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Summary 
 
The thesis deals with evolutionary and ecological consequences of edaphic speciation 
(adaptation to different soil types) and genome duplication (polyploidization), acting in 
concert. Using a wide range of ecological, karyological and molecular approaches, several 
hypotheses of general importance have been examined in three model angiosperm systems 
(ploidy variable species or species aggregates occurring both on and off specific substrates, 
including serpentines and calcareous soils). In the Knautia arvensis group (Caprifoliaceae) a 
unique cryptic diploid lineage in central Europe was identified to be restricted to serpentine 
and limestone outcrops, which served as refugia during environmental changes (forest spread, 
human impact) in the Holocene. These refugial populations exhibited strong evolutionary 
potential because they were able to polyploidize and escape beyond the borders of their 
original edaphically-conditioned refugia owing to hybridization with surrounding widespread 
homoploid genotypes. Survival of both Knautia cytotypes on serpentine soils was facilitated 
by their high tolerance to chemical stress factors such as high Ni concentrations and low 
Ca/Mg ratios. In the Galium pusillum group (Rubiaceae), a striking cytological, ecological, 
and taxonomic, diversity was revealed in northern and western Europe in areas covered by ice 
sheets during last glaciations. Polyploidy, coupled with allopatric ecological differentiation 
reflecting soil conditions and degree of competition, represented major forces shaping the 
genetic diversity of investigated populations. In addition, traces of past hybridization between 
currently isolated lineages from deglaciated and unglaciated areas were identified in the 
genetic make-up of relict populations persisting in ecologically distinct refugia in the 
periglacial zone of northern central Europe. Similarly, admixture of (sub-)arctic and alpine 
genotypes was revealed in a peculiar isolated lowland Czech serpentine population of arctic-
alpine species Potentilla crantzii (Rosaceae). To sum up, the present thesis documents 
considerable evolutionary significance of specific substrates for plant evolution, both as (i) 
refugia preserving cryptic genetic and/or cytological diversity (usually at diploid or low 
polyploid levels), and (ii) areas harbouring unique plant lineages that may influence the 
surrounding biota. The results call for an appropriate conservation of plant populations 
restricted to edaphic refugia as they may preserve unexpected cryptic diversity reflecting both 
past and recent evolutionary events. 
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Shrnutí (Czech summary) 
 
Předkládaná práce se zabývá evolučně ekologickými důsledky souhry mezi procesy edafické 
specializace a genomové duplikace (polyploidizace). Obecné hypotézy byly testovány pomocí 
širokého spektra ekologických, karyologických a molekulárních metod na třech modelových 
systémech krytosemenných rostlin (ploidně variabilní druhy nebo druhové komplexy 
vyskytující se na běžných i edaficky zvláštních substrátech jako hadce a vápence). V případě 
Knautia arvensis agg. (Caprifoliaceae) se podařilo detekovat ve střední Evropě zvláštní 
kryptickou diploidní skupinu vázanou na hadcové a vápencové výchozy, které zřejmě sloužily 
jako její refugia v průběhu dramatických změn v Holocénu (šíření lesa, člověkem podmíněné 
změny krajiny). Tyto refugiální populace navíc vykazovaly silný evoluční potenciál jak 
dokládá jejich nedávná polyploidizace a únik nového tetraploidního cytotypu za hranice 
hadcového refugia prostřednictvím hybridizace s okolními populacemi. Přežívání obou 
cytotypů Knautia na hadcové půdě bylo usnadněno tolerancí k hlavním chemickým stresovým 
faktorům hadců (vysoká koncentrace niklu a nízký poměr vápníku ku hořčíku). Ve skupině 
Galium pusillum agg. (Rubiaceae) byla odhalena překvapivě vysoká cytologická, ekologická 
a taxonomická diverzita v dříve zaledněných oblastech západní a severní Evropy. Hlavními 
evolučními mechanismy stojícími za genetickou strukturou těchto severských populací byla 
polyploidizace a alopatrická ekologická diferenciace reflektující odlišnosti v preferencích 
půdních podmínek a různě kompetitivně náročných stanovišť. Dále se podařilo odhalit stopy 
dávné hybridizace dnes oddělených populací ze severní a střední Evropy odkazující na starší 
(glaciální až raně postglaciální) kontakty obou skupin v dřívější periglaciální zóvě v severní 
části střední Evropy. Podobné genetické stopy dávné hybridizace byly odhaleny také v 
případě izolované hadcové populace jinak arkto-alpinského druhu Potentilla crantzii 
(Rosaceae). Předkládaná práce v souhrnu ilustruje velký evoluční význam specifických 
substrátů v evoluci rostlin především jako (i) refugií zachovávajících kryptickou genetickou a 
cytologickou diverzitu (často diploidní či nižší polyploidní linie) a také (ii) oblastí hostících 
specifické genotypy mající potenciál ovlivňovat okolní biotu. Zjištěná fakta tak upozorňují na 
nutnost efektivní ochrany edaficky specifických stanovišť, které hostí vzácné avšak často 
přehlížené doklady dávné minulosti naší krajiny. 
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A.1 Substrate – a prominent ecological gradient in plant life 
Edaphic syndrome 
Specific substrates, characterized by distinct chemical and physical properties, strongly 
influence the plant life on them. Chemical properties such as nutrient availability, deficit of 
particular micronutrients and concentrations of toxic elements are the principal abiotic factors 
shaping the flora and vegetation of edaphically specific sites. Nevertheless, it should be 
highlighted that other factors such as physical properties (distinct water retention capacity, 
susceptibility to erosion), topography, and geomorphology as well as biotic interactions 
(mycorrhiza, herbivory, pollinator interaction) also significantly contribute to the 
consequences of specific substrates for plant life (Brady et al., 2005; Strauss et al., 2011; 
Doubková et al., 2012). For this reason, a term “edaphic syndrome” has been introduced to 
better describe the wide amplitude of the plant-substrate interactions (Jenny, 1980; 
Kruckeberg, 1991). 

Here, I will primarily refer to the two most prominent examples of edaphic syndromes 
that are in the main focus of plant science in general and the present thesis in particular, i.e. (i) 
serpentine soils imposing one of the most extreme conditions on plant life, and (ii) 
calcicolous-silicicolous differentiation that represents one of the major ecological gradients 
particularly in the temperate flora. Nevertheless, one should be aware that many other 
examples of edaphic differentiation do exist such as gypsum soils, saline habitats, and sandy 
soils, although they are not dealt with in the present study. 

Serpentine soils impose constraints on plant growth because they are characterized by a 
low Ca/Mg ratio, increased (even toxic) concentrations of heavy metals (especially Ni, Cr, 
and Co), deficiency of essential macronutrients and a low water-holding capacity (Proctor & 
Woodell, 1975; Kazakou et al., 2008; Harrison & Rajakaruna, 2011). Serpentine plants 
provide excellent systems for the study of adaptive evolution thanks to the facts that the 
physiological response of plants is well described, that major stressing factors are known and 
amenable to manipulative experiments, and that recurrent evolution of adaptive strategies 
occurs within a single species (Brady et al., 2005). Of the limiting factors imposed by 
serpentine substrates, low Ca/Mg ratio and high Ni content have gained the highest attention 
because they are considered to be the key factors affecting plant growth and survival in 
serpentine outcrops worldwide (Proctor, 1971; Gabbrielli & Pandolfini, 1984; Ghasemi & 
Ghaderian, 2009; O’ Dell & Rajakaruna, 2011). Elevated levels of heavy metals in soils can 
also influence the plant life through direct toxicity (resulting in stunting and chlorosis), 
antagonism with other nutrients, and inhibition of root penetration and growth (Antonovics et 
al., 1971). High Mg content induces Ca deficiency, leading to cell wall disintegration and 
localized tissue necrosis (O’ Dell & Claassen, 2006; O’ Dell & Rajakaruna, 2011).  

Calcareous substrates, on the other hand, represent a frequent component of land 
surface. The differentiation between calcicoles found on neutral to weakly alkaline substrates 
derived from limestone, dolomite, and marl on the one hand, and calcifuges found on acidic 
substrates derived from granite, gneiss, sandstone, and carbonate-free schist, shale, and slate 
on the other hand has long been noticed and studied, particularly in Europe (Unger, 1836; 
Tansley, 1917; Ellenberg 1966; Alvarez et al., 2009; Dillenberger & Kadereit, 2013; Moore & 
Kadereit, 2013). The ecophysiological basis of the calcicole/calcifuge differentiation is not 
entirely understood, nevertheless, the important factors appear to be the soil pH-dependent 
availability of iron, manganese, and aluminum as well as the presence of high concentrations 
of bicarbonate ions (HCO3-) derived from carbonate in alkaline soils (Tyler, 2003). Probably 
the best-studied example of the influence of substrate on vegetation is the differentiation 
between the calcareous and siliceous floras in the European Alps. Many Alpine species grow 
preferentially or exclusively on either calcareous or siliceous substrates, and vegetation  
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assemblies on these two soil types are often quite dissimilar (Unger, 1836; Landolt, 1960). 
Nevertheless, prominent cases of calcicolous and/or calcifuge species are also known from 
other parts of Europe (e.g., Tansley, 1917; Horvat et al., 1974; Van Rossum & Prentice, 2004) 
 
Specific substrates as evolutionary triggers 

Specific soils have prominent impacts on plant evolution and species diversification. 
From an evolutionary point of view, areas with specific substrates represent ‘natural 
laboratories’, allowing researchers to address various evolutionary questions of general 
significance (Brady et al., 2005). There are numerous plant species that are endemic to 
particular substrates, such as serpentines (Harrison & Rajakaruna, 2011), saline soils (Flowers 
et al., 2010), or karst (Horvat et al., 1974). Some of these species belong to groups that 
exhibited frequent substrate shifts, with vicariant speciation on adjacent substrate types 
considered a potential cause of diversification (Fine et al., 2005; Cowling et al., 2009). In 
other cases, substrate preference appears to be phylogenetically conserved and sister species 
tend to occur on the same substrate (Goldenberg et al., 2012; Jestrow et al., 2012). Substrate 
preferences may also have dramatic impacts on intraspecific genetic structure of a plant, being 
the main ecological gradient that stands behind phylogeographic patterns. For example, 
calcicole and calcifuge species tend to show different infraspecific phylogeographic patterns 
in the Alps, even though the two types of substrate are often intermixed in the landscape, with 
calcicole and calcifuge species showing mainly north–south vs. east–west divisions, 
respectively (Alvarez et al., 2009). 

Specific substrates can shape plant evolution and speciation in two main ways 
(Kruckeberg, 1986, 1991). First, they can act as a selective factor, picking tolerant genotypes 
out of mainly non-tolerant gene pools of potential colonizers. Such disruptive selection may 
result in ecotypic differentiation (Kruckeberg 1951; 1967; Rajakaruna et al., 2003) and, 
provided that reproductive isolation is achieved, it may lead to sympatric or parapatric 
speciation on the border of serpentine area (Kruckeberg, 1986; Macnair & Gardner 1998; 
Rajakaruna, 2004). Second, the exclusion of many non-tolerant species from the edaphically 
distinct sites makes the localities an ‘open island’, where competitively weak but tolerant 
species can thrive. This is particularly apparent in serpentine areas that are usually easily 
recognized in the countryside as ‘islands’ of barren soil, rocks or sparse forests surrounded by 
denser vegetation. During dramatic environmental changes such as the climate shifts in the 
Holocene, populations from outside the edaphic islands may become regionally extinct due to 
changes in vegetation composition and competition pressure. Consequently, both limestone 
and serpentine sites are considered the key areas that served as refugia for many low-
competitive and otherwise (arctic-)alpine plant species in lower altitudes during the Holocene 
(Novák, 1960; Birks & Willis, 2008). The surviving relict edaphic populations could then 
further differentiate into separate taxa (Mayer & Soltis, 1994; Mayer et al., 1994). 
Considering the island-like distribution of many edaphically extreme outcrops (Kruckeberg, 
1986), the spatially isolated populations of the edaphic specialist can ultimately give rise to 
local endemics (Mayer et al., 1994). The evolutionary history becomes even more 
complicated if the edaphically specialized populations come into secondary contact with their 
non-specialized counterparts (e.g., after the progenitor’s re-invasion) and hybridize (Forde & 
Faris, 1962).  

A well-known evolutionary consequence of specific substrates is the striking level of 
plant endemism on serpentine soils. Although serpentines cover only 1% of dry land surface 
(Proctor, 1999), they are nearly ubiquitous. The worldwide occurrence of serpentine-specific 
plant endemism highlights the global significance of serpentines in creating and preserving 
plant diversity. For example, more than 10% of the endemic Californian flora is restricted to 
serpentines, although serpentine soils make up less than 1% of the state’s surface 
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(Kruckeberg, 1984). Similarly, the Balkans peninsula hosts a striking number of 123 obligate 
serpentine endemics, including three generic endemics (Halacsya sendtneri, Paramoltkia 
doerfleri, and Leptoplax emarginata, Stevanović et al., 2003; Coppi et al., 2014). Calcareous 
substrates in Europe, on the other hand, are known to preserve elevated levels of plant 
diversity, probably as a result of larger species pool developed in calcareous environments 
during the relatively longer glacial periods (Ewald, 2003). In addition, limestone outcrops 
with specific conditions can represent real hotspots of unique plant diversity concentrating 
numerous relict and endemic species. For example, the extreme environment of limestone 
flatlands (so-called alvars) in southern Swedish island of Öland host a peculiar assemblage of 
various phytogeographic elements that is unique within the entire Europe (Sterner, 1986). 

For effective colonization of edaphic islands, specific ecological traits of the species are 
required. Plant species may differ in their abilities to evolve tolerance against edaphic stress 
depending on their genetic resources. First a “standing variation” allowing for the tolerance 
could be present in the genomes. In such a case, edaphic tolerance is a constitutive trait 
present in all members of the species (which grows both on and off serpentine soils). Second, 
a strong selective pressure imposed by the soil could lead to selection and further adaptation 
of tolerant ecotypes from an originally non-tolerant plant (Kazakou et al., 2008). This may be 
particularly important in highly selective serpentine soils although the available case studies 
provide ambiguous results. Both adaptive and constitutive patterns of tolerance to low Ca/Mg 
and/or high Ni have been proven experimentally, depending on the model system studied 
(e.g., Westerbergh, 1994; Boyd & Martens, 1998; Nyberg Berglund et al., 2004; Ghasemi & 
Ghaderian, 2009). Despite the growing amount of experimental data, evolutionary 
mechanisms involved in the adaptive process as well as predispositions facilitating the 
colonization of serpentine sites still remain unclear. 

 
 

A.2 Polyploidy – a principal force in plant evolution 
Consequences of polyploidy in plants 
Polyploidy (genome duplication), as a ubiquitous phenomenon in the plant kingdom, is a 
leading mode of sympatric speciation (Coyne & Orr, 2004). Recent estimates suggest that 
probably all angiosperms underwent at least one round of genome duplication in their 
evolutionary history (Soltis et al., 2009). Polyploids exhibit a significant evolutionary 
potential due to several advantages, including the increased number of alleles allowing 
masking of deleterious recessive mutations, often stable heterosis, and the possibility of 
duplicated genes to acquire new or slightly varied functions (Adams & Wendel, 2005; 
Madlung, 2013). Polyploidization can also alter plant morphology, phenology, physiology 
and/or ecology within only one or a few generations (Levin, 2002), generating individuals that 
can cope with fluctuating environments, exploit new niches or outcompete progenitor species 
(Leitch & Leitch, 2008).  

Specifically, polyploidy is assumed to play an important role in plant diversification 
during Pleistocene glacial cycles. For example, polyploids could have adapted faster to new 
niches developed after the glacial retreat, which explains why polyploids form a considerable 
part of both arctic and alpine floras, including the endemics (Brochmann et al., 2003, 2004). 
There are also numerous cases documenting higher vigour and competitiveness of the 
polyploids in comparison to their diploid relatives (Maceira et al., 1993; Lumaret et al., 1997). 
Larger adult size of polyploids has been linked to increased vigour of invasive species (te 
Beest et al., 2012) such as tetraploid Solidago gigantea (Schlaepfer et al., 2010) and 
polyploids of the genus Fallopia (Schnitzler & Muller, 1998). Also larger seed size of many 
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autopolyploids often results in more robust and rapidly growing seedlings compared to that of 
diploids (Bretagnolle et al., 1995). 

 Ploidy-variable groups of closely related species are ideal model systems for the study 
of ecological consequences of polyploidy in natural conditions. Nevertheless, a care must be 
exercised with respect to the origin of polyploids, i.e., whether they originated by means of 
intraspecific genome duplication (autopolyploidy) or the merging of genomes of distinct 
species through hybridization and subsequent genome duplication (allopolyploidy). 
Autopolyploids are particularly useful in this respect because di- and polyploid cytotypes are 
genetically very similar, and recurrent origins of autopolyploids may give rise to several 
lineages evolved under different selective pressures (Soltis & Soltis, 1999; Soltis et al., 2007; 
Parisod et al., 2010). 
 
Polyploidy and eco-geographic differentiation patterns in Europe 

Ecogeographic isolation, i.e. the combined role of ecology and geography as a 
reproductive barrier, is recognized as an important factor in plant speciation (Sobel et al., 
2010). Polyploid taxa can have wider ecological amplitudes in comparison with their diploid 
counterparts, and this may result in distinct eco-geographic patterns (Ehrendorfer, 1962a, 
1980; Weiss-Schneeweiss et al., 2013). Broader niches and/or wider distributions of 
polyploids were indeed observed in several taxonomic groups, e.g., Claytonia perfoliata 
(McIntyre, 2012) and Biscutella laevigata (Tremetsberger et al., 2002; Parisod & Besnard, 
2007). In Europe, a typical eco-geographical pattern linked with polyploidy involves spatially 
restricted diploids growing in less-competitive stands (often interpreted as (post)glacial 
refugia) and their widespread polyploid derivatives occupying more competitively demanding 
and/or man-disturbed habitats (e.g., Knautia sect. Trichera, Achillea millefolium agg., Galium 
sect. Leptogalium, (Ehrendorfer, 1962a, 1980; Ehrendorfer & Guo, 2006). Nevertheless, the 
generality of wider and/or shifted niches of polyploids has recently been questioned by a 
multi-species survey that took climatic data into account (Glennon et al., 2014). New case 
studies integrating various ecological, distributional, cytological and genetic data from 
polyploid complexes are thus needed to assess whether wider amplitudes of polyploids are a 
matter of chance or causal relationships possibly restricted only to certain geographic areas, 
environmental factors, and/or phylogenetic lineages. 

Even if there is no consistent trend in geographic patterns, individual cases of di-
polyploid systems frequently show geographical and/or ecological differentiation at coarse 
(e.g., Halverson et al., 2008; Duchoslav et al., 2010; McIntyre, 2012) as well as at local 
(Baack, 2004; Schönswetter et al., 2007) spatial scales. For example, tetraploid Centaurea 
stoebe shows a shift towards drier climates compared to diploids (Treier et al., 2009), diploids 
of Senecio carniolicus occur in more open and exposed habitats, whereas polyploids inhabit 
denser vegetation (Sonnleitner et al., 2010), and the distribution of diploid and tetraploid races 
of Brachypodium distachyon is geographically structured according to the aridity gradient 
(Manzaneda et al., 2012). The frequent occurrence of ecogeographic divergence is also in line 
with modelling results (Rodriguez, 1996; Oswald & Nuismer, 2011) showing that niche 
differentiation is an important way of avoiding the minority cytotype exclusion, i.e. the 
frequency-dependent selection against the rarer cytotype (newly emerging polyploid) in a di-
polyploid population due to unsuccessful pollination by much more common diploids (Levin, 
1975; Suda & Herben, 2013).  

Eco-geographically differentiated di-polyploid plant complexes are well known from 
various parts of Europe (e.g., Ehrendorfer & Guo, 2006; Sonnleitner et al., 2010; Koutecký et 
al., 2012). Published studies addressing cytogeographic patterns and underlying mechanisms, 
however, usually dealt with species of semi-ruderal habitats such as Allium oleraceum 
(Šafářová & Duchoslav, 2010; Duchoslav et al., 2010; Šafářová et al., 2011), Pilosella 
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officinarum (Mráz et al., 2008); Spergularia echinosperma (Kúr et al., 2012), Vicia cracca 
(Trávníček et al., 2010) or non-relict natural sites such as Aster amellus (Mandáková & 
Münzbergová, 2006; Castro et al., 2012), Molinia caerulea agg. (Dančák et al., 2012). In 
contrast, species restricted to isolated relict sites, i.e., low-competition habitats with species 
assemblages usually persisting from the early Holocene, have been largely neglected (but see 
Suda & Lysák, 2001; Suda et al., 2004 for examples of peat bog species). Due to their 
supposed closer association with environmental conditions, insular-like distribution and 
longer-time isolation of individual populations, relict species with multiple cytotypes can 
provide novel insights into the structure and dynamics of contact zones of different cytotype. 
 
 
A.3 Links between edaphic differentiation and polyploidy 
Despite the ever-growing knowledge of individual processes of edaphic and polyploid 
evolution, virtually no information is available on how these processes act in concert. In 
general, specific substrate conditions may be viewed as an environmental trigger that can 
catalyze any evolutionary process (Kruckeberg, 1986). Theoretically, the following two 
scenarios how edaphic differentiation might interact with polyploidy, can be invoked 
(Kruckeberg, 1986, 1991; Macnair & Gardner, 1998, Fig 1):  

(1) Selection and sympatric speciation. Peculiar edaphic conditions could act as a strong 
selective agens ‘picking’ tolerant genotypes out of mainly non-tolerant colonizing gene pools. 
This disruptive-selection often results in ecotypic differentiation (e.g., Kruckeberg, 1951, 
1967; Rajakaruna et al., 2003). If reproductive barriers are achieved, the process could 
proceed to sympatric in situ formation of edaphic endemics (documented, e.g., in many 
serpentine specialists; Kruckeberg, 1986; Macnair & Gardner, 1998; Rajakaruna, 2004). 
Importantly, the challenging abiotic conditions of edaphically extreme habitats may support 
their colonization by presumably more plastic polyploids. In addition, reproductive barriers 
achieved by polyploidy (Husband & Sabara, 2004) may support a sympatric divergence of 
edaphic specialist from surrounding non-specialized populations. Both scenarios thus should 
lead to the prevalence of polyploids on specific substrates.  

(2) Isolation and allopatric differentiation. The exclusion of many non-tolerant species 
from the edaphically specific sites makes such localities the islands of low-competitive 
conditions where competitively weak species can survive, given they possess a standing 
variation for edaphic tolerance and/or rapidly evolve novel adaptations by means of selection. 
In case of a strong environmental change (such as the advent of highly competitive forest 
communities in Europe during the Holocene), the non-tolerant populations of such species can 
become locally extinct. The relicts surviving in island-like edaphic refugia can then 
allopatrically differentiate into a separate taxon or taxa (Novák 1960; Mayer & Soltis, 1994). 
This means that a low competitive environment of extreme edaphic outcrops may enable relict 
survival of competitively weaker lineages such as diploids or lower polyploids, and these 
cytotypes would therefore prevail in the edaphic refugia. 
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Fig. 1. Two theoretical extreme scenarios for polyploid and edaphic differentiation that may 
lead to the origin of edaphic endemics (circles = diploid populations, squares = polyploid 
populations, hatched ovals = edaphically extreme site, different shades of symbols mark 
genetically distinct groups). 1: Colonization of serpentine site by polyploids (either directly 
coupled with polyploidization, 1a, or following polyploidization, 1b), and subsequent 
sympatric speciation through ecological (1c) or both ecological and cytological barriers (1b). 
2: Colonization of serpentine sites (2a), restriction of a weaker competitor (diploid) to the 
edaphic refugium due to vegetation changes (2b) followed by allopatric differentiation (2b) 
and spread of polyploids to more competitive environments (2c). 
 
The presence of several gene copies within a polyploid genome is considered to be a possible 
key factor that widens the ecological niche of a polyploid and enhances its expansion to new 
environments (Ramsey & Schemske, 2002; Ramsey et al., 2008; Parisod et al., 2010). On the 
other hand, it could be the diploid ancestor that survives in extreme environments such as 
rocky outcrops, xeric habitats or serpentines, where it finds suitable low-competitive 
conditions (Ehrendorfer, 1980). Surprisingly, despite the widely-known consequences of 
polyploidy for various ecological and life-history traits, no study has addressed associations 
between polyploidy and edaphic tolerance using both genetic and ecological methods. To 
date, the relationships between evolution of serpentinophytes and karyological variation have 
been investigated in a few local studies involving either diploid (Coulaud et al., 1999) or 
polyploid (Krahulcová & Štěpánková, 1998) plant groups, and the results showed no clear 
pattern concerning the distribution of cytological variation and/or serpentine preferences. The 
calcicole-calcifuge differentiation in ploidy-variable plant groups has been occasionally 
reported (e.g., several cases in the British flora; Tansley, 1917, Haskell, 1951), however, any 
general conclusions would still be premature. In Arabidopis lyrata, tetraploid cytotype was 
able to escape from limestone/dolomite refugia occupied by its diploid progenitor towards 
siliceous substrates but the role of polyploidy remain unclear due to a hybrid origin of the 
polyploid (Schmickl & Koch, 2011).  
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It should be noted that correct evolutionary interpretations of ecological patterns require 
good knowledge of genetic relationships among ecotypes and cytotypes. Inter-cytotype 
differences in ecological traits may not only be an effect of polyploidization per se and/or 
subsequent selection but can also simply reflect different evolutionary histories of the 
cytotypes under investigation (Ramsey & Schemske, 1998; Levin, 2002). Unfortunately, the 
genetic background has often been neglected in experimental studies dealing with ecological 
differences within polyploid complexes (but see, e.g., Ramsey, 2011; Mráz et al., 2012). In 
addition, the majority of ‘textbook examples’ of polyploid speciation, including those used in 
ecological studies of polyploidy, are of an allopolyploid origin, thus confounding the effects 
of polyploidy and hybridization (e.g. in genera Tragopogon: Soltis et al., 2004; Galeopsis: 
Bendiksby et al., 2011; Triticum: Matsuoka, 2011; Cardamine: Mandáková et al., 2013).
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A.4 Objectives and selected plant systems 
The main goal of the thesis is to examine potential association between preferences for 
specific substrates and polyploidy in plants. Using the three model groups native to central 
and northern Europe, I addressed the following objectives: 

• What are the principal factors determining the genetic structure of the investigated 
plant groups (ploidy level, edaphic preferences or both)? 

• Did the edaphically specific island-like sites serve as refugia preserving the diversity 
after the spread of high-competitive communities in the Holocene? Are there any 
cytotype(s) or genetic lineage(s) restricted to these habitats? Do diploids prevail in 
relict sites? 

• How does the island-like distribution of the specific substrates translate into the 
genetic structure of the plants? Did processes such as allopatric differentiation or long-
distance dispersal left genetic footprints in in situ local populations or, alternatively, 
do the populations preserve traces of older processes pre-dating their isolation? 

• Is serpentine tolerance a constitutive trait shared by all populations / lineages within 
the species or did the serpentine populations evolve specific adaptive tolerance? If the 
second applies, are polyploids more successful in acquiring the tolerance? 

In order to answer the above described goals, I have selected three European species/groups 
of closely related species that (i) involved diploid and closely related polyploid lineages, and 
(ii) occurred on specific substrates (serpentine, calcicolous vs. silicicolous differentiation). 
Basic information on the three plant systems are summarized in Table 1, and additional 
information is provided below. 
 
Table 1 Details on the three plant systems investigated in the thesis 
 

Study group Case 
studies Species involved Ploidy 

levels 

Principal 
edaphic 

gradients 

Sampling 
area 

Laboratory 
approaches 

Ecological 
approaches

Knautia 
arvensis group 
(Caprifoliaceae
) 

I, II K. arvensis (L.) Coulter 
K. kitaibelii (Schult.) 

Borbás 
K. slovaca Štěpánek 

2x, 4x 
(3x) 

serpentine 
outcrops vs. 
neutral soils 

(rarely limestone 
outcrops) 

central 
Europe 

flow 
cytometry, 

plastid DNA 
sequencing, 

AFLP 

habitat 
description, 
hydroponic 
experiment 

Galium 
pusillum 
group 
(Rubiaceae) 

III, IV, 
V 

G. anisophyllon Vill. 
G. austriacum Jacq. 

G. cracoviense Ehrend. 
G. fleurotii Jordan 
G. normanii Dahl 

G. oelandicum (Sterner 
et Hylander) Ehrend. 
G. sterneri Ehrend. 

G. sudeticum Tausch 
G. suecicum (Sterner) 

Ehrend. 
G. valdepilosum H. 

Braun 

2x, 4x 
(6x, 8x)

calcareous vs. 
siliceous soils (in 

c. Europe also 
serpentine) 

central 
and 

northern 
Europe 

flow 
cytometry, 
plastid and 

nuclear low-
copy DNA 
sequencing, 

AFLP 

vegetation 
samples, 

soil 
analyses, 

hydroponic 
experiment 

Potentilla 
crantzii 
(Rosaceae) 

VI Potentilla crantzii 
(Crantz) Beck ex Fritsch 

4x, 6x, 
(5x, 7x, 

8x) 

serpentine 
(lowlands) vs. 

calcareous 
(alpine) or 

various (Arctic) 
soils 

Europe flow 
cytometry, 

plastid DNA 
sequencing, 

AFLP 

habitat 
description 
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Knautia arvensis group 
A common largely outcrossing herb Knautia arvensis (L.) Coulter (Caprifoliaceae) and its 
closest relatives constitute an intricate diploid-tetraploid complex exhibiting serpentine vs. 
non-serpentine habitat differentiation in central Europe (Ehrendorfer, 1962a, 1962b). 
Polyploidy, allopatric speciation and frequent homoploid hybridization are considered the 
major evolutionary forces shaping the diversity of the complex; their interactive effects 
resulted in ambiguous species delimitation and fairly provisional taxonomic concepts 
(Ehrendorfer, 1962b; Breton-Sintés 1974). There are two to three species of the K. arvensis 
agg. native to central Europe that show a distinct pattern of geographic, karyological and 
edaphic differentiation. In addition to the West Carpathian endemic tetraploid K. kitaibelii 
(Schult.) Borbás, the widespread K. arvensis (L.) Coult. s.str. splits into two largely parapatric 
cytotypes: diploid (2n = 2x = 20) occurring mainly in the southeastern part of central Europe, 
and tetraploid (2n = 4x = 40) occupying the northwestern half of the region. These two 
cytotypes are morphologically similar and prefer semiruderal mesophilous grasslands 
influenced by man (Štěpánek, 1997; Kolář et al., 2009). In addition, few spatially isolated 
diploid populations resembling K. arvensis s.l. have been detected in markedly different 
habitats such as open pine forests on serpentine outcrops and subalpine grasslands in a glacial 
cirque (Štěpánek, 1982, 1989; Kaplan, 1998). Moreover, similar relict habitats are preferred 
by K. slovaca Štěpánek, another diploid taxon endemic to central Slovakia, with unresolved 
taxonomic position that was formerly not distinguished from K. arvensis s.str. (Štěpánek, 
1983). Importantly, recent AFLP-based revision of all Knautia diploids showed distinct 
phylogenetic position of semi-ruderal and relict lineages (Rešetnik et al., 2014). Finally, 
tetraploids occur in one serpentine area (in the Slavkovský les Mts.), forming both ploidy-
uniform populations and diploid – tetraploid mixtures. Independent in situ 
autopolyploidization from local relict diploids has been suggested based on similarities in 
morphology and ecological preferences (Kaplan, 1998), identical monoploid genome size, and 
frequent co-occurrence of both cytotypes (Kolář et al., 2009).  
 
Specific objectives 

• Do the two diploid groups with distinct habitat preferences in central Europe (i.e., relict 
and non-relict diploids) also represent separate genetic lineages? Is there any finer genetic 
structuring, e.g., according to geography and/or occupied habitat?  

• Did the serpentine tetraploids originate by recurrent in situ (auto)polyploidization events 
or by colonization of serpentine sites by originally non-serpentine tetraploids? Is there an 
indication of hybridization across the borders of the serpentine area? 

• Do K. arvensis populations of different origin (serpentine / non-serpentine) exhibit similar 
response to serpentine stress or do the populations native to serpentine stands exhibit 
higher levels of tolerance? Is there any difference between diploid and tetraploid plants? 

 
Galium pusillum group 
Diploid-polyploid complex of Galium pusillum L. (Rubiaceae) is a sexual allogamous 
aggregate encompassing approx. 27 species (exact number depending on a particular 
taxonomic treatment) that are distributed from the Iberian and Balkan peninsulas to Iceland 
(Ehrendorfer, 1960; Ehrendorfer et al., 1976). About ten species at diploid (2n = 2x = 22) 
and/or tetraploid (2n = 4x = 44) levels are recognized in central and northern Europe, four of 
which are considered endemic to deglaciated parts of northern Europe (Sterner, 1944; 
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Goodway, 1957; Ehrendorfer, 1960, 1962a). The investigated taxa exhibit an intriguing 
disjunct distribution in northern Europe, consisting of several isolated areas scattered over 
Denmark, southern Sweden, southern and central Norway, the United Kingdom, Ireland, and 
Iceland. Importantly, the aggregate is known to span a broad ecological amplitude in this area, 
inhabiting thermophilous lime-rich vegetation, sand dunes, open forests, and arctic vegetation 
(Sterner, 1944). These pieces of evidence indicate that the G. pusillum agg. is a unique 
system, which shows a striking taxonomic, ecological and karyological diversity throughout 
the deglaciated parts of northern Europe. 
 
Specific objectives 

• What is the pattern of ploidy distribution in deglaciated parts of northern Europe and how 
it compares with ploidy variation in surrounding geographic areas (particularly in central 
Europe)? 

• How strong is the niche differentiation between different species and/or cytotypes? What 
are the principal ecological gradients along which different Galium cytotypes and genetic 
lineages are sorted? 

• Is the high diversity of populations from formerly glaciated northern Europe also reflected 
in genetic data and/or genome size? Are the disjunct northern European diploid and 
tetraploid populations only spatially isolated outposts of their central European 
counterparts or do they represent distinct units reflecting independent immigration and/or 
recent postglacial divergence? 

• What is the origin of tetraploids from formerly glaciated northern Europe? Are they 
(postglacial) derivatives of their northern diploid counterparts, distinct lineage(s) related 
to southern tetraploids or were both gene pools involved in their origin? 

• Are there any ploidy-specific differences in growth response of G. valdepilosumi (i.e., a 
species that frequently grows on and off serpentine) to serpentine chemical stress? 

 
Potentilla crantzii 

Potentilla crantzii (Crantz) Beck ex Fritsch is an arctic-alpine species widely 
distributed in the alpine zone of Eurasian mountains and in the Arctic (Soják, 1960). It 
exhibits a conspicuous ploidy variation (e.g., Müntzing, 1958; Skalinska & Czapik, 1958), 
with hexaploids (2n = 6x = 42) dominating in Scandinavia and Scotland, and tetraploids (2n = 
4x = 28) in central Europe. Ploidy variation appears to be accompanied by differentiation in 
reproductive mode: pseudogamous apomixis (i.e., asexuality requiring pollination to initiate 
seed formation) seems to prevail in hexaploids from northern Europe (Müntzing, 1958; Smith, 
1963) whereas tetraploids from the Carpathians reproduce sexually (Czapik, 1961). Besides 
the large disjunct arctic-alpine area, two geographically isolated local occurrences have been 
reported in lowland serpentine localities of the Czech Republic and Austria (Neumayer, 1930; 
Soják, 1960). In contrast to alpine-arctic populations (inhabiting alpine grasslands and/or open 
tundra), these populations grow in the understory of open pine forests together with numerous 
putatively glacial/early Holocene relict plant species. Based on the ecological distinctness and 
peculiar morphological traits, these serpentine populations were distinguished as a separate 
taxon, Potentilla crantzii subsp. serpentini (Borbás) Jávorka (Soják, 1960, 1995). 
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Specific objectives 

• Is the arctic-alpine disjunction in the European part of the distribution area also mirrored 
by genetic, cytological and/or reproductive differences among the populations? 

• What are the relationships between lowland serpentine populations? Do they represent a 
distinct lineage as suggested by traditional taxonomy or rather cluster geographically? 

• Does the isolated Czech serpentine population situated in the former periglacial zone 
harbour a specific diversity, possibly being a remnant of the past periglacial lineage? 

 
Methods 
To achieve the main goals of the study, application of several different methods, including 
observational and experimental ecology, flow cytometry, karyology, and various molecular 
analyses, was necessary. All studies are based on a thorough field sampling and in situ 
recording of ecological parameters (including floristic composition and soil samples). Large-
scale (usually involving several thousands of individuals) flow cytometric screening of DNA 
ploidy level and nuclear genome size followed in order to get a close insight into the 
cytological variation. Patterns of genetic variation were assessed in a representative subset of 
populations covering the ploidy and ecological diversity using both DNA sequences (plastid 
and nuclear low-copy markers) and restriction-based multilocus genetic markers (AFLP). 
Finally, growth response of selected populations of different soil origin (serpentine and non-
serpentine) was assessed in hydroponic cultivation experiments. 
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A.5 Key results and conclusions 
The case studies, included below, are referred to by corresponding Roman numerals in the 
following text. 
 
Ploidy level represented the major determinant of genetic structure in all three investigated 
plant systems. Nevertheless, the separation according to ploidy levels was not complete as 
indices for recurrent polyploidization and intra-ploidy allopatric differentiation were detected 
in Knautia and Galium, respectively (CS I, IV). In Potentilla, the role of polyploidy in 
shaping the genetic structure was confounded by the fact that the higher (hexaploid) cytotype 
was geographically isolated and reproduced by apomixis (CS VI). The role of ecological 
gradients in determining genetic structure was less straightforward and several geographically 
distinct but ecologically diverse plant lineages were found in all three systems. In both 
Galium and Potentilla no genetic group confined to serpentine soils was identified. 
Significant correlation between genetic distances and soil basicity gradient was detected in 
Galium, particularly in central European populations (CS IV). The calcicolous substrates, 
however, had rather minor influence on the genetic differentiation and preserved mainly local 
eco-geographically specific diploid lineages (e.g., narrow endemics Galium cracoviense and 
G. oelandicum, in addition to a more widespread lineage involving diploid G. anisophyllon + 
G. austriacum; CS IV). In contrast, specific substrates well corresponded with the genetic 
structure in Knautia, revealing a distinct serpentine (+ partly also limestone) lineage (CS I). In 
all three plant systems, the relict serpentine and limestone populations were dominated by 
diploids (Knautia, Galium) or lower polyploids (Potentilla), and preserved considerable levels 
of genetic diversity that were comparable to those detected in populations from continuous 
parts of the species’ range. 

The observed distinctness of certain ecologically specialized lineages and/or genetically 
diverse populations most probably stemmed from their long-term survival in spatially isolated 
refugia. In two study systems, serpentines were identified to be important refugia preserving 
considerable plant diversity. In Knautia, a distinct diploid lineage (putative cryptic species), 
was revealed at several serpentine sites throughout central Europe in addition to one subalpine 
limestone outcrop (CS I). The highly isolated but genetically diverse lowland serpentine 
population of the otherwise arctic-alpine Potentilla crantzii probably preserved diversity of 
former periglacial populations (CS VI). On the contrary, serpentines seem to have played 
rather marginal role in the evolutionary history of the Galium pusillum complex, merely 
providing local Holocene refugia with open vegetation. Serpentine stands in central Europe 
were often occupied by G. valdepilosum, however, both cytotypes of this species also 
frequently occurred in several other low-competitive habitats on different soils in the 
surroundings (CS V). Limestone outcrops served as additional refugia for Knautia and 
Galium. In both cases they hosted genetically more-or-less distinct and diverse diploid 
populations or lineages (Knautia slovaca, K. arvensis subsp. pseudolongifolia, Galium 
cracoviense, G. oelandicum, G. sterneri, and diploid G. anisophyllon + G. austriacum; CS I, 
III). On the other hand, polyploids were also quite frequent at calcareous sites (in all three 
investigated complexes), and in one case (G. valdepilosum) it was only the tetraploid cytotype 
that was capable of colonizing the calcareous stands (though in this case the calcareous stands 
were also the most competitive ones; CS V). In all cases the genetic data together with 
ecological preferences and distribution patterns suggest glacial and/or early Holocene origin 
of the edaphically restricted populations, confirming the importance of edaphically unique 
habitats (“open islands”) for survival of low-competitive plant lineages. 

The patterns of response to the principal chemical factors of serpentine stress (low 
Ca/Mg ratio and high levels of toxic nickel) differed between the two investigated groups. In 
Galium valdepilosum, tolerance to serpentine chemical stress seems to be a constitutive trait 
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shared by both serpentine and non-serpentine populations, suggesting that a standing variation 
for serpentine tolerance exist within this species. Interestingly, the presumably easy 
colonization of serpentine stands by G. valdepilosum is reflected in the high number of 
spatially isolated serpentine localities inhabited by this species (virtually all medium to large 
serpentine stands in the Hercynian massif; CS V). In contrast, marked differences between 
serpentine and non-serpentine populations were observed in the Knautia arvensis group, with 
the former exhibiting significantly better growth under low Ca/Mg and high Ni (CS II). 
Neither in Galium nor in Knautia the polyploids exhibited significantly different levels of 
serpentine tolerance (the response of diploid and tetraploid populations to serpentine stress 
was very similar), thus rejecting the hypothesis of better potential of polyploids for acquiring 
the tolerance. Instead, the patterns of tolerance were mainly determined by genetic 
background and evolutionary history of the populations. In Knautia similar response of 
diploid and tetraploid serpentine populations well corresponded to their genetic proximity (CS 
I, II). This suggests that serpentine tolerance might have been transmitted during the local 
autopolyploidization event on the serpentine island. 

Importantly, the Knautia case study well illustrates that edaphic relicts are not 
evolutionary dead-ends but still have the potential to differentiate and can even influence 
surrounding populations. The lineages could further evolve not only at the homoploid level 
(e.g., by means of allopatric differentiation), but also via independent genome duplication. 
The recurrently formed polyploids seemed to be able to escape beyond the border of their 
original edaphically-conditioned refugium by means of hybridization with surrounding 
widespread genotypes (CS I). In contrast, the spatially isolated lineages in Galium and 
Potentilla did not exhibit strong indices of differentiation or incipient speciation despite they 
still preserve substantial genetic diversity. Instead, we identified traces of past evolutionary 
events in some relict populations that possibly pre-dated their restriction into edaphic refugia 
during the early Holocene. Specifically, considerable genetic admixture detected in 
populations that persisted in former periglacial areas suggested past contacts and 
hybridization between currently spatially isolated lineages of northern vs. central Europe (CS 
IV, VI).  

Collectively, the disjunct distribution together with strong selectivity of specific edaphic 
environments had a profound effect on the diversity of investigated plant species. The specific 
substrates can serve as refugia preserving cryptic diversity, usually at diploid or low-polyploid 
levels. Nevertheless, these edaphic refugia also harbour plant lineages having a potential to 
influence surrounding areas, e.g. through independent polyploidization followed by their 
escape from the edaphic island. The isolated populations from edaphically distinct sites 
therefore preserve unique information about the past history of the area, and as such deserve 
high attention of plant conservation authorities. 
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Case study I. 

 
Bringing together evolution on serpentine and polyploidy: spatiotemporal 

history of the diploid-tetraploid complex of Knautia arvensis (Dipsacaceae) 
 

Filip Kolář, Tomáš Fér, Milan Štech, Pavel Trávníček, Eva Dušková, Peter 
Schönswetter & Jan Suda 

 
 

 
 

Diploid serpentine Knautia from Dolnokralovické hadce – a member of a distinct cryptic lineage 
confined to a few serpentine and one subalpine site in Central Europe 

 
 
This study describes the interplay of various evolutionary processes (isolation in Holocene refugia, 
repeated colonization by distinct lineages, hybridization, and recurrent polyploidization) that took part 
in diversification of the variable di-tetraploid complex of Knautia arvensis in Central Europe. 
Serpentines have played a key role in the evolutionary scenario by providing a refugium for a 
particular diploid lineage, which further evolved both at homoploid level by means of allopatric 
differentiation and via independent genome duplication. The recurrently formed polyploids seem to be 
able to escape from their original refugia, indicating that the serpentine relicts are not evolutionary 
dead-ends but still have the potential to shape the surrounding flora. 
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Abstract

Polyploidization is one of the leading forces in the evolution of land plants, providing opportunities for instant speciation
and rapid gain of evolutionary novelties. Highly selective conditions of serpentine environments act as an important
evolutionary trigger that can be involved in various speciation processes. Whereas the significance of both edaphic
speciation on serpentine and polyploidy is widely acknowledged in plant evolution, the links between polyploid evolution
and serpentine differentiation have not yet been examined. To fill this gap, we investigated the evolutionary history of the
perennial herb Knautia arvensis (Dipsacaceae), a diploid-tetraploid complex that exhibits an intriguing pattern of eco-
geographic differentiation. Using plastid DNA sequencing and AFLP genotyping of 336 previously cytotyped individuals
from 40 populations from central Europe, we unravelled the patterns of genetic variation among the cytotypes and the
edaphic types. Diploids showed the highest levels of genetic differentiation, likely as a result of long term persistence of
several lineages in ecologically distinct refugia and/or independent immigration. Recurrent polyploidization, recorded in
one serpentine island, seems to have opened new possibilities for the local serpentine genotype. Unlike diploids, the
serpentine tetraploids were able to escape from the serpentine refugium and spread further; this was also attributable to
hybridization with the neighbouring non-serpentine tetraploid lineages. The spatiotemporal history of K. arvensis allows
tracing the interplay of polyploid evolution and ecological divergence on serpentine, resulting in a complex evolutionary
pattern. Isolated serpentine outcrops can act as evolutionary capacitors, preserving distinct karyological and genetic
diversity. The serpentine lineages, however, may not represent evolutionary ‘dead-ends’ but rather dynamic systems with
a potential to further influence the surrounding populations, e.g., via independent polyplodization and hybridization. The
complex eco-geographical pattern together with the incidence of both primary and secondary diploid-tetraploid contact
zones makes K. arvensis a unique system for addressing general questions of polyploid research.
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Introduction

Serpentine soils, characterized by specific chemical (i.e., low

Ca/Mg ratio, high heavy metal content, low nutrient availability)

and physical (e.g., drought) properties, strongly influence the plant

life that grows on them [1,2]. Although serpentines cover only 1%

of dry land surface [3], they are nearly ubiquitous. The worldwide

occurrence of serpentine-specific plant endemism highlights the

global significance of serpentines in creating and preserving plant

diversity. For example, more than 10% of the endemic Californian

flora is restricted to serpentines, although serpentine soils make up

less than 1% of the state’s surface [4].

From an evolutionary point of view, serpentine-rich areas

represent ‘natural laboratories’, allowing researchers to address

various evolutionary questions of general significance [1]. The

unique features of serpentine soils can shape plant evolution in two

main ways [5–7]. Firstly, they can act as a selective factor, picking

tolerant genotypes out of mainly non-tolerant gene pools of

potential colonizers. Such disruptive selection may result in

ecotypic differentiation [8–10] and, provided that reproductive

isolation is achieved, it may lead to sympatric or parapatric

speciation of serpentine endemics on the border of serpentine area

[5,7,11]. Secondly, the exclusion of many non-tolerant species

from serpentine sites makes the localities a ‘light island’, where

competitively weak but tolerant species can thrive. During

dramatic environmental changes such as the climate fluctuations

during the Holocene, non-serpentine populations may become

regionally extinct due to massive vegetation shifts such as the

postglacial reforestation. The surviving relict serpentine popula-

tions could then differentiate by means of allopatric speciation into
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separate taxa [12,13]. Considering the island-like distribution of

serpentine outcrops [4,6], the spatially isolated populations of

a serpentinophyte can ultimately give rise to several local endemics

[14]. The evolutionary history becomes even more complicated if

the serpentine populations come into secondary contact with their

non-serpentine counterparts (e.g., after the progenitor’s re-in-

vasion) and hybridize [15].

Serpentines may be viewed as an environmental trigger that can

catalyze any evolutionary process [5]. Polyploidy (genome

duplication), as a ubiquitous phenomenon in plants [16,17], is

generally acknowledged as a leading force in plant sympatric

speciation [18]. Amongst other, polyploid taxa can have wider

ecological amplitudes in comparison with their diploid counter-

parts, and this may result in distinct eco-geographic patterns [19–

22]. Autopolyploids, i.e., polyploids with all sets of chromosomes

derived from the same species, are particularly useful for studying

ecological consequences of genome duplication because (i) di- and

polyploid cytotypes are genetically very similar, and (ii) recurrent

origins of autopolyploids may give rise to several lineages evolving

under different selective pressures [23–25]. Despite the wide range

of knowledge documented on the individual processes of

serpentine and polyploid evolution, virtually no information is

available on how these processes act in concert. Two scenarios,

how serpentine differentiation interacts with polyploidy, can be

invoked: (i) challenging abiotic conditions of serpentine habitats

might support their colonization by more plastic polyploids, and

(ii) low competitive environment of serpentine outcrops might

enable relict survival of diploid lineages. To date, however, the

relationships between evolution of serpentinophytes and karyo-

logical variation have been studied in a few diploid [26] or

polyploid [27] plant groups and the results showed no clear

patterns in the distribution of cytological variation and/or

serpentine preferences.

The common European herb Knautia arvensis (Dipsacaceae) and

its closest relatives constitute an intricate diploid-tetraploid

complex exhibiting a distinct serpentine vs. non-serpentine habitat

differentiation pattern in central Europe [19,28,29] and therefore

provide an ideal system for investigations of the concerted action

of genome duplication and a serpentine syndrome in plant

evolution. Polyploidy, allopatric differentiation, and frequent

homoploid hybridization are considered the major forces in the

evolution of the complex; their interactive effects resulted in

ambiguous species delimitation and fairly provisional taxonomic

concepts [28,30]. In contrast to frequent homoploid hybridization,

strong reproductive barriers exist between 26 and 46 Knautia

plants as indicated by the lack of triploid hybrids in sites with

cytotype mixtures [31] and both tri- and tetraploid hybrids in

artificial crossing experiments [28,30,32].

There are two to three species of K. arvensis agg. in central

Europe, which show a distinct pattern of geographic, karyological

and edaphic differentiation (Fig. 1). In addition to the West

Carpathian endemic tetraploid taxon K. kitaibelii (Schult.) Borbás,

the widespread K. arvensis (L.) Coult. s.str. falls into two mostly

parapatric cytotypes: diploids (2n = 26= 20) occurring mainly in

the southeastern part of central Europe, and tetraploids

(2n = 46= 40) occupying the northwestern half of the region.

These two cytotypes are morphologically very similar and both

prefer semiruderal mesophilous grasslands influenced by man

[33]. In addition, several spatially isolated diploid populations of K.

arvensis s.str. have been detected in markedly different habitats such

as open pine forests on serpentine outcrops and subalpine

grasslands in a glacial cirque [34–36] (Fig. 1). Open pine forests

and subalpine communities of central Europe are regarded as

classical examples of relict stands (i.e., supporting vegetation

similar to that in the early Holocene [37]) that preserve significant

plant diversity by providing an environment with low competitive

pressure [13,38,39]. Moreover, similar relict habitats are preferred

by K. slovaca Štěpánek, a diploid endemic taxon of central Slovakia

with an unresolved taxonomic position, which was formerly not

distinguished from K. arvensis s.str. [40] (Fig. 1). Interestingly, K.

arvensis populations from relict stands and K. slovaca share identical

genome size, significantly different from widespread semiruderal

K. arvensis diploids [31]. For the sake of simplicity the two diploid

groups with distinct genome size and habitat preferences will be

termed ‘relict’ and ‘non-relict’ diploids hereafter. Finally, a serpen-

tine tetraploid cytotype occurs in one serpentine area (the

Slavkovský les Mts.; see inset in Fig. 1), forming both ploidy-

uniform populations and diploid-tetraploid cytotype mixtures.

Independent in situ autopolyploidization from local relict diploids

has been suggested based on very similar morphology and

ecological preferences [34], identical monoploid genome size,

and co-occurrence of both cytotypes in several populations [31].

We employed two molecular markers that provide complemen-

tary information (AFLPs and plastid DNA sequences) to elucidate

the evolutionary connection between evolution on serpentine and

polyploidization in 40 populations of the K. arvensis agg. from

Central Europe. This geographic restriction is justified by

preliminary sequence and AFLP data (I. Rešetnik, P. Schönswetter

& B. Frajman, unpubl.) suggesting that all the relict diploid central

European populations of K. arvensis are genetically divergent from

those elsewhere, e.g. on the Balkan Peninsula. Here, we addressed

the following questions: (1) What are the genetic relationships

among the species, cytotypes, genome size groups, and edaphic

types within central Europe? (2) Is there any genetic differentiation

at the diploid level? Do the two diploid groups with distinct

genome sizes and divergent habitat preferences (i.e., relict and

non-relict diploids) also represent separate genetic lineages? If so, is

there any further genetic sub-structuring, e.g., according to

geography and/or occupied habitat? (3) Did the serpentine

tetraploids originate by recurrent (auto)polyploidization or by

colonization of serpentine sites by non-serpentine tetraploids? (4)

What are the relationships among serpentine and surrounding

non-serpentine tetraploids? Is there indication of hybridization

across the borders of serpentine areas?

Materials and Methods

Field Sampling
Plant materials were sampled from 2005 to 2008 in the Czech

Republic, Slovakia, Hungary, Austria, Germany, and Ukraine.

Because our study aimed at elucidating the evolutionary history of

the complex in central Europe, with a particular attention to

serpentine populations, the sampling scheme has been adapted to

this purpose. Specifically, 34 populations of K. arvensis s.s., two

populations of both K. kitaibelii and K. slovaca, and two populations

of the introgressive hybrid of K. arvensis s.s. and K. kitaibelii

(determined by morphology according to ref. [33]) were in-

vestigated. The resulting set of 40 populations covered the entire

taxonomic, morphological and karyological diversity of K. arvensis

agg. in central Europe. More intense sampling was performed in

a serpentine ‘archipelago’ of the Slakovský les Mts. (western

Bohemia), where large ecological and ploidy variation (including

mixed-ploidy populations) was detected in our previous study [31].

Diploid and tetraploid subpopulations at two mixed-ploidy sites

from this area (P04+ P20 and P05+ P21; see Table 1) were treated

as separate populations in all analyses, considering strong inter-

ploidy reproductive barriers [30–32]. At each locality information

on the habitat type was gathered, accompanied by data from

Polyploidy and Edaphic Evolution in K. arvensis

42



geological maps (scale 1:25000; www.geology.cz) and vegetation

surveys (e.g., ref. [41]); the status of serpentine sites has been also

confirmed by soil analyses (R. Sudová et al., unpubl.). Leaves from

approximately ten plants per population were collected and

quickly desiccated in silica gel; to avoid collecting same genets, the

distance between sampled individuals was at least 1 m. For each

individual, flow cytometric results gained in our previous study

[31] were available. The species under investigation is neither

endangered nor protected and no specific permits were required to

collect the plant samples at studied sites. Locality details, ploidy

levels, genome size groups, and numbers of analyzed plants are

summarized in Table 1. Vouchers have been deposited in the

herbarium of the Faculty of Science, University of South Bohemia,

České Budějovice (CBFS).

AFLP Amplification and Scoring
Total genomic DNA was extracted using the Invisorb Spin

Plant Mini Kit (Invitek) following the manufacturer’s instructions.

In total, 336 individuals from 40 populations were analyzed for

AFLPs using the AFLP Core Reagent Kit I (Invitrogen) and AFLP

Pre-Amp Primer Mix I (Invitrogen). Restriction, ligation and pre-

amplification followed Rejzková et al. [42], but with the restriction

phase extended to five hours. Selective amplification was

performed using 2.3 mL of 10 times diluted pre-amplification

product as a template, 1 mL of 106 buffer for Ampli Taq Gold

(Applied Biosystems), 0.2 mM dNTPs (Fermentas), 0.05 mM of

EcoRI-selective fluorescence-labelled primer (Applied Biosystems),

0.25 mM of MseI-selective primer (Applied Biosystems), 0.5 U of

Ampli Taq Gold (Applied Biosystems), 0.5 mL of 1.25 mM MgCl2
(Applied Biosystems) and 4.7 mL of ddH2O (total volume 9.8 mL).

Three primer combinations were used for selective amplification:

EcoRI-ACA (6-FAM labelled) + MseI-CTG, EcoRI-ACC (NED

labelled) + MseI-CTC, and EcoRI-ACG (HEX labelled) + MseI-

CTA. The reaction was placed in a Mastercycler ep gradient S

thermal cycler (Eppendorf). Reaction conditions were an initial

step of 2 min at 94uC, 30 s at 65uC and 2 min at 72uC, followed

by eight cycles of 1 s at 94uC, 30 s at 64uC (reduced by 1uC per

cycle), 2 min at 72uC, followed by 23 cycles of 1 s at 94uC, 30 s at

56uC, 2 min at 72uC, with a final extension time of 30 min at

60uC. For each sample, 1 mL of each 6-FAM-, NED- and HEX-

labelled selective PCR product was pooled and precipitated using

an ethanol/sodium acetate precipitation. The precipitate was

resuspended in 10 mL deionized formamide and combined with

0.25 mL of GeneScan-ROX-500 size standard (Applied Biosys-

Figure 1. Ploidy level, genome size and habitat differentiation of the examined populations of Knautia arvensis agg. Light grey circles –
diploids from ‘non-relict’ genome size group, black circles – diploids from ‘relict’ genome size group, squares – tetraploids, white ovals – relict
limestone habitats (open pine forests or subalpine grasslands), grey ovals – relict serpentine pine forests; the remaining populations inhabit
semiruderal grasslands (ploidy levels according to ref. 31). The map covers the region of eastern part of central Europe, the inset displays the situation
in the diploid-tetraploid serpentine area in the Slavkovský les Mts.
doi:10.1371/journal.pone.0039988.g001
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Table 1. Details on the 40 populations of Knautia arvensis agg. included in the study.

Code Locality name a
Ploidy
level Habitat b

Genome
size
group c Taxon d N DW e

Nei’s
gene
diversity FRAG f % POLY g cpDNA sequences h

Locality
no. i

P01 CZ – Staré Ransko 26 R-S 26R K. arv. 10 0.61 0.165 93 41.1 H (2) 71

P02 CZ – Borovsko 26+ R-S 26R K. arv. 10 0.56 0.167 91 44.2 A (1), F (3) 263

P03 D – Woja 26 R-S 26R K. arv. 10 0.51 0.137 87 34.9 A (2), B (1), G (1), I (1) 279

P04 CZ – Planý vrch (26) 26 R-S 26R K. arv. 10 0.31 0.141 81 36.4 D (3), L (1) 278

P05 CZ – Vlček (26) 26 R-S 26R K. arv. 4 0.53 0.158 83 28.7 – 277

P06 CZ – Krkonoše 26 R-C 26R K. arv. 8 0.27 0.169 75 45.0 E (4) 72

P07 SK – Branisko 26 R-L 26R K. slov. 10 0.29 0.143 76 38.8 A (3) 286

P08 SK – Lesnica 26 R-L 26R K. slov. 8 0.38 0.182 83 41.9 – 284

P09 SK – Podrečany 26 N 26N K. arv. 9 0.37 0.157 75 39.5 A (1) 58

P10 SK – Plešivec 26 N 26N K. arv. 11 0.43 0.163 80 43.4 A (2) 61

P11 UA – Lviv 26 N 26N K. arv. 5 0.29 0.147 68 29.5 – 70

P12 AT – Apetlon 26 N 26N K. arv. 9 0.43 0.162 77 41.1 – 2

P13 CZ – Archlebov 26 N 26N K. arv. 8 0.44 0.175 74 43.4 A (1) 31

P14 HU – Csobánka 26 N 26N K. arv. 9 0.38 0.139 70 35.7 – 50

P15 CZ – Javornı́k 26 N 26N K. arv. 9 0.37 0.173 78 44.2 – 19

P16 HU – Veszprém 26 N 26N K. arv. 10 0.46 0.202 88 57.4 A (1), J (1), M (1) 48

P17 HU – Szombathely 26 N 26N K. arv. 10 0.43 0.198 92 52.7 – 49

P18 AT – Bernstein 26 N 26N K. arv. 10 0.41 0.135 73 35.7 A (1) 1

P19 CZ – Morávka 26 N 26N K. arv. 5 0.43 0.166 72 33.3 – 46

P20 CZ – Planý vrch (46) 46 R-S 46 K. arv. 10 0.43 0.121 86 33.3 A (2), D (2), K (1) 278

P21 CZ – Vlček (46) 46 R-S 46 K. arv. 9 0.47 0.116 89 22.9 A (2), K (1) 277

P22 CZ – Pluhův bor 46 R-S 46 K. arv. 11 0.39 0.132 88 40.3 A (4), B (1) 259

P23 CZ – Křı́žky 46 R-S 46 K. arv. 10 0.30 0.111 81 31.8 A (2) 260

P24 CZ – Dominova skalka 46 R-S 46 K. arv. 9 0.22 0.118 70 31.0 A (3), B (1) 261

P25 CZ – Kladská 46 N 46 K. arv. 9 0.27 0.110 74 29.5 B (1) 257

P26 CZ – Mnichov 46 N 46 K. arv. 10 0.32 0.115 82 34.1 A (3) 258

P27 D – Döhlau 46 N 46 K. arv. 8 0.33 0.166 84 40.3 A (2), H (2) 242

P28 CZ – Libá 46 N 46 K. arv. 10 0.40 0.121 87 36.4 – 224

P29 CZ – Planá 46 N 46 K. arv. 10 0.33 0.157 87 41.9 B (2) 221

P30 CZ – Přı́bram 46 N 46 K. arv. 7 0.34 0.174 84 41.1 A (2), H (1), I (1) 217

P31 CZ – Přeštice 46 N 46 K. arv. 9 0.39 0.131 85 35.7 F (2) 215

P32 CZ – Blšany 46 N 46 K. arv. 10 0.33 0.137 77 36.4 F (2) 225

P33 CZ – Koněprusy 46 N 46 K. arv. 10 0.26 0.133 78 38.0 – 223

P34 CZ – Křemže 46 N 46 K. arv. 10 0.41 0.151 88 38.8 A (2) 144

P35 CZ – Benešov n. Černou 46 N 46 K. arv. 8 0.44 0.202 90 50.4 – 126

P36 SK – Relov 46 N 46 K. arv. 2 – 0.124 63 12.4 A (3) 256

P37 CZ – Bernartice 46 N 46 K. arv.6kit. 8 0.40 0.142 79 34.9 B (1) 216

P38 CZ – Ždı́rec n.
Doubravou

46 N 46 K. arv.6kit. 8 0.36 0.127 80 31.8 A (1), B (1) 218

P39 SK – Pustá Ves 46 N 46 K. kit. 2 – 0.147 76 14.7 F (1) 281

P40 SK – Sklabiňa 46 N 46 K. kit. 1 – – 51 – C (1) 283

aAT – Austria; CZ – Czech Republic; D – Germany; HU – Hungary; SK – Slovak Republic; UA – Ukraine.
bR – relict habitat, i.e., serpentine (R-S) or limestone (R-L) outcrops or a subalpine glacial cirque (R-C); N – non-relict habitat (mostly semi-ruderal mesophilous grassland).
c26R – relict diploid genome size group; 26N – non-relict diploid genome size group; 46 – tetraploid genome size group according to ref. 31.
dK. arv. – Knautia arvensis s.s.; K. kit. – Knautia kitaibelii; K. arv.6kit. – Knautia arvensis6 K. kitaibelii; K. slov. – Knautia slovaca.
eDW = weighted rarity index (only for populations with more than three individuals).
fnumber of fragments.
gpercentage of fragments exhibiting intrapopulational polymorphism.
hlist of different cpDNA haplotypes found in the population (numbers of sequenced individuals possessing the particular haplotype in brackets); for details see Fig. 4.
iLocality number in ref. 31 where details on geographic location of the localities as well as the results of flow cytometric analyses are provided.
+a single triploid individual detected within population P02 was included in the AFLP analysis.
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tems). Fragments were resolved on a 3100 Avant Genetic Analyzer

and scored with GeneMarker v 1.8 (www.SoftGenetics.com).

Thirty-nine samples (12% of all samples) were re-analyzed by

repeating the whole AFLP procedure from the extracted DNA

onward in order to test reproducibility of the data by estimating

the average proportion of correctly replicated bands [43]. Only

bands in the range of 100–500 bp, which could be scored

unambiguously, were included; those found by comparing

replicate runs not to be reproducible were excluded from the

analyses. The resulting presence/absence matrix was used in

subsequent analyses.

Plastid DNA Sequencing
Plastid DNA haplotype variation was assessed to complement

the information given by the mainly nuclear AFLPs. The

petN(ycf6)–psbM region was sequenced for 77 accessions represent-

ing all the groups indicated by the AFLP analysis (see Table 1).

More thorough haplotype sampling was performed in populations

from the Slavkovský les serpentine area (i.e., a region with

potentially recurrent polyploidization). PCR amplification with the

primers ycf6F and psbMR of Shaw et al. [44] was carried out in

a volume of 20 ml reaction using 5 ng of template DNA, 2 ml of

106 reaction buffer (Sigma), 0.4 ml of 10 mM dNTP mix

(Fermentas), 6.25 pmol of each primer and 0.5 U of Jump Start

REDTaq DNA Polymerase (Sigma) on a Mastercycler ep gradient

S thermal cycler (Eppendorf) with initial denaturation at 94uC for

2 min, 35 cycles of 1 min denaturation at 94uC, 1 min annealing

at 55uC and 2 min extension at 72uC, followed by 10 min final

extension at 72uC. Amplification products were subsequently

purified using the JetQuick PCR Purification Kit (Genomed).

Sequencing reactions were performed using BigDye Terminator

v3.1 Cycle Sequencing Kit (Applied Biosystems) according to the

manufacturer’s instructions using the primers cited above.

Purification of sequencing reactions was carried out using an

ethanol/sodium acetate precipitation. Products were run on an

ABI 3130 Genetic Analyzer (Applied Biosystems).

AFLP Data Analyses
Nei’s gene diversity [45] (termed ‘genetic diversity’ in the

following), an estimator of local genetic diversity that can be

applied regardless of the ploidy level [46], was computed for each

population with the R-script AFLPdat [47]. The same tool was

used for the calculation of a rarity index by computing ‘frequency-

down-weighted marker values’ per population (DW) [48]. Only

populations with a sample size of more than three individuals were

included in the computations. The DW is higher in populations or

groups that harbour a high number of rare markers [49]. A two-

tailed t-test (calculated using Statistica 8.0) was used for testing the

differences in the DW and genetic diversity among particular

groups defined by ploidy level and/or genome size.

The genetic structure was inferred using three independent

approaches. (1) A non-model-based approach, nonhierarchical K-

means clustering [50], was chosen because of the presence of two

ploidy levels, and performed using a script of Arrigo et al. [51] in

R. This approach has recently been successfully applied in the

analysis of genetic structure of the AFLP dataset in polyploid

complexes [51,52]. We performed 50,000 independent runs (i.e.,

starting from random points) for each assumed value of K clusters

ranging from 2 to 10. The first run yielding a positive value for the

second derivative of the inter-cluster inertia was considered [52].

(2) In the model-based Bayesian clustering approach implemented

in STRUCTURE version 2.2 [53,54], the number of clusters was

estimated using 106 iterations, with a burn-in period of 105

iterations under an admixture model with recessive alleles. The

number of clusters (K) was used as a prior value; ten replicates for

each K were analyzed from K = 1 to K = 10. All analyses using

STRUCTURE were carried out at the Bioportal of the University of

Oslo (www.bioportal.uio.no). To determine the most likely

number of clusters we followed the approach of Evanno et al.

[55] implemented in Structure-sum-2009 [47]. After the optimal

grouping was determined, each group was analyzed separately

under the same settings used for the main analysis. (3) K-means

and STRUCTURE clustering results were independently displayed on

a principal coordinate analysis (PCoA) computed with the R

package ADE-4 [56] based on a Jaccard distance matrix of the

AFLP data. Finally, congruence of the two different clustering

techniques was compared and tested using a contingency table

(calculated in Statistica 8.0) and displayed on a map using ARCGIS

9.3 (ESRI).

The partitioning of genetic variation among the populations,

species, cytotypes, and genome size groups was quantified using

analyses of molecular variance (AMOVA). AMOVAs were

conducted in Arlequin 3.11 [57]. For nested AMOVAs, the

populations were divided into: (i) three species (K. arvensis s.str., K.

kitaibelii, and K. slovaca); (ii) two ploidy levels (26, 46); and (iii) three

main groups according to their ploidy level and monoploid

genome size that also well correlated with the geographic

distribution and habitat preferences (i.e., non-relict diploids, relict

diploids, and tetraploids). This approach allowed us to assess the

structuring of genetic variation according to both (i) traditional

taxonomic concepts, and (ii) the patterns of eco- and cyto-

geographical variation, irrespective of taxonomic assignments. In

addition, separate AMOVAs were conducted for the mixed-ploidy

area in the Slavkovský les Mts. in order to examine the level of

differentiation among the diploid and putatively locally originated

tetraploid cytotypes.

Plastid DNA Data Analyses
Plastid DNA sequences were edited using Finch TV (Geospiza)

and aligned in the MAFFT 6 online application using the default

mode [58]. Haplotype networks were constructed using TCS

version 1.21 [59], treating gaps as a fifth character state. For this

purpose, insertions/deletions longer than 1-bp were treated as

single-step events. The sequences together with voucher numbers

are available at GenBank (accession no. HM597685-HM597697

for haplotypes A-M).

Results

AFLP Data
The three AFLP primer combinations yielded 129 clear

polymorphic fragments (for primary data matrix see Table S2).

Based on 39 replicates, the reproducibility of the dataset was 95%.

All 336 individuals had different AFLP phenotypes. Genetic

diversity (Table 1) varied approximately two-fold, from 0.110 in

population P25 (non-relict 46) to 0.202 in populations P35 (non-

relict 46) and P16 (non-relict 26). The level of genetic diversity

was significantly higher in the diploid than in the tetraploid

populations (two-tailed t-test, df = 37, t = 3.65, p,0.001, mean

values of 0.162 and 0.137 for 26and 46, respectively). The rarity

index (DW; Table 1) varied by a factor of three, from 0.22 in

population P24 (relict 46) to 0.61 in population P01 (relict 26).

The DW values of the diploid populations were significantly

higher than those of the tetraploids (df = 35, t = 2.27, p = 0.030,

mean DW of 0.42 and 0.36 for 26 and 46, respectively).

Interestingly, the highest DWs corresponded to four diploid

populations from relict serpentine stands (P01, P02, P03, and P05;

see Table 1); this was also reflected in the significantly higher DW
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values of the serpentine diploids (df = 35, t = 3.89, p,0.001).

Notwithstanding, the group of relict populations as a whole did not

have significantly different DW values (df = 35, t = 0.99,

p = 0.324).

Nonhierarchical K-means clustering revealed an optimal

separation of the dataset into seven groups (the second derivative

of the inter cluster inertia was 1.99; Figure S1), mostly reflecting

the ploidy level, genome size, and habitat differentiation. Separate

clusters were formed by the (i) non-relict diploids (P09–P19), (ii)

relict limestone diploids (P07 and P08, corresponding to K. slovaca),

and (iii) eastern relict serpentine diploids (P01 and P02; see Fig. 2).

The remaining western relict serpentine (P03–P05) and subalpine

(P06) diploid populations were included in three clusters, which

also contained tetraploid K. arvensis s.str. (clusters K5, K6, and K7).

In addition, one exclusively tetraploid cluster (K4), formed by K.

arvensis s.str. and K. kitaibelii populations, was recognized (Fig. 2).

STRUCTURE analysis of the entire data set revealed two main groups

comprising (i) non-relict diploids, and (ii) relict diploids + all

tetraploids (the highest, 0.99, similarity among runs and the

highest delta K; Figures S2A and S2D). Separate STRUCTURE

analyses, run for each main group (excluding the two populations

P07 and P08 that were highly admixed in the previous STRUCTURE

analysis of the entire dataset, Figure S3A), revealed no clear

substructure within the non-relict diploids (a decreasing pattern of

likelihood together with similarity coefficients below 0.36; Figures

S2B and S2E), while the second main group was further divided

into seven sub-groups (high, 0.97, similarity among runs and the

highest delta K; Figures S2C and S2F). The STRUCTURE groups

(Figure S4) were congruent with the K-means clusters (chi-

square = 924, df = 54, p,0.0001; for details see Table 2). High

levels of congruence were achieved at the diploid level; the entirely

diploid clusters were fully congruent and only four diploid

individuals were assigned to a different STRUCTURE vs. K-means

group in the remaining clusters. Several tetraploid individuals

were assigned to different clusters in K-means vs. STRUCTURE

clustering, what probably reflects generally lower genetic distinct-

ness at the tetraploid level (as was also illustrated by higher genetic

admixture of tetraploids, Figure S3B).

The seven K-means clusters were also visible on the PCoA plot

(Fig. 3a). The first axis (explaining 24.1% of the total variation)

corresponds to the main split in the dataset, i.e., the separation of

non-relict diploids (cluster K1) from the remaining samples (all

tetraploids + relict diploids). Within the 46+relict 2 group, the

eastern serpentine populations (P01 and P02; cluster K3) and K.

slovaca (P07 and P08; cluster K2) are well separated from the

remaining clusters (Fig. 3b). Results of the STRUCTURE clustering

are displayed in Figures S5A and S5B.

AMOVA analyses (Table 3) attributed 37% of the overall

genetic variation to the among-population component. In the

nested AMOVAs, the variation between the two cytotypes

accounted for 18.9% of the overall variation; conversely, species-

based grouping explained only 4% of the variation. The highest

values of among-population differentiation were found within the

relict diploid group (30.5%), whereas the non-relict diploid

populations were the least differentiated (14.3%). Interestingly,

separate analysis of the mixed-ploidy area of the Slavkovský les

Mts. yielded a fairly high (22.9%) inter-population variation while

the differentiation between the local 26 and 46 cytotypes was

negligible (0.7%).

Plastid DNA Data
Sixteen variable positions (including three coded indels) out of

497 aligned positions were detected. In total, 13 haplotypes were

identified within the 77 sequences (Table 1). Half of the accessions

belonged to the widespread haplotype A (Fig. 4), regardless of

ploidy level, genome size or habitat preference. Globally, AFLP

and plastid DNA data sets were not congruent (chi-square = 79.5,

df = 74, p = 0.26; e.g., individuals from all AFLP groups possessed

the single central haplotype A, for details see Table S1). Despite

this, some interesting insights can be gained from the data. First,

derived haplotypes of non-relict diploid populations (cluster K1)

were not found in other populations; on the other hand, the relict

diploids often shared haplotype with tetraploids (haplotypes B, D,

F, H, and I; Fig. 4). Second, the isolated subalpine diploid

population P06 from the cluster K6 is exclusively characterized by

a 12-bp insertion (haplotype E). Finally, the haplotype D is

exclusively shared by diploid and tetraploid individuals from the

same mixed-ploidy serpentine population Planý vrch (P04 and

P20) from the Slavkovský les Mts. (see Fig. 2 for details on

haplotype distribution).

Discussion

In this study, we took advantage of the ‘full-factorial’ pattern of

ploidy variation (diploid vs. tetraploid cytotypes) and edaphic

specialization (serpentine vs. non-serpentine populations) in K.

arvensis agg. from central Europe in order to gain new insight into

the evolutionary history of this polyploid plant system and, in

particular, to assess how polyploid evolution can be connected

with serpentine differentiation. Because of the incongruence

between the traditional species delimitation and the inferred

genetic structure we will discuss the evolutionary history of the

central European populations of K. arvensis agg. regardless of their

taxonomic assignment.

Differentiation at the Diploid Level
The most pronounced genetic differences within the central

European K. arvensis agg. were observed at the diploid level.

Specifically, the non-relict diploid populations from the Pannonian

basin and the Polonian lowlands (P09–P19; cluster K1) formed the

most distinct group in the AFLP dataset (Fig. 3a). Moreover, these

non-relict diploids also clearly differed in the size of their

monoploid genome, i.e., the Cx-value [31]. Variation in genome

size is often regarded as an indication of cryptic differentiation or

incipient speciation [60–63]. The non-relict diploids can thus be

regarded as a very distinct lineage within the central European K.

arvensis agg.

The remaining diploids (collectively called relict diploids) differ

from their non-relict counterparts by smaller genome size [31] and

habitat preferences (they mostly grow in open relict pine forests

with specific edaphic conditions whereas non-relict diploids grow

in anthropogenic semiruderal grasslands). The AFLP markers

revealed two distinct genetic clusters within the relict diploids,

representing two geographically and ecologically well-character-

ized lineages (Fig. 3b). One lineage inhabits pine forests on

limestone in central Slovakia (cluster K2, corresponding to K.

slovaca) while the other lineage grows in open pine forests on

isolated serpentine outcrops in central Bohemia (cluster K3; Fig. 2).

The remaining relict diploid populations (from serpentine outcrops

in western Bohemia and a subalpine glacial cirque in eastern

Bohemia) contain individuals from three fairly close clusters (K5,

K6, and K7; Fig. 3b), all of them containing also tetraploid plants.

Furthermore, the relict diploids also exhibited the highest levels of

inter-population genetic differentiation (above 30%; Table 3) what

is also in line with the high number of identified groups.

Collectively, this marked genetic differentiation together with

specific habitat requirements may reflect long-term persistence in

isolated open island habitats serving as refugia during Holocene

Polyploidy and Edaphic Evolution in K. arvensis

46



reforestation. For the serpentine populations, long-term persis-

tence is further supported by the accumulation of rare AFLP

fragments (significantly higher DW values; Table 1). In addition,

despite generally low congruence among AFLP and plastid DNA

data (resulting from low discriminative power of the cpDNA data

and probably also reflecting the effects of ancestral polymorphism,

hybridization and/or recurrent polyploidization), serpentine dip-

loid populations are distinct by their high incidence of rare plastid

DNA haplotypes (six out of twelve rare haplotypes; Table 1). A

high frequency of rare genetic markers is generally acknowledged

as strong evidence for the relict status [48,49,64]. The origin of

these relict diploid lineages seems strongly connected to serpentine

habitats and is discussed in the section ‘Joining edaphic

differentiation and polyploid evolution’. The non-exclusive

hypothesis of independent immigration from other parts the range

such as the Balkan Peninsula (i.e. diversity hotspot of the whole

genus, see ref. [65]) is discouraged by phylogenetic data

documenting an isolated position of the central European relict

Figure 2. Phylogeographical grouping of 40 analyzed populations of Knautia arvensis agg. in central Europe. Grouping is according to
the nonhierarchical K-means clustering of AFLP phenotypes. Pie charts represent the proportion of individuals belonging to each of the seven
detected groups (K1–K7). The size of the pie chart reflects the sample size. The inset displays the situation in the Slavkovský les serpentine area. White
ovals denote populations from relict limestone habitats (open pine forests or subalpine grasslands), grey ovals populations from relict serpentine
pine forests. Note the presence of several relict diploid populations in the western part of the area (P03, P04, and P05) with the genetic composition
highly similar to the surrounding tetraploids. The distribution of chloroplast haplotypes is indicated (A–M).
doi:10.1371/journal.pone.0039988.g002

Table 2. Contingency table comparing the clustering results
obtained by nonhierarchical K-means and STRUCTURE analyses
(numbers of individuals are presented in each field).

S1 S2 S3 S4 S5 S6 S7 S8 S9 NA

K1 95

K2 18

K3 17

K4 31 1 1 6 11 6

K5 45 1 1

K6 3 21 12 8 6 4

K7 44 1 3 1

Different font styles denote cytotypes with distinct monoploid genome size in
the particular field (regular = non-relict diploids only, bold = relict diploids
only, italics = tetraploids only, bold italics = relict diploids and tetraploids).
doi:10.1371/journal.pone.0039988.t002
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diploids among European diploid Knautia (I. Rešetnik, P.

Schönswetter & B. Frajman unpubl.).

Recurrent Polyploidization
Recurrent origin is now widely recognized as a frequent

component of polyploid evolution that is responsible for the

marked diversity of many polyploid complexes [16,66]. Indepen-

dently formed polyploid lineages can exhibit striking differences in

morphology, ecology or genetic profiles, even if originating from

the same ancestral source [67,68]. In addition, distinct lineages

can meet and hybridize, which further increases variation at the

polyploid level [24].

The serpentine ‘archipelago’ in the Slavkovský les Mts., unlike

any other central European relict locality, harbours a tetraploid

Knautia cytotype. Here, we argue that the serpentine tetraploids

were formed independently from their non-serpentine counter-

parts by independent autopolyploidization from a local diploid

cytotype. Close evolutionary relationships between the local

serpentine di- and tetraploids have previously been suggested on

the basis of phenotypic similarities and habitat preferences [34], as

well as cytogeographical patterns and identical monoploid genome

size values [31]. Molecular data further support the hypothesis of

local auto-polyploid origin of the serpentine tetraploids. Firstly, the

diploid populations from the Slavkovský les Mts. grouped together

with the surrounding tetraploids (see Fig. 2). Secondly, the

AMOVA analysis revealed low differentiation between the co-

occurring di- and tetraploids explaining only 0.7% of the total

genetic variation in the Slavkovský les Mts. (Table 3). Finally,

several di- and tetraploid individuals from the population Planý

vrch (P04 and P20) share the same unique 6 bp insertion in their

plastid DNA (haplotype D; see Table 1). The alternative

hypothesis of strong introgression of the tetraploid genotype into

the diploids can be ruled out due to the virtual lack of triploid

hybrids [31]. Unidirectional introgression of 26 genotypes into

established tetraploids via unreduced gametes alone cannot

sufficiently explain such a high genetic similarity between both

cytotypes. First, strong inter-ploidy reproductive barriers were

indicated by several crossing experiments [28,30,32]. Second, even

if the breeding barriers were overcome, vast amounts of viable

unreduced gametes would be necessary for dissolving the original

46 genetic pool, which contrasts with the low frequency of

Figure 3. Principal coordinate analysis based on Jaccard similarity among AFLP multilocus phenotypes of Knautia arvensis agg. (a)
entire data set; (b) excluding the most divergent group K1 (i.e., non-relict diploids). The different colours represent the groups identified by
nonhierarchical K-means clustering (same as in Fig. 2). The centroid of each group and its connection with other points are displayed as well as an
ellipse reflecting the variance of the group and the covariance on the axes.
doi:10.1371/journal.pone.0039988.g003

Table 3. Analyses of molecular variance (AMOVA) of AFLP
phenotypes of Knautia arvensis agg. grouped according to
traditionally recognized species, ploidy levels, and cytotypes
with distinct monoploid genome size values (according to ref.
31).

d.f.
% of
variation Fsta

A. Complete dataset

Among all populations 38 37.1 0.371

Within populations 296 62.9

Species grouping

Among species* 2 4.0 0.396

Among populations within species 34 35.6

Within populations 282 60.4

Ploidy level grouping

Among all 26 vs. 46 1 18.9 0.429

Among populations within groups 37 24.0

Within populations 296 57.1

Genome size grouping

Among relict 26 vs. non-relict 26 vs. 46 2 27.5 0.434

Among populations within groups 36 15.9

Within populations 296 56.6

Among populations of relict 26 7 30.5 0.305

Within populations 62 69.5

Among populations of non-relict 26 10 14.3 0.143

Within populations 84 85.7

Among populations of 46 21 24.8 0.248

Within populations 157 75.2

B. Only Slavkovský les area

Among all populations in Slavkovský les 8 22.9 0.229

Within populations 73 77.1

Among 26 vs. 46 in Slavkovský les 1 0.7 0.233

Among populations within groups 7 22.6

Within populations 73 76.7

aall p-values ,0.001.
The two populations of an introgressive hybrid between K. arvensis and K.
kitaibelii (P37, P38) were omitted from this analysis.
doi:10.1371/journal.pone.0039988.t003

Figure 4. Network of 13 plastid DNA haplotypes found within
77 examined individuals of Knautia arvensis agg. The size of the
circles is proportional to the number of individuals, while their shading
indicates the ploidy level and monoploid genome size of the samples
(black – relict 26only, dark grey – relict 26+46, light grey – all 26+46,
white – unique for a single non-relict 26– haplotypes J and M – or 46–
haplotypes C and K – population). The double line indicates an
insertion-deletion. For more detailed information, see Table 1.
doi:10.1371/journal.pone.0039988.g004
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unreduced gametes formation in general [69,70], and in the K.

arvensis agg. in particular [31]. Finally, there is no indication of

across-ploidy genetic admixture in the other contact zone between

the tetraploids and non-relict diploids in the Pannonian basin. To

sum up, all lines of evidence such as genetics, cytology,

morphology, and ecology point to at least one independent

autopolyploidization event, which took place in situ in the

Slavkovský les Mts., leading to an independent origin of serpentine

tetraploids from local relict diploids.

The K. arvensis agg. exhibits two strikingly different types of

contact zones between cytotypes in central Europe. The ploidy

mixtures in the Slavkovský les Mts. arose as a result of in situ

(auto)polyploidization (i.e., they are composed of almost identical

genotypes) and thus fit well into the concept of a primary contact

zone [71]. In contrast, ploidy-heterogeneous stands on the borders

of other serpentine localities and, in particular, the diffuse contact

zone among tetraploids and non-relict diploids in the Pannonian

basin [31] represent zones of 26/46secondary contact where two

distinct gene pools meet (see Fig. 2 and Fig. 3a). There are only

a few other plant groups, including Dianthus [72,73] and

Melampodium [74], for which both primary and secondary contacts

have been suggested, but these have never been confirmed by

molecular markers. According to our knowledge, K. arvensis agg.

thus represents the first polyploid system for which the incidence of

both established primary and secondary contact zones has been

supported by molecular evidence.

Joining Edaphic Differentiation and Polyploid Evolution
Serpentines can shape plant evolution either by the selection of

tolerant genotypes from the colonizing populations or by pro-

viding refugia in island-like serpentine outcrops [6,7]. In the latter

case, vegetation shifts caused by climatic changes could cause local

extirpation of the non-serpentine populations, while the sub-

sequently isolated populations on serpentine may further evolve by

means of allopatric differentiation and local adaptation into new

taxa (i.e., the so-called ‘depleted species’ evolutionary scenario;

[4]). The highly differentiated relict diploid populations of K.

arvensis might fit into this model. Diploid ancestors may have been

present in ice-free central Europe during the late Pleistocene as

suggested by Knautia pollen records from the Allerød interstadial

[75,76]. Subsequently, the heliophilous plants were restricted to

serpentine, limestone or subalpine refugia by the expanding forest

vegetation (see the example of relict Knautia serpentine habitat in

Fig. 5). As a consequence of spatial isolation and population size

fluctuations, mechanisms of allopatric differentiation could have

taken place, ultimately leading to the genetic and morphological

differentiation currently observed among the relict diploid

populations (see Fig. 2; cf. [34,36]). Similar scenarios of speciation

in isolated serpentine refugia were also suggested for several

central European serpentine endemics – e.g., Cerastium alsinifolium

[13], Minuartia smejkalii [77], and Potentilla crantzii subsp. serpentini

[39]. Irrespective of the relative importance of allopatry vs.

potential independent immigration, the highly differentiated

diploid lineages within the K. arvensis agg. illustrate the significance

of Holocene edaphic refugia for preserving rare and distinct

genetic diversity.

Regarding the other Knautia lineages, i.e., tetraploids and non-

relict diploids, it seems plausible that they immigrated into central

Europe later as a result of human-induced landscape changes,

such as deforestation, grazing, and meadow agriculture [34,36].

This hypothesis corresponds well with the current semi-ruderal

habitat preferences of both lineages [33]. Further details on the

relationships and evolutionary history of these lineages, however,

cannot be inferred without more intensive sampling in other parts

of the range of K. arvensis agg. A similar scenario of range

contraction into serpentine refugia, followed by human-enhanced

re-colonization by different genotypes, has been suggested for

Scandinavian populations of Silene dioica [78].

In addition to the above-discussed ‘depleted species-recoloniza-

tion’ scenario, the serpentine Knautia populations underwent

Figure 5. Serpentine outcrop covered by open pine forest near Borovsko, central Czech Republic (A). This locality probably served as
a Holocene refugium for several rare plant taxa. Morphologically distinct ‘relict diploid’ cytotype of Knautia arvensis (B, population P02 in this study)
also occurs at this site.
doi:10.1371/journal.pone.0039988.g005
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independent polyploid evolution – a process not yet recorded in

the evolution of any other serpentine relict. Moreover, it seems

that the genome duplication opened new possibilities for the

serpentine lineage. While the serpentine diploids appear to be

unable to escape their refugia (probably because of their weak

competitive abilities; [79]), the serpentine genotypes seem to have

conquered surrounding non-serpentine areas at the tetraploid level

(note the significant representation of the ‘serpentine’ clusters K5,

K6, and K7 in adjacent non-serpentine populations; Fig. 2). The

better competitive ability and higher phenotypic plasticity of the

polyploids might have influenced this spread ([21,80], see [81] for

a review). Indeed, wider ecological niches of tetraploids and their

ability to survive in less stable human-influenced habitats have

been repeatedly documented for the genus Knautia [19,82]. The

spread of serpentine tetraploid genotypes far beyond serpentine

areas could have been enhanced by hybridization with their non-

serpentine counterparts (both lineages likely met and hybridized

after human-induced deforestation). Strong introgression at the

tetraploid level (marked admixture of AFLP groups in tetraploids;

Figure S3) seems to be ubiquitous in the genus Knautia [28,33,35]

and has also been suggested for the Slavkovský les Mts. on the

basis of morphology (e.g., non-serpentine tetraploids with

‘serpentine-characteristic’ reddish corolla colour; [34]). Similar to

Californian oaks [15], such ‘across-serpentine-border’ hybridiza-

tion might have played a crucial role in creating new genotypes

capable of colonizing new sites.

Collectively, the intricate evolutionary history of the K. arvensis

agg. (Fig. 5) seems to be comparable only with the ‘multi-step’

evolutionary scenario of the Californian serpentine herb Streptanthus

glandulosus (Brassicaceae), which underwent habitat restriction, area

fragmentation, and subsequent independent evolution in isolated

serpentine populations [12,14,83]. Nevertheless, the pronounced

role of polyploidy in the whole evolutionary story, both as

a background source of differentiation (i.e., concerted edaphic and

polyploid speciation) and as a directly acting evolutionary force (i.e.,

independent genome duplication of serpentine relicts), seems to be

a unique evolutionary pathway, firstly documented in the K.

arvensis agg.

Conclusions
Multifaceted interactions among ecological differentiation and

polyploid evolution resulted in a unique evolutionary pattern

exemplified by Knautia arvensis agg. A wide variety of processes and

mechanisms likely took part in the rapid evolution of this complex,

including isolation in Holocene refugia, repeated colonization by

distinct lineages, hybridization, and recurrent polyploidization.

The key role of the serpentine substrate in this scenario arises from

its ability to serve as a refugium for particular lineages (in this case,

relict diploid lineages). Such lineages could further evolve into

distinct types, not only at the homoploid level, but also via

independent genome duplication. The recurrently formed poly-

ploids seem to be able to escape from their original refugia,

indicating that the serpentine relicts are not evolutionary dead-

ends but still have the potential to shape the surrounding

populations. Generally, the K. arvensis agg. provides a unique

system that illustrates the various ways in which the polyploid and

serpentine evolution could act together in generating plant

diversity. In addition, the genetic data strongly support previous

hypotheses regarding the presence of both primary and secondary

ploidy contact zones for K. arvensis agg., which offers exciting

possibilities for addressing general questions about patterns,

mechanisms, and dynamics of polyploid evolution.
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35. Štěpánek J (1982) Die Chromosomenzahlen von tschechoslowakischen Arten der

Gattung Knautia L. (Dipsacaceae). Folia Geobot Phytotax 17: 359–386.
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Fig. S1 Second derivative of the inter cluster inertia of each number of groups (K) as 

estimated by the nonhierarchial K-means clustering. 
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Fig. S2 Summary of STRUCTURE 2.2 analyses based on AFLP multilocus phenotypes of 360 

plants of Knutia arvensis agg. Values of ln probability of the data for each number of groups 

(K) is plotted against the K-values for the whole dataset (A), and separate analyses of the non-

relict diploid subgroup (B), and the relict diploid + tetraploid subgroup (C). Delta K values 

calculated according to Evanno et al. [55] are presented for the analysis of the whole dataset 

(D), and separate analyses of the non-relict diploid subgroup (E), and the relict diploid + 

tetraploid subgroup (F). 
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Fig. S2 Cluster membership of individuals estimated by STRUCTURE 2.2. A – analysis of the 

complete dataset. B – separate STRUCTURE analysis for the relict diploid + tetraploid subgroup 

(grey in the plot A) resulting in six groups. Population numbers below each plot correspond to 

Table 1. 
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Fig. S4 Geographical location of 40 analyzed populations of Knautia arvensis agg. in central 

Europe and their phylogeographical grouping according to the STRUCTURE analysis of AFLP 

phenotypes. Pie charts represent the proportion of individuals belonging to each of the nine 

detected groups (S1-S9). The size of the pie chart reflects sample size. The inset displays the 

situation in the Slavkovský les serpentine area. 
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Fig. S5 Principal coordinate analysis (PCoA) based on Jaccard similarity among AFLP 

multilocus phenotypes of Knautia arvensis agg. individuals. Plot A displays the arrangement 

along the first and second axis in the whole dataset while the plot B displays the arrangement 

after the omission of the most divergent group S1 (i.e., the non-relict diploids). The different 

colours represent the groups identified by the STRUCTURE analysis (same as in Fig. S4). The 

centroid of each group and its connection with other points are displayed as well as an ellipse 

reflecting the variance of the group and the covariance on the axes.  
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Table S1 Contingency table comparing the pattern in AFLP data (results of the 

nonhierarchical K-means clustering; clusters K1-K7) and the distribution of chloroplast  

haplotypes (A-M); numbers of individuals are presented in each field. 

 

 A B C D E F G H I J K L M 

K1 7         1   1 

K2 1             

K3 1     3  2      

K4 6 3 1   3        

K5 10 3  2       2   

K6 7 1  1 4 1  2      

K7 6 1  2  1 1 1 2   1  
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Case study II. 

 
Serpentine ecotypic differentiation in a polyploid plant complex: shared 

tolerance to Mg and Ni stress among di- and tetraploid serpentine 
populations of Knautia arvensis (Dipsacaceae) 

 
Filip Kolář, Markéta Dortová, Jan Lepš, Milan Pouzar, Anna Krejčová & Milan Štech 

 
 

 
 

Hydroponic experiment testing the influence of chemical stressing factors of serpentines on young 
Knautia seedlings of different ploidy and soil origin  

 
 
Using hydroponic cultivation experiment, the study addressed the influence of major components of 
chemical stress (low Ca/Mg ratio, toxic concentrations of Ni) on Knautia arvensis populations of 
different ploidy levels and soil origin (serpentine/non-serpentine). Serpentine populations exhibited 
higher tolerance to both Mg and Ni stress than their non-serpentine counterparts, suggesting an 
adaptive character of these traits in the K. arvensis group. On the other hand, diploid and tetraploid 
serpentine populations exhibited rather similar response, rejecting the hypothesis of polyploid 
superiority in the stressing environment. This corresponded to close genetic relationships of both 
serpentine cytotypes and suggested that serpentine tolerance might have been transmitted during the 
local (auto)polyploidization event. 
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Abstract
Background and aims Serpentine soils impose limits
on plant growth and survival and thus provide an ideal
model for studying plant adaptation under environ-
mental stress. Despite the increasing amount of data
on serpentine ecotypic differentiation, no study has
assessed the potential role of polyploidy. We tested
for links between polyploidy and the response to ser-
pentine stress in Knautia arvensis, a diploid-tetraploid,
edaphically differentiated complex.
Methods Variation in growth, biomass yield and tissue
Mg and Ni accumulation in response to high Mg and Ni
concentrations were experimentally tested using hydro-
ponic cultivation of seedlings from eight populations of
different ploidy and edaphic origin.
Results Regardless of ploidy level, serpentine popula-
tions exhibited higher tolerance to bothMg and Ni stress
than their non-serpentine counterparts, suggesting an

adaptive character of these traits in K. arvensis. The
effect of ploidy was rather weak and confined to a
slightly better response of serpentine tetraploids to Mg
stress and to higher biomass yields in tetraploids from
both soil types.
Conclusions The similar response of diploid and tet-
raploid serpentine populations to edaphic stress
corresponded with their previously described genetic
proximity. This suggests that serpentine tolerance
might have been transmitted during the local autopoly-
ploid origin of serpentine tetraploids.
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Introduction

Serpentine soils inflict harsh constraints on plant growth
because they are characterized by a low Ca/Mg ratio,
increased (even toxic) concentrations of heavy metals
(especially Ni, Cr, and Co), deficiency of essential mac-
ronutrients and a low water-holding capacity (Proctor
and Woodell 1975; Kazakou et al. 2008; Harrison and
Rajakaruna 2011). Serpentine plants provide excellent
systems for the study of adaptive evolution in plants
thanks to facts that the physiological response is well
described, that major stressing factors are known and
amenable to manipulative experiments and that recur-
rent evolution of adaptive strategies occurs within single
species (Brady et al. 2005). Of the limiting factors
imposed by serpentine substrates, low Ca/Mg ratio and
high Ni content have gained the most attention because
they are considered to be the key factors affecting plant
growth and survival in serpentine outcrops worldwide
(Proctor 1971; Gabbrielli and Pandolfini 1984; Ghasemi
and Ghaderian 2009; O’ Dell and Rajakaruna 2011).
Elevated levels of heavy metals in soils can affect plants
through direct toxicity (resulting in stunting and chloro-
sis), antagonism with other nutrients, and inhibition of
root penetration and growth (Antonovics et al. 1971).
High Mg content induces Ca deficiency, leading to cell
wall disintegration and localized tissue necrosis (O’Dell
and Claassen 2006; O’ Dell and Rajakaruna 2011).

Plant species differ in their abilities to evolve toler-
ance against serpentine stress depending on their ge-
netic resources. They can tolerate edaphic challenges
either by a constitutive trait present in all members of a
species (that grows both on and off serpentine soils) or
by an adaptive mechanism present only in tolerant
ecotypes (Kazakou et al. 2008). Available case studies
provide ambiguous results in this respect since both
adaptive and constitutive patterns of tolerance to low
Ca/Mg and/or high Ni have been proven experimen-
tally, depending on the model system studied (e.g.,
Westerbergh 1994; Boyd and Martens 1998; Nyberg
Berglund et al. 2004; Ghasemi and Ghaderian 2009).
Despite the growing amount of experimental data,

evolutionary mechanisms involved in the adaptive
process as well as essential prerequisites facilitating
colonization of serpentine sites still remain unclear.

Polyploidy, or whole genome duplication, is widely
acknowledged as a leading force in plant evolution
(Soltis et al. 2009; Otto and Whitton 2000). The presence
of several gene copies within a polyploid genome is con-
sidered a possible key factor that widens the ecological
niche of a polyploid and enhances its expansion to new
environments (Ramsey and Schemske 2002; Ramsey et al.
2008; Parisod et al. 2010). On the other hand, it could be
the diploid cytotype which survives in extreme environ-
ments such as rocky outcrops, xeric habitats or serpentines,
where it finds refugia of suitable conditions (e.g., reduced
plant competition) in a dramatically changing landscape
(Ehrendorfer 1980; Kolář et al. 2012). Despite the widely-
known consequences of polyploidy for various ecological
and life-history traits, no study has tested specifically for
the associations between polyploidy and serpentine toler-
ance. Correct evolutionary interpretations of ecological
patterns, however, require good knowledge of genetic
relationships among ecotypes and cytotypes. Inter-
cytotype differences in ecological traits may not only be
an effect of polyploidization per se and/or subsequent
selection but can also simply reflect different evolutionary
histories of the cytotypes under investigation (Ramsey and
Schemske 1998; Levin 2002). Unfortunately, the genetic
background has often been neglected in experimental stud-
ies dealing with ecological differences within polyploid
complexes (but see e.g., Ramsey 2011; Mráz et al. 2012).

Knautia arvensis (Dipsacaceae) provides an ideal
study system for assessing the role of polyploidy in
serpentine tolerance. In Central Europe, it comprises
two cytotypes (both occurring on and off serpentine) with
well-described patterns of their genetic and habitat dif-
ferentiation (Štěpánek 1997; Kaplan 1998). Interestingly,
habitat differentiation largely correspond to the genetic
relationships among populations but only partly reflect
ploidy level variation (Kolář et al. 2009; Kolář et al. 2012).
In Central Europe, the diploid cytotype (2n=2x=20) splits
into two major genetic groups: (i) serpentine diploids
inhabiting several spatially isolated serpentine outcrops
(plus a single lime-rich stand in a subalpine glacial cirque),
where it probably survived unfavourable periods of the
Holocene (i.e., periods of large forest expansion that re-
stricted heliophilous plants like Knautia to small, isolated
refugia such as edaphic islands, Ložek 1973), and (ii) non-
serpentine diploids inhabiting a wide range of semi-natural
habitats in south-eastern parts of C. Europe. Similarly, at
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the tetraploid level (2n=4x=40), a serpentine tetraploid
lineage is known to be restricted to a single serpentine area
whereas non-serpentine tetraploid populations are wide-
spread in semi-natural grasslands throughout most of C.
Europe (except for its SE part). Central-European serpen-
tine diploid populations of K. arvensis form a genetically
distinct lineage within Knautia (I. Rešetnik, P.
Schönswetter & B. Frajman, unpubl. results) although
certain levels of genetic differentiation have been observed
among populations, probably as a result of allopatric dif-
ferentiation among spatially isolated outcrops (Kolář et al.
2012). Importantly, serpentine tetraploid plants are ge-
netically close to their diploid edaphic counter-
parts, likely as a result of a local autopolyploid
origin from diploids inhabiting the same serpentine
area. By contrast, non-serpentine diploids represent
the genetically most distinct lineage of the whole
Knautia arvensis group in Central Europe. Finally,
non-serpentine tetraploids are genetically closer to
serpentine populations (partly also due to hybridi-
zation with serpentine tetraploid plants in the area of
immediate contact). Their origin is uncertain, however,
as they might also encompass gene pools from other, yet
uninvestigated populations (Kaplan 1998; Kolář et al.
2009; Kolář et al. 2012).

The available distributional, cytological, and genetic
data suggest a key role of serpentines in the evolution of
Central European Knautia arvensis populations.
However, the patterns of evolution of the tolerance and
the ways how different cytotypes and edaphic groups
respond to serpentine stress remain unknown. Two major
contrasting hypotheses regarding the distribution of ser-
pentine tolerance could be postulated: (1) both serpentine
and non-serpentine K. arvensis populations exhibit sim-
ilar response to serpentine stress (i.e., serpentine tolerance
is a constitutive trait in K. arvensis), (2) populations
native to the serpentine stands exhibit higher levels of
tolerance than their non-serpentine counterparts (i.e., the
adaptive explanation applies). If the second was true, the
effect of ploidy level itself would still remain to be
evaluated as polyploidization and/or subsequent selection
might have significant effects on the tolerance traits in the
polyploid (e.g., leading to its higher endurance). In this
study, we took K. arvensis as a model system of serpen-
tine differentiated diploid-polyploid complex and tested
for differentiation of its populations in tolerance to ma-
nipulated concentrations of magnesium and nickel (i.e.,
the two key factors affecting plant growth and survival on
serpentines). Detailed knowledge on variation patterns of

these eco-physiological traits, complemented by the pre-
viously described cytological and genetic background,
would allow drawing a novel synthetic view on evolu-
tionary pathways of serpentine tolerance in a ploidy
variable plant complex.

Materials and methods

Plant material

Ripe achenes were collected in 2009 from approxi-
mately ten plants per each of eight natural popula-
tions of Knautia arvensis in the Czech Republic and
Slovakia. The localities were selected in order to
achieve a balanced design of the experiment: two
diploid serpentine, two diploid non-serpentine, two
tetraploid serpentine and two tetraploid non-
serpentine populations. For details on the sampled
populations, see Table 1. Data on soil characteristics
from the rhizosphere of Knautia from the original
localities were adopted from a previous study
(Doubková et al. 2011). The ploidy level of the plants
was confirmed using flow cytometry according to the
protocol described in Kolář et al. (2009).

Experimental design and hydroponic cultivation

Achenes were germinated on a moist filter paper over
a period of 3 weeks. Vital, undamaged seedlings were
then carefully fixed onto a floating plastic disc (14 cm
in diameter), maintaining uniform gaps between them.
Each disc containing eight plants (one per each popu-
lation) was placed into a 1.5 L light-impermeable
experimental container with a standard nutrient solu-
tion described in Huss-Danell (1978) with a slight
modification (Co(NO3)2 was used instead of CoSO4

as the cobalt source). A similar solution has been
successfully employed in the assessment of Ni and
Mg tolerance in other plant systems, e.g., serpentine
vs. non-serpentine ecotypes of Cerastium alpinum
(Nyberg Berglund et al. 2004). The seedlings were
grown in the standard nutrient solution for 11 days
prior to the start of the experiment. They were then
placed into experimental solutions with manipulated
concentrations of Mg2+ and Ni2+ for the next 22 days
(MgSO4 and Ni SO4 were used as sources of Mg and
Ni, respectively; the pH was approx. Seven during the
whole experiment). The solutions were changed every
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3 days for a freshly prepared stock over the entire
course of the hydroponic cultivation. The cultivations
were performed in a controlled environment growth
cabinet at the Faculty of Science, University of South
Bohemia, Czech Republic with a cycle of 12 h light
and 12 h darkness at the constant temperature of 18 °C
with a light supply of approx. 450 μmol.m−2 s−1 pho-
tons (photosynthetically active radiation).

To test the individual and combined effects of Ni
and Mg among K. arvensis populations on different
soil types (factor ‘Substrate’) and of different ploidy
level (factor ‘Ploidy’), we used a mixed-effect full-
factorial experimental design. Four experimental treat-
ments were applied: the control (Ni-/Mg-), Ni (Ni+
/Mg-), Mg (Ni-/Mg+) and Ni + Mg (Ni+/Mg+). Based
on a preliminary cultivation experiment, the concen-
trations of Ni2+ were set to 0 μM (control) and 50 μM,
and the concentrations of Mg2+ were set to 0.55 mM
(control) and 5.5 mM (i.e., Ca/Mg ratio of 2 and 0.2,
respectively). Each experimental unit (= plastic con-
tainer filled with one of the four types of the experi-
mental solutions) consisted of eight seedlings, one
seedling per population. Each treatment was replicated
eight-times, resulting in the total amount of 32 exper-
imental units and 256 seedlings.

Four characteristics were used as proxies of the
plant growth response to different treatments: (i) total
root growth, (ii) longest root growth and (iii) lateral
root formation (proxies for belowground biomass),
and (iv) longest leaf growth (proxy of aboveground
biomass). Absolute values of the three root character-
istics were acquired using the programme RootArch
1.0 (P. Šmilauer, University of South Bohemia,
unpublished) from figures recorded at two time points:
(i) at the beginning of the experiment, i.e., before
setting the seedlings into the experimental solutions
with manipulated elemental concentrations (roots were
photographed in order not to harm the experimental
plants); and (ii) at the end of the experiment (roots were
scanned). Standard camera settings and identical dis-
tance from the object were kept when acquiring the
photographs. The length of the longest leaf was careful-
ly measured with a ruler again both at the beginning and
at the end of the experiment. Growth characteristics
were then calculated as differences between their initial
and final values for each particular individual. Finally,
the plants were harvested, the below- and aboveground
organs were separated, dried at 60 °C and the dry
biomass was weighted.T
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Determination of Mg and Ni concentrations in plant
tissues

Elemental concentrations of Mg and Ni were quantita-
tively determined from desiccated leaf tissue (elemental
contents in roots could not have been evaluated due to
small amounts of the material) using inductively coupled
plasma optical emission spectrometry (ICP OES, Hansen
et al. 2009). We analysed Mg contents in 119 samples
(i.e., approx. half of each population/treatment combina-
tion); Ni concentration was estimated only in Ni and Ni +
Mg treated samples because of the absence of Ni in the
control solution (amounting to a total of 64 samples). The
samples were decomposed prior to the analysis. Due to
the small amounts of our plant samples (8.4 mg of dry
biomass on average), we applied the decomposition
method using a multi-tube system and the MWS3+ mi-
crowave oven (Berghof, Germany). Dried plant tissue
(<10 mg) was inserted into digestion tubes and treated
with 2 ml nitric acid under the following conditions:
5 min ramp, 10 min hold on 170 °C. 5 min ramp, hold
on 200 °C. The tubes were then filled up to the final
volume of 10 ml and subjected to the ICP OES analysis.
The elemental analysis of nickel and magnesium was
carried out with the sequential, radially viewed ICP
OES spectrometer INTEGRA XL 2 (GBC, Dandenong
Australia) equipped with the microconcentric nebulizer
(400 μl.min−1) and a glass cyclonic spray chamber (both
Glass Expansion, Australia). The analytical lines used
were 221.6 nm for Ni and 285.2 nm for Mg. The oper-
ation conditions of the ICP OES analysis were the fol-
lowing: sample flow rate 1.5 mL.min−1, plasma power
1000 W, plasma, auxiliary and nebulizer gas flow rates
10, 0.6, and 0.65 L.min−1, respectively, photomultiplier
voltage 600 V for nickel and 350 V for magnesium, view
height 6.5mm, three replicated reading on-peak 1 s, fixed
point background correction. Calibration standards con-
taining 10 – 5 – 1 – 0.5 – 0.1 mg.L−1 of both nickel and
magnesium were used for instrument calibration. The
external calibration standards were prepared using com-
mercially available stock standard solutions of Mg and
Ni, both containing 1 g.L−1 (SCP, Baie D’Urfé, Canada).
The limits of detection (concentration equal to three times
the standard deviation at the point of the background
correction) were 5 μg.L−1 for nickel and 2 μg.L−1 for
magnesium. Certified reference material (bush twigs and
leaves GBW 07602 from the China National Analysis
Center for Iron and Steel, Beijing) was used to validate
the method.

Statistical analyses

Dependent variables (except for root and shoot biomass
yield) were log-transformed in order to improve normal-
ity and homoscedascity. As we aimed at identification of
the overall differences in serpentine tolerance among plants
of different ploidy/edaphic origin, we treated the population
of origin as a factor with random effect in all statistical
analyses. Differences in biomass yield and in growth of
above- and belowground biomass under control conditions
(i.e., in the standard nutrient solution) among plants of
different edaphic origin and ploidy were tested by an
ANOVA analysis with the random factor of original pop-
ulation nested in the interaction between Substrate of origin
(serpentine, non-serpentine) and Ploidy (diploid, tetra-
ploid). A more complex ANOVAwas used for the evalu-
ation of the differences in growth, biomass yields and Mg
tissue accumulation in Knautia seedlings in response to
elevated concentrations of Mg and Ni. The effects of
Substrate of origin, Ploidy level, Mg and Ni treatment
and all their interactions were tested in a hierarchical
ANOVAwhere the experimental container (nested in Mg
and Ni treatment interaction) and population (nested in
Substrate of origin and Ploidy interaction) were treated as
random factors. Differences in Ni tissue concentrations
were analysed only for plants grown in solutions containing
nickel (i.e., treatmentsNi andMg+Ni).Differences among
genetic groupswere not subjected to statistical testing as the
main genetic structure has already been represented by the
interaction between Ploidy level and Substrate of origin
(see the Introduction andDiscussion sections). All analyses
were calculated in Statistica 8 (StatSoft, Inc. 2007). Note
that Statistica uses Satterthwaite’s method of denominator
synthesis, which finds the linear combinations of sources of
random variation that serve as appropriate error terms for
testing the significance of the respective effect of
interest—for this reason the complete ANOVA tables, the
synthesized error MS and synthesized error degrees of
freedom are also presented.

Results

Under controlled conditions, plants of serpentine origin
exhibited higher growth of the root system than their
non-serpentine counterparts (F1,49=8.669, p=0.032). By
contrast, no significant differences were detected in
either leaf growth or final biomass yields. Individuals
of distinct ploidy levels also grew differently under
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control conditions. Tetraploid plants exhibited higher
root growth (F1,49=8.501, p=0.033) as well as higher
yields of both belowground and aboveground biomass
(F1,56=21.13, p=0.010; F1,56=13.02, p=0.023 for root
and shoot biomass, respectively) and a higher root/shoot
biomass ratio (F1,56=26.99, p=0.001).

Growth and biomass yield under different
concentrations of Mg and Ni

The response of the three root growth characteristics
was closely correlated and these will therefore be
considered together in the further text (r2=0.82,
p<0.01 and r2=0.83, p<0.01 for the correlation of the
longest root growth and lateral root formation, respec-
tively, with total root growth). Elevated concentrations
of Mg and Ni significantly reduced the growth of
Knautia seedlings in both belowground and above-
ground organs (Table 2 and Online Resource 1); high
Ni content also reduced root and shoot biomass yields

(Table 3 and Online Resource 2). In addition, a signif-
icant interaction between Mg and Ni was detected, as
high Mg content markedly alleviated the negative
effects of Ni on growth and biomass yields of below-
ground organs (Online Resource 3).

Knautia plants of serpentine and non-serpentine ori-
gin responded toMg andNi stress in a strikingly different
way (Tables 2 and 3). Firstly, elevated concentrations of
Mg alone strongly reduced both growth and biomass
yields of non-serpentine plants, while serpentine plants
remained unaffected (this applied to both below- and
aboveground organs; see Figs. 1 and 2). Secondly, under
high Ni concentrations, elevated Mg amounts alleviated
Ni stress more efficiently in serpentine plants, leading to
their higher root growth (but not to higher biomass
yields) in comparison with non-serpentine plants (Fig. 1
and Online Resource 4; see also Online Resource 5
displaying the response of individual populations).
Finally, the effect of Ni alone was also expressed by a
slightly higher root growth of serpentine plants under Ni

Table 2 Effect of manipulated Mg and Ni concentrations, ploidy level and substrate of origin on the growth of Knautia arvensis plants
in hydroponic cultivation

Total root growth Longest root growth Lateral root formation Longest leaf growth

Factor/Interaction Effect Effect df MS F MS F MS F MS F

Experimental container Random 28 0.11 2.01** 0.07 1.55* 0.14 1.86** 0.05 0.97

Population Random 5 0.21 3.83** 0.32 7.31*** 0.11 1.53 0.14 2.60*

Mg Fixed 1 0.52 4.66* 0.36 5.24* 0.86 6.31* 0.79 15.5***

Ni Fixed 1 8.48 76.36*** 2.24 32.94*** 9.87 72.01*** 0.37 7.32*

Ploidy Fixed 1 0.14 1.20 0.39 2.59 0.04 0.46 0.04 0.44

Substrate Fixed 1 0.34 2.96 0.01 0.04 1.27 14.38** 0.03 0.38

Mg*Ni Fixed 1 3.86 34.77*** 1.28 18.81*** 6.12 44.67*** 0.48 9.55**

Ploidy*Mg Fixed 1 0.01 0.20 0.02 0.41 0.01 0.09 0.00 0.02

Ploidy*Ni Fixed 1 0.13 2.34 0.13 3.07 0.11 1.50 0.06 1.09

Substrate*Mg Fixed 1 2.00 36.19*** 0.64 14.75*** 2.50 33.94*** 0.43 8.14**

Substrate*Ni Fixed 1 0.50 9.06** 0.18 4.05* 0.21 2.86 0.05 0.90

Ploidy*Substrate Fixed 1 0.21 1.81 0.62 4.16 0.17 1.87 0.06 0.70

Ploidy*Mg*Ni Fixed 1 0.01 0.18 0.03 0.61 0.09 1.24 0.00 0.00

Substrate*Mg*Ni Fixed 1 0.13 2.44 0.08 1.80 0.02 0.33 0.15 2.92

Ploidy*Substrate*Mg Fixed 1 0.51 9.21** 0.10 2.24 0.75 10.18** 0.08 1.52

Ploidy*Substrate*Ni Fixed 1 0.07 1.36 0.01 0.22 0.00 0.01 0.00 0.03

Ploidy*Substrate*Mg*Ni Fixed 1 0.02 0.41 0.00 0.01 0.09 1.18 0.01 0.15

Error 207 0.05 0.04 0.07 0.05

Statistically significant results are in bold, * p<0.05, ** p<0.01, *** p<0.001. Population identity and experimental container were
treated as random factors; the full ANOVA table including Synthetic error MS and df for each tested term (see Materials and Methods
for details) is available in Online Resource 1. Dependent variables were log transformed prior to the analysis.
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stress (on the contrary, its effect on final biomass yields
was not significant; Table 3 and Online Resource 2).

A significant effect of ploidy level on root growth and
biomass was manifested by a complex interaction with
edaphic origin and Mg treatment (Tables 2 and 3).
Generally, the difference between plants of different
edaphic origin was more pronounced within the tetraploid
cytotype. Under elevated concentrations ofMg, serpentine
tetraploids exhibited higher and non-serpentine tetraploids
lower root growth than their particular edaphic diploid
counterparts (Fig. 1). In the case of biomass yields, the
differences among cytotypes were more pronounced in
the control (higher yields in non-serpentine vs. serpentine
tetraploids but no marked difference among diploids);
under high Mg stress, tetraploid populations of both
edaphic types yielded relatively more root and shoot
biomass than their diploid edaphic counterparts (Online
Resource 6). In addition, ploidy level alone had a signif-
icant effect on biomass production since tetraploids gen-
erally accumulated significantly more below- and

aboveground biomass than diploids and also allocated
relatively more biomass to the roots (Table 3).

Mg and Ni accumulation in aboveground tissues

Elevated concentrations ofMg and Ni in the experimen-
tal solution significantly increased accumulation of both
elements in Knautia aboveground biomass (Table 4 and
Online Resource 7; see also Online Resource 8 for de-
tails on the values). Mg concentration in leaf tissues was
significantly affected by the interaction between ploidy
level and its concentration in the solution (tetraploids
accumulated slightly more Mg than diploids in the Mg
rich solution; for details see Online Resource 9) but not
with the substrate of origin (serpentine vs. non-
serpentine). On the contrary, the accumulation of Ni in
leaf tissues was significantly affected by the serpentine
vs. non-serpentine origin in the interaction with the Mg
treatment. Serpentine plants reduced their Ni accumula-
tion when Mg concentrations in the solution were

Table 3 Effect of manipulated Mg and Ni concentrations, ploidy level and substrate of origin on biomass yields of Knautia arvensis
plants harvested at the end of the hydroponic cultivation

Belowground biomass Aboveground biomass Root/shoot ratio

Factor/Interaction Effect Effect df MS F MS F MS F

Experimental container Random 28 0.000006 2.48*** 0.000028 2.51*** 0.032142 1.05

Population Random 5 0.000004 1.86 0.000014 1.24 0.042261 1.37

Mg Fixed 1 0.000015 2.60 0.000002 0.06 0.114927 3.54

Ni Fixed 1 0.000106 18.24*** ↓Ni+ 0.000020 0.71 1.109497 34.20*** ↓Ni+

Ploidy Fixed 1 0.000030 9.59** ↑4x 0.000057 4.66* ↑4x 0.260646 7.39* ↑4x

Substrate Fixed 1 0.000006 1.81 0.000000 0.01 0.129924 3.69

Mg*Ni Fixed 1 0.000046 7.97** 0.000011 0.40 1.195312 36.85***

Ploidy*Mg Fixed 1 0.000005 2.32 0.000001 0.07 0.113254 3.67

Ploidy*Ni Fixed 1 0.000005 2.06 0.000006 0.56 0.001787 0.05

Substrate*Mg Fixed 1 0.000057 24.28** 0.000328 29.40*** 0.174101 5.64*

Substrate*Ni Fixed 1 0.000000 0.20 0.000001 0.11 0.005466 0.17

Ploidy*Substrate Fixed 1 0.000002 0.61 0.000010 0.78 0.015727 0.44

Ploidy*Mg*Ni Fixed 1 0.000005 2.06 0.000000 0.00 0.003240 0.10

Substrate*Mg*Ni Fixed 1 0.000000 0.08 0.000015 1.31 0.031809 1.03

Ploidy*Substrate*Mg Fixed 1 0.000015 6.45* 0.000061 5.43* 0.008287 0.26

Ploidy*Substrate*Ni Fixed 1 0.000000 0.01 0.000001 0.06 0.001190 0.03

Ploidy*Substrate*Mg*Ni Fixed 1 0.000000 0.05 0.000001 0.10 0.000000 0.00

Error 207 0.000002 0.000011 0.030833

Statistically significant results are in bold, * p<0.05, ** p<0.01, *** p<0.001. For factors with a significant effect, arrows indicate the direction
of change. Population identity and experimental container were treated as random factors; the full ANOVA table including Synthetic error MS
and df (see Materials and Methods for details) is available in Online Resource 2. Dependent variables were not transformed
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Fig. 1 Different response in total root growth of serpentine and
non-serpentine Knautia arvensis plants (diploid vs. tetraploid)
to the low (−) vs. high (+) concentrations of Mg and the absence

(−) vs. presence (+) of Ni in experimental solutions. Symbols
and vertical bars denote the mean and standard error of the
mean, respectively

Fig. 2 Different response in the longest leaf growth of serpentine and non-serpentine Knautia arvensis plants to the low (−) vs. high (+)
concentrations of Mg in experimental solutions. Symbols and vertical bars denote the mean and standard error of the mean, respectively
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elevated whereas non-serpentine plants exhibited
approximately the same levels of Ni in their tissues
in both external Mg concentrations (Fig. 3, see also
Online Resource 10 for the response of individual
populations).

Discussion

Ecotypic response of K. arvensis to Mg and Ni stress

Plant adaptation to the stressful conditions of serpentine
soils may occur either only in populations experiencing the
stress or it can be widespread across all populations of a
species. Both diploid and tetraploid cytotype of Knautia
arvensis occur on and off serpentine, the available distribu-
tional data, however, did not allow any conclusionwhich of
the above described scenarios applies to Knautia. In the
hydroponic cultivation, serpentine and non-serpentine

Knautia arvensis responded to the low Ca/Mg ratio and
high Ni concentration in markedly different ways,
suggesting that serpentine tolerance is an adaptive rather
than a constitutive trait within this species. Firstly, ser-
pentine plants, unlike their non-serpentine counterparts,
did not reduce their growth under elevated concentra-
tions of Mg (Figs. 1 and 2), which were present not only
in the solution but also in plant tissues (Online Resource
8, see also Doubková et al. 2012). Tolerance to elevated
Mg and/or highMg requirement has been found to be an
almost ubiquitous trait of serpentine-adapted plants that
represents an integral part of serpentine tolerance (see
Brady et al. 2005; Kazakou et al. 2008 for review).
Secondly, Ni toxicity seems to be less harmful to ser-
pentine than to non-serpentine plants when bothMg and
Ni are present in elevated concentrations, i.e., in condi-
tions close to those in natural serpentine stands (Fig. 1).
A similar effect of certain elements such as Mg and Ca
on reduction of Ni toxicity has been experimentally

Table 4 Effect of manipulated Mg and Ni concentrations in an
experimental solution, ploidy level and substrate of origin on the
concentrations of Mg and Ni in Knautia arvensis aboveground

biomass. Differences in Ni accumulation were tested only for
plants grown in Ni-enriched solutions

Mg concentration in leaf tissue Ni concentration in leaf tissue

Factor/Interaction Effect Effect df MS F df MS F

Experimental container Random 12 0.05 1.60 6 0.09 0.74

Population Random 4 0.01 0.24 4 0.13 1.09

Mg Fixed 1 21 629.18*** 1 1.67 19.32**

Ni Fixed 1 0.08 2.31 − −
Ploidy Fixed 1 0 0.08 1 0.01 0.06

Substrate Fixed 1 0.01 0.17 1 0.82 6.45

Mg*Ni Fixed 1 0 0.04 − −
Ploidy*Mg Fixed 1 0.2 5.96* 1 0.41 3.57

Ploidy*Ni Fixed 1 0.02 0.49 − −
Substrate*Mg Fixed 1 0.05 1.47 1 2.09 17.84***

Substrate*Ni Fixed 1 0.22 6.45* − −
Ploidy*Substrate Fixed 1 0.03 0.9 1 0.03 0.26

Ploidy*Mg*Ni Fixed 1 0.01 0.42 − −
Substrate*Mg*Ni Fixed 1 0.02 0.64 − −
Ploidy*Substrate*Mg Fixed 1 0.02 0.67 1 0.02 0.16

Ploidy*Substrate*Ni Fixed 1 0.05 1.46 − −
Ploidy*Substrate*Mg*Ni Fixed 1 0.02 0.65 − −
Error 87 0.03 46 0.12

Statistically significant results are in bold, * p<0.05, ** p<0.01, *** p<0.001. Population identity and experimental container were
treated as random factors; the full ANOVA table including Synthetic error MS and df (see Materials and Methods for details) is
available in Online Resource 7. Dependent variables were log transformed prior to the analysis
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demonstrated in several other plant species (e.g., Avena
sativa, Proctor andMcGowan 1976; Alyssum bertolonii,
Gabbrielli and Pandolfini 1984; Zea mays, Robertson
1985). The physiological basis of this effect still remains
rather unclear, but it possibly reflects a direct interfer-
ence among both elements during their uptake by roots
(Chen et al. 2009). Finally, serpentine plants also
exhibited a significant decrease in Ni accumulation in
their leaf tissues under elevated Mg, while non-
serpentine plants accumulated approximately the same
(high) amounts of Ni irrespective of external Mg con-
centrations (Fig. 3). Regulation of heavy metal uptake
(Ni in particular) is often stressed as an important factor
in serpentine tolerance, but the opposite—i.e., tolerance
to excessive Ni accumulation—has in many cases been
taken as evidence of serpentine tolerance (e.g., Ni
hyperaccumulator plants such as Thlaspi goesingense,
Reeves and Bakwer 1984; T. caerulescens, Boyd and
Martens 1998; Alyssum bertolonii, Galardi et al. 2007).
Nevertheless, restricted Ni uptake and translocation was
also documented in several serpentine-tolerant plant
species (e.g., Vergnano et al. 1982; Gabbrielli et al.
1990). To sum up, the consistently better response of
the serpentine populations to Mg and Ni stress indicate
that the tolerance is an adaptive trait characteristic for
serpentine Knautia arvensis populations rather than a

pre-adaptation (Brady et al. 2005) shared by all mem-
bers of the complex.

Knautia serpentine populations seem to have evolved
a complex mechanism of tolerance against serpentine
chemical stress that is based on tolerance to high Mg
accumulation and a restriction of Ni uptake. Such a
combined response to both Mg and Ni stress has been
revealed in several other case studies which examined the
effects of both elements (e.g., Gabbrielli and Pandolfini
1984; Nyberg Berglund et al. 2004; Asemaneh et al.
2007). Interestingly, in Cerastium alpinum, serpentine
populations exhibited considerable variation in the direc-
tion of Mg-Ni tolerance, as some populations exhibited a
positive effect of Mg on Ni toxicity, while the opposite
applied to other populations (well reflecting soil proper-
ties at sites of original populations, Nyberg Berglund et
al. 2004). By contrast, we have detected a largely con-
gruent pattern of growth response to both Mg and Ni
among Knautia serpentine populations (see Online
Resources 5 and 10), what also corresponds to the rather
constant concentrations of both elements in the original
soils (Table 1 and Doubková et al. 2011). Our data thus
do not indicate any strong local adaptation to Mg and Ni
stress within the serpentine Knautia ecotype.

Serpentine soils provide a complex set of chemical
and physical factors influencing plant life, collectively

Fig. 3 Different response in the accumulation of Ni in aboveground tissues of serpentine and non-serpentineKnautia arvensis plants to the low (−)
vs. high (+) concentrations ofMg in experimental solutions. Symbols and vertical bars denote themean and standard error of themean, respectively
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summarized under the term ‘serpentine syndrome’ (Jenny
1980; Brady et al. 2005). However, chemical stress caused
by extremely low Ca/Mg ratios and high Ni concentra-
tions is generally perceived as the principal trigger pro-
moting serpentine ecotypic differentiation and adaptation
(Brady et al. 2005; Kazakou et al. 2008). Moreover, other
important components of the serpentine syndrome such as
low levels of macronutrients and drought are probably less
important inKnautia because its native serpentine soils are
rich in nitrogen and organic carbon (in amounts similar to
non-serpentine soils, Doubková et al. 2011). Within ser-
pentine areas, Knautia plants avoid dry zones with obvi-
ous water limitation. Instead, they occupy the forest floor
and various depressions where they co-occur with other
mesophilous plant species (pers. obs.). Thus, for simplic-
ity, we use the general term ‘serpentine tolerance’ to
describe the different response of serpentine and non-
serpentine Knautia ecotypes. We are nevertheless aware
that other, untested physical factors and/or biotic interac-
tions may still contribute to the tolerance of Knautia to the
serpentine syndrome. Indeed, the ecotypic differentiation
of a whole plant-fungus assemblage in relation to phos-
phorus uptake has recently been documented among ser-
pentine vs. non-serpentine Knautia arvensis populations
(the same as those used in our study, Doubková et al.
2012). The specific combination of (i) a serpentine-native
arbuscular mycorrhizal fungus strain and (ii) Knautia
plants represented themost efficient system of phosphorus
uptake in serpentine soils. Because the pattern of response
was congruent with our results, we can consider mycor-
rhizal association as another factor contributing to serpen-
tine tolerance in Knautia.

Evolutionary background of K. arvensis serpentine
tolerance

Serpentine ecotypic differentiation ranks among the best
documented examples of plant adaptive differentiation,
and it has been recorded in various areas around the world
(Kruckeberg 1967; Proctor 1971; Ghasemi and Ghaderian
2009). Yet it has never been directly examined in relation
to polyploidy. In contrast to classical views on polyploidy
associated changes in important plant life-history traits
(Levin 2002), polyploidy alone seems to play a rather
minor role in the observed differentiation of serpentine
compared to non-serpentine Knautia ecotypes. A simple
effect of ploidy level on tolerance to Mg or Ni stress was
not apparent in any of the examined traits inK. arvensis. It
should nevertheless be noted that our experimental

approach was targeted at a single (yet critical) develop-
mental stage (seedlings), so we cannot exclude that some
inter-cytotype differences might become pronounced in
later stages of the plants’ life cycle and/or during repro-
duction. The effect of polyploidy in Knautia seedlings,
however, appearedwhen the serpentine vs. non-serpentine
origin was also taken into account. Specifically, serpentine
tetraploids exhibited higher growth of their root system
under Mg stress than their diploid edaphic counterparts
(whereas non-serpentine tetraploids performed even
worse than diploids of the same edaphic origin, see
Fig. 1). The better growth response to Mg stress as well
as overall higher biomass yields detected in serpentine
tetraploids of Knautia could have contributed to their
establishment and spread in the serpentine locality (where
they currently prevail over their diploid ancestors, M.
Hanzl and F. Kolář, unpubl. results). Still, due to the
parapatric distribution of the populations included in our
study, we cannot exclude the possibility that the observed
inter-cytotype differences might, at least partly, reflect
local adaptation of individual populations.

Instead of the effect of polyploidy per se, we argue
that the observed pattern of serpentine tolerance (shared
tolerance among serpentine di- and tetraploids) more
likely reflects the genetic relationships among the pop-
ulations. As has been evidenced by genome size, AFLP
and chloroplast DNAmarkers evaluated in our previous
studies (Kolář et al. 2009; Kolář et al. 2012), Knautia
arvensis in Central Europe has a distinct genetic struc-
ture which only loosely corresponds to ploidy levels but
strongly reflects the patterns of edaphic differentiation.
While non-serpentine diploids are genetically very dis-
tinct and the position of non-serpentine tetraploids is
ambiguous, serpentine populations of both ploidy levels
are genetically close to each other and probably followed
a common evolutionary trajectory (restriction of diploids
to edaphic refugia followed by local polyploidization;
Štěpánek 1989; Kaplan 1998; Kolář et al. 2012). The
shared adaptations to serpentine chemical stress among
serpentine diploids and tetraploids, revealed by the pres-
ent study, correspond with the autopolyploid origin of the
serpentine tetraploids within the edaphic refugium (that
was detected during our previous investigations, Kolář et
al. 2012).We assume that the genes enhancing serpentine
tolerance have been probably directly transmitted during
the polyploidization process. Alternative explanations
such as acquisition of the tolerance through subsequent
2x–4x gene flow can be ruled out based on the existence
of strong interploidal reproductive barriers in Knautia

73



(Ehrendorfer 1962; Kolář et al. 2009). In addition, the
tetraploids probably originated directly at the edaphic
island (Kolář et al. 2012) and thus they should have been
serpentine tolerant already in the initial phases of their
establishment. Recent serpentine literature documents sev-
eral evolutionary scenarios describing the acquisition and
spread of serpentine tolerance such as gradual selection,
catastrophic selection, hybridization and cross-tolerance to
other stresses (see Brady et al. 2005; O’ Dell and
Rajakaruna 2011 for review). Polyploidization, however,
represents a novel pathway through which serpentine
tolerance could be transmitted during the origin of a new
serpentine-tolerant evolutionary unit.
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Table Online Resource 1 The effect of manipulated Mg and Ni concentrations, ploidy level, and substrate of origin on the growth of Knautia 
arvensis plants in hydroponic cultivation – complete ANOVA results.  
 
 

   Total root growth Longest root growth Lateral root formation Longest leaf growth 

Factor / Interaction Effect  Effect 
df SS MS 

Syn. 
Error 

df 

Syn. 
Error 
MS 

F p SS MS 
Syn. 
Error 

df 

Syn. 
Error 
MS 

F p SS MS 
Syn. 
Error 

df 

Syn. 
Error 
MS 

F p SS MS 
Syn. 
Error 

df 

Syn. 
Error 
MS 

F p 

Experimental container Random 28 3.112 0.111 207 0.055 2.01 0.003 1.901 0.068 207 0.044 1.552 0.045 3.838 0.137 207 0.074 1.858 0.008 1.419 0.051 207 0.052 0.969 0.514 
Population Random 5 1.059 0.212 207 0.055 3.831 0.002 1.599 0.32 207 0.044 7.312 <0.001 0.565 0.113 207 0.074 1.53 0.182 0.681 0.136 207 0.052 2.604 0.026 
Mg Fixed 1 0.517 0.517 28 0.111 4.657 0.040 0.356 0.356 28 0.068 5.242 0.030 0.865 0.865 28 0.137 6.311 0.018 0.786 0.786 28 0.051 15.5 <0.001 
Ni Fixed 1 8.484 8.484 28 0.111 76.36 <0.001 2.236 2.236 28 0.068 32.94 <0.001 9.869 9.869 28 0.137 72.01 <0.001 0.371 0.371 28 0.051 7.322 0.011 
Ploidy Fixed 1 0.138 0.138 10 0.115 1.203 0.298 0.385 0.385 7 0.149 2.586 0.149 0.041 0.041 21 0.089 0.463 0.504 0.037 0.037 13 0.084 0.437 0.520 
Substrate Fixed 1 0.337 0.337 10 0.114 2.956 0.116 0.005 0.005 8 0.147 0.037 0.853 1.272 1.272 21 0.088 14.38 0.001 0.032 0.032 13 0.084 0.382 0.547 
Mg*Ni Fixed 1 3.863 3.863 28 0.111 34.77 <0.001 1.277 1.277 28 0.068 18.81 <0.001 6.122 6.122 28 0.137 44.67 <0.001 0.484 0.484 28 0.051 9.546 0.004 
Ploidy*Mg Fixed 1 0.011 0.011 207 0.055 0.197 0.658 0.018 0.018 207 0.044 0.405 0.525 0.007 0.007 207 0.074 0.089 0.766 0.001 0.001 207 0.052 0.016 0.898 
Ploidy*Ni Fixed 1 0.129 0.129 207 0.055 2.336 0.128 0.134 0.134 207 0.044 3.072 0.081 0.111 0.111 207 0.074 1.505 0.221 0.057 0.057 207 0.052 1.094 0.297 
Substrate*Mg Fixed 1 2.001 2.001 207 0.055 36.19 <0.001 0.645 0.645 207 0.044 14.75 <0.001 2.504 2.504 207 0.074 33.94 <0.001 0.425 0.425 207 0.052 8.135 0.005 
Substrate*Ni Fixed 1 0.501 0.501 207 0.055 9.062 0.003 0.177 0.177 207 0.044 4.054 0.045 0.211 0.211 207 0.074 2.857 0.092 0.047 0.047 207 0.052 0.901 0.344 
Ploidy*Substrate Fixed 1 0.209 0.209 10 0.115 1.811 0.208 0.623 0.623 7 0.15 4.16 0.078 0.166 0.166 20 0.089 1.869 0.186 0.059 0.059 13 0.084 0.703 0.417 
Ploidy*Mg*Ni Fixed 1 0.01 0.01 207 0.055 0.175 0.676 0.027 0.027 207 0.044 0.613 0.434 0.092 0.092 207 0.074 1.241 0.267 0.001 0.001 207 0.052 0.001 0.983 
Substrate*Mg*Ni Fixed 1 0.135 0.135 207 0.055 2.441 0.120 0.079 0.079 207 0.044 1.801 0.181 0.025 0.025 207 0.074 0.332 0.565 0.153 0.153 207 0.052 2.92 0.089 
Ploidy*Substrate*Mg Fixed 1 0.509 0.509 207 0.055 9.208 0.003 0.098 0.098 207 0.044 2.237 0.136 0.751 0.751 207 0.074 10.18 0.002 0.08 0.08 207 0.052 1.524 0.218 
Ploidy*Substrate*Ni Fixed 1 0.075 0.075 207 0.055 1.355 0.246 0.01 0.01 207 0.044 0.222 0.638 0.001 0.001 207 0.074 0.01 0.922 0.002 0.002 207 0.052 0.032 0.859 
Ploidy*Substrate*Mg*Ni Fixed 1 0.023 0.023 207 0.055 0.415 0.520 0.001 0.001 207 0.044 0.005 0.941 0.087 0.087 207 0.074 1.182 0.278 0.008 0.008 207 0.052 0.152 0.697 

Error  207 11.45 0.055     9.055 0.044     15.27 0.074     10.83 0.052     
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Table Online Resource 2 The effect of manipulated Mg and Ni concentrations, ploidy level, and substrate of origin on biomass of Knautia 
arvensis plants harvested at the end of the hydroponic cultivation experiment – complete ANOVA results. 
 
 

   Belowground biomass Aboveground biomass Root/shoot ratio 

Factor / Interaction Effect  Effect 
df SS MS 

Syn. 
Error 

df 

Syn. Error 
MS F p SS MS 

Syn. 
Error 

df 

Syn. 
Error MS F p SS MS 

Syn. 
Error 

df 

Syn. 
Error MS F p 

Experimental container Random 28 0.000163 0.000006 201 0.000002 2.484 <0.001 0.000784 0.000028 203 0.000011 2.508 <0.001 0.909 0.032 198 0.030833 1.053 0.400 
Population Random 5 0.000022 0.000004 201 0.000002 1.856 0.104 0.000070 0.000014 203 0.000011 1.246 0.289 0.210 0.042 198 0.030833 1.367 0.238 
Mg Fixed 1 0.000015 0.000015 28 0.000006 2.600 0.118 0.000002 0.000002 28 0.000028 0.055 0.816 0.114 0.114 29 0.032435 3.543 0.070 
Ni Fixed 1 0.000106 0.000106 28 0.000006 18.242 <0.001 0.000020 0.000020 28 0.000028 0.710 0.407 1.109 1.109 29 0.032434 34.208 <0.001 
Ploidy Fixed 1 0.000030 0.000030 17 0.000003 9.593 0.007 0.000057 0.000057 25 0.000012 4.663 0.041 0.260 0.260 22 0.035243 7.396 0.012 
Substrate Fixed 1 0.000006 0.000006 17 0.000003 1.815 0.196 0.000000 0.000000 26 0.000012 0.006 0.937 0.129 0.129 23 0.035186 3.692 0.067 
Mg*Ni Fixed 1 0.000046 0.000046 28 0.000006 7.970 0.009 0.000011 0.000011 28 0.000028 0.403 0.531 1.195 1.195 29 0.032434 36.854 <0.001 
Ploidy*Mg Fixed 1 0.000005 0.000005 201 0.000002 2.315 0.130 0.000001 0.000001 203 0.000011 0.073 0.787 0.113 0.113 198 0.030833 3.673 0.057 
Ploidy*Ni Fixed 1 0.000005 0.000005 201 0.000002 2.057 0.153 0.000006 0.000006 203 0.000011 0.561 0.455 0.001 0.001 198 0.030833 0.058 0.810 
Substrate*Mg Fixed 1 0.000057 0.000057 201 0.000002 24.276 <0.001 0.000328 0.000328 203 0.000011 29.403 <0.001 0.174 0.174 198 0.030833 5.647 0.018 
Substrate*Ni Fixed 1 0.000000 0.000000 201 0.000002 0.199 0.656 0.000001 0.000001 203 0.000011 0.109 0.742 0.005 0.005 198 0.030833 0.177 0.674 
Ploidy*Substrate Fixed 1 0.000002 0.000002 17 0.000003 0.607 0.447 0.000010 0.000010 25 0.000012 0.781 0.385 0.015 0.015 22 0.035292 0.446 0.511 
Ploidy*Mg*Ni Fixed 1 0.000005 0.000005 201 0.000002 2.062 0.153 0.000000 0.000000 203 0.000011 0.000 1.000 0.003 0.003 198 0.030833 0.105 0.746 
Substrate*Mg*Ni Fixed 1 0.000000 0.000000 201 0.000002 0.082 0.775 0.000015 0.000015 203 0.000011 1.306 0.254 0.031 0.031 198 0.030833 1.032 0.311 
Ploidy*Substrate*Mg Fixed 1 0.000015 0.000015 201 0.000002 6.451 0.012 0.000061 0.000061 203 0.000011 5.436 0.021 0.008 0.008 198 0.030833 0.269 0.605 
Ploidy*Substrate*Ni Fixed 1 0.000000 0.000000 201 0.000002 0.001 0.975 0.000001 0.000001 203 0.000011 0.060 0.806 0.001 0.001 198 0.030833 0.039 0.844 
Ploidy*Substrate*Mg*Ni Fixed 1 0.000000 0.000000 201 0.000002 0.051 0.822 0.000001 0.000001 203 0.000011 0.097 0.755 0.000 0.000 198 0.030833 0.000 1.000 
Error  201 0.000472 0.000002     0.002265 0.000011     6.104 0.030     
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Fig. Online Resource 3 Response in total root growth (A) and longest leaf growth (B) of 
Knautia arvensis plants to the interaction of low (-) vs. high (+) concentrations of Mg and 
absence (-) vs. presence (+) of Ni in the experimental solutions. Symbols and vertical bars 
denote mean and standard error of mean, respectively. 
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Fig. Online Resource 4 Different response in longest root growth (A) and lateral root 
formation (B) of serpentine and non-serpentine Knautia plants to the low (-) vs. high (+) 
concentrations of Mg and absence (-) vs. presence (+) of Ni in the experimental solutions. 
Symbols and vertical bars denote mean and standard error of mean, respectively. 
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Fig. Online Resource 5 Response in total root growth (A) longest root growth (B), lateral 
root formation (C), and longest leaf growth (D) of the examined populations of Knautia 
arvensis cultivated in four different experimental solutions with manipulated concentrations 
of Mg and Ni (C = control, i.e., standard nutrient solution). Note the different response of the 
serpentine (S1-S4) vs. non-serpentine (NS1-NS4) populations to elevated concentrations of 
Mg and Mg+Ni. Symbols and vertical bars denote mean and standard error of mean, 
respectively. 
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Fig. Online Resource 6 Different yields of belowground (A) and aboveground (B) biomass 
of Knautia arvensis plants differing in ploidy level (diploid vs. tetraploid) and substrate of 
origin (serpentine vs. non-serpentine) planted in the low (-) vs. high (+) concentrations of Mg. 
Symbols and vertical bars denote mean and standard error of mean, respectively. 
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Table Online Resource 7 Effect of manipulated Mg and Ni concentrations in experimental solution, ploidy level, and substrate of origin on the 
concentrations of Mg and Ni in Knautia arvensis aboveground biomass – complete ANOVA results. Differences in Ni accumulation were tested 
only for plants grown in Ni-enriched solutions. 
 

Mg concentration in leaf tissue  Ni concentration in leaf tissue  

Factor / Interaction Effect  

Effect 
df SS MS 

Syn. 
Error 

df 

Syn. 
Error 
MS 

F p 
 

Effect Effect 
df SS MS 

Syn. 
Error 

df 

Syn. 
Error 
MS 

F p 

Experimental container Random 12 0.64 0.053 87 0.033 1.598 0.107 Experimental 
container Random 6 0.519 0.087 46 0.117 0.74 0.62 

Population Random 4 0.032 0.008 87 0.033 0.241 0.914 Population Random 4 0.51 0.127 46 0.117 1.091 0.372 
Mg Fixed 1 21.01 21.01 13 0.053 399.2 <0.001 Mg Fixed 1 1.672 1.672 6 0.087 19.325 0.005 
Ni Fixed 1 0.077 0.077 13 0.053 1.466 0.248   - - - - - - - 
Ploidy Fixed 1 0.003 0.003 4 0.008 0.344 0.59 Ploidy Fixed 1 0.008 0.008 4 0.127 0.062 0.816 
Substrate Fixed 1 0.006 0.006 4 0.008 0.691 0.451 Substrate Fixed 1 0.822 0.822 4 0.127 6.447 0.064 
Mg*Ni Fixed 1 0.001 0.001 13 0.053 0.028 0.869   - - - - - - - 
Ploidy*Mg Fixed 1 0.199 0.199 87 0.033 5.963 0.017 Ploidy*Mg Fixed 1 0.417 0.417 46 0.117 3.566 0.065 
Ploidy*Ni Fixed 1 0.016 0.016 87 0.033 0.493 0.485   - - - - - - - 
Substrate*Mg Fixed 1 0.049 0.049 87 0.033 1.47 0.229 Substrate*Mg Fixed 1 2.086 2.086 46 0.117 17.844 <0.001 
Substrate*Ni Fixed 1 0.215 0.215 87 0.033 6.445 0.013   - - - - - - - 
Ploidy*Substrate Fixed 1 0.03 0.03 4 0.008 3.6 0.123 Ploidy*Substrate Fixed 1 0.032 0.032 4 0.127 0.255 0.64 
Ploidy*Mg*Ni Fixed 1 0.014 0.014 87 0.033 0.423 0.517   - - - - - - - 
Substrate*Mg*Ni Fixed 1 0.022 0.022 87 0.033 0.645 0.424  - - - - - - - 
Ploidy*Substrate*Mg Fixed 1 0.022 0.022 87 0.033 0.673 0.414 Ploidy*Substrate*Mg Fixed 1 0.018 0.018 46 0.117 0.158 0.693 
Ploidy*Substrate*Ni Fixed 1 0.049 0.049 87 0.033 1.457 0.231  - - - - - - - 
Ploidy*Substrate*Mg*Ni Fixed 1 0.022 0.022 87 0.033 0.65 0.422  - - - - - - - 
Error  87 2.904 0.033     Error  46 5.376 0.117     

 
 

83



Table Online Resource 8 Concentrations (mean ± s.e.m.) of Mg and Ni in the biomass of 
Knautia arvensis plants cultivated in different experimental solutions with manipulated 
concentrations of Mg and Ni and categorized according to their ploidy level (diploid vs. 
tetraploid) and substrate of origin (serpentine vs. non-serpentine).  
 
Treatment Substrate type Ploidy level N Mg2+ (mg.kg-1) Ni2+ (mg.kg-1) 
control serpentine both cytotypes 14 5129 ± 386 - 
       2x 7 5224 ± 636 - 
       4x 7 5034 ± 489 - 
 non-serpentine both cytotypes 15 5376 ± 673 - 
       2x 8 6133 ± 1069 - 
       4x 7 4511 ± 712 - 
Mg serpentine both cytotypes 12 31394 ± 3338 - 
       2x 6 31963 ± 5824 - 
       4x 6 30826 ± 3868 - 
 non-serpentine both cytotypes 14 44447 ± 5560 - 
       2x 7 39423 ± 6991 - 
       4x 7 49472 ± 8757 - 
Ni serpentine both cytotypes 16 5131 ± 479 481.4 ± 59 
       2x 8 5993 ± 691 587.4 ± 88 
       4x 8 4269 ± 540 375.4 ± 62 
 non-serpentine both cytotypes 16 3915 ± 373 399.4 ± 82 
       2x 8 3964 ± 638 489.6 ± 157 
       4x 8 3865 ± 432 309.3 ± 47 
Mg+Ni serpentine both cytotypes 16 37551 ± 5075 101.5 ± 14 
       2x 8 33659 ± 4915 90.4 ± 14 
       4x 8 41443 ± 9050 112.7 ± 24 
 non-serpentine both cytotypes 16 31844 ± 3956 556 ± 121 
       2x 8 26894 ± 6542 616.8 ± 233 
       4x 8 36794 ± 4156 495.2 ± 86 
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Fig. Online Resource 9 Different accumulation of Mg in aboveground tissues of diploid vs. 
tetraploid Knautia arvensis plants in relation to the concentration of Mg in the experimental 
solutions. Symbols and vertical bars denote mean and standard error of mean, respectively. 
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Fig. Online Resource 10 Concentration of magnesium (A) and nickel (B) in aboveground 
biomass of Knautia arvensis plants from the investigated populations cultivated in four 
different experimental solutions with manipulated concentrations of Mg and Ni (C = control, 
i.e., standard nutrient solution). Open symbols and vertical bars denote mean and standard 
error of mean, respectively. Ni accumulation was measured only in plants grown in Ni-
enriched solutions. 
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Diversity and endemism in deglaciated areas: Ploidy, relative genome size 
and niche differentiation in the Galium pusillum complex (Rubiaceae) in 

Northern and Central Europe 
 

Filip Kolář, Magdalena Lučanová, Petr Vít, Tomáš Urfus, Jindřich Chrtek, Tomáš Fér, 
Friedrich Ehrendorfer & Jan Suda 

 
 

 
 

Limestone pavements (alvars) in Öland preserved an unusual assemblage of early Holocene relict 
plant species, including a distinct diploid lineage of Galium pusillum agg. that is currently restricted to 

southern Sweden and the British Isles  
 
 
Large-scale flow cytometric and ecological screening of populations of the Galium pusillum complex in 
central and northern Europe revealed an exceptional case of ploidy distribution and endemism in 
formerly glaciated areas. The group evolved at diploid and tetraploid levels in northern Europe, in 
contrast to the high-polyploid nature of most other northern endemics. In addition, different species 
exhibit high levels of eco-geographic segregation (particularly along gradients of soil pH and 
competition) which is unusual for plants in deglaciated areas, and most likely contributed to the 
peculiar disjunct distribution of the group. The high level of interspecific differentiation, both 
ecological and cytological, widens our perception of the evolutionary dynamics and speciation in the 
dramatically changing deglaciated environments. 
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† Background and Aims Plants endemic to areas covered by ice sheets during the last glaciation represent para-
digmatic examples of rapid speciation in changing environments, yet very few systems outside the harsh arctic
zone have been comprehensively investigated so far. The Galium pusillum aggregate (Rubiaceae) is a challenging
species complex that exhibits a marked differentiation in boreal parts of Northern Europe. As a first step towards
understanding its evolutionary history in deglaciated regions, this study assesses cytological variation and eco-
logical preferences of the northern endemics and compares the results with corresponding data for species occur-
ring in neighbouring unglaciated parts of Central and Western Europe.
† Methods DNA flow cytometry was used together with confirmatory chromosome counts to determine ploidy
levels and relative genome sizes in 1158 individuals from 181 populations. A formalized analysis of habitat
preferences was applied to explore niche differentiation among species and ploidy levels.
† Key Results The G. pusillum complex evolved at diploid and tetraploid levels in Northern Europe, in contrast to
the high-polyploid evolution of most other northern endemics. A high level of eco-geographic segregation was
observed between different species (particularly along gradients of soil pH and competition) which is unusual for
plants in deglaciated areas and most probably contributes to maintaining species integrity. Relative monoploid
DNA contents of the species from previously glaciated regions were significantly lower than those of their coun-
terparts from mostly unglaciated Central Europe, suggesting independent evolutionary histories.
† Conclusions The aggregate of G. pusillum in Northern Europe represents an exceptional case with a geograph-
ically vicariant and ecologically distinct diploid/tetraploid species endemic to formerly glaciated areas. The high
level of interspecific differentiation substantially widens our perception of the evolutionary dynamics and speci-
ation rates in the dramatically changing environments of Northern Europe.

Key words: Endemism, environmental change, polyploid evolution, flow cytometry, genome size, glaciation,
niche differentiation, ploidy level.

INTRODUCTION

The flora of Northern Europe has long been considered
depauperate due to severe climatic oscillations over the
Pleistocene (Comes and Kadereit, 1998; Hewitt, 2004). The
extant diversity in deglaciated areas is not only reduced at
the species level but the intraspecific genetic variation is
also often much impoverished in comparison with that in
surrounding non-glaciated areas (e.g. Schönswetter et al.,
2003; Koch et al., 2006). It is assumed that only the hardiest
flowering plant species may have survived in glaciated areas
either on ‘islands’ protruding from the ice sheet (so-called
nunataks) or on debris-covered glaciers (Fickert et al., 2007;
Schneeweiss and Schönswetter, 2011; Westergaard et al.,
2011; but see Parducci et al., 2012 for suggested tree survival).
Otherwise, survival in peripheral ice-free refugia or post-
glacial origins as a result of rapid in situ speciation have
been suggested (Brochmann et al., 1996; Jakobsson et al.,

2006; Skrede et al., 2006; Ståhlberg and Hedrén, 2010).
Although the plant biota of Northern Europe were largely
‘wiped out’ during the last glaciation, a considerable number
of endemic taxa currently restricted to deglaciated areas are
now recorded, accounting for 4.5–6.3 % of the total species
diversity (Brochmann et al., 2003; Jonsell and Karlsson,
2004). From the evolutionary point of view, these arctic and
boreal endemics are key biodiversity components of the degla-
ciated landscapes and demonstrate the evolutionary potential
of the northern flora. Deeper insights into the evolutionary
history of these endemics are, therefore, crucial for a better
understanding of patterns and processes shaping the plant di-
versity in changing environments.

Evolutionary pathways leading to the genesis of endemic
taxa in deglaciated areas have been the subject of a long-
standing debate. Whereas traditional biogeographers used the
incidence of endemics in deglaciated regions as evidence for
in situ nunatak survival (Löve and Löve, 1963; Dahl, 1987,
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1989), more recent molecular genetic data challenged these
interpretations and argued that most such species are either
not sufficiently hardy for nunatak survival or are of
more recent (post-glacial) origin (Brochmann et al., 2003).
Alternative explanations assumed (1) survival of contemporary
endemics in periglacial areas followed by their extinction in
original source regions due to post-glacial environmental
change, or (2) rapid in situ speciation from the new immigrants
after the ice melted. The latter scenario seems to hold for
several hardy ‘true arctic’ endemics that most probably origi-
nated via interspecific/interlineage hybridization and genome
duplication (Brochmann et al., 2004). As a result, the majority
of arctic endemics are young evolutionary products, often high
allopolyploids and/or stabilized hybrids with frequent asexual
reproduction, e.g. Cerastium nigrescens (Brysting and Borgen,
2000; Brysting et al., 2007), Papaver radicatum aggregate
(Solstad et al., 2003), Poa jemtlandica (Brysting et al.,
1997, 2000), Saxifraga opdalensis and S. svalbardensis
(Steen et al., 2000). In contrast, there are no sexual outcrossing
diploids among European arctic endemics (Brochmann et al.,
2003).

The published evolutionary histories of endemic species
from boreal and temperate parts of formerly glaciated
Northern Europe are more diverse. In addition to recent allopo-
lyploids, e.g. Arabidopsis suecica (Jakobsson et al., 2006) and
Saxifraga osloensis (Brochmann et al., 1996), allopatric segre-
gates at higher ploidy levels, e.g. Euphrasia bottnica (Jonsell,
1988), and agamospermous microspecies, e.g. Sorbus spp.,
Taraxacum spp. and Limonium spp. (Preston and Hill, 1997;
Jonsell and Karlsson, 2004), there are also several diploid
sexual endemics (Sterner, 1986; Borgen, 1987; Jonsell,
1988). In contrast to the relatively well studied northern poly-
ploids, these diploids have been largely neglected by recent
cytogeographical and/or molecular studies. Available distribu-
tional, morphological and cytological evidence indicates that
the northern diploid endemics represent either (1) weakly dif-
ferentiated segregates of otherwise widespread and taxonomic-
ally challenging groups (e.g. Atriplex spp., Odontites vernus
complex and Euphrasia spp.: Snogerup, 1983; Elven, 1984;
Borgen, 1987), or (2) relicts of a once common steppe flora
with no extant geographically close relatives (e.g. some ende-
mics of the Gotland and Öland islands; Sterner, 1986).

An outstanding case of Northern European endemics is
provided by the diploid–polyploid complex of Galium pusil-
lum (Rubiaceae). This sexual allogamous (F. Ehrendorfer,
unpubl. data) aggregate encompasses approx. 27 species (the
exact number depending on the particular taxonomic treat-
ment) that are distributed from the Iberian and Balkan penin-
sulas to Iceland (Ehrendorfer, 1960; Ehrendorfer et al.,
1976). Although the available data on the diversity of the
G. pusillum aggregate in Northern Europe are still fragmen-
tary, some unusual patterns can be discerned. First, four mor-
phologically distinct species, at the diploid (2n ¼ 2x ¼ 22)
and/or tetraploid (2n ¼ 4x ¼ 44) level, have been recognized
as endemic to deglaciated parts of Northern Europe (one
species is native to the arctic zone while the remainder occur
in deglaciated boreal/atlantic regions; Sterner, 1944; Goodway,
1957; Ehrendorfer, 1960, 1962). Secondly, the taxa of the
G. pusillum aggregate exhibit an intriguing disjunct distribution
in Northern Europe, consisting of several isolated areas scattered

over Denmark, southern Sweden, southern and central Norway,
the UK, Ireland and Iceland. Last, but not least, the aggregate is
known to have a broad ecological amplitude in this area, inhabit-
ing a wide range of habitats such as thermophilous lime-rich vege-
tation, sand dunes, open forests and arctic vegetation (Sterner,
1944). These pieces of evidence indicate that the G. pusillum ag-
gregate is a unique system, which shows a striking diversity in
deglaciated parts of Northern Europe and possibly can reveal
still neglected evolutionary pathways that have shaped modern
plant biota.

A necessary prerequisite for a detailed molecular study of
such ploidy-heterogeneous plant systems is knowledge of the
geographic distribution of cytotypes. The cytogeographic
data complement phylogenetic and other experimental data,
and serve as a foundation for addressing questions of historical
developments of modern distribution patterns, frequency of
polyploid formation, ecological differentiation of cytotypes
and the evolution of interploidy reproductive barriers (Suda
et al., 2007). Despite some previous attempts (Sterner, 1944;
Goodway, 1957; Ehrendorfer, 1960, 1962), our knowledge of
the cytological and ecological diversity of the G. pusillum
complex is unsatisfactory, because only small parts of the
entire distribution range in Northern Europe have been
researched, and cytogeographic patterns have so far been in-
ferred from a few chromosome counts that were complemented
by indirect estimates of ploidy level on the basis of pollen
grain diameter.

In this study, we employed a high-throughput technique for
ploidy estimation [flow cytometry (FCM)] together with a for-
malized analysis of ecological preferences to assess ploidy,
relative genome size and niche differentiation over the entire
distribution range of the G. pusillum aggregate in Northern
Europe and to compare the results with a corresponding data
set obtained for Central and Western European species.
Specifically, we addressed the following questions. (1) What
is the pattern of ploidy distribution in deglaciated areas of
Northern Europe and how does it compare with ploidy vari-
ation in surrounding geographic areas (particularly in Central
Europe)? (2) What is the ploidy variation at the intrapopulation
level? Are there any indications of recent polyploidization
events and/or interploidy gene flow? (3) What is the variation
in relative DNA content at the monoploid level? Is this vari-
ation taxonomically or geographically structured? (4) How
strong is the niche differentiation between different species
and/or cytotypes? What are the principal ecological gradients
along which different Galium species are sorted?

MATERIALS AND METHODS

Field sampling

Our sampling strategy was designed to cover the entire range
of all four northern endemic species of the G. pusillum aggre-
gate as well as of all species of the complex occurring in
adjacent areas of northern Central and Western Europe (excep-
tions being Galium anisophyllon and G. pumilum whose
ranges continue further south and were therefore covered
only partially; Ehrendorfer, 1958, 1962). Plant material was
collected from 2009 to 2012 in 12 countries of Central,
Western and Northern Europe, i.e. Austria (17 sites), the
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Czech Republic (34 sites), Denmark (nine sites), France
(one site), Germany (eight sites), Iceland (52 sites), Ireland
(five sites), Norway (six sites), Poland (five sites), Slovakia
(11 sites), Sweden (13 sites) and the UK (20 sites). In total,
181 populations of ten species from the G. pusillum aggregate
were included in the study (see Supplementary Data Table S1
for locality details). Taxonomy and nomenclature follow the
only complete treatment of the group in Flora Europaea
(Ehrendorfer et al., 1976). Whenever possible, shoots from
at least six plants per population were collected in plastic
bags and stored cold until FCM analysis. To avoid collecting
the same genet, the distance between the sampled individuals
was at least 0.5 m. The total number of analysed Galium plants
amounted to 1158. In addition, a vital Galium clump was
selected at each locality and transferred to the Experimental
Garden of the Institute of Botany, Academy of Sciences,
Průhonice, CZ (49859′30′′N, 14834′00′′E, 320 m a.s.l.)
for cultivation. Herbarium vouchers are deposited in the
Herbarium of Charles University in Prague (PRC).

Environmental conditions were thoroughly characterized at
95 localities of the G. pusillum aggregate using phytosociolo-
gical relevés (each covering an area of 3 × 3 m with abundant
occurrence of di- or tetraploid Galium taxa; Supplementary
Data Table S2). In each plot, the relative cover of all vascular
plant species was characterized using a modified nine-point
Braun-Blanquet scale (Braun-Blanquet, 1964) and the follow-
ing environmental parameters were recorded: total vegetation
cover, cover of each vegetation layer, slope inclination and
orientation, proportion of bare rock and/or scree, soil depth
and ‘rockiness’ (i.e. the proportion of stone particles in the
soil characterized on a semi-quantitative scale). At 73 local-
ities, mixed rhizosphere soil samples were taken from five
microsites within the area of the phytosociological relevé.

Soil analysis

Soil samples were air-dried, passed through a 2 mm sieve
and analysed for pH and concentrations of selected elements
(C, N, K, Ca and Mg) in the Analytical Laboratory of the
Institute of Botany, Průhonice, CZ. Available concentrations
of Ca, Mg and K were determined with an atomic absorption
spectrometer (Unicam 9200X; Unicam Ltd, Cambridge, UK)
after 1 M ammonium acetate extraction (pH 7.0) for Ca and
Mg, and 0.015 M ammonium fluoride extraction for K
(Mehlich, 1984). Total N and C contents were determined
by a combustion method (Carlo Erba NC2500 elemental ana-
lyser; CE Instruments, Milan, Italy). The results are available
in Supplementary Data Table S1.

Flow cytometry

DNA ploidy levels and relative fluorescence intensities were
estimated using FCM following the simplified two-step proto-
col (Doležel et al., 2007). Intact tissue from 1–2 young leaves
from each plant was chopped together with an appropriate
volume of the internal reference standard (Bellis perennis,
2C ¼ 3.38 pg; Schönswetter et al., 2007) using a sharp razor
blade in a Petri dish containing 0.5 mL of ice-cold Otto I
buffer (0.1 M citric acid, 0.5 % Tween-20). The suspension
was filtered through a 42 mm nylon mesh and incubated for

10 min at room temperature. Isolated nuclei were stained
with 1 mL of Otto II buffer (0.4 M Na2HPO4

.12H2O) supple-
mented with 4′,6-diamidino-2-phenylindole (DAPI) at a final
concentration of 4 mg mL21 and b-mercaptoethanol (2 mL
mL21). After a few minutes, the relative fluorescence intensity
of 3000 particles was recorded using a Partec ML flow cyt-
ometer (Partec GmbH, Münster, Germany) equipped with a
UV LED chip as the excitation source. Histograms were eval-
uated using FloMax software, ver. 2.4d (Partec). Up to five
Galium plants were analysed together during the large-scale
ploidy screening. Each plant was separately re-analysed when-
ever mixed-ploidy samples were detected, peaks were asym-
metrical or the coefficient of variance (CV) of the G0/G1

Galium peak exceeded the 5 % threshold.
To assess the variation in nuclear DNA content among

plants of the same ploidy level, a similar protocol was
adopted but each individual was analysed separately. Despite
its preferential binding to AT-rich regions of DNA, we used
DAPI to fulfil this task because staining with the intercalating
fluorochrome propidium iodide yielded histograms of insuffi-
cient quality (in terms of both high CVs and prominent back-
ground fluorescence). Any protocol modification, including the
use of five different buffers (Loureiro et al., 2006, 2007), in-
creasing the concentration of antioxidants, testing different
plant tissues (stems, petals), incubation times and/or more
filtration steps did not result in distinct improvement of propi-
dium iodide-stained histograms. As has been shown previously
(Barow and Meister, 2002), the base content varies only sli-
ghtly within a family. Consequently, differences in fluores-
cence intensity of base-selective fluorochromes at low
taxonomic levels (e.g. within a genus or a section) reflect vari-
ation in the total amount of nuclear DNA rather than variation
in AT/GC base content. Nonetheless, to clarify that the
amounts of nuclear DNA were estimated using a stain with
base bias, we use the term ‘relative fluorescence intensity’ or
‘relative DNA content’ instead of ‘genome size’ throughout
this article. More stringent criteria on the quality of the ana-
lyses were applied in this step: (1) peaks of both the sample
and the internal reference standard had to be of approximately
the same height; (2) a relative fluorescence intensity of 5000
particles was recorded; (3) each sample was measured at
least three times on different days to minimize potential
random instrumental drift; and (4) the maximum acceptable
between-day variation was set at 2 %; otherwise the most
remote value was discarded and the sample re-analysed. The
reliability of FCM measurements (i.e. between-plant differ-
ences) was repeatedly confirmed in simultaneous runs of
Galium accessions, yielding distinct fluorescence intensities.

Chromosome counts

Chromosome numbers were determined from mitotically
active root tip meristems of seedlings germinated from ripe
fruits collected at the original localities. Because of the
small chromosome size, we used both fluorescent and light mi-
croscopy. At least five complete metaphase plates per slide
were counted. Seedlings were pre-treated with a 0.002 M solu-
tion of 8-hydroxyquinoline for 2 h at room temperature and an
additional 2 h at 4 8C in the darkness, fixed in ethanol:acetic
acid (3:1) and stored at –20 8C until further processing.
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Fixed material was washed twice in citrate buffer for 10 min
and enzymatically digested in a mixture of 1 % cellulase
Onozuka (Serva, Heidelberg, Germany), 0.4 % pectolyase
and 0.4 % cytohelicase (Sigma, Vienna, Austria) in citric
buffer (Weiss-Schneeweiss et al., 2012). After incubation for
10 min at 37 8C, the samples were washed in citric buffer
and stored at 4 8C for a few hours, transferred into a drop of
60 % acetic acid on a slide, and the excised meristematic
tissue was gently squashed. After removing the coverslip on
dry ice, preparations were air-dried and stored for 1 d at
4 8C. Staining consisted of 2 mg mL21 DAPI dissolved in
mounting antifade medium Vectashield (Vector Laboratories,
Burlingame, CA, USA). After sealing with a coverslip, pre-
parations were examined with an Axio Imager M2 (Carl
Zeiss, Vienna, Austria) epifluorescent microscope.

For light microscopy, fixed material was digested in 5 M HCl
for 30 min at room temperature, washed twice with tap water,
and stained by Schiff’s reagent in the darkness for 60 min at
room temperature followed by 15 min at 4 8C. Samples were
then transferred into a drop of 60 % acetic acid on a slide,
and the excised meristematic tissue was gently squashed.
Preparations were examined with an Axio Imager A1 light
microscope (Carl Zeiss). In both protocols, images were cap-
tured with the CCD camera operated with Axiovision software
(Carl Zeiss).

Data analyses

Statistical computations were performed in R, ver. 2.15.1
(http://www.r-project.org). Interspecific differences in relative
fluorescence intensities were tested using one-way analysis
of variance (ANOVA). A linear mixed-effect model (nlme
package; Lindstrom and Bates, 1990), with species identity
treated as a factor with random effect, was used to assess dif-
ferences in fluorescence intensities at the monoploid level
(analogous to Cx-values in analyses done with intercalating
fluorochromes; Greilhuber et al., 2005) among accessions
from different geographic regions.

The relevés were analysed by both unconstrained [using
detrended correspondence analysis (DCA)] and constrained
[using canonical correspondence analysis (CCA) with
forward selection of environmental variables] ordinations in
Canoco for Windows, ver. 4.5 (Lepš and Šmilauer, 2003).
While the unconstrained ordination seeks the main compos-
itional gradients in environmental data (which could be
further interpreted as ecological gradients), the constrained or-
dination extracts the variance in species composition, which
could be directly attributed to known environmental variables.
Only the directly measured variables were used for calcula-
tions [i.e. Ellenberg indicator values (EIVs) were excluded
because they also contain information about species compos-
ition]. Hierarchical classification of the herb layer vegetation
was performed using the TWINSPAN algorithm (Hill, 1979)
incorporated in JUICE 7.0 software (Tichý, 2002), by setting
three pseudospecies cut-off levels (0, 5 and 25).

The EIVs (which provide estimates of environmental char-
acteristics of the sites inferred from species composition
data; Ellenberg, 1992) were calculated in JUICE 7.0 based
on presence/absence data. EIVs were calculated only for
relevés in which the values were available for more than

one-third of herbaceous species. Differences in the values of
individual environmental variables (i.e. abiotic and biotic
characteristics of the relevés collected in the field, results of
soil analyses and the EIVs) among localities hosting different
Galium species/cytotypes were tested by simple linear models
in R 2.15.1, and the Bonferroni correction for multiple tests
was applied. Differences among ploidy levels, groups with dif-
ferent glacial history (occurring in deglaciated Nortern Europe
vs. mostly unglaciated Central Europe) and their interaction
were tested using linear mixed-effect models, with species
identity treated as a random factor (nlme package in R).

RESULTS

Ploidy level variation and cytogeography

Four different DNA ploidy levels (2x, 4x, 6x and 8x) were
detected among 1158 individuals from 181 populations of
ten species belonging to the G. pusillum aggregate (Table 1).
Three species were exclusively diploid (G. cracoviense,
G. oelandicum and G. suecicum), two were exclusively tetra-
ploid (G. normanii and G. sudeticum) and one was exclusively
octoploid (G. pumilum). Ploidy heterogeneity was found in the
remaining four species. While G. sterneri and G. valdepilosum
consisted of diploid and tetraploid populations, G. fleurotii
encompassed tetra- and octoploid cytotypes, and
G. anisophyllon consisted of di-, tetra- and hexaploid cyto-
types. Despite this cytological variation, only a single mixed-
ploidy population of the same species was observed (4x + 6x
G. anisophyllon, no. G179) and a sympatric growth of
4x G. valdepilosum and 8x G. pumilum was recorded at
three sites (see Supplementary Data Table S1 for locality
details). No odd-ploidy individuals were found. Chromosome
counts confirmed the estimated ploidy levels and revealed
2n ¼ 2x ¼ 22 in six accessions representing G. anisophyllon,
G. sterneri, G. suecicum and G. valdepilosum, 2n ¼ 4x ¼
44 in four accessions representing G. sterneri and
G. valdepilosum, and 2n ¼ 8x ¼ approx. 88 in one accession
of G. pumilum (Fig. 1, Supplementary Data Table S1).
Neither aneuploidy nor accessory chromosomes was observed.

Within the studied area, di- and tetraploid taxa exhibited a
rather discontinuous distribution, inhabiting only ‘islands’ of
suitable habitats. Tetraploids were the most common and wide-
spread (63 % of all populations), and occurred throughout the
area under investigation (Fig. 2). In contrast, diploids were
more spatially restricted and inhabited several isolated areas
in Central and Northern Europe. Importantly, two exclusively
diploid species (G. oelandicum and G. suecicum) and the
diploid cytotype of G. sterneri were recorded only in areas
that were covered by ice sheets during the last glacial
maximum (LGM). Hexaploids were documented by two popu-
lations of G. anisophyllon from the Austrian Alps, while octo-
ploids were represented by a common Central European
species occasionally extending up to southern Scandinavia
(G. pumilum), and by a single population of G. fleurotii from
south-eastern England (Fig. 2).

Homoploid differentiation in relative DNA content

In addition to ploidy variation, the accessions of the
G. pusillum aggregate also exhibited a considerable variation

Kolář et al. — Diversity of the Galium pusillum aggregate in deglaciated Europe1098 /  

92

http://www.r-project.org
http://www.r-project.org
http://aob.oxfordjournals.org/lookup/suppl/doi:10.1093/aob/mct074/-/DC1
http://aob.oxfordjournals.org/lookup/suppl/doi:10.1093/aob/mct074/-/DC1
http://aob.oxfordjournals.org/


in relative DNA content at the homoploid level. Di- and tetra-
ploid cytotypes of different species varied 1.13- and 1.12-fold,
respectively, and the interspecific differences in relative DNA
content were highly significant (F5,34 ¼ 28.3, P , 0.001 and
F5,59 ¼ 29.1, P , 0.001, respectively). The lowest relative
fluorescence intensities among diploids were recorded in the
Scandinavian endemics G. suecicum and G. oelandicum,

whereas the highest values were possessed by the Central
European G. valdepilosum and G. anisophyllon. At the tetra-
ploid level, the French accession of G. fleurotii and the
Nordic and British species G. normanii and G. sterneri were
at the lower limit of the relative DNA content range, while
the species of Central European mountains, G. anisophyllon
and G. sudeticum, occupied the upper end (Table 1).

TABLE 1. Ploidy levels, numbers of somatic chromosomes, relative amounts of nuclear DNA and habitat preferences for the ten
investigated species/15 cytotypes of the G. pusillum aggregate from Central and Northern Europe

Species
Ploidy
level Distribution* Habitat preferences

No. of
populations/
individuals

No. of
chromosomes

Relative DNA
content at

holoploid level
(mean+ s.d.)†

Relative DNA
content at

monoploid level
(mean+ s.d.)†

Galium
anisophyllon
Villars

2x CE Open basiphilous grasslands
and basic rocks

5/35 2n ¼ 22 0.260+0.004 0.130+0.002

4x CE Basiphilous to neutral
grasslands, rocks and
mountain screes

8/46 0.523+0.010 0.131+0.003

6x CE Basiphilous to neutral
grasslands, rocks and
mountain screes

3/18 0.759+0.007 0.127+0.001

Galium
cracoviense
Ehrendorfer

2x CE Limestone rocks 2/22 0.259+0.002 0.129+0.001

Galium fleurotii
Jordan

4x BI‡ Chalk slopes 1/15 0.487+0.001 0.122+0.000

8x BI Limestone rocks 1/11 NA NA
Galium normanii
Dahl

4x N Open tundra, sub-arctic
grasslands and rocks of
various soil reaction

54/166 0.492+0.006 0.123+0.001

Galium
oelandicum
(Sterner et
Hylander)
Ehrendorfer

2x N Open vegetation in limestone
flatlands (‘alvar’)

3/22 0.242+0.002 0.121+0.001

Galium pumilum
Murray

8x CE§ Neutral to acidophilous
grasslands with moderate
competition

22/119 2n ¼ approx. 88 0.918+0.004 0.115+0.001

Galium sterneri
Ehrendorfer

2x BI Low-competitive calciphilous
grasslands and limestone rocks

8/64 2n ¼ 22 0.249+0.005 0.124+0.002

4x N + BI Low-competitive calciphilous
grasslands, open tundra-like
vegetation, rarely acidophilous
forest margins (Norway) and
dunes (Denmark)

27/197 2n ¼ 44 0.497+0.008 0.124+0.002

Galium sudeticum
Tausch

4x CE} Basic to neutral rocks and
mountain screes

2/35 0.531+0.005 0.133+0.001

Galium suecicum
(Sterner)
Ehrendorfer

2x N Acidophilous open forests and
forest margins

10/61 2n ¼ 22 0.240+0.001 0.120+0.001

Galium
valdepilosum
H. Braun

2x CE Open forests on various
substrates (basic, acidic,
serpentine)

12/139 2n ¼ 22 0.259+0.007 0.130+0.003

4x CE** Open forests on various
substrates (basic, acidic,
serpentine), rarely calcareous
grasslands

24/207 2n ¼ 44 0.507+0.005 0.127+0.001

*N, Nordic countries (formerly glaciated); BI, the British Isles (formerly mostly glaciated); CE, Central Europe (generally remaining unglaciated although
G. sudeticum and partly also G. anisophyllon occupy sites once covered by mountain glaciers).

†The fluorescence intensity of Bellis perennis (internal reference standard) was set to a unit value.
‡A single population from northern France was merged with the BI (the British Isles) group.
§Rare records from Scandinavia and the British Isles are considered adventive (Ehrendorfer, 1962).
}Only sub-alpine populations from the Krkonoše Mountains were assigned to this species.
**Rare plants from central Denmark are referred to as an endemic subsp. slesvicense (Sterner ex Hylander) Ehrendorfer (relative DNA content of 0.511).
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Interestingly, the pattern of relative DNA content variation
in both di- and tetraploids was associated with glacial
history and geography. Plants occurring in Northern Europe,
covered by ice during the LGM, possessed significantly
lower relative DNA contents than their counterparts from
mostly unglaciated Central Europe (Table 2; Fig. 3A). When
grouped according to geography, the largest differences were
found between samples from Central Europe and the Nordic
countries (mean relative fluorescence intensities differing by
5.7 %; Fig. 4); plants from the British Isles showed intermedi-
ate values (Fig. 3B). In contrast, the differences in relative
DNA content at the monoploid level between di- and

tetraploids from different regions were only marginally signifi-
cant when grouped according to their glacial history and non-
significant when grouped according to geographic regions
(Table 2).

Niche differentiation

The species showed distinct habitat preferences, expressed by
both biotic (i.e. floristic composition) and abiotic conditions.
The DCA ordination of floristic composition identified two
major groups of sites (separated along the first axis), correspond-
ing to relevés from deglaciated Northern Europe and mostly

A B

C D

E F

FI G. 1. Mitotic chromosomes of five species from the G. pusillum aggregate stained with Schiff’s reagent (A–C) and DAPI (D–F). Scale bar ¼ 5 mm.
(A) Galium valdepilosum (2n ¼ 4x ¼ 44, loc. G60); (B) G. anisophyllon (2n ¼ 2x ¼ 22, loc. G123); (C) G. valdepilosum (2n ¼ 2x ¼ 22, loc. G93);
(D) G. suecicum (2n ¼ 2x ¼ 22, loc. G86); (E) G. pumilum (2n ¼ 8x ¼ approx. 88, loc. G106); (F) G. sterneri (2n ¼ 4x ¼ 44, loc. G209). See

Supplementary Data Table S1 for locality details.
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unglaciated Central Europe (Fig. 5). The second ordination axis
reflected the ecological preferences of individual species within
these two major regions (e.g. basiphilous/acidophilous species,
species of open forests/non-forest habitats, etc.). In ploidy-
heterogeneous Galium species for which multiple relevés were
available (G. sterneri and G. valdepilosum), the position of the
two cytotypes overlapped but diploid cytotypes had a narrower
ecological niche than their tetraploid counterparts (Fig. 5).

The TWINSPAN hierarchical analysis largely confirmed
these differences in floristic composition of the sites occupied
by different Galium species (Fig. 6). Disregarding the geograph-
ically isolated Icelandic localities of G. normanii with distinct
vegetation types, the major split in the data was observed
between the sites of deglaciated Northern Europe vs. the
generally unglaciated Central Europe. Interesting exceptions
were (1) a few serpentine populations of G. valdepilosum
(from open coniferous forests) and the populations of the
sub-alpine G. sudeticum (both occurring in Central Europe)

2x 4x  6x 8x

G. anisophyllon

G. cracoviense

G. fleurotii

G. normanii

G. oelandicum

G. pumilum

G. sterneri

G. sudeticum

G. suecicum

G. valdepilosum

CE

N
BI

FI G. 2. Geographic location of the studied populations of the G. pusillum aggregate in Central and Northern Europe (red, diploid; blue, tetraploid; yellow,
hexaploid; green, octoploid; N, Nordic countries, BI, the British Isles; CE, Central Europe). The solid black line indicates the approximate extent of the contin-
ental ice sheet during the last glacial maximum (following Ehlers et al., 2011). The distribution range of the G. pusillum complex is marked by the orange line
(following Sterner, 1944; Ehrendorfer, 1958, 1962; Ehrendorfer et al., 1976; http://www.bsbi.org.uk/); the distribution of the widespread and partly adventive

octoploid G. pumilum is not shown.

TABLE 2. Differences in relative DNA content at the monoploid
level among groups of the G. pusillum aggregate with different
glacial history and geography tested using linear mixed-effect

models

Factor d.f. F P

Glacial history (deglaciated N Europe/mostly
unglaciated C Europe)

1, 7 17.39 0.004

Ploidy level 1, 94 4.59 0.035
Interaction glacial history × ploidy level 1, 94 4.30 0.041

Region (N/BI/CE) 2, 91 34.72 < 0.0001
Ploidy level 1, 91 1.98 0.162
Interaction region × ploidy level 2, 91 5.07 0.008

Species identity was treated as a factor with random effect.
Significant values (P , 0.05) are presented in bold.
Region abbreviations: N, Nordic countries; BI, the British Isles; CE,

Central Europe.
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that formed a group close to a Scandinavian cluster of
G. suecicum + G. sterneri, and (2) a single population of
G. anisophyllon (G139) from a limestone sub-alpine habitat
that was placed among calciphilous Northern European
species. The broadest ecological range was found in
G. valdepilosum, whose relevés were divided into five groups
that generally reflected the gradient of basicity of the stands.
As in the DCA, diploid and tetraploid accessions of the same
species were intermingled and never formed separate clusters.

Gradients of substrate basicity, light intensity and partly also
nutrient levels were the major factors determining the differ-
ences in floristic composition of the Galium-occupied sites.
The CCA analysis identified eight environmental parameters
that significantly (F ¼ 1.60, P ¼ 0.001, 999 permutations) influ-
enced species composition, namely the soil pH, concentration of
Ca, inorganic N and organic C contents, cover of the tree, shrub
and herb layers, and slope inclination (Fig. 7; Supplementary
Data Fig. S1). In addition, significant differences were detected
among species in mean EIVs for soil reaction, available nutrients,
light and moisture (Table 3; Supplementary Data Fig. S1). In con-
trast, none of the variables tested in Table 3 differed significantly
between either ploidy levels or groups of species with different
glacial history (data not shown).

DISCUSSION

Cytogeography of the G. pusillum complex in Northern
and Central Europe

The peculiar disjunct distribution of the G. pusillum aggregate
in areas covered by ice sheets during the LGM has attracted the
attention of botanists for many decades. The first insights into

the phenotypic and cytological diversity of the complex were
gained from morphological observations (Sterner, 1944), mea-
surements of pollen grains (Ehrendorfer, 1962) and a few
chromosome counts (Goodway, 1957; Ehrendorfer, 1960).
Here we have built on these pioneering studies and performed
a large-scale cytotype screening (1158 individuals from 181
populations) in order to better understand the role of genome-
wide processes in the evolutionary history of this group. Our
FCM analyses largely confirmed earlier indications and
revealed a complex pattern of di- and tetraploid species/cyto-
types in both Northern and Central Europe, in addition to
the occurrence of hexa- and octoploids in the latter region
(Fig. 2). In previously glaciated Northern Europe, a mosaic
of cytologically distinct populations was found with practically
no ploidy overlap. Except for narrow zones of contact between
2x and 4x plants of G. sterneri in north Wales and north-west
Scotland and the co-occurrence of 4x cytotypes of G. sterneri
and G. valdepilosum subsp. slesvicense in Denmark, allopatric
distribution prevails among members of the G. pusillum aggre-
gate in Northern Europe.

The observed cytogeographic pattern is quite unusual
among flowering plants and contradicts the generally ack-
nowledged hypothesis that diploids tend to be restricted to
refugia while polyploids show better abilities to re-colonize
deglaciated regions (Ehrendorfer, 1980; Van Dijk and
Bakx-Schotman, 1997; Parisod and Besnard, 2007). In fact,
high polyploids within the G. pusillum aggregate are
common in Central and Southern Europe (Fig. 2)
(Ehrendorfer, 1958; Ehrendorfer et al., 1976; Krendl, 1993)
but do not reach the once glaciated Northern Europe (except
for occasional recent introductions of 8x G. pumilum;
Ehrendorfer, 1962). There were only di- and tetraploid
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Galium cytotypes that spread into boreal and arctic regions
after the retreat of the ice sheets. Co-occurrence of 2x and
4x cytotypes in deglaciated regions has been reported, for in-
stance, in the Dactylorhiza maculata aggregate (Ståhlberg
and Hedrén, 2010) and Parnassia palustris (Borgen and
Hultgård, 2003); however, these groups do not have any
higher polyploid cytotypes in more southern areas.

The G. pusillum complex also provides a remarkable system
with respect to the patterns of endemism. The formerly
glaciated regions of Northern Europe host several endemic
taxa recognized at specific (G. normanii, G. oelandicum,
G. sterneri and G. suecicum; Ehrendorfer, 1960) or sub-

specific (G. valdepilosum subsp. slesvicense; Ehrendorfer,
1975) levels. This diversity is comparable with that present
in the generally unglaciated regions of Central Europe, indicat-
ing little impoverishment in areas once covered by ice sheets
(Fig. 2). It should be noted that the current species concept
in the G. pusillum aggregate is based on classical morphology-
based taxonomic studies, while the underlying pattern of
genetic differentiation is still unknown. Nonetheless, on the
basis of the available cytological, phenotypic and ecological
evidence, we suggest that the complex in Northern Europe
splits into several distinct evolutionary units (whose genetic
variation is the subject of our ongoing molecular work).
Therefore, and for practical reasons, we followed the
only comprehensive taxonomic treatment of the group
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(Ehrendorfer et al., 1976) and adopted the rank of species in
this study. Interestingly, two of the northern endemics are ex-
clusively diploid (G. oelandicum and G. suecicum) and one
(G. sterneri) includes both 2x and 4x cytotypes (Table 1,
Fig. 2). In contrast, typical boreal-arctic endemics are (high)
polyploids that have originated via recent (allo)polyploidiza-
tion (e.g. Brochmann et al., 1996; Brysting and Borgen,
2000; for a review, see Brochmann et al., 2003). The only
few diploid northern endemics are either weak segregates of
their sister taxa occurring outside formerly glaciated regions
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G197 Bl G G. sterneri 
G200 Bl G G. sterneri 
G067 N G G. sterneri 
G068 N G G. sterneri 
G069 N G G. sterneri 
G195 Bl G G. sterneri 
G192 Bl G G. sterneri 
G191 Bl G G. sterneri 
G077 N G G. oelandicum 
G077 N G G. oelandicum 
G078 N G G. oelandicum 
G079 N G G. oelandicum 
G139 CE U G. anisophyllon 
G180 Bl G G. sterneri 
G198 Bl G G. sterneri 
G202 Bl G G. sterneri 

G085 N G G. suecicum 
G084 N G G. suecicum 
G075 N G G. suecicum 
G208 N G G. valdepilosum 
G083 N G G. suecicum 
G080 N G G. suecicum 
G081 N G G. suecicum 
G082 N G G. suecicum 
G086 N G G. suecicum 
G074 N G G. suecicum 
G207 N G G. sterneri 
G206 N G G. sterneri 

G047 CE U G. valdepilosum 
G032 CE U G. valdepilosum 
G017 CE U G. valdepilosum 
G136 CE U G. valdepilosum 
G050 CE U G. valdepilosum 
G051 CE U G. valdepilosum 
G171 CE U G. sudeticum 
G171 CE U G. sudeticum 

G036 CE U G. valdepilosum 
G058 CE U G. valdepilosum 
G106 CE U G. valdepilosum 
G042 CE U G. valdepilosum 
G065 CE U G. valdepilosum 
G099 CE 

CE 
U G. valdepilosum 

G096 U G. valdepilosum 
G093 CE U G. valdepilosum 
G061 CE U G. valdepilosum 
G104 CE U G. valdepilosum 

G036 CE U G. valdepilosum 
G117 CE U G. valdepilosum 
G021 CE U G. valdepilosum 
G028 CE U G. valdepilosum 

G046 CE U G. valdepilosum 
G059 CE U G. valdepilosum 
G046 CE U G. valdepilosum 
G045 CE U G. valdepilosum 
G043 CE U G. valdepilosum 
G038 CE U G. cracoviense 
G039 CE U G. cracoviense 

G060 CE U G. valdepilosum 
G062 CE U G. valdepilosum 
G040 CE U G. valdepilosum 
G125 CE U G. anisophyllon 
G124 CE U G. anisophyllon 
G134 CE U G. valdepilosum 
G137 CE U G. anisophyllon 
G138 CE U G. anisophyllon 
G123 CE U G. anisophyllon 

FI G. 6. Hierarchical classification of vegetation data using the TWINSPAN algo-
rithm. Population code, major geographic areas (N, Nordic countries; BI, the British
Isles; CE, Central Europe), glacial history (G, formerly glaciated Northern Europe;
U, mostly unglaciated Central Europe) and ploidy level (filled circle, diploid; open

square, tetraploid) are displayed for individual Galium species.
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FI G. 7. Box-and-whisker plots showing differences in soil pH among the sites
inhabited by different 2x/4x species of the G. pusillum aggregate (diploid and
tetraploid as indicated in the key). Sites of G. sterneri from different parts of
its disjunct range are further divided (BI, the British Isles; Dk, Denmark;

No, Norway).

TABLE 3. Associations between different species from the
G. pusillum aggregate and selected environmental variables

tested by linear models

Variable d.f. F P

pH 5, 67 4.9934 0.0006
Ca* 5, 64 5.8386 0.0002
N* 5, 67 1.8522 0.1146
C* 5, 67 1.3975 0.2365
Cover of herb layer 5, 81 5.5693 0.0002
Slope* 5, 81 10.447 < 0.0001
EIV soil reaction 5, 79 6.3562 < 0.0001
EIV nutrients 5, 81 4.9043 0.0006
EIV light 5, 81 11.144 < 0.0001
EIV moisture 5, 78 10.429 < 0.0001

P-values in bold are significant after Bonferroni correction (P , 0.05).
EIV, Ellenberg indicator value.
*Data were log-transformed before analysis.
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or highly isolated relicts that lack closely related species (e.g.
Elven, 1984; Sterner, 1986; for reviews, see Borgen, 1987;
Jonsell and Karlsson, 2004).

Although we have not covered the entire European range of
the G. pusillum aggregate, which extends to the Iberian and
Balkan Peninsulas (Ehrendorfer et al., 1976), we argue that
our sampling scheme is sufficient to meet the main goal, i.e.
to assess cytological and ecological variation of the aggregate
in its northern, formerly glaciated distribution area. This target
area was here subjected to a detailed investigation, including
.100 populations from all known disjunct parts of the
G. pusillum aggregate range (see Fig. 2). In addition, these
results were complemented by corresponding data obtained
for Central European representatives of the aggregate. Our
screening failed only in the case of populations from open
acidophilous forests of northern Germany, probably represent-
ing diploid G. suecicum, that were documented by a few old
herbarium specimens (the determination was based on fruit
morphology and pollen size; Ehrendorfer, 1962). However,
such plants have not been seen for approx. 70 years, and
neither our own nor search attempts by local florists (M.
Ristow, pers. comm.) were successful. Thus the aggregate
probably has become extinct in northern Germany. In
Western Europe the geographically nearest and still unsampled
diploid taxon from the G. pusillum aggregate is G. timeroyi
Jordan; however, it occurs as far as in the southern half of
France, has a distinct morphology and prefers different
(more xeric) habitats (Ehrendorfer et al., 1976).

Ecological segregation of northern endemics

The recent speciation literature emphasizes the role of eco-
logical divergence in the development of reproductive isola-
tion (Noor, 2003; Coyne and Orr, 2004). Clear habitat
segregation was also observed among different homoploid
species from the G. pusillum aggregate in both Northern and
Central Europe, and can act as an efficient reproductive
barrier that contributes to preserving species integrity.

Unlike the pioneering studies (Sterner, 1944; Ehrendorfer,
1962) that briefly described major vegetation units hosting dif-
ferent Galium species, we used a comprehensive statistical ap-
proach aimed at identifying major ecological gradients along
which the populations and species/cytotypes are sorted. In par-
ticular, we found that different species from Northern Europe
partitioned their niches along gradients of soil reaction (as
identified by direct measurements of Ca concentration and
pH, and the EIVs for soil reaction) and plant competition (as
indicated by differences in tree and herb cover values as
well as the EIVs for available light; Table 3, Fig. 5).
Distinct ecological requirements are further manifested by
allopatric distribution of investigated species that inhabit a
wide scale of temperate, boreal and arctic habitats ranging
from open acidophilous forests (G. suecicum) and thermophi-
lous vegetation on limestone flatlands (so-called alvars;
G. oelandicum), across various types of species-rich limestone
grasslands and rocky places (G. sterneri), to bare tundra sites
(G. normanii; see also Supplementary Data Fig. S2).
Edaphic differentiation between closely related calciphilous
and acidophilous species is a well-known evolutionary phe-
nomenon that has triggered plant speciation in different

geographic regions, including the Alps (Hungerer and
Kadereit, 1998; Kadereit et al., 2011) and lowland Western
Europe (Van Rossum et al., 1996, 1999). In contrast, the
role of calciphilous vs. acidophilous edaphic speciation has
only rarely been addressed in Northern Europe and has not
been found in previous case studies (e.g. Van Rossum and
Prentice, 2004).

Plant populations differing in ploidy level have often been
assumed to differ also in niche requirements (Ramsey and
Schemske, 1998; Soltis et al., 2010). Our results did not
confirm such ploidy-specific niche differentiation within the
G. pusillum aggregate (di- and tetraploid individuals of the
same species occupied sites with similar environmental condi-
tions) but suggested that genome duplication allows widening
of ecological niches (as observed in G. sterneri and also in
Central European populations of G. valdepilosum; Figs 5 and 7).
The hypothesis of broader niches of polyploids relative to
diploids has been repeatedly articulated (see Levin, 2002, and
references therein) but only rarely tested explicitly (McIntyre,
2012). In contrast to most published studies that inferred niche
breadth from interploidy differences in geographic distribution,
we have offered quantitative evidence by a direct assessment of
habitat preferences from a combination of phytosociological
relevés and the quantification of selected abiotic variables.

Hypotheses on the evolutionary history of the northern endemics

Plant biota inhabiting formerly glaciated terrains have been
the focus of much evolutionary research because they provide
model systems for addressing questions concerning rapid spe-
ciation in changing environments. Four basic scenarios have
been outlined for the origin of such boreal and arctic plants:
(1) in situ survival on the ‘islands’ of suitable habitats protrud-
ing from the ice sheet (nunataks); (2) immigration from per-
ipheral refugia and subsequent extinction in the original
source areas; (3) rapid in situ post-glacial evolution via poly-
ploidization, hybridization between independently immigrated
lineages or allopatric speciation; and (iv) long-distance disper-
sal (Brochmann et al., 2003; Westergaard et al., 2011). Two of
these have been proposed to explain the phytogeographical
pattern in the Scandinavian G. pusillum aggregate. While
Sterner (1944) assumed nunatak survival for at least some
taxa (e.g. G. normanii and G. sterneri), Ehrendorfer (1962)
hypothesized glacial survival of the ancestral lineage(s) in per-
ipheral refugia in ice-free regions of Central Europe, followed
by independent immigrations and differentiation of each of the
currently endemic lineages after glacier retreat. According to
this scenario, the northern ecologically distinct endemic
species may still have sister taxa with rather similar habitat
preferences in Central Europe.

Although detailed insights into the evolutionary history of
the G. pusillum aggregate in formerly glaciated Northern
Europe will require the use of molecular markers, our
present data on cytotype distribution and relative genome
size may rather suggest independent evolution of the
Northern and Central European populations. Both di- and
tetraploid taxa occurring in northern areas once covered by
the ice sheet possess significantly lower relative amounts of
nuclear DNA than their counterparts from Central Europe,
suggesting that the Northern and Central European taxa
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represent two distinct lineages (Figs 1 and 3). A good example
is provided by the two diploid species G. oelandicum and
G. cracoviense, regarded as closely related by Ehrendorfer
(1962) but differing markedly in their relative DNA content.
The only exception from this pattern was an isolated tetraploid
population of G. fleurotii from unglaciated northern France
that possesses a relative DNA content similar to that of
species from deglaciated northern areas (Table 1). In this
case we can hypothesize that the Western European
G. fleurotii has a common ancestor with the northern
species, and possibly survived in periglacial refugia located
in unglaciated parts of the British Isles, northern France and/
or the exposed North Sea shelf. Importantly, our finding of di-
vergence in relative genome size is also supported by pheno-
typic differences. Whereas all northern species are
characterized by fruit epidermis with acute papillae, their
Central European counterparts (except G. valdepilosum) have
blunt-papillose fruits (Sterner, 1944; Ehrendorfer, 1962); the
fruits of G. fleurotii show intermediate characters (our
unpubl. obs.).

Genome size data have been repeatedly proven to be useful
indicators of incipient speciation or evolutionary relatedness
(e.g. Slovák et al., 2009; Dušková et al., 2010; Loureiro
et al., 2010; Olšavská et al., 2012). Specifically, close relation-
ships between genome size and genetic structure were revealed
in Indian species of Curcuma (Záveská et al., 2011) or Central
European taxa from the Knautia arvensis aggregate (Kolář
et al., 2012). In both groups, evolutionary patterns were first
hypothesized solely on the basis of genome size data
(Leong-Škorničková et al., 2007, Kolář et al., 2009, respect-
ively) and only later confirmed by molecular markers.

The lack of divergence in relative fluorescence intensities at
the monoploid level between the 2x and 4x Galium cytotypes
within each geographic region (Table 1) suggests in situ
(auto)polyploidization from local diploids (either extant or
extinct). Despite the fact that final conclusions remain open
until molecular analyses have been conducted, several lines
of evidence favour an autopolyploid origin over other evolu-
tionary interpretations, such as allopolyploidy and/or inde-
pendent immigrations of di- and tetraploids. For example, in
the British populations of G. sterneri, the autopolyploid scen-
ario is supported by identical relative Cx-values, as well as by
great similarities in both morphology (Goodway, 1957) and
ecological requirements (Fig. 5). In general, the northern tetra-
ploids in the G. pusillum aggregate do not seem to be of very
recent origin, since the 2x and 4x cytotypes are largely allopat-
ric (Fig. 2) and no mixed-ploidy populations have been found
despite extensive sampling. In addition, tetraploids occupy
considerably larger geographic ranges than their diploid coun-
terparts. In contrast, other northern polyploid endemics usually
inhabit restricted areas where they often grow in sympatry with
their diploid or lower polyploid progenitors, e.g. Draba cacu-
minum (Brochmann et al., 1992) and Saxifraga osloensis
(Brochmann et al., 1996).

To sum up, our cytological and ecological data together
with previous morphological studies (Sterner, 1944) revealed
that the Northern European G. pusillum aggregate is a highly
variable system of several geographically vicariant and eco-
logically distinct diploid/tetraploid species that are currently
restricted to formerly glaciated areas, where they probably

evolved independently from their southern counterparts.
Eco-geographically differentiated diploid–polyploid plant
complexes are well known from other parts of Europe (e.g.
Ehrendorfer and Guo, 2006; Sonnleitner et al., 2010;
Koutecký et al., 2012); however, the G. pusillum aggregate
is the first example from areas formerly covered by the late
Pleistocene ice sheets.

Conclusions

The present study constitutes the first step towards a better
understanding of the evolutionary history of the G. pusillum
aggregate in Central and Northern Europe. While the origin
of the plant biota in (sub-)arctic regions has been intensively
researched, much less is known about the patterns and pro-
cesses that have shaped the flora of more southern deglaciated
regions. Our data on ploidy and relative genome size challenge
some previous evolutionary interpretations for the G. pusillum
aggregate and suggest largely independent evolution of its
Central vs. Northern European members. The species in both
formerly glaciated and unglaciated regions show considerable
eco-geographic divergence, which probably acts as a repro-
ductive barrier and contributes to maintaining their genetic in-
tegrity. The evolution of the group in deglaciated Northern
Europe has proceeded at both diploid and tetraploid levels,
and has resulted in the origin of several endemic species dif-
fering in ploidy level, distribution range and habitat prefer-
ences. Thus, the complex of G. pusillum represents an
exceptional case of endemism in formerly glaciated areas
that substantially widens our perception of the evolutionary
dynamics and speciation rates in the dramatically changing en-
vironment of Northern Europe.

SUPPLEMENTARY DATA

Supplementary data are available online at www.aob.oxford-
journals.org and consist of the following. Table S1: locality
details and the results of FCM and soil analyses. Table S2:
phytosociological relevés recorded at 95 localities of the
G. pusillum aggregate. Fig. S1: differences among the sites
hosting different species/cytotypes of the G. pusillum aggre-
gate in the total cover of the herb layer, and Ellenberg indicator
values for soil reaction, available nutrients and light. Fig. S2:
images of sites in deglaciated areas in Northern Europe inhab-
ited by different taxa from the G. pusillum aggregate.
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Kolář et al. — Diversity of the Galium pusillum aggregate in deglaciated Europe1106

 

100

http://aob.oxfordjournals.org/lookup/suppl/doi:10.1093/aob/mct074/-/DC1
http://aob.oxfordjournals.org/lookup/suppl/doi:10.1093/aob/mct074/-/DC1
http://aob.oxfordjournals.org/lookup/suppl/doi:10.1093/aob/mct074/-/DC1
http://aob.oxfordjournals.org/lookup/suppl/doi:10.1093/aob/mct074/-/DC1
http://aob.oxfordjournals.org/lookup/suppl/doi:10.1093/aob/mct074/-/DC1
http://aob.oxfordjournals.org/lookup/suppl/doi:10.1093/aob/mct074/-/DC1
http://aob.oxfordjournals.org/lookup/suppl/doi:10.1093/aob/mct074/-/DC1
http://aob.oxfordjournals.org/lookup/suppl/doi:10.1093/aob/mct074/-/DC1
http://aob.oxfordjournals.org/lookup/suppl/doi:10.1093/aob/mct074/-/DC1
http://aob.oxfordjournals.org/lookup/suppl/doi:10.1093/aob/mct074/-/DC1
http://aob.oxfordjournals.org/


LITERATURE CITED

Barow M, Meister A. 2002. Lack of correlation between AT frequency and
genome size in higher plants and the effect of nonrandomness of base
sequences on dye binding. Cytometry 47: 1–7.

Borgen L. 1987. Postglasial evolusjon i Nordens flora – en oppsummering.
Blyttia 45: 147–169.
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Table S1 Locality details and results of flow-cytometric and soil analyses.  
 

Popul
ation 
code 

DNA 
ploidy 
level(s) 

Relat
ive 

fluor
escen

ce 
inten
sity 

(singl
e 

plant
s)* 

Relat. 
fluores
cence 

intensi
ty 

(mixed 
sampl
es)* 

Nu
mbe
r of 
anal
yzed 
indi
vidu
als 

Number 
of 

somatic 
chromo
somes 

Date of 
collection 

Coun
try# Locality description Habitat Collector(s) Latitud

e 
Longitu

de 
Altitude (m 

a.s.l.) 

Galium anisophyllon Villars 

G123 2x 0.261  5 2n = 22 14.5.2011 SK Šútovo, small limestone hill at the NE margin of the village 
open limestone 
grassland F. Kolář 

N 49 09 
09.1 

E 19 05 
04.6 490 

G124 2x 0.257  5 2n = 22 14.5.2011 SK 
Socovce, rocks on the W side of the Stráž hill (539 m), 0.5 km 
WSW of the church in the village 

open limestone 
grassland and screes F. Kolář 

N 48 57 
00.3 

E 18 51 
33.6 500 

G125 2x 0.255  5  15.5.2011 SK Strečno, rocks above the museum building below the castle 
shady limestone rocks 
and screes F. Kolář 

N 49 10 
30.0 

E 18 51 
42.0 500 

G137 2x 0.265  10  23.6.2011 SK 
Blatnica, rocks above the Mžarná cave, 3.3 km E of the 
village limestone rocks F. Kolář 

N 48 56 
24.8 

E 18 57 
34.3 855 

G138 2x 0.262  10  24.6.2011 SK Blatnica, rocks at top of the Tlská hill, 2.5 km E of the village limestone rocks F. Kolář 
N 48 56 
02.7 

E 18 58 
14.5 1375 

G175 4x 0.519  10  18.7.2011 AT Obertauern, pastures 1.2 km E of the pass 
small rocks in an 
alpine grassland F. Kolář, T. Fér 

N 47 15 
01.3 

E 13 34 
29.4 1935 

G176 4x 0.522  10  19.7.2011 AT Sankt Nikoliai im Sölktal, Sölkpass mountain pass 
small rocks in an 
alpine grassland F. Kolář, T. Fér 

N 47 15 
57.2 

E 14 04 
49.7 1740 

G120 4x 0.525  2  14.5.2011 SK 
Tatranská kotlina, rocks next to the entrance to the Belianská 
jaskyňa cave shady limestone rocks F. Kolář 

N 49 13 
44.5 

E 20 18 
42.1 900 

G121 4x 0.538  4  14.5.2011 SK 
Demanovská Dolina, rocks along the road 50 m N of the 
entrance to the Demanovská jaskyňa slobody cave 

shady limestone rocks 
and screes F. Kolář 

N 48 59 
59.1 

E 19 34 
58.2 845 

G122 4x 0.536  4  14.5.2011 SK Bešeňová, rocks 1 km NNE of the church in the village limestone rocks F. Kolář 
N 49 06 
26.1 

E 19 26 
04.8 575 

G139 4x 0.521  10  24.6.2011 SK 
Harmanec, rocks 0.5 km N of the hotel Králova Studňa, ca 10 
km NNW of the town 

subalpine grassland 
around limestone 
rocks F. Kolář 

N 48 52 
53.4 

E 19 02 
24.4 1365 

G210 4x 0.518  1  22.7.2011 SK 
Vysoké Tatry Mts., Malá Studená dolina valley, 5.7 km NNW 
of the village of Starý Smokovec 

shady limestone rocks 
and screes 

J. Chrtek, Z. 
Dočkalová 

N 49 11 
12.1  

E 20 12 
07.3  1795 
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G179 4x+6x 

0.507 
+ 

0.760  10  19.7.2011 AT 
Grössming, around the Stoderzirken viewpoint and parking 
site 

rocks and alpine 
grassland F. Kolář, T. Fér 

N 47 27 
33.2 

E 13 48 
53.0 1840 

G173 6x 0.765  3  18.7.2011 AT 
Scharfling, rocks above the Eisenauerhalm house, 0.7 km 
ESE of the village limestone rock F. Kolář, T. Fér 

N 47 47 
48.9 

E 13 24 
15.5 500 

G174 6x 0.752  10  18.7.2011 AT 
Halstatt, N-facing rocks along the road from Halstatt to 
Obertraun, 2.5 km SE of the town 

limestone rocks and 
screes F. Kolář, T. Fér 

N 47 32 
50.5 

E 13 40 
33.7 535 

Galium cracoviense Ehrendorfer 

G038 2x 0.257  10  21.7.2010 PL 
Kusieta near Czenstochowa, limestone rocks at S southern 
margin of the village 

crevices in limestone 
rocks F. Kolář 

N 50 45 
59.5 

E 19 16 
16.5 335 

G039 2x  0.253 13  21.7.2010 PL Olsztyn near Czenstochowa, rocks around the castle ruin 
crevices in limestone 
rocks F. Kolář 

N 50 44 
58.9 

E 19 16 
32.7 340 

Galium fleurotii Jordan 

G280 4x 0.487  15  18.10.2012 F 
Rouen, calcareous slope 0.5 km N of St Adrien at the turn to 
Belbeuf, S of the city open calcareous slope M. Lučanová 

N 49 22 
24.6 

E 01 07 
33.1 45 

G030 8x  0.934 11  5.12.2008 UK 
Cheddar, southern part of the Cheddar gorge, 2 km ENE of 
the town 

limestone rock 
crevices  F. Kolář 

N 51 17 
04.5 

W 02 45 
25.3 200 

Galium normanii Dahl 

G109 4x  0.494 6  7.7.2009 IS Þingvellir rocks 
J. Suda, R. 
Sudová 

N 64 14 
00 

W 21 06 
00 110 

G110 4x  0.489 6  11.7.2009 IS Reydarfjörður, around the lighthouse Vattarnes sparse grassland 
J. Suda, R. 
Sudová 

N 64 55 
00 

W 13 43 
00 75 

G111 4x  0.500 5  16.7.2009 IS Mjóifjörður, village Latur sparse grassland 
J. Suda, R. 
Sudová 

N 65 56 
00 

W 22 36 
00 100 

G111-
01 4x  0.497 1  6.7.2009 IS Keflavik sparse grassland 

J. Suda, R. 
Sudová 

N 63 55 
54 

W 22 40 
03 10 

G111-
02 4x  0.499 1  6.7.2009 IS Blue Lagoon sparse grassland 

J. Suda, R. 
Sudová 

N 63 52 
48 

W 22 26 
55 40 

G111-
03 4x  0.501 1  6.7.2009 IS Geysir sparse grassland 

J. Suda, R. 
Sudová 

N 64 16 
35 

W 20 22 
00 160 

G111-
04 4x  0.500 1  6.7.2009 IS Gulfoss sparse grassland 

J. Suda, R. 
Sudová 

N 64 19 
37 

W 20 07 
31 200 

G111-
05 4x  0.492 1  7.7.2009 IS Junction to Þingvellir from road no. 36 sparse grassland 

J. Suda, R. 
Sudová 

N 64 17 
19 

W 21 08 
43 230 
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G111-
08 4x  0.501 1  7.7.2009 IS Hraunfossar sparse grassland 

J. Suda, R. 
Sudová 

N 64 42 
07 

W 20 58 
43 80 

G111-
09 4x  0.498 1  8.7.2009 IS along the road 1 from Reykjavik to Þorlákshöfn sparse grassland 

J. Suda, R. 
Sudová 

N 63 58 
34 

W 21 27 
23 260 

G111-
10 4x  0.496 1  8.7.2009 IS Heimaey, southern tip of the island 

sparse grassland and 
rocks 

J. Suda, R. 
Sudová 

N 63 24 
00 

W 20 17 
14 100 

G111-
11 4x  0.497 1  8.7.2009 IS Heimaey, northern coast 

sparse grassland and 
rocks 

J. Suda, R. 
Sudová 

N 63 26 
57 

W 20 16 
49 20 

G111-
12 4x  0.485 1  9.7.2009 IS Hella, along the road no. 1 wet road bank 

J. Suda, R. 
Sudová 

N 63 54 
35 

W 20 34 
01 65 

G111-
13 4x  0.484 1  9.7.2009 IS Skogafoss sparse grassland 

J. Suda, R. 
Sudová 

N 63 31 
51 

W 19 30 
45 50 

G111-
14 4x  0.487 1  9.7.2009 IS Dyrhólaey sparse grassland 

J. Suda, R. 
Sudová 

N 63 24 
26 

W 19 06 
50 20 

G111-
15 4x  0.486 1  9.7.2009 IS 

Kirkjubaejarklaustur, along the road no. 1, approx. 10 km in 
the direction to Reykjavik 

lava substrate covered 
by mosses 

J. Suda, R. 
Sudová 

N 63 43 
49 

W 18 11 
56 70 

G111-
16 4x  0.498 1  9.7.2009 IS Kirkjubaejarklaustur wet grassland 

J. Suda, R. 
Sudová 

N 63 47 
42 

W 18 02 
37 40 

G111-
17 4x  0.488 1  10.7.2009 IS Skaftafell sparse grassland 

J. Suda, R. 
Sudová 

N 64 01 
28 

W 16 57 
50 250 

G111-
18 4x  0.488 1  10.7.2009 IS Jökulsárlón lagoon sparse grassland 

J. Suda, R. 
Sudová 

N 64 02 
56 

W 16 10 
46 5 

G111-
20 4x  0.501 1  10.7.2009 IS Höfn, along the road no. 1 sparse grassland 

J. Suda, R. 
Sudová 

N 64 18 
16 

W 15 12 
36 20 

G111-
22 4x  0.493 1  10.7.2009 IS Berufjörður sparse grassland 

J. Suda, R. 
Sudová 

N 64 43 
53 

W 14 25 
16 65 

G111-
23 4x  0.487 1  11.7.2009 IS Stödvartsfjörður, along the road no. 96 sparse grassland 

J. Suda, R. 
Sudová 

N 64 49 
30 

W 13 55 
37 60 

G111-
24 4x  0.484 1  11.7.2009 IS Egilstadir, along the road no. 94, N of the town 

open vegetation 
dominated by 
Ericaceae 

J. Suda, R. 
Sudová 

N 65 17 
47 

W 14 21 
33 75 

G111-
25 4x  0.493 1  12.7.2009 IS Bakkagerði scree slope 

J. Suda, R. 
Sudová 

N 65 32 
19 

W 13 45 
00 30 

G111-
28 4x  0.493 1  12.7.2009 IS Dettifoss rocky slope 

J. Suda, R. 
Sudová 

N 65 48 
55 

W 16 23 
02 325 

G111-
30 4x  0.488 1  13.7.2009 IS Husavík, along the road S of the town sparse grassland 

J. Suda, R. 
Sudová 

N 66 00 
12 

W 17 22 
45 30 

G111-
31 4x  0.486 1  13.7.2009 IS Mývatn, S coast 

sparse grassland and 
rocks 

J. Suda, R. 
Sudová 

N 65 34 
21 

W 17 03 
31 280 

G111-
32 4x  0.488 1  13.7.2009 IS Reykjahlíð, along the road E of the town open lava substrate 

J. Suda, R. 
Sudová 

N 65 38 
29 

W 16 53 
00 315 

G111- 4x  0.494 1  14.7.2009 IS Godafoss open vegetation J. Suda, R. N 65 41 W 17 32 120 

105



33 dominated by 
Ericaceae 

Sudová 04 60 

G111-
34 4x  0.490 1  15.7.2009 IS Laufás, close to the church sparse grassland 

J. Suda, R. 
Sudová 

N 65 53 
42 

W 18 04 
19 15 

G111-
36 4x  0.494 1  15.7.2009 IS Varmahlíð, along the road no. 1, W of the village sparse grassland 

J. Suda, R. 
Sudová 

N 65 32 
47 

W 19 29 
42 135 

G111-
38 4x  0.487 1  15.7.2009 IS Hvítsekur 

sparse grassland and 
rocks 

J. Suda, R. 
Sudová 

N 65 39 
49 

W 20 39 
03 60 

G111-
39 4x  0.500 1  15.7.2009 IS Hrütafjörður, at the junction of roads nos 1 and 61 sparse grassland 

J. Suda, R. 
Sudová 

N 65 09 
11 

W 21 04 
49 5 

G111-
40 4x  0.496 1  16.7.2009 IS Bitrufjörður, along the road no. 61 at the end of the fjord 

open gravely soil with 
sparse vegetation 

J. Suda, R. 
Sudová 

N 65 26 
39 

W 21 28 
47 35 

G111-
43 4x  0.493 1  16.7.2009 IS Súdavík scree 

J. Suda, R. 
Sudová 

N 66 02 
52 

W 22 59 
15 40 

G111-
44 4x  0.495 1  16.7.2009 IS Þingeyri 

open gravely soil with 
sparse vegetation 

J. Suda, R. 
Sudová 

N 65 52 
10 

W 23 28 
47 25 

G111-
45 4x  0.496 1  16.7.2009 IS Dynjandi waterfall sparse grassland 

J. Suda, R. 
Sudová 

N 65 46 
30 

W 23 09 
56 10 

G111-
47 4x  0.499 1  17.7.2009 IS Bjargtangar mossy rocks 

J. Suda, R. 
Sudová 

N 65 30 
34 

W 24 25 
27 175 

G111-
48 4x  0.496 1  17.7.2009 IS Skálanes, along the road no. 60 disturbed road bank 

J. Suda, R. 
Sudová 

N 65 30 
46 

W 22 27 
59 210 

G111-
51 4x  0.497 1  18.7.2009 IS Helgafell, top of the hill 

open vegetation 
dominated by 
Ericaceae 

J. Suda, R. 
Sudová 

N 65 02 
34 

W 22 43 
45 40 

G111-
52 4x  0.491 1  18.7.2009 IS Rif, along the road no. 574 mossy grassland 

J. Suda, R. 
Sudová 

N 64 55 
06 

W 23 51 
07 26 

G111-
54 4x  0.501 1  18.7.2009 IS 

Borgarnes, along the road no. 54, near the junction with no. 
539 sparse grassland 

J. Suda, R. 
Sudová 

N 64 41 
20 

W 22 05 
46 60 

G111-
55 4x  0.486 1  18.7.2009 IS Geitaberg, along the road no. 520 sparse grassland 

J. Suda, R. 
Sudová 

N 64 26 
26 

W 21 32 
32 75 

G111-
56 4x  0.498 1  19.7.2009 IS Glymur sparse grassland 

J. Suda, R. 
Sudová 

N 64 23 
26 

W 21 15 
18 330 

G214 4x  0.494 9  20.7.2011 IS 
Jokulsárlón, road bank at left shore of river leaving 
Jokulsárlón lagoon road bank V. Koutecká 

N 64 02 
46.2 

W 16 10 
45.7 5 

G215 4x  0.491 10  21.7.2011 IS Seydisfjördur, rocks along the road, 0.4 km NE of the port sparse grassland T. Koutecký 
N 65 15 
59.8 

W 14 00 
53.8 25 

G216 4x  0.495 2  17.7.2011 IS Skogarfoss, grassy slopes 80 m S of the waterfall sparse grassland V. Koutecká 
N 63 31 
50.2 

W 19 30 
42.5 60 

G255 4x 0.489  15  4.7.2012 IS 
Hveragerði, along the path to the thermal brook, N of the 
town  

open gravely soil in 
tundra F. Kolář 

N 64 03 
25.5 

W 21 13 
07.0 390 

G256 4x 0.491  15  7.7.2012 IS Eskifjörður, along the road to Neskaupstadur, close to the open gravely soil F. Kolář N 65 03 W 13 54 535 
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pass 51.8 57.4 

G257 4x 0.490  15  9.7.2012 IS 
Akureyri, gravely river bed next to the bridge on the road no. 
715, W of the town open gravely soil F. Kolář 

N 65 41 
11.5 

W 18 25 
20.7 80 

G258 4x 0.485  14  10.7.2012 IS Hvammstangi, along the road no. 711, N of the town open gravely soil F. Kolář 
N 65 34 
57.3 

W 20 55 
25.5 20 

G259 4x 0.490  15  11.7.2012 IS 
Laugarvatn, along the side road turning from the road no. 37, 
E of the town 

open patches in 
shrubby tundra F. Kolář 

N 64 15 
35.7 

W 20 28 
15.6 120 

G203 4x 0.498  10  12.8.2011 N 
Vega island, Gladstad, Holandsosen limestone outcrops 4.7 
km NW of the town 

crevices in limestone 
flatland F. Kolář 

N 65 42 
06.7 

E 11 52 
45.0 5 

G204 4x 0.501  3  13.8.2011 N 
Vega island, Gladstad, along a path on the W shore of the 
island, 8.4 km WSW of the town 

open vegetation 
dominated by 
Ericaceae F. Kolář 

N 65 39 
06.1 

E 11 47 
12.6 5 

Galium oelandicum (Sterner et Hylander) Ehrendorfer 

G077 2x 0.241  8  17.8.2010 S 
Öland, Resmo, alvar along the road Resmo - Stenåsa, 2 km E 
of the village 

alvar (slightly wet 
parts) 

F. Kolář, T. Fér., 
E. Záveská 

N 56 20 
54.0 

E 16 28 
53.2 20 

G078 2x 0.244  7  17.8.2010 S 
Öland, Solberga, alvar along the road Solberga - Degerhamn, 
1 km E of the village 

alvar (slightly wet 
parts) 

F. Kolář, T. Fér., 
E. Záveská 

N 56 20 
54.0 

E 16 28 
53.2 20 

G079 2x 0.242  7  17.8.2010 S 
Öland, Kastlösa, alvar along the road to Skärlöv, ca 3 km ESE 
of the village 

alvar (slightly wet 
parts) 

F. Kolář, T. Fér., 
E. Záveská 

N 56 26 
45.5 

E 16 27 
35.1 30 

Galium pumilum Murray 

G101 8x  0.918 6  23.7.2010 AT Senftenberg, along the road next to the village road bank 
M. Kubešová, J. 
Suda 

N 48 26 
01.5 

E 15 31 
18.2 435 

G107 8x  0.925 10  25.7.2010 AT Dorsberg 
clearing in the pine 
forest 

M. Kubešová, J. 
Suda 

N 48 54 
58.5 

E 15 20 
20.0 450 

G108 8x  0.920 2  25.7.2010 AT Waldkirchen an der Thaya forest margin 
M. Kubešová, J. 
Suda 

N 48 56 
22.1 

E 15 21 
33.7 450 

G144 8x 0.913  18  18.6.2011 AT Kaiserbrunn, along the road 0.3 km S of the village road bank 
T. Fér, S. Píšová, 
L. Flašková 

N 47 43 
55.7 

E 15 47 
35.0 525 

G233 8x  0.917 5  13.6.2011 AT 
Bezirk Zwettl, Waldviertel, Voitsau near Kottes, small 
abandoned quarry 0.6 km WNW of Voitsau 

dry and sunny 
outcrops with open 
vegetation C. Pachschwöll 

N 48 25 
47.7 

E 15 18 
25.1 750 

G015 8x  0.923 2  27.7.2009 CZ 
Boršov, Jamné, S-facing slopes on the left bank of the Vltava 
river, 0.8 km SSE of Jamné, close to the red tourist path open mixed forest F. Kolář 

N 48 54 
01.4 

E 14 24 
27.5 465 

G022x 8x  0.921 1  10.8.2009 CZ 
Brtnice, slopes above the Brtnice river, 0.6 km NW of the 
village Malé  forest clearing F. Kolář 

N 49 20 
4.61 

E 15 41 
52.1 500 

G052 8x  0.915 6  27.7.2010 CZ Mnichov, forest margin 1.5 km N of the village forest margin F. Kolář, P. Vít 
N 50 03 
02.4 

E 12 47 
18.7 705 
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G056 8x  0.919 6  3.8.2010 CZ 
Věžná, old road in serpentine pine forest, 0.5 km SE of the 
railway station open pine forest 

F. Kolář, M. 
Dortová 

N 49 26 
47.1 

E 16 16 
19.7 475 

G057 8x  0.922 6  3.8.2010 CZ 
Štěpánov nad Svratkou, open slopes in an old orchard 0.9 km 
S of the church in the village grassland 

F. Kolář, M. 
Dortová 

N 49 29 
45.4 

E 16 20 
04.7 365 

G064 8x  0.915 1  5.8.2010 CZ 
Tetčice, edge of the old quarry 0.7 km ESE of the railway 
station forest margin 

F. Kolář, M. 
Dortová 

N 49 10 
08.1 

E 16 25 
03.4 325 

G089 8x  0.924 1  25.8.2010 CZ 
Teplá, Popovice, forest 0.25 km SW of the chapel in the 
village 

heliophilous forest 
margin F. Kolář 

N 50 01 
17.7 

E 12 48 
29.3 700 

G112 8x  0.914 2  2.8.2010 CZ 
Dzurová, nature reserve Háj, along the yellow tourist path, 1.3 
km S of the village 

open oak-hornbeam 
forest M. Dortová 

N 49 46 
58.8 

E 13 26 
51.2 340 

G113 8x  0.922 1  6.8.2010 CZ Liblín, 800 m E of the Liblínský bridge 
open mixed forest in a 
river canyon M. Dortová 

N 49 55 
09.1 

E 13 33 
22.0 335 

G114 8x  0.920 10  6.8.2010 CZ 
Liblín, 1.5 km N of the remnants of Nový mlýn mill, along 
the red tourist path forest clearing M. Dortová 

N 49 54 
47.0 

E 13 35 
36.0 340 

G115 8x  0.922 10  8.8.2010 CZ Uhošť, 0.7 km N of the road to Uhošťany 
open forest on stony 
substrate M. Dortová 

N 50 21 
41.3 

E 13 15 
14.3 445 

G152 8x 0.923  10  29.6.2011 CZ 
Bukovec, along the red tourist path towards the Holý Vrch 
viewpoint, 0.2 km SE of the village centre 

margin of path in 
mixed forest 

M. Kubešová, J. 
Suda 

N 49 46 
16.6  

E 13 26 
38.0 380 

G157 8x 0.920  5  30.6.2011 CZ 
Myslechovice, along the path on the slope of the hill 
Rampach, 1 km S of the village margin of forest path 

M. Kubešová, J. 
Suda 

N 49 40 
21.2 

E 17 01 
54.0 340 

G244x 8x  0.915 5  4.6.2012 D 
Niedersachswerfen, NE slopes of the Mühlberg hill, N of the 
town 

sparse calcareous 
grassland F. Kolář 

N 51 33 
36.5 

E 10 45 
52.2 225 

G245 8x  0.920 1  4.6.2012 D 
Osterode am Harz, Petershütte, N slopes of the Pippinsburg 
hill 

open forest above 
calcareous rocks F. Kolář 

N 51 44 
34.3 

E 10 12 
52.5 220 

G205 8x 0.917  10  17.8.2011 N Nordehov, pastures 1.7 km S of the village 
pastures and open 
mixed forest F. Kolář 

N 60 06 
49.8 

E 10 16 
02.7 90 

G131 8x  0.921 1  8.6.2011 SK Mojtín, meadows 1.3 km S of the village mesophilous meadow F. Kolář 
N 48 58 
18.9 

E 18 23 
56.2 750 

Galium sterneri Ehrendorfer 

G188 2x 0.257  7  26.7.2011 IRL Limavady, NW slopes of the Binevenagh table mountain mossy scree 
F. Kolář, T. 
Urfus, P. Vít 

N 55 07 
29.4 

W 6 55 
04.7 215 

G189 2x 0.249  6  27.7.2011 IRL 
Glencar, S slopes of the Dartry Mt. in Swiss valley, N of the 
Glencar lake rock crevices 

F. Kolář, T. 
Urfus, P. Vít 

N 54 20 
50.4 

W 8 23 
17.9 160 

G190 2x 0.245  9  28.7.2011 IRL Cashelgarran, slopes at the NW tip of the Ben Bulben hill rock crevices 
F. Kolář, T. 
Urfus, P. Vít 

N 54 21 
51.6 

W 8 29 
17.2 355 

G191 2x 0.250  9  28.7.2011 IRL 
Cappaghmore, limestone flatlands Slievecarran, 2.5 km SW 
of the village 

crevices and shallow 
soil on limestone 
flatlands 

F. Kolář, T. 
Urfus, P. Vít 

N 53 04 
56.5 

W 9 00 
01.8 155 

G192 2x 0.254  9  28.7.2011 IRL 
Murrough, limestone flatlands Black Head, 1.3 km N of the 
village 

crevices and shallow 
soil on limestone 

F. Kolář, T. 
Urfus, P. Vít 

N 53 08 
24.3 

W 9 16 
38.0 30 
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flatlands 

G183 2x 0.247  7 2n = 22 23.7.2011 UK Inchnadamph, rocky pastures 0.8 km E of the village 
limestone rock 
crevices 

F. Kolář, T. 
Urfus, P. Vít 

N 58 09 
04.4 

W 4 57 
34.9 120 

G184 2x 0.244  7  23.7.2011 UK Inchnadamph, rocky slopes 2 km S of the village 
limestone screes and 
rocks 

F. Kolář, T. 
Urfus, P. Vít 

N 58 07 
48.0 

W 4 58 
23.9 170 

G194 2x 0.245  10  31.7.2011 UK 
Bethesda, rocks in a glacial cirque on slopes of the Carned 
Llewelyn massif, 5 km SE of the town rock crevices 

F. Kolář, T. 
Urfus, P. Vít 

N 53 09 
11.0 

W 3 59 
45.6 615 

G067 4x 0.494  7  12.8.2010 DK 
Glatved, overgrown pastures next to the farm Niemandsgård, 
on the edge of a chalk quarry, 3 km S of the village 

open parts in an old 
pasture 

F. Kolář, T. Fér., 
E. Záveská 

N 56 17 
57.1 

E 10 50 
41.1 5 

G068 4x 0.479  7  13.8.2010 DK Mønsted, old chalk pit Kalkgruber, 2 km NW of the village old chalk pit  
F. Kolář, T. Fér., 
E. Záveská 

N 56 27 
19.3 

E 09 09 
58.0 10 

G069 4x 0.485  7  13.8.2010 DK 
Sennels, open wet pasture on a steep N-facing slopes of the 
Hov Daas hill, 3 km NNE of the church in the village  

open wet pasture (to 
fen) 

F. Kolář, T. Fér., 
E. Záveská 

N 56 59 
34.1 

E 08 48 
50.6 5 

G070 4x 0.486  7  13.8.2010 DK 
Raehr, pasture on N slopes of the hill 44 m a.s.l., 3 km ESE of 
the church in the village 

open patches in a 
pasture 

F. Kolář, T. Fér., 
E. Záveská 

N 57 04 
45.4 

E 08 42 
54.3 10 

G071 4x  0.486 2  13.8.2010 DK 

Ranum, pasture on steep slopes above the coast of 
Limfjorden, 0.1 km W of Naesby Dale settlement, 4 km 
WNW of the church in the village 

open patches in a 
pasture  

F. Kolář, T. Fér., 
E. Záveská 

N 56 54 
42.7 

E 09 10 
35.8 15 

G072 4x 0.487  7  14.8.2010 DK 
Klim, old chalk quarry on the N margin of Klim Bjerg, 2 km 
N of the village old chalk quarry 

F. Kolář, T. Fér., 
E. Záveská 

N 57 06 
51.8 

E 09 10 
18.9 10 

G073 4x 0.485  6  14.8.2010 DK 
Skindbjerg, pasture in a small valley 1 km WNW of the 
village 

open patches in a 
pasture 

F. Kolář, T. Fér., 
E. Záveská 

N 56 52 
49.6 

E 09 54 
15.0 30 

G209 4x 0.508  10 2n = 44 19.8.2011 DK Blåvland, sand dunes next to the lighthouse W of the town 
depressions between 
coastal dunes F. Kolář 

N 55 33 
32.4 

E 08 05 
00.7 10 

G087 4x 0.498  7  24.8.2010 N 
Vestby, along the road 1 km NE of Hvidsten, 4.5 km W of 
Vestby road bank J. Suda 

N 59 36 
23.6 

E 10 40 
01.4 10 

G206 4x 0.495  10  17.8.2011 N Oslo, Ekeberg hill in the city 
open mixed forest 
margin F. Kolář 

N 59 53 
59.9 

E 10 46 
03.9 130 

G207 4x 0.499  10  17.8.2011 N Ås, wood next to the farm 2.8 km S of the town 
margin of a small 
woodland F. Kolář 

N 59 38 
14.5 

E 10 47 
35.5 100 

G003 4x  0.504 1  29.3.2009 UK 
Castelton, base of rocks at the bottom of a gorge, 0.3 km S of 
Castleton 

limestone rock 
crevices J. Těšitel 

N 53 20 
25.6 

W 1 46 
33.0 260 

G180 4x 0.506  1  22.7.2011 UK Alva, slopes of a gorge 1 km N of the town 
grassy and mossy 
rocks 

F. Kolář, T. 
Urfus, P. Vít 

N 56 09 
43.1 

W 3 47 
51.2 130 

G181 4x 0.490  6  22.7.2011 UK 
Braemar, slopes along the road A93, 3.5 km SSW of the 
Glenshee ski centre pasture and rocks 

F. Kolář, T. 
Urfus, P. Vít 

N 56 51 
24.7 

W 3 26 
08.0 545 

G182 4x 0.504  2  22.7.2011 UK 
Tomintoul, riverbed next to the bridge, 1.5 km SW of the 
village gravely riverbed 

F. Kolář, T. 
Urfus, P. Vít 

N 57 14 
24.3 

W 3 23 
21.6 320 

G185 4x 0.504  8  23.7.2011 UK 
Durness, pastures above Loch Croispol, 1.4 km W of the 
village 

limestone rocks in a 
pasture 

F. Kolář, T. 
Urfus, P. Vít 

N 58 34 
02.6 

W 4 46 
16.7 20 

G186 4x 0.499  5  24.7.2011 UK NW slopes of the Ben Griam More hill 
open exposed gravel 
and sparse grassland 

F. Kolář, T. 
Urfus, P. Vít 

N 58 19 
23.1 

W 4 02 
54.4 445 
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G187 4x 0.495  10  25.7.2011 UK 
Taynuilt, N-facing slopes along the brook flowing from Loch 
Neil to Loch Etive, 6.5 km SW of the village pasture and rocks 

F. Kolář, T. 
Urfus, P. Vít 

N 56 23 
22.3 

W 5 19 
22.0 310 

G193 4x 0.502  8  30.7.2011 UK 
Beddgelert, a small valley on N slopes of the Moel Hebog 
hill, 2.7 km W of the town 

pasture and rock 
crevices 

F. Kolář, T. 
Urfus, P. Vít 

N 53 00 
28.2 

W 4 08 
43.3 455 

G195 4x 0.507  8 2n = 44 31.7.2011 UK 
Priestcliffe, pastures on N-facing slopes of a small valley, 1.2 
km NE of the village 

pastures and scattered 
limestone rocks 

F. Kolář, T. 
Urfus, P. Vít 

N 53 15 
12.3 

W 1 46 
51.2 335 

G196 4x 0.501  10 2n = 44 1.8.2011 UK 
Malham, slopes above the NE corner of the Malham Tarn 
lake 

pastures and scattered 
limestone rocks 

F. Kolář, T. 
Urfus, P. Vít 

N 54 05 
55.5 

W 2 09 
27.2 380 

G197 4x 0.503  10  1.8.2011 UK 
Woodhall E of Askrigg, old mine tailings, 0.5 km NE of the 
village 

mossy slope and 
limestone scree 

F. Kolář, T. 
Urfus, P. Vít 

N 54 18 
33.2 

W 2 01 
52.0 250 

G198 4x 0.503  10  1.8.2011 UK 
Farleton, N slopes of the Farleton Fall hill, 1 km SE of the 
village 

limestone scree and 
Ulex shrublands 

F. Kolář, T. 
Urfus, P. Vít 

N 54 13 
11.4 

W 2 41 
54.7 180 

G199 4x 0.499  10  1.8.2011 UK 
Middleton-in-Teesdale, pastures around the Ettersgill farm, 8 
km NW of the town pasture and rocks 

F. Kolář, T. 
Urfus, P. Vít 

N 54 40 
23.4 

W 2 10 
37.7 485 

G200 4x 0.503  8  2.8.2011 UK 
Cappercleuch, N shore of St Marys Loch, 1 km E of the 
village 

gravelly slope above 
road 

F. Kolář, T. 
Urfus, P. Vít 

N 55 29 
50.3 

W 3 11 
10.8 255 

G201 4x 0.494  10  2.8.2011 UK Appletreehall, small hill 0.5 km NE of the village pasture and rocks 
F. Kolář, T. 
Urfus, P. Vít 

N 55 27 
06.2 

W 2 45 
22.6 170 

G202 4x 0.501  10  2.8.2011 UK 
Innerleithen, along the forest road at the base of a hill, 1 km 
SE of the town 

road bank on a forest 
margin 

F. Kolář, T. 
Urfus, P. Vít 

N 55 36 
44.8 

W 3 03 
13.9 160 

Galium sudeticum Tausch 

G171 4x 0.527  15  13.7.2011 CZ 
Pec pod Sněžkou, Čertova zahrádka glacial cirque, 3.6 km N 
of the town rocks and screes 

F. Kolář, A. 
Knotek, M. 
Hanzl 

N 50 43 
37.8 

E 15 43 
27.3 1050 

G172 4x 0.534  20  13.7.2011 CZ 
Horní Mísečky, a ridge between Malá and Velká Kotelná 
jáma glacial cirques subalpine grassland 

F. Kolář, A. 
Knotek, M. 
Hanzl 

N 50 45 
08.7 

E 15 31 
56.7 1380 

Galium suecicum (Sterner) Ehrendorfer 

G074 2x 0.238  4  15.8.2010 S Vattlösa, along the road S of the farm Hultet 
road bank and 
overgrown pasture 

F. Kolář, T. Fér., 
E. Záveská 

N 58 28 
49.8 

E 13 35 
35.8 115 

G075 2x 0.238  7  15.8.2010 S 
Lerdala, forest 0.5 km E of the village, 0.5 km N of the 
Stålkvamesjön lake spruce forest clearing 

F. Kolář, T. Fér., 
E. Záveská 

N 58 28 
33.9 

E 13 43 
11.7 110 

G076 2x 0.238  3  16.8.2010 S 
Hällekis, along the road close to the Stora Rundröjan 
settlement, 5 km NE of the town 

road bank in open pine 
forest  

F. Kolář, T. Fér., 
E. Záveská 

N 58 39 
19.4 

E 13 30 
01.8 55 

G080 2x 0.240  7  18.8.2010 S 
Växjö, along the road 0.3km SSE of the Sjöamellan 
settlement  

road bank in open pine 
forest  

F. Kolář, T. Fér., 
E. Záveská 

N 56 47 
33.3 

E 14 53 
02.7 155 
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G081 2x 0.241  6  18.8.2010 S 
Älmeboda, around the belfry next to the church ruin in the 
village 

open grassland and 
road bank 

F. Kolář, T. Fér., 
E. Záveská 

N 56 35 
40.9 

E 15 15 
13.6 150 

G082 2x 0.241  7  18.8.2010 S 
Tingsryd, along the road 0.1 km NW of the Mosjölund 
settlement, 3 km NE of the town 

road bank in open pine 
forest  

F. Kolář, T. Fér., 
E. Záveská 

N 56 32 
18.4 

E 15 00 
46.9 155 

G083 2x 0.240  6  18.8.2010 S 
Ulvshult, along the road close to the Röingetorpet settlement, 
1 km E of the village 

road bank and forest 
clearing 

F. Kolář, T. Fér., 
E. Záveská 

N 56 25 
01.2 

E 14 27 
42.5 125 

G084 2x 0.240  7 2n = 22 18.8.2010 S Sodra Hoka, pasture 0.1 km N of the village 
open patches in the 
pasture 

F. Kolář, T. Fér., 
E. Záveská 

N 56 15 
33.5 

E 14 50 
43.9 100 

G085 2x 0.239  7  19.8.2010 S Järnavik, pasture 0.2 km S of the car camping site 
pasture and granite 
boulders 

F. Kolář, T. Fér., 
E. Záveská 

N 56 10 
24.3 

E 15 04 
47.4 10 

G086 2x 0.240  7 2n = 22 19.8.2010 S 
Gualow, along the road to Vanneberga, 1 km SSW of the 
village 

road bank in pine 
forest 

F. Kolář, T. Fér., 
E. Záveská 

N 56 02 
10.7 

E 14 25 
13.3 15 

Galium valdepilosum H. Braun 

G096 2x 0.257  10  23.7.2010 AT Obendorf, along the road close to the village 
road bank in beech 
forest 

M. Kubešová, J. 
Suda 

N 48 20 
28.8 

E 15 22 
27.7 650 

G099 2x 0.261  10  23.7.2010 AT Grossheinrichschlag, river bank 2 km E of the village sunny river bank 
M. Kubešová, J. 
Suda 

N 48 24 
38.6 

E 15 26 
09.4 640 

G104 2x 0.249  10  24.7.2010 AT Limberg, forest SW of the village 
clearing in the oak 
forest 

M. Kubešová, J. 
Suda 

N 48 35 
32.4 

E 15 50 
07.0 405 

G021 2x 0.251  6  3.8.2009 CZ 
Mohelno, pine forest along the road Dukovany - Mohelno, 1.1 
km S of the church 

open pine forest on 
serpentine 

F. Kolář, M. 
Dortová 

N 49 06 
13.4 

E 16 11 
29.1 330 

G028 2x 0.257  10  8.9.2009 CZ 
Lhánice, pine forest along the road from Dolní mlýn to 
Lhánice, 1.4 km SSW of the village 

open pine forest on 
serpentine F. Kolář 

N 49 04 
48.5 

E 16 15 
29.6 350 

G061 2x 0.268  10  4.8.2010 CZ 
Želešice, open forest on steep slopes above the Bobrava river, 
1.7 km NW of the church in the village rocks in open forest  

F. Kolář, M. 
Dortová 

N 49 07 
26.9 

E 16 33 
15.8 250 

G062 2x 0.257  10  4.8.2010 CZ 

Dolní Kounice, pine forest on slopes of the Šibeničný vrch 
(296 m) above the Jihlava river, 0.8 km W of the church in 
the town  

open pine forest on 
rocky slopes 

F. Kolář, M. 
Dortová 

N 49 04 
10.8 

E 16 27 
22.7 225 

G065 2x 0.257  10  5.8.2010 CZ 
Chudčice, slopes along the road close to the "U Tří křížů" 
crossing, 1 km SSE of the church in the village open oak forest 

F. Kolář, M. 
Dortová 

N 49 16 
41.9 

E 16 27 
43.5 315 

G093 2x 0.255  10 2n = 22 22.7.2010 CZ 
Bítov, Pinus nigra-Quercus forest on the rocky slopes above 
the Vranovská přehrada dam, close to the castle  pine-oak forest 

M. Kubešová, J. 
Suda 

N 48 56 
26.3 

E 15 42 
13.5 370 

G117 2x 0.266  23  30.5.2011 CZ 
Malhostovice, Drásovský kopeček hill, 1 km SSW of the 
village steppe P. Koutecký 

N 49 19 
26 

E 16 29 
43 310 

G118 2x 0.268  17  30.5.2011 CZ Malhostovice, Zlobice nature reserve, 2 km S of the village open forest M. Štech 
N 49 19 
07 

E 16 30 
17 340 

G156 2x 0.267  13  30.6.2011 CZ 
Lažánky, rocks near the Bílý potok brook (Bítýška), 1.7 km S 
of the village rock in forest 

M. Kubešová, J. 
Suda 

N 49 15 
49.9  

E 16 23 
22.4 335 

G017 4x 0.512  6  1.8.2009 CZ Bernartice, pine forest on W slopes along the Sedlický potok open pine forest on F. Kolář, M. N 49 41 E 15 06 400 
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brook, N of a highway bridge, 2.5 km NW of the village serpentine Dortová 18.1 14.3 

G023 4x  0.514 6  15.8.2009 CZ 

Červená nad Vltavou, pine-oak wood on the top of the rock 
above the right bank of the Hrejkovický potok brook, 0.5 km 
E of the church mixed forest F. Kolář 

N 49 23 
59.2 

E 14 14 
59.8 390 

G032 4x 0.511  1  27.6.2010 CZ 
Mnichov, pine forest 0.1 km SW of small serpentine quarries, 
1.5 km W of the church in the village 

serpentine rocks in 
open pine forest F. Kolář 

N 50 02 
16.1 

E 12 45 
59.0 740 

G058 4x 0.505  5  3.8.2010 CZ 
Boskovice, open oak forest on steep slopes above the Bělá 
river, 2 km SW of the castle  

open oak forest on 
steep slope 

F. Kolář, M. 
Dortová 

N 49 28 
27.0 

E 16 37 
57.2 360 

G059 4x 0.516  10  4.8.2010 CZ 
Blansko, open N-facing limestone rocks, 0.3 km SW of the 
Skalní Mlýn mill limestone rocks 

F. Kolář, M. 
Dortová 

N 49 21 
38.2 

E 16 42 
22.0 495 

G060 4x 0.504  9 2n = 44 4.8.2010 CZ Brno-Slatina, N-facing slopes of the Stránská skála hill 
open Sesleria-
grassland 

F. Kolář, M. 
Dortová 

N 49 11 
28.4 

E 16 40 
35.8 300 

G136 4x 0.503  10  21.6.2011 CZ Prameny, Vlčí Hřbet hill 1.9 km S of the village 
open pine forest on 
serpentine F. Kolář 

N 50 01 
59.0  

E 12 44 
04.2 850 

G150 4x 0.510  10  28.6.2011 CZ Boreč, screes on NNE slopes of the hill scree 
M. Kubešová, J. 
Suda 

N 50 30 
56.7 

E 13 59 
19.0 390 

G151 4x 0.504  15  28.6.2011 CZ Velichov, S slopes of the Thebisberg hill, W of the village scree 
M. Kubešová, J. 
Suda 

N 50 16 
55.8  

E 12 59 
50.5 370 

G213 4x 0.498  10  25.8.2011 CZ 
Nižbor, Vůznice nature reserve, rocky outcrop 0.5 km S of the 
water reservoir, 2.1 km N of the railway station rocky outcrop in forest M. Lučanová 

N 50 01 
16.5 

E 13 59 
30.2 320 

G033 4x  0.503 1  15.7.2010 D 
Altenbrak near Thale, rocks on SW-facing slopes, 0.5 km 
ENE of the village 

oak forest on devonian 
schist rocks 

F. Kolář, J. 
Chrtek 

N 51 43 
49.2 

E 10 56 
52.8 420 

G043 4x 0.510  10  25.7.2010 D 
Fischbach near Kallmünz, rocks at the top of the Hutberg hill, 
E of the village 

limestone rocks in 
open pine forest F. Kolář, P. Vít 

N 49 10 
21.2 

E 11 59 
29.4 420 

G045 4x 0.502  10  26.7.2010 D 
Schuttersmühle near Pottenstein, rocks on the right bank of 
the Weiher brook, 0.1 km N of the mill 

limestone rocks in 
open spruce forest 
(close to open pine 
forest on the rocks) F. Kolář, P. Vít 

N 49 45 
06.0 

E 11 25 
40.5 460 

G047 4x 0.507  10  27.7.2010 D 
Kupferberg, top of the Peterlenstein hill, 1.5 km NE of the 
town 

serpentine rocks and 
screes in open pine 
forest F. Kolář, P. Vít 

N 50 09 
25.3 

E 11 35 
45.7 580 

G050 4x 0.500  10  27.7.2010 D 
Woja near Wurlitz, pine forest next to the W margin of a 
serpentine quarry, 0.6 km S of the village 

serpentine rocks in 
open pine forest F. Kolář, P. Vít 

N 50 15 
14.4 

E 11 58 
30.4 540 

G051 4x 0.504  10  27.7.2010 D Erbendorf, pine forest 2 km NNW of the village 
serpentine rocks in 
open pine forest F. Kolář, P. Vít 

N 49 51 
24.3 

E 12 01 
53.7 525 

G247 4x 0.501  10  5.6.2012 D Treseburg, rocky crest 1.1 km NNW of the village open forest and rocks F. Kolář 
N 51 43 
08.6 

E 10 57 
32.2 360 

G208 4x 0.511  3  19.8.2011 DK Sejrup, Sejrup forest 1.2 km E of the village open oak woodland F. Kolář 
N 55 52 
58.5 

E 09 19 
39.5 90 

G036 4x 0.512  17  20.7.2010 PL 
Laczna near Klodzko, limestone quarry 0.5 km N of the NW 
margin of the village 

exposed limestone 
screes, open pine 
forest F. Kolář 

N 50 30 
07.8 

E 16 37 
12.4 465 
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G040 4x 0.509  10  21.7.2010 PL 
Klonow near Miechow, slopes along the road to Dale, 0.1 km 
N of the old limestone quarry 

open basiphilous 
steppe F. Kolář 

N 50 20 
28.0 

E 20 10 
46.2 255 

G134 4x 0.502  10  14.6.2011 PL Zarogow, old quarry NE of the village chalk rocks 
F. Kolář, J. 
Chrtek 

N 50 20 
09.0 

E 20 06 
59.2 230 

Galium valdepilosum + G. pumilum 

G106 4x+8x 
0.508 
(GV) 

0.914 
(GP) 8 2n = 88 25.7.2010 AT Kollmitzgraben, pine forest close to the ruin pine forest  

M. Kubešová, J. 
Suda 

N 48 49 
21.8 

E 15 31 
54.1 425 

G042 4x+8x 
0.509 
(GV) 

0.921 
(GP) 8  25.7.2010 D 

Königshof near Stefling, W slopes of a side valley N of the 
Regen river, 0.1 km N of the village 

exposed limestone 
screes, open pine 
forest F. Kolář, P. Vít 

N 49 12 
51.3 

E 12 13 
17.4 380 

G046 4x+8x 
0.508 
(GV) 

0.922 
(GP) 8  26.7.2010 D 

Rabenstein, slopes and rocks above the left bank of the 
Allsbach brook, 0.3 km NE of the castle open pine forest F. Kolář, P. Vít 

N 49 49 
27.6 

E 11 22 
29.2 425 

 

 
* Relative fluorescence intensity of internal reference standard, Bellis perennis, was set to a unit value 
# Country abbreviations: AT, Austria; CZ, the Czech Republic; DK, Denmark; F, France; D, Germany; IRL, Ireland; IS, Iceland; N, Norway; PL, Poland; SK, Slovakia; S, 
Sweden; UK, the United Kingdom 
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Table S2 Phytosociological relevés recorded at 95 localities of Galium pusillum agg. in Central and Northern Europe (population codes in the 
header correspond to Table S1). 
 
 
                                           GGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGG  
                                           00000000000000000000000000000000000000000010111111111111111111111111111222222222221100011122222  
                                           33334444444551556662266667777777777888888833333322288888888889999999999000000000007799900155555  
                                           66890235667017890128157890234567789012345642678943501234567890123456789012334678991136946756789  
  
  
Betula pendula                       [1]   .....3......................3......3...........................................................  
Fagus sylvatica                      [1]   .......4.......2........................3................................3...........3.........  
Picea abies                          [1]   ......22...................................1............................................2......  
Pinus sylvestris                     [1]   4...2...3.2.22.2.2.23..............3.........................................2..........2......  
Quercus petraea                      [1]   ..............5.....................................................................2..3.......  
Quercus robur                        [1]   .....2......................3.......2...2......................................4...............  
Betula pendula                       [4]   ..............................2....22.....1....................................................  
Corylus avellana                     [4]   1..............1..........................2....................................................  
Frangula alnus                       [4]   .................2........................1.............................................1......  
Juniperus communis                   [4]   ...............................3..3..2.........................................................  
Rosa canina agg.                     [4]   2...............................................2........................2.....................  
Salix caprea                         [4]   ..............................2....222....2....................................................  
Achillea millefolium agg.            [6]   r.r..........1......r2r..+.r.r.r.+.r.rr..r....r+..+.r...rr.....r.................r..r+1r.+.....  
Acinos arvensis                      [6]   ..r...................+.........r...............+.....................................r........  
Agrostis capillaris                  [6]   ...........1..........2...r1.11....+.+322..2........2...2221...+.r.2......+.+.2................  
Agrostis stolonifera                 [6]   ...............................++1+1...........................r................22.............  
Ajuga genevensis                     [6]   .................r...+.................1+......................................................  
Alchemilla alpina                    [6]   ....................................................r1...2................r+r.............11++.  
Alchemilla sp.                       [6]   ............................1..................1....+.r...+..r.................................  
Allium senescens ssp. montanum       [6]   ...1..........r...1.............................1..............................................  
Antennaria dioica                    [6]   ........................................................++................+r+..................  
Anthericum ramosum                   [6]   ....r.........+.1.........................+..r.................................................  
Anthoxanthum odoratum                [6]   ..................r......r.............21...........2122.r11....1.1...++.......r.r.............  
Anthyllis vulneraria                 [6]   .+.+..................1r.+....................+.+++..+............2............................  
Armeria maritima                     [6]   .........................r..............................+........................+...........1.  
Arrhenatherum elatius                [6]   +1..................................2..2.2......2.12.+2................213.....2....rrr1.2.....  
Artemisia campestris                 [6]   ..1r............r...............+..............................................................  
Asperula cynanchica                  [6]   ..r.+...........r.+.+.........................r.+r............+1...............................  
Asplenium cuneifolium                [6]   ..........r........+.......................+...................................................  
Asplenium ruta-muraria               [6]   ..1+..rr.r...................................+................rr...............................  
Asplenium trichomanes                [6]   ...r..rr.r.......+...........................................r.................................  
Asplenium viride                     [6]   .................................................................r................rr...........  
Avenella flexuosa                    [6]   .....3.....22...............3......34422.1..2......+.............+.....1....2243..1r...25......  
Avenula pratensis                    [6]   .............+......2.3.22++...1.....................2.................+2......................  
Bellis perennis                      [6]   ....................................................r.+1r....r........+........................  
Brachypodium pinnatum                [6]   3.........................................2..+....2............................................  
Briza media                          [6]   ......................r.+.r+......................2..r........++...2r..........................  
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Bupleurum falcatum                   [6]   ................r...+2...................................................................+.....  
Calamagrostis arundinacea            [6]   .............1..............r.1............r2.................................r...21...........  
Calamagrostis epigejos               [6]   ..................r.+r.................................................................rr......  
Calluna vulgaris                     [6]   .....+.....+......+................1.2...r..........3+..12....r.2+.....+..2.22....+r..........1  
Campanula persicifolia               [6]   r.........................................+.......r............................r.....rrr.......  
Campanula rapunculoides              [6]   .............................................1..1.r............................................  
Campanula rotundifolia               [6]   r..+.++..++.2........rrr+.r+.....r.+rrr.r..+1........r.....+r++1++.+1r+r+.rr.+...r+r....r......  
Cardaminopsis arenosa                [6]   .............................................r.r.+...................................+.........  
Carduus defloratus                   [6]   .........r...................................++................................................  
Carex bigelowii                      [6]   ..........................................................................................2+2+.  
Carex caryophyllea                   [6]   ....................................................+.............r.2..........................  
Carex digitata                       [6]   .......r.......r....+......................r...................................................  
Carex flacca                         [6]   ........................2..1...3322.................2.222.2.22122.22+11...2+...................  
Carex humilis                        [6]   ....2.+.........2.221........................23.r........................................1.....  
Carex muricata agg.                  [6]   ..............r........................1r......................................................  
Carex ornithopoda                    [6]   ..........................................1.....r.1............................................  
Carex pulicaris                      [6]   ......................................................r++.+.rr..1r..........r..................  
Carlina acaulis                      [6]   ..............................................+.+11............................................  
Carlina vulgaris                     [6]   ....................r.r...2......r..............r.............+................................  
Centaurea nigra                      [6]   .....................................................r..r.....+................................  
Centaurea scabiosa                   [6]   ...................2r.r..................................................................+.....  
Centaurea stoebe s.lat.              [6]   ..1.............r.....................................................................r..r.....  
Cerastium holosteoides               [6]   .............................r.......................r....+....r....r.r....................+...  
Chamaecytisus ratisbonensis          [6]   ......+.........+..1r1...................................................................1.....  
Cirsium acaule                       [6]   .........................1.2...r.1.............................................................  
Cirsium vulgare                      [6]   ....................................................r...............r.+........................  
Cornus sanguinea                     [6]   ..........................................r.....1.+............................................  
Crataegus sp.                        [6]   ..............r.....r...................................................2......................  
Cynosurus cristatus                  [6]   ......................................................22.......1...............................  
Dactylis glomerata                   [6]   1...........r.........1+++111r......++1..+............r..................2.....................  
Danthonia decumbens                  [6]   .....................................++++.............r21.1.1...r................r.............  
Daucus carota                        [6]   .r...................+++.+.......+r...............+...................................r........  
Deschampsia cespitosa                [6]   ...............................................2..........+...........r..1..................1..  
Dianthus carthusianorum              [6]   .............+...............................r......................................r.+........  
Digitalis grandiflora                [6]   ..............2...................................................................1+...........  
Dryas octopetala                     [6]   .......................................................22.....+............................1.1.  
Empetrum nigrum agg.                 [6]   ..........................................................................222.............++122  
Euphorbia cyparissias                [6]   ...r+r+.+.....rrr..r......................r.....r+....................................r..+.....  
Euphrasia rostkoviana                [6]   ......................+...+.....rr..................r..........r...............................  
Euphrasia stricta agg.               [6]   ...+............+....................................r.r.rr.....r...r..........................  
Festuca ovina                        [6]   2..1.2....32242....2....22...322343.....2.+22......122222222222221222.3.3..+2...+2..2.2........  
Festuca pallens s.lat.               [6]   ......2..r.........r1.........................+.1..............................................  
Festuca richardsonii                 [6]   ..........................................................................................21222  
Festuca rubra                        [6]   ......................22..21.......+...1r21.......++.2.2.+222.....22...+.2....2.33.............  
Festuca rupicola                     [6]   1.+.2............12.2................................................................1...2.....  
Festuca vivipara                     [6]   ..........................................................................121..................  
Fragaria vesca                       [6]   .1............rr....1.......1r1.......1....+...r..2......r.rr.......r+...1...+......rr.........  
Fragaria viridis                     [6]   .....................2...........1........+..............................................+.....  
Galium album s.lat.                  [6]   ..............+r............1.............r.....r..............................................  
Galium anisophyllon                  [6]   .............................................1+111+............................................  
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Galium boreale                       [6]   .............................++...r.......................................+...................+  
Galium normanii                      [6]   ..........................................................................++r.............112+1  
Galium oelandicum                    [6]   ...............................11++............................................................  
Galium sterneri                      [6]   ......................+1++1+.......................1+++1++1+++++++12+212+1...12.11.............  
Galium suecicum                      [6]   ............................++1....2+1+1+2.....................................................  
Galium valdepilosum                  [6]   12..1+++r+1121++12+1+1....................++1..................................+....r+111+.....  
Galium verum                         [6]   +.........++.r........1.21.++..r.r+..............+......+.....rr..r.....+........2..........2.r  
Genista pilosa                       [6]   .................1.++2..........................+...................................121........  
Genista tinctoria                    [6]   ....rr........r................................................................................  
Gentianella campestris agg.          [6]   ........................................................++..................+..................  
Geranium robertianum                 [6]   ......+....................................................+.......+...........................  
Geum urbanum                         [6]   .....................+......+r.................................................................  
Helianthemum grandiflorum s.str.     [6]   ................1.............................1..+.......................................1.....  
Helianthemum nummularium             [6]   ..................................+.................2...............1.2........................  
Helianthemum oelandicum              [6]   ...............................+1+1............................................................  
Hieracium lachenalii                 [6]   .............................r.....++...................................1.........++...++......  
Hieracium murorum                    [6]   .....+r..+..1.1r.2+..+.....................r......2...............................1+.1r.2......  
Hieracium pilosella                  [6]   +.r.............+.....11.221.....+++.....+.....+...+.+......r.....+2..+1r.......2+.............  
Hieracium sabaudum                   [6]   .....+........r......r...............................................................r.........  
Hieracium sp.                        [6]   ................r..............1r...........................1rr................................  
Holcus lanatus                       [6]   ...................................................+.+.2..+.rr.+.................+.............  
Hylotelephium maximum                [6]   .................2...........................................................r2.....r.r........  
Hypericum maculatum                  [6]   ............................r.......r.r...r....+..................................+............  
Hypericum perforatum                 [6]   .r..+.........+rr.......1....r.rr.+....r+......................................r.....+1r.......  
Hypericum pulchrum                   [6]   ....................................................+r..r+...rr.r..............................  
Impatiens parviflora                 [6]   .................r..................................................................rr..r......  
Inula ensifolia                      [6]   ....2.....................................r..1.................................................  
Jovibarba globifera                  [6]   ..2+..........................................rr.1.............................................  
Juncus trifidus                      [6]   ..........................................................................................r1.1+  
Juniperus communis                   [6]   ..........................................................................221..................  
Knautia arvensis                     [6]   1...r...........r.r......1.+r.........+...1.........................................r....+.....  
Koeleria macrantha                   [6]   ..............................................................r+..1......................2.....  
Koeleria pyramidata auct.            [6]   .........................r.+............................r.............................r........  
Lathyrus linifolius                  [6]   ............................+r.......++r1................+...............+....1r...............  
Leontodon autumnalis                 [6]   ..........................r...+.+....r.........................................................  
Leontodon hispidus                   [6]   ................r....+....................+.....r.1.........+..1..2...............r............  
Leucanthemum vulgare agg.            [6]   r.....................r............1............+..............r.......1.......................  
Linum catharticum                    [6]   ...rr.................++r.+.....r+r..........r.r..+..++++.+.+.++....+......r...................  
Lotus corniculatus                   [6]   .............+....+.r1..r+.rr++..+...........r.r+.+r.+1..r..+.22..+r...+1..r+............+.....  
Luzula campestris agg.               [6]   ..................r...................r+2...........r......r..........................r...r..rr  
Luzula luzuloides                    [6]   .....................r........................................................+...1..+..1......  
Luzula pilosa                        [6]   .............................1+....r.1++rr.+...................................2...............  
Lychnis viscaria                     [6]   .......................................r..............................................r1.......  
Medicago lupulina                    [6]   .r...................++..+.1.....+r......+......r.+.............................r..............  
Melampyrum pratense                  [6]   .......r.....r.....................+..+r...rr................................+++.....r.........  
Melica nutans                        [6]   .......r............1.....................+..................................2.................  
Molinia caerulea                     [6]   .......................................................+1.1...............21...................  
Mycelis muralis                      [6]   ......1..r..1.....................r............................................................  
Nardus stricta                       [6]   ............................+.......................2.....2.....3r.............................  
Oxalis acetosella                    [6]   .............................1.............................r.r.......r.........r...............  
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Persicaria vivipara                  [6]   ....................................................r..+..................r...............++.rr  
Phleum pratense                      [6]   .........................+.....r1++............................................................  
Pimpinella saxifraga s.str.          [6]   r.r+r1r......r..rr+r+.+.+.++r.............r......r.+.............+.....++.r.........rr.r.......  
Pinguicula vulgaris                  [6]   ..........................................................r..r..r..............................  
Plantago lanceolata                  [6]   .........................+.....r++..................+r2++.+...rr..++..r.1.......21.............  
Plantago maritima                    [6]   ..........................+...................................r.............r....1...........r.  
Plantago media                       [6]   1..r.......................1..............+....1...............................................  
Poa pratensis agg.                   [6]   ............2............+..1........+...+.............2r...........................rr.........  
Polygala chamaebuxus                 [6]   ........2..21..............................r2..................................................  
Polygala vulgaris                    [6]   .....................................................r.r.r.....rr.r.r..........................  
Potentilla arenaria                  [6]   ..111...........+.+.+..........................................................................  
Potentilla erecta                    [6]   ...........r..................+......1..+...........+.+1r+22..++1.11...+..+.r..+...............  
Potentilla tabernaemontani           [6]   .........r......................++r...................................................+........  
Primula veris                        [6]   ...........................+..............1.......................+............................  
Prunella vulgaris                    [6]   ..........................r..+++r+r...................rrr.21rr++...+...........................  
Prunus spinosa                       [6]   ......................+........r.2+.................................................1..........  
Pteridium aquilinum                  [6]   .....................................22........................r.......2.......................  
Pulsatilla sp.                       [6]   ......................r..r....................r................................................  
Ranunculus acris                     [6]   .......................+.+.++r.+..r.rr...............r....+....................................  
Rhamnus cathartica                   [6]   +...................r.....................r.....1..............................................  
Rosa canina agg.                     [6]   ..............rr..+.+.1.........r.r.............r......................r.....r.................  
Rosa sp.                             [6]   ..............................................................++....................+....r.....  
Rubus fruticosus agg.                [6]   ......1..........r.................................1.....................................+.....  
Rubus idaeus                         [6]   ..........1+2+......................2++.....+..r..................................2r....r......  
Rubus saxatilis                      [6]   ..............................r...........................................2r.2.................  
Rumex acetosa                        [6]   ............................+.......2................1.....+......+..........2...............r.  
Rumex acetosella s.lat.              [6]   ........................................1+......................................r..............  
Salix herbacea                       [6]   ..........................................................................................22.21  
Salvia verticillata                  [6]   ....+...........1...............................rrr............................................  
Sanguisorba minor                    [6]   .r..1...........+...............................r.r...............22...........................  
Saxifraga oppositifolia              [6]   .........................................................1................++...................  
Scabiosa canescens                   [6]   ................................................+.................2.....+......................  
Scabiosa ochroleuca                  [6]   .+1++...........+.........................r.......1......................................+.....  
Sedum album                          [6]   ......r......................................+...+.............................................  
Selaginella selaginoides             [6]   .......................................................+.rr....................................  
Seseli osseum                        [6]   ................1.r..........................+.................................................  
Sesleria varia agg.                  [6]   ......+22+.....32...............2r2..........222.32.........2223...2231........................  
Silene acaulis                       [6]   .............................................................r..............2................2.  
Silene nutans s.lat.                 [6]   ..............2.+2...+.........................................................................  
Silene vulgaris                      [6]   +.........1.....r..2.......................21.....................................+.+..r.......  
Solidago virgaurea                   [6]   .............................................+................r..r................+..r.........  
Stachys recta                        [6]   ....1...........+........................................................................+.....  
Stellaria graminea                   [6]   ..............................r..............................................+...+.............  
Stellaria holostea                   [6]   .....................r...................................................+.....1....1..........  
Succisa pratensis                    [6]   ...................................................2.r1r2....r+21.........+....................  
Taraxacum sect. Ruderalia            [6]   .........+...........+.+.......................+r....+...............................r.....r...  
Taraxacum sp.                        [6]   ...............................rr...........................+r.+..........................r....  
Teucrium chamaedrys                  [6]   ....................+........................+....r...................................++.......  
Thalictrum alpinum                   [6]   ...........................................................................r..............+.+.+  
Thymus praecox                       [6]   ................+.1+............................+.........................................1111+  
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Thymus pulegioides                   [6]   ..r+..1..+.........................................21.22+1+r2112++2121222.............r........  
Thymus serpyllum                     [6]   ......................+..1.2...2212..................2.........................................  
Thymus sp.                           [6]   ..............................................11..r............................................  
Torilis japonica                     [6]   .....................+...............................................................r.r.......  
Trifolium pratense                   [6]   ......................+....r..1...................++...........+..+..............+.............  
Trifolium repens                     [6]   ...................................+...r.......r...rr.+2r.++2......+2.1..........+..........r..  
Tussilago farfara                    [6]   .......................+......r.................1..............................................  
Vaccinium myrtillus                  [6]   ...........2.2.......................+.r...1.............r...................3.......r.........  
Vaccinium uliginosum                 [6]   ..........................................................................1+2.................2  
Vaccinium vitis-idaea                [6]   ..........1.11......................+1...+..1................................1.................  
Veronica chamaedrys                  [6]   ..............r.............++......r.++.r............r..................+....1.....r..........  
Veronica officinalis                 [6]   ..............+..............r..........1..+.......22......2.........................r.r.......  
Vicia cracca                         [6]   r.......................+..r....................1.........................r......+.............  
Vincetoxicum hirundinaria            [6]   ...2..r1......2...1..........................+.................................................  
Viola canina                         [6]   .............................1.....rr+1..+..........+.1.+rr+..rr....1..+.......................  
Viola hirta                          [6]   r...+.11...........+......................2....................................................  
Viola riviniana                      [6]   ....................................r.rr.r.r.............................+...+.................  
Acer platanoides                     [7]   ....r...............................r.r......................................1......r..........  
Acer pseudoplatanus                  [7]   .......................+r....................r.......r.........................................  
Betula pendula                       [7]   ............r.................+.......1.........r.r..+........................2................  
Carpinus betulus                     [7]   ..............r.....rr.................+..............................................1........  
Corylus avellana                     [7]   +......1.......1..............................................2................................  
Fagus sylvatica                      [7]   r......r2...............................r............................................+.........  
Fraxinus excelsior                   [7]   ...............r....................+..............+.........................1......+.rr.......  
Picea abies                          [7]   ...........+..............r..r........1...........r............................r..1r...........  
Pinus sylvestris                     [7]   ....r..r...........r..........+.................rrr............................................  
Prunus avium                         [7]   .................+..........rr........................................................r2.......  
Quercus petraea                      [7]   ..............+r....................................................................+.22.......  
Quercus robur                        [7]   r...r2.r+.........r........r1r+.....2.12.....................................+.1...............  
Sorbus aucuparia                     [7]   r.........rrr..r....r........r...............................................1....r............  
  
  
Other species:   
  
Acer platanoides [1] 37: 2; Alnus glutinosa [1] 29: 2; Fraxinus excelsior [1] 74: 2; Pinus nigra [1] 19: 2; Populus tremula [1] 18: 2, 79: 3; 
Prunus avium [1] 18: 1; Robinia pseudacacia [1] 19: 2; Salix caprea [1] 39: 2; Sorbus aria [1] 16: 1; Acer pseudoplatanus [4] 22: 2; Carpinus 
betulus [4] 8: 2, 85: 1; Cornus sanguinea [4] 4: 2, 17: 2; Euonymus verrucosus [4] 16: 2; Fagus sylvatica [4] 9: 2; Fraxinus excelsior [4] 85: +; 
Pinus sylvestris [4] 51: 2, 89: 1; Populus tremula [4] 31: 1, 36: 2; Potentilla fruticosa [4] 35: 3; Pyrus communis [4] 21: 2; Quercus petraea 
[4] 20: 2, 85: 1; Quercus robur [4] 13: 2; Rhamnus cathartica [4] 7: 2, 35: 1; Rosa sp. [4] 85: +; Salix aurita [4] 31: 2; Salix silesiaca [4] 
83: 4; Sorbus aucuparia [4] 78: 2; Sorbus intermedia [4] 29: 2; Acinos alpinus [6] 46: r, 48: 1; Aegopodium podagraria [6] 37: r; Agrimonia 
eupatoria [6] 1: r, 5: r; Agropyron intermedium s.str. [6] 21: r; Agrostis canina [6] 56: 1; Agrostis rupestris [6] 83: +; Alyssum montanum [6] 
49: +; Ammophila arenaria [6] 81: 2, 82: 1; Anemone nemorosa [6] 80: r; Anthriscus sylvestris [6] 31: +, 37: +; Arabis hirsuta [6] 49: r; 
Arctostaphylos alpinus [6] 75: 1; Arenaria serpyllifolia [6] 48: r; Artemisia vulgaris [6] 2: r; Asperula tinctoria [6] 43: +, 46: r; Asplenium 
septentrionale [6] 85: r; Aster alpinus [6] 47: +; Aster linosyris [6] 21: r; Athyrium filix-femina [6] 83: 1; Aurinia saxatilis [6] 85: +; 
Bartsia alpina [6] 83: r; Berberis vulgaris [6] 16: +, 20: +; Betula nana [6] 95: 2; Betula pendula [6] 36: r, 42: 1; Betula pubescens [6] 95: 2; 
Biscutella laevigata [6] 20: 2; Botrychium lunaria [6] 4: r, 49: r; Brachypodium sylvaticum [6] 52: 2, 61: 2; Bromus erectus [6] 49: 2; Bromus 
monocladus [6] 46: 2, 47: 1; Buphthalmum salicifolium [6] 46: 1; Campanula trachelium [6] 16: +; Cardamine pratensis [6] 93: +; Cardaminopsis 
lyrata [6] 92: r; Carex arenaria [6] 26: 1, 81: 2; Carex capillaris [6] 77: +; Carex flava agg. [6] 77: +; Carex hostiana [6] 59: r; Carex 
montana [6] 1: 2, 8: 2; Carex pallescens [6] 40: 1; Carex panicea [6] 75: 2; Carex pilulifera [6] 30: r, 40: +; Carex sempervirens [6] 48: 2; 
Carex sp. [6] 25: 3; Carex spicata [6] 22: r; Carex viridula [6] 65: r; Carpinus betulus [6] 41: +; Carum carvi [6] 48: r; Centaurea jacea [6] 
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23: +, 28: r; Centaurea triumfettii [6] 87: +; Cerastium arcticum [6] 92: r; Chelidonium majus [6] 10: r; Cirsium arvense [6] 24: r, 61: 2; 
Cirsium palustre [6] 60: 1, 65: +; Clematis vitalba [6] 86: r; Clinopodium vulgare [6] 40: r, 86: +; Convallaria majalis [6] 8: 2, 78: r; 
Convolvulus arvensis [6] 33: r, 34: +; Coronilla vaginalis [6] 47: +; Cotoneaster integerrimus [6] 43: +, 78: +; Crepis biennis [6] 22: r; Crepis 
capillaris [6] 24: +; Cruciata glabra [6] 43: +; Cruciata laevipes [6] 72: 1, 74: r; Cystopteris fragilis [6] 68: +; Cytisus nigricans [6] 6: +; 
Cytisus scoparius [6] 42: 2, 54: r; Dactylis polygama [6] 15: 1; Daphne mezereum [6] 84: r; Dianthus deltoides [6] 73: r, 82: r; Dianthus 
pontederae [6] 19: +; Digitalis purpurea [6] 66: r; Dorycnium germanicum [6] 20: 2, 21: 2; Draba aizoides [6] 10: 1; Dryopteris filix-mas [6] 13: 
r; Echium vulgare [6] 19: r, 24: r; Epilobium angustifolium [6] 36: +, 84: r; Epilobium brunnescens [6] 62: r; Epilobium collinum [6] 83: +, 84: 
+; Epilobium montanum [6] 22: +, 30: r; Epipactis atrorubens [6] 9: r; Equisetum arvense [6] 92: +, 93: r; Equisetum pratense [6] 93: 2, 95: +; 
Erica carnea [6] 45: 2; Erica cinerea [6] 58: r, 62: r; Erigeron annuus [6] 22: +; Eryngium campestre [6] 17: +; Erysimum odoratum [6] 10: r; 
Erysimum witmannii [6] 49: r; Euonymus verrucosus [6] 16: 1, 43: r; Eupatorium cannabinum [6] 86: +; Euphorbia seguieriana [6] 21: r; Euphrasia 
salisburgensis [6] 47: +, 62: +; Falcaria vulgaris [6] 90: +; Fallopia convolvulus [6] 86: +, 87: r; Festuca sp. [6] 47: 2, 48: 2; Festuca 
valesiaca [6] 21: 1; Filago vulgaris [6] 35: +; Filipendula ulmaria [6] 55: 2, 65: 1; Filipendula vulgaris [6] 32: r, 34: +; Galeopsis ladanum 
[6] 2: +; Galeopsis pubescens [6] 79: r; Galium aparine [6] 85: r; Galium cracoviense [6] 3: 2, 4: 1; Galium glaucum [6] 90: 1; Galium 
rotundifolium [6] 88: r; Galium saxatile [6] 60: +; Galium sudeticum [6] 83: 2, 84: 2; Genista germanica [6] 86: r; Gentiana clusii [6] 47: +; 
Gentiana pneumonanthe [6] 83: +; Geranium sanguineum [6] 64: +; Globularia cordifolia [6] 46: 1, 47: 1; Globularia vulgaris [6] 32: +, 33: 1; 
Gymnadenia conopsea [6] 67: 1; Hepatica nobilis [6] 16: r; Hieracium bupleuroides [6] 50: r; Hieracium laevigatum [6] 86: +, 87: r; Hieracium 
umbellatum [6] 29: +, 36: +; Hieracium villosum [6] 48: r; Hippocrepis comosa [6] 47: +; Holcus mollis [6] 74: 1; Huperzia selago [6] 66: r; 
Inula conyza [6] 86: 1; Jasione montana [6] 87: r; Juncus articulatus [6] 59: 1; Juncus compressus [6] 34: r; Kernera saxatilis [6] 46: +, 47: r; 
Knautia drymeia [6] 16: r; Knautia kitaibelii [6] 49: r; Kobresia myosuroides [6] 95: +; Lapsana communis [6] 86: r; Lathyrus niger [6] 15: r; 
Lathyrus pratensis [6] 31: 2, 74: r; Lathyrus sylvestris [6] 2: 1; Leontodon incanus [6] 10: +; Libanotis pyrenaica [6] 4: 2, 47: +; Ligustrum 
vulgare [6] 21: r; Linaria vulgaris [6] 2: r, 33: r; Linum tenuifolium [6] 49: +; Lolium perenne [6] 55: r; Lonicera nigra [6] 43: r; Lonicera 
xylosteum [6] 8: r, 16: r; Luzula spicata [6] 91: +, 95: r; Luzula sylvatica [6] 54: 1, 78: 2; Maianthemum bifolium [6] 80: +; Matricaria 
discoidea [6] 36: r; Medicago falcata [6] 49: r; Melampyrum nemorosum [6] 16: r; Melica ciliata [6] 7: 1; Melica uniflora [6] 85: +; Mercurialis 
perennis [6] 16: r; Microrrhinum minus [6] 5: r; Minuartia langii [6] 46: +, 48: r; Molinia arundinacea [6] 11: 1; Onobrychis viciifolia [6] 5: 
2; Ononis arvensis [6] 51: +; Ononis spinosa [6] 49: +; Parnassia palustris [6] 67: 1; Pastinaca sativa [6] 27: 1; Peucedanum cervaria [6] 46: r; 
Phegopteris connectilis [6] 83: r; Phleum alpinum agg. [6] 91: r; Phleum phleoides [6] 3: r; Phyteuma spicatum [6] 47: r; Pimpinella major [6] 
44: 1, 83: 1; Plantago major [6] 38: r; Platanthera hyperborea [6] 94: r; Poa alpina [6] 48: 2; Poa compressa [6] 3: 2, 24: 2; Poa nemoralis [6] 
15: 1, 22: +; Polygala amara [6] 48: +; Polygala amarella [6] 28: +, 51: r; Polygala serpyllifolia [6] 53: r; Polygonatum odoratum [6] 15: +; 
Potentilla argentea [6] 36: r; Potentilla aurea [6] 48: r; Potentilla crantzii [6] 91: r; Potentilla fruticosa [6] 35: +; Potentilla heptaphylla 
[6] 51: r; Primula vulgaris [6] 62: +, 74: r; Quercus petraea [6] 21: +, 86: +; Quercus robur [6] 41: r; Ranunculus auricomus agg. [6] 29: r; 
Ranunculus breyninus [6] 47: +, 48: r; Ranunculus bulbosus [6] 53: r, 68: r; Ranunculus platanifolius [6] 83: r; Ranunculus polyanthemos [6] 51: 
+; Ranunculus repens [6] 64: r; Rhinanthus serotinus [6] 31: r; Rhodiola rosea [6] 66: +; Rosa pimpinellifolia [6] 82: +; Rosa rugosa [6] 82: 1; 
Rubia peregrina [6] 64: r; Sagina nodosa [6] 32: +, 35: r; Salix arctica [6] 92: 2; Salix aurita [6] 31: r; Salix caprea [6] 43: r, 51: r; Salix 
lanata [6] 95: r; Salix silesiaca [6] 84: r; Salvia pratensis [6] 21: +; Saxifraga aizoides [6] 62: +; Saxifraga cespitosa [6] 94: r; Saxifraga 
paniculata [6] 4: +; Saxifraga rosacea [6] 60: r; Scabiosa lucida [6] 83: r, 84: r; Scleranthus perennis [6] 87: +; Scorzonera humilis [6] 29: +; 
Scrophularia scopolii [6] 84: r; Securigera varia [6] 17: +; Sedum acre [6] 17: r; Sedum sexangulare [6] 71: +; Sedum villosum [6] 95: r; Senecio 
hercynicus [6] 83: r; Senecio jacobaea [6] 28: r; Senecio ovatus [6] 6: 1; Senecio sylvaticus [6] 18: +; Senecio viscosus [6] 19: r, 20: r; 
Sibbaldia procumbens [6] 92: r; Silene otites [6] 3: r; Sonchus oleraceus [6] 86: r; Sorbus aucuparia [6] 77: r; Spergula arvensis [6] 95: r; 
Stellaria alsine [6] 79: +; Tanacetum corymbosum [6] 15: +, 90: 1; Teucrium montanum [6] 46: 1; Teucrium scorodonia [6] 52: 2, 63: +; Thalictrum 
minus [6] 23: r, 66: 2; Thesium alpinum [6] 47: r; Thymus pannonicus [6] 5: 1, 43: r; Tragopogon orientalis [6] 87: r; Trichophorum cespitosum 
[6] 65: 2; Trientalis europaea [6] 37: r; Trifolium arvense [6] 22: r, 81: 1; Trifolium aureum [6] 31: +; Trifolium dubium [6] 82: r; Trifolium 
hybridum [6] 31: r; Trifolium montanum [6] 1: 1; Tripleurospermum inodorum [6] 79: r; Trisetum alpestre [6] 47: +; Ulex europaeus [6] 54: 3; 
Urtica dioica [6] 48: +, 60: +; Valeriana officinalis agg. [6] 51: 1; Verbascum chaixii ssp. austriacum [6] 85: +, 87: 1; Veronica alpina [6] 92: 
r; Veronica arvensis [6] 71: r; Viburnum opulus [6] 43: +; Vicia sativa [6] 87: r; Vicia sylvatica [6] 43: +; Viola reichenbachiana [6] 30: +; 
Abies alba [7] 27: r, 86: r; Acer campestre [7] 15: r, 85: r; Crataegus sp. [7] 72: 1; Frangula alnus [7] 11: +, 80: +; Populus tremula [7] 31: 
r; Pyrus communis [7] 21: r; Robinia pseudacacia [7] 19: r; Salix caprea [7] 30: r, 39: 1; Sorbus aria [7] 9: r;   
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Fig. S1 Box-and-whisker plots showing differences among the sites inhabited by different 
2x/4x species of the G. pusillum agg. in (A) total cover of the herb layer, and Ellenberg 
indicator values for (B) soil reaction, (C) available nutrients, and (D) light. Red – diploid, blue 
– tetraploid; N – Nordic countries, BI – the British Isles. 
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Fig. S2 Diversity of habitats occupied by different species of the Galium pusillum agg. in 
areas covered by ice sheets during the last glaciation. (A) limestone ‘alvars’, Öland, S Sweden 
(G. oelandicum), (B) limestone bare rocks, W Ireland (G. sterneri), (C) acidic sand dunes, 
SW Denmark (G. sterneri), (D) glacier forelands, S Iceland (G. normanii), (E) open 
acidophilous forests, S Sweden (G. suecicum), (F) thermophilous grasslands on chalk slopes, 
C Denmark (G. sterneri). Photo F. Kolář. 
 

121



 

122



 

 
Case study IV. 

 
Postglacial diversification or multiple recolonization? Spatio-temporal 
history of the highly diverse di-polyploid Galium pusillum (Rubiaceae) 

group in deglaciated northern Europe 
 

Filip Kolář, Soňa Píšová, Eliška Záveská, Tomáš Fér, Martin Weiser, Friedrich 
Ehrendorfer & Jan Suda 

 
 

 
 

Galium normanii – the hardiest member of the Galium pusillum agg., capable of growing in glacier 
forelands, represents a highly distinct lineage that is currently confined to Iceland and a small area in 

central Norway 
 
 
A thorough genetic screening (AFLP, plastid and nuclear DNA sequencing) revealed at least two 
genetic lineages of the Galium pusillum agg. that were endemic to northern Europe, further 
emphasizing the previously described exceptional ecological and cytological diversity of the complex in 
formerly glaciated areas. In addition, genetic footprints of past hybridization among the lineages from 
previously glaciated and unglaciated regions were detected in a third (tetraploid) northern European 
lineage as well as in several diploid and tetraploid populations inhabiting isolated ecologically distinct 
sites in the former periglacial zone of central Europe. In contrast to most other northern endemics, 
north European lineages of Galium pusillum did not show any signs of further rapid postglacial 
evolution despite markedly disjunct distributions and variable ecological preferences. Collectively, the 
study shows that taxa occupying non-arctic deglaciated areas could exhibit markedly different 
evolutionary histories from their intensely investigated high Arctic counterparts. 
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Abstract 
 
The role of glacial oscillations in shaping biodiversity has been well documented but was only 
rarely addressed in a group of closely related species restricted to formerly glaciated areas. 
The Galium pusillum group represents a unique example of an ecologically diverse and 
ploidy-variable complex, also encompassing several species endemic to deglaciated northern 
Europe. Using AFLP, plastid and nuclear DNA sequencing from a set of 67 populations with 
known ploidy and ecological preferences, we address the evolutionary history of populations 
from the deglaciated areas and identify the major relevant eco-geographical gradients. 
Polyploidization, past hybridization, ecological diversification and allopatric differentiation 
are the main drivers of speciation, shaping the current genetic structure of this species group. 
We revealed at least two genetic lineages that are endemic for the deglaciated areas of 
northern Europe and probably represent independent colonizers from different periglacial 
refugia (diploid lineage from southern Sweden and the British Isles and tetraploid group from 
Iceland and central Norway). In addition, genetic footprints of past hybridization among the 
lineages from previously glaciated and unglaciated regions were preserved in a third 
(tetraploid) northern European lineage from southern Scandinavia and the British Isles as well 
as in a few isolated diploid and tetraploid populations from the former periglacial zone of 
central Europe. In contrast to most of the other northern endemics, the north European Galium 
pusillum lineages do not show conspicuous signs of further rapid postglacial evolution despite 
markedly disjunct distribution patterns, two cytotypes (2x, 4x), and variable ecological 
preferences. Collectively, the study highlights that taxa occupying non-arctic deglaciated 
areas can exhibit evolutionary different histories from the intensely investigated high Arctic. 
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Introduction 
 
Glacial cycles have profoundly affected all European biota (Taberlet et al. 1998; Hewitt 
2000). By far the most dramatic changes have occurred in areas covered by ice sheets where 
just a few of the hardiest species could have survived in the small ice-free areas (Brochmann 
et al. 2003; Westegaard et al. 2011). As a result, both the flora and fauna of previously 
glaciated areas have generally been considered taxonomically and genetically depauperate 
(Hewitt 1996, 2004; Widmer & Lexer 2001; Keppel et al. 2012). Nonetheless, a growing 
body of evidence has been accumulated in recent years that challenges these traditional views. 
A number of phenotypically or cytologically remarkably diverse plant species or species 
complexes still occur in these formerly ‘wiped out’ regions (Brochmann et al. 2003, e.g., 
2004) as also do groups with non-reduced (Prentice et al. 2011) or even increased 
intraspecific genetic variation (Stone et al. 2012).  

The origin of modern species-level diversity in deglaciated areas can be explained by 
two non-exclusive mechanisms. First, pioneering lineages (re)colonized the landscape from 
different glacial refugia where processes such as genetic drift, bottleneck effects, selection, 
and allopatric differentiation have occurred (Petit et al. 2003; Hewitt 2004). In contrast to the 
temperate species, glacial refugia of artic-alpine plants were usually located in the periglacial 
zone, which acted as a ‘melting pot’ where distinct lineages could have met and hybridized. 
Relevant traces of former reproductive interactions can be found in the genetic make-up of 
extant populations that are currently again isolated in the Arctic and alpine regions (Birks & 
Willis 2008). Second, the immigrated lineages could have further been shaped by 
hybridization, polyploidization, and/or ecological speciation (Petit et al. 2003; Brochmann et 
al. 2004; Rundle & Nosil 2005), creating a novel ‘postglacial’ diversity in newly available 
territories. Examples of these rare yet distinct northern (neo)endemics include either higher 
allopolyploids and/or stabilized hybrids frequently with asexual reproduction (e.g., 
Arabidopsis suecica: Jakobsson et al. 2006; Cerastium nigrescens: Brysting et al. 2007; 
Papaver radicatum agg.: Solstad et al. 2003; Saxifraga opdalensis and S. svalbardensis: 
Steen et al. 2000), or shallow allopatric segregates of widely distributed species complexes 
(e.g., among Atriplex spp., Euphrasia spp., the Odontites vernus agg.; Snogerup 1983; Elven 
1984; Borgen 1987). 

Biota migration in northern Europe after the retreat of the ice sheets (15,000–13,000 BP; 
(Lundqvist & Wohlfarth 2000) was facilitated by geomorphological events, which caused a 
complex and rapidly changing mosaic of sea and dry land in the current Baltic and North Sea 
regions. The dynamic equilibrium between rising sea level and gradual uplift of the 
deglaciated land created several land bridges allowing direct terrestrial immigrations even 
from rather unexpected directions (Björck 1995; Lambeck 1995; e.g., from Central Europe 
via the dry Danish straits and from the British Isles via the terrestric areas in the present North 
Sea; Berglund et al. 2005). Colonization of deglaciated areas proceeded through different 
migration pathways, including a slow gradual colonization, rapid leading-edge colonization 
and/or long distance dispersal (Hewitt 1996, 2004), which shaped the genetic structure of 
resulting populations. Established lineages later faced another dramatic environmental 
change, namely the development of closed forest communities (in Fennoscandia from about 
9000 BP; Berglund et al. 1994). Early heliophilous occupants were either forced to extinction, 
pushed further north, or fragmented into Holocene refugia harbouring open and less 
competitive vegetation (e.g., rocky calcareous habitats, alvars; Sterner 1986).  

Large areas of bare land in northern Europe exposed after the retreat of the ice sheets 
offered a unique setting where arriving colonizers could have interacted with unoccupied and 
ecologically variable environment. Consequently, deglaciated areas provide excellent 
opportunities to study the role of ecological selection in speciation (Schluter 2000; e.g., 
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Praebel et al. 2013). The interplay between speciation processes, biogeography and ecological 
factors can lead to three major evolutionary scenarios, depending on whether the deglaciated 
environment serves only as a background matrix or a direct trigger of speciation. First, niche-
conservative immigrants would remain restricted to specific suitable habitats both during 
migration and in newly colonized regions. If suitable habitats are distributed in an island-like 
fashion, long-distance dispersal and allopatric differentiation are assumed to play a major role 
in postglacial evolution (Schönswetter et al. 2008; Eidesen et al. 2013). On the contrary, 
species with a wide ecological amplitude would likely spread throughout the landscape and 
occupy a wide range of habitats and the role of ecological selection in these species would be 
negligible. Finally, ecologically ‘plastic’ immigrants (regardless of whether their original 
niches were broad or narrow) with sufficient standing genetic variation could gradually 
diversify into distinct ecological races and/or species in response to the new environment 
(Schluter 2000). Substrate specificity is generally considered to be an important selective 
force affecting plant assembly and community structure (Kruckeberg 1986; Anacker et al. 
2011; Harrison & Rajakaruna 2011), an illustrative example being the distinct flora on 
calcareous and siliceous soils (Unger 1836; Landolt et al. 2010; Moore & Kadereit 2013). In 
addition to floristic evidence, differences with respect to soil type have also been revealed in 
genetic diversity and phylogeographic patterns (Schönswetter et al. 2005; e.g., in the alpine 
flora: Alvarez et al. 2009). Cases of calcicolous vs. silicicolous species are also known from 
deglaciated northern and western Europe (e.g., Tansley; Van Rossum & Prentice 2004) 
although their evolutionary histories and relationships remain largely unknown. Regardless of 
soil reaction, postglacial plant migration and diversification was also strongly influenced by 
several biotic factors, including the intensity of competition. The effects of competition can 
be both direct (e.g., selection of genotypes with superior competitive abilities during 
colonization) and indirect (e.g., preferential colonization and survival of new immigrants in 
low-competitive habitats).  

A prominent role in the evolution of modern boreal and artic diversity can be attributed 
to polyploidization (genome duplication). Being nearly ubiquitous in flowering plants, 
genome duplication is widely acknowledged as the major mode of sympatric speciation 
(Coyne & Orr 2004). Polyploid derivatives often have wider ecological amplitudes in 
comparison with their diploid counterparts, which may result in distinct eco-geographic 
patterns (Ehrendorfer 1962, 1980; Weiss-Schneeweiss et al. 2013). For instance, broader 
niches and/or larger distribution ranges of polyploids were observed in Biscutella laevigata 
(Tremetsberger et al. 2002; Parisod & Besnard 2007) or Claytonia perfoliata (McIntyre 
2012). In addition, polyploidy may increase vigour and competitiveness, which further 
contributes to ecological sorting of different cytotypes (Maceira et al. 1993; Lumaret et al. 
1997; Schlaepfer et al. 2010; te Beest et al. 2012). A commonly observed cytogeographic 
pattern in European flora involves spatially restricted diploids and/or lower polyploids 
inhabiting less-competitive habitats [often interpreted as (post)glacial refugia] whereas their 
widespread polyploid derivatives grow in stands with higher levels of competition (e.g., 
Achillea millefolium agg., Galium sect. Leptogalium, Knautia sect. Trichera: Ehrendorfer 
1962, 1980; Ehrendorfer & Guo 2006). Polyploids are also assumed to be superior colonizers 
of deglaciated landscapes, particularly in the arctic zone (Brochmann et al. 2004). However, 
the generality of inter-ploidy ecological niche segregation has recently been questioned in a 
multi-species comparative analysis, which took climatic data into account (Glennon et al. 
2014). Assessing the ecological consequences of genome duplication therefore requires better 
integration of distributional, ecological, cytological and genetic data from plant groups with 
ploidy variation.  

An ideal system for understanding evolutionary forces generating the postglacial 
diversity is a speciose group endemic to deglaciated regions. An outstanding example is 
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provided by the diploid-polyploid complex of Galium pusillum (Rubiaceae), which is a 
widespread sexual allogamous group that includes four morphologically distinct species at 
diploid (2n = 2x = 22) and/or tetraploid (2n = 4x = 44) levels restricted to deglaciated parts of 
northern Europe (one species occurs in the arctic zone while the remaining three occur in 
boreo-temperate and/or Atlantic regions). The group exhibits an intriguing disjunct 
distribution in northern Europe, consisting of several isolated areas scattered over Denmark, 
southern Sweden, southern and central Norway, the United Kingdom, Ireland, and the Iceland 
(Sterner 1944; Goodway 1957; Ehrendorfer 1960, 1962; Kolář et al. 2013). Ecological sorting 
of the northern species along several ecological gradients, including soil reaction and 
competition pressure, has been observed (Kolář et al. 2013). Ehrendorfer (1962) hypothesized 
that it was the diversity of environmental conditions that facilitated postglacial 
(re)colonization of northern Europe by ecologically distinct lineages. According to this 
scenario, the northern endemics should have their sister taxa with similar habitat requirements 
in central Europe.  

In this study, we search for major factors triggering the diversification of the highly 
variable G. pusillum complex in deglaciated northern Europe. We asked the following 
specific questions: (1) Does the high morphological, ecological and/or taxonomical diversity 
correspond to genetic variation (i.e., are there several distinct genetic lineages)? What is the 
main force (geography, genome duplication and/or ecology) shaping the genetic diversity of 
the group? (2) What are the evolutionary relationships between northern and central European 
populations of the same ploidy (i.e., do the spatially isolated northern populations represent 
outposts of their central European counterparts or entities with a unique evolutionary history)? 
(3) How did the northern polyploids originate (i.e., are they derivatives of northern diploid 
counterparts, distinct lineages related to southern tetraploids or both)? (4) Does the group 
display niche conservatism (i.e., do different genetic lineages occupy habitats with different 
environmental conditions) or is it rather an ecological generalist (i.e., no association between 
the genetic structure and ecological preferences). Are there indices for ecological shifts within 
the northern European lineages, suggesting ongoing ecological diversification? 
 
 
Materials and Methods 
 
Plant sampling 
Plant material was collected from 2009 to 2014 in 13 countries of central, western and 
northern Europe, including Austria, the Czech Republic, Denmark, France, Germany, 
Hungary, Iceland, Ireland, Norway, Poland, Slovakia, Sweden, and the United Kingdom. In 
total, 409 individuals of the Galium pusillum agg. from 67 populations were studied (see 
Table S1, Supporting Information, for locality details). The sampled populations belonged to 
ten recognized species (Ehrendorfer et al. 1976), namely G. anisophyllon Vill., G. austriacum 
Jacq. G. cracoviense Ehrend., G. fleurotii Jordan, G. normanii Dahl, G. oelandicum (Sterner 
et Hylander) Ehrend., G. sterneri Ehrend., G. sudeticum Tausch, G. suecicum (Sterner) 
Ehrend. (including recently found populations from north-eastern Poland, J. Kruk et al., 
unpublished), and G. valdepilosum H. Braun (see also Fig. 1). For comparative purposes, we 
also included three individuals from three populations of the closely related outgroup species 
G. saxatile L. and one herbarium individual (voucher from PR) from putatively extinct 
population in northern Germany identified as diploid G. suecicum (pop. G314, number of 
chromosomes inferred from the size of pollen grains; Ehrendorfer 1962). Leaf tissue from 1-
10 (six on average) plants per population was collected and quickly desiccated in silica gel. 
To avoid collecting the same genet, the distance between the sampled individuals was at least 
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0.5 m. Ploidy level of each individual was estimated using DNA flow cytometry; ploidy data 
were mostly adopted from Kolář et al. (2013) except for seven populations (G142-G148, 
G316, G317; Table 1) that were analyzed using the same protocol in the present study. 
Diploid and tetraploid individuals from the mixed-ploidy site G142 were treated as separate 
populations because of putative strong inter-ploidy reproductive barriers (Kolář et al. 2013, 
2014). Herbarium vouchers are deposited in the Herbarium of Charles University in Prague 
(PRC). Data on environmental conditions and vegetation cover (phytosociological relevés 
covering 3 × 3 m square areas) were available for 56 vegetation samples, soil characteristics 
were available for 51 samples (excluding the Icelandic populations; see Kolář et al. 2013 for 
details).  
 
AFLP genotyping 
Total genomic DNA was extracted from approx. 40 mg of dried tissue with the DNeasy 96 
Plant Kit (Qiagen) following the manufacturer’s protocol. AFLP analysis (Vos et al. 1995) 
was carried out in 403 individuals using the AFLP Core Reagent Kit I (Invitrogen) and the 
AFLP Pre-Amp Primer Mix I (Invitrogen) following the manufacturer’s instructions, with 
modifications described in Záveská et al. (2011) and as follows. DNA (~40 ng) was digested 
for 12 h at 37oC with 0.6 U each of EcoRI and MseI (Invitrogen) and 1 µl 5× reaction buffer 
(Invitrogen) in a total volume of 5 µl. Adaptors were ligated to the digested fragments by 
adding 4.8 µl adaptor/ligation solution (Invitrogen) and 0.3 U T4 DNA ligase (Invitrogen), 
and the reaction (total volume 10 µl) was incubated for 12 h at 37°C. Pre-amplification 
reactions (total volume 5 µl) contained 0.5 µl of restricted/ligated DNA, 4.0 µl Pre-Amp 
Primer Mix I, 0.5 µl 10× buffer for RedTaq JumpStart (Sigma) and 0.1 U RedTaq JumpStart 
DNA polymerase (Sigma). PCR conditions included 2 min at 72°C, which was followed by 
20 cycles of 30 s at 94°C, 30 s at 56°C and 2 min at 72°C, with a final extension of 30 min at 
60°C. Selective amplification was performed using 2.3 µl of 10× diluted pre-amplification 
product as a template, 1 µl 10× buffer for RedTaq, 0.2 µM dNTP, 0.5 pmol EcoRI-selective 
fluorescence-labelled primer, 2.5 pmol Mse I-selective primer and 0.2 U RedTaq JumpStart 
DNA polymerase in a total volume of 10 µl. The following four primer combinations 
(selected after an initial screening of 75 primer combinations) were used: EcoRI-ACA(6-
FAM)/MseI-CAA, EcoRI-ACT(VIC)/MseI-CAG, EcoRI-ACC(NED)/MseI-CTG, and EcoRI-
ACT(PET)/MseI-CTT. Cycling conditions were as follows: an initial step of 2 min at 94°C, 
30 s at 65°C, 2 min at 72°C; 8 cycles of 30 s at 94°C, 30 s at 64°C (reduced by 1°C per cycle), 
2 min at 72°C; followed by 23 cycles of 30 s at 94°C, 30 s at 56°C, and 2 min at 72°C; and a 
final extension time of 30 min at 60°C. All PCR reactions were carried out in a Mastercycler 
ep gradient S thermal cycler (Eppendorf). Fragments were resolved on an ABI 3130xl Avant 
Genetic Analyzer (Applied Biosystems) with a GeneScan-LIZ-600 (Applied Biosystems) size 
standard. Fifty-six samples (14 %) were re-analyzed by repeating the whole AFLP procedure 
from the extracted DNA onward in order to test reproducibility of the data by estimating the 
average proportion of correctly replicated bands (Bonin et al. 2004). Data were analyzed 
using GeneMarker v1.8 software (Softgenetics LLC). Regardless of their intensity, only 
unambiguous fragments in the range of 100–500 bp were scored (Tribsch et al. 2002). AFLP 
genotyping was only done for freshly collected samples of G. pusillum agg. (old herbarium 
vouchers and plants of G. saxatile were omitted). 
 
DNA cloning and sequencing 
Two non-coding plastid regions (trnC-psbM and trnL-ndhJ) were sequenced for 89 Galium 
accessions covering representatives of all populations plus one herbarium accession from 
putatively extinct population and three accessions of the outgroup G. saxatile (Table 1). 
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Moreover, additional 92 individuals were sequenced for the former region only in order to 
assign them to suprahaplotypes, raising the total number of sequenced individuals to 181. The 
trnC-psbM region was amplified using the trnCGCAF and psbMR primers (Shaw et al. 2005); 
for the herbarium accession this region was amplified in two adjacent fragments using the 
trnCGCAF and ycf6R primers, and the ycf6F and psbMR primers (Shaw et al. 2005). The trnL-
ndhJ region was amplified using the “c” primer of Taberlet et al. (1991) and the ndhJ primer 
of Shaw et al. (2007); for the herbarium accession this region was amplified only for a shorter 
fragment using the “c” and “f ” primers designed by Taberlet et al. (1991). PCR amplification 
(identical for both sequenced regions) was carried out in a volume of 10 μl reaction using 10 
ng of template DNA, 5 μl of 2x PrimeSTAR Max Premix (Takara BIO) and 5 pmol of each 
primer on a Mastercycler AL pro (Eppendorf) with 35 cycles of 10 s min denaturation at 
98°C, 15 s annealing at 57°C, and 20 s extension at 72°C. Amplification products were 
purified using ethanol/sodium acetate precipitation. Sequencing reactions were performed 
using BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems) according to the 
manufacturer’s instructions using the above cited primers. Products were run on an ABI 3130 
Genetic Analyzer (Applied Biosystems). 

Partial sequence of low-copy nuclear region of AroB gene (3-dehydroquinate synthase) 
that included variable non-coding region was determined in 67 Galium accessions using 
newly designed primers 5’-GATTTCATGGTTGAATATGGAAA-3’ and 5’-
AGCATGAGTGTCCCAGTCAA-3‘. PCR amplification was carried out in a volume of 20 μl 
reaction using 10 ng of template DNA, 4 μl of 5× reaction buffer (Bioline), 10 pmol of each 
primer and 1 U of MyTaq HS Red DNA Polymerase (Bioline) on a Mastercycler AL pro 
(Eppendorf) with initial denaturation at 95°C for 1 min, 35 cycles of 30 s denaturation at 
95°C, 1 min annealing at 55°C, and 1 min extension at 72°C, followed by 15 min final 
extension at 72°C. Purification, sequencing reaction, precipitation and sequencing steps were 
identical to those described in plastid DNA sequencing. Due to the occurrence of within-
individual polymorphisms in several directly sequenced PCR products, 30 selected PCR 
products (covering all polymorphic individuals as well as 11 individuals with clear profiles as 
a control) were cloned using the pGEM-T Easy Vector System (Promega) following the 
manufacturer’s instructions but downscaled to half-volume reactions. After overnight culture 
at 37°C on LB ampicilline/IPTG/X-gal selective plates, colonies carrying the insert were 
identified by colour. Eight colonies from each individual were used as templates for PCR 
using universal primers for the pGEM-T Easy vector (pUC/M13 forward and reverse primers) 
and the same conditions as in the initial PCR. Purified PCR products were sequenced in one 
direction using the universal primer pUC/M13Forward. Cloning of 11 individuals with clear 
profiles in direct sequencing always yielded single haplotypes among the clones, comfirming 
the reliability of direct sequencing. 
 
AFLP data analysis 

Nei’s (1987) gene diversity and frequency-down-weighted marker values (DW; Schönswetter 
& Tribsch 2005), further referred to as “rarity”, were calculated for each population using the 
R script AFLPDAT (Ehrich 2006). Differences in gene diversity, DW index and number of 
AFLP fragments were tested by one-way ANOVA in R v.2.15.2. 

The genetic assignment of 2x and 4x populations was made using two independent 
clustering approaches. First, we performed separate Bayesian clusterings using STRUCTURE 
v.2.3 (Pritchard et al. 2000; Falush et al. 2007) for (i) diploid individuals, (ii) tetraploid 
individuals, and (iii) the complete dataset. In the last case, all individuals were coded as 
formal tetraploids (i.e., with four lines in the data input file) and the two lines in diploids were 
set to “missing data” (-9; Stöck et al. 2010). Admixture model with uncorrelated allele 
frequencies and recessive alleles was used. Ten replicate runs for K (number of groups) 
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ranging from 1 to 8 (diploid dataset), 1 to 10 (tetraploid dataset) and 1 to 14 (complete 
dataset) were carried out using a burn-in of 100,000 iterations followed by 1,000,000 
additional MCMC iterations. Similarity among results of different runs for the same K was 
calculated using the R-script Structure-sum (Ehrich 2006). We identified the number of main 
groups as the value of K where the increase in likelihood started to flatten out, the result of 
replicate runs was similar and the clusters were non-empty. Additionally, we employed the 
method of Evanno et al. (2005). In case of ambiguous detection of K (as in datasets with high 
levels of ambiguity coding such as di-polyploid datasets, see STRUCTURE manual for details), 
we present all partitions of different K with high similarity coefficients among runs (> 0.95).  

Second, genetic structure of the complete mixed-ploidy dataset was inferred by a non-
model-based approach, nonhierarchical K-means clustering (Hartigan & Wong 1979) using 
the R-script of Arrigo et al. (2010). This approach has been successfully used for clustering 
analyses of complex di-polyploid AFLP datasets (Burnier et al. 2009; e.g., Arrigo et al. 2010; 
Kolář et al. 2012). We performed 50,000 independent runs (i.e., starting from random points) 
for each assumed value of K clusters ranging from 1 to 15 and recorded the inter-group inertia 
of each run. We used the inter-group inertia as a proxy of clustering accuracy and calculated 
the delta K values (Evanno et al. 2005) following the method adopted by Arrigo et al. (2010). 
The partitions with the highest delta K were considered the most likely number of groups. In 
addition, the Jaccard genetic distances among individuals were displayed on a principal 
coordinate analysis (PCO) computed with PAST v. 2.01 (Hammer et al. 2001) and visualized 
in Statistica 8.0 (Stat Soft Inc.).  

To address potential associations between the genetic structure and ploidy level and/or 
geography (with emphasis on northern European populations), we defined eight distinct cyto-
geographical groups (Fig. 1 and Table 2). In northern Europe where the Galium distribution is 
highly disjunct, each geographically isolated group of populations of the same ploidy level 
was considered as a separate unit, resulting in six groups (i.e., diploids and tetraploids from 
southern Scandinavia, diploids and tetraploids from the British Isles, and tetraploids from 
central Norway and Iceland). On the contrary, all diploid and tetraploid populations from 
central Europe were each considered as one group due to considerable spatial (as well as 
genetic) intermingling. The single population from France (G280) was excluded from the 
analyses because only four individuals were genotyped. In addition, a finer grouping was 
addressed for diploid populations only again reflecting disjunctions in distribution – this 
grouping comprised two northern groups (same as above) and three central European groups, 
(i.e., Hercynian G. valdepilosum, Carpathian + Pannonian G. anisophyllon + G. austriacum, 
and southern Polish G. cracoviense). The partitioning of genetic variation within and among 
populations of the same ploidy as well as within each of the above-defined cyto-geographical 
groups was quantified using analysis of molecular variance (AMOVA) conducted in Arlequin 
3.5.1 (Excoffier & Lischer 2010). Hierarchical AMOVA was used to estimate the levels of 
genetic differentiation between northern and central European populations of the same ploidy 
level.  

The genetic covariance structure among the cyto-geographical groups was modelled 
within a graph theoretic framework using the R-package popgraph 1.0 (Dyer & Nason 2004). 
In the resulting population network, populations (vertices) are connected by edges only if 
there is significant genetic covariance between the populations after removing the co-variation 
that each population has with the remaining populations in the dataset. Stability of edges was 
assessed using a bootstrap approach with 500 replicates. Pseudoreplicate datasets were 
generated using an in-house R-script and analyzed like the original data set. The bootstrap 
support was defined by the proportion of replicates where a certain edge is found. 

AFLPOP ver. 1.1 (Duchesne & Bernatchez 2002) was used to assign individuals to their 
most probable source populations (given a set of candidate populations) based on their AFLP 
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multilocus phenotypes. Marker frequencies of zero were replaced by 0.001 and stringency 
level for assignment was set to log-likelihood difference > 2. Further, we performed a set of 
analyses in which the assignment of a plant to its source population was not allowed in order 
to examine the following issues: (i) genetic links among the eight major cyto-geographical 
groups, (ii) the same but with five groups of diploids only, and (iii) assignment of tetraploids 
from deglaciated northern Europe (further divided into Icelandic + central Norwegian vs. 
British + southern Scandinavian populations reflecting the main genetic split) and from 
(largely unglaciated) central Europe to the two major diploid gene pools (northern vs. central 
European).  
 
DNA sequence data analysis 
DNA sequences were edited using Geneious software (Biomatters Ltd.) and aligned in the 
MAFFT 7 online application using the default mode (Katoh & Standley 2013). Phylogenetic 
relationships of plastid data (concatenated region of trnC-psbM and trnL-ndhJ intergenic 
spacers available for 87 individuals) were inferred using both maximum parsimony (in PAUP 
4.0b10; Swofford 2002) and Bayesian (in MrBayes 3.2.2; Ronquist & Huelsenbeck 2003) 
analyses. The most parsimonious trees were searched heuristically with 1000 replicates of 
random sequence addition, TBR swapping, and MulTrees on. The swapping was performed 
on a maximum of 1000 trees (nchuck = 1000). All characters were equally weighted and 
unordered. The dataset was bootstrapped using full heuristics, 1000 replicates, TBR branch 
swapping, MulTrees option off, and random addition sequence with five replicates. Galium 
saxatile, a distinct species belonging to the same subgenus Leptogalium (Ehrendorfer et al. 
1976), was used to root the tree.  

In Bayesian analyses, we applied the JC substitution model with gamma distribution of 
rate heterogeneity (selected by the Bayesian Information Criterion in JModeltest 2; Darriba et 
al. 2012). The settings for the Metropolis-coupled Markov chain Monte Carlo (MC3) process 
included two runs with four chains each (three heated ones using the default heating scheme), 
run simultaneously for 3,000,000 generations each, sampling trees every 1000th generation 
using default priors. The posterior probability of the phylogeny and its branches was 
determined from the combined set of trees, discarding the first 750 trees (25 %) of each run as 
burn-in. In addition, a haplotype network was constructed from the concatenated plastid 
sequences using TCS version 1.21 (Clement et al. 2000), treating gaps as missing data. 
Finally, trnC-psbM sequences from additional 91 individuals originating from the same 
populations as those sequenced for both plastid regions were assigned to previously defined 
suprahaplotypes (based on a separate TCS analysis of the trnC-psbM region only) and all the 
178 haplotyped individuals were plotted onto a map. 

Aligned clones of AroB nuclear low-copy gene from the same individual were inspected 
for chimeric (recombinant) sequences. These were easily recognizable due to the presence of 
three highly divergent groups of sequences in the dataset (see Results for details). 
Recombinants were discarded. Autapomorphies found in only one clone in the entire intra-
individual alignment were considered as polymerase errors and corrected (Popp et al. 2005). 
Identical clones from the same individual were collapsed and only one representative per 
haplotype per individual was used in the analyses. Relationships among the AroB collapsed 
clones and internally monomorphic direct sequences from the remaining (non-cloned) 
individuals were visualized by NeighbourNet network based on a matrix of uncorrected p-
distances using SplitsTree 4.12 (Huson & Bryant 2006).  
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Correlation of genetic structure and ecology 
Further, we tested the association between genetic relatedness (AFLP- based population 
genetic distances), and ecological requirements of the corresponding populations. 
Environment of the Galium populations was characterized by two approaches: (i) by the set of 
selected environmental variables (corresponding with the principal environmental gradients 
identified by Kolář et al. 2013) and (ii) composition of accompanying plant community 
(vegetation samples; target Galium species were excluded from the species list prior to further 
analyses). As population distance measure we used chord distances from allele frequencies 
estimated using a Bayesian method with non-uniform priors (Zhivotovsky 1999) as 
implemented in FAMD 1.31 (Schlueter & Harris 2006). The environmental variables were 
recorded in situ (covers of vegetation layers and rocks, slope), calculated from the recorded 
topological parameters (potential incident irradiation – combines latitude, slope and aspect, as 
calculated using equation 1 from McCune & Keon 2002) and inferred from the floristic 
composition data (Ellenberg indicator values, EIV; Ellenberg 1992), and the analyses of soil 
samples (for details and primary values see Kolář et al. 2013) (see Table S3, Supporting 
Information, for their complete list). 

First, maximum amount of genetic variability, that could be ascribed to the marginal 
effects of each environmental variable was estimated using constrained analysis of principal 
coordinates (CAP, Anderson & Willis 2003), i.e., a multivariate pendant to multiple 
regression, working with distances between subjects. We used procedure capscale from the 
vegan R package (version 2.0-0, Oksanen et al. 2013) that implements the regression 
similarly to distance-based redundancy analysis (dbRDA, Legendre & Anderson 1999). 
Significance of the variability explained by the particular factor was tested using 
permutational tests with 500 permutations (procedure anova, vegan package).  

Further, we quantified the relative amounts of variation that could be ascribed to the 
major ecological gradients in genetic differentiation of Galium populations. As a direct 
estimation of genetic variability of each environmental factor was impossible due to high 
number of variables (environmental factors) relatively to samples (populations), we combined 
the variables into four groups (hereafter called grouped factors): site topology, soil basicity, 
site productivity and limitation by light (Fig. 6 and Table S3, Supporting Information). First, 
we scaled all environmental variables to common scale by subtracting their means and 
divididing the rest by standard deviations of the variables. Next, we performed principal 
components analysis (PCA, procedure rda from the vegan package) for each group of the 
variables. Population (site) scores on the first ordination axis from each group of variables 
was then used to represent respective environmental grouped factor. The resulting four 
grouped factors were further used as constraints in CAP of genetic distances and their 
marginal and partial effects were estimated using them as a single constrains, or after 
partialling out the effect of the other three grouped factors, respectively (NB. the datasets 
encompasssing the Icelandic populations with missing soil analysis data the measured soil 
parameters were not included).  

Second, we calculated the correlation between population genetic distances and 
euclidean distances after Hellinger transformation of corresponding vegetation samples 
(Legendre & Gallagher 2001; procedures decostand and vegdist from the vegan package; 
species present in <3 samples were omitted). The correlation was inferred and tested by 
partial Mantel tests under 1000 permutations (procedure mantel.partial, vegan package) with 
geographic distance matrix used as covariable. Geographic distances were calculated for 
WGS84 geoid, using procedure spDists from the sp R package (Pebesma & Bivand 2005; 
version 1.0-15, Bivand et al. 2013). 

As we aimed to compare the relation of genetic structure with ecology at both global 
and regional scales, and also separately on each ploidy level, we performed the above 
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described tests for the whole dataset (except for isolated pop. G280) as well as for the 
following sub-sets: total dataset except for the Icelandic + central Norwegian populations (the 
ecologically and genetically most distinct ones), northern European populations only (both 
with and without Icelandic + central Norwegian populations), and central European 
populations only. In each group, separate tests for each ploidy level were also performed. 
 
 
Results  
 
Two DNA ploidy levels (2x, 4x) were found in seven newly analyzed populations. While six 
populations were ploidy uniform, both diploids and tetraploids (two and six individuals, 
respectively) coexisted in pop. G142, which represents the only mixed-ploidy population of 
the entire dataset (see Table S1, Supporting Information, for details). Relative DNA content 
(ratio to internal standard Bellis perennis) was between 0.245-0.251 in diploid populations of 
G. austriacum (G142, G147, G148) and 0.251 in diploid G. aff. suecicum (both G316 and 
G317) and ranged from 0.508 to 0.516 among the tetraploid G. austriacum populations G142, 
G143, G146. 
 
AFLP variation 
A total of 164 reproducible polymorphic AFLP loci were scored for 403 individuals (141 
diploid and 262 tetraploid) from 65 populations. The average error rate was 5.4%. 

Population diversities were similar in diploid and tetraploid populations (F1,59 = 2.92, p 
= 0.09) as well as in populations from glaciated northern Europe vs. largely unglaciated 
central Europe (F1,59 = 0.70, p = 0.41). The same was true for the proportion of rare fragments 
(DW) in populations of different geographic origin and glacial history (F1,62 = 2.42, p = 0.12). 
On the contrary, tetraploids exhibited significantly higher DW index than their diploid 
counterparts (F1,62 = 64.59, p < 0.001). Significant differences in DW values were also 
encountered among the six cyto-geographical groups delimited in northern Europe (F5,24 = 
9.95, p < 0.001, see Table 2), although the post-hoc test only reached significance for 
between-ploidy comparisons (Tukey HSD, results not shown). Tetraploids possessed 
significantly more AFLP fragments than diploids (F1,401 = 262, p < 0.001) even though the 
differences were quite small (mean ± SD: 81 ± 9 vs. 95 ± 9 for diploids and tetraploids, 
respectively). Individuals from glaciated northern vs. largely unglaciated central Europe did 
not differ in this respect (F1,401 = 0.4, p = 0.55). Nearly all AFLP fragments were shared 
between northern and central European populations as well as between di- and tetraploids 
(only two specific AFLP bands were found in tetraploids). 

Separate STRUCTURE analyses of each cytotype revealed two genetic groups in both 
diploids and tetraploids (the highest, 0.99, similarity among runs and the highest delta K; 
Figs. S1A and S1B, Supporting Information). Diploid populations from deglaciated northern 
Europe clearly differed from their central European counterparts; the only exception was the 
two partly admixed populations of G. cracoviense from southern Poland (Fig. S2, Supporting 
Information). Among tetraploids, populations of G. normanii (native to Iceland and central 
Norway) separated from the rest (Fig. S2, Supporting Information). In the analysis of the 
complete ploidy-variable dataset, the selection of optimal K was challenging (Fig. S1C, 
Supporting Information); for this reason, we present all results with similarity coefficients 
above 0.95 (Fig. S2, Supporting Information). The stable partition reflecting the finest 
structuring (K=7) that also best corresponded to the results of K-means clustering (see below) 
was plotted onto the map (Fig. 2). Tetraploid populations from Iceland and central Norway 
(corresponding to G. normanii) were again the most distinct and separated already under K=2. 
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Diploids formed two to three well delimited and only little admixed groups under K=4 and 
K=7, namely: (i) all diploid populations from deglaciated northern Europe, and (ii) one to two 
groups of central European diploids (the finer grouping separated Carpathian-Pannonian 
species G. anisophyllon and G. austriacum from southern Polish G. cracoviense and 
Hercynian G. valdepilosum ). In contrast, all remaining tetraploids appeared to be highly 
admixed under all stable K partitions, the highest admixture coefficients exhibiting 
populations from the British Isles (0.45 on average), followed by the southern Scandinavian 
(0.31) and central European ones (0.25). Nonetheless, the northern European tetraploids 
(particularly those from southern Scandinavia) still tended to form a separate group (Figs. 2, 
3).  

Nonhierarchical K-means clustering largely supported the results obtained by 
STRUCTURE analysis (see inset in Fig. S3, Supporting Information). Incongruence was caused 
by individuals showing high admixture coefficients under Bayesian clustering, and by an 
additional group that was resolved in central European tetraploids (see Fig. S2, Supporting 
Information). The K-means clustering suggested two possible finer separations of the dataset 
into five or eight groups (high second derivatives of the inter cluster inertia [68.5 and 20.4], 
and correspondingly high delta K; both partitions presented in Fig. S2, Supporting 
Information). Once again, the analysis supported a distinct position of Icelandic + central 
Norwegian tetraploids of G. normanii, resolved two or three groups of diploids (north 
European plus one to two groups of central European populations), and also suggested partial 
segregation of central vs. north European tetraploids (Fig. S3, Supporting Information). 

North European diploids and Icelandic + central Norwegian tetraploids formed the most 
distinct groups (separated along the first and the second axis, respectively) also in PCO 
diagram (Fig. 3A). The remaining accessions showed some tendencies to segregate according 
to their ploidy levels. Separate PCO of diploid individuals resulted in three groups fully 
congruent with those identified by STRUCTURE analysis (Fig. 3B). PCO of tetraploids 
confirmed a distinct position of Icelandic + central Norwegian populations and revealed 
obvious, yet incomplete, separation of the remaining northern European plants from their 
central European counterparts (Fig. 3C). 

AMOVA analysis attributed a substantial part of the total variation to the within-
population component (73%), with almost no differences in this respect between diploid 
(71%) and tetraploid (74%) populations. In addition, individual cyto-geographical groups 
exhibited comparable levels of within- vs. among-population partitioning of genetic diversity 
(the among-population component ranged from 10% to 25%; Table 2). The level of genetic 
differentiation between northern and central European diploids was approximately double 
(11.6%) that of tetraploids (7.9% and 6.3% with included and excluded Icelandic + central 
Norwegian populations, respectively; see Table S2, Supporting Information, for complete 
AMOVA results).  

A high allocation success (no individuals assigned to a different group and, on average, 
only 8% of plants remaining unassigned; results not shown) was achieved in AFLPOP 
analyses that allowed for the assignment of an individual to the group of its origin, indicating 
a clear genetic structure of the dataset. When this possibility was disallowed, plants from the 
northern Europe were mostly assigned to the same-ploidy group regardless of its geographic 
origin (whether north or central European). On the contrary, central European plants were 
usually assigned to the other-ploidy group from the same geographic region. Interestingly, 
virtually no assignments connected northern European diploids and tetraploids (Fig. 4A). A 
modification with excluded tetraploids showed that diploids were mostly assigned to another 
group from the same geographic region, confirming the genetic distinctness of northern vs. 
central European populations. The only exception concerned the stenoendemic G. cracoviense 
from southern Poland that showed connections to both regions, although more than half of its 
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individuals (63%) remained unassigned (Fig. S4A, Supporting Information). In another 
analysis modification testing the assignment of tetraploids into two major diploid groups, all 
three major tetraploid groups (Iceland + c. Norway, s. Scandinavia + British Isles, c. Europe) 
were assigned to central European diploids rather than to their northern diploid counterparts 
(50–97% vs. 0–8% assignments, respectively). Proportions of unassigned individuals, 
however, strongly varied among the tetraploid groups and reached 42%, 23% and 3% for 
Icelandic + central Norwegian, British + southern Scandinavian, and central European 
tetraploids, respectively. 

In the Population Graphs network of the eight cyto-geographical groups, stable edges 
(with a bootstrap support of 100%) occurred mainly among same-ploidy groups, regardless of 
their geographic origin (Fig. 4B). The analysis revealed strong genetic connections across the 
North Sea; di- and tetraploid populations from southern Scandinavia were related to their 
homoploid counterparts occurring in the British Islands while the Icelandic populations 
showed strong affinities to both British and central Norwegian tetraploids. In contrast, 
connections between different cytotypes were significant only in central European di- and 
tetraploids, and south Scandinavian diploids and central Norwegian tetraploids (bootstrap 98-
100%), and partly also di- and tetraploids from the British Isles (bootstrap 91%). The analysis 
of covariance among diploid populations only gave results similar to that of AFLPOP and 
showed stable edges among groups from the same geographic region (northern vs. central 
Europe), with the exception of southern Polish G. cracoviense that formed stable to 
moderately stable connections to both Scandinavian and central European populations (Fig. 
S4B, Supporting Information). Finally, relationships among major diploid and tetraploid gene 
pools examined using the Population Graphs network revealed that both British + southern 
Scandinavian and central European tetraploids significantly connected to each other as well as 
to a diploid group from their corresponding geographic region. In contrast, Icelandic + central 
Norwegian tetraploids remained unresolved and were significantly connected to all the 
remaining groups (all detected edges were highly significant, with 100% bootstrap; results not 
shown). 

 
Plastid DNA variation 
The lengths of the trnC-psbM and trnL-ndhJ intergenic spacers were 1572 and 1590 bp, 
respectively. The concatenated alignment was 3162 bp long and comprised 47 sites with 
nucleotide substitutions (1.5%). The 89 analyzed individuals yielded 19 haplotypes that 
clustered into eight distinct and highly supported suprahaplotypes (denoted by letters A-H; 
see Fig. S5, Supporting Information). An additional haplotype was found in the outgroup 
species G. saxatile. All 92 individuals sequenced for trnC-psbM region only fell into one of 
the eight previously defined suprahaplotypes.  

The distribution of suprahaplotypes only partially reflected species boundaries, 
however, corresponded well with geography (see Table 2 and Fig. 5). In particular, 
suprahaplotypes A and H dominated in areas previously covered by continental ice sheet 
whereas suprahaplotypes B, C, F, and G were restricted to central Europe. The remaining 
suprahaplotypes (D and E) occurred in both geographic regions. Four suprahaplotypes (A, D, 
F, and G) were shared between diploids and tetraploids whereas the remaining four were 
either found only in tetraploids (B, C, E, and H). Importantly, the distribution of 
suprahaplotypes in diploids correlated quite well with the AFLP grouping (STRUCTURE 
groups S1, S2 and S3 possessed A/D, D/G and F suprahaplotypes, respectively) but the 
correlations were much weaker in tetraploids, particularly in the highly admixed groups S5 
and S6 (Table 3). 
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Non-coding low-copy nuclear DNA 
The alignment of the partial sequence of the AroB gene was 1026 bp long and comprised 183 
sites with nucleotide substitutions (18%). Three highly divergent groups of sequences were 
detected among 67 analyzed individuals from 65 populations (see Fig. 5, Fig. S6, Supporting 
Information). Cloning of a subset of 30 individuals revealed two divergent sequences in 11 
individuals (16% of the total), three diploid and eight tetraploid. High overall divergence, 
weak internal structure and repeated presence of two types in a single individual (both diploid 
and tetraploid) suggest that the analyzed sequences are most likely paralogous. 

The distribution of putative paralogues partially corresponded to geography (Fig. 5). All 
diploids and the majority of tetraploids from formerly glaciated northern Europe possessed a 
single distinct (N) paralogue, which was quite rare among central European accessions (found 
only in ten individuals, mostly together with another paralogue; see Table 1). In contrast, the 
remaining two paralogues (S1, S2) occurred almost exclusively in central European 
individuals, showing no clear associations with geography or ploidy level. Notable exceptions 
were the three tetraploid individuals from the British Isles (pop. G180) and southern 
Scandinavia (pops. G067 and G206) that possessed the southern paralogue S1 in addition to 
their typical N paralogue. 
 
Ecological differentiation 
The explanatory power of individual environmental parameters varied from 1.7 % to 19.6 % 
(Table S3) and that of the grouped factors varied from 1.8 % to 16.6 % (Table 4). Among 
populations from the whole investigated area, the most important parameters with respect to 
both the proportion of explained variation and significance of their marginal effects were 
those related to substrate basicity (Ellenberg indicator value, EIV, for soil reaction), light 
availability (cover of particular vegetation layers and EIV for light), and partly also stand site 
productivity (EIV for moisture and nutrients; Table 4, Table S3 in Supporting Information). 
The effect of factors linked with light availability and intensity of competition (EIV for light, 
herb cover) was also significant in a separate analyses of populations from deglaciated 
Europe, clearly separating the genetically distinct Icelandic + central Norwegian species G. 
normanii inhabiting less-competitive open environments (Fig. 6B). Nevertheless, absence of 
consistent ecological-genetic correlation was apparent in the British and southern 
Scandinavian lineages only (i.e. when the Icelandic + central Norwegian populations were 
omitted; Table 4; the only exception of the significantly Ca/Mg ratio among the diploid 
populations was caused by higher values towards populations of G. oelandicum, data not 
shown). In contrast, various characters linked to the topology, productivity and, in particular, 
soil basicity significantly affected the genetic structure of the diploid and tetraploid 
populations in central Europe.  

Genetic structure also significantly correlated with habitat preferences (inferred from 
floristic composition of the sites) of Galium populations from the whole area investigated as 
well as in the deglaciated northern Europe and central Europe separately (Table 4). 
Nevertheless, the correlation again disappeared when a markedly genetically and ecologically 
divergent group of Icelandic + central Norwegian tetraploids was removed from the 
comparisons (in the northern dataset) or when the cytotypes were analyzed separately (both 
northern and central European datasets). Consequently, neither diploid nor tetraploid Galium 
lineages from the southern Scandinavia and the British Isles showed any correlation of their 
genetic structure with accompanying vegetation, and exhibited similar (but wide) range of 
habitat preferences (Fig. 6A).  
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Discussion 
 
Evolutionary history of endemics of deglaciated areas 
The northern populations of G. pusillum species group represent an excellent example of plant 
diversification in postglacial landscapes. The complex splits into several distinct entities 
(traditionally treated as separate species) which differ in morphology, ploidy level, 
distribution and ecology and are restricted to areas covered by continental ice sheets during 
the last glaciation (Sterner 1944; Ehrendorfer 1962; Kolář et al. 2013). Our genetic data 
supported a unique evolutionary history of northern representatives by revealing at least two 
internally homogeneous lineages that lacked any obvious connections to their more southerly 
distributed counterparts: (i) diploids from southern Scandinavia and the British Isles 
(traditionally referred to as three endemic species G. oelandicum, G. sterneri, and G. 
suecicum; Ehrendorfer 1960; Ehrendorfer et al. 1976), and (ii) tetraploids from Iceland and 
central Norway (traditionally referred to as the endemic G. normanii; Sterner 1944). The 
genetic distinctness of these lineages was confirmed by all three markers employed: AFLP 
(different clustering, distinct position in PCO, isolation in range connectivity analyses, Figs. 
2, 3, 4), plastid data (distinct main suprahaplotypes, Fig. 5, 5a), and sequences of a low-copy 
nuclear gene (distinct putative paralogues, Fig. 5b), separating only the northern lineages 
from the central European ones but not the northern from each other. Moreover, genome size 
of north European populations significantly differed from that of their central European 
counterparts (Kolář et al. 2013). 

The diversity of northern European populations most likely originated through glacial 
range shifts and their subsequent survival in periglacial refugia. This is suggested by their 
ecology (preferences for exposed low competitive habitats), late Quaternary history of the 
area, and also by genetic traces left in southern populations. Signatures of shared ancestry 
and/or past hybridization between northern and southern diploids are still apparent in several 
extant populations that persisted throughout the Holocene in the former periglacial zone 
covering the northern half of central Europe. First, the diploid stenoendemic G. cracoviense, 
that is currently restricted to isolated limestone outcrops on the southern margin of Polish 
flatlands, exhibits AFLP phenotypes that are somehow similar to that of northern diploids 
(Figs S2A, S4, Supporting Information). Second, all spatially isolated populations from 
lowland/colline habitats of northern central Europe (Germany, Poland) and northern France 
exclusively possess plastid suprahaplotypes otherwise dominant in northern groups (A, D, H; 
Fig. 5). Third, relative DNA content values of the diploid populations from northern central 
Europe (north-western Poland, 0.251) are intermediate between the Scandinavian and the 
remaining central European populations (0.241 and 0.260, respectively, Kolář et al. 2013). 

We can hypothesize that the ancestors of the northern diploids could have survived the 
LGM in the periglacial zone where they could have met and hybridized with southern 
members of the complex. Later, during the dramatic postglacial environmental changes and 
spread of highly competitive vegetation communities in the early and middle Holocene, these 
ancestral populations apparently migrated northwards and survived only in few suitable sites 
of the original area. High genetic diversity of contemporary northern diploids together with 
the existence of former landbridges in the southern North Sea (“Doggerland”, Fitch et al. 
2005) and the Baltic region (Björck 1995) indicate that large and rather continuous 
populations could have recolonized the northern deglaciated areas. Low-competitive 
environment of the early Holocene also seems to be supportive of the spread of poor 
competitors like the whole G. pusillum complex (Kolář et al. 2013). Subsequent vegetation 
changes (establishment of closed forests from c. 9000 BP in Fennoscandia, Berglund et al. 
1994) most likely pushed the plants into ecologically suitable island-like ‘Holocene refugia’ 

138



  

such as low competitive limestone flatlands or open patches in pine forests. Importantly, 
similar scenarios of periglacal survival, range shifts, and subsequent contraction of the 
distribution area have also been suggested for several other heliophilous taxa native to 
lowland temperate and boreal Scandinavia, including Silene dioica and Cerastium alpinum 
(Westerbergh & Saura 1992; Nyberg Berglund et al. 2004). A largely relictual flora of the 
Öland island (Sterner 1986) is another illustrative example. More extensive past distribution 
of some relicts has been also supported by fossil record (e.g., pollen of the endemic 
Helianthemum oelandicum was abundant in the last glacial layers around the margin of the 
Fennoscandian ice sheet; Iversen 1944; Berglund 1966).  

Periglacial survival is probable also for the other distinct member of the northern group, 
the Icelandic and central Norwegian tetraploid species Galium normanii. Its populations 
sampled do not exhibit any exclusive genetic diversity such as exclusive plastid 
suprahaplotypes or private AFLP fragments that would suggest a long-term in situ 
persistence. Moreover, direct in situ glacial survival in Iceland is not probable because the 
existence of nunataks in Iceland is not confirmed (Geirsdóttir et al. 2007). Other, even 
hardier, Iceladic taxa investigated are also assumed to be postglacial immigrants (see e.g. 
Brochmann et al. 2003; Eidesen et al. 2013 for a review). Instead, partial AFLP admixtures 
and shared plastid suprahaplotypes (D, H) indicate marked connectivity with the tetraploid 
British populations (Figs. 2, 4) and past contacts among both regions. The refugial area might 
have been close to the borders of the northern ice sheets, for example in the formerly dry part 
of the current North sea shelf (Fitch et al. 2005; Gaffney et al. 2007) and later in the area of 
the Shetland and Faroe Islands. Galium normanii represents the hardiest species from the 
complex with distinct ecological preferences that grows in the tundra habitats up to the 
glaciers forelands (Kolář et al. 2013). The disjunct distribution across the North Sea and 
absence of current remnant populations (except for traces of admixture in certain British 
populations) further support the existence of a currently non-existing refugium in areas 
between the British Isles and Scandinavia. 

A different history including strong past contacts with the more southerly populations 
and/or direct hybrid origins most probably apply to the remaining northern lineage, i.e., 
tetraploids occupying several disjunct areas of Great Britain and southern Scandinavia, treated 
up to now as tetraploid cytotypes of G. sterneri. Their more complex genotypes in all three 
markers investigated, indicate that these tetraploids combine gene pools of their northern 
diploid counterparts and the currently geographically distinct tetraploids from central Europe 
(or probably elsewhere). The links to the northern European diploids are indicated by the 
significant connections in population graphs of AFLP data (Fig. 4), shared plastid 
suprahaplotypes and prevailing low-copy nuclear sequence (Fig. 5). On the other hand, their 
close connections to central European tetraploids are indicated by close AFLP profiles (Figs. 
2, 3, 4, and only overall 6.3 % differentiation in the AMOVA analysis, Table S2, Supporting 
Information) and presence of typically central European low-copy nuclear paralogue in 
several northern populations. Finally, the hybrid origin is also indicated by the monoploid 
genome size that is on the halfway between that of northern diploid and central European 
diploid/tetraploid groups (Kolář et al. 2013). On the other hand, particularly the southern 
Scandinavian tetraploid populations also exhibit certain levels of genetic distinctness in both 
AFLPs (separate STRUCTURE group and considerable proportions of unassigned individuals in 
assignment tests involving major diploid and tetraploid gene pools) and plastid data (one 
partly specific plastid suprahaplotype). To sum up, the genetic data indicate past contacts and 
introgression of the currently isolated northern and central European tetraploids, most 
probably during glacial period(s) when the landscape was open and favourable for migration. 
Whether the observed structure reflects a common ancestry (e.g., origin of the northern 
tetraploids via hybridization between the northern diploid + central European tetraploid 
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groups) or secondary contact and hybridization of the originally pure northern and central 
European tetraploid lineage is, however, beyond the resolution power of the used markers. 
Hybridization linked to migration during climatic oscillations has been shown to play 
important role in origin of quaternary flora, nevertheless, most cases evidence recent 
(Holocene) admixture among lineages that came into contact after periods of isolation in 
glacial refugia (Nyberg Berglund & Westerbergh 2001; Van Rossum & Prentice 2004; 
Nordström & Hedrén 2008; Tollefsrud et al. 2008). Tetraploid Galium sterneri exemplify an 
opposite process, i.e., past hybridization in the former periods of population contact (most 
probably in last glacial /early Holocene) followed by recolonization and area fragmentation 
during the Holocene. Similarly, large-scale allozyme and plastid allele sharing among Silene 
uniflora and S. vulgaris in Scandinavia documented repeated episodes of interspecific 
hybridization in unglaciated areas that pre-dated the largely allopatric range expansion of the 
two species in the postglacial period (Prentice et al. 2011). 

Although we have not covered the entire European range of the G. pusillum species 
complex, which extends to the Iberian and Balkan Peninsulas (Ehrendorfer et al. 1976), we 
consider our sampling scheme as sufficient to meet the main goal, i.e., to assess genetic 
variation of the aggregate in its northern, formerly glaciated distribution area. This target area 
was subjected here to a very detailed comparison of populations from all known disjunct parts 
of its range with all central European species. In western Europe the geographically nearest 
and still unsampled diploid taxon from the G. pusillum agg. is G. timeroyi Jordan. However, it 
occurs only as far as the southern half of France, has a distinct morphology and prefers 
different (more xeric) habitats (Ehrendorfer et al. 1976). It should be noted, however, that we 
cannot exclude the possible links to some of the western European tetraploid populations 
(though their current rare occurrence in northern France), in particular regarding the origin of 
the highly admixed northern tetraploids (G. sterneri). The only French population included in 
our dataset (Galium fleurotii, pop. G280) clustered together with both northern and central 
European tetraploids in AFLPs, possessed plastid suprahaplotypes and AroB sequences 
typical for northern populations and thus might represent another remnant of the former 
periglacial populations. On the other hand, the absence of specific AFLP fragments and/or 
plastid suprahaplotypes in the northern tetraploids suggests that no other distinct unsampled 
gene pool was involved in their origin. The observed distinctness among the British and the 
southern Scandinavian tetraploid populations rather reflects shifts in band frequencies and 
thus better correspond with gradual accumulation of genetic distinctness during past history of 
colonization and allopatric differentiation. 

To sum up, the formerly deglaciated areas of northern Europe are inhabited by at least 
one distinct diploid lineage (including G. sterneri-2x, G. oelandicum, G. suecicum) and two 
tetraploid lineages, one G. normanii with no obvious direct relationships to southern 
populations, the other G, sterneri-4x with obvious footprints of past hybridization and/or 
shared ancestry with several populations surviving in the former periglacial area. It is 
important, that none of these lineages exhibits signs of reduced genetic diversity compared to 
their southern counterparts, a fact that is in striking contrast with the general trend of diversity 
reduction towards the formerly glaciated areas (Hewitt 1996; Widmer & Lexer 2001; Keppel 
et al. 2012). A possible explanation could be the different, more southern temperate-boreal 
distribution of the investigated Galium pusillum group in the deglaciated areas (most of the so 
far investigated taxa are arctic, Brochmann et al. 2003; Brochmann & Brysting 2008; Eidesen 
et al. 2013) and/or survival in the areas close to the former ice-sheets followed by gradual 
spread at relatively short distances into the newly open landscape. Both these facts imply 
shorter and continuous postglacial recolonization routes and thus lower loss of genetic 
diversity through the migration processes (e.g., Hewitt 1999). We reject the hypothesis of a 
recent postglacial in situ (auto)polyploid origin of the northern tetraploids from their co-
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occurring diploid counterparts. Instead, a more complex scenario emerges involving past 
hybridization in glacial refugia among different lineages, currently with non-overlapping 
distribution. This is in contrast to postulated patterns of origin for boreal-arctic colonizers that 
involve either rapid spread of genetically impoverished lineage(s) within a single species 
(e.g., Arabis alpina: Koch et al. 2006, Ranunculus glacialis: Schönswetter et al. 2003) 
frequently combined with long-distance dispersal or rapid postglacial evolution involving 
(repeated) polyploidization and/or incipient allopatric differentiation (e.g., Steen et al. 2000; 
Solstad et al. 2003; Brochmann et al. 2004). 
 
Multiple disjunctions in the deglaciated northern Europe 
Plant species inhabiting areas that were heavily influenced by past glaciations, particularly in 
the Arctic, frequently exhibit large areas with marked disjunctions (Hultén 1971). 
Traditionally, the disjunctions were explained as old vicariances and survival in distinct 
glacial refugia including in situ survival on islands of bare land protruding from the ice sheet 
(nunataks; Dahl 1987; Fedorov & Stenseth 2001; Westegaard et al. 2011). The advent of 
molecular techniques however, evidenced multiple cases of striking genetic homogeneity 
(even across-continents) and shifted our perception towards larger influence of the recent 
long-distance dispersals even in species with no obvious dispersal adaptations (Brochmann et 
al. 2003; Alsos et al. 2007; Eidesen et al. 2013). Nevertheless, almost all the new genetic data 
comes from the arctic or arctic-alpine species and the less hardy species from the temperate to 
boreal parts of the deglaciated areas were out of the main focus (but see Rosquist & Prentice 
2002; Malm & Prentice 2005; Nordal et al. 2005). Interestingly, all the three main genetic 
groups of Galium pusillum agg. in northern Europe exhibit marked east-west disjunction 
across the North and Norwegian sea. The close genetic links of the populations across the sea 
within each group is documented by similar AFLP phenotypes (common genetic clusters, Fig. 
2, and high genetic connectivity among the regions, Fig. 4) and frequent sharing of plastid 
haplotypes (Fig. 5). A relatively young, probably postglacial, vicariance is the most probable 
explanation for the disjunctions as indicated by moderately high and homogeneous levels of 
genetic diversity and proportion of rare genetic markers throughout the area of the lineages. 
The opposite scenario, i.e., recent long distance dispersals, seems less probable as they would 
result in areas with significantly reduced diversity and impoverished of rare genetic markers 
due to founder effects (Tribsch et al. 2002). For example, even in the most striking example 
of the disjunction of Galium normanii that is very common species in Iceland but also occurs 
very rarely in a small region in central Norway, a single recent introduction (e.g., by marine 
traffic) seems improbable as the Norwegian population exhibit high diversity, high proportion 
of rare AFLP fragments (DW index, see Table 1) and contains both major plastid 
suprahaplotypes characteristic for the species. In addition, the Norwegian population occupies 
a very specific relict habitat of limestone flatland together with other rare (sub)arctic species 
(Maren & Nilsen 2008). Similar central Norwegian-Icelandic disjunction is documented also 
for other species (Thymus praecox, Hultén 1971). The presumed survival in close periglacial 
refugia would be also supportive for the vicariances as the shorter recolonization routes would 
facilitate spread into multiple directions even in species with no obvious adaptations for long 
distance dispersal such as Galium pusillum agg. In case of the disjunctions of both diploid and 
tetraploid lineages across the North Sea, the key refugial area and/or recolonization route 
might have been on the unglaciated bottom of the southern North Sea that remained dry 
throughout the last glacial and early Holocene up to c. 7000 BP (Lambeck 1995). Notably, the 
migration across the former North Sea landbrige has been suggested for other mostly 
temperate plant and animal species (Nordal & Jonsell 1998; Snell et al. 2005; Nordal et al. 
2005). 
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Despite the suggested postglacial vicariance, the currently disjunct populations within 
the lineages do not show marked signs of allopatric differentiation. First, the northern 
populations from the two regions exhibit very weak differentiation (3.6 % and 6.5 % between-
regional AMOVA differentiation for diploid and tetraploids, respectively, Table S2, 
Supporting Information). Second, the individual groups are internally homogeneous with no 
indication of further substructuring (the partially differentiated tetraploids of G. sterneri being 
the exception). Although the levels of differentiation strongly depend on the molecular 
marker used, at least the highly variable AFLP markers are powerful in revealing incipient 
differentiation (Després et al. 2003). The internal homogeneity of the lineages could be rather 
attributed to the young (postglacial) origin of the disjunctions, possibly being further 
supported by the relatively long life span of the plants and their clonal growth (F. Kolář et al., 
pers. obs.). 
 
Role of ecological differentiation in postglacial recolonization and diversification 
Vast areas opened for plant colonization by the retreating ice-sheets have provided a wide 
scale of new environments differing by numerous abiotic factors (e.g., altitude, substrate, 
exposition), and subsequently also biotic interactions such as gradually rising competition 
among the immigrants (Dierssen & Dierssen 1996). Different environments were suitable for 
colonization by differently adapted plant species but also provided new challenges to the 
incomers leading to their adaptation and further diversification. The genetically and 
ecologically highly variable northern Galium pusillum complex provides an intriguing model 
for testing the interplay between plant colonizers and their changing environment. In the 
whole complex, genetic structure correlates well with several environmental characteristics 
such as accompanying species composition and the factors linked to soil basicity, light 
availability and partly also site topology (Table 4). This corresponds well with the linked 
genetic (Fig. 2, 3) and ecological (Kolář et al. 2013) distinctness of populations from the 
deglaciated northern vs. largely unglaciated central Europe. In contrast, in the deglaciated 
northern Europe alone, genetic structure overlaps only partially with ecological preferences. 
From the three main genetic lineages of the area, only one (the Icelandic + central Norwegian 
group) was separated mainly by factors linked to the light availability (Fig. 6) as the Icelandic 
populations inhabit considerably less competitive environments of open rocky sites. The 
absence of the weaker competitive Icelandic lineage in the other deglaciated regions supports 
the previous views of successive immigration of lineages with gradually rising competitive 
abilities into the deglaciated areas (Ehrendorfer 1962). Similarly, a sequential immigration of 
ecologically distinct species probably applied also in Silene uniflora (early colonizer of open 
coastal landscapes) vs. Silene vulgaris (later weedy colonizer, Prentice et al. 2011). 
Nevertheless, our data are based only on realized niche comparisons and the differences in the 
potential competitive niche among the lineages should be experimentally verified in 
controlled-conditions and/or reciprocal transplants.  

In contrast, genetic structure of the populations from southern Scandinavia and British 
Isles did not show clear correlations with any major ecological gradient and both cytotypes 
from the area (despite being genetically very distinct) largely overlapped by their habitat 
preferences. This is particularly interesting as both diploids and particularly tetraploids from 
the area are internally very heterogeneous ecologically, inhabiting sites of markedly different 
substrate basicity and partly also competitive pressure (Kolář et al. 2013). An illustrative 
example are the spatially close diploid species G. oleandicum from open xeric limestone 
flatlands and G. suecicum inhabiting open forests on acidic sandy soils and gravel; both 
belong to the same non-differentiated northern diploid lineage.  

The virtual absence of substrate differentiation both among- and within- northern 
Galium pusillum lineages is in contrast with both their central European relatives (Table 4) 
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and also many other, particularly alpine species. Here, calcicolous-silicicolous differentiation 
often is a major gradient determining their genetic structure (e.g., Schönswetter et al. 2005; 
Alvarez et al. 2009; Dillenberger & Kadereit 2013; Moore & Kadereit 2013), whereas such 
differentiation in the northern boreal and (sub-)artctic regions is rare and its absence has been 
documented in other plant species (Westerbergh & Saura 1992; Nyberg Berglund et al. 2004). 
Whereas calcareous vs. siliceous parapatric ecotypes of Silene nutans were detected in 
unglaciated areas of Belgium (Van Rossum et al. 1999, 2003), the same species exhibits no 
links to soil pH in deglaciated Scandinavia (Van Rossum & Prentice 2004). The reasons for 
the absence of edaphic differentiation in northern populations could be sought in the 
presumably higher niche-conservatism in alpine species during the Pleistocene climatic 
oscillations (rather a short-distance altitudinal migration from and to refugia, Schönswetter et 
al. 2005), whereas only species/lineages with large niche plasticity might have been able to 
colonize the vast deglaciated areas in the north. 
 
Conclusions 
The Galium pusillum group represents a striking example of a diploid and polyploid species 
complex that exhibits an exceptionally high karyological, genetical, ecological, and 
taxonomical diversity in the previously glaciated areas of northern Europe. Ploidy level 
variation (probably of a (pre)glacial origin) and partially also eco-geographic differentiation 
are the principal factors determining its genetic structure. Our study highlights that taxa 
occupying non-arctic deglaciated areas can exhibit highly different evolutionary histories 
from those in the intensely investigated arctic belt. In particular, we show the importance of 
the glacial periods as times of plant diversity ‘melting’ through area contact and 
hybridization, that was followed by migration and area fragmentation in the Holocene. The 
present example from Galium also highlights the role of recent vicariance (in addition to the 
so-far discussed long distance dispersal and nunatak survival) in explaining species 
disjunctions in the northern areas. The observed disjunctions most probably reflect survival in 
several adjacent periglacial areas followed by gradual recolonization through several 
pathways including those that were later flooded by the rising sea level. On the other hand, 
our data do not show any signs of rapid postglacial evolution of the main genetic lineages in 
the deglaciated areas neither through recent polyploidization, ecologically-driven 
differentiation, nor incipient allopatric speciation in the isolated areas. In addition, distinct 
ecological conditions seem to have provided different environmental contexts for the 
immigration of distinct lineages but did not act as further speciation trigger within these 
separately immigrated lineages. Instead, the current northern populations still preserve 
footprints of past processes from glacial periods such as hybridization and survival in distinct 
refugia. 
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Tables and Figures 
 
Table 1 Details on the 69 populations of Galium pusillum agg. included in the study, sorted according to the ploidy level, geography and species 
identity (population G142 was divided into two according to two distinct ploidy levels).  
 

Pop. Species 
Ploidy 
level 

Cyto-
geogra 
phical 
group1 N2 

AroB 
pralogue3 

plastid 
supraha 
plotype4 

STRUCTURE 
(K=7) group diversity5 rarity6 locality and habitat7 

G074 G. suecicum 2x SS-2x 4/2/1 N A S1 0.18 2.23 S, Vattlösa, road bank and overgrown pasture, silicate* 
G076 G. suecicum 2x SS-2x 2/1/1 N A S1 0.11 1.48 S, Stora Rundröjan, road bank in an open pine forest , silicate* 
G080 G. suecicum 2x SS-2x 1/1/1 N A S1  -  - S, Sjöamellan, road bank in an open pine forest , silicate* 
G082 G. suecicum 2x SS-2x 1/1/1 N A S1  -  - S, Mosjölund, road bank in an open pine forest , silicate* 
G084 G. suecicum 2x SS-2x 6/3/2 N A S1 0.259 2.27 S, Sodra Hoka, open patches in the pasture, silicate* 
G085 G. suecicum 2x SS-2x 2/2/1 N A S1 0.25 2.00 S, Järnavik, pasture and granite boulders, silicate* 
G086 G. suecicum 2x SS-2x 7/3/1 N A S1 0.198 1.94 S, Gualow, bank of the road in pine forest, silicate* 
G077 G. oelandicum 2x SS-2x 6/3/1c N D S1 0.201 1.98 S, Resmo, limestone pavement (alvar), carbonate* 
G078 G. oelandicum 2x SS-2x 3/2/1 N D S1 0.171 1.93 S, Solberga, limestone pavement (alvar), carbonate* 
G183 G. sterneri 2x BI-2x 9/3/1 N A S1 0.157 2.17 UK, Inchnadamph, rock crevices, carbonate* 
G188 G. sterneri 2x BI-2x 2/3/1c N A S1 0.213 1.67 IRL, Binevenagh, mossy scree, vulcanite* 
G190 G. sterneri 2x BI-2x 1/1/1 N A S1 -  - IRL, Ben Bulben, rock crevices, carbonate* 
G191 G. sterneri 2x BI-2x 5/3/1 N AD S1 0.251 2.21 IRL, Slievecarran, limestone pavement, carbonate* 
G194 G. sterneri 2x BI-2x 7/3/1 N A S1 0.186 2.56 UK, Bethesda, rock crevices, basci vulcanite* 
G038 G. cracoviense 2x CE-2x 6/3/n.a. n.a. D S2 0.176 1.95 PL, Kusieta, cracks in rocks, carbonate* 
G039 G. cracoviense 2x CE-2x 5/4/n.a. n.a. D S2 0.177 2.32 PL, Olsztyn, cracks in rocks, carbonate* 
G021 G. valdepilosum 2x CE-2x 4/2/1 S2 G S2+S6 0.227 1.98 CZ, Mohelno, open pine forest, serpentine* 
G065 G. valdepilosum 2x CE-2x 8/3/1c S1 G S2 0.224 2.90 CZ, Chudčice, slope in open oak forest, carbonate* 
G093 G. valdepilosum 2x CE-2x 6/3/1 N DG S2+S6 0.241 2.29 CZ, Bítov, rocky slope in open mixed forest, silicate* 
G099 G. valdepilosum 2x CE-2x 8/3/1c N+S1 G S2+S3 0.229 2.84 AT, Grossheinrichschlag, river bank, silicate* 
G104 G. valdepilosum 2x CE-2x 9/3/1c N+S2 D S2 0.189 2.37 AT, Limberg, clearing in the oak forest, silicate* 
G142_2 G. austriacum 2x CE-2x 2/2/1 S2 F S3 0.171 1.74 AT, Pernitz, open coniferous forest, carbonate 
G147 G. austriacum 2x CE-2x 7/3/1 S1 F S3 0.227 2.45 HU, Badacsony, scree and open forest, vulcanite 
G148 G. austriacum 2x CE-2x 8/3/1c S1+S2 F S2+S3 0.225 2.63 HU, Veszprém, open mixed forest, carbonate 
G123 G. anisophyllon 2x CE-2x 4/2/1 S2 F S3 0.158 1.99 SK, Šútovo, open grassland, carbonate* 
G124 G. anisophyllon 2x CE-2x 4/2/n.a. n.a. F S3 0.193 2.02 SK, Socovce, open grassland and screes, carbonate* 
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Pop. Species 
Ploidy 
level 

Cyto-
geogra 
phical 
group1 N2 

AroB 
pralogue3 

plastid 
supraha 
plotype4 

STRUCTURE 
(K=7) group diversity5 rarity6 locality and habitat7 

G125 G. anisophyllon 2x CE-2x 5/2/1 S2 F S3 0.191 2.32 SK, Strečno, shady rocks and screes, carbonate* 
G138 G. anisophyllon 2x CE-2x 9/3/1 S2 F S3 0.24 2.91 SK, Tlstá, subalpine rocks, carbonate* 
G255 G. normanii 4x IC 10/3/1 N D S4 0.217 3.03 IS, Hveragerði, open gravely soil in tundra, vulcanite* 
G256 G. normanii 4x IC 10/3/1 N D S4 0.193 2.89 IS, Eskifjörður, open gravely soil, vulcanite* 
G257 G. normanii 4x IC 6/3/1 N H S4 0.235 2.80 IS, Akureyri, open gravely soil, vulcanite* 
G258 G. normanii 4x IC 10/3/1 N DH S4 0.173 2.49 IS, Hvammstangi, open gravely soil, vulcanite* 
G259 G. normanii 4x IC 9/3/1 N D S4 0.186 2.74 IS, Laugarvatn, open places in shrubby tundra, vulcanite* 
G203 G. normanii 4x CS 7/3/1c N DH S4 0.2 3.08 N, Vega, crevices in flatland, carbonate* 
G206 G. sterneri 4x SS-4x 8/3/1c N+S1 EH S5 0.208 2.96 N, Oslo Ekeberg, open mixed forest margin, silicate* 
G207 G. sterneri 4x SS-4x 8/3/1c N H S5 0.176 2.86 N, Ås, margin of a small woodland, silicate* 
G067 G. sterneri 4x SS-4x 4/2/1c N+S1 E S1+S5 0.259 2.71 DK, Glatved, former pasture, carbonate* 
G068 G. sterneri 4x SS-4x 6/3/2c N A S1+S5 0.2 2.78 DK, Mønsted, old chalk pit , carbonate* 
G069 G. sterneri 4x SS-4x 9/3/1 N AH S5+S6 0.196 2.95 DK, Hov Daas, open wet pasture and fen, carbonate* 
G073 G. sterneri 4x SS-4x 4/2/1 N AH S5 0.154 2.68 DK, Skindbjerg, open pasture, carbonate* 
G208 G. valdepilosum 4x SS-4x 3/2/1 N H S5+S6 0.215 2.33 DK, Sejrup, open oak woodland, silicate* 
G209 G. sterneri 4x SS-4x 8/3/1 N H S5+S6+S7 0.253 3.21 DK, Blåvland, depressions between coastal dunes, silicate* 
G180 G. sterneri 4x BI-4x 3/2/1 N+S1 D S4+S6 0.228 2.43 UK, Alva, grassy and mossy rocks, basic schist* 

G186 G. sterneri 4x BI-4x 3/2/1 N H S6 0.228 2.36 
UK, Ben Griam More, exposed gravel and sparse grassland, 
carbonate* 

G195 G. sterneri 4x BI-4x 6/2/1 N D S4+S5+S6 0.228 2.90 UK, Priestcliffe, pastures and scattered rocks, carbonate* 
G196 G. sterneri 4x BI-4x 9/3/1 N D S4+S5+S6 0.241 3.34 UK, Malham, pastures and scattered rocks, carbonate* 
G200 G. sterneri 4x BI-4x 6/3/1 N D S5+S6 0.236 3.05 UK, St Marys Loch, gravely slope above road, carbonate* 
G247 G. valdepilosum 4x CE-4x 9/3/1c N+S1 A S6 0.22 3.06 D, Treseburg, open forest and rocks, silicate 
G042 G. valdepilosum 4x CE-4x 8/2/1 N D S2+S6 0.238 3.00 D, Königshof, exposed screes, carbonate* 
G051 G. valdepilosum 4x CE-4x 9/3/1 S2 DE S2+S6 0.206 3.27 D, Erbendorf, rocks in open pine forest, serpentine* 
G023 G. valdepilosum 4x CE-4x 6/3/1c S1+S2 B S2+S6 0.207 2.56 CZ, Ćervená n. Vltavou, mixed forest on the rocky slope, silicate* 
G059 G. valdepilosum 4x CE-4x 7/3/1c N+S1 G S2+S3+S6 0.217 3.00 CZ, Skalní Mlýn, open north-facing rocks, carbonate* 
G106 G. valdepilosum 4x CE-4x 8/2/1 S1 D S2+S4 0.21 2.89 AT, Kollmitzgraben, pine forest , silicate* 
G036 G. valdepilosum 4x CE-4x 10/3/1 S1 B S6 0.204 2.65 PL, Laczna, exposed screes, open pine forest, carbonate* 
G040 G. valdepilosum 4x CE-4x 10/3/1 S2 D S7 0.185 2.55 PL, Dabie (Klonow), open patches in steppe, carbonate* 
G134 G. valdepilosum 4x CE-4x 7/2/1 S1 D S7 0.158 2.14 PL, Zarogow, rocks in an old quarry, carbonate* 
G142_4 G. austriacum 4x CE-4x 6/2/n.a.  F S6 0.284 2.93 AT, Pernitz, open coniferous forest, carbonate 
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Pop. Species 
Ploidy 
level 

Cyto-
geogra 
phical 
group1 N2 

AroB 
pralogue3 

plastid 
supraha 
plotype4 

STRUCTURE 
(K=7) group diversity5 rarity6 locality and habitat7 

G143 G. austriacum 4x CE-4x 4/4/1c N AH S6 0.244 3.26 AT, Losenheim, open pine forest, carbonate 
G146 G. austriacum 4x CE-4x 5/2/1 S1 F S6 0.265 3.01 AT, Bernstein, open pine forest, serpentine 
G175 G. anisophyllon 4x CE-4x 9/2/1c S1 F S6 0.233 3.09 AT, Obertauern, small rocks in an alpine grassland, carbonate 
G210 G. anisophyllon 4x CE-4x 5/5/n.a. n.a. BH S3+S6 0.174 2.40 SK, Malá studená dolina (č. 1), subalpine grassland, carbonate* 
G139 G. anisophyllon 4x CE-4x 10/3/1 N F S3+S6 0.205 2.78 SK, Králova studňa, supalpine grassland and rocks, carbonate* 
G171 G. sudeticum 4x CE-4x 9/4/1c S1+S2 BC S6 0.259 3.04 CZ, Čertova zahrádka, rocks and screes, basic vulcanite* 
G172 G. sudeticum 4x CE-4x 7/3/2c N+S2 BG S6 0.256 3.24 CZ, Kotel, subalpine grassland, carbonate* 
G280 G. fleurotii 4x  -  4/2/2c N+S1 H S6 0.123 1.94 F, Saint Adrien, open calcareous slope, carbonate 
G314 G. aff. suecicum n.a.  -  0/1/0  -  D  -   -   -  D, Herrenhölzer (herbarium voucher) 
G316 G. aff. suecicum 2x  -  0/5/0  -  D  -   -   -  PL, Słubice, open oak-pine forests, silicate 
G317 G. aff. suecicum 2x - 0/1/0 - D - - - PL, Słubice, open pine forests, silicate 
G066 G. saxatile 4x  -  0/1/1 S1 sax  -   -  - DK, Løjt Kirkeby, stabilized sand dune, silicate 
G137x G. saxatile 4x  -  0/1/1c S1 sax  -   -  - CZ, Vlček, open pine forest, serpentine 
G235 G. saxatile 4x  -  0/1/1c S1 sax  -   -   - UK, Bridge of Cally, open pasture, silicate 

 
1 see Methods for definition of the cyto-geographic groups and Table 2 for the summary statistics 
2 number of individuals analyzed for AFLP, plastid DNA sequences, and AroB low-copy nuclear sequences, respectively; c = individuals cloned 
for the AroB region 
3 in all cases but one (G280) both putative paralogues were found in one individual  
4 assignment to plastid suprahaplotypes was based on all 181 individuals that were sequenced for either trnC-psbM only or both trnC-psbM and 
trnL-ndhJ regions 
5 Nei´s gene diversity of populations calculated from AFLP phenotypes  
6 proportion of rare AFLP fragments (frequency-down-weighted marker values) 
7 * = populations for which vegetation sample was available 
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Table 2 Details on genetic structure and diversity of the eight major a priori defined cyto-geographical groups of populations that were involved 
in testing the major biogeographical and ecological hypotheses (definition was based on the distinct geographic distribution and ploidy level, see 
Methods and Fig. 1 for further details). Populations from northern France (G280), northern central Europe (G314, G316, G317) as well as 
populations of the outgroup G. saxatile were not included. 
 

cyto-geographical group N 
pops/indivs species aroB 

paralogue 
plastid 

suprahaplotypes 
STRUCTURE 

(K=7) groups 
admixture 

level1 diveristy2 rarity3 
% variation 

among-
populations4 

Southern Scandinavia (SS) - 
diploid populations  9/32 

G. suecicum, G. 
oelandicum N A,D S1 0.19 ± 0.14 0.196 ± 

0.050 
1.98 ± 
0.26 19.7 

   - tetraploid populations 
 8/50 

G. sterneri, (G. 
valdepilosum subsp. 
slesvicense) 

N,(S1) A,E,H S5,(S1,S6) 0.31 ± 0.20 0.208 ± 
0.036 

2.81 ± 
0.26 17.2 

British Isles (BI) - diploid 
populations  5/24 G. sterneri N A,(D) S1 0.16 ± 0.16 0.202 ± 

0.040 
2.15 ± 
0.37 23.92 

   - tetraploid populations  5/27 G. sterneri N,(S1) D,(H) S4,S5,S6 0.45 ± 0.15 0.232 ± 
0.006 

2.82 ± 
0.42 11.65 

Iceland (IC) - tetraploid 
populations  5/45 G. normanii N D,H S4 0.09 ± 0.08 0.201 ± 

0.025 
2.79 ± 
0.20 10.18 

Central Norway (CN) - 
tetraploid population  1/7 G. normanii N D,H S4 0.28 ± 0.08 0.200 3.08 - 

Central Europe (CE) - diploid 
populations 

 14/85 

G. cracoviense, G. 
valdepilosum, G. 
austriacum, G. 
anisophyllon 

S1,S2,(N) D,F,G S2,S3,(S6) 0.22 ± 0.15 0.205 ± 
0.028 

2.34 ± 
0.38 25.04 

   - tetraploid populations 

 17/129 

G. valdepilosum, G. 
austriacum, G. 
anisophyllon, G. 
sudeticum 

S1,S2,(N) (A),B,(C),D, 
(E),F,G,(H) S2,S6,S7,(S3) 0.25 ± 0.16 0.221 ± 

0.034 
2.87 ± 
0.32 19.2 

1 mean ± standard deviation of the degree of admixture of AFLP phenotypes of individuals in STRUCTURE analysis at K=7  
2 mean ± standard deviation of the Nei´s gene diversity of populations calculated from AFLP phenotypes 
3 mean ± standard deviation of the proportion of rare AFLP fragments (frequency-down-weighted marker values) in populations calculated from 
AFLP phenotypes 
4 as estimated by AMOVA 
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Table 3 Distribution of the plastid DNA suprahaplotypes (A-H) and ploidy levels (2x, 4x) in 
Galium pusillum agg. among the groups inferred from STRUCTURE analyses of AFLP data 
(S1-S7). Numbers of individuals are presented in each field. 
 
  A B C D E F G H 2x 4x 
S1 24   7     56 3 
S2    14   8  42 19 
S3      18   40 5 
S4    13    5   55 
S5 5   2 3   10   46 
S6 8 11 2 11 2 8 5 11 3 116
S7       5           18 
2x 24   19  17 9     
4x 13 11 2 33 5 9 4 26    
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Table 4 Association of main environmental gradients and floristic composition of sites with AFLP-based population genetic distances of Galium 
pusillum agg. from central and northern Europe. The main environmental gradients (‘grouped factors’) represent composed effect inferred as a 
first axis in separate principal component analyses of the individual environmental variables (for the effects of individual variables see Table S3, 
Supporting Information). Marginal and partial effects of corresponding environmental grouped factors are before and after slash, respectively. 
 

environmnetal grouped factors: % of variation explained by 
species 

composition: 
Mantel test 

Dataset  N 

all 
environmental 

variables 
site toplogy soil basicity site stand 

productivity
limitation by 

light rM p 

Complete dataset          
central + northern Europe (2x+4x) 56 13.2** 2.3 / 3.6** 4.6** / 8.6** 2.4 / 1.9 2.6 / 4.8** 0.174 0.001 

central + northern Europe (2x only) 25 20.4 4.3 / 5.2 6.2 / 4.1 5.1 / 4.2 6.4* / 5.7 0.299 0.001 
central + northern Europe (4x only) 31 24.5** 8.4* / 7.4** 4.0 / 3.5 2.6 / 3.7 7.7** / 9.2** 0.243 0.001 
central + northern Europe without Icelandic + c. 
Norwegian pops. (2x+4x) 50 8.6 1.9 / 1.9 2.8 / 2.6 2.3 / 2 2 / 1.8 0.126 0.002 

central + northern Europe without Icelandic + c. 
Norwegian pops. (4x only) 25 19.1 5.9 / 5.8 5.0 / 4.0 5.2 / 4.2 3.7 / 3.9 0.107 0.048 

Deglaciated n. Europe         
deglaciated northern Europe (2x+4x) 33 18.0* 3.7 / 4.3 3.05 / 4.2 3.9 / 3.4 5.9* / 7.98** 0.164 0.002 
deglaciated northern Europe (2x only) 14 38.6** 10.7* / 10.1 10.6 / 11.4* 8.4 / 9.7 7.6 / 8 0.078 0.167 

deglaciated northern Europe (4x only) 
19 33.0* 6.1 / 5 5.8 / 5.2 14.7** / 5.4 13.3** / 10.1* 0.264 0.009 

deglaciated northern Europe without Icelandic + c. 
Norwegian pops. (2x+4x) 

27 16.0 4.4 / 3.8 3.7 / 3.4 5.04 / 4.5 3.2 / 3.8 0.006 0.435 

deglaciated northern Europe without Icelandic + c. 
Norwegian pops. (4x only) 13 32.7 7.8 / 7.5 8.5 / 6.4 11.1 / 9.2 8.3 / 6.6 -0.019 0.527 

Central Europe         
  central Europe (2x+4x) 23 21.9 5.8 / 5.6 7.02 / 6.1 5.5 / 5.3 5.5 / 3.7 0.252 0.001 
  central Europe (2x only) 11 57.6** 16.6* / 16.0* 16.3* / 17.4** 13.6 / 12.7* 13.9 / 11.2 0.195 0.082 
  central Europe (4x only) 12 42.3 * 8.1 / 7.1 15.6** / 9.97 11.7 / 8.6 12.6 / 10.3 0.131 0.128 
 
* 0.05-0.01, ** <0.01-0.002, p-values estimated under 500 permutations, significant values are in bold 
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Fig. 1 Geographic location, species identity, and ploidy level (empty symbol – diploid, full 
symbol – tetraploid) of the sampled populations of Galium pusillum agg. in northern and 
central Europe. Distribution range of the members of the G. pusillum complex is marked by 
the hatched line (according to data from Sterner 1944; Ehrendorfer 1958, 1962; Ehrendorfer 
et al. 1976, http://www.bsbi.org.uk/); the distribution of the widespread and partly adventive 
octoploid species G. pumilum was not included. The five major geographical groups are 
described. Hatched area shows maximum extent of continental ice sheet in the last glacial 
maximum.  
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Fig. 2 Distribution of major AFLP groups of Galium pusillum agg. in central and northern 
Europe as identified by STRUCTURE analysis by K = 7. Circles with and without asterisks 
denote tetraploid and diploid populations, respectively. Hatched area shows maximum extent 
of continental ice sheet in the last glacial maximum. For purposes of plotting the data onto the 
map, each individual was assigned to one STRUCTURE group according its highest posterior 
probability; the posterior probabilities per individual are displayed in the lower left corner 
(see Fig. S2, Supporting Information, for alternative groupings). 
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Fig. 3 Principal coordinate analysis of a matrix of pair-wise Jaccard distances derived from 
AFLP analysis of Galium pusillum agg. Groups derived from Bayesian clustering analyses 
conducted with STRUCTURE at K = 7 are represented by different colours (corresponding to 
Fig. 2); symbol size corresponds to degree of admixture: the larger the symbol the less 
admixed is an individual. (A) Analysis of the complete dataset involving in total 403 
individuals of both diploid (empty circles) and tetraploid (filled circles) cytoytpe. (B) Separate 
analysis of diploid and (C) of tetraploid individuals. The first and second ordination axis 
explains 5.6 % and 4.6 % of the variation in the data matrix, respectively, in figure A, 10.7 % 
and 4.5 % in figure B, and 7.9 % and 4.0 % in figure C. 
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Fig. 4 Connectivity among five discrete geographical regions and two cytotypes (eight cyto-
geographical groups in total, see Table 2 for further details) in Galium pusillum agg. based on 
AFLP fingerprints. (A) Proportion of assignments of individuals of Galium pusillum agg to 
cyto-geographical groups using AFLPOP (assignment of a plant to its group of origin was not 
allowed). The thickness of an arrow is proportional to the percentage of individuals assigned 
to particular group to which the arrows point (range 2 – 88%; e.g., 88 % of central Norwegian 
individuals were assigned to Icelandic populations); its direction denotes directionality of the 
particular assignment test. The thickness of the circle denotes proportion of unassigned 
individuals. (B) Population Graphs network illustrating the genetic covariance structure 
among regions, connections between regions with a bootstrap support > 75 % are shown. Full 
lines = connection between tetraploid groups, hatched lines = connection between diploid 
groups, dash-and-dot = connection across ploidy levels. Hatched area denotes maximum 
extent of continental ice sheet in the last glacial maximum. 
 

160



  

 
 
Fig. 5 Distribution of eight major plastid trnC-psbM suprahaplotypes (coloured pie-charts, 
181 accessions) and three highly divergent groups of sequences (putative paralogues) of AroB 
nuclear gene (coloured letters, 67 accessions) of Galium pusillum agg. in central and northern 
Europe. Circles with and without asterisks denote tetraploid and diploid populations, 
respectively; the size of pie-chart reflect number of sequenced individuals; the probably 
extinct population in northern Germany sequenced from herbarium voucher is rounded by 
hatched lines. Maximum extent of continental ice sheet in the last glacial maximum is marked 
by the hatched area. The insets display (A) statistical parsimony network of plastid DNA 
accessions based on concatenated trnC-psbM and trnL-ndhJ with coloured suprahaplotypes, 
(B) neighbor joining network of the AroB sequences. 
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Fig. 6 Associations of genetic and ecological similarity among 33 populations of Galium 
pusillum agg. from deglaciated northern Europe. A: Indirect ordination (principal component 
analysis, PCA) of vegetation samples from Galium populations marked according to the three 
major genetic Galium lineages identified within the area (cf. Figs. 2 and 3). B: Direct 
ordination (constrained analysis of principal coordinates, CAP) of AFLP-based genetic chord 
distances among the populations according to the major environmental gradients 
(environmental grouped factors representing first axis inferred by PCA of corresponding 
individual environmental variables, i.e. EIVs, vegetation covers and in situ sampled abiotic 
characteristics). Variable with significant marginal effect is in bold. 
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Supporting Information 
 
Table S1 Details on localities and of all populations included in the study. Asterisk denotes new ploidy level estimations, the remaining values 
are taken from Kolář et al. 2013. 
 

Species 
Pop. 
code 

DNA ploidy 
level(s) 

Date of 
coll. State Locality Habitat Collector(s) Latitude  Longitude  Altit. 

G. suecicum G074 2x 15.8.2010 S Vattlösa, road bank S of the farm Hultet 
road bank and 
overgrown pasture 

F. Kolář, T. Fér., 
E. Záveská N 58 28 49.80 E 13 35 35.76 117 

G. suecicum G076 2x 16.8.2010 S 
Hällekis, road bank in an open pine forest next to Stora 
Rundröjan settlement, 5 km NE of the town 

road bank in an open 
pine forest  

F. Kolář, T. Fér., 
E. Záveská N 58 39 19.36 E 13 30 01.84 53 

G. suecicum G080 2x 18.8.2010 S 
Växjö, bank of a forest road 300 m SSE of the settlement 
Sjöamellan  

road bank in an open 
pine forest  

F. Kolář, T. Fér., 
E. Záveská N 56 47 33.30 E 14 53 02.74 155 

G. suecicum G082 2x 18.8.2010 S 
Tingsryd, bank of the road 100 m NW of Mosjölund 
settlement, 3 km NE of the town 

road bank in an open 
pine forest  

F. Kolář, T. Fér., 
E. Záveská N 56 32 18.36 E 15 00 46.89 155 

G. suecicum G084 2x 18.8.2010 S 
Sodra Hoka, open patches in the pasture 100 m N of the 
village 

open patches in the 
pasture 

F. Kolář, T. Fér., 
E. Záveská N 56 15 33.52 E 14 50 43.87 99 

G. suecicum G085 2x 19.8.2010 S 
Järnavik, pasture and granite boulders 200 m S of the car-
camping 

pasture and granite 
boulders 

F. Kolář, T. Fér., 
E. Záveská N 56 10 24.34 E 15 04 47.38 9 

G. suecicum G086 2x 19.8.2010 S 
Gualow, bank of the road to Vanneberga, 1 km SSW of the 
village 

bank of the road in 
pine forest 

F. Kolář, T. Fér., 
E. Záveská N 56 02 10.71 E 14 25 13.30 14 

G. oelandicum G077 2x 17.8.2010 S 
Öland, Resmo, alvar next to the road Resmo - Stenåsa, 2 
km E of the vllage 

alvar (sligthtly wet 
parts) 

F. Kolář, T. Fér., 
E. Záveská N 56 20 54.03 E 16 28 53.19 22 

G. oelandicum G078 2x 17.8.2010 S 
Öland, Solberga, alvar next to the road Solberga - 
Degerhamn, 1 km E of the village 

alvar (sligthtly wet 
parts) 

F. Kolář, T. Fér., 
E. Záveská N 56 20 54.0 E 16 28 53.2 22 

G. sterneri G183 2x 23.7.2011 UK Inchnadamph, rocky pastures 800 m E of the village 
limestone rock 
crevices 

F. Kolář, T. Urfus, 
P. Vít N 58 09 04.4 W 4 57 34.9 118 

G. sterneri G188 2x 26.7.2011 IRL Limavady, NW slopes of Binevenagh table mountain mossy scree 
F. Kolář, T. Urfus, 
P. Vít N 55 07 29.4 W 6 55 04.7 216 

G. sterneri G190 2x 28.7.2011 IRL Cashelgarran, slopes at the NW tip of Ben Bulben mountain rock crevices 
F. Kolář, T. Urfus, 
P. Vít N 54 21 51.6 W 8 29 17.2 353 

G. sterneri G191 2x 28.7.2011 IRL 
Cappaghmore, limestone flatlands Slievecarran, 2.5 km SW 
of the village 

crevices and shallow 
soil on limestone 
flatlands 

F. Kolář, T. Urfus, 
P. Vít N 53 04 56.5 W 9 00 01.8 157 

G. sterneri G194 2x 31.7.2011 UK 
Bethesda, rocks in an entrance to a glacial cirque on the 
slpes of Carned Llewelyn massif, 5 km SE of the town rock crevices 

F. Kolář, T. Urfus, 
P. Vít N 53 09 11.0 W 3 59 45.6 613 
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G. cracoviense G038 2x 21.7.2010 PL 
Kusieta near Czenstochowa, limestone rocks at the southern 
end of the village 

cracks in limestone 
rocks F. Kolář N 50 45 59.5 E 19 16 16.5 334 

G. cracoviense G039 2x 21.7.2010 PL 
Olsztyn near Czenstochowa, rocks around the ruines of the 
castle 

cracks in limestone 
rocks F. Kolář N 50 44 58.9 E 19 16 32.7 340 

G. 
valdepilosum G021 2x 3.8.2009 CZ 

Mohelno, pine forest along the road Dukovany - Mohelno, 
1.1 km s. of the church in Mohelno  

open pine forest on 
serpentine 

F. Kolář, M. 
Dortová N 49 6 13.37 E 16 11 29.11 330 

G. 
valdepilosum G065 2x 5.8.2010 CZ 

Chudčice, slope above forest road at the "U Tří křížů" 
crossing, 1 km SSE of the church in the village 

slope above road in 
the open oak forest 

F. Kolář, M. 
Dortová N 49 16 41.9 E 16 27 43.5 314 

G. 
valdepilosum G093 2x 22.7.2010 CZ 

Bítov, Pinus nigra-Quercus forest on the rocky slope 
skalnatý above Vranovská přehrada dam, close to the castle  

Pinus nigra-Quercus 
forest on the rocky 
slope 

M. Kubešová, J. 
Suda N 48 56 26.3 E 15 42 13.5 368 

G. 
valdepilosum G099 2x 23.7.2010 AT Grossheinrichschlag, sunny river bank 2 km E of the village sunny river bank 

M. Kubešová, J. 
Suda N 48 24 38.6 E 15 26 09.4 642 

G. 
valdepilosum G104 2x 24.7.2010 AT Limberg, clearing in the oak forest SW of the village 

clearing in the oak 
forest 

M. Kubešová, J. 
Suda N 48 35 32.4 E 15 50 07.0 407 

G. austriacum G142_2 2x + 4x* 24.6.2011 AT Pernitz 
open Pinus-Picea 
forest with Sesleria 

T. Fér, S. Píšová, 
L. Flašková N 47 55 33.54 E 15 59 23.04 600 

G. austriacum G147 2x* 26.6.2011 HU Badacsony scree and open forest
T. Fér, S. Píšová, 
L. Flašková N 46 48 22.8 E 17 29 42.06 350 

G. austriacum G148 2x 26.6.2011 HU Veszprém 

open Pinus nigra-
Quercus pubescens 
forest 

T. Fér, S. Píšová, 
L. Flašková N 47 5 36.96 E 17 53 8.76 265 

G. 
anisophyllon G123 2x 14.5.2011 SK Šútovo, small limestone hill at the NE end of the village 

open limestone 
grassland F. Kolář N 49 09 09.1 E 19 05 04.6 489 

G. 
anisophyllon G124 2x 14.5.2011 SK 

Socovce, rocks on the W side of Stráž hill (539 m), 0.5 km 
WSW of the church in the village 

open limestone 
grassland and screes F. Kolář N 48 57 00.3 E 18 51 33.6 502 

G. 
anisophyllon G125 2x 15.5.2011 SK 

Strečno, limestone rocks above museum building below the 
castle 

shady limestone 
rocks and screes F. Kolář N 49 10 30 E 18 51 42 500 

G. 
anisophyllon G138 2x 24.6.2011 SK 

Blatnica, rocks at top of Tlská mountain, 2.5 km E of the 
village limestone rocks F. Kolář N 48 56 02.7 E 18 58 14.5 1376 

G. normanii G255 4x 4.7.2012 IS 
Hveragerði, along the path to the thermal brook, N of the 
town  

open gravely soil in 
tundra F. Kolář N 64 03 25.5 W 21 13 07.0 392 

G. normanii G256 4x 7.7.2012 IS 
Eskifjörður, along the road to Neskaupstadur, close to the 
pass open gravely soil F. Kolář N 65 03 51.8 W 13 54 57.4 537 

G. normanii G257 4x 9.7.2012 IS 
Akureyri, gravely river bed next to the bridge of the road 
715, W of the town open gravely soil F. Kolář N 65 41 11.5 W 18 25 20.7 82 

G. normanii G258 4x 10.7.2012 IS Hvammstangi, along the road 711, N of the town open gravely soil F. Kolář N 65 34 57.3 W 20 55 25.5 19 

G. normanii G259 4x 11.7.2012 IS 
Laugarvatn, along the side road turning from the road 37, E 
of the town 

open plces in 
shrubby tundra F. Kolář N 64 15 35.7 W 20 28 15.6 120 
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G. normanii G203 4x 12.8.2011 N 
Vega island, Gladstad, Holandsosen limestone outcrops 4.7 
km NW of the town 

crevices in limestone 
flatland F. Kolář N 65 42 06.7 E 11 52 45.0 7 

G. sterneri G206 4x 17.8.2011 N Oslo, Ekeberg hill in the city 
open mixed forest 
margin F. Kolář N 59 53 59.9 E 10 46 03.9 130 

G. sterneri G207 4x 17.8.2011 N Ås, wood next to a farm 2.8 km S of the town 
margin of a small 
woodland F. Kolář N 59 38 14.5 E 10 47 35.5 98 

G. sterneri G067 4x 12.8.2010 DK 
Glatved, ovegrown pasture next to the farm Niemandsgård, 
on the margin of a chalk quarry, 3 km S of Glatved 

open parts in an old 
pasture 

F. Kolář, T. Fér., 
E. Záveská N 56 17 57.10 E 10 50 41.10 7 

G. sterneri G068 4x 13.8.2010 DK Mønsted, old chalk pit Kalkgruber, 2 km NW of the village old chalk pit  
F. Kolář, T. Fér., 
E. Záveská N 56 27 19.26 E 09 09 57.96 11 

G. sterneri G069 4x 13.8.2010 DK 
Sennels, open wet pasture on a steep north-facing slope of 
Hov Daas hill, 3 km NNE of the church in the village  

open wet pasture (to 
fen) on a steep 
north-facing slope  

F. Kolář, T. Fér., 
E. Záveská N 56 59 34.11 E 08 48 50.62 7 

G. sterneri G073 4x 14.8.2010 DK 
Skindbjerg, open patches in a pasture in a small valley 1 km 
WNW of the village 

open patches in a 
pasture 

F. Kolář, T. Fér., 
E. Záveská N 56 52 49.63 E 09 54 14.99 31 

G. 
valdepilosum G208 4x 19.8.2011 DK Sejrup, Sejrup krat forest, 1.2 km E of the village open oak woodland F. Kolář N 55 52 58.5 E 9 19 39.5 91 

G. sterneri G209 4x 19.8.2011 DK Blåvland, sand dunes around the lighthouse W of the town 
depressions between 
coastal dunes F. Kolář N 55 33 32.4 E 8 05 00.7 9 

G. sterneri G180 4x 22.7.2011 UK Alva, slopes of a gorge 1 km N of the town 
grassy and mossy 
rocks 

F. Kolář, T. Urfus, 
P. Vít N 56 09 43.1 W 3 47 51.2 129 

G. sterneri G186 4x 24.7.2011 UK NW slopes of Ben Griam More hill 
open exposed gravel 
and sparse grassland 

F. Kolář, T. Urfus, 
P. Vít N 58 19 23.1 W 4 02 54.4 444 

G. sterneri G195 4x 31.7.2011 UK 
Priestcliffe, pastures at the N facing slopes of smal valley, 
1.2 km NE of the village 

pastures and 
scattered limestone 
rocks 

F. Kolář, T. Urfus, 
P. Vít N 53 15 12.3 W 1 46 51.2 336 

G. sterneri G196 4x 1.8.2011 UK Malham, slopes above NE corńer of Malham Tarn lake 

pastures and 
scattered limestone 
rocks 

F. Kolář, T. Urfus, 
P. Vít N 54 05 55.5 W 2 09 27.2 380 

G. sterneri G200 4x 2.8.2011 UK 
Cappercleuch, N shore of St Marys Loch, 1 km E of the 
village 

gravelly slope above 
road 

F. Kolář, T. Urfus, 
P. Vít N 55 29 50.3 W 3 11 10.8 257 

G. 
valdepilosum G247 4x 5.6.2012 D Treseburg, rocky crest 1.1 km NNW of the village 

open forest and 
rocks F. Kolář N 51 43 08.6 E 10 57 32.2 359 

G. 
valdepilosum G042 4x 25.7.2010 D 

Königshof near Stefling, wester slopes of a side valley 
north of Regen river, 100 m N of Königshof 

exposed limestone 
scrrees, slopes of an 
open pine forest 
above the quarry F. Kolář, P. Vít N 49 12 51.3 E 12 13 17.4 378 

G. 
valdepilosum G051 4x 27.7.2010 D 

Erbendorf, serpentine rocks in pine forest 2 km NNW of 
the village 

serpentine rocks in 
open pine forest F. Kolář, P. Vít N 49 51 24.3 E 12 01 53.7 525 

G. 
valdepilosum G023 4x 15.8.2009 CZ 

Červená n. Vltavou, pine-oak wood on the top of the rock 
above the right bank of Hrejkovický potok brook, 0.5 km e. 
of the church in Červená 

mixed forest at the 
rocky slope F. Kolář N 49 23 59.2 E 14 14 59.8 389 
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G. 
valdepilosum G059 4x 4.8.2010 CZ 

Blansko - Skalní Mlýn, open north-facing limestone rocks, 
300 m SW of the Skalní Mlýn mill 

open north-facing 
limestone rocks 

F. Kolář, M. 
Dortová N 49 21 38.2 E 16 42 22.0 493 

G. 
valdepilosum G106 4x 25.7.2010 AT Kollmitzgraben, pine forest next to the ruine pine forest  

M. Kubešová, J. 
Suda N 48 49 21.8 E 15 31 54.1 426 

G. 
valdepilosum G036 4x 20.7.2010 PL 

Laczna near Klodzko, limestone quarry 500 m N of the NW 
end of the village 

exposed limestone 
scrrees, slopes of an 
open pine forest 
above the quarry F. Kolář N 50 30 07.8 E 16 37 12.4 466 

G. 
valdepilosum G040 4x 21.7.2010 PL 

Klonow near Miechow, slope above the road to Dale, 
approx. 100 m N of old limestone quarry, in the village 

open parts of 
basiphilous steppe 
(bílá stráň) F. Kolář N 50 20 28.0 E 20 10 46.2 257 

G. 
valdepilosum G134 4x 14.6.2011 PL 

Zarogow (distr. Miechow), old quarry 40 m NE of the 
village 

chalk rocks in an old 
quarry F. Kolář, J. Chrtek N 50 20 09.0 E 20 06 59.2 228 

G. austriacum G143 4x* 24.6.2011 AT Losenheim 
rocks with Sesleria 
and Pinus nigra 

T. Fér, S. Píšová, 
L. Flašková N 47 47 20.94 E 15 50 47.76 850 

G. austriacum G146 4x* 25.6.2011 AT Bernstein 
open pine forest on 
serpentine 

T. Fér, S. Píšová, 
L. Flašková N 47 26 4.98 E 16 16 26.64 790 

G. 
anisophyllon G175 4x 18.7.2011 AT Obertauern, pastures 1.2 km E of the pass 

small rocks in an 
alpine grassland F. Kolář, T. Fér N 47 15 01.3 E 13 34 29.4 1934 

G. 
anisophyllon G210 4x 22.7.2011 SK 

Vysoké Tatry Mts.: Malá Studená dolina valley, 5.7 km 
NNW of the village of Starý Smokovec (Vysoké Tatry) subalpine grassland 

J. Chrtek, Z. 
Dočkalová N 49 11 12.1  E 20 12 07.3  1795 

G. 
anisophyllon G139 4x 24.6.2011 SK 

Harmanec, limestone rocks 500 m N of the hotel Králova 
Studňa approx 10 km NNW of Harmanec 

supalpine grassland 
around limestone 
rocks F. Kolář N 48 52 53.4 E 19 02 24.4 1365 

G. sudeticum G171 4x 13.7.2011 CZ Pec pod Sněžkou, Četova zahrádka, 3,6 km N of the town rocks and screes 
F. Kolář, A. 
Knotek, M. Hanzl N 50 43 37.8 E 15 43 27.3 1050 

G. sudeticum G172 4x 13.7.2011 CZ 
Horní Mísečky, ridge between Malá and Velká Kotelná 
jáma glacial cirque subalpine grassland 

F. Kolář, A. 
Knotek, M. Hanzl N 50 45 08.7 E 15 31 56.7 1381 

G. fleurotii G280 4x 18.10.2012 F 
Rouen, calcareous slope 500 m N of St Adrien at the turn to 
Belbeuf, S of the city 

open calcareaous 
slope M. Lučanová N 49 22 24.6 E 01 07 33.1 43 

G. aff. 
suecicum G314 

cf. 2x 
(Ehrendorfer 

1962) VI.1930 D 
Brandenburg (Havel): Herrenhölzer (ind. from herbarium 
PR) n.a. R. Görz N 52 25 E 12 20 35 

G. aff. 
suecicum G316 2x* 27.5.2014 PL 

Słubice, forest N of the road Słubice-Zielona Gora, next to 
the bridge above Ilanka river, 12 km SE of the town open oak-pine forest 

F. Kolář, T. Fér, E. 
Záveská N 52 16 47.0 E 14 42 16.6 54 

G. aff. 
suecicum G317 2x* 27.5.2014 PL 

Słubice, forest N of the road Słubice-Zielona Gora, at the 
end of the Zielony Bor village, 10 km SE of the town open pine forest 

F. Kolář, T. Fér, E. 
Záveská N 52 18 04.4 E 14 40 49.5 54 

G. saxatile G066 4x 11.8.2010 DK Løjt Kirkeby, top of a sand dune at the N end of the village 

open patches in 
pasture on the sand 
dune 

F. Kolář, T. Fér., 
E. Záveská N 55 05 53.07 E 09 27 18.73 65 

G. saxatile G137x 4x 21.6.2011 CZ Prameny, Vlčí Hřbet hill 1.9 km S of the village 
open pine forest on 
serpentine F. Kolář N 50 01 55.2 E 12 44 33.0 760 

G. saxatile G235 4x 14.10.2011 UK Bridge of Cally open pasture F. Kolář, T. Fér N 56 41 26.0 W 3 24 31.3 229 
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Table S2 Analyses of molecular variance (AMOVAs) of AFLP phenotypes in Galium 
pusillum agg. divided according sampled populations, cytotypes and major cyto-geographical 
groups (see Methods for their delimitation). 

Grouping df 
Sum of 
Squares 

Variance 
Component 

% of 
variation 

Diploid populations         
all diploids     
   among populations 27 1381.8 6.9 28.87 
   within populations 113 1912 16.9 71.13 
southern Scandinavian diploids     
   among populations 8 247 4.1 19.7 
   within populations 23 387.7 16.9 80.3 
British diploids     
   among populations 4 146.5 4.9 23.92 
   within populations 19 294.5 15.5 76.08 
central European diploids     
   among populations 13 677.7 5.8 25.04 
   within populations 71 1229.8 17.3 74.96 
Hierarchical AMOVA - all diploids     
  among 2x n. European vs. 2x c. European 1 246.9 2.9 11.56 
  among populations within groups 26 1134.9 5.4 21.41 
  within populations 113 1912 16.9 67.03 
Hierarchical AMOVA – British + Scandinavian diploids     
  among 2x Britain vs 2x. s. Scandinavia 1 63.8 0.7 3.6 
  among populations within groups 12 393.4 4.5 20.8 
  within populations 42 682.1 16.2 75.6 
Tetraploid populations         
all tetraploids     
   among populations 36 2149.1 6 25.53 
   within populations 225 3926.2 17.4 74.47 
southern Scandinavian tetraploids     
   among populations 7 270.6 3.5 17.2 
   within populations 42 713.2 17 82.8 
British tetraploids     
   among populations 4 129.2 2.5 11.65 
   within populations 22 422.8 19.2 88.35 
Icelandic tetraploids     
   among populations 4 130.5 1.8 10.18 
   within populations 40 648.1 16.2 89.82 
central European tetraploids     
   among populations 16 804.3 4.3 19.2 
   within populations 112 2013.3 18 80.8 
Hierarchical AMOVA - all tetraploids     
  among 4x n. Europe vs. 4x c. Europe 1 305.1 1.9 7.97 
  among populations within groups 34 1764.3 4.8 19.83 
  within populations 222 3896 17.5 72.21 
Hierarchical AMOVA - British, Scandinavian, c. European tetraploids 
  among 4x Britain + 4x s. Scandinavia vs. 4x C. Europe 1 190.9 1.5 6.3 
  among populations within groups 28 1294.8 4.2 17.65 
  within populations 176 3149.3 17.9 76.05 
Hierarchical AMOVA – British + Scandinavian tetraploids 
  among 4x Britain vs 4x. s. Scandinavia 1 90.6 1.5 6.5 
  among populations within groups 11 399.8 3.2 14.3 
  within populations 64 1136.0 17.7 79.1 
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Table S3 Marginal effect sizes (% of total variation explained by the particular variable) and significance of environmental variables on 
explaining genetic population distances (chord distances estimated from allele frequencies) of Galium pusillum agg. populations from northern 
and central Europe. The variables were recorded in situ and inferred from vegetation data (cover of vegetation layers, Ellenberg indicator values, 
EIV) in 56 populations and acquired from soil analyses from 50 populations. 

  site toplogy soil basicity site stand productivity  limitation by light 

Dataset  

N Slope 
Potent 
radiati

on 

Cover 
Rock 

EIV-
Soil 

Reactio
n 

pH Ca Mg Ca/Mg EIV-
Nutrients N C/N CEC EIV-

Moisture 
Cover 
Tree 

Cover 
Shrub 

Cover 
Herb 

Cover 
Moss 

EIV-
Light 

Complete dataset                    
central + northern Europe 
(2x+4x) 56 2.6 3.2* 2.3 4.7**     2.3    5.8** 2 1.7 2.4 2.3 2.9 

central + northern Europe 
(2x only) 25 5 6.9* 4.7 14.1** 5.6 4.9 2.6 5.5 4.5 4.2 11.3** 4.5 14.1** 2.6 4.3 4.1 6 7.7* 

central + northern Europe 
(4x only) 31 6* 4 5.7* 4.1     7.3**    6.9* 4.2 4.4 5.9* 4 8** 

central + northern Europe 
without Icelandic + c. 
Norwegian pops. (2x+4x) 

50 2 3.6* 2 4.7** 2.3 2.4 1.4 3.1 2.1 1.9 3.7* 2.5 5** 1.9 1.5 2.4 2.7 2.4 

central + northern Europe 
without Icelandic + c. 
Norwegian pops. (4x only) 

25 4 3.9 6* 4.7 4.2 4.9 4.1 5.8 5.4 3 4.9 5.4 3.2 4 4.9 6.1 4.4 3.8 

Deglaciated n. Europe                    
deglaciated northern Europe 
(2x+4x) 33 3.1 3.6 4.3 3.1     5.3    4.3 3.2 4.4 5.4* 3.5 6.1* 

deglaciated northern Europe 
(2x only) 14 10.3 9.4 11.5** 9.9 9.4 9.7 7.5 12.8** 6.4 9.4 6.2 9.8 13.3** 5.8 6.7 8.8 9.7 8.4 

deglaciated northern Europe 
(4x only) 19 5.5 7.4 5.9 5.8     6.5    13.4* 6.6 4.6 19.1** 4.7 9.2 

deglaciated northern Europe 
without Icelandic + c. 
Norwegian pops. (2x+4x) 

27 3.3 5.2 4.8 3.9 3.3 3.1 4.0 4.3 4.3 2.6 4.6 4.6 6.1 3.0 4.3 4.2 6.5* 3.9 

deglaciated northern Europe 
without Icelandic + c. 
Norwegian pops. (4x only) 

13 8.1 5.7 11.4 8.2 7.2 10.0 5.7 9.9 8.9 5.2 11.3* 12.2 5.5 8.0 6.9 8.2 6.3 7.7 

Central Europe                    
  central Europe (2x+4x) 23 5.7 3.5 5.2 9.6** 8.3* 3.4 5.4 7.3* 6.2 4.3 6.4 4.5 8.5* 6.2 3.8 5 3.2 8.4* 
  central Europe (4x only) 11 7.2 9.7 11.2 13.6* 14.8** 11.9 8.4 18.1** 8.2 8.1 9.4 10.8 9.8 10.2 7.7 9.0 13.8* 10.9 
  central Europe (2x only) 12 13.5 12.6 16.1* 17.5* 19.6** 12.9 7.4 14.5 14 11.7 17.5* 11.8 14.9 14.1 6.1 14.3* 11.1 16.1 
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* 0.05-0.01, ** <0.01-0.002, p-values estimated under 500 permutations, significant values are in bold; grey fields = first three environmental 
variables with the highest explanatory power within particular dataset 
Available concentrations of Ca, Mg were determined with an atomic absorption spectrometer after ammonium acetate extraction, total N and C 
content were determined by a combustion method; soil samples for Icelandic populations of G. normanii were not available (for details see Kolář 
et al. 2013); CEC = cation exchange capacity 
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Fig. S1 Summary of STRUCTURE analyses of AFLP multilocus phenotypes of 403 individuals 
of Galium pusillum agg. Values of ln probability of the data for each number of groups (K) is 
plotted against the K-values in the first column for the separate analyses of tetraploid (A), and 
diploid (B) accessions, as well as for the analysis of the complete dataset (C). Similarity 
coefficients among runs and delta K values are presented in the second and third column, 
respectively. 
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Fig. S2 Cluster membership of 403 individuals of Galium pusillum agg. from central and 
northern Europe inferred from AFLP phenotypes using Bayesian (STRUCTURE, a-f) and non-
hierarchical K-means clustering (g-h). The optimal partitions at K = 2 are plotted for separate 
analyses of diploid (a) and tetraploid accessions (b); all stable partitions (i.e., those that 
converged to similar results among all ten replicates, similarity coefficient >0.95) are plotted 
for the analysis of the complete dataset (c, d, e, f) and the two optimal partitions found in K-
means clustering are plotted in g-h. Solid vertical bars denote eight major cyto-geographical 
groups (+ separate population from northern France), dashed bars mark three additional 
diploid subgroups as they are referred to in the text (see Methods and Fig. 1 for their 
delimitation). 
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Fig. S3 Distribution of major AFLP groups of Galium pusillum agg. in central and northern 
Europe as identified by non-hierarchical K-means clustering (K = 8). Circles with and without 
asterisks denote tetraploid and diploid populations, respectively. Hatched area shows 
maximum extent of continental ice sheet in the last glacial maximum. The inset displays 
contingency table comparing the clustering results obtained by nonhierarchical K-means and 
STRUCTURE analyses (numbers of individuals are presented in each field). 
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Fig. S4 Connectivity among five discrete geographic groups of diploid Galium pusillum agg. 
based on AFLP fingerprints (A) Proportion of assignments of individuals of Galium pusillum 
agg. to geographic groups using AFLPOP (assignment of a plant to its group of origin was not 
allowed). The thickness of an arrow is proportional to the percentage of individuals assigned 
to particular group to which the arrows point (range 3 – 96); its direction denotes 
directionality of the particular assignment test. The thickness of the circle denotes proportion 
of unassigned individuals. (B) Population Graphs network illustrating the genetic covariance 
structure among regions, connections between regions with a bootstrap support > 75 % are 
shown. Hatched area denotes maximum extent of continental ice sheet in the last glacial 
maximum. VA = G. valdepilosum group, AA = G. anisophyllon + G. austriacum group, CR = 
G. cracoviense group. 
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Fig. S5 Phylogenetic tree of plastid DNA of Galium pusillum agg. populations from central 
and northern Europe based on two plastid regions (trnC-psbM and trnL-ndhJ). Bayesian 
posterior probabilities are before slash, bootstrap supports of maximum parsimony analysis 
are after slash. The letters indicate eight major suprahaplotypes, sample codes correspond to 
the population codes as in Table 1. 
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Fig. S6 Neighbor joining network of the nuclear low copy AroB region constructed from 37 
directly sequenced and 30 cloned accessions of Galium pusillum agg. and Galium saxatile (83 
sequences in total). The three major groups (putative paralogues) are coded by letters N, S1, 
and S2, black dots denote outgroup species Galium saxatile; sample codes correspond to the 
population codes as in Table 1. Note the considerably lower divergence within each paralogue 
that do not show any geographical or taxonomic structure (with the only exception being the 
position of the outgroup species G. saxatile within the S1 putative paralogue). 
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Case study V. 

 
Spatio-ecological segregation of di- and tetraploid cytotypes of Galium 

valdepilosum (Rubiaceae) in Central Europe 
 

Filip Kolář, Magdalena Lučanová, Petr Koutecký, Markéta Dortová, Adam Knotek & 
Jan Suda 

 
 

 
 

Deeply incised river valleys of the Hercynian massif provided suitable Holocene refugia for heliophilous 
low-competitive species, including Galium valdepilosum. 

 
 

This flow cytometric and ecological survey addressed the main drivers behind the distinct 
cytogeographic pattern of 2x and 4x plants of Galium valdepilosum, a low-competitive species, which 
occurs in numerous ecologically and edaphically variable Holocene refugia in central Europe. We 
revealed a parapatric distribution of the cytotypes and the absence of triploids and/or mixed 2x-4x 
populations. This observation, together with the high fidelity of the species to isolated relict habitats, 
suggest a non-dynamic character of the contact zone. Tetraploids occupied wider range of habitats 
than largely silicicolous diploids, spanning from open low-competitive oak-pine forests on acidic soils 
to more competitive calcareous grasslands. Serpentines, in contrast, did not play an important role in 
ecological sorting of the cytotypes. Hydroponic cultivation experiments showed that G. valdepilosum is 
likely constitutively tolerant to serpentine chemical stress, and both cytotypes therefore can easily 
colonize serpentine sites. 
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Spatio-ecological segregation of diploid and tetraploid cytotypes of
Galium valdepilosum in central Europe

Ekogeografická diferenciace cytotypů Galium valdepilosum ve střední Evropě

Filip K o l á ř1,2, Magdalena L u č a n o v á2,1, Petr K o u t e c k ý3, Markéta D o r t o v á3,
Adam K n o t e k1 & Jan S u d a1,2

1Department of Botany, Faculty of Science, Charles University in Prague, Benátská 2,
CZ-128 01 Prague, Czech Republic, e-mail: filip.kolar@gmail.com; 2Institute of Botany,
Academy of Sciences of the Czech Republic, Zámek 1, CZ-252 43 Průhonice, Czech
Republic; 3Department of Botany, Faculty of Science, University of South Bohemia,
Branišovská 31, CZ-370 05 České Budějovice, Czech Republic

Kolář F., Lučanová M., Koutecký P., Dortová M., Knotek A. & Suda J. (2014): Spatio-ecological
segregation of diploid and tetraploid cytotypes of Galium valdepilosum in central Europe. – Preslia
86: 155–178.

The Galium pusillum agg. (Rubiaceae), with four species native to the Czech Republic, is a taxo-
nomically challenging complex. Of these, G. valdepilosum is particularly interesting because this
relict species shows both ploidy (the incidence of diploid and tetraploid cytotypes) and habitat dif-
ferentiation (occurrence on different soil types, including serpentines). With the aid of DNA flow
cytometry, analysis of vegetation samples and a hydroponic cultivation experiment we addressed
the cytogeographic pattern, ecological preferences of different cytotypes both across the entire
range of distribution and in the contact zone and the plant’s response to serpentine edaphic stress.
Ploidy distribution in G. valdepilosum is parapatric, with a narrow contact zone in southern
Moravia. Neither triploids nor mixed 2x-4x populations were found, which together with the restric-
tion of the species to isolated relict habitats, suggest the static character of the contact zone. In gen-
eral, tetraploids occupied a wider range of habitats and colonized larger geographic areas. Diploids
typically occurred in open low-competitive oak-pine forests on acidic soils while their tetraploid
counterparts were also able to survive in open basiphilous grasslands with a comparatively higher
competitive pressure. Serpentines did not play an important role in ecological sorting of the
cytotypes. Cultivation experiments showed that G. valdepilosum is likely to be constitutively toler-
ant to serpentine chemical stress. Relative genome size and ecological data indicate that the serpen-
tine populations from western Bohemia, traditionally referred to as G. sudeticum, differ from the
type subalpine populations from the Krkonoše Mts and suggest their merger with G. valdepilosum.

K e y w o r d s: central Europe, contact zone, cytogeography, ecological sorting, flow cytometry,
Galium sudeticum, Galium valdepilosum, ploidy distribution, polyploidy, serpentine

Introduction

Polyploidy, the possession of three or more complete chromosome sets per nucleus, is
a prominent and recurring transition in the evolution of eukaryotic organisms, including
land plants (Otto & Whitton 2000). Although polyploidization is often associated with
species diversification due to the barriers to gene flow that results from chromosome mul-
tiplication, ploidy variation is commonly observed also within taxonomic species (Hus-
band et al. 2013). Many studies of heteroploid species note that different cytotypes have
distinct distributions (Suda et al. 2007, Šafářová et al. 2011, Dančák et al. 2012,
Krejčíková et al. 2013a). The pattern of ploidy distribution is shaped by the interplay
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between adaptive and non-adaptive ecological processes (Husband et al. 2013). The adap-
tive scenario assumes that polyploidy contributes to the acquisition of new genetic, mor-
phological, physiological and/or ecological characteristics (reviewed in Levin 2002) that
may modify competitive ability, fitness or ecological tolerance of polyploids compared to
their diploid progenitors and ultimately lead to new responses to environmental condi-
tions. As a consequence, different cytotypes can sort along abiotic and/or biotic environ-
mental gradients, both contemporary and past (Husband et al. 2013). Although ecological
sorting is widely acknowledged as the key mechanism driving geographic segregation of
different cytotypes, several non-adaptive (i.e. environmentally independent) processes
can also play a role in shaping ploidy distribution. Among others, spatial segregation of
cytotypes can be governed through frequency-dependent mating success, in polyploid
systems traditionally referred to as the “minority cytotype disadvantage” (Levin 1975).
Present-day ploidy distribution can also reflect the dynamics of genome duplication (e.g.
the frequency of unreduced gamete formation) or different dispersal abilities of the
cytotypes; for example, widespread cytotypes may have been superior colonizers of habi-
tats that appeared after the retreat of ice shields or due to human activities such as defores-
tation and agricultural practices (Stebbins 1985, Sonnleitner et al. 2010). However, adap-
tive and non-adaptive scenarios could not be distinguished on the basis of distributional
patterns but the cytotypes should be subjected to a detailed evaluation of their ecological
preferences and important biological traits (e.g. vegetation analyses, crossing and trans-
plant experiments, cultivation under manipulated environmental characteristics).

Spatial relationships between cytotypes within species can be categorized as sympatric,
parapatric or allopatric, depending on whether they are geographically intermixed, adja-
cent or disjunct, respectively. When polyploids first arise, they by necessity occur in
sympatry with their diploid/lower-polyploid progenitors. Subsequent cytotype expansion
or retreat will result in parapatric or allopatric distributions. Contact zones can be quite
narrow, eventually comprising only a few populations, as reported in Chamerion
angustifolium (Husband & Schemske 1998) or Ranunculus adoneus (Baack 2004).
Cytotype mixtures extending over large areas seem to be less frequent and occur for exam-
ple in Galax urceolata (Burton & Husband 1999), Solidago altissima (Halverson et al.
2008) and Allium oleraceum (Duchoslav et al. 2010). However, the immediate contact of
different cytotypes (i.e. the incidence of mixed-ploidy populations) is often limited even in
species with geographically extensive and diffuse contact zones, illustrative examples
being Knautia arvensis (Kolář et al. 2009), Vicia cracca (Trávníček et al. 2010), Aster
amellus (Castro et al. 2012) or Odontites vernus (Koutecký et al. 2012). While most con-
tact zones are formed by two ploidy levels, the last years have seen much more complex
population structures, with up to five different co-existing cytotypes (Sonnleitner et al.
2010, Trávníček et al. 2011b, 2012). Investigations into the adaptive significance of ploidy
shift first require assessment of potential relationship between intraspecific ploidy varia-
tion and environmental factors of occupied sites. Detected associations of ploidy levels
with both abiotic (Duchoslav et al. 2010, Sonnleitner et al. 2010, Manzaneda et al. 2012)
and biotic (Krejčíková et al. 2013b) parameters provide important clues for explaining the
observed cytogeographic patterns.

Published studies addressing cytogeographic patterns and underlying mechanisms in
heteroploid species in central Europe usually deal with species of semi-ruderal habitats
(Allium oleraceum: Duchoslav et al. 2010, Šafářová & Duchoslav 2010, Šafářová et al.
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2011; Knautia arvensis: Kolář et al. 2009; Pilosella officinarum: Mráz et al. 2008;
Spergularia echinosperma: Kúr et al. 2012; Vicia cracca: Trávníček et al. 2010) or non-
relict natural sites (Aster amellus: Mandáková & Münzbergová 2006, Castro et al. 2012;
Molinia caerulea agg.: Dančák et al. 2012), whereas species restricted to isolated relict
sites, i.e. low-competition habitats with species assemblages usually persisting from the
early Holocene, have been largely neglected (but see Suda & Lysák 2001, Suda et al.
2004). Due to their supposed closer association with local environmental conditions, insu-
lar-like distribution and long periods of isolation of individual populations, relict species
with multiple cytotypes provide novel insights into the structure and dynamics of contact
zones between different cytotypes.

A suitable candidate for such an investigation is Galium valdepilosum H. Braun
(Rubiaceae), a diploid-tetraploid member of the G. pusillum aggregate (Ehrendorfer
1960, Ehrendorfer et al. 1976). This group, which in central European literature is some-
times treated in a narrower sense as G. pumilum aggregate, encompasses four native spe-
cies in the Czech Republic (Krahulcová & Štěpánková 1998, Štěpánková 2000, Danihelka
et al. 2012): (i) widespread octoploid (2n = 8x = 88) G. pumilum Murray, (ii) tetraploid (2n
= 4x = 44) G. austriacum Jacq. restricted to limestone outcrops in Pavlovské vrchy in
southern Moravia, (iii) endemic tetraploid G. sudeticum Tausch, which has a very unusual
distribution pattern, being reported from basiphilous subalpine areas (glacial cirques) in
the Krkonoše Mts (historically also from the Hrubý Jeseník Mts) and from comparatively
low-lying serpentine outcrops in the Slavkovský les Mts (western Bohemia), and (iv)
ploidy-variable G. valdepilosum, which includes diploid (2n = 2x = 22) and tetraploid (2n
= 4x = 44) populations inhabiting different relict sites (dry grasslands, open forests) on
both serpentine and non-serpentine soils. A previous study of the aggregate using conven-
tional chromosome counts (Krahulcová & Štěpánková 1998) provided a rough picture of
ploidy distribution in the Czech Republic and its close surroundings and concluded that
ploidy variation is not associated with serpentine vs non-serpentine sites. The origin of the
tetraploid cytotype (auto- vs allopolyploid) is unclear. Although overall morphological
similarities (but with certain quantitative differentiating traits; Štěpánková 2000) and close
monoploid genome sizes of both cytotypes (Kolář et al. 2013) would favour autopoly-
ploidy, reticulate patterns of morphological characters, high plasticity and great taxo-
nomic complexity of the whole G. pusillum group indicate the need for a multi-species
molecular investigation.

The present study builds on our previous research on the G. pusillum agg. in deglaciated
areas of northern Europe (Kolář et al. 2013) and the karyological investigations in eastern
central Europe of Krahulcová & Štěpánková (1998). Using DNA flow cytometry, analysis
of habitat preferences and a hydroponic cultivation experiment we addressed the following
questions: (i) What are the ranges of diploid and tetraploid G. valdepilosum and where is the
contact zone between these cytotypes located? (ii) Do both cytotypes co-occur in ploidy-
mixed populations? (iii) Do diploid and tetraploid cytotypes differ in their habitat prefer-
ences both across the entire range of distribution and in the zone of ploidy contact? (iv)
Are there any ploidy-specific differences in growth response of G. valdepilosum to serpen-
tine chemical stress? (v) What is the variation in nuclear DNA content within the tetraploid
G. valdepilosum? Do taxonomically uncertain serpentine populations in western Bohe-
mia, traditionally referred to as G. sudeticum, share genome size values with plants of
G. sudeticum from subalpine type populations or with G. valdepilosum?
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Materials and methods

Field sampling

Plant material was collected from 2009 to 2013 in Austria (12 sites), the Czech Republic
(70 sites), Germany (13 sites) and Poland (nine sites). We covered the entire range of
G. valdepilosum except for populations in central Denmark that are referred to as an
endemic subsp. slesvicense (Sterner ex Hylander) Ehrendorfer. In addition to the nominate
subspecies of G. valdepilosum (94 populations), we also included for comparative pur-
poses four serpentine populations from western Bohemia [traditionally determined as
G. sudeticum, but showing some morphological differences from typical subalpine popu-
lations (Štěpánková 2000), which are ecologically close to G. valdepilosum], five high-
altitude populations of G. sudeticum from the Krkonoše Mts and one taxonomically
uncertain population from limestone outcrops in the Králický Sněžník Mts (further
referred to as G. pusillum agg.; see Appendix 1 for details of individual localities). When-
ever possible with respect to population size, shoots from at least 10 plants per population
were collected and stored in plastic bags in cold conditions until used in the FCM analysis.
To avoid collecting the same genet, the distance between the individuals sampled was at
least 0.5 m. Herbarium vouchers are deposited in the Herbarium of Charles University in
Prague (PRC).

Floristic composition and selected environmental conditions recorded at 52 localities
were characterized using vegetation samples (phytosociological relevés), including those
of 46 localities of G. valdepilosum (covering the entire range of distribution: 7 and 15 dip-
loid-inhabited sites in Lower Austria and Moravia, respectively, and 10, 1, 2, 6, and 5
tetraploid-inhabited sites in Bavaria, Lower Austria, Bohemia, Moravia and Poland,
respectively), two serpentine localities of putative G. sudeticum, three subalpine localities
of G. sudeticum and one locality of a taxonomically uncertain member of the G. pusillum
agg. One vegetation sample per locality was usually recorded, exceptions being three eco-
logically diverse sites where two samples from distinct vegetation units were recorded;
each sample covered an area of 3 × 3 m in areas with an abundance of Galium plants (Elec-
tronic Appendix 3). In each plot, relative cover of all vascular plant species was quantified
using a modified nine-point Braun-Blanquet scale (Braun-Blanquet 1964) and the follow-
ing environmental parameters were recorded: total vegetation cover, cover of each vegeta-
tion layer, slope inclination and orientation, and proportion of bare rock. At 49 localities
(Electronic Appendix 5), mixed rhizosphere soil samples were collected at five microsites
within the area of the vegetation sample; pH and concentrations of selected elements
(C, N, K, Ca, and Mg) were determined in the Analytical Laboratory of the Institute of
Botany, Průhonice, CZ (see Kolář et al. 2013 for methodology details).

Flow cytometry

Relative fluorescence intensities of isolated nuclei were estimated using DNA flow
cytometry (FCM) following the simplified two-step protocol with DAPI staining and
Bellis perennis as internal reference standard as detailed in Kolář et al. (2013). In six
selected populations (Appendix 1), one individual per population was subjected to more
stringent analysis of relative DNA content (following Kolář et al. 2013). For comparative
purposes DNA content values of another 17 individuals (from 17 populations) were taken
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from Kolář et al. (2013). Galium accessions with distinct fluorescence intensities were
analysed simultaneously in order to confirm between-plant differences observed in runs
with an internal standard. Chromosome-counted individuals (Kolář et al. 2013) were used
as a reference for the interpretation of FCM histograms.

Hydroponic cultivation

Eight populations were subjected to a hydroponic cultivation experiment aimed at assess-
ing the effects of the major chemical factors associated with serpentine conditions (i.e. low
Ca/Mg ratio and high Ni concentrations; Brady et al. 2005, Kazakou et al. 2008) on seed-
ling performance. Due to the acidic pH of G. valdepilosum-inhabited serpentine stands
(mean pH of 5.5) their responses were compared with those of four acidophilous non-ser-
pentine populations. Two diploid and two tetraploid populations were represented in each
group (Fig. 1; see Appendix 1 for details). Mature achenes collected along transects at the
original sites were germinated on moist filter paper over a period of three weeks. Vital,
undamaged seedlings were then carefully fixed to a floating plastic disc (14 cm in diame-
ter) so that there was an equal distance between each of the experimental plants. There
were eight plants (one per population) on each disc, which was placed in a 1-L light-
impermeable container filled with a standard nutrient solution as described in Huss-Danell
(1978), with a slight modification: Co(NO3)2 was used instead of CoSO4 as a cobalt
source. The seedlings were grown in this nutrient solution for 11 days prior to the start of
the experiment. They were then placed into experimental solutions with manipulated con-
centrations of Mg2+ and Ni2+ for the next 22 days (MgSO4 and NiSO4 were used as sources
of Mg and Ni, respectively; the pH was approx. 7 during the whole experiment). The solu-
tions were replaced every three days with freshly prepared solution and the plants culti-
vated in a controlled-environment growth cabinet at the Faculty of Science, University of
South Bohemia, Czech Republic (for details see Kolář et al. 2014).

To test the individual and combined effects of Ni and Mg on G. valdepilosum popula-
tions differing in soil type (factor ‘substrate at origin’) and ploidy level (factor ‘ploidy’),
we used a mixed-effect full-factorial experimental design. Four experimental treatments
were applied: the control (standard nutrient solution), high Ni2+, high Mg2+, and high Ni2+

and Mg2+. Based on a preliminary cultivation experiment, the concentrations of Ni2+ were
set to 0 μM (control) and 30 μM, while the concentrations of Mg2+ were set to 0.55 mM
(control) and 5.5 mM (i.e. Ca/Mg ratio of 2 and 0.2, respectively). Each experimental unit
(= plastic container filled with one of the four experimental solutions) consisted of eight
seedlings, one seedling per population. There were eight replicates of each treatment,
resulting in 32 experimental units and 256 seedlings. Total root length was used as a proxy
of the plant’s response to different experimental treatments; the values were obtained from
measurements recorded at the beginning and the end of the experiment (following the
method described in Kolář et al. 2014).

Statistical analyses

Differences in relative DNA contents were tested in R version 2.15.2 using one-way
ANOVA with post-hoc comparisons (Tukey HSD test).

Habitat preferences were based on the species composition of vegetation samples and
recorded biotic and abiotic characteristics of the sites. Ellenberg indicator values (EIV),
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Fig. 1. – Geographic location of populations of Galium valdepilosum across the entire study area (A) and in the
contact zone in southwestern Moravia (B). Red and blue denote diploids and tetraploids, respectively. Black, light
blue and green borders indicate acid, basic and serpentine soils, respectively. The arrow indicates the location of
taxonomically reclassified serpentine populations from western Bohemia traditionally referred to as G. sudeticum.
Populations marked by a black dot were cultivated hydroponically.
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which provide estimates of environmental characteristics inferred from species composi-
tion data (Ellenberg 1992), were calculated in JUICE 7.0 (Tichý 2002) based on pres-
ence/absence data of herbaceous species of plants. Separate analyses were done for (i) all
available vegetation samples of G. valdepilosum covering the entire distribution range of
the species, and (ii) a subset of vegetation samples from the contact zone between di- and
tetraploid cytotypes (i.e. within a radius of 50 km around the town of Brno where immedi-
ate contact of both ploidies was recorded). Both unconstrained (using the detrended corre-
spondence analysis, DCA) and constrained (using the canonical correspondence analysis,
CCA, with forward selection of environmental variables) ordinations in Canoco for Win-
dows, ver. 4.5 (Lepš & Šmilauer 2003) were used to describe the overall vegetation pat-
terns of the G. valdepilosum sites studied. Differences in vegetation composition among
vegetation samples recorded at sites of diploid vs tetraploid G. valdepilosum were tested in
a separate CCA with ‘ploidy level’ as the only predictor variable. In order to reveal associ-
ations of di- vs tetraploid G. valdepilosum plants with other plant species, ten co-occurring
species with the strongest marginal effects were analysed using the Monte Carlo permuta-
tion test (999 permutations, with Bonferroni correction for multiple tests) during the for-
ward-selection linear discriminant analysis in which species abundances (log-trans-
formed) were treated as predictor variables and Galium ploidy level as a response (see
Lepš & Šmilauer 2003 for details). The biotic characteristics inferred from species com-
position data (i.e. EIV, species diversity, layer cover) were omitted as predictors in con-
strained analyses.

Differences in root growth (log-transformed) of G. valdepilosum seedlings in response
to high concentrations of Mg2+ and Ni2+ were tested using a hierarchical ANOVA. The
effects of substrate at origin, ploidy, Mg and Ni treatments, and all their interactions were
tested using a linear model where the experimental container (nested in Mg and Ni treat-
ment interaction) and population of origin (nested in substrate at origin and ploidy interac-
tion) were treated as random and fixed factors, respectively. For comparative purposes, we
also performed an analysis aimed at identification of the overall differences in serpentine
tolerance among G. valdepilosum populations differing in ploidy / soil conditions. A simi-
lar ANOVA model was used for this purpose, but with the population of origin (again
nested in substrate at origin and ploidy interaction) treated as a factor with random effect.
The ANOVA analyses were calculated in Statistica 8 (StatSoft 2007). Note that Statistica
uses Satterthwaite’s method of denominator synthesis, which finds linear combinations of
sources of random variation that serve as appropriate error terms for testing the signifi-
cance of the respective effect of interest; for this reason the synthesized error mean squares
and synthesized error degrees of freedom are also presented.

Results

Cytogeography and variation in relative nuclear DNA content

The FCM analysis of 874 plant samples revealed two different DNA ploidy levels: diploid
(338 individuals from 46 localities) and tetraploid (536 individuals from 58 localities). All
diploids corresponded to G. valdepilosum and were restricted to southern Moravia and
Lower Austria. The zone of contact between the plants of the two ploidy levels is located near
the town of Brno, where tetraploids in the north-east give way to diploids in the south-west
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(Fig. 1). Only the tetraploid cytotype of G. valdepilosum was recorded in Bohemia, Ger-
many and Poland. One tetraploid population occurred in northern Austria in an area other-
wise dominated by diploids. Subalpine populations of G. sudeticum in the Krkonoše Mts
were uniformly tetraploid as also were serpentine populations in western Bohemia and
a taxonomically-uncertain population on the Polish side of the Králický Sněžník Mts.

While fluorescence intensities of all diploid samples were uniform, there was signifi-
cant variation in the relative amounts of nuclear DNA (F3,25 = 23.15, P < 0.001) at the
tetraploid level. Two groups were identified. The first group encompassed all populations
determined as G. valdepilosum, four serpentine populations in western Bohemia tradition-
ally referred to as G. sudeticum and one calcicolous mountain population in the Králický
Sněžník Mts (Fig. 2). The second group with higher fluorescence intensities (mean differ-
ence 4.3%) consisted of subalpine populations of G. sudeticum in the Krkonoše Mts.
Simultaneous FCM analysis (Fig. 3) confirmed the differences in the relative DNA con-
tents of individuals of the putative G. sudeticum that originated from the two disjunct geo-
graphic areas (western Bohemia and the Krkonoše Mts).

Fig. 2. – Variation in relative nuclear DNA content of Galium valdepilosum (23 individuals from 23 populations
across the entire range of distribution), G. sudeticum from the Krkonoše Mts (four populations), plants inhabiting
serpentine sites in western Bohemia traditionally referred to as G. sudeticum (four populations) and one taxonom-
ically uncertain G. pusillum agg. population from the Králický Sněžník Mts. Fluorescence intensity of Bellis
perennis was set to a unit value. Each plant was measured three times on different days. Letters indicate signifi-
cantly different groups at � = 0.05. The values represented by lines, boxes and whiskers are median, quartiles and
range (min-max), respectively.
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Ecological preferences of different cytotypes

Subalpine populations of G. sudeticum in the Krkonoše Mts and the taxonomically uncer-
tain population in the Králický Sněžník Mts are ecologically very distinct from all other
populations of G. valdepilosum analysed as well as from populations inhabiting serpentine
sites in western Bohemia traditionally referred to as G. sudeticum (Electronic Appendix 1)
and therefore omitted from the following statistical analyses. In contrast, the western
Bohemian populations do not ecologically differ from those of G. valdepilosum and both
groups were therefore merged and included in subsequent analyses.

Floristic composition of sites inhabited by G. valdepilosum is primarily shaped by soil
pH, concentration of Ca, organic C content and serpentine-specific Ca/Mg ratio (Monte
Carlo test, P = 0.001). At these sites five other environmental parameters (concentration of
Mg, cover of rocks, tree/shrub and moss layers, and altitude) were marginally significant
(i.e. P < 0.05 yet not passing the significance level defined by Bonferroni correction).

Sites of di- and tetraploid cytotypes significantly differed in floristic composition both
across the entire range of their distribution and in the contact zone (Monte Carlo test, both
P = 0.001). Despite this differentiation, linear discriminant analysis revealed only a few

Fig. 3. – Flow cytometric histogram documenting 3.8% divergence in relative nuclear DNA content among simul-
taneously processed and DAPI-stained accessions of Galium sudeticum from the Krkonoše Mts (pop. G172) and
plants from serpentine outcrops in western Bohemia traditionally referred to as G. sudeticum (pop. G032).
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species that were significantly associated with a particular cytotype of G. valdepilosum.
Arrhenatherum elatius, Genista pilosa and Pimpinella saxifraga were associated with
diploids while juvenile Rubus idaeus and Galium album with tetraploids (in vegetation
samples from the entire range and contact zone, respectively).

Diploids of G. valdepilosum mostly occurred in open forests on nutrient-poor acidic or
serpentine soils and, in general, had a narrower ecological niche than their tetraploid coun-
terparts (Fig. 4). Tetraploids were ecologically more divergent and occupied two major
types of habitats across their entire distribution: (i) acidic or serpentine sites and (ii) base-
rich non-forested sites such as relatively species-rich rocky/continental grassland (see also
Table 1). Although both di- and tetraploids grow on serpentine soils the environmental
conditions where tetraploids grow differ. Ecological segregation of both cytotypes was
more pronounced in the zone where they come into contact (Fig. 4). While diploids usu-
ally occurred in acidophilous open forests (including serpentine sites), tetraploids pre-
ferred lime-rich stands with a dense herbaceous cover.

Response to serpentine chemical stress

At high concentrations of Mg the roots of seedlings of G. valdepilosum grew significantly
less, whereas the effect of high Ni was obvious only in its interaction with Mg (slightly
better growth at a high Mg + Ni concentration than at a high concentration of Mg; Table 2).
In general, Galium plants of serpentine vs non-serpentine origin and of different ploidy
levels responded to Mg and Ni stress in a similar way (Table 2). The root growth of the two
serpentine tetraploid populations was better than that of both their diploid and non-serpen-
tine counterparts, irrespective of the actual concentrations of Mg and/or Ni in the solution
(Fig. 5; see also Electronic Appendix 2 for response of individual populations). However,
the effects of ploidy level (F1,207 = 2.34, P = 0.20) and substrate at origin (F1,207 = 6.83, P =
0.06) were not significant in the ANOVA model with population treated as a random-
effect factor, which makes generalizing about this difference tenuous.

Discussion

This study increased our understanding of the karyological and ecological differentiation of
the G. pusillum agg. in central Europe, particularly that of G. valdepilosum, which is
a declining species restricted to various relict habitats, whose centre of distribution is in the
Czech Republic. In addition to providing a detailed picture of the distributions of individuals
with different ploidy levels at various spatial scales, the data also provides the first evidence
that the taxonomic relationships of some populations may need to be reassessed.

164 Preslia 86: 155–178, 2014

Fig. 4. – Habitat preferences of di- and tetraploid cytotypes of Galium valdepilosum. The patterns in floristic com-
position of 50 vegetation samples are visualized using detrended correspondence analysis (the first and second
ordination axes explain 5.4% and 3.8% of the total variation, respectively). (A) Diploid (red) and tetraploid (blue)
localities within the contact zone (filled symbols) and beyond (empty symbols). (B) Vegetation samples labelled
according to the major soil type (base-rich: blue, acidic: white, and serpentine: green) as determined by geologi-
cal bedrock, soil pH and Ca/Mg ratio (diploid: circle, tetraploid: square). The contour lines depict pH values mod-
elled by loess smoother from the measured values of individual vegetation samples. (C) Environmental variables
significantly (red lines) and marginally significantly (blue lines) influencing floristic composition of Galium
sites, and variables inferred from species composition data (black lines) passively projected on the plot. Serpen-
tine populations from western Bohemia traditionally referred to as G. sudeticum are marked by an arrow. �
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Fig. 5. – Differences recorded in the growth of the root system of diploid and tetraploid seedlings of
Galium valdepilosum originating from serpentine vs non-serpentine soil when grown in low and high concentra-
tions of Mg. Symbols and vertical bars denote unweighted means and standard errors of the mean, respectively.

Table 2. – The effects of different concentrations of Mg and Ni, ploidy level and soil from which the plants origi-
nated (serpentine vs non-serpentine) on the total root length of Galium valdepilosum plants in hydroponic cultiva-
tion. Statistically significant results are in bold: *P < 0.05, ***P < 0.001. Dependent variables were log trans-
formed prior to the analysis.

Factor/Interaction Effect Effect df Synthesized
error df

MS Synthesized
error MS

F

Experimental container random 28 207 0.191 0.108 1.77*
Population fixed 4 207 0.635 0.108 5.89***
Mg fixed 1 28 1.303 0.191 6.82*
Ni fixed 1 28 0.065 0.191 0.34
Ploidy fixed 1 207 1.489 0.108 13.80***
Substrate at origin fixed 1 207 4.339 0.108 40.22***
Mg × Ni fixed 1 28 1.199 0.191 6.27*
Ploidy × Mg fixed 1 207 0.003 0.108 0.03
Ploidy × Ni fixed 1 207 0.005 0.108 0.05
Substrate at origin × Mg fixed 1 207 0.044 0.108 0.40
Substrate at origin × Ni fixed 1 207 0.039 0.108 0.36
Ploidy × Substrate at origin fixed 1 207 2.054 0.108 19.04***
Ploidy × Mg × Ni fixed 1 207 0.111 0.108 1.03
Substrate at origin × Mg × Ni fixed 1 207 0.338 0.108 3.13
Ploidy × Substrate at origin × Mg fixed 1 207 0.025 0.108 0.23
Ploidy × Substrate at origin × Ni fixed 1 207 0.022 0.108 0.20
Ploidy × Substrate at origin × Mg × Ni fixed 1 207 0.014 0.108 0.13
Error 207 0.108
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Cytogeography of Galium valdepilosum and the underlying mechanisms

The overall cytogeographic pattern inferred from the FCM analysis of nearly 100 populations
spread across the entire distribution of G. valdepilosum corresponds well with the incidence of
different ploidy levels based on the conventional karyological counts of Krendl (1993) and
Krahulcová & Štěpánková (1998). This is slightly different from that in the review of
Ehrendorfer (1962), partly because he includes chromosomal data of M. Piotrowicz (pub-
lished in Skalińska et al. 1961), which includes diploid populations from Małopolska
upland in southern Poland. In contrast, our thorough investigation of the same geographic
area (including searches for all the populations reported by M. Piotrowicz) revealed either
only tetraploid individuals or failed to confirm the occurrence of the species. We can only
speculate about the reasons for this discrepancy, which include species misidentification,
incorrect chromosome counting (other chromosome counts from that area detected only
tetraploids; Kucowa & Mądalski 1964) or even extinction of diploid cytotypes in situ (the
species seems to be strongly declining particularly at localities with xerothermous grass-
land; see also Zarzycki & Kaźmierczakowa 2001 and Grulich 2012). The map in
Ehrendorfer (1962) also shows a few diploid populations in central Bohemia. However,
these records cannot be verified and should be treated with caution because neither exact
localities nor references are provided in the original work.

Ploidy distribution in G. valdepilosum can best be described as parapatric, i.e. with
closely adjacent but not overlapping ranges. Despite intensive sampling in the contact
zone (the majority of Galium tufts was checked for ploidy in large populations while all
individuals were examined in small populations), we did not find any mixed 2x-4x popula-
tions or a minority cytotype such as a triploid. This suggests very low rates of neopoly-
ploid formation and/or establishment, leaving very little room for inter-ploidy interac-
tions. Consequently, the contact zone seems to be a non-dynamic system, which contrasts
with many other recently investigated intraspecific heteroploid systems in central Europe
that frequently comprised cytotype-mixed populations and odd ploidies (e.g. Allium
oleraceum: Duchoslav et al. 2010; Gymnadenia conopsea: Trávníček et al. 2011b; and
Hieracium echioides: Trávníček et al. 2011a). The static character of the contact zone is
further underlined by the overall species’ preferences for open relict stands, in which pop-
ulations of such heliophilous and competitively weak plants are spatially isolated, possi-
bly for many generations (in extreme cases since the spread of closed forests in the middle
Holocene; Ložek 1973, Lang 1994). Geographic segregation of different cytotypes is
widely considered to be the most important prezygotic reproductive barrier, with many
examples described in the literature (see Husband & Sabara 2004, Kron et al. 2007,
Šafářová & Duchoslav 2010, Husband et al. 2013).

The analysis of environmental conditions recorded at the localities showed that, despite
being restricted to relict habitats, G. valdepilosum can grow in a wide range of different soils
(including acidic, basic and serpentine soils; Electronic Appendix 5) and different types of
vegetation (floristic composition of which is also largely determined by soil parameters).
Although we found no evidence for strong inter-ploidy niche divergence (either across the
entire range of the species’ distribution or in the contact zone), some ecological trends can be
discerned. In particular, while diploids typically occurred in open low-competitive oak-pine
forests on acidic soils, their tetraploid counterparts were also able to survive in open
basiphilous grasslands with comparatively high competitive pressure. In general, tetraploids
occupied a wider range of habitats and also colonized larger geographic areas.
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Serpentines do not play an important role in inter-ploidy niche segregation and serpen-
tine/non-serpentine differentiation merely reflects colonization history (i.e. diploids occur
on serpentines in 2x-dominated areas and vice versa). Serpentine and non-serpentine G. valde-
pilosum populations also do not differ morphologically (Štěpánková 1997). In addition, the
results of our cultivation experiment (populations responded in a similar way irrespective of
the type of soil they normally grow in) indicate that response to serpentine chemical stress
seems to be a constitutive trait common for both serpentine and non-serpentine diploid and
tetraploid populations of G. valdepilosum. Such constitutive tolerance to serpentine stress
implies that the species appears to be somehow “preadapted” to the principal chemical chal-
lenges of serpentine substrates such as low Ca/Mg ratio and high Ni content. Our hypothesis
of serpentine “preadaption” of G. valdepilosum is supported by the high number of spatially
isolated serpentine localities (almost all large areas of serpentine on the Hercynian massif)
inhabited by the species, which most likely were independently colonized from nearby non-
serpentine areas. The absence of local adaptation to high heavy metal toxicity is documented
for several plant complexes, including Silene dioica (Westerbergh 1994), Thlaspi goesingense
(Reeves & Baker 1984) and Th. montanum (Boyd & Martens 1998). Moreover, even plants
that do not grow on serpentines can tolerate extremely low Ca/Mg ratios, such as Phacelia
dubia var. georgiana, which is restricted to dry and nutrient poor granite outcrops (Taylor &
Levy 2002), i.e. similar areas to those inhabited by G. valdepilosum. In summary, serpentine
sites seem to have served as an easily colonized refugium for G. valdepilosum, but had no
influence on the ecological sorting of its cytotypes. This is in marked contrast with another
thoroughly investigated central European di-tetraploid complex, Knautia arvensis, which
includes a distinct serpentine-tolerant genetic lineage comprising diploid and local
autotetraploid populations (Kolář et al. 2012, 2014).

Taxonomic implications

The taxonomy of the G. pusillum species complex in Europe is challenging due to the high
number of phenotypically similar taxa and small differences in the diagnostic characters,
mainly in their fruit (Ehrendorfer et al. 1976). Misidentifications are common and litera-
ture records not accompanied by herbarium vouchers are likely to be unreliable
(Štěpánková 2000).

Galium sudeticum described from the Krkonoše Mts (Tausch 1835) is traditionally
reported from two other geographic areas in the Czech Republic (Ehrendorfer et al. 1976,
Štěpánková 2000): (i) the glacial cirque Velká Kotlina in the Hrubý Jeseník Mts (not
recently rediscovered despite repeated intensive searches, including our own), and (ii) ser-
pentine outcrops in the Slavkovský les in western Bohemia (first referred to as
G. sudeticum by Ehrendorfer 1956). Its peculiar distribution (high-altitude habitats in the
Sudeten Mts vs comparatively lower-lying, more than 200 km distant serpentine sites) has
been long noted and considered comparable to some other arcto-alpine species that occur
in isolated serpentine areas (Krahulcová & Štěpánková 1998). Nevertheless, certain mor-
phological differences between subalpine and serpentine populations of the putative
G. sudeticum (Štěpánková 2000) require further detailed study.

This paper contributed to clarifying the taxonomic status of isolated western Bohemian
populations traditionally referred to as G. sudeticum. Currently the available evidence sup-
ports the merger of these serpentine populations with G. valdepilosum. First, serpentine
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plants in western Bohemia share the same nuclear DNA C-values with all the other sam-
ples determined as G. valdepilosum analysed but differ significantly from those of individ-
uals of G. sudeticum in the Krkonoše Mts. Genome size is usually stable at low taxonomic
levels and intraspecific variation often indicates taxonomic heterogeneity (Kron et al.
2007, Loureiro et al. 2010). Consequently, genome size has repeatedly proved to be a use-
ful marker for circumscribing species/subspecies and resolving complex low-level taxon-
omies (Ekrt et al. 2010, Suda et al. 2010). Another clue comes from the study of their eco-
logical preferences. Environmental conditions at serpentine localities in western Bohemia
are virtually identical to those at neighbouring Bavarian serpentines, which host plants
invariably identified as G. valdepilosum (Noack 1983). In addition, recent morphological
investigations (F. Ehrendorfer, pers. comm.) also support the placing of western Bohemian
serpentine populations in G. valdepilosum. Available data thus suggest that the name
G. sudeticum should be applied only to subalpine populations currently restricted to the
Krkonoše Mts and formerly also occurring in the Hrubý Jeseník Mts. Phenotypic and
genome size (Kolář et al. 2013) analyses further indicate that the subalpine populations of
G. sudeticum are closely related to the highly polymorphic G. anisophyllon Villars, which
inhabits various neutral to basiphilous subalpine areas in the Alps and Carpathians
(Ehrendorfer 1958, Ehrendorfer et al. 1976). The precise taxonomic assignment of ser-
pentine Galium populations traditionally referred to as G. sudeticum should therefore wait
for a detailed assessment of their morphological variation and genetic relationships to
other high-altitude taxa.

Finally, we found one distinct but taxonomically uncertain population on a limestone
outcrop in the Králický Sněžník Mts in Poland. Although these tetraploid plants are geo-
graphically close to the historical G. sudeticum occurrence in the Hrubý Jeseník Mts they
are ecologically closest to the Alpine-Carpathian species G. anisophyllon (note that the
Carpathian species Sesleria tatrae also occurs on the same outcrop; Fabiszewski 1989).
Nevertheless, these plants clearly differ from both G. anisophyllon and G. sudeticum in
their relative genome sizes, and their taxonomic status remains to be clarified.

See http://www.preslia.cz for Electronic Appendices 1–5.
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Souhrn

Okruh svízele maličkého (Galium pusillum agg.) patří k taxonomicky obtížným skupinám středoevropské květe-
ny. Česká flóra zahrnuje čtyři původní druhy, mezi nimi svízel moravský (G. valdepilosum), který je zajímavý
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díky své ploidní variabilitě (existence diploidních a tetraploidních populací) a růstu na reliktních stanovištích na
různých podkladech (bazické, silikátové, hadcové). Pomocí průtokové cytometrie, fytocenologického snímková-
ní a hydroponického kultivačního pokusu jsme sledovali geografické rozšíření obou cytotypů, jejich ekologické
preference (jak v rámci celého areálu druhu, tak v kontaktní zóně) a odezvu na simulovaný hadcový stres. Rozší-
ření cytotypů je parapatrické, s úzkou kontaktní zónou na jižní Moravě v okolí Brna. Nepodařilo se nalézt žádné
triploidní jedince ani ploidněsmíšené populace, což ukazuje, že kontaktní zóna tohoto druhu vázaného na izolova-
ná reliktní stanoviště je z evolučního hlediska „strnulá“. Tetraploidi mají větší areál a současně se vyskytují na šir-
ším spektru stanovišť. Diploidi obecně preferují otevřené dubo-borové lesy na kyselých půdách, zatímco tetra-
ploidi jsou schopni růst i v zapojenější travinné vegetaci na bazických půdách. Hadcové substráty nehrají v ekolo-
gické diferenciaci cytotypů žádnou významnou roli a hostí diploidní i tetraploidní populace. Výsledky kultivační-
ho pokusu svědčí o tom, že druh G. valdepilosum je obecně tolerantní k hadcovým podmínkám (obdobná odpo-
věď hadcových i nehadcových populací na chemický stres). Relativní velikost genomu i ekologické charakteristi-
ky ukazují, že hadcové populace ze Slavkovského lesa, které byly v minulosti určovány jako G. sudeticum, jsou
velmi pravděpodobně odlišné od typového výskytu G. sudeticum v Krkonoších a spíše patří ke G. valdepilosum.
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Appendix 1. – Details of the localities of Galium valdepilosum and G. sudeticum sampled that were included in
this study. Population codes correspond to Kolář et al. (2013); * populations used in the hydroponic cultivation
experiment; number of individuals analysed by flow cytometry in round brackets; relative fluorescence intensity
(setting internal reference standard, Bellis perennis, to a unit value) in square brackets, n values newly published
in this article, k values published in Kolář et al. (2013); No/No: number of vegetation and soil samples, respectively.

Galium valdepilosum H. Braun

G020 – 2x (6) CZ, Jihomoravský kraj: Moravský Krumlov – Rokytná, oak forest on slope above right bank of
Rokytná river, 0.8 km ESE of the church in Rokytná, open oak-hornbeam forest, basic conglomerate, 270
m a.s.l., coll. F. Kolář, M. Dortová, 3. 8. 2009, 49°03'43.2''N, 16°19'50.0''E

G021* – 2x (6) [0.251]k 1/1 CZ, Vysočina: Mohelno, pine forest along the road Dukovany – Mohelno, 1.1 km S of
the church in Mohelno, open pine forest, serpentine, 330 m a.s.l., coll. F. Kolář, M. Dortová, 3. 8. 2009,
49°06'13.4''N, 16°11'29.1''E

G022 – 2x (5) CZ, Vysočina: Tasov, ruins of Dub castle, 1.4 km SW of Tasov, rocky stands at castle ruins, silicate,
400 m a.s.l., coll. F. Kolář, M. Dortová, 1. 8. 2009, 49°16'53.2''N, 16°04'42.9''E

G025 – 2x (4) CZ, Vysočina: Březník, stone wall below forest road from Vlčí kopec to Březník, 500 m SW of
point 426 m, 2.8 km SE of the church in the village, open acidophilous oak forest, silicate, 350 m a.s.l.,
coll. F. Kolář, 6. 9. 2009, 49°09'27.1''N, 16°09'53.2''E

G026 – 2x (4) CZ, Vysočina: Sedlec, south facing slopes in the meander on the right bank of Oslava river, 2.4 km
E of the church in the village, open acidophilous oak forest, silicate, 400 m a.s.l., coll. F. Kolář, 6. 9. 2009,
49°10'4.3''N, 16°09'59.4''E

G027 – 2x (10) CZ, Vysočina: Dukovany, pine forest with Sesleria on north facing slopes of Jihlava river (Mohel-
no damm), 2.3 km NE of the church in the village, open pine forest with Sesleria, serpentine, 276 m a.s.l.,
coll. F. Kolář, 7. 9. 2009, 49°05'58.1''N, 16°10'29.4''E

G028* – 2x (10) [0.257]k 1/1 CZ, Vysočina: Lhánice, open pine forest above forest road from Dolní mlýn to Lhá-
nice, 1.4 km SSW of the village, open pine forest, serpentine, 350 m a.s.l., coll. F. Kolář, 8. 9. 2009,
49°04'48.5''N, 16°15'29.6''E

G029 – 2x (10) CZ, Jihomoravský kraj: Jamolice, oak forest along forest road from Senorady to Templštejn cast-
le, 2.5 km NNW of the village, open acidophilous oak forest, silicate, 301 m a.s.l., coll. F. Kolář, 8. 9. 2009,
49°05'39.4''N, 16°14'56.3''E

G061* – 2x (10) [0.268]k 1/1 CZ, Jihomoravský kraj: Želešice, rocks in open forest on the steep slope above right
bank of Bobrava river at the W edge of the quarry, 1.7 km NW of the church in the village, rocks in open fo-
rest, amphibolite, 252 m a.s.l., coll. F. Kolář, M. Dortová, 4. 8. 2010, 49°07'26.9''N, 16°33'15.8''E

G062 – 2x (10) [0.257]k 1/1 CZ, Jihomoravský kraj: Dolní Kounice, open pine forest on rocky slope of the Šibe-
ničný vrch (296 m) above right bank of Jihlava river, 800 m W of the church in the town, open pine forest
on rocky slope, diorite, 225 m a.s.l., coll. F. Kolář, M. Dortová, 4. 8. 2010, 49°04'10.8''N, 16°27'22.7''E

G063 – 2x (1) CZ, Jihomoravský kraj: Moravské Bránice, open oak forest on the slopes above right bank of Jihla-
va river, 1.5 km SW of the railway station, open oak forest, granite, 233 m a.s.l., coll. F. Kolář, M. Dortová,
4. 8. 2010, 49°04'30.2''N, 16°24'52.1''E

G065* – 2x (10) [0.257]k 1/1 CZ, Jihomoravský kraj: Chudčice, slope above forest road at the "U Tří křížů" cros-
sing, 1 km SSE of the church in the village, slope above road in the open oak forest, basic conglomerate,
314 m a.s.l., coll. F. Kolář, M. Dortová, 5. 8. 2010, 49°16'41.9''N, 16°27'43.5''E

G090 – 2x (10) 1/1 CZ, Jihomoravský kraj: Vranov nad Dyjí, at the Ledové sluje caves, 2.5 km SE of the town,
open forest, silicate, 370 m a.s.l., coll. M. Kubešová, J. Suda, 21. 7. 2010, 48°53'04.4''N, 15°50'35.5''E

G091 – 2x (7) 1/1 CZ, Jihomoravský kraj: Vranov nad Dyjí, zizgzag bends of the road to Lesná, approx 500 m E
of the town, open oak forest, silicate, 393 m a.s.l., coll. M. Kubešová, J. Suda, 21. 7. 2010, 48°53'42.4''N,
15°49'18.8''E

G092 – 2x (10) 1/1 CZ, Jihomoravský kraj: Déšov, bank of the road in pine forest on the left bank of Želetavka ri-
ver, opposite to Koberův mlýn, 3 km SSW of the village, bank of the road in pine forest, silicate, 367 m
a.s.l., coll. M. Kubešová, J. Suda, 22. 7. 2010, 48°57'47.8''N, 15°41'20.4''E

G093 – 2x (10) [0.255]k 1/1 CZ, Jihomoravský kraj: Bítov, Pinus nigra-Quercus forest on the rocky slope above
Vranovská přehrada dam, close to the castle, Pinus nigra-oak forest on the rocky slope, silicate, 368 m
a.s.l., coll. M. Kubešová, J. Suda, 22. 7. 2010, 48°56'26.3''N, 15°42'13.5''E

G094 – 2x (10) 1/1 CZ, Jihomoravský kraj: Těšetice, oak forest on the right bank of the Těšetice dam, oak forest,
silicate, 352 m a.s.l., coll. M. Kubešová, J. Suda, 22. 7. 2010, 48°53'43.6''N, 16°08'16.8''E

G095 – 2x (10) 1/1 AT, Niederösterreich: Melk, pine forest next to the road 3 km N of the town, pine forest, silica-
te, 385 m a.s.l., coll. M. Kubešová, J. Suda, 23. 7. 2010, 48°16'03.9''N, 15°20'11.6''E
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G096 – 2x (10) [0.257]k 1/1 AT, Niederösterreich: Benking, 800 m ENE of the village, road bank below beech fo-
rest, silicate, 652 m a.s.l., coll. M. Kubešová, J. Suda, 23. 7. 2010, 48°20'28.8''N, 15°22'27.7''E

G097 – 2x (10) AT, Niederösterreich: Benking, 1.3 km ENE of the village, road bank in a beech and pine forest,
silicate, 667 m a.s.l., coll. M. Kubešová, J. Suda, 23. 7. 2010, 48°20'34.3''N, 15°22'51.9''E

G098 – 2x (1) AT, Niederösterreich: Viessling, along the road L7133 SE of the village, road bank in a beech and
pine forest, silicate, 658 m a.s.l., coll. M. Kubešová, J. Suda 23. 7. 2010, 48°21'00.3''N, 15°22'22.9''E

G099 – 2x (10) [0.261]k 1/1 AT, Niederösterreich: Grossheinrichschlag, sunny river bank 2 km E of the village,
sunny river bank, silicate, 642 m a.s.l., coll. M. Kubešová, J. Suda, 23. 7. 2010, 48°24'38.6''N,
15°26'09.4''E

G100 – 2x (1) AT, Niederösterreich: Waldschlössl, along Reichaueramt forest road 2.5 km SW of the village, fo-
rest, silicate, 552 m a.s.l., coll. M. Kubešová, J. Suda, 23. 7. 2010, 48°26'11.7''N, 15°31'32.1''E

G102 – 2x (10) 1/1 AT, Niederösterreich: Rosenburg am Kamp, pine forest on the NW slope above the village,
pine forest, silicate, 327 m a.s.l., coll. M. Kubešová, J. Suda, 24. 7. 2010, 48°38'15.3''N, 15°37'40.3''E

G103 – 2x (10) 1/1 AT, Niederösterreich: Schönberg am Kamp, pine forest, pine forest, silicate, 240 m a.s.l., coll.
M. Kubešová, J. Suda, 24. 7. 2010, 48°31'00''N, 15°42'00''E

G104 – 2x (10) [0.249]k 1/1 AT, Niederösterreich: Limberg, clearing in oak forest SW of the village, clearing in
oak forest, silicate, 407 m a.s.l., coll. M. Kubešová, J. Suda, 24. 7. 2010, 48°35'32.4''N, 15°50'07.0''E

G105 – 2x (10) 1/1 AT, Niederösterreich: Eggenburg, clearing in oak forest S of the village, clearing in oak forest,
silicate, 385 m a.s.l., coll. M. Kubešová, J. Suda, 24. 7. 2010, 48°38'16.0''N, 15°49'34.4''E

G117 – 2x (23) [0.266]k 1/1 CZ, Jihomoravský kraj: Malhostovice, Drásovský kopeček rock, 1 km SSW of the
village, steppe, limestone, 300 m a.s.l., coll. P. Koutecký, 30. 5. 2011, 49°19'26''N, 16°29'43''E

G118 – 2x (17) [0.268]k CZ, Jihomoravský kraj: Malhostovice, Zlobice reserve, 2 km S of the village, open forest,
silicate, 350 m a.s.l., coll. M. Štech, 30. 5. 2011, 49°19'07''N, 16°30'17''E

G155 – 2x (2) CZ, Jihomoravský kraj: Lažánky, rocks near Bílý brook (Bítýška), 1.7 km S of the village, scree in
forest, silicate, 417 m a.s.l., coll. M. Kubešová, J. Suda, 30. 6. 2011, 49°16'02.5''N, 16°23'10.8''E

G156 – 2x (13) [0.267]k CZ, Jihomoravský kraj: Lažánky, rocks near Bílý brook (Bítýška), 1.7 km S of the vil-
lage, rock in forest, silicate, 336 m a.s.l., coll. M. Kubešová, J. Suda, 30. 6. 2011, 49°15'49.9''N,
16°23'22.4''E

G158 – 2x (4) 1/1 CZ, Jihomoravský kraj: Ketkovice, along the way from the village to Ketkovický hrad castle,
1.5 km SW of the village, edge of open forest, silicate, 380 m a.s.l., coll. F. Kolář, 5. 7. 2011, 49°08'56.7''N,
16°14'49.2''E

G159 – 2x (5) 1/1 CZ, Jihomoravský kraj: Ketkovice, old limestone quarry along the way from the village to Ket-
kovický hrad castle, 1.5 km SW of the village, rocky grassland in old quarry, limestone, 370 m a.s.l., coll.
F. Kolář, 5. 7. 2011, 49°08'57.1''N, 16°14'53.7''E

G160 – 2x (1) CZ, Jihomoravský kraj: Ketkovice, rocky otcrops above Chvojnice river, 2.3 km W of the village,
open forest with rocky outcrops, silicate, 370 m a.s.l., coll. F. Kolář, 5. 7. 2011, 49°09'35.7''N,
16°13'51.3''E

G161 – 2x (3) CZ, Vysočina: Hrotovice, W facing slopes of the Milačka brook, S border of the village, rocky out-
crop in open oak forest, silicate, 400 m a.s.l., coll. F. Kolář, 6. 7. 2011, 49°06'02.4''N, 16°03'59.5''E

G162 – 2x (3) CZ, Vysočina: Hrotovice, serpentine outcrops in coniferous forest 2.2 km SSE of the village, open
coniferous forest, serpentine, 390 m a.s.l., coll. F. Kolář, 6. 7. 2011, 49°05'22.3''N, 16°04'31.4''E

G163 – 2x (8) 1/1 CZ, Vysočina: Rouchovany, N facing slope below ruin of castle Mstěnice, 3 km NW of the vil-
lage, open pine forest, serpentine, 360 m a.s.l., coll. F. Kolář, 6. 7. 2011, 49°04'59.2''N, 16°04'19.8''E

G164 – 2x (3) CZ, Vysočina: Tavíkovice, slopes above left bank of Rokytná river, 0.7 km NE of the village, open
oak wood, silicate, 350 m a.s.l., coll. Z. Kaplan, 6. 7. 2011, 49°02'26.1''N, 16°07'02.9''E

G165 – 2x (13) 1/1 CZ, Vysočina: Zahrádka, along a small road to Naloučanský Mlýn, open forest margin, silica-
te, 390 m a.s.l., coll. F. Kolář, 7. 7. 2011, 49°14'53.6''N, 16°06'43.4''E

G166 – 2x (10) -/1 CZ, Vysočina: Vladislav, rocks on the left bank of Jihlava River, ca 0.4 km SEE of the centre of
the town, shady grassy terraces at the foot of a rock, granitoid (granodiorite), 390 m a.s.l., coll. P. Koutec-
ký, 7. 7. 2011, 49°12'33.7''N, 15°59'37.9''E

G167 – 2x (5) CZ, Vysočina: Koněšín, steep slope of Jihlava River valley, left bank of Dalešice river dam, secon-
dary spruce forest, gneiss, 410 m a.s.l., coll. P. Koutecký, 7. 7. 2011, 49°11'13.2''N, 16°00'54.1''E

G168 – 2x (1) CZ, Vysočina: Přešovice, SW facing slope 2 km SE of the village, open forest, silicate, 350 m a.s.l.,
coll. J. Janáková, 7. 7. 2011, 49°02'07''N, 16°04'45''E

G169 – 2x (1) CZ, Jihomoravský kraj: Náměšť nad Oslavou, slope above left bank of Chvojnice river, 300m ENE
of Čertův most, 3.5 km ESE of the railway station, small rock in river canyon, silicate, 350 m a.s.l., coll. J.
Prančl, 7. 7. 2011, 49°10'36.5''N, 16°09'38.8''E
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G170 – 2x (5) CZ, Vysočina: Hartvíkovice, E facing slope above water reservoir, 800 m SSW of the village, open
forest with rocks, silicate, 400 m a.s.l., coll. F. Kolář, 8. 7. 2011, 49°10'07''N, 16°04'36''E

G234 – 2x (5) AT, Niederösterreich: Krems-Land, Wachau: ca. 1,5 km NE Dürnstein, Mähntalgraben, wayside
and forest edge of an acidophilic, thermophilic forest, gneiss, 370 m a.s.l., coll. C. Pachschwöll, 11. 6.
2011, 48°24'09''N, 15°32'09''E

G270 – 2x (1) CZ, Jihomoravský kraj: Brno-Kohoutovice, forest N of the town, open forest, silicate, 390 m a.s.l.,
coll. J. Suda, R. Sudová, 3. 7. 2012, 49°12'07.8''N, 16°32'31.1''E

G001 – 4x (5) CZ, Jihočeský kraj: Holubov, NE facing slope at the margin of Holubovské hadce, 1.1 km E of the
railway station in Holubov, open pine forest, serpentine, 490 m a.s.l., coll. F. Kolář, 7. 8. 2009,
48°53'28.6''N, 14°20'24.2''E

G002 – 4x (5) CZ, Jihočeský kraj: Zlatá Koruna, W facing slopes above Vltava river, 500 m NNW of the monaste-
ry, open oak-pine forest, silicate, 500 m a.s.l., coll. F. Kolář, 1. 9. 2007, 48°51'31''N, 14°21'57''E

G002-2 – 4x (1) CZ, Jihočeský kraj: Borečnice u Čížové, rocks above right bank of Otava river, 0.8 km NE of the
village, rocky slope, silicate, 395 m a.s.l., coll. P. Leischner (voucher CB 64499), 19. 5. 2006, 49°22'04''N,
14°08'52''E

G016* – 4x (6) 1/1 CZ, Středočeský kraj: Nesměřice, S slopes above Želivka river, 1.7 km NW of the village,
open and rocky oak forest, silicate, 350 m a.s.l., coll. F. Kolář, M. Dortová, 1. 8. 2009, 49°43'59.7''N,
15°03'54.0''E

G017* – 4x (6) [0.512]k 1/1 CZ, Středočeský kraj: Bernartice, serpentine pine forest on W slope of Sedlický po-
tok, N of higway bridge, 2.5 km NW of Bernartice, open pine forest, serpentine, 400 m a.s.l., coll. F. Kolář,
M. Dortová, 1. 8. 2009, 49°41'18.1''N, 15°06'14.3''E

G019 – 4x (2) CZ, Jihomoravský kraj: Brno-Obřany, oak forest on the slope above right bank of Svratka river, 1.2
km E of the church in Obřany, open oak forest, silicate, 250 m a.s.l., coll. F. Kolář, M. Dortová, 2. 8. 2009,
49°13'33.8''N, 16°39'51.8''E

G023 – 4x (6) CZ, Jihočeský kraj: Červená n. Vltavou, pine-oak wood on the top of the rock above the right bank
of Hrejkovický potok brook, 0.5 km E of the church in Červená, mixed forest on a rocky slope, silicate, 389
m a.s.l., coll. F. Kolář, 15. 8. 2009, 49°23'59.2''N, 14°14'59.8''E

G023x – 4x (5) CZ, Ústecký kraj: Boreč, screes on the slopes, mossy scrrees and open birch forest, silicate, 367 m
a.s.l., coll. M. Dortová, 15. 8. 2009, 50°30'56.3''N, 13°59'18.9''E

G024 – 4x (6) CZ, Jihočeský kraj: Zvíkovské Podhradí, oak forest on the top of the easternmost rock of the south
facing rocky slope "Kopaniny", 250 m N of the Zvíkov castle, open oak-pine forest, silicate, 380 m a.s.l.,
coll. F. Kolář, 16. 8. 2009, 49°26'30.0''N, 14°11'31.9''E

G033 – 4x (1) D, Sachsen-Anhalt: Altenbrak near Thale, rocks on the SW facing slope, 0.5 km ENE of the vil-
lage, oak forest on devonian schist rocks, schist, 419 m a.s.l., coll. F. Kolář, J. Chrtek, 15. 7. 2010,
51°43'49.2''N, 10°56'52.8''E

G034 – 4x (3) CZ, Středočeský kraj: Roztoky u Křivoklátu, open forest above rocks 600 m SSE of the railway
station, open oak forest, porphyrite, 330 m a.s.l., coll. F. Kolář, 17. 7. 2010, 50°01'4.6''N, 13°52'39.4''E

G035 – 4x (1) CZ, Středočeský kraj: Branov, open forest along the road from the village to Roztoky, 600 m E of
the village, bank of the road in open forest, porphyrite, 350 m a.s.l., coll. F. Kolář, 17. 7. 2010,
50°00'41.2''N, 13°51'12.1''E

G036 – 4x (17) [0.512]k 2/1 PL, Woj. Dolnośląnskie: Łączna near Kłodzko, limestone quarry 500 m N of the NW
end of the village, exposed scrrees, slopes of an open pine forest above the quarry, limestone, 466 m a.s.l.,
coll. F. Kolář, 20. 7. 2010, 50°30'07.8''N, 16°37'12.4''E

G037 – 4x (10) 1/1 PL, Woj. Dolnośląnskie: Tapadla near Dzierżoniów, open forest with serpentine rocks on
south facing slope approx. 100 m south of the top of Radunia mountain, open oak-pine forest, serpentine,
258 m a.s.l., coll. F. Kolář, 20. 7. 2010, 50°50'10.7''N, 16°46'37.9''E

G040 – 4x (10) [0.509]k 1/1 PL, Woj. Małopolskie: Klonów near Miechów, slope above the road to Dale, approx.
100 m N of old limestone quarry, in the village, open parts of basiphilous steppe, chalk, 257 m a.s.l., coll. F.
Kolář, 21. 7. 2010, 50°20'28.0''N, 20°10'46.2''E

G041 – 4x (10) 1/1 D, Bayern: Hirschling, slope above river Regen, 500 m N of the village, open pine forest, gra-
nite, 400 m a.s.l., coll. F. Kolář, P. Vít, 25. 7. 2010, 49°12'00.6''N, 12°09'39.8''E

G042 – 4x (10) [0.509]k 1/1 D, Bayern: Königshof near Stefling, west facing slopes of a side valley north of Re-
gen river, 100 m N of Königshof, exposed scrrees, slopes of an open pine forest above the quarry, granite,
378 m a.s.l., coll. F. Kolář, P. Vít, 25. 7. 2010, 49°12'51.3''N, 12°13'17.4''E

G043 – 4x (10) [0.510]k 1/1 D, Bayern: Fischbach near Kallmünz, limestone rocks at the top of Hutberg hill, east
of the village, rocks in open pine forest, limestone, 422 m a.s.l., coll. F. Kolář, P. Vít, 25. 7. 2010,
49°10'21.2''N, 11°59'29.4''E
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G044 – 4x (6) 1/1 D, Bayern: Matting near Regensburg, south facing slope above Danube river, approx. 1.4 km
NE of the village, rocks in open pine forest, limestone, 374 m a.s.l., coll. F. Kolář, P. Vít, 26. 7. 2010,
48°58'16.5''N, 12°01'05.6''E

G045 – 4x (10) [0.502]k 1/1 D, Bayern: Schuttersmühle near Pottenstein, forest next to limestone rocks on right
bank of Weiher brook, approx 100 m N of the mill, rocks in open spruce forest (close to open pine forest on
the rocks), dolomite, 460 m a.s.l., coll. F. Kolář, P. Vít, 26. 7. 2010, 49°45'06.0''N, 11°25'40.5''E

G046 – 4x (10) [0.508]k 2/1 D, Bayern: Rabenstein, slopes and rocks above left bank of Allsbach brook, approx.
300 m NE of the castle Rabenstein, open pine forest, dolomite, 427 m a.s.l., coll. F. Kolář, P. Vít, 26. 7.
2010, 49°49'27.6''N, 11°22'29.2''E

G047 – 4x (10) [0.507]k 1/1 D, Bayern: Kupferberg, serpentine rocks near to the top of Peterlenstein, 1.5 km NE
of the town, rocks and screes in open pine forest, serpentine, 581 m a.s.l., coll. F. Kolář, P. Vít, 27. 7. 2010,
50°09'25.3''N, 11°35'45.7''E

G048 – 4x (9) 1/1 D, Bayern: Gottzmansgrün near Hof, serpentine rocks “Blauer Fels” in the forest ca 800 m N of
the village, rocks in open pine forest, serpentine, 541 m a.s.l., coll. F. Kolář, P. Vít, 27. 7. 2010,
50°11'49.0''N, 11°53'27.4''E

G049 – 4x (2) -/1 D, Thüringen: Burgk a. d. Saale, rock next to a pathway approx. 400 m SE of bridge of the road
from Schleiz to Remptendorf, 1 km SE of the castle, cracks in schist rock, schist, 378 m a.s.l., coll. F. Ko-
lář, P. Vít, 27. 7. 2010, 50°32'44.3''N, 11°43'51.9''E

G050 – 4x (10) [0.500]k 1/1 D, Bayern: Woja near Wurlitz, open pine forest next to western margin of a serpentine
quarry, 600 m south of the village, rocks in open pine forest, serpentine, 542 m a.s.l., coll. F. Kolář, P. Vít,
27. 7. 2010, 50°15'14.4''N, 11°58'30.4''E

G051* – 4x (10) [0.504]k 1/1 D, Bayern: Erbendorf, serpentine rocks in pine forest 2 km NNW of the village,
rocks in open pine forest, serpentine, 525 m a.s.l., coll. F. Kolář, P. Vít, 27. 7. 2010, 49°51'24.3''N,
12°01'53.7''E

G058* – 4x (5) [0.505]k 1/1 CZ, Jihomoravský kraj: Boskovice, open oak forest on steep slope above Bělá river, 2
km SW of the Boskovice castle, open oak forest on steep slope, basic conglomerate, 358 m a.s.l., coll. F.
Kolář, M. Dortová, 3. 8. 2010, 49°28'27.0''N, 16°37'57.2''E

G059 – 4x (10) [0.516]k 1/1 CZ, Jihomoravský kraj: Blansko – Skalní Mlýn, open north-facing limestone rocks,
300 m SW of the Skalní Mlýn mill, open north-facing rocks, limestone, 493 m a.s.l., coll. F. Kolář, M. Dor-
tová, 4. 8. 2010, 49°21'38.2''N, 16°42'22.0''E

G060 – 4x (9) [0.504]k 1/1 CZ, Jihomoravský kraj: Brno-Slatina, open Sesleria-grassland on north-facing slope
of Stránská skála hill (310 m), open Sesleria-grassland on north-facing slope, limestone, 301 m a.s.l., coll.
F. Kolář, M. Dortová, 4. 8. 2010, 49°11'28.4''N, 16°40'35.8''E

G106 – 4x (10) [0.508]k 1/1 AT, Niederösterreich: Kollmitzgraben, pine forest next to the ruin, pine forest, silica-
te, 426 m a.s.l., coll. M. Kubešová, J. Suda, 25. 7. 2010, 48°49'21.8''N, 15°31'54.1''E

G116 – 4x (5) 1/1 CZ, Jihomoravský kraj: Tišnov, steppes on the slopes of Květnice hill, steppe, limestone, 350 m
a.s.l., coll. P. Koutecký, 30. 5. 2011, 49°21'09''N, 16°25'01''E

G126 – 4x (1) CZ, Jihomoravský kraj: Bílovice nad Svitavou, road ditch 0.4 km ENE of the railway station, ditch
along side of forest road, silicate, 272 m a.s.l., coll. T. Koutecký, 20. 5. 2011, 49°14'39.5''N, 16°40'44.0''E

G127 – 4x (5) CZ, Jihočeský kraj: Hodonice, slopes above Židova strouha brook, 1 km W of the village, open fo-
rest, rocks, silicate, 395 m a.s.l., coll. L. Ekrt, 20. 5. 2011, 49°16'11.7''N, 14°28'27.4''E

G134 – 4x (10) [0.502]k 1/1 PL, Woj. Małopolskie: Zarogów (distr. Miechów), old quarry 40 m NE of the village,
rocks in an old quarry, chalk, 228 m a.s.l., coll. F. Kolář, J. Chrtek, 14. 6. 2011, 50°20'09.0''N, 20°06'59.2''E

G150 – 4x (10) [0.510]k CZ, Ústecký kraj: Boreč, screes on the NNE slope, scree, basalt, 390 m a.s.l., coll. M. Ku-
bešová, J. Suda, 28. 6. 2011, 50°30'56.7''N, 13°59'19.0''E

G151 – 4x (15) [0.504]k CZ, Karlovarský kraj: Velichov, S slope of the Thebisberg hill, W of the village, scree,
basalt, 368 m a.s.l., coll. M. Kubešová, J. Suda, 28. 6. 2011, 50°16'55.8''N, 12°59'50.5''E

G213 – 4x (10) [0.498]k CZ, Středočeský kraj: Nižbor, 2.1 km N from railway station, Vůznice national nature re-
serve, outcrop 500 m S from Vůznice water reservoir, rocky outcrop in forest, silicate, 320 m a.s.l., coll. M.
Lučanová, 25. 8. 2011, 50°01'16.53''N, 13°59'30.16''E

G243 – 4x (9) CZ, Olomoucký kraj: Slatinice, forest 1 km N of Velký Kosíř hill (442 m), forest, silicate, 400 m
a.s.l., coll. P. Koutecký, 11. 5. 2012, 49°33'31.9''N, 17°03'47.5''E

G244 – 4x (25) 1/- PL, Woj. Małopolskie: district Miechów: Kalina Lisiniec, slopes ca 0.3 km N of the northern
part of the village, cretaceous steppic slopes (Inuletum ensifoliae), chalk, 350 m a.s.l., coll. J. Chrtek, Z.
Szęlag, 24. 5. 2012, 50°21'46''N, 20°09'33''E

G247 – 4x (10) [0.501]k D, Sachsen-Anhalt: Treseburg, rocky crest 1.1 km NNW of the village, open forest and
rocks, silicate, 359 m a.s.l., coll. F. Kolář, 5. 6. 2012, 51°43'08.6''N, 10°57'32.2''E

201



G267 – 4x (10) PL, Woj. Małopolskie: Racławice, Wyżyna Miechowska Upland – open south-facing xerophilous
grassland in “Wały” reserve N of the village, xerothermic grasslands of the Inuletum ensifoliae associati-
on, chalk, 302 m a.s.l., coll. P. Kwiatkowski, 2. 6. 2012, 50°20'24.2''N, 20°13'43.1''E

G271 – 4x (3) CZ, Jihomoravský kraj: Lelekovice, forest at the hill 442 m a.s.l., 1.2 km NE of the village, open fo-
rest, silicate, 440 m a.s.l., coll. J. Suda, R. Sudová, 4. 7. 2012, 49°17'57.8''N, 16°35'31.0''E

G272 – 4x (49) 1/- CZ, Jihomoravský kraj: Železné, W slope of the hill 347 m, N of the village, mosaic of open fo-
rest and steppe grassland, silicate, 305 m a.s.l., coll. J. Suda, R. Sudová, 4. 7. 2012, 49°21'52.5''N,
16°26'46.2''E

G273 – 4x (36) 1/- CZ, Jihomoravský kraj: Tišnov, S slopes of Květnice hill, steppe, limestone, 356 m a.s.l., coll.
J. Suda, R. Sudová, 4. 7. 2012, 49°21'11.9''N, 16°24'57.7''E

G289 – 4x (10) CZ, Plzeňský kraj: Svojšín, rocks above Mže river ca 600 m E of the village, shaded spilite rocks,
silicate, 400 m a.s.l., coll. M. Hanzl, 16. 6. 2013, 49°46'09.2''N, 12°55'07.7''E

G294 – 4x (7) CZ, Liberecký kraj: Hradčany, sandstone rock 1.2 km W of the village, crevices and ledges of lime-
enriched sandstone rock, neutral-basic sandstone, 327 m a.s.l., coll. F. Kolář, 26. 6. 2013, 50°36'59''N,
14°41'19.1''E

G295 – 4x (10) CZ, Liberecký kraj: Hradčany, sandstone rock 0.5 km SW of the village, crevices and ledges of
lime-enriched sandstone rock, neutral-basic sandstone, 329 m a.s.l., coll. F. Kolář, 26. 6. 2013,
50°36'51.6''N, 14°42'03.9''E

G305 – 4x (3) CZ, Jihočeský kraj: Vráž, edge of the Otava river canyon, in Žlíbky reserve, 1.2 km E of the chateau
in the village, open forest, silicate, 400 m a.s.l., coll. P. Koutecký, 5. 5. 2013, 49°22'40.6''N, 14°08'36.8''E

Western Bohemian serpentine populations traditionally referred to as G. sudeticum but most likely
conspecific with G. valdepilosum

G032 – 4x (1) [0.511]k 1/1 CZ, Karlovarský kraj: Mnichov, pine forest 100 m SW of the small serpentine quarries,
1.5 km W of the church in the village, rocks in open pine forest, serpentine, 740 m a.s.l., coll. F. Kolář, 27.
6. 2010, 50°02'16.1''N, 12°45'59.0''E

G136 – 4x (10) [0.503]k 1/1 CZ, Karlovarský kraj: Prameny, Vlčí Hřbet hill 1.9 km S of the village, open pine fo-
rest, serpentine, 850 m a.s.l., coll. F. Kolář, 21. 6. 2011, 50°01'59.0''N, 12°44'04.2''E

G277 – 4x (10) [0.501]n CZ, Karlovarský kraj: Prameny, isolated rocky outcrop 1.2 km N of the village, rocky
outcrop, serpentine, 790 m a.s.l., coll. A. Knotek, M. Hanzl, 1. 9. 2012, 50°03'41.22''N, 12°43'54''E

G278 – 4x (8) [0.505]n CZ, Karlovarský kraj: Nová Ves, Dominova skalka rock, 1.6 km SSE of the village, rocky
outcrop, serpentine, 750 m a.s.l., coll. A. Knotek, M. Hanzl, 1. 9. 2012, 50°04'17''N, 12°47'10''E

Subalpine Galium sudeticum Tausch

G171 – 4x (15) [0.526]k 2/1 CZ, Královéhradecký kraj: Pec pod Sněžkou, Čertova zahrádka, 3,6 km N of the
town, rocks and screes, erlan, 1050 m a.s.l., coll. F. Kolář, A. Knotek, M. Hanzl, 13. 7. 2011, 50°43'37.8''N,
15°43'27.3''E

G172 – 4x (20) [0.534]k CZ, Královéhradecký kraj: Horní Mísečky, ridge between Malá and Velká Kotelná jáma
glacial cirque, subalpine grassland, erlan, 1381 m a.s.l., coll. F. Kolář, A. Knotek, M. Hanzl, 13. 7. 2011,
50°45'08.7''N, 15°31'56.7''E

G212 – 4x (2) [0.528]n 1/- CZ, Královéhradecký kraj: Pec pod Sněžkou, Rudník, 3.8 km N of the town, scree, er-
lan, 1100 m a.s.l., coll. A. Knotek, M. Hanzl, 13. 8. 2011, 50°43'50.2''N, 15°43'53.1''E

G260 – 4x (12) [0.515]n 1/- PL, Woj. Dolnośląnskie: Szklarska Poręba, basaltic outcrop in Mały Śnieżny Kocioł
glacial cirque, rocks and talus slope, basalt, 1254 m a.s.l., coll. F. Kolář, A. Knotek, T. Urfus, 18. 7. 2012,
50°46'58.4''N, 15°33'24.7''E

G261 – 4x (5) [0.537]n PL, Woj. Dolnośląnskie: Szklarska Poręba, upper edge of the Wielki Śnieżny Kocioł gla-
cial cirque in Krysztalowy żleb, open gravely soil, silicate, 1483 m a.s.l., coll. F. Kolář, A. Knotek, T. Ur-
fus, 18. 7. 2012, 50°46'45.8''N, 15°33'27.3''E

Galium pusillum agg. with unclear assignment

G135 – 4x (10) [0.500]n 1/1 PL, Woj. Dolnośląnskie: Kletno by Stronie Sląskie, limestone rocks opposite (N of)
Jaskynia Niedzwiedzia, scree, rocks, limestone, 890 m a.s.l., coll. F. Kolář, J. Chrtek, 15. 6. 2011,
50°14'19.0''N, 16°50'33.2''E
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Table S1 Details on 55 relevés used in the study (headers indicate population codes). 
 
            GGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGG 
            0000000000000000000000000101110001111111122220000011112 
            3334444444444551155666226333779990013556667719999900014 
            6670123456678016789012815426113694675893502320124523564 
 
Achillea millefolium agg.               6     r.r....r........1......r2.....r+1r.+..........rr.r..... 
Agrimonia eupatoria                     6     r..r................................................... 
Arrhenatherum elatius                   6     +1............................rrr1.2...+..1...r.+.1rr.. 
Brachypodium pinnatum                   6     3........................2.......................1.+..+ 
Campanula persicifolia                  6     r........................+.....rrr.............rrr.r... 
Campanula rotundifolia                  6     r....++...++1.2.........r.+1+r....r.....rr........+r... 
Carex montana                           6     2.......2............................2....22......+.... 
Corylus avellana                        4     1.................1......2.............2..1....1....... 
Corylus avellana                        7     +...1...1...r..r..1....................r.......r..r.... 
Dactylis glomerata                      6     1.............r.........................r.............. 
Fagus sylvatica                         7     r......+r2.....................+....+............+..... 
Festuca ovina                           6     2.4.12.....3.22.42....2..+22..2.2....2.32.2...2221..... 
Festuca rupicola                        6     1..2................12.2.......1...2......+..2...+2..1. 
Galium valdepilosum                     6     12111++++r+111221++12+1+1++1..r+111+.1211.11.+r+1++r+11 
Galium verum                            6     +.r........+.+..r................................+..... 
Hieracium pilosella                     6     +..............+...+....................+.1+........... 
Knautia arvensis                        6     1..r...............r.r...1....r....+.+..+.1............ 
Leucanthemum vulgare agg.               6     r.........................................1............ 
Pimpinella saxifraga s.str.             6     r..r.1r.........r..rr+r+.r....rr.r.....+rr....r+.r+1... 
Pinus sylvestris                        1     4.224....3.2..222.2.2.23..........2..3.2..2..2.2.212... 
Plantago media                          6     1........................+............................. 
Quercus robur                           7     r..r.2..r+...........r..................r..1........... 
Rhamnus cathartica                      6     +......................r.r.......................r..... 
Rosa canina agg.                        4     2..........................................2........... 
Silene vulgaris                         6     +..........1.......r..2...21+.+..r..........+.+..r..... 
Sorbus aucuparia                        7     r.+........r.rr...r....r....r.......r.......r+......... 
Trifolium montanum                      6     1....................................r.............r... 
Vicia cracca                            6     r...................................................... 
Viola hirta                             6     r..+..1.1.............+..2...........r.r..21........... 
Anthyllis vulneraria                    6     .+....................................................r 
Artemisia vulgaris                      6     .r..................................................... 
Daucus carota                           6     .r......................+.......r...................... 
Fragaria vesca                          6     .1...............rr....1..+...rr........2.1+.r+1r.r.+.. 
Galeopsis ladanum                       6     .+..................................................... 
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Hypericum perforatum                    6     .r.+.............+rr...........+1r...r........r+.....+. 
Lathyrus sylvestris                     6     .1..................................................... 
Linaria vulgaris                        6     .r..................................................... 
Medicago lupulina                       6     .r......................+.............r...+r.........r. 
Sanguisorba minor                       6     .r.1...............+......................++..........1 
Scabiosa ochroleuca                     6     .+.+...............+.....r.........+..2................ 
Allium senescens ssp. montanum          6     ..r..............r...1...............................+. 
Calamagrostis arundinacea               6     ..2.............1.........r221...........+..21......... 
Dianthus carthusianorum                 6     ..r.............+.............r.+...................... 
Dryopteris filix-mas                    6     ..1...........r..............................+......... 
Euphorbia cyparissias                   6     ..r+.r++.+.....+.rrr..r..r......r..+.r1...21..r......2+ 
Festuca pallens s.lat.                  6     ..1...2+..r...........r1............................... 
Moehringia trinervia                    6     ..+.................................................... 
Poa nemoralis                           6     ..2............1.1......+...........................2.. 
Polygala vulgaris                       6     ..r.................................................... 
Quercus petraea                         7     ..r.+............+r....+......++22...r.r+....r1+1+111.. 
Rosa canina agg.                        6     ..r............+.rr..+.+...................1....+...r1r 
Rubus idaeus                            6     ..2.1......11+2.+..........+2r....r.................... 
Silene nutans s.lat.                    6     ..+....+.......+.2.+2...+............2................. 
Vaccinium myrtillus                     6     ..r.........22..2.........1....r.............r....r.... 
Acer platanoides                        7     ...r..........................r.....................+.. 
Anthericum ramosum                      6     ...r...r.........+.1.....+................+2........... 
Asperula cynanchica                     6     ...+...............r.+.+..................+1........... 
Carex humilis                           6     ...2..+2...........2.221...........1................... 
Genista tinctoria                       6     ...r1r...........r.................................+... 
Inula ensifolia                         6     ...2.....................r............................4 
Linum catharticum                       6     ...r................................................... 
Microrrhinum minus                      6     ...r................................................... 
Onobrychis viciifolia                   6     ...2................................................... 
Pinus sylvestris                        7     ...r....r.............r.................r..r...r.r..r.. 
Salvia verticillata                     6     ...+...............1......................2............ 
Stachys recta                           6     ...1...............+...............+..+................ 
Potentilla arenaria                     6     ...1...............+.+.+..................12..........1 
Thymus pannonicus                       6     ...1.....................r............................. 
Avenella flexuosa                       6     ....23......222............21r...25..........1r.2+321.. 
Betula pendula                          4     ....2....................1.....................2....... 
Carpinus betulus                        7     ....1............r.....rr.......1....+.r.......1..1.... 
Fagus sylvatica                         1     ....2..44.........2............3....2........1......... 
Genista sagittalis                      6     ....1.................................................. 
Hieracium murorum                       6     ....++r1..+...1..1r.2+..+.r.1+.1r.2.1+..2...1.rrr11.1.+ 
Luzula luzuloides                       6     ....r..........+........r...1..+..1.....1......1....... 
Mycelis muralis                         6     ....+.1...r...1.....................r.......r......+... 
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Betula pendula                          1     .....3.......................................2......... 
Calluna vulgaris                        6     .....+.......+.......+......+r...........+...r......... 
Cytisus nigricans                       6     .....+...............................1+..........rr+... 
Hieracium sabaudum                      6     .....+...........r......r......r.......r.......r..r++.. 
Quercus robur                           1     .....2.2.......2....................................... 
Senecio ovatus                          6     .....1............................................1.... 
Asplenium ruta-muraria                  6     ......r.r.r................................+........... 
Asplenium trichomanes                   6     ......r.r.r....r....+.................................. 
Chamaecytisus ratisbonensis             6     ......+............+..1r1..........1................... 
Geranium robertianum                    6     ......+.......................................r...r.r.. 
Melica ciliata                          6     ......1................................................ 
Picea abies                             1     ......2.2...2.............1.......2.1...2...4.....2.... 
Rhamnus cathartica                      4     ......2................................................ 
Rubus fruticosus agg.                   6     ......1.............r..............+................... 
Sedum album                             6     ......r................................................ 
Sesleria varia agg.                     6     ......+222+.......32................................... 
Thymus pulegioides                      6     ......1...+.....................r..............1....... 
Vincetoxicum hirundinaria               6     ......r21......1.2...1.................1...+..r......+. 
Ajuga genevensis                        6     .......+............r...+.............................. 
Galium boreale                          6     .......+............................................... 
Helianthemum grandiflorum s.str.        6     .......r...........1...............1..r...2+.........+. 
Hypericum montanum                      6     .......r...............................r.......++...... 
Melampyrum pratense                     6     .......+r.......r.........rr...r....................... 
Melica nutans                           6     .......+r..............1.+.............+..............+ 
Mercurialis ovata                       6     .......1............................................... 
Peucedanum oreoselinum                  6     .......1............................................... 
Teucrium chamaedrys                     6     .......1...............+........++........22..1......2. 
Ranunculus nemorosus                    6     .......r............................................... 
Carex digitata                          6     ........r.........r....+..r....................r..+.... 
Carpinus betulus                        4     ........2.....................1................2....... 
Convallaria majalis                     6     ........2.............................................. 
Lonicera xylosteum                      6     ........r.........r..........................1......1.. 
Epipactis atrorubens                    6     .........r..........................r.................. 
Fagus sylvatica                         4     .........2.......................................2..... 
Polygala chamaebuxus                    6     .........2..221...........r2........................... 
Sorbus aria                             7     .........r...................................r......... 
Carduus defloratus                      6     ..........r............................................ 
Chelidonium majus                       6     ..........r............................................ 
Draba aizoides                          6     ..........1............................................ 
Erysimum odoratum                       6     ..........r............................................ 
Leontodon incanus                       6     ..........+............................................ 
Potentilla tabernaemontani              6     ..........r.....................+.......r............2. 
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Taraxacum sect. Ruderalia               6     ..........+.............+......r............r.......... 
Asplenium cuneifolium                   6     ...........r..........+...+............................ 
Frangula alnus                          7     ...........+........................................... 
Molinia arundinacea                     6     ...........1........................................... 
Vaccinium vitis-idaea                   6     ...........1..1.1..........1.............+............. 
Picea abies                             7     ............++..............1r..............r..r....... 
Pimpinella major                        6     ............r.............1.1.......+.......1.......... 
Potentilla erecta                       6     ............1r.................................1....... 
Epilobium angustifolium                 6     .............................r......................... 
Quercus petraea                         1     .................5............2..3...2........3.5...2.. 
Hylotelephium maximum                   6     ...............1....2.........r.r.....+.......+........ 
Agrostis capillaris                     6     .............1............2............................ 
Betula pendula                          7     ..............r................................1....... 
Poa pratensis agg.                      6     ..............2...............rr....................1.. 
Quercus robur                           4     ..............2...........................1............ 
Campanula trachelium                    6     ...............+..+.................r.................. 
Cardaminopsis arenosa                   6     ...............+...............+...............r....... 
Carpinus betulus                        1     ...............1....................................... 
Galeopsis tetrahit                      6     ...............r..................................r.... 
Galium album s.lat.                     6     ...............+.+r......r.................1.........1. 
Securigera varia                        6     ...............r...+.................+..1............+. 
Avenula pratensis                       6     ................+......2............................... 
Lotus corniculatus                      6     ................+....+.r1..........+......2...........1 
Acer campestre                          7     .................r............r........r......r.....r.. 
Carex muricata agg.                     6     .................r..................................... 
Crataegus species                       6     .................r.....r............................... 
Dactylis polygama                       6     .................1..................................... 
Digitalis grandiflora                   6     .................2..........1+.........2............... 
Lathyrus niger                          6     .................r..................................... 
Polygonatum odoratum                    6     .................+..................................... 
Tanacetum corymbosum                    6     .................+.................1...+............... 
Veronica chamaedrys                     6     .................r............r......+..........r...... 
Veronica officinalis                    6     .................+........+....r.r..............r..+... 
Berberis vulgaris                       6     ..................+...+................................ 
Euonymus verrucosus                     4     ..................2.................................... 
Euonymus verrucosus                     6     ..................1......r......................+...... 
Fraxinus excelsior                      7     ..................r...........+.rr......r.....1r....r.. 
Hepatica nobilis                        6     ..................r.................................... 
Knautia drymeia                         6     ..................r.................................... 
Melampyrum nemorosum                    6     ..................r.................................... 
Mercurialis perennis                    6     ..................r.................1.................. 
Sorbus aria                             1     ..................1.................................... 
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Artemisia campestris                    6     ...................r................................... 
Bupleurum falcatum                      6     ...................r...+2..........+.r2...11..+......+. 
Centaurea stoebe s.lat.                 6     ...................r............r..r......r............ 
Cornus sanguinea                        4     ...................2.......................1........... 
Eryngium campestre                      6     ...................+................................... 
Euphrasia stricta agg.                  6     ...................+................................... 
Hieracium species                       6     ...................r.....................r1............ 
Leontodon hispidus                      6     ...................r....++..r.......................... 
Sedum acre                              6     ...................r................................... 
Seseli osseum                           6     ...................1.r................................. 
Thymus praecox                          6     ...................+.1+....................2.........r. 
Frangula alnus                          4     ....................2....1........1.................... 
Genista pilosa                          6     ....................1.++2.....121....+...........+.+... 
Impatiens parviflora                    6     ....................r.........rr..r...............1.... 
Populus tremula                         1     ....................2.................................. 
Prunus avium                            1     ....................1.................................. 
Prunus avium                            7     ....................+...........r2..................... 
Senecio sylvaticus                      6     ....................+.................................. 
Anthoxanthum odoratum                   6     .....................r................................. 
Calamagrostis epigejos                  6     .....................r.+r........rr................r+.. 
Dianthus pontederae                     6     .....................+................................. 
Echium vulgare                          6     .....................r................+................ 
Luzula campestris agg.                  6     .....................r..........r...................... 
Pinus nigra                             1     .....................2................................. 
Robinia pseudacacia                     1     .....................2................................. 
Robinia pseudacacia                     7     .....................r..........................r...1.. 
Senecio viscosus                        6     .....................rr................................ 
Biscutella laevigata                    6     ......................2................................ 
Centaurea scabiosa                      6     ......................2r...........+................... 
Dorycnium germanicum                    6     ......................22............................... 
Quercus petraea                         4     ......................2.......1......2........211...... 
Aster linosyris                         6     .......................r............................... 
Carlina vulgaris                        6     .......................r............................... 
Euphorbia seguieriana                   6     .......................r............................... 
Festuca valesiaca                       6     .......................1..............................1 
Ligustrum vulgare                       6     .......................r........................r+...+. 
Pyrus communis                          4     .......................2............................... 
Pyrus communis                          7     .......................r............................... 
Salvia pratensis                        6     .......................+.............+...............++ 
Agropyron intermedium s.str.            6     .......................r............................... 
Acer pseudoplatanus                     4     ........................2.............................. 
Carex spicata                           6     ........................r.............................. 
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Crepis biennis                          6     ........................r.............................. 
Epilobium montanum                      6     ........................+.............................. 
Erigeron annuus                         6     ........................+.............................. 
Fragaria viridis                        6     ........................2+.........+....1............2. 
Geum urbanum                            6     ........................+...........................r.. 
Stellaria holostea                      6     ........................r.....1........r........1...... 
Torilis japonica                        6     ........................+......r.r..................... 
Trifolium arvense                       6     ........................r.............................. 
Asperula tinctoria                      6     .........................+............................+ 
Carex ornithopoda                       6     .........................1............................. 
Cornus sanguinea                        6     .........................r................12........... 
Cotoneaster integerrimus                6     .........................+............................. 
Cruciata glabra                         6     .........................+............................. 
Festuca rubra                           6     .........................1.....................+....... 
Hypericum maculatum                     6     .........................r..+.......................... 
Lonicera nigra                          6     .........................r............................. 
Primula veris                           6     .........................1......................r...... 
Salix caprea                            4     .........................2..............2.............. 
Salix caprea                            6     .........................r............................. 
Viburnum opulus                         6     .........................+............................. 
Vicia sylvatica                         6     .........................+............................. 
Luzula pilosa                           6     ..........................+............................ 
Viola riviniana                         6     ..........................r........................+... 
Erica carnea                            6     ...........................2........................... 
Agrostis rupestris                      6     ............................+.......................... 
Asplenium viride                        6     ............................rr..............+.......... 
Athyrium filix-femina                   6     ............................1.......................... 
Bartsia alpina                          6     ............................r.......................... 
Epilobium collinum                      6     ............................++..............+.......... 
Galium sudeticum                        6     ............................22...........2..1.......... 
Gentiana pneumonanthe                   6     ............................+.......................... 
Hieracium lachenalii                    6     ............................++...++................r... 
Phegopteris connectilis                 6     ............................r.......................... 
Ranunculus platanifolius                6     ............................r.......................... 
Salix silesiaca                         4     ............................4.......................... 
Scabiosa lucida                         6     ............................rr......................... 
Senecio hercynicus                      6     ............................r...............+.......... 
Solidago virgaurea                      6     ............................+..r.........r..+1r........ 
Daphne mezereum                         6     .............................r......................... 
Salix silesiaca                         6     .............................r......................... 
Scrophularia scopolii                   6     .............................r......................... 
Asplenium septentrionale                6     ..............................r........................ 
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Aurinia saxatilis                       6     ..............................+........................ 
Fraxinus excelsior                      4     ..............................+........................ 
Galium aparine                          6     ..............................r........................ 
Melica uniflora                         6     ..............................+...........1...+......+. 
Prunus spinosa                          6     ..............................1...............1.r1..... 
Rosa species                            4     ..............................+........................ 
Rosa species                            6     ..............................+....r................... 
Verbascum chaixii ssp. austriacum       6     ..............................+.1.....3.......+..r..... 
Abies alba                              7     ...............................r....................... 
Clematis vitalba                        6     ...............................r....................... 
Clinopodium vulgare                     6     ...............................+....................... 
Eupatorium cannabinum                   6     ...............................+....................... 
Fallopia convolvulus                    6     ...............................+r...................... 
Genista germanica                       6     ...............................r.....r................. 
Hieracium laevigatum                    6     ...............................+r...................... 
Inula conyza                            6     ...............................1.................r...r. 
Lapsana communis                        6     ...............................r....................... 
Sonchus oleraceus                       6     ...............................r....................... 
Acinos arvensis                         6     ................................r..........1........... 
Centaurea triumfettii                   6     ................................+......1............... 
Jasione montana                         6     ................................r...................... 
Koeleria pyramidata auct.               6     ................................r.......1.............. 
Lychnis viscaria                        6     ................................r1...............+..... 
Scleranthus perennis                    6     ................................+...................... 
Tragopogon orientalis                   6     ................................r...................... 
Vicia sativa                            6     ................................r...................... 
Galium rotundifolium                    6     .................................r...............+.+... 
Pinus sylvestris                        4     ..................................1............1....... 
Falcaria vulgaris                       6     ...................................+................... 
Galium glaucum                          6     ...................................1................... 
Koeleria macrantha                      6     ...................................2................... 
Calamagrostis villosa                   6     ....................................+.................. 
Galium anisophyllon                     6     ....................................1.................. 
Sesleria tatrae                         6     ....................................2.................. 
Tussilago farfara                       6     ....................................+.................. 
Campanula glomerata                     6     .....................................r................. 
Melampyrum cristatum                    6     .....................................r................. 
Potentilla heptaphylla                  6     .....................................r................. 
Quercus pubescens                       7     .....................................+................. 
Thesium linophyllon                     6     .....................................r................. 
Trifolium alpestre                      6     .....................................r........+........ 
Acer pseudoplatanus                     7     ......................................+.............r.. 
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Convolvulus arvensis                    6     ......................................r................ 
Origanum vulgare                        6     ......................................1.r.............. 
Picris hieracioides                     6     ......................................2................ 
Brachypodium sylvaticum                 6     .......................................1..........+.+.. 
Centaurea jacea                         6     ........................................r.............. 
Tragopogon pratensis                    6     ........................................r.............. 
Anemone narcissiflora                   6     .........................................1............. 
Botrychium lunaria                      6     .........................................r............. 
Festuca versicolor                      6     .........................................3............. 
Thesium alpinum                         6     .........................................+............. 
Thymus alpestris                        6     .........................................3............. 
Viola reichenbachiana                   6     .................................................r..... 
Myosotis sylvatica                      6     ................................................+...... 
Carlina acaulis                         6     ..........................................2............ 
Prunus cerasus                          7     ..........................................1........1... 
Robinia pseudacacia                     4     ..........................................2............ 
Viola canina                            6     ..........................................+............ 
Allium vineale                          6     ...........................................r........... 
Euphorbia villosa                       6     ...........................................1........... 
Inula germanica                         6     ...........................................1........... 
Tilia cordata                           1     ...........................................2........... 
Geranium sylvaticum                     6     ............................................r.......... 
Polygonatum verticillatum               6     ............................................+.......... 
Polystichum lonchitis                   6     ............................................+.......... 
Rubus idaeus                            7     ............................................2.......... 
Galium schultesii                       6     .............................................+......... 
Lonicera xylosteum                      4     .............................................1......... 
Luzula luzulina                         6     .............................................+......... 
Picea abies                             4     .............................................+......... 
Polypodium vulgare                      6     .............................................1......... 
Sorbus aucuparia                        1     .............................................1......... 
Sorbus aucuparia                        4     .............................................1......... 
Arabis turrita                          6     ..............................................r........ 
Carex caryophyllea                      6     ..............................................2........ 
Crataegus species                       4     ..............................................+........ 
Crataegus species                       7     ..............................................r..r+.... 
Prunus spinosa                          4     ..............................................1........ 
Pulmonaria officinalis agg.             6     ..............................................+.+...... 
Thlaspi caerulescens                    6     ..............................................r........ 
Coronilla varia                         6     ..............................................+........ 
Plantago major                          6     ...............................................r....... 
Salix caprea                            7     ...............................................+....... 
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Tilia cordata                           7     ...............................................r....... 
Viola collina                           6     ...............................................+r.r.... 
Astragalus glycyphyllos                 6     ................................................1...... 
Vicia hirsuta                           6     ................................................r...... 
Larix decidua                           1     .................................................1.1... 
Stellaria media                         6     ..................................................r.... 
Cornus mas                              6     ....................................................r.. 
Hedera helix                            6     ....................................................+.. 
Quercus cerris                          7     ....................................................2.. 
Allium oleraceum                        6     .....................................................+. 
Bothriochloa ischaemum                  6     .....................................................1. 
Inula oculus-christi                    6     .....................................................1. 
Aster amellus                           6     ......................................................+ 
Carex flacca                            6     ......................................................2 
Carex michelii                          6     ......................................................+ 
Cirsium pannonicum                      6     ......................................................+ 
Festuca rupicaprina                     6     ......................................................+ 
Laserpitium latifolium                  6     ......................................................1 
Listera ovata                           6     ......................................................r 
Melampyrum arvense                      6     ......................................................r 
Onobrychis arenaria                     6     ......................................................r 
Ophrys insectifera                      6     ......................................................r 
Orchis pallens                          6     ......................................................r 
Polygala comosa                         6     ......................................................r 
Prunella grandiflora                    6     ......................................................1 
Scabiosa canescens                      6     ......................................................+
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Table S2 Results of the soil sample analyses from sites of 49 relevés of G. valdepilosum and G. 
sudeticum used in the study. For details on the analyses see Kolář et al. 2013b. 
Taxon Pop code pH N (%) C (%) Ca (mg/kg) Mg (mg/kg) Ca/Mg K (mg/kg) 
Galium valdepilosum-2x G021 5.93 0.640 15.81 2497.50 4031.25 0.62 102.68 
Galium valdepilosum-2x G028 6.34 0.419 9.18 2027.50 4657.50 0.44 173.87 
Galium valdepilosum-2x G061 5.19 0.500 11.58 2266.25 473.25 4.79 121.15 
Galium valdepilosum-2x G062 4.57 0.678 9.67 2197.50 323.13 6.80 136.74 
Galium valdepilosum-2x G065 5.10 0.160 2.99 1568.75 208.25 7.53 138.79 
Galium valdepilosum-2x G090 4.49 0.616 11.67 2272.50 851.50 2.67 200.13 
Galium valdepilosum-2x G091 5.10 0.252 5.15 1573.75 344.63 4.57 98.96 
Galium valdepilosum-2x G092 6.29 0.527 6.98 4088.75 132.25 30.92 83.51 
Galium valdepilosum-2x G093 5.05 0.493 6.38 2441.25 627.50 3.89 116.33 
Galium valdepilosum-2x G094 4.71 0.300 3.68 914.13 148.13 6.17 102.68 
Galium valdepilosum-2x G095 5.75 0.603 11.23 2617.50 2528.75 1.04 96.02 
Galium valdepilosum-2x G096 6.55 0.179 2.11 1751.25 379.75 4.61 68.31 
Galium valdepilosum-2x G099 5.19 0.248 2.98 1355.00 338.75 4.00 136.33 
Galium valdepilosum-2x G102 4.53 0.308 4.43 865.75 124.95 6.93 70.27 
Galium valdepilosum-2x G103 4.27 0.236 3.07 577.38 88.66 6.51 64.48 
Galium valdepilosum-2x G104 4.15 0.313 2.91 243.63 50.61 4.81 41.89 
Galium valdepilosum-2x G105 4.79 0.334 4.42 1061.88 88.14 12.05 44.20 
Galium valdepilosum-2x G117 7.46 0.68 9.44 8481.25 250.50 33.86 272.20 
Galium valdepilosum-2x G158 6.48 0.21 3.78 3853.75 373.88 10.31 156.75 
Galium valdepilosum-2x G159 7.59 0.11 5.19 11007.50 150.50 73.14 89.10 
Galium valdepilosum-2x G163 6.79 0.69 9.53 3087.50 4191.25 0.74 239.46 
Galium valdepilosum-2x G165 6.56 0.23 3.40 3243.75 278.50 11.65 89.58 
Galium valdepilosum-2x G166 5.24 0.85 11.87 1715.00 459.50 3.73 126.92 
Galium valdepilosum-4x G016 4.36 0.269 6.28 1431.25 184.75 7.75 175.41 
Galium valdepilosum-4x G017 5.90 0.627 9.66 1151.50 3316.25 0.35 75.94 
Galium valdepilosum-4x G036 7.65 0.168 6.68 11412.50 402.63 28.35 131.41 
Galium valdepilosum-4x G037 4.56 1.862 23.27 2167.50 1428.75 1.52 158.49 
Galium valdepilosum-4x G040 7.65 0.476 9.84 29150.00 197.83 147.35 152.23 
Galium valdepilosum-4x G041 4.42 0.775 10.80 1388.75 104.59 13.28 164.54 
Galium valdepilosum-4x G042 4.10 0.398 7.27 511.88 67.38 7.60 92.11 
Galium valdepilosum-4x G043 7.38 1.603 21.85 11684.57 2449.62 4.77 189.77 
Galium valdepilosum-4x G044 6.61 1.435 22.31 6392.50 3110.00 2.06 164.13 
Galium valdepilosum-4x G045 7.34 1.522 25.36 15862.50 3060.00 5.18 154.69 
Galium valdepilosum-4x G046 7.57 0.595 16.51 8296.25 2572.50 3.22 81.56 
Galium valdepilosum-4x G047 5.48 1.018 12.48 1528.75 3040.00 0.50 184.44 
Galium valdepilosum-4x G048 4.56 1.497 19.52 1773.75 2212.50 0.80 128.94 
Galium valdepilosum-4x G049 4.61 0.581 7.93 1515.00 160.50 9.44 299.23 
Galium valdepilosum-4x G050 5.19 1.477 25.09 1051.75 1476.25 0.71 147.61 
Galium valdepilosum-4x G051 4.93 0.600 12.78 1473.75 1436.25 1.03 104.84 
Galium valdepilosum-4x G058 5.32 0.496 5.34 2551.25 205.01 12.44 339.95 
Galium valdepilosum-4x G059 6.21 2.274 35.30 16300.00 479.38 34.00 202.80 
Galium valdepilosum-4x G060 7.70 0.435 13.76 11351.25 91.09 124.62 102.99 
Galium valdepilosum-4x G106 3.97 0.256 6.13 387.75 168.13 2.31 49.93 
Galium valdepilosum-4x G116 7.47 0.41 5.52 9390.00 139.13 67.49 164.41 
Galium valdepilosum-4x G134 7.66 0.27 7.35 12590.69 92.35 136.34 327.47 
Galium valdepilosum-4x-W 
Bohemian serpentines G032 5.3 0.76 10.72 1370.00 1472.50 NA 139.40 

Galium valdepilosum-4x-W 
Bohemian serpentines G136 5.25 1.18 16.21 2051.25 3406.25 0.6 243.03 

Galium sudeticum G171 5.91 0.53 6.05 1247.30 57.30 21.77 93.36 
Galium pusillum agg. G135 7.43 0.42 13.44 5863.75 938.25 6.25 63.53 
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Fig. S1 Habitat preferences of G. valdepilosum (di- and tetraploid cytotypes), G. sudeticum and one 
taxonomically uncertain G. pusillum agg. population from the Kralický Sněžník Mts. The patterns 
in floristic composition of 55 phytosociological relevés are visualized using the detrended 
correspondence analysis (the first and second ordination axes explain 5.7 % and 5.1 % of the total 
variation, respectively). Serpentine populations from W Bohemia previously referred to as G. 
sudeticum are marked by an arrow. 
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Fig. S2 Different response in growth of the root system of seedlings of diploid and tetraploid G. 
valdepilosum populations of different substrate origin (serpentine vs. non-serpentine) planted in a 
hydroponic cultivation. Square symbols and vertical bars denote means and standard errors of the 
mean, respectively. 
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Case study VI. 

Arctic-alpine differentiation in a polyploid plant complex: dominance of 
higher polyploids in deglaciated areas, survival in lowland serpentine 

refugia, and geographical parthenogenesis in Potentilla crantzii 
(Rosaceae) 

 
Juraj Paule, Filip Kolář & Christoph Dobeš 

 

 
 

The serpentine site Dolnokralovické hadce hosts the only lowland population of otherwise arctic-alpine 
species Potentilla crantzii. Genetic make-up of this population suggests past contacts of arctic and 

alpine plants 
 
 
By comparing genetic and cytological variation of selected populations of Potentilla crantzii from 
southern, central, and northern Europe, we describe contrasting patterns in this arctic-alpine polyploid 
complex. While genetically impoverished apomictic hexaploids prevailed in the arctic areas, the more 
southerly areas (mostly in alpine stands) were dominated by a variable and likely sexual tetraploid 
cytotype. Both groups were genetically distinct, the only exception being an isolated yet genetically 
diverse population in lowland central Europe that occupies a distinct habitat (serpentine pine forest). 
This population exhibited signs of genetic admixture, probably as a result of past contact of both 
major lineages in glacial periods, thus documenting the importance of serpentine sites for preserving 
high and distinct genetic diversity.  
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Abstract 
 
The combined effects of polyploidy and apomixis on the arctic-alpine European distribution of 
Potentilla crantzii were studied with a specific focus on estimating the role of serpentine habitats as 
glacial refugia. The study was based on the data on ploidy variation and the genetic diversity of 
populations assessed by AFLPs and cpDNA sequences. We observed a ploidy differentiated arctic-
alpine disjunction with tetraploids limited to the Central and Southern European mountain chains 
and hexaploids dominating in the (Sub-)Arctic. This continental distribution pattern indicated 
geographic parthenogenesis as tetraploidy was associated with sexuality and hexaploidy with 
apomixis. Genetic data suggested strong genetic differentiation between the majority cytotypes with 
possible introgression of apomicts into sexuals, supported by the presence of other cytotypes of 
intermediate or higher ploidy. The two lowland serpentine populations exhibited remarkably 
contrasting genetic patterns suggesting different evolutionary histories, with the tetraploid Czech 
population showing conspicuously high genetic diversity. The Czech serpentine population 
preserved genetic traces of both arctic and alpine gene pools and probably represented last remnant 
of past contacts of both major lineages in the former periglacial zone of Central Europe. However, it 
could not be considered a direct source (or last remnant of the ancestral source populations) of the 
northern postglacial colonizers. Finally, our genetic and cytological data did not support a distinct 
taxonomic status for the serpentine populations that were traditionally differentiated as P. crantzii 
subsp. serpentini. 
 
 
Keywords 
 
AFLP, apomixis, cpDNA, geographical parthenogenesis, polyploidy, serpentine, reproductive 
mode, Potentilla, Rosaceae 
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Introduction 
 
Pleistocene glacial cycles had a major impact on the distribution of the European flora (Hewitt 
1999, Médail & Diadema 2009), especially on taxa adapted to high altitudes (Tribsch 2004) or 
latitudes (Wolfe 1980). Glacial periods increased habitat connectivity for these taxa and promoted 
wider distributions in a broad zone of the periglacial belt. During inter-glacial periods cold-adapted 
taxa retreated towards the Arctic and high mountains, leading to currently observed arctic-alpine 
disjunctions (e.g. Arabis alpina L., Veronica alpina L., Ranunculus glacialis L.; Schmitt et al. 
2009). 

Polyploidy is assumed to play an important role in plant diversification during Pleistocene 
glacial cycles. Polyploidy is usually associated with alterations of the genetic, genomic and 
developmental properties inherited from the diploid ancestors (Kearney 2005, Osborn et al. 2003, 
Soltis & Soltis 2000, Soltis & Soltis 2009, Wendel 2000) which potentially lead to physiological, 
developmental, anatomical and/or morphological changes of ecological relevance (te Beest et al. 
2011, Levin 1983). Polyploids were thus reported to spread more efficiently in the new 
environments available after glacial retreat, an ability suggested to have contributed to the 
abundance of polyploids in both arctic and alpine floras (e.g. Löve 1953, Brochmann et al. 2004). 

In addition, polyploidisation modifies the migration abilities through accompanied changes 
in the reproductive system such as the breakdown of self-incompatibility (e.g. Barrett 1988), 
modification of the mode of genetic inheritance (Parisod et al. 2010) or the evolution of apomixis 
(i.e. asexual reproduction via seeds) (Asker & Jerling 1992). These associations are of high 
relevance for the colonisation abilities of plant species and cytotypes. In particular, apomixis, which 
is almost exclusively connected with polyploidy, has a strong promotive role in postglacial 
recolonisation. When compared to the sexual counterparts, apomicts favor marginal habitats such as 
higher altitudes and latitudes, which is often referred to as “geographical parthenogenesis” 
(Bierzychudek, 1985; Hörandl 2009). Hence, polyploid apomicts are considered for a superior 
colonizing potential, which is partially explained by the ability of population establishment from a 
single individual or seed (Baker's law, Baker 1967). 

The commonly observed diploid sexual-polyploid apomictic eco-geographic contrasts could 
be modified by environmental conditions unaffected by climatic oscillations such as extreme 
edaphic conditions. A good example are nearly toxic serpentine soils (poor in certain nutrients, rich 
in heavy metals and with extremely low Ca/Mg ratio; Brady et al. 2005, Kazakou et al. 2008), 
which are geographically wide-spread and have strong ecological effects on plant life. Serpentines 
can influence plant evolution in two principal ways: (i) as ecological filter allowing only 
(pre)adapted genotypes to enter, possibly enhancing selective pressures for development of 
reproductive barriers and, finally, triggering peripatric speciation (e.g. McNeily et al. 1968, Macnair 
& Gardner 1998, Rajakaruna 2004) and (ii) as a refugium providing suitable environment for many 
plants with demands on less-competitive conditions (e.g. Cerastium alsinifolium Tausch, Vít et al. 
2013, many representatives of Californian serpentine flora, Anacker et al. 2011). Despite increasing 
number of studies on serpentine ecology and biogeography emerging in last decade, the information 
on the role of serpentine refugia in shaping genetic structure of European plants is extremely scarce. 
The few studies available have shown that serpentine sites can either harbour unexpected cryptic 
taxonomic diversity (Knautia arvensis subsp. serpentinicola Smejkal ined., Kolář et al. 2012), host 
locally adapted ecotypes differentiated from the surrounding populations (Cerastium alpinum L., 
Nyberg Berglund et al. 2004), or represent a genetically non-differentiated population of a pre-
adapted plant species (Silene dioica (L.) Clairv., Westerbergh & Saura 1992). 

A species exhibiting both an alpine-arctic distribution and serpentine occurrences potentially 
qualifying as glacial refugia is Potentilla crantzii (Crantz) Beck ex Fritsch. Potentilla crantzii is 
widely distributed in the alpine zone of the Eurasian mountains (the Pyrenees, the Alps, the 
Carpathians, Caucasus, the Urals, and Central Asian mountains) and the (Sub-)Arctic (Northern 
Europe, eastern Canada and Greenland: Meusel et al. 1965), and exhibits conspicuous ploidy 
variation (e.g. Müntzing 1958, Dobeš & Vitek 2000, Skalinska & Czapik 1958, Smith 1963, Smith 
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et al. 1971; see Electronic Appendix 2) with hexaploids (x = 7; 2n = 6x = 42) dominating in 
Scandinavia and Scotland and tetraploids (2n = 4x = 28) in Central Europe. Additionally, 
hexaploids were reported from the Pyrenees, the Alps and the Tatra Mountains (Walters 1968, 
Asker 1985, Delgado et al. 2000; see Electronic Appendix 2). Ploidy variation appears to be 
accompanied by differentiation in reproductive mode: pseudogamous apomixis (i.e. asexuality 
requiring pollination to initiate seed formation) is documented for hexaploids from Northern Europe 
(Håkansson 1946, Müntzing 1958, Smith 1963) as well as individuals of unknown ploidy from the 
Alps (Hörandl et al. 2011), whereas tetraploids from the Tatra Mountains reproduced via regular 
sexuality (involving female meiosis and a sexual origin of the embryo) (Czapik 1961, 1962).  

Two geographically isolated local occurrences in the lowlands of Central Europe have been 
reported for P. crantzii, namely from serpentine outcrops close to Bernatice in the central Czech 
Republic and from the large serpentine body around Bernstein in Austria (e.g. Neumayer 1930, 
Soják 1960). In contrast to the alpine-arctic populations (inhabiting the alpine grassland and open 
tundra), these populations grow in the understory of open pine forests together with numerous plant 
species that are considered relicts from low-competitive environments of glacial and early Holocene 
periods (Kobrle 1964, Punz et al. 2010). Based on the ecological distinctness and peculiar 
morphological traits (narrow stipule auricules, small flowers and frequent presence of glandular 
hairs), the serpentine populations were distinguished as P. crantzii subsp. serpentini (Borbás) 
Hayek (Soják 1960, 1995). 

Focusing on European populations we (i) investigate the combined effects of polyploidy and 
apomixis on the continental distribution of P. crantzii and (ii) estimate the role of serpentine 
habitats as refugia of distinct (post)glacial diversity. In addition, (iii) we discuss the taxonomic 
status of serpentine populations. For that purpose we assess ploidy variation and the genetic 
diversity and differentiation of European populations based on amplified fragment length 
polymorphisms (AFLP) and chloroplast DNA sequences.  
 
Material and Methods 
 
Plant material 
Plant material was collected from 38 populations. In addition, one population was obtained through 
Index Seminum, one from Botanical Garden in Tatranská Lomnica and 5 individuals were obtained 
from the Herbarium MA. Individuals were sampled from a distance of at least 5 m from each other. 
In total, 186 individuals representing 45 populations were investigated, 1–10, but mostly 4–5 
individuals per population (Electronic Appendix 1). Herbarium vouchers are deposited in HEID, W 
and PRC herbaria (Electronic Appendix 1). ArcGIS v10.1 (ESRI, USA) was used for construction 
of distribution maps. 
 
Chromosome counts and DNA ploidy estimation 
DNA ploidy was determined by flow cytometry using the Partec Ploidy Analyser (Partec, Münster, 
Germany) at the IPK, Gatersleben, and at the Department of Pharmacognosy, University of Vienna, 
the Partec Ploidy Analyser II equipped with a HBO mercury arc lamp at Department of Botany, 
University of South Bohemia in České Budějovice, and the Partec ML equipped with UV-LED 
lamp at Department of Botany Charles University, Prague. The samples were prepared according to 
the two-step (Otto) protocol (Doležel et al. 2007). One fresh petiole or part of silicagel-dried leaf 
blade was chopped together with the internal standard [Lycopersicon esculentum L. cv. Stupické 
polní tyčkové rané (Doležel & Bartoš 2005)] using a sharp razor blade in a Petri-dish containing 0.5 
mL of ice-cold Otto I buffer (0.1 M citric acid, 0.5 % Tween 20). The suspension was filtered 
through a 42-μm nylon mesh and incubated for 10 min at room temperature. Isolated nuclei were 
stained with 1 mL of Otto II buffer (0.4 M Na2HPO4·12H2O) supplemented with DAPI in 
concentration 4 µg·ml-1 and β-mercaptoethanol in concentration 2 μg·ml-1. After 1 min incubation 
the fluorescence of at least 3,000 particles was scored. Sample/standard fluorescence ratios were 
calculated from the means of the sample and standard fluorescence histograms, and only those with 
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coefficients of variation (CVs) < 5% for the G0/G1 peak of the sample were considered. In order to 
obtain a reliable Three chromosome counted individuals of different ploidy (Dobeš et al. 2012, 
Table 1, Electronic Appendix 1) served as reference for the estimation of DNA ploidy. The DNA 
ploidy has been attributed based on the regression of sample/standard fluorescence ratios against the 
ratios of the counted individuals. In order to assure the repeatability several replicate measurements 
of fresh and silica-gel dried samples were performed in different laboratories. 

Reproductive mode of three individuals from the serpentine population Pop375 was 
determined by flow cytometric seed screen (FCSS) using the protocol of Dobeš et al. (2013a). 
 
DNA extraction, cpDNA amplification and sequencing 
The total DNA was isolated from silica gel-dried leaf tissue as well as from five herbarium 
specimens using the procedure described in Dobeš & Paule (2010). The plastid trnH(gug)-psbA 
intergenic spacer was amplified using the primers: trnH(gug) 5’-CGC GCA TGG TGG ATT CAC 
AAT CC-3’ and psbA 5’-GTT ATG CAT GAA CGT AAT GCT C-3’ (Shaw et al. 2005). PCR 
reactions were performed as described in Paule et al. (2011). The cycle sequencing was 
accomplished on both strands. All sequences were edited and a consensus was made of forward and 
reverse sequences using the software SeqMan v4.0 (DNASTAR, USA). 
 
AFLP analysis 
A subset of 66 individuals from 13 populations was investigated by means of AFLP, 3–5, but 
mostly 5 individuals per population (see Table 1, Electronic Appendix 1). The AFLP analyses were 
performed using the protocol established by Vos et al. (1995) with few modifications as described 
in Paule et al. (2011). Three differentially fluorescence labelled PCR products of the same sample 
were multiplexed and diluted and the fragments were separated on MegaBase 500 DNA capillary-
sequencer together with an ET-ROX 550 size standard (Amersham Biosciences, USA). In each run, 
a total of 48 samples were analysed, including one standard sample applied to each run, one 
negative control, one repeat within the run and several additional repeats (altogether 6%). Raw data 
were visualised and the fragments manually scored using GeneMarker v1.8 (SoftGenetics, USA). 
Processed data were exported as a presence/absence matrix. 
 
Data analyses 
The DNA sequences were aligned using ClustalX v1.83 (Thompson et al. 1997) and the alignments 
manually refined using GeneDoc v2.7 (Nicholas et al. 1997). Indels were manually coded for 
presence and absence. Phylogenetic relationships among the cpDNA haplotypes were reconstructed 
using the haplotype network analysis as implemented in TCS v1.2 (Clement et al. 2000) with a 
default connection limit of 95%. Haplotype diversity (h) (Nei & Tajima 1983) and nucleotide 
diversity (π) (Nei 1987) of populations were calculated using DnaSP v5.10.01 (Librado & Rozas 
2009). Indels were treated as single polymorphic sites. 

The following measures were computed using the R-script AFLPdat [Ehrich 2006; R 
v2.13.0 environment (R Development Core Team 2011)] for the whole dataset, majority cytotypes 
and geographic groups: total number of the fragments, proportion of polymorphic fragments, 
number of private fragments and proportion of shared fragments. 

The effective number of AFLP genotypes (Nbeff), Nei´s genotypic diversity (Dg) (Nei 1979) 
was established for each population using the software GenoDive v2.0b25 (Meirmans & van 
Tienderen 2004). The software allows entering a threshold/error rate, defined as the number of band 
differences between two individuals, estimated from the replicates. 

Phylogenetic relationships among the genotypes (in a sense of AFLP phenotype as used in 
the following) were visualised using an unrooted neighbor-joining (NJ) dendrogram (as 
implemented in SplitsTree4 v4.11.3; Huson & Bryant 2006) based on Jaccard distances. Robustness 
of branches was assessed by a bootstrap analysis with 1000 replicates. In addition, the Jaccard 
genetic distances among genotypes were visualised by principal coordinate analysis (PCoA) 
calculated in PAST v2.7 software (Hammer et al. 2001). 
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Genetic admixture analysis using the program Structure v2.3.3 (Pritchard et al. 2000) was 
applied to identify genetic clusters. Structure implements a model-based Bayesian clustering 
algorithm for likelihood estimation of different numbers of genetic clusters (K) defined by the user. 
The admixture model with both independent and correlated allele frequencies and a first row 
containing 0 for the recessive allele, as implemented in Falush et al. (2007), was used. Polyploids 
were coded as proposed by Stöck et al (2010). Each individual was coded as a formal octoploid 
(highest ploidy present in the dataset), assigning the missing chromosome sets in other ploidies as 
“missing data” (-9). The data were tested with K ranging from 1–6, with 20 replicate runs for each 
K, and a burn-in period of 5×104 and 10×104 iterations. In order to find the most probable value of 
K, the Structure output files were analysed with the Structure Harvester v0.6.92 (Earl & von Holdt 
2011) by means of the Evanno’s delta K (Evanno et al. 2005) and the outputs of the repeated runs at 
each K were averaged using CLUMPP v1.1.1 (Jakobsson & Rosenberg 2007). Similarity coefficient 
among each pair of structure runs were calculated according to Nordborg et al. (2005) using the R-
script Structure-sum v2011 (Ehrich 2007). 

In order to verify the results of the Structure analysis, we performed a non-model based 
approach based on replicated non-hierarchical K-means clustering (Hartigan & Wong 1979) using 
an R-script of Arrigo et al. (2010). We performed 5×104 independent runs (i.e., starting from 
random points) for 2-8 clusters and recorded the inter-group inertia of each run. We used the inter-
group inertia as a proxy of clustering accuracy and calculated the delta K values (Evanno et al. 
2005) using the method adopted by Arrigo et al. (2010). The partition with the highest delta K was 
considered as the most likely number of groups in our dataset. 
 
Results 
 
Flow cytometry 
DNA-ploidy was determined for 111 individuals from 38 populations (Table 1, Electronic 
Appendix 1). The CVs of the G0/G1 sample peaks ranged from 1.89 to 4.85 (mean 2.53±0.72) and 
reliable results were acquired for up to four years old silica-gel dried samples. Five distinct classes 
of sample/standard fluorescence ratios were detected, which corresponded to tetra-, penta-, hexa-, 
hepta- and octoploidy (Table 1, Electronic Appendix 1). Tetra- and hexaploids were the most 
common cytotypes identified (53.2% and 31.5%, respectively). The geographic distribution of 
cytotypes identified in this study together with the previously published records is shown in the Fig. 
1. Tetraploids were restricted to the alpine habitats, while hexaploids were found throughout the 
study area. The minority cytotypes were almost exclusively restricted to the Alps, Scotland and the 
Pyrenees, with additional occurrences of heptaploids in the Tatra Mountains and Scandinavia. The 
serpentine lowland populations were exclusively tetraploid.  

The embryo/endosperm ploidy ratio of the 20 seeds from the tetraploid serpentine 
population from the Czech Republic (Pop375) analysed by FCSS was 2:3 suggesting regular 
sexuality (Matzk et al. 2000, Dobeš et al. 2013a). 
 
CpDNA sequence data and haplotype distribution 
The cpDNA sequences were obtained for 132 individuals (see Table 1, Electronic Appendix 1). The 
length of the trnH-psbA IGS ranged from 356 bp to 399 bp. Twenty nucleotide substitutions, 12 
indels and six repeated sequence motifs (4 poly-A/poly-T stretches, 2 microsatellite motifs) were 
detected. The length of the alignment was 482 bp. After manual coding of the indels for the 
presence and absence and removal of the repeated sequence motifs, the total length of the alignment 
was reduced to 367 bp and 32 variable and 19 parsimony informative sites were considered. The 
sequences are deposited at NCBI GenBank (see Electronic Appendix 1). 

Nineteen trnH-psbA cpDNA haplotypes were identified and the TCS network analysis 
revealed two groups of haplotypes (Fig. 2) separated from each other by 6 mutations. The first 
group consisted of the majority of the haplotypes, the second group of haplotypes ZB, ZI, ZR and 
Q. Only two haplotypes (ZJ, ZM) were present in the (Sub)-Arctic. Haplotype and nucleotide 
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diversities of studied populations are summarised in Table 2. The highest values for the haplotype 
diversity were recorded for the tetraploid populations from the Balkans (Pop384), as well as for SW 
and SE alpine populations (Pop377 and Pop184) and the lowland serpentine population from the 
Czech Republic (Pop375). These populations showed also high levels of nucleotide diversity as did 
some alpine populations (Pop082, Pop110, Pop215). In contrast, populations from the (Sub)-Arctic 
showed zero diversities save Pop295 and Pop385, harbouring two haplotypes. 
 
AFLP analyses 
Three AFLP primer combinations resulted in 182 clearly scorable fragments sized from 63–537 bp 
and 89.01% of which were polymorphic. The repeatability was 95.60–98.35% (mean 96.70%). 

The number of fragments per individual was higher in hexaploids (72–92) than in tetraploids 
(65–88; Wilcoxon rank sum test: W=166, p-value=7.676e-05). However, the total number of 
fragments was higher in tetraploids (169 including 47 privates) compared to hexaploids (133 
including 11 privates). Moreover, 122 (67.78 %) fragments were shared by both major haplotypes. 

The neighbor-joining (NJ) analysis separated the tetra- from the hexaploids and identified 
the following geographic groups: the Balkans and Central Europe (including the Austrian serpentine 
population Pop373), the Eastern and Western Alps, the Czech serpentine population and (sub-
)arctic group subdivided into populations from Iceland and Norway (Fig. 3). However, few 
branches were supported by bootstrap values higher than 80% and the relationships between the 
main clusters are based on short branches with virtually no bootstrap support. 

The clustering of individuals in the Structure analysis confirmed the NJ division. The 
highest ΔK value was assigned to K=3 for analyses using both independent and correlated allele 
frequencies. Hence, results using independent allele frequencies only are considered further. 
Twenty structure runs produced nearly identical individual memberships, having pairwise similarity 
coefficients above 0.98. The genetic clusters corresponded to: 1. (sub-)arctic populations, 2. Central 
+ Southern European populations and 3. Pop384 from Montenegro (Fig. 4). Almost all individuals 
and populations were assigned according to the geographical origin showing no or marginal genetic 
admixture. However, individuals from the Icelandic population Pop295 were assigned either to the 
2. cluster (Ptl7513, Ptl7514) or were admixed of the 2. and 1. cluster (10.29–47.83%). Additionally, 
two individuals from (sub-)arctic Pop386 exhibited 9.94–13.90% admixture from the 2. cluster and 
Czech serpentine Pop375 revealed 4.81 to 22.22% of the 2. cluster. Nonhierarchical K-means 
clustering largely supported the Structure results by confirming the northern and southern cluster 
(the latter including also the Pop384 from Montenegro). Only two populations comprised 
individuals from both main clusters: Icelandic population Pop295 and a southern serpentine Pop375 
and the individuals corresponded to the strongly admixed in the Structure analysis (Fig. 4). 

Due to strong genetic distinctness, Pop384 was excluded from the two-dimensional PCoA. 
The first axis (explaining 15 % of the total variability) separated the (sub-)arctic and Central + 
Southern European populations except for the Czech serpentine population (Pop375) and Icelandic 
Pop295 which were intermediate between the two major geographical groups (Fig. 5).  

Based on the data repeatability a threshold of 8 AFLP bands was inferred. Even though a 
relatively high threshold was applied, all studied tetraploid populations revealed high genetic 
diversity, i.e. no clonal structure was observed. On the contrary, the majority of the hexaploid 
populations consisted of a single clone (Table 2), save populations Pop295 (Nbeff=5.00, Dg=1.00) 
from Iceland and Pop386 (Nbeff=3.57, Dg=0.90) from Norway. 
 
Discussion 
 
Latitudinal differentiation in ploidy and reproductive mode 
The distribution of Potentilla crantzii represented a ploidy differentiated arctic-alpine disjunction 
with tetraploids limited to the Central and Southern European mountain chains and hexaploids 
occupying the (Sub-)Arctic (Fig. 1). The intraspecific ploidy differentiation appeared to coincide 
with reproductive differentiation. It has been suggested that the hexaploids from Northern Europe 
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are pseudogamous apomicts (Håkansson 1946, Müntzing 1958, Smith 1963) and sexuality was 
demonstrated in tetraploid Carpathian population (Czapik 1961, 1962). The results presented here 
supported this geographic pattern. FCSS of Pop375 and genotypic diversity of the tetraploid 
populations (Table 2) suggested sexuality. In contrast, clonality of hexaploid populations (with the 
exception of the Pop295) agreed with apomixis. The distribution pattern indicated geographic 
parthenogenesis because sexual tetraploids and apomictic higher polyploids were present in 
European mountain chains and only the latter were additionally distributed in the (Sub-)Arctic.  

Ploidy differentiated arctic-alpine disjunctions have been demonstrated in several purely 
sexual taxa (e.g. Veronica alpina complex, Primula, Albach et al. 2006, Guggisberg et al. 2006). 
However, for the majority of the examples, the geographic disjunctions are connected with 
speciation events and intraspecific ploidy-disjunct distributions are rare (but see e.g. Vaccinium 
uliginosum L., Juncus biglumis L., Eidesen et al. 2007, Schönswetter et al. 2007). An example of 
intraspecific arctic-alpine geographical parthenogenesis is Hieracium alpinum L. (Asteraceae) 
(Mráz et al. 2009). In this case sexual diploids occupied restricted area at the low latitude range and 
were in strict allopatry with apomictic triploids covering polar latitudes and previously glaciated 
areas in the Alps and Northern Europe. In contrast, sexual tetraploids in P. crantzii occur in 
sympatry with higher polyploids in the low latitude mountains chains, particularly the Alps (Fig. 1). 
Unfortunately, these higher polyploids are largely underrepresented in our AFLP dataset (i.e. 
population genetic data are missing). Nevertheless, as pseudogamous apomixis was observed in 
individuals of unknown ploidy from the Alps (Hörandl et al. 2011), we suspect that reproductive 
differentiation occurs also here. Reproductive differentiation into sexual and apomictic ploidy 
cytotypes within European mountains chains was reported for a couple of other species. In 
Potentilla puberula Krašan sexuals prefer lower altitudes and more pristine habitats compared to 
apomicts in the Eastern Alps (Hülber et al. 2013). Interestingly, like in P. crantzii, reproductive 
differentiation occurs at the polyploid level (Dobeš et al. 2013c). In Ranunculus kuepferi Greuter & 
Burdet (Ranunculaceae) diploid sexuals are confined to the southwestern, formerly unglaciated 
parts of the Alps, while tetraploid apomicts dominate in previously glaciated areas (Cosendai & 
Hörandl 2008). Finally, in Potentilla rigoana Th. Wolf a latitudinal separation of diploid and 
polyploid apomictic cytotypes coincided with a glacial refugium in the southern Apennines and 
more dynamic past climatic conditions in the central Apennines (Dobeš et al. 2013b). 
 
Postglacial colonisation and arctic-alpine disjunctions 
There are two main hypotheses on the origin and the postglacial colonisation history of P. crantzii. 
Wolf (1908) suggested an origin of the species in the circumarctic belt in the early Tertiary and 
considered the current distribution of the species a Tertiary relict. On the contrary, Pawlowski 
(1929) and Soják (1960) suggested a Tertiary Asian origin of the taxon and Pleistocene distribution 
dynamics in Europe. The latter hypothesis was supported by cpDNA-based historical biogeographic 
study (Dobeš & Paule 2010), which inferred the origin of P. crantzii within the Potentilla core 
group at the limit of the Miocene and Pliocene or in the Pliocene as well as an East or South Asian 
origin of the genus. 

Although the geographic origin of P. crantzii remains elusive yet, our data indicate different 
biogeographic histories for the sexual and apomictic cytotypes during Pleistocene glacial cycles, i.e. 
survival of sexual tetraploids in the European mountain chains at low latitudes and colonisation of 
deglaciated arctic and alpine areas by apomictic hexaploids. In addition, hybridisation and 
polyploidisation of lineages in secondary contact zones during glacial area shifts hypothetically 
explain (cf. Hörandl 2009) the occurrence of minority cytotypes of intermediate (pentaploid) or 
higher ploidy (hepta- and octoploid) in the European mountain chains. An analogous occurrence of 
aberrant cytotypes (tri-, penta-, and hexaploids) was observed in the contact zone of the di- and 
tetraploid majority cytotypes of Ranunculus kuepferi (Cosendai & Hörandl 2008). 

This biogeographic scenario is supported by several findings. First of all the majority 
cytotypes co-occured in the Alps and tetraploids were found in most Central and Southern European 
mountain chains. (Sub-)arctic populations were genetically (haplotype, AFLP genotype, Table 2) 
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and cytologically (almost exclusively hexaploid) markedly impoverished. The (Sub-)Arctic 
represented only a subset (2/19, Fig 2) of haplotypes present in Central and Southern European 
mountain chains and revealed zero haplotype and nucleotide diversities. The majority of the private 
fragments (49) was found within the southern populations compared with just 11 private fragments 
in northern hexaploids, a pattern substantiated by the genetic distinction of both groups (as observed 
in PCoA and Structure and K-means clustering analysis, Fig. 4, Fig. 5). These findings might reflect 
two non-exclusive scenarios. First, the northern largely hexaploid lineage may have originated from 
a limited number of polyploidsation events from (putatively tetraploid) ancestors surviving 
glaciation(s) south of the ice sheet (i.e. a founder effect). New hexaploid lineage could have been 
instantly isolated from their ancestors by the apomictic reproduction, which limits or disables 
crossings with their ancestors and distinct hexaploid lineages. Second, the newly established 
hexaploid lineage(s) might have been further impoverished by repeated population bottleneck 
during recolonisation of the deglaciated landscape (i.e. leading-edge colonisation scenario, Hewitt 
1999). However, despite marked genetic impoverishment, all surviving lineages could have been 
maintained and further efficiently spread by the apomictic reproductive mode. 

Our data further suggest that the (Sub-)Arctic might have been (re)colonised from different 
sources or by different lineages. The two haplotypes observed in the Arctic thus had markedly 
different geographic distributions with the dominant haplotype (ZJ) found only in the Iberian 
Peninsula and haplotype ZM found in the Alps and Czech serpentine population. Both of these 
haplotypes co-occured in two (sub-)arctic populations (Pop295 from Iceland and Pop386 from 
Norway; Fig. 2, 3). Interestingly, these two populations revealed admixed AFLP profiles (Fig. 4) 
suggesting secondary contact and hybridisation. 

Alternatively, the genetic admixture of Pop295 and Pop386 could be explained by 
interspecific hybridisation. In the genus Potentilla, hybridisation is a common phenomenon even 
among rather distantly related species (e.g. Paule et al. 2012). Morphological intermediates with 
members of the P. verna aggregate have been reported for P. crantzii from the Alps, Scandinavia 
(see Soják 1960) and Scotland (Smith et al. 1971) and possibly other hybrids exist in the (Sub-
)Arctic (Aiken et al. 2007). Hybridisation can also explain the high number of private fragments in 
(sub-)arctic Pop295 as well as the presence of the haplotype Q in two Central European populations 
(Pop080, Pop396) observed previously in P. argentea (Paule et al. 2011). However, as the studied 
individuals were morphologically coherent with the other (sub-)arctic populations we assume 
limited introgression. 
 
Role of serpentine refugia in preserving genetic diversity of P. crantzii 
The two lowland serpentine populations exhibited remarkably contrasting genetic patterns 
suggesting different evolutionary histories. Austrian serpentine population (Pop373) appeared as a 
partly isolated outpost of the remaining Central European populations as it possessed low haplotype 
diversity (only a single widespread haplotype, ZA, Fig. 3) and clustered with the other populations 
from Southern and Central Europe. The Czech serpentine population (Pop375) was genetically 
distinct (e.g. Fig. 3). A long-term persistence in situ, at least through the Holocene, was indicated by 
high haplotype diversity and the high proportion of rare AFLP fragments. High genetic diversity 
agrees with the relict character of the flora at the locality, including the occurrence of several other 
light demanding species assumed to be relicts from the Pleistocene and/or early Holocene (e.g. 
Noccaea montana, Knautia arvensis subsp. serpentinicola, Minuartia smejkalii, Polygala amara, 
Galium valdepilosum, and Sesleria coerulea, Soják 1960, Dvořáková 1988, Kolář et al. 2012, 
2014). Interestingly, the Czech population showed genetic affinities to both Central + Southern 
European and the (sub-)arctic populations indicated by haplotype sharing (Fig. 2) and intermediate 
AFLP genotypes documented in all analyses (Fig. 3, Fig. 4, Fig. 5). Hence, the observed admixture 
could reflect either past hybridisation among the lineages in the periods (discussed above) or a 
remnant of their common ancestry. Although we cannot quantify a particular role of the serpentine 
glacial relict population in the colonisation of deglaciated areas, the results at least illustrated the 
importance of serpentine refugia for the conservation of unique genetic diversity. 
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Taxonomic comments 
Our genetic and cytological data did not support a distinct taxonomic status for the two serpentine 
populations that were traditionally differentiated as Potentilla crantzii subsp. serpentini (Borbás) 
Hayek. The Austrian population from Bernstein, which is the type locality of the subspecies 
(Neumayer 1930), was genetically merged with populations from Central and Southeastern Europe. 
The Czech population exhibited an intermediate position between the (sub-)arctic and Central + 
Southern European genetic group of P. crantzii. The genetic differences among both serpentine 
populations are in line with certain morphological differences among the populations described by 
Soják (1960). Even though the author recognises the subspecies, he suggested repeated acquisition 
of the morphological characters typical for both serpentine populations and expected their polytopic 
origin. However, the distinctness of the Bernstein population has been recently questioned leading 
to its current treatment as Potentilla crantzii var. serpentini, possibly reflecting a mere 
serpentinomorphosis (Punz et al. 2010). In conclusion, we suggest treating the Czech serpentine 
population as Potentilla crantzii, leaving space for its possible further distinction at level of variety.  
 
Acknowledgements 
 
We thank to A. Hilpold, A. Tribsch, K.B. Westergaard and T. Dahl for help with sampling as well 
as the Botanical Gardens of the University of Oulu for providing seeds in the scope of Index 
Seminum seed exchange. Further thanks go to T. Gregor for two unpublished chromosome counts 
and valuable discussions, P. Koutecký and T. Urfus for help with the flow cytometric analyses and 
the staff of the Grunelius-Möllgaard Laboratory (Senckenberg Research Institute) especially H. 
Kappes for the lab support. We are grateful to DFG for funding (DO792/1-1) as well as for the 
support from the SYNTHESYS Project (ES-TAF-3276) financed by the European Community 
Research Infrastructure Action under the FP6 “Structuring the European Research Area” 
Programme. The project was also supported by the Student grant agency of the Faculty of Science, 
University of South Bohemia (SGA 2008/010) and internal funds of the Senckenberg Research 
Institute. 

225



References 
 
Aiken S. G., Dallwitz M. J., Consaul L. L., McJannet C. L., Boles R. L., Argus G. W., Gillett J. M., 

Scott P. J., Elven R., LeBlanc M. C., Gillespie L. J., Brysting A. K., Solstad H. & Harris J. 
G. (2007): Flora of the Canadian Arctic Archipelago: Descriptions, Illustrations, 
Identification, and Information Retrieval. – NRC Research Press, National Research Council 
of Canada, Ottawa, URL: http://nature.ca/aaflora/data (accessed September 2013). 

Albach D. C., Schönswetter P. & Tribsch A. (2006): Comparative phylogeography of the Veronica 
alpina complex in Europe and North America. – Mol. Ecol. 15: 3269–3286. 

Anacker B. L., Whittall J. B., Goldberg E. E. & Harrison S. P. (2011): Origins and Consequences of 
Serpentine Endemism in the California Flora. – Evolution 65: 365–376. 

Arrigo N., Felber F., Parisod C., Buerki S., Alvarez N., David J. & Guadagnuolo R. (2010): Origin 
and expansion of the allotetraploid Aegilops geniculata, a wild relative of wheat. – New 
Phytol. 187: 1170–1180. 

Asker S. (1985): Chromosome studies in Potentilla. – Hereditas 102: 289–292. 
Asker S. E. & Jerling L. (1992): Apomixis in plants. – CRC Press, Boca Raton. 
Baker H. G. (1967): Support for Baker's law – as a rule. – Evolution 21: 853–856. 
Barrett S. C. H. (1988): The evolution, maintenance, and loss of self-incompatibiliy systems. – In: 

Lovett-Doust J. & Lovett-Doust L. (eds), Plant Reproductive Ecology: Patterns and 
Strategies, p. 98–124, Oxford University Press, New York. 

Beest, M. te, Le Roux, J. J., Richardson, D. M., Brysting A. K., Suda J., Kubešová M. & Pyšek P. 
2011. The more the better? The role of polyploidy in facilitating plant invasions. – Ann. Bot. 
109: 19–45. 

Bierzychudek, P. (1985): Patterns in plant parthenogenesis. – Experientia 41: 1255–1264. 
Brady K. U., Kruckeberg A. R. & Bradshaw H. D. Jr. (2005): Evolutionary ecology of plant 

adaptation to serpentine soils. – Annu. Rev. Ecol. Evol. Syst. 36: 243–266. 
Brochmann C., Brysting A. K., Alsos I. G., Borgen L., Grundt H. H., Scheen A.-C. & Elven R. 

(2004), Polyploidy in arctic plants. – Biol. J. Lin. Soc. 82: 521–536. 
Clement M., Posada D. & Crandall K. A. (2000): TCS: a computer program to estimate gene 

genealogies. – Mol. Ecol. 9: 1657–1659. 
Cosendai A.-C. & Hörandl E. (2008): Cytotype stability, facultative apomixis and geographical 

parthenogenesis in Ranunculus kuepferi (Ranunculaceae). – Ann. Bot. 105: 457–470. 
Czapik R. (1961): Embryological studies in the genus Potentilla L. I. P. crantzii. – Acta Biol. 

Cracoviensia Ser. Bot. 4: 97–119. 
Czapik R. (1962): Badania embriologiczne nad rodzajem Potentilla L. III. Mieszance miedzy P. 

crantzii i P. arenaria [Embryological studies in the genus Potentilla L. III. Hybrids between 
P. crantzii and P. arenaria]. – Acta Biol. Cracoviensia Ser. Bot. 5: 43–61. 

Delgado L., Gallego F. & Rico E. (2000): Karyosystematic study of Potentilla L. subgen. Potentilla 
(Rosaceae) in the Iberian Peninsula. – Bot. J. Linn. Soc. 132: 263–280. 

Dobeš C. & Paule J. (2010): A comprehensive chloroplast DNA-based phylogeny of the genus 
Potentilla (Rosaceae): implications for its geographic origin, phylogeography and generic 
circumscription. – Mol. Phylogenet. Evol. 56: 156–175. 

Dobeš C., Scherbantin A., Paule J., Striegel M. & Kais B. (2012): IAPT/IOPB chromosome data 
13. – Taxon 61: 894, E16–E17. 

226



Dobeš C., Lückl A., Hülber K. & Paule J. (2013a): Prospects and limits of the flow cytometric seed 
screen – insights from Potentilla sensu lato (Potentilleae, Rosaceae). – New Phytol. 
198: 605–616. 

Dobeš C., Rossa J., Paule J. & Hülber K. (2013b): Morphology, DNA-molecular variation, 
karyology, ecogeography, and phytosociology suggest allopatric differentiation and species 
rank for Potentilla rigoana (Rosaceae). – Taxon 62: 733–745. 

Dobeš C., Milosevic A., Prohaska D., Scheffknecht S., Sharbel T. F. & Hülber K. (2013c): 
Reproductive differentiation into sexual and apomictic polyploid races in Potentilla 
puberula (Potentilleae, Rosaceae). – Ann. Bot. 112: 1159–1168. 

Dobeš C. & Vitek E. (eds) 2000. Documented Chromosome Number Checklist of Austrian 
Vascular Plants. – Verlag des Naturhistorischen Museums Wien, Austria. 

Doležel J. & Bartoš J. (2005): Plant DNA flow cytometry and estimation of nuclear genome size. – 
Ann. Bot. 95: 99–110. 

Doležel J., Greilhuber J. & Suda J. (2007): Estimation of nuclear DNA content in plants using flow 
cytometry. – Nat. Protocols 2: 2233–2244. 

Dvořáková M. (1988): Minuartia smejkalii, eine neue Art aus der Minuartia gerardii-Gruppe 
(Caryophyllaceae). – Preslia 60: 1–9. 

Earl D. A. & von Holdt B. M. (2012): STRUCTURE HARVESTER: a website and program for 
visualizing STRUCTURE output and implementing the Evanno method. – Conserv. Genet. 
Resour. vol. 4: 359–361 

Ehrich D. (2006): AFLPdat: a collection of R functions for convenient handling of AFLP data. – 
Mol. Ecol. Notes 6: 603–604. 

Ehrich D., Gaudeul M., Assefa A., Koch M., Mummenhoff K., Nemomissa S., Intrabiodiv 
Consortium & Brochmann C. (2007): Genetic consequences of Pleistocene range shifts: 
Contrast between the Arctic, the Alps and the East African mountains. – Mol. Ecol. 16: 
2542–2559. 

Eidesen P. B., Alsos I. G., Suda J., Popp M., Stensrud Ø. & Brochmann C. (2007) Nuclear versus 
plastid data: complex Pleistocene history of a circumpolar key species. – Mol. Ecol. 16: 
3902–3925. 

Evanno G., Regnaut S. & Goudet J. (2005): Detecting the number of clusters of individuals using 
the software Structure: a simulation study. – Mol. Ecol. 14: 2611–2620. 

Falush D., Stephens M. & Pritchard J.K. (2007): Inference of population structure using multilocus 
genotype data: dominant markers and null alleles. – Mol. Ecol. Notes 7: 574–578. 

Guggisberg A., Mansion G., Kelso S. & Conti E. (2006): Evolution of biogeographic patterns, 
ploidy levels, and breeding systems in a diploid–polyploid species complex of Primula. – 
New Phytologist 171: 617–632. 

Håkansson A. (1946): Untersuchungen über die Embryologie einiger Potentilla-Formen. – Lunds 
Univ. Arsskr. N.F. Avd. 2 42: 1–70. 

Hammer O., Harper D. A. T. & Ryan P. D. (2001): PAST: Paleontological statistics software 
package for education and data analysis. – Palaeontol. Electron. 4: 9. 

Hartigan J. A. & Wong M. A. (1979): A K-means clustering algorithm. – Appl. Stat. 28: 100–108. 
Hewitt G. M. (1999): Post-glacial re-colonization of European biota. – Biol. J. Linn. Soc. 68: 87–

112. 
Hörandl E. (2009): Geographical parthenogenesis: opportunities for asexuality. – In: Schön I., 

Martens K. & Van Dijk P. (eds), Lost sex, p 161–186, Springer, Heidelberg. 

227



Hörandl E., Dobeš C., Suda J., Vít P., Urfus T., Temsch E. M., Cosendai A. C., Wagner J. & 
Ladinig U. (2011): Apomixis is not prevalent in subnival to nival plants of the European 
Alps. – Ann. Bot. 108: 381–390. 

Huson D. H. & Bryant D. (2006): Application of phylogenetic networks in evolutionary studies. – 
Mol. Biol. Evol. 23: 254–267. 

Hülber K., Scheffknecht S., & Dobeš Ch. (2013): Partitioning the factors explaining the eco-
geography in the amphi-apomictic species Potentilla puberula (Rosaceae). – In: Kroh A., 
Berning B., Haring E., Harzhauser M., Sattmann H., Walochnik J., Zimmermann D. & 
Zuschin M. (eds.) BioSyst.EU 2013. Global systematics! 2nd BioSyst.EU joint meeting, p. 
98, NOBIS Austria, Vienna. 

Jakobsson M. & Rosenberg N. A. (2007): CLUMPP: a cluster matching and permutation program 
for dealing with label switching and multimodality in analysis of population structure. – 
Bioinformatics 23: 1801–1806. 

Kazakou E., Dimitrakopoulos P. G., Baker A. J., Reeves R. D. & Troumbis A. Y. (2008): 
Hypotheses, mechanisms and trade–offs of tolerance and adaptation to serpentine soils: from 
species to ecosystem level. – Biol. Rev. Camb. Philos. Soc. 83: 495–508. 

Kearney M. (2005): Hybridization, glaciation and geographical parthenogenesis. – Trends Ecol. 
Evol. 20: 495–502. 

Kobrle A. (1964): Květena střední Sázavy a dolní Želivky. – Preslia 36: 195–207. 
Kolář F., Fér T., Štech M., Trávníček P., Dušková E., Schönswetter P. & Suda J. (2012): Bringing 

together evolution on serpentine and polyploidy: spatiotemporal history of the diploid-
tetraploid complex of Knautia arvensis (Dipsacaceae). – PLoS ONE 7: e39988. 

Kolář F., Lučanová M., Koutecký P., Dortová M., Knotek A. & Suda J. (2014): Spatio-ecological 
segregation of di- and tetraploid cytotypes of Galium valdepilosum (Rubiaceae) in Central 
Europe. – Preslia 86: 155–178. 

Levin D. A. (1983): Polyploidy and novelty in flowering plants. – Amer. Naturalist 122: 1–25. 
Librado P. & Rozas J. (2009): DnaSP v5: a software for comprehensive analysis of DNA 

polymorphism data. – Bioinformatics 25: 1451–1452. 
Löve A. (1953): Subarctic polyploidy. – Hereditas 39: 113–124. 
Macnair M. R. & Gardner M. (1998): The evolution of edaphic endemics. – In: Howard D. J. & 

Berlocher S. H. (eds), Endless forms: Species and speciation, p. 157–171 Oxford University 
Press, New York. 

Matzk F., Meister A. & Schubert I. (2000): An efficient screen for reproductive pathways using 
mature seeds of monocots and dicots. – Plant J. 21: 97–108. 

McNeilly T. & Bradshaw A. D. (1968): Evolutionary process in population of copper tolerant 
Agrostis tenuis Sibth. – Evolution 22: 108–118. 

Médail F. & Diadema K. (2009): Glacial refugia influence plant diversity patterns in the 
Mediterranean Basin. – J. Biogeogr. 36: 1333–1345. 

Meirmans P. G., & van Tienderen P. H. (2004): Genotype and Genodive: two programs for the 
analysis of genetic diversity of asexual organisms. – Mol. Ecol. Notes 4: 792–794. 

Meusel H., Jäger E. & Weinert E. (1965): Vergleichende Chorologie der Zentraleuropäischen Flora. 
Karten. – Gustav Fischer, Jena. 

Müntzing A. (1958): Heteroploidy and polymorphism in some apomictic species of Potentilla. – 
Hereditas 44: 280–329. 

228



Mráz P., Chrtek J. & Šingliarová B. (2009): Geographical parthenogenesis, genome size variation 
and pollen production in the arctic-alpine species Hieracium alpinum. – Botanica Helvetica 
119: 41–51. 

Nei M. (1987): Molecular Evolutionary Genetics. – Columbia Univ. Press, New York. 
Nei M. & Tajima F. (1983): Maximum likelihood estimation of the number of nucleotide 

substitutions from restriction site data. – Genetics 105: 207–217. 
Neumayer H. (1930): Floristisches aus Österreich einschliesslich einiger angrenzenden Gebiete I. – 

Verh. Zool.-Bot. Ges. Wien 79: 336–411. 
Nicholas K. B., Nicholas H. B. & Deerfield D. W. (1997): GeneDoc: analysis and visualization of 

genetic variation. – EMBNEW News 4: 14. 
Nordborg M., Hu T. T., Ishino Y., Jhaveri J., Toomajian C., Zheng H., Bakker E., Calabrese P., 

Gladstone J., Goyal R., Jakobsson M., Kim S., Morozov Y., Padhukasahasram B., Plagnol 
V., Rosenberg N. A., Shah C., Wall J. D., Wang J., Zhao K., Kalbfleisch T., Schulz V., 
Kreitman M. & Bergelson J. (2005): The pattern of polymorphism in Arabidopsis thaliana. 
– PLoS Biol. 3(7): e196. 

Nyberg Berglund, A.-B. N., Dahlgren, S. & Westerbergh, A. (2004): Evidence for parallel evolution 
and site-specific selection of serpentine tolerance in Cerastium alpinum during the 
colonization of Scandinavia. – New Phytol. 161: 199–209. 

Osborn T. C., Pires J. Ch., Birchler, J. A., Auger D. L., Chen Z. J., Lee H. S., Comai L., Madlung 
A., Doerge R. W., Colot V. & Martienssen R. A. 2003. Understanding mechanisms of novel 
gene expression in polyploids. – Trends Genet. 19: 141–147. 

Parisod C., Holderegger R. & Brochmann C. (2010): Evolutionary consequences of autopolyploidy. 
– New Phytol. 186: 5–17. 

Paule J, Scherbantin A. & Dobeš C. (2012): Implications of hybridisation and cytotypic 
differentiation in speciation assessed by AFLP and plastid haplotypes - a case study of 
Potentilla alpicola La Soie. – BMC Evol. Biol. 12: 132. 

Paule J., Sharbel T. F. & Dobeš C. (2011): Apomictic and sexual lineages of the Potentilla argentea 
L. group (Rosaceae) – cytotype and molecular genetic differentiation. – Taxon 60: 721–732. 

Pawlowski B. (1956): Flora Tatr l (Flora of the Tatry Mts.) – Państwowe Wydawnictvo Naukowe, 
Warszawa. 

Pritchard J. K., Stephens M. & Donnelly P. (2000): Inference of population structure using 
multilocus genotype data. – Genetics 155: 945–959. 

Punz W., Aigner B., Siegh A., Justin C. & Zechmeister H. (2010): Serpentinophytes in Burgenland 
(Austria). – Verh. Zool.-Bot. Ges. Österreich 147: 83–92. 

R Development Core Team (2011): R: a language and environment for statistical computing. – R 
Foundation for Statistical Computing, Vienna, URL http://www.R-project.org (accessed 
February 2012). 

Rajakaruna N (2004): The edaphic factor in the origin of plant species. – Int. Geol. Rev. 46: 471–
478. 

Schmitt T., Muster C. & Schönswetter P. (2009): Are disjunct alpine and arctic–alpine animal and 
plant species in the Western Palearctic really "relics of a cold past"? – In: Habel J. C. & 
Assmann T (eds), Relict Species: Phylogeography and Conservation Biology, p. 239–252, 
Springer, Heidelberg. 

Schönswetter P., Suda J., Popp M., Weiss-Schneeweiss H. & Brochmann C. (2007). Circumpolar 
phylogeography of Juncus biglumis (Juncaceae) inferred from AFLP fingerprints, cpDNA 
sequences, nuclear DNA content and chromosome numbers. – Mol. Phyl. Evol. 42: 92–103. 

229



Shaw J., Lickey E. B., Beck, J. T., Farmer S. B., Liu W., Miller J., Siripun K. C., Winder C. T., 
Schilling E. E. & Small R. L. (2005): The tortoise and the hare II: relative utility of 21 
noncoding chloroplast DNA sequences for phylogenetic analysis. – Am. J. Bot. 92: 142–
166. 

Skalinska M. & Czapik R. (1958): Badania cytologiczne nad rodzajem Potentilla L. – Acta Biol. 
Cracoviensia Ser. Bot. 1: 137–149. 

Smith G.L. (1963): Studies in Potentilla L. II. Cytological aspects of apomixis in P. crantzii (Cr.) 
Beck ex Fritsch. – New Phytol. 62: 283–300. 

Smith G. L., Bozman V. G. & Walters S. M. (1971): Studies in Potentilla L. III. Variation in British 
P. Tabernaemontani Aschers. and P. Crantzii (Cr.) Beck Ex Fritsch. – New Phytol. 70: 
607–618. 

Soják J. (1960): Potentilla crantzii, nový relikt v české květeně. – Preslia 32: 369–388. 
Soják J. (1985): Some new northern hybrids in Potentilla L. – Preslia 57: 263–266. 
Soják J. (1995): Potentilla L. – mochna. – In: Slavík B. (ed.), Květena České republiky 4, p. 283–

314, Academia, Praha. 
Soltis P. S. & Soltis D. E. (2000): The role of genetic and genomic attributes in the success of 

polyploids. – Proc. Natl. Acad. Sci. U.S.A. 97: 7051–7057. 
Soltis P. S. & Soltis D. E. (2009): The role of hybridization in plant speciation. – Ann. Rev. Pl. 

Biol. 60, 561–588. 
Stöck M., Ustinova J., Lamatsch D. K., Schartl M., Perrin N. & Moritz C. (2010): A vertebrate 

reproductive system involving three ploidy levels: hybrid origin of triploids in a contact 
zone of diploid and tetraploid palearctic green toads (Bufo viridis subgroup). – Evolution 64: 
944–959. 

Thompson J. D., Gibson T. J., Plewniak F., Jeanmougin F. & Higgins D. G. (1997): The ClustalX 
windows interface: flexible strategies for multiple sequence alignment aided by quality 
analysis tools. – Nucleic Acids Res. 25: 4876–4882. 

Tribsch A. (2004): Areas of endemism of vascular plants in the Eastern Alps in relation to 
Pleistocene glaciation. – J. Biogeogr. 31: 747–760. 

Vít P., Wolfová K., Urfus T., Tájek P. & Suda J. (2014): Interspecific hybridization between rare 
and common plant congeners inferred from genome size data: assessing the threat to the 
Czech serpentine endemic Cerastium alsinifolium. – Preslia 86: 95–117. 

Vos P., Hogers R., Bleeker M., Reijans M., van de Lee T., Hornes M., Frijters A., Pot J., Peleman 
J., Kuiper M. & Zabeau M. (1995): AFLP: a new technique for DNA fingerprinting. – 
Nucleic Acids Res. 23: 4407–4414. 

Walters S. M. (1968): Chromosome numbers of European species of Potentilla L. Grex Aureae 
Wolf. – Acta Fac. Rerum Nat. Univ. Comen., Bot. 14: 7–11. 

Wendel, J. F. (2000): Genome evolution in polyploids. – Pl. Molec. Biol. 42, 225–249. 
Westerbergh A. & Saura A. (1992): The effect of serpentine on the population structure of Silene 

dioica (Caryophyllaceae). – Evolution 46: 1537–1548. 
Winkler M., Tribsch A., Schneeweiss G. M., Brodbeck S., Gugerli F., Holderegger R., Abbott R. J. 

& Schönswetter P. (2012): Tales of the unexpected: phylogeography of the arctic-alpine 
model plant Saxifraga oppositifolia (Saxifragaceae) revisited. – Mol. Ecol. 21: 4618–4630. 

Wolf T. (1908): Monographie der Gattung Potentilla. – Biblioth. Bot. 71: 1–715. 
Wolfe J. A. (1980): Tertiary climatic and floristic relationships at high latitudes in the Northern 

hemisphere. – Palaeogeogr. Palaeoclimatol. Palaeoecol. 30: 313–323. 

230



Tables and Figures 
 
Table 1 Overview and collection history of 45 studied Potentilla crantzii populations.  
Serp: serpentine (S) or non-serpentine populations (NS), Nb: number of analysed individuals for 
DNA ploidy/AFLP/cpDNA, 2n: somatic chromosome number with the number of individuals 
examined in the parentheses. 
 

Pop ID  Locality Coordinates 

Subs
trate 
type 

DNA 
Ploidy Nb 2n 

Pop076 AUT, Nordtirol, Nördliche Kalkalpen, along the ascent 
from Lähn to Daniel, at Hebertaljoch, CD, 13.7.2006 

N 47.4372, 
E 10.8569 NS 7x  5/0/5 - 

Pop079 AUT, Nordtirol, Ötztaler Alpen, Ötztal, Zwieselstein, 
meadows E of the village, CD, 14.7.2006 

N 46.9388, 
E 11.0313 NS 6x  1/0/0 - 

Pop080 AUT, Nordtirol, Ötztaler Alpen, Rotmoostal S of 
Obergurgl, CD, 14.7.2006 

N 46.8384, 
E 11.0326 NS  -   0/0/5 - 

Pop082 ITA, Südtirol, Tuxer Alps, between Riederbergalm and 
Rollspitze, CD, 15.7.2006 

N 46.9336, 
E 11.4813 NS 6x, 7x  7/0/2 42 (1) 

Pop109 ITA, Lombardia, at the road in Passo del Vivione, CD, 
22.7.2006 

N 46.0422, 
E 10.218 NS 4x  1/0/4 - 

Pop110 ITA, Lombardia, Presolana, Passo della Presolana, CD, 
24.7.2006 

N 45.9303, 
E 10.1 NS 4x  1/0/5 - 

Pop130 NOR, Troms, Kafjord, Ankerlia, R. Hiltunen et al., 
15.9.2005 (Index Seminum  ex BG Univ. of Oulu) 

N 69.4333, 
E 20.9667 NS 6x  4/3/2 - 

Pop184 SLO, Julijske Alpe, Mangart saddle, below Mangart 
summit, JP, 7.9.2006 

N 46.4452, 
E 13.6418 NS 4x  6/0/4 28 (1) 

Pop209 ITA, Marche, Monte Catria, Fossato - Cagli, CD, 2.6.2007 N 43.4678, 
E 12.7031 NS  -   0/0/5 - 

Pop215 ITA, Abruzzo, along ascent from cable car station to 
Campo Imperatore at Monte Portella, CD, 4.6.2007 

N 42.4479, 
E 13.5539 NS 4x  1/0/5 - 

Pop244 FRA, Department Alpes-de-Haute-Provence, Between 
Grand Coyer and Sommet du Carton, CD, 13.7.2007 

N 44.1143, 
E 6.693 NS 4x  6/5/5 - 

Pop251 FRA, Department Hautes-Alpes, Queyras, next to the road 
at Col d'Agnel, CD, 16.7.2007 

N 44.6981, 
E 6.9495 NS 4x  1/0/5 - 

Pop255 FRA, Department Hautes-Alpes, Plateau d’Emparis, 
between Lac Noir und Lac Lerié, CD, 17.7.2007 

N 45.0474, 
E 6.2302 NS 5x,8x  6/5/5 35 (2)  

Pop259 NOR, Svalbard, Svalbard, Ny Allesund, Ossian Sarsfjellet, 
area around the bird cliff towards the north along the coast, 
A. Tribsch, 17.8.2007 

N 78.9283, 
E 12.4481 

NS 6x  1/5/5 - 
Pop295 ISL, Iceland, Akureyri, Krókárgerdisfjall, K. B. 

Westergaard & T. Dahl, 20.7.2007 
N 65.4167, 
W 18.8833 NS 6x  2/5/4 - 

Pop315 CHE, Graubünden, Engadin, Silvretta, Muot da l'Horn, on 
a ridge SE of Alp Laret, CD, 16.6.2008 

N 46.8197, 
E 10.2178 NS 6x  10/0/0 - 

Pop326 CHE, Uri, SE of Klausenpass, CD, 4.7.2009 N 46.8517, 
E 8.8601 NS 4x  9/0/0 - 

Pop373 AUT, Burgenland, Bernstein, serpentine forest along the 
road from Kalkgraben at the southern margin of the town, 
0.5 km SE of the church in Bernstein, open pine forest, 
FK, 23.6.2008 

N 47.4014, 
E 16.2629 

S 4x  5/5/9 - 
Pop374 AUT, Oberösterreich, Ebensee, along tourist path Offensee 

- Wildensee, 2 km NNW from the Wildensee lake, 10 km 
S of Ebensee, alpine rocky outcrops, FK, 20.6.2009 

N 47.7278, 
E 13.8442 

NS 4x  6/5/6 - 
Pop375 CZE, Středočeský kraj, Bernartice, pine forest next to the 

highway bridge, 2 km NW of the village, serpentine soil, 
open pine forest, FK, 4.8.2008 

N 49.6888, 
E 15.1034 

S 4x  5/5/9 - 
Pop376 DEU, Bayern, Berchtesgaden, rocks at the tourist path to 

Hoher Goll peak, 0.5 km SSW of Purtscheller Haus 
mountain hut, alpine rocky outcrops, FK, 26.6.2008 

N 47.6052, 
E 13.0697 

NS 4x  2/4/6 - 
Pop377 FRA, Hautes-Alpes, Col D´Izoard, 1 km N of the saddle, 

alpine rocky outcrops, FK, 23.7.2009 
N 44.8236, 
E 6.739 NS 4x  5/5/5 - 

Pop378 FRA, Haut-Rhin, Vosges, Hohneck mountain, glacial 
cirque SE of the top, glacial cirque, JP, 2009 

N 48.0357, 
E 7.0184 NS 4x  1/0/3 - 

Pop379 FRA, Hautes-Alpes, Villar D´Aréne, Romanche valley, 5 
km SE of the village, alpine rocky outcrops, FK, 20.7.2009

N 44.9900, 
E 6.3800 NS 7x  1/0/0 - 

Pop380 ISL, Eskifjörður, old calcite mine at Helgustadir, arctic 
tundra, FK, 7.7.2012 

N 65.0333, 
W 13.8529 NS 6x  1/0/0 - 
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Subs
trate 
type 

DNA 
Ploidy Nb 2n 

Pop381 ISL, Hvammstangi, along the road 711, N of the town, 
arctic tundra, FK, 10.7.2012 

N 65.5826, 
W 20.9238 NS 6x  1/0/0 - 

Pop382 ISL, Hveragerði, along the path to the thermal brook, N of 
the town, arctic tundra, FK, 4.7.2012 

N 64.0571, 
W 21.2186 NS 6x  1/0/0 - 

Pop383 MNE, Durmitor, Žabljak, polje of the Zeleni Vir lake, 0.5 
km SE of the Bobotov Kuk peak, alpine rocky outcrops, 
FK, 23.8.2008 

N 43.1192, 
E 19.0374 

NS 4x  2/5/5 - 
Pop384 MNE, Prokletije, Gusinje, calcareous rocks at the saddle 

0.5 km SW of mountain Sapica, 7 km SE of the town, 
alpine rocky outcrops, FK, 20.8.2008 

N 42.5049, 
E 19.8952 

NS 4x  5/5/5 - 
Pop385 NOR, Dovrefjell, Dombas, tourist path 1 km E Kongsvoll, 

rocky outcrops, FK, 17.7.2008 
N 62.2978, 
E 9.6052 NS 6x  2/4/6 - 

Pop386 NOR, Hardangervidda, Hardangervidda, rocks at the W 
margin of Hellevasdallen valley, rocky outcrops in tundra, 
FK, 22.7.2008 

N 59.998, 
E 7.1296 

NS 6x  3/5/6 - 
Pop387 NOR, Sor-Trondelag, Trollheimen, rocky outcrop above 

the saddle N of the western end of Gjevillvatnet lake, 
mountain tundra, FK, 15.8.2011 

N 62.7329, 
E 9.1808 

NS 6x  1/0/0 - 
Pop388 NOR, Oppland, Jotunheimen, Øvre Leirungen valley 4 km 

SE of Gjendesheim chalet, open rocky grassland in tundra, 
FK, 10.8.2013 

N 61.4782, 
E 8.7447 

NS 6x  1/0/0 - 
Pop389 GBE, Scotland, Tullybannocher, small gorge N of the 

Loch Lednoch reservoir, alpine rocky outcrops, FK, 
25.7.2011 

N 56.4431, 
W 4.0653 

NS 7x  1/0/0 - 
Pop392 ITA, South Tyrol, Wolkenstein, 0.2 km S of castle ruins, 

rocks, walls, CD, 4.9.2010 
N 46.5613, 
E 11.7679 NS 4x  1/0/0 - 

Pop393 ITA, South Tyrol, Dolomites, Col Raiser, close to the 
Regensburger Hütte, Semperviretum, CD, 4.9.2010 

N 46.5875, 
E 11.7583 NS 4x  1/0/0 - 

Pop396 SVK, Prešovský kraj, Botanical Garden, Tatranská 
Lomnica ex Belianske Tatry, Tristarská dolina, JP, 
18.7.2007 

N 49.2500, 
E 20.2000 

NS 7x  2/0/3 - 
Pop397 ESP; Palencia, Piedrasluengas, herb. MA631874 N 43.0367, 

W 4.4579 NS  -   0/0/1 - 
Pop398 AND; Orillas del rio Valira, Bordas de Envalira, herb. 

MA514288 
N 42.5529, 
E 1.6845 NS  -   0/0/1 - 

Pop399 ESP; Gerona, Tosses, Niu d’Iiga, herb. MA529127 N 42.3208, 
E 1.8835 NS  -   0/0/1 - 

Pop400 ESP; Huesca, Barranco de Montinier, herb. MA544750 N 42.6158, 
E 0.1835 NS  -   0/0/1 - 

Pop401 ESP; Navarra, Ochagavía, Orhy desde Puerte Larraun, 
herb. MA544776 

N 42.9752, 
W 1.001 NS  -   0/0/1 - 

Ptl3716 ITA, Südtirol, Sanntaler Alpen, along the way from 
Penserjoch to Täschspitze, CD, 16.7.2006 

N 46.8077, 
E 11.4746 NS 6x  1/0/0 - 

Ptl3718 ITA, Südtirol, 0.3 km SW of Peitlerscharte/Forcela de 
Pütia (St. Martin in Thurn), A. Hilpold, 15.7.2006 

N 46.6467, 
E 11.8097 NS 6x  1/0/0 - 

Ptl4390 ITA, Lombardia, Pizzo Camino, at the ascent from 
Schilpario to Passo Ezendola, CD, 23.7.2006 

N 45.9992, 
E 10.1876 NS 4x  1/0/0 - 
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Table 2 Indices of haplotypic (cpDNA) and genotypic (AFLPs) diversity of Potentilla crantzii 
populations. Nb: number of individuals, Nbhaplo: number of haplotypes, h haplotype diversity (Nei 
& Tajima 1983) and π: nucleotide diversity (Nei 1987), FT: total number of fragments; FP, 
proportion of polymorphic bands; FPP, number of private fragments. Effective number of 
genotypes (Nbeff) and Nei’s genotypic diversity (Dg). 
 

cpDNA AFLP Groups 
Ploid
y 

Nb 
 

Nbhapl

o 
h π [%] Nb 

 
FT FP 

[%] 
FPP Nbeff Dg 

Total  132 19 0.828 0.869 66 182 89.01 - 36.92 0.98 
Central + 
Southern 
European  

 109 19 0.791 0.939 44 173 83.51 49 42.09 0.99 

(Sub-)Arctic  23 2 0.403 0.220 22 133 51.65 9 6.72 0.89 
4x  75 13 0.747 0.707 39 169 82.22 47 39.00 1.00 
6x (Sub-)Arctic 
only   23 2 0.403 0.220 22 133 52.22 11 6.72 0.89 

6x  28 4 0.590 0.717 22 133 52.22 11 6.72 0.89 
Central + 
Southern 
European 

           

Pop076 7x 5 1 0.000 0.000 - - - - - - 
Pop080  5 1 0.000 0.000 - - - - - - 
Pop082 6x/7x 5 2 0.600 1.471 - - - - - - 
Pop109 4x 4 2 0.500 0.681 - - - - - - 
Pop110 4x 5 3 0.700 1.798 - - - - - - 
Pop184 4x 4 3 0.833 1.045 - - - - - - 
Pop209  5 1 0.000 0.000 - - - - - - 
Pop215 4x 5 2 0.000 1.308 - - - - - - 
Pop244 4x 5 2 0.600 0.327 5 101 27.47 2 5.00 1.00 
Pop251 4x 5 1 0.000 0.000 - - - - - - 
Pop255 5x/8x 5 3 0.700 0.708 5 119 28.57 3 3.57 0.90 
Pop373 4x 9 1 0.000 0.000 5 102 23.08 2 5.00 1.00 
Pop375 4x 9 4 0.750 0.333 5 108 30.77 3 5.00 1.00 
Pop374 4x 6 1 0.000 0.000 5 108 31.87 3 5.00 1.00 
Pop376 4x 6 1 0.000 0.000 4 95 22.53 2 4.00 1.00 
Pop377 4x 5 3 0.800 1.471 5 105 30.22 5 5.00 1.00 
Pop378 4x 3 2 0.667 0.182 - - - - - - 
Pop383 4x 5 2 0.600 0.163 5 109 32.42 3 5.00 1.00 
Pop384 4x 5 3 0.800 0.272 5 113 44.51 8 5.00 1.00 
Pop396 7x 3 2 0.667 1.635 - - - - - - 
(Sub-)Arctic            
Pop130 6x 2 1 0.000 0.000 3 83 7.14 0 1.00 0.00 
Pop259 6x 5 1 0.000 0.000 5 93 6.59 1 1.00 0.00 
Pop295 6x 4 2 0.667 0.363 5 113 31.32 5 5.00 1.00 
Pop385 6x 6 2 0.533 0.291 4 87 7.72 1 1.00 0.00 
Pop386 6x 6 1 0.000 0.000 5 100 20.88 1 3.57 0.90 
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Fig. 1 Distribution of Potentilla crantzii cytotypes in Europe. The map shows both newly acquired 
as well as previously published data (see Electronic Appendix 2 for a complete list). Pie charts are 
proportional to the frequency of a particular cytotype recorded in one population or in several 
closely adjacent populations (up to 65 km). 
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Fig. 2 Statistical parsimony network based on trnH-psbA cpDNA sequences from Potentilla 
crantzii and distribution of the cpDNA haplotypes in Europe. Small empty circles represent 
mutational steps that were not sampled. 
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Fig. 3 Phylogenetic relationships among individuals of Potentilla crantzii inferred on the basis of 
AFLP and cpDNA data. A) Neighbour joining dendrogram based on Jaccard distances among 
AFLP genotypes with chloroplast haplotypes depicted on corresponding branch tips. Black dots 
indicate nodes with > 70% bootstrap support. B) Statistical parsimony network based on trnH-psbA 
cpDNA sequences.  
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Fig. 4 Results of the Structure analysis of AFLP multilocus genotypes of the 66 individuals of 
Potentilla crantzii. A) the ΔK values for Ks ranging from 1 to 6, B) Mean Ln likelihood of K values 
tested, C) Cluster membership of individuals for K=3 and the result of K-means clustering for K=2. 
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Fig. 5 Principal coordinate analysis (PCoA) of AFLP genotypes from Potentilla crantzii. The first 
two axes explained 15.23% and 9.39% of the total variation, respectively. Arrows denote the 
lowland serpentine population from the Czech Republic (Pop375). 
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Supplementary Material 

Electronic Appendix 1 List of studied Potentilla crantzii accessions and performed experiments. Serp – serpentine locality (NS – non-serpentine, S - 
serpentine), FCM – flow cytometry (cc – chromosomes counted*, s- silikagel material), FCSS – flow cytometric seed screen, AFLP – amplified 
fragment length polymorphism. Country codes follow ISO 3166-1 Alpha-3. Collector abbreviations: AH – Andreas Hilpold, AT – Andreas Tribsch, 
CD – Christoph Dobeš, FK – Filip Kolář, JP – Juraj Paule, K.B.W & T.D - K.B. Westergaard & T. Dahl. 

Mat Nr PopID Locality Serp 
 

FCM FCSS AFLP Haplotype GenBank No. Herbarium No. 

Ptl3716  ITA; Südtirol, between Penserjoch and Täschspitze, CD NS 6x - - - - HEID805509, HEID805510 
Ptl3718  ITA; Südtirol, St. Martin in Thurn, Peitlerscharte, AH NS 6x - - - - HEID805512 
Ptl4011 
Ptl4012 
Ptl4013 
Ptl4015 
Ptl4020 

Pop076 
Pop076 
Pop076 
Pop076 
Pop076 

AUT; Nordtirol, Hebertaljoch, CD 
AUT; Nordtirol, Hebertaljoch, CD 
AUT; Nordtirol, Hebertaljoch, CD 
AUT; Nordtirol, Hebertaljoch, CD 
AUT; Nordtirol, Hebertaljoch, CD 

NS 
NS 
NS 
NS 
NS 

7x 
7x_s 
7x 
7x 
7x 

- 
- 
- 
- 
- 

- 
- 
- 
- 
- 

ZA 
ZA 
ZA 
ZA 
ZA 

 
 
 
 

HEID806908 to HEID806910 
HEID806911 
HEID806912, HEID806913 
HEID806915, HEID806916,  
HEID806921, HEID806922 

Ptl4111 
Ptl4112 
Ptl4113 
Ptl4114 
Ptl4115 
Ptl4116 
Ptl4118 
Ptl4120 

Pop082 
Pop082 
Pop082 
Pop082 
Pop082 
Pop082 
Pop082 
Pop082 

ITA; Südtirol, between Riederbergalm and Rollspitze, CD 
ITA; Südtirol, between Riederbergalm and Rollspitze, CD 
ITA; Südtirol, between Riederbergalm and Rollspitze, CD 
ITA; Südtirol, between Riederbergalm and Rollspitze, CD 
ITA; Südtirol, between Riederbergalm and Rollspitze, CD 
ITA; Südtirol, between Riederbergalm and Rollspitze, CD 
ITA; Südtirol, between Riederbergalm and Rollspitze, CD 
ITA; Südtirol, between Riederbergalm and Rollspitze, CD 

NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 

cc_6x 
6x 

6x_s 
6x 
- 

6x 
7x 
7x 

- 
- 
- 
- 
- 
- 
- 
- 

- 
- 
- 
- 
- 
- 
- 
- 

ZA 
ZB 
ZB 
ZA 
ZB 
- 
- 
- 

 HEID807079 
HEID807080, HEID807081 
HEID807082 
HEID807083, HEID807084 
HEID807085 
HEID807086 
HEID807088, HEID807089 
HEID807092, HEID807093 

Ptl4231 
Ptl4232 
Ptl4233 
Ptl4234 
Ptl4235 
Ptl4238 

Pop184 
Pop184 
Pop184 
Pop184 
Pop184 
Pop184 

SLO; Gorenjska, Mangart saddle, JP 
SLO; Gorenjska, Mangart saddle, JP 
SLO; Gorenjska, Mangart saddle, JP 
SLO; Gorenjska, Mangart saddle, JP 
SLO; Gorenjska, Mangart saddle, JP 
SLO; Gorenjska, Mangart saddle, JP 

NS 
NS 
NS 
NS 
NS 
NS 

cc_4x 
4x_s 
4x 
4x 
4x 
4x 

- 
- 
- 
- 
- 
- 

- 
- 
- 
- 
- 
- 

ZC 
ZD 
ZD 
- 

ZE 
- 

- HEID807309, HEID807310 
HEID807311 
HEID807312, HEID807313 
HEID807314 
HEID807315, HEID807316 
HEID807319 

Ptl4371 
Ptl4373 
Ptl4374 
Ptl4375 

Pop109 
Pop109 
Pop109 
Pop109 

ITA; Lombardia, Passo del Vivione, CD 
ITA; Lombardia, Passo del Vivione, CD 
ITA; Lombardia, Passo del Vivione, CD 
ITA; Lombardia, Passo del Vivione, CD 

NS 
NS 
NS 
NS 

4x 
- 
- 
- 

- 
- 
- 
- 

- 
- 
- 
- 

ZF 
ZD 
ZD 
ZD 

 HEID807501, HEID807502 
HEID807503 
HEID807504 
HEID807505, HEID807506 

Ptl4390  ITA; Lombardia, Pizzo Camino, Passo Ezendola, CD map NS 4x - - - - HEID807526, HEID807527 
Ptl4431 
Ptl4432 
Ptl4433 

Pop079 
Pop079 
Pop079 

AUT; Nordtirol, Ötztal, Zwieselstein, CD map 
AUT; Nordtirol, Ötztal, Zwieselstein, CD 
AUT; Nordtirol, Ötztal, Zwieselstein, CD 

NS 
NS 
NS 

6x_s 
- 
- 

- 
- 
- 

- 
- 
- 

- 
- 
- 

- 
- 
- 

- 
- 
- 

Ptl4434 
Ptl4435 
Ptl4436 
Ptl4437 
Ptl4438 

Pop080 
Pop080 
Pop080 
Pop080 
Pop080 

AUT; Nordtirol, Obergurgl, Rotmoostal valley, CD 
AUT; Nordtirol, Obergurgl, Rotmoostal valley, CD 
AUT; Nordtirol, Obergurgl, Rotmoostal valley, CD 
AUT; Nordtirol, Obergurgl, Rotmoostal valley, CD 
AUT; Nordtirol, Obergurgl, Rotmoostal valley, CD 

NS 
NS 
NS 
NS 
NS 

- 
- 
- 
- 
- 

- 
- 
- 
- 
- 

- 
- 
- 
- 
- 

Q 
Q 
Q 
Q 
Q 

HQ433330 
JX276839 
JX276840 

- 
- 
- 
- 
- 

Ptl4471 
Ptl4472 
Ptl4473 
Ptl4474 
Ptl4475 

Pop110 
Pop110 
Pop110 
Pop110 
Pop110 

ITA; Lombardia, Passo della Presolana, CD 
ITA; Lombardia, Passo della Presolana, CD 
ITA; Lombardia, Passo della Presolana, CD 
ITA; Lombardia, Passo della Presolana, CD 
ITA; Lombardia, Passo della Presolana, CD 

NS 
NS 
NS 
NS 
NS 

4x 
- 
- 
- 
- 

- 
- 
- 
- 
- 

- 
- 
- 
- 
- 

ZB 
ZB 
ZB 
ZA 
ZD 

 HEID807556, HEID807557 
HEID807558 
HEID807559 
HEID807560 
HEID807561 
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Mat Nr PopID Locality Serp 
 

FCM FCSS AFLP Haplotype GenBank No. Herbarium No. 

Ptl4651 
Ptl4652 
Ptl4653 
Ptl4654 
Ptl4655 

Pop215 
Pop215 
Pop215 
Pop215 
Pop215 

ITA; Abruzzo, bt Campo Imperatore and Monte Portella, CD 
ITA; Abruzzo, bt Campo Imperatore and Monte Portella, CD 
ITA; Abruzzo, bt Campo Imperatore and Monte Portella, CD 
ITA; Abruzzo, bt Campo Imperatore and Monte Portella, CD 
ITA; Abruzzo, bt Campo Imperatore and Monte Portella, CD 

NS 
NS 
NS 
NS 
NS 

4x 
- 
- 
- 
- 

- 
- 
- 
- 
- 

- 
- 
- 
- 
- 

ZH 
ZH 
ZI 
ZH 
ZH 

 HEID807637, HEID807638 
- 
HEID807639 
- 
- 

Ptl4941 
Ptl4942 
Ptl4943 
Ptl4944 
Ptl4945 
Ptl4950 

Pop209 
Pop209 
Pop209 
Pop209 
Pop209 
Pop209 

ITA; Marche, Monte Catria, CD 
ITA; Marche, Monte Catria, CD 
ITA; Marche, Monte Catria, CD 
ITA; Marche, Monte Catria, CD 
ITA; Marche, Monte Catria, CD 
ITA; Marche, Monte Catria, CD 

NS 
NS 
NS 
NS 
NS 
NS 

- 
- 
- 
- 
- 
- 

- 
- 
- 
- 
- 
- 

- 
- 
- 
- 
- 
- 

ZE 
ZE 
ZE 
ZE 
ZE 
- 

 - 
- 
- 
- 
- 
HEID807771 

Ptl5229 
Ptl5230 
Ptl5231 
Ptl5232 

Pop130 
Pop130 
Pop130 
Pop130 

NOR; Troms, Kafjord, Ankerlia, (Index Seminum ex BG Univ. of Oulu) 
NOR; Troms, Kafjord, Ankerlia, (Index Seminum ex BG Univ. of Oulu) 
NOR; Troms, Kafjord, Ankerlia, (Index Seminum ex BG Univ. of Oulu) 
NOR; Troms, Kafjord, Ankerlia, (Index Seminum ex BG Univ. of Oulu) 

NS 
NS 
NS 
NS 

6x 
6x 
6x 
6x 

- 
- 
- 
- 

X 
X 
X 
- 

ZJ 
ZJ 
- 
- 

 HEID806819, HEID806820 
HEID806821, HEID806822 
HEID806823 
HEID806824 

Ptl6278 
Ptl6279 
Ptl6280 

Pop396 
Pop396 
Pop396 

SVK; Belianske Tatry, Tristarská dolina (ex BG Tatranská Lomnica) 
SVK; Belianske Tatry, Tristarská dolina (ex BG Tatranská Lomnica) 
SVK; Belianske Tatry, Tristarská dolina (ex BG Tatranská Lomnica) 

NS 
NS 
NS 

7x 
7x 
- 

- 
- 
- 

- 
- 
- 

Q 
Q 

ZK 

 HEID806238, HEID806239 
HEID806240, HEID806241 
HEID806242 

Ptl7031 
Ptl7032 
Ptl7033 
Ptl7034 
Ptl7035 
Ptl7040 

Pop244 
Pop244 
Pop244 
Pop244 
Pop244 
Pop244 

FRA; Alpes-de-Haute-Provence, Sommet du Carton, CD 
FRA; Alpes-de-Haute-Provence, Sommet du Carton, CD 
FRA; Alpes-de-Haute-Provence, Sommet du Carton, CD 
FRA; Alpes-de-Haute-Provence, Sommet du Carton, CD 
FRA; Alpes-de-Haute-Provence, Sommet du Carton, CD 
FRA; Alpes-de-Haute-Provence, Sommet du Carton, CD 

NS NS 
NS 
NS 
NS 
NS 

4x 
4x 
4x 
4x 
4x 
4x 

- 
- 
- 
- 
- 
- 

X 
X 
X 
X 
X 
- 

ZA 
ZL 
ZL 
ZA 
ZA 
- 

 HEID805825, HEID805826 
HEID805827 
HEID805828, HEID805829 
HEID805830, HEID805831 
HEID805832 
HEID805841, HEID805842 

Ptl7051 
Ptl7052 
Ptl7053 
Ptl7054 
Ptl7055 
Ptl7056 
Ptl7057 
Ptl7058 
Ptl7060 

Pop255 
Pop255 
Pop255 
Pop255 
Pop255 
Pop255 
Pop255 
Pop255 
Pop255 

FRA; Hautes-Alpes, between Lac Noir and Lac Lerié, CD 
FRA; Hautes-Alpes, between Lac Noir and Lac Lerié, CD 
FRA; Hautes-Alpes, between Lac Noir and Lac Lerié, CD 
FRA; Hautes-Alpes, between Lac Noir and Lac Lerié, CD 
FRA; Hautes-Alpes, between Lac Noir and Lac Lerié, CD 
FRA; Hautes-Alpes, between Lac Noir and Lac Lerié, CD 
FRA; Hautes-Alpes, between Lac Noir and Lac Lerié, CD 
FRA; Hautes-Alpes, between Lac Noir and Lac Lerié, CD 
FRA; Hautes-Alpes, between Lac Noir and Lac Lerié, CD 

NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 

- 
8x 
8x 
- 
- 

cc_5x 
5x 

cc_5x 
5x 

- 
- 
- 
- 
- 
- 
- 
- 
- 

X 
X 
X 
X 
X 
- 
- 
- 
- 

ZA 
ZM 
ZM 
ZN 
ZM 

- 
- 
- 
- 

 HEID805857, HEID805858 
HEID805859, HEID805860 
HEID805861, HEID805862 
HEID805863 
HEID805864 
HEID805865, HEID805866 
HEID805867, HEID805868 
HEID805869, HEID805870 
HEID805872, HEID805873 

Ptl7151 
Ptl7152 
Ptl7153 
Ptl7154 
Ptl7155 
Ptl7156 
Ptl7157 
Ptl7158 
Ptl7159 
Ptl7160 

Pop315 
Pop315 
Pop315 
Pop315 
Pop315 
Pop315 
Pop315 
Pop315 
Pop315 
Pop315 

CHE; Graubünden, Engadin Silvretta, Muot da l’Horn, CD map check 
CHE; Graubünden, Engadin Silvretta, Muot da l’Horn, CD 
CHE; Graubünden, Engadin Silvretta, Muot da l’Horn, CD 
CHE; Graubünden, Engadin Silvretta, Muot da l’Horn, CD 
CHE; Graubünden, Engadin Silvretta, Muot da l’Horn, CD 
CHE; Graubünden, Engadin Silvretta, Muot da l’Horn, CD 
CHE; Graubünden, Engadin Silvretta, Muot da l’Horn, CD 
CHE; Graubünden, Engadin Silvretta, Muot da l’Horn, CD 
CHE; Graubünden, Engadin Silvretta, Muot da l’Horn, CD 
CHE; Graubünden, Engadin Silvretta, Muot da l’Horn, CD 

NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 

6x 
6x 
6x 
6x 
6x 
6x 
6x 
6x 
6x 
6x 

- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

- 
W2012-02616 
W2012-02617 
W2012-02618 
W2012-02619 
W2012-02620 
W2012-02621 
W2012-02622 
W2012-02623 
W2012-02624 

Ptl7331 
Ptl7332 
Ptl7333 
Ptl7334 
Ptl7335 

Pop251 
Pop251 
Pop251 
Pop251 
Pop251 

FRA; Hautes-Alpes, Queyras, Col d'Agnel, CD 
FRA; Hautes-Alpes, Queyras, Col d'Agnel, CD 
FRA; Hautes-Alpes, Queyras, Col d'Agnel, CD 
FRA; Hautes-Alpes, Queyras, Col d'Agnel, CD 
FRA; Hautes-Alpes, Queyras, Col d'Agnel, CD 

NS 
NS 
NS 
NS 
NS 

4x 
- 
- 
- 
- 

- 
- 
- 
- 
- 

- 
- 
- 
- 
- 

ZM 
ZM 
ZM 
ZM 
ZM 

 HEID805950 
- 
- 
- 
- 
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Mat Nr PopID Locality Serp 
 

FCM FCSS AFLP Haplotype GenBank No. Herbarium No. 

Ptl7351 
Ptl7352 
Ptl7353 
Ptl7354 
Ptl7355 
Ptl7356 

Pop259 
Pop259 
Pop259 
Pop259 
Pop259 
Pop259 

NOR; Svalbard, Ny Ålesund, Ossian Sarsfjellet, AT 
NOR; Svalbard, Ny Ålesund, Ossian Sarsfjellet, AT 
NOR; Svalbard, Ny Ålesund, Ossian Sarsfjellet, AT 
NOR; Svalbard, Ny Ålesund, Ossian Sarsfjellet, AT 
NOR; Svalbard, Ny Ålesund, Ossian Sarsfjellet, AT 
NOR; Svalbard, Ny Ålesund, Ossian Sarsfjellet, AT 

NS 
NS 
NS 
NS 
NS 
NS 

6x_s 
- 
- 
- 
- 
- 

- 
- 
- 
- 
- 
- 

X 
X 
X 
X 
X 
- 

ZJ 
ZJ 
ZJ 
ZJ 
ZJ 
- 

 - 
- 
- 
- 
- 
HEID805952 

Ptl7411 
Ptl7412 
Ptl7413 
Ptl7414 
Ptl7415 
Ptl7416 
Ptl7417 
Ptl7418 
Ptl7419 

Pop326 
Pop326 
Pop326 
Pop326 
Pop326 
Pop326 
Pop326 
Pop326 
Pop326 

CHE; Uri, SE from Klausenpass, CD  
CHE; Uri, SE from Klausenpass, CD 
CHE; Uri, SE from Klausenpass, CD 
CHE; Uri, SE from Klausenpass, CD 
CHE; Uri, SE from Klausenpass, CD 
CHE; Uri, SE from Klausenpass, CD 
CHE; Uri, SE from Klausenpass, CD 
CHE; Uri, SE from Klausenpass, CD 
CHE; Uri, SE from Klausenpass, CD 

NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 
NS 

4x 
4x 
4x 
4x 
4x 
4x 
4x 
4x 
4x 

- 
- 
- 
- 
- 
- 
- 
- 
- 

- 
- 
- 
- 
- 
- 
- 
- 
- 

- 
- 
- 
- 
- 
- 
- 
- 
- 

- 
- 
- 
- 
- 
- 
- 
- 
- 

W2012-02473 
- 
- 
- 
- 
- 
- 
- 
- 

Ptl7512 
Ptl7513 
Ptl7514 
Ptl7515 
Ptl7516 
Ptl7517 

Pop295 
Pop295 
Pop295 
Pop295 
Pop295 
Pop295 

ISL; Akureyn, Krókárgerdisfjall, KBW & TD 
ISL; Akureyn, Krókárgerdisfjall, KBW & TD 
ISL; Akureyn, Krókárgerdisfjall, KBW & TD 
ISL; Akureyn, Krókárgerdisfjall, KBW & TD 
ISL; Akureyn, Krókárgerdisfjall, KBW & TD 
ISL; Akureyn, Krókárgerdisfjall, KBW & TD 

NS 
NS 
NS 
NS 
NS 
NS 

- 
6x_s 

- 
- 

6x_s 
- 

- 
- 
- 
- 
- 
- 

- 
X 
X 
X 
X 
X 

- 
ZM 
ZM 
ZJ 
ZJ 
- 

- HEID805962 
- 
- 
- 
- 
- 

Ptl8628  
Ptl8629  
Ptl8630  
Ptl8631  
Ptl8632  
Ptl8633  
Ptl8634  
Ptl8635  
Ptl8636  
Ptl8637 

Pop373 
Pop373 
Pop373 
Pop373 
Pop373 
Pop373 
Pop373 
Pop373 
Pop373 
Pop373 

AUT; Burgenland, Bernstein, FK (BERN1) 
AUT; Burgenland, Bernstein, FK (BERN2) 
AUT; Burgenland, Bernstein, FK (BERN3) 
AUT; Burgenland, Bernstein, FK (BERN4) 
AUT; Burgenland, Bernstein, FK (BERN5) 
AUT; Burgenland, Bernstein, FK (BERN6) 
AUT; Burgenland, Bernstein, FK (BERN7) 
AUT; Burgenland, Bernstein, FK (BERN8) 
AUT; Burgenland, Bernstein, FK (BERN9) 
AUT; Burgenland, Bernstein, FK (BERN10) 

S 
S 
S 
S 
S 
S 
S 
S 
S 
S 

4x 
4x 
- 

4x 
4x 
- 
- 
- 
- 

4x 

- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

- 
X 
X 
- 
X 
- 
X 
X 
- 
- 

- 
ZA 
ZA 
ZA 
ZA 
ZA 
ZA 
ZA 
ZA 
ZA 

 PRC404660 
- 
PRC404659 
- 
- 
- 
- 
- 
- 
- 

Ptl8638 
Ptl8639 
Ptl8640 
Ptl8641 
Ptl8642 
Ptl8643 

Pop374 
Pop374 
Pop374 
Pop374 
Pop374 
Pop374 

AUT; Oberösterreich, Ebensee, FK (EBEN1) 
AUT; Oberösterreich, Ebensee, FK (EBEN2) 
AUT; Oberösterreich, Ebensee, FK (EBEN3) 
AUT; Oberösterreich, Ebensee, FK (EBEN4) 
AUT; Oberösterreich, Ebensee, FK (EBEN5) 
AUT; Oberösterreich, Ebensee, FK (EBEN6) 

NS 
NS 
NS 
NS 
NS 
NS 

4x 
4x 
4x 
4x 
4x 
4x 

- 
- 
- 
- 
- 
- 

X 
X 
X 
X 
X 
- 

ZA 
ZA 
ZA 
ZA 
ZA 
ZA 

 PRC404657 
- 
- 
- 
- 
- 

Ptl8644 
Ptl8645 
Ptl8646 
Ptl8647 
Ptl8648 
Ptl8649 
Ptl8650 
Ptl8651 
Ptl8652 

Pop375 
Pop375 
Pop375 
Pop375 
Pop375 
Pop375 
Pop375 
Pop375 
Pop375 

CZE; Středočeský kraj, Bernartice, FK (BORO1) 
CZE; Středočeský kraj, Bernartice, FK (BORO2) 
CZE; Středočeský kraj, Bernartice, FK (BORO3) 
CZE; Středočeský kraj, Bernartice, FK (BORO4) 
CZE; Středočeský kraj, Bernartice, FK (BORO5) 
CZE; Středočeský kraj, Bernartice, FK (BORO6) 
CZE; Středočeský kraj, Bernartice, FK (BORO7) 
CZE; Středočeský kraj, Bernartice, FK (BORO9) 
CZE; Středočeský kraj, Bernartice, FK (BORO10) 

S 
S 
S 
S 
S 
S 
S 
S 
S 

4x 
4x 
4x 
4x 
4x 
- 
- 
- 
- 

20 
seeds 
from  

5 
mother 
plants 

- 
- 
- 
- 
X 
X 
X 
X 
X 

ZA 
ZM 
ZM 
ZA 
ZA 
ZD 
ZM 
ZA 
ZO 

 - 
- 
- 
- 
- 
- 
- 
- 
- 

Mat Nr PopID Locality Serp FCM FCSS AFLP Haplotype GenBank No. Herbarium No. 
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Ptl8653 
Ptl8654 
Ptl8655 
Ptl8656 
Ptl8657 
Ptl8658 
Ptl8659 

Pop376 
Pop376 
Pop376 
Pop376 
Pop376 
Pop376 
Pop376 

DEU, Bayern, Berchtesgaden, FK (BERC1) 
DEU, Bayern, Berchtesgaden, FK (BERC2) 
DEU, Bayern, Berchtesgaden, FK (BERC3) 
DEU, Bayern, Berchtesgaden, FK (BERC6) 
DEU, Bayern, Berchtesgaden, FK (BERC7) 
DEU, Bayern, Berchtesgaden, FK (BERC9) 
DEU, Bayern, Berchtesgaden, FK (BERC10) 

NS 
NS 
NS 
NS 
NS 
NS 
NS 

4x 
4x 
- 
- 
- 
- 
- 

- 
- 
- 
- 
- 
- 
- 

- 
X 
X 
- 
X 
X 
- 

- 
ZA 
ZA 
ZA 
ZA 
ZA 
ZA 

- PRC404661 
- 
PRC404662 
- 
- 
- 
- 

Ptl8660 
Ptl8661 
Ptl8662 
Ptl8663 
Ptl8664 

Pop377 
Pop377 
Pop377 
Pop377 
Pop377 

FRA; Hautes-Alpes, Col D´Izoard, FK (IZOA1) 
FRA; Hautes-Alpes, Col D´Izoard, FK (IZOA2) 
FRA; Hautes-Alpes, Col D´Izoard, FK (IZOA3) 
FRA; Hautes-Alpes, Col D´Izoard, FK (IZOA4) 
FRA; Hautes-Alpes, Col D´Izoard, FK (IZOA5) 

NS 
NS 
NS 
NS 
NS 

4x 
4x 
4x 
4x 
4x 

- 
- 
- 
- 
- 

X 
X 
X 
X 
X 

ZR 
ZL 
ZL 
ZM 
ZM 

 PRC404651 
- 
- 
- 
- 

Ptl8666 
Ptl8667 
Ptl8668 

Pop378 
Pop378 
Pop378 

FRA; Haut-Rhin,Vosges, Hohneck, JP (HOHN1) 
FRA; Haut-Rhin,Vosges, Hohneck, JP (HOHN2) 
FRA; Haut-Rhin,Vosges, Hohneck, JP (HOHN3) 

NS 
NS 
NS 

4x_s 
- 
- 

- 
- 
- 

- 
- 
- 

ZA 
ZM 
ZA 

 - 
- 
- 

Ptl8669 Pop379 FRA; Hautes-Alpes, Villar D´Aréne, Romanche Valley, FK (ROMA) NS 7x - - - - PRC404650 
Ptl8670 Pop380 ISL; Eskifjörður, Helgustadir, FK (HELG) NS 6x - - - - PRC404665 
Ptl8671 Pop381 ISL; Hvammstangi, FK (HVAM) NS 6x - - - - PRC404658 
Ptl8672 Pop382 ISL; Hveragerði, FK (HVER) NS 6x - - - - PRC404655 
Ptl8673 
Ptl8674 
Ptl8675 
Ptl8676 
Ptl8677 

Pop383 
Pop383 
Pop383 
Pop383 
Pop383 

MNE; Durmitor, Žabljak, FK (DURM1) 
MNE; Durmitor, Žabljak, FK (DURM2) 
MNE; Durmitor, Žabljak, FK (DURM3) 
MNE; Durmitor, Žabljak, FK (DURM4) 
MNE; Durmitor, Žabljak, FK (DURM5) 

NS 
NS 
NS 
NS 
NS 

- 
- 

4x 
- 

4x 

- 
- 
- 
- 
- 

X 
X 
X 
X 
X 

ZP 
ZP 
ZA 
ZA 
ZA 

 PRC404664 
- 
- 
- 
- 

Ptl8678 
Ptl8679 
Ptl8680 
Ptl8681 
Ptl8682 

Pop384 
Pop384 
Pop384 
Pop384 
Pop384 

MNE; Prokletije, Gusinje, FK (PROK1) 
MNE; Prokletije, Gusinje, FK (PROK2) 
MNE; Prokletije, Gusinje, FK (PROK3) 
MNE; Prokletije, Gusinje, FK (PROK4) 
MNE; Prokletije, Gusinje, FK (PROK5) 

NS 
NS 
NS 
NS 
NS 

4x 
4x 
4x 
4x 
4x 

- 
- 
- 
- 
- 

X 
X 
X 
X 
X 

ZA 
ZP 
ZA 
ZM 
ZP 

 PRC404663 
- 
- 
- 
- 

Ptl8683 
Ptl8684 
Ptl8685 
Ptl8686 
Ptl8687 
Ptl8688 
Ptl8689 

Pop385 
Pop385 
Pop385 
Pop385 
Pop385 
Pop385 
Pop385 

NOR; Dovrefjell, Dombas, FK (DOVR1) 
NOR; Dovrefjell, Dombas, FK (DOVR2) 
NOR; Dovrefjell, Dombas, FK (DOVR3) 
NOR; Dovrefjell, Dombas, FK (DOVR4) 
NOR; Dovrefjell, Dombas, FK (DOVR7) 
NOR; Dovrefjell, Dombas, FK (DOVR8) 
NOR; Dovrefjell, Dombas, FK (DOVR10) 

NS 
NS 
NS 
NS 
NS 
NS 
NS 

- 
6x 
- 

6x 
- 
- 
- 

- 
- 
- 
- 
- 
- 
- 

X 
- 
X 
X 
- 
X 
- 

ZM 
- 

ZM 
ZM 
ZJ 
ZM 
ZJ 

 PRC404653 
- 
PRC404654 
- 
- 
- 
- 

Ptl8690 
Ptl8691 
Ptl8692 
Ptl8693 
Ptl8694 
Ptl8695 
Ptl8696 

Pop386 
Pop386 
Pop386 
Pop386 
Pop386 
Pop386 
Pop386 

NOR; Hardangervidda, Hellevasdallen, FK (HELL1) 
NOR; Hardangervidda, Hellevasdallen, FK (HELL2) 
NOR; Hardangervidda, Hellevasdallen, FK (HELL3) 
NOR; Hardangervidda, Hellevasdallen, FK (HELL4) 
NOR; Hardangervidda, Hellevasdallen, FK (HELL6) 
NOR; Hardangervidda, Hellevasdallen, FK (HELL7) 
NOR; Hardangervidda, Hellevasdallen, FK (HELL9) 

NS 
NS 
NS 
NS 
NS 
NS 
NS 

- 
6x 
- 
- 

6x 
- 

6x 

- 
- 
- 
- 
- 
- 
- 

X 
X 
X 
- 
- 
X 
X 

ZJ 
ZJ 
ZJ 
ZJ 
- 

ZJ 
ZJ 

 PRC404652 
- 
- 
- 
- 
- 
- 

Ptl8697 Pop387 NOR; Sør-Trondelag, Trolheimen, FK (TROLL) NS 6x - - - - PRC404656 
Ptl8698 Pop388 NOR; Oppland, Jotunheimen, FK (JOTUN) NS 6x - - - - - 
Ptl8699 Pop389 GBR; Scotland, Loch Lednoch, FK (LOLED) NS 7x - - - - - 
Ptl8701 Pop392 ITA; Südtirol, Wolkenstein, CD  NS 4x_s - - - - - 
Mat Nr PopID Locality Serp 

 
FCM FCSS AFLP Haplotype GenBank No. Herbarium No. 

Ptl8702 Pop393 ITA; Südtirol, Dolomites, Col Raiser, close to Regensburger Hütte, CD NS 4x_s - - - - - 
Ptl8721 Pop397 ESP; Palencia, Piedrasluengas NS - - - ZJ  MA631874 
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Ptl8722 Pop398 AND; Orillas del rio Valira, Bordas de Envalira NS - - - ZA  MA514288 
Ptl8723 Pop399 ESP; Gerona, Tosses, Niu d’Iiga NS - - - ZA  MA529127 
Ptl8724 Pop400 ESP; Huesca, Barranco de Montinier NS - - - ZS  MA544750 
Ptl8725 Pop401 ESP; Navarra, Ochagavía, Orhy desde Puerte Larraun NS - - - ZT  MA544776 

 
*Dobeš, C., Scherbantin, A., Paule, J., Striegel, M. & Kais, B. 2012. IAPT/IOPB chromosome data 13. Taxon 61: 894, E16–E17 
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Electronic Appendix 2 Literature review of the Potentilla crantzii chromosome counts. Country codes follow ISO 3166-1 alpha-3, * indicates 
aneuploidy. 
 
Locality Chromosome 

count 
Ploidy 
level 

Reference 

AUT, N, Bernstein: über Serpentingestein 
AUT, St, Ennstaler Alpen, Jagdsteig zwischen Kainzengabel und  Gamssteinscharte S des Ödsteins, ca 1480 m 
AUT, K, Gurktaler Alpen, Turrach, Scharte ober dem Zgartensee (zwischen Hoarzhöhe und Bretthöhe), ca. 4 km 
           E der Turracherhöhe, ca 2200 m 
AUT, T, Ötztaler Alpen, Venter Tal, Wiesen N und W der Ortschaft 1890-1920m 
CHE, Graubünden, Bernina Range, Isla Persa 
ESP, Huesca Ansó: Peña Ezcaurri 
ESP, Huesca Hecho: Sierra del Agüeri, 1750 m 
ESP, León: Pico Espigüete, 2400 m 
ESP, Palencia: Puerto de Piedrasluengas 
ESP, Santander: Fuente Dé, Collado de Áliva 
ESP, Santander: Fuente Dé, Collado de Áliva 
EST, West Estonia, island Osmussaar 
FRA, Col de Lautaret 
FRA, Col de Lautaret 
FRA, Department Hautes Alpes, Plateau d’Emparis, between Lac Noir und Lac Lerié, 2450 m 
GBR, Durham, Upper Teesdale, Widdy Bank Fell 
GBR, Durham, Upper Teesdale, Winch Bridge 
GBR, Forfar, Caenlochan alt. 2750 ft 
GBR, M.W. Yorkshire, Malham Tarn 
GBR, M.W. Yorkshire, Malham Tarn 
GBR, M.W. Yorkshire, Malham Tarn 
GBR, Mid-Perth, Beinn Heasgarnich, head of Glen Lochay, alt. 2500 ft 
GBR, Mid-Perth, Ben Lawers, steep rocks at north end of Crag an Lochan 
GBR, Mid-Perth, Head of Glen Lyon near Carn Gorm, alt 2750 ft 
GBR, Scotland, Creag an Dail 
GBR, Scotland, Inchnadamph 
GBR, Sutherland, hill above Loch Mhaolach-Coire, grazed oped limestone turf, alt. c. 1500 ft 
GRL, BW1, SW Greenland 
GRL, Nugssuaq, NW Greenland 
ITA, National Park Gran Paradiso, Col de Lausson, ±2900 m 
ITA, National Park Gran Paradiso, Rifugio Vittorio Sella, ±2540 m 
ITA, National Park Gran Paradiso, In a meadow, between Rifugio Vittorio Sella and Valnontey, ±2200 m 
ITA, Veneto, Monte Baldo 1700m 
ITA, South Tyrol, Tuxer Alps, between Riedbergalm and Rollspitze, 2040 m 
NOR, Fossli 
POL, West Tatras, higher parts of the valley Smytnia (c. 1500 m a.s.l.) 
POL, West Tatras, Kominy Tylkowe (1800 m a.s.l.) 
POL, West Tatras, on steep calcareous rocks over Valley Kościeiska near Ornak (1050-1100 m a.s.l.) 
POL, West Tatras, pass lwaniacka, calcareous soil (1459 m a.s.l.) 

2n=28 
2n=28 
2n=28 
 
2n=42  
2n=42 
2n=42 
2n=28 
2n=42 
2n=42  
2n=35  
2n=42 
2n=42 
2n=28 
2n=42 
2n=35 
2n=49 
2n=49 
2n=42 
2n=42 
2n=48 
2n=49 
2n=49 
2n=42 
2n=42 
2n=63 
2n=42 
2n=42 
2n=42 
2n=42 
2n=28  
2n=28 
2n=42 
2n=49 
2n=42 
2n=42 
2n=28 
2n=28 
2n=28 
2n=28 

4x 
4x 
4x 
 
6x 
6x 
6x 
4x 
6x 
6x 
5x  
6x 
6x 
4x 
6x 
5x 
7x 
7x 
6x 
6x 
7x* 
7x 
7x 
6x 
6x 
9x 
6x 
6x 
6x 
6x 
4x  
4x 
6x 
7x 
6x 
6x 
4x 
4x 
4x 
4x 

Dobeš & Vitek (2000) 
Dobeš & Vitek (2000) 
Dobeš & Vitek (2000) 
 
Dobeš & Vitek (2000) 
Löve (1977) 
Asker (1985) 
Asker (1985) 
Asker (1985) 
Delgado et al. (2000) 
Delgado et al. (2000) 
Delgado et al. (2000) 
Leht & Paal (1998) 
Thomas Gregor pers. comm. 
Thomas Gregor pers. comm. 
Dobeš et al. (2012) 
Smith et al. (1971) 
Smith et al. (1971) 
Smith et al. (1971) 
Smith et al. (1971) 
Smith et al. (1971) 
Smith et al. (1971) 
Smith et al. (1971) 
Smith (1963), Smith et al. (1971) 
Smith et al. (1971) 
Smith (1963) 
Smith (1963) 
Smith et al. (1971) 
Jørgensen et al. (1958) 
Jørgensen et al. (1958) 
Gadella et Kliphuis (1970) 
Gadella et Kliphuis (1970) 
Gadella et Kliphuis (1970) 
Asker (1985) 
Dobeš et al. (2012) 
Müntzing (1958), Asker (1977) 
Skalinska & Czapik (1958) 
Skalinska & Czapik (1958) 
Skalinska & Czapik (1958) 
Skalinska & Czapik (1958) 
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RUS, ZSSR, Gd Kavkazskij chr.  
RUS, USSR, Kolijskij p-ov, Chibiny – O-v Kolguev 
RUS, USSR, okr Mamisonskoj vysokogornoj meteost.  
SLO, Julian Alps, Mangart saddle, below Mangart summit, 2056 m 
SLO, Velika Planina 
SVK, Belianske Tatry, Tatranská Javorina, kóta Nový 
SVK, Belianske Tatry, Tatranská Kotlina, Chalet Hviezdoň [Plesnivec], above Tatranská Kotlina 
SVK, Belianske Tatry, Ždiar, Tristarská dolina (ex Botanical Garden Tatranská Lomnica) 
SVK, Vysoké Tatry, Kežmarské Žlaby, Kežmarská chata 
SWE, Dalarna province, Folkärna 
SWE, Dalarna province, Hedemora 
SWE, Dalarna province, Rättvik 
SWE, Dalarna province, Rättvik 
SWE, Gotland, Endre 
SWE, Gästrikland province, Hamrånge (Axmar) 
SWE, Härjedalen, Bruksvallarna: Ljusnan 
SWE, Härjedalen, Ramundberget 
SWE, Härjedalen, Rockvallen – Kariknallarna 
SWE, Härjedalen, Ö. Storbäckstjärn 
SWE, Jämtland province, Ulriksfors 
SWE, Lappland province, Kvikkjoltk 
SWE, Lappland province, Låktatjocko 
SWE, Lappland province, Nuolja 
SWE, Lappland province, Pallemjokk 
SWE, Lappland province, Saxnäs 
SWE, the province of Västergötland 
SWE, Uppland province, Bondkyrka (Kvarnbo and Hällby) 
SWE, Uppland province, Börje (Broby) 
SWE, Uppland province, Old Upsala (Björkeby and Flogsta) 
SWE, Uppland province, Old Upsala (Björkeby) 

2n=42 
2n=42 
2n=28 
2n=28 
2n=35 
2n=42 
2n=42 
2n=42 
2n=41  
2n=42 
2n=42 
2n=42 
2n=48 
2n=42 
2n=42 
2n=42 
2n=42 
2n=42 
2n=42 
2n=42 
2n=42 
2n=42 
2n=42 
2n=42 
2n=42 
2n=42  
2n=42 
2n=42 
2n=42 
2n=49 

6x 
6x 
4x 
4x 
5x 
6x 
6x 
6x 
6x* 
6x 
6x 
6x  
7x* 
6x 
6x 
6x 
6x 
6x 
6x 
6x 
6x 
6x 
6x 
6x 
6x 
6x 
6x 
6x 
6x 
7x 

Sokolovskaja & Strelkova (1948) in Agapova (1993) 
Sokolovskaja & Strelkova (1960) in Agapova (1993) 
Charadae et al. (1973, 1976) in Agapova (1993) 
Dobeš et al. (2012) 
Druskovic & Lovka (1995) 
Májovský et al. (1978) 
Walters (1968) 
Paule (2007) 
Walters (1968) 
Müntzing (1958) 
Müntzing (1958) 
Müntzing (1958) 
Müntzing (1958) 
Asker (1985) 
Müntzing (1958) 
Asker (1985) 
Asker (1985) 
Asker (1985) 
Asker (1985) 
Müntzing (1958) 
Müntzing (1958) 
Müntzing (1958) 
Müntzing (1958) 
Müntzing (1958) 
Müntzing (1958) 
Müntzing (1928), Müntzing (1931) 
Müntzing (1958), Asker (1970) 
Müntzing (1958) 
Müntzing (1958) 
Müntzing (1958) 
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Asker S. (1970): Apomixis and sexuality in the Potentilla argentea complex I. Crosses with other species. – Hereditas 66: 127–144. 
Asker S. (1977): Pseudogamy , hybridization and evolution in Potentilla. – Hereditas 87: 179–184. 
Asker S. (1985): Chromosome studies in Potentilla. – Hereditas 102: 289–292. 
Delgado L., Gallego F. & Rico E. (2000): Karyosystematic study of Potentilla L. subgen. Potentilla (Rosaceae) in the Iberian Peninsula. – Bot. J. Linn. 

Soc. 132: 263–280. 
Dobeš C., Scherbantin A., Paule J., Striegel M. & Kais B.  (2012): Rosaceae. – In: Marhold K. (ed.), IAPT/IOPB Chromosome data 13. Taxon, 61: 

894, E16-E17. 

245



Dobeš C. & Vitek E. (2000): Documented Chromosome Number Checklist of Austrian Vascular Plants. – Verlag des Naturhistorischen Museums 
Wien, Vienna. 

Druskovic B. & Lovka M. (1995): IOPB chromosome data 9. –  Int. Organ. Pl. Biosyst. Newslett. 24: 15–19. 
Gadella T. W. J. & Kliphius E. (1970): Cytotaxonomic investigations in some Angiosperms collected in the valley of Aosta and in the National Park 

Gran Paradiso. – Caryologia, 23: 363–379. 
Jørgensen C. A., Sørensen T. H. & Westergaard M. (1958): The flowering plants of Greenland: A taxonomical and cytological survey. – Biol. Skr. 

Dan. Vid. Selsk. 9: 1–172. 
Leht M. &  Paal J. (1998): Variation in Potentilla sect. Aureae (Rosaceae) in the Baltic states. – Nordic J. Bot. 18: 339–351. 
Löve A. (ed.) (1977): IOPB Chromosome Number Reports LVI. – Taxon 26: 257–274. 
Májovský J. et al. (1978): Index of chromosome numbers of Slovakian flora (Part 6). – Acta Fac. Rerum Nat. Univ. Comenianae, Botanica 26: 1–42. 
Müntzing A. (1928): Pseudogamie in der Gattung Potentilla. – Hereditas 11: 267–283. 
Müntzing A. (1931): Note on the cytology of some apomictic Potentilla-species. – Hereditas 15: 166–178. 
Müntzing A. (1958): Heteroploidy and polymorphism in some apomictic species of Potentilla. – Hereditas 44: 280–329. 
Paule J. (2007): [New record in Potentilla] – In: Marhold K., Mártonfi P., Mereda P. jun., Mráz P. (eds), Chromosome number survey of the ferns and 

flowering plants of Slovakia, p. 465, Veda, Bratislava. 
Skalinska M. & Czapik R. (1958): Studies in the cytology of the genus Potentilla L. – Acta Biol. Cracov. Ser. Bot. (1): 137–149. 
Smith  G. L. (1963): Studies in Potentilla L. II. Cytological aspects of apomixis in P. Crantzii (Cr.) Beck ex Fritsch. – New Phytol. 62: 283–300. 
Smith G. L., Bozman V. G. & Walters S. M.  (1971): Studies in Potentilla L. III. Variation in British P. Tabernaemontani Aschers. and P. Crantzii 

(Cr.) Beck Ex Fritsch. – New Phytologist 70: 607–618. 
Walters S. M. (1968): Chromosome numbers of European species of Potentilla L. Grex Aureae Wolf. – Acta Fac. Rerum Nat. Univ. Comenianae, 

Botanica 14: 7–11. 
 
 
 
 
 
 
 

246


	CS 1 suppl.pdf
	Figure_S1
	Figure_S2
	Figure_S3
	Figure_S4
	Figure_S5
	Table_S1

	CS 2.pdf
	Serpentine...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Materials and methods
	Plant material
	Experimental design and hydroponic cultivation
	Determination of Mg and Ni concentrations in plant tissues
	Statistical analyses

	Results
	Growth and biomass yield under different concentrations of Mg and Ni
	Mg and Ni accumulation in aboveground tissues

	Discussion
	Ecotypic response of K. arvensis to Mg and Ni stress
	Evolutionary background of K. arvensis serpentine tolerance

	References



	Text1: 
	Text2: 
	Text3: 


