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ABSTRACT 
 
Palmé, AE. 2003. Evolutionary history and chloroplast DNA variation in three plant genera: 
Betula, Corylus and Salix. The impact of post-glacial colonisation and hybridisation. Acta 
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This thesis focuses on the chloroplast DNA variation in three forest tree genera: Corylus, 
Betula and Salix. Chloroplast PCR-RFLP is used to evaluate the post-glacial history of hazel, 
Corylus avellana, silver birch, Betula pendula and sallow, Salix caprea and to explore the 
possibility of introgression in the Salix and Betula genera. In addition, the chloroplast matK 
gene, its flanking regions and the nuclear ADH gene were used to study the phylogenetic 
relationships within the Betula genus. 

The great difference in the level of chloroplast variation and its geographic structure 
among the three main species studied here demonstrates that forest species do not form a 
homogeneous group. Hazel shows a genetic structure similar to many other thermophilous 
species and this structure, in combination with fossil evidence, indicates that the post-glacial 
colonisation of most of Europe originated in a refugium in western France while the Balkan 
and Italy were colonised from a south-eastern refugium. 

In sallow and silver birch the chloroplast DNA variation and its structure does not fit 
with a scenario of glacial restriction to southern refugia and survival at intermediate latitudes 
is suggested for both species. The chloroplast DNA variation in silver birch suggests the 
presence of one western and one eastern European post-glacial colonisation route and limited 
contribution of southern populations in the colonisation of the rest of Europe. Unique 
haplotypes by the Ural Mountains indicates the possibility of a separate glacial origin of these 
populations. 

The study of chloroplast DNA in species closely related to sallow and silver birch 
indicate that extensive hybridisation and cytoplasmic gene flow occurs within both the Salix 
and Betula genera in Europe. The nuclear and chloroplast phylogenies of 14 Betula species 
were not in complete agreement with each other or with the classical division of the Betula 
genus into subgenera or sections. The phylogenetic structure implies that hybridisation has 
played a role in the evolution of the Betula genus.  
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INTRODUCTION 

 

Post-glacial colonisation in Europe 

 

The last glaciation 

The climate on Earth is characterised by change: from the small weather changes that 

occur during a day to large-scale climatic fluctuations. Throughout Earth’s history the 

climate has experienced cyclical variations on a time scale of 10 to 100 kyr, that are 

caused by variations in Earth’s orbit, as well as changes on a larger time scale that are 

influenced by the position of the continents, tectonic uplift and the orbit of the solar 

system (Bennett, 1997). The changes on the former time scale led to the repeated 

expansions and retractions of continental ice-sheets that has dominated the Quaternary 

period (Bennett, 1997). During the last glaciation, which had its maximum about 18 

000 14C years ago, ice covered large parts of northern Europe, including Scandinavia, 

northern Britain and mountain ranges such as the Alps and the Pyrenees (Clark & Mix, 

2002; Velichko et al., 1997). However, during the same periods large parts of eastern 

Europe and Asia remained ice-free, including parts of the Siberian arctic (Clark & 

Mix, 2002; Velichko et al., 1997).  

 

The areas that were not glaciated during the last glacial maximum (LGM) were still 

affected by the severe climate and the presence of the ice-sheets, resulting in a 

vegetation that looked very different from today. Southern and parts of central Europe 

were dominated by steppe vegetation (grasses and shrubs) (Elenga et al., 2000) and the 

more northern parts by tundra (Huntley & Birks, 1983). North-eastern Europe and 

Siberia were also dominated by tundra and steppe with some local occurrences of taiga 

north of the Black Sea and by the Ural watershed while broad-leaved taxa were present 

by the Black Sea (Tarasov et al., 2000). 

 

Analyses of pollen data from 22 tree species suggest that there were at least seventeen 

possible refugial areas during the LGM located to western, southern, central and 
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eastern Europe (see Figure 6.50 in (Huntley & Birks, 1983)). Even though the 

dominating vegetation type in these areas has been reconstructed as steppe (Elenga et 

al., 2000;Tarasov et al., 2000) there is evidence that trees were present locally, 

probably mainly at moderate elevations in mountain regions (Elenga et al., 2000). 

Tzedakis et al. (Tzedakis et al., 2002) show that temperate trees were present 

throughout the last glacial in Greece, thereby confirming the importance of the 

Balkans as a refugial area. The combination of molecular and fossil data indicates that 

the Iberian peninsula, Italy and the Balkans have been the most important refugial 

areas for most European species investigated so far, but that eastern refugia have been 

important for some species as well (Hewitt, 1999; Taberlet et al., 1998). 

 

Southern and Eastern Europe may not be the only refugial areas however. The 

presence of macrofossils of Pinus, Picea, Betula, Juniperus, Salix, Larix and Carpinus 

in Hungary throughout the period between 32 500 and 16 500 14C years BP (before 

present) show that trees were present at intermediate latitudes during the LGM (Willis 

et al., 2000). Also evidence from other non-arctic plant and animal species supports 

the presence of refugia in central Europe (Stewart & Lister, 2001).  As steppe and 

tundra dominated at these latitudes these populations must have survived the glaciation 

in small populations located to sheltered microclimates without leaving much evidence 

in the pollen record (Stewart & Lister, 2001). 

 

The presence of high latitude refugia in Scandinavia has been suggested but there is 

today little evidence that there were ice-free areas in northern Scandinavia (Velichko 

et al., 1997). High latitude refugia would have been much more likely to occur in the 

Russian Arctic or in Beringia since these areas were ice-free during the LGM 

(Velichko et al., 1997) and vegetation reconstruction supports the presence of both 

tundra and steppe (Edwards et al., 2000; Tarasov et al., 2000). Genetic evidence also 

supports the presence of Arctic refugia in Beringia for the purple saxifrage (Saxifraga 

oppositifolia) (Abbott et al., 2000), and other arctic species may also have survived the 

LGM in these areas.  
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Migration patterns 

The repeated cycles of glacials and interglacials of the Quaternary have seriously 

affected the evolution and distribution of biota in the Northern Hemisphere. During 

interglacials, such as the current one, many species have large population sizes and 

distributions areas while they are confined to restricted areas during glacials (however, 

many arctic species show the opposite pattern). During the beginning of each 

interglacial forest trees spread from their refugia but at the end of the interglacial there 

is generally no corresponding migration wave south and the persistent populations in 

southern Europe are the origin of each re-colonisation (Bennett et al., 1991). There are 

some species for which this might not be the case, however, and the pollen record 

indicates that species of the Betula and Pinus genus might have moved back and forth 

in response to climate changes (Bennett et al., 1991). 

 

Plant communities are not permanent entities and each species has a unique migration 

history (Bennett, 1997; Hewitt, 1999; Taberlet et al., 1998). Hence, each species 

survived the LGM in refugia suitable to its needs and followed its own path during the 

post-glacial colonisation. Also the speed and timing of colonisation differ widely 

among species. The exact pattern of migration into new areas after a glaciation 

depends on many factors. Aspects such as habitat preferences, propagation and 

dispersal strategies, cold tolerance, abundance and competition could all potentially 

affect a species colonisation pattern. It is therefore difficult to infer the migration 

pattern of one species by studying another, but a couple of main colonisation routes in 

Europe have nevertheless been identified for thermophilous species (Hewitt, 1999; 

Taberlet et al., 1998). The limited number of possible southern refugia available in 

Europe and the tendency for species with similar habitat preferences to migrate into 

the same areas have certainly homogenised the migration patterns. The geography of 

Europe may also have channelled many species along the same colonisation routes. 

The evidence of species that do not follow these “traditional” colonisation routes since 

they survived the LGM at intermediate or high latitudes is steadily increasing as more 

studies are carried out on cold-tolerant species (Abbott et al., 2000; Rendell & Ennos, 

2002, II, III) 
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Migration patterns of Corylus, Betula and Salix 

There are two complementary ways of deducing the past migration patterns of plants: 

analysis of fossil pollen and study of genetic patterns in current populations. In this 

thesis I have used the second method but the palynological approach is crucial since it 

gives independent information about species history, which is usually essential for the 

correct deduction of past migration patterns. I will therefore recapture something about 

what is known about Corylus, Betula and Salix from the fossil record. 

 

Corylus is the most thermophilous of the three genera studied here and would 

therefore be expected to have the most restricted distribution during the LGM. Huntley 

and Birks (1983) suggest that Italy and the area around the Bay of Biscay (western 

France) were the most important refugia but Corylus has also been continuously 

present in Greece during the last 133 000 years including the LGM (Tzedakis et al., 

2002). The presence of Corylus pollen does not necessarily mean the presence of C. 

avellana but there are only two other hazel species in Europe and both have restricted 

south-eastern distributions, indicating that most of the pollen record mirrors C. 

avellana. There are also indications that Corylus could have been locally present in 

central Europe during the LGM (Bennett et al., 1991; Huntley & Birks, 1983). 

Between 10000 and 9000 BP the amount of Corylus pollen found across Europe 

sharply increased. Huntley and Birks (1983) suggest that the most likely explanation 

for this increase is a very rapid spread (1500 m/yr.) from refugia in Italy and around 

the Bay of Biscay. Brewer et al (Brewer et al, submitted) on the other hand argue that 

the most likely explanation is an expansion from several scattered refugial areas. After 

this increase of hazel pollen, areas in central western Europe and in the British isles 

reached values of 50 % of the shrub and tree pollen, which indicates a vegetation 

dominated by hazel (Huntley & Birks, 1983). The proportion of hazel pollen later 

decreased, mainly in continental Europe, and Corylus probably reached its present 

status, namely understory in mixed deciduous forests. 
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The Salix genus contains about 70 species in Europe but these are not separated in the 

pollen record, making it very difficult to recover the history of a single species from 

the pollen record. S. caprea has different ecological requirements than many of the 

small shrubs of the genus and high levels of pollen in the fossil record generally 

indicate sub-arctic, sub-alpine or tundra vegetation (Huntley & Birks, 1983), where S. 

caprea would probably not have been present. Macroscopic charcoal remains of tree 

Salix dated to about 23 000 14C years BP have been found in Hungary, indicating that 

at least one tree species survived the LGM at intermediate latitudes (Willis et al., 

2000). The presence of species such as Pinus, Picea, Betula, Juniperus, Larix and 

Carpinus in this area during the LGM  (Willis et al., 2000) also indicates that the 

climate was, at least locally, suitable for S. caprea and that this species could 

potentially have been present in the area. The speed of colonisation is equally difficult 

to deduce. The Salix genus as a whole quickly re-colonised the deglaciated areas of 

Europe but the pollen record probably mainly mirrors the spread of tundra and shrub 

communities (Huntley & Birks, 1983). However, the wind-dispersed seeds of S. 

caprea have a great dispersal potential that would have been even greater in the open 

landscape of recently deglaciated Europe. 

 

The Betula genus contains four European species: two trees (B. pendula and B. 

pubescens), one shrub (B. humilis) and one dwarf shrub (B. nana) (Tutin et al., 1964) 

and the latter species has only occasionally been separated from the other three in the 

pollen record. Betula was present both in southern and central Europe during the LGM 

(Bennett et al., 1991; Willis et al., 2000) but different parts of the range were probably 

dominated by different species. B. nana was a typical plant of the tundra vegetation 

that covered much of central and eastern Eurasia during the LGM (Tarasov et al., 

2000) and much of the Betula pollen found close to the ice-sheet probably originated 

from this species. On the other hand both pollen data and macrofossils indicate that 

tree Betula was present in central Europe during full-glacial (Huntley & Birks, 1983; 

Willis et al., 2000). Tree Betula also quickly occupied suitable habitats as they became 

available when the ice retreated. The expansion of Betula in central Europe (Austria) 

started about 14 270 cal. years BP (Schmidt et al., 2002) and tree Betula existed in 
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southern Norway as early as 12 500 BP (Paus, 1995) and in the northern Russian 

Arctic about 10 000 to 11 000 years BP (MacDonald et al., 2000). 

 

Genetic effects of post-glacial colonisation  

 

Early models suggested that trees spread and colonise new areas mainly by diffusion. 

The seeds spread over relatively short distances and therefore only colonise adjacent 

patches and the expansion proceeds by a slowly moving front. However, this does not 

fit well with postglacial colonisation history of some tree species. After the LGM the 

migration rates were very high, many tree species show rates higher than 100 metres 

per year, and these rates do not at all correspond to the rates achieved in simple 

diffusion models (Clark, 1998; Le Corre et al., 1997). Another problem with the 

simple diffusion model is that it predicts that life history factors such as seed dispersal 

and production should affect the rate of dispersal but the paleorecord shows no 

evidence of this (Clark, 1998). In later works long-distance dispersal was incorporated 

into the dispersal models and in these models migration rates corresponding to the 

ones found in the paleorecord can be produced (Clark, 1998; Le Corre et al., 1997). 

The differences in colonisation rate between species with different life histories should 

be even greater in this model but Clark (1998) suggests that they are prevented from 

reaching their full migration speeds by factors such as climate or geography. 

 

Long distance dispersal is common in the leptokurtic (fat tail) migration distribution, 

where most individuals only disperse short distances, few intermediate distances but a 

significant amount still disperse long distances. This kind of dispersal is found in many 

plants and animals and its effects on neutral genes have been analysed in a number of 

studies (Ibrahim et al., 1996; Le Corre et al., 1997; Nichols & Hewitt, 1994). 

Leptokurtic dispersal results in a high degree of patchiness, probably created by the 

bottleneck effects when one or a few long distance migrants colonise a new area, and 

this pattern can persist for hundreds of generations without reaching equilibrium 

(Ibrahim et al., 1996). Boileau et al. (1992) showed that the effects of founder events, 

which would occur repeatedly when long distance dispersers establish new 



 11

populations, can persist for thousands of generations if population sizes are large 

enough (105, 106). It is therefore likely that many investigated populations, especially 

populations of long lived tree species, which have experienced relatively few 

generations since the postglacial migration, have not yet reached equilibrium. Their 

genetic structure should therefore still reflect the genetic structure created during 

colonisation. However, the founder effect should be less pronounced in trees than in 

annual species. The delayed reproduction of trees, they do not generally reproduce 

until they are 10 – 50 years old, makes it possible for other individuals to migrate into 

an area before the first colonisers have had a chance to reproduce and make 

establishment in the new area more difficult due to high density (Austerlitz et al., 

2000). 

 

The confinement of many species to geographically isolated refugia during the LGM 

would have limited the gene flow among the different parts of their distributions. This 

would lead to differentiation among refugia. If the refugial populations were small, 

which seems likely since vegetation reconstructions indicate that most trees were only 

present in small localised areas of favourable microclimate (Elenga et al., 2000; 

Tzedakis et al., 2002), drift would be an important factor and could quickly lead to 

high genetic differentiation among refugia and diminished genetic variation. Since in 

most species northern populations probably did not migrate back into refugial areas 

(Bennett et al., 1991) the differentiation among refugia could continue throughout 

repeated glacials and interglacials. Strong genetic differentiation among refugia has 

been observed in a number of species, for example Quercus (Dumolin-Lapègue et al., 

1997) Acer campestre, Acer pseudoplatanus, Carpinus betulus and Fraxinus excelsior 

(Petit et al., 2001). This pattern would of course be very different in a species that was 

not confined to restricted refugia but was present in a more or less continuous 

population across Europe. Under these circumstances differentiation among regions 

would be weaker and more genetic variation would be retained due to the larger 

population size. Austerlitz et al. (2000) suggest that the current level of differentiation 

in chloroplast DNA depends on the differentiation among the refugial areas at the start 

of colonisation which in turn depends on the differentiation before the last glacial.  
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Colonisation of a new area can in many cases lead to loss of genetic variation (Hewitt, 

1999; Ibrahim et al., 1996). As I have argued above, long distance dispersal may be 

common in many tree species and it leads to a patchy genetic distribution where each 

patch show limited variation (Ibrahim et al., 1996). When long distance dispersers 

found populations far away from the main population they can expand quickly and 

prevent later migrants from establishing in the area, however this effect should be 

stronger in annuals than in trees (Austerlitz et al., 2000), see above. The genotype of 

the founders will therefore dominate the region. During the postglacial colonisation of 

Europe this process would have occurred repeatedly and each time the most likely 

migrants to colonise new land would be those from the northern part of the main 

distribution (Hewitt, 1999). This would result in continuous loss of variation as a 

species extends north. A number of molecular studies do indeed show a pattern of 

larger variation in southern Europe than in the north: Alnus glutinosa (King & Ferris, 

1998), Quercus (Dumolin-Lapègue et al., 1997), Hedera: (Grivet & Petit, 2002b) and 

this pattern was explained by the loss of alleles during re-colonisation. The pattern of 

variation within a colonisation wave can however be obscured by the pattern created 

when different colonisation waves meet. Increased levels of variation where lineages 

of different origin meet have been suggested in several tree species (Petit et al., 2002; 

Vendramin et al., 2000).  

 

 

Hybridisation 

 

Hybridisation is a surprisingly frequent phenomenon in plants and it can be of 

evolutionary importance in several ways. Introgression, the transfer of genes between 

species (Avise, 1994), can result in new gene combinations and larger variation on 

which selection can work. For example, an area of a German forest, which is polluted 

and therefore has an elevated pH compared to the rest of the forest, was invaded by a 

Viola hybrid which seems to be better adapted to the new environmental conditions 

than either of its parent species (Neuffer et al., 1999). Potts and Reid (1988) also 
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suggest that hybridisation can play an important role for dispersal of a species if seed 

transport is limited. This seems to be the case in the two eucalyptus species studied by 

them as well as in white oaks, where hybridisation has been important in the 

postglacial recolonisation process (Petit et al., 1993; Dumolin-Lapègue et al., 1997). 

Hybridisation can also create new, reproductively isolated, species, which from the 

hybridisation event onwards evolve separately from the mother species (Grant, 1981). 

Introgression can also have a detrimental effect, for example, when introduced 

cultivars hybridise with their wild relatives the wild species can be “drowned” in 

genetic material from the cultivar making it less well adapted to its natural 

environment (Allendorf et al., 2001; Wolf et al., 2001).  

 

Identification and estimation of the occurrence of hybridisation and introgression has 

until recently been based on morphological criteria. This can be difficult and often 

impossible since individuals that carry some genes from one species can be 

morphologically indistinguishable from another species because of repeated 

backcrossing (Kron et al., 1993). Today chloroplast DNA and mitochondrial DNA 

have been increasingly and successfully used to identify and characterise 

hybridisation, and also nuclear markers have been used for this purpose (Neuffer et al., 

1999; Ayres et al., 1999; Duvernell et al., 1995; Polziehn et al., 1994; Wagner et al., 

1987; Arnold et al.,  1991; Bobola et al., 1996; Whittemore et al., 1991; Kron et al., 

1993). 

 

When both molecular and morphological methods have been used for the 

identification of pure individuals and hybrids, some studies indicate a general 

congruence between the two methods while others do not. Bobola et al. (1996) found 

that molecular markers and morphological criteria, generally but not always gave 

congruent results in two Picea species. On the other hand Kron et al. (1993) 

discovered that many individuals that were classified as Rhododendron flammeum on 

morphological grounds had chloroplast DNA from R. canescens. Occurrences of 

individuals that morphologically look as one species but share chloroplast DNA with 

another species have also been found in may other genera (Bleeker & Hurka, 2001; 
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Dumolin-Lapègue et al., 1997; Terry et al., 2000) and is generally explained by 

cytoplasmic introgression, i.e. hybridisation and subsequent backcrossing to one of the 

parent species. Introgression is often unidirectional or at least biased. This is for 

example the case in the Rhododendron species mentioned above where it was 

suggested that the dominant inheritance of a colour blotch on the flower and its effect 

on the behaviour of pollinators was the cause of the introgression skew (Kron et al., 

1993). In other cases crosses are simply more successful in one direction than in the 

other, as for example between Quercus petraea and Q. robur (Steinhof, 1993) or B. 

pendula and B. pubescens (Hagman, 1971). 

 

Hybridisation between two species does not necessarily occur with the same frequency 

in different populations. For example, hybridisation between Picea rubens and Picea 

marina is extensive on the coastal islands studied but limited in the mountain 

populations (Bobola et al., 1996). Hybridisation between Betula species also seems to 

vary in extent between different areas and tends to be more common in the sub-arctic 

zone: Scandinavia, Island, the Scottish Highland and Alaska than in other regions 

(Kallio et al., 1983). A reason suggested for this is that the short growing season of 

high latitudes brings the flowering times of the different species closer together and 

thus decreases the species barriers (Kallio et al., 1983).  

 

Molecular markers 

The history of a species or a population can have a great impact on its current genetic 

structure and the genetic structure can therefore also be used to deduce its past. There 

are however several forces that can act to obscure the historical pattern, such as 

selection, mutation and current migration, but nonetheless the genetic structure of 

current populations can be used to trace past migration patterns (Hewitt, 1996) and 

also past and present hybridisation events. 

 

In plants chloroplast DNA has been successfully used for the deduction of past 

colonisation routes in many species (Dumolin-Lapègue et al., 1997; Ferris et al., 1993; 

Jøhnk & Siegismund, 1997; King & Ferris, 1998; Petit et al., 1997) and also for the 
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identification of hybridisation (Bleeker & Hurka, 2001; Petit et al., 2002; Terry et al., 

2000). Chloroplast DNA has several properties that make it especially useful. The 

chloroplast genome is non-recombining, it is generally maternally inherited in 

angiosperms (Dumolin et al., 1995; Radetzky, 1990; Rajora & Dancik, 1992) and 

therefore it has a smaller effective population size than nuclear DNA (1/4 in dioecious 

species and 1/2 in monoecious ones). The fact that chloroplast DNA has a small 

population size and that it is only inherited through seeds should generally result in a 

stronger geographic structure in chloroplast than nuclear markers, which will make 

them ideal for the deduction of past (seed) migration. 

 

Even if chloroplast DNA markers in some ways are ideal for the deduction of 

colonisation routes, no matter how many chloroplast markers that are analysed they 

still only represent one single locus that is inherited as one unit. To be able to draw 

decent quantitative conclusions about the history of a population a large number of 

independent loci is needed (Nordborg, 2001), which in practice means a large number 

of unlinked nuclear genes. Similarly, if we want to draw conclusions about the general 

level of genetic variability of a population it is inadvisable to base it solely on 

chloroplast markers, not only because it is one single locus, but also because nuclear 

genes can be inherited through pollen which often has a higher potential for dispersal. 

 

The choice of molecular markers for phylogenetic studies can be difficult as every 

marker has its advantages and disadvantages. The optimal approach is to use several 

independent markers but time and money usually limit the number of DNA sequences 

analysed. In this thesis (V) chloroplast and nuclear ADH (Alcohol dehydrogenase) 

sequences were chosen to study the phylogeny of the Betula genus.  A chloroplast 

marker was used because of the absence of some processes that complicate the 

evolution of many nuclear genes, such as recombination and concerted evolution. The 

chloroplast matK gene has been successfully used in phylogenetic studies of several 

other genera (Stanford et al. 2000; Soltis et al. 2001; Fukuda et al. 2001) but even 

non-coding chloroplast sequences has proven to contain very low levels of variation 

among some closely related species (Small et al. 1998). The ADH genes are generally 
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present in two or three loci in flowering plants (Morton et al. 1996; Sang et al., 1997; 

Gaut et al., 1999) and has been used extensively in phylogenetic studies (Yokoyama & 

Harry, 1993; Sang et al., 1997; Ge et al., 1999). 

 

The study organisms 

 

Corylus avellana 

Corylus is regarded by most modern authors as a member of the Betulaceae family 

(Furlow, 1990), which includes Alnus, Betula, Carpinus, Corylus, Ostrya and 

Ostryopsis. Both morphological and molecular markers (rbcL, ITS) support the 

division of Betulaceae into two groups: one including Betula and Alnus and the other 

Corylus, Carpinus, Ostrya and Ostryopsis (Bousquet et al., 1992b; Chen et al., 1999). 

Some authors classify the groups as clades calling them Betuleae and Coryleae 

(Bousquet et al., 1992b) while others classify them as subfamilies Betuloideae and 

Coryloideae (Chen et al., 1999; Furlow, 1990). In many floras though, these tribes or 

subfamilies are given family status and are called Betulaceae and Corylaceae (Jonsell, 

2000; Tutin et al., 1964). The members of Coryleae are monoecious, wind pollinated 

trees or shrubs that occur mainly in the temperate parts of the Northern Hemisphere 

(Flora of North America Editorial Committee, 1997; Tutin et al., 1964).  

 

There are three European Corylus species: the hazel C. avellana, the European tree 

hazel C. colurna and the filbert C. maxima, but only C. avellana has a large 

geographic distribution while the other two species are restricted to the Balkans (Tutin 

et al., 1964). C. avellana can potentially hybridise with both C. colurna and C. 

maxima and also with a number of other non-European species such as C. americana, 

C. heterophylla, C. californica, C. chinensis and C. heterophylla (Erdogan & 

Mehlenbacher, 2000a).  

 

Corylus avellana (2n = 22) is a large shrub or a small tree that grows in open 

woodland, at forest margins and as undergrowth in deciduous forests (Komarov, 1936; 

Tutin et al., 1964). The hazel is native to most of Europe, except the northern parts of 
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Scandinavia, Iceland and parts of Eastern Europe. Corylus is extensively cultivated in 

the southern parts of Europe: mainly in Turkey, Italy and Spain, and hazelnuts are the 

second most important nut crop after almonds. C. avellana, C. maxima and their 

hybrids are the most commonly cultivated forms (Vaughn & Geissler, 1997) but also 

several other species and hybrids have been used to produce high yielding and 

resistant cultivars (Lunde et al., 2000; Okay & Özenç, 2001). Many of the cultivated 

forms of Corylus have unclear origin, though. Hazelnuts have been used as food since 

prehistoric days and it has been in cultivation at least since Roman times (Vaughn & 

Geissler, 1997).  

 

The Betula genus 

Just as Corylus, the Betula genus belongs to the Betulaceae family and consists of 

monoecious, wind pollinated trees or shrubs found in the temperate and boreal zones 

of the Northern Hemisphere (Furlow, 1990; Tutin et al., 1964). It is difficult to 

estimate when and where the Betula genus first appeared since the fossil record does 

not give unequivocal results. The modern genera of Betulaceae probably started to 

differentiate in the Upper Cretaceous or Palaeocene (Crane, 1981) and there are strong 

indications that Betuleae (including modern Alnus and Betula) had differentiated 

during the Late Cretaceous and that Alnus and Betula were present at least by the 

Middle Eocene (Crane & Stockey, 1986).  The earliest reliable Betula fossils, 

documented from both vegetative and reproductive material, come from North 

America, Middle Eocene (Crane & Stockey, 1986) but there are earlier fossil material 

(pollen, leaves, wood) resembling Betula from both Asia, Europe and North America 

(summarised in Chen et al., 1999). 
 

In the sub-arctic zone, north of the coniferous boreal forests, tree birches form natural 

forests but further south Betula trees often occur as “secondary woods", colonising 

clearcuts or other disturbed areas. The chromosome number varies greatly within the 

genus and 2n = 28, 42, 56, 70, 84, 112 have been found (Furlow, 1990; de Jong, 1993). 

Most modern authors estimates the number of species in the genus Betula to about 30-

60 but over 150 species have been identified (Atkinson, 1992; Furlow, 1990; Jong, 
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1993). Today the established opinion is that there are four different Betula species in 

Europe: the silver birch (Betula pendula Roth.) the downy birch (B. pubescens Ehrh.) 

the dwarf birch (B. nana L.) and B. humilis Schrank. (Tutin et al., 1964) but there are a 

number of subspecies, especially within the highly variable B. pubescens, that have 

had species status in the past. 

 

Both B. pendula and B. pubescens are tree birches and are in many ways similar. The 

two species have largely overlapping distributions and can both be found across most 

of Europe (Atkinson, 1992; Hegi, 1957). B. pendula is only absent from the 

northernmost parts of Europe, from most of the Iberian peninsula and from Greece, 

while B. pubescens is absent from most of the Mediterranean area except for scattered 

populations in the Balkans and in the Iberian peninsula. They are also present outside 

Europe. Both B. pendula and B. pubescens can be found in Siberia as far east as the 

Lena Valley while B. pendula occurs in the mountains of central Asia and north-west 

Africa and B. pubescens in the Caucasus and south-western Greenland. Their northern 

distribution is limited by cold north-easterly winds, while the southern limits are 

determined by the July rainfall (10 mm and 50 mm for B. pendula and B. pubescens, 

respectively) (Atkinson, 1992). 

 

B. pendula and B. pubescens are relatively short-lived trees (usually less then 100 

years). They generally starts to flower when they are 5 – 10 years old and they are both 

strongly self-incompatible (Atkinson, 1992; Jonsell, 2000). They are pioneer species 

that can quickly colonise open areas created by, for example, forest fires and they are 

sensitive to shade. Both species grow well on low-nutrient soils and on a wide range of 

soil types but they have slightly different soil preferences: B. pendula prefers light and 

dry soil while B. pubescens prefers wetter areas (Atkinson 1992). The other two 

European species, B. nana and B. humilis, are both shrubs. The former is a dwarf shrub 

that has nearly circumpolar distribution (Polunin, 1959). In Europe it is primarily 

found in the northern parts and in Scotland but also in a few small isolated populations 

in central Europe. B. humilis is a larger shrub found in eastern Europe and Siberia 

(Komarov, 1936; Tutin et al., 1964).  
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Table 1. Betula species included in the phylogeny paper. 
 
Species Hybridises with1 Chromosome 

number (2n) 

Distribution Subgenus2 Section3 

B. alleghaniensis B. papyrifera 

B. pumila 

84 E North 

America  

Betulenta Costatae 

B. lenta  2n E North 

America 

Betulenta Costatae 

B. maximowicziana  28 Japan Betulaster - 

B. ermanii B. Middendorffii, 

B. japonica 

56 Japan, NE 

Asia 

Neurobetula Costatae 

B. schmidtii  56 E Siberia, 

Korea, Japan 

Neurobetula Asperae 

B. papyrifera B. pumila 56, 70, 84 NW America Betula Albae 

B. pendula B. pubescens, B. 

nana, B. humilis 

28 Eurasia Betula Albae 

B. platyphylla B. fruticosa 28 V China Betula Albae 

B. populifolia B. cordifolia (⇒ x 

caerulea) 

28 E North 

America 

Betula Albae 

B. pubescens B. pendula, B. 

nana, B. humilis 

56 Eurasia Betula Albae 

B.resinifera 

 

B. papyrifera 

B. glandulosa 

28 NE North 

America 

Betula Albae 

B. fruticosa  28 E Siberia, 

Far East 

Chamaebetula Fruticosae 

B. humilis B. pubescens, B. 

pendula, B. nana 

28 Central and 

NE Europe, 

Siberian 

Chamaebetula Fruticosae 

B. nana 

 

B. pubescens, B. 

pendula, B. 

humilis, B. exilis 

28 Circumpolar Chamaebetula Nanae 

1(Flora of North America Editorial Committee, 1997; Komarov, 1936; Tutin et al., 1964), 
2(Jong, 1993), 3(Furlow, 1990; Komarov, 1936) 
 

Many attempts to identify sections or subgenera and to investigate the relationships 

among the Betula species have been made (Komarov 1936; Pawlowska 1983; de Jong 

1993; Keinänen et al., 1999) (Table 1), but considerable controversy still exists 
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regarding the systematics of the genus. As mentioned above, even the identification of 

species varies widely among authors. The cause of this confusion can partly be found 

in the high levels of hybridisation within the genus. Rechinger 1992 (Rechinger, 1992) 

even relates it to the notorious Salix genus: “Betula seems in many ways to be 

comparable to Salix as far as frequency of hybridisation, relatively high degree of 

hybrid fertility and therefore hybrid introgression is concerned”. Hybrids have been 

identified between a large number of Betula species (Flora of North America Editorial 

Committee, 1997; Tutin et al., 1964). 

 

The tree species studied in this thesis differ in chromosome numbers: B. pendula and 

B. nana are diploids (2n = 28) while B. pubescens is a tetraploid species (2n = 56). The 

origin of B. pubescens is still uncertain. It might be an allotetraploid with B. pendula 

as one of the parents and possibly B. humilis as the other parent. An alternate 

hypothesis is that B. pubescens is an autotetraploid of B. pendula (see Howland et al., 

1995). 

 

Salix caprea and other Salix species 

Salix caprea belongs to the Salicaceae family, which includes the genera Salix, 

Populus and Chosenia. The family has a world-wide distribution with the exception of 

Australia and is most common in the temperate and sub-arctic zones of the Northern 

Hemisphere (Meikle, 1984). The members of the Salicaceae family are generally 

dioecious, catkin-bearing trees or shrubs. The Salix species are primarily insect-

pollinated (but a certain amount of pollen might also be wind-borne) while Populus is 

wind pollinated (Meikle, 1984). 

 

Salix includes 330-350 species according to Skvortsov (Skvortsov, 1968) but some 

authors have identified more than 500 species (Meikle, 1984). About 70 Salix species 

are found in Europe but only a few of them are widespread (Tutin et al., 1964). The 

taxonomy of the Salix genera is notoriously complicated, both because of extensive 

hybridisation between species and because several species are very closely related. 

Taxonomy is also complicated by certain biological characteristics of Salix: in many 
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species the flowers appear before the leaves and current years and past years branches 

often differ in morphology. The Salix genus displays a wide range of ploidy levels and 

some species even seems to have more than one ploidy level (Table 2). 

 

Table 2. The subsection and chromosome numbers of the investigated Salix species. 
 
Species Subsection1 Chromosome number2 

S. caprea Vetrix 38 

S. cinerea Vetrix 76 

S. aurita Vetrix 38, 76 

S. atrocinerea Vetrix 74 

S. appendiculata Vetrix 114, 37-39, 38 

S. purpurea  - 38 

S. alba  Salix 76 

S. fragilis Salix (38, 57) 76 

S. elaeagnos - 38 

1) according to Skvortsov (1968), 2) according to Blackburn and Harrison (1924) and the Index to 
Plant Chromosome Numbers - IPCN (http://mobot.mobot.org/W3T/Search/ipcn.html). 
 

Hybridisation has for a long time been considered to play an important part in the 

evolution of the Salix genus and hybrids between many of the species have been 

identified (Meikle, 1984; Tutin et al., 1964). In Britain Salix hybrids outnumber 

hybrids of any other genus, but the majority of these hybrids are rare. A couple of 

specific hybrids are common though and among these are S. caprea × S. cinerea, S. 

caprea × S. viminalis (Meikle, 1984), S. cinerea × S. artocinerea and S. alba × S. 

fragilis (Rechinger, 1992). Many other hybrids involving the species studied in this 

thesis have also been identified (S. caprea × S. artocinerea, S. caprea × S. 

appendiculata, S. caprea × S. lanata, S. caprea × S. silesiaca, S. cinerea × S. 

phylicifolia, S. cinerea × S. purpurea, S. cinerea × S. repens, S. cinerea × S. viminalis, 

S. cinerea × S. nigricans, S. cinerea × S. aurita, S. artocinerea × S. aurita, S. 

artocinerea × S. nigricans, S. aurita × S. herbacea, S. aurita × S. repens, S. aurita × S. 

viminalis, S. aurita × S. myrtilloides S. appendiculata × S. hastata, S. purpurea × S. 

viminalis, S. alba × S. pentandra, S. alba × S. babylonica) (Meikle, 1984; Tutin et al., 

http://mobot.mobot.org/W3T/Search/ipcn.html
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1964). Hybridisation and subsequent introgression in Salix has also been detected with 

molecular markers (Brunsfeld et al., 1992). 

 

S. caprea is a bush or a tree with a height of 3 - 15 meters (Mossberg et al., 1992). It 

prefers meadows and forest margins and is more tolerant to dry ground than many 

other Salix species. It is one of the more widespread Salix species and its distribution 

covers most of Europe, except the most southern and eastern parts, (Tutin et al., 1964) 

as well as part of Asia. S. caprea is generally regarded as an entomophilous species 

but seems to be pollinated by wind as well. A study of one S. caprea individual 

indicated that it was pollinated 50% by insects and 50% by wind (Vroege & 

Stelleman, 1990).  
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OBJECTIVES 

 

 

• Investigate the chloroplast DNA variation at the European level in hazel, Corylus 

avellana, silver birch, Betula pendula and sallow, Salix caprea. 

 

 

• Use the chloroplast DNA variation to evaluate the post-glacial history of hazel, 

silver birch and sallow. 

 

 

• Investigate the chloroplast DNA in other species of the Salix and Betula genera to 

explore the occurrence of introgression. 

 

 

• Study the phylogenetic relationships among species within the Betula genus. 
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RESULTS AND DISCUSSION 

 

Glacial history and chloroplast DNA variation 

 

In this thesis chloroplast DNA variation on a European scale is studied in three 

species: hazel, Corylus avellana (I), the sallow or the goat willow, Salix caprea (II) 

and the silver birch, Betula pendula (III). They share some important features: they are 

woody plants with relatively short life spans compared to most trees, they are widely 

distributed across Europe, are known to hybridise with species in the same genus and 

are probably fast colonisers. S. caprea and B. pendula are in addition cold tolerant 

species which made it possible for them to survive the LGM at higher latitudes than 

most tree species studied so far. These features could potentially create similarities in 

the genetic structure among the species. In the following paragraphs I will discuss the 

chloroplast DNA population structure and postglacial history of C. avellana, S. caprea 

and B. pendula and contrast them to the general patterns described in Taberlet et al. 

(1998) and Hewitt (Hewitt, 1999).  

 

To further facilitate the comparison of geographical patterns found in the three species 

the study area was divided into three geographical regions: southern (south of 

45°80'N), central (between 45°80'N and 51°N) and northern (north of 51°N) Europe. 

In order to limit the effects of sampling size the division was made so that 

approximately the same number of populations and individuals would end up in each 

region. The northern limit of the southern group runs north of the Pyrenees but south 

of the Alps, two mountain ranges that have posed as a barrier to migration for several 

species (Taberlet et al., 1998), and the southern limit for the northern group delimits 

an area that could not possibly have sustained trees during the last glacial maximum, at 

least not in its western part as Scandinavia and Britain was covered by ice. The 

program Contrib, which can be downloaded at http://www.pierroton.inra.fr/genetics/ 

labo/Software/ was used to standardise the allelic richness to a specific sampling size 

by rarefaction according to El Mousadik and Petit (El Mousadik & Petit, 1996). 
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Level of genetic variation 

The level of chloroplast DNA variation varies greatly among the three species studied. 

With PCR-RFLP only two chloroplast DNA haplotypes were found in C. avellana (7 

with microsatellites), 13 in B. pendula and 28 in S. caprea. The same trend, with S. 

caprea being the most variable and C. avellana the least, is also found in other 

diversity measures (Table 3). The fact that the level of chloroplast DNA variation can 

vary greatly among species is confirmed by a larger comparison of 22 forest species in 

Europe (including the species presented here) (Petit et al., 2001). Compared to these 

species B. pendula show about average level of variation while C. avellana is in the 

lower range and S. caprea in the higher range of variation. 

 

Table 3. Differentiation and diversity measures in hazel, C. avellana, silver birch B. pendula 
and sallow, S. caprea. 
 
Species No. 

Haplotypes 

hT (se) hS (se) GST (se) NST (se) 

C. avellana*  7 0.428 

(0.0999) 

0.138 

(0.0462) 

0.678 

(0.0979) 

0.810 

(0.0796) 

B. pendula** 13 0.633 

(0.0266) 

0.365 

(0.0368) 

0.424 

(0.0501) 

0.445 

(0.0502) 

S. caprea** 28 0.744 

(0.0362) 

0.677 

(0.0328) 

0.090 

(0.0232) 

0.095 

(0.0277) 

hT = total diversity, hS = diversity within populations, se = standard error, * chloroplast 
microsatellites, ** chloroplast PCR-RFLP. 
 

The low level of variation in the chloroplast genome of C. avellana can be associated 

with historical events (number and type of refugia and mode of colonisation), human 

impact and/or a low mutation rate. Since it seems likely that most of Europe was 

colonised from one main refugium it is perhaps not surprising that most populations 

show limited variation.  Areas colonised from the same refugia will not only share 

haplotypes but the level of variation in the area of origin will limit the amount of 

variation in the daughter populations. The absence of chloroplast DNA diversity in 

expanding populations has also been observed in hornbeam (Grivet & Petit, in press) 
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and in beech (Demesure et al. 1996). A strong bottleneck before the last postglacial 

colonisation could be a plausible hypothesis to explain the very low level of variation 

in hazel. Human impact, through the selection of the most productive trees and their 

spread across Europe, might have contributed to additionally reduce the variation 

within this species. In addition, there is a trend of low substitution rate in Betulaceae in 

rbcL (Bousquet et al., 1992a; Bousquet et al., 1992b). If this is a general trend for the 

rest of the chloroplast genome and other types of mutations, this would effect the 

amount of variation found with RFLP and microsatellites in both Betula and Corylus 

and this could at least in part explain the low levels of variation in C. avellana.   

 

S. caprea show more variation than most of the species studied so far (Petit et al., 

2001) but its level of variation is similar to that of another Salicaceae species, Populus 

tremula, for which 21 haplotypes were found with PCR-RFLP and 31 when PCR-

RFLP and microsatellites were combined (Bittkau and Müller-Stark, in preparation). 

Interestingly, it seems to be the same parts of the genome that are responsible for most 

of the variation in both species since the same PCR-RFLP marker (CD) and 

microsatellite marker (ccmp2) show the highest levels of variation in both species. 

High levels of chloroplast DNA variation have also been found in other Salix species 

such as S. interior, S. melanopsis and S. exigua (Brunsfeld et al., 1992) and the 

comparison of nucleotide variation in the K1K2 region among fourteen species 

(Grivet, 2002) showed a high level of variation in Salix caprea. High rates of 

substitution can obscure geographical patterns since homoplasy can create haplotypes 

that are identical by state but not by descent.  

 

Historical factors such as past population sizes strongly influence the level of variation 

in a species or a population. Both B. pendula and S. caprea are cold tolerant species 

and could therefore potentially have had larger population sizes than thermophilous 

species during the LGM, which should result in a higher level of variation. Another 

source of variation in both B. pendula and S. caprea is introgression of haplotypes 

from other species in the same genus, which has probably been extensive in both Salix 
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and Betula (see below). However, B. pendula only has three other European species to 

hybridise with, while there is a large number of species S. caprea could potentially  

exchange haplotypes with, some of which are arctic species that probably had large 

distributions during the LGM. 

 

Table 4. The distribution of chloroplast DNA variation and population differentiation in 
northern (north of 51°N), central (between 45°80'N and 51°N) and southern (south of 
45°80'N) Europe. 
 
Species Region P I r r (64) u hT (se) hS (se) GST (se) 

C. avellana* north 9 90 2 0.71 0 0.022 

(0.0217) 

0.022 

(0.0222) 

0.000 

(nc) 

 central 8 80 5 3.80 1 0.533 

(0.1636) 

0.184 

(0.0673) 

0.655 

(0.1242) 

 south 9 78 6 4.64 2 0.667 

(0.1212) 

0.212 

(0.1125) 

0.682 

(0.1603) 

B. pendula** north1 8 84 4 2.95 1 0.613 

(0.0714) 

0.321 

(0.1065) 

0.477 

(0.1628) 

 central 8 65 7 5.99 3 0.690 

(0.0526) 

0.522 

(0.0494) 

0.244 

(0.0701) 

 south 7 64 4 3.00 1 0.500 

(0.1599) 

0.246 

(0.0876) 

0.508 

(0.0046) 

S. caprea** north 8 79 19 15.68 6 0.796 

(0.0402) 

0.758 

(0.0462) 

0.048 

(0.0387) 

 central 8 78 17 14.36 6 0.684 

(0.0612) 

0.667 

(0.0613) 

0.025 

(0.0017) 

 south 8 83 13 10.72 2 0.719 

(0.0766) 

0.607 

(0.0555) 

0.156 

(0.0258) 

P = number of populations, I = number of individuals, r = number of alleles, r(64) = allelic 
richness after rarefaction to a sample size of 64, u = number of unique haplotypes, hT = total 
diversity, hS = diversity within populations, se = standard error, 1Calculated only for the areas 
where also C. avellana and S. caprea were sampled, * chloroplast microsatellites, ** 
chloroplast PCR-RFLP. 
 



 

 

Geographic structure of the genetic variation 

Colonisation of a new area can lead to loss of genetic variation, especially in the 

presence of long distance dispersal (leptokurtic dispersal) (Ibrahim et al., 1996). 

Bottlenecks, which can occur repeatedly during colonisation, will result in a decrease 

in both diversity (H) and the number of alleles but the loss of alleles will generally be 

larger than the reduction of H (Nei et al., 1975). In the European Beech, Fagus 

sylvatica, the refugial area exhibited high levels of allelic richness for isozymes while 
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Figure 1. Geographic distribution of the haplotypes identified with chloroplast 
microsatellite markers in Corylus avellana. The inserted figure represents the haplotype 
network. 
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olonised areas showed decreasingly low values as the distance from the refugia 

ncreased (Comps et al., 2001), just as would be expected after colonisation with 

epeated bottlenecks. A number of other studies have also shown a pattern of larger 

hloroplast DNA variation in southern than in the northern Europe, for example: the 

ommon beech, Fagus sylvatica (Demesure et al., 1996), black alder, Alnus glutinosa 

King & Ferris, 1998), oaks, Quercus (Dumolin-Lapègue et al., 1997), ivy, Hedera 
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(Grivet & Petit, 2002b) and this pattern is explained by the loss of alleles during 

colonisation. However, while the allelic richness and number of unique alleles are 

usually high in the south, the within population diversity is not always highest here. In 

Quercus for example the within population diversity was highest in central Europe 

(both hS and vT) and this was explained by the mixing of haplotypes from different 

refugia during colonisation. 

 

C. avellana shows a clear decrease both in allelic richness, number of unique alleles 

and the level of diversity in the northern populations (Table 4). At first glance this 

pattern seems perfectly compatible with a scenario of loss of variation during post-

glacial colonisation but a closer look at the geographical distribution of the haplotypes 

tells a different story. All of the western and northern populations are dominated by 

haplotype A and some have a low frequency of haplotype B, while the south-eastern 

populations, which are the most variable, do not share any haplotypes with the 

northern and western populations (Figure 1). Given this haplotype pattern most of 

Europe seems to have been colonised from a single refugia and any loss of variation 

during colonisation should be regarded within each colonisation path separately. There 

is a pattern of haplotype loss in northern populations in the main colonisation route, 

but the haplotype B responsible for all the variation here might have an origin in 

cultivated Corylus varieties (see below).  

 

A latitudinal gradient can also be found in S. caprea but it is in the opposite direction 

of the one in C. avellana. There is an increase in allelic richness, the number of unique 

alleles and diversity within populations towards the north (Table 4). This trend does 

not hold for the total diversity and the lowest hT is found in the central populations 

where it is accompanied by a low level of differentiation among populations. The 

distribution of variation does not fit well with the traditional pattern found in species 

confined to southern refugia during the last glacial maximum. The discrepancy is 

probably caused by several factors. S. caprea is more cold tolerant and has a more 

northerly distribution than species like Fagus sylvatica, Alnus glutinosa, Hedera and 

Quercus, which together with circumstantial fossil evidence of the presence of S. 
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caprea at intermediate latitudes during the last glacial maximum, indicates that S. 

caprea could have survived the last glacial maximum in central Europe rather than 

being confined to southern Europe (see introduction). Survival in central Europe could 

mean a larger population size, possibility of gene flow in an east-westerly direction 

and a shorter colonisation path to northern areas. This would lead to the retention of 

genetic variation during the LGM, low differentiation between eastern and western 

Europe and less loss of genetic variation during colonisation, which would fit well 

with the genetic pattern found in S. caprea. A similar trend could be observed in 

Calluna vulgaris where haplotype diversity within populations was higher in the 

northern than in the southern part of the range (hs(north) = 0.576, hs(south) = 0.322) 

(Rendell & Ennos, 2002). In Calluna as well as in Salix refugia outside the traditional 

southern refugia have been suggested. Another factor, which cannot be ignored in 

Salix, is the effect that hybridisation can have on genetic variation. As will be 

described below many Salix species share chloroplast haplotypes with S. caprea and 

consequently many of the haplotypes found in S. caprea could originate in other 

species. An increase of hybridisation at northern latitudes has been suggested for 

Betula since the short summer can bring the flowering times closer together (Kallio et 

al., 1983). If this were the case in Salix too an increase in variation would be expected 

in northern Europe.  

 

In B. pendula most variation is found in central Europe while the northern and 

southern populations show similar levels of variation. This pattern can be seen in the 

level of allelic richness, number of unique haplotypes, diversity within populations and 

total diversity (Table 4). As S. caprea, B. pendula has a more northern distribution 

than the species that have shown a decreasing level of genetic variation towards the 

north and there is fossil evidence suggesting that it was present in central Europe 

during the last glacial maximum (see introduction). The distribution of genetic 

variation is congruent with the presence of a major Betula refugium in central Europe 

since a high level of genetic variation is expected in refugial populations. High levels 

of variation is also expected in areas where migration waves from different refugia 

meet but in these areas the levels of unique alleles should be low since the great 
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majority of the alleles originate in the refugia. In B. pendula most unique alleles were 

found in central Europe. Investigation of other areas outside those that were studied in 

S. caprea and C. avellana led to the discovery of an additional area with a high 

number of haplotypes and also several unique haplotypes: the easternmost populations 

studied in Russia located by the Ural mountains. Here three unique haplotypes could 

be found, suggesting the presence of an eastern refugium or possibly hybridisation 

with Betula species with a more eastern distribution. 

  

Population differentiation and geographical structure 

Many of the thermophilous species investigated so far, such as Fagus sylvatica (GST = 

0.83 (Demesure et al., 1996)), Quercus robur, Q. petraea, Q. pubescens (GST = 1.03, 
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Figure 2. Geographic distribution of chloroplast PCR-RFLP haplotypes in Salix caprea. 



 32

0.84, 0.85 (Petit et al., 2002)) have a large between-population component of 

haplotype diversity.  The thermophilous species were restricted to a few, 

geographically isolated refugia during the LGM and because of the geographical 

isolation, gene flow through seeds was limited, and different haplotypes could fix in 

different refugia. C. avellana has a lower GST than these species but it is still 

substantial (Table 3) and comparable to levels found in Hedera (GST = 0.64 (Grivet & 

Petit, 2002b)). B. pendula and S. caprea were probably not confined to a few small 

and geographically limited refugia and their seeds can be dispersed over large 

distances, therefore lower values of the fixation indices are expected. As a matter of 

fact, fixation indices in Calluna vulgaris (heather), another species for which refugia at 

intermediate latitudes have been suggested, were of the same order of magnitude as 

Betula’s (GST = 0.47 (Rendell & Ennos, 2002)). S. caprea has the lowest GST of the 22 

European species investigated in the CYTOFOR project (Petit et al., 2001), 

comparable only to Populus tremula  (GST = 0.12, Bittkau and Müller-Stark, in 

preparation). 

 

As predicted if populations in different refugia have been isolated from each other 

during glaciations, many species show clear differentiation among their putative 

refugial areas in southern Europe (Demesure et al., 1996; Dumolin-Lapègue et al., 

1997; King & Ferris, 1998; Grivet & Petit, 2002b). The same is true for C. avellana, 

which shows a clear pattern of differentiation between the putative refugial areas in 

south-eastern (Balkans and southern Italy) and south-western Europe (Figure 1). The 

differentiation is also mirrored in the high GST values found in the southern and central 

regions (Table 4). This pattern is clearly different from the patterns found in S. caprea 

and B. pendula (Figure 2 and 3) where most haplotypes are widely distributed, even 

though also in these species the southern populations have the highest GST values 

(Table 4).  

 

In C. avellana there is a clear geographic pattern of chloroplast DNA haplotypes, 

which can be instrumental in deducing the post-glacial migration routes of this species. 

Europe is divided into two parts: one western/northern group containing most of the 
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Figure 3. The geographic distribution of the two most common PCR-RFLP chloroplast 
haplotypes found in Betula pendula: A and C. The exact distribution of the rarer 
haplotypes can be found in Fig. 3. The location of the pie charts on the map generally 
corresponds to the location of the population they represent, but when the populations were 
very close to each other the positions of the charts have been modified to avoid overlap. 
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opulations and one south-eastern group including southern and central Italy and the 

opulations from Croatia, Romania and Greece (Figure 1). The two geographical 

roups do not share haplotypes and the only population that contains both eastern and 

estern haplotypes is the presumably non-natural population in Corsica. This division 

nto a south-eastern and a north-western group is supported by an analysis of pairwise 

ST values and by an exact test, which both show that the differentiation between the 

wo groups is significantly higher than that among populations within each group (I). 

his geographic pattern excludes southern and central Italy and the Balkans as origins 

f the postglacial colonisation of most of Europe and suggests a western origin of the 

olonisation but cannot independently be used to pinpoint the exact area of origin 

ince the data does not indicate direction of spread.  

he geographic structure found in hazel is similar to the structure found in two other 

road-leaved tree species: the hornbeam, Carpinus betulus (Grivet & Petit 2002) and 
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the beech, Fagus sylvatica (Demesure et al., 1996). In both cases, high level of 

differentiation was observed for chloroplast markers (GST higher than 0.80), western 

and northern Europe is inhabited by a single haplotype, and most of the diversity is 

found in the south-east of Europe (Italy and the Balkan region) which is considered 

one of the main refuge areas for these two species. In the hornbeam and beech the 

dominating haplotype was also found in the northern parts of the Balkans, which in 

combination with fossil pollen data, has led the authors to argue for an eastern 

colonisation (Demesure et al., 1996; Grivet & Petit, 2002a). 

 

In B. pendula the geographic pattern is less clear as many of the haplotypes are 

widespread across Europe. There is however a geographical pattern in the distribution 

of the haplotypes that can reveal important features of the post-glacial history of B. 

pendula. The southern Betula populations during the last glacial maximum did not, at 

least not to a large extent, spread northward when the climate improved. This is 

supported by the fact that southern populations (Italy, Spain, southern France and 

Croatia) are dominated by haplotype C and lack haplotype A while haplotype A 

dominates the area north of these populations (Figure 3) and also by the non-

overlapping distribution of most rare haplotypes (B, H, I, K, V; Figure 4). This 

division is also supported by Monmonier’s analysis (III). The spread northwards of the 

southern populations were probably not only hindered or slowed down by the Alps and 

the Pyrenees, which have acted as migration barriers for several species (Hewitt, 1999; 

Taberlet et al., 1998), but also by the presence of other Betula populations in the north. 

Hewitt (1999) suggests that populations in central and southern parts of glacial refugia 

were trapped there since the presence of more northern populations prevented their 

spread and this could have been the case also for the southern Betula populations. 

 

The genetic boundaries separating the north-western from the north-eastern 

populations suggest that these two areas were colonised from different refugia, one 

dominated by haplotype A and one by C.  It is difficult to pinpoint the origin of these 

two migration waves, especially since there is a gap in the sampling in the south-east. 

The distribution of the B haplotype argues for an origin of the western migration route 
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in central Europe north of the Alps, which is also supported by the high level of 

variation in this region.  

 

The haplotype T is only present in northern Scandinavia but can be found in all of the 

three Betula species that are found here (IV). Its presence here and not in any of the 

putative southern or central refugial areas can be interpreted in several ways. One 

explanation could be the presence of high latitude refugia in the region. However, 

recent reconstructions of the maximum extent of glaciation indicate that even though 

much of the Russian Arctic remained ice-free during the last glacial maximum the ice 
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Figure 4. The geographic distribution of the rare PCR-RFLP chloroplast haplotypes. 
Each map gives the distribution of a few closely related haplotypes (see Fig. 2) and the 
pie charts give the relative frequency of each haplotype among the rare haplotypes 
represent in the map. 
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sheet covered most of the Scandinavian peninsula (Velichko et al., 1997). 

Accordingly, if any high latitude refugia were present they would most likely have 

been located to the Russian Arctic, which were at least partly ice free (Velichko et al., 

1997), rather than in Scandinavia. This putative Russian Arctic refugia could be the 

origin of haplotype T even if the climate was not suitable for either B. pendula or B. 

pubescens, since the haplotype could have survived the last glacial maximum in B. 

nana and then introgressed into the other two species (see paper IV). While we cannot 

rule out that haplotype T originated in a northern refugium, either in Scandinavia or 

Russia, and then mixed with the southern immigrants, haplotype T could possibly also 

be a recent mutation that has spread locally.  

 

The easternmost populations in Russia are clearly different from the other B. pendula 

populations and contain several unique haplotypes (Figure 4). The principal 

component analysis singles out the three eastern populations with the highest 

frequency of unique haplotypes and the analysis of boundaries separates the five 

easternmost populations from the rest (III). The observed pattern could be the product 

of colonisation from an eastern refugium and the presence of haplotype A and C in this 

area could either mean that these presumably old haplotypes were present in this 

eastern refugium or that this area is a suture zone where typical European haplotypes 

mix with eastern ones.  

  

In S. caprea the distribution of the haplotypes per se does not tell us much about its 

post-glacial history of the species since even the rare haplotypes are geographically 

very well spread, but as I have discussed above the distribution of variation can give 

some indication. 

 

Postglacial colonisation: the combination of genetic and fossil data 

As discussed above the variation at chloroplast microsatellite loci has given important 

information regarding the post-glacial history of C. avellana. Two separate refugial 

areas have been identified and most of Europe has been colonised from one of these 

areas, however the exact location of this refugia is difficult to locate without 
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independent information. At least three different post-glacial scenarios have been 

suggested for hazel based on fossil pollen data: (i) expansion from several scattered 

refugia (Huntley & Birks, 1983) (ii) rapid spread from refugia in Italy and around the 

Bay of Biscay in western France (Huntley & Birks, 1983) and (iii) expansion from the 

Black Sea area. The scenario most compatible with the genetic data would be an 

expansion from south-western France into most of Europe and then a local expansion 

in Italy and the Balkans. An alternative and quite possible scenario would be a rapid 

expansion from several scattered refugia in western Europe instead of one large 

refugia in the Biscay area, but the genetic similarity of the northern and western 

populations indicate that these scattered refugia would have had a common origin. 

 

The fossil pollen data of Betula and Salix are more difficult to interpret since they 

mirror several species with different climate and habitat requirements, some of which 

are arctic species that were potentially abundant on the tundra of the LGM. However, 

both pollen data and macrofossils in Betula and macrofossils in Salix indicate that both 

tree Betula and tree Salix were present in central Europe during the LGM (Huntley & 

Birks, 1983; Willis et al., 2000). This is also a scenario compatible with the genetic 

structure found in both S. caprea and B. pendula.  

 

Interspecies sharing of chloroplast haplotypes 

 

In all three genera studied in this thesis identical chloroplast haplotypes have been 

found in several species in the same genus (I, II, IV). The cause of chloroplast sharing 

across species can generally be: (i) convergence, (ii) ancestral polymorphism, or (iii) 

hybridisation. Convergence (i) seems unlikely in all three genera. Identical mutations 

are rare events and for the large number of mutations separating the two RFLP 

haplotypes in Corylus to occur independently of each other in two separate species is a 

very unlikely event. In Salix and Betula most haplotypes are only separated by one or 

two mutations but the extent and pattern of haplotype sharing argues against homology 

being the cause of the haplotype sharing. All the haplotypes that are not very rare are 

found in more than one species. This pattern would demand a large number of 
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identical mutations to occur independently in several species. Ancestral polymorphism 

(ii) is a possibility in Corylus and the two RFLP haplotypes could have been present in 

the ancestral population of the Corylus species. In Salix and Betula this hypothesis is 

less likely due to the pattern and extent of haplotype sharing. If the shared haplotypes 

were all present in an ancestral population the geographic haplotype pattern would be 

independent in each species, which is not the case, and the extent of haplotype sharing 

should be less since haplotypes should be independently lost and created in each 

species.  

 

Table 5. Introgression ratios (IG) and expected introgression ratios (IGe). 
 
Species pair IG IGe 

S. caprea – S. cinerea 1.05 0.50 

B. pubescens – B. pendula 0.79 0.62 

B. pubescens – B. nana 0.67 0.75 

 

The most likely explanation of the haplotype sharing in Betula and Salix is 

hybridisation (iii) but in Corylus the case is less clear. The sampling in this study was 

not originally designed for the investigation of hybridisation so the arguments for 

hybridisation are therefore speculative. The rare haplotype in C. avellana, B, was 

found in the two C. maxima individuals investigated, while the common one, A, was 

found in the single C. colurna studied. This indicates a possible hybridisation origin of 

the B haplotype (as well as A) but B was not found in C. avellana in the limited 

natural distribution area of C. maxima. C. avellana cannot be discussed separately 

from human activity as C. maxima has been used extensively for the production of 

hazelnuts and a comparison with the study of Erdogan and Mehlenbacher (2000b) 

indicates that haplotype B could also be found in cultivated forms of C. avellana. This 

indicates that haplotype B could potentially have its origin in cultivated forms of C. 

avellana, C. maxima or their hybrids. Erdogan and Mehlenbacher (2000b) found that 

the variation in the nuclear marker they studied (ITS) corresponded rather well with 

the morphology of the Corylus species but that the chloroplast marker (matK) did not 

correspond to morphology but rather divided the species into two geographical groups: 
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those from America and those from Eurasia. This pattern indicates that hybridisation 

and cytoplasmic capture has taken place within the Corylus genus. 

 

In Salix there is not a general sharing of haplotypes across all investigated species but 

rather a sharing within two groups of Salix species (II). S. caprea, S. cinerea, S. aurita, 

S. purpurea, S. atrocinerea and S. appendiculata share haplotypes and if unique 

haplotypes are found within a species they are very similar to the other haplotypes 

within the group (with one exception). The same general pattern was found in the 

other group containing S. alba, S. elaeagnos and S. fragilis and no haplotypes were 

shared among the two groups. The low sampling sizes makes it impossible to correctly 

estimate and quantify the amount of haplotype sharing among most pairs of species 

but the introgression ratio (IG) was calculated for S. caprea and S. cinerea and that 

indicates that local sharing of haplotypes is extensive (Table 5). This IG is higher than 

what was found between several pairs oak species, where it ranged from 0.63 and 0.97 

(Belahbib et al., 2001) and it is also higher that between two pairs of Betula species 

(Table 5). The occurrence of hybridisation within these two Salix groups is also 

confirmed by non-molecular data and hybrids between many of the species of the first 

group as well as between S. alba and S. fragilis have been found (Meikle, 1992; 

Rechinger, 1992; Tutin et al., 1964). The differences between the two groups are 

supported by traditional systematics, which puts S. alba and S. fragilis into Subgenus 

Salix, subsection Salix and S. caprea and S. cinerea, S. aurita, S. atrocinerea and S. 

appendiculata into Subgenus Vetrix, subsection Vetrix (Skvortsov, 1968) and also by 

molecular data (Azuma et al., 2000; Leskinen & Alström-Rapaport, 1999).  

 

In Betula hybridisation and subsequent gene flow seems to be the most likely 

explanation for the sharing of haplotypes among B. pendula, B. pubescens and B. 

nana. As I have argued above homology and ancestral polymorphism seems unlikely 

explanations of the pattern found in paper IV and the fact that geographically restricted 

haplotypes are found in several species strengthens the case for hybridisation. 

Hybridisation and gene flow among these species have also been identified in many 

other studies by morphological and cytological evidence (Anamthawat-Jónsson & 
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Tomasson, 1990; Jonsell, 2000; Thórsson et al., 2001; Tutin et al., 1964). The fact that 

B. pubescens is tetraploid makes the case somewhat more complicated, especially 

since B. pendula is one of its potential parent species. There is increasing evidence that 

many polyploid species have multiple origins (Segraves et al., 1999; Soltis & Soltis, 

1993; van Dijk & Bakx-Schotman, 1997) and this could cause similarities between the 

geographical DNA structure in a tetraploid and its parent species. A single origin and 

subsequent hybridisation could potentially cause similar patterns of haplotype sharing 

as multiple origins and limited or no hybridisation. The two scenarios are therefore 

difficult to separate in the case of B. pubescens and B. pendula and a combination of 

multiple origins of B. pubescens and hybridisation between the two species could be 

possible. 

 

The three Betula species investigated here, B. pendula, B. pubescens and B. nana, 

show a pattern of extensive haplotype sharing. All haplotypes that are more frequent 
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Figure 5. Distribution of chloroplast haplotypes in Betula pubescens, B. nana and B. 
pendula. The frequency refers to the haplotype frequency in each species 
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than 3% are found in all three species and the species are all dominated by the same 

haplotype (Figure 5). The introgression ratios (IG) are fairly high, but not as high as in 

some oak species (IG = 0.63-0.97, (Belahbib et al., 2001)) or in S. caprea (Table 5). 

We had expected that the IGs would be higher in the north (Scandinavia) than in the 

south (western Russia) of our study area since Kallio et al. (Kallio et al., 1983) 

suggested that hybridisation in Betula would be more common at northern latitudes 

than in the south due to the short growing seasons bringing the flowering times closer 

together. However, no significant difference could be found between geographic 

regions and if anything the data indicate a higher level of introgression in Russia that 

in Scandinavia. The IGs of the two Betula pairs investigated (Table 5) have 

overlapping confidence intervals and the fact that the IG of B. pubescens – B. pendula 

is larger than that of B. pubescens – B. nana might be an artefact. In Scandinavia, 

where all except one B. nana population were sampled, the IG for B. pubescens – B. 

nana is in fact higher than for B. pubescens – B. pendula (IG = 0.72 and 0.62 

respectively) but not significantly so. The geographic component of the genetic 

variation was stronger than the species component: the species were not significantly 

different while 11% of the variation could be attributed to differentiation between 

Scandinavia and Russia. The analysis of the IGR, a new parameter defined in paper 

IV, indicates that B. pendula and B. pubescens from the same location are generally 

more similar to each other than to individuals of the same species from another region, 

confirming the importance of the geographical structure. 

 

Conservation implications? 

 

In this thesis I have investigated genetic variation, which is a prerequisite for 

adaptation to new environments and evolutionary change, and should therefore be a 

crucial issue for conservation. However, what I have studied here is generally neutral 

variation and as such it is not important for evolution and adaptation. It could however 

in some cases mirror non-neutral variation but this is not always the case. Chloroplast 

markers are only linked to the few chloroplast genes while the vast majority of 

adaptive traits are coded by nuclear genes and thus unlinked to chloroplast markers. 
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Nuclear and chloroplast genes are also inherited in different ways, which can cause 

large differences in genetic structure. Kremer et al. (2002) found no correlation 

between phenotypic traits and chloroplast DNA lineages in oaks in Europe, even 

though some correlation was found with neutral nuclear markers. They argue that both 

nuclear and chloroplast genes were differentiated in refugia during the last glacial 

period creating an association between certain nuclear alleles and chloroplast 

haplotypes at the start of postglacial colonisation but that this association was later 

broken up due to extensive pollen flow and local selection. If the study of oaks is 

indicative of other species in Europe no correlation would be expected between 

chloroplast DNA variation and variation in adaptive traits in the species studied here. 

 

The Evolutionary Significant Unit (ESU) has been suggested as a tool for conserving 

the evolutionary potential of species. It was molecularly defined by Moritz (1994) as 

units that are “reciprocally monophyletic for mtDNA alleles and show significant 

divergence of allele frequencies at nuclear loci”. As discussed by Pamilo and 

Savolainen (1999) there are several problems with this concept, especially when 

transferring it to plants. Slow divergence of plant chloroplast and mitochondrial 

genomes, the fact that many plants are monoecious and thus have relatively larger 

population sizes compared to their nuclear genes than animals do and the common 

pattern that seeds and pollen often have different dispersal potential can all be 

problematic (Pamilo & Savolainen, 1999). Thus we would expect less differentiated 

alleles, populations or regions to less frequently contain monophyletic groups in plants 

than in animals and also, as discussed above, that the chloroplast DNA variation 

frequently does not mirror the nuclear DNA variation. It is therefore not possible to 

draw any reliable conclusions about possible ESUs in the three species studied here on 

the sole basis of chloroplast DNA. If anything, the chloroplast DNA indicate that both 

S. caprea and B. pendula are made up of one single ESU, which possibly also includes 

several other species! The chloroplast haplotypes of C. avellana are highly structured 

into two geographical regions but the chloroplast haplotypes do not form two 

monophyletic groups specific to these regions, which means that they do not qualify as 

ESUs. 
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Even if the chloroplast variation per se can not tell us much about the evolutionary 

importance of a population it can help us understand the post-glacial history of a 

species and thereby understand part of the dynamics that shape its genetic variation. 

Taberlet and Cheddadi (2002) emphasise the importance of Quaternary refugia for the 

maintenance of biodiversity. They argue that northern populations may in many cases 

simply disappear during glacials and therefore the refugial populations are crucial for 

the survival of the species and should therefore be granted special conservation efforts 

(Taberlet and Cheddadi, 2002). This argument could fit well with C. avellana since 

there is no evidence that the northern populations migrated south and contributed to 

the refugial populations (Bennett et al., 1991) and the refugial areas concerned in this 
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species largely correspond with the traditional southern refugia identified for most 

species with pollen and genetic evidence. By protecting these southern areas such as 

Spain, Italy and the Balkans the long-term survival of many species, including C. 

avellana would thus be ensured. 

 

However, S. caprea and B. pendula were probably not confined to southern refugia 

and chloroplast markers indicate low levels of variation and limited contribution of 

southern populations to the (seed) colonisation of Europe. In addition there are 

indications of Betula migrations south during the end of interglacials (Bennett et al., 

1991) and thus adaptations to northern colder climates could potentially be brought 

south. Even though northern populations are generally young since they have been 

founded after the last glaciation many have important local adaptations, not only to 

cold climate but also to short daylength (Pamilo & Savolainen, 1999). Crawford and 

Abbott (1994) suggest that at least part of this adaptation predates the current 

interglacial and originated in populations surviving the last glaciation in the Arctic. If a 

conservation plan of B. pendula or S. caprea would be constructed it would not 

emphasise southern Europe but rather its central parts as being a probable starting 

point of the last colonisation. In addition, northern populations can be important as 

they may contain adaptations that could be crucial for the survival during the next 

glacial.  

 

Not only within-species variation can be important for the survival in a changing 

environment but also variation within closely related species. Hybridisation can result 

in gene flow and compared to mutation this is a very quick way for a species to obtain 

a gene or even a large number of genes that render them well adapted to a new 

environment. It has been suggested that the subspecies B. pubescens spp. tortuosa has 

obtained its characteristics from B. nana (Elkington, 1968; Jonsell, 2000) and this 

might be the reason why it is so well adapted to harsh climate. Paper II and IV argue 

for cytoplasmic gene flow among both Salix and Betula species, which means that 

potentially also nuclear genes could move among the species. Both genera contain 

species adapted to different climates and environments and Salix and Betula species 
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could potentially stand to gain from gene flow from other species in the event of 

climate change. In C. avellana there are indications of hybridisation between 

cultivated forms and natural populations (I). Under some circumstances when cultivars 

hybridise with their wild relatives the wild species can be “drowned” in genetic 

material from the cultivar making it less well adapted to its natural environment 

(Allendorf et al., 2001; Wolf et al., 2001). It is impossible judge from the chloroplast 

data if this is actually a threat in C. avellana.  

 

Phylogeny of the Betula genus 

 

The phylogenetic relationships within the genus Betula (Betulaceae) were investigated 

using DNA sequences of the chloroplast matK gene and part of its upstream and 

downstream flanking regions (about 2.5 kb) and the nuclear ADH gene including both 

exons and introns (about 1kb in most species). Even though the matK gene has proven 

to be variable in many other genera (Stanford et al., 2000; Soltis et al., 2001; Fukuda 

et al., 2001), and also showed variation within B. pendula, the variation among the 

members of the Betula genus was limited. Stanford et al. (2000), who also studied the 

matK gene and its flanking regions, found 173 parsimony informative sites in 16 

Juglans taxa, while there were only five parsimony informative sites in the same 

fragment in the 14 Betula species studied here. However, two well-supported 

phylogenetic groups could be identified: one containing the three American species B. 

lenta, B alleghaniensis and B. papyrifera and the other including all the other species 

from Asia, Europe and North America (Figure 6).  

 

The ADH gene displayed more variation and three main groups could be identified 

with both maximum parsimony and maximum likelihood (Figure 7). These results 

were not in agreement with the classical division of the Betula genus into subgenera 

(de Jong, 1993) since only one of the four subgenera in which more than one species 

have been studied, are monophyletic. The phylogeny does not correspond well to the 

alternative division of Betula into sections either (Furlow, 1990; Komarov, 1936) 

(Table 1). However, some features of the tree do correspond to the subgenera and 
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sections. The two species of the subgenus Betulenta, B. alleghaniensis and B. lenta, 

form a monophyletic group and their assumed close relationship with B. 

maximowicziana (de Jong, 1993) is confirmed (Group II, Figure 7). All the ADH 

sequences from the Betula subgenus (section Albae), with the exception of the short 

allele of B. pubescens, are found in the same group (group III, Figure 7) together with 

B. schmidtii, which is classified as Neurobetula, and B. nana, which is classified as 

Chamaebetula. Group I in the ADH tree is also made up of individuals from several 
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Figure 7. Consensus tree based on nuclear ADH sequences and constructed by the 
maximum likelihood method. Values by the branches are bootstrap values based on 100 
bootstrap replicates and only those above 50 are displayed. 
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subgenera: B. fruticosa and B. humilis from Chamaebetula, B. pubescens from Betula 

and B. ermanii from Neurobetula. Assuming that the ADH tree mirrors the evolution 

of the genera, it indicates that several independent polyploidisations have taken place 

within the Betula genus and also that several migration events have occurred between 

Eurasia and North America. 

 

The ADH and chloroplast phylogenies were in part incongruent and there is also 

incongruence between the subgenera or sections based on morphological characters 

and the DNA phylogenies. The reason for incongruence can be one of several, for 

example: lineage sorting, introgression, horizontal transfer, paralogous genes and 

interlocus interactions (Wendel & Doyle 1998). The high frequency of hybridisation in 

Betula (Flora of North America Editorial Committee, 1997; Jonsell, 2000; Thórsson et 

al., 2001; Tutin et al., 1964) is likely to have played an important part in the evolution 

of the genus, and the movement of genes across the species boundaries (introgression) 

should therefore not be uncommon. Cytoplasmic introgression has also been proven 

among some of the species in this study, B. pendula, B. pubescens and B. nana (IV). 

This will of course create incongruences between ancestral and introgressed genes, 

both nuclear and cytoplasmic ones. An additional complication is the fact that several 

of the studied species are polyploids of unknown origin and if they are allopolyploid 

they have two instead of one ancestor species. The placement of the two B. pubescens 

alleles in different parts of the tree could be a sign of dual origin but could also mirror 

more recent hybridisation between B. nana and B. pubescens. Similarly, the different 

placement of the chloroplast and ADH alleles of B. papyrifera could either be caused 

by cytoplasmic capture among the American species or possibly mirror an 

allopolyploid origin. 

 



 48

CONCLUSIONS 

 

• The level of chloroplast DNA variation as well as its structure varies greatly among 

European tree species.  

• In hazel, Corylus avellana, the chloroplast DNA structure in combination with 

fossil evidence indicate that most of Europe was colonised from a refugium in 

western France while the Balkans and Italy were colonised by a south-eastern 

refugium. 

• In sallow, Salix caprea, chloroplast DNA variation and circumstantial fossil 

evidence suggest that it was present in central Europe during the last glacial 

maximum, but it has not been possible to deduce post-glacial migration routes due 

to the absence of a clear geographic structure. The study of chloroplast DNA in 

other species indicate that S. caprea hybridise with several other Salix species and 

that cytoplasmic introgression has probably been important in the evolution of 

chloroplast DNA variation of this species. 

• In the silver birch, Betula pendula, both the chloroplast DNA and fossil evidence 

imply that it was present in central Europe during the last glacial maximum. The 

chloroplast DNA variation suggests the presence of one western and one eastern 

European post-glacial colonisation route and limited contribution of southern 

populations in the colonisation of the rest of Europe. Unique haplotypes by the 

Ural Mountains indicate the possibility of a separate glacial origin of these 

populations. 

• The extensive sharing of chloroplast haplotypes among the silver birch (Betula 

pendula), the downy birch (B. pubescens) and the dwarf birch (B. nana) show that 

hybridisation and gene flow occur between these three species. 

• The nuclear and chloroplast phylogenies of 14 Betula species were not in complete 

agreement with each other or with the classical division of the Betula genus into 

subgenera or sections. The phylogenetic structure implies that hybridisation has played a 

role in the evolution of the Betula genus, that several independent polyploidisation events 

have taken place and that several intercontinental migrations have occurred. 
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