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Glacial relicts – General introduction 
 

I 
Genetic diversity within and among populations of glacial relicts - 

a general introduction 
 

1 Origin and distribution of glacial relict plant populations  
The climatic oscillations of the Quaternary starting 700,000 years ago with a 
dominant series of cold and dry periods (each lasting approximately 100,000 
years) and being interupted by shorter intervals (approximately 10-20,000 years) 
of warmer and moister interglacial climates (Webb & Bartlein 1992) had an 
enormous influence on the distribution of plants.  
 
Population sizes and ranges of many temperate plant species were greatly reduced 
during the glacial times. Quaternary palaeoecology in Europe has revealed a series 
of southward range contractions of both plant and animal species during the last 
glacial period, followed by rapid northward range expansions in the wake of de-
glaciation (Hewitt 1996). During the glaciations, vast areas in northern Europe, 
North America, and Asia were covered by massive ice-sheets, although independ-
ent centres of glaciation occured at low latitude mountains such as the Alps and 
the Himalayas (Figure 1). The central European lowlands between the Scandina-
vian and Alpine ice sheets were unglaciated and covered by a tundra vegetation 
(Hantke 1978, Lang 1994). The plants, which grew in this tundra during the glaci-
ations were adapted to a cold climate. In the course of the postglacial warming the 
range of these plants contracted to the higher altitudes of the Alps and/or the hig-
her latitudes of northern Europe.  
 
Only in a few habitats in central Europe, such as fens or rocky habitats, popula-
tions of arctic or alpine plant species have survived. There are numerous plant 
species (Table 1), such as Saxifraga paniculata or Sesleria albicans, which are 
widely distributed in the higher altitudes of the Alps and only occur with isolated 
populations in the lower mountains of central Europe. The populations of these 
rare plants are thought to be glacial relict populations.  
 
 
 
2 Population genetics of rare glacial relict plants 
Populations of glacial relict plants were fragmented at least since the end of the 
last glaciation. Furthermore, the relict populations colonize habitats, which differ 
from each other with regard to ecological conditions and selection pressures. The 
genetic structure of glacial relict populations, therefore, was tremendously influ-
enced by the population genetic processes of long-term isolation and differentia-
tion.  
 
The fragmentation and differentiation of populations are evolutionary processes, 
which as well presently take place in the central European man-made landscapes.  
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Glacial relicts – General introduction 
 

 
Figure 1: Vegetation in Europe during the Würm glaciation (20,000 years before today). 
Scandinavia and the Alps were occupied by massive ice sheets while the central European 
lowlands were covered by tundra vegetation (taken from Walter & Straka 1970).  
 
 
 
On the one hand, many rare plant species are currently threatened by extinction. 
Species richness in central Europe declined tremendously due to the intensifica-
tion of agricultural practices during the last decades (Sukopp & Trepl 1987). Even 
those species, which were still widespread, decline in their distribution (Korneck 
et al. 1996). The extinction of species, however, is not only due to the destruction, 
but also to the fragmentation of habitats and the isolation of predominantly small 
plant populations (Young & Clarke 2000).  
 
On the other hand many new taxa have evolved by population differentiation in 
the central European man-made landscapes. The opening of the landscapes caused 
an increase of species richness in the central European flora (Sukopp & Trepl 
1987). Furthermore, it resulted in a differentiation of ecotypes especially due to 
the development of different land use practices since the beginning of the Neo-
lithic period, as they created new habitats with differing ecological conditions 
(den Nijs et al. 1999, van Raamsdonk & den Nijs 1999).  
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Table 1: Arctic-alpine (o) and alpine (x) glacial relict plant species in central European 
mountain regions (Vogesen, Black forest, Swabian Alb, Franconian Alb, Bohemian For-
est, Erzgebirge, Harz) (according to Thorn 1960, slightly changed). 
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Poa alpina o    o    Potentilla aurea  o      
Poa laxa  o       Sibbaldia procumbens o       
Agrostis rupestris     x    Alchemilla hoppeana  x      
Phleum alpinum     o    Alchemilla fissa x       
Sesleria albicans   x x   x  Epilobium alpestre x x    x  
Carex bigelowii      o o  Epilobium nutans x x   x x  
Carex magellanica     o o   Epilobium anagallidifolium o o   o o  
Carex vaginata        o  Epilobium alsinifolium  o   o   
Carex sempervirens   x      Anthriscus nitidus x x x    x 
Juncus trifidus     x    Athamanta cretensis   x     
Luzula desvauxii  o o       Ligusticum mutellina  x   x   
Veratrum album o  o      Primula auricula  x  x    
Allium victorialis  o o       Androsace carnea x       
Streptopus amplexifolius o o   o o   Androsace lactea   x     
Crocus albiflorus  x x      Soldanella alpina  x      
Nigritella nigra  o       Soldanella montana     x   
Traunsteinera globosa x x x   x   Gentiana lutea x x x     
Salix bicolor o      o  Gentiana pannonica     x   
Salix hastata o      o  Gentiana clusii  x      
Salix appendiculata  x    x   Veronica fruticans o o      
Salix myrtilloides     o    Bartsia alpina o o      
Betula nana     o o o  Euphrasia minima o       
Alnus viridis  o       Euphrasia picta      x  
Rumex alpinus x x    x   Euphrasia salisburgensis   o     
Rumex alpestris x x   x x x  Rhinanthus pulcher      x  
Polygionum viviparum   o o     Pedicularis foliosa x  x     
Silene rupestris o o       Galium anisophllon    x x   
Gypsophila repens       x  Valeriana tripteris x x x     
Sagina saginoides  o   o o   Campanula cochlearifolia  x x     
Moehringia muscosa     x    Campanula scheuchzeri  o   o   
Anemone narcissiflora o  o      Adenostyles alliariae x x      
Anemone alpina o      o  Aster bellidiastrum  x x x    
Ranunculus montanus   x x     Aster alpinus      x x 
Kernera saxatilis    x     Gnaphalium norvegicum o o   o o  
Draba aizoides   x x     Gnaphalium supinum  o      
Cardamine resedifolia     x    Homogyne alpina  x   x x  
Cardaminopsis petraea    o   o  Doronicum austriacum     x   
Arabis alpina   o o   o  Leontodon helveticus o o      
Sedum roseum o        Cicerbita plumieri x x      
Sedum annuum o o       Crepis pyrenaica x x      
Sedum alpestre x        Crepis alpestris   x x    
Saxifraga paniculata o o o o     Hieracium bupleuroides   x x    
Saxifraga decipiens o  o o  o o  Hieracium humile x x x     
Saxifraga stellaris o o       Hieracium alpinum o      o 
Ribes petraeum x x x      Hieracium prenanthoides o o      
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Reflecting these facts, relict populations are highly interesting objects for the in-
vestigation of population genetic processes. The fragmented distribution of relict 
populations allows, on the one hand, to study the consequences of longterm isola-
tion for the genetic diversity of plant populations. The occurrence of relict popula-
tions in ecologically differing habitats permits, on the other hand, to analyze the 
genetic differentiation of populations and the development of ecotypes. An inves-
tigation of the genetic diversity within and among glacial relict populations, there-
fore, can shed light upon population genetic questions of general interest. 
 
 
 
3 Population genetics and the fragmentation of populations 
Apart from habitat destruction, which is generally considered to be the most in-
portant reason for the extinction of species, the fragmentation of habitats is a sig-
nificant threat to the maintenance of biodiversity in many terrestrial ecosystems. 
Initial predictions about the genetic consequences of habitat fragmentation focus 
on the reduced size and increased spatial isolation of populations occupying habi-
tat remnants. Such population changes lead to an increased interpopulational ge-
netic divergence and to an erosion of genetic variation. 
 
The loss of populations associated with habitat fragmentation generally reduces 
interpopulation geneflow (Young et al. 1993). Provided that a population is stable 
and assuming an Island Model of geneflow, interpopulation divergence will in-
crease due to random genetic drift, especially when population sizes and gene 
flow are low. As demonstrated by Powell & Powell (1987), a 100 m wide clearing 
formed an effective barrier to the movement of pollinators. Conversely, only a 
very small amount of gene flow (approximately one individual per generation) is 
required to reduce the loss of alleles due to genetic drift (Young et al. 1996).  
Fragmented and isolated populations, therefore, very often show high levels of 
interpopulational differentiation (Bauert et al. 1998, Cardoso et al. 1998, Fischer 
& Matthies 1998).   
 
Reductions in population size at the time of fragmentation create genetic bottle-
necks because the remaining individuals contain only a small sample of the origi-
nal genepool. Subsequent to this initial loss of variation, remnant populations that 
remain small and isolated for several generations continue to loose alleles due to 
random genetic drift. Many investigations confirmed that reductions in genetic 
variation accompany reductions in plant population size associated with habitat 
fragmentation (van Treuren et al. 1991, Prober & Brown 1994, Raijmann et al. 
1994). Furthermore, many studies have demonstrated a positive logarithmic rela-
tionship between remnant population size and heterozygosity, suggesting that de-
creases in heterozygosity are correlated to reductions in population size (Prober & 
Brown 1994, Raijmann et al. 1994). Although the degree of inbreeding depression 
also depends on environmental factors (Barrett & Kohn 1991) and on the stage in 
the plant life cycle (Charlesworth & Charlesworth 1987, Husband & Schemske 
1996, Byers & Waller 1999), small populations often suffer from a greater in-
breeding depression, compared to large ones because of the reduced effectiveness 
of selection relative to genetic drift (Booy et al. 2000). A  large number of studies 
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in natural populations showed a relationship between heterozygosity and various 
fitness components, such as viability, growth rate, developmental stability and 
physiological variables (Mitton & Grant 1984, Allendorf & Leary 1986, Mitton 
1994). Especially in ecologically unstable environments, a higher level of het-
erozygosity corresponds to a higher individual fitness (Rankevich et al. 1996, 
Nevo et al. 1997). In the short term, a loss of heterozygosity can reduce individual 
fitness and lower remnant population viability. In the longer term, reduced allelic 
richness may even limit a species‘ ability to respond to changing selection pres-
sures (Frankel et al. 1995). 
 
Concerning central European glacial relict plants little is known, to date, about the 
consequences of fragmentation and isolation for the genetic diversity within and 
among relict populations. Initial investigations, however, suggest comparatively 
high levels of diversity within and a strong differentiation among glacial relict 
populations, as demonstrated for Biscutella laevigata and Saxifraga aizoides 
(Dannemann 2000, Lutz et al. 2000).  
 
 
 
4 Population genetics and the differentiation of populations 
Due to human activities, the central European man-made landscape consists of 
very different habitats, exhibiting a multitude of ecological conditions. Popula-
tions of many plant species can be found in habitats such as forests, meadows, 
pastures or farmland. The colonized ecosystems vary to a high degree from each 
other with regard to the selection pressures, which may have an effect on the plant 
populations growing in them. Plants can genetically adapt to the different envi-
ronments, besides the phenotypic plasticity, which allows them to react on eco-
logical changes.  
 
The differentiation of new ecospecies (Grant 1981) in man-made landscapes has 
been reported for genera such as Hieracium (Asteraceae) (Gottschlich & Raabe 
1991, Gottschlich 1996), Taraxacum (Asteraceae) (Doll 1982) and Ranunculus 
(Ranunculaceae) (Melzheimer & Lohwasser 1997, Melzheimer 1998), whereas 
the differentiation of new ecotypes (Grant 1981) has been observed for Galium 
aparine (Rubiaceae) (Groll & Mahn 1986, Mahn 1989), Rhinanthus alectorolo-
phus (Scrophulariaceae) (Zopfi 1993a,b) or Euphrasia rostkoviana (Scrophulari-
aceae) (Zopfi 1998). Reflecting this fact, genetic differentiation of populations is 
of tremendous interest because it is the basic requirement for the development of 
new taxa. 
 
Climatic and edaphic conditions are directly related to the microgeographic dif-
ferentiation of plants (Briggs & Walters 1984, Nevo et al. 1988). Several studies 
demonstrated genetic differentiation among populations from ecosystems with 
high or low levels of radiation intensity (Nevo et al. 1988, Owuor et al. 1998). 
Furthermore, Huff et al. (1998) reported of genetic divergence of populations 
growing on soils of varying fertility. The geographic altitude is another factor, 
which has an influence on the differentiation of plant populations. Gunter et al. 
(1996), for example, observed genetic differences among upland and lowland 
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populations of Panicum virgatum. Since ecological conditions show extreme vari-
ation among ecosystems, genetic differentiation of populations in different 
habitats can be observed, as demonstrated by Hsao & Lee (1999). They found 
significant differences among plant populations from grassland and forest biomes. 
Ecological parameters, therefore, have a tremendous influence on the genetic dif-
ferentiation of populations (Kölliker et al. 1998). 
 
Man-made open habitats show a considerably higher environmental heterogeneity 
than forest biomes. This results in higher evolutionary rates and an increased ge-
netic diversity (Antonovics 1971, Hoffmann & Parsons 1991, Parsons 1994). Dif-
ferent types and intensity of land use are generally thought to make a contribution 
to the differentiation within and among plant populations (Poschlod et al. 2000). 
Fertilization and defoliation, for example, are known to cause population differen-
tiation (Snaydon 1987). As demonstrated by Kölliker et al. (1998) fertilization and 
higher cutting frequencies can also result in a reduction of genetic variability 
within populations. Different cutting regimes, furthermore, can cause genetic dif-
ferentiaton among populations (Sweeney & Danneberger 1995). The development 
of „seasonal“ ecotypes in Rhinanthus alectorolophus and Euphrasia rostkoviana 
shows the strong influence of grassland management on the differentiation of 
populations (Zopfi 1993, 1998). Different land use practices, therefore, may con-
siderably contribute to the differentiation of populations in the man-made land-
scape.  
 
Regarding central European glacial relict plants, to date, nothing is known about 
the genetic differentiation of populations in different habitats and the development 
of ecotypes. The investigation of non-relict plant populations, however, suggests 
that a differentiation of isolated populations in ecologically differing habitats is 
quite possible. 
 
 
 
5 Methods for the measurement of genetic diversity 
For several decades, numerous studies on population genetics used isozymes to 
detect genetic variation, the genetic basis of isozyme patterns, therefore, being 
well established in many species (Booy et al. 2000). Isozymes can provide infor-
mative genetic markers, using straightforward laboratory procedures that are rela-
tively rapid and inexpensive (Peakall et al. 1995). There are, nevertheless, some 
widely recognized limitations of isozymes. The detection of genetic variation is 
limited to protein coding loci, which may lead to an underestimates of genetic 
diversity (Clegg 1989) and may not always be representative of the entire genome 
(Schaal et al. 1991). Isozymes are also tissue-specific in many cases, and protein 
expression can respond to varying environmental conditions (Peakall et al. 1995).  
 
Due to these facts, many workers have shifted to use nuclear DNA markers such 
as RFLP’s (Restriction Fragment Length Polymorphisms). RFLP‘s overcome 
some of the limitations of isozymes, but because they are more difficult, time con-
suming and costly to assay than isozymes, their use has been limited for extensive 
surveys of the genetic variation in plants. With the development of the PCR (po-
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lymerase chain reaction) for the direct amplification of DNA fragments, the use of 
DNA markers in population studies has increased tremendously. One great advan-
tage of PCR-based DNA markers is the fact that they detect a higher level of di-
versity than isozymes. DNA markers, such as microsatellites, AFLP’s (Amplified 
Fragment Length Polymorphisms) or RAPD’s (Random Amplified Polymorphic 
DNA) are, therefore, qualified for the investigation of rare plants, which presuma-
bly show low levels of genetic variability.  
 
Microsatellites are tandem repeates of one to four base-pair units that are dis-
persed throughout the genome and were subject to genetic variation due to slip-
page during replication. This resulted in the variation of the number of repeat 
units at the site (Tautz et al. 1986). Specific repeats have been detected and used 
for genetic analysis in various plants (Morgante & Olivieri 1993, Thomas & Scott 
1993). As demonstrated by Kijas et al. (1995) microsatellites are conserved across 
a range of citrus and related species. However, from present experience, suitably 
variable microsatellate loci may not be as easy to find in plants as in animals, and 
flanking primers developed at considerable expense for one species seem to have 
a limited use outside that species (Bachmann 1997).  
 
AFLP and RAPD analysis are PCR-based assays employing random primers to 
generate banding patterns. By using single, short primers both techniques are ca-
pable of scanning a genome for the many inverted priming sites that are close 
enough to be amplified. They do not require any information about the target ge-
nome and only a small amount of DNA is necessary. Both methods are simple and 
quick techniques and can provide a very large number of polymorphic bands 
(Welsh & McClelland 1990, Williams et al. 1990, Vos et al 1995, Travis et al. 
1996). However, AFLP analysis allows to determine heterozygosity which is not 
possible when using RAPD analysis since the amplified RAPD fragments form a 
banding pattern inherited in Mendelian fashion as dominant characters (Williams 
et al. 1990).  
 
Furthermore, the squencing of nuclear DNA can also be used for the detection of 
genetic variability. At present, the technically most convenient and universally 
accessible nuclear DNA sequences with sufficient variability to distinguish spe-
cies of a genus or even populations of a species are the internal transcribed spac-
ers, ITS1 and ITS2, between the conserved rDNA sequences coding for ribosomal 
RNA. The ITS region is highly informative. ITS  sequencing, therefore, has be-
come widely used by systematists (Baldwin et al. 1995) and has also proven to be 
informative for biogeographic studies in some angiosperm genera (Baldwin 1993, 
Vargas et al. 1998). 
 
 
 
6 Aim of the investigation 
In the study presented here, RAPD and ITS analysis were used to investigate the 
genetic diversity within and among populations of the glacial relict plants Saxi-
fraga paniculata Mill. and Sesleria albicans Kit. ex Schultes.  
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Since population fragmentation and differentiation are evolutionary processes, 
which were presently thrown into gear by human influences in the central Euro-
pean man-made landscape, the investigation of genetic diversity within and 
among glacial relict populations can shed light upon population genetic processes 
of general interest. 
 
 
The aim of this study was to answer the following questions: 
 
• What is the partitioning of genetic diversity within and among isolated 

populations of glacial relicts? 
• Is there a geographic differentiation among glacial relict populations from 

different regions? 
• What is the level of diversity within relict populations from different geo-

graphic regions? 
• Is there a higher level of diversity within central populations than within pe-

ripheral relict populations from the boundary of the distribution area? 
• Is there a lower level of genetic diversity within small populations than within 

large populations?  
• What is the influence of mating system, longevity and clonality on the parti-

tioning and the level of genetic diversity? 
• Is there a genetic or even ecotypic differentiation among relict populations 

from different types of habitats? 
• Are there different levels of genetic diversity within relict populations from 

habitats with differing ecological conditions? 
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II 
Genetic diversity within and among populations of the rare 

glacial relict plant Saxifraga paniculata Mill. (Saxifragaceae) 
in central Europe 

 

1 Introduction 
Many plant species are currently threatened by extinction due to the destruction of 
their habitats resulting either directly or indirectly from human activities (Falk & 
Holsinger 1991). Habitat protection is, therefore, generally considered the most 
important step for the conservation of endangered species. However, the mainte-
nance of genetic diversity is also regarded to be essential for the survival of en-
dangered plants. High levels of genetic diversity allow the species to respond to 
the selection pressures imposed by pests and disease and to facilitate adaption to 
future environmental change (Barrett & Kohn 1991, Holsinger & Gottlieb 1991). 
The maintenance of existing levels of genetic diversity is, therefore, of consider-
able significance for the long-term survival of endangered plants.  
 
Data on genetic diversity within and among populations of rare and endangered 
species play a significant role in the formulation of appropriate management 
strategies directed towards their conservation and development, besides being 
advantageous in the understanding of their structure, evolutionary relationships, 
taxonomy and demography (Milligan et al. 1994). Consequently, the study of 
population genetics has been identified as one of the main priorities for conserva-
tion (Holsinger & Gottlieb 1991).  
 
Saxifraga paniculata Mill. (Saxifragaceae) is an arctic-alpine plant species, which 
is distributed widely in the Alps, but isolated outlying populations can also be 
found in the lower European highlands. These peripheral populations in the moun-
tains of central Europe are considered to be rare and endangered glacial relict po-
pulations (Wilmanns & Rupp 1966, Walter & Straka 1970, Oberdorfer 1990). The 
present distribution of Saxifraga paniculata is a result of climatic changes after 
the last glaciation. It is supposed, that S. paniculata was widely distributed in the 
tundra, which covered once the unglaciated central European lowlands during the 
last glaciation (Wilmanns & Rupp 1966, Hantke 1978 and 1980, Lang 1994). Due 
to the warmer climatic conditions, which were not so suitable to an arctic-alpine 
plant species, population size and range of Saxifraga paniculata were greatly 
reduced since the end of the pleistocene (Bresinsky 1965). Saxifraga paniculata, 
therefore, is an “old rare” species in central Europe (Huenneke 1991), which in-
cludes small populations that were exposed to isolation for a very long time.  

 
Small populations generally exhibit lower levels of genetic diversity relative to 
congeneric species with large populations sizes (Hamrick & Godt 1989). Causes 
for the reduction of genetic diversity can be attributed to the effects of inbreeding, 
leading to an increase in the number of homozygotes in the population, and ge-
netic drift producing random changes in allele frequencies (Ellstrand & Elam 
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1993). Numerous studies have demonstrated that small, isolated populations of so 
called “new rare“ species tend to have lower levels of genetic diversity than large, 
extensive populations (van Treuren et al. 1991, Raijmann et al. 1994, Prober & 
Brown 1994, Frankham 1996, Godt et al. 1996, Fischer & Matthies 1998, Menges 
& Dolan 1998). Habitat destruction and fragmentation of plant populations break 
up large, genetically variable populations into isolated, small, inbreeding 
subpopulations that are then subject to the consequences of drift (Ellstrand & 
Elam 1993, Oostermeijer et al. 1996, Young et al. 1996).  
 
Although little is known about the genetic diversity within and among populations 
of glacial relicts in central Europe (Dannemann 2000, Lutz et al. 2000), it is sup-
posed that „old rare“ species are better adapted to processes connected to small 
population size and isolation (Schmidt & Jensen 2000). Numerous studies from 
North America provide substantial evidence that putative relict plant populations 
harbour high levels of genetic diversity (Lewis & Crawford 1995, Soltis et al. 
1997, Allphin et al. 1998). It seems to be a typical phenomenon, that plants from 
glacial refugia show high levels of diversity. Therefore, this study focuses on the 
genetic diversity within and among rare glacial relict populations of Saxifraga 
paniculata.  
 
Despite its rarity, Saxifraga paniculata shows an extensive clonal reproduction. 
Although clonal growing species are thought to exhibit low levels of genetic di-
versity, only a few studies exist, which have revealed low levels of genetic varia-
tion in clonal plants (Sharitz et al. 1980, Gray et al. 1991). For large angiosperm 
clones with little clonal intermingling intraclonal pollination may occur and lead 
to high levels of inbreeding and subsequent inbreeding deppression (Luijten et al. 
1996). However, most investigations of clonal plants report of at least moderate 
levels of genetic variation within populations (Ellstrand & Roose 1987, Hamrick 
& Godt 1989). For this reason, the study also focuses on the effects of clonal re-
production on the genetic variability within populations of rare and endangered 
species.   
 

Random Amplified Polymorphic DNA (RAPD) analysis is a PCR-based assay 
capable of analysing genetic relatedness among and within populations (Welsh & 
McClelland 1990, Williams et al. 1990). RAPD analysis has been successfully 
used for plant germplasm characterization in a large number of studies (Kump & 
Javornik 1995, Chan & Sun 1997, Whitkus et al. 1998, Ahmad 1999, Fahima et 
al. 1999, Mengistu et al. 2000). Its utilization in investigations of the genetic di-
versity of rare or threatened plant species is also proven (Rossetto et al. 1995, 
Smith & Pham 1996, Martin et al. 1997, Palacios & Gonzalez-Candelas 1997, 
Cardoso et al. 1998, Ayres & Ryan 1999, Maki & Horie 1999, Dannemann 2000, 
Tansley & Brown 2000). Furthermore, RAPD analysis has been successfully used 
to detect genetic diversity in different species of Saxifraga (Bauert et al. 1998, 
Tollefsrud et al. 1998, Gugerli et al. 1999). In addition, the use of the analysis of 
molecular variance technique (AMOVA) (Excoffier et al. 1992) to analyse RAPD 
marker variation has been shown to be effective for population analysis of highly 
heterozygous, outcrossing plant species (Huff et al. 1993, Huff 1997). 

 15



Saxifraga paniculata – Introduction 
 

 
The sequencing of the internal transcribed spacer (ITS) region of nuclear 18S-
26SrDNA can also be used for detecting genetic variation at the population level. 
The ITS region has become widely used by systematists (Baldwin et al. 1995) and 
has also proven to be informative for biogeographic studies in some angiosperm 
genera (Baldwin 1993, Vargas et al. 1998). Sequencing of the ITS region seems to 
be promising for detecting variation in Saxifraga even at the populational level 
(Brochmann et al. 1998), and it was used successfully for an investigation of S. 
tridactylites and S. osloensis. (Brochmann et al. 1996).  
 

Previous studies of Saxifraga paniculata centered on systematics (Conti et al. 
1999), morphology (Ovstedal 1998) and ecophysiology (Neuner et al. 1999). Data 
on the genetic diversity of the rare Saxifraga paniculata, however, have not been 
reported to date. In this investigation RAPD analysis, AMOVA and ITS analysis 
were used to detect genetic diversity within and among populations of the arctic-
alpine plant species Saxifraga paniculata Mill. (Saxifragaceae).  
 

The following questions were addressed:  
(1) What is the effect of long-term isolation since the end of the last glaciation on 

partitioning of molecular variance and on levels of genetic diversity?  
(2) Is there a geographic differentiation among the populations?  
(3) What is the effect of population size, mating system, longevity and clonality 

on the genetic diversity within and among populations? 
(4) Are there different levels of genetic diversity in populations from different 

regions and of different size?   
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2 Material and methods 
 
2.1 Species description  
Saxifraga paniculata Mill. (Saxifragaceae) is a perennial, prostrate and 
iteroparous arctic-alpine plant species that forms multiramet cushions and mats 
which consist out of hemispherical rosettes of one to six centimeters in diameter. 
The leaves are obovate to oblong-lingulate, semisucculent, evergreen and usually 
lime-encrusted (Webb & Gornall 1989). The flowering stem is branched only in 
its upper third to form a small panicle with white or pale cream flowers of com-
mon Saxifraga type. The cushions and mats consist of numerous non-flowering 
and flowering rosettes with flowering ramets dying off after seed set. The insect-
pollinated, diploid S. paniculata (2n = 28) is mainly outbred, selfing has only been 
observed in the high arctic up to now (Kaplan 1995).  
Dispersal occurs by seeds and vegetatively via detachment of rosettes, which eas-
ily root again (Wilmanns & Rupp 1966). S. paniculata lives in rocky habitats: in 
crevices, on ledges and in sparsely growing plant communities on rock debris 
(Kaplan 1995). The cushion plant prefers limestone, but also occurs on slate or 
porphyry.  
 
S. paniculata is distributed throughout the mountains of central and southern 
Europe, from the Vosges and central Poland to northern Spain, southern Italy and 
central Greece (Webb & Gornall 1989). It also occurs in the arctic from Norway, 
Iceland and Greenland to the northeastern North America (Labrador, Baffinsland, 
Quebec, Ontario, Newfoundland, New Brunswick and Vermont).  
In the Alps S. paniculata is widely distributed, but there also exist isolated outly-
ing populations in the other European highlands. These rare peripheral popula-
tions in the lower mountains of central Europe are thought to be glacial relict 
populations (Wilmanns & Rupp 1966, Walter & Straka 1970). S. paniculata in 
Germany is endangered because of its rareness (Korneck et al. 1996) and, there-
fore, registered in the red list of threatened species. Saxifraga paniculata is legally 
protected in Germany.  
 
S. paniculata is morphologically very variable (Ovstedal 1998), especially in the 
Alps. Engler & Irmscher (1919) describe a lot of different varieties, but most of 
them are not accepted (Kaplan 1995). Webb & Gornall (1989) subdivide the spe-
cies into a typical subspecies (ssp. paniculata) and a subspecies from Caucasia 
(ssp. cartilaginea). However, a satisfying intraspecific classification does not exist 
up to now.  
 
 
 
2.2 Study sites  
To investigate the genetic diversity within and among populations of Saxifraga 
paniculata, 30 populations at 17 locations in west and southwest Germany, in the 
northern and southern Alps and in Romania were selected (Table 1). The three 
populations from west Germany were located near Kirn in the valley of the Nahe, 
whereas three of the nineteen southwest German populations were sampled on the 
western Swabian Alb near Balingen and Fridingen. Five populations were located 
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on the middle Swabian Alb near Münsingen and Metzingen, while ten populations 
grew on the eastern Swabian Alb near Geislingen and Ulm. Only one population 
originated from the Black Forest. The north alpine populations  grew on the Ne-
belhorn near Oberstdorf, while the south alpine populations were located near 
Bozen in South Tyrol. The plants from Romania grew in the valley of Thorenburg 
near Turda (Figure 2).       
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
Figure 1: Habit of Saxifraga paniculata 
(taken from Rothmaler 1991). The plant 
forms multiramet cushions and mats. The 
flowering stem is branched only in its 
upper third to form a small panicle with 
white or pale cream flowers of common 
Saxifraga type. 

 
 
 
 
 
 
2.3 Plant material and sampling conditions  
In spring and summer of 1999 plant material was collected in situ from all se-
lected populations. Only few young leaves per plant were sampled to minimize 
the impact on the rare plants. Two populations were considered as separated when 
they were at least 70 m apart from each other. If possible, leaf material was sam-
pled from four plants per population. Only at Hausen and Kahlenstein, where the 
populations consisted of only one to three plants, less material was collected. The 
populations Brunkenstein 1, Lochenstein and Wutachschlucht were sampled by 
collecting leaves of eight to twelve plants on the right side, in the middle and on 
the left side of the population. At Lochenstein and Hausen 2 leaf material was 
picked from ten and five rosettes within growing mats of two and one square me-
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meters, respectively. Plant material was placed into plastic bags and stored on ice 
in the field for transportation and in the laboratory at -35°C. After sampling the 
plant material the population size was determined by counting individuals (every 
continous cushion was considered as one plant) and the associated plant species 
were reported to describe the plant communities in which Saxifraga paniculata 
grew. 
 
 
 
2.4 Population size and plant communities   
In 1999 the investigated population sizes ranged from one to 400 individuals per 
population, most of them including population sizes between 10 and 100 indi-
viduals. Nine of 30 populations consisted of less than 10 and only four popula-
tions comprised more than 100 individuals (Table 1).  
 
The investigated populations of Saxifraga paniculata were located on rocks and 
debris, in crevices, on ledges of limestone, slate, marl and porphyry as well as in 
plant communities, which were typical for rocky habitats (Table 2). The plants 
from west Germany grew in the Saxifraga paniculata association whereas the 
populations from southwest Germany were located in the Drabo-Hieracietum 
humilis, the Diantho-Festucetum pallentis, the Alysso-Sedetum alyssoides or the 
Valeriano-Seslerietum albicantis. In contrast the north alpine populations were 
located in the Seslerio-Caricetum sempervirentis and the south alpine populations 
in the Sclerantho-Sempervivetum arachnoidei.  
 
 
Table 2: Plant communities in which the investigated populations of Saxifraga panicu-
lata were located, with description of characteristic species and the geographic region. 
 
 
Plant community Characteristic species  Region 

    
Saxifraga paniculata association Asplenium trichomanes, Polypodium 

vulgare, Sedum rupestre 
 West Germany 

    
Drabo-Hieracietum humilis Draba aizoides, Hieracium humile, 

Asplenium trichomanes 
 Southwest Germany 

    
Diantho-Festucetum pallentis Dianthus gratianopolitanus, Alyssum 

montanum, Minuartia setacea 
 Southwest Germany 

    
Alysso-Sedetum alyssoides Sedum album, Sedum acre, Thlaspi 

perfoliatum 
 Southwest Germany 

    
Valeriano-Seslerietum albicantis Valeriana tripteris, Sesleria albicans, 

Carduus defloratus 
 Southwest Germany 

    
Seslerio-Caricetum sempervirentis Gentiana clusii, Nigritella nigra, Carex 

sempervirens 
 Northern Alps 

    
Sclerantho-Sempervivetum arachnoidei Sempervivum arachnoideum, Asplenium 

septentrionale, Sedum dasyphyllum 
 Southern Alps 
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Figure 2: Geographic position of the study sites. 30 populations of Saxifraga paniculata  
were investigated at 17 locations in west Germany (hexagon) and southwest Germany 
(circles), in the northern and southern Alps (triangles) and in Romania (rhombus).  
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2.5 DNA isolation  
The DNA was isolated from frozen plant material of individual plants using the 
CTAB (cetyltriammonium bromide) method (Rogers & Bendich 1988) adapted  
as follows: Approximately 40-60 mg leaf material was ground in liquid nitrogen 
in a 1.5 mL Eppendorf tube followed by addition of 700 µL extraction buffer (100 
mM Tris HCl, pH 9.5; 20 mM EDTA, pH 8.0; 1.4 M NaCl; 1% PEG; 2% CTAB; 
2.5 µL/mL β-mercapto ethanol). Incubation was at 74°C for 30 min, shaking 
every 5-10 min. Subsequently the mixture was extracted twice with an equal vol-
ume of chloroform/isoamylalcohol (24:1), and centrifuged at 15,000g at 4°C for 
10 min. Adding an equal volume of isopropanol (5°C) the DNA was precipitated 
and pelleted by centrifugation at 20,000g at 4°C for 15 min. The DNA was 
washed with 70 % cold ethanol (4°C) for 5 min and air-dried for 15-30 min. The 
DNA was resuspended in 200 µL TE buffer (10 mM Tris-HCl, pH 8.0; 1mM 
EDTA, pH 8.0). The concentration was estimated spectrophotometrically (Uvikon 
930, Kontron Instruments, Germany) at 260 nm, and the purity measured by the 
ratio of the absorbances at 260 nm and 280 nm. For PCR only template DNA was 
used with a purity of 1.8-2.1 in a dilution of 15 ng/µL. 
 
 
 
2.6 RAPD analysis  
 
2.6.1 DNA amplification 
For DNA amplification the polymerase chain reaction (PCR) was used with arbi-
trary 10-mer oligonucleotide primers (Roth, Karlsruhe, Germany) for RAPD am-
plification (Williams et al. 1990). All primers employed in this study were random 
sequence primers (Table 3) with G+C contents of up to 70 %. A total of 75 prim-
ers were initially screened for amplification on S. paniculata.  
 
In a final volume of 15 µL amplification mixtures contained 10 mM Tris-HCl (pH 
9.5), 1.5 mM MgCl2, 50 mM KCl, 200 mM dNTP, 0.3 µM primer, 1 U Taq poly-
merase (Pharmacia, Freiburg, Germany) and 30 ng of genomic DNA.  
 
The mixture was overlaid with two drops of mineral oil. The polymerase chain 
reaction (PCR) was run in a thermal cycler (Autogene, Grant Instruments, Cam-
bridge, UK). The thermal cycling program started with denaturation for 120 s at 
94°C, followed by 35 cycles of 12 s denaturation at 94°C, 48 s annealing at 36°C 
and 90 s extension at 72°C. A final extension at 72°C for 10 min concluded the 
DNA amplification.  
 
PCR products were kept at 4°C until they were loaded. The amplificated products 
were separated on 1.5 % agarose gels in 1×TBE (Tris-borate-EDTA) buffer 
(Sambrook et al. 1989) at 180 V for 1.5 h, using a 100 base-pair-ladder as a frag-
ment size marker (Roth, Karlsruhe, Germany) and visualized by ethidium bromide 
staining. Each sample was repeated at least once in a separate amplification reac-
tion. 
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2.6.2 Data scoring 
For data scoring, the banding patterns were recorded using a trans-illuminating gel 
documentation system (Gel Print 2000i, BioPhotonics Corporation, Ann Arbor, 
USA). The image profiles and molecular weight of each band were determined by 
the program RFLPSCAN (Scanalytics CSPI Inc., Billerica, USA). Pictures were 
examined for strong, clearly defined bands, reproducible in duplicate amplifica-
tions. Each band was scored across all individuals as either present or absent. 
When individuals did not give clear, easily scored signals, all bands of this frag-
ment size were excluded from the analysis.  
 
In the data matrix, the presence of a band was scored as 1, whereas the absence of 
the band was coded as 0. The basic data structure finally consisted of a binomial 
(0,1) matrix of 131 rows, representing the investigated individuals and 319 col-
umns, representing the scored RAPD markers. Since RAPD markers are domi-
nant, it was assumed, that each band represented the phenotype at a single bi-
allelic locus (Williams et al. 1990). 
 
 
 
2.6.3 Statistical analysis 
The binomial matrix was used to calculate the level of polymorphism (percentage 
of polymorphic bands) for each population and to compute similarities between 
individuals of S. paniculata using the Jaccard’s similarity coefficient, calculated 
as J = a/(n-d), where a is the number of positive matches (i.e. the presence of a 
band in both samples), d is the number of negative matches (i.e. the absence of a 
band in both samples), and n is the total sample size including both the numbers 
of matches and „unmatches“. The genetic distances were calculated as GD = 1-J 
using the data from the Jaccard’s similarity coefficient matrix. The minimum, 
maximum and mean genetic distance between the individuals for each population 
were compared in order to describe the molecular variance within the populations.  
 
The genetic relatedness among species was obtained by clustering. Dendrograms 
were generated from the similarity coefficient matrix using the unweighted pair 
group method (UPGMA) as described by Sneath & Sokal (1973). The calculation 
of the Jaccard’s similarity coefficient matrix and the generation of the boot-
strapped dendrograms was done with the program TREECON 1.3b (van de Peer 
& de Wachter 1994).  
 
The binomial matrix was also applied to an analysis of molecular variance in 
RAPD patterns by the program WINAMOVA 1.55 (Excoffier et al. 1992, Stewart 
& Excoffier 1996). AMOVA was originally developed for RFLP haplotypes, but 
it is also appropriate for RAPD phenotypes (Huff et al. 1993, Palacios et al. 1997). 
AMOVA analyses were based on the pairwise squared euclidian distances among 
molecular phenotypes, which are equal to the number of different band states, 
because band states can only take the values 0 or 1. Since a sum of squares in a 
conventional analysis of variance (ANOVA) can be written as a sum of all 
squared pairwise differences, AMOVA is closely related to ANOVA. It allowed  
the calculation of variance components and their significance levels for variation 
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among groups of populations, among populations within groups and within popu-
lations. Additionally the AMOVA sums of squares divided by n-1 were calculated 
for each population to describe the molecular variance within the populations. 
Because significance tests in AMOVA are based on permutation procedures, they 
are essentially assumption free (Excoffieret al. 1992). The program also extracts 
analogs of F statistics (so-called Φ statistics).  
 
Homogeneity of molecular variance in pairs of populations was tested using Bart-
lett tests (Bartlett 1937), which are also implemented in the WINAMOVA 1.55 
program. Pairwise genetic distances (ΦST) among the 30 populations and their 
levels of significance were also obtained from the AMOVA. These values allow 
the estimation of gene flow as the number of individuals migrating between popu-
lations per generation, using the equation of Wright (1951) (Nem = ¼[1/ΦST-1]), 
where Nem is the product of effective population size and migration rate, and ΦST 
is obtained from the AMOVA. For each analysis, 1,000 permutations were per-
formed to obtain significance levels. To investigate possible differences bet-ween 
the main geographical regions, two different AMOVAs were carried out, in which 
the populations were grouped together not only according to their locations but 
also according to their regions of origin.  
 
A Mantel test was used to determine whether the matrix of mean genetic distances 
(mean ΦST) between the locations was correlated with the matrix of geographic 
distances between the locations or not (Mantel 1967). The Mantel test was con-
ducted with the program TFPGA 1.3 (Miller 1997). 
 

To analyze the influence of population size on the genetic diversity of popula-
tions, it was calculated whether populations size correlated with the level of 
polymorphism, the maximum genetic distance taken from the Jaccard similarity 
coefficient matrix, or the AMOVA sums of squares divided by n-1. 
 
 
 
2.7 ITS analysis  
For ITS analysis individuals of thirteen populations (Eichbühl, Wutachschlucht, 
Brunkenstein 1, Weilerhalde 1, Lochenstein, Lautertal 1, Roßberg 1, Kahlenstein 
1, Finstertal, Karneid 1, Steinegg 1, Zeigergrat, Turda) were selected from all five 
geographic regions (Table 1). The nuclear ITS region, comprising ITS 1, the 
5.8SrDNA, and ITS 2, was amplified by PCR (polymerase chain reaction) using 
the primer pair ITS5-307R (for sequences see Conti et al. 1999). Amplifications 
were performed with the following temperature cycle repeated 35 times: 1 min at 
94°C, 2 min at 45°C and 3 min at 72°C. Amplified products were cleaned using 
the NucleoSpin Extract (Macherey-Nagel, Düren, Germany), following the proto-
cols provided by the manufacturer.  
 
Purified products were then sequenced directly using the ABI PRISM Dye Termi-
nator Cycle Sequencing Ready Reaction Kit (Applied Biosystems, Weiterstadt, 
Germany). For cycle sequencing the primer pair ITS5-307F was used. Unincorpo-
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rated dye terminators were removed using a 3 mol/L sodium acetate and absolute 
alcohol precipitation, as recommended by the manufacturer. Samples were then 
loaded in a 5% polyacrylamide gel on an ABI 373A DNA Sequencer (Applied 
Biosystems, Weiterstadt, Germany). Sequencing data were edited and assembled 
using the program Sequencher 3.1.1 (GeneCodes Corporation, Ann Arbor, USA). 
Thirteen sequences of Saxifraga paniculata were compared and aligned by visual 
inspection using the same program. To find the optimal model of sequence evolu-
tion, the program Modeltest 3.04 (Posada 2000) was used. The sequence matrix 
was finally used to construct an UPGMA dendrogram with the program PAUP 
4.0b5 (Swofford 2001).  
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3 Results 
 
3.1 RAPD banding 
Five samples were randomly selected from the thirty populations of Saxifraga 
paniculata and subjected to RAPD analysis with 75 decamer random primers. 
Amplification products were obtained with all individuals and primers from which 
fifteen were selected giving rise to clear reproducible and distinct banding pat-
terns.  
In total 319 reproducible fragments were amplified with a varying number per 
primer i.e. B06 produced 30 scorable bands, while primer I16 only amplified 12 
fragments (Table 3). The size of the amplified fragments ranged from 336 to 
3,687 bp. The fifteen primers produced between 61.5 % and 100 % polymorphic 
bands. In total 91.2 % of the bands were polymorphic, only 8.8 % were scored in 
all individuals from all populations. Reflecting this high level of polymorphism, 
the investigated populations represented 126 different RAPD phenotypes, while 
only two plants showed the same banding pattern.  
 
 
 
Table 3: Primers employed with the number of RAPD markers obtained, their sequence, 
the size of the fragments, and the percentage of polymorphic markers (P) for each primer. 
 
 
Primer Sequence (5´→3´) [CG] 

% 
Size (bp)  
Min-max 

Polymorphic  
Bands 

Monomorphic 
Bands 

Total P (%)

        
B01 - GTT TCG CTC C - 60 563 – 2109 22 1 23 95,7 
B06 - TGC TCT GCC C - 70 762 – 3240 26 4 30 86,7 
B07 - GGT GAC GCA G - 70 507 – 2866 26 0 26 100 
B11 - GTA GAC CCG T - 60 460 – 2125 24 0 24 100 
B12 - CCT TGA CGC A - 60 336 – 1954 24 1 25 96 
B18 - CCA CAG CAG T - 60 564 – 3810 16 3 19 84,2 
D03 - GTC GCC GTC A - 70 486 – 2161 21 2 23 91,3 
D08 - GTG TGC CCC A - 70 404 – 1893 18 2 20 90 
D11 - AGC GCC ATT G - 60 567 – 2772 27 1 28 96,4 
D18 - GAG AGC CAA C - 60 381 – 1486 22 1 23 95,7 
I02 - GGA GGA GAG G - 70 561 – 3189 17 2 19 89,5 
I03 - CAG AAG CCC A - 60 459 – 1843 8 5 13 61,5 
I04 - CCG CCT AGT C - 70 967 – 3731 12 2 14 85,7 
I11 - ACA TGC CGT G - 60 357 – 3687 18 2 20 90 
I16 - TCT CCG CCC T - 70 463 - 2137 10 2 12 83,3 
        
        
Total   336 – 3687  291 28 319 91,2 

 
 
 
 
3.2 AMOVA analysis and variance partitioning 
When the 30 populations were arranged in 17 groups according to their locations 
(Table 1 and 4), 43.60 % molecular variance was found within the populations, 
followed by 40.95 % variation among the locations and only 15.45 % among the 
populations within the different locations.  
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The variation in RAPD banding patterns among populations, among populations 
within locations and within populations was highly significant (AMOVA 
P<0.001). The correlation of RAPD phenotypes within locations relative to the 
correlation of random pairs drawn from the whole sample (ΦST) was 0.56, the 
correlation among random phenotypes within populations relative to the correla-
tion of random pairs drawn from the whole sample (ΦCT) was 0.40, and the corre-
lation of random phenotypes within locations, relative to that of random pairs 
drawn from the population (ΦSC), was 0.26. 
Different results were obtained when the populations were arranged in five groups 
corresponding to their region of origin. In this case, only 28.3 % variation was 
found among regions, while 39.1 % variation was observed within populations 
and 32.6 % variance was found among the different populations within the re-
gions (Table 4). In this analysis the variation in RAPD banding pattern was also 
highly significant (AMOVA P<0.001). ΦST was 0.60, while ΦCT and ΦSC were 
0.28 and 0.45, respectively. 
The AMOVA calculation of molecular variance was carried out for only 28 of the 
30 populations of S. paniculata, because the populations number 10 and 11 were 
monomorphic. Molecular variance was significantly different among the 28 popu-
lations (P<0.001). Of the 378 pairwise Bartlett tests of homogeneity of population 
variation 370 tests showed highly significant differences between the populations 
(Table A1, appendix). Only eight tests were not significant. 
 
 
 
Table 4: Summary of analysis of molecular variance (AMOVA). Plants represented 30 
populations of Saxifraga paniculata that were growing at 17 locations in five regions (see 
Table 1). The analysis was based on RAPD phenotypes consisting of 319 band states. 
Levels of significance were based on 1,000 iteration steps. (SS: sum of squares, MS: 
mean squares, %: apportionment of genetic variability, P: level of significance). 
 
 
Level of variation SS MS % P 
     
Populations grouped together in 17 locations:     
Among locations 1967.730 131.182 40.95 <0.001 
Among populations within locations 386.379 32.198 15.45 <0.001 
Within populations 1306.250 13.063 43.60 <0.001 
     
     
Populations grouped together in 5 regions:     
Among regions 971.832 242.958 28.30 <0.001 
Among populations within regions 1465.520 58.621 32.60 <0.001 
Within populations 1306.250 12.933 39.10 <0.001 

 
 
 
3.3 Genetic distances (ΦST) and geneflow among populations  
411 of the 435 pairwise genetic distances (ΦST) between populations were highly 
significant (Table A2, appendix). Only two had levels of marginal significance 
(P<0.05). Maximum ΦST (varying between 1 and 0) was 0.96, found between the 
southwest German population Kahlenstein 1 and the Romanian population Turda. 
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Minimum ΦST was only 0.01, which was observed between the populations 
Karneid 1 and Karneid 3 in the southern Alps.  
From the genetic distances (ΦST) the geneflow was calculated as the number of 
individuals migrating between populations per generation (Table A3, appendix), 
using the equation of Wright (1951). Mean geneflow between populations was 
0.36, which means that less than one individual per generation is migrating bet-
ween the populations. The geneflow was also calculated among and within the 
different localities and found to give very low levels of migration among the lo-
calities (0.26) but a considerably higher geneflow between the populations within 
the same localities (2.86).  
The mean genetic distance (ΦST) and the geographic distance between the differ-
ent growing locations were determined to investigate the connection between 
geographic distance and genetic distance. The result clearly shows: geographic 
distance did explain the genetic distance among locations. The matrix of 136 
pairwise genetic distances (ΦST) among the 17 locations of S. paniculata was 
highly significantly correlated with the corresponding matrix of geographic dis-
tances. The calculated Mantel test shows a correlation coefficient of  r = 0.63 and 
a significance of p<0.001 (Figure 3). Maximum values of mean genetic distance 
(ΦST) can be found between the central European locations and the Romanian 
location Turda, which is geographically most distant to all other locations. 
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Figure 3: The calculated Mantel test showed the correlation between the mean genetic 
distances (ΦST) and the geographic distances among the 17 locations of Saxifraga panicu-
lata in central Europe, the Alps and Romania. 
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3.4 Genetic diversity within relict populations 
The 30 populations of S. paniculata showed varying levels of polymorphism. The 
southwest German populations Kahlenstein 1 and 2 were populations of a very 
small size (one and two individuals) and no polymorphisms. Levels of polymor-
phism and genetic distances among individuals therefore could not be calculated 
for these populations. In the other populations the levels of polymorphism ranged 
from 4.2 % in the Turda population to 53.7 % in the Lochenstein population.  
The genetic distances between all investigated individuals within the populations 
were taken from the Jaccard’s similarity coefficient matrix, also showing very 
different values (Table 5). Minimum and maximum genetic distance within popu-
lations ranged from 0 % and 4.1 %, respectively, in the Turda population, to 23.2 
% and 30.8 %, respectively in the Steinegg 1 population. The mean genetic dis-
tance varied between 2.8 % in the Turda population and 25.0 % in the Steinegg 1 
population. The sums of euclidian squares/n-1, taken from the AMOVA analysis, 
can also be used as a measurement of genetic diversity and ranged from 6.2 in the 
Lautertal 1 population to 18.5 in the Gerberhöhle population. The lowest levels of 
polymorphism and genetic distances were, therefore, determined for the Roma-
nian Turda population and the highest for the alpine Steinegg 1 population. 
 
Table 5: Percentage of polymorphic bands and genetic distances within all investigated 
populations of Saxifraga paniculata. 
 
Nr Population Polymorphic 

bands (%) 
Min Genetic 
Distance 
Jaccard (%) 

Max Genetic 
Distance 
Jaccard (%) 

Mean Genetic 
Distance  
Jaccard (%) 

Sums of  
euclidian  
squares/n-1 

       
1 Brunkenstein 1 37.7 06.6 21.0 15.2 17.1 
2 Brunkenstein 2 23.9 10.5 18.8 14.7 10.0 
3 Brunkenstein 3 18.1 08.3 14.9 11.1 07.4 
4 Eichbühl 37.5 19.6 26.7 22.2 17.3 
5 Gerberhöhle 38.2 20.5 26.6 23.7 18.5 
6 Finstertal 36.1 19.3 26.4 22.2 17.9 
7 Altstadtfels 37.2 13.7 24.8 21.5 16.8 
8 Hausen 1 11.9 00.0 11.9 07.9 10.3 
9 Hausen 2 13.0 12.9 12.9 06.5 08.5 

12 Roßberg 1 28.5 12.2 18.1 15.7 11.3 
13 Roßberg 2 37.7 17.5 27.7 22.4 17.3 
14 Roßberg 3 37.7 19.0 25.7 22.5 17.2 
15 Lautertal 1 15.9 01.5 12.7 08.7 06.2 
16 Lautertal 2 22.5 09.9 15.8 12.0 08.6 
17 Lautertal 3 22.5 05.8 16.4 12.9 09.3 
18 Lautertal 4 18.3 01.4 14.9 10.1 07.7 
19 Weilerhalde 1 25.5 09.7 20.9 15.0 11.0 
20 Weilerhalde 2 27.2 14.0 19.4 16.9 12.2 
21 Lochenstein  53.7 10.8 30.6 23.4 17.8 
22 Wutachschlucht 40.0 12.2 21.9 17.0 12.8 
23 Zeigergrat 27.7 12.8 21.2 15.9 11.8 
24 Seealpe 29.9 14.1 22.8 17.4 13.0 
25 Karneid 1 40.6 22.6 25.3 24.4 17.8 
26 Karneid 2 26.0 02.3 21.5 15.9 11.4 
27 Karneid 3 39.8 20.7 27.9 24.1 17.6 
28 Steinegg 1 41.5 23.2 30.8 25.0 18.3 
29 Steinegg 2 33.3 18.0 22.4 20.9 15.1 
30 Turda 04.2 00.0 04.1 02.7 17.6 
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3.5 Genetic diversity within populations from different geographic regions  
To compare the three main geographic regions (west Germany, southwest Ger-
many and the Alps) of the investigated S. paniculata populations, the mean levels 
of polymorphism and mean genetic distances were calculated (Table 6). The mean 
percentage of polymorphic bands ranged from 26.6 % in west Germany to 29.6 % 
in southwest Germany and 34.1 % in the Alps. The minimum genetic distance 
varied from 8.5 % in west Germany to 11.8 % in southwest Germany and 16.2 % 
in the Alps. Maximum genetic distance showed values between 18.2 % in west 
Germany, 21.2 % in southwest Germany and 24.5 % in the Alps. The mean ge-
netic distance ranged from 13.7 % in west Germany to 16.5 % in southwest Ger-
many and 20.5 % in the Alps. The sums of euclidian squares/n-1 varied between 
11.5 in west Germany, to 13 in southwest Germany and 15 in the Alps. The low-
est levels of polymorphism and genetic distances were, therefore, determined for 
west Germany and the highest for the Alps. 
 
 
 
Table 6: Genetic variation within the populations of Saxifraga paniculata in west Ger-
many, southwest Germany and the Alps. For each geographic region mean percentage of 
polymorphic bands and mean genetic distances were calculated.   
 
 
Region West Germany Southwest Germany Alps 
    
Polymorphic bands (%) 26.6 29.6 34.1 
Jaccard-Distance  Min (%) 08.5 11.8 16.2 
Jaccard-Distance Max (%) 18.2 21.2 24.5 
Jaccard-Distance Mean (%) 13.7 16.5 20.5 
Sums of euclidian squares/n-1 11.5 13.0 15.0 

 
 
 
3.6 Molecular variance and population size 
The S. paniculata population sizes ranged from a very large number of plants 
(400) to just one individual (Table 1). The level of polymorphism correlated 
highly significantly with the population size (Spearman’s rank-correlation coeffi-
cient rs= 0.67, P<0.001, Figure 4a). A significant correlation was also observed 
between population size and maximum genetic distance, taken from the Jaccard’s 
similarity index matrix (rs=0.59, P<0.005, Figure 4b). The sums of euclidian 
squares/n-1, which also can be used for the measuremant of genetic diversity 
within populations, were only marginally significantly correlated with the popula-
tion size (rs=0.59, P<0.05, Figure 4c). 
The results of the correlation analysis clearly show that smaller populations har-
bour lower levels of genetic diversity than larger populations. 
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Figure 4a: Correlation between population size and the percentage of polymorphic bands 
per population, calculated for Saxifraga paniculata. 
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Figure 4b: Correlation between population size and the maximum genetic distance 
within every population, calculated for Saxifraga paniculata. 
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Figure 4c: Correlation between population size and the genetic diversity (sums of euclid-
ian squares/n-1) per population, calculated for Saxifraga paniculata. 
 
 
 
3.7 Population clustering  
An unrooted and bootstrapped UPGMA dendrogram based on 319 RAPD markers 
clustered the 131 individuals within distinct groups according to their origin from 
different geographical regions (Figure 5). The dendrogram showed four major 
geographical groups with high reliability (bootstrap values higher than 50 %). 
One group comprised the single population from Romania. Another two groups 
consisted of five populations from the southern Alps and two populations from the 
northern Alps. The most extensive cluster is formed by all glacial relict popula-
tions from southwest and west Germany. The bootstrap values of the four major 
groups ranged from 100 % (Romania) and 99 % (southern Alps) to 74 % (north-
ern Alps) and 59 % (west and southwest Germany).  
Except from two locations in the southern Alps (Steinegg and Karneid) and two 
locations in southwest Germany (Eichbühl and Gerberhöhle), in all four clusters 
the locations formed very well defined groups. They could be distinguished from 
each other and had high bootstrap values, which means that the clusters have high 
levels of reliability.  
All individuals of a population were grouped together in 21 of the 30 investigated 
populations. In the south alpine cluster the populations from the locations 
Steinegg and Karneid could not be separated clearly from each other. The popula-
tions 2 and 3 of Lautertal and the populations 2 and 3 of Roßberg could also not 
be clearly distinguished from each other in the cluster which consisted out of the 
individuals from west and southwest Germany.  
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Figure 5: Bootstrapped cluster analysis (UPGMA) of 131 plants of Saxifraga paniculata 
using 319 RAPD markers, based on the Jaccard‘s similarity coefficient matrix. Numbers 
at the nodes indicate the probability of the branch when the bootstrap analysis was calcu-
lated with 1,000 iterations. Population abbreviations follow Table 1 (WG = west Ger-
many, SW = southwest Germany, NA = northern Alps, SA = southern Alps, R = Roma-
nia). 
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Within the cluster which consists of the relict populations from west and south-
west Germany the locations were not grouped together according to their geo-
graphical origin. Although the population Wutachschlucht grew in the Black For-
est, the individuals were not seperated from the other southwest German popula-
tions, which were sampled on the Swabian Alb. The populations were located in 
different mountain regions, but these regions did not form separate clusters in this 
investigation. Nevertheless, the cluster analysis clearly illustrated the geographical 
differentiation of Saxifraga paniculata. 
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Figure 6: Bootstrapped cluster analysis (UPGMA) of 32 plants from three populations of 
Saxifraga paniculata using 319 RAPD markers, based on the Jaccard‘s similarity coeffi-
cient matrix. The plants were sampled on the left side (L), in the middle (M) or on the 
right side (R) of the population. Numbers at the nodes indicate the probability of the 
branch when the bootstrap analysis was calculated with 1,000 iterations. Population ab-
breviations follow Table  1. 
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3.8 Subpopulation clustering 
To test if a subpopulation structure existed within populations individual plants of 
Saxifraga paniculata were sampled on the left side, in the middle and on the right 
side of the populations Brunkenstein 1, Wutachschlucht and Lochenstein. The 
unrooted and bootstrapped UPGMA dendrogram based on 319 RAPD markers 
showed the clear separation of the three populations. The individuals within the 
populations, however, did not form groups corresponding to their origin from the 
left, the middle, or the right side of the population (Figure 6). 
 
 
 
3.9 Genetic diversity among nearest neighbour plants  
Individuals of S. paniculata form cushions due to their clonal growth. In some of 
the investigated populations the plants formed large mats, which occasionally 
covered several square meters. To test whether mats represented a clone or differ-
ent individuals, which became neighbours upon clonal growth, material was col-
lected from ten rosettes in a two square meter mat at Lochenstein and from five 
rosettes in a one square meter mat at Hausen 2.  
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Figure 7: Bootstrapped cluster analysis (UPGMA) of 15 samples from two mats of the 
Saxifraga paniculata populations Lochenstein and Hausen 2, based on the Jaccard‘s simi-
larity coefficient matrix. For cluster analysis 152 RAPD markers were used. Numbers at 
the nodes indicate the probability of the branch when the bootstrap analysis was calcu-
lated with 1,000 iterations. Population abbreviations follow Table 1. 
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A total of 131 amplified fragments were obtained using plants from Lochenstein 
and 108 fragments from Hausen plants. The levels of polymorphism ranged from 
17.5 % in Lochenstein to 11.5 % in Hausen 2. The maximum and minimum ge-
netic distance, taken from the Jaccard’s similarity index matrix, varied from 12.6 
% and 0 %, respectively, at Lochenstein to 11.7 % and 0.9 %, respectively, at 
Hausen 2. The mean genetic distance between individuals from the same mat was 
7.1 %. The unrooted and bootstrapped UPGMA dendrogram based on 152 RAPD 
markers (Figure 7), which grouped the samples according to their origin, indicated 
that the populations were well defined. All individuals showed different banding 
patterns. Thus ten different genotypes could be identified at Lochenstein, while 
five were obtained at Hausen 2. 
 
 
 
3.10 ITS analysis  
The sequencing of the internal transcribed spacers obtained 585 base positions of 
which 14 were variable (2.4 %). Except for one population, all investigated plants 
from the southwest and west German populations had identical ITS sequences.  
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Figure 8: Cluster analysis (UPGMA) based on thirteen ITS sequences of Saxifraga pani-
culata. Individuals from thirteen populations were investigated in all five geographical 
regions (CE = central Europe, A = northern and southern Alps, R = Romania). Population 
abbreviations follow Table 1. 
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Only the Finstertal population showed one base substitution. One substitution was 
also observed in the alpine populations Karneid 1, Steinegg 1, and Zeigergrat. 
Most base substitutions were found in the Romanian population Turda. The indi-
vidual from this population differed in 10 base substitutions from all other inves-
tigated plants.  
The dendrogram (UPGMA), constructed with the ITS sequence data, corroborates 
the distinct geographical clustering, observed in the RAPD analysis (Figure 8). 
ITS clustering showed three main clusters. The first cluster contained all central 
European relict populations from west and southwest Germany, while the second 
cluster was formed by the alpine populations. The third cluster only contained the 
most divergent population from Romania.    

 37



Saxifraga paniculata – Discussion 
 

4 Discussion 
 
4.1 Partitioning of molecular variance within and among populations  
The investigated populations of Saxifraga paniculata showed 41 % molecular 
variation among the locations and 44 % within populations, whereas only 15 % 
variance was found among populations within the same location. The results of 
the analysis, therefore, showed a distinct geographical partitioning of molecular 
variance, which also was impressively illustrated by the cluster analysis of the 
RAPD and ITS data. Both UPGMA dendrograms showed clear geographical clus-
ters of Saxifraga paniculata populations from Romania, from the southern Alps, 
from the northern Alps and from central Germany. Moreover, the mean genetic 
distance correlated significantly the linear geographic distance between the loca-
tions, which suggests, that the locations are isolated and geneflow by insect-
pollination is limited. For this reason, the greatest genetic distances were revealed 
between the geographically most distant populations. The results of this study, 
therefore, are in agreement with Ehrlich & Raven (1969), who observed that al-
ready distances of 15 metres to a few kilometres can effectively isolate two popu-
lations of insect-pollinated plant species. The estimates of Nem corroborated this 
observation. The present study revealed a low level of migration between the iso-
lated locations, which resulted in considerable geographical differentiation. In 
contrast, the populations of the same location were comparatively similar to each 
other. The higher level of geneflow within locations and populations, furthermore, 
prevented the differentiation of subpopulations.  
 
Glacial relicts often show high levels of interpopulational genetic differentiation 
(Demesure et al. 1996, Le Corre et al. 1997, Tremblay & Schoen 1999). Bauert et 
al. (1998) observed strong differentiation among rare relict populations of Saxi-
fraga cernua (Saxifragaceae) in the Alps. Cardoso et al. (1998) investigated relict 
populations of the woody plant Caesalpinia echinata (Caesalpiniaceae) in Brazil, 
which had expanded in distribution during the cold periods of the Quaternary and 
contracted to few sites with the return of the warmer climate, as reported for Saxi-
fraga paniculata in central Europe. Caesalpinia echinata also showed consider-
able differentiation among the rare and isolated populations. Reflecting these facts 
the strong geographical differentiation of Saxifraga paniculata clearly can be at-
tributed to the long-term isolation since the end of the last glaciation. 
 
Empirical data indicate, that the differentiation of isolated populations may re-
quire many thousands of generations. Loveless & Hamrick (1987) found no 
unique alleles between Cirsium canescens (Asteraceae) and its putatively derived 
species C. pitcheri (Asteraceae), although the two are thought to have diverged 
11,000 years ago. Lesica et al. (1988) were unable to detect any genetic variation 
among four populations of the aquatic plant Howellia aquatilis (Campanulaceae) 
and postulated that mutation did not have sufficient time to establish differences 
among the populations in the last 10,000 years.  
Moreover, little differentiation among populations is observed in plants, which 
occupied previously glaciated terrain. Gabrielsen et al. (1997) found 64 % of the 
RAPD variation within populations in an investigation of the arctic-alpine Saxi-
fraga oppositifolia (Saxifragaceae). According to their results, the extant nordic 
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populations were established after glacial retreatment by massive, centripetal im-
migration from genetically variable, periglacial populations. Mosseler et al. 
(1993) observed no genetic differentiation in the conifer Pinus resinosa (Pina-
ceae), which passed through long-term expansion after the last glaciation in North 
America. Niebling & Conkle (1990) also found no interpopulational differentia-
tion in the conifer Pinus washoensis (Pinaceae), although the populations were 
seperated 8,000 years ago. The strong geographical differentiation of Saxifraga 
paniculata, therefore, is an unequivocal indication for the long-term isolation of 
the populations.    
 
The analysis of molecular variance, carried out in the present study revealed ap-
proximately as much variation within populations as among locations. Numerous 
studies provide substantial evidence that putative relict plant populations harbour 
high levels of genetic diversity (Comes & Kadereit 1998). Genetically variable 
populations were reported for many herbaceous, perennial and insect-pollinated 
relict plants. Lutz et al. (2000) determined considerable genetic diversity within 
relict populations of Saxifraga aizoides (Saxifragaceae). Abbott et al. (1995) 
found high levels of diversity in putative high arctic refugials of Saxifraga opposi-
tifolia, whereas Soltis et al. (1997) observed the same in North American refugial 
populations of Tolmiea menziesii (Saxifragaceae) and Tellima grandiflora (Saxi-
fragaceae). Considerable levels of diversity in rare glacial relict populations were, 
furthermore, reported for Biscutella laevigata (Brassicaceae) (Dannemann 2000), 
Arctomecon humilis (Papaveraceae) (Allphin et al. 1998) and the genus Poly-
gonella (Polygonaceae) (Lewis & Crawford 1995). Glacial refugia, therefore,  are 
sanctuaries for allelic richness, although the level of genetic diversity depends on 
the estimator which is used for the assessment of variability (Widmer & Lexer 
2001). It seems to be a typical phenomenon, that plants from glacial refugia show 
high levels of intrapopulational diversity. Reflecting the fact, that historical events 
may have a profound influence on determining and partitioning of the genetic 
diversity in plant species (Parks et al. 1994, Huang et al. 1998) the considerable 
level of diversity within the relict populations strongly supports the assumption 
that Saxifraga paniculata was present in central Europe before the last glaciation 
and presumably even during the warmer interglacials.  
 
The present investigation showed that the north alpine populations had as much 
interpopulational differentiation as the populations in central Europe, whereas 
more intermingling of individuals could be observed in the south alpine popula-
tions. When considering intrapopulational diversity slightly higher values were 
observed in the populations from the Alps. It is, therefore, difficult to decide 
whether the analysed alpine populations are glacial relicts or derived from non-
alpine relict populations after glaciation. Investigations showed, that already dur-
ing the last interglacial period an alpine flora was present in the Alps (Lang 1994). 
This flora was mostly wiped out by the Würm glaciation, but mountain peaks of 
the central Alps and ranges of the northern and southern lower Alps protruded 
through the ice sheet (Hantke 1978, 1980). According to Burga & Perret (1998), 
especially the south alpine mountain ranges played a critical role as nunataks. 
This is demonstrated by the present richness of local endemic plant species in this 
region. Hantke (1978) suggested that some alpine species survived the pleistocene 
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glaciations in the nunataks of the lower Alps and migrated from there to occupy 
their present locations. The alpine populations of Saxifraga paniculata showed an 
inter- and intraspecific diversity which is comparable to the central European 
populations. It is, therefore, carefully supposed that the alpine populations are 
relict populations as well. However, without further investigations it is virtually 
impossible to decide finally whether these populations were glacial relicts or mi-
grated to their locations after glaciation. 
 
 
 
4.2 Levels of genetic diversity within relict populations  
In central Europe Saxifraga paniculata is a rare and endangered plant species. 
Rare or geographically restricted species are usually thought to have low levels of 
genetic variability. Rarity can thus be interpreted as either a cause or a conse-
quence of limited diversity for many rare plant species (Hamrick & Godt 1989, 
Soltis 1992, Frankham 1996, Odasz & Savolainen 1996, Godt et al. 1997). How-
ever, several studies have found high levels of allozyme variability in rare or nar-
row endemic species (Karron 1987, Hamrick & Godt 1989, Lewis & Crawford 
1995). Gitzendanner & Soltis (2000) compared patterns of genetic variation in 
rare and widespread plant congeners and showed, that rare species exhibit signifi-
cantly lower genetic diversity. However, additionally they observed that the ge-
netic diversity of rare species encompasses almost the same range as it is found in 
widespread congeners and that a high degree of correlation exists within a genus 
for all measures of diversity.  
 
For this reason, it is not unexpected to find rare species with a high level of ge-
netic diversity. Although most investigations use allozymes, both low and high 
levels of diversity in rare plant species were detected using RAPDs. Smith & 
Pham (1996) demonstrated high levels of diversity in the narrow endemic Allium 
aaseae (Alliaceae), a perennial and insect-pollinated geophyte, which is only 
found along the Boise Front in North America. Tansley & Brown (2000) found 
strong RAPD variation in the rare and endangered south African shrub Leucaden-
dron elimense (Proteaceae). The small populations of the insect-pollinated and 
perennial woody plant showed higher levels of diversity than ubiquitous species 
of the same genus. Furthermore, Martin et al. (1997) observed strong genetic vari-
ability in the endemic species Erodium paularense (Geraniaceae), a perennial and 
insect-pollinated chamaephyte with woody stems which can be found in central 
Spain.  
 
In contrast, low levels of diversity were reported for Argyroxiphicum sandwicense 
(Asteraceae), a perennial and insect-pollinated plant with rosettes from Hawaii 
(Friar et al. 1996). Glover & Abbott (1995) found nearly no genetic variation in-
the Scotish endemic Primula scotica (Primulaceae), which is only found in the 
north of Scotland and reproduces predominantly by selfing. Low levels of genetic 
variability were, furthermore, reported for the rare, swedish populations of the 
perennial and insect-pollinated Vicia pisiformis (Fabaceae) (Gustafsson & 
Gustafsson 1994).  
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In Saxifraga paniculata, the proportion of polymorphic bands per populations 
ranged from 12 to 54 %. These values were similar to those, found by Martin et 
al. (1997) in the narrow endemic Erodium paularense (44 to 51 %) and Smith & 
Pham (1996) in the rare endemic Allium aaseae (40-63 %). In genetically depau-
perated populations of Argyroxiphicum sandwicense the proportion of polymor-
phic bands only ranged from 12 to 15 %.  
In this investigation, 91.2 % of the RAPD fragments were polymorphic. Bauert et 
al. (1998) were not able to detect any polymorphic band in rare populations of 
Saxifraga cernua, which is presumably due to the strong vegetative propagation 
of this species by bulbils. Brauner et al. (1992) found 24.5 % polymorphic frag-
ments in Lactoris fernandeza (Lactoridaceae), while Morden & Loeffler (1999) 
observed 44 % in Haplostachys haplostachya (Lamiceae). Both species are young 
and rare island endemics, which possibly explains the limited variability. Higher 
levels of polymorphism were, however, observed in more widespread species. 
Chan & Sun (1997) found 69.5 % polymorphic bands in wild species of Amaran-
thus (Amaranthaceae), Gallois et al. (1998) 73.2 % in Fagus sylvatica (Fagaceae) 
and Nebauer et al. (1999) 90.6 % in Digitalis obscura (Scrophulariaceae). Gugerli 
et al. (1999) even found 97.7 % polymorphic bands in widespread populations of 
Saxifraga oppositifolia. Comparing these results, Saxifraga paniculata showed a 
large genetic diversity with a high percentage of polymorphic bands, despite of its 
rarity in central Europe. The analysis of further Saxifraga species would be im-
pressive to test, if a high level of polymorphism is characteristic for this genus.  
 
The level of genetic diversity depends on different historical events and life his-
tory traits to a high degree (Hamrick et al. 1979, Loveless & Hamrick 1984, Ham-
rick & Godt 1989). Apart from the distribution range, factors like population size, 
mating system, clonality and longevity exhibit an enormous influence on the 
genetic variability of plant species, which is discussed in the following.  
 
 
 
4.2.1 Effects of population size  
The population size of S. paniculata ranged from one to 400 individuals, with 
most populations containing 10 to 100 plants. These results are in agreement with 
the investigation of  Ellstrand & Elam (1993), who observed, that most popula-
tions of rare plants contain fewer than 100 individuals. Small populations gener-
ally exhibit lower levels of genetic diversity compared to congeneric species with 
large population sizes (Hamrick & Godt 1989). Causes for this reduction can be 
attributed to the effects of inbreeding, leading to an increase in the number of ho-
mozygotes in the population and genetic drift, producing random changes in allele 
frequencies (Ellstrand & Elam 1993).  
 
Due to habitat destruction by human influence the populations of many plant spe-
cies are broken up into rare, small and isolated subpopulations. Such species are 
considered as „new rare“ species. Numerous studies have demonstrated that small, 
fragmented populations of these plant species tend to have lower levels of genetic 
diversity than large, extensive populations (van Treuren et al. 1991, Prober & 
Brown 1994, Raijmann et al. 1994, Frankham 1996, Godt et al. 1996, Fischer & 
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Matthies 1998, Menges & Dolan 1998). Only in some investigations genetic di-
versity was not correlated with population size (Dolan 1994, Ouborg & van 
Treuren 1994, Greimler & Dobes 2000).  
 
Species with naturally limited distribution, such as Saxifraga paniculata, are con-
sidered as „old rare“ species. The populations of these species were exposed to the 
influence of fragmentation and isolation at least since the end of the last glacia-
tion. As reported for many „new rare“ species, Saxifraga paniculata showed a 
significant correlation between genetic diversity (level of polymorphism, maxi-
mum genetic distance, sums of euclidian squares/n-1) and population size. S. pa-
niculata maintained considerable genetic variation, although the population sizes 
were not very large. Nevertheless, larger populations obviously preserved higher 
genetic diversity than smaller populations, which is presumably due to lower 
levels of inbreeding in larger populations. A comparable pattern was described for 
the glacial relict plant Biscutella laevigata. The level of polymorphism within 
populations of this species was significantly correlated with population size. 
However, despite long-term isolation, even small relict populations maintained 
high levels of diversity (Dannemann 2000).    
 
 
 
4.2.2 Effects of mating system 
The genetic diversity maintained within a population is known to be affected by 
the mating system. Selfing species tend to have lower genetic variation within 
populations, although the differences in genetic diversity between selfing and out-
crossing species at the species level are not statistically significant (Hamrick & 
Godt 1989). However, the genetic structure of populations is more differentiated 
in selfing species than in outcrossing species (Hamrick & Godt 1989). In a study 
of genetic diversity in populations of Plantago, the obligatory outcrossing Plan-
tago lanceolata exhibited a high variation within and moderate differentiation 
between populations. In contrast, the highly selfing P. major showed relatively 
little variation within but pronounced differentiation between populations (Wolff 
et al. 1994). Gabrielsen & Brochmann (1998) observed higher levels of genetic 
diversity in Scandinavian populations of the mainly vegetative propagating Saxi-
fraga cernua compared to the values found by Bauert et al. (1998) in alpine popu-
lations. They explain this finding with a higher degree of sexual reproduction in 
Scandinavia. Reflecting these facts the allogamous mating system of Saxifraga 
paniculata, contributes considerably to the maintenance of genetic diversity. Ap-
proximately as much RAPD variability was found within compared to those 
among populations. On the one hand this is due to the allogamous mating system 
of S. paniculata and on the other hand to the long-term isolation of the popula-
tions.  
 
 
 
4.2.3 Effects of longevity and clonality 
Long living perennials usually show greater variability than shorter-lived species 
(Hamrick & Godt 1989). A long life-span, therefore, seems to contribute to the 
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maintenance of genetic diversity in populations. Ayres & Ryan (1997, 1999) and 
Ranker (1994) emphasize the importance of longevity for the preservation of ge-
netic diversity in populations of the perennial herb Wyethia reticulata (As-
teraceae) and the fern Adenophorus periens (Grammitidaceae). Since very old 
ages were reported for clonal growing plants (Kemperman & Barnes 1976, Ste-
inger et al. 1996), the multiramet, clonal structure of S. paniculata suggests that 
the plant can reach considerable ages. An age-determination by means of annual 
rings could shed light upon the real age of Saxifraga paniculata plants (Dietz & 
Ullmann 1997). However, the presumably long life-span of S. paniculata seems to 
contribute to maintain genetic diversity in the relict populations. This was also 
observed for the relict plant Biscutella laevigata, which has long-term persisting, 
subterranean rhizomes (Dannemann 2000).  
 
Although clonality seems to have a strong influence on the genetic diversity, only 
few studies have revealed low levels of genetic variation in clonal plants (Sharitz 
et al. 1980, Gray et al. 1991, Sydes & Peakall 1998). Intraclonal pollination may 
occur in large angiosperm clones with little clonal intermingling and lead to high 
levels of inbreeding and subsequent inbreeding depression (Luijten et al. 1996). 
However, most investigations of clonal plants reported of high levels of genetic 
variation within populations. In a review on isozyme diversity, Hamrick & Godt 
(1989) found no significant differences between the levels of allelic variation 
within populations of 416 sexual species and 56 species with both sexual and 
asexual reproduction. Ellstrand & Roose (1987) focused on clonal genetic diver-
sity within populations of clonal plants where sexual recruitment seems to be ab-
sent or extremely rare. They found that most vegetatively reproducing species had 
high clonal diversity within populations.  
 
Saxifraga paniculata showed, despite strong clonal propagation, high levels of 
genetic diversity. Clonality, therefore, has no negative influence on the intrapopu-
lational genetic diversity of Saxifraga paniculata. This is in correspondence with 
Dannemann (2000), who observed high levels of genetic diversity within popula-
tions of the clonal growing relict plant Biscutella laevigata.  
A long life-span and mixed reproduction systems, consisting out of sexual and 
asexual reproduction, therefore, seem to be particularly suitable to create high 
levels of genetic diversity. 
 
 
 
4.3 Genetic diversity in central and peripheral populations  
Saxifraga paniculata showed different levels of intrapopulational diversity in the 
Alps compared to central Europe. For example, a mean of 34.1 % polymorphic 
bands was found in the alpine populations, while observing only 29.6 % in south-
west German populations and 26.6 % in the west German populations. These re-
sults were all the more important, since only seven alpine populations showed a 
higher diversity than 19 southwest German populations. Reflecting the present 
geographic range, S. paniculata is mainly distributed in the Alps, while the central 
European populations were peripheral populations near the outer boundary of the 
geographic range. The peripheral populations from central Europe exhibited 
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slightly lower intrapopulational genetic diversity, than the central populations 
from the Alps. These results are in correspondence with Lesica & Allendorf 
(1995), who postulated reduced gene flow (isolation), small population size and 
founder effects in peripheral populations, which all promote genetic drift and re-
sult in reduced genetic variation and increased differentiation. Generally, disjunct 
populations and populations located at the extremes of a species range have fre-
quently lower levels of genetic diversity than more centrally located populations 
(Schwaegerle & Schaal 1979, Yeh & Layton 1979, Shumaker & Babbel 1980, 
Guries & Ledig 1982, Furnier & Adams 1986), as also seen for Saxifraga panicu-
lata.  
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III 
Genetic diversity within and among populations of the 

glacial relict plant Sesleria albicans Kit. ex Schultes (Poaceae)  
from different habitats in central Europe 

 
1 Introduction 
The climatic changes during the pleistocene had an enormous influence on the 
distribution of plants (Comes & Kadereit 1998). Quaternary palaeoecology in 
Europe has revealed range contractions and expansions for many species in the 
wake of deglaciation and glaciation (Hewitt 1996). Sesleria albicans Kit. ex 
Schultes (Poaceae) is an alpine, perennial grass which is widely distributed in the 
Alps but also occurs with isolated populations in the lower mountains of south 
and central Germany (Dixon 1982). The present distribution of Sesleria albicans 
is a result of the climatic warming after the last glaciation. During the glacial pe-
riods Sesleria albicans was distributed widely in the unglaciated lowlands of cen-
tral Europe (Bresinsky 1965, Walter & Straka 1970) which were covered by tun-
dra vegetation (Hantke 1979, 1980). Due to the postglacial return of the forest 
trees, the plant was displaced from most habitats, which were formerly covered by 
glacial tundra. The present outlying lowland populations, therefore, are considered 
to be glacial relicts (Bresinsky 1965, Walter & Straka 1970, Conert 1999).  
 
These populations of S. albicans were subjected to fragmentation and long-term 
isolation since the end of the last glaciation. High levels of interpopulational ge-
netic variation and a distinct geographical clustering among populations could, 
therefore, be expected for Sesleria albicans. Furthermore, numerous studies have 
demonstrated that small, isolated populations of “new rare” species tend to have 
lower levels of genetic diversity than large, extensive populations (van Treuren et 
al. 1991, Raijmann et al. 1994, Prober & Brown 1994, Frankham 1996, Godt et al. 
1996, Fischer & Matthies 1998, Menges & Dolan 1998). However, little is known 
about the genetic diversity within and among populations of glacial relicts in cen-
tral Europe, which are so called “old rare” species (Dannemann 2000, Lutz et al. 
2000). The study presented here, therefore, focuses on the effects of long-term 
isolation on genetic diversity within and among the populations the glacial relict 
plant  Sesleria albicans.  
 
The relict populations of S. albicans are located in very different habitats and 
plant communities. Sesleria albicans colonizes beech forests, as well as naturally 
open habitats such as alpine and lowland rocky ridges, rocky river valley slopes 
and fens, or man-made open habitats like calcareous grasslands. Furthermore, the 
plants grow on different geological materials and under a multitude of climatic 
conditions. The habitats in which the populations of Sesleria albicans are located, 
therefore,  differ to a high degree from each other with regard to ecological factors 
such as nutrients, light and water just as in type and intensity of land use.  
 
Different land use practices are generally thought to make a contribution to the 
genetic differentiation of populations (Poschlod & Jackel 1993, Poschlod et al. 
2000). As demonstrated by many authors, different types of grassland manage-
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ment can result in the development of ecotypic variants (van Tienderen & van der 
Toorn 1991, Briggs & Block 1992, Sweeney & Danneberger 1995, Zopfi 1998). 
Fertilization and defoliation are generally known to cause population differentia-
tion (Snaydon 1987). 
 
Moreover, genetic variation within and among populations is affected by ecologi-
cal factors (Kölliker et al. 1998). Ecotypic development strongly depends on cli-
matic and edaphic conditions (Briggs & Walters 1984, Nevo et al. 1988) and mi-
crogeographic differentiation, caused by these factors, is reported for many spe-
cies (Nevo et al. 1988, Nevo & Beiles 1989, Owuor et al. 1997, Hsao & Lee 
1999). Therefore, differences in ecological conditions can also result in the devel-
opment of ecotypes (Gunter et al. 1996) or biotypes (Colosi & Schaal 1994).  
 
Populations of Sesleria albicans colonizing wet and dry habitats are supposed to 
be separate varieties or ecotypes (Braun-Blanquet 1932, Sebald et al. 1998) and 
Dixon (1982) reported of differences in the length and width of leaves and spikes 
in populations of S. albicans from different habitats. Considering these facts, a 
high degree of genetic variability can be presumed. This study therefore focuses 
on the ecotypic differentiation among the populations of Sesleria albicans, which 
grow in different habitats under variable ecological conditions.  
 
Although habitat protection is normally considered to be of foremost importance 
in the conservation of species, the maintenance of high levels of genetic diversity 
within the species is essential to allow them to respond to the selection pressures 
imposed by pests and disease, and to facilitate adaption to future environmental 
change (Barrett & Kohn 1991, Holsinger & Gottlieb 1991). Data on the genetic 
diversity of plant populations can, therefore, play a significant role in the formula-
tion of appropriate management strategies directed towards the conservation of 
species, besides being advantageous in the understanding of their structure, evolu-
tionary relationships, taxonomy and demography (Milligan et al. 1994). Conse-
quently, the study of population genetics has been identified as one of the main 
priorities for conservation (Holsinger & Gottlieb 1991).  
 
In the past decade, the detection of genetic diversity has been improved by the 
advent of new molecular techniques. Different methods of DNA fingerprinting 
have proved to be useful tools with a wide range of applications in plant popula-
tion genetic studies, such as the detection of genetic variation within and among 
populations, the characterization of clones, the analysis of breeding systems and 
the analysis of ecographical variation (Weising et al. 1995). Random Amplified 
Polymorphic DNA (RAPD) analysis is a PCR-based assay capable of analysing 
genetic relatedness among and within populations (Welsh & McClelland 1990,  
Williams et al. 1990). In addition, the use of the analysis of molecular variance 
technique (AMOVA) (Excoffier et al. 1992) to analyse RAPD marker variation 
has been shown to be effective for population analysis of highly heterozygous, 
outcrossing plant species (Huff et al. 1993, Huff 1997). 
RAPD analysis has been successfully used for plant germplasm characterization 
in a large number of studies (Kump & Javornik 1995, Chan & Sun 1997, Whitkus 
et al. 1998, Ahmad 1999, Fahima et al. 1999, Mengistu et al. 2000). Its utilization 
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in investigations of the genetic diversity of rare or threatened plant species is also 
proven (Rossetto et al. 1995, Smith & Pham 1996, Martin et al. 1997, Palacios & 
Gonzalez-Candelas 1997, Cardoso et al. 1998, Ayres & Ryan 1999, Maki & Horie 
1999, Dannemann 2000, Tansley & Brown 2000). Furthermore, RAPD analysis 
has been successfully used to detect genetic diversity in grass species (Hsao & 
Rieseberg 1994, Gunter et al. 1996, Huff 1997, Mengistu et al. 2000) and to ana-
lyze genetic differentiation among populations from ecologically different habitats 
(Owuor 1997, Huff et al. 1998, Kölliker et al. 1998, Hsao & Lee 1999). 
 
Previous studies of Sesleria albicans mostly centered on systematics (Ujhelyi 
1938, Deyl 1946, Strgar 1966), ecology (Lloyd & Woolhouse 1978, Dixon 1982, 
1996) and phytosociology (Schmidt 2000). Data on the genetic diversity within 
and among populations of Sesleria albicans, however, have not been reported to 
date. In this investigation, therefore, RAPD analysis and AMOVA were used to 
detect the genetic diversity within and among relict populations of Sesleria albi-
cans in different habitats.  
 
The following questions were addressed:  
(1) What is the influence of long-term isolation since the end of the last glaciation 

on partitioning of molecular variance and on levels of genetic diversity?  
(2) Is there a geographic differentiation among the populations? 
(3) Are there different levels of genetic diversity in populations of different size 

and from different regions or habitats?  
(4) Is there a genetic or even ecotypic differentiation among populations from 

different habitats?  
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2 Material and methods 
 
2.1 Species description 
Sesleria albicans Kit. ex Schultes (Poaceae) is a perennial grass with deeply root-
ing rhizomes which form small, persistent cushions of numerous tillers. The 
culms are slender, erect and smooth to the base, arising terminally from certain 
tillers. The leaves are mostly basal, sharply keeled and hairless, with characteristic 
persistent sheaths surrounding the bases of the tillers. They are parallel-sided to 
the tip, which is contracted abruptly to a hooded point. Mature leaves are green to 
glaucus above, dark green beneath and up to six millimeters wide. The culm 
leaves, usually two, are very short and generally less than one centimeter long. 
The glistening panicles are oblong to spherical, spicate and dense, one to three 
centimeters long and three to ten millimeters wide. Usually they are yellowy-
white on the upper part and steely-blue or purplish-green on the lower part (Dixon 
1982, Conert 1999).  
 
The diploid and wind-pollinated Sesleria albicans (2n = 28) usually flowers from 
March to June. The flowers are slightly proteandrous, and self-pollination, there-
fore, is probably of rare occurence. On established plants seed set occurs every 
year, although isolated plants sometimes yield very few seeds (Dixon 1982).  
The species is a chamaephyte with vegetative survival and slow winter growth of 
leaves and developing inflorescences. No specialized propagules are produced for 
vegetative regeneration. Detached tillers, however, could provide an effective 
mean of vegetative propagation.  
 
Sesleria albicans Kit. ex. Schultes and the most closely related species Sesleria 
caerulea (L.) Ard. were formerly regarded as two subspecies in the species Sesle-
ria caerulea (L.) Ard. (as S. caerulea (L.) Ard ssp. calcaria Celak. and S. caeru-
lea (L.) Ard ssp. uliginosa Celak.). However, most authors meanwhile consider 
both taxa as separate species (Deyl 1980, Conert 1999). 
 
Both species are widely distributed. While Sesleria caerulea is found from north-
ern Sweden through Eastern Europe to Bulgaria, Sesleria albicans has a more 
fragmented distribution. It is widely distributed in the Alps, Carpathians and 
Pyrenees, but also occurs in Great Britain and Ireland, in the foothills of the Alps 
in France, Germany and Italy, and with isolated populations in the lower moun-
tains of south and central Germany (Dixon 1982). These outlying lowland popula-
tions are considered to be glacial relicts (Bresinsky 1965, Walter & Straka 1970, 
Conert 1999). Sesleria albicans also occurs in isolated sites in the plains of Po-
land, in the river valleys of northern France and Belgium, in the Sierra Nevada of 
Spain, in Jugoslavia and Albania, and in two localities in Iceland.  
 
Sesleria albicans shows a broad ecological amplitude. It mainly grows on lime-
stone (Conert 1999, Schmidt 2000), but is also reported from serpentine and pho-
nolite (Deyl 1946), slates (Dixon 1982), sandstone (Tüxen 1937) and porphyry 
(Haffner 1962). The plant is located in very different types of habitats such as 
limestone cliffs, pavements, screes, grasslands, heaths and open woodlands 
(Dixon 1982, Oberdorfer 1990, Conert 1999).  
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S. albicans is adapted very well to drought (Lloyd & Woolhouse 1978, Dixon 
1986) but also tolerates moist conditions (Dixon 1996). The grass prefers dry 
habitats, but is also found in fens or seasonally flooded grasslands (Bresinsky 
1965, Dixon 1982). Sesleria albicans colonizes natural habitats such as beech 
forests, rocky ridges, rocky river valley slopes and fens as well as man-made open 
habitats such as calcareous grasslands. The plants which are growing in fens in the 
Alps and the Prealps are supposed to be an own variety (Sesleria caerulea ssp. 
calcaria var. pseudouliginosa) or ecotype (Braun-Blanquet 1932, Sebald et al. 
1998).  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: Habit of Sesleria
albicans Kit. ex Schultes
(taken from Hubbard 1985).
The plant is a perennial grass
which forms small, persistent
cushions of numerous tillers.

 
 
 
 
 
2.2 Study sites 
To investigate the genetic diversity within and among populations of Sesleria al-
bicans from different types of habitats, 25 populations in southwest, west and cen-
tral Germany and in the northern and southern Alps were selected. Plants from six 
different types of habitats like rocky river valley slopes, lowland rocky ridges, 
calcareous grasslands, beech forests, fens and alpine rocky ridges (Table 1) were 
compared.  
From rocky river valley slopes five populations were selected which were located 
in the valleys of the Neckar, Tauber, Nahe, Ahr and Alme. The southwest German 
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populations from lowland rocky ridges, calcareous grasslands and beechforests 
were located on the Swabian Alb, whereas the west German populations from 
calcareous grasslands and beechforests grew in the Eifel. The populations of 
Sesleria albicans which grew in fens were located in the south German Prealps. 
The alpine rocky ridge populations were sampled on the Nebelhorn near 
Oberstdorf and in the valley of Eggen near Bozen in South Tyrol.  
To investigate the relationship between Sesleria albicans and the closely related 
Sesleria caerulea additionally one population of Sesleria caerulea from Öland in 
Sweden was analysed. 
 
 
 
2.3 Plant material and sampling conditions 
In spring and summer of 1999 seed material was collected in situ from all selected 
populations. Seeds all across the population from at least twenty different plants 
were sampled. Two populations were considered as separate when they were at 
least 70 m apart from each other. After sampling the seeds population size was 
estimated (in square meters covered by Sesleria albicans) and associated plant 
species were reported to describe the plant communities in which Sesleria albi-
cans grew. Seed material was used to cultivate plants from each population in a 
common garden. After germination, ten individuals per population were planted in 
small pots with common garden soil and cultivated for one year. In spring of 2000 
ten young leaves from four plants per populations were sampled and stored at –
35°C in the laboratory.  
 
 
 
2.4 Population size and plant communities   
In 1999 the size of the investigated Sesleria albicans populations ranged from 
four to 20000 square meters (Table 1). However, most of the investigated popula-
tions had 60 to 1000 square meters extent. Six of 22 populations were smaller 
than 60 square meters and the same number of populations was larger than 1000 
square meters.  
Sesleria albicans showed a broad ecological amplitude and the plants, therefore, 
grew in their habitats in very different plant communities (Table 2). Although 
most populations were located on limestone, plants which were growing on slate 
and porphyry also were observed.  
 
The populations of Sesleria albicans which were located on rocky river valley 
slopes in the valley of the Nahe and the Ahr grew in a glacial relict association 
called Genista pilosa-Sesleria varia association, whereas the population from the 
valley of the Mühlenbach in central Germany was part of the Asplenietum tricho-
mano-ruta murariae and the populations from the southwest German valley of the 
Neckar and the Tauber grew in the Teucrio-Seslerietum.  
 
The lowland rocky ridge populations from southwest Germany were located in a 
plant community called Bromo-Seslerietum. In contrast the Sesleria albicans 
populations from the west German calcareous grasslands were living in the 
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Gentiano-Koelerietum seslerietosum, while the southwest German populations 
colonized the Koelerio-Seslerietum.  
 
The west German beech forest populations grew in the Hordelymo-Fagetum 
seslerietosum, whereas the southwest German populations colonized the Carici-
Fagetum seslerietosum.  
 
The populations of S. albicans which were located in the prealpine fens colonized 
the Caricetum davallianae and the Primulo-Schoenetum, while the populations 
from the northern and southern Alps were growing in the Seslerio-Caricetum 
sempervirentis and the Valeriano-Seslerietum albicantis. 
 
 
 
 
Table 2: Plant communities in which the investigated populations of Sesleria albicans 
were located, with description of characteristic species, habitat, and geographic region. 
 
 
Plant community Characteristic species Habitat Region 
    
    
Asplenietum trichomano-
ruta murariae 

Asplenium trichomanes, Asplenium ruta-
muraria, Mycelis muralis 

Rocky river valley 
slope  

Central 
Germany 

    
Genista pilosa-Sesleria 
varia association 

Genista pilosa, Teucrium scorodonia, 
Deschampsia flexuosa 

Rocky river valley 
slope 

West 
Germany 

    
Teucrio-Seslerietum Anthericum ramosum, Teucrium 

chamaedrys, Euphorbia cyparissias 
Rocky river valley 
slope 

Southwest 
Germany 

    
Bromo-Seslerietum Globularia punctata, Teucrium monta-

num, Thymus froelichianus 
Lowland rocky ridge Southwest 

Germany 
    
Koelerio-Seslerietum Gentianella ciliata, Cirsium acaule, 

Bromus erectus, Koeleria pyramidata 
Limestone Grassland Southwest 

Germany 
    
Gentiano-Koelerietum 
seslerietosum 

Gentianella germanica, Cirsium acaule, 
Bromus erectus, Koeleria pyramidata  

Limestone Grassland West 
Germany 

    
Carici-Fagetum 
seslerietosum 

Carex digitata, Carex montana, 
Vincetoxicum hirundinaria 

Beech Forest Southwest 
Germany 

    
Hordelymo-Fagetum 
seslerietosum 

Sorbus torminalis, Viburnum lantana,  
Euonymus europaeus 

Beech Forest West 
Germany 

    
Caricetum davallianae Carex davalliana, Carex panicea, Crepis 

paludosa, Pinguicula vulgaris 
Fen Southwest 

Germany 
    
Primulo-Schoenetum Schoenus ferrugineus, Primula farinosa, 

Tofieldia calyculata 
Fen Southwest 

Germany 
    
Seslerio-Caricetum 
sempervirentis 

Gentiana clusii, Carex sempervirens, 
Festuca pulchella 

Alpine rocky ridge Northern 
Alps 

    
Valeriano-Seslerietum 
albicantis 

Valeriana tripteris, Calamagrostis varia Alpine rocky ridge Southern 
Alps 
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2.5 DNA isolation 
The DNA was isolated from frozen plant material of individual plants using the 
CTAB (cetyltriammonium bromide) method (Rogers & Bendich 1988) adapted as 
follows: Approximately 40-60 mg leaf material was ground in liquid nitrogen in a 
1.5 mL Eppendorf tube followed by addition of 700 µL extraction buffer (100 
mM Tris HCl, pH 9.5; 20 mM EDTA, pH 8.0; 1.4 M NaCl; 1% PEG; 2% CTAB; 
2.5 µL/mL β-mercapto ethanol). Incubation was at 74°C for 30 min shaking every 
5-10 min. Subsequently the mixture was extracted twice with an equal volume of 
chloroform/isoamylalcohol (24:1), and centrifuged at 15,000g at 4°C for 10 min. 
Adding an equal volume of isopropanol (5°C), the DNA was precipitated and pel-
leted by centrifugation at 20,000g at 4°C for 15 min. The DNA was washed with 
70 % cold ethanol (4°C) for 5 min and air-dried for 15-30 min. The DNA was 
resuspended in 200 µL TE buffer (10 mM Tris-HCl, pH 8.0; 1mM EDTA, pH 
8.0). The concentration was estimated spectrophotometrically (Uvikon 930, Kon-
tron Instruments, Germany) at 260 nm, and the purity measured by the ratio of the 
absorbances at 260 nm and 280 nm. For PCR only template DNA was used with a 
purity of 1.8-2.1 in a dilution of 15 ng/µL. 
 
 
 
2.6 RAPD analysis 
 
2.6.1 DNA amplification 
For DNA amplification the polymerase chain reaction (PCR) was used with arbi-
trary 10-mer oligonucleotide primers (Roth, Karlsruhe, Germany) for RAPD am-
plification (Williams et al. 1990). All primers employed in this study were random 
sequence primers (Table 3) with G+C contents of up to 70 %. A total of 75 prim-
ers were initially screened for amplification on S. albicans.  
 
In a final volume of 15 µL amplification mixtures contained 10 mM Tris-HCl (pH 
9.5), 1.5 mM MgCl2, 50 mM KCl, 200 mM dNTP, 0.3 µM primer, 1 U Taq poly-
merase (Pharmacia, Freiburg, Germany) and 30 ng of genomic DNA. The mixture 
was overlaid with two drops of mineral oil. The polymerase chain reaction (PCR) 
was run in a thermal cycler (Autogene, Grant Instruments, Cambridge, UK). The 
thermal cycling program started with denaturation for 120 s at 94°C, followed by 
35 cycles of 12 s denaturation at 94°C, 48 s annealing at 36°C and 90 s extension 
at 72°C. A final extension at 72°C for 10 min concluded the DNA amplification. 
PCR products were kept at 4°C until they were loaded.  
 
The amplificated products were separated on 1.5 % agarose gels in 1×TBE (Tris-
borate-EDTA) buffer (Sambrook et al. 1989) at 180 V for 1.5 h, using a 100 base-
pair-ladder as a fragment size marker (Roth, Karlsruhe, Germany) and visualized 
by ethidium bromide staining. Each sample was repeated at least once in a sepa-
rate amplification reaction. 
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2.6.2 Data scoring 
For data scoring, the banding patterns were recorded using a trans-illuminating gel 
documentation system (Gel Print 2000i, BioPhotonics Corporation, Ann Arbor, 
USA). The image profiles and molecular weight of each band were determined by 
the program RFLPSCAN (Scanalytics CSPI Inc., Billerica, USA). Pictures were 
examined for strong, clearly defined bands, reproducible in duplicate amplifica-
tions. Each band was scored across all individuals as either present or absent. 
When individuals did not give clear, easily scored signals, all bands of this frag-
ment size were excluded from the analysis.  
 
In the data matrix, the presence of a band was scored as 1, whereas the absence of 
the band was coded as 0. The basic data structure finally consisted of a binomial 
(0,1) matrix of 104 rows, representing the investigated individuals and 344 col-
umns, representing the scored RAPD markers. Since RAPD markers are domi-
nant, it was assumed that each band represented the phenotype at a single bi-
allelic locus (Williams et al. 1990). 
 
 
 
2.6.3 Statistical analysis 
The binomial matrix was used to calculate the level of polymorphism (percentage 
of polymorphic bands) for each population and to compute similarities between 
individuals of S. albicans using the Jaccard’s similarity coefficient, calculated as J 
= a/(n-d), where a is the number of positive matches (i.e. the presence of a band 
in both samples), d is the number of negative matches (i.e. the absence of a band 
in both samples), and n is the total sample size including both the numbers of 
matches and „unmatches“. The genetic distances were calculated as GD = 1-J 
using the data from the Jaccard’s similarity coefficient matrix. The minimum, 
maximum and mean genetic distance between the individuals for each population 
were compared in order to describe the molecular variance within the populations.  
 
The genetic relatedness among species was obtained by clustering. Dendrograms 
were generated from the similarity coefficient matrix using the unweighted pair 
group method (UPGMA) as described by Sneath & Sokal (1973). The calculation 
of the Jaccard’s similarity coefficient matrix and the generation of the boot-
strapped dendrograms was done with the program TREECON 1.3b (van de Peer 
& de Wachter 1994).  
 
The binomial matrix was also applied to an analysis of molecular variance in 
RAPD patterns by the program WINAMOVA 1.55 (Excoffier et al. 1992, Stewart 
& Excoffier 1996). AMOVA was originally developed for RFLP haplotypes, but 
it is also appropriate for RAPD phenotypes (Huff et al., 1993, Palacios & Gon-
zalez-Candelas 1997). AMOVA analyses were based on the pairwise squared 
euclidian distances among molecular phenotypes, which are equal to the number 
of different band states, because band states can only take the values 0 or 1. Since 
a sum of squares in a conventional analysis of variance (ANOVA) can be written 
as a sum of all squared pairwise differences, AMOVA is closely related to 
ANOVA. It allowed the calculation of variance components and their significance 
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levels for variation among groups of populations, among populations within 
groups and within populations.  
 
Additionally the AMOVA sums of squares divided by n-1 were calculated for 
each population to describe the molecular variance within the populations. Be-
cause significance tests in AMOVA are based on permutation procedures, they are 
essentially assumption free (Excoffieret al. 1992). The program also extracts ana-
logs of F statistics (so-called Φ statistics).  
 
Homogeneity of molecular variance in pairs of populations was tested using Bart-
lett tests (Bartlett 1937), which are also implemented in the WINAMOVA 1.55 
program. Pairwise genetic distances (ΦST) among the 30 populations and their 
levels of significance were also obtained from the AMOVA. These values allow 
the estimation of gene flow as the number of individuals migrating between popu-
lations per generation, using the equation of Wright (1951) (Nem = ¼[1/ΦST-1]), 
where Nem is the product of effective population size and migration rate, and ΦST 
is obtained from the AMOVA. For each analysis, 1,000 permutations were per-
formed to obtain significance levels. To investigate possible differences between 
the habitats and geographical regions, several AMOVAs were carried out in 
which the populations were grouped together according to their habitats and re-
gions of origin.  
 
A Mantel test was used to determine whether the matrix of mean genetic distances 
(mean ΦST) between the locations was correlated with the matrix of geographic 
distances between the locations or not (Mantel 1967). The Mantel test was con-
ducted with the program TFPGA 1.3 (Miller 1997). 
 
To analyze the influence of the population size on the genetic diversity of popula-
tions, it was calculated whether population size correlated with the level of poly-
morphism, the minimum, maximum and mean genetic distance taken from the 
Jaccard similarity coefficient matrix or the AMOVA sums of squares divided by 
n-1. 
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3 Results 
 
3.1 RAPD banding   
Five samples were randomly selected from the 25 populations of Sesleria albicans 
and subjected to RAPD analysis with 75 decamer random primers. Amplification 
products were obtained with all individuals and primers from which fifteen were 
selected, giving rise to clear reproducible and distinct banding patterns. In total 
344 reproducible fragments were amplified with a varying number per primer. For 
example, primer I01 produced 35 scorable bands, while primer I15 only amplified 
11 fragments (Table 3).  
The size of the amplified fragments ranged from 210 to 4,123 bp. The fifteen 
primers produced between 90.1 % and 100 % polymorphic bands. In total 95.9 % 
of the bands were polymorphic, only 4.1 % were scored in all individuals from all 
populations. Reflecting this high level of polymorphism, all investigated individu-
als showed their own RAPD phenotypes.   
 
 
 
Table 3: Primers employed with the number of RAPD markers obtained, their sequence, 
the size of the fragments, and the percentage of polymorphic markers (P) for each primer. 
 
 
Primer Sequence (5´→3´) [CG] 

% 
Size (bp)  
min-max 

Polymorphic 
Bands 

Monomorphic 
Bands 

Total P 
(%) 

       
P1 - CGG TCA CTG T - 60 617 – 2130 20 2 22 90.9
P7 - CAG TCC GAG C - 70 467 – 2000 19 0 19 100.0
B01 - GTT TCG CTC C - 60 487 – 2596 23 1 24 95.8
B07 - GGT GAC GCA G - 70 587 – 2312 22 2 24 91.7
B11 - GTA GAC CCG T - 60 650 – 2483 29 0 29 100.0
B18 - CCA CAG CAG T - 60 210 – 4123 26 0 26 100.0
D11 - AGC GCC ATT G - 60 624 – 2572 22 2 24 91.7
D12 - CAC CGT ATC C - 60 512 – 2500 21 0 21 100.0
I01 - ACC TGG ACA C - 60 441 – 2170 34 1 35 97.1
I04 - CCG CCT AGT C - 70 510 – 2075 23 1 24 95.8
I15 - TCA TCC GAG G - 60 776 – 2349 10 1 11 90.1
I16 - TCT CCG CCC T - 70 450 – 2383 20 1 21 95.2
160/3 - CTA CAC AGG C - 60 499 – 2777 22 2 24 91.7
160/4 - GTC CTT AGC G - 60 330 – 2262 22 1 23 95.7
170/1 - CAT CCC GAA C - 60 644 – 2141 17 0 17 100.0
       
       
Total   210 – 4123 330 14 344 95.9

 
 
 
3.2 AMOVA analysis and variance partitioning  
The highest level of molecular variance was found within populations when ar-
ranging the 25 populations of Sesleria albicans in three groups according to their 
origin from different geographical regions (Table 1). 61.22 % variation was ob-
served within populations, whereas 34.25 % was found among populations within 
regions and only 4.53 % variance was observed among the different regions (Ta-
ble 4).  
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Table 4: Summary of analysis of molecular variance (Three-level-AMOVA). 25 popula-
tions of Sesleria albicans were investigated from three geographic regions that were gro-
wing in six different types of habitats (Table 1). The analysis was based on RAPD pheno-
types consisting of 344 band states. Levels of significance were based on 1,000 iteration 
steps. (SS: sums of squares, MS: mean squares, %: apportionment of genetic variability, 
P: level of significance). 
 
 
Level of variation SS MS % P 
    
    
25 populations grouped together in 3 regions:    
    
Among regions 263.996 131.998 4.53 <0.001 
Among populations within regions 1806.883 82.131 34.25 <0.001 
Within populations 1902.500 25.367 61.22 <0.001 
    
    
25 populations from all geographic regions grouped together in 6 types of habitats: 
    
Among habitats 552.488 110.498 4.58 <0.001 
Among populations within habitats 1518.391 79.915 33.36 <0.001 
Within populations 1902.500 25.367 62.06 <0.001 
    
    
Populations from southwest Germany grouped together in 5 types of habitats: 
     
Among habitats 387.675 96.919 2.69 <0.001 
Among populations within habitats 838.953 83.896 36.06 <0.001 
Within populations 1125.500 25.011 61.26 <0.001 
    
    
Populations from west and central Germany grouped together in 5 types of habitats: 
    
Among habitats 159.875 79.937 3.38   0.075 
Among populations within habitats 334.375 66.875 28.38 <0.001 
Within populations 602.500 25.104 68.23 <0.001 
    
    
Populations from the Swabian Alb grouped together in 3 types of habitats: 
    
Among habitats 172.944 86.472 2.33 <0.001 
Among populations within habitats 452.333 75.389 30.82 <0.001 
Within populations 715.750 26.509 66.85 <0.001 
    
    
Populations from the Eifel grouped together in 2 types of habitats: 
    
Among habitats 63.191 63.192 0.90 <0.001 
Among populations within habitats 180.208 60.069 22.52 <0.001 
Within populations 414.000 27.600 76.58 <0.001 
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The results were similar, when the 25 populations of Sesleria albicans were ar-
ranged in six groups according to their origin from different types of habitats. In 
this case the highest level of molecular variance was also observed within popula-
tions. 62.06 % variation was within populations, whereas 33.36 % was found 
among populations within habiats and only 4.58 % variance was observed among 
the different habitats (Table 4).  
 
The variation in RAPD banding patterns among populations, among populations 
within habitats and within populations was highly significant (AMOVA P<0.001). 
The correlation of RAPD phenotypes within habitats relative to the correlation of 
random pairs drawn from the whole sample (ΦST) was 0.38. The correlation 
among random phenotypes within populations relative to the correlation of ran-
dom pairs drawn from the whole sample (ΦCT) was 0.35, and the correlation of 
random phenotypes within habitats, relative to that of random pairs drawn from 
the population (ΦSC) was 0.045. 
 
The partitioning of molecular variance was corroborated by separate three-level 
AMOVA’s, which were conducted for the populations from southwest and west 
Germany only (Table 4). In both cases 61.26 % and 68.23 % molecular variance, 
respectively, were observed within the populations. Only 2.69 % and 3.38 % mo-
lecular variation, respectively, were found among the different habitats.  
 
This partitioning of molecular variance was also observed, when analyzing popu-
lations from different habitats, which were located close to each other in the same 
mountain region. Comparing only populations from the Swabian Alb 2.33 % 
variation was found among populations from different habitats. In an AMOVA 
conducted for the populations from the Eifel only 0.90 % variation was observed 
among populations from beech forests and calcareous grasslands. 
 
Further two-level-AMOVA’s were carried out to analyze the partitioning of mo-
lecular variance within and among populations from one habitat only (Table 5). In 
this analysis 52.61 % to 74.76 % molecular variance were observed within and 
25.24 % to 47.39 % variation among populations from the same habitat. The 
populations from the calcareous grasslands showed the highest level of variation 
within populations (74.76 %), followed by the lowland and alpine rocky ridges 
(68.00 % and 67.15 %), beech forests (64.94 %) and rocky river valley slopes 
(60.64 %). The populations from the prealpine fens exhibited the lowest level of 
intrapopulational variation (52.61 %).   
 
The AMOVA calculation of molecular variance (Bartlett test) was carried out for 
all investigated populations. Molecular variance was significantly different among 
the 25 populations (P<0.001). Of the 300 pairwise Bartlett tests of homogeneity of 
population variation all tests showed highly significant differences between the 
populations (Table A4, appendix). 
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Table 5: Summary of analysis of molecular variance (Two-level-AMOVA). 25 popula-
tions of Sesleria albicans were investigated that were growing in six different types of 
habitats (Table 1). The analysis was based on RAPD phenotypes consisting of 344 band 
states. Levels of significance were based on 1000 iteration steps. (SS: sums of squares, 
MS: mean squares, %: apportionment of genetic variability, P: level of significance). 
 
 
Level of variation SS MS % P 
     
     
5 populations from rocky river valley slopes grouped together: 
     
Among populations within habitat 321.000 80.250 39.36 <0.001 
Within populations 334.750 22.317 60.64 <0.001 
     
     
3 populations from lowland rocky ridges grouped together: 
     
Among populations within habitat 151.500 75.750 32.00 <0.001 
Within populations 236.500 26.278 68.00 <0.001 
     
     
6 populations from limestone grassland grouped together: 
     
Among populations within habitat 330.541 66.108 25.24 <0.001 
Within populations 506.250 28.125 74.76 <0.001 
     
     
5 populations from beech forests grouped together: 
     
Among populations within habitat 326.100 81.525 35.06 <0.001 
Within populations 387.000 25.800 64.94 <0.001 
     
     
4 populations from fens grouped together: 
     
Among populations within habitat 303.250 101.083 47.39 <0.001 
Within populations 263.500 21.958 52.61 <0.001 
     
     
2 populations from alpine rocky ridges grouped together: 
     
Among populations within habitat 86.000 86.000 32.85 <0.001 
Within populations 174.500 29.083 67.15 <0.001 

 

 
 
 
3.3 Genetic distances (ΦST) and geneflow among populations 
273 of the 300 pairwise genetic distances (ΦST) between populations were highly 
significant (Table A5, appendix). Only two had levels of marginal significance 
(P<0.05). Maximum ΦST (varying from 0 to 1) was 0.63, found between the 
southwest German population Federmähder and the west German population 
Engelslay. Minimum ΦST was only 0.13 which was observed between population 
Lampertstal and Urfttal, both in west Germany.  
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From the genetic distances (ΦST) geneflow was calculated (Table A6, appendix) 
as the number of individuals migrating between populations per generation, using 
the equation of Wright (1951). Mean geneflow between populations was 0.47, 
which means that less than one individual per generation is migrating between 
populations.  
 
To analyze the connection between geographic distance and genetic distance the 
correlation of these two parameters between all investigated populations were 
calculated. The matrix of 300 pairwise genetic distances (ΦST) among the 25 
populations of S. albicans (Table A5, appendix) was not significantly correlated 
with the corresponding matrix of geographic distances. The calculated Mantel test 
shows a correlation coefficient of  r=0.17 and a significance of p=0.06 (Figure 3). 
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Figure 3: The calculated Mantel test showed no correlation between the genetic distances 
(ΦST) and the geographic distances among the 25 populations of Sesleria albicans in cen-
tral Europe and the Alps. 
 
 
 
3.4 Genetic diversity within populations  
The 25 populations of S. albicans showed varying levels of intrapopulational 
polymorphism. The percentage of polymorphic bands ranged from 29.7 % in the 
Federmähder population to 56.7 % in the Eggental population.  
The genetic distances within the populations, taken from the Jaccard’s similarity 
coefficient matrix between all investigated individuals also were very different 
(Table 6). Minimum genetic distance within population ranged from 2.8 % in the 
Mühlenbachtal population to 31.8 % in the Eggental population, while maximum 
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genetic distance showed values between 18.8 % in the Federmähder population 
and 39.9 % in the populations Rauher Fels and Eggental. Mean genetic distance 
varied between 17.0 % in the Federmähder population and 35.9 % in Eggental. 
The sums of euclidian squares/n-1, which were taken from the AMOVA analysis 
and can also be used for the measurement of genetic diversity within populations, 
ranged from 14.0 in the Federmähder population to 31.4 in the Urfttal population.   
 
 
 
Table 6: Percentage of polymorphic bands, minimum, maximum and mean genetic Jac-
card-Distances just as the sums of euclidian squares/n-1 within populations of Sesleria 
albicans: 
 
 
Nr. Population Polymorphic 

Bands (%) 
Min Genetic 
Distance 
Jaccard (%) 

Max Genetic 
Distance 
Jaccard (%) 

Mean Genetic 
Distance Jac-
card (%) 

Sums of  
euclidian 
squares/n-1 

       
1 Mühlenbachtal 42.3 02.8 32.9 24.7 20.8 
2 Engelslay 39.0 18.6 27.3 22.9 19.0 
3 Brunkenstein 43.6 21.8 32.6 26.3 23.0 
4 Felsengärten 49.2 27.5 33.7 30.7 26.3 
5 Gissigheim 44.0 23.5 29.6 26.7 22.4 
6 Rauher Fels 52.8 26.0 39.9 34.2 29.2 
7 Spielburg 41.7 19.4 29.5 24.9 21.6 
8 Indelhausen 50.0 27.8 37.0 31.2 28.0 
9 Bürgle 55.6 25.6 38.3 34.5 28.4 

10 Zeller Horn 51.9 28.7 36.8 32.8 27.4 
11 Irrenberg 51.1 26.2 36.6 32.2 26.8 
12 Lampertstal 53.7 32.5 35.9 34.8 30.2 
13 Steinfeld 53.4 29.8 37.0 33.1 28.5 
14 Hundsrücken 48.5 29.0 34.8 31.3 27.3 
15 Nähberg 54.2 28.8 38.1 33.5 28.0 
16 Eybachtal 47.0 23.6 33.9 29.2 24.6 
17 Blindloch 44.0 21.5 33.3 28.1 24.4 
18 Pütz 40.4 21.3 30.1 25.4 20.5 
19 Urfttal 55.7 31.2 37.0 35.2 31.4 
20 Evagarten 48.7 25.6 32.6 29.8 25.9 
21 Höll 40.1 03.3 32.8 25.1 21.4 
22 Federmähder 29.7 14.3 18.8 17.0 14.0 
23 Füssen 50.8 29.7 34.4 33.0 26.5 
24 Nebelhorn 55.0 29.7 38.2 35.3 30.1 
25 Eggental 56.7 31.8 39.9 35.9 28.1 

 
 
 
3.5 Genetic diversity within populations from different habitats and regions 
To compare the levels of genetic variation within populations from different types 
of habitats, mean levels of polymorphism and mean genetic distances for each 
habitat were calculated (Table 7). When all populations from all geographic re-
gions and habitats were compared, the highest levels of intrapopulational diversity 
were observed within the alpine rocky ridge populations, followed by calcareous 
grasslands, beechforests and lowland rocky ridges. The lowest level of intrapopu-
lational variation was observed on the rocky river valley slopes and in the fens.  
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Table 7: Genetic variation within the populations of Sesleria albicans in different habi-
tats (Rocky river valley slopes, lowland rocky ridges, calcareous grasslands, beechforests, 
fens and alpine rocky ridges) from different geographic regions. For each habitat mean 
percentage of polymorphic bands and mean genetic distances were calculated.   

 
Habitat Fen Rocky river 

valley slope 
Lowland 
rocky ridge 

Beech-
forest 

Calcareous 
grassland 

Alpine 
rocky ridge 

       
Populations from all geographic regions: 
       
Polymorphic bands (%) 42,3 43,6 48,2 48,3 52,4 55,9 
Jaccard-Dist.  Min (%) 18,2 18,8 24,4 25,3 28,6 30,8 
Jaccard-Dist. Max (%) 29,7 31,2 35,5 34,5 36,6 39,1 
Jaccard-Dist. Mean (%) 26,2 26,3 30,1 30,3 33,1 35,6 
S. of euc. Squares/n-1 22,0 22,3 26,3 25,8 28,1 29,1 
       
       
Populations from southwest Germany only: 
       
Polymorphic bands (%) 42,3 46.6 48.2 48.4 52.8 - 
Jaccard-Dist.  Min (%) 18,2 25.5 24.4 24.6 26.8 - 
Jaccard-Dist. Max (%) 29,7 31.7 35.5 35.1 37.2 - 
Jaccard-Dist. Mean (%) 26,2 28.7 30.1 30.3 33.2 - 
S. of euc. Squares/n-1 22,0 24,4 26,3 25,7 27,5 - 
       
       
Populations from west Germany only: 
       
Polymorphic bands (%) - 41.6 - 48.1 51.9 - 
Jaccard-Dist.  Min (%) - 14.4 - 26.3 30.4 - 
Jaccard-Dist. Max (%) - 30.9 - 33.6 35.9 - 
Jaccard-Dist. Mean (%) - 24.6 - 30.3 33.1 - 
S. of euc. Squares/n-1 - 21,0 - 26,0 28,7 - 

 
 
 
The same pattern was observed, when comparing populations from different habi-
tats in southwest or west Germany only. In southwest Germany the lowest level of 
intrapopulational diversity was found in the fens and on the rocky river valley 
slopes, whereas the highest diversity was observed in the calcareous grasslands. 
The west German populations also showed lower levels of variation on the rocky 
river valley slopes and higher levels of diversity in the calcareous grasslands.  
 
The results were different, when comparing intrapopulational diversity of all 
populations from the Alps with all populations from southwest Germany and west 
Germany (Table 8). In this case approximately as much variation was found 
within the southwest German as within the west German populations. However, 
the alpine populations showed higher variation than the lowland populations. 
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Table 8: Genetic variation within the populations of Sesleria albicans from West and 
Central Germany, from Southwest Germany and the Alps. For each geographic region 
mean percentage of polymorphic bands and mean genetic distances were calculated.   
 
 
Region West and Central Germany Southwest Germany Alps 
    
Polymorphic bands (%) 47.1 47.3 55.9 
Jaccard-Distance  Min (%) 23.4 23.4 30.8 
Jaccard-Distance Max (%) 33.5 33.7 39.1 
Jaccard-Distance Mean (%) 29.2 29.5 35.6 
Sums of euclidian squares/n-1 25.1 25.0 29.0 

 
 
 
3.6 Molecular variance and population size 
The S. albicans population sizes ranged from 20,000 to just a few square meters 
(Table 1). The level of polymorphism correlated highly significant with the popu-
lation size (Spearman’s rank-correlation coefficient rs=0.7, P<0.001, Figure 4a). A 
highly significant correlation was also observed between population size and the 
minimum and mean genetic distance, taken from the Jaccard’s similarity index 
matrix (rs=0.7, P<0.001, Figure 4b).  
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Figure 4a: Correlation between population size and the percentage of polymor-
phic bands per population, calculated for Sesleria albicans. 
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Figure 4b: Correlation between population size and mean genetic distance per popula-
tion, calculated for Sesleria albicans. 
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Figure 4c: Correlation between population size and genetic diversity (sums of euclidian 
squares/n-1) per population, calculated for Sesleria albicans. 
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The sums of euclidian squares/n-1 which were taken from the AMOVA calcula-
tion and can be used for the measurement of genetic diversity within populations, 
also were correlated highly significant with the population size (rs=0.7, P<0.001, 
Figure 4c). In contrast, the correlation between population size and maximum 
genetic distance was not so strong (rs=0.6, P<0.005). 
 
 
 
3.7 Population clustering  
In an unrooted and bootstrapped UPGMA dendrogram, based on 344 RAPD 
markers the 104 individuals of the two species Sesleria albicans and Sesleria 
caerulea were clearly seperated from each other (Figure 5). 
  
The dendrogram therefore consisted of two major groups. One small group com-
prised the individuals of Sesleria caerulea. The other large group consisted of all 
individuals of Sesleria albicans. The genetic distances between the individuals of 
the two species were much higher than the genetic distances between the indi-
viduals of Sesleria albicans. In this analysis the two closely related Sesleria spe-
cies, therefore, showed distinct genetic differences.   
 
Without any exception, all populations of Sesleria albicans and Sesleria caerulea 
could be discriminated from each other. 16 of 26 populations had bootstrap values 
which were higher than 80 %. The clustering of these populations, therefore, had 
considerable reliability. Sesleria albicans showed, however, only a weak cluster-
ing of populations according to their origin from different geographical regions. 
The south alpine Eggental population was separated with a high bootstrap value 
from all populations, which were located in the northern Alps and in central Ger-
many. The other populations of Sesleria albicans, however, did not form groups 
according to their common geographical origin.  
 
Furthermore, the populations from the same habitats did not form independent 
clusters. Except for the west German grassland populations and the southwest 
German rocky ridge populations most investigated populations were mixed thor-
oughly, without respect to their origin from different habitats.   
 
To investigate whether there is habitat specific clustering within different geo-
graphic regions, further cluster analyses were conducted for the populations from 
southwest (Figure 6) and west Germany only and also no habitat specific popula-
tion groups were observed. Even when only the populations from the beechfor-
ests, rocky ridges, and grasslands on the Swabian Alb were analysed no clustering 
of the populations from the same habiat could be found.  
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Figure 5: Bootstrapped cluster analysis (UPGMA) of 104 plants of Sesleria albicans 
from the Alps (SA, NA) respectively central Europe (CE) and S. caerulea from south 
Scandinavia (Öla) using 344 RAPD markers, based on the Jaccard‘s similarity coefficient 
matrix. Plant material of S. albicans was sampled in six different habitats (GR = grass-
land, RV = rocky river valley slope, BF = beech forest, LR = lowland rocky ridge, FE = 
fen, AR = alpine rocky ridge). The cluster analysis showed that the populations were 
clearly separated but not grouped together according to their origin from the same habitat. 
Numbers at the nodes indicate the probability of the branch when the bootstrap analysis 
was calculated with 1,000 iterations. Population abbreviations follow Table 1. 
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Figure 6: Bootstrapped cluster analysis (UPGMA) of 56 plants of Sesleria albicans from 
the Swabian Alb using 344 RAPD markers, based on the Jaccard‘s similarity coefficient 
matrix. Plant material was sampled in three different habitats (GR = grassland, RR = 
rocky ridge, BF = beech forest). The cluster analysis showed that the populations were 
clearly separated but not grouped together according to their origin from the same habitat. 
Numbers at the nodes indicate the probability of the branch when the bootstrap analysis 
was calculated with 1,000 iterations. Population abbreviations follow Table 1. 
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4 Discussion 
 
4.1 Partitioning of molecular variance within and among relict populations 
The isolation of the central European relict populations of Sesleria albicans is a 
result of population fragmentation since the end of the last glaciation. Isolated 
glacial relicts often show strong geographical differentiation, as demonstrated by 
Cardoso et al. (1998), who found a distinct geographical pattern among relict 
populations of the woody and insect-pollinated plant Caesalpinia echinata (Caes-
alpiniaceae) in Brazil. Moreover, Bauert et al. (1998) reported of distinct geo-
graphical clustering of relict populations of the perennial and mainly vegetative 
propagating Saxifraga cernua (Saxifragaceae) in the Alps. However, in an analy-
sis of molecular variance of Sesleria albicans 61 % variation were found within 
populations, 34 % variation were observed among populations and only 5 % mo-
lecular variance were found among different regions. Sesleria albicans, therefore, 
only showed weak geographical differentiation. In the UPGMA clustering popula-
tions were clearly separated, but the dendrograms also showed that no regional 
geographic partitioning among the investigated relict populations in central Euro-
pe exists. The populations were mixed thoroughly, independent from the fact 
whether there were small or large geographic distances between them. Addition-
ally, genetic distance and linear geographic distance between populations of Sesle-
ria albicans did not significantly correlate. Moreover, geneflow among populati-
ons was only 0.47. This represents a very low level of migration. Fischer & Mat-
thies (1998) and Schmidt & Jensen (2000) observed similar values among isolated 
populations of the insect-pollinated plants Gentianella germanica (Gentianaceae) 
and Pedicularis palustris (Scrophulariaceae) which indicated that the populations 
were subjected to effects of genetic drift. 
 
Sesleria albicans showed no geographical clustering in central Europe as expected 
for plant populations, that were subjected to long-term isolation. This lack of re-
gional differentiation is presumably due to the fact that long periods of time are 
required for population differentiation. Loveless & Hamrick (1987) found no 
unique alleles between Cirsium canescens (Asteraceae) and its putatively derived 
species C. pitcheri (Asteraceae), although the two are thought to have diverged 
11,000 years ago. Furthermore, Lesica et al. (1988) were unable to detect any ge-
netic variation among four populations of the aquatic plant Howellia aquatilis 
(Campanulaceae) and postulated that mutation did not have sufficient time to es-
tablish differences among the populations in the last 10,000 years. The isolation of 
Sesleria albicans since the end of the last glaciation resulted in a genetic differen-
tiation among the populations. However, it seems possible that there was not 
enough time to create a regional differentiation since the beginning of the frag-
mentation.  
 
Another reason for lower interpopulational differentiation is the breeding system 
of Sesleria albicans, which is a wind-pollinated and mainly outcrossing species 
(Dixon 1982). Such plants tend to have lower genetic variation among populations 
than selfing and insect-pollinated plants, although the differences in genetic diver-
sity between selfing and outcrossing species at the species level are not statisti-
cally significant (Hamrick & Godt 1989). Population genetic structure, therefore, 
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is geographically more differentiated in insect-pollinated species than in wind-
pollinated species (Loveless & Hamrick 1984, Hamrick & Godt 1989). Wind-
pollinated plants can exchange pollen across large distances, and reach higher 
levels of geneflow and lower levels of differentiation than insect-pollinated plants. 
In Sesleria albicans, however, we observed a low level of geneflow among the 
investigated populations. Since Ellstrand & Elam (1993) argue that one immigrant 
per every second generation or one interpopulational mating per generation 
(Nem=0.5) will be sufficient to prevent strong differentiation, even this low level 
of geneflow could be a reason for the lack of a distinct geographical pattern.    
 
Plants which did not have enough time for differentiation because they colonized 
new habitats after glaciation, very often show low levels of differentiation as 
demonstrated for the arctic-alpine plant species Saxifraga oppositifolia (Saxifra-
gaceae) (Gabrielsen et al. 1997) or the conifer Pinus resinosa (Pinaceae) 
(Mosseler et al. 1993).  
 
Sesleria albicans has a partitioning of molecular variation, which was not ex-
pected for a glacial relict plant but has also been observed in many other grass 
species. Kölliker et al. (1998) for example observed 71 % variation within 
populations of Festuca pratensis, 20 % variance among populations from the 
same site, and only 9 % variation among different sites. Mengistu et al. (2000) 
even observed 87 % variability within populations of Poa annua, while they 
found only 2 % variation among populations from the same site and 8 % variance 
among different sites. Furthermore, Baum et al. (1997) found 74.5 % variation 
within populations of Hordeum spontaneum, whereas they found 25 % among 
populations from the same site and only 0.5 % RAPD variation among different 
ites.   s 

Lack of a regional differentiation was also observed in Hordeum vulgare (Demis-
sie et al. 1998) and Triticum urartu (Castagna et al. 1997). In an investigation of 
the discontinously and patchy distributed Triticum dicoccoides, Nevo & Beiles 
(1989) observed a sharp local differentiation over short geographic distances, but 
only a weak differentiation among populations from different countries. They de-
scribed a genetic mosaic, which was also reported for Avena sterilis (Beer et al. 
1993) and is presumably due to a fragmented population structure as observed for 
Sesleria albicans in this investigation.  
 
In conclusion it can be stated that the partitioning of molecular variance showed 
no geographical differentiation among populations of Sesleria albicans from cen-
tral Europe, despite of the long-term-isolation since the end of the last glaciation. 
This is presumably due to the long periods, which are required for population dif-
ferentiation and to the wind-pollinated breeding system of Sesleria albicans. 
 
 
 
4.2 Levels of genetic diversity within relict populations  
Compared to more widespread plant species, the populations of Sesleria albicans 
were comparatively rare, especially the isolated outlying populations in west and 
central Germany. Limited genetic diversity within populations has been reported 
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for many rare species (Hamrick & Godt 1989, Soltis et al. 1992, Odasz and 
Savolainen 1996). Nevertheless, Gitzendanner & Soltis (2000) observed that lev-
els of diversity for rare species encompass almost the same range as found in 
widespread congeners and that a high degree of correlation within a genus for all 
measures of diversity exists. It is, therefore, not astonishing, that both high and 
low levels of RAPD variation were reported for rare species (Gustafsson & 
Gustafsson 1994, Glover & Abbott 1995, Friar et al. 1996, Martin et al. 1997, 
Smith & Pham 1996, Tansley & Brown 2000).  
 
In Sesleria albicans, the percentage of polymorphic bands per population ranged 
from 29.7 % to 56.7 %. Martin et al. (1997) found 44 to 51 % in the narrow en-
demic Erodium paularense (Geraniaceae), a perennial and insect-pollinated cha-
maephyte with woody stems which can be found in central Spain. Smith & Pham 
(1996) observed 40-63 % in the rare endemic Allium aaseae (Alliaceae), a peren-
nial and insect-pollinated geophyte which is only located along the Boise Front in 
North America. In genetically depauperated populations of Argyroxiphicum 
sandwicense (Asteraceae), a perennial and insect-pollinated plant with rosettes 
from Hawaii, the proportion of polymorphic bands only ranged from 12 to 15 % 
(Friar et al. 1996), whereas the widespread Poa annua (Poaceae) showed between 
44 % and 89 % polymorphic bands per population.  
 
In this investigation, 95.9 % of the RAPD fragments were polymorphic. Huff et 
al. 1993 found 85.6 % of polymorphic bands in the grass Buchloe dactyloides, 
Fahima et al. (1999) 81.4 % in Triticum dicoccoides and Kölliker et al. (1998) 68 
% in Festuca pratensis. Compared with these results, Sesleria albicans showed 
with 95.9 % polymorphic bands a large genetic diversity, despite of its relictual 
and isolated status in central Europe.  
 
The level of genetic diversity depends to a high degree on different historical 
events and life history traits (Hamrick et al. 1979, Loveless & Hamrick 1984, 
Hamrick & Godt 1989). Apart from the distribution range, factors like population 
size, mating system, longevity and clonality exhibit an enormous influence on the 
genetic variability of plant species. Moreover, ecological amplitude (Babbel & 
Selander 1974) and morphological variability (Ge et al. 1999) can be positively 
correlated with genetic diversity which is dicussed in the following. 
 
 
 
4.2.1 Effects of population size 
In S. albicans population size ranged from few to 20,000 square meters, the dif-
ferences in size being tremendous. Small populations generally exhibit lower lev-
els of genetic diversity compared to congeneric species with large population 
sizes (Hamrick & Godt 1989). Reasons for this reduction of genetic variation can 
be attributed to the effects of inbreeding, which increases the number of homozy-
gotes in the population and genetic drift that leads to random changes in allele 
frequencies (Ellstrand & Elam 1993). Habitat destruction and fragmentation of 
large populations will have the same effect by breaking up large, genetically vari-
able populations into isolated, small inbreeding subpopulations which are then 

 79



Sesleria albicans – Discussion 
 

subject to the consequences of drift (Ellstrand & Elam 1993, Oostermeijer et al. 
1996, Young et al. 1996).  
 
Many studies reported that small, fragmented populations of so called „new rare“ 
species tend to have lower levels of genetic diversity than large, extensive popula-
tions (van Treuren et al. 1991, Raijmann et al. 1994, Prober & Brown 1994, 
Frankham 1996, Godt et al. 1996, Fischer & Matthies 1998, Menges & Dolan 
1998). In only some investigations, genetic diversity was not correlated with 
population size (Dolan 1994, Ouborg & Van Treuren 1994, Greimler & Dobes 
2000).  
 
The populations of the „old rare“ species Sesleria albicans were exposed to the 
influence of fragmentation and isolation at least since the end of the last glacia-
tion. As reported for many „new rare“ species, a significant correlation between 
genetic diversity (level of polymorphism, minimum, maximum and mean genetic 
distance, sums of euclidian squares/n-1) and population size was observed. Exten-
sive populations of Sesleria albicans, therefore, maintained higher genetic varia-
tion, than small populations which is presumably due to a lower level of inbreed-
ing in large populations. 
 
 
 
4.2.2 Effects of longevity and clonality 
Sesleria albicans is a perennial grass with deeply rooting rhizomes which form 
small persistent cushions of numerous tillers. Very old ages were reported for 
clonal growing species, such as Carex curvula (Cyperacae) (Steinger et al. 1996). 
Long living perennials generally show greater variability than shorter-lived spe-
cies (Hamrick & Godt 1989). Ayres & Ryan (1997, 1999) and Ranker (1994) em-
phasize the importance of longevity for the preservation of genetic diversity in 
populations of Wyethia reticulata (Asteraceae) and Adenophorus periens (Gram-
mitidaceae). Hsao & Rieseberg (1994) found considerable diversity in the long 
living populations of Yushania niitakayamensis (Poaceae) and ascribe this diver-
sity to higher frequencies of sexual reproduction in the evolutionary history of the 
species.  
 
The clonal structure of S. albicans suggests that the plant can reach considerable 
ages. An age-determination by means of annual rings could shed light upon the 
real age of Sesleria albicans plants (Dietz & Ullmann 1997). However, the pre-
sumably long life-span of S. albicans seems to contribute to maintain genetic di-
versity in the relict populations. This was also observed for the relict plant Bis-
cutella laevigata which has long-term persisting, subterranean rhizomes (Danne-
mann 2000).  
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4.2.3 Effects of the ecological amplitude 
Genetic diversity and ecological amplitude are often positively correlated (Babbel 
& Selander 1974). Moreover, the presence of genetic variation has been shown to 
enable a population to adapt to different environments (Bradshaw 1984, Zangerl 
& Bazzaz 1984) and may allow better adaptation to small-scale patchy and het-
erogenous environments (Schmidt & Antonovics 1986). Sesleria albicans shows a  
broad ecologal amplitude (Dixon 1982, Schmidt 2000). The investigated popula-
tions grew in very different plant communities and colonized natural or semi-
natural habitats, as well as wet and dry or sunny and shady places. As observed by 
Deyl (1946), the grass is morphologically very variable. Since high levels of ge-
netic diversity can go along with a high degree of morphological variability (Ge et 
al. 1999), it is not astonishing that S. albicans showed high levels of genetic di-
versity.  
 
 
 
4.3 Genetic diversity in central and peripheral populations 
Sesleria albicans showed different levels of intrapopulational diversity in the Alps 
compared to central Europe. For example a mean of 55.9 % polymorphic bands 
was observed in the alpine populations, while 47.3 % were found in southwest 
German populations and 47.1 % in the west and central German populations. Re-
flecting the present geographic range, S. albicans is mainly distributed in the 
Alps, while the central European populations are peripheral populations near the 
outer boundary of the geographic range. The peripheral populations from central 
Europe exhibited lower intrapopulational genetic diversity than the central popu-
lations from the Alps. Nevo & Beiles (1989) also observed significant differences 
in central and marginal populations of Triticum dicoccoides in Israel. These re-
sults are in correspondence with Lesica & Allendorf (1995), who postulated re-
duced gene flow (isolation), small population size and founder effects in periph-
eral populations which all promote genetic drift and result in reduced genetic 
variation and increased differentiation. Generally disjunct populations and popula-
tions located at the extremes of a species range frequently have lower levels of 
genetic diversity than more centrally located populations (Schwaegerle & Schaal 
1979, Yeh & Layton 1979, Shumaker & Babbel 1980, Guries & Ledig 1982, 
Furnier & Adams 1986) as also seen for Sesleria albicans.  
 
 
 
4.4 Genetic differentiation among populations from different habitats  
The habitats colonized by Sesleria albicans differ to a high degree from each 
other in intensity of land use and with regard to the heterogeneity of the environ-
ment and to the availability of nutrients, light and water.  
 
Different types and the intensity of land use are generally thought to make a con-
tribution to the differentiation among and within populations (Poschlod & Jackel 
1993, Poschlod et al. 2000). As demonstrated by Zopfi (1993a,b; 1998) different 
types of grassland management resulted in the development of several ecotypic 
variants of Rhinanthus alectorolophus (Scrophulariaceae) and Euphrasia rostko-
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rostkoviana (Scrophulariaceae). Van Tienderen & van der Toorn (1991) showed 
local adaptions of the perennial species Plantago lanceolata (Plantaginaceae) to 
meadows or pastures and Briggs & Block (1992) found adaptions in the length of 
developing time to weeding pressure in Senecio vulgaris (Asteraceae). Moreover, 
microenvironmental differentiation of Poa annua (Poaceae) as a result of different 
cutting management in populations was reported by Sweeney & Danneberger 
(1995). Fertilization and defoliation are generally known to cause population dif-
ferentiation (Snaydon 1987).  
 
Genetic variation within and among populations is affected by ecological factors 
(Kölliker et al. 1998). Ecotypic development strongly depends on climatic and 
edaphic conditions (Briggs & Walters 1984, Nevo et al. 1988). These factors can 
cause microgeographic differentiation, as reported for many grasses such as Hor-
deum spontaneum (Owuor et al. 1997), Triticum dicoccoides (Nevo et al. 1988, 
Nevo & Beiles 1989), Yushania niitakayamensis (Hsao & Lee 1999), Avena bar-
bata (Hamrick & Allard 1972) or Aegilops peregrina (Nevo et al. 1994). Gunter 
et al. (1996) found genetic differentiation among upland and lowland ecotypes of 
Panicum virgatum, while Colosi & Schaal (1994) observed genetic differences 
among different biotypes of Panicum miliaceum. Because populations of Sesleria 
albicans from fens colonize wet habitats, they were thought to be an own variety 
or ecotype (Braun-Blanquet 1932, Sebald et al. 1998). Considering these facts, an 
ecotypical differentiation among the populations of Sesleria albicans, which grew 
in different habitats under various ecological conditions, could have been as-
sumed.  
 
The results of this investigation, however, indicate only a low level of ecotypic 
differentiation. In an analysis of molecular variance 4.58 % variation was ob-
served among the different habitats. The rest of molecular variability was found 
among populations from the same habitat and within populations. This pattern of 
molecular partitioning did only marginally change, when populations from the 
same geographic regions were analysed. Hsao & Lee (1999) found comparable 
results in an investigation of Yushania niitakayamensis (Poaceae) from grassland 
and forest undergrowth. They reported significant microgeographic differentiation 
among populations and observed 2.91 % to 7.99 % molecular variance among 
populations from different habitats. Huff et al. (1998) reported different results 
from an analysis of the grass Schizachyrium scoparium (Poaceae). They found no 
significant differentiation among populations from forest and grassland biomes 
but observed 3.18 % variation among populations from different soil fertility lev-
els. Kölliker et al. (1998) also observed no significant differentiation among popu-
lations of Festuca pratensis (Poaceae) from sites with differing levels of fertiliza-
tion and defoliation.  
 
In an UPGMA cluster analysis the populations were not grouped together accord-
ing to their origin from the same habitat. When comparing only populations that 
were located close to each other on the same mountain region, there was also no 
clustering of populations from the same habitat. Not even the populations from 
the fens, although they were supposed to be an own variety, were arranged close 
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to each other. The results of this study do, therefore, contradict the assumption, 
that these populations form an own taxon.  
 
Sesleria albicans generally seems to have a high level of pheno- and genotypic 
plasticity. This attribute obviously allows the species to colonize very different 
habitats without being genetically adapted in a specific way to the same habitats.  
 
 
 
4.5 Levels of genetic diversity within populations from different habitats  
In the analyses of molecular variance within populations the highest levels of in-
trapopulational diversity were observed within populations from the alpine rocky 
ridges, while the lowest levels of intrapopulational diversity were found in the 
populations from the rocky river valley slopes and the fens.  
 
Former investigations have shown that fertilization and higher cutting frequencies 
reduce the variability within populations (Kölliker et al. 1998). Additionally, in-
creased genetic variability and evolutionary rates were described for heterogenous 
environments and under environmental stress in open habitats (Antonovics 1971, 
Hoffmann & Parsons 1991, Parsons 1994). Owuor et al. (1997) observed higher 
levels of genetic diversity in Hordeum spontaneum growing in sunny, open habi-
tats than in shady forestlike habitats. Nevo et al. (1988) observed the highest ge-
netic diversity of Triticum dicoccoides in a sunny and rocky habitat which is the 
ecologically most variable of all investigated habitats. It is supposed that selecting 
factors of e.g. habitat quality have a stronger effect in open habitats than under the 
leaf canopy of forests (Poschlod & Schumacher 1998). Genetic diversity generally 
rises with increasing spatiotemporal ecological heterogeneity in accordance with 
the prediction of the niche width-variation hypothesis (van Valen 1965), which 
predicts a positive correlation between ecological and genetic diversity.  
 
In this investigation the highest diversity was observed within the alpine rocky 
ridges which are the most heterogenous habitats. However, the lowest levels of 
intrapopulational diversity were found within the rocky river valley slopes and 
fens, which also are heterogenous habitats, and not in the less heterogenous cal-
careous grasslands or beechforests. The level of diversity, therefore, must be in-
fluenced by additional factors.  
 
As established in other investigations (Nevo et al. 1988), possible ecotypic differ-
entiations can be superimposed by population genetic processes such as founder-
effects or genetic drift. The genetic diversity within the relictual populations of 
Sesleria albicans seems to be strongly influenced by population size. The popula-
tions from the fens and the rocky river valley slopes were very much smaller than 
the populations from the calcareous grasslands and the beech forests. The higher 
intrapopulational diversity within populations from grasslands and the lower di-
versity within poulations from fens and rocky river valley slopes is, therefore, 
most likely due to the effects of population size than to ecotypic differentiation.  
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4.6 Genetic relationship between Sesleria albicans and Sesleria caerulea 
S. albicans and the most closely related species S. caerulea, were formerly re-
garded as two subspecies of the species S. caerulea (as S. caerulea ssp. calcaria 
and S. caerulea ssp. uliginosa). Because of differences in distribution and mor-
phology (Ujhelyi 1938) most authors meanwhile consider both taxa as separate 
species (Deyl 1980, Conert 1999).  
As this investigation shows, there also exist significant genetic differences be-
tween Sesleria albicans and Sesleria caerulea. Much higher genetic distances 
were observed among the populations of the two Sesleria species than among all 
investigated populations of S. albicans. Our results, therefore, clearly support the 
separation of the two species. 
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IV 
Genetic diversity within and among populations of 

Saxifraga paniculata Mill. and Sesleria albicans Kit. ex Schultes – 
a comparison of two glacial relict plants 

 
 
1 Historical events and biological traits 
The genetic diversity within and among plant populations is tremendously af-
fected by historical events and the biological traits of the plant species. The ge-
netic variability of the two glacial relict plants Saxifraga paniculata and Sesleria 
albicans, therefore, is strongly influenced by factors like population history, range 
of distribution, population size, vegetative propagation, longevity of the individu-
als and pollination system (Hamrick et al. 1979, Loveless & Hamrick 1984, 
Hamrick & Godt 1989). For this reason, the partitioning of genetic diversity and 
the level of variabiliy within populations of S. paniculata and S. albicans have to 
be considered and compared in the light of these factors. 
 
Saxifraga paniculata and Sesleria albicans are both glacial relict plants and the 
species show, therefore, clear mutualities with respect to their population history 
and their range of distribution: They were widely distributed in the central Euro-
pean tundra during the last glaciation (Bresinsky 1965, Wilmanns & Rupp 1966). 
However, as a consequence of the post-glacial climatic warming the range of S. 
paniculata and S. albicans contracted to the higher altitudes of the Alps (Walter & 
Straka 1970). In central Europe both species were displaced from most habitats  
which formerly were covered by tundra, due to the return of forest tree cover. To-
day, Saxifraga paniculata and Sesleria albicans, therefore, are widely distributed 
in the Alps, whereas the central European lowland populations are considered to 
be glacial relicts (Walter & Straka 1970, Oberdorfer 1990).  
Saxifraga and Sesleria also coincide with a view to population size. As a result of 
postglacial fragmentation the population sizes of Saxifraga paniculata and Sesle-
ria albicans extend over a wide range and many populations of both species only 
consist of few individuals.  
Furthermore, both species show strong vegetative reproduction by rosettes and 
tillers (Wilmanns & Rupp 1966, Dixon 1982, Kaplan 1995), respectively. Since 
very old ages were reported for clonal growing plants (Kemperman & Barnes 
1976, Steinger et al. 1996), the multiramet, clonal structure of S. paniculata and S. 
albicans suggests that the plants can reach considerable ages. 
Finally, S. paniculata and S. albicans show strong correspondence with respect to 
their pollination system. Both relict species are not self- but cross-pollinated 
(Kaplan 1995, Conert 1999) which is of enormous importance for the partitioning 
of genetic diversity within and among populations. 
 
However, despite these correspondences, there are strong differences between the 
two species concerning the degree of rarity, the ecological amplitude of the plants 
and the medium which is used for pollination.  
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Relict populations of Saxifraga paniculata are much rarer than relict populations 
of Sesleria albicans (Oberdorfer 1990, Korneck et al. 1996). Since present and 
historical  geneflow depend on the geographic distance between populations this 
difference can play an important role for the partitioning of genetic diversity. 
Furthermore, S. albicans shows a substantially broader ecological amplitude than 
S. paniculata (Dixon 1982). Saxifraga is restricted to rocky natural habitats, 
whereas Sesleria can be found in rocky habitats, beech forests, fens and man-
made calcareous grasslands as well.  
Finally, Saxifraga paniculata is insect-pollinated whereas Sesleria albicans is 
wind-pollinated (Kaplan 1995, Conert 1999). Since geneflow is more restricted in 
insect- than in wind-pollinated plants, this factor is of special importance for the 
genetic diversity within and among populations. 
 
Refering to the population history and the biological traits of the two relict plants, 
considerable mutualities and differences concerning the genetic diversity within 
and among populations of Saxifraga paniculata and Sesleria albicans had to be 
expected.  
 
 
 
2 Partitioning of molecular variance and geographical clustering 
The analysis of molecular variance, which was carried out for both species, re-
vealed a very different partitioning of molecular variability within and among 
populations of the two glacial relicts (Table 1). Saxifraga paniculata exhibited 
approximately as much variance among the different regions (28 %), as within the 
populations (39 %). In contrast Sesleria albicans showed the very most variance 
within populations (61 %), and only a very low level of molecular variance among 
the regions (5 %) (see chapter II,3.2 and III,3.2).   
 
Although both glacial relicts exhibited low levels of migration, mean geneflow 
was slightly higher in S. albicans (0.47) than in S. paniculata (0.36).  
Furthermore, maximum and minimum genetic distance (ΦST) varied over a wider 
range in Saxifraga paniculata (0.01 – 0.96) than in Sesleria albicans (0.13 – 0.63) 
which means that the populations of Sesleria were more similar to each other than 
the populations of Saxifraga (see chapter II,3.3 and III,3.3). 
 
The cluster analyses, carried out for both species with the data from the Jaccard’s 
similarity coefficient matrix, revealed some mutualities but also significant differ-
ences. Both in the cluster analysis of Saxifraga paniculata and Sesleria albicans, 
the individuals were grouped together according to their origin from the same 
population. The different populations could, therefore, be clearly seperated from 
each other in both glacial relict plants (Table 1).  
 
However, the populations of Saxifraga, which were located near to each other at 
the same location, clustered together while this could not be observed for the 
populations of Sesleria. Coroborating these results, the Mantel test, which was 
calculated for the populations of both species, showed a significant correlation of 
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the genetic distance (ΦST) and the geographic distance for Saxifraga paniculata, 
but not for Sesleria albicans (see chapter II,3.3 and III,3.3). 
 
The results of this investigation, therefore, clearly showed a high level of geo-
graphic differentiation among relictual populations of Saxifraga paniculata and a 
low level of differentiation among relictual populations of Sesleria albicans.  
The populations of Saxifraga were genetically more distant to each other, the 
geneflow was lower and considerable molecular variance could be observed 
among regions and within populations. In contrast, the populations of Sesleria 
albicans were genetically more related, the geneflow was higher, and molecular 
variance could be observed mainly within populations and hardly among regions. 
 
These differences between Saxifraga paniculata and Sesleria albicans are directly 
connected with life history traits such as the pollination system, the glacial and 
post-glacial history of the populations and the distribution range of the relict 
plants during the glaciations and after the last glaciation.  
 
 
 

Table 1: Geographical differentiation among populations of Saxifraga paniculata and 
Sesleria albicans. For each species information about the partitioning of molecular vari-
ance, the clustering of individuals and populations, the correlation of geographic and 
genetic distance, the minimum and maximum genetic distances, and the geneflow  were 
given. 
 
 
Geographical differentiation Saxifraga paniculata Sesleria albicans 
   
Analysis of molecular variance (AMOVA):   
Level of variation among regions 28.30 04.53 
Level of variation among populations within regions 32.60 34.25 
Level of variation within populations 39.10 61.22 
   
Cluster analysis:   
Clustering of individuals from the same population: Yes Yes 
Clustering of populations located near to each other: Yes No 
   
Correlation of geographic and genetic distance:   
Correlation coefficient (r): 0.63 0.17 
Level of significance: p<0.01 p=0.06 
   
Genetic distances:   
Maximum genetic distance (ΦST) 0.96 0.63 
Minimum genetic distance (ΦST) 0.01 0.13 
   
Mean geneflow:   
Nem 0.36 0.47 
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The geographical differentiation of populations is generally known to be influ-
enced by the pollination system of the plants. Geneflow among populations of 
insect-pollinated species is geographically more restricted than geneflow among 
populations of wind-pollinated plants (Govindaraju 1988, Hamrick & Godt 1989, 
Wingender 2000). A geographical differentiation is, therefore, more likely for 
insect- than wind-pollinated plants. Since Saxifraga is insect- and Seslera wind-
pollinated, this difference presumably is the main reason for the higher level of 
geographical differentiation in Saxifraga paniculata. However, not all insect-
pollinated relict species, show a clear geographical differentiation, as demon-
strated by Dannemann (2000) for Biscutella laevigata. The  populations of this 
glacial relict species exhibited no geographical clustering which is explained by a 
high level of historical geneflow that prevented regional differentiation.   
 
Today Saxifraga paniculata is rarer than Sesleria albicans in central Europe 
(Oberdorfer 1990). However, nothing is known about the rarity of the two species 
during the interglacials and the last glaciation. Reflecting the present distribution 
in the Alps, it can be supposed that Saxifraga paniculata was always rarer than 
Sesleria albicans, even during the last glaciation. The more restricted distribution 
and the stronger geographical isolation of the populations probably could have 
made a contribution to the higher level of geographical differentiation observed in 
Saxifraga paniculata. 
 
Finally, the geographical differentiation of populations is well known as a result 
of long-term isolation, due to restricted geneflow among populations, combined 
with increasing genetic drift and inbreeding (Ellstrand & Elam 1993, Fischer & 
Matthies 1998). Although many investigations demonstrated, that long periods of 
time are required for the differentiation of populations (Loveless & Hamrick 
1987, Lesica et al. 1988, Niebling & Conkle 1990), little is known about the speed 
of differentiation. As demonstrated by studies of long-lived conifers, the genera-
tion period seems to play an important role in this question. This is also men-
tioned by Dannemann (2000), who explains the lack of a regional differentiation 
among populations of Biscutella laevigata with the long generation period of the 
relict plant. To date, nothing is known about the fact whether population differen-
tiation proceeds faster in Saxifraga paniculata or in Sesleria albicans. However, a 
presumably faster development of Saxifraga could have intensified geographical 
differentiation among populations of Saxifraga paniculata.  
 
 
 
3 Genetic diversity within populations of glacial relicts 
Despite of their relictual status both Saxifraga paniculata and Sesleria albicans 
exhibited high levels of genetic diversity (Table 2). However, the percentage of 
polymorphic bands was slightly higher in Sesleria (95.9 %) than in Saxifraga 
(91.2 %). Furthermore Sesleria produced more bands (344) than Saxifraga (319) 
and the size of the fragments varied over a wider range in Sesleria albicans (210-
4123) than in Saxifraga paniculata (336-3687) (see chapter II,3.1 and III,3.1). 
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Table 2: Total RAPD banding of Saxifraga paniculata and Sesleria albicans. For each 
species the size of the fragments, the number of polymorphic and monomorphic bands, 
and the percentage of polymorphic bands were given.  
 
RAPD banding Saxifraga paniculata Sesleria albicans 
   
Size of the fragments: 336 – 3687 210 – 4123 
Number of polymorphic bands: 291 330 
Number of monomorphic bands: 28 14 
Number of bands total: 319 344 
   
   
Percentage of polymorphic bands: 91.2 95.9 

 

 
The genetic diversity within the populations of the relict plants ranged from 12 to 
54 % in populations of Saxifraga paniculata and 30 to 57 % in populations of  
Sesleria albicans with a mean of 30 % and 48 %, respectively (see chapter II,3.4 
and III,3.4). Mean genetic diversity, therefore, was higher in Sesleria than in Saxi-
fraga. However, the level of genetic diversity within the populations varied over a 
wider range in populations of Saxifraga than of Sesleria. The genetic distances, 
taken from the Jaccard’s similarity coefficient matrix and the matrix of squared 
euclidian distances also revealed higher levels of diversity within populations of 
Sesleria than in populations of Saxifraga. This, for example, was demonstrated by 
the mean Jaccard-Distance which was 16.7 % in Saxifraga and 29.9 % in Sesleria 
populations (Table 3). However, despite of their different levels of diversity 
within populations, genetic variability highly significant correlated with popula-
tion size in Saxifraga paniculata and Sesleria albicans. Larger populations, there-
fore, showed higher genetic diversity than smaller ones in both species (see chap-
ter II,3.3 and III3,3). 
 
 
 
Table 3: Genetic variation within the populations of Saxifraga paniculata and Sesleria 
albicans. For each species mean percentage of polymorphic bands and mean genetic dis-
tances were calculated. 
 
Genetic variation Saxifraga paniculata Sesleria albicans 
   
Polymorphic bands (%): 29.5 47.9 
Jaccard-Distance Min (%): 12.1 24.0 
Jaccard-Distance Max (%): 20.8 34.0 
Jaccard-Distance Mean (%): 16.7 29.9 
Sums of euclidian squares/n-1: 13.4 25.3 
   
   
Correlation with population size: Yes Yes 

 
 
The genetic diversity within populations is directly related to the history of the 
populations, the rarity of the species, the pollination system, the longevity of the 
individuals and the ecological amplitude of the plant species. 
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Both high (Smith & Pham 1996, Tansley and Brown 2000) and low levels (Glover 
& Abbott 1995, Friar et al. 1996) of genetic diversity have been observed within 
rare populations. Although the level of genetic diversity depends on the estimator 
used to assess the variability (Widmer & Lexer 2001), relictual populations often 
show high levels of genetic diversity compared to widespread plant species, as 
demonstrated by many authors (Abbott et al. 1995, Lewis & Crawford 1995, 
Comes & Kadereit 1998, Dannemann 2000, Lutz et al. 2000). Since the popula-
tions of Saxifraga paniculata and Sesleria albicans were both relict plant popula-
tions, the results of this study were coroborated by the results reported for other 
relict populations. 
 
Comparing Saxifraga and Sesleria the investigation of Gitzendanner & Soltis 
(2000) should be considered, who showed significantly lower genetic diversity in 
rare compared to wide-spread species. Sesleria is more widespread than Saxifraga 
and the higher level of diversity within Sesleria can at least partly be due to this 
fact.  
 
Saxifraga paniculata and Sesleria albicans were both cross-pollinated. Cross-
pollinated plants generally seem to have higher levels of genetic diversity within 
populations than self-pollinated species (Wolff et al. 1994, Wingender et al. 
2000). The pollination system, therefore, makes a strong contribution to the high 
levels of genetic diversity found in populations of glacial relict plants in this in-
vestigation. According to Dannemann (2000), the high levels of genetic diversity 
observed in relict populations of Biscutella laevigata are mainly due to the al-
logamic pollination system. However, wind-pollinated plants generally exhibit 
higher levels of diversity than insect-pollinated species (Govindaraju 1988, 
Hamrick & Godt 1989, Wingender 2000). The higher level of genetic variability 
observed in the populations of Sesleria is, therefore, mainly due to the wind-
pollination.  
 
The longevity of plants also contributes to the higher level of genetic diversity 
within the investigated populations. Long-living perennials usually show greater 
variability than shorter-lived species (Hamrick & Godt 1989). Both Saxifraga 
paniculata and Sesleria albicans show strong vegetative propagation by rosettes 
and tillers, respectively. The multiramet, clonal structure of S. paniculata and S. 
albicans suggests that the plants can reach considerable ages. The longevity of 
Saxifraga and Sesleria, therefore, presumably plays an important role in maintain-
ing the observed high levels of genetic diversity, as reported for the glacial relict 
Biscutella laevigata (Dannemann 2000) and other plant species before (Ayres & 
Ryan 1997, 1999).  
 
Finally, Sesleria albicans exhibits a considerably broader ecological amplitude 
than Saxifraga paniculata. Since genetic diversity and ecological amplitude are 
often positively correlated (Babbel & Selander 1974), this may also have an influ-
ence on the higher levels of genetic diversity, observed in populations of Sesleria 
albicans.   
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4 Genetic diversity in central populations and peripheral relict populations 
Both Saxifraga paniculata and Sesleria albicans showed different levels of in-
trapopulational diversity in the Alps compared to central Europe (Table 4). As 
demonstrated above, Saxifraga exhibited 29.6 % polymorphic bands in southwest 
Germany and 34.1 % in the Alps, while Sesleria showed 47.3 % in southwest 
Germany and 55.9 % in the Alps (see chapter II,3.5 and III,3.5). Despite the fact 
that a higher quantity of central European populations was investigated, the pe-
ripheral relict populations of both species were genetically less variable than the 
populations from the present main distribution area.  
 
These results are in correspondence with Lesica & Allendorf (1995), who postu-
lated reduced gene flow (isolation), small population size and founder effects in 
peripheral populations, which all promote genetic drift and result in reduced ge-
netic variation and increased differentiation. Generally disjunct populations and 
populations located at the extremes of a species range have frequently lower lev-
els of genetic diversity than more centrally located populations (Furnier & Adams 
1986, Guries & Ledig 1982, Schwaegerle & Schaal 1979, Shumaker & Babbel 
1980, Yeh & Layton 1979), which is in correspondence with the results presented 
in this study. However, not all glacial relicts show this genetic pattern, as demon-
strated in an investigation of Biscutella laevigata. In this study, Dannemann 
(2000) found no higher levels of genetic diversity in populations which were lo-
cated near to the centre of the distribution area.  
 
 
 
Table 4: Genetic variation within the populations of Saxifraga paniculata and Sesleria 
albicans from west Germany, southwest Germany and the Alps. For each geographic 
region mean percentage of polymorphic bands and mean genetic distances were calcu-
lated. 
 
 
Region West Germany Southwest Germany Alps
    
Polymorphic bands (%):    
Saxifraga paniculata 26.6 29.6 34.1 
Sesleria albicans 47.1 47.3 55.9 
    
Jaccard-Distance Min (%):    
Saxifraga paniculata 08.5 11.8 16.2 
Sesleria albicans 23.4 23.4 30.8 
    
Jaccard-Distance Max (%):    
Saxifraga paniculata 18.2 21.2 24.5 
Sesleria albicans 33.5 33.7 39.1 
    
Jaccard-Distance Mean (%):    
Saxifraga paniculata 13.7 16.5 20.5 
Sesleria albicans 29.2 29.5 35.6 
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5 Conclusions with respect to the conservation of glacial relict plants  
A major goal of conservation biology is to preserve genetic variation and evolu-
tionary processes in viable populations of ecologically important species in order 
to prevent potential extinction (Soule & Simberloff 1986). Loss of genetic diver-
sity is thought, potentially,  to lead to a decrease in a species‘ ability to survive 
environmental changes and demographic fluctuations, both in the short- and long-
term (Ellstrand & Elam 1993, Milligan et al. 1994), although many authors cau-
tion that no causal link between low genetic variation and a population‘s long-
term viability has yet been proven (Milligan et al. 1994, Schemske et al. 1994). 
The maintenance of at least a constant level of genetic variation is, therefore, gen-
erally considered essential for the long-term protection of a taxon (Frankel & 
Soule 1981, Simberloff 1988). Consequently the study of population genetics has 
been identified as one of the main priorities for conservation (Holsinger & 
Gottlieb 1991). Many of these studies resulted in strategies for conservation man-
agement (Rossetto et al. 1995, Stewart & Porter 1995, Ayres & Ryan 1997, Mar-
tin et al. 1997, Cardoso et al. 1998, Sydes & Peakall 1998).  
 
The present investigation revealed, that Saxifraga paniculata maintained consid-
erable genetic diversity both within and among populations despite and because of 
the long-term isolation at least since the end of the last glaciation. To ensure the 
long-term protection, conservation strategies should aim at the maintenance of the 
entire genetic diversity. Although larger populations showed higher genetic diver-
sity than smaller ones, this study demonstrated that every population of Saxifraga 
shows uniqually genetic characteristics. For this reason all populations from all 
geographical regions are worth to be protected. However, special attention should 
be aimed in any case to the largest populations of every location and region. 
 
This study also demonstrated, that Sesleria albicans shows only a low level of 
geographical and ecotypic differentiation. Most of the genetic variability of Sesle-
ria albicans is located within the populations. From this point of view, it would 
not be necessary to preserve populations from different regions or habitats. How-
ever, even a low differentiation can be the starting point of a further evolutionary 
development. It would, therefore, be advisable in any case to prevent populations 
from all geographical regions and habitats.  
 
Furthermore, the isolated central European populations of Saxifraga paniculata 
and Sesleria albicans are located near the outer boundary of the geographic range. 
Such populations are considered to have a high priority for the conservation of 
biodiversity in Europe (Korneck et al. 1996). This is in agreement with Lesica & 
Allendorf (1992), who emphasize the fact, that the occurrence of stress-induced 
heterozygous advantage in plants and the cocomitant increased retention of varia-
tion suggests that small populations that occasionally undergo moderate levels of 
stress may retain higher levels of heterozygosity than similar sized populations in 
benign environments. Geographical outliers, such as the investigated relict popu-
lations, are likely to occur in ecologically marginal or stressful conditions.  
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From that point of view the peripheral populations are in general of disproportion-
ately importance for preserving the genetic diversity of the whole species (Lesica 
& Allendorf 1995). The protection of the peripheral populations of Saxifraga 
paniculata and Sesleria albicans in central Europe, therefore, requires special 
attention. 
 
Since the establishment of new populations was not observed to date, both Saxi-
fraga paniculata and Sesleria albicans seem to have low dispersal ability (Phi-
lippi 1984). The species, therefore, show no metapopulation dynamics. For this 
reason, conservation efforts have to focus on the preservation of persisting 
populations. 
 
 
 
6 Biological traits and genetic diversity of further glacial relict plants 
The genetic diversity within and among populations of glacial relicts is, as men-
tioned above, tremendously influenced by the biological traits and the distribution 
of the plants. The high level of genetic diversity observed within the investigated 
relict populations of Saxifraga paniculata and Sesleria albicans is, on the one 
hand, due to the allogamic pollination system of the plants and the longevity of 
the individuals. Different levels of diversity within populations of the two relict 
species can, on the other hand,  be attributed to the media used for pollination (in-
sects or wind), the degree of rarity, the generation period and the varying ecologi-
cal amplitude. 
 
An analysis concerning the biological traits of further central European glacial 
relicts (Table 5), showed that most relict plant species were perennial plants with 
an allogamic pollination system. Only few relict species were apomictic or exclu-
sively self-pollinating plants. Considering the results of the present investigation 
discussed above, high levels of diversity can carefully be presumed for further 
glacial relict plant species. However, the central European glacial relict plants 
show strong differences concerning the medium used for pollination, the longev-
ity of the species and the ecological amplitude. Variable high levels of diversity 
can, therefore, be presumed for different relict species. Since genetic diversity 
strongly depends on the longevity of plant species and long generation periods 
mainly can be observed in clonal growing plant species, genetic depauperation is 
more likely for plant species with weak than with strong vegetative propagation. 
Lower levels of genetic diversity, therefore, especially can be assumed for species 
such as Pedicularis sceptrum-carolinum, Kernera saxatilis, Athamanta cretensis 
or Anemone narcissiflora.    
 
The analysis of the most important glacial relicts in central Europe also showed 
considerable differences with respect to the distribution of the plants (Table 5). 
Some glacial relicts are very rare while others are more widely distributed. Since 
the geographic differentiation of relict populations strongly depends on the level 
of geneflow among the more or less isolated plant populations, different levels of 
geographic differentiation can be assumed for different glacial relict species. 
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Table 5: Biological traits of central European glacial relict plant species (LS = life span, 
PO = pollination, VP = vegetative propagation, LF = life form, HA = habitat, RL = red 
list, PR = protection, DB = number of german topographic maps for which the species is 
reported, Per = perennial, W = windpollinated, I = insectpollinated, S = selfpollinated, A 
= apomict, Nph = nanophanerophyte, Hcr = hemicryptophyte, Cph = chamaephyte, Gph 
= geophyte, FO = forest, D = dwarf shrub vegetation, F = fen, R = rock, G = grassland).    
 
 
Glacial relict species: LS PO VP LF HA RL PR DB
         
Prealps:         
Betula nana Per W Weak Nph F/D 2 § 14 
Betula humilis Per W Weak Nph F/FO 2 § 39 
Salix myrtlloides Per W Middle Nph F 1 - 14 
Carex heleonastes Per W Strong Hcr F 1 - 20 
Juncus stygius Per W Strong Hcr F 1 § 3 
Saxifraga hirculus Per I Middle Hcr F 1 § 3 
Pedicularis sceptrum-carolinum Per I Weak Hcr F 2 § 16 
         
Swabian Alb:         
Kernera saxatilis Per I/S Weak Cph R - - 8 
Draba aizoides Per I/S Strong Cph R - § 20 
Arabis alpina Per S Middle Cph R - - 3 
Athamanta cretensis Per I Weak Hcr R - - 3 
Androsace lactea Per I/S Middle Hcr R 3 § 1 
Gentiana lutea Per I Middle Hcr G/FO 3 § 42 
Campanula cochlearifolia Per I Strong Hcr R - - 9 
Hieracium humile Per A Weak Hcr R 3 - 26 
Traunsteinera globosa Per I/S Weak Gph G - § 5 
Carex sempervirens Per W Strong Hcr G - - 7 
Polygonum viviparum Per A Strong Hcr G - - 4 
Anemone narcissiflora Per I Weak Gph G/FO 3 § 12 
Ranunculus oreophilus Per I Weak Hcr R 3 - 12 
Pedicularis foliosa Per I Weak Hcr G - § 1 
Saxifraga paniculata Per I/S Strong Cph R - § 41 
Sesleria albicans Per W Middle Hcr G/F/R/FO - - 57 
         
Black Forest:         
Luzula desvauxii Per W Strong Hcr R R - 2 
Silene rupestris Per I/S Middle Hcr R - - 11 
Alchemilla hoppeana Per A Weak Cph R - - 2 
Primula auricula Per I Weak Hcr R 3 § 3 
Veronica fruticans Per I/S Weak Hcr R - - 3 
Potentilla aurea Per I Middle Hcr G - - 3 
Ligusticum mutellina Per I Weak Hcr R - - 1 
Soldanella alpina Per I Weak Hcr G - § 2 
Homogyne alpina Per I/S Strong Hcr G/FO - - 2 
Gnaphalium norvegicum Per I Weak Hcr G - - 3 
Gnaphalium supinum Per I Strong Hcr G - - 1 
Crepis pyrenaica Per I Weak Hcr G - - 1 
Saxifraga stellaris Per I/S Strong Cph R - § 3 
Bartsia alpina Per I Weak Gph G - - 3 
         
Harz:         
Gypsophila repens Per I Strong Cph R - - 1 
Cardaminopsis petraea Per I Weak Hcr R - - 2 
Anthriscus nitidus Per I Weak Hcr FO - - 1 
Aster alpinus Per I Weak Hcr G - § 4 
Carex vaginata Per W Strong Gph G R - 2 
Hieracium alpinum Per A Weak Hcr G/D - - 2 
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In conclusion it has to be stated that is very difficult to make reliable predictions 
concerning the genetic diversity within and among populations of glacial relicts in 
general. Further investigations would, therefore, be of tremendous interest.   
 
 
 
7 Prospects 
The study presented here, impressively demonstrated the great advantages of 
DNA markers for the analysis of plant population genetic diversity. However, for 
several decades, numerous studies on population genetics used isozymes to detect 
variation. Although there exist many studies, data on RAPD variation in plant 
populations are comparatively rare. Further investigations using RAPD analysis 
would, therefore, be extremely desirable. Moreover, the use of codominant DNA 
markers, such as microsatellites or AFLP’s, would give elucidating information 
about the levels of heterozygosity in the populations of the investigated plants. 
Additional analyses using further DNA markers would, therefore, be of tremen-
dous interest.  
 
In this study a very large number of plants was analysed. However, due to the aim 
of the investigation, most of the individuals were sampled in central European 
relict populations. To get an extensive overview on the genetic diversity within 
and among the populations of the two species, it would be elucidating to analyse 
more individuals of Saxifraga paniculata and Sesleria albicans from the Alps and 
from other regions in europe. Since Saxifraga paniculata is also distriduted in 
North America, an investigation of plants from this geographic region would be, 
furthermore, of strong systematic interest.  
 
Finally, the present investigation revealed highly interesting and elucidating facts, 
concerning the genetic diversity of glacial relict plant populations. It shed light 
upon the genetic consequences of population isolation and differentiation. How-
ever, there are many other alpine relict species (Table 5), such as Kernera saxa-
tilis, Draba aizoides, Carex sempervirens or Traunsteinera globosa and arctic-
alpine relict species, such as Gnaphalium norvegicum, Silene rupestris, Anemone 
narcissiflora or Saxifraga stellaris which occur with rare and isolated populations 
in the lower mountains of central Europe. Since these central European relict spe-
cies show common and different biological traits, an investigation of further relict 
plant species could shed light upon the general principles, determining the genetic 
diversity within and among populations of glacial relict plants.  
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V 
Summary  

 
Saxifraga paniculata and Sesleria albicans are widely distributed in the Alps, but 
also occur with isolated populations in the lower European highlands. The present 
distribution of the two species is a result of the climatic changes after the last gla-
ciation. Due to the warmer conditions, which were not so suited for alpine and 
arctic-alpine plants, population size and range of Saxifraga paniculata and Sesle-
ria albicans were greatly reduced since the end of the pleistocene. The peripheral 
and isolated populations in the mountains of central Europe are, therefore, consid-
ered to be glacial relict populations.   
 
Populations of Saxifraga paniculata and Sesleria albicans were fragmented at 
least since the end of the last glaciation. Furthermore, the relict populations colo-
nize habitats, which differ from each other with regard to ecological conditions 
and selection pressures. In the present investigation this was used to study the 
consequences of longterm isolation for the genetic diversity of plant populations 
and to analyze the genetic differentiation of populations and the development of 
ecotypes.  
 
To investigate the genetic diversity within and among populations in this study 30 
populations (131 individuals) of Saxifraga paniculata and 25 populations (100 
individuals) of Sesleria albicans from central Europe and the Alps were subjected 
to RAPD and ITS analysis. 
 
The results clearly showed a high level of geographic differentiation among 
relictual populations of Saxifraga paniculata. In an analysis of molecular variance 
approximately as much variability could be observed among geographic regions 
as within populations and in a cluster analysis the populations from the same re-
gion or location were grouped together. These results were coroborated by a sig-
nificant correlation of the genetic distance (ΦST) and the geographic distance be-
tween the populations of Saxifraga paniculata. 
 
In contrast, Sesleria albicans exhibited only a low level of geographic differentia-
tion. In an analysis of molecular variance most of the variability was observed 
within populations and in a cluster analysis the populations were mixed up thor-
oughly independent from the fact whether they were located near to each other or 
not. A significant correlation of the genetic distance (ΦST) and the geographic 
distance could, furthermore, not be observed for Sesleria albicans. 
 
These findings can be explained with the pollination system and the geographic  
distribution of the two species. Saxifraga paniculata is an insect-pollinated plant 
species with a limited distribution which promotes geographic differentiation. In 
contrast, Sesleria albicans is a wind-pollinated plant species with a wider geo-
graphic distribution which prevents a regional differentiation.  
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Both Saxifraga paniculata and Sesleria albicans exhibited considerable levels of 
genetic diversity within populations. However, genetic diversity was slightly 
higher within populations of Sesleria. Furthermore, genetic variability highly sig-
nificant correlated with population size in both species. Larger populations, there-
fore, showed higher genetic diversity than smaller ones in both species. Moreover, 
peripheral relict populations of both species were genetically less variable than the 
populations from the present main distribution area in the Alps.  
 
The considerable genetic diversity observed within relict populations of Saxifraga 
paniculata and Sesleria albicans is characteristic for relict plant populations. It is 
mainly due to the allogamic pollination system of the two plant species and the 
longevity of the individuals, which both contributes to the maintenance of genetic 
variability. The sightly higher level of molecular diversity within populations of 
Sesleria can be attributed to the fact that the species is wind-pollinated, shows a 
broader ecological amplitude and is more widely distributed than Saxifraga. 
 
The lower level of genetic diversity within small and/or peripheral relict popula-
tions can be explained by the effects of inbreeding, leading to an increase in the 
number of homozygotes in the population and genetic drift, producing random 
changes in allele frequencies which results in reduced genetic variation. 
 
Although the habitats colonized by Sesleria albicans differ to a high degree from 
each other in intensity of land use and with regard to the heterogeneity of the en-
vironment and to the availability of nutrients, light and water, in this investigation 
only a low level of ecotypic differentiation could be observed. Sesleria albicans 
generally seems to have a high level of pheno- and genotypic plasticity. This at-
tribute obviously allows the species to colonize very different habitats without 
being genetically adapted in a specific way to the same habitats.  
 
Since the establishment of new populations was not observed to date, Saxifraga 
paniculata and Sesleria albicans seem to show no metapopulation dynamics. For 
this reason, conservation efforts have to focus on the preservation of persisting 
populations.  
 
Loss of genetic diversity is thought, potentially,  to lead to a decrease in a species‘ 
ability to survive environmental changes and demographic fluctuations. Conserva-
tion strategies, therefore, should aim at the maintenance of the entire genetic di-
versity of a species to ensure long-term protection.  
 
This study demonstrated that every population of Saxifraga paniculata and Sesle-
ria albicans shows uniqually genetic characteristics. Furthermore, the isolated 
central European populations of the two species are located near the outer bound-
ary of the geographic range. The relict populations are, for this reason, considered 
to have a high priority for the conservation of biodiversity in Europe. The protec-
tion of the peripheral populations of Saxifraga paniculata and Sesleria albicans in 
central Europe requires, therefore, special attention. 
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