops, 50.16107N, 25.726966E, F. Kolář, D. Požárová 

2x BA AA454   yes 
D, Mecklenburg-Vorpommern, Landkreis, Vorpommern-Rügen (VR), Amt Bergen, 
Lietzow, Bahnhof, direkt am Zugang zu den Bahnsteigen, 1 m a.s.l., 54.48115N, 
13.5105E, C.N.Schröder, R. Schmickl 

2x BA AA455   yes 
D, Mecklenburg-Vorpommern, Landkreis, Vorpommern-Rügen (VR), Amt Bergen, 
Lietzow, Gehölzrand ca. 400 m E des Bahnhofs, 6 m a.s.l., 54.48146N, 13.51544E, 
C.N.Schröder, R. Schmickl 

2x BA AA456   yes 
D, Mecklenburg-Vorpommern, Landkreis, Vorpommern-Rügen (VR), Amt Mönchgut-
Granitz, Göhren, Nordperd, Steilhang am Nordstrand (die Population erstreckt sich bis 
zum Punkt 1844), 1 m a.s.l., 54.37808N, 13.70537E, C.N.Schröder, R. Schmickl 

2x BA AA457   yes 
D, Mecklenburg-Vorpommern, Landkreis, Vorpommern-Rügen (VR), Amt Mönchgut-
Granitz, Sellin, Steilabbruch ca. 800 m südlich der Seebrücke (die Population erstreckt 
sich bis zum Punkt 1844), 3 m a.s.l., 54.33922N, 13.75609E, C.N.Schröder, R. Schmickl 

2x BA AA458 2 yes 
D, Mecklenburg-Vorpommern, Landkreis, Vorpommern-Rügen (VR), Amt Mönchgut-
Granitz, Göhren, Nordperd, Sandhang am Südstrand (die Population erstreckt sich bis 
zum Punkt 1837), 1 m a.s.l., 54.34256N, 13.75531E, C.N.Schröder, R. Schmickl 

2x BA AA459   yes 
D, Mecklenburg-Vorpommern, Landkreis, Vorpommern-Rügen (VR), Amt Mönchgut-
Granitz, Göhren, Nordperd, Steilhang am Nordstrand (die Population erstreckt sich bis 
zum Punkt 1846), 1 m a.s.l., 54.34228N, 13.7568E, C.N.Schröder, R. Schmickl 

2x BA AA460   yes 
D, Mecklenburg-Vorpommern, Landkreis, Vorpommern-Rügen (VR), Amt Mönchgut-
Granitz, Göhren, Nordperd, Steilhang am Nordstrand (die Population erstreckt sich bis 
zum Punkt 1848), 1 m a.s.l., 54.34146N, 13.76391E, C.N.Schröder, R. Schmickl 

2x BA AA461 2 yes 
D, Mecklenburg-Vorpommern, Landkreis, Vorpommern-Rügen (VR), amtsfreie 
Gemeinde Binz, Granitzer Ort (abruptes Ende der Population bei Punkt 1863), 1 m a.s.l., 
54.40117N, 13.66298E, C.N.Schröder, R. Schmickl 

2x DI AA048   yes 
HR, Zagrebačka županija, Medvedica, slope above a forest road and shady rocks, 326 m 
a.s.l., slope above forest road + dolomitic rocks (P-Y), 45.8691N, 15.8506E, G. Fuxová 

2x DI AA050   yes 
SLO, Idrija, Idrija, hillside along the road from Idrija to Godovič, 500 m a.s.l., roadside, 
45.9693N, 14.0621E, G. Fuxová 
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2x DI AA052   yes 
HR, Primorsko-goranska županija, Gusti Laz, river bank near the village, 276 m a.s.l., 
alluvial gravel, river bank, 45.4606N, 14.8255E, G. Fuxová 

2x DI AA054   yes 
HR, Ličko-Senjska županija, Plitvička jezera lakes, along tourist paths, steep rocky 
valley, 561 m a.s.l., rocky valley, 44.9043N, 15.6111E, G. Fuxová 

2x DI AA106 3 yes 

HR, Krapina-Zagorje, Belecgrad (the ruin of the Belec castle), N of the village of 
Juranščina, N of the town of Zlatar, in the Ivanščica Mountain, 550 m a.s.l., along the 
hiking path, open sites in the forest and walls of the castle ruin, 46.1617N, 16.115E, S. 
Španiel, K. Marhold, J. Zozomová 

2x DI AA108   yes 
SLO, Koper, Koper: 11.5 km E of the town, 260 m WSW of Predloka village, 97 m a.s.l., 
rocks and eroded slope above road, 45.54N, 13.8747E, M. Lučanová 

2x DI AA109   yes 
SLO, Divača, Škocjan: slope along the road below the church at N end of the village, 422 
m a.s.l., rocks above road, 45.6658N, 13.9939E, M. Lučanová 

2x DI AA127 3 yes 
BIH, Federacija Bosna i Hercegovina, Fojnica, slope above road from Fojnica to 
Turkovići, 6 km W of Fojnica, 754 m a.s.l., shady rocky slope above a road, 43.975N, 
17.8245E, F. Kolář, G. Fuxová 

2x DI AA128   yes 
BIH, Federacija Bosna i Hercegovina, Bugojno, rocks above the road Bugojno-Kupres, 5 
km W of the town, 772 m a.s.l., rocks and alluvial gravel, 44.0426N, 17.3741E, F. Kolář, 
G. Fuxová 

2x DI AA129   yes 
BIH, Federacija Bosna i Hercegovina, Jajce, rocks below parking place next to the 
waterfall in the city centre, 384 m a.s.l., rocks and eroded slope, 44.3376N, 17.27E, F. 
Kolář, G. Fuxová 

2x DI AA130 3 yes 
BIH, Federacija Bosna i Hercegovina, Bihać, rocks above road to Bosanska Krupa, 8 km 
N of the town, 217 m a.s.l., rocks, 44.8818N, 15.8988E, F. Kolář, G. Fuxová 

2x DI AA131   yes 
HR, Karlovac, Slunj, rocks below main road bridge across the Korana river, 221 m a.s.l., 
rocky slope, 45.1216N, 15.5889E, F. Kolář, G. Fuxová 

2x DI AA132   yes 
HR, Krapina-Zagorje, Golubovac, slopes above the road Golubovac-Lepoglava and close 
limestone quarry, 255 m a.s.l., disturbed slopes above road, limestone rocks, 46.1918N, 
15.9889E, F. Kolář, G. Fuxová 

2x DI AA155   yes 
SLO, Lukovica, Podmilj: beech forest slope 1.3 km NE of the village, 520 m a.s.l., eroded 
slope above road, 46.1812N, 14.8552E, M. Lučanová 

2x DI AA161   yes 
SLO, Cerknica, Rakov Škocjan: Veliky naravni most bridge in a canyon N of Rakov 
Škocjan village, 543 m a.s.l., rocks, 45.7958N, 14.2879E, M. Lučanová 

2x DI AA266   yes 
SLO, Kočevje, Bezgarska planina, Bezgovica: around the route in the mountain saddle 
ca 1.3 km ENE of the village, 970 m a.s.l., disturbed slopes and forest rocks above the 
road, natural site, 45.5533N, 14.7249E, M. Štech, J. Košnar, J. Laburdová 

2x DI AA342   yes 
SLO, Logatec, Rocky slopes along the path to Vrania jama cave, 500 m a.s.l., rocks, 
45.8739414N, 14.2464336E, F. Kolář, M. Holcová, D. Požárová 

2x DI AA343 2 yes 
SLO, Planina, Rocks and gravely patches along the path to the entrance to Planinska 
jama cave, 520 m a.s.l., rocks, gravel, disturbed slopes, 45.8213028N, 14.2467769E, F. 
Kolář, M. Holcová, D. Požárová 

2x DI AA379 2 yes 
SLO, Tolmin, N of Tolmin, rocks along roadside, 46.187126N, 13.723346E, F. Kolář, E. 
Morgan 

2x DI AA380   yes SLO, Goriška, rocky slope above road, 46.160365N, 13.815243E, F. Kolář, E. Morgan 

2x DI AA381   yes SLO, Gorenjska, rocky slope above road, 46.192323N, 14.025872E, F. Kolář, E. Morgan 

2x DI AA382   yes SLO, Goriška, gorge, 46.1522367N, 14.0275394E, F. Kolář, E. Morgan 

2x DI AA385   yes 
SLO, Jugovzhodna Slovenija, Dolenjska, Dolenjske Teplice - semič: 1.2 km NNW of 
Črmošnjice, 385 m a.s.l., rocks in forest, 45.682778N, 15.098611E, B. Frajman 

2x DI AA389   yes SLO, Savinjska, 46.083122N, 15.173869E, F. Kolář, E. Morgan 

2x DI AA393   yes SLO, Osrednjeslovenska, 46.166988N, 14.569014E, F. Kolář, E. Morgan 

2x DI AA408 2 yes 
SLO, Savinjska, Zidani Most, alongside the small road N of the village, rocky slopes and 
gravel, 46.09921N, 15.20572E, E. Morgan, M. Holcová, D. Bohutínský 

2x DI AA424   yes 
SLO, Sevnica, rocks above the road , 183.7 m a.s.l., rocky slope above the road, 
45.998683N, 15.272037E, F. Kolář 

2x DI AA426   yes 
SLO, Celje, Gračnica, rocks left of the road to Jurklošter, 228.5 m a.s.l., base of 
limestone rocks, 46.106603N, 15.24263E, F. Kolář 

2x DI AA427 2 yes 
SLO, Celje, Lipni Dol, rocks left of the road to Jurklošter, 303.4 m a.s.l., rocky scree at 
the base of limestone rocks, 46.10676N, 15.30565E, F. Kolář 

2x DI AA429   yes 
SLO, Celje, Along rock wall, west of Pod Kojzico,rock wall, 46.1321N, 15.1854E, E. 
Morgan, C. Lafon Placette 

2x DI AA508   yes 
BIH, Olovo, Krivaja river gorge downstream of the town, 600 m a.s.l., rocks and road 
bank, 44.1249357N, 18.5713039E, F. Kolář, D. Požárová 

2x DI AA509   yes 
BIH, Ribnica, serpentine rocks above the road at the SE end of the village, 330 m a.s.l., 
rocks, 44.3418063N, 18.4052057E, F. Kolář, D. Požárová 

2x PA AA011   yes 
SK, Banskobystrický kraj, Medovarce, bank of the road Medovarce-Domaníky, 1 km NW 
of the village, 247 m a.s.l., road ditch and open forest, 48.237N, 18.9957E, E. Záveská, 
J. Kučera, F. Kolář 
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2x PA AA034 3 yes 
HU, Pest megye, Budaörs, Törökugrató rock at the N border of the town, 252 m a.s.l., 
rocky steppe, 47.458N, 18.9248E, F. Kolář 

2x PA AA035   yes 
HU, Heves megye, Szarvaskő, rocks along the road N of the town, 231 m a.s.l., rocks, 
47.9902N, 20.3274E, F. Kolář 

2x PA AA036   yes 
HU, Heves megye, Sirok, castle ruins, 314 m a.s.l., rocks, castle ruins, 47.9391N, 
20.1963E, F. Kolář 

2x PA AA037 1 yes 
HU, Heves megye, Kékes, Sas-kő rock E of the summit of Kékes, 898 m a.s.l., rocks, 
47.8737N, 20.0304E, F. Kolář 

2x PA AA038   yes 
HU, Baranya megye, Pécs, SE slope of Misina-tető, close to Dömörkapu, 408 m a.s.l., 
rocky steppe, 46.0992N, 18.2339E, F. Kolář 

2x PA AA039   yes 
HU, Veszprém megye, Veszprém, N exposed rocks in the town, 318 m a.s.l., rocks, 
47.0972N, 17.8988E, F. Kolář 

2x PA AA040   yes 
HU, Veszprém megye, Kisapáti, W and NW exposed slopes of Szent György-hegy, 402 
m a.s.l., rocky steppe, 46.8439N, 17.4514E, F. Kolář 

2x PA AA041   yes 
HU, Veszprém megye, Sümeg, castle hill and ruins, 318 m a.s.l., rocks, castle ruins, 
46.9823N, 17.2815E, F. Kolář 

2x PA AA110   yes 
SK, Nitrianský kraj, Kováčovské kopce hills: SE hillside, W edge of the Kováčov village, 
161 m a.s.l., rocky hillside, 47.8239N, 18.7782E, M. Lučanová, E. Záveská 

2x PA AA112   yes 
SK, Banskobystrický kraj, Dolná Strehová: forest 1.6 km E from the village, 203 m a.s.l., 
oak and hornbeam forest, sidehill with stones, 48.2494N, 19.5107E, M. Lučanová, E. 
Záveská 

2x PA AA113   yes 
SK, Banskobystrický kraj, Lučenec district, Šiatorská Bukovinka village, Šomoška castle, 
496 m a.s.l., grasslands, screes and rocks round the whole castle, 48.1715N, 19.8564E, 
M. Lučanová, E. Záveská 

2x PA AA211   yes 
HU, Pest, Pomáz, forest NW of the village, 450 m a.s.l., open woodland, 47.6727N, 
18.9880E, C. Pachschwöll 

2x PA AA347 3 yes 
SK, for locality details see Arnold et al. 2015, 280 m a.s.l., 48.26694N, 19E, B. Arnold et 
al. 

2x PA AA348 3 yes 
HU, for locality details see Arnold et al. 2015, 330 m a.s.l., 47.72444N, 18.77917E, B. 
Arnold et al. 

2x PA AA349 3 yes 
HU, for locality details see Arnold et al. 2015, 130 m a.s.l., 46.80667N, 17.43444E, B. 
Arnold et al. 

2x PA AA489 1 yes 
SK, Banskobystrický kraj; Šášovské Podhradie,  for locality details see Novikova et al. 
2016, 48.5817328N, 18.8930924E, R. Schmickl, G. Muir 

2x SEC AA062   yes 
RO, Arad, Şoimoş, castle ruin above the village, 261 m a.s.l., shady rocks, walls of castle 
ruin, 46.1089N, 21.7232E, F. Kolář, G. Fuxová 

2x SEC AA063   yes 
RO, Hunedoara, Deva, walls along the old road to the castle (citadela), 327 m a.s.l., 
ruined walls, 45.8897N, 22.8967E, F. Kolář, G. Fuxová 

2x SEC AA064   yes 
RO, Sibiu, Cisnădioara, SE slopes of the hill with old church S of the town, 570 m a.s.l., 
open oak forest with rocks, 45.7022N, 24.1115E, F. Kolář, G. Fuxová 

2x SEC AA066 3 yes 
RO, Argeş, Vidraru, slope above the Transfăgăraş road, 400 m ESE of the dam, 900 m 
a.s.l., eroded slope above road and road margins, + stone wall, 45.3639N, 24.6376E, F. 
Kolář, G. Fuxová 

2x SEC AA068   yes 
RO, Prahova, Buşteni, Bucegi Mts, upper part of Valea Jepilor, 1511 m a.s.l., eroded 
patches above path, 45.4065N, 25.4965E, F. Kolář, G. Fuxová 

2x SEC AA069   yes 
RO, Prahova, Buşteni, Bucegi Mts, middle part of Valea Jepilor, 1368 m a.s.l., shady 
rocks, 45.4056N, 25.5008E, F. Kolář, G. Fuxová 

2x SEC AA070   yes 
RO, Covasna, Bixad, forest margin, limestone rocks and old quarry 1.5 km NW village, 
609 m a.s.l., shady rocks, quarry, 46.1091N, 25.8464E, F. Kolář, G. Fuxová 

2x SEC AA071   yes 
RO, Harghita, Praid, stream valley along the road from Praid to Gheorgheni, 8 km ENE 
of the village, 572 m a.s.l., shady rocks, stones along a brook, 46.5794N, 25.2321E, F. 
Kolář, G. Fuxová 

2x SEC AA080 2 yes 
RO, Harghita, Bălan, W slopes of Haşmaş Mare, 8 km NNW of the town, 1693 m a.s.l., 
shady rocks, eroded slope, 46.7159N, 25.7768E, F. Kolář, G. Fuxová 

2x SEC AA118 2 yes 
SK, Košický kraj, Ladmovce: 2.4 km NNW from the village, 267 m a.s.l., oak forest, 
disturbed from wild boars, 48.4331N, 21.77E, M. Lučanová, E. Záveská, J. Smatanová 

2x SEC AA121   yes 
SRB, Veliko Gradište, Golubac, slopes above the road Golubac-Dobra, 6 km E of 
Golubac, 81 m a.s.l., slopes above the road and shady rocks, 44.6557N, 21.7071E, F. 
Kolář, G. Fuxová 

2x SEC AA122   yes 
SRB, Petrovac, Gornjak, rocks behind the monastery, 184 m a.s.l., shady limestone 
rocks, 44.2653N, 21.5427E, F. Kolář, G. Fuxová 

2x SEC AA123 3 yes 
SRB, Raška, Jošanička Banja, Drenjska klisura gorge along the road Jošanička Banja-
Grčak, 3.5 km ENE of Još. Banja, 704 m a.s.l., rocks and gravel below, 43.3995N, 
20.7909E, F. Kolář, G. Fuxová 

2x SEC AA124   yes 
SRB, Vranje, Vranje, rocks above the road to Golemo Selo N of the town, 888 m a.s.l., 
shady rocks above road, 42.5919N, 21.8802E, F. Kolář, G. Fuxová 

2x SEC AA125   yes 
SRB, Uščje, Studenica, rocks above the road Studenica-Međurečje, in a river gorge NW 
of the village, 583 m a.s.l., rocks and gravel below, 43.5161N, 20.4526E, F. Kolář, G. 
Fuxová 
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2x SEC AA126   yes 
SRB, Temška, Temštica river gorge along the road towards Topli Do, before the junction 
to power station, 470 m a.s.l., rocks, 43.2814282N, 22.5770235E, F. Kolář, D. Požárová 

2x SEC AA156   yes 
RO, Argeş, Fagaraš - Mircii stream valley, 1518 m a.s.l., roadside in deciduous forest, 
45.582N, 24.7025E, G. Fuxová 

2x SEC AA157   yes 
RO, Argeş, Fagaraš - Mircii stream valley, 1330 m a.s.l., roadside in deciduous forest, 
45.5749N, 24.7033E, G. Fuxová 

2x SEC AA158   yes 
RO, Argeş, Cetatea Poenari - along the road below lacul Vidraru dam, 714 m a.s.l., rocks 
along the road, 45.3523N, 24.6377E, G. Fuxová 

2x SEC AA159   yes 
RO, Hunedoara, Parang - Cabana Mija - stream valley, 985 m a.s.l., roadside, 45.4068N, 
23.5057E, G. Fuxová 

2x SEC AA160   yes 
RO, Sibiu, Cindrel - Potoci stream valley, 1402 m a.s.l., roadside, gravel, in a rocky 
valley, 45.5294N, 23.6991E, G. Fuxová 

2x SEC AA214   yes 
RO, Caraș-Severin, Banát, Sv, Helena, rocks in forest 3,5 km NE of the village, 450 m 
a,s,l,, calcareous rocks in beech forest, 44.7065N, 21.7419E, M. Hroneš 

2x SEC AA220 3 yes 
RO, Bistrița-Năsăud, Parva, slopes above the road in a deep valley of Rebra brook at N 
margin of the village, 545 m a.s.l., open sites above road in deciduous forest, 47.4023N, 
24.5461E, F. Kolář, M. Holcová 

2x SEC AA221 2 yes 
RO, Sibiu, Făgărăș Mts., Cârțișoara, rocky slopes along Transfăgărășan road, 10 km S 
of the village, 1203 m a.s.l., rocks and scree, 45.6431N, 24.6055E, F. Kolář, M. Holcová 

2x SEC AA224   yes 
RO, Vâlcea, Călimănești, rockas above the main road opposite of Mănăstirea Turnu 
monastery (left bank of Olt), 6 km NNW of the settlement , 315 m a.s.l., rocks, 45.2898N, 
24.2965E, F. Kolář, M. Holcová 

2x SEC AA250 2 yes 
RO, Argeş, Pisicii, river canyon , 873 m a.s.l., shady rocks in a canyon, dry drain of the 
stream, looks primary, 45.5299N, 25.2874E, E. Záveská 

2x SEC AA257   yes 
RO, Braşov, Piatra Craiului Mica, 1205 m a.s.l., rocks along path in the forest, 45.5348N, 
25.2816E, S. Španiel 

2x SEC AA290   yes 
UA, Zakarpatska oblasť, Dilove - along H09 road in valley, 373 m a.s.l., 
gravel/calcareous rock along road, 47.95309N, 24.18688E, M. Holcová, J. Hojka, D. 
Bohutínský, F. Rooks 

2x SEC AA292 2 yes 
UA, Zakarpatska oblasť, In the canyon of the river, right bank downstream, on the rock, 
423 m a.s.l., rock, 48.25683N, 23.62612E, M. Holcová, J. Hojka, D. Bohutínský, F. 
Rooks 

2x SEC AA317 2 yes 
RO, Suceava, Broșteni, along the road Bicaz - Vatra Dornei, 650 m a.s.l., rocks, slope 
above road and road ditch, 47.266199N, 25.656536E, F. Kolář 

2x SEC AA328 3 yes 
RO, Hunedoara, Rau de Mori, rocky slope above the road to Gura Apelor damm, 828 m 
a.s.l., eroded rocky slope and gravely road bank, 45.37778N, 22.75833E, F. Kolář, M. 
Holcová, D. Požárová, F. Rooks 

2x SEC AA329 2 yes 
RO, Brașov , Satu Lung, small rock next to the road to Cheia, 832.7 m a.s.l., hornbeam 
forest, rocks, 45.543118N, 25.821988E, F. Kolář, M. Holcová, D. Požárová, F. Rooks 

2x SEC AA331   yes 
RO, Brașov, Fundata, open rocky slope above road Bran-Rucăr, W of the village, 1252.7 
m a.s.l., rocks, 45.437866N, 25.258971E, F. Kolář, M. Holcová, D. Požárová, F. Rooks 

2x SEC AA332 3 yes 
RO, Argeș, Dâmbovicioara, cabana Brusturet, rocks in gorges and hills below and above 
the cabin, 1013.8 m a.s.l., rocks, mostly in gorges, 45.467007N, 25.227617E, F. Kolář, 
M. Holcová, D. Požárová, F. Rooks 

2x SEC AA333   yes 
RO, Brașov, Bran, rock with a cross opposite of the Dracula castle, 792,7 m a.s.l., rocks, 
45.514675N, 25.364979E, F. Kolář, M. Holcová, D. Požárová, F. Rooks 

2x SEC AA334   yes 
RO, Brașov, Moieciu de Sus, rocky slopes in gorge along road to Moieciu de Jos, NW of 
the village, 956.2 m a.s.l., rocks and screes, in a gorge, 45,46641N, 25.305526E, F. 
Kolář, M. Holcová, D. Požárová, F. Rooks 

2x SEC AA336   yes 
RO, Brașov, Zărneşti, rocks along a tourist path from Poiana Zănoaga to the town, upper 
part of the gorge, 1223.9 m a.s.l., rocks in a Fagus forest, 45.534954N, 25.281389E, F. 
Kolář, M. Holcová, D. Požárová, F. Rooks 

2x SEC AA337   yes 
RO, Alba, Căpâlna, rocks along the road to Șugag, S of the village, 424.8 m a.s.l., open 
rocks and screes above the road, 45.813945N, 23.616676E, F. Kolář, M. Holcová, D. 
Požárová, F. Rooks 

2x SEC AA420   yes 
RO, Bistrița-Năsăud, Along side road leading to restaurant, 622 m a.s.l., Rocks above 
road and gravel to side of road, 47.43722N, 24.66341E, E. Morgan, M. Lučanová 

2x SEC AA421   yes 
RO, Suceava, Along roadside, 913 m a.s.l., Rocky slope above road, 47.56396N, 
25.15036E, E. Morgan, M. Lučanová 

2x SEC AA422   yes 
RO, Suceava, Along roadside, 789 m a.s.l., Grassy scree slopes next to road, 
47.39135N, 25.48212E, E. Morgan, M. Lučanová 

2x SEC AA423   yes 
RO, Suceava, Along roadside, 672 m a.s.l., Rocky/mossy slopes above road, 
47.31408N, 25.62566E, E. Morgan, M. Lučanová 

2x SEC AA441   yes 
RO, Brašov, Piatra Craiului, Fundatica, 1089.2  m a.s.l., 45.41626N, 25.28812E, F. 
Kolář, D. Požárová, M. Bohutínská, D. Bohutínský 

2x SEC AA442   yes 
RO, Brašov, Piatra Craiului, near la Uluce cave, 1019.6  m a.s.l., 45.40828N, 25.26371E, 
F. Kolář, D. Požárová, M. Bohutínská, D. Bohutínský 
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2x SEC AA445   yes 
RO,Brašov, Piatra Craiului, at the end of Drumul Fruntes road, 1283.3 m a.s.l., 
45.49815N, 25.22847E, F. Kolář, D. Požárová, M. Bohutínská, D. Bohutínský 

2x SEC AA446   yes 
RO, Brašov, Piatra Craiului, near the turistic path, 1271.4 m a.s.l., 45.52626N, 25.2402E, 
F. Kolář, D. Požárová, M. Bohutínská, D. Bohutínský 

2x SEC AA448   yes 
RO, Brašov, Piatra Craiului, Solomon, at the resting place, 754.3 m a.s.l., 45.61705N, 
25.5588E, F. Kolář, D. Požárová, M. Bohutínská, D. Bohutínský 

2x SEC AA507   yes 
SRB, Donji Milanovac, Majdanpek, mine tailings at the SW border of the town, 382 m 
a.s.l., mine tailings, 44.4193N, 21.9299E, F. Kolář, G. Fuxová 

2x WC AA007 1 yes 
SK, Trenčiansky kraj, Uhrovec, walls of the monument at Jankov Vŕšok hill, 541 m a.s.l., 
crevices in walls, 48.739N, 18.3664E, E. Záveská, J. Kučera, F. Kolář 

2x WC AA009   yes 
SK, Trenčiansky kraj, Podhradie, rocks below Sivý hrad castle, 598 m a.s.l., rocky 
steppe, 48.6863N, 18.6381E, E. Záveská, J. Kučera, F. Kolář 

2x WC AA012 2 yes 
SK, Banskobystrický kraj, Špania Dolina, along the road at the end of the village, 683 m 
a.s.l., eroded slope above road, 48.8063N, 19.1315E, E. Záveská, J. Kučera, F. Kolář 

2x WC AA013   yes 
SK, Žilinský kraj, Liptovská Osada, bottom of Žiar hill, at the NE end of the village, 637 m 
a.s.l., limestone rocks and slope in open forest, 48.9528N, 19.2687E, E. Záveská, J. 
Kučera, F. Kolář 

2x WC AA016 6 yes 
SK, Košický kraj, Podlesok, rocks in the entrance to Suchá Belá gorge, 600 m a.s.l., 
limestone rocks, 48.9603N, 20.3833E, E. Záveská, J. Kučera, F. Kolář 

2x WC AA017   yes 
SK, Prešovský kraj, Vernár, Kopanecké lúky 2.7 km SSE of the village, 929 m a.s.l., river 
bank and sediments, 48.8957N, 20.2821E, E. Záveská, J. Kučera, F. Kolář 

2x WC AA018   yes 
SK, Banskobystrický kraj, Muráň, old quarry at the entrance to Hrdzavá dolina valley, 467 
m a.s.l., rocks in old quarry, 48.7462N, 20.0228E, E. Záveská, J. Kučera, F. Kolář 

2x WC AA020   yes 
SK, Prešovský kraj, Korytné, road bend 0.5 km E of the church, 604 m a.s.l., slopes 
above the road in deciduous forest, 49.0115N, 20.8475E, E. Záveská, F. Kolář 

2x WC AA021 3 yes 
SK, Prešovský kraj, Tatranská kotlina, rocks next to the entrance to Belianska jaskyňa 
cave, 900 m a.s.l., slopes and limestone rocks in mixed forest, 49.2289N, 20.3117E, E. 
Záveská, F. Kolář 

2x WC AA022   yes 
SK, Prešovský kraj, Tatranská Lesná, banks of the Studený potok brook, 1.5 km NW of 
the village, 1077 m a.s.l., brook banks, 49.1597N, 20.2456E, E. Záveská, F. Kolář 

2x WC AA023 2 yes 
SK, Žilinský kraj, Bešeňová, travertine rock 1 km NNE from the church in the village, 574 
m a.s.l., travertine rock, 49.1073N, 19.4347E, E. Záveská, F. Kolář 

2x WC AA025 3 yes 
SK, Žilinský kraj, Strečno, limestone rocks at the entrance to the castle, 425 m a.s.l., 
limestone rocks, 49.1741N, 18.8617E, E. Záveská, F. Kolář 

2x WC AA084 3 yes 
SK, Prešovský kraj, Vysoké Tatry, wet rocks and gravel in Velická Dolina, between 
Sliezsky dom and Dlhé pleso, 1823 m a.s.l., alluvial gravel, wet rocks, 49.162N, 
20.1542E, F. Kolář, E. Záveská, S. Španiel, M. Kolník, K. Marhold 

2x WC AA085   yes 
SK, Prešovský kraj, Vysoké Tatry, limestone gravel along road to Sliezsky dom in Velická 
Dolina, 1714 m a.s.l., roadside gravel, secondary, 49.1456N, 20.1627E, F. Kolář, E. 
Záveská, S. Španiel, M. Kolník, K. Marhold 

2x WC AA086 2 yes 
SK, Žilinský kraj, Zuberec, Zverovka, limestone rocks at the top of Osobitá mountain, 
1552 m a.s.l., exposed rocks, gravel, 49.2593N, 19.7218E, F. Kolář, E. Záveská, S. 
Španiel, M. Kolník, K. Marhold 

2x WC AA089   yes 
SK, Prešovský kraj, Ždiar, Belianské Tatry, along tourist path in Monkova dolina valley, 
1207 m a.s.l., shady rocks, alluvial gravel, 49.2484N, 20.2276E, F. Kolář, S. Španiel 

2x WC AA090 3 yes 
SK, Prešovský kraj, Vysoké Tatry, screes and rocks above the Zelené pleso lake up to 
Medený vodopád waterfall and Dlhý vodopád waterfall, 1625 m a.s.l., scree, wet rocks, 
49.2065N, 20.2151E, F. Kolář, E. Záveská, S. Španiel, M. Kolník, K. Marhold 

2x WC AA091 3 yes 
SK, Prešovský kraj, Ždiar, Belianské Tatry, along blue tourist path in Kopské sedlo pass, 
1751 m a.s.l., exposed rocks, eroded slope, 49.2299N, 20.219E, F. Kolář, E. Záveská, S. 
Španiel, M. Kolník, K. Marhold 

2x WC AA092   yes 
SK, Prešovský kraj, Vysoké Tatry, Kežmarská Biela voda valley, 1056 m a.s.l., roadside 
gravel, secondary, 49.1964N, 20.2767E, E. Záveská, K. Marhold 

2x WC AA116   yes 
SK, Košický kraj, Slovenský kras karst: Silická planina plateau, Gombasek, 1.8 km SSE 
from the village of Slavec, 400 m a.s.l., rocks beside the road, 48.569N, 20.4713E, M. 
Lučanová, E. Záveská, J. Smatanová 

2x WC AA120   yes 
SK, Prešovský kraj, Poprad: 20 km S from the town, Vernár: crossroads 4.2 km SW from 
the village, 901 m a.s.l., gravel along the road, 48.8853N, 20.2396E, M. Lučanová, E. 
Záveská, J. Smatanová 

2x WC AA134   yes 
SK, Banskobystrický kraj, Muráň, along tourist path from Predná Hora saddle to Muráň 
castle, 714 m a.s.l., eroded slope above path, 48.7725N, 20.0965E, F. Kolář 

2x WC AA135   yes 
SK, Banskobystrický kraj, Muráň, along tourist path from Predná Hora saddle to Muráň 
castle, 667 m a.s.l., shady rocks, 48.768N, 20.0804E, F. Kolář 

2x WC AA136   yes 
SK, Banskobystrický kraj, Tisovec, rocks at Voniaca cottage, 1017 m a.s.l., half-shaded 
rocks and disturbed sites in open forest, 48.7053N, 19.9592E, F. Kolář 

2x WC AA137   yes 
SK, Banskobystrický kraj, Muráň, eastern part of Veľká Stožka rock system, 1339 m 
a.s.l., half-shaded rocks, 48.7855N, 19.9771E, F. Kolář 
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2x WC AA138   yes 
SK, Banskobystrický kraj, Jelšava, rocks at Slovenská skala (622 m) hill, 609 m a.s.l., 
shady rocks, 48.62N, 20.2748E, F. Kolář 

2x WC AA139   yes 
SK, Banskobystrický kraj, Muránska Zdychava, rocks in the village, 1034 m a.s.l., shady 
rocks, 48.743N, 20.1364E, F. Kolář 

2x WC AA141   yes 
SK, Banskobystrický kraj, Červená Skala, rocks above Hron river next to the bridge, 785 
m a.s.l., half-shaded rocks, 48.8186N, 20.134E, F. Kolář 

2x WC AA162 2 yes 
SK, Prešovský kraj, Vysoké Tatry, Mlynická dolina Skok waterfall, 1750 m a.s.l., wet 
rocks, alluvial gravel, 49.1534N, 20.0458E, F. Kolář, M. Lučanová, K. Marhold, J. 
Smatanová, J. Bayerová 

2x WC AA170 3 yes 
SK, Prešovský kraj, Žiar, Tristárska dolina valley, 1380 m a.s.l., open gravely sites, 
screes, 49.2502N, 20.2053E, F. Kolář, M. Lučanová, K. Marhold, J. Smatanová, J. 
Bayerová 

2x WC AA173 3 yes 
SK, Prešovský kraj, Gánovce, travertine outcrop in the village, 664 m a.s.l., exposed 
rocks, 49.0299N, 20.3207E, F. Kolář, M. Lučanová, J. Bayerová 

2x WC AA175   yes 
SK, Prešovský kraj, Lysá Poľana, Biela Voda river bed, 950 m a.s.l., gravel on the river 
bed, 49.2633N, 20.1136E, F. Kolář 

2x WC AA176 3 yes 
SK, Prešovský kraj, Vysoké Tatry, Mengusovská dolina, Veľké Hincovo pleso lake, 1950 
m a.s.l., open moist gravely patches, lake shore, 49.1756N, 20.0605E, F. Kolář 

2x WC AA182 3 yes 
SK, Žilinský kraj, Kráľova Lehota, rock above Čierny Váh river, 670 m a.s.l., exposed dry 
rock, 49.016N, 19.8093E, K. Marhold, J. Smatanová 

2x WC AA183 4 yes 
SK, Žilinský kraj, Malužiná, slope above road to the quarry, 735 m a.s.l., eroded slope, 
48.9845N, 19.7573E, K. Marhold, J. Smatanová 

2x WC AA184 3 yes 
SK, Žilinský kraj, Liptovský Hrádok, slopes above Čierny Váh, Borová Sihoť, 624 m a.s.l., 
eroded slope, 49.0386N, 19.7005E, K. Marhold, J. Smatanová 

2x WC AA208 3 yes 
SK, Prešovský kraj, Svit, Baba hill, SE slopes, 844 m a.s.l., forest clearing in pine forest, 
49.0435N, 20.1807E, J. Bayerová, J. Smatanová 

2x WC AA225 3 yes 
SK, Žilinský kraj, Ružomberok - Jazierce, rocks 1 km SSW of the settlement, 576 m 
a.s.l., rocks and sparse vegetation, 49.017836N, 19.283829E, J. Bayerová 

2x WC AA227 3 yes 
SK, Prešovský kraj, Vysoké Tatry, Velká Studená dolina - Prielom, along tourist path, 
2070 m a.s.l., alpine scree, 49.1761N, 20.1499E, J. Bayerová 

2x WC AA228 3 yes 
SK, Prešovský kraj, Vysoké Tatry, north facing slope below Pod Polskym hrebeňom 
saddle, along tourist path, 2147 m a.s.l., rocks, 49.1738N, 20.1390E, J. Bayerová 

2x WC AA236 3 yes 
SK, Prešovský kraj, Lipovce, at the lowest waterfall in Kamenná Baba gorge, 1.5 km W 
of the village, 659 m a.s.l., shady limestone rocks, 49.0589N, 20.9306E, F. Kolář, G. 
Fuxová, J. Smatanová 

2x WC AA237   yes 
SK, Prešovský kraj, Ždiar, N-NW facing slopes of Monkova dolina, N of Hlúpy hill, 1888 
m a.s.l., alpine scree, small ravines in alpine grassland, 49.2384N, 20.2192E, F. Kolář, J. 
Bayerová 

2x WC AA238   yes 
SK, Prešovský kraj, Vysoké Tatry, Kôprová dolina, waterfall 150 m N of N shore of 
Temnosmrečianske pleso lake, 1675 m a.s.l., rock with waterfall, 49.1960N, 20.0285E, 
K. Marhold, S. Španiel, J. Smatanová 

2x WC AA239   yes 
SK, Prešovský kraj, Vysoké Tatry, Tatranská Lomnica, top of Lomnický Štít peak, 2630 
m a.s.l., paved path at the top, 49.1952N, 20.2129E, F. Kolář, J. Bayerová, G. Fuxová 

2x WC AA241   yes 
SK, Prešovský kraj, Branisko, Rajtopíky, slopes ca 1.5 km S of the Branisko saddle of 
the road no. 18, 990 m a.s.l., disturbed sites and rocks in mixed forest, 49.0032N, 
20.8612E, J. Bayerová, K. Marhold, S. Španiel, J. Smatanová 

2x WC AA243 4 yes 
PL, Województwo Małopolskie, Babia Gora, rocky ridge along the path from saddle, ca 
600 m ENE from the top, 1660 m a.s.l., rock crevices, 49.5748N, 19.5381E, F. Kolář, A. 
Knotek 

2x WC AA244 3 yes 
SK, Žilinský kraj, Šútovo, small limestone hill at E margin of the village, 480 m a.s.l., 
rocky and gravely sunny slope, 49.1519N, 19.0851E, F. Kolář, A. Knotek, G. Fuxová 

2x WC AA247   yes 
SK, Prešovský kraj, Rysy - just under the Rysy chalet, 2229 m a.s.l., rock along turistic 
path, 49.17465N, 20.08639E, M. Holcová 

2x WC AA248 4 yes 
SK, Prešovský kraj, Rysy- just under the top of the mountain, 2488 m a.s.l., top of the 
Rysy mountain - rock, 49.1795N, 20.0880E, M. Holcová 

2x WC AA249   yes 
SK, Žilinský kraj, Thermal pool in the Liptovský Ján village, 650 m a.s.l., just above the 
water level of the thermal swimming pool, 49.0425N, 19.6780E, M. Holcová 

2x WC AA308   yes 
SK, Nízké Tatry, road above Vrbicke lake, 1152 m a.s.l., ditch along the asphalt road, 
48.96848N, 19.57413E, J. Bayerová 

2x WC AA309   yes 
SK, Západné Tatry - Teply zlab, tourist pathway through the spruce forest in the direction 
of Osobita, along the stream, 1149 m a.s.l., forrest, 49.258917N, 19.706397E, J. 
Bayerová 

2x WC AA311   yes 
SK, Chočské vrchy, Velký Choč along the road in the direction Lúčky, 619 m a.s.l., along 
the road, 49.138626N, 19.393525E, M. Holcová 

2x WC AA323   yes 
SK, Západné Tatry - Smutna dolina, NE slope, 1596 m a.s.l., recently accumulated scree 
(ca 2 years ago), 49.202365N, 19.750004E, J. Bayerová 

2x WC AA365   yes 
SK, 910 m a.s.l., open S-facing limestone rocks, shady N-facing limestone rocks, shady 
slope above road, silicate, 48.774769N, 20.338676E, F. Kolář, M. Holcová, D. Požárová 
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2x WC AA369   yes 
SK, 689 m a.s.l., semi-shaded S facing slopes, 48.618337N, 20.780072E, F. Kolář, M 
Holcová, D. Požárová 

2x WC AA372 5 yes 
SK, Košický kraj, Prielom Hornádu river gorge from Čingov to Podlesok, 550 m a.s.l., 
rocks, eroded slopes in forest, 48.95523N, 20.4161E, F. Kolář, D. Požárová 

2x WC AA373   yes 
SK, Vernár, bottom of the rocks at the N entrance to Vernárská tiesňava gorge, 750 m 
a.s.l., rocks and scree, 48.93288N, 20.28592E, F. Kolář, D. Požárová 

2x WC AA374 1 yes 
SK, Královská Lehota, rocky slope above the road to the damm, 730 m a.s.l., rocky 
slope, 49.0071N, 19.91276E, F. Kolář, D. Požárová 

2x WC AA375   yes 
SK, Ružomberok, travertine outcrop Bukovinka S of Jazierce settlement, 600 m a.s.l., 
travertine rocks and boulders, 49.01242N, 19.29029E, F. Kolář, D Požárová 

2x WC AA407   yes 
SK, Prešovský kraj, Vernár, at sides of road near stream and wall by monument, 728 m 
a.s.l., rocks and scree, 48.9327489N, 20.285812989E, E. Morgan, M. Lučanová 

2x WC AA411   yes 
SK, Banskobystrický kraj, along the path from Hronec to Mt. Chvatimech, 710 m a.s.l., 
open woodland, gravel, 48.7948661N, 19.5600703E, G. Šrámková 

2x WC AA412   yes 
SK, Banskobystrický kraj, Jaskyňa mrtvych netopierov, 1460 m a.s.l., , 48.9258822N, 
19.6376167E, G. Šrámková 

2x WC AA413   yes SK, Banskobystrický kraj, , 520 m a.s.l., , 48.774422N, 19.5845428E, G. Šrámková 

2x WC AA432   yes 
SK, Lúčky, travertines in the village, 612.2 m a.s.l., rocks, 49.129828N, 19.398517E, E. 
Morgan, K.Kubíková, F. Kolář 

2x WC AA433 4 yes 
SK, Harmanec, scree slope above road bend, 675.4 m a.s.l., scree, eroded slope, 
48.82446N, 19.022602E, E. Morgan, K. Kubíková, F. Kolář 

2x WC AA437   yes 
SK, Stratená, rock above river in Stratenska tiesňava gorge, 841.5 m a.s.l., N-facing wet 
rock with Carex firma, 48.874552N, 20.329507E, E. Morgan, K.Kubíková, F. Kolář 

2x WC AA474 1 yes 
SK, Banskobystrický kraj; Vel'ká Fatra-Nízké Tatry, Horehronie, in forest above 
Donovaly, along red-marked trail leading to summit of Zvolen, 48.8832602N, 
19.226398E, A. Guggisberg, G. Mansion 

2x WC AA477 2 yes 
SK, Prešovský kraj; Vysoke Tatry, Hlinska dolina, along Hlinsky potok, along blue-
marked trail leading to Vysne Kôprovské sedlo, 9.17N, 44640E, R. Schmickl, A. 
Guggisberg, G. Mansion, Z. Kyselova 

4x ALP AA029 2 yes 
A, Steiermark, Tragöss, forest road towards Grüner see and rocks around the lake, 792 
m a.s.l., forest road + small rocks, 47.5405N, 15.06044444E, F. Kolář 

4x ALP AA042 3 yes 
A, Steiermark, Öblarn, slopes of valley of Walchenbach S of the village, 713 m a.s.l., 
rocky valley, 47.45083333N, 14.00644444E, F. Kolář 

4x ALP AA083 2 no 
CZ, Moravskoslezský kraj, Malá Morávka, Velká Kotlina glacial cirque, 1250 m a.s.l., 
shady rocks, 50.05571667N, 17.23646111E, F. Kolář 

4x ALP AA133 2 no 
SLO, Ptuj, Muretinci, rock at right bank of Drava river, S of the village, S of the bridge 
across Drava, 255 m a.s.l., shady rocks, 46.37016667N, 15.99561111E, F. Kolář, G. 
Fuxová 

4x ALP AA144 2 yes 
A, Niederösterreich, Hohenberg, castle ruin, 607 m a.s.l., castle ruin, 47.90415N, 
15.62319E, E. Záveská, S. Španiel 

4x ALP AA145 3 yes 
A, Steiermark, Niedere Tauern, valley and rocks along the trekking path towards 
Gamskögel, 1752 m a.s.l., moist valley (with Petasites sp.) and rocks, 47.37326N, 
14.55397E, E. Záveská, S. Španiel 

4x ALP AA146 2 yes 
A, Kärnten, Eberstein, dolomitic rocks above the village, 585 m a.s.l., shady rocks, 
eroded slopes, 46.802787N, 14.553129E, F. Kolář 

4x ALP AA147 2 yes 
A, Steiermark, Schönberg-Lachtal, along a road L 514, 856 m a.s.l., gravel and stones 
along the road, 47.182594N, 14.337868E, F. Kolář, M. Hanzl, E. Záveská, S. Španiel 

4x ALP AA148 3 yes 
A, Steiermark, Niedere Tauern, Schießeck, N exposed rocky slopes, quartzite rocks, 
2240 m a.s.l., screes and rocks, 47.277662N, 14.321904E, F. Kolář, M. Hanzl, S. Španiel 

4x ALP AA149 3 yes 
A, Steiermark, Kraubath, rocks in open forest S of the village, 628 m a.s.l., shady rocks, 
47.281679N, 14.927647E, F. Kolář, M. Hanzl, E. Záveská, S. Španiel 

4x ALP AA252 4 yes 
A, Steiermark, Wölzer Tauern: Schönberg bei Niederwölz, 820 m a.s.l., marble rocks, 
47.18194N, 14.33694E, P. Schönswetter 

4x ALP AA254 1 yes 
A, Steiermark, Seckauer  Alpen: Hochreichart, northwestern crest, 2360 m a.s.l., 
stabilized amphibolite screes, 47.36444N, 14.68083E, P. Schönswetter 

4x ALP AA255 3 yes 
A, Steiermark, Seckauer  Alpen: lower-most Ingeringgraben, 970 m a.s.l., siliceous rocks, 
47.28417N, 14.68194E, P. Schönswetter 

4x ALP AA265 2 no 
SLO, Tolmin, Soča river valley, Kal-Koritnica, 430 m a.s.l., gravel road margin and 
riverine beds, natural canyon, 46.33281N, 13.59064E, P Koutecký 

4x ALP AA300 3 yes 
AT, Steiermark, Pusterwald, shores of Wildsee below Eiskarspitz, 2117 m a.s.l., 
snowbed in a glacial cirque, 47.3256N, 14.23038E, F. Kolář, A. Knotek, S. Španiel, P. 
Schönswetter, K. Hülber 

4x ALP AA301 3 yes 
AT, Steiermark, Pusterwald, ridge in the saddle between Hohenwart and Eiskarspitz, 
2296 m a.s.l., N-facing stony ridge and scree, 47.3293N, 14.23066E, F. Kolář, A. Knotek, 
S. Španiel, P. Schönswetter, K. Hülber 

4x ALP AA302 3 yes 
AT, Steiermark, Krakaudorf, screes in Sauoffensee glacial cirque, W of the lake, 2184 m 
a.s.l., wet rocks and scree slope below, 47.25861N, 14.01033E, F. Kolář, P. 
Schönswetter, K. Hülber 
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4x ALP AA303 3 yes 
AT, Steiermark, Krakaudorf, slope above Sauoffensee lake, 2030 m a.s.l., stony 
snowbed slope, 47.2588N, 14.00491E, A. Knotek, S. Španiel 

4x ALP AA304 3 yes 
AT, Steiermark, Aigen, rocks in Gullingtal valley, next to the bridge W of a quarry, 800 m 
a.s.l., rocks , 47.49355N, 14.17224E, F. Kolář, A. Knotek, S. Španiel 

4x ALP AA315 2 no 
AT, Salzburg, Distr. Sankt Johann im Pongau, steep slope of valley of Salzach River E of 
motorway A10, 400 m NE of Blientau, 3.2 km N–NNW of Werfen, 590 m a.s.l., scree in 
open forest, 47.510116N, 13.174991E, Z. Kaplan 

4x ALP AA339 3 yes 
A, Castle ruin Rabenstein cca 2 km S of Sankt Paul im Lavanttal, 620 m a.s.l., rocks and 
walls of castle ruins, 46.68833N, 14.87167E, A. Knotek; D. Požárová 

4x ALP AA340 3 yes 
A, Calcareous riverbank near the road from Bad Ischl to Ebensee, 460 m a.s.l., river 
bank, 47.74694N, 13.68972E, A. Knotek; D. Požárová 

4x ALP AA350 3 no 
D, for locality details see Arnold et al. 2015, 640m a.s.l., 48.13972N, 8.23667E, B. Arnold 
et al. 

4x ALP AA397 3 yes 
AT, Steiermark, Panzriedl, south edge of the serpentine ridge, 1750 m a.s.l., open forest, 
rocks, 47.46403N, 14.23989E, V. Konečná, G. Wos 

4x ALP AA398 3 yes 
AT, Steiermark, Vorberg, rocks next to the road, 2 km of Ritzmannsdorf, 1010 m a.s.l., 
rocks, 47.49876N, 14.16964E, V. Konečná, G. Wos 

4x ALP AA414 2 yes 
AT, Steiermark, Steinach-Irdning railway station, 650 m a.s.l., railway bank gravel, 
47.529083N, 14.107585E, D. Požárová, V. Zeisek, G. Wos 

4x ALP AA475 1 yes 
AT, Steiermark, Bezirk Leoben, Stadt Eisenerz,  for locality details see Novikova et al. 
2016, 47.54N, 14.9E, N. Hohmann 

4x ALP AA484 1 yes 
AT, Styria; Nordöstliche Kalkalpen, 4 km NE Mariazell, Rechengraben, near bridge to 
"Wuchtelwirtin" Inn, rock on the road,  47.7876124N, 15.3516894E, R. Schmickl, G. Muir 

4x ALP AA491 1 yes 
AT, Steiermark, Bezirk Bruck an der Mur, Gemeinde Tragoss, road from Eisenerz to 
Tragoss, 47.5N, 15.05E, N. Hohmann 

4x CEU AA001 2 no 
CZ, Jihočeský kraj, Boršov, rocks at the left bank of Vltava river, 1 km WSW of the 
church in the village, 420 m a.s.l., rocks in open forest in river canyon, 48.91797222N, 
14.41841667E, M. Lučanová 

4x CEU AA032 3 yes 
CZ, Středočeský kraj, Křivoklát, SE facing slope "Brdatka" above Berounka river, 2.5 km 
NE of the castle, 350 m a.s.l., open forest in river canyon, 50.04966667N, 
13.89080556E, E. Záveská, M. Lučanová, G. Fuxová, F. Kolář 

4x CEU AA033 2 no 

A, Niederösterreich, Wachau: surroundings of homestead “Seiber”, along the road LH78 
called “Seibererstraße”, district (Bezirk): Krems-Land, 620 m a.s.l., along the roadside, 
on rocks and rock crevices, at the forest edge, 48.40877778N, 15.43375E, C. 
Pachschwöll, H. P. Grohmann 

4x CEU AA043 2 no 
CZ, Středočeský kraj, Pukňov, exposed rocks along the forest track, above Vltava river, 
482 m a.s.l., rocky valley, forest road margin, 49.54276111N, 14.128275E, E. Záveská 

4x CEU AA045 2 no 
CZ, Pardubický kraj, Choceň, S exposed rocks above Orlice river, 332 m a.s.l., rocks, 
50.00322222N, 16.23080556E, F. Kolář, E. Záveská, J.Malinská 

4x CEU AA046 2 no 
CZ, kraj Vysočina, Ostrov u Ledče nad Sázavou, confluence of Nezdínský potok brook 
and Sázava river, 365 m a.s.l., railway track close to rocks, 49.68711111N, 15.30325E, 
F. Kolář, E. Záveská, J.Malinská 

4x CEU AA103 2 yes 
CH, Bern, Burgdorf: grassland below the castle, close to the road, 545 m a.s.l., 
grassland, 47.05508889N, 7.630075E, M. Lučanová 

4x CEU AA104 3 yes 
CH, Jura, Muriaux: rock under the viewpoint Les Sommetrēs 1.4 km SW of the village, 
1072 m a.s.l., limestone rock, 47.23685278N, 6.967061111E, M. Lučanová 

4x CEU AA187 2 no 
D, Bayern, Hohenfels, rocky slope below the castle ruins, 400 m a.s.l., rocks and grassy 
terraces, 49.203502N, 11.850417E, J. Chrtek, K kabátová 

4x CEU AA188 2 yes 
D, Rheinland-Pfalz, Bacharach, forested slate slopes (oaks), along the forest pathway; 
rocks along the roadside, 246 m a.s.l., forested rocky slopes, 50.04973N, 7.74165E, E. 
Záveská 

4x CEU AA189 2 no 
L, Luxembourg, Luxembourg - city walls, in the centre of the Luxembourg city, 189 m 
a.s.l., stone walls, 49.60911N, 6.12819E, E. Záveská 

4x CEU AA190 2 yes 
L, Luxembourg, Lipperscheid, rocky slopes along the roadside, 177 m a.s.l., exposed 
rocky slopes, 49.91278N, 6.08039E, E. Záveská 

4x CEU AA191 2 yes 
B, Wallonie, Namêche, Bois de la Sarte, forested slopes, on the margins of the slate-
quarry, 125 m a.s.l., forested rocky slopes, 50.49126N, 4.98465E, E. Záveská 

4x CEU AA195 2 yes 
CZ, Jihomoravský kraj, Borač - Prudká, 364 m a.s.l., rocky outcrop in river valley, 
49.4206N, 16.366E, T. Urfus, L. Musilová 

4x CEU AA203 3 yes 
B, Wallonie, Chokier, rocks in old quarry above the village, 103 m a.s.l., rocky slopes, 
50.592977N, 5.443828E, F. Kolář, E. Záveská, G. Fuxová, K. Marhold, R. Schmickl 

4x CEU AA205 2 yes 
D, Rheinland-Pfalz, Maria Laach, next to the road along Lacher see, 360 m a.s.l., rocky 
slopes above road, 50.425635N, 7.272982E, F. Kolář, E. Záveská, G. Fuxová, K. 
Marhold, R. Schmickl 

4x CEU AA246 2 no 

A, Oberösterreich, Mühlviertel: Kettenturm near Untermühl, Naturschutzgebiet Neuhaus; 
Bezirk (county): Rohrbach., steep, SW-exposed forest c. 50 m above the Danube 
dominated by Quercus petraea and Carpinus betulus, 335 m a.s.l., forest, 48.422717N, 
13.988168E, C. Pachschwöll and E. Schandl 
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4x CEU AA285 2 yes 
CZ, Jihomoravský kraj, Znojmo, left side of river Dyje canyon, cca 2 km above Znojmo 
dam, 275 m a.s.l., rocky slopes in loose Quercus pubescens and Pinus sylvestris forest, 
48.8433611N, 16.0171667E, A. Knotek 

4x CEU AA286 3 yes 
AT, Lower Austria, Wachau, Weißenkirchen, 359 m a.s.l., oak-pine forest and former 
vineyard, 48.405022N, 15.472906E, R.Schmickl 

4x CEU AA338 3 no 
A, Calcareous rocks and screes near railroad; near the road cca 4 km NE from Mautstatt, 
calcareous rocks and bank between railroad and small river, 560 m a.s.l., calcareous 
rocks and bank, 47.37N, 15.38667E, A. Knotek; D. Požárová 

4x CEU AA341 2 yes CZ, Opárno, Old railway, m a.s.l., , 50.542778N, 14.011944E, M, Holcová 

4x CEU AA358 3 yes 
CZ, Středočeský kraj, Bernartice, east-exposed slopes above Želivka water damm, NNE 
of the village, open pine forest, rocks, 49.6838164N, 15.1332558E, V. Konečná, M. 
Holcová, F. Kolář, L. Yant 

4x CEU AA359 3 yes 
CZ, Středočeský kraj, Vlastějovice, steep slope above the road to Pertoltice, on the N 
border of the village,eroded slope, rocks, 49.7349631N, 15.1748464E, V. Konečná, M. 
Holcová, F. Kolář, L. Yant 

4x CEU AA360 3 yes 
AT, Niederösterreich, Fuglau, slopes above the road to Steinegg, above the first bend of 
the serpentine road, open oak forest, N, 15.5572367E, V. Konečná, M. Holcová, F. Kolář, 
L. Yant 

4x CEU AA361 3 yes 
AT, Niederösterreich, Steinegg, steep w-exposed slope above Kamp river, 1,2 km W of 
the village, 394 m a.s.l., rocks, open pine forest, 48.62993N, 15.542567E, V. Konečná, 
M. Holcová, F. Kolář, L. Yant 

4x CEU AA362 2 no 
AT, Niederösterreich, Wegschied a.d. Kamp, open forest N of the village,open pine 
forest, 48.61599N, 15.48787E, V. Konečná, M. Holcová, F. Kolář 

4x CEU AA383 1 yes 
CZ, Středočeský kraj, Unhošť, rocks around hill 750 m, N of Markův mlýn mill, 3 km 
WSW of the village, 369 m a.s.l., open rocks, scree in small quarries, 50.05857N, 
14.10875E, F. Kolář, D. Požárová 

4x CEU AA390 2 no SLO, Savinjska, 46.110795N, 15.2257089E, F. Kolář, E. Morgan 

4x CEU AA430 3 no 
AT, Steiermark, serpentine rock and path, 530 m a.s.l., 47.35557N, 15.33653E, V. 
Konečná, M. Bohutínská, D. Bohutínský 

4x CEU AA464 2 yes 
D, Bayern, Weltenburg, rocks around the monastery and ca 500 m E of the monastery, 
440 m a.s.l., limestone rocks, N and W facing, 48.8968367N, 11.8274881E, F. Kolar 

4x CEU AA476 1 yes AT, Hardegg, silicate, 400 m a.s.l., , 48.85166N, 15.85833E 

4x CEU AA481 1 yes 
AT, Lower Austria; Waldviertel, Kamptal, E Altenhof, at sign "Der Muhlsteinbruch von 
Altenhof - Kulturpark Kamptal, 48.5448994N, 15.6881331E, R. Schmickl, G. Muir 

4x CEU AA483 1 yes 
CZ, Jihomoravský kraj; Znojmo; Lubnice, E Zeletavka river, Forest slope facing river 
Zeletavka on east side (2021), 48.9410337N, 15.6171967E, R. Schmickl 

4x CEU AA487 3 yes 
D, Reiftal, partly sunny, S-facing rock in valley above Neidingen, calcareous, 790 m 
a.s.l., rock, 48.10104N, 9.049581E 

4x CEU AA496 1 yes 
D, Baden-Wurttemberg, Schwabische Alb, Wimsener Hohle,  for locality details see 
Novikova et al. 2016, 48.25N, 9.44E, R. Schmickl 

4x CEU AA498 3 yes 
D, Grindel Steige + Upfinger Steige, shady rocks in beech forest, NE-facing, calcareous, 
700 m a.s.l., shady rocks in beech forest, NE-facing, calcareous, 48.44784N, 9.422422E, 
F. Kolář 

4x RUD AA028 2 yes 
PL, Województvo Dolnośląskie, Kletno, limestone rock above the valley, N of jaskynia 
Niedzwiedzia, 890 m a.s.l., rocks and scree, 50.23861111N, 16.84255556E, F. Kolář 

4x RUD AA030 2 yes 
S, Jämtland, Rotviken, roadside of the road Ostersund-Laksjoen, 316 m a.s.l., roadside, 
63.95894444N, 14.18986111E, F. Kolář 

4x RUD AA051 2 yes 
SLO, Radovljica, Via Gorizia, 1119 m a.s.l., roadside, 46.42091667N, 13.58669444E, G. 
Fuxová 

4x RUD AA056 1 yes 
UA, L’vivs’ka oblasť, Staryj Sambir, road bank, 358 m a.s.l., road bank, gravels, 
49.46091667N, 22.98736111E, S. Španiel, P. Mereďa 

4x RUD AA058 2 yes 
UA, L’vivs’ka oblasť, Skole (NE of Kozeva, SW of Stryj), along railway, 455 m a.s.l., 
railway bank, gravels, 49.02633333N, 23.49883333E, S. Španiel, P. Mereďa 

4x RUD AA061 2 no 
PL, Województwo Śląskie, Katowice, railway tracks surrounded by moist forest, suburb 
of Katowice, common locality with A. halleri, 307 m a.s.l., railway track, 50.24313889N, 
18.94513889E, E. Záveská, Z. Khodlová, P. Trávníček 

4x RUD AA097 2 yes 
CZ, Královéhradecký kraj, Teplice nad Metují, railway track bank in the town, 480 m 
a.s.l., railway track, 50.59457N, 16.16786E, J. Suda 

4x RUD AA098 2 yes 
CZ, Moravskoslezský kraj, Český Těšín, railway station, 300 m a.s.l., railway track, 
49.742075N, 18.62208889E, F. Kolář 

4x RUD AA099 2 yes 
CZ, Moravskoslezský kraj, Valšov, railway station, 550 m a.s.l., railway track, 
49.93383333N, 17.43708333E, P. Koutecký 

4x RUD AA101 2 yes 
CH, Ticino, Biasca: 5 km NW from the village, 800 m NW from Personico village , 325 m 
a.s.l., dry edge of the meadow, 46.37548333N, 8.909727778E, M. Lučanová 

4x RUD AA102 2 yes 
CH, Bern, Enggistein: 760 m NE from the village, 685 m a.s.l., edge of the meadow along 
the small stream, 46.93521111N, 1518497E, M. Lučanová 
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4x RUD AA150 2 yes 
D, Sachsen-Anhalt, Elbigenrode, border of a large quarry SW of the town, 505 m a.s.l., 
gravely road at the border of limestone quarry, 51.753164N, 10.785386E, J. Chrtek, K. 
Kabátová 

4x RUD AA152 3 yes 
D, Mecklenburg-Vorpommern, Rugen, Prora, open grass, medial strip between road and 
cycle path (secondary habitat), close to natural sand dunes, 18 m a.s.l., grass on sandy 
soil , 54.42222222N, 13.58305556E, E. Záveská 

4x RUD AA154 2 yes 
D, Berlin, Berlin, Yorckstrasse, ruins of the former railway station (S-bahn) and railway 
tracks, 40 m a.s.l., railway track, 52.498803N, 13.373365E, E. Záveská 

4x RUD AA180 2 yes 
S, Vasternorrland, Skuleskogen NP, parksite at the N border of the park, 40 m a.s.l., 
gravely road margin, 63.134726N, 18.51725E, F. Kolář, M. Lučanová 

4x RUD AA181 2 yes 
N, Vågå, Jotunheimen, Gjendesheim, campsite E of the main road, 970 m a.s.l., gravel in 
campsite, 61.488668N, 2386344E, F. Kolář, M. Lučanová 

4x RUD AA206 2 yes 
D, Nordrhein-Westfalen, Erndtebrück, railway tracks near the village, 500 m a.s.l., gravel 
in the railway track, 50.977096N, 8.225071E, F. Kolář, E. Záveská, K. Marhold, R. 
Schmickl 

4x RUD AA207 2 yes 
D, Thüringen, Ilmenau, railway station in the town, 483 m a.s.l., gravel in the railway 
track, 50.683383N, 10.922354E, F. Kolář, E. Záveská, K. Marhold 

4x RUD AA215 2 yes 
RUS, Leningradskaya oblast‘, Kirovskii Raion, vicinity of the village of Maluksa, sandy 
place, close to dirt road in the forest, 65 m a.s.l., open sandy forest, 59.68867N, 
31.36073E, K. Marhold, P. Efimov, A. Sennikov 

4x RUD AA216 3 yes 
RUS, Leningradskaya oblast‘, Gatchinskii Raion, Vyritsa, railway station, along the 
railway tracks, 68 m a.s.l., railway tracks, 59.41427N, 30.34568E, K. Marhold, P. Efimov, 
A. Sennikov 

4x RUD AA231 2 yes 
UA, Zakarpatska oblasť , Kvasy, railway station, 547 m a.s.l., railway track, 48.15797N, 
24.28025E, J. Chrtek, K. Kabátová 

4x RUD AA261 2 yes 
LT, Salaspils, Railway Riga - Ogre, 300 m from station Salapsis direction Ogre, 20 m 
a.s.l., railway embankment, 56.8602702N, 24.3556685E, I. Rurane 

4x RUD AA270 2 yes 
S, Skåne, Örtofta, railway station, 20 m a.s.l., railway embankment, 55.781835N, 
13.250972E, F. Kolář, E. Záveská 

4x RUD AA272 2 yes 
S, Kronoberg, Alvesta, railway station, 147 m a.s.l., gravel between rails, 56.899507N, 
14.557429E, F. Kolář, E. Záveská 

4x RUD AA274 1 yes 
S, Blekinge, Mörrum, railway E of Kråketorp station, 23 m a.s.l., railway embankment, 
56.190655N, 14.717061E, F. Kolář, E. Záveská 

4x RUD AA277 2 yes 
PL, Województwo Zachodniopomorskie, Kołobrzeg, parking place E of Grzybovo village, 
17 m a.s.l., sandy sites at parking place, 54.162953N, 15.451701E, F. Kolář, E. Záveská 

4x RUD AA278 2 yes 
PL, Województwo Zachodniopomorskie, Mielno, along the road in Unieście E of the 
town, 8 m a.s.l., sandy sites along the road, 54.273669N, 16.104121E, F. Kolář, E. 
Záveská 

4x RUD AA281 2 yes 
PL, Województwo Pomorskie, Nowa Wieś Lęborska, old railway track N of the village at 
the crossing with road to Łeba, 62 m a.s.l., railway embankment, 54.59279N, 
17.704579E, F. Kolář, E. Záveská 

4x RUD AA282 2 yes 
PL, Województwo Kujawsko-Pomorskie, Unisław, railway station, 83 m a.s.l., sandy and 
gravely sites around railway embankment, 53.20466N, 18.377266E, F. Kolář, E. Záveská 

4x RUD AA283 2 yes 
PL, Województwo Wielkopolskie, Chodziez, along the side roads close to the road 
Chodziedz - Czarnkow, 7 km WSW of the town, 100 m a.s.l., road ditch in pine forest, 
52.978428N, 16.818735E, F. Kolář, E. Záveská 

4x RUD AA287 2 yes 
S, Åkersberga, along Hästängsuddsvägen road, 19 m a.s.l., gravel along a road, 
59.441573N, 18.270786E, F. Kolář 

4x RUD AA288 2 yes 
PL, Województwo Malopolskie, Pustynia Błędowska near village Chechlo, view point, 
340 m a.s.l., sandy dune around concrete thing, sandy places in pine forest, 
50.360296N, 19.519871E, J. Bayerová 

4x RUD AA320 2 yes 
S, Västerbottens län, Dikanäs, disturbed bank of a road to Umnäs, along a bridge over a 
small stream N of the village, 500 m a.s.l., gravel, road bank, 65.3169N, 16.0367E, F. 
Kolář 

4x RUD AA326 2 yes 
LV, Koknese, 100 m from "1905. gada iela" street eastwards,  88 m a.s.l., railway 
embankment, 56.6500444N, 25.4440991E, I. Rurane 

4x RUD AA345 2 yes 
SLO, Tirol, Fritzens, railway station, 550 m a.s.l., railway track gravel and sand, 
47.3020922N, 11.5879617E, F. Kolář 

4x RUD AA353 3 yes 
D, for locality details see Novikova et al. 2016 , 50.7414898N, 8.05339983333333E, 
Christian Sailer 

4x RUD AA356 3 yes 
PL, for locality details see Arnold et al. 2015, 80m a.s.l., 52.28028N, 16.70944E, B. 
Arnold et al. 

4x RUD AA363 2 yes 
CZ, Liberecký kraj, along the walk path and on the slopes above the pond, 375 m a.s.l., , 
50.7627061N, 15.074645E, G. Šrámková 

4x RUD AA440 2 yes 
CZ, Jestřebí, railway bank between Jestřebí and Doksy, below Konvalinkový vrch hill, 
270 m a.s.l., railway ballast, 50.6042969N, 14.6194675E, F. Kolář 

4x RUD AA449 2 yes 
SK, Lupkovský priesmyk, along railway close to the tunnel, railway, 49.2508467N, 
22.0384328E, K. Šemberová, M. Folbrová 
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4x RUD AA452 1 no 
PL, Vistula Spit, Krynica Morska: along the road and turistic paths heading towards sea 
coast, 10 m a.s.l., sandy pine forest near Baltic sea, 54.37969N, 19.422601E, G. 
Šrámková 

4x RUD AA453 2 yes 
LT, Curonian Spit, Neringa, Juodkarte: sand dunes ca 11 km N of the village, 30 m a.s.l., 
, 55.64261N, 21.12501E, M. Štech 

4x RUD AA472 2 yes 
N, Viken, Greaker fort, at the fortress, 50 m a.s.l., rocky scree and fortress walls, 
59.271923N, 11.032923E, F. and M. and K. Kolář 

4x RUD AA473 1 yes 
D, for locality details see Novikova et al. 2016, 290 m a.s.l., , 51.308N, 8.487028E, R. 
Schmickl 

4x RUD AA478 3 yes S, Harnosand, for locality details see Novikova et al. 2016, 62.6N, 44638E, M. Nordborg 

4x RUD AA479 3 yes PL, for locality details see Preite et al. 2019, 50.2440833N, 16.848417E, Christian Sailer 

4x RUD AA480 3 yes 
PL, Kowary, secondary gravel,  for locality details see Preite et al. 2019, 670 m a.s.l., , 
50.763153N, 15.8439E 

4x RUD AA482 1 yes 
D, Mecklenburg-Vorpommern, Landkreis Rugen, Lietzow, next to the train station,  for 
locality details see Novikova et al. 2016, 54.48N, 13.51E, C. N. Schroder 

4x RUD AA485 3 no PL, for locality details see Preite et l. 2019, 50.5030833N, 18.93816E, Christian Sailer 

4x RUD AA486 1 yes 
F,  for locality details see Novikova et al. 2016, 62.05209N, 23.077866E, Johanna 
Leppala, P. Paajanen 

4x RUD AA488 1 yes 
D, Saarland, Volklingen, area of the world cultural heritage "Volklinger Hutte, for locality 
details see Novikova et al. 2016, 49.25N, 6.833E, R. Schmickl 

4x RUD AA490 2 yes PL, for locality details see Novikova et al. 2016, 53.897702N, 14.298695E, P. Baduel 

4x RUD AA497 3 yes 
D, for locality details see Arnold et al. 2015, 570m a.s.l., 47.62806N, 13.00167E, B. 
Arnold et al. 

4x SCA AA065 3 yes 
RO, Argeş, Făgăraş Mts, slopes above lake Balea, close to Transfăgăraş road, 2269 m 
a.s.l., alpine scree, 45.602N, 24.62263889E, F. Kolář, G. Fuxová 

4x SCA AA067 3 yes 
RO, Argeş, Dâmbovicioara, river canyon W of the village, 858 m a.s.l., shady rocks in a 
canyon, 45.44163889N, 25.22394444E, F. Kolář, G. Fuxová 

4x SCA AA072 2 yes 
RO, Bistriţa-Năsăud, Bistriţa Bârgăului, rocky slope above road from the village to the 
dam, 653 m a.s.l., rocks, eroded slope, 47.16969444N, 24.83372222E, F. Kolář, G. 
Fuxová 

4x SCA AA074 2 yes 
RO, Suceava, Rarău Mts, summit rocks, 1573 m a.s.l., exposed rocks, scree, 47.447N, 
25.56175E, F. Kolář, G. Fuxová 

4x SCA AA075 3 yes 
RO, Suceava, Cârlibaba, rocky slope above the road to Borşa, W of the village, 981 m 
a.s.l., shady rocks, eroded slope, 47.57594444N, 25.07711111E, F. Kolář, G. Fuxová 

4x SCA AA077 2 yes 
RO, Bistriţa-Năsăud, Romuli, valley of Stramba stream E of the village, 665 m a.s.l., 
shady rocks, alluvial deposits along brook, 47.53655556N, 24.46319444E, F. Kolář, G. 
Fuxová 

4x SCA AA078 2 yes 
RO, Alba, Gârda de Sus, bottom of the canyon NE of the village, 808 m a.s.l., shady 
rocks in a canyon, 46.46741667N, 22.84219444E, F. Kolář, G. Fuxová 

4x SCA AA079 2 yes 
RO, Bihor, Şuncuiuş, rocky slopes above Crişul Repede river, SE of the village, 332 m 
a.s.l., rocks in a steppe, 46.933327N, 22.547718E, F. Kolář, G. Fuxová 

4x SCA AA081 3 yes 
RO, Cluj, Turda, Cheia, bottom of Cheile Turzii gorge, 500 m a.s.l., shady rocks in a 
canyon, 46.56472222N, 23.6775E, F. Kolář, G. Fuxová 

4x SCA AA220 3 yes 
RO, Bistrița-Năsăud, Parva, slopes above the road in a deep valley of Rebra brook at N 
margin of the village, 545 m a.s.l., open sites above road in deciduous forest, 
47.402365N, 24.546105E, F. Kolář, M. Holcová 

4x SCA AA222 3 yes 
RO, Sibiu, Făgărăș Mts., Cârțișoara, rocky slopes along Transfăgărășan road, 10 km S 
of the village, 1203 m a.s.l., rocks and scree, 45.643126N, 24.605534E, F. Kolář, M. 
Holcová 

4x SCA AA250 2 yes 
RO, Argeş, Pisicii, river canyon, 873 m a.s.l., shady rocks in a canyon, dry drain of the 
stream, looks primary, 45.5299N, 25.28747E, E. Záveská 

4x SCA AA251 3 yes 
RO, Argeş, Dâmbovicioara, river canyon S of the village, 915 m a.s.l., gravel along the 
road, seems like secondary habitat, not on the rocks only below them in the gravel, 
45.42667N, 25.21327E, E. Záveská 

4x SCA AA293 3 yes 
UA, Zakarpatska oblasť, S slope, bellow the top of Bliznica, in glacial cirque, 70 - 100 
vertical meters above lakes, 1614 m a.s.l., limestone in glacial cirque, 48.22862N, 
24.2323E, M. Holcová, J. Hojka, D. Bohutínský, F. Rooks 

4x SCA AA294 3 yes 

RO, Maramureş, Borșa, around the entrance to glacial cirque at E slopes of Pietrosul 
Rodnei, along the dirt road, 5.7 km SSW of the town, 1775 m a.s.l., rocky slope with 
sparse vegetation, 47.60311N, 24.648798E, M. Holcová, J. Hojka, D. Bohutínský, F. 
Rooks 

4x SCA AA295 3 yes 
UA, Zakarpatska oblasť,  in glacial cirque above lake, 1596 m a.s.l., glacial cirque, 
48.27113N, 24.16347E, M. Holcová, J. Hojka, D. Bohutínský, F. Rooks 

4x SCA AA296 3 yes 
RO, Maramureş, Borșa, in the left side of glacial cirque at pietrosul mountain, 5.7 km 
SSW of the town, 1775 m a.s.l., glacial cirque, 47.603123N, 24.648798E, M. Holcová, J. 
Hojka, D. Bohutínský, F. Rooks 

4x SCA AA299 3 yes 
RO, Maramureş, NW slope of the NW glacial cirque below Ineu peak, 2017 m a.s.l., 
glacial cirque, 47.52734N, 24.88062E, M. Holcová, J. Hojka, D. Bohutínský, F. Rooks 
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4x SCA AA330 3 yes 
RO, Brașov, Timișu de Sus, rocks above railway, ca 5 km NNE of the village, 796.6 m 
a.s.l., shady rocks, travertine spring, 45.569999N, 25.608265E, F. Kolář, M. Holcová, D. 
Požárová, F. Rooks 

4x SCA AA332 3 yes 
RO, Argeș, Dâmbovicioara, cabana Brusturet, rocks in gorges and hills below and above 
the cabin, 1013.8 m a.s.l., rocks, mostly in gorges, 45.467007N, 25.227617E, F. Kolář, 
M. Holcová, D. Požárová, F. Rooks 

4x SCA AA335 4 yes 
RO, Brașov, Zărneşti, narrowest part of a gorge Prăpăstiile Zărneştilor, 5.5 km SW of the 
railway station in the town, 978.4 m a.s.l., rocks in the gorge, N, 25.281208E, F. Kolář, M. 
Holcová, D. Požárová, F. Rooks 

4x SCA AA419 2 yes 
RO, Bistrița-Năsăud, Both sides of road in valley, and continues further along into quarry-
area, 760 m a.s.l., Scree slopes down to stream, rocky slopes and old quarry, 47.2581N, 
24.74585E, E. Morgan, M. Lučanová 

4x SCA AA447 2 yes 
RO, 706.8 m a.s.l., , 45.58573N, 25.48632E, F. Kolář, D. Požárová, M. Bohutínská, D. 
Bohutínský 

4x SCA AA463 2 no 
RO, Parang Mts., Parang Mts., northern slope of peak Găuri, about two hours of hiking 
away from the road, 2092 m a.s.l., , 45.363007N, 23.588303E, Dana Suteu 

4x WCA AA002 2 yes 
CZ, Zlínský kraj, Břestek, rocks 700 m E of Barborka hill, E of Buchlov castle, 350 m 
a.s.l., along sedimentary rocks, 49.10938889N, 17.32858333E, F. Kolář 

4x WCA AA005 2 no 
SK, Trnavský kraj, Buková, slope above the road at the E end of the village, 287 m a.s.l., 
rocks in open pine forest, 48.54255556N, 17.40652778E, E. Záveská, J. Kučera, F. Kolář 

4x WCA AA008 2 yes 
SK, Nitriansky kraj, Podhradie, rocks along the road to Topoľčiansky hrad castle, 465 m 
a.s.l., crevices, screes in limestone rock, 48.65808333N, 18.05122222E, E. Záveská, J. 
Kučera, F. Kolář 

4x WCA AA010 2 yes 
SK, Banskobystrický kraj, Banská Štiavnica, bend of the road B. Štiavnica - 
Počúvadlianske jazero, next to Banské múzeum, 682 m a.s.l., slopes in deciduous forest, 
48.45030556N, 18.88813889E, E. Záveská, J. Kučera, F. Kolář 

4x WCA AA019 2 yes 
SK, Prešovský kraj, Humenné, limestone rocks at the E slopes of Sokol hill, 3 km SE of 
the railway station, 251 m a.s.l., crevices in limestone rock, 48.91175N, 21.92844444E, 
E. Záveská, F. Kolář 

4x WCA AA024 2 yes 
SK, Žilinský kraj, Terchová, bank of the road 0.5 km W of Štefanová, 601 m a.s.l., 
limestone road bank, 49.23261111N, 19.05541667E, E. Záveská, F. Kolář 

4x WCA AA026 2 yes 
SK, Žilinský kraj, Omšenie, calcareous rocks at the top of Omšenská Baba (668 m),  N of 
the village, 668 m a.s.l., rocks, 48.91152778N, 18.23677778E, F. Kolář 

4x WCA AA027 2 yes 
SK, Žilinský kraj, Súľov, slopes below the castle ruins along the path to Lúka pod 
Hradom, 2 km J of Súľov, 600 m a.s.l., forest on rocky slope, 49.17551944N, 
18.58361944E, F. Kolář 

4x WCA AA059 2 yes 
PL, Województwo Małopolskie, Ojcow, National park near the village Ojcow, steep rocky 
slopes, 348 m a.s.l., rocks, 50.22447222N, 19.82922222E, E. Záveská, Z. Khodlová, P. 
Trávníček 

4x WCA AA087 1 yes 
SK, Žilinský kraj, Zuberec, Zverovka, cliffs on the ridge between Plačlivý Roháč and 
Smutné sedlo saddle, 2031 m a.s.l., exposed rocks, 49.19702778N, 19.74477778E, F. 
Kolář, E. Záveská, S. Španiel 

4x WCA AA095 1 yes 
SK, Žilinský kraj, Nízke Tatry, W facing slope of Ludárova hoľa mountain, N of the peak 
of Ďumbier mountain , 1700 m a.s.l., old mine tailings and scree, 48.943475N, 
19.63951389E, M. Kolník, K. Marhold 

4x WCA AA096 4 yes 
SK, Žilinský kraj, Nízke Tatry, Liptovský Ján, Jánska dolina valley, S of the village, 744 m 
a.s.l., alluvial gravel, eroded slope above road, 49.01075N, 19.67327778E, F. Kolář, S. 
Španiel, M. Kolník, K. Marhold 

4x WCA AA114 2 yes 
HU, Heves megye, Bükk Mts, 3.8 km SE Szilvásvárad, below Gerennavár, 675 m a.s.l., 
sidehill in oak forest, 48.08972806N, 20.43356889E, M. Lučanová, E. Záveská, J. 
Smatanová 

4x WCA AA115 2 yes 
HU, Borsod-Abaúj-Zemplén, Bükk Mts, rocks beside the road at the exit of Lillafüred spa 
for the village of Újmassa, 309 m a.s.l., scree below the former quarry, 48.10605N, 
20.6203E, M. Lučanová, E. Záveská, J. Smatanová 

4x WCA AA119 3 yes 
SK, Košický kraj, Dreveník hill, 1 km NW from the village of Žehra, 552 m a.s.l., rock on 
the edge of pine forest and dry grassland, 48.98296667N, 20.77745E, M. Lučanová, E. 
Záveská, J. Smatanová 

4x WCA AA142 2 yes 
SK, Banskobystrický kraj, Muráň, Hrdzavá Dolina, bottom of a scree with azonal mire, 
772 m a.s.l., bottom of a scree with dealpine species, 48.748136N, 19.996945E, F. Kolář 

4x WCA AA164 2 yes 
PL, Województwo Małopolskie, Zakopane, rocky S slopes of Mt. Giewont along blue and 
red tourist paths, 1838 m a.s.l., exposed rocks, screes and eroded slopes, 49.250383N, 
19.934022E, F. Kolář, J. Smatanová, J. Bayerová 

4x WCA AA165 1 yes 
PL, Województwo Małopolskie, Zakopane, snowbed on NE slope of Kopa Kondraczka 
mountain, 1953 m a.s.l., screes in a snowbed, 49.236847N, 19.931016E, F. Kolář, J. 
Smatanová, J. Bayerová 

4x WCA AA167 3 yes 
SK, Žilinský kraj, Pribylina, Račkova dolina valley and Račkove plesá lakes, 1690 m 
a.s.l., open places in grassland disturbed by marmots, 49.200048N, 19.804658E, M. 
Lučanová, K. Marhold 
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4x WCA AA168 3 yes 
SK, Žilinský kraj, Zuberec, Zverovka, rocky slopes above Horné Roháčske pleso and on 
N slopes of Tri Kopy mountain, 1783 m a.s.l., wet rocks, screes, 49.204509N, 
19.735202E, F. Kolář, K. Marhold 

4x WCA AA169 3 yes 
SK, Žilinský kraj, Vysoké Tatry, Baníkovské sedlo saddle: northern rocky slope under the 
Baníkovské sedlo saddle, 1864 m a.s.l., wet rocks, 49.201166N, 19.708372E, M. 
Lučanová, J. Smatanová, J. Bayerová 

4x WCA AA170 3 yes 
SK, Prešovský kraj, Žiar, Tristárska dolina valley, 1380 m a.s.l., open gravely sites, 
screes, 49.250216N, 20.205255E, F. Kolář, M. Lučanová, K. Marhold, J. Smatanová, J. 
Bayerová 

4x WCA AA171 3 yes 
SK, Prešovský kraj, Hranovnica, slopes above the road to Poprad, N of the village, 720 
m a.s.l., rocky eroded slope above the road and open oak forest, 49.00716N, 
20.286407E, F. Kolář, M. Lučanová, J. Bayerová 

4x WCA AA172 3 yes 
SK, Prešovský kraj, Primovce, Primovské skaly rocks in the village, 605 m a.s.l., shady 
rocks, 49.015874N, 20.382482E, F. Kolář, M. Lučanová, J. Bayerová 

4x WCA AA178 3 yes 
SK, Žilinský kraj, Zuberec, rocks at the top ridge between Biela Skala and Sivý Vrch, 
1700 m a.s.l., exposed rocks and gravel, 49.2124N, 19.63682E, F. Kolář 

4x WCA AA192 2 yes 
PL, Małopolska, Kobylany, rocks in the gorge N of the village, 330 m a.s.l., rocks and 
gravely slope, 50.156219N, 19.755231E, F. Kolář, E. Záveská, G. Fuxová 

4x WCA AA225 3 yes 
RO, Argeș, Făgărăș Mts., slopes above path from second bend of the Transfăgărășan 
road S of the tunnel to Lacul Capra, 2092 m a.s.l., calcareous rocks and scree, 
45.59535N, 24.63458E, F. Kolář, M. Holcová 

4x WCA AA226 3 yes 
SK, Žilinský kraj, Prosiek, transect through Prosiecka dolina N of the village, 656 m a.s.l., 
semi-shady rocks in a gorge, 49.160034N, 19.496156E, J. Bayerová 

4x WCA AA229 4 yes 
SK, Žilinský kraj, Kvačany, rocks close to southern end of Kvačianska dolina, N of the 
village, 673 m a.s.l., shady rocks, disturbed sites along forest road, 49.183171N, 
19.541024E, J. Bayerová 

4x WCA AA234 4 yes 
SK, Prešovský kraj, Lesnica, N facing slopes of the Dunajec river canyon 1.5 km NW of 
the village, 437 m a.s.l., shady rocks in beech forest, 49.411733N, 20.448837E, F. Kolář, 
G. Fuxová, J. Smatanová 

4x WCA AA235 3 yes 
SK, Prešovský kraj, Kamenica, rocky outcrops ("bradla") 3 km NW of the village, 633 m 
a.s.l., rocks and scree, 49.210747N, 20.928184E, F. Kolář, G. Fuxová, J. Smatanová 

4x WCA AA242 3 yes 
SK, Košiský kraj, Spišská Nová Ves - Čingov, N facing slopes above Hornád river, 500 m 
WSW of the settlement, 530 m a.s.l., shady north-facing rock, 48.940175N, 20.477409E, 
J. Bayerová, K. Marhold, S. Španiel, J. Smatanová 

4x WCA AA310 3 yes 
SK, Trenčiansky kraj, Trenčín, Trenčiansky hrad castle, 226 m a.s.l., rocks in castle, 
48.894439N, 18.04673E, F. Kolář 

4x WCA AA321 4 yes 
SK, Nízké Tatry - below Ďumbier peak, N slope, 1893 m a.s.l., narrow north-facing 
gorge, 48.93825N, 19.632066E, J. Bayerová 

4x WCA AA322 3 yes 
SK, Nízké Tatry - between Krakova hoľa and Pustý hill, NE slope, 1472 m a.s.l., stony 
slope at forest clearing, 48.991868N, 19.623027E, J. Bayerová 

4x WCA AA324 1 yes 
SK, Dolný Liptov, Chočské vrchy - Veĺký Choč along the E and SE path, 1259 m a.s.l., 
forest and dwarf pine below the peak, along path, 49.148497N, 19.348828E, M. Holcová 

4x WCA AA357 2 yes 
CZ, Olomoucký kraj, ruins of Svrčov castle, next Hranická propast doline, rocks above 
the river, 295 m a.s.l., výslunné skály nad řekou, jihozápadně orientovaný svah, 
49.5372064N, 17.7473575E, M. Holcová 

4x WCA AA366 2 yes 
SK, 375m a.s.l., shady and semi-open limestone rocks, 48.585645N, 20.484106E, F. 
Kolář, D. Požárová 

4x WCA AA370 2 yes SK, 500m a.s.l., shady limestone rocks, 48.63584N, 20.822238E, F. Kolář, D. Požárová 

4x WCA AA418 3 yes PL, Zakopane, 915 m a.s.l., , 49.278343N, 19.96706E, C. Sailer 

4x WCA AA435 2 yes 
SK, Čičmany, along a side forest road, 626.7m a.s.l., small rocks and slope above forest 
road, 48.96722N, 18.523201E, E. Morgan, K.Kubíková, F. Kolář 

4x WCA AA438 2 yes 
SK, Poráč, screes above newly built relax-centre, 610.7 m a.s.l., screes, 48.879229N, 
20.743836E, E. Morgan, K.Kubíková, F. Kolář 

4x WCA AA495 1 yes 
SK, Vtacnik – Dererov Mlyn, for locality details see Novikova et al. 2016, 48.65N, 18.74E, 
R. Schmickl, G. Muir 
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Table S2. Population code, number of genotyped samples per population (sample size), ploidy level, 

methodological approach used to generate the data, lineage assignment and admixture proportions obtained 

by STRUCTURE are given by each tetraploid population included in our genomic analyses. Populations 

included in the niche analyses are also indicated. 

     
STRUCTURE ADMIXTURE 

PROPORTIONS 
 

Pop 
code 

Sample 
size 

Ploidy Dataset 
Lineage 

Assignment 
K1-
SEC 

K2-
CEU 

K3-
WCA 

K4-
RUD 

K5-
ALP 

Niche 
analyses 

AA001 2 4x RADseq CEU 0.007 0.345 0.283 0.001 0.363 no 

AA002 2 4x RADseq WCA 0.112 0.145 0.595 0.038 0.111 yes 

AA005 2 4x RADseq WCA 0.205 0.204 0.394 0.007 0.190 no 

AA008 2 4x RADseq WCA 0.193 0.131 0.638 0.002 0.036 yes 

AA010 2 4x RADseq WCA 0.173 0.103 0.685 0.034 0.005 yes 

AA019 2 4x RADseq WCA 0.176 0.001 0.638 0.175 0.010 yes 

AA024 2 4x RADseq WCA 0.014 0.002 0.946 0.017 0.020 yes 

AA026 2 4x RADseq WCA 0.054 0.081 0.801 0.004 0.059 yes 

AA027 2 4x RADseq WCA 0.074 0.003 0.898 0.005 0.020 yes 

AA028 2 4x RADseq RUD 0.002 0.001 0.092 0.904 0.001 yes 

AA029 2 4x RADseq ALP 0.021 0.025 0.158 0.001 0.795 yes 

AA030 2 4x RADseq RUD 0.000 0.000 0.000 0.999 0.000 yes 

AA032 3 4x WGS CEU 0.039 0.649 0.094 0.005 0.213 yes 

AA033 2 4x RADseq CEU 0.024 0.389 0.200 0.013 0.373 no 

AA042 3 4x RADseq ALP 0.003 0.005 0.049 0.002 0.941 yes 

AA043 2 4x RADseq CEU 0.077 0.384 0.157 0.016 0.366 no 

AA045 2 4x RADseq CEU 0.127 0.398 0.077 0.095 0.302 no 

AA046 2 4x RADseq CEU 0.132 0.411 0.174 0.017 0.267 no 

AA051 2 4x RADseq RUD 0.004 0.001 0.012 0.971 0.013 yes 

AA056 1 4x RADseq RUD 0.011 0.004 0.172 0.809 0.005 yes 

AA058 2 4x RADseq RUD 0.003 0.001 0.160 0.834 0.001 yes 

AA059 2 4x RADseq WCA 0.012 0.076 0.697 0.055 0.160 yes 

AA061 2 4x RADseq RUD 0.047 0.076 0.276 0.485 0.115 no 

AA065 3 4x WGS SEC 0.594 0.278 0.126 0.000 0.002 yes 

AA067 3 4x WGS SEC 0.787 0.211 0.001 0.001 0.000 yes 

AA072 2 4x RADseq SEC 0.982 0.004 0.002 0.011 0.002 yes 

AA074 2 4x RADseq SEC 0.962 0.001 0.015 0.021 0.001 yes 

AA075 3 4x WGS SEC 0.783 0.161 0.000 0.055 0.000 yes 

AA077 2 4x RADseq SEC 0.939 0.006 0.002 0.051 0.001 yes 

AA078 2 4x RADseq SEC 0.529 0.097 0.308 0.001 0.065 yes 

AA079 2 4x RADseq SEC 0.571 0.083 0.276 0.046 0.024 yes 

AA081 3 4x WGS SEC 0.566 0.365 0.055 0.010 0.004 yes 

AA083 2 4x RADseq ALP 0.111 0.275 0.136 0.091 0.387 no 

AA087 1 4x WGS WCA 0.000 0.197 0.799 0.000 0.002 yes 

AA095 1 4x WGS WCA 0.001 0.263 0.732 0.000 0.004 yes 

AA096 4 4x RADseq WCA 0.014 0.004 0.976 0.002 0.005 yes 

AA097 2 4x RADseq RUD 0.009 0.001 0.111 0.868 0.011 yes 

AA098 2 4x RADseq RUD 0.015 0.001 0.216 0.752 0.016 yes 
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AA099 2 4x RADseq RUD 0.004 0.002 0.141 0.824 0.029 yes 

AA101 2 4x RADseq RUD 0.009 0.009 0.192 0.784 0.006 yes 

AA102 2 4x RADseq RUD 0.028 0.014 0.204 0.749 0.005 yes 

AA103 2 4x RADseq CEU 0.071 0.557 0.185 0.001 0.187 yes 

AA104 3 4x RADseq CEU 0.075 0.612 0.135 0.003 0.176 yes 

AA114 2 4x RADseq WCA 0.246 0.036 0.581 0.083 0.054 yes 

AA115 2 4x RADseq WCA 0.222 0.115 0.606 0.049 0.008 yes 

AA119 3 4x WGS WCA 0.001 0.239 0.758 0.001 0.001 yes 

AA133 2 4x RADseq ALP 0.153 0.216 0.173 0.023 0.434 no 

AA142 2 4x RADseq WCA 0.029 0.003 0.833 0.130 0.006 yes 

AA144 2 4x RADseq ALP 0.036 0.184 0.000 0.126 0.654 yes 

AA145 3 4x RADseq ALP 0.007 0.004 0.134 0.001 0.854 yes 

AA146 2 4x RADseq ALP 0.002 0.007 0.217 0.001 0.773 yes 

AA147 2 4x RADseq ALP 0.001 0.000 0.017 0.000 0.981 yes 

AA148 3 4x WGS ALP 0.001 0.192 0.001 0.000 0.806 yes 

AA149 3 4x WGS ALP 0.014 0.406 0.001 0.001 0.578 yes 

AA150 2 4x RADseq RUD 0.005 0.013 0.157 0.822 0.004 yes 

AA152 3 4x RADseq RUD 0.003 0.001 0.168 0.826 0.002 yes 

AA154 2 4x RADseq RUD 0.003 0.001 0.098 0.896 0.002 yes 

AA164 2 4x RADseq WCA 0.001 0.001 0.995 0.001 0.003 yes 

AA165 1 4x RADseq WCA 0.002 0.001 0.992 0.003 0.002 yes 

AA167 3 4x RADseq WCA 0.002 0.001 0.993 0.001 0.003 yes 

AA168 3 4x WGS WCA 0.000 0.212 0.787 0.000 0.001 yes 

AA169 3 4x RADseq WCA 0.001 0.000 0.994 0.000 0.004 yes 

AA170 3 4x WGS WCA 0.000 0.202 0.797 0.001 0.000 yes 

AA171 3 4x WGS WCA 0.001 0.230 0.759 0.009 0.001 yes 

AA172 3 4x RADseq WCA 0.000 0.000 0.998 0.001 0.000 yes 

AA178 3 4x RADseq WCA 0.002 0.004 0.988 0.002 0.004 yes 

AA180 2 4x RADseq RUD 0.002 0.000 0.075 0.922 0.001 yes 

AA181 2 4x RADseq RUD 0.000 0.000 0.001 0.998 0.000 yes 

AA187 2 4x RADseq ALP 0.004 0.327 0.247 0.016 0.406 no 

AA188 2 4x RADseq CEU 0.122 0.536 0.211 0.001 0.130 yes 

AA189 2 4x RADseq CEU 0.058 0.285 0.158 0.440 0.060 no 

AA190 2 4x RADseq CEU 0.148 0.563 0.201 0.001 0.087 yes 

AA191 2 4x RADseq CEU 0.095 0.596 0.172 0.003 0.134 yes 

AA192 2 4x RADseq WCA 0.036 0.015 0.778 0.056 0.115 yes 

AA195 2 4x RADseq CEU 0.130 0.521 0.018 0.069 0.262 yes 

AA203 3 4x WGS CEU 0.029 0.842 0.013 0.006 0.110 yes 

AA205 2 4x RADseq CEU 0.119 0.534 0.087 0.040 0.220 yes 

AA206 2 4x RADseq RUD 0.002 0.002 0.098 0.898 0.002 yes 

AA207 2 4x RADseq RUD 0.071 0.007 0.123 0.799 0.001 yes 

AA215 2 4x RADseq RUD 0.003 0.001 0.053 0.942 0.001 yes 
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AA216 3 4x WGS RUD 0.001 0.210 0.009 0.78 0.000 yes 

AA220 3 4x WGS SEC 0.753 0.180 0.000 0.066 0.000 yes 

AA222 3 4x WGS SEC 0.616 0.275 0.108 0.000 0.001 yes 

AA225 3 4x RADseq WCA 0.022 0.003 0.971 0.002 0.002 yes 

AA226 3 4x RADseq WCA 0.002 0.001 0.993 0.001 0.003 yes 

AA229 4 4x RADseq WCA 0.009 0.002 0.970 0.003 0.015 yes 

AA231 2 4x RADseq RUD 0.011 0.001 0.159 0.824 0.004 yes 

AA234 4 4x RADseq WCA 0.002 0.002 0.986 0.006 0.004 yes 

AA235 3 4x WGS WCA 0.000 0.228 0.770 0.001 0.001 yes 

AA242 3 4x RADseq WCA 0.014 0.001 0.970 0.003 0.012 yes 

AA246 2 4x RADseq CEU 0.035 0.377 0.205 0.001 0.381 no 

AA250 2 4x RADseq SEC 0.974 0.001 0.021 0.003 0.001 yes 

AA251 3 4x RADseq SEC 0.879 0.001 0.117 0.001 0.002 yes 

AA252 4 4x RADseq ALP 0.001 0.000 0.001 0.000 0.998 yes 

AA254 1 4x WGS ALP 0.001 0.259 0.002 0.000 0.738 yes 

AA255 3 4x WGS ALP 0.001 0.254 0.002 0.000 0.744 yes 

AA261 2 4x RADseq RUD 0.032 0.002 0.124 0.839 0.003 yes 

AA265 2 4x RADseq ALP 0.02 0.078 0.007 0.452 0.443 no 

AA270 2 4x RADseq RUD 0.000 0.000 0.000 0.999 0.000 yes 

AA272 2 4x RADseq RUD 0.000 0.000 0.000 0.999 0.000 yes 

AA274 1 4x RADseq RUD 0.000 0.000 0.000 0.999 0.000 yes 

AA277 2 4x RADseq RUD 0.032 0.004 0.132 0.830 0.001 yes 

AA278 2 4x RADseq RUD 0.001 0.001 0.079 0.917 0.001 yes 

AA281 2 4x RADseq RUD 0.010 0.002 0.102 0.883 0.004 yes 

AA282 2 4x RADseq RUD 0.049 0.002 0.225 0.712 0.011 yes 

AA283 2 4x RADseq RUD 0.018 0.002 0.135 0.842 0.003 yes 

AA285 2 4x RADseq CEU 0.052 0.581 0.146 0.002 0.219 yes 

AA286 3 4x WGS CEU 0.013 0.670 0.079 0.002 0.236 yes 

AA287 2 4x RADseq RUD 0.000 0.000 0.001 0.998 0.000 yes 

AA288 2 4x RADseq RUD 0.044 0.058 0.275 0.537 0.086 yes 

AA293 3 4x RADseq SEC 0.948 0.002 0.035 0.001 0.013 yes 

AA294 3 4x RADseq SEC 0.968 0.001 0.003 0.015 0.012 yes 

AA295 3 4x RADseq SEC 0.924 0.002 0.052 0.001 0.021 yes 

AA296 3 4x RADseq SEC 0.964 0.001 0.015 0.018 0.002 yes 

AA299 3 4x WGS SEC 0.828 0.166 0.000 0.005 0.000 yes 

AA300 3 4x WGS ALP 0.000 0.199 0.001 0.000 0.800 yes 

AA301 3 4x RADseq ALP 0.001 0.001 0.063 0.000 0.935 yes 

AA302 3 4x RADseq ALP 0.001 0.001 0.018 0.000 0.981 yes 

AA303 3 4x RADseq ALP 0.006 0.003 0.045 0.001 0.946 yes 

AA304 3 4x RADseq ALP 0.005 0.004 0.065 0.000 0.925 yes 

AA310 3 4x WGS WCA 0.002 0.329 0.664 0.002 0.003 yes 

AA315 2 4x RADseq ALP 0.017 0.095 0.135 0.314 0.439 no 
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AA320 2 4x RADseq RUD 0.000 0.000 0.001 0.998 0.001 yes 

AA321 4 4x RADseq WCA 0.009 0.049 0.934 0.001 0.007 yes 

AA322 3 4x RADseq WCA 0.010 0.004 0.969 0.001 0.016 yes 

AA324 1 4x RADseq WCA 0.002 0.002 0.982 0.002 0.011 yes 

AA326 2 4x RADseq RUD 0.034 0.003 0.101 0.858 0.004 yes 

AA330 3 4x WGS SEC 0.760 0.237 0.002 0.000 0.001 yes 

AA332 3 4x WGS SEC 0.815 0.183 0.001 0.000 0.000 yes 

AA335 4 4x RADseq SEC 0.985 0.002 0.010 0.001 0.001 yes 

AA338 3 4x WGS CEU 0.091 0.473 0.022 0.002 0.411 no 

AA339 3 4x WGS ALP 0.009 0.367 0.003 0.002 0.620 yes 

AA340 3 4x WGS ALP 0.001 0.302 0.002 0.001 0.695 yes 

AA341 2 4x RADseq CEU 0.057 0.551 0.005 0.071 0.315 yes 

AA345 2 4x RADseq RUD 0.001 0.001 0.072 0.925 0.001 yes 

AA350 3 4x WGS ALP 0.002 0.361 0.026 0.196 0.416 no 

AA353 3 4x WGS RUD 0.003 0.215 0.007 0.775 0.001 yes 

AA356 3 4x WGS RUD 0.001 0.203 0.004 0.789 0.002 yes 

AA357 2 4x RADseq WCA 0.042 0.147 0.633 0.052 0.126 yes 

AA358 3 4x WGS CEU 0.030 0.697 0.032 0.001 0.240 yes 

AA359 3 4x WGS CEU 0.058 0.700 0.012 0.011 0.218 yes 

AA360 3 4x WGS CEU 0.010 0.621 0.120 0.002 0.247 yes 

AA361 3 4x WGS CEU 0.003 0.614 0.104 0.004 0.275 yes 

AA362 2 4x RADseq CEU 0.018 0.478 0.153 0.021 0.331 no 

AA363 2 4x RADseq RUD 0.011 0.070 0.057 0.860 0.002 yes 

AA366 2 4x RADseq WCA 0.203 0.104 0.529 0.163 0.001 yes 

AA370 2 4x RADseq WCA 0.116 0.005 0.853 0.017 0.009 yes 

AA372 3 4x WGS WCA 0.001 0.232 0.765 0.001 0.001 yes 

AA383 1 4x RADseq CEU 0.055 0.503 0.206 0.004 0.232 yes 

AA390 2 4x RADseq CEU 0.301 0.411 0.194 0.007 0.087 no 

AA397 3 4x WGS ALP 0.000 0.233 0.001 0.000 0.766 yes 

AA398 3 4x WGS ALP 0.000 0.219 0.001 0.000 0.780 yes 

AA414 2 4x RADseq ALP 0.011 0.065 0.072 0.075 0.777 yes 

AA418 3 4x WGS WCA 0.000 0.224 0.774 0.000 0.001 yes 

AA419 2 4x RADseq SEC 0.912 0.018 0.002 0.066 0.002 yes 

AA427 3 4x WGS CEU 0.249 0.647 0.080 0.017 0.007 yes 

AA430 3 4x WGS CEU 0.050 0.488 0.012 0.002 0.448 no 

AA435 2 4x RADseq WCA 0.088 0.051 0.819 0.008 0.033 yes 

AA438 2 4x RADseq WCA 0.016 0.055 0.923 0.005 0.001 yes 

AA440 2 4x RADseq RUD 0.004 0.044 0.059 0.884 0.009 yes 

AA447 2 4x RADseq SEC 0.923 0.013 0.051 0.002 0.010 yes 

AA449 2 4x RADseq RUD 0.014 0.002 0.143 0.836 0.006 yes 

AA452 1 4x RADseq RUD 0.058 0.054 0.311 0.493 0.083 no 

AA453 2 4x RADseq RUD 0.091 0.003 0.339 0.539 0.029 yes 
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AA463 2 4x RADseq SEC 0.494 0.097 0.386 0.001 0.023 no 

AA464 2 4x RADseq CEU 0.041 0.516 0.092 0.003 0.348 yes 

AA472 2 4x RADseq RUD 0.008 0.003 0.036 0.946 0.005 yes 

AA473 1 4x WGS RUD 0.014 0.321 0.011 0.642 0.012 yes 

AA475 1 4x WGS ALP 0.000 0.299 0.012 0.000 0.688 yes 

AA476 1 4x WGS CEU 0.005 0.673 0.043 0.033 0.247 yes 

AA478 3 4x WGS RUD 0.000 0.121 0.000 0.878 0.000 yes 

AA479 3 4x WGS RUD 0.001 0.172 0.001 0.826 0.000 yes 

AA480 3 4x WGS RUD 0.001 0.203 0.003 0.792 0.001 yes 

AA481 1 4x WGS CEU 0.007 0.598 0.189 0.000 0.206 yes 

AA482 1 4x WGS RUD 0.001 0.213 0.006 0.779 0.000 yes 

AA483 1 4x WGS CEU 0.004 0.713 0.026 0.007 0.251 yes 

AA484 1 4x WGS ALP 0.001 0.350 0.003 0.003 0.643 yes 

AA485 3 4x WGS RUD 0.002 0.342 0.168 0.391 0.098 no 

AA486 1 4x WGS RUD 0.001 0.167 0.001 0.830 0.001 yes 

AA487 3 4x WGS CEU 0.009 0.882 0.002 0.000 0.107 yes 

AA488 1 4x WGS RUD 0.001 0.186 0.013 0.798 0.002 yes 

AA490 2 4x WGS RUD 0.002 0.193 0.010 0.795 0.001 yes 

AA491 1 4x WGS ALP 0.001 0.308 0.004 0.000 0.688 yes 

AA495 1 4x WGS WCA 0.018 0.337 0.631 0.002 0.012 yes 

AA496 1 4x WGS CEU 0.011 0.830 0.005 0.001 0.153 yes 

AA497 3 4x WGS RUD 0.002 0.227 0.008 0.762 0.001 yes 

AA498 3 4x WGS CEU 0.002 0.895 0.003 0.000 0.100 yes 

 

Table S3. Number of occurrences per cytotype and per lineage included in the niche quantification analyses 

before and after the filtering (closer than 10-km distance were removed). 

Cytotype No.occ. 

Stratified 

no.occ 

2x 188 113 

4x 164 132 

Total 352 245 

Lineage No.occ. 

Stratified 

no.occ 

BAL.2x 22 12 

RUD.4x 50 48 

SCA.2x 48 34 

SCA.4x 23 16 

WCA.2x 69 29 

WCA.4x 42 29 

ALP.4x 24 16 

CEU.4x 24 22 

DIN.2x 32 24 

PAN.2x 17 15 
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Table S4. Description of environmental variables extracted from WorldClim and their contribution to the two 

first axis of the PCA-env. 

WorldClim 

Variables 
Description PC1 PC2 %PC1 %PC2 

BIO1 Annual Mean Temperature 0.41 -0.89 2.13 13.60 

BIO2 Mean Diurnal Range (Mean of monthly (max temp - min temp)) 0.33 -0.35 1.40 2.14 

BIO3 Isothermality (BIO2/BIO7) (* 100) -0.18 -0.74 0.40 9.56 

BIO4 Temperature Seasonality (Standard deviation *100) 0.63 0.52 5.07 4.75 

BIO5 Max Temperature of Warmest Month 0.62 -0.67 4.90 7.81 

BIO6 Min Temperature of Coldest Month 0.06 -0.95 0.05 15.60 

BIO7 Temperature Annual Range (BIO5-BIO6) 0.60 0.35 4.60 2.16 

BIO8 Mean Temperature of Wettest Quarter 0.73 -0.28 6.75 1.39 

BIO9 Mean Temperature of Driest Quarter -0.11 -0.79 0.15 10.90 

BIO10 Mean Temperature of Warmest Quarter 0.63 -0.70 5.00 8.38 

BIO11 Mean Temperature of Coldest Quarter 0.13 -0.97 0.21 16.40 

BIO12 Annual Precipitation -0.95 -0.13 11.38 0.29 

BIO13 Precipitation of Wettest Month -0.81 0.00 8.31 0.03 

BIO14 Precipitation of Driest Month -0.90 -0.30 10.38 1.54 

BIO15 Precipitation Seasonality (Coefficient of Variation) 0.43 0.44 2.30 3.27 

BIO16 Precipitation of Wettest Quarter -0.84 0.00 8.86 0.00 

BIO17 Precipitation of Driest Quarter -0.92 -0.28 10.81 1.32 

BIO18 Precipitation of Warmest Quarter -0.74 0.09 6.93 0.14 

BIO19 Precipitation of Coldest Quarter -0.90 -0.22 10.38 0.88 

 

REFERENCES  
Aagaard, S. M. D., Såstad, S. M., Greilhuber, J., and Moen, A. (2005). A secondary hybrid zone between diploid 

Dactylorhiza incarnata ssp. cruenta and allotetraploid D. lapponica (Orchidaceae). Heredity, 94(5), 
488–496. https://doi.org/10.1038/sj.hdy.6800643 

Arnold, B., Kim, S., and Bomblies, K. (2015). Single Geographic Origin of a Widespread Autotetraploid 
Arabidopsis arenosa Lineage Followed by Interploidy Admixture Article Fast Track. Molecular Biology 
and Evolution, 32(6), 1382–1395. https://doi.org/10.1093/molbev/msv089 

Arrigo, N., de La Harpe, M., Litsios, G., Zozomová-Lihová, J., Španiel, S., Marhold, K., … Alvarez, N. (2016). 
Is hybridization driving the evolution of climatic niche in Alyssum montanum. American Journal of 
Botany, 103(7), 1348–1357. https://doi.org/10.3732/ajb.1500368 

Baduel, P., Arnold, B., Weisman, C. M., Hunter, B., and Bomblies, K. (2016). Habitat-Associated Life History 
and Stress-Tolerance Variation in Arabidopsis arenosa, 171(May), 437–451. 
https://doi.org/10.1104/pp.15.01875 

Baduel, P., Hunter, B., Yeola, S., and Bomblies, K. (2018). Genetic basis and evolution of rapid cycling in 
railway populations of tetraploid Arabidopsis arenosa. PLoS Genetics, 14(7), 1–26. 
https://doi.org/10.1371/journal.pgen.1007510 

Blaine Marchant, D., Soltis, D. E., and Soltis, P. S. (2016). Patterns of abiotic niche shifts in allopolyploids 
relative to their progenitors. New Phytologist, 212(3), 708–718. https://doi.org/10.1111/nph.14069 

Bohutínská, M., Handrick, V., Yant, L., Schmickl, R., Kolář, F., Bomblies, K., and Paajanen, P. (2021). De Novo 
Mutation and Rapid Protein (Co-)evolution during Meiotic Adaptation in Arabidopsis arenosa. 
Molecular Biology and Evolution, 38(5), 1980–1994. https://doi.org/10.1093/molbev/msab001 

Bohutínská, M., Vlček, J., Yair, S., Laenen, B., Konečná, V., Fracassetti, M., … Kolár, F. (2021). Genomic basis 
of parallel adaptation varies with divergence in Arabidopsis and its relatives. Proceedings of the 
National Academy of Sciences of the United States of America, 118(21). 
https://doi.org/10.1073/pnas.2022713118 

Broennimann, O., Fitzpatrick, M. C., Pearman, P. B., Petitpierre, B., Pellissier, L., Yoccoz, N. G., … Guisan, A. 
(2012). Measuring ecological niche overlap from occurrence and spatial environmental data. Global 
Ecology and Biogeography, 21(4), 481–497. https://doi.org/10.1111/j.1466-8238.2011.00698.x 

Burns, J. H., and Strauss, S. Y. (2011). More closely related species are more ecologically similar in an 
experimental test. Proceedings of the National Academy of Sciences, 108(13), 5302–5307. 
https://doi.org/10.1073/pnas.1013003108 



157 
 

Castro, M., Loureiro, J., Figueiredo, A., Serrano, M., Husband, B. C., and Castro, S. (2020). Different Patterns 
of Ecological Divergence Between Two Tetraploids and Their Diploid Counterpart in a Parapatric Linear 
Coastal Distribution Polyploid Complex. Frontiers in Plant Science, 11. 
https://doi.org/10.3389/fpls.2020.00315 

Castro, M., Loureiro, J., Husband, B. C., and Castro, S. (2020). The role of multiple reproductive barriers: 
strong post-pollination interactions govern cytotype isolation in a tetraploid–octoploid contact zone. 
Annals of Botany, 126(6), 991–1003. https://doi.org/10.1093/aob/mcaa084 

Castro, M., Loureiro, J., Serrano, M., Tavares, D., Husband, B. C., Siopa, C., and Castro, S. (2019). Mosaic 
distribution of cytotypes in a mixed-ploidy plant species, Jasione montana: nested environmental 
niches but low geographical overlap. Botanical Journal of the Linnean Society, 190(1), 51–66. 
https://doi.org/10.1093/botlinnean/boz007 

Čertner, M., Kolář, F., Schönswetter, P., and Frajman, B. (2015). Does hybridization with a widespread 
congener threaten the long-term persistence of the Eastern Alpine rare local endemic Knautia 
carinthiaca? Ecology and Evolution, 5(19), 4263–4276. https://doi.org/10.1002/ece3.1686 

Čertner, M., Kúr, P., Kolář, F., and Suda, J. (2019). Climatic conditions and human activities shape diploid–
tetraploid coexistence at different spatial scales in the common weed Tripleurospermum inodorum 
(Asteraceae). Journal of Biogeography, 00, jbi.13629. https://doi.org/10.1111/jbi.13629 

Coyne, J. A., and Orr, H. A. (2004). Speciation. Sinauer. 
Decanter, L., Colling, G., Elvinger, N., Heiðmarsson, S., and Matthies, D. (2020). Ecological niche differences 

between two polyploid cytotypes of Saxifraga rosacea. American Journal of Botany, 107(3), 423–435. 
https://doi.org/10.1002/ajb2.1431 

Di Cola, V., Broennimann, O., Petitpierre, B., Breiner, F. T., D’Amen, M., Randin, C., … Guisan, A. (2017). 
ecospat: an R package to support spatial analyses and modelling of species niches and distributions. 
Ecography, 40(6), 774–787. https://doi.org/10.1111/ecog.02671 

Duchoslav, M., Jandová, M., Kobrlová, L., Šafářová, L., Brus, J., and Vojtěchová, K. (2020). Intricate 
Distribution Patterns of Six Cytotypes of Allium oleraceum at a Continental Scale: Niche Expansion and 
Innovation Followed by Niche Contraction With Increasing Ploidy Level. Frontiers in Plant Science, 11. 
https://doi.org/10.3389/fpls.2020.591137 

Ehrich, D. (2006). AFLPDAT: A collection of R functions for convenient handling of AFLP data. Molecular 
Ecology Notes, 6(3), 603–604. https://doi.org/10.1111/j.1471-8286.2006.01380.x 

Evanno, G., Regnaut, S., and Goudet, J. (2005). Detecting the number of clusters of individuals using the 
software STRUCTURE: A simulation study. Molecular Ecology, 14, 2611–2620. 
https://doi.org/10.1111/j.1365-294X.2005.02553.x 

Gaynor, M. L., Marchant, D. B., Soltis, D. E., and Soltis, P. S. (2018). Climatic niche comparison among ploidal 
levels in the classic autopolyploid system, Galax urceolata. American Journal of Botany, 105(10), 1631–
1642. https://doi.org/10.1002/ajb2.1161 

Glennon, K. L., Ritchie, M. E., and Segraves, K. A. (2014). Evidence for shared broad-scale climatic niches of 
diploid and polyploid plants. Ecology Letters, 17(5), 574–582. https://doi.org/10.1111/ele.12259 

Godsoe, W., Larson, M. A., Glennon, K. L., and Segraves, K. A. (2013). Polyploidization in Heuchera cylindrica 
(Saxifragaceae) did not result in a shift in climatic requirements. American Journal of Botany, 100(3), 
496–508. https://doi.org/10.3732/ajb.1200275 

Guisan, A., Petitpierre, B., Broennimann, O., Daehler, C., and Kueffer, C. (2014). Unifying niche shift studies: 
insights from biological invasions. Trends in Ecology and Evolution, 29(5), 260–269. 
https://doi.org/10.1016/j.tree.2014.02.009 

Hijmans, R. J., Cameron, S. E., Parra, J. L., Jones, P. G., and Jarvis, A. (2005). Very high resolution 
interpolated climate surfaces for global land areas. International Journal of Climatology, 25(15), 1965–
1978. https://doi.org/10.1002/joc.1276 

Hu, T. T., Pattyn, P., Bakker, E. G., Cao, J., Cheng, J.-F., Clark, R. M., … Guo, Y.-L. (2011). The Arabidopsis 
lyrata genome sequence and the basis of rapid genome size change. Nature Genetics, 43(5), 476–481. 
https://doi.org/10.1038/ng.807 

Husband, B. C. (2016). Effect of inbreeding on pollen tube growth in diploid and tetraploid Chamerion 
angustifolium: Do polyploids mask mutational load in pollen? American Journal of Botany, 103(3), 
532–540. https://doi.org/10.3732/ajb.1500243 

Jiao, Y., Wickett, N. J., Ayyampalayam, S., Chanderbali, A. S., Landherr, L., Ralph, P. E., … dePamphilis, C. W. 
(2011). Ancestral polyploidy in seed plants and angiosperms. Nature, 473, 97–100. 
https://doi.org/10.1038/nature09916 

Jombart, T. (2008). Adegenet: A R package for the multivariate analysis of genetic markers. Bioinformatics, 
24(11), 1403–1405. https://doi.org/10.1093/bioinformatics/btn129 

Kirchheimer, B., Schinkel, C. C. F. F., Dellinger, A. S., Klatt, S., Moser, D., Winkler, M., … Dullinger, S. (2016). 
A matter of scale: apparent niche differentiation of diploid and tetraploid plants may depend on extent 
and grain of analysis. Journal of Biogeography, 43(4), 716–726. https://doi.org/10.1111/jbi.12663 

Knotek, A., Konečná, V., Wos, G., Požárová, D., Šrámková, G., Bohutínská, M., … Kolář, F. (2020). Parallel 
Alpine Differentiation in Arabidopsis arenosa. Frontiers in Plant Science, 11(December), 1–12. 
https://doi.org/10.3389/fpls.2020.561526 

Kolář, F., Fuxová, G., Záveská, E., Nagano, A. J., Hyklová, L., Lučanová, M., … Marhold, K. (2016). Northern 
glacial refugia and altitudinal niche divergence shape genome-wide differentiation in the emerging plant 



158 
 

model Arabidopsis arenosa. Molecular Ecology, 25(16), 3929–3949. 
https://doi.org/10.1111/mec.13721 

Kolář, F., Lučanová, M., Záveská, E., Fuxová, G., Mandáková, T., Španiel, S., … Marhold, K. (2016). Ecological 
segregation does not drive the intricate parapatric distribution of diploid and tetraploid cytotypes of the 
Arabidopsis arenosa group (Brassicaceae). Biological Journal of the Linnean Society, 119(3), 673–688. 
https://doi.org/10.1111/bij.12479 

Kolář, F., Píšová, S., Záveská, E., Fér, T., Weiser, M., Ehrendorfer, F., and Suda, J. (2015). The origin of unique 
diversity in deglaciated areas: Traces of Pleistocene processes in north-European endemics from the 
Galium pusillum polyploid complex (Rubiaceae). Molecular Ecology, 24(6), 1311–1334. 
https://doi.org/10.1111/mec.13110 

Konečná, V., Bray, S., Vlček, J., Bohutínská, M., Požárová, D., Choudhury, R. R., … Kolář, F. (2021). Parallel 
adaptation in autopolyploid Arabidopsis arenosa is dominated by repeated recruitment of shared 
alleles. Nature Communications, 12(1). https://doi.org/10.1038/s41467-021-25256-5 

Kopelman, N. M., Mayzel, J., Jakobsson, M., Rosenberg, N. A., and Mayrose, I. (2015). Clumpak: a program 
for identifying clustering modes and packaging population structure inferences across K. Molecular 
Ecology Resources, 15(5), 1179–1191. https://doi.org/10.1111/1755-0998.12387 

Koutecký, P., Baďurová, T., Štech, M., Košnar, J., and Karásek, J. (2011). Hybridization between diploid 
Centaurea pseudophrygia and tetraploid C. jacea (Asteraceae): the role of mixed pollination, unreduced 
gametes, and mentor effects. Biological Journal of the Linnean Society, 104(1), 93–106. 
https://doi.org/10.1111/j.1095-8312.2011.01707.x 

Levin, D. A. (2004). The ecological transition in speciation. New Phytologist, 161(1), 91–96. 
https://doi.org/10.1046/j.1469-8137.2003.00921.x 

López‐Jurado, J., Mateos‐Naranjo, E., and Balao, F. (2019). Niche divergence and limits to expansion in the 
high polyploid Dianthus broteri complex. New Phytologist, 222(2), 1076–1087. 
https://doi.org/10.1111/nph.15663 

Madlung, A. (2013). Polyploidy and its effect on evolutionary success: old questions revisited with new tools. 
Heredity, 110(2), 99–104. https://doi.org/10.1038/hdy.2012.79 

McKenna, A., Hanna, M., Banks, E., Sivachenko, A., Cibulskis, K., Kernytsky, A., … DePristo, M. A. (2010). The 
Genome Analysis Toolkit: A MapReduce framework for analyzing next-generation DNA sequencing 
data. Genome Research, 20(9), 1297–1303. https://doi.org/10.1101/gr.107524.110 

Molina-Henao, Y. F., and Hopkins, R. (2019). Autopolyploid lineage shows climatic niche expansion but not 
divergence in Arabidopsis arenosa. American Journal of Botany, 106(1), 61–70. 
https://doi.org/10.1002/ajb2.1212 

Monnahan, P., Kolář, F., Baduel, P., Sailer, C., Koch, J., Horvath, R., … Yant, L. (2019). Pervasive population 
genomic consequences of genome duplication in Arabidopsis arenosa. Nature Ecology and Evolution, 
3, 457–468. https://doi.org/10.1101/411041 

Morgan, C., White, M. A., Franklin, F. C. H., Zickler, D., Kleckner, N., and Bomblies, K. (2021). Evolution of 
crossover interference enables stable autopolyploidy by ensuring pairwise partner connections in 
Arabidopsis arenosa. Current Biology, 31(21), 4713-4726.e4. 
https://doi.org/10.1016/j.cub.2021.08.028 

Morgan, E. J., Čertner, M., Lučanová, M., Deniz, U., Kubíková, K., Venon, A., … Kolář, F. (2021). Disentangling 
the components of triploid block and its fitness consequences in natural diploid–tetraploid contact zones 
of Arabidopsis arenosa. New Phytologist, 232(3), 1449–1462. https://doi.org/10.1111/nph.17357 

Morgan, E. J., Čertner, M., Lučanová, M., Kubíková, K., Marhold, K., and Kolář, F. (2020). Niche similarity in 
diploid-autotetraploid contact zones of Arabidopsis arenosa across spatial scales. American Journal of 
Botany, 107(10), 1–14. https://doi.org/10.1002/ajb2.1534 

Muñoz-Pajares, A. J., Perfectti, F., Loureiro, J., Abdelaziz, M., Biella, P., Castro, M., … Gómez, J. M. (2018). 
Niche differences may explain the geographic distribution of cytotypes in Erysimum mediohispanicum. 
Plant Biology, 20(Stebbins 1971), 139–147. https://doi.org/10.1111/plb.12605 

Nei, M. (1987). Molecular evolutionary genetics. New York: Columbia University Press, New York. 
Otto, S. P., and Whitton, J. (2000). Polyploid incidence and evolution. Annual Review of Genetics, 34(1), 401–

437. https://doi.org/10.1146/annurev.genet.34.1.401 
Parisod, C., and Broennimann, O. (2016). Towards unified hypotheses of the impact of polyploidy on ecological 

niches. The New Phytologist, 212(3), 540–542. Retrieved from 
https://www.jstor.org/stable/newphytologist.212.3.540 

Pembleton, L. W., Cogan, N. O. I., and Forster, J. W. (2013). StAMPP: an R package for calculation of genetic 
differentiation and structure of mixed‐ploidy level populations. Molecular Ecology Resources, 13(5), 
946–952. https://doi.org/10.1111/1755-0998.12129 

Pritchard, J. K., Stephens, M., and Donnelly, P. (2000). Inference of Population Structure Using Multilocus 
Genotype Data. Genetics, 155(2), 945–959. https://doi.org/10.1093/genetics/155.2.945 

Rothfels, C. J. (2021). Polyploid phylogenetics. New Phytologist, 230(1), 66–72. 
https://doi.org/10.1111/nph.17105 

Schmickl, R., and Yant, L. (2021). Adaptive introgression: how polyploidy reshapes gene flow landscapes. New 
Phytologist, 230(2), 457–461. https://doi.org/10.1111/nph.17204 

Schoener, T. W. (1968). Anolis lizards of Bimini: Resource partitioning in a com-plex fauna. Ecology, 49, 704–
726. 



159 
 

Segraves, K. A., and Thompson, J. N. (1999). Plant Polyploidy and Pollination: Floral Traits and Insect Visits 
to Diploid and Tetraploid Heuchera grossulariifolia. Evolution, 53(4), 1114. 
https://doi.org/10.2307/2640816 

Šmíd, J., Douda, J., Krak, K., and Mandák, B. (2020). Analyses of Hybrid Viability across a Hybrid Zone 
between Two Alnus Species Using Microsatellites and cpDNA Markers. Genes, 11(7), 770. 
https://doi.org/10.3390/genes11070770 

Soltis, D. E., Segovia-Salcedo, M. C., Jordon-Thaden, I., Majure, L., Miles, N. M., Mavrodiev, E. V., … 
Gitzendanner, M. A. (2014).  Are polyploids really evolutionary dead-ends (again)? A critical reappraisal 
of Mayrose et al . (2011) . New Phytologist, 202(4), 1105–1117. https://doi.org/10.1111/nph.12756 

Soltis, P. S., Marchant, D. B., Van de Peer, Y., and Soltis, D. E. (2015). Polyploidy and genome evolution in 
plants. Current Opinion in Genetics and Development, 35, 119–125. 
https://doi.org/10.1016/j.gde.2015.11.003 

Sutherland, B. L., and Galloway, L. F. (2017). Postzygotic isolation varies by ploidy level within a polyploid 
complex. New Phytologist, 213(1), 404–412. https://doi.org/10.1111/nph.14116 

Theodoridis, S., Randin, C., Broennimann, O., Patsiou, T., and Conti, E. (2013). Divergent and narrower 
climatic niches characterize polyploid species of European primroses in Primula sect. Aleuritia. Journal 
of Biogeography, 40(7), 1278–1289. https://doi.org/10.1111/jbi.12085 

Thompson, J. (1997). The CLUSTAL_X windows interface: flexible strategies for multiple sequence alignment 
aided by quality analysis tools. Nucleic Acids Research, 25(24), 4876–4882. 
https://doi.org/10.1093/nar/25.24.4876 

Thompson, K. A., Husband, B. C., and Maherali, H. (2014). Climatic niche differences between diploid and 
tetraploid cytotypes of Chamerion angustifolium (Onagraceae). American Journal of Botany, 101(11), 
1868–1875. https://doi.org/10.3732/ajb.1400184 

Visger, C. J., Germain‐Aubrey, C. C., Patel, M., Sessa, E. B., Soltis, P. S., and Soltis, D. E. (2016). Niche 
divergence between diploid and autotetraploid Tolmiea. American Journal of Botany, 103(8), 1396–
1406. https://doi.org/10.3732/ajb.1600130 

Visser, V., and Molofsky, J. (2015). Ecological niche differentiation of polyploidization is not supported by 
environmental differences among species in a cosmopolitan grass genus. American Journal of Botany, 
102(1), 36–49. https://doi.org/10.3732/ajb.1400432 

Warren, D. L., Glor, R. E., and Turelli, M. (2008). Environmental niche equivalency versus conservatism: 
quantitative approaches to niche evolution. Evolution, 62(11), 2868–2883. 
https://doi.org/10.1111/j.1558-5646.2008.00482.x 

Wendel, J F. (2000). Genome evolution in polyploids. Plant Molecular Biology, 42(1), 225–249. 
Wendel, Jonathan F. (2015). The wondrous cycles of polyploidy in plants. American Journal of Botany, 

102(11), 1753–1756. https://doi.org/10.3732/ajb.1500320 
Wood, T. E., Takebayashi, N., Barker, M. S., Mayrose, I., Greenspoon, P. B., and Rieseberg, L. H. (2009). The 

frequency of polyploid speciation in vascular plants. Proceedings of the National Academy of Sciences, 
106(33), 13875–13879. https://doi.org/10.1073/pnas.0811575106 

Wos, G., Bohutínská, M., Nosková, J., Mandáková, T., and Kolář, F. (2021). Parallelism in gene expression 
between foothill and alpine ecotypes in Arabidopsis arenosa. Plant Journal, 105(5), 1211–1224. 
https://doi.org/10.1111/tpj.15105 

Wos, G., Mořkovská, J., Bohutínská, M., Šrámková, G., Knotek, A., Lučanová, M., … Kolář, F. (2019). Role of 

ploidy in colonization of alpine habitats in natural populations of Arabidopsis arenosa. Annals of Botany. 

124(2), 255–268 https://doi.org/10.1093/aob/mcz070  



160 
 

 

  



161 
 

Appendix I: Copyright permissions 
 

OXFORD UNIVERSITY PRESS LICENSE 
TERMS AND CONDITIONS 

Jan 04, 2022 

 
This Agreement between Mrs. Gabriela Šrámková ("You") and Oxford University Press 
("Oxford University Press") consists of your license details and the terms and conditions 
provided by Oxford University Press and Copyright Clearance Center. 

License Number 5221950870865 

License date Jan 04, 2022 

Licensed content 
publisher 

Oxford University Press 

Licensed content 
publication 

Biological Journal of the Linnean Society 

Licensed content 
title 

Ecological segregation does not drive the intricate parapatric 
distribution of diploid and tetraploid cytotypes of the Arabidopsis 
arenosa group (Brassicaceae) 

Licensed content 
author 

Kolář, Filip; Lučanová, Magdalena 

Licensed content 
date 

Oct 27, 2016 

Type of Use Thesis/Dissertation 

Institution name  

Title of your work  Evolution of the genus Arabidopsis in its centre of diversity 

Publisher of your 
work  

Faculty of Science, Charles University 

Expected 
publication date 

Mar 2022 

Permissions cost 0.00 EUR 

Value added tax 0.00 EUR 

Total 0.00 EUR 

Title Evolution of the genus Arabidopsis in its centre of diversity 

Institution name Faculty of Science, Charles University 

Expected 
presentation date 

Mar 2022 

Portions Page 1 to 16 including figures and tables 

Requestor Location 

Mrs. Gabriela Šrámková 
Benátská 2 
Prague, 12800 
Czechia 
Attn: Mrs. Gabriela Šrámková 

Publisher Tax ID GB125506730 

Customer VAT ID CZ00216208 

    



162 
 

STANDARD TERMS AND CONDITIONS FOR REPRODUCTION OF MATERIAL 
FROM AN OXFORD UNIVERSITY PRESS JOURNAL 
1. Use of the material is restricted to the type of use specified in your order details. 
2. This permission covers the use of the material in the English language in the following 
territory: world. If you have requested additional permission to translate this material, the 
terms and conditions of this reuse will be set out in clause 12. 
3. This permission is limited to the particular use authorized in (1) above and does not 
allow you to sanction its use elsewhere in any other format other than specified above, nor 
does it apply to quotations, images, artistic works etc that have been reproduced from 
other sources which may be part of the material to be used. 
4. No alteration, omission or addition is made to the material without our written consent. 
Permission must be re-cleared with Oxford University Press if/when you decide to reprint. 
5. The following credit line appears wherever the material is used: author, title, journal, 
year, volume, issue number, pagination, by permission of Oxford University Press or the 
sponsoring society if the journal is a society journal. Where a journal is being published on 
behalf of a learned society, the details of that society must be included in the credit line. 
6. For the reproduction of a full article from an Oxford University Press journal for 
whatever purpose, the corresponding author of the material concerned should be informed 
of the proposed use. Contact details for the corresponding authors of all Oxford University 
Press journal contact can be found alongside either the abstract or full text of the article 
concerned, accessible from www.oxfordjournals.org Should there be a problem clearing 
these rights, please contact journals.permissions@oup.com 
7. If the credit line or acknowledgement in our publication indicates that any of the figures, 
images or photos was reproduced, drawn or modified from an earlier source it will be 
necessary for you to clear this permission with the original publisher as well. If this 
permission has not been obtained, please note that this material cannot be included in 
your publication/photocopies. 
8. While you may exercise the rights licensed immediately upon issuance of the license at 
the end of the licensing process for the transaction, provided that you have disclosed 
complete and accurate details of your proposed use, no license is finally effective unless 
and until full payment is received from you (either by Oxford University Press or by 
Copyright Clearance Center (CCC)) as provided in CCC's Billing and Payment terms and 
conditions. If full payment is not received on a timely basis, then any license preliminarily 
granted shall be deemed automatically revoked and shall be void as if never granted. 
Further, in the event that you breach any of these terms and conditions or any of CCC's 
Billing and Payment terms and conditions, the license is automatically revoked and shall 
be void as if never granted. Use of materials as described in a revoked license, as well as 
any use of the materials beyond the scope of an unrevoked license, may constitute 
copyright infringement and Oxford University Press reserves the right to take any and all 
action to protect its copyright in the materials. 
9. This license is personal to you and may not be sublicensed, assigned or transferred by 
you to any other person without Oxford University Press’s written permission. 
10. Oxford University Press reserves all rights not specifically granted in the combination 
of (i) the license details provided by you and accepted in the course of this licensing 
transaction, (ii) these terms and conditions and (iii) CCC’s Billing and Payment terms and 
conditions. 
11. You hereby indemnify and agree to hold harmless Oxford University Press and CCC, 
and their respective officers, directors, employs and agents, from and against any and all 
claims arising out of your use of the licensed material other than as specifically authorized 
pursuant to this license. 
12. Other Terms and Conditions: v1.4 

  

Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the 
US) or +1-978-646-2777. 

  

   

mailto:customercare@copyright.com


163 
 

JOHN WILEY AND SONS LICENSE 
TERMS AND CONDITIONS 

Jan 04, 2022 

 
 
This Agreement between Mrs. Gabriela Šrámková ("You") and John Wiley and 
Sons ("John Wiley and Sons") consists of your license details and the terms and 
conditions provided by John Wiley and Sons and Copyright Clearance Center. 

License Number 5222041127239 

License date Jan 04, 2022 

Licensed Content 
Publisher 

John Wiley and Sons 

Licensed Content 
Publication 

Molecular Ecology 

Licensed Content 
Title 

Northern glacial refugia and altitudinal niche divergence 
shape genome‐wide differentiation in the emerging plant 
model Arabidopsis arenosa 

Licensed Content 
Author 

Karol Marhold, Hiroshi Kudoh, Magdalena Lučanová, et al 

Licensed Content 
Date 

Jul 29, 2016 

Licensed Content 
Volume 

25 

Licensed Content 
Issue 

16 

Licensed Content 
Pages 

21 

Type of use Dissertation/Thesis 

Requestor type Author of this Wiley article 

Format Print and electronic 

Portion Full article 

Will you be 
translating? 

No 

Title Evolution of the genus Arabidopsis in its centre of diversity  

Institution name Faculty of Science, Charles University  

Expected 
presentation date 

Mar 2022  

Requestor Location 

Mrs. Gabriela Šrámková 
Benátská 2 
 
Prague, 12800 
Czechia 
Attn: Mrs. Gabriela Šrámková 

 

Publisher Tax ID EU826007151 

Customer VAT ID CZ00216208 

Total 0.00 EUR   



164 
 

   

TERMS AND CONDITIONS  
This copyrighted material is owned by or exclusively licensed to John Wiley and Sons, Inc. 
or one of its group companies (each a"Wiley Company") or handled on behalf of a society 
with which a Wiley Company has exclusive publishing rights in relation to a particular 
work (collectively "WILEY"). By clicking "accept" in connection with completing this 
licensing transaction, you agree that the following terms and conditions apply to this 
transaction (along with the billing and payment terms and conditions established by the 
Copyright Clearance Center Inc., ("CCC's Billing and Payment terms and conditions"), at 
the time that you opened your RightsLink account (these are available at any time at 
http://myaccount.copyright.com). 
 
Terms and Conditions 

 The materials you have requested permission to reproduce or reuse (the "Wiley 
Materials") are protected by copyright.  

 You are hereby granted a personal, non-exclusive, non-sub licensable (on a stand-
alone basis), non-transferable, worldwide, limited license to reproduce the Wiley 
Materials for the purpose specified in the licensing process. This license, and any 
CONTENT (PDF or image file) purchased as part of your order, is for a 
one-time use only and limited to any maximum distribution number specified in 
the license. The first instance of republication or reuse granted by this license must 
be completed within two years of the date of the grant of this license (although 
copies prepared before the end date may be distributed thereafter). The Wiley 
Materials shall not be used in any other manner or for any other purpose, beyond 
what is granted in the license. Permission is granted subject to an appropriate 
acknowledgement given to the author, title of the material/book/journal and the 
publisher. You shall also duplicate the copyright notice that appears in the Wiley 
publication in your use of the Wiley Material. Permission is also granted on the 
understanding that nowhere in the text is a previously published source 
acknowledged for all or part of this Wiley Material. Any third party content is 
expressly excluded from this permission. 

 With respect to the Wiley Materials, all rights are reserved. Except as expressly 
granted by the terms of the license, no part of the Wiley Materials may be copied, 
modified, adapted (except for minor reformatting required by the new Publication), 
translated, reproduced, transferred or distributed, in any form or by any means, 
and no derivative works may be made based on the Wiley Materials without the 
prior permission of the respective copyright owner.For STM Signatory 
Publishers clearing permission under the terms of the STM 
Permissions Guidelines only, the terms of the license are extended to 
include subsequent editions and for editions in other languages, 
provided such editions are for the work as a whole in situ and does not 
involve the separate exploitation of the permitted figures or extracts, 
You may not alter, remove or suppress in any manner any copyright, trademark or 
other notices displayed by the Wiley Materials. You may not license, rent, sell, loan, 
lease, pledge, offer as security, transfer or assign the Wiley Materials on a stand-
alone basis, or any of the rights granted to you hereunder to any other person. 

 The Wiley Materials and all of the intellectual property rights therein shall at all 
times remain the exclusive property of John Wiley and Sons Inc, the Wiley 
Companies, or their respective licensors, and your interest therein is only that of 
having possession of and the right to reproduce the Wiley Materials pursuant to 
Section 2 herein during the continuance of this Agreement. You agree that you own 
no right, title or interest in or to the Wiley Materials or any of the intellectual 
property rights therein. You shall have no rights hereunder other than the license as 
provided for above in Section 2. No right, license or interest to any trademark, trade 
name, service mark or other branding ("Marks") of WILEY or its licensors is 

  

http://myaccount.copyright.com/
http://www.stm-assoc.org/copyright-legal-affairs/permissions/permissions-guidelines/
http://www.stm-assoc.org/copyright-legal-affairs/permissions/permissions-guidelines/


165 
 

granted hereunder, and you agree that you shall not assert any such right, license or 
interest with respect thereto 

 NEITHER WILEY NOR ITS LICENSORS MAKES ANY WARRANTY OR 
REPRESENTATION OF ANY KIND TO YOU OR ANY THIRD PARTY, EXPRESS, 
IMPLIED OR STATUTORY, WITH RESPECT TO THE MATERIALS OR THE 
ACCURACY OF ANY INFORMATION CONTAINED IN THE MATERIALS, 
INCLUDING, WITHOUT LIMITATION, ANY IMPLIED WARRANTY OF 
MERCHANTABILITY, ACCURACY, SATISFACTORY QUALITY, FITNESS FOR A 
PARTICULAR PURPOSE, USABILITY, INTEGRATION OR NON-
INFRINGEMENT AND ALL SUCH WARRANTIES ARE HEREBY EXCLUDED BY 
WILEY AND ITS LICENSORS AND WAIVED BY YOU.  

 WILEY shall have the right to terminate this Agreement immediately upon breach 
of this Agreement by you. 

 You shall indemnify, defend and hold harmless WILEY, its Licensors and their 
respective directors, officers, agents and employees, from and against any actual or 
threatened claims, demands, causes of action or proceedings arising from any 
breach of this Agreement by you. 

 IN NO EVENT SHALL WILEY OR ITS LICENSORS BE LIABLE TO YOU OR ANY 
OTHER PARTY OR ANY OTHER PERSON OR ENTITY FOR ANY SPECIAL, 
CONSEQUENTIAL, INCIDENTAL, INDIRECT, EXEMPLARY OR PUNITIVE 
DAMAGES, HOWEVER CAUSED, ARISING OUT OF OR IN CONNECTION WITH 
THE DOWNLOADING, PROVISIONING, VIEWING OR USE OF THE 
MATERIALS REGARDLESS OF THE FORM OF ACTION, WHETHER FOR 
BREACH OF CONTRACT, BREACH OF WARRANTY, TORT, NEGLIGENCE, 
INFRINGEMENT OR OTHERWISE (INCLUDING, WITHOUT LIMITATION, 
DAMAGES BASED ON LOSS OF PROFITS, DATA, FILES, USE, BUSINESS 
OPPORTUNITY OR CLAIMS OF THIRD PARTIES), AND WHETHER OR NOT 
THE PARTY HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. 
THIS LIMITATION SHALL APPLY NOTWITHSTANDING ANY FAILURE OF 
ESSENTIAL PURPOSE OF ANY LIMITED REMEDY PROVIDED HEREIN.  

 Should any provision of this Agreement be held by a court of competent jurisdiction 
to be illegal, invalid, or unenforceable, that provision shall be deemed amended to 
achieve as nearly as possible the same economic effect as the original provision, and 
the legality, validity and enforceability of the remaining provisions of this 
Agreement shall not be affected or impaired thereby.  

 The failure of either party to enforce any term or condition of this Agreement shall 
not constitute a waiver of either party's right to enforce each and every term and 
condition of this Agreement. No breach under this agreement shall be deemed 
waived or excused by either party unless such waiver or consent is in writing signed 
by the party granting such waiver or consent. The waiver by or consent of a party to 
a breach of any provision of this Agreement shall not operate or be construed as a 
waiver of or consent to any other or subsequent breach by such other party.  

 This Agreement may not be assigned (including by operation of law or otherwise) 
by you without WILEY's prior written consent. 

 Any fee required for this permission shall be non-refundable after thirty (30) days 
from receipt by the CCC. 

 These terms and conditions together with CCC's Billing and Payment terms and 
conditions (which are incorporated herein) form the entire agreement between you 
and WILEY concerning this licensing transaction and (in the absence of fraud) 
supersedes all prior agreements and representations of the parties, oral or written. 
This Agreement may not be amended except in writing signed by both parties. This 
Agreement shall be binding upon and inure to the benefit of the parties' successors, 
legal representatives, and authorized assigns.  



166 
 

 In the event of any conflict between your obligations established by these terms and 
conditions and those established by CCC's Billing and Payment terms and 
conditions, these terms and conditions shall prevail. 

 WILEY expressly reserves all rights not specifically granted in the combination of 
(i) the license details provided by you and accepted in the course of this licensing 
transaction, (ii) these terms and conditions and (iii) CCC's Billing and Payment 
terms and conditions. 

 This Agreement will be void if the Type of Use, Format, Circulation, or Requestor 
Type was misrepresented during the licensing process. 

 This Agreement shall be governed by and construed in accordance with the laws of 
the State of New York, USA, without regards to such state's conflict of law rules. 
Any legal action, suit or proceeding arising out of or relating to these Terms and 
Conditions or the breach thereof shall be instituted in a court of competent 
jurisdiction in New York County in the State of New York in the United States of 
America and each party hereby consents and submits to the personal jurisdiction of 
such court, waives any objection to venue in such court and consents to service of 
process by registered or certified mail, return receipt requested, at the last known 
address of such party. 

WILEY OPEN ACCESS TERMS AND CONDITIONS 
Wiley Publishes Open Access Articles in fully Open Access Journals and in Subscription 
journals offering Online Open. Although most of the fully Open Access journals publish 
open access articles under the terms of the Creative Commons Attribution (CC BY) License 
only, the subscription journals and a few of the Open Access Journals offer a choice of 
Creative Commons Licenses. The license type is clearly identified on the article. 
The Creative Commons Attribution License 
The Creative Commons Attribution License (CC-BY) allows users to copy, distribute and 
transmit an article, adapt the article and make commercial use of the article. The CC-BY 
license permits commercial and non- 
Creative Commons Attribution Non-Commercial License 
The Creative Commons Attribution Non-Commercial (CC-BY-NC)License permits use, 
distribution and reproduction in any medium, provided the original work is properly cited 
and is not used for commercial purposes.(see below) 
Creative Commons Attribution-Non-Commercial-NoDerivs License 
The Creative Commons Attribution Non-Commercial-NoDerivs License (CC-BY-NC-ND) 
permits use, distribution and reproduction in any medium, provided the original work is 
properly cited, is not used for commercial purposes and no modifications or adaptations 
are made. (see below) 
Use by commercial "for-profit" organizations 
Use of Wiley Open Access articles for commercial, promotional, or marketing purposes 
requires further explicit permission from Wiley and will be subject to a fee.  
Further details can be found on Wiley Online Library 
http://olabout.wiley.com/WileyCDA/Section/id-410895.html  
 
 
Other Terms and Conditions: 
 
 
 
v1.10 Last updated September 2015 

Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the 
US) or +1-978-646-2777. 

  

 

  

 
  

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc-nd/3.0/
http://olabout.wiley.com/WileyCDA/Section/id-410895.html
mailto:customercare@copyright.com


167 
 

OXFORD UNIVERSITY PRESS LICENSE 
TERMS AND CONDITIONS 

Jan 04, 2022 

 
 
This Agreement between Mrs. Gabriela Šrámková ("You") and Oxford University 
Press ("Oxford University Press") consists of your license details and the terms and 
conditions provided by Oxford University Press and Copyright Clearance Center. 

License Number 5222041352152 

License date Jan 04, 2022 

Licensed content 
publisher 

Oxford University Press 

Licensed content 
publication 

Botanical Journal of the Linnean Sociey 

Licensed content 
title 

Range-wide genetic structure of Arabidopsis halleri 
(Brassicaceae): glacial persistence in multiple refugia and origin 
of the Northern Hemisphere disjunction 

Licensed content 
author 

Šrámková-Fuxová, Gabriela; Záveská, Eliška 

Licensed content 
date 

Oct 31, 2017 

Type of Use Thesis/Dissertation 

Institution name  

Title of your work  Evolution of the genus Arabidopsis in its centre of diversity 

Publisher of your 
work  

Faculty of Science, Charles University 

Expected 
publication date 

Mar 2022 

Permissions cost 0.00 EUR 

Value added tax 0.00 EUR 

Total 0.00 EUR 

Title Evolution of the genus Arabidopsis in its centre of diversity 

Institution name Faculty of Science, Charles University 

Expected 
presentation date 

Mar 2022 

Portions pages 1-22 including figures and tables 

Requestor 
Location 

Mrs. Gabriela Šrámková 
Benátská 2 
 
Prague, 12800 
Czechia 
Attn: Mrs. Gabriela Šrámková 

Publisher Tax ID GB125506730 

Customer VAT ID CZ00216208 

Total 0.00 EUR   



168 
 

STANDARD TERMS AND CONDITIONS FOR REPRODUCTION OF MATERIAL 
FROM AN OXFORD UNIVERSITY PRESS JOURNAL 
1. Use of the material is restricted to the type of use specified in your order details. 
2. This permission covers the use of the material in the English language in the following 
territory: world. If you have requested additional permission to translate this material, the 
terms and conditions of this reuse will be set out in clause 12. 
3. This permission is limited to the particular use authorized in (1) above and does not 
allow you to sanction its use elsewhere in any other format other than specified above, nor 
does it apply to quotations, images, artistic works etc that have been reproduced from 
other sources which may be part of the material to be used. 
4. No alteration, omission or addition is made to the material without our written consent. 
Permission must be re-cleared with Oxford University Press if/when you decide to reprint. 
5. The following credit line appears wherever the material is used: author, title, journal, 
year, volume, issue number, pagination, by permission of Oxford University Press or the 
sponsoring society if the journal is a society journal. Where a journal is being published on 
behalf of a learned society, the details of that society must be included in the credit line. 
6. For the reproduction of a full article from an Oxford University Press journal for 
whatever purpose, the corresponding author of the material concerned should be informed 
of the proposed use. Contact details for the corresponding authors of all Oxford University 
Press journal contact can be found alongside either the abstract or full text of the article 
concerned, accessible from www.oxfordjournals.org Should there be a problem clearing 
these rights, please contact journals.permissions@oup.com 
7. If the credit line or acknowledgement in our publication indicates that any of the figures, 
images or photos was reproduced, drawn or modified from an earlier source it will be 
necessary for you to clear this permission with the original publisher as well. If this 
permission has not been obtained, please note that this material cannot be included in 
your publication/photocopies. 
8. While you may exercise the rights licensed immediately upon issuance of the license at 
the end of the licensing process for the transaction, provided that you have disclosed 
complete and accurate details of your proposed use, no license is finally effective unless 
and until full payment is received from you (either by Oxford University Press or by 
Copyright Clearance Center (CCC)) as provided in CCC's Billing and Payment terms and 
conditions. If full payment is not received on a timely basis, then any license preliminarily 
granted shall be deemed automatically revoked and shall be void as if never granted. 
Further, in the event that you breach any of these terms and conditions or any of CCC's 
Billing and Payment terms and conditions, the license is automatically revoked and shall 
be void as if never granted. Use of materials as described in a revoked license, as well as 
any use of the materials beyond the scope of an unrevoked license, may constitute 
copyright infringement and Oxford University Press reserves the right to take any and all 
action to protect its copyright in the materials. 
9. This license is personal to you and may not be sublicensed, assigned or transferred by 
you to any other person without Oxford University Press’s written permission. 
10. Oxford University Press reserves all rights not specifically granted in the combination 
of (i) the license details provided by you and accepted in the course of this licensing 
transaction, (ii) these terms and conditions and (iii) CCC’s Billing and Payment terms and 
conditions. 
11. You hereby indemnify and agree to hold harmless Oxford University Press and CCC, 
and their respective officers, directors, employs and agents, from and against any and all 
claims arising out of your use of the licensed material other than as specifically authorized 
pursuant to this license. 
12. Other Terms and Conditions:  
v1.4 

  

Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the 
US) or +1-978-646-2777. 

  

mailto:customercare@copyright.com


169 
 

SPRINGER NATURE LICENSE 
TERMS AND CONDITIONS 

Jan 04, 2022 

 
 
This Agreement between Mrs. Gabriela Šrámková ("You") and Springer Nature 
("Springer Nature") consists of your license details and the terms and conditions 
provided by Springer Nature and Copyright Clearance Center. 

License Number 5222050105276 

License date Jan 04, 2022 

Licensed Content Publisher Springer Nature 

Licensed Content Publication Plant Systematics and Evolution 

Licensed Content Title 
Phylogeography and taxonomic reassessment of 
Arabidopsis halleri – a montane species from 
Central Europe 

Licensed Content Author Gabriela Šrámková et al 

Licensed Content Date Nov 19, 2019 

Type of Use Thesis/Dissertation 

Requestor type academic/university or research institute 

Format print and electronic 

Portion full article/chapter 

Will you be translating? no 

Circulation/distribution 1 - 29 

Author of this Springer Nature 
content 

yes 

Title 
Evolution of the genus Arabidopsis in its centre of 
diversity 

 

Institution name Faculty of Science, Charles University  

Expected presentation date Mar 2022  

Requestor Location 

Mrs. Gabriela Šrámková 
Benátská 2 
 
 
Prague, 12800 
Czechia 
Attn: Mrs. Gabriela Šrámková 

 

Customer VAT ID CZ00216208 

Total 0.00 EUR   

   

  



170 
 

Springer Nature Customer Service Centre GmbH 
Terms and Conditions 
This agreement sets out the terms and conditions of the licence (the Licence) between you and 
Springer Nature Customer Service Centre GmbH (the Licensor). By clicking 'accept' and 
completing the transaction for the material (Licensed Material), you also confirm your acceptance 
of these terms and conditions. 

1. Grant of License 
1. The Licensor grants you a personal, non-exclusive, non-transferable, world-wide 

licence to reproduce the Licensed Material for the purpose specified in your order 
only. Licences are granted for the specific use requested in the order and for no 
other use, subject to the conditions below. 

2. The Licensor warrants that it has, to the best of its knowledge, the rights to license 
reuse of the Licensed Material. However, you should ensure that the material you 
are requesting is original to the Licensor and does not carry the copyright of another 
entity (as credited in the published version). 

3. If the credit line on any part of the material you have requested indicates that it was 
reprinted or adapted with permission from another source, then you should also 
seek permission from that source to reuse the material. 

2. Scope of Licence 
1. You may only use the Licensed Content in the manner and to the extent permitted 

by these TsandCs and any applicable laws. 
2. A separate licence may be required for any additional use of the Licensed Material, 

e.g. where a licence has been purchased for print only use, separate permission must 
be obtained for electronic re-use. Similarly, a licence is only valid in the language 
selected and does not apply for editions in other languages unless additional 
translation rights have been granted separately in the licence. Any content owned by 
third parties are expressly excluded from the licence. 

3. Similarly, rights for additional components such as custom editions and derivatives 
require additional permission and may be subject to an additional fee. Please apply 
to Journalpermissions@springernature.com/bookpermissions@springernature.com 
for these rights. 

4. Where permission has been granted free of charge for material in print, 
permission may also be granted for any electronic version of that work, provided 
that the material is incidental to your work as a whole and that the electronic version 
is essentially equivalent to, or substitutes for, the print version. 

5. An alternative scope of licence may apply to signatories of the STM Permissions 
Guidelines, as amended from time to time. 

Duration of Licence 
1. A licence for is valid from the date of purchase ('Licence Date') at the end of the relevant 

period in the below table: 

Scope of Licence Duration of Licence 

Post on a website 12 months 

Presentations 12 months 

Books and journals Lifetime of the edition in the language purchased 

Acknowledgement 
1. The Licensor's permission must be acknowledged next to the Licenced Material in print. In 

electronic form, this acknowledgement must be visible at the same time as the 
figures/tables/illustrations or abstract, and must be hyperlinked to the journal/book's 
homepage. Our required acknowledgement format is in the Appendix below. 

Restrictions on use 
1. Use of the Licensed Material may be permitted for incidental promotional use and minor 

editing privileges e.g. minor adaptations of single figures, changes of format, colour and/or 
style where the adaptation is credited as set out in Appendix 1 below. Any other changes 
including but not limited to, cropping, adapting, omitting material that affect the meaning, 
intention or moral rights of the author are strictly prohibited.  

2. You must not use any Licensed Material as part of any design or trademark.  
3. Licensed Material may be used in Open Access Publications (OAP) before publication by 

Springer Nature, but any Licensed Material must be removed from OAP sites prior to final 
publication. 

  

mailto:Journalpermissions@springernature.com
mailto:bookpermissions@springernature.com
http://www.stm-assoc.org/intellectual-property/permissions/permissions-guidelines/
http://www.stm-assoc.org/intellectual-property/permissions/permissions-guidelines/


171 
 

Ownership of Rights  
1. Licensed Material remains the property of either Licensor or the relevant third party and any 

rights not explicitly granted herein are expressly reserved.  
Warranty  

IN NO EVENT SHALL LICENSOR BE LIABLE TO YOU OR ANY OTHER PARTY OR ANY OTHER 
PERSON OR FOR ANY SPECIAL, CONSEQUENTIAL, INCIDENTAL OR INDIRECT DAMAGES, 
HOWEVER CAUSED, ARISING OUT OF OR IN CONNECTION WITH THE DOWNLOADING, 
VIEWING OR USE OF THE MATERIALS REGARDLESS OF THE FORM OF ACTION, WHETHER 
FOR BREACH OF CONTRACT, BREACH OF WARRANTY, TORT, NEGLIGENCE, 
INFRINGEMENT OR OTHERWISE (INCLUDING, WITHOUT LIMITATION, DAMAGES BASED 
ON LOSS OF PROFITS, DATA, FILES, USE, BUSINESS OPPORTUNITY OR CLAIMS OF THIRD 
PARTIES), AND 
WHETHER OR NOT THE PARTY HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH 
DAMAGES. THIS LIMITATION SHALL APPLY NOTWITHSTANDING ANY FAILURE OF 
ESSENTIAL PURPOSE OF ANY LIMITED REMEDY PROVIDED HEREIN.  

Limitations 
1. BOOKS ONLY:Where 'reuse in a dissertation/thesis' has been selected the following 

terms apply: Print rights of the final author's accepted manuscript (for clarity, NOT the 
published version) for up to 100 copies, electronic rights for use only on a personal website 
or institutional repository as defined by the Sherpa guideline (www.sherpa.ac.uk/romeo/). 

2. For content reuse requests that qualify for permission under the STM Permissions 
Guidelines, which may be updated from time to time, the STM Permissions Guidelines 
supersede the terms and conditions contained in this licence.  

Termination and Cancellation 
1. Licences will expire after the period shown in Clause 3 (above). 
2. Licensee reserves the right to terminate the Licence in the event that payment is not received 

in full or if there has been a breach of this agreement by you.  
Appendix 1 — Acknowledgements: 

For Journal Content: 
Reprinted by permission from [the Licensor]: [Journal Publisher (e.g. 
Nature/Springer/Palgrave)] [JOURNAL NAME] [REFERENCE CITATION (Article 
name, Author(s) Name), [COPYRIGHT] (year of publication) 
For Advance Online Publication papers: 
Reprinted by permission from [the Licensor]: [Journal Publisher (e.g. 
Nature/Springer/Palgrave)] [JOURNAL NAME] [REFERENCE CITATION (Article 
name, Author(s) Name), [COPYRIGHT] (year of publication), advance online publication, 
day month year (doi: 10.1038/sj.[JOURNAL ACRONYM].) 
For Adaptations/Translations: 
Adapted/Translated by permission from [the Licensor]: [Journal Publisher (e.g. 
Nature/Springer/Palgrave)] [JOURNAL NAME] [REFERENCE CITATION (Article 
name, Author(s) Name), [COPYRIGHT] (year of publication) 
Note: For any republication from the British Journal of Cancer, the following 
credit line style applies: 
Reprinted/adapted/translated by permission from [the Licensor]: on behalf of Cancer 
Research UK: : [Journal Publisher (e.g. Nature/Springer/Palgrave)] [JOURNAL 
NAME] [REFERENCE CITATION (Article name, Author(s) Name), [COPYRIGHT] 
(year of publication) 
For Advance Online Publication papers: 
Reprinted by permission from The [the Licensor]: on behalf of Cancer Research UK: 
[Journal Publisher (e.g. Nature/Springer/Palgrave)] [JOURNAL NAME] 
[REFERENCE CITATION (Article name, Author(s) Name), [COPYRIGHT] (year of 
publication), advance online publication, day month year (doi: 10.1038/sj.[JOURNAL 
ACRONYM]) 
For Book content: 
Reprinted/adapted by permission from [the Licensor]: [Book Publisher (e.g. Palgrave 
Macmillan, Springer etc) [Book Title] by [Book author(s)] [COPYRIGHT] (year of 
publication) 

Other Conditions: Version  1.3 

Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or 
+1-978-646-2777. 

  

http://www.sherpa.ac.uk/romeo/
https://www.stm-assoc.org/2020_09_30_STM_Permission_Guidelines_2020.pdf
https://www.stm-assoc.org/2020_09_30_STM_Permission_Guidelines_2020.pdf
mailto:customercare@copyright.com


172 
 

 
 

  

SPRINGER NATURE LICENSE 
TERMS AND CONDITIONS 

Jan 04, 2022 

 
 

 
This Agreement between Mrs. Gabriela Šrámková ("You") and Springer Nature 
("Springer Nature") consists of your license details and the terms and conditions 
provided by Springer Nature and Copyright Clearance Center. 

License Number 5222050254587 

License date Jan 04, 2022 

Licensed Content Publisher Springer Nature 

Licensed Content Publication Plant Systematics and Evolution 

Licensed Content Title 
Correction to: Phylogeography and taxonomic 
reassessment of Arabidopsis halleri – a montane 
species from Central Europe 

Licensed Content Author Gabriela Šrámková et al 

Licensed Content Date May 27, 2020 

Type of Use Thesis/Dissertation 

Requestor type academic/university or research institute 

Format print and electronic 

Portion full article/chapter 

Will you be translating? no 

Circulation/distribution 1 - 29 

Author of this Springer 
Nature content 

yes 

Title 
Evolution of the genus Arabidopsis in its centre of 
diversity 

 

Institution name Faculty of Science, Charles University  

Expected presentation date Mar 2022  

Requestor Location 

Mrs. Gabriela Šrámková 
Benátská 2 
 
 
Prague, 12800 
Czechia 
Attn: Mrs. Gabriela Šrámková 

 

Customer VAT ID CZ00216208 

Total 0.00 EUR   

 

Springer Nature Customer Service Centre GmbH 
Terms and Conditions 
This agreement sets out the terms and conditions of the licence (the Licence) between you and 
Springer Nature Customer Service Centre GmbH (the Licensor). By clicking 'accept' and 

  



173 
 

completing the transaction for the material (Licensed Material), you also confirm your 
acceptance of these terms and conditions. 

1. Grant of License 
1. The Licensor grants you a personal, non-exclusive, non-transferable, world-wide 

licence to reproduce the Licensed Material for the purpose specified in your order 
only. Licences are granted for the specific use requested in the order and for no 
other use, subject to the conditions below. 

2. The Licensor warrants that it has, to the best of its knowledge, the rights to license 
reuse of the Licensed Material. However, you should ensure that the material you 
are requesting is original to the Licensor and does not carry the copyright of 
another entity (as credited in the published version). 

3. If the credit line on any part of the material you have requested indicates that it was 
reprinted or adapted with permission from another source, then you should also 
seek permission from that source to reuse the material. 

2. Scope of Licence 
1. You may only use the Licensed Content in the manner and to the extent permitted 

by these TsandCs and any applicable laws. 
2. A separate licence may be required for any additional use of the Licensed Material, 

e.g. where a licence has been purchased for print only use, separate permission 
must be obtained for electronic re-use. Similarly, a licence is only valid in the 
language selected and does not apply for editions in other languages unless 
additional translation rights have been granted separately in the licence. Any 
content owned by third parties are expressly excluded from the licence. 

3. Similarly, rights for additional components such as custom editions and derivatives 
require additional permission and may be subject to an additional fee. Please apply 
to 
Journalpermissions@springernature.com/bookpermissions@springernature.com 
for these rights. 

4. Where permission has been granted free of charge for material in print, 
permission may also be granted for any electronic version of that work, provided 
that the material is incidental to your work as a whole and that the electronic 
version is essentially equivalent to, or substitutes for, the print version. 

5. An alternative scope of licence may apply to signatories of the STM Permissions 
Guidelines, as amended from time to time. 

Duration of Licence 
1. A licence for is valid from the date of purchase ('Licence Date') at the end of the relevant 

period in the below table: 

Scope of Licence Duration of Licence 

Post on a website 12 months 

Presentations 12 months 

Books and journals Lifetime of the edition in the language purchased 

Acknowledgement 
1. The Licensor's permission must be acknowledged next to the Licenced Material in print. In 

electronic form, this acknowledgement must be visible at the same time as the 
figures/tables/illustrations or abstract, and must be hyperlinked to the journal/book's 
homepage. Our required acknowledgement format is in the Appendix below. 

Restrictions on use 
1. Use of the Licensed Material may be permitted for incidental promotional use and minor 

editing privileges e.g. minor adaptations of single figures, changes of format, colour and/or 
style where the adaptation is credited as set out in Appendix 1 below. Any other changes 
including but not limited to, cropping, adapting, omitting material that affect the meaning, 
intention or moral rights of the author are strictly prohibited.  

2. You must not use any Licensed Material as part of any design or trademark.  
3. Licensed Material may be used in Open Access Publications (OAP) before publication by 

Springer Nature, but any Licensed Material must be removed from OAP sites prior to final 
publication. 

Ownership of Rights  
1. Licensed Material remains the property of either Licensor or the relevant third party and 

any rights not explicitly granted herein are expressly reserved.  

mailto:Journalpermissions@springernature.com
mailto:bookpermissions@springernature.com
http://www.stm-assoc.org/intellectual-property/permissions/permissions-guidelines/
http://www.stm-assoc.org/intellectual-property/permissions/permissions-guidelines/


174 
 

Warranty  
IN NO EVENT SHALL LICENSOR BE LIABLE TO YOU OR ANY OTHER PARTY OR ANY OTHER 
PERSON OR FOR ANY SPECIAL, CONSEQUENTIAL, INCIDENTAL OR INDIRECT DAMAGES, 
HOWEVER CAUSED, ARISING OUT OF OR IN CONNECTION WITH THE DOWNLOADING, 
VIEWING OR USE OF THE MATERIALS REGARDLESS OF THE FORM OF ACTION, WHETHER 
FOR BREACH OF CONTRACT, BREACH OF WARRANTY, TORT, NEGLIGENCE, 
INFRINGEMENT OR OTHERWISE (INCLUDING, WITHOUT LIMITATION, DAMAGES BASED 
ON LOSS OF PROFITS, DATA, FILES, USE, BUSINESS OPPORTUNITY OR CLAIMS OF THIRD 
PARTIES), AND 
WHETHER OR NOT THE PARTY HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH 
DAMAGES. THIS LIMITATION SHALL APPLY NOTWITHSTANDING ANY FAILURE OF 
ESSENTIAL PURPOSE OF ANY LIMITED REMEDY PROVIDED HEREIN.  

Limitations 
1. BOOKS ONLY:Where 'reuse in a dissertation/thesis' has been selected the following 

terms apply: Print rights of the final author's accepted manuscript (for clarity, NOT the 
published version) for up to 100 copies, electronic rights for use only on a personal website 
or institutional repository as defined by the Sherpa guideline (www.sherpa.ac.uk/romeo/). 

2. For content reuse requests that qualify for permission under the STM Permissions 
Guidelines, which may be updated from time to time, the STM Permissions Guidelines 
supersede the terms and conditions contained in this licence.  

Termination and Cancellation 
1. Licences will expire after the period shown in Clause 3 (above). 
2. Licensee reserves the right to terminate the Licence in the event that payment is not 

received in full or if there has been a breach of this agreement by you.  
 
Appendix 1 — Acknowledgements: 

For Journal Content: 
Reprinted by permission from [the Licensor]: [Journal Publisher (e.g. 
Nature/Springer/Palgrave)] [JOURNAL NAME] [REFERENCE CITATION (Article 
name, Author(s) Name), [COPYRIGHT] (year of publication) 
For Advance Online Publication papers: 
Reprinted by permission from [the Licensor]: [Journal Publisher (e.g. 
Nature/Springer/Palgrave)] [JOURNAL NAME] [REFERENCE CITATION (Article 
name, Author(s) Name), [COPYRIGHT] (year of publication), advance online publication, 
day month year (doi: 10.1038/sj.[JOURNAL ACRONYM].) 
For Adaptations/Translations: 
Adapted/Translated by permission from [the Licensor]: [Journal Publisher (e.g. 
Nature/Springer/Palgrave)] [JOURNAL NAME] [REFERENCE CITATION (Article 
name, Author(s) Name), [COPYRIGHT] (year of publication) 
Note: For any republication from the British Journal of Cancer, the following 
credit line style applies: 
Reprinted/adapted/translated by permission from [the Licensor]: on behalf of Cancer 
Research UK: : [Journal Publisher (e.g. Nature/Springer/Palgrave)] [JOURNAL 
NAME] [REFERENCE CITATION (Article name, Author(s) Name), [COPYRIGHT] 
(year of publication) 
For Advance Online Publication papers: 
Reprinted by permission from The [the Licensor]: on behalf of Cancer Research UK: 
[Journal Publisher (e.g. Nature/Springer/Palgrave)] [JOURNAL NAME] 
[REFERENCE CITATION (Article name, Author(s) Name), [COPYRIGHT] (year of 
publication), advance online publication, day month year (doi: 10.1038/sj.[JOURNAL 
ACRONYM]) 
For Book content: 
Reprinted/adapted by permission from [the Licensor]: [Book Publisher (e.g. Palgrave 
Macmillan, Springer etc) [Book Title] by [Book author(s)] [COPYRIGHT] (year of 
publication) 

Other Conditions: Version  1.3 

Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or 
+1-978-646-2777. 

  

 

http://www.sherpa.ac.uk/romeo/
https://www.stm-assoc.org/2020_09_30_STM_Permission_Guidelines_2020.pdf
https://www.stm-assoc.org/2020_09_30_STM_Permission_Guidelines_2020.pdf
mailto:customercare@copyright.com


175 
 

Appendix II: Curriculum vitae 
 

Personal data 

Gabriela Šrámková 

* 6.2.1986 

Maiden name: Fuxová 

One child * 2017 

 

Education 

Since 2012: PhD study in Botany, Department of Botany, Faculty of Science, Charles 

University (supervisor: prof. RNDr. Karol Marhold, DrSc.) 

2011–2015: Lifelong learning programme – Profession oriented, Department of 

Education and Didactics of Biology, Faculty of Science, Charles University  

(supervisor: Mgr. Zuzana Chumová) 

2008–2011: MSc. in Botany, Department of Botany, Faculty of Science, Charles 

University (supervisor: Mgr. Tomáš Fér, Ph.D.) 

2005–2008:  BSc in Biology, Department of Botany, Faculty of Science, Charles 

University (supervisor: Mgr. Tomáš Fér, Ph.D.) 

 

Appointments 

since 2013: Department of Botany, Faculty of Science, Charles University in Prague – 

researcher 

2011–2013: Department of Botany, Faculty of Science, Charles University in Prague – 

laboratory technician 

2007–2011: Department of Botany, Faculty of Science, Charles University in Prague –

microsatellite analyses related to MSc. thesis 

2007–2010: Institute of Botany, Academy of Sciences of the Czech Republic – part-time 

lab work and database work 

 

Fellowships 

5. –11. 8. 2018 Earlham Institute, Norwich, United Kingdom – WGS method LITE training 

in the laboratory of Dr. Darren Heavens, labwork, library preparation, 

consultations, troubleshooting 

15. –20. 12. 2015 Faculty Centre for Biodiversity, University of Vienna, Austria – RADseq 

method consultations with the team of Dr. Ovidiu Paun, lab work 

18. 4. –11. 5. 2014 Centre of Ecological Research, University of Kyoto, Japan – joining the 

team of prof. Hiroshi Kudoh, lab work, ddRADseq library preparation, 

consultations (troubleshooting, use for phylogeographic studies) 

 

Teaching 

Lectures at Faculty of Science, Charles University in Prague: 

Practices  -  Molecular markers in systematics and plant population biology (master 

course) 

- Plant morphology (bachelor course) 

- Phylogeny and morphology of vascular plants (bachelor course) 

Lectures    -  Advanced methods in DNA sequence and multilocus data analyses (master 

and phd course)  



176 
 

Supervision of the thesis 

Filip Holič (consultant): Cardamine dentata, its distribution in Central Europe and 

relationship to C. pratensis (master thesis, Department of Botany, Charles 

University) 

Martina Gruntová (consultant): Invasiveness and hybridization in evolution of closely 

related species (bachelor student, Department of Botany, Charles University) 

SCI publications 

Melichárková A., Šlenker M., Zozomová-Lihová J., Skokanová K., Šingliarová B., 

Kačmárová T., Caboňová M., Kempa M., Šrámková G., Mandáková T., Lysák M.A., 

Svitok M., Mártonfiová L., Marhold K. (2020): So Closely Related and Yet So 

Different: Strong Contrasts Between the Evolutionary Histories of Species of the 

Cardamine pratensis Polyploid Complex in Central Europe, Frontiers in Plant Science 

11:588856. 

Knotek A., Konečná V., Wos G., Požárová D., Šrámková G., Bohutínská M., Zeisek V., 

Marhold K., Kolář F. (2019): Parallel alpine differentiation in Arabidopsis arenosa, 

Frontiers in Plant Science 11:561526. 

Šrámková G., Kolář F., Záveská E., Lučanová M., Španiel S., Kolník M., Marhold K. 
(2019): Phylogeography and taxonomic reassessment of Arabidopsis halleri – 
a montane species from Central Europe, Plant Systematics and Evolution 
205(10):885-898. 

Wos G., Mořkovská J., Bohutínská M., Šrámková G., Knotek A., Lučanová M., Španiel 
S., Marhold K., Kolář F. (2019): Role of ploidy in colonization of alpine habitats in 
natural populations of Arabidopsis arenosa, Annals of Botanny 124/2:255-268. 

Monnahan P., Kolář F., Baduel P., Sailer Ch., Koch J., Horvath R., Laenen B., Schmickl R., 
Paajanen P., Šrámková G., Bohutínská M., Arnold B., Weisman C.M., Marhold K., 
Slotte T., Bomblies K., Yant L. (2019): Pervasive population genomic consequences of 
genome duplication in Arabidopsis arenosa, Nature Ecology and Evolution 3:457-
468. 

Šrámková-Fuxová G., Záveská E., Kolář F., Lučanová M., Španiel S., Marhold K. (2017): 
Range-wide genetic structure of Arabidopsis halleri (Brassicaceae): glacial 
persistence in multiple refugia and origin of the Northern Hemisphere disjunction, 
Botanical Journal of the Linnean Society 185/3:321–342. 

Kolář F*, Fuxová G*, Záveská E*, Nagano AJ, Hyklová L, Lučanová M, Kudoh H, Marhold 
K (2016): Northern glacial refugia and altitudinal niche divergence shape genome-
wide differentiation in the emerging plant model Arabidopsis arenosa. – Molecular 
Ecology, 25:3929-3949. *equal contribution 

Kolář F, Lučanová M, Záveská E, Fuxová G, Mandáková T, Španiel S, Senko D, Svitok M, 
Kolník M, Gudžinskas Z, Marhold K (2015): Ecological segregation does not drive the 
intricate parapatric distribution of diploid and tetraploid cytotypes of the Arabidopsis 
arenosa group (Brassicaceae). – Biological Journal of the Linnean Society 119(3):673-
688. 

Non-SCI publications 

Šrámková G., Slovák M., Kolář F. (2019): Pátrání po dědictví ledových dob v karpatské 

flóře (Searching for the Ice Age Heritage in Carpathian Flora). Živa 5:236-239. 

Reviewing experience: BMC Plant Biology 


