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Research Project

Molecular biogeography and population genetics of alpine plant
species

Ivana Stehlik1*, Rolf Holderegger1'2, J. Jakob
Schneller1, Richard J. Abbott2 & Konrad Bachmann3
Institutfir Systematische Botanik, Universität Zürich, Zollikerstrasse 107, 8008 Zürich, Switzerland;

School of Environmental & Evolutionary Biology, University of St Andrews, Sir Harold
Mitchell Building, St Andrews, Fife, KY16 9TH, Scotland, UK;3Institutfir Pflanzengenetik und

Kulturpflanzenforschung IPK, Corrensstrasse 3, 06466 Gatersleben, Germany; Corresponding
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Summary
1 There is a long-standing debate about the fate of the mountain flora of the Alps during
Quaternary glaciation. Two main possibilities ofglacial survival of alpine plant taxa have

been proposed, namely the tabula rasa and the nunatak hypotheses. However, few
molecular studies testing these two hypotheses in alpine plant species have been carried out
so far.

2 According to the tabula rasa hypothesis, alpine plant species did not survive in-situ,
but re-immigrated from one or a few large peripheral or periglacial réfugia. In contrast,
the nunatak hypothesis implies survival of alpine plant species on several small, isolated,

high-alpine nunataks within the Alps. Early biogeographic studies suggested exact
locations of peripheral réfugia and nunataks, as well as precise migration routes. They provide

clear hypotheses on the biogeography of alpine species, which could be tested with
molecular techniques.
3 Two independent research projects are presented which have the aim to investigate
the phylogeographic patterns of four alpine species.
4 Erinus alpinusis described to have re-immigrated into the Alps from a western peripheral

refugium. This makes E. alpinus a model for a test of the tabula rasa hypothesis. The

high alpine distribution of Eritrichium nanum covers many areas with postulated
nunataks and seems suitable to test the nunatak hypothesis. Rumex nivalis does not fit to
either of these two hypotheses. The species shows a decrease in population abundance

in an east-western direction, which points to immigration from north-eastern peripheral
réfugia. However, the species' disjunct distribution and affinity to extreme habitats could
also indicate glacial survival on nunataks. Saxifraga oppositifolia is common and
widespread throughout the Alps. Molecular results from Northern Europe support both in-

situ survival and re-immigration. It is not possible to propose an exact hypothesis on this

species' biogeographic history in the Alps based on its present-day distribution. This

ambiguity is probably shared by most common alpine species. The comparison of the
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Molecular biogeography and population genetics of alpine plant species

without invoking the nunatak hypothesis.
Molecular data further indicate that there has

been extensive gene flow among widely
distributed populations of Saxifraga oppositifolia

during the Weichselian glaciation (115,000-

18,000 years AD) in Scandinavia, and that the

present nordic populations were established

after massive immigration from genetically
variable periglacial populations (Gabrielsen et

al. 1997). Given the high levels of migration
inferred from the latter study, eventually
occurring genetic differentiation of possible
nunatak populations would have been genetically

swamped by postglacial immigration.
Gabrielsen et al. (1997) thus conclude that the

nunatak hypothesis is superfluous to explain
the present distribution of arctic-alpine species

in Northern Europe.
The intra-specific biogeographic history of

common alpine plant species (thereafter used

in the sense ofmountain plants growing in the

Alps) has only rarely been investigated with
molecular methods so far. The existing studies

were either done on rare or special species

such as glacial relics (Bauert et al. 1998; D.
Lang et al, unpubl. data), focussed on population

traits such as clonal diversity or mating
structures (Bauert 1996; Steinger et al. 1996;

Escaravage et al. 1998; Gugerli et al. 1999;

von Flüe et al. 1999) or were interested in
vicariance and taxonomic relationships on the

above-species level on large geographical
scales (Hungerer & Kadereit 1998). The
results of these studies do not allow any broad

generalisations on the intra-specific phylogeo-
graphy of alpine plant species to be drawn.
There are some early non-genetic, but quite
detailed studies on the biogeography ofalpine
plants. These also referred to specific problems

of the tabula rasa and the nunatak
hypotheses or stated precise migration routes
from peripheral réfugia into the central parts
of the Alps (Chodat & Pampanini 1902; Bri¬

quet 1906; Brockmann-Jerosch & Brock-
mann-Jerosch 1926). These authors' hypotheses

on the origin and evolution of alpine plant
species were further developed by MerxmuUer

(discussion on the origin of numerous alpine

taxa; 1952, 1953, 1954), Favarger (1958) and

Hess et al. (1967). The main biogeographic

principles such as location of nunataks or
peripheral réfugia in present-day species-rich
areas remained the same.

Chodat & Pampanini (1902) and Briquet
(1906) stressed the tabula rasa hypothesis for
the flora of the Alps during the ice-ages,

corresponding to the view of Nordal (1987),

Birks (1996) and Gabrielsen et al. (1997) for
Scandinavia, that all present-day alpine plant
species had to re-immigrate from peripheral
réfugia outside the glaciated parts of the Alps.
Chodat & Pampanini (1902) postulated a

south-alpine peripheral refugium in the

region between the lakes of Garda and Como
(Judicaric Alps) and a west-alpine peripheral
glacial refugium for the flora of the middle

part (Landolt 1992) of the Alps in the Grajic
and Cottic Alps. The same authors claimed
that species migrated from these réfugia along
the southern alpine foothills. Accordingly, the

valley of Valais in Switzerland was colonised
from the Piémont, i.e. Penninic Alps, Valle

dAosta and Cogne, while the Engadine was

colonised from Val Venosta (Stelvio). Briquet
(1906) postulated additional réfugia. He
suggested a peripheral refugium in the southern

Lepontic Alps, a jurassic-rhodanic peripheral
refugium (to the south of Lyon and in the

northern Iura mountains), and some peripheral

réfugia at the edge of the Northern Alps
(e.g. Alpstein, Pilatus, Stockhorn). Both
Chodat & Pampanini (1902) and Briquet
(1906) believed that the immigration of plants
along main alpine valleys (Rhone, Tyrolean
Inn) was impossible because of long persistence

of slowly retreating glaciers.
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What are the genetic implications of the

tabula rasa hypothesis? The peripheral réfugia
of Chodat & Pampanini (1902) and Briquet
(1906) are geographically quite large areas.

The number of surviving populations therein
and their sizes were probably large. Principally,

plant populations of different peripheral
réfugia should be genetically different due to

long periods of isolation during the ice-ages.

This differentiation is a result of restricted

gene flow, genetic drift and, possibly, different
selective pressures in peripheral réfugia. As a

result, lower genetic similarity among
populations from different peripheral réfugia than

among populations descending from the

same refugium and, perhaps, different private
alleles should be found. In contrast, genetic

similarity among populations along particular
re-immigration routes into the Alps must be

comparatively high. The present distribution
of alpine species probably is the result of several

subsequent immigration waves.
Nevertheless, the sources of these waves should still
be detectable by comparing the genetic variation

of populations along migration paths
with the genetic variation presently found in

populations within peripheral réfugia. Only a

small fraction of the genetic variation of a

peripheral refugium (source regions; Ellstrand
& Elam 1993) might have migrated towards
the middle parts of the Alps after glaciation,
lust a genetic subsample would have reached

the by then vacant localities in the Alps. This

genetic "thinning", the result of recurring
founder events during subsequent immigration

waves, should become stronger with
increasing distance from the source. Migration
waves reached the central alpine regions last,
and the absolute number of waves should be

lower than in regions nearer to the peripheral
réfugia ("loi de la proximité"; Chodat &
Pampanini 1902). Expectations of the tabula

rasa hypothesis are therefore, that popula¬

tions in the central parts of the Alps should be

genetically less variable than populations
nearer to peripheral réfugia and that the

genetic variation of populations at the distribution

limit of a species should be lowest. During

foundation of the central alpine populations,

founder effects, genetic drift and

inbreeding most probably played important
roles, and, hence, the number of alleles and

their frequencies in these populations should

be different from present-day populations in

peripheral réfugia and populations along

migratory routes.
Brockmann-Jerosch & Brockmann-Jerosch

(1926) argued in favour of the nunatak

hypothesis stating that it is not possible to
deduce upon réfugia of alpine plant species

only on the basis of the locations of never
glaciated areas. In fact, the present distribution

of alpine plant species is often not in
accordance with suggested migration routes

out of peripheral réfugia. Brockmann-
Jerosch & Brockmann-Jerosch (1926) therefore

believed in the existence of high-alpine,
supraglacial, snow-free nunataks; in the central

parts of the Alps the upper limit of the
ice-sheet reached 2600 m a.s.l. (Hess et al.

1967). Populations on high-alpine nunataks

could have acted as sources for re-colonisation

of vacant areas after glaciation. A major
argument in favour of the nunatak hypothesis

is that areas with many geomorpho-
logically induced nunataks are often areas

with increased species diversity. Proposed

high-alpine nunatak regions are the Monte
Rosa, the valleys of Visp, the Simplon, the

Rothorn-mountains near Arosa, high mountains

of the Engadine and the Bernina

(Brockmann-Jerosch & Brockmann-Jerosch

1926). Maps of the location of floristically
deduced alpine nunatak regions in the middle

part of the Alps are presently in preparation

(Stehlik, in press).
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High alpine nunatak populations were
probably small and rare, surviving on small

patches of ice-free slopes or mountain tops.

They were exposed to high radiation and

extreme wind conditions, which warranted
snow-free conditions during the vegetation

period. Regions with nunataks were discon-

tinuously distributed with large geographic

gaps between them. Populations on nunataks

should thus be viewed as isolated. Long
isolation, recurring bottlenecks and founder

effects, followed by inbreeding and genetic

drift, should have led to relatively low genetic
variation in nunatak regions and to strong
differentiation among populations on different
nunataks (Ellstrand & Elam 1993). Nevertheless,

populations on island nunataks could
have stored ancient cpDNA haplotypes or
gained private alleles. These genetic patterns
should still be detectable among present-day

populations descended from potential nunatak

populations.
In general, it is expected that genetic

similarities among populations should decrease

with increasing geographic distance between

them in both of the above hypotheses. However,

the reasons for these decreases are
different in the two hypotheses. In the tabula

rasa hypothesis, genetic similarity should
decrease linearly (recurring founder effects and

thinning out of genetic variation along migration

routes). In contrast, changes in genetic
similarities among populations should be

more discontinuous or even abrupt in the

nunatak hypothesis.

The aim of the research projects

Our projects consist of two completely
independent studies. Nevertheless, they complement

each other in an ideal way. The studied

species were chosen in order to be
representative of the alpine flora and to allow valid

generalisations on biogeographic patterns of
alpine plant species (Meusel et al. 1965, 1978;

Welten & Sutter 1982).

The aim of the first project by Stehlik,
Schneller & Bachmann is to test explicit
phylogeographic hypotheses on alpine species

from the middle part of the Alps. Three

species will be investigated for which clear

biogeographic hypotheses of glacial survival

were given in the literature, and an appropriate

sampling strategy seems to be feasible: (1)

immigration from western réfugia, Erinus

alpinus, (2) survival on high-alpine nunataks,
Eritrichium nanum, and (3) immigration from
eastern réfugia or eastern nunataks, Rumex
nivalis. AFLPs (Vos et al. 1995) and PCR-
RFLPs ofcpDNA (Démesure et al. 1996) will
be used for molecular genetic analysis.

The second project by Holderegger &
Abbott takes a different approach. It asks: is it
possible to deduce upon the biogeographic
history of a widespread, common alpine species

by using molecular markers. Because

common, widespread alpine species often
exhibit no particular geographic characteristics, it
is not possible to state any specific hypothesis

on the biogeographic history based on their
distribution patterns. The holarctic Saxifraga

oppositifolia was chosen as a model species,

since its breeding system in alpine populations
(Gugerli et al. 1999; von Rue et al. 1999) and its

phylogeography in Northern Europe (Abbott
et al. 1995; Gabrielsen et al. 1997) are well
investigated. A whole set of molecular genetic
tools is necessary to analyse different types and

parts of the genome, which could contain

different biogeographic information: classic

RFLPs and PCR-RFLPs of cpDNA, RAPDs
and oligonucleotide-fingerprinting using
microsatellite probes (Weising et al. 1995).

RAPDs were chosen to make the results

comparable with those of Gabrielsen et al.

(1997) and Gugerli et al. (1999).
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Species investigated, hypotheses tested
and sampling strategies

Many published phylogeographic investigations

on plants using molecular techniques
have taken relatively few samples over large

geographic distances (for references see Soltis

et al. 1997). This does not permit an accurate
evaluation of migration routes or exact location

of ancient réfugia. Therefore, Soltis et al.

(1997, p. 370) concluded that "... future studies

should seek to construct a regional
phylogeography". The strong demand for
sampling strategies that really fit the questions
asked has also been emphasised by Smouse

(1998). One particularly important point is

that the biogeographically relevant parts of
the distribution of the species investigated
should be sufficiently covered. For instance,

testing the tabula rasa hypothesis requires
increased sampling along postulated migration

routes out of a peripheral refugium. Additionally,

populations from alternative source
regions should be analysed as well, in order to
allow the falsification of the main hypothesis.

Erinus alpinus: re-immigration from
south-western refugia
Erinus alpinus L. has a central and south-west

European distribution (Fig. 1) and occurs on
calcareous rock and rubble. It is perennial
and grows in sparse mats of integrated
rosettes. Brockmann-Jerosch & Brockmann-
Jerosch (1926) hypothesised that E. alpinus
survived glaciation in south-west peripheral
réfugia, i.e. the Grajic-Cottic Alps, since its

present-day distribution does not show any
disjunction in a west-eastern direction, and

the species' main distribution is at subalpine

elevations, which makes an in-situ survival of
the ice-ages unlikely. Thus, E. alpinus had to

/
oft-&u y^ r-.

t?Wjfym m%j.
u

y
&

Im

i>
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Fig. 1. Distribution map o/Erinus alpinus: 22 populations sampled in the middle part of the Alps (dots); Central

European distribution (inset).
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Fig. 2. A cushion o/Eritrichium nanum on the
proposed high alpine nunatak ofPiz Nair (3050 m a.s.l.)
in the Upper Engadine, Switzerland.

re-colonise the Alps on a broad migration
front. Nevertheless, the present distribution
of the species in the northern Prealps also

covers areas known as northern alpine réfugia
(Briquet 1906). Thus, there is, although quite
improbable, the possibility that E. alpinus
could have survived the ice-ages in-situ.

The arrangement of the 22 populations
sampled with twelve individuals each in E.

alpinus is linear along the proposed migration
route from the southwestern Alps with ten of
the populations also located in areas known
as possible north-alpine peripheral réfugia.
One population is located in the Cottic Alps
in France, a possible source region, and
another represents the eastern distribution limit
of the species at the Swiss-Austrian border. If
the re-immigration hypothesis is true, then
the latter population should have been

founded lately, eventually showing less

genetic variation because of a genetic thinning
effect.

Eritrichium nanum: in-situ glacial
survival on nunataks
Eritrichium nanum (L.) Gaudin is a high-alpine,

long-lived perennial cushion plant (Fig.
2). It is strictly alpine, mainly growing on
siliceous rocks. In the middle part of the Alps
the distribution of E. nanum covers areas with

many postulated high-alpine nunataks (Fig. 3;

Brockmann-Jerosch & Brockmann-Jerosch

1926). The species is mainly outcrossing,
although it is partly self-compatible (H. Zoller,

pers. comm.).
The species' distribution in high alpine

elevations of the Central Alps suggests an in-
situ survival of the ice ages. Thus, a test of the

nunatak hypothesis is appropriate and intensive

sampling in nunatak areas and their adjacent

regions is necessary. Three main
sampling regions were selected (Valais, Ticino,
Graubünden), each with six populations. This

permits a statistical hierarchical evaluation of
the genetic variation found. Of the above

mentioned 18 populations, eight populations
are located in the centre of postulated
nunatak areas (Zermatt, Simplon, Bernina).

Additionally, one population in Northern
Italy (Passo Tonale) and one in the Cottic

Alps in France (Ecrins) were selected as

possible sources for the alternative hypothesis of
re-immigration of E. nanum after the ice-ages.

In total, 20 populations with twelve individuals

each will be investigated.

Rumex nivalis: how did the re-
colonisation OF this snow-bed plant
happen?

The dioecious Rumex nivalis Hegetschw. is a

strictly alpine species and is found on calcareous

rubble and in snow beds. It is a perennial
rosette plant with small flowering stalks and

inconspicuous flowers (Wagenitz 1981).

Two aspects of the distribution of R. nivalis

are interesting (Fig. 4). (1) There is a clear

54 Bulletin ofthe Geobotanical Institute ETH, 66, 47-59
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Fig. 3. Distribution map o/Eritrichium nanum : 20populations sampled in the middle part ofthe Alps (dots); total
distribution (inset).

-A 'r.

^rft » is,
-V;mfM yM%**.

b/
a.

4
50 km^

Fig. 4. Distribution map of Rumex nivalis : 22 populations sampled in the middle part of the Alps (dots); total
alpine distribution (inset).
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