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Abstract 

 Primula elatior represents a promising model for addressing the role of phenotypic 

plasticity vs. genetic basis of traits in populations differentiated along altitudinal 

gradients. Phenotypic plasticity is mainly exhibited by the extensive variability of the 

leaves. Genetic structure of P. elatior populations has been poorly studied so far, the first 

insights suggested potentially large intraspecific genetic variation. Therefore, the first aim 

of this study was to reveal the genetic structure as well as morphological and cytological 

variation of P. elatior populations in the central Europe and compare those to another two 

intraspecific taxa from the southeastern Europe. Further, I selected three target mountain 

regions to address the role of altitudinal differentiation for structuring genetic diversity. 

Finally, I evaluated the status of the putative endemic species Primula elatior subsp. 

corcontica from the Krkonoše Mts. Microsatellite analyses, multivariate morphometrics 

and flow cytometry were employed to evaluate variation of P. elatior populations.  

I identified six major genetic groups by genotyping 12 nuclear microsatellite loci 

in the study area of central and southeastern Europe with the clear separation of 

subp. intricata. Focused on the central Europe, three well-defined genetic groups were 

revealed in the mountain regions: the Jeseníky Mts, the Krkonoše Mts and the Tatry Mts. 

I suggested parallel differentiation of these lineages from the genetically highly variable 

low altitude populations in each mountain region, followed by independent colonization 

of subalpine areas. I did not reveal any consistent trend in the population genetic 

consequences of colonization of subalpine areas disregarding the regions. 

Differentiation of subalpine populations was promoted by mountain ridges, which 

probably acted as a gene flow barrier. The low differentiation between the foothill and 

subalpine populations was likely reflecting the persisting moderate gene flow along the 

altitudinal gradient. Interestingly, foothill and subalpine populations in the Czech 

Republic significantly differed in the absolute DNA amount. This pattern I addressed to 

impact of the secondary metabolites on the flow cytometric analyses rather than to shifts 

in the DNA amount.  

Morphological variation poorly corresponded to the distinct genetic groups in the 

mountain regions. On other hand, foothill differed from the subalpine populations in the 

Krkonoše Mts. Together with genetic differentiation, I suppose to maintain the status quo 

of subalpine taxon Primula elatior subsp. corcontica.  

To conclude, molecular methods shed new light to the evolutionary relationships 

of Primula elatior populations in the central Europe. 

Keywords: Primula elatior, phenotypic plasticity, microsatellites, mountain ecotypes 



 

 

Abstrakt 
 

 Primula elatior představuje slibný model pro studování fenotypové plasticity a 

genetické variability v populacích podél výškového gradientu. Fenotypová plasticita se 

projevuje zejména vysokou variabilitou listové morfologie. Genetická struktura populací 

P. elatior nebyla dosud dostatečně studována, prvotní studie však nasvědčují na 

potencionálně velkou vnitrodruhovou genetickou variabilitu. Z tohoto důvodu bylo 

prvním cílem mé práce odhalit genetickou strukturu, stejně tak jako morfologickou a 

cytologickou variabilitu populací P. elatior ve střední Evropě a zároveň poskytnout 

porovnání se dvěmi vnitrodruhovými taxony z jihovýchodní Evropy. Pro určení role 

altitudiální diferenciace na genetickou strukturu populací jsem zvolila tři horské regiony. 

V neposlední řadě jsem zhodnotila taxonomický status krkonošského endemita Primula 

elatior subsp. corcontica. Ke zhodnocení variability populací druhu P. elatior byly použity  

analýzy mikrosatelitů, multivariační morfometrické analýzy a průtoková cytometrie.  

 Pomocí genotypování 12 jaderných mikrosatelitových lokusů jsem odhalila šest 

hlavních genetických skupin s jasnou separací subsp. intricata na studovaném území 

střední a jihovýchodní Evropy. Následně jsem se zaměřila na území střední Evropy, kde 

byly ve třech hlavních horských regionech (Jeseníky, Krkonoše a Tatry) identifikovány tři 

dobře definované genetické skupiny. Tyto genetické linie jsou pravděpodobně výsledkem 

paralelní kolonizace subalpínského stupně z vysoce variabilních populací v nižších 

polohách jednotlivých regionů. Kolonizace subalpínkého stupně nebyla pravděpodobně 

doprovázena shodnými populačně genetickými důsledky bez ohledu na geografický 

region. 

 Horské hřebeny, které pravděpodobně představují významnou bariéru pro genový 

tok, podpořily diferenciaci subalpínských populací. Naopak setrvávající mírný genový tok 

podél altitudiálního gradientu zodpovídá nejspíše za nízkou diferenciaci mezi 

podhorskými a subalpínskými populacemi. Tyto populace se signifikantně lišily v 

absolutní velikosti genomu. Rozdíl však mohl být způsoben vlivem sekundárních 

metabolitů na přesnost cytometrických analýz. 

 Morfologická variabilita jen částečně korespondovala s jasně vylišenými 

genetickými skupinami z horských regionů. I přesto se například v Krkonoších odlišovaly 

podhorské a subalpínské populace. Pokud přihlédneme ke genetické diferenciaci, 

navrhuji ponechat status quo subalpínského taxonu Primula elatior subsp. corcontica. 

 Závěrem, molekulární metody představují významný nástroj pro zkoumání 

evolučních vztahů mezi populacemi druhu Primula elatior ve střední Evropě. 

Klíčová slova: Primula elatior, fenotypová plasticita, mikrosatelity, horské ekotypy 
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1 Introduction 
 

Mountain regions represent islands of subalpine habitats in the landscape. Steep 

gradients of environmental conditions can trigger various pathways of origin of 

(sub)alpine ecotypes within a single species. These ecotypes could evolve independently 

in each mountain region or the same ecotype could disperse to other mountain regions 

(Flatscher et al., 2012). Differentiation of ecotypes is possibly influenced by gene flow, the 

movement of alleles among populations. The levels of gene flow differ along the altitudinal 

gradients (Funk et al., 2005; Turpin and Hazard, 2009). Restricted gene flow may lead to 

the accumulation of reproductive incompatibilities, which is plausibly one of the 

keystones in the origin of large species diversity and endemism in the mountain regions. 

Reproductive isolation could also evolve as a consequence of the ecological speciation 

among the strongly ecologically divergent populations (Schluter, 2001). 

Primula elatior represents species with extensive morphological and potential 

genetic variation, which is possibly connected with occurrence in the wide spectrum of 

habitats along the altitudinal gradient. Therefore, P. elatior represents a promising model 

for searching for traits exhibiting phenotypic plasticity in response to various ecological 

triggers. Occurrence in the different mountain regions allows testing for the different 

pathways of origin of the subalpine ecotypes. Genetic variability and evolutionary 

relationships at the intraspecific level have been poorly studied (Şuteu et al., 2011; 

Schmidt-Lebuhn et al., 2012; Şuteu, 2012). Additionally, neither morphological variability 

has been studied sufficiently (Domin, 1930; Kovanda, 1997).  

Apart from the widely recognized intraspecific taxa of P. elatior e. g. 

subsp. intricata and subsp. leucophylla, several local taxa have been recognized (Opiz, 

1839; Pax and Knuth, 1905; Domin, 1930; Dostál, 1989). The local endemic taxon has been 

described also in the Czech flora (Kovanda, 1997). Primula elatior subsp. corcontica  

currently occurs only in the two glacial cirques – the Velká Kotelní jáma (1350 – 1300 m) 

and the Malá Sněžná jáma (1362 – 1314 m) in the Krkonoše Mts. Glacial cirques 

populations originated perhaps from the warmer period of Holocene. The isolated 

populations provided an ideal playground for the interaction of the various evolutionary 

processes such as genetic drift, selection or gene flow.  

I employed various methods such as microsatellite genotyping, multivariate 

morphometric analyses, flow cytometric analyses and experimental cultivation for 

addressing the following questions. 
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I proposed the following aims and questions for the Master Thesis, aggregated into 

three topics: 

 

1)  Genetic structure of Primula elatior populations in central Europe and their 

relationships with intraspecific taxa from the neighbouring regions 

(P. elatior subsp. intricata and P. elatior subsp. leucophylla) 

 What is the genetic diversity and population structure of P. elatior in the study 

area? 

 Does the morphological variation correspond to genetic grouping? 

 Does nuclear genome size variation follow genetic structure, subspecific 

boundaries or does it correlate with broad environmental gradients such as 

altitude? 

2)   Role of altitudinal differentiation for structuring genetic diversity at regional scale 

in three target mountainous regions  

 Does colonization of subalpine areas result in higher differentiation and/or loss of 

genetic diversity? 

 What is the impact of altitude on gene flow between subalpine and foothill 

populations? Does the altitudinal difference act as a barrier to gene flow? 

 Does the subalpine ecotype originated as a result of parallel colonization from 

foothill populations within each mountain range or did it spread across the 

different mountain ranges from a single source area? 

3) Taxonomic status of putative Czech endemic P. elatior subsp. corcontica 

 Is separate status of P. elatior subsp. corcontica supported by genetic and 

phenotypic differentiation and constancy of morphological features 

 Can we consider P. elatior subsp. corcontica as a distinct taxon? 
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2 Literature review 
 

2.1 Differentiation of mountain ecotypes 
 

Alpine and subalpine habitats represent challenging unpredictable environments 

for plants. They have to face e.g. the freezing and fluctuating temperatures, increased UV-

radiation and terrain disturbances (Körner, 2003). These environmental conditions 

implying various selection pressures resulted in various ways of phenotypic 

differentiation and/or adaptation, as exemplified by the textbook examples of giant 

rosette, dwarf and cushions plants (Körner, 2003). Environmentally induced traits can be 

heritable i.e. fully stable in alternative environments, nonheritable (reflecting phenotypic 

plasticity) or a combination of both (Pfennig et al., 2010; Flatscher et al., 2012). 

 Steep gradients of environmental conditions together with habitat fragmentation 

promote the isolation of populations in the mountain regions. Processes such as 

bottleneck, founder effect, genetic drift, inbreeding or transition to asexual reproduction 

could play role in the isolated small populations (Maruyama and Fuerstt, 1985; 

Ellstrand and Elam, 1993). Due to the strong effect of drift and/or selection, (sub)alpine 

populations could be genetically depauperate (Ellstrand and Elam, 1993). Except for this 

scenario, there are several others explaining the effect of altitude on the genetic diversity 

of populations (Fig. 1) (Ohsawa and Ide, 2008). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1: Patterns of altitudinal changes in intra-population diversity in plants. L = low altitude, M =  medium 

altitude, H = high altitude Adapted from (Ohsawa and Ide, 2008). 
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Mountain regions represent islands of alpine and subalpine habitats in the 

landscape, triggering various pathways of origin of (sub)alpine ecotypes within a single 

species. Scattered distribution of these habitats promoted colonization from the closest 

low altitudinal populations independently in each mountain region (Levin, 2001). Parallel 

origin of (sub)alpine ecotype in each mountain region could lead to independent 

phenotypic differentiation, potentially resulting in convergent traits. Alternatively, 

(sub)alpine ecotype might have originated only once at one site and it was dispersed to 

other mountain regions (Flatscher et al., 2012), (Fig. 2). The examples of parallel 

evolution of the arctic ecotypes can be found in the genus Artemisia (Tkach et al., 2008). 

Further, Senecio halleri is an example of alpine ecotype, which originated from stepwise 

recolonization of the Alps (Bettin et al., 2007). 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2: Relationships among populations along an altitudinal gradient. A) Single origin of foothill/low 

altitude ecotype (Type 1) and (sub)alpine ecotype (Type 2), followed by stepwise dispersal to other 

mountain regions. B) Independent parallel evolution of these types in each mountain region under similar 

environmental conditions. Adapted from (Flatscher et al., 2012). 

 

 Differentiation of ecotypes could be largely influenced by gene flow, the movement 

of alleles among populations. Levels of gene flow differ along the altitudinal gradients. 

According to “valley-mountain” population structure model (Funk et al., 2005), high gene 

flow occurs among populations in low altitudes, contrary to restricted gene flow between 

populations from low and high altitudes and limited or absent gene flow among the 

mountain ridges (Fig. 3). According to this model, differentiation of (sub)alpine ecotypes 

is promoted. As a restriction of gene flow may lead to the accumulation of reproductive 

incompatibilities, resulting in speciation (Coyne and Orr, 2004), this process plausibly one 

of the keystones in the origin of large species diversity and endemism in the mountains. 

A B 
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While in many cases speciation has been already proceeded, leading to the currently 

observed lowland – (sub)alpine species pairs. In other cases, we observe phenotypically 

different, but still fully interfertile ecotypes of a single species e. g. in Heliosperma (Bertel 

et al., 2016). 

 

 

 

 

 

 

 

 

 

Fig. 3: Valley-mountain model with three scenarios of gene flow among populations. Adapted from (Funk et 

al., 2005; Garwood, 2009). 

 

Quaternary climatic oscillations had a huge impact on the differentiation of alpine 

and subalpine ecotypes (Hewitt, 2004; Kadereit et al., 2004). Several scenarios have been 

proposed for in situ survival of alpine taxa in the mountain ranges – nunataks (Stehlik et 

al., 2002) or recolonization from refugia located in the adjacent foothills (Kropf et al., 

2003; Schönswetter et al., 2005). While long-term isolated populations represent stable 

lineages, postglacial colonisers, which giving rise to the high-alpine habitats, represent 

dynamic components of (sub)alpine flora. 
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2.2 Characterization of the genus Primula L.1 
 

Asterids 

Order: Ericales 

Family: Primulaceae 

Genus: Primula L. 

 

 Primula is the largest genus in the family Primulaceae, which encompasses 

approximately 500 species in 37 sections (Richards, 2002; Trift et al., 2002; Schmidt-

Lebuhn et al., 2012). Its centre of evolution is in the Sino-Himalayan mountain region in 

Asia. Secondary centres of evolution are in the North America mainly for the section 

Aleuritia Duby and in Europe for the section Auricula (Hill) Heer. Three well-defined 

sections occur in Europe – Aleuritia, Auricula and Primula. Sections Aleuritia and Auricula 

represent alpine/arctic and alpine, diploid-polyploid complexes, in which polyploid and 

edaphic speciation played the main role (Richards, 2002; Kadereit et al., 2011; 

Theodoridis et al., 2013). Whereas, section Primula encompasses only diploid species, 

which occur specifically in the mountain regions as well as species from low altitudes.  

A common feature for all these sections is heterostyly, in that case, distyly. Almost 

90 % of the species have two flower morphs – long style (“pin”) and short style (“thrum”) 

with sexual organs in reciprocal positions (Richards, 2002). Heterostyly is usually 

connected with self-incompatibility mechanisms, which are responsible for rejecting 

pollen from the same morph. These genetically based mechanisms with spatially separate 

sexual organs promote outcrossing in the genus Primula.  

Focused on section Primula, it encompasses three species restricted to Caucasus – 

P. juliae Kusnez., P. megaseifolia Boiss. and  P. renifolia Volgumov. Other three widespread 

species with Eurasian distribution are represented by P. elatior Hill., P. veris L. and 

P. vulgaris Huds. (Richards, 2002).  These species differed in ecological preferences or 

flowering times, on the other hand, their ecological niches can overlap. Then, 

hybridization frequently occurs in the contact zones. 

Relationships among species and subspecies in the section Primula were 

reconstructed by phylogenetic analyses of nuclear ITS and plastid data. Analyses revealed 

non-monophyly of the P. elatior, P. veris and P. vulgaris, otherwise well-defined species. 

The explanation can be addressed to shared ancestral polymorphism and/or later gene 

flow among the species. Another possible explanation for this pattern is that P. elatior 

                                                 
1 Author abbreviations followed IPNI (www.ipni.org, 2014). 
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might be an ancient hybrid of P. vulgaris and P. veris (M. D. Nowak, personal 

communication, September 2016). Diversification of P. elatior could be connected with 

several hybridization events across the Eurasia. 

 Hybridization of primroses was studied in cultivation experiments as well as in the 

wild by many authors e. g. Valentine (1954); Richards (2002); Keller et al. (2016). In the 

wild, the strength of hybridization is following:  elatior × vulgaris > veris × vulgaris > 

elatior × veris. Fertile hybrids and extensive backcrossing were observed between 

P. elatior and P. vulgaris. Considerable postmating isolation was found only in P. vulgaris, 

which suggested higher gene flow into P. elatior (Richards, 2002; Keller et al., 2016). 

Fertile hybrids were observed also in crosses between P. veris and P. vulgaris, but 

backcrossing as well as level of introgression was limited. The reciprocal position of 

sexual organs in hybrids was distorted (Richards, 2002; Kálmán et al., 2004). In the last 

pair P. elatior and P. veris, according to Richards (2002) hybrids are rare. On the other 

hand, their occurrence is reported also from the Czech Republic (Kovanda, 1992). Despite 

these studies, the degree of hybridization and level of introgression in the natural 

populations remains unknown. 

 

 

 

 

 

 

 

 

 

 

http://www.hampshirealpinegardeners.org.uk/           I. Bílek, http://www.naturfoto.cz/ 

 

 

 

 

 

 

 

 

 

Fig. 4: Primroses – Primula vulgaris, P. veris, P. elatior. 
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2.3 Primula elatior Hill 
 

Primula elatior represents species with extensive morphological and potential 

genetic variation, which is possibly connected with occurrence in the wide spectrum of 

habitats. It occurs along an altitudinal gradient from mesic meadows in low altitudes, 

foothills, subalpine meadows up to rocky outcrops in the glacial cirques (Fig. 5). 

Therefore, P. elatior represents a promising model for searching the role of phenotypic 

plasticity vs. genetic basis of traits in populations along altitudinal gradients. Occurrence 

in the different mountain regions allows testing of the origin of subalpine ecotypes. Last 

but not least, its isolated populations in the glacial cirques provided an ideal playground 

for interaction of the various evolutionary procoundesses such as drift, selection or gene 

flow. 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

Fig. 5: Habitats of Primula elatior in the central Europe. Photos: V. Konečná, except the photo in the bottom 

right corner, original from L. Bureš. 

 

Primula elatior is a diploid (2n = 22) species (Goldblatt and Johnson, 1979). It is a 

perennial plant with a basal rosette of leaves. Leaves are 5 – 20 cm long, 2 – 7 cm wide, 

suborbicular to oblong or elliptical, usually widest at about the middle. Blades are 

abruptly contracted or gradually narrowed into long, winged hairy petiole. The margin of 

the petiole is crenate to denticulate to entire, pubescent or glabrescent above, grey-green 
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and sparsely hairy or tomentose or glabrous beneath. The stem is 10 – 30 cm long, usually 

hairy. Umbel of flowers is secund, pedicels are 5 – 20 mm long. Calyx is 6 – 15 mm long 

with lanceolate or triangular lobes. Yellow corolla has 15 – 25 mm in diameter. The 

capsule is cylindrical or tapering, usually exceeding calyx. Seeds are without caruncle 

(Valentine and Kress, 1972). It follows that P. elatior is variable mainly in shape of the leaf 

blade, indumentum of the leaf, hairiness of stem and in shape of the calyx. 

Primula elatior encompasses several subspecies, which differ in the type of the leaf 

indumentum, base of the leaf blade and in the colour shade of the flower. According to 

Flora Europaea (Valentine and Kress, 1972), five subspecies are distinguished: 

subsp. elatior, subsp. intricata Gren et Gordon, subsp. leucophylla Pax, subsp. lofthousei  

Hesl.-Harrison and subsp. pallasii Lehm. Richards (2002) added three other subspecies, 

which extend to the boundary of Europe and Asia. Taxonomic status of these subspecies 

of P. elatior is still unclear. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6: Eurasian distribution of the widely recognized subspecies of Primula elatior, adapted from  

(Meusel et al., 1978). 

 

Apart from the nominate subspecies elatior, two additional intraspecific taxa were 

encompassed to the analyses – subsp. intricata and subsp. leucophylla. These subspecies 

were distinguished based on indumentum of the leaf and shape of the base of leaf and 

their distribution in Europe. Primula elatior subsp. intricata has leaves gradually 

narrowed into petioles, almost entire, pubescent, slightly rugose and capsule markedly 
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tapering. It occurs in the mountain regions of the southern Europe, including the 

Pyrenees, the Southern Carpathians, Apennines, Dolomites, but excluding the rest of the 

Alps and Sierra Nevada. Whereas, P. elatior subsp. leucophylla has leaves oblong or 

elliptical, gradually narrowed into petioles, long grey hairy beneath, crenulate or entire. 

It occurs in the Eastern Carpathians (Valentine and Kress, 1972; Richards, 2002). 

Focused on the Czech Republic, three subspecies occur, except the subsp. elatior, 

two local intraspecific taxa: subsp. corcontica (Domin) Kovanda and subsp. tatrensis 

(Domin) Soó. The nominate subsp. elatior occurs rarely in thermophyticum, more 

common is in mesophyticum and orephyticum, but in several places is missing. According 

to Kovanda (1997), subsp. tatrensis occurs in the Jeseníky Mts and the Beskydy Mts in 

Moravia. The last, subsp. corcontica is putative endemic taxon of the Krkonoše Mts. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7: Distribution of Primula elatior in the Czech Republic, adapted from (Slavík, 1990). 
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2.4 Primula elatior subsp. corcontica (Domin) Kovanda 
 

 Primula elatior subsp. corcontica is one of the intraspecific taxa currently 

recognized within the species. It was first proposed by Domin (1930) as one of 13 

varieties distinguished by him. He appended a list of localities from the Krkonoše Mts: 

Svoboda nad Úpou, the Labe river valley above Vrchlabí, the Malá Sněžná jáma glacial 

cirque and Mt Studniční hora. Domin (1930) described P. elatior var. corcontica based on 

the plant material collected by Krajina and Sillinger in the Labe River valley above 

Vrchlabí (900 m) in 1928 (Fig. 8A). Later, Kovanda (1997) elevated his variety to the 

subspecies based on morphology and allopatry. He commented the poorly developed 

characters in young plants from the exsiccate collection. He also considered the locality in 

Svoboda nad Úpou as a questionable because of low altitude for occurrence of 

subsp. corcontica. Based on Kovanda (1997), subsp. corcontica occurred in the Krkonoše 

Mts only in the Malá and Velká Kotelní jáma glacial cirques (1220 – 1350 m).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8: A) Exsiccate collection of Primula elatior subsp. corcontica (Domin and Krajina, Flora Čechoslovenica 

exsiccata, no. 284, PRC). B) Lectotype (Kovanda, 1997) of Primula elatior subsp. corcontica (it has been 

chosen from the exsiccate collection, PRC).  

 

 According to Kovanda (1992, 1997), Primula elatior subsp. corcontica 

distinguished from the subsp. elatior and subsp. tatrensis, recorded also from the Czech 

Republic, mainly by the characters on the margin and the base of the leaf blade and on the 

A B 
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petiole (Table 1). Other characters described by Domin (1930) i.e. long petioles during 

flowering, tubulose-campanulate calyxes (divided to 1/3), Kovanda considered of lower 

importance. Additionally, he considered indumentum of calyxes, leaves and stems as 

variable characters dependent on the ontogenetic development.  

Table 1: Comparison of differences in the morphological characters of subsp. corcontica, subsp. elatior and 

subsp. tatrensis (Dostál, 1989; Kovanda, 1992, 1997). 

Apart from the morphological characters, differences in the distribution of the 

three subspecies of P. elatior in the Western Sudetes (the Krkonoše Mts) and Eastern 

Sudetes (the Jeseníky Mts and Králický Sněžník Mts) were proposed by Kovanda (1997) 

(Table 2). 

Table 2: Comparison of differences in the occurrence of subsp. corcontica, subsp. elatior and subsp. tatrensis 

in the Sudetes (Kovanda, 1997). 

 

 

 

 

 

Currently, populations assigned to P. elatior subsp. corcontica occurs only in two 

glacial cirques – the Velká Kotelní jáma (1350 – 1300 m) and the Malá Sněžná jáma 

(1362 – 1314 m) (Fig. 9BC). In the Velká Kotelní jáma, it grows as a part of alliance 

Calamagrostion arundinaceae in a granite scree slope along the water source. The 

population consists of several subpopulations with approximately 250 individuals. In 

comparison, Kovanda (1997) noted only 60 individuals. In the Malá Sněžná jáma, P. elatior 

subsp. corcontica occurs in the species-rich locality of basalt outcrop. The population 

consists of meadow subpopulation from the lower part of the outcrop and subpopulations 

in the rock terraces with approximately 150 individuals (personal observations, 

J. Harčarik, personal communication, March 2017). 

 Primula elatior subsp. corcontica usually starts to flower from the late May to early 

June. Kovanda (1997) noticed only two to six flowering plants in the Velká Kotelní jáma 

during his research (1980 – 1996). In addition, these flowers produced only a few or none 

seeds. Based on personal observations (21. – 22. June 2016), the number of flowering 

Primula elatior Petiole Margin of leaf blade Base of leaf blade 

subsp. elatior winged, dentate dentate to grossly 

dentate 

cordate 

subsp. corcontica wingless, entire denticulate cordate 

subsp. tatrensis broadly winged doubly dentate cuneate or abruptly 

contracted 

Primula elatior Western Sudetes Eastern Sudetes 

Subspecies corcontica, elatior elatior, tatrensis 

Occurrence allopatric sympatric 

Transitions among subspecies rare frequent 
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plants was much larger – at least 30 individuals in each of the glacial cirques. According 

to germination experiments in the genetic bank of KRNAP, the period of seed germination 

is very long (23 months). Primula elatior subsp. corcontica is a type with seven-month 

stratification period of the seeds on the light (L. Harčariková, personal communication, 

May 2015). 

 The assumed origin of P. elatior subsp. corcontica appears to be similar to other 

neo-endemic species in the Krkonoše Mts. It includes colonization of subalpine areas, 

perhaps during the warmer period of Holocene, and subsequent differentiation of 

populations in the isolated glacial cirques. The genetic structure of isolated populations 

with limited size can be easily modified by processes such as genetic drift. In addition, 

selection pressures could be strong and may modulate evolution of the group in highly 

heterogeneous habitats. Both processes may then possibly lead to incipient speciation 

(Kovanda, 1997; Krahulec, 2006; Kaplan, 2012). 

 In the Black and Red list of vascular plants of the Krkonoše Mts 

P. elatior subsp. corcontica is suggested as a critically endangered taxon (C1) (Štursa et 

al., 2009). In the third edition of the Red List of vascular plants of the Czech Republic, the 

taxon is classified in the category lower risk – data deficient (C4b) (Grulich, 2012). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9: A) + B) Primula elatior subsp. corcontica in the cultivation plot in Vrchlabí, C) in the Velká Kotelní 

jáma, D) habitat in the Malá Sněžní jáma, E) occurrence with Cystopteris fragilis and Rhodiola rosea in the 

Malá Sněžní jáma. 

  

E 
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2.5 Summary of methods 
 

Microsatellite analyses 

 Microsatellites (SSR) are tandem simple sequence repeats of one to six nucleotides, 

which are abundant in the genomes of most taxa. Microsatellite loci typically vary in the 

length between 5 – 40 repeats. Dinucleotide, trinucleotide and tetranucleotide repeats are 

commonly used in genetic studies. Microsatellite locus is surrounded by flanking regions, 

which are usually conserved within and sometimes even across closely related species. 

The variability of microsatellites is detected on the level of allele length polymorphism 

(Selkoe and Toonen, 2006). 

 Advantages of microsatellites are e. g. their high abundance in the genome, high 

mutation rate, codominance (homozygotes and heterozygotes can be distinguished) and 

easy sample preparation (if primers for the study species were developed). Drawbacks of 

microsatellite markers are e. g.  species-specific marker isolation, partly unclear 

mutational mechanism, hidden allelic diversity (due to homoplasy, null alleles or large 

allelic dropouts) and potential problems with amplification (Selkoe and Toonen, 2006). 

I employed nuclear microsatellites in order to identify the fine genetic structure of 

individuals, populations and their genetic diversity. Further, I reconstructed evolutionary 

relationships among populations and level of gene flow by genotyping microsatellite loci. 

 

Multivariate morphometrics 

 Multivariate morphometrics represents an objective method for the evaluation of 

morphological variability of plants (Marhold and Suda, 2002). I employed multivariate 

morphometrics in order to reveal inter-morphological traits in P. elatior and evaluate 

morphological variation at the intraspecific levels. 

 

Flow cytometry 

 Flow cytometry is an analytical tool, which detects and quantifies optical 

properties (fluorescence, light scatter) of particles with fluorescent probes, as they move 

in a liquid stream through the beam of light. Two main types of fluorochromes can be 

used: non-selective intercalating and AT-selective. Propidium iodide is an example of the 

first group of fluorochromes, therefore it is suitable for estimation of DNA content in 

absolute units (absolute genome size). The second group is represented e. g. by DAPI 

(4´,6-diamidino-2-phenylindole), which binding preferentially to AT-rich regions of DNA, 
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therefore it is suitable for estimation of DNA content in relative units (relative genome 

size) (Doležel et al., 2007). 

 There are many advantages of flow cytometry, for instance, fast sample 

preparation and rapid analysis, low cost of the analysis and only a few tens of 

milligrammes of plant issue for the analysis. The disadvantage of this method can be the 

preferential use of fresh plant material (Suda, 2011). 

 I employed flow cytometry in order to reveal genome size variation in relative and 

absolute units in homoploid species P. elatior, where could be potential intraspecific 

variation. 

 

 Cultivation experiment 

 Cultivation of plants under the same environmental conditions allows determining 

the extent of phenotypic plasticity. The heritability of the morphological features can be 

revealed after several years of growing plants under the same conditions (Flatscher et al., 

2012). 

 I collected seeds from 15 populations (seven lowlands + eight mountains) in 2014 

and 2015. Then, seeds were stratified in 2 °C for five to seven month, unfortunately, the 

seeds from the mountain populations did not germinate or only a few seedlings grew up. 

Therefore, I had to interrupt the cultivation experiment. Nevertheless, the population of 

subsp. corccontica from the Velká Kotelní jáma has been cultivated in the garden of the 

genetic bank of KRNAP in Vrchlabí since 2006.  
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3 Methods 
 

3.1 Field sampling 
 

 Plant material was collected in 2014–2016 with emphasis to central Europe. 

Localities of Primula elatior were chosen based on literature (e. g. Kovanda, 1992, 1997), 

herbarium specimens, recommendations from local botanists and database FLDOK. In 

total, 111 populations were sampled, including two populations of subsp. corcontica from 

the Krkonoše Mts, another two of subsp. leucophylla from Romania and one of 

subsp. intricata from Croatia. The material from natural populations was complemented 

with material from population cultivated in the garden of the genetic bank of KRNAP in 

Vrchlabí. List of localities including the numbers of individuals for each analysis (SSR, 

morphometrics and flow cytometry) is available in the Appendix (Table S1).  

Individuals in the populations were chosen randomly. One or two the most well-

developed leaves were sampled from each rosette for morphometric analyses. One leaf 

was immediately dried in silica gel for molecular analyses and another one was stored in 

a plastic bag for immediate flow cytometric analyses. In the case of flowering populations, 

the umbel with part of the stem was collected, with emphasis to balance ratio of flower 

morphs. Geographic coordinates and altitude of each population were recorded (Etrex10, 

Garmin). Herbarium vouchers will be deposited in the Charles University Herbarium 

(PRC). 
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Fig. 9: A) Map with collected populations. Red points: populations above timberline, light green points: 

populations below timberline. Three target mountain regions are in red circles (from the left to right: the 

Krkonoše Mts, the Jesníky Mts, and the Tatry Mts). B) Subpopulations of P. elatior subsp. corcontica in the 

Malá Sněžná jáma and C) in the Velká Kotelní jáma. 

 

3.2 Microsatellite analyses 
  

 I tested 15 microsatellite loci from the studies Van Geert et al. (2006); Bickler et al. 

(2013) and Seino et al. (2014).  Six loci originally developed for P. vulgaris were tested: 

PRIV 4, PRIV 7 (Van Geert et al., 2006), Paca 11, Paca 38, Paca 78 and Paca 404 

(Seino et al., 2014). Loci originally developed for P. veris were tested: PV 8880, PV 23741, 

PV 21795, PV 27775, PV 4767, PV 23424, PV 19773, PV 279 and PV 26720 (Bickler et al., 

2013). I performed PCR optimization of these loci with unlabelled primers (Sigma-

Aldrich). The cross-amplification was not successful in loci PV 8880 and PV 26720 even 

performing temperature gradient for optimization of PCR reaction. Therefore, these two 

loci were excluded from other analyses. Further, fluorescently labelled primers were 

tested (dyes: PET, NED, 6-FAM and VIC; Applied Biosystems). Before I designed two 

multiplexes, I computed complementary threshold in Multiplex manager 1.2. Then, I 

designed two multiplexes based on these results, fluorescent dyes and length of fragments 

(Table 3). One locus Paca 404 was excluded additionally during alleles scoring, due to its 

B 

C 
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inconsistency. After optimization on 40 individuals, I continued with analyses on the 

whole data of 433 individuals. 

 

Table 3: Summary of microsatellites loci.  

Name Primer sequences Repeat 

sequence 

Size 

range 

(bp) 

Multiplex 

Paca 11 F: TTCGTGATGAAGTTGACTTTTATG 

R: AAACAGCAATATCAGAGTCCAGA 

(TC)12 83 - 101 1 

Paca 38 F: ACATTCAGCGAGTGATTTGG 

R: GCAGAGCGTGGTCTATGTT 

(AAC)5 189 - 210 2 

Paca 78 F: TGTGCGACTGCCTCTATCTC 

R: GACTGAGAAGACATATGTTGAAAGA 

(CT)11 116 - 164 1 

PV 279 F: GTCCACCACCCTCTTATCCG 

R: CCTCGAGTTGGAGTACTTGC 

(TG)17 101 - 147 1 

PV 23424 F: GCAGTGGATGGGTATGAAAG 

R: GTGGTAGCTTCTTGTTCAGGG 

(CAA)7 159 - 183 1 

PV 23741 F:GCTTGAACGGTGATAGCGAC 

R:GTATCGGTCGTGCCATTTCG 

(TGT)7 158 - 179 2 

PV 21795 F: TCCTACATCGCAACATCTTCTG 

R: CCACATACGGCTCTGACATC 

(ATAC)7 169 - 225 1 

PV 4767 F: TGGTATTTCTTCTGCTTCTTTGC 

R: ACGGCTAAAGTACCACCACC 

(CTT)10 104 - 140 2 

PV 27775 F: TCCGAGTACAGATCATGGAAC 

R: CCTGCATGTACTAGAGCCAAC 

(CATA)13 163 - 215 2 

PV 19773 F: TTCAATTTCTGTGAAGGCTGG 

R: TCGGGATATGCCAATCAATGC 

(GTT)13 191 - 221 2 

PRIV 4 F:ACTCTTCTTGTTCCTCTCCCA 

R:ACCTAGTTCCTCGCTCCACA 

(GT)24 75 - 123 1 

PRIV 7 F:GATTCCAACAACTACGGTTCA 

R:CAATGAAAATCTACATGTTACG 

(GT)14 190 - 252 1 

 

DNA extraction 
 DNA was extracted from leaves stored in silica gel. I extracted DNA using modified 

protocol of NaCl/CTAB method (Štorchová et al., 2000). The quality of extracted DNA was 

checked on 0.8 % agarose gel and then properly measured for DNA concentration on 

Nanodrop (Thermo Scientific). Further, all samples were diluted to 10 ng/μl 

concentration for following PCR reactions. 
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Multiplex PCR 
 I designed two multiplexes with successfully cross-amplified 12 loci. DNA was 

amplified by using the Qiagen Multiplex PCR kit,  with a total reaction volume of 5 μl of 

Qiagen mix. The mix contained 10 ng, i. e. 1 μl of DNA, 0.25 μl of forward and 0.25 μl of 

reverse primer, 1 μl of ddH2O and 2.5 μl of Master Mix (Qiagen). The PCR amplification 

was conducted in a thermocycler (Eppendorf Mastercycler Pro) under following 

conditions for both multiplexes: 5 min of denaturation at 95 °C, 30 s at 95 °C, followed by 

35 cycles at 57 °C for 90 s, 40 s at 72 °C and a final extension at 68 °C for 30 min. Further, 

4 μl of PCR products with 1 μl of loading dye (Thermoscientific) were separated by 

electrophoresis, as a ladder was used 1.5 μl O’GeneRuler 100 bp DNA Ladder Plus 

(Thermoscientific).  

 

Fragment analyses 
Another step was the preparation of samples for fragment analyses. A 1 μl of PCR 

product was mixed with 0.25 μl of GeneScan-500 LIZ (Applied Biosystems) and 10 μl of 

deionized formamide (Applied Biosystems), 3 min denaturation at 95 °C followed. 

Fragment analysis was conducted in 3130xl Genetic Analyzer in the DNA laboratory of 

Faculty of Science, Charles University.  

 

Data analyses 
 Allele sizes were determined in GeneMarker 2.6 (SoftGenetics). I identified 

genotyping errors as a result of the presence of null alleles or stuttering by program 

micro-checker 2.2.3. (Van Oosterhout et al., 2004). Scoring errors due to stuttering were 

detected in seven populations mainly in locus Paca 38. Evidence of null alleles at least in 

one locus was found in 22 populations (Table 6). Loci with significant evidence of null 

alleles at least in three analyzed populations: Paca 38, Paca 78, Priv 4, PV 23741, PV 21795 

and PV 4767. 

For an exploration of population structures and genetic groups, I performed 

Bayesian clustering in STRUCTURE 2.3.3. (Pritchard et al., 2000), employing Abel HPC 

cluster of the University of Oslo (http://www.uio.no/english/services/it/research/ 

hpc/abel/). I used uncorrelated allele frequencies and admixture model, which assumes 

possible mixed ancestry of individuals, therefore individuals could be assigned to more 

populations. The number of clusters was set from K = 1 to K = 10 for the analysis of whole 

dataset and the analysis of Czech and Slovak individuals. For the other analyses, the 

number of clusters ranged from K = 1 to K = 5 or to K = 6. Every analysis for each K was 

performed with 10 replicates, initial (burn-in) length period 100,000 and number of 
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Markov chain Monte Carlo (MCMC) replicates after burn-in 1,000,000. Similarity 

coefficients among runs (Nordborg et al., 2005) and delta K (Evanno et al., 2005) were 

calculated using Structure-sum-2009 script (Ehrich et al., 2007) in R 3.3.2 

(R Core Team, 2016). For an optimal number of clusters (K) were considered the high 

likelihood of K values, consistency among runs of each K, similarity coefficients and delta 

K. Some analyses allowed several possibilities for the optimal number of K, due to the 

hierarchical genetic structure of populations (Ehrich et al., 2007). Outputs from 

STRUCTURE analyses were graphically visualized in Structure Plot 2.0 (Ramasamy et al., 

2014). 

 Further analyses focused on reconstructing and visualization of relationships 

among individuals and populations using distance-based approaches. Firstly, genetic 

relationships among individuals were visualized in centred principal component analysis 

(PCA) calculated in R 3.3.2 (Team, 2016), package Adegenet (Jombart, 2008). Secondly, 

Neighbor-net networks of populations from the target regions and the Czech and Slovak 

populations were created in SplitsTree 4.13.1 (Huson and Bryant, 2006). Pairwise Fst 

values among these populations were set as an input for the Neighbor-net method, which 

is based on the neighbor-joining algorithm. Pairwise Fst matrices were calculated in R, 

packages Adegenet and Hierfstat (Goudet, 2005). Matrices in text formats were converted 

to PHYLIP formats in web interface Phylogeny.fr (Dereeper et al., 2008). 

 Descriptive statistics of microsatellite loci and populations were calculated in 

Microsatellite analyzer (MSA) 4.05 (Dieringer and Schlötterer, 2003). Descriptive 

statistics contained allelic richness (with reference population size of five individuals per 

population, 1000 permutations), observed heterozygosity (Ho), expected heterozygosity 

(He), Nei's unbiased estimator for gene diversity (Hs) (Nei, 1987) and inbreeding 

coefficient (Fis). Moreover, the frequency of down-weighed marker index (DW) was 

calculated from a presence-absence matrix of alleles. Both were performed in R using 

script AFLPdat (Ehrich, 2006). Finally, a number of private alleles was counted in R, 

package PopGenKit (Rioux Paquette, 2012). DW index and a number of private alleles 

were calculated firstly for the whole dataset and then only for the Czech and Slovak 

populations. Differences in allelic richness, He, Hs and in DW index among genetic groups 

were tested by one-way ANOVA and hierarchical ANOVA with random effect factor in R, 

package stats. Further, differences in these diversity indexes were tested between 

subalpine and foothill populations in each mountain range by permutation two-sample t-

test (999 permutations) in R, package perm. 
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In addition, a variation of populations and fixation index (Fst) were revealed by 

Analysis of molecular variance (AMOVA) in Arlequin 3.1 (Excoffier et al., 2005). AMOVAs 

were calculated by the method of a number of different alleles (Fst-like) with 1,000 

permutations. Further, hierarchical AMOVAs were performed for the target regions, with 

predefined foothill and mountain groups. As a result of hierarchical AMOVA, among 

groups variation was explored. 

 Finally, the correlation between genetic structure and geography (isolation by 

distance) was tested by Mantel test (1,000 permutations) in R package Ade4 (Dray and 

Dufour, 2007). Correlation between a matrix of genetic distances among populations (Nei, 

1972) and a matrix of geographic distances (Euclidean) was tested. R package MASS 

(Venables and Ripley, 2013) was used for optimal resolution, the density of points was 

modelled by two-dimensional kernel density estimation. Therefore, discontinuities in the 

spatial structure were indicated by colour patches. 

 

3.3 Morphometric analyses 
 

 Characters for morphometric analyses were measured on herbarium specimens of 

leaves (one for each individual) and also on calyxes (one calyx from the umbel)  and stems 

stored in ethanol. Measured characters were chosen based on literature (Kovanda, 1997, 

2002) and personal observations. The primary aim of morphometric analyses was to 

evaluate characters that allow discriminating the ecologically distinct groups such as 

foothill and subalpine ecotypes. Summary of measured characters is provided in Table 4. 

Characters v13 – v19 were used only for the Krkonoše Mts separate analyses and 

character v20 was used only for the analyses of the total dataset of 283 individuals. 

 

Table 4: Summary of morphological characters 

No. Character description Unit/scale 

v1 Leaf length mm 

v2 Blade width mm 

v3 Blade length (from the widest part to the top) mm 

v4 Angle between blade - petiole degree 

v5 Width of the petiole wing (in the transition of blade to petiole) mm 

v6 Blade length mm 

v7 Petiole length mm 

v8 Petiole wing length mm 

v9 Margin of blade (in the lower part of the blade); 1 = regularly dentate, 

2 = irregurarly dentate, 3 = lobulate 

1, 2, 3 
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No. Character description Unit/scale 

v10 Margin of petiole; 1 = dentate, 0 = entire 0, 1 

v11 Blade length/width  

v12 Blade length/petiole length  

v13 Calyx width (in the widest part) mm 

v14 Calyx width (on the top of the calyx) mm 

v15 Depth of calyx tooth mm 

v16 Calyx length mm 

v17 Calyx width in the widest part/calyx width on the top of the calyx (v13/v14)  

v18 Calyx length/depth of calyx tooth (v16/v15)  

v19 Hairiness of stem; 0 = sparsely hairy, 1 = hairy 0, 1 

v20 Indumentum of leaf beneath; 1 = pubescent, 2 = ±hairy, 3 = long hairy 1, 2, 3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9: A) Characters on the leaf, B) the calyx and the stem. C) An example of the sparsely hairy stem 

(< 80 trichomes/0.5 cm2), D) An example of the hairy stem (> 80 trichomes/0.5 cm2). 

A 

B C D 
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Data analyses 
Quantitative characters on a leaf from each individual were measured in 

ImageJ 1.48 (Schneider et al., 2012). Quantitative characters on calyxes were measured 

manually. Missing values were replaced by relevant population means. All data analyses 

were performed in R 3.3.2 (Team, 2016) using functions MorphoTools (Koutecký, 2015) 

and packages ade4, class, MASS, permute and vegan. First, descriptive statistics of 

characters (variables) were calculated for the major groups. Then, normal distribution of 

the data was tested using Shapiro-Wilk statistics. Characters deviating from the normal 

distribution were logarithmically transformed. Correlations among characters were 

revealed by non-parametric Spearman coefficient. 

Principal component analysis (PCA) was performed in order to provide the first 

insight into the overall morphological variation. Standardization of characters to a zero 

mean and unit standard deviation was employed. Canonical discriminant analysis (CDA) 

was used to test the morphological differentiation among predefined groups and reveal 

the contribution of individual characters for the discrimination. Classificatory 

discriminant analysis then quantified the correctness of classification of individuals into 

predefined groups. 

 

3.4 Flow cytometric analyses 
 

 Relative genome sizes were inferred from relative fluorescence intensities of DAPI 

stained nuclei following the simplified protocol Doležel et al. (2007). Solanum 

pseudocapsicum served as an internal reference standard (2C = 2.58 pg; Temsch et al., 

2010). Small pieces of fresh leaves (about 0.5 cm in length) of P. elatior were chopped 

together with an appropriate volume of internal reference standard with a sharp razor 

blade in a Petri dish containing 0.6 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 then incubated 

for approximately 10 min at room temperature. After incubation, 1 ml of staining Otto II 

solution (0.4 M Na2HPO4 × 12 H2O), 2 μl/ml of β-mercaptoethanol and 4 μg/ml of DAPI 

were added.  Samples were analyzed using a flow cytometer (CyFlow ML Partec), 

equipped with a UV LED chip, in the Laboratory of Flow cytometry in Department of 

Botany, Faculty of Science, Charles University. Fluorescence intensity of 3,000 particles 

was recorded. Up to 5 individuals were analyzed together in mixed samples. 

 Absolute genome sizes (2C-values) were estimated using propidium iodide (PI). 

The same protocol was used, but fluorochrome DAPI was replaced by PI + RNase II A (both 

in concentrations of 50 μg/ml). Samples were analyzed using a flow cytometer 
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(CyFlow SL Partec) equipped with a green laser in the same laboratory mentioned above. 

Fluorescence intensity of 5,000 particles was recorded. 

 

Data analyses 
Outputs (histograms) from cytometric analyses were further processed in FloMax 

Software 2.4d. An example of Primula elatior histogram is shown in Fig. 10. Firstly, 

coefficients of variation (CV) of each peak were noted down. CV was calculated as SD of 

the peak/mean channel position of the peak. Secondly, nuclear DNA amount was assessed. 

2C-value of samples (DNA content in somatic cells) was calculated following the formula 

(Doležel and Bartoš, 2005): 

 [(sample G1 peak mean)/(standard G1 peak mean)] * standard 2C DNA content (pg DNA)  

Relative nuclear DNA content was calculated as sample/standard ratio. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10: Fluorescence histogram of PI- stained nuclei of simultaneous analysis of P. elatior subsp. corcontica 

and P. elatior from low altitude (Běstvina). 
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4 Results 
 

By genotyping 12 microsatellite nuclear loci in 433 individuals from 52 

populations I detected a total of 172 alleles with maximum 28 and minimum six alleles 

per locus (Table S2, Fig. S1).  

 

4.1 Population structure and relationships among populations and 
individuals across the study area  

 

I explored population structure by using Bayesian clustering in STRUCTURE V2.3.3. 

First, I performed analysis for the whole dataset containing 52 populations including one 

population of subsp. intricata and two populations of subsp. leucophylla. In terms of 

coefficient of similarities among replicated runs and value of K, where the rising 

likelihood started to flatten, K = 4 and K = 6 seemed to be optimal partitions (Fig. S2A). I 

further interpreted the partition with deeper structure (K = 6). Despite marked 

admixture, the grouping under K = 6 corresponded to geography, separating populations 

from three mountain regions (the Jeseníky Mts, the Krkonoše Mts, the Vysoké and Nízké 

Tatry Mts) into distinct groups, however, disregarding altitudinal differentiation. Another 

highly distinct group contained a population of subsp. intricata from Croatia (Paklenica) 

and surprisingly population from Slovenia (Dovje). The last group contained the two 

populations of subsp. leucophylla from Romania, the second population from Slovenia 

(Vršič) and one population from Slovakia (the Velká Fatra Mts). The alternative partition 

under K = 4 revealed well-defined groups of Jeseníky Mts, Krkonoše Mts and the Croatian-

Slovenian group in addition to the fourth group encompassing all the remaining 

individuals (bar plot from K = 4 is available in the Appendix Fig. S3).  

 Principal component analysis (PCA) separated individuals from Croatia 

(Paklenica) and Slovenia (Dovje) along the first and the second axes, respectively 

(Fig. 11C). The third axis separated individuals from the Jeseníky Mts (yellow group) from 

the others (Fig. S4). 
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Fig. 11: A) Geographical distribution of 52 populations of Primula elatior, pie charts show the proportional 

assignment of individuals in each population to six clusters inferred by STRUCTURE analysis. B) The 

coloured lines below the bar plot denote individuals from the three target mountain regions. C) PCA shows 

distances among 433 individuals, the first and the second axis explain 4.8 % and 3 % of the variance. 

A 

B 

C 
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 Then, I focused on genetic structure in the comprehensively sampled region of the 

central Europe. In a separate STRUCTURE analysis, high similarity coefficients and relatively 

high likelihood values, in correlation with consistency among runs for each K, suggested 

K = 3 and K = 4 as the optimal solution for describing the structure in the data (Fig. S2B). 

The clustering under the partition describing finer structure (K = 4) corresponded to the 

clustering of the range-wide analysis. The first group encompassed all populations from 

the Krkonoše Mts containing geographically close populations from the Jizerské hory Mts 

and the Broumovsko region. Secondly, the Jeseníky Mts represented another genetically 

uniform group, encompassing additional geographically close populations from the 

Broumovsko region (Karlow), the Orlické hory Mts (Dobré) and the Olomouc region 

(Horka). Next group contained mixed “lowland and foothill” populations from the Czech 

Republic and populations from Slovakia (the Malá and Velká Fatra Mts + foothill of the 

Nízké Tatry Mts). Finally, the fourth group contained mainly populations from the Tatry 

Mts, furthermore, some of the other populations comprised individuals partly admixed by 

this group (Fig. 12). 

PCA confirmed STRUCTURE results by the clear separation of the Jeseníky Mts and 

the Krkonoše Mts group along the first axis, while the second axis separated these two 

groups from the Tatry Mts group. Finally, the group of “lowland and foothill” populations 

(red group) occupied central position of the ordination, being in line with the large 

admixture detected for these populations by the STRUCTURE analysis. 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 



28 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 12: A) Geographical distribution of 47 populations of P. elatior, pie charts show the proportional 

assignment of individuals in each population to four clusters inferred by STRUCTURE analysis. B) The coloured 

lines below the bar plot denote individuals from the three target mountain regions. C) PCA shows distances 

among the same 385 individuals, the first and the second axis explain 3.4 % and 2.9 % of the variance. 

A 

B 
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Finally, I investigated genetic structure of the three target mountain regions – the 

Jeseníky Mts, the Krkonoše Mts and the Tatry Mts (Table 5). Firstly, I investigated whether 

the foothill and subalpine populations from each region clustered together or if the 

foothill-subalpine differentiation consistently prevail over the mountain regions. 

STRUCTURE analysis under K = 3 separated three groups according to defined regions and 

PCA confirmed this major grouping.  

 

Table 5: Summary of 17 populations from the dataset of three target regions. Pop. ID = population code, 

No. Ind. = number of individuals 

Pop. ID Locality Region Group No. Ind. 

L016 Žďárský potok u Rýmařova Jeseníky foothill 18 

L027 V Mlýnkách Jeseníky foothill 14 

L002 Velká Kotlina - edge Jeseníky subalpine 16 

L031 Velká Kotlina Jeseníky subalpine 13 

L064 Spálený mlýn Krkonoše foothill 13 

L068 Strážné Krkonoše foothill 15 

L070 Michlův mlýn Krkonoše foothill 9 

L071 Svatý Petr Krkonoše foothill 5 

L090 Vrbatova bouda Krkonoše subalpine 7 

CorK Velká Kotelní jáma Krkonoše subalpine 20 

CorJ Malá Sněžná jáma Krkonoše subalpine 20 

L098 Ždiar, Tatranská Kotlina Tatry foothill 15 

L103 Poludnica, N. Tatry Tatry foothill 17 

L100 Zamkovského chata, V. Tatry Tatry subalpine 7 

L33 Štefánikova chata, N. Tatry Tatry subalpine 14 

Kond Kondraczka Tatry subalpine 5 

Tris Tristar Tatry subalpine 5 
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Fig. 13: Parallel origin of the subalpine ecotypes of Primula elatior in the three mountain regions of central 

Europe. A) Geographical distribution of 17 populations of P. elatior, pie charts show the proportional 

assignment of individuals from each population to the three clusters inferred by STRUCTURE B). C)  PCA shows 

distances among the same 192 individuals, the first and the second axis explain 5.9 % and 4.6 % of the 

variance. 
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Then, I performed separate STRUCTURE analysis for each region in order to 

investigate finer structure within each mountain range. I used the same criterium for the 

choice of the K as in previous analyses (Fig. S2D-F, in the Appendix). All analyses tended 

to separate the subalpine and foothill populations in these regions, under K = 2 (the 

Jeseniky Mts) and K = 3 (the other two regions),  however to a different extent in each 

mountain regions (Fig. 14). In addition, both in the Krkonoše Mts and the Tatry Mts, one 

alpine population (Sněžná Jáma and Štefánikova chata, respectively) separated from the 

remaining populations even under the lower partition (K=2) suggesting the largest 

differentiation exists within the subalpine areas. 
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Fig. 14: Geographical distribution of populations of P. elatior in each target region, pie charts show the 

proportional assignment of individuals from each population to clusters inferred by STRUCTURE analysis, 

A) K = 3 for Krkonoše Mts, C) K = 2 for Jeseníky Mts and D) K = 3 for Tatry Mts. Populations in black cirque 

with asterisk originated from areas above timberline. B) PCA for the Krkonoše region shows distances 

among 86 individuals, the first and the second axis explain 8.7 % and 5.9 % of the variance. 
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4.2 Genetic diversity of populations  
 

I summarized the measures of genetic diversity for populations of the whole 

dataset in Table 6. The highest values of allelic richness exhibited Slovakian populations 

from the Malá and Velká Fatra Mts, populations from foothill of the Nízké and Vysoké 

Tatry Mts and populations from Romania. Populations from the Krkonoše Mts and the 

Jeseníky Mts exhibited lower allelic richness in comparison to their counterparts from 

other parts of the Czech Republic. The same populations which had the highest allelic 

richness also had the highest values of expected heterozygosity and gene diversity. 

Populations from Croatia, Romania and Slovenia exhibited high DW indices and numbers 

of private alleles. If we take account only the Czech and Slovak populations, the 

populations from different regions in low altitudes and several populations from high 

altitudes of Slovakia (Klak, the Velká Fatra Mts and Poludnica) exhibited of the highest 

DW indices and numbers of private alleles. 

Table 6: Summary of populations involved to microsatellite analyses with their genetic indices. 
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4.3 Genetic diversity of populations from the target regions and among 
population variation  

 

 In order to assess the patterning of intra-population diversity and inter-population 

differentiation in the central Europe, I divided the populations into three groups 

corresponding with the clustering inferred by STRUCTURE, i.e. the Jeseníky Mts, the 

Krkonoše Mts and the Tatry Mts. I merged the remaining populations into the last  

practically delimited group hereafter called the Czech “lowlands and foothills” (Table 7, 

Fig. 15). Populations from the Czech “lowlands and foothills” group exhibited the highest 

number of private alleles and rare alleles (DW index) as well as the highest degree of 

among-population differentiation. Populations from the Tatry Mts showed the highest 

values of allelic richness, expected heterozygosity (He) and gene diversity (Hs). In 

contrast, the Jeseníky Mts and Krkonoše Mts showed only moderate genetic diversity. 

Significant differences among the groups were revealed in gene diversity (Hs) and in DW 

indices (Table 15). 

 

 

 

 

 

 

 

 

 

Fig. 15: Differences among major genetic groups A) in DW index and B) in gene diversity (Hs). 

  

Furthermore, I revealed no significant differences in allelic richness, He, Hs and in 

DW index between the group of subalpine and foothill populations disregarding the 

regions, as revealed by hierarchical ANOVA (Table 8, p-values not presented). The indices 

did not show any consistent trend in differences between the altitudinal groups across 

different mountain ranges (Fig. 16). 
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Fig. 16: Variation in population diversity and in DW indices between subalpine and foothill populations in 

the three mountain regions (J – the Jeseníky Mts, K – the Krkonoše Mts, T – the Tatry Mts; F – foothill, S – 

subalpine), A) in allelic richness, B) He (expected heterozygosity), C) Hs (gene diversity) and D) DW index. 

Neither of the indices was significantly differentiated between the foothill and subalpine populations. 

 

Populations from above the timberline of the Krkonoše Mts and the Tatry Mts 

exhibited a high percentage of among-population variation (19.4 % and 24.18 %) 

compared to the subpopulations of the single subalpine site of the Jeseníky Mts (7.82 %). 

Results from hierarchical AMOVAs revealed that the subalpine-foothill differentiation 

accounted for the little proportion of explained genetic variation (from 2.32 % to 6.11%, 

Table 8). Only the subalpine populations from the Krkonoše Mts were significantly 

differentiated from their foothill counterparts. Despite, the differentiation still accounted 

for a relatively small fraction of variation (3.44 %). Complete results from the hierarchical 

AMOVA analyses and table of pairwise Fst for populations from the target regions are 

available in the Appendix (Tab.S3, Tab.S4). 

  

A B 

C D 



36 

 

Table 7: Genetic diversity and differentiation of populations inside and among the regions inferred by 

STRUCTURE. 

 

 

 

 

 

 

 

Table 8: Genetic diversity and differentiation of foothill and subalpine groups inside the target regions. 

 

 

 

 

 

 

 

 

 

I visualized the among population distances using pairwise Fst performing 

Neighbor-Net for all the Czech and Slovak populations as well as for populations from the 

target regions. The pairwise Fst matrix showed the intermediate position of the 

populations from the Czech “lowlands and foothills” interspersed among populations 

from the three mountain regions (Fig. 17A). For the three target regions, this network 

confirmed STRUCTURE results showing clear separation of the three regions, but not 

altitudinal groups (Fig. 17B). 
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Fig. 17: A) Neighbor-Net network of 46 populations of P. elatior. Populations are underlined by the same 

colours as in pie charts for the Czech and Slovak populations, STRUCTURE analysis K = 4. Mixed populations 

were assigned to groups based on proportion in pie charts. B) Neighbor-Net diagram of 17 populations of 

P. elatior from three target regions. Populations were underlined by the same colours as in STRUCTURE 

analysis K = 3 for target regions.  
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Finally, I tested the correlation among genetic structure and geography using 

Mantel test. The strongly admixed group of the Czech “lowlands and foothills” populations 

showed non-significant correlation, therefore there is not significant spatial structure 

explainable by a simple geographic distance (data not presented). 

 On the contrary, all the Czech and Slovak populations, when considered together, 

seemed to be spatially structured based on the STRUCTURE analysis and the Isolation by 

distance (IBD) relationship was significant (p = 0.04, r = 0.11), (Fig. 18). IBD plot showed 

obvious variation in genetic variability among the populations from the same geographic 

region.  

 

  

 

 

 

 

 

 

 

 

 

Fig. 18: Isolation by distance plots show a correlation between genetic distances (Nei, 1972) and geographic 

distances (Euclidean) in the Czech and Slovak populations (R-squared = 0.11). 

 

 

4.4 Morphological variation in the major genetic groups 
 

 Firstly, I explored morphological variation in the whole dataset of 683 individuals 

from 51 populations. Individuals were grouped according to results from STRUCTURE 

(K = 6), except for the Slovenian population. All of the measured 13 characters deviated 

from a normal distribution, therefore I performed the logarithmic transformation. 

Correlations among characters did not exceed value 0.95 (Marhold and Suda, 2002), 

although I observed higher coefficients of correlation (0.93) between v1 – v6 and v1 – v7 

characters. Summary of descriptive statistics is presented in the Appendix (Table S5). 

 Principal component analysis (PCA) revealed large inter-group morphological 

variation as well as an intra-population variation (Fig. 19). Group of Croatian population 

(subsp. intricata) tended to differ along the second axis. Along the first axis, Romanian 

population (subsp. leucophylla), two populations from the Malá Fatra Mts, two foothill 
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populations from the Lužické hory Mts and foothill population from the Orlické hory Mts 

slightly differed from the populations from the centre of ordination diagram. The most 

strongly characters correlated with the first axis were mainly quantitative traits. On the 

contrary, characters v4 (the angle between blade – petiole) and v10 (character defines 

the margin of petiole) correlated with the second axis (Table 9). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 19: A) PCA of 683 individuals from seven previously defined genetic groups. B) PCA of 51 populations 

means from seven previously defined genetic groups. 
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Table 9: Correlation coefficients of characters with first two axes from PCA of populations means. The most 

correlated characters are in bold (>|0.77|). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Then, I performed PCA of 646 Czech and Slovak individuals from 47 populations 

(Fig. 20). Identical characters were used except v20, which was invariable in these 

populations, and thus excluded from the calculations. In contrast to molecular data 

analyses, morphometric analyses did not show obvious differentiation of the groups. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 20: PCA of 646 individuals from the Czech Republic and Slovakia with previously defined genetic groups 

(STRUCTURE, K = 4). 

  

Character PC1 PC2 

logv1 -0.988 0.072 

logv2 -0.937 0.249 

logv3 -0.951 0.192 

logv4 -0.384 -0.834 

logv5 -0.868 -0.103 

logv6 -0.976 0.058 

logv7 -0.969 0.096 

logv8 -0.905 0.160 

logv9 -0.245 0.452 

logv10 -0.212 -0.772 

logv11 -0.551 -0.619 

logv12 0.395 -0.105 

logv20 0.291 0.065 
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4.5 Morphological variation in the target regions 
 

 Secondly, I addressed morphological variation in the target region dataset, which 

included only foothill and subalpine populations from the Jeseníky Mts, the Krkonoše Mts 

and the Tatry Mts (Tab. S6). I performed analyses with the same 12 characters as in the 

previous analyses. PCA of 351 individuals from 23 populations revealed overlap of 

individuals from the target regions (Fig. 20). On the other hand, subalpine individuals 

from the Krkonoše Mts slightly differed from the Tatry Mts subalpine individuals. 

Similarly, individuals from foothills tended to separate from the subalpine ones in these 

two regions. The distinct position of the Jeseníky Mts, revealed by molecular analyses, was 

not so obvious in morphometric analyses. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 20: PCA of 351 individuals from 23 populations. Individuals in each mountain range were divided into 

subalpine and foothill groups. 

 

Analogous results provided canonical discriminant analyses (CDA) based on 11 

characters (v9 was excluded due to constancy in the Krkonoše Mts subalpine group), 

(Fig. 21). CDA tested the differences among the six eco-geographical groups (foothill and 

subalpine populations from the each region). Their coefficients of correlations with 

canonical axes are available in the Appendix (Tab. S7A). According to geography, the 

Jeseníky Mts probably represented a transition zone between the Krkonoše Mts and the 

Tatry Mts. 

 

 

 



42 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 21: CDA of 351 individuals from 23 populations. Individuals in each mountain range were divided into 

subalpine and foothill group (999 permutations, p < 0.001). 

 

 Separate CDA for the Jeseníky Mts and the Krkonoše Mts, based on 11 characters, 

confirmed pattern from the previous analyses (Fig. 22A). Character v4 (angle between 

blade - petiole) had the highest contribution to the first CCA axis (correlation coefficient -

0.63) (Tab. S7B). Then I performed another separate CDA only for subalpine populations 

in these regions (Fig. 22C). According to molecular analyses, subalpine populations from 

the Krkonoše Mts were differentiated from their lowland counterparts, while populations 

from the subalpine and the foothill areas of the Jeseníky Mts did not differ. Due to 

insufficient number of individuals in subalpine group, I did not perform separate CDA for 

the subalpine Tatry Mts populations with the Krkonoše Mts or the Jeseníky Mts. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 22: A) CDA of 309 individuals from the Krkonoše and the Jeseníky Mts. B) Variability in the angle 

between blade – petiole of leaves. C) CDA of 121 subalpine individuals from the Krkonoše and the 

Jeseníky Mts (999 permutations, p < 0.001). 
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4.6 Morphological variation in the Krkonoše Mts with emphasis on 
Primula elatior subsp. corcontica 

 

 Finally, I explored morphological variation in the Krkonoše dataset, which 

included two subalpine glacial cirque populations, traditionally classified as a separate 

endemic P. elatior subsp. corcontica, nine foothill populations and for selected analyses 

population from cultivation (originally from seeds from the Velká Kotelní jáma glacial 

cirque) (Table S6B). In addition to 12 characters on leaves, six characters on calyx and 

one character on flowering stem were measured. Correlations among characters did not 

exceed value 0.95, although I observed higher coefficients of correlation between v1 – v6 

(0.94) and v1 – v7 (0.92). All of the measured characters deviated from the normal 

distribution, therefore I performed logarithmic transformation. Summary of descriptive 

statistics is presented in the Appendix (Table S9). 

 PCA of 11 populations means and 183 individuals showed obvious separation of 

foothill and subalpine group along the first PC axis (Fig. 23). Quantitative traits such as 

leaf length, blade width and length (total + distance from the widest part to the top), 

petiole length and blade length/width ratio showed the highest correlation coefficients 

with the first axis (Fig. 24). What I found more interesting, characters related to calyx also 

exhibited high correlation with the first axis (Fig. 25). While quantitative traits on leaves 

could be influenced by environment, traits on calyxes usually represented more constant 

characters. Individuals from subalpine areas tended to have urceolate calyxes in contrast 

to individuals from foothills mainly with tubular calyxes. 
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Fig. 23: A) PCA of 11 populations means from the Krkonoše Mts divided into two groups (foothill and 

subalpine). B) PCA of 183 individuals from the Krkonoše Mts divided into two groups (foothill and 

subalpine). 

 

 

 

 

 

 

 

 

 

 

 

Fig. 24: Correlation of characters with the first two axes (PC1 and PC2) in PCA of populations means. 

 

 

 

 

 

 

 

 

 

Fig. 25: Variability in the calyx width (A) and in the ratio of two distances of calyx width (B). 
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CDA with predefined foothill and subalpine group confirmed separation of 

individuals from different environments (Fig. 26). Similar characters as in previous 

analyses had the highest contribution to the separation of these groups (Table S8A).  

Classificatory discriminant analysis provided high percentages of correct 

classification of individuals (92.7 % in foothill group and 90 % in subalpine group) 

(Fig. 26B). 

 

 

 

 

 

 

 

 

Fig. 26: A) CDA of 183 individuals based on 18 characters (v9 was excluded due to invariance in the 

subalpine group), (999 permutations, p < 0.001), B) Classificatory discriminant analysis of 183 individuals 

showing high posterior probabilities of correct classification. 

 

For further analyses, I included 20 individuals from cultivation, germinated from 

seeds collected at one of the original subalpine sites and cultivated over 11 years in the 

foothill conditions. PCA of 203 individuals revealed the intermediate position of cultivated 

individuals (Fig. 27A). In contrast, CDA showed clear separation of the cultivated 

individuals from the foothill group (Fig. 27B, Table S8B). Differences in characters are 

presented by boxplots in the Appendix (Fig. S5). PCA of individuals from the cultivation 

and from the Velká Kotelní jáma glacial cirque, revealed differences mainly in the leaf 

length (correlation coefficient -0.97), blade length (-0.91) and petiole length (-0.94). 

These characters showed high plasticity also in previous analyses. In contrast, several 

other traits, that separated foothill and subalpine plants in the previous analyses, tended 

to be constant in cultivated subalpine populations, namely: angle between blade and 

petiole (-0.39), petiole wing width (-0.16), the ratio of blade and petiole length (0.24) and 

all characters connected with calyx tended to be constant in the both groups.  
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Fig. 27: A) PCA of 203 individuals from the Krkonoše Mts divided into three groups (foothill, subalpine and 

cultivation). B) CDA of 203 individuals based on 18 characters (v9 was excluded due to invariance in the 

subalpine group), (999 permutations, p < 0.001). 

 

 

 

 

 

 

 

 

Fig. 28: A) PCA of 50 individuals (cultivated individuals originated from seeds from the subalpine 

population Velká Kotelní jáma glacial cirque), B) PCA of 143 individuals from foothill of the Krkonoše Mts 

and cultivation. 
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4.7 Nuclear genome size variation 
 

Flow cytometric analyses revealed 10 % variation in relative genome size in 1,092 

individuals from 93 populations (Fig. 29). The lowest values (0.404 – 0.411) belonged to 

the three samples of P. elatior subsp. intricata from Croatia. Other samples did not exhibit 

considerable variation with minimum value 0.424 and maximum value 0.449 of relative 

genome size. The average difference between P. elatior subsp. intricata and remaining 

samples was 5.6 %. 

 

Fig. 29: Variation in relative genome size (sample/standard fluorescence ratio) in 1,092 individuals. Up to 

five individuals were analyzed together in one sample. Mean coefficients of variation for standard peaks: 

1.77 %. Mean coefficients of variation for sample peaks: 2.73 %. 

 

Absolute nuclear DNA amount (2C-value), estimated in 234 individuals from 94 

populations, ranged from 0.947 pg to 1.104 pg (Fig. 30). Approximately 14 % variation in 

2C-value was observed. Low 2C-values (< 0.99 pg) were estimated in samples from 

Croatia (subsp. intricata), the Malá Sněžná jáma glacial cirque (subsp. corcontica), the 

Velká Kotelní jáma glacial cirque (subsp. corcontica), the Velká Kotlina glacial cirque, the 

Jizerské hory Mts, the Broumovsko region and Skalice. High 2C-values (> 1.06 pg) were 

estimated in samples from low altitude areas of Moravia, north and south Bohemia and 

foothills of the Jeseníky Mts and the Krkonoše Mts. Several samples from the Nízká 

Fatra Mts and Slovenia (Vršič) also belonged to this group. 
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Fig. 30: Variation in absolute nuclear DNA amount (2C-value) in 234 individuals. Mean coefficients of 

variation for standard peaks: 2.9 % Mean coefficients of variation for sample peaks: 3.5 %. 

 

 Moreover, I compared 2C-values of the group from the above-timberline with the 

below-timberline group (Fig. 31 and Table 10, 11). I observed a significant difference 

between these groups (p < 0.001). Nevertheless, if we consider approximately 5 % error 

rate of the instrument, the difference in mean 2C-values (3.3 %) was on the average below 

the level of resolution of the instrument. 

 

Table 10: Summary of the 2C values of populations from the above-timberline group from the Krkonoše and 

the Jeseníky Mts. 

 

Table 11: Summary of the 2C-values of populations from the below-timberline group from the Czech 

Republic. 

 

Above timberline group Mean 2C-value 

(pg) 

Standard 

deviation 

Mean coefficient 

of variance (%) 

Number of 

samples 

Velká Kotelní jáma glacial 

cirque (subsp. corcontica) 

0.989 ± 0.017 5.5 25 

Malá Sněžná jáma glacial 

cirque (subsp. corcontica) 

0.998 ± 0.016 4.43 17 

Velká Kotlina glacial cirque 1.004 ± 0.025 3.59 8 

Below timberline group Mean 2C-value 

(pg) 

Standard 

deviation 

Mean coefficient 

of variance (%) 

Number of 

samples 

Czech “lowland and 

foothill” populations 

1.028 ± 0.02 3.37 157 
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Fig. 31: Difference in the 2C-values between the above- and below-timberline group. 

 

 In addition, I performed a comparison of subalpine and foothill populations in the 

Jeseníky Mts and the Krkonoše Mts (Fig. 32, Table 12). In both mountain regions subalpine 

populations significantly differed from foothill populations (p < 0.001, p = 0.047, 

respectively). Moreover, subalpine populations from the Krkonoše Mts significantly 

differed from the originally subalpine plants cultivated from seeds in foothill conditions 

in Vrchlabí (p < 0.001). Similarly to previous analysis, observed variation in 2C-values was 

low (4.1 %, 2.9 %, respectively). 

 

Table 12: Summary of foothill groups from the Jeseníky and the Krkonoše Mts.  

 

 

Fig. 32: Comparison of subalpine and foothill populations in 2C-values. 

 

 

 

Foothill groups Mean 2C-value 

(pg) 

Standard 

deviation 

Mean coefficient 

of variance (%) 

Number of 

samples 

Foothill Jeseníky Mts 1.034 ± 0.023 3.1 14 

Foothill Krkonoše Mts 1.034 ± 0.017 3.2 46 

Cultivation - Vrchlabí 1.026 ± 0.014 3.3 7 
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Finally, I revealed 2C-values negatively correlated with altitude (Fig. 33), 

(R - squared = 0.05, p < 0.001). The impact of subalpine populations from the 

Krkonoše Mts significantly influenced the correlation. The relationship between altitude 

and 2C-values was not significant after the exclusion of these populations (data not 

presented). 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 33: The relationship between altitude and 2C-values in 230 individuals. 
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5 Discussion 
 

5.1 Genetic structure and diversity of populations 
 

 Using microsatellite genotyping, I provided an insight into the relationships among 

intraspecific taxa of P. elatior. I explored the genetic structure of population from the 

central and southeastern Europe. Populations from Croatia (Paklenica) and Slovenia 

(Dovje) were clearly separated from the others. Together with high DW indices values, I 

consider these populations as relict entities. Population Paklenica from Velebit Mt., which 

is part of the Dinarides, corresponded to P. elatior subsp. intricata based on a leaf 

morphology. Moreover, morphological distinction from the nominal subsp. elatior was 

confirmed in addition to its genetic differentiation. Population Dovje from the Sava valley 

was clustered with the Paklenica population (Fig. 11A), although these two populations 

were still remarkably differentiated from each other (Fig. 11C). Based on personal 

observation of leaves, population Dovje belongs to subsp. elatior. Several studies (e.g. 

Stachurska-Swakoń et al., 2013; Magauer et al., 2014; Kolář et al., 2016)  identified the 

northern Dinarides as a region with unique diversity strongly differentiated from other 

mountain regions. Similarly as was hypothesized for the species in these studies, Dinaric 

populations of P. elatior represent possibly unique entities. Nevertheless, the genetic 

differentiation in the Dinarides needs to be evaluated in a larger number of populations 

from this region and its surroundings. 

In contrast to subspecies intricata, the other subspecies leucophylla from the 

Southeastern Carpathians was not genetically distinct from several of the central 

European populations (Fig. 11A). Besides two populations from Romania, 

morphologically corresponding to subsp. leucophylla, STRUCTURE analysis assigned 

additional populations from Slovenia (Vršič) and Slovakia (the Velká Fatra Mts) to the 

same genetic cluster. In addition, there was obvious admixture from this group mainly in 

Slovak populations. Interestingly, similar close genetic relationships of populations from 

the Julian Alps together with the Carpathians were revealed by chloroplast DNA 

sequencing of P. elatior (Şuteu et al., 2011; Şuteu, 2012). I assume that 

P. elatior subsp. leucophylla is possibly an ecotype rather than the distinct genetic lineage 

of P. elatior, being in line with conclusions of Şuteu et al. (2011) and Şuteu (2012). Finer 

sampling in the whole Carpathians, so far insufficient in mine and in the both previous 

studies, could contribute to the final taxonomic evaluation of this taxon. 
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I found interesting that two populations in Slovenia were assigned into two genetic 

clusters, one to the aforementioned cluster together with several Carpathian populations 

and the other to the cluster of highly differentiated subsp. intricata. These populations 

were approximately 18 km separated by an elevation difference of 1,150 m and likely low 

gene flow (pairwise Fst = 0,17). I supposed the population Vršič belonged to an alpine 

ecotype. In contrast, the Dovje population possibly represented an enclave of the 

northwestern Dinarides group. The hypothesis, whether Slovenia represents a suture 

zone of the Alpine and the northwestern Dinaric lineages, similarly to Cyclamen 

purpurascens (Slovák et al., 2012), requires further study with finer sampling. 

 Afterwards, I focused on the genetic structure of populations separately from the 

central Europe. Genetic clustering according to STRUCTURE revealed two distinct genetic 

groups, each of them encompassed populations mainly from the High Sudetes (the 

Jeseníky Mts and the Krkonoše Mts). This pattern could be addressed to long-term 

isolation of populations from their counterparts at the lower altitudes or alternatively to 

the origin by immigration from different directions. The two groups met in the hilly 

depression of the Broumovsko situated between the both major mountain regions. 

Population Karlow, near the Gory Stolowe, belonged to the Jeseníky Mts group, whereas 

two populations from the northern part of the region belonged to the Krkonoše Mts group. 

Populations from the western part of the High Sudetes (the Lužické hory Mts) belonged 

to a group of the Czech and Slovak “lowland-foothill” populations. This pattern is in 

accordance with the flora distribution in the High Sudetes (Kwiatkowski and Krahulec, 

2016) showing only a few similarities between the Lužické hory Mts and the Krkonoše 

Mts., in contrast to the others High Sudetes mountain regions. Finally, populations from 

the higher altitudes in the Tatry Mts tended to form another separate group (Fig. 12). The 

remaining populations, occupying a wide range of altitudes in the Czech Republic and 

Slovakia, were assigned to several STRUCTURE groups with various levels of admixture, 

being in contrast to the relatively homogeneous High Sudetes mountain groups. 

Remarkable admixture in the STRUCTURE analyses (Fig. 12), together with high genetic 

diversity and even proportion of rare alleles certain populations (Table 6, Table 7), 

corresponds with assumed higher migration in the lower elevated regions (potentially 

also mediated by man) and/or with frequent persistence in large populations harbouring 

high genetic diversity and shared ancestral polymorphism possibly due to reduced effect 

of genetic drift. 
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5.2 Origin of the mountain ecotypes 
 

The genetic data provided a strong evidence for parallel colonization of subalpine 

areas by P. elatior within each of the three target central European mountain ranges – the 

Jeseníky Mts, the Krkonoše Mts and the Tatry Mts (Fig. 13, Fig. 17B). Populations from the 

three distinct areas were highly genetically differentiated (Fst = 0.22), with negligible 

among foothill and subalpine populations differentiation within each mountain range 

(2.32 % to 6.11% and non-significant with exception of the Krkonoše Mts). Therefore, I 

suggested an independent evolution of the alpine ecotypes in each mountain range 

(Fig. 17B, Fig. 13C). 

Interestingly, population Poludnica (L103) from the foothill of the Nízké Tatry Mts 

showed obvious admixture mainly with populations belonged to the Krkonoše Mts group. 

The intermediate position of this population was in accordance with its basal position in 

the Neighbor-Net network and high genetic variability.  

The subalpine populations from the different mountain regions were clearly 

genetically differentiated, in accordance with their independent origins from their 

lowland counterparts within each region. Additionally, the subalpine population from the 

Malá Sněžná jáma glacial cirque (CorJ) and population from the Štefánikova chata (L033) 

were also clearly divergent from the other subalpine populations within their mountain 

regions.  

Evolution of subalpine ecotypes is closely related to Quaternary climatic 

oscillations. Different environmental conditions during glacial periods occurred in the 

Alps, the Carpathians or the High Sudetes (Ložek, 1973; Schönswetter et al., 2005; 

Ronikier, 2011). The Carpathians provided more suitable habitats for the glacial survival 

of temperate plants with glaciers restricted to valleys of the highest mountain ridges in 

contrast to the Alps (Ronikier, 2011) and the High Sudetes (Nývlt et al., 2011).   

Besides the impact of glaciation, differences between the Carpathians and the High 

Sudetes can be explained by different historical processes (in terms of colonization), 

geology and heterogeneity of habitats. A geographic border between these two regions is 

formed by the Moravian gate. This area represents a migration barrier for numerous 

species (e. g. Aremonia agrimonoides, Cardamine glandulosa or Hacquetia epipactis) 

(Hendrych, 1987). On the contrary, Avenula planiculmis, Festuca versicolor or Petasites 

kablikianus occur in both mountain regions. These examples indicate the contact of the 

Carpathian and the Sudeten flora in the past, followed by subsequent differentiation in 

isolated mountain areas e. g. Campanula rotundifolia formed vicariant intraspecific taxa 

occur in the Carpathians and the High Sudetes (Kovanda, 1977).  
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Apart from differences between the Carpathians and the High Sudetes, the area of 

the High Sudetes themselves encompasses the highest two main mountain ranges – the 

Jeseníky Mts and the Krkonoše Mts. These ranges differ mainly in the connectivity with 

the Carpathians – the spatially closer the Jeseníky Mts exhibit richer flora of the 

Carpathian origin (Hendrych, 1987), but smaller extent of subalpine areas and the 

number of glacial cirques (Jeník, 1961; Kaplan, 2012). Therefore, we can observe several 

differences in local floras, for instance, Campanula bohemica or Agrostis rupestris occur 

only in the Krkonoše Mts. They are replaced by related species Campanula gelida and 

Agrostis alpina in the Jeseníky Mts. Further, selected species are missing in the 

Jeseníky Mts: Arabis alpina, Primula minima, Pulsatilla alpina, Rubus chamaemorus, 

Saxifraga oppositifolia or S. nivalis (Jeník, 1961; Kwiatkowski and Krahulec, 2016). On the 

contrary, several species occur in the Jeseníky Mts, but not in the Krkonoše Mts e.g. 

Campanula barbata, Crepis sibirica, Dianthus carthusianorum, Lathyrus pratensis or 

Prunella grandiflora (Jeník, 1961; Bureš, 2013).  

In terms of species, which primarily occur in lower altitudes, they probably 

colonized the subalpine areas in the warmer periods of Holocene by following the rising 

timberline. Several taxa in the Czech flora have isolated relict populations in the High 

Sudetes e.g. Campanula rotundifolia subsp. sudetica, Carlina biebersteinii subsp. sudetica 

or Dianthus carthusianorum subsp. sudeticus (Krahulec, 2006; Kaplan, 2012). I assume 

similar scenario hold for the origin of the subalpine populations of Primula elatior by 

recent and repeated derivation from the foothill populations. High variability and genetic 

diversity of the Czech “lowlands and foothills” populations speaks in favour of this 

scenario. In addition, high values of DW indices in populations across the Czech Republic 

suggest their long-term persistence. 

Colonization of the mountainous regions of the Krkonoše Mts and the Jeseníky Mts 

was related to the loss of genetic diversity (Table 7). Conversely, the Czech “lowlands and 

foothills” group and the Tatry Mts represented genetically diversified groups. Higher 

values of DW indices and high numbers of private alleles in these groups signalized 

probably their long-term persistence. It should be noted that the population Štefánikova 

chata in the Tatry Mts obviously differed from the others in the region. 
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5.3 Consequences of colonization of subalpine areas 
 

 I revealed at most moderate genetic differentiation of subalpine and foothill 

populations within each mountain range suggesting high levels of retained ancestral 

polymorphism and/or persisting moderate gene flow. The degree of genetic 

differentiation in the mountain regions is probably connected with the spatial and 

altitudinal distances of the subalpine areas from the foothill populations and 

heterogeneity of habitats. 

In the Jeseníky Mts subalpine populations were restricted to the Velká Kotlina 

glacial cirque, therefore low among population variation and Fst value were observed 

among subalpine (sub)populations and between subalpine and foothill populations. In 

contrast, the Malá Sněžná jáma and the Velká Kotelní jáma represented well differentiated 

glacial cirque populations in the Krkonoše Mts. Interestingly, the third subalpine 

population in the Krkonoše Mts – Vrbatova bouda confirmed the pattern of the high 

subalpine population differentiation in the mountain regions. Mountain ridges 

represented significant migration barrier and possibly affect the gene flow more than 

altitudinal differences between subalpine and foothill populations. Only in the 

Krkonoše Mts were revealed significant genetic differentiation among foothill and 

subalpine groups, although this difference was still considerably lower (3.44 %) than 

differentiation among the subalpine populations (19.4 %).  

The low differentiation in the Jeseníky Mts, contrasting to significant differences in 

the subalpine populations from the Krkonoše Mts, may represent more general trends. 

Only a few genetic studies are available, however even if we compare taxonomic 

delimitations of glacial cirque floras in the Jeseníky Mts and the Krkonoše Mts, they differ 

in the degree of isolation of the primarily lowland species. In the Velká Kotlina e.g. 

Carex montana, Lathyrus pratensis or Prunella grandiflora reach approximately the 

maximum altitude of their occurrence in the entire Czech Republic (Jeník, 1961), but they 

are not considered as separate units differentiated from their lowlands counterparts. In 

contrast, the Velká Kotelní jáma in the Krkonoše Mts, which hosts e.g. Knautia 

pseudolongifolia a Carex derelicta representing the isolated relict populations of closely 

related lowland species (Štěpánková, 2008; Kolář et al., 2015). 

In contrast to the obvious genetic pattern in the High Sudetes, a complex pattern 

of genetic differentiation was observed in the Tatry Mts (Fig. 14D). Population 

Štefánikova chata, which represented the only collected subalpine population of the Nízké 

Tatry Mts, clearly diverged not only from the foothills but also from the subalpine of the 
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Vysoké Tatry Mts. Subalpine populations from the Belianske, Vysoké and Západné Tatry 

Mts (Tristar, Kondraczka and Zamkovského chata) showed moderate genetic 

differentiation. Population Kondraczka from the Západné Tatry Mts showed obvious 

admixture from the foothill group, which may reflect gene flow, insufficient 

differentiation from the lowland population or it may represent another subalpine lineage 

from the west part of the Tatry Mts. Finally, there was an interesting distinction between 

the two foothill populations sampled in the Tatry regions – Ždiar and Poludnica. In 

contrast to Ždiar, Poludnica clearly differed from the subalpine of the Nízké Tatry Mts, 

which suggested restricted gene flow – a phenomenon, which did not seem to be valid for 

the foothill populations with possibly high levels of gene flow (Table 8). 

I revealed non-significant differences in genetic diversity between subalpine and 

foothills populations when taking into account for replicated regions (Table 8). The 

indices of genetic diversity did not show any consistent trend across the regions with 

respect to the altitudinal groups (Fig. 16). Subalpine populations of Primula elatior thus 

seem to be able to maintain genetic diversity despite small population sizes and spatial 

isolation. This might be partly due to the large size of the initial colonizing population 

(ruling out founder effect) and possibly also ongoing gene flow. While the existence, 

direction and extent of gene flow should be tested e.g. by isolation-with-migration models, 

the overall low Fst indices between subalpine and foothill populations support this view. 

 

5.4 Trends in morphological variation across the sampled range 
 

I revealed extensive inter-groups and intra-population morphological variation. 

This trend could be addressed to intra-individual ontogenetic variability (Fig. 34). Leaves 

in one rosette differ mainly in the shape of the blade and during ontogenetic development 

characters like the length of the petiole and hairiness of leaf, stem or calyx greatly change. 

Therefore, it is important to compare leaves in the approximately same stage of 

development (Kovanda, 1997). This condition is problematic if we take account that a 

large number of samples need to be collected at the same period.  
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Fig. 34: Trends in morphological variation, examples of well developed (A) and young (B) leaves from 

different individuals from the one “lowland” population. C)  Different ontological stages of the leaf 

development in the one rosette. 

Focused on the whole area, Primula elatior subsp. intricata (Croatia) tended to 

differ from all the others groups, as was revealed by molecular analyses, mainly in the 

base of the leaf blade (v4) and margin of the petiole (v10). These characters were 

described also in Valentine and Kress (1972) and Richards (2002). Population Dovje 

(Slovenia), which belonged to the same genetic group as subsp. intricata, clearly differ in 

morphological characters from this subspecies. It is not surprising, because the 

population Dovje did not show any of typical characters for subsp. intricata. In contrast, 

for the Romanian group of subsp. leucophylla, morphological analyses showed the same 

result as molecular analyses – low differentiation from the nominate subspecies elatior. 

Therefore, classification of subspecies based on hairiness of the leaf beneath seems to be 

problematic. If the classification is based on minimally one more constant character, the 

subspecies can be possibly distinguished. Croatian Primula elatior subsp. intricata seems 

to be that case. However, its separate status in the morphological variation requires 

assessment of multiple populations across the area. 

In terms of morphological variation of Primula elatior in the Czech Republic and 

Slovakia, I revealed no obvious pattern compared to molecular analyses. Morphological 
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variation is mainly linked with the heterogeneity of habitats. Primula elatior occurs from 

wet meadows, deciduous forests in lower altitudes up to subalpine meadows and rocky 

outcrops in the glacial cirques (Dostál, 1989). Habitat variability is also high in the 

mountains regions, thus, we cannot observe morphologically uniform groups. The 

absence of clear differences among the genetic groups is possibly due to the all main 

genetic clusters encompassed populations from a wide range of habitats. Despite this, the 

subalpine populations in the three target regions tended to differ. I provided a 

comparison of the Jeseníky Mts and the Krkonoše Mts, because morphological data from 

the Tatry Mts subalpine group encompassed only 16 individuals from one population. 

Therefore, potential morphological separation of this group could be biased. 

 There were several attempts to describe the morphological variation of Primula 

elatior in the Czech Republic and Slovakia e.g. Opiz (1839), Pax and Knuth (1905), Dostál 

(1989) and Kovanda (1997). The common conclusion from their studies is more or less 

continuous variability with certain prevailing morphological characters in some regions. 

Interestingly, Domin (1930) noted diversified forms or varieties also from some of my 

localities, for instance, the Belianske Tatry Mts, Poludnica or Javořina in the Bíle Karpaty 

Mts In my analyses, the population Javořina tended to group together with populations 

from the Tatry Mts According to Domin (1930), subalpine populations tended to differ 

from foothills in the Tatry Mts. 

 Later morphological study of P. elatior in the High Sudetes (Kovanda, 1997), noted 

the occurrence of subsp. tatrensis in the Jeseníky Mts and the subsp. corcontica in the 

subalpine areas of the Krkonoše Mts. However, his morphological observations were not 

supported by any molecular analyses. In the Jeseníky Mts, he observed populations with 

prevailing characters like petiole not distinct from the blade and irregularly doubly 

dentate margin of the leaf blade, especially in the lower part. Evaluation of his results was 

complicated due to the missing numbers of measured individuals per population and not 

an exact determination of measured characters. I revealed 60 % of 91 individuals 

(Jeseníky populations from dataset focused on target regions) with petiole not distinct 

from the blade (angle > 120°), compared to Kovanda’s 100 % in nine populations. In the 

same dataset, 18 % of individuals had irregularly doubly dentate margin of the leaf blade 

in the lower part compared to Kovanda’s 85 % in nine populations. Other characters like 

urceolate calyx with lobes maximally up to 1/3 of the calyx length and sparsely hairy up 

to glabrous stem (Kovanda, 2002) were not measured in his study. Due to low numbers 

of sampled flowering individuals, I cannot verify these characters. On the other hands, L. 

Bureš was observing hundreds of individuals of P. elatior for several years in the Velká 
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Kotlina and he had not found individuals combining these two characters (L. Bureš, 

personal communication, April 2017). Based on these observations and presented 

morphometric and genetic analyses, I assume P. elatior subsp. tatrensis does not occur in 

the Jeseníky Mts. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 35: A) Detail of inflorescence of Primula elatior from the Velká kotlina with a few inflated calyxes, B) 

Primula elatior growing on the outcrop “Beckeho skála”, Author of the photos: L. Bureš 

 

5.5 Nuclear genome size variation 
 

 Nuclear genome size variation partly mirrored the revealed genetic groups. I 

observed continuous variation in genome size (10 % and 14 % for relative and absolute 

genome size respectively), where some groups tended to differ. I confirmed the genetic 

and morphological differentiation of Primula elatior subsp. intricata from Paklenica also 

in nuclear DNA amount. For showing whether this pattern is general property 

discriminating subsp. intricata from subsp. elatior, more samples from the population and 

the surrounding regions should be measured. I could not encompass the population 

Dovje, which was the genetically closest population to subsp. intricata, due to the high 

coefficients of variance of the analyses (> 7 %). Additionally, I confirmed low 

differentiation of Primula elatior subsp. leucophylla from the subsp. elatior. Further, 

comparison of subalpine and foothill populations revealed significant average differences 

of 4.1 % and 2.9 % in nuclear genome sizes between the groups within the Jeseníky Mts 

and the Krkonoše Mts respectively (absent for the Tatry Mts due to insufficient data). 

Finally, absolute DNA amount (2C-value) negatively correlate with altitude. 

 There are several possibilities, how to explain variation in the genome size. Firstly, 

differences between relative and absolute genome sizes can be caused by different type 
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of staining. DAPI, which is used to infer relative genome sizes, is AT- selective 

fluorochrome. Whereas, propidium iodide (PI), which is used to infer absolute genome 

sizes,  is non-selective intercalating fluorochrome. Thus, PI staining could reveal higher 

genome size variation than DAPI staining (e.g. Bureš et al. 2004).  

Secondly, the explanation of differences between foothill and subalpine groups can 

be addressed to secondary metabolites, which possibly influence an accuracy of the 

analyses. Their effect is usually manifested by the higher variance of the peaks. I observed 

histograms with higher bias background in subalpine populations namely from the 

Krkonoše Mts (Table 10, Table 12). Thus, results from these analyses could be less 

accurate due to interactions with secondary metabolites (e.g. Kolář et al., 2013). Cytosolic 

compounds, e.g. L-ascorbic acids and glycosides in Primula elatior, can interact with 

nuclei. Loureiro et al. (2006) revealed a negative effect of tannins on the estimation of the 

absolute DNA amount in Pisum sativum and Zea mays. Moreover, especially plants in the 

mountains produce a higher amount of secondary metabolites, probably due to higher 

radiation (Larcher, 1988). This hypothesis is supported by significant differences 

between the cultivated plants from the seeds of the subalpine population Velká Kotelní 

jáma and plants from the glacial cirque populations in absolute DNA amount. If the 

difference in DNA amount was real and heritable, the alpine-foothill difference should 

persist even in the cultivation.  

Focused on the variation of all encompassed samples, small differences in genome 

size variation in the populations can be addressed to an error rate of the instrument and 

absence of three times measurement repetition. Another explanation, intra-population 

variation is possibly related to differences between pin and thrum morphs. Pin morphs, 

which are homozygous at the S-locus, are expected to have larger genome size in 

comparison with thrum morphs, which are hemizygous at the S-locus (Li et al., 2016). 

Finally, another explanation for intra-population variation is a hybridization. In mixed 

populations of P. elatior and P. veris or P. vulgaris shifts in DNA amount occurred. For 

instance, in the Vápenice mixed population with P. veris I observed variation 4 % in 

absolute DNA amount in P. elatior. The difference between P. elatior and P. veris was 

10.6 %. The difference of Paklenica population could be also influenced by the occurrence 

of P. vulgaris. According to Temsch et al. (2010), 2C-value of P. vulgaris is 0.94 pq, which 

is approximately the same as in P. elatior subsp. intricata in Paklenica (0.95 pq). Variation 

in genome size in mixed population of three primroses require further study as same as 

differences between pin and thrum morphs. 
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5.6 Genetic and phenotypic differentiation of 
Primula elatior subsp. corcontica 

 

 I revealed genetic differentiation of both populations of P. elatior subsp. corcontica 

from all other investigated populations. According to STRUCTURE results, three subalpine 

populations clearly differed from foothills. Interestingly, the subalpine population of 

subsp. elatior (Vrbatova bouda – L090) belonged to the same genetic group as 

subsp. corcontica from the Velká Kotelní jáma. Foothill populations were more similar to 

this group than to the subsp. corcontica from the Malá Sněžná jáma. Pairwise Fst indices 

confirmed this pattern, two glacial populations had Fst value (0.132) whereas, the Fst 

value between population Vrbatova bouda and the Velká Kotelní jáma was lower (0.067). 

Additionally, mean Fst value between the Malá Sněžná jáma and foothill populations was 

lower (0.075) compared to the Velká Kotelní jáma (0.119). Therefore, I assume limited 

gene flow between the two glacial cirques and moderate gene flow between the group of 

the Malá Sněžná jáma and group of foothill populations. 

 I proposed two hypotheses for the origin and differentiation of two population of 

subsp. corcontica. Firstly, these populations might have originated from the same gene 

pool and the following restriction to two isolated glacial cirques allowed the genetic 

differentiation. The various bedrocks, granite and limestone in the Velká Kotelní jáma and 

basalt in the Malá Sněžná jáma, may have led to different selection pressures. Secondly, 

the population from the Malá Sněžná jáma could have originated from the different gene 

pool, possibly from foothill populations from the Polish side of the Krkonoše Mts. My 

sampling did not include plants from the Polish side, thus this hypothesis cannot be tested. 

Nevertheless, the proportion of rare alleles (DW index), that would be expected to be 

elevated in the case when one population in a region represents a member of the distinct 

group, did not support this view. When I calculated DW indices only for the populations 

from the Krkonoše Mts, the population from the Malá Sněžná jáma did not show elevated 

levels of DW  (data not shown). Therefore, the first hypothesis seems to be more probable.  

 Further, morphometric analyses revealed differences in morphological characters 

between subalpine (two populations of subsp. corcontica) and foothill populations. 

Population Vrbatova bouda (L090) was not included in dataset, due to an insufficient 

number of individuals (seven) and absence of well-developed leaves. According to 

personal observations, these individuals did not show typical characters for 

subsp. corcontica.  

 Subalpine plants differed from foothill populations mainly in quantitative traits 

such as the leaf length, blade width and length (total + distance from the widest part to 
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the top) or petiole length (Table 13). The plants from the glacial cirques had longer leaves, 

blades and petioles than the foothill plants. A similar trend in vigorous large leaf blades 

described Jeník (1961) generally for plants in the glacial cirques. Apart from characters 

on leaves, groups differed also in traits on the calyx. Individuals from subalpine areas 

tended to have urceolate calyxes (narrowed on the top), in contrast to the individuals 

from foothills that have mainly tubular calyxes. Contrary to my results, Kovanda (1997) 

following Domin (1930) noted calyx tubulose-campanulate divided to 1/3. According to 

his notes about the lack of flowering plants of subsp. corcontica, in my point of view, he 

could not seriously evaluate this character. I consider traits on calyx as an important 

character, in accordance with Domin (1930).  

 

Table 13: Values of the most different characters (cm) between subalpine and foothill plants of P. elatior 

from the Krkonoše Mts. 

  

  

 

  

 

 

 

 

Further, I evaluated other diagnostic characters for subsp. corcontica provided by 

Kovanda (1997). In total, 66.7 % of 60 plants had entire petioles and 76.7 % of petioles 

obviously distinct from the blades (angle < 120°), compared to Kovanda’s 100 %. 

According to personal observations, it is not possible to find only leaves with entire 

petioles without selective sampling. All of the leaves were regularly dentate (in the lower 

part). Nevertheless, the minutely dentate margin of the blade seems to be problematic. 

Accurate description of this character e.g. number of teeth per 1 cm2 is necessary for 

reproducibility of Kovanda’s results. Therefore, I omitted this category in the character of 

blade margin. Another character, cordate or abruptly contracted base of the blade, 

seemed to be frequent in all populations from the Krkonoše Mts as was described by 

Kovanda (1997). In 80.4 % of foothill populations, the angle between blade and petiole 

was < 120°.  

 For testing constancy in morphological features, I added 20 individuals from 

cultivation (garden of the genetic bank of KRNAP in Vrchlabí) to the dataset of 30 

individuals from the Velká Kotelní jáma and 123 individuals from the foothills. The plants 

Characters Subalpine plants Foothill plants 

Leaf length (v1) (7.4–) 16.5 (–24.7) (5.8–) 10.1 (–17.7) 

Blade length (v6) (4.3–) 9.7 (–13.3) (3.5–) 6.1 (–10.4) 

Blade length_2 (v3) (2.3–) 5.2 (–8.8) (2–) 3.7 (–6.5) 

Blade width (v2) (3.1–) 6.3 (–8.5) (2.7–) 4.6 (–7.1) 

Petiole length (v7) (3.1–) 7 (–12.6) (1.4–) 4 (–9.2) 

Calyx width (v13) (0.39–) 0.54 (–0.7) (0.35–) 0.45 (–0.59) 

Ratio of calyx widths (v17) (0.1–) 0.18 (–0.3) (0.09–) 0.12 (–0.22) 
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in cultivation originated from seeds collected in the Velká Kotelní jáma in 2004. 

Approximately 30 individuals have been sown in the garden in 2006. Currently, the size 

of the population is approximately 100 individuals (L. Harčariková, personal 

communication, April 2017). The analyses revealed a separation of cultivation individuals 

from foothills and partially from the Velká Kotelní jáma. In common analysis of the 

subalpine plants with those from the cultivation, cultivated individuals differed mainly in 

the total leaf length, the blade length and the petiole length and in hairiness of stems, 

which confirmed high plasticity of these characters. Differentiation in these characters is 

caused by habitat heterogeneity in glacial cirque vs. the single cultivation plot in the 

garden. Interestingly, the cultivated plants had longer and wider blades and longer 

petioles compared to other foothill plants collected at the same period. I consider as 

constant those characters that did not contribute to separation of the cultivation and 

subalpine groups. These characters include the angle between the blade and the petiole, 

the width of the petiole wing, the ratio between the length of the blade and the petiole and 

all characters on the calyx. Characters mentioned above, except those on the calyx, are 

frequent in all populations from the Krkonoše Mts and there are only small differences. 

The entire petioles seemed to be a highly constant character in the cultivation, as only a 

few leaves had one or two teeth, which were scored as entire. To conclude, the urceolate 

calyx seems to be the only constant character for subsp. corcontica, exhibiting similar 

values both at original subalpine sites and in foothill cultivation. This is in strong contrast 

to the characters indicated by Kovanda (1997), i. e. the wingless, entire petiole, 

denticulate margin of the blade and cordate base of the leaf, which are more or less 

frequent also in other populations of subsp. elatior. 

 

 

 

 

 

Fig. 35: Variation in the shape of the calyx A) the Velká Kotelní jáma, B) cultivation Vrchlabí, C) the Malá 

Sněžná jáma, D) foothills. 
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Fig. 36: Variation in the leaf characters of subsp. corcontica, A) the Malá Sněžná jáma, B) the Velká Kotelní 

jáma, C) cultivation (Vrchlabí). 

 

Finally, I observed a significant difference (3 %, p < 0.001) in absolute nuclear DNA 

amount (2C-value) between subsp. corcontica and foothill populations in the Krkonoše 

Mts. Interestingly, subsp. corcontica also significantly differed from the population in 

cultivation (p < 0.001). These differences thus can be addressed to the influence of 

secondary metabolites on the flow cytometric analyses (for details see chapter Genome 

size variation). 

 I suppose to maintain the status quo of Primula elatior subsp. corcontica based on 

the local genetic and partly morphological differentiation. In my point of view, the 

lectotype (Kovanda, 1997) was chosen incorrectly. The main characters for 

subsp. corcontica are hardly distinguishable and plant possibly belongs to foothill 

populations, according to location (Labe valley) and characters on calyxes. New epitype 

should be chosen from the Malá Sněžná jáma population or the Velká Kotelní jáma. 

Further, the isolation of population from the Malá Sněžná jáma needs to be verified by 

encompassing the populations from the Polish side of the Krkonoše Mts.  
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6 Conclusions 
 

 I identified six major genetic groups by genotyping 12 nuclear microsatellite loci 

in the study area of central and southeastern Europe. I provided an insight into the 

relationships among intraspecific taxa of Primula elatior. Primula elatior subsp. intricata 

obviously diverged from the others, in terms of genetic and morphological differentiation. 

In contrast the only slightly differentiated  P. elatior subsp. leucophylla, probably does not 

represent a separate lineage distinct from P. elatior. The finer continuous sampling from 

central to southeastern Europe is needed for the final evaluation of this taxon. 

 Focused on central Europe, I revealed three well-defined genetic groups in the 

three target regions: the Jeseníky Mts, Krkonoše Mts and the Tatry Mts. This pattern could 

be addressed to long-term isolation of populations from their counterparts at the lower 

altitudes or alternatively to the origin from different migration lineages. In contrast to 

these distinct groups, populations, which occupied a wide scale of altitudes in other parts 

of the Czech Republic and Slovakia, represented a group with various levels of admixture 

and high genetic diversity. Potentially the diversity was influnced by higher migration 

rates in the lower elevated regions and/or by shared ancestral polymorphism. Genetic 

differentiation of then main four groups partly corresponded to morphological variation. 

On the other hand, the separation of populations from the mountainous regions was not 

so clear as revaled the genetic analyses, due to large morphological variation of P. elatior 

mainly in the leaves characters. 

 The genetic data provided a strong evidence for parallel colonization of subalpine 

areas by P. elatior within each of the three target mountain regions. Populations among 

the regions were highly genetically differentiated, therefore I suggest an independent 

evolution of subalpine ecotypes in each mountain region. I did not reveal any consistent 

trend in the population genetic consequences of colonization of subalpine habitats. The 

differentiation of subalpine ecotypes depended on a degree of isolation of populations in 

each mountain region. Only subalpine populations in the Krkonoše Mts were significantly 

differentiated from their foothill counterparts. Despite, the differentiation still accounted 

for a relatively small fraction of variation. This suggests a relatively low effect of genetic 

drift on the spatially isolated populations and/or persisting moderate gene flow between 

subalpine and foothill populations. In contrast, high levels of among subalpine population 

variation suggest the mountain ridges as significant gene flow barrier mainly in the 

Krkonoše Mts and Tatry Mts. 

 Finally, I suppose to maintain the status quo of Primula elatior subsp. corcontica 

based on local genetic and partly also morphological differentiation. 
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8 Appendix 
 
Table S1: Summary of the populations with numbers of individuals involved in the analyses (SSR = 
microsatellite analyses, Morph. = morphometric analyses, R.GS = relative genome size, A. GS = absolute 
genome size), (two parts) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Pop.ID Locality GPS N GPS E Altitude SSR Morph. R.GS A.GS Date Collector

L002 Jeseníky V. Kotlina_okraj 50.058142 17.23931 1301 16 20 21 1 4.7.2014 V. Konečná

L003 Jeseníky, údolí pod V.Kotlinou 50.049329 17.250594 1005 0 0 17 1 4.7.2014 V. Konečná

L004 Javořina 48.857254 17.673834 955 5 14 23 1 21.7.2014 V. Konečná

L007 Běstvina, tábor, Železné hory 49.832041 15.582525 325 5 15 26 1 9.8.2014 V. Konečná

L008 Dolní Lhota u Luhačovic 49.132236 17.818202 351 5 10 13 2 2.7.2014 V. Konečná

L010 České Budějovice, Kyselá voda 49.038485 14.513294 445 5 15 17 2 1.5.2015 V. Konečná

L011 Blanský les - Brloh - Janské udolí 48.907555 14.221393 640 5 11 20 3 2.5.2015 V. Konečná

L012 Poněšice - Kozlovský potok (jižní Čechy) 49.114225 14.480757 415 5 14 14 2 3.5.2015 V. Konečná

L013 Poněšice - Kozlovsky potok (jižní Čechy) 2 49.114243 14.483328 423 0 0 9 2 3.5.2015 V. Konečná

L014 Krasná Lípa 50.86612 14.529204 460 5 15 14 2 2.5.2015 V. Konečná

L015 Lacnov (Vizovicke vrchy) 49.206898 18.009476 577 5 12 13 1 9.5.2015 V. Konečná

L016 Jeseníky (Žďárský potok u Rýmařova) 49.967933 17.208975 735 18 19 20 1 11.5.2015 V. Konečná

L017 Jeseníky (Žďárský potok u Rýmařova) 49.971637 17.201884 732 0 0 15 1 11.5.2015 V. Konečná

L018 Jeseníky (Janovice) 49.965041 17.257953 712 0 0 16 0 11.5.2015 V. Konečná

L019 Jeseníky (Pod Smolným vrchem) 50.022499 17.243576 845 0 0 18 1 11.5.2015 V. Konečná

L020 Jeseníky (Karlov pod Pradědem) 50.01982 17.302481 678 0 0 8 1 11.5.2015 V. Konečná

L021 Jeseníky (Morgenland u Podlesí) 50.030638 17.32548 763 0 0 15 1 11.5.2015 V. Konečná

L022 Jeseníky (Karlova Studánka) 50.075517 17.297641 840 0 0 15 1 11.5.2015 V. Konečná

L023 Jeseníky (Filipovické louky) 50.161401 17.166454 677 0 0 15 1 12.5.2015 V. Konečná

L024 Jeseníky (Nad Chebzí) 50.245405 17.251937 617 0 0 16 2 12.5.2015 V. Konečná

L025 Jeseníky (Chebzí) 50.246751 17.262043 546 0 0 6 1 12.5.2015 V. Konečná

L026 Jeseníky (Rejvíz) 50.219389 17.2635 797 0 0 16 1 12.5.2015 V. Konečná

L027 Jeseníky (V Mlýnkách) 50.198507 17.15203 618 13 14 14 1 12.5.2015 V. Konečná

L028 Jeseníky (Čertovy kameny) 50.241624 17.245826 696 0 0 13 1 12.5.2015 V. Konečná

L029 Jeseníky (Lipová-lázně) 50.225861 17.167111 469 0 0 17 1 12.5.2015 V. Konečná

L030 Jeseníky V.Kotlina 1 50.058424 17.23464 1418 5 14 15 2 29.6.2015 V. Konečná

L031 Jeseníky V.Kotlina 2 50.056611 17.233444 1397 13 13 13 3 29.6.2015 V. Konečná

L032 Jeseníky V.Kotlina 3 50.052139 17.231972 1322 5 14 15 2 29.6.2015 V. Konečná

L033 Nízké Tatry - Štefánikova chata, Slovensko 48.926524 19.649403 1709 14 16 17 2 18.7.2015 V. Konečná

L035 Jizerské hory (Čermákovy rovně) 50.718246 15.378085 713 0 0 10 2 3.4.2016 T. Urfus

L036 Jizerské hory (Rokytnice nad Jizerou) 50.712472 15.420567 483 5 0 5 2 3.4.2016 T. Urfus

L037 Březůvky 49.149348 17.712006 332 0 0 15 2 10.4.2016 V. Konečná

L038 Olomouc (Horka) 49.658118 17.190192 229 5 11 0 2 22.4.2016 V. Konečná

L039 Olomouc (Grygov) 49.520379 17.306254 212 0 0 0 1 22.4.2016 V. Konečná

L040 Bílé Karpaty (Nový Dvůr) 48.981635 17.819533 547 0 0 0 1 23.4.2016 V. Konečná

L041 Bílé Karpaty (Vápenice) 48.967569 17.843591 414 5 15 0 3 23.4.2016 V. Konečná

L042 Křivoklátsko (Broumy) 49.957932 13.841259 364 5 15 0 3 27.4.2016 V. Konečná

L043 Moravský kras (Býčí skála) 49.305393 16.693586 335 5 0 0 3 21.4.2016 Z. Semelová

L044 Beskydy (Jehličná) 49.503022 18.01354 464 5 6 0 4 25.4.2016 J. Bayerová

L045 Plzeňsko (Kozel-hájovna) 49.674452 13.527797 411 0 0 13 1 30.4.2016 V. Konečná

L046 Plzeňsko (Lopata) 49.664739 13.552718 392 5 9 9 2 30.4.2016 V. Konečná

L047 Broumovsko (Nad Karlówem) Polsko 50.483632 16.326082 775 5 15 10 3 2.5.2016 V. Konečná

L048 Broumovsko (Karlów), Polsko 50.476061 16.336307 756 0 0 15 3 2.5.2016 V. Konečná

L049 Broumovsko (Machovská Lhota) 50.497062 16.294445 502 0 0 4 1 2.5.2016 V. Konečná

L050 Broumovsko (Vlčinec) 50.521279 16.21068 422 0 0 5 1 2.5.2016 V. Konečná

L051 Broumovsko (Teplické skály - vstup) 50.595279 16.142561 525 5 12 12 3 3.5.2016 A. Hájek, V. Konečná

L052 Broumovsko (Teplické skály) 50.587386 16.114503 678 0 0 15 2 3.5.2016 A. Hájek, V. Konečná

Lch.N. Broumovsko (Teplické skály - Chr. náměstí ) 50.592078 16.125702 656 0 0 1 1 3.5.2016 A. Hájek, V. Konečná

L053 Broumovsko (Teplické skály - Záboř) 50.585421 16.114403 665 0 0 12 3 3.5.2016 A. Hájek, V. Konečná

Rad Broumovsko, Nad Janovice 50.587112 16.096348 646 0 0 1 1 3.5.2016 V. Konečná

L054 Broumovsko (Teplické skály - Čáp) 50.579087 16.123378 706 0 0 17 3 3.5.2016 A. Hájek, V. Konečná

L055 Broumovsko (Jestřebí hory - Paseka) 50.561567 16.039364 671 5 14 15 3 3.5.2016 V. Konečná

L056 Broumovsko (Broumovské stěny - Laud. valy) 50.582133 16.25919 566 0 0 20 6 4.5.2016 A. Hájek, V. Konečná

L057 Broumovsko (Broumovské stěny - Hony) 50.577144 16.245763 567 0 0 9 2 4.5.2016 V. Konečná

L058 Broumovsko (Meziměstí) 50.624151 16.228151 567 0 0 7 2 4.5.2016 V. Konečná

CorZah Vrchlabí - genetická zahrada 50.627679 15.607423 486 0 20 0 7 5.5.2016 V. Konečná

L059 Krkonoše (Nad Černým Dolem) 50.636214 15.732751 728 0 11 15 3 5.5.2016 V. Konečná

L060 Krkonoše (Dolní Albeřice) 50.675834 15.844203 715 0 15 15 2 5.5.2016 V. Konečná

L061 Krkonoše (Janovy Boudy) 50.693769 15.784798 928 0 12 15 3 5.5.2016 V. Konečná

L062 Krkonoše (Pec pod Sněžkou) 50.693891 15.743578 779 0 14 15 3 5.5.2016 V. Konečná

L063 Krkonoše (Velká Úpa) 50.688329 15.778816 693 0 10 10 2 5.5.2016 V. Konečná

L064 Krkonoše (Spálený mlýn) 50.706728 15.804592 788 10 15 15 3 5.5.2016 V. Konečná

L066 Krkonoše (Malá Úpa - Pomezní boudy) 50.73925 15.822974 1028 0 0 15 3 5.5.2016 V. Konečná
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Pop.ID Locality GPS N GPS E Altitude SSR Morph. R.GS A.GS Date Collector

L067 Krkonoše (Janské Lázně) 50.62919 15.78589 602 0 15 20 3 5.5.2016 V. Konečná

L068 Krkonoše (Strážné) 50.66192 15.61337 776 15 14 15 3 6.5.2016 V. Konečná

L069 Krkonoše (Herlíkovice) 50.65799 15.59464 611 0 0 7 1 6.5.2016 V. Konečná

L070 Krkonoše (Michlův mlýn) 50.69891 15.58808 658 9 15 15 2 6.5.2016 V. Konečná

L071 Krkonoše (Svatý Petr) 50.72518 15.63136 816 5 14 15 2 6.5.2016 V. Konečná

L072 Krkonoše (Labská - Nad Přehradou) 50.71416 15.58829 739 0 0 15 2 6.5.2016 V. Konečná

L073 Ploština 49.20513 17.96313 549 0 0 3 1 30.4.2016 V. Konečná

L074 Jizerské hory (Kytlice) 50.80572 14.54061 499 0 0 0 2 1.5.2016 T. Urfus

L075 Orlické hory (Dobré) 50.27072 16.27722 488 5 8 0 1 1.5.2016 L. Macková

L076 Orlické hory (Kout - "Dědův les") 50.29864 16.32031 687 0 0 0 1 1.5.2016 L. Macková

L077 Orlické hory (Šediviny kostel) 50.30483 16.3175 724 0 0 0 1 1.5.2016 L. Macková

L078 Orlické hory (Šediviny) 50.29822 16.31942 691 0 0 0 1 1.5.2016 L. Macková

L079 Lužické hory (Ski areál Mezičky) 50.86339 14.58133 485 0 0 15 3 14.5.2016 V. Konečná

L080 Lužické hory (Luž) Neměcko 50.85019 14.6515 618 5 15 17 3 14.5.2016 V. Konečná

L081 Lužické hory (U Brazilky) 50.84831 14.66342 545 0 0 17 3 14.5.2016 V. Konečná

L082 Lužické hory (Chřibská) 50.86528 14.48236 362 0 0 16 3 14.5.2016 V. Konečná

L083 Skalice u České Lípy 50.74994 14.53881 350 5 14 16 3 15.5.2016 V. Konečná

Ldol.M České Švýcarsko, Dolský mlýn 50.84883 14.34744 230 0 0 1 1 15.5.2016 V. Konečná

L084 Malá Fatra, Reváň, Slovensko 48.96503 18.62408 811 10 10 10 1 22.5.2016 V. Konečná

L086 Malá Fatra, Reváň - Klak, Slovensko 48.96942 18.63792 1171 0 0 12 2 22.5.2016 V. Konečná

L087 Malá Fatra, Klak, Slovensko 48.98064 18.64239 1315 13 15 15 3 22.5.2016 V. Konečná

L088 Piatra Craiului, Curmatura, Rumunsko 45.54587 25.25368 1347 7 4 10 3 19.5.2016 M. Holcová, F. Kolář

L089 Piatra Craiului, Funduri, Rumunsko 45.50161 25.20555 1636 12 12 12 2 18.5.2016 M. Holcová, F. Kolář

CorK Velká Kotelná jáma 50.75166 15.53406 1280 20 0 27 25 21.6.2016 V. Konečná

CorJ Malá Sněžná jáma 50.78331 15.55503 1368 20 0 19 17 22.6.2016 J. Harčarik, V. Konečná

L090 Krkonoše - Vrbatova bouda 50.75177 15.55003 1389 7 7 7 3 22.6.2016 V. Konečná

L091 Vršič,  Slovinsko 46.44331 13.73476 1754 0 0 2 1 25.6.2016 V. Konečná

L092 Vršič 2,  Slovinsko 46.442 13.72746 1822 5 6 7 1 25.6.2016 V. Konečná

L093 Vršič 3,  Slovinsko 46.43772 13.71669 1461 0 0 3 1 25.6.2016 V. Konečná

L094 Dovje, Slovinsko 46.46449 13.95786 658 8 0 9 0 26.6.2016 V. Konečná

L133 Paklenica, Chorvatsko 44.36292 15.46508 1013 16 15 16 3 29.6.2016 V. Konečná

L095 Malá Fatra, Velký Kriváň, Slovensko 49.18992 19.03022 1624 14 14 15 3 10.7.2016 V. Konečná

L096 Malá Fatra, Sedlo za hromovým, Slovensko 49.18881 19.05619 1560 0 0 10 2 10.7.2016 V. Konečná

L097 Velká Fatra, Slovensko 48.87931 19.08836 1256 5 5 5 1 12.7.2016 V. Konečná

L099 Doupovské hory 50.32957 13.08559 528 5 0 6 2 19.7.2016 V. Konečná

L098 Ždiar, Tatranská kotlina, Slovensko 49.23075 20.31829 769 15 15 15 1 26.7.2016 V. Konečná

L100 Zamkovského chata, Vysoké Tatry, Slovensko 49.17349 20.21934 1470 7 7 7 1 27.7.2016 V. Konečná

L101 Poludnica 1, Nízké Tatry, Slovensko 49.02779 19.66198 953 0 0 3 1 28.7.2016 V. Konečná

L102 Poludnica 2, Nízké Tatry, Slovensko 49.02704 19.65995 1.31 0 0 7 1 28.7.2016 V. Konečná

L103 Poludnica 3, Nízké Tatry, Slovensko 49.02643 19.65247 1055 17 17 17 1 28.7.2016 V. Konečná

L104 Smrekovica, voj.zotavovna, V. Fatra, Slovensko 48.999 19.20323 1358 0 0 6 1 29.7.2016 V. Konečná

L106 Smrekovice, Skalna Alpa, Slovensko 48.99435 19.19871 1318 13 11 12 1 29.7.2016 V. Konečná

KarSt Karlova Studánka 50.07739 17.29091 886 0 0 1 1 3.7.2014 V. Konečná

Alp1 Alpy - Speichersee, Rakousko 47.17501 12.62422 1503 0 0 0 1 23.4.2014 T. Urfus

Alp2 Alpy - Stubach, Rakousko 47.25683 12.56569 817 0 0 0 1 23.4.2014 T. Urfus

Kond Kondraczka, Slovensko-Polsko 49.23685 19.93102 1950 5 0 1 0 16.7.2013 F. Kolář

Tris Tristar, Slovensko 49.25239 20.20748 1450 5 0 0 0 18.7.2013 F. Kolář

Tbel Belianské Tatry, Slovensko 49.21818 20.25627 1375 1 0 0 0 3.7.2015 Z. Míková
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Table S2: Allele frequencies in 12 loci 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. S1: Summary of number of alleles per locus 
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Fig. S2: Summary of STRUCTURE analyses, values of Ln probability are plotted against number of K (left), 
coefficients of similarities were visualized (middle) and mean deltaK values were plotted. A) the whole 
dataset, B) central Europe dataset, C) three target mountain regions dataset, D) the Krkonose Mts dataset, 
E) the Jeseníky Mts dataset, F) the Tatry Mts. 

 
 
 
 
 
 
 
 
 
 
Fig. S3: Bar plots of individuals probabilities of subsumption to four clusters in the whole dataset of 52 

populations and 433 individuals (STRUCTURE K = 4, the whole dataset). Light green: the Krkonoše Mts 
group, yellow: the Jeseníky Mts group and dark green: population Paklenica (Croatia) and Dovje 
(Slovenia). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. S4: PCA shows distances among 433 individuals, the first and the third axis explain 4.8 % and 2.9 % of 

the variance. Individuals were coloured based on STRUCTURE K = 6 (the whole dataset), see Fig. 11. 

E 

F 
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Table S3: Results from hierarchical AMOVAs, variation between foothill and subalpine group in each 
target region was tested. A) the Jeseníky Mts, B) the Krkonoše Mts, C) the Tatry Mts. 

 

 

 
 

Fst = 0.162; Fsc = 0.132; Fct = 0.034 
 
 

Source of variation d.f. Sum of squares 
Variance 

components 
Percentage of 

variation 

Among populations 1 12.352 0.048 2.32 
Among populations 

within group 
4 29.3 0.3 14.65 

Within populations 120 204.347 1.703 83.03 
Total 125 246 2.05  

Fst = 0.17; Fsc = 0.15; Fct = 0.023 
 
Table S4: Pairwise Fst among populations in the three target regions. 
  

Source of variation d.f. Sum of squares 
Variance 

components 
Percentage of 

variation 

Among populations 1 18.881 0.186 6.11 

Among populations 
within group 

2 15.079 0.164 5.39 

Within populations 116 313.123 2.699 88.5 

Total 119 347.083 3.05  

Fst = 0.115; Fsc = 0.057; Fct = 0.061   

Source of variation d.f. Sum of squares 
Variance 

components 
Percentage of 

variation 

Among populations 1 23.715 0.11 3.44* 

Among populations 
within group 

5 59.856 0.408 12.72 

Within populations 165 443.557 2.688 83.83 

Total 171 527.128 3.207  

A 

C 

CorK CorJ L064 L068 L070 L090 L071 L016 L027 L002 L031 L103 L033 Kond L100 L098

CorK

CorJ 0.132

L064 0.092 0.132

L068 0.068 0.113 0.050

L070 0.091 0.131 0.076 0.035

L090 0.067 0.112 0.092 0.079 0.120

L071 0.056 0.109 0.080 0.046 0.068 0.072

L016 0.214 0.203 0.202 0.199 0.229 0.197 0.179

L027 0.174 0.169 0.153 0.147 0.179 0.184 0.162 0.057

L002 0.155 0.172 0.139 0.142 0.177 0.165 0.140 0.091 0.069

L031 0.157 0.196 0.173 0.159 0.202 0.191 0.163 0.075 0.071 0.035

L103 0.079 0.103 0.071 0.085 0.102 0.093 0.084 0.103 0.075 0.079 0.096

L033 0.233 0.226 0.221 0.257 0.275 0.233 0.244 0.227 0.207 0.187 0.203 0.132

Kond 0.102 0.114 0.133 0.115 0.169 0.163 0.176 0.090 0.084 0.091 0.101 0.052 0.148

L100 0.130 0.151 0.140 0.125 0.167 0.190 0.184 0.147 0.128 0.114 0.141 0.070 0.174 0.113

L098 0.114 0.118 0.113 0.117 0.146 0.115 0.119 0.142 0.123 0.097 0.132 0.060 0.137 0.068 0.079

Tris 0.127 0.129 0.173 0.145 0.200 0.202 0.219 0.116 0.119 0.114 0.153 0.070 0.152 0.098 0.122 0.065

B 
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Table S5: Summary of desritive statistics of 13 morphological characters in seven regions from the whole 
dataset. 
 
  Character Taxon N.indiv Mean SD Min 5% 25% Median 75% 95% Max

v1 Krkonose_Mts 272 119.71 37.02 57.88 72.98 89.22 114.64 141.06 191.25 246.61

v1 Jeseniky_Mts 128 129.31 36.50 32.54 64.53 111.07 128.75 152.53 188.29 226.78

v1 Tatry_Mts 65 150.77 41.01 77.10 93.04 117.35 150.06 182.02 209.10 269.29

v1 Lowlands_foothills 201 125.56 54.28 27.92 42.02 72.89 130.88 165.67 208.80 280.71

v1 Croatia 15 133.18 26.76 64.80 95.36 118.48 139.62 145.11 168.82 174.46

v1 Romania 16 80.81 44.73 35.21 35.27 43.45 65.21 110.31 146.19 168.65

v1 Slovenia 6 147.52 24.93 106.30 113.31 137.76 150.44 164.30 173.63 175.46

v2 Krkonose_Mts 272 50.42 11.30 27.41 34.64 42.33 48.76 56.53 70.48 84.75

v2 Jeseniky_Mts 128 50.26 12.47 13.28 28.46 43.87 51.17 59.85 67.26 81.87

v2 Tatry_Mts 65 49.43 12.57 29.97 33.04 38.86 47.52 57.24 71.40 81.61

v2 Lowlands_foothills 201 47.54 18.09 14.71 18.95 29.31 51.11 60.88 73.67 94.5

v2 Croatia 15 56.62 8.87 27.85 43.99 55.58 59.10 60.73 63.95 66.39

v2 Romania 16 30.85 13.42 15.44 16.27 18.56 27.88 42.38 49.94 55.10

v2 Slovenia 6 51.17 10.26 40.75 41.85 45.82 48.45 52.88 66.08 70.05

v3 Krkonose_Mts 272 41.50 12.21 19.02 26.62 32.65 38.97 48.12 64.03 95.82

v3 Jeseniky_Mts 128 42.61 12.16 9.96 20.33 35.41 43.47 51.20 61.25 68.57

v3 Tatry_Mts 65 42.18 13.28 21.39 26.29 30.97 39.64 51.51 67.82 74.22

v3 Lowlands_foothills 201 38.95 16.64 11.36 14.38 23.79 40.47 50.91 65.85 87.10

v3 Croatia 15 47.62 12.14 22.85 32.98 40.96 46.16 54.00 64.19 77.44

v3 Romania 16 27.05 14.22 11.00 11.07 13.75 24.54 36.43 47.96 56.73

v3 Slovenia 6 46.31 9.23 36.43 37.43 40.81 44.90 48.36 59.14 62.68

v4 Krkonose_Mts 272 100.70 26.66 4.62 55.19 84.41 103.26 120.83 142.43 153.40

v4 Jeseniky_Mts 128 117.68 23.30 39.71 74.58 107.24 119.63 136.24 148.43 166.05

v4 Tatry_Mts 65 127.47 20.96 66.39 93.46 113.49 128.00 144.79 157.80 165.00

v4 Lowlands_foothills 201 121.93 25.68 12.70 69.81 112.62 124.41 141.34 152.74 168.00

v4 Croatia 15 62.45 13.69 38.59 40.72 55.61 62.24 67.77 86.21 91.67

v4 Romania 16 129.32 21.65 79.18 95.13 115.73 134.89 143.50 155.88 158.32

v4 Slovenia 6 132.80 10.54 122.95 123.24 125.75 131.59 133.90 147.73 152.19

v5 Krkonose_Mts 272 10.44 4.80 2.12 4.76 7.71 9.58 12.73 18.77 25.67

v5 Jeseniky_Mts 128 12.74 5.36 3.39 4.55 9.34 12.35 15.25 21.68 36.85

v5 Tatry_Mts 65 10.53 4.26 3.65 4.63 7.06 10.16 13.39 18.17 21.68

v5 Lowlands_foothills 201 10.39 5.88 1.88 2.89 5.78 9.55 14.15 21.70 31.06

v5 Croatia 15 6.79 2.02 4.57 4.61 5.15 6.67 7.48 10.49 10.83

v5 Romania 16 11.77 7.54 1.62 3.41 5.93 10.10 18.50 22.54 26.27

v5 Slovenia 6 10.33 2.30 6.37 7.08 9.44 11.04 11.97 12.28 12.38

v6 Krkonose_Mts 272 70.91 20.53 20.06 43.01 54.38 68.55 84.42 106.82 132.66

v6 Jeseniky_Mts 128 72.62 19.11 17.53 40.33 61.16 74.00 86.23 101.06 107.31

v6 Tatry_Mts 65 81.20 24.39 46.59 53.76 59.12 78.10 97.35 122.26 142.46

v6 Lowlands_foothills 201 72.40 30.02 18.87 25.01 44.53 76.02 93.30 121.76 138.74

v6 Croatia 15 70.18 13.09 38.24 54.12 64.07 70.78 75.52 85.77 99.61

v6 Romania 16 44.56 21.34 19.59 22.37 24.90 39.13 63.76 76.25 77.39

v6 Slovenia 6 82.57 14.20 64.74 67.35 76.43 81.02 85.02 102.08 107.42

v7 Krkonose_Mts 272 48.89 19.34 13.89 26.25 34.64 44.90 58.00 91.46 125.94

v7 Jeseniky_Mts 128 56.82 21.49 14.74 20.29 43.24 52.18 70.35 95.90 131.30

v7 Tatry_Mts 65 69.73 23.27 23.67 35.14 54.76 70.91 83.32 111.21 131.42

v7 Lowlands_foothills 201 52.89 26.58 7.82 16.49 28.82 54.22 69.70 96.10 143.57

v7 Croatia 15 64.13 19.12 27.22 38.18 56.28 63.77 68.75 98.93 101.78

v7 Romania 16 36.44 25.54 10.86 11.05 15.30 28.87 54.55 80.42 95.04

v7 Slovenia 6 64.67 17.38 42.92 46.86 58.81 60.54 68.07 88.95 95.22

v8 Krkonose_Mts 272 33.87 13.28 12.10 16.61 24.55 31.67 40.53 54.87 97.49

v8 Jeseniky_Mts 128 34.45 11.44 8.11 13.91 27.49 34.33 42.83 51.34 66.16

v8 Tatry_Mts 65 31.46 11.72 10.57 15.45 21.83 30.70 38.09 52.18 62.94

v8 Lowlands_foothills 201 30.37 15.17 4.90 11.01 17.21 28.46 39.70 58.77 83.13

v8 Croatia 15 33.68 11.20 11.47 15.83 25.77 38.30 42.21 46.47 46.82

v8 Romania 16 29.23 19.17 7.72 8.16 11.14 24.80 41.56 60.66 62.71

v8 Slovenia 6 39.89 11.05 32.95 33.17 33.82 35.14 39.51 56.43 61.73
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Character Taxon N.indiv Mean SD Min 5% 25% Median 75% 95% Max

v8 Krkonose_Mts 272 33.87 13.28 12.10 16.61 24.55 31.67 40.53 54.87 97.49

v8 Jeseniky_Mts 128 34.45 11.44 8.11 13.91 27.49 34.33 42.83 51.34 66.16

v8 Tatry_Mts 65 31.46 11.72 10.57 15.45 21.83 30.70 38.09 52.18 62.94

v8 Lowlands_foothills 201 30.37 15.17 4.90 11.01 17.21 28.46 39.70 58.77 83.13

v8 Croatia 15 33.68 11.20 11.47 15.83 25.77 38.30 42.21 46.47 46.82

v8 Romania 16 29.23 19.17 7.72 8.16 11.14 24.80 41.56 60.66 62.71

v8 Slovenia 6 39.89 11.05 32.95 33.17 33.82 35.14 39.51 56.43 61.73

v9 Krkonose_Mts 272 1.03 0.18 1 1 1 1 1 1 2

v9 Jeseniky_Mts 128 1.13 0.34 1 1 1 1 1 2 2

v9 Tatry_Mts 65 1.23 0.42 1 1 1 1 1 2 2

v9 Lowlands_foothills 201 1.08 0.27 1 1 1 1 1 2 2

v9 Croatia 15 3.00 0.00 3 3 3 3 3 3 3

v9 Romania 16 1.19 0.40 1 1 1 1 1 2 2

v9 Slovenia 6 1.33 0.52 1 1 1 1 1.75 2 2

v10 Krkonose_Mts 272 0.54 0.50 0 0 0 1 1 1 1

v10 Jeseniky_Mts 128 0.79 0.41 0 0 1 1 1 1 1

v10 Tatry_Mts 65 0.69 0.47 0 0 0 1 1 1 1

v10 Lowlands_foothills 201 0.67 0.47 0 0 0 1 1 1 1

v10 Croatia 15 0.00 0.00 0 0 0 0 0 0 0

v10 Romania 16 0.94 0.25 0 0.75 1 1 1 1 1

v10 Slovenia 6 1.00 0.00 1 1 1 1 1 1 1

v11 Krkonose_Mts 272 1.40 0.21 0.47 1.11 1.25 1.39 1.52 1.74 2.03

v11 Jeseniky_Mts 128 1.45 0.20 1.12 1.18 1.31 1.42 1.55 1.80 2.25

v11 Tatry_Mts 65 1.63 0.20 1.12 1.37 1.50 1.61 1.76 1.99 2.08

v11 Lowlands_foothills 201 1.51 0.20 1.08 1.20 1.37 1.51 1.63 1.83 2.14

v11 Croatia 15 1.25 0.17 1.05 1.06 1.13 1.23 1.32 1.49 1.73

v11 Romania 16 1.42 0.14 1.13 1.17 1.35 1.42 1.53 1.59 1.63

v11 Slovenia 6 1.62 0.09 1.53 1.54 1.58 1.59 1.65 1.75 1.78

v12 Krkonose_Mts 272 1.55 0.43 0.78 1.00 1.27 1.49 1.76 2.35 3.87

v12 Jeseniky_Mts 128 1.38 0.42 0.67 0.85 1.09 1.34 1.59 2.06 3.64

v12 Tatry_Mts 65 1.25 0.41 0.48 0.69 0.94 1.16 1.48 2.00 2.47

v12 Lowlands_foothills 201 1.48 0.42 0.73 0.91 1.15 1.44 1.70 2.27 3.01

v12 Croatia 15 1.17 0.37 0.68 0.72 1.03 1.09 1.27 1.68 2.32

v12 Romania 16 1.47 0.56 0.76 0.81 1.04 1.38 1.91 2.27 2.70

v12 Slovenia 6 1.33 0.33 0.84 0.92 1.20 1.34 1.48 1.74 1.81

v20 Krkonose_Mts 272 1.00 0.00 1 1 1 1 1 1 1

v20 Jeseniky_Mts 128 1.00 0.00 1 1 1 1 1 1 1

v20 Tatry_Mts 65 1.00 0.00 1 1 1 1 1 1 1

v20 Lowlands_foothills 201 1.00 0.00 1 1 1 1 1 1 1

v20 Croatia 15 2.00 0.00 2 2 2 2 2 2 2

v20 Romania 16 3.00 0.00 3 3 3 3 3 3 3

v20 Slovenia 6 1.00 0.00 1 1 1 1 1 1 1
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Table S6: A) Summary of populations for morphometric analyses – the target region dataset. B) Summary 

of populations for morphometric analyses – the Krkonoše dataset. 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

ID Group N. indiv. 

L059 Krkonoše Mts. – foothill 11 

L060 Krkonoše Mts. – foothill 15 

L061 Krkonoše Mts. – foothill 12 

L062 Krkonoše Mts. – foothill 14 

L063 Krkonoše Mts. – foothill 10 

L064 Krkonoše Mts. – foothill 15 

L067 Krkonoše Mts. – foothill 15 

L068 Krkonoše Mts. – foothill 14 

L070 Krkonoše Mts. – foothill 15 

L071 Krkonoše Mts. – foothill 14 

L090 Krkonoše Mts. – subalpine 7 

CORK Krkonoše Mts. – subalpine 30 

CORJ Krkonoše Mts. – subalpine 30 

L016 Jeseníky Mts. – foothill 19 

L027 Jeseníky Mts. – foothill 14 

L002 Jeseníky Mts. – subalpine 20 

L030 Jeseníky Mts. – subalpine 14 

L031 Jeseníky Mts. – subalpine 13 

L032 Jeseníky Mts. – subalpine 14 

L033 Tatry Mts. – subalpine 16 

L098 Tatry Mts. – foothill 15 

L100 Tatry Mts. – foothill 7 

L103 Tatry Mts. – foothill 17 

Total                                                                    351 

ID Group N. indiv. 

L059 Krkonoše Mts. – foothill 11 

L060 Krkonoše Mts. – foothill 15 

L062 Krkonoše Mts. – foothill 14 

L063 Krkonoše Mts. – foothill 10 

L064 Krkonoše Mts. – foothill 15 

L067 Krkonoše Mts. – foothill 15 

L068 Krkonoše Mts. – foothill 14 

L070 Krkonoše Mts. – foothill 15 

L071 Krkonoše Mts. – foothill 14 

CORK Krkonoše Mts. – subalpine 30 

CORJ Krkonoše Mts. – subalpine 30 

CORZ Krkonoše Mts. – cultivation 20 

Total                                                                     203 

A B 
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Table S7: A) Correlation coefficients of characters with the axes from CDA of individuals from the target 

regions, B) Correlation coefficients of characters with the first axis from CDA of individuals from the 

Krkonoše Mts and the Jeseníky Mts. The most correlated character is in bold. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
  

Character CCA1 

logv1 -0.368 

logv2 -0.092 

logv3 -0.195 

logv4 -0.627 

logv5 -0.439 

logv6 -0.252 

logv7 -0.411 

logv8 -0.092 

logv9 -0.384 

logv10 -0.448 

logv11 -0.365 

logv12 0.312 

Character CCA1 CCA2 CCA3 CCA4 CCA5 

logv1 0.918 -0.022 -0.16 -0.256 0.038 

logv2 0.542 -0.439 -0.412 -0.079 -0.237 

logv3 0.528 -0.313 -0.535 -0.34 -0.135 

logv4 0.415 0.541 -0.085 0.425 -0.287 

logv5 0.291 0.108 -0.779 0.127 0.343 

logv6 0.799 -0.216 -0.255 -0.069 -0.019 

logv7 0.804 0.129 -0.043 -0.361 0.025 

logv8 0.45 -0.35 -0.505 0.225 0.302 

logv10 0.057 0.386 -0.452 -0.002 0.202 

logv11 0.592 0.294 0.18 0.003 0.329 

logv12 -0.267 -0.312 -0.151 0.347 -0.041 

A B 



81 

 

Table S8: A) Correlation coefficients of characters with the first axis from CDA of individuals from subalpine 

and foothill group of the Krkonoše Mts. The most correlated characters are in bold (>|0.4|). B) Correlation 

coefficients of characters with the first and the second axes from CDA of individuals from the Krkonoše Mts 

subalpine, foothill and cultivation groups. 

 
  

Character CCA1 

logv1  0.646 

logv2  0.501 

logv3  0.44 

logv4  0.08 

logv5  0.08 

logv6  0.588 

logv7  0.554 

logv8  0.351 

logv10 -0.111  

logv11  0.31 

logv12 -0.139 

logv13  0.427 

logv14 -0.313 

logv15  0.088 

logv16  0.079 

logv17  0.576 

logv18 -0.034 

logv19 -0.337 

Character CCA1 CCA2 

logv1  0.598 0.454 

logv2  0.462 0.361 

logv3  0.386 0.372 

logv4  0.019 0.227 

logv5  0.091 -0.062 

logv6  0.496 0.535 

logv7  0.524 0.315 

logv8  0.295 0.394 

logv11  0.223 0.42 

logv12 -0.164 0.122 

logv13  0.513 -0.422 

logv14 -0.328 0.05 

logv15  0.099 -0.034 

logv16  0.117 -0.24 

logv17  0.645 -0.32 

logv18 -0.012 -0.165 

logv19 -0.297 -0.399 

B A 
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Table S9: Summary of descriptive statistics of 19 morphological characters in three groups from the 
Krkonoše dataset. 
  

Character Taxon N Mean SD Min 5% 25% Median 75% 95% Max

v1 foothill 135 101.330 25.153 57.88 71.43 84.30 93.47 117.57 147.69 176.88

v1 subalpine 60 164.730 34.611 74.14 112.34 144.93 157.91 189.78 232.44 246.61

v1 cultivation 20 120.037 28.463 67.67 79.71 99.76 121.85 138.67 161.35 171.66

v2 foothill 135 46.029 9.168 27.41 33.49 38.72 44.12 51.14 61.60 71.07

v2 subalpine 60 62.658 10.330 30.96 47.48 55.82 63.63 68.27 80.57 84.75

v2 cultivation 20 51.185 11.229 32.58 36.39 43.28 49.38 56.52 69.12 75.86

v3 foothill 135 36.861 9.183 19.62 24.16 30.56 35.57 39.47 55.62 64.71

v3 subalpine 60 52.407 12.742 22.75 36.52 43.71 50.91 59.84 73.32 88.17

v3 cultivation 20 40.954 15.752 19.02 28.41 31.67 38.78 43.68 63.43 95.82

v4 foothill 135 96.793 25.721 27.98 51.74 80.03 95.55 115.46 136.83 147.29

v4 subalpine 60 101.663 23.588 45.71 56.06 87.72 105.86 117.64 130.33 149.09

v4 cultivation 20 92.657 32.139 4.62 55.76 75.82 95.40 109.46 144.22 148.63

v5 foothill 135 9.374 3.606 2.12 4.44 6.87 8.89 11.27 15.86 20.37

v5 subalpine 60 10.564 4.558 3.72 4.80 7.73 9.66 13.56 17.39 25.67

v5 cultivation 20 11.708 9.600 4.84 5.51 8.13 9.56 11.49 16.68 50.92

v6 foothill 135 61.315 15.351 35.22 41.43 49.20 56.63 71.36 86.97 104.01

v6 subalpine 60 94.653 17.423 42.52 68.75 82.22 95.69 104.31 120.61 132.66

v6 cultivation 20 67.307 18.904 20.06 39.74 56.74 70.10 76.98 94.79 97.69

v7 foothill 135 39.933 13.087 13.89 23.23 30.54 37.28 46.01 61.67 91.87

v7 subalpine 60 70.318 21.227 31.41 38.81 56.74 66.99 81.77 105.33 125.94

v7 cultivation 20 51.373 15.786 20.06 28.13 45.17 50.96 58.30 75.24 79.68

v8 foothill 135 29.234 8.858 12.24 15.62 22.27 28.80 36.12 44.38 52.72

v8 subalpine 60 44.246 18.007 19.56 22.79 31.78 38.82 52.40 80.12 97.49

v8 cultivation 20 30.898 13.178 12.10 13.90 19.97 29.54 37.88 50.48 56.14

v9 foothill 135 1.098 0.298 1 1 1 1 1 2 2

v9 subalpine 60 1.000 0.000 1 1 1 1 1 1 1

v9 cultivation 20 1.000 0.000 1 1 1 1 1 1 1

v10 foothill 135 1.512 0.502 1 1 1 2 2 2 2

v10 subalpine 60 1.333 0.475 1 1 1 1 2 2 2

v10 cultivation 20 1.000 0.000 1 1 1 1 1 1 1

v11 foothill 135 1.329 0.177 1.02 1.07 1.20 1.29 1.44 1.64 1.91

v11 subalpine 60 1.517 0.197 1.12 1.19 1.39 1.49 1.66 1.85 2.02

v11 cultivation 20 1.311 0.245 0.47 1.06 1.25 1.37 1.45 1.55 1.6

v12 foothill 135 1.627 0.486 0.88 1.03 1.31 1.56 1.86 2.48 3.87

v12 subalpine 60 1.433 0.402 0.78 1.01 1.12 1.42 1.61 2.22 2.91

v12 cultivation 20 1.346 0.309 0.82 0.88 1.18 1.30 1.60 1.81 1.88

v13 foothill 135 1.346 0.532 3.45 3.67 4.05 4.46 4.81 5.36 5.92

v13 subalpine 60 5.384 0.778 3.91 4.17 4.82 5.28 5.92 6.61 7.03

v13 cultivation 20 5.877 0.686 4.81 5.08 5.49 5.81 6.00 6.82 8.08

v14 foothill 135 3.784 0.579 2.42 2.99 3.41 3.70 4.10 4.88 5.22

v14 subalpine 60 3.179 0.774 1.59 2.20 2.69 3.11 3.60 4.40 5.96

v14 cultivation 20 3.188 0.636 1.85 2.17 2.91 3.22 3.39 4.13 4.15

v15 foothill 135 4.290 0.691 2.94 3.18 3.87 4.21 4.76 5.50 6.37

v15 subalpine 60 4.483 0.672 3.24 3.51 3.88 4.40 5.00 5.62 5.85

v15 cultivation 20 4.477 0.469 3.46 3.90 4.14 4.48 4.75 5.28 5.39

v16 foothill 135 8.268 0.900 6.57 6.91 7.60 8.18 8.73 10.03 10.82

v16 subalpine 60 8.562 1.232 6.09 6.64 7.61 8.59 9.25 10.50 12.92

v16 cultivation 20 9.065 1.105 7.35 7.36 8.41 9.07 9.49 10.24 12.23

v17 foothill 135 1.208 0.214 0.86 0.94 1.06 1.19 1.27 1.62 2.24

v17 subalpine 60 1.775 0.442 1.04 1.19 1.45 1.70 2.03 2.46 3.01

v17 cultivation 20 1.909 0.405 1.37 1.37 1.75 1.84 2.04 2.75 2.97

v18 foothill 135 1.965 0.305 1.36 1.56 1.71 1.92 2.10 2.50 2.87

v18 subalpine 60 1.927 0.247 1.46 1.56 1.77 1.92 2.09 2.35 2.46

v18 cultivation 20 2.032 0.207 1.69 1.70 1.89 2.02 2.12 2.38 2.48

v19 foothill 135 1.911 0.275 1 1 2 2 2 2 2

v19 subalpine 60 1.500 0.504 1 1 1 1.5 2 2 2

v19 cultivation 20 1.900 0.308 1 1 2 2 2 2 2
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Fig. S5: Variability in selected characters on leaves and calyxes in the three groups from the Krkonoše Mts. 
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Permission to collect samples in the Krkonoše Mts (three pages). 
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