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Abstract

Many mountain ranges have been strongly glaciated during the Quaternary ice ages, and

the locations of glacial refugia of mountain plants have been debated for a long time. A

series of detailed molecular studies, investigating intraspecific genetic variation of moun-

tain plants in the European Alps, now allows for a first synopsis. A comparison of the phy-

logeographic patterns with geological and palaeoenvironmental data demonstrates that

glacial refugia were located along the southwestern, southern, eastern and northern border

of the Alps. Additional glacial refugia were present in central Alpine areas, where high-

elevation plants survived the last glaciation on ice-free mountain tops. The observed

intraspecific phylogeographies suggest general patterns of glacial survival, which conform

to well-known centres of Alpine species diversity and endemism. This implies that evolu-

tionary or biogeographic processes induced by climatic fluctuations act on gene and species

diversity in a similar way.
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Introduction

 

Quaternary climate oscillations often occurred at a dra-
matic speed (Dansgaard 

 

et al

 

. 1993; GRIP Members 1993;
Birks & Ammann 2000) and resulted in repeated drastic
environmental changes causing massive range shifts of
biota (van Andel & Tzedakis 1996). These shifts were
traditionally inferred from fossils, including pollen deposits
of plants, and from palaeoenvironmental data (Nagl 1972;
Burga & Perret 1998; Comes & Kadereit 1998). Recently,
molecular biogeography or phylogeography (Comes &
Kadereit 1998, 2003; Avise 2000; Hewitt 2000; Stehlik 2003;
Tribsch & Schönswetter 2003) has provided new sources
of information on the glacial history of species and their
range shifts as inferred from the geographical patterns of
genetic variation.

Phylogeographic patterns allowed to infer the glacial
history of many animals and plants (Comes & Kadereit

1998; Dynesius & Jansson 2000; Hewitt 2000; Davis &
Shaw 2001; Kropf 

 

et al

 

. 2002, 2003; Stehlik 2003; Tribsch &
Schönswetter 2003; Bennett 2004) ranging from organisms
of tropical rainforests (Schneider 

 

et al

 

. 1999) and marine
species (Hellberg 

 

et al

 

. 2001) to various temperate mam-
mals, trees (Taberlet 

 

et al

 

. 1998; Petit 

 

et al

 

. 2003) and arctic
herbs (Abbott 

 

et al

 

. 2000; Abbott & Brochmann 2003). In
Europe, the phylogeographic patterns detected so far
suggest that lowland organisms survived in three major
glacial refugia in the Iberian Peninsula, Italy and the Balkan
Peninsula, from where they migrated northwards after the
glaciations (Taberlet 

 

et al

 

. 1998; Petit 

 

et al

 

. 2003; Hewitt
2004). The inferred postglacial migration routes of lowland
species were often, but not always, blocked by the east–
west ranging mountain ranges of the Pyrenees and the
European Alps (Taberlet 

 

et al

 

. 1998; Avise 2000; Mátyás &
Sperisen 2001; Petit 

 

et al

 

. 2002). But what happened to those
species for which these mountain ranges were not barriers
to migration, but served as their habitats?

With the advance of glaciers during the cold periods of
the Quaternary, the habitats of European mountain plants
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became increasingly restricted. Migration to and survival
in adjacent lowlands was not as straightforward as it might
first appear. A relatively mild climate allowed the growth
of trees in the lowlands to the south of the European Alps
(Ravazzi 2002). To the north and east of the Alps, vast areas
were covered by steppe vegetation adapted to a cold and dry
climate (Frenzel 1964; Lang 1994; Burga & Perret 1998). Thus,
the lowlands did not provide suitable habitats for many high-
elevation plants. For more than a century, biogeographers and
ecologists have therefore wondered, where mountain plants
could have survived the ice ages (Chodat & Pampanini 1902;
Briquet 1906; Brockmann-Jerosch & Brockmann-Jerosch
1926; Merxmüller 1952, 1953, 1954; Simpson 1974).

In the almost complete absence of fossils of mountain
plants (Lang 1994; Burga & Perret 1998), molecular inves-
tigations can provide data on the locations of glacial refu-
gia (Gugerli & Holderegger 2001; Comes & Kadereit 2003;
Stehlik 2003; Tribsch & Schönswetter 2003; Hewitt 2004),
i.e. genetic subdivisions within species’ ranges provide
signals of past biogeographic processes. During the last
five years, a number of phylogeographic studies have been
carried out, which now allow for a first synthesis on the
molecular evidence for glacial refugia of mountain plants
in one of the world’s best studied ‘natural experiments’
(Körner 2003), the European Alps.

In this study, we summarize intraspecific phylogeo-
graphic data previously published for 12 Alpine plant spe-
cies. As the phylogenetic relationships of mountain plants
of the European mountain ranges were compiled recently
(Comes & Kadereit 2003), we only included those studies
that explicitly explored intraspecific differentiation. We
demonstrate that a comparison of the phylogeographic
patterns of 12 Alpine plant species with palaeoenvironmental
and geological information on the extent of glaciated

areas allows to locate glacial refugia and to infer general
biogeographic patterns.

 

Materials and methods

 

To test falsifiable hypotheses, we defined the locations
of potential glacial refugia from a compilation of geological
and palaeoenvironmental data (Fig. 1). We used data on
bedrock type (Vetters 1933; Möbus 1997), topography, the
maximum extent of glaciers during the last glaciation
(Penck & Brückner 1909; Jäckli 1970; Nagl 1972; van Husen
1997a, b) and the position of the snowline (i.e. altitude
above which snow does not melt in climatically average
years; taken from Penck & Brückner 1909 and Nagl 1972)
during the last glacial maximum (LGM; 20 000 

 

bp

 

). The
snowline during the LGM was at about 1100 m above sea
level (a.s.l.) in the northern and at about 2000 m a.s.l. in the
central parts of the eastern and southwestern Alps.

Based on these data, potential glacial refugia existed
along the border of the European Alps (Fig. 1). Such poten-
tial peripheral refugia were widespread for plants of
calcareous bedrock, whereas they were more restricted for
species of siliceous bedrock. For the latter species, potential
peripheral refugia were located at the eastern border of the
Alps, where large mountain areas with suitable bedrock
remained unglaciated, and along the southwestern and
southern border of the Alps. In accordance with Tribsch
& Schönswetter (2003), we regarded all mountain areas
below the LGM snowline as potential refugia disregarding
whether they were outside or within the ice sheet (‘peri-
pheral nunataks’ according to Schönswetter 

 

et al

 

. 2004a).
Twelve mountain plants of the Alps, ranging from

species with a wide altitudinal range above timberline to
specialists of high elevations, have been studied with

Fig. 1 Potential peripheral refugia of
mountain plants in the European Alps
during the last glacial maximum (20 000 bp)
based on references given in the Material
and methods section. Blue areas refer to
glacial refugia on calcareous bedrock and
red areas to those on siliceous bedrock. The
broken black line gives the maximum
extent of the ice sheet, and the white broken
line indicates the glacial snow line.
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phylogeographic methods (Holderegger 

 

et al

 

. 2002;
Schönswetter 

 

et al

 

. 2002, 2003a, b, c; 2004a, b, c; Stehlik 

 

et al

 

.
2001, 2002a, b; Stehlik 2002; Tribsch 

 

et al

 

. 2002). The corre-
sponding studies are all characterized by a dense sampling
of populations, which allows an in-detail assessment of
intraspecific genetic subdivisions. Sampling designs either
considered the whole distribution of a species in the Alps
or were hypothesis-driven with an emphasis on postulated
glacial refugia. All studies applied genomewide finger-
printing techniques of neutral DNA [either random ampli-
fied polymorphic DNAs (RAPD) or amplified fragment
length polymorphisms (AFLP)], and several studies com-
pleted these data by investigations of maternally inherited
chloroplast DNA [restriction fragment length polymorph-
isms (RFLP) or sequences]. Details on the sampling design,
the molecular methods used, the main statistical analyses
performed and the glacial refugia inferred per species
are given in the Appendix. Because of the relatively low
density of the sampled populations, we were reluctant to
include the results of Kropf 

 

et al

 

. (2002, 2003).
To test for the existence of a general trend in the phylo-

geographic patterns detected across the species surveyed

(disregarding two species with unresolved phylogeogra-
phies, i.e. 

 

Oxytropis campestris

 

 and 

 

Saxifraga oppositifolia

 

;
see below), we used a 

 

χ

 

2

 

 comparison of observed and
expected matrices of glacial refugia. For this aim, two inde-
pendent matrices were created per species. The columns of
the first matrix of observed patterns corresponded to the
four major refugial areas observed across the Alps: namely
Nice to Aoste, Aoste to Lake Como, Lake Como to Dolomites
and Dolomites to Vienna (as separated by the inferred
biogeographic lines; see below and Fig. 2). The rows of the
first matrix of observed patterns then gave the glacial ref-
ugia as identified by molecular analysis. The second matrix
of expected patterns per species had the same principal
structure, but the entries now referred to a biogeographic
situation, where the patterns strictly fitted to the major
glacial refugial areas as suggested by the species’ current
geographical distribution. The principal entries were ‘2’ for
an existing or expected refugium and ‘0’ for a missing refu-
gium. The matrix of expected patterns thus only contained
entries in the diagonal, while the matrix of observed
patterns could also contain entries that deviated from the
diagonal in cases where the molecular data indicated

Fig. 2 Synopsis map of glacial refugia of mountain plants in the European Alps deduced from phylogeographic studies. Different colours
refer to different types of refugia, and colour intensities indicate for how many species a particular area has been inferred as a refugium
(their number is given in brackets along with a list of the respective species; for details see Appendix). Orange: eastern-, southern-, and
southwestern-Alpine peripheral refugia; blue: northern-Alpine peripheral refugia; violet: central-Alpine refugia. I: southwestern-Alpine
peripheral refugia between Nice and the Aoste valley (4: Androsace alpina, Comastoma tenellum, partly Phyteuma globulariifolium, Ranunculus
glacialis); II: southern-Alpine peripheral refugium between the Aoste valley and Lake Como (4: Androsace alpina, partly A. brevis, partly
Phyteuma globulariifolium, Ranunculus glacialis); III: southern-alpine peripheral refugium between Lake Como and Dolomites (7: Androsace
alpina, partly Androsace brevis, Androsace wulfeniana, Eritrichium nanum, Phyteuma globulariifolium, Ranunculus glacialis, Saponaria pumila); IV:
eastern-Alpine peripheral refugium (6: A. alpina, A. wulfeniana, E. nanum, P. globulariifolium, R. glacialis, S. pumila); V: northern-Alpine peripheral
refugium in central Switzerland (2: Erinus alpinus, Rumex nivalis); VI: northern-Alpine peripheral refugium in eastern Switzerland (1: R.
nivalis); VII: northern-Alpine peripheral refugium in southern Germany (1: R. nivalis); VIII: central-Alpine refugium north of the Aoste
valley (1: E. nanum); IX: central-Alpine refugium north of Lake Como (1: E. nanum). Broken black lines refer to three biogeographic lines
(A–C; see text).
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refugia that did not correspond to the geographical posi-
tion of the four major glacial refugial areas. This is illus-
trated by the example of 

 

Phyteuma globulariifolium

 

 given
in Table 1. Based on the species’ current distribution, one
could assume that it had one glacial refugium in all four
major glacial refugial areas. Indeed, the molecular data
indicated four different glacial refugia for this species in the
Alps. However, the two in the west did not completely fit
to the expected major western refugia. This means that
each of these two observed refugia in the west could have
been located in either of two corresponding expected
refugia. Hence, in the matrix of observed patterns in

 

P. globulariifolium

 

, the principal entry (‘2’) for each of the
two observed western glacial refugia had to be split and
assigned to two expected refugia (‘1’ per potential
refugium). In contrast, in the matrix of expected patterns
in 

 

P. globulariifolium

 

, entries (‘2’) are found along the
diagonal.

The observed and expected matrices were finally summed
over all 10 species (Table 1), and a 

 

χ

 

2

 

-test was used to
detect a potential difference between the two overall matri-
ces. Both matrices contained many zero-cells. These cells
were entered as zero addends in the calculation of the 

 

χ

 

2

 

statistics. A series of explorative tests (with different matrix
sizes) using random entries of observed patterns, for which
the entries of the expected matrices were obtained by

permutation, showed that a 

 

χ

 

2

 

 test is an appropriate
approximation of the problem (Christian Hofmann, W.S.L.
Birmensdorf, personal communication).

 

Results and discussion

 

Phylogeographic analyses of mountain plants of the
Alps identified glacial refugia along the southwestern,
southern, eastern, and northern border of the Alps (Fig. 2).
This is in congruence with the potential location of glacial
refugia given in Fig. 1.

 

Glacial refugia at the southwestern, southern and eastern 
border of the Alps

 

For several plants of siliceous bedrock (

 

Androsace alpina

 

,

 

Androsace wulfeniana

 

, 

 

Comastoma tenellum

 

, 

 

Eritrichium
nanum

 

, 

 

Phyteuma globulariifolium

 

, 

 

Ranunculus glacialis

 

,

 

Saponaria pumila

 

), similar phylogeographic patterns were
found (Stehlik 

 

et al

 

. 2001; Schönswetter 

 

et al

 

. 2002, 2003b, c,
2004a, c; Tribsch 

 

et al

 

. 2002). Four peripheral glacial refugia
could be delimited (Fig. 2). There was a particularly well-
supported eastern-Alpine peripheral refugium (Fig. 2,
refugium IV) along the eastern border of the Alps — an area
that remained largely unglaciated (Fig. 1). Some species
even exhibited evidence for two separate glacial refugia in

Table 1 Matrices of observed and expected phylogeographic patterns of mountain plants of the European Alps. The table gives an example
of the matrices of the observed and expected patterns for one species, Phyteuma globulariifolium, which showed glacial refugia that deviated
from the generally observed four major geographical areas of glacial survival. The below table gives the matrices of the overall observed
and expected patterns summed for ten species. The overall observed and expected matrices did not significantly differ from each other
(χ2 = 3.747, P = 0.29). For additional explanations see text
 

 

 

Phyteuma globulariifolium
Nice to 
Aoste

Aoste to 
Lake Como

Lake Como to 
Dolomites

Dolomites to 
Vienna

Observed Refugium 3 3
Refugium 3 3
Refugium 6
Refugium 6

Expected Refugium 6
Refugium 6
Refugium 6
Refugium 6

Summed for ten species
Nice to 
Aoste

Aoste to 
Lake Como

Lake Como to 
Dolomites

Dolomites to 
Vienna

Observed Refugium 21 3
Refugium 38 8 2
Refugium 5 47 2
Refugium 2 2 38

Expected Refugium 24
Refugium 48
Refugium 54
Refugium 42
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this area (Tribsch 

 

et al

 

. 2002; Schönswetter 

 

et al

 

. 2003b).
Two southern-Alpine peripheral refugia were detected as
well. One refugium spanned from Lake Como eastwards
to the Dolomites (Fig. 2, refugium III), but for several
species (Schönswetter 

 

et al

 

. 2002, 2003c; Stehlik 

 

et al

 

. 2002a;
Tribsch 

 

et al

 

. 2002), only the restricted area of the Dolomites
served as a refugium (Fig. 2). The second southern-Alpine
peripheral refugium (Fig. 2, refugium II) was located
between the Aoste valley and Lake Como. Genetic data also
suggested a well-supported southwestern-Alpine peripheral
refugium between Nice and the Aoste valley (Fig. 2,
refugium I; Schönswetter 

 

et al

 

. 2002, 2003c, 2004a, c).
The southern border of the Alps is well known for its

species diversity and high number of endemics (Chodat &
Pampanini 1902; Paw

 

L

 

owski 1970; Tribsch & Schönswetter
2003; Tribsch 2004). One example is 

 

Androsace brevis

 

 with a
limited range around Lake Como. No genetic subdivision
was found within this species’ southern-Alpine distribution
(Schönswetter 

 

et al

 

. 2003b). Hence, the whole latter area
might have served as its glacial refugium, which fitted to
the pattern found in other species (see above).

 

Glacial refugia at the northern border of the Alps

 

Glacial survival at the northern border of the Alps,
especially in the areas between the major glacier tongues
has been invoked to explain disjunct distribution patterns
of several plant species that are mainly distributed in the
southern or southeastern Alps but have local occurrences
near the northern margin of the Alps (Briquet 1906;
Merxmüller 1952, 1953, 1954). Two studies found evidence
for glacial survival of mountain plants of calcareous
bedrock in northern-Alpine peripheral refugia (Stehlik
2002; Stehlik 

 

et al

 

. 2002b). Three comparably small refugial
areas (Fig. 2) could be circumscribed for 

 

Erinus alpinus

 

 and

 

Rumex nivalis

 

. One refugium was in central Switzerland
(Fig. 2, refugium V) and comprised mountains that had
long been postulated to represent glacial refugia (Briquet
1906). The other two refugia were in eastern Switzerland
(Fig. 2, refugium VI) and southern Germany (Fig. 2,
refugium VII). For plant species of siliceous bedrock, no
molecular evidence for northern-Alpine peripheral refugia
was found (Fig. 2), which is in concordance with the
absence of siliceous bedrock in this area (Fig. 1).

The studies summarized here are biased towards species
growing on siliceous bedrock, and taxa growing on calcar-
eous substrate have only been sampled from the middle
part of the Alps. It is anticipated that future phylogeo-
graphic studies on mountain plants of calcareous bedrock
will confirm the importance of refugia in the northeastern,
southeastern, southern and southwestern periphery of
the Alps for this group of species. In contrast, we regard
the array of refugia for plant species of siliceous bedrock
presented here as fairly complete.

 

Glacial survival on nunataks

 

Some authors have argued that even within the strongly
glaciated central parts of the Alps, high-elevation plants
might have survived on ice-free mountain tops, so-called
nunataks (Briquet 1906; Brockmann-Jerosch & Brockmann-
Jerosch 1926; Gugerli & Holderegger 2001). Recolonization
of the Alps would then not only have started from
peripheral refugia, but also from source areas within the
ice sheet.

It has been argued that it is difficult to prove or reject
nunatak survival using genetic data (Hewitt 2004). There
was, however, evidence for glacial survival on nunataks
for one species of siliceous bedrock. In 

 

E. nanum

 

, the data
suggested that two central-Alpine refugia existed (apart
from peripheral refugia; see above; Stehlik 

 

et al

 

. 2001,
2002a). One was located north of the Aoste valley (Fig. 2,
refugium VIII), and the other was north of Lake Como
(Fig. 2, refugium IX).

 

Glacial survival of arctic–alpine plants

 

In accordance with the suggestion of Noack (1922) that
some plant species with an arctic–alpine distribution
immigrated into the Alps after the LGM following the
retreating glaciers, the patterns of genetic variation detected
in mountain plants could not always be explained by glacial
survival in the Alps. In 

 

Saxifraga oppositifolia

 

 (Gabrielsen

 

et al

 

. 1997; Abbott 

 

et al

 

. 2000; Holderegger 

 

et al

 

. 2002;
Holderegger & Abbott 2003) and 

 

Oxytropis campestris

 

(Schönswetter 

 

et al

 

. 2004b), the absence of a clear phylogeo-
graphic signal could be caused by postglacial immigration
from outside the Alps. Postglacial immigration into the
Alps might also explain the genetic patterns found in rare
mountain plant species, such as 

 

Saxifraga cernua

 

 (Bauert

 

et al

 

. 1998). In addition, there was not only migration of
mountain plants to the Alps, but also out of the Alps.
Phylogeographic evidence suggested that 

 

R

 

. 

 

glacialis

 

 has
colonized northern Europe from source populations in the
eastern Alps in postglacial times. This is referred to as the
‘out of the Alps hypothesis’ (Schönswetter 

 

et al

 

. 2003a).

 

Phylogenetic evidence from 

 

Anthyllis montana

 

 and 

 

Pritzelago alpina

 

The evolutionary history of two morphologically poly-
morphic mountain plant species, 

 

Anthyllis montana

 

 and

 

Pritzelago alpina

 

, were explored by Kropf 

 

et al

 

. (2002, 2003).
Both taxa have originated from Mediterranean ancestors,
and intraspecific diversification was dated based on
ITS sequences to be less than 1 million years ago (Ma). It is
noteworthy that in 

 

P. alpina Kropf et al. (2003) found
weak evidence for a separation of populations from the
northeastern and southern Alps. This finding is in good
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congruence with a glacial refugium in the northeastern Alps,
an area well known both for its high level of endemism
(Tribsch 2004) and the occurrence of many disjunct plant
species (Merxmüller 1952, 1953). A. montana exhibits a
phylogenetic split into a western and an eastern European
group with a contact zone in the Maritime Alps (Kropf et al.
2002). This species’ distribution in the Alps conspicuously
overlaps with several potential refugial areas, suggesting
that little range expansion has occurred after the Pleis-
tocene. The sampling of populations, however, was not
dense enough to infer exact locations of glacial refugia for
that species in the Alps.

Long-distance dispersal

One important feature of most phylogeographic studies
about Alpine plants in the European Alps conducted so far
is the scarcity of proof of long-distance dispersal among
regions. This observation might be due to taxon selection
in A. montana (Kropf et al. 2002) and A. brevis (Schönswetter
et al. 2003b), as these species have presumably relic and
highly fragmented or very small distribution areas. The
other investigated species, in contrast, were selected as
study objects because of their wide and often continuous
distribution areas in the Alps. We only found evidence
for long-distance dispersal from the western Alps to the
Pyrenees in P. globulariifolium (Schönswetter et al. 2002)
and from the Dolomites westwards to the mountain range
of Adamello in Saponaria pumila (Tribsch et al. 2002).
Mostly however, we found relatively sharp boundaries
with little overlap of gene pools from different refugia
(Schönswetter et al. 2004a). In P. globulariifolium exhibiting
an old phylogeographic split into western and eastern
population groups (Schönswetter et al. 2002), a distribution
gap is separating the gene pools. However, the availability
of suitable habitats throughout this gap (Harald Niklfeld,
University of Vienna, personal communication) strongly
suggests incomplete (re)colonization by this species. The
obviously slow migration speed is in line with observations
of Comes & Kadereit (2003) and might be explained by the
rugged topography and the high habitat heterogeneity
of the Alps. It stands in marked contrast, however, to
surprisingly high migration rates observed in many
lowland (especially tree) species (Clark et al. 1998) and in
arctic plants (Abbott & Brochmann 2003).

Intraspecific diversity and species diversity

The present suite of phylogeographic studies covering 12
mountain species demonstrates that the glacial history of
mountain plants is rather complex. Recolonization of the
Alps out of one or two southern glacial refugia does not
fit the geographical patterns of genetic variation found
in molecular analyses. Many species survived in several

peripheral and/or central-Alpine refugia. However, when
considering only four main geographical areas of glacial
refugia in the European Alps, we detected a more general
pattern: the overall matrices of observed and expected
patterns of glacial refugia were statistically not significantly
different from each other (χ2 = 3.747, P = 0.29; Table 1).
This general pattern of glacial survival as suggested by the
molecular data can be visualized by the three lines (A–C)
given in Fig. 2, which mark the subdivisions between the
four major areas of glacial survival. Strikingly, these lines
are roughly congruent to known biogeographical boundaries
based on floristic evidence. One of these three lines more
or less follows the well-known boundary between the
western and the eastern Alps (Fig. 2, line B). This boundary
has been extensively described and is well supported
by patterns of species diversity of plants of bedrock both
siliceous and calcareous (Ozenda 1988). Interestingly, line
B also designates an important phylogeographic split
in the genetic diversity of spruce (Picea abies) in the Alps
(Gugerli et al. 2002). Spruce is the dominant mountain tree
in most parts of the Alps and widely forms the timberline.
Together with the other two biogeographical lines (Fig. 2,
lines A and C), line B divides well-known centres of species
diversity and endemism in the Alps (Ozenda 1988; Tribsch
& Schönswetter 2003; Tribsch 2004). Additionally, even the
central-Alpine refugia shown in Fig. 2 coincide with
species-rich regions (Wohlgemuth 2002).

In summary, our molecular analyses well conform to
known floristic patterns of the Alps (Ozenda 1988). This
finding is intriguing, since it suggests a close relationship
between genetic differentiation and diversity at the
intraspecific level on the one hand and species diversity
and endemism on the other hand, two different aspects
of biodiversity. If so, evolutionary and biogeographic
processes could potentially act on both gene and species
diversity in essentially the same way. This has recently
been suggested for island biota (Vellend 2003).
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Appendix

Summary of studies used in the comparative phylogeographic analysis given in Fig. 2. Taxa, references, sampling designs, molecular methods, main statistical analyses and the glacial refugia detected are given.

Abbreviations: AFLPs, amplified fragment length polymorphisms; amova, analysis of molecular variance; CA, correspondence analysis; cpDNA, chloroplast DNA; NJ tree, neighbour-joining tree; nrDNA, nuclear

ribosomal DNA; PCoA, principal coordinate analysis; PCR, polymerase chain reaction; RAPD, random amplified polymorphic DNAs; RFLP, restriction fragment length polymorphisms; upgma tree, unweighted

pair group method on arithmetic means tree; I–IX, numbering of glacial refugia is given in Fig. 2
 

 

Taxon References Distribution
Sampling 
design

Number of 
investigated 
individuals
from the Alps 
(and in total)

Number of 
investigated 
populations 
from the Alps
(and in total)

Molecular 
method

Statistical 
analyses

Glacial 
refugia 
detected

Androsace alpina Schönswetter 
et al. (2003c)

Alps Distribution-wide 257 (257) 53 (53) AFLP amova; 
PCoA; NJ tree

I, II, III, IV

Androsace brevis Schönswetter 
et al. (2003b)

Around 
Lago di Como

Distribution-wide 26 (26) 8 (8) AFLP amova; 
NJ tree

II and/or III

Androsace wulfeniana Schönswetter 
et al. (2003b)

Dolomites, 
eastern 
central Alps

Distribution-wide 37 (37) 8 (8) AFLP amova; 
PCoA; NJ tree

III, IV 
(subdivided)

Comastoma tenellum Schönswetter 
et al. (2004c)

Arctic–Alpine Distribution-wide 
in the Alps and 
hypothesis-driven
in Europe

132 (167) 30 (36) AFLP amova; 
NJ-tree

I, eastern-Alpine 
lineage

Erinus alpinus Stehlik 
et al. (2002b)

Pyrenees, 
western Alps 

Hypothesis-driven 
(only middle 
part of the Alps)

264 (264) 22 (22) AFLP; 
cpDNA 
PCR-RFLP

amova; CA; 
upgma tree; 
Mantel test

V; re-immigration 
from a southwestern-
Alpine peripheral 
refugium

Eritrichium nanum Stehlik et al. 
(2001, 2002a) 

Alps Hypothesis-driven 
(only middle 
part of the Alps); 
distribution-wide

276 (276) 20 (20) AFLP, cpDNA 
PCR-RFLP, cpDNA 
sequences

amova; CA; upgma tree; 
Mantel test; minimum- 
spanning network

III, IV, VIII, IX

Oxytropis campestris Schönswetter 
et al. (2004b)

Pyrenees, 
Alps

Distribution-wide 177 (195) 39 (43) AFLP amova; PCoA; 
NJ tree; Mantel test

Re-immigration 
from outside 
of the Alps

Phyteuma globulariifolium Schönswetter 
et al. (2002)

Pyrenees, 
Alps

Distribution-wide 317 (325) 65 (67) AFLP amova; PCoA; NJ tree; 
Mantel test

I and/or II, II 
and/or III, III, IV

Ranunculus glacialis Schönswetter 
et al. (2003a, 
2004a) 

Arctic–Alpine Distribution-wide
in the Alps and 
hypothesis-driven 
in Northern Europe 

223 (267) 75 (86) AFLP, 
cpDNA 
sequences

amova; PCoA; 
parsimony phylogeny; 
Mantel test

I, II, III, IV; 
colonization of 
northern Europe 
out of the Alps 

Rumex nivalis Stehlik (2002) Middle and 
eastern Alps, 
Balkan Peninsula 

Hypothesis-driven 
(only middle 
part of the Alps)

276 (276) 23 (23) AFLP, cpDNA 
PCR-RFLP

amova; CA; minimum- 
spanning network; Mantel test; 
nested clade analysis

V, VI, VII

Saponaria pumila Tribsch 
et al. (2002)

Eastern Alps, 
southern 
Carpathians

Distribution-wide 
in the Alps

158 (158) 33 (33) AFLP amova; PCoA; 
upgma-tree; Mantel test

III, IV 
(subdivided)

Saxifraga oppositifolia Holderegger & 
Abbott (2003); 
Holderegger 
et al. (2002)

Arctic–Alpine Hypothesis-driven 
(only middle 
part of the Alps) 
and Arctic

143 (160) 15 (15) RAPD; Southern 
hybridization RFLP, 
cpDNA and nrDNA 
sequences

amova; CA; NJ tree; 
Mantel test; nestedness; 
parsimony phylogeny

Re-immigration
from outside 
of the Alps
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Erratum

 

Dr Peter Schoenswetter brought to our attention that the

changes he wished to include in Table 1 which appears

in the article ‘Molecular evidence for glacial refugia of

mountain plants in the European Alps’ do not appear in

the final version. As a result, page 3549 in MEC 14:11

(October 2005) should read:

‘The principal entries were “6” for an existing or expected

refugium and “0” for a missing refugium.’

Page 3550 should read:

‘Hence, in the matrix of observed patterns in P.

globulariifolium, the principal entry (“6”) for each of the

two observed western glacial refugia had to be split and

assigned to two expected refugia (“3” per potential

refugium). In contrast, in the matrix of expected patterns

in P. globulariifolium, entries (“6”) are found along the

diagonal.’


