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Summary 

Cliffs provide unique habitats for many specialised organisms, including 

chamaephytes and slowly growing trees. Drought, high temperature 

amplitude, scarcity of nutrients and high insolation are general characteristics 

of exposed limestone cliff faces. The vegetation of limestone cliffs in the 

Swiss Jura mountains consists of plants of arctic-alpine, continental and 

Mediterranean origin. Several populations exhibit relicts from post- or 

interglacial warm or cold climatic periods. Grazing goats and timber 

harvesting influenced the forests surrounding the limestone cliffs in northern 

Switzerland for many centuries. During the twentieth century, however, these 

traditional forms of forest use were  abandoned.   

In recent years, rock climbing enjoys increasing popularity in mountain 

areas at low elevation, where this sport can be performed during the whole 

year. The limestone cliffs of the Jura mountains provide unique opportunities 

for sport climbers. As a consequence, more than 2000 climbing routes with 

fixed protection bolts have been installed on 48 rock cliffs in the region of 

Basel, Switzerland. 

Overgrowing forest, due to the abandonment of forestry and damages 

due to recreational activities including rock climbing reduce the quality and 

size of the cliff habitats. In my dissertation, I examined quantitative, spatial 

and temporal patterns of human impacts on the cliff flora and on the genetic 

population structure of two plant species on isolated cliffs in the Jura 

mountains of northern Switzerland. 



The assessment of plant cover and species density at various distances 

from frequently used climbing routes in the region showed that plant cover 

was significantly reduced at the base of climbing routes. Furthermore, species 

density (number of species per m2) at the cliff base as well as plant cover and 

species density on the cliff face tended to increase with distance from the 

route. 

The comparison of the vegetation at the cliff base and on the cliff face of 

five frequently climbed cliffs with that of seven unclimbed cliffs indicated that 

rock climbing significantly altered the plant composition. Specialised rock 

species occurred less frequently on climbed cliffs than on unclimbed cliffs. 

At the Gerstelflue, a popular recreational climbing site with rock climbing 

activities since more than 40 years, plant cover and species density (number 

of species per m2) were reduced in climbed areas. Rock climbing also 

reduced the density (number of individuals per m2) of forbs and shrubs, 

whereas the density of ferns tended to increase in climbed areas. In addition, 

rock climbing caused a significant shift in plant species composition and 

altered the proportions of different plant life forms. 

Species diversity and cover of lichens, and possible associations 

between lichens and lichen-feeding land snails were assessed in climbed and 

unclimbed areas of 10 isolated cliffs. Total lichen species density was not 

correlated with the complexity of the rock surface, climbing frequency and age 

of the climbing route. The species density of epilithic lichens was lower along 

climbing routes than in unclimbed areas, whereas no difference in species 

density of endolithic lichens was found between climbed and unclimbed 

areas. Furthermore, climbed and unclimbed areas did not differ in total lichen 



cover. The dissimilarity of the lichen communities between climbed and 

unclimbed areas increased with increasing climbing intensity on the focal 

route in climbed areas, but not with the age of the climbing route. Within cliffs, 

plots along climbing routes harboured fewer snail species and individuals than 

plots in unclimbed areas. 

The effects of forestry practices on the species richness and abundance 

of vascular plants on the face, at the base and on the talus have been 

investigated by comparing two different forestry practices (clear-cutting and 

shelter tree cutting) with forest reserve (i.e. no management in the past 80 

years)) on three cliffs. Plant species density and vegetation cover was higher 

in the shelter-cut areas than in the forest reserves on the talus as well as at 

the cliff base. Clear-cut areas showed a higher vegetation cover than forest 

reserves on the talus. Shelter-cut areas harboured a larger proportion of 

plants with high light demands and plant indicator species showed a higher 

mean light score than in clear-cut areas and forest reserves. 

The analysis of time-series of air photographs taken between 1951 and 

2000 at six cliffs revealed an increase in tree cover from 60% to 85% between 

1951 and 1964 after which the increase levelled off. The increase in tree 

cover showed a distinct spatial pattern. It was significant in the talus and on 

the cliff face, but not on the plateau (at the top of the cliffs). 

Possible effects of isolation and the presumed colonisation history of 

cliffs as well as of anthropogenic activities on the genetic population structure 

of two plant species with different life-histories were assessed using RAPD-

polymorphisms. Fourteen populations of Draba aizoides L. and 12 populations 

of Melica ciliata L. living on isolated limestone cliffs were examined. Analysis 



of molecular variance revealed a high among-population variation of each 

27% in the gene pools of both species. A clear isolation-by-distance pattern 

and a separation of populations from the Jura mountains and the Alps were 

found in D. aizoides. This provides evidence for glacial relict endemism in this 

species, resulting from nunatak survival in the Jura mountains. In M. ciliata, 

UPGMA-analysis showed clusters of plant populations growing on cliffs with 

castles with shared historical incidents, indicating zoochorical dispersal 

related to human settlements. 

The various studies emphasise the uniqueness and vulnerability of the 

limestone cliff ecosystem of northern Switzerland. Protection measures in 

several fields of activity are needed to preserve the unique relict vascular 

plant, lichen and animal communities. Adequate management actions should 

be developed and implemented. Actions should particularly be directed to 

cliffs with numerous arctic-alpine plant species to protect them from mechanic 

disturbances by sport climbing and hiking. The prohibition of sport climbing on 

cliffs with a high number of specialised plant or animal species and the 

establishment of climbing-free protection zones in popular areas are the most 

effective and adequate measures in this context. However, any management 

plan should include a comprehensive information campaign to show the 

potential impact of intensive sport climbing on the specialised flora and fauna 

and to increase the compliance of these measures by the climbers. Forestry 

practices that keep the supply of light on a high level at the lower parts of the 

cliffs are required to preserve the relict plant species. Selective thinning on the 

talus results in relatively large plots with good light conditions and therefore 

promotes the rare, relict plant species with high light demands. Self-



evidentely, forestry actions and climbing prohibitions should be executed in 

coordination. Another measure to manage the lower parts of cliffs could be to 

use them as temporal pastures for goats. Finally, the preservation of 

mediaeval sites also connotes the conservation of plant species introduced 

into the area during the time of human activities. 



General Introduction 

Characteristics of the limestone cliffs of northern Switzerland 

The limestone cliffs of northern Switzerland are of particular peculiarity 

due to the extraordinary environmental conditions and their history, affected 

by glacier advancements and different human use forms. 

Dryness, high temperature amplitude, scarcity of nutrients and high 

insolation are general characteristics of exposed limestone cliff faces. The 

combined effects of drought and low nutrient availability, light and gravity limit 

plant growth in these extreme habitats (Coates and Kirkpatrick 1992). The 

structural complexity of cliff faces causes microclimatic and edaphic 

differences on a very small scale. Exposed patches are generally hotter and 

drier than protected ones, fractures are colder and wetter than ledges, and 

overhangs shadow deeper situated parts (Ashton and Webb 1977).  

The taluses of limestone cliffs provide dynamic, relatively unstable 

habitats, which are characterized by the displacement of the debris and by 

mircoclimatic differences due to cold air drainage and different exposure to 

sun. On the plateaus of limestone cliffs, the insolation is less extreme, but the 

porousness of the calcareous rock and the exposure to winds lead to dry 

conditions comparable to those of floodplains or ruderal plains. All these 

effects lead to a highly diverse mosaic of microhabitats, which allow the 

existence of specialised chamaephytes and slowly growing trees (Escudero 

1996, Larson et al. 2000). 

In northern Switzerland, compact coral-chalks from the late Jura Age 

("Rauracien") formed numerous rock cliffs which belong to the Jura mountains 



(Bitterli-Brunner 1987). In contrast to large rocky areas of the Alps and other 

high-elevation mountains, the cliffs of the Jura Mountains are small and 

frequently isolated, and in most cases surrounded by forest, which has been 

partly cleared and subsequently used as pasture for some centuries. 

Limestone cliff vegetation 

Lichens, ferns and mosses constitute the main components of the cliff 

face vegetation (Oberdorfer 1992). The vascular plant vegetation consists of 

plants of arctic-alpine, continental and Mediterranean origin (Zoller 1989, 

Wassmer 1998). For several alpine and arctic plant species, the cliffs served 

as peripheral refugia which formed a periglacial steppe together with 

continental plants during the Pleistocene glacier advancements from the Alps 

and the Black Forest (Walter and Straka 1986). The arctic-alpine plant 

species and the xerothermic oak forest species (Quercetalia pubescenti-

petraeae) colonised the south-exposed taluses and the plateaus of the Jura 

Mountains during postglacial warm periods (Ellenberg 1986). Due to the 

establishment of beech-forests under more temperate climate conditions, they 

were displaced towards the wood-free cliff sites. On the plateaus, these plant 

communities intersperse with beech and pine communities adapted to the arid 

conditions (Molinio-Pinetum, Carici-Fagetum; Ellenberg 1986). 

Rock climbing on the limestone cliffs 

Rock climbing enjoys increasing popularity in mountain areas at low 

elevation, where this sport can be performed during the whole year 

(Hanemann 2000). More than 2000 climbing routes with fixed protection bolts 

have been installed on 48 rock cliffs in the region of Basel, Switzerland 

(Andrey et al. 1997). Approximately 70% of these climbing routes were 



opened between 1985 and 1999. The enormous throng, however, leads to 

serious local environmental disturbances. In adjacent Southern Germany, 

climbing has been restricted at many sites due to conflicts between climbing 

activity and nature conservation. As a result, a further increase in climbing 

activities has been observed in the Jura mountains of North-western 

Switzerland.  

Damage to the vegetation due to rock climbing were recorded on 

limestone cliffs in the upper Danube valley (Herter 1993). Damages included 

a reduction of vegetation cover and the extinction of species sensitive to 

disturbance and of specialists adapted to these extreme habitats. In addition, 

the clearing of soil from crevices and the erosion of the cliff edge and face 

were recorded. Furthermore, the species richness of ruderal plants increased. 

Rock climbing also led to skewed size and age distributions both in Solidago 

sciaphila in North-western Illinois (Nuzzo 1995) and Thuja occidentalis on the 

Niagara Escarpment in Canada (Kelly & Larson 1997). On exposed dolomitic 

cliffs in North-western Illinois, climbing reduced the cover and species 

richness of lichens by 50% (Nuzzo 1996). Despite the potential damage, 

relatively few studies have addressed the impact of rock climbing on cliff flora 

or fauna (Larson et al. 2000).  

Nuzzo (1996) pointed out that environmental and physical variables 

were the primary determinants of the cliff flora. Any identification of causal 

links between human disturbance and vegetation structure requires a careful 

assessment of the geological and environmental factors that strongly 

influence both human use and vegetation dynamics (Nuzzo 1996, Farris 

1998). 



Forestry around the limestone cliffs 

Grazing goats and timber harvesting influenced the forests surrounding 

the limestone cliffs in northern Switzerland for many centuries. During the 

middle ages and until the 19th century, the steep slopes at the cliff bases 

were predominantly managed as coppice forests for the production of 

firewood, charcoal, bedding and raw materials for craftsmen and as temporal 

pasture (Burnand and Hasspacher 1999). As a result of these human 

activities, the canopy of the forest sourrounding limestone cliffs was open 

providing good light and temperature conditions for the relict plant species. 

Because of the excessive exploitation of the forests, governamental 

decrees prohibited pasturing and bedding at the end of the 19th century 

(Suter 1971, Blöchlinger 1995, Stuber and Bürgi 2002a, Stuber and Bürgi 

2002b). Additionally, the demand for firewood decreased dramatically after 

1950. Nowadays, the cliff bases are exclusively used as timber forests, 

usually under a shelterwood system (Hendry 1998). As a result of the less 

intensive forestry, the forests became older and denser (Schiess and Schiess-

Bühler 1997, Wohlgemuth et al. 2002). The enhanced shadowing reduces the 

quality and size of the habitats for light-demanding species. This is particularly 

true for relict plants on limestone cliffs and at their base (Wassmer 1998) and 

for reptiles (Jäggi and Baur 1999).  

There is empirical evidence for negative effects of the overgrowing 

forests on relict plant species on the taluses of limestone cliffs (Schiess and 

Schiess-Bühler 1997, Ewald 2000, Fachstelle Naturschutz Kanton Zürich 

2004). Overgrowing forests lead to a decrease in the abundance of cliff plants 

with a high light demand and are therefore in some cases the main factor for 



the local extinction of threatened or rare species like Dianthus 

gratianopolitanus, Daphne cneorum or Kernera saxatilis (Wassmer 1998, 

Käsermann 1999). 

Aims of the thesis 

In the first part of the thesis, I investigate the impact of rock climbing on 

the vegetation on limestone cliffs in the Northern Swiss Jura mountains. So 

far, little was known about the spatial pattern of the impact of rock climbing 

within a cliff. In chapter 1, I  examined plant cover, species density and 

composition at varying distances from frequently used climbing routes. 

Existing studies on the impact of rock climbing focused on single cliffs (Herter 

1993, 1996) or rock formations (Nuzzo 1996, McMillan & Larson 2002). None 

of the studies compared climbed and unclimbed cliffs over an entire mountain 

range. I surveyed the vegetation of five climbed and seven unclimbed cliffs in 

the Northern Swiss Jura mountains to assess possible effects of rock climbing 

on a regional scale. 

To complement this approach, Chapter 2 focuses on the impact of rock 

climbing on a single cliff region. As an example, I considered the Gerstelfluh 

near Waldenburg. In Chapter II, differences in plant cover and species 

composition between climbed and unclimbed areas and between different 

heights at the cliff faces are presented. 

Besides the impact on vascular plants, I also investigated the impact of 

climbing on the highly diverse lichen communities of the cliffs (Clerc 2004). In 

chapter 3, I present a comparison of diversity patterns of calcicolous lichens 

in climbed and unclimbed areas of 10 cliffs. We also considered the 

relationships between lichen species richness and cover and the intensity of 



sport climbing, the microstructure of the rock surface and the 

presence/absence and abundance of lichen-feeding gastropods.  

The impact of forestry at the cliff base and in the talus of cliffs is 

analysed in chapter 4. I examined the effects of two different forestry 

practices on the composition of the ground vegetation on the face, at the base 

and on the talus of limestone cliffs and compared them with forest reserves 

(no forestry). I also assessed the temperature regime (and therefore indirectly 

the light regime) in areas with different forestry practices both in the talus and 

on the face of cliffs. With this study, I intended to provide basic information for 

an optimisation of forestry practices with respect to the preservation of relict 

and endangered plant species. 

A prerequisite for future improvements concerning forestry in cliff areas 

is the knowledge of the spatial and temporal pattern of changes, in particularly 

with respect to overgrowing forest. Therefore, I quantified the extent of 

overgrowing forest and examined the spatial and temporal patterns of 

overgrowing forest on six limestone cliffs by analysing time series of aerial 

photographs in chapter 5. 

Another prerequisite for an efficient protection and also for the 

assessment of the conservation value of the cliff ecosystems is the knowledge 

of the genetic structure of the plant populations on cliffs. In chapter 6, I 

examine the genetic structure of two relict plant species with different 

breeding and dispersal modes, Draba aizoides and Melica ciliata (L.) on 

isolated cliffs. 
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Abstract. Exposed cliffs of the Swiss Jura mountains harbour
a highly diverse flora with many rare and endangered plant
species. Many cliffs are frequently visited by rock climbers.
We examined the impact of rock climbing on vascular plants
in the lower part of four cliffs of the Gerstelflue (NW Switzer-
land) by comparing the vegetation of climbed and unclimbed
areas. In climbed areas plant cover and species density were
reduced. Similarly, the density of forbs and shrubs decreased,
whereas the density of ferns tended to increase. In addition,
rock climbing caused a significant shift in plant species com-
position and altered the proportions of different plant life
forms. Rock climbing can be a threat to sensitive plants of the
limestone cliff community.

Keywords: Disturbance; Switzerland; Vascular plants.

Nomenclature: Binz & Heitz (1990).

Introduction

The cliffs of the Jura mountains in NW Switzerland
support unique and diverse plant communities (Zoller
1989). Vascular plants with low edaphic and water
demands such as Draba aizoides and Sedum acre occur
in minute soil patches in ledges and cracks on the cliffs
(Wilmanns 1993). Lichens, ferns and mosses constitute
a main component of the rock face vegetation (Oberdorfer
1992). In contrast to the large rocky areas of the Alps,
the cliffs of the Jura mountains are small and isolated
and mostly surrounded by forest. A variety of plants
growing on these cliffs are inter- or postglacial relics
currently with a mediterranean or arctic-alpine distribu-
tion (Walter & Straka 1970). Similarly, the vegetation at
the base of the cliffs contains relics such as Ilex aquifolium
from postglacial warm periods. The south exposed slopes
of the Jura mountains are covered by xerothermic Quer-
cetalia pubescenti-petraeae (oak wood), which colo-
nized the region from refuges in S France and the Balkans
(Ellenberg 1986) and by slow growing Fagus (beech)
wood with translucent canopies and highly diverse ground
vegetation (Moor 1972). The high species richness and
large number of rare plant species, the rarity of the

habitat type and the historical peculiarity give the rock
cliffs a high conservation value (Keller & Hartmann
1986; Egloff 1991; Wassmer 1998; Knecht unpubl.).

Rock climbing enjoys increasingly popularity, par-
ticularly in mountain areas at low altitudes, where the
sport can be performed all year round (Hanemann 2000).
More than 2000 climbing routes with fixed protection
bolts have been installed on 48 rock cliffs in the Basel
region (Andrey et al. 1997). Ca. 70% of these climbing
routes were opened between 1985 and 1999. The large
impact of climbers, however, locally leads to serious
environmental disturbance. In adjacent southern Ger-
many, climbing has been restricted at many sites due to
severe conflicts with nature conservation. As a result a
further increase in climbing activities has been observed
in the Jura mountains of northwestern Switzerland.

Effects of recreational activities on plant communi-
ties are attracting more and more attention (Liddle 1997).
However, little information is available about the im-
pact of rock climbing on cliff plant communities. In the
upper Danube valley in Germany severe disturbance of
vegetation on limestone cliffs due to climbing has been
recorded (Herter 1993, 1996). Damage included (1)
reduction of plant cover; (2) extinction of species sensi-
tive to disturbance and of specialists adapted to these
extreme habitats; (3) clearing of soil from crevices; (4)
erosion of the cliff edge and face; (5) increase in ruderal
species. Rock climbing also led to skewed size and age
distributions of Solidago sciaphila (Nuzzo 1995) and
Thuja occidentalis (Kelly & Larson 1997). On exposed
dolomitic cliffs in NW Illinois, climbing reduced lichen
cover and species richness by 50% (Nuzzo 1996). Other
studies showing reduced plant diversity and altered
community structure include Farris (1998), Camp &
Knight (1998), Larson et al. (2000) and McMillan &
Larson 2002). The removal of plants and soil may also
alter the abiotic conditions for the remaining plants on
the cliff.

The aim of this study was to examine the impact of
rock climbing on plant cover, diversity and composition
on limestone cliffs of the Gerstelflue in the northern
Swiss Jura mountains.

Effects of rock climbing on plant communities
on exposed limestone cliffs in the Swiss Jura mountains

Rusterholz, Hans-Peter1*; Müller, Stefan W.2 & Baur, Bruno3
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Material and Methods

Study site

The present study was carried out in the lower part of
cliffs of the Gerstelflue near Waldenburg (canton Basel-
Landschaft) in the northern Swiss Jura mountains (30
km SE of Basel). The cliffs of the Gerstelflue mainly
consist of Jurassic coral chalk (Bitterli-Brunner 1987).
The plant community investigated on the cliffs is the
Potentillo-Hieracietum association (Richard 1972).

The Gerstelflue is a popular recreational climbing
area. Rock climbing has occurred in the area for ca. 40 yr
(Andrey et al. 1997). At present, there are 67 graded
routes distributed over 12 cliffs (Andrey et al. 1997).
The climbing routes are situated within a horizontal
distance of 650 m at altitudes of 775-1018 m a.s.l. Over
the past five years, a moderate number of climbers have
used the routes mainly for exercising alpine climbing
techniques (P. Müller pers. comm.).

Methods

We examined the impact of rock climbing on the
vegetation in the lower part of four different cliffs of the
Gerstelflue (referred to as A-D). The cliffs were situated
150 - 320 m apart, partly interspaced by forest. At each
cliff, we chose a site with established climbing routes
(climbed area) and an unclimbed area (undisturbed con-
trol area) in its close neighbourhood on the basis of
following criteria: (1) the climbed and unclimbed areas
have the same exposure (southeast) and are situated
within a horizontal distance of 10 - 50 m; (2) the climbed
and the unclimbed area receive the same insolation; (3)
the areas do not differ in type and structure of the rock
surface and (4) the control areas show no obvious sign
(fixed protection bolts) of recent climbing activity.

The plant survey was conducted using horizontal
transects at three different heights on the lower part of
the cliff faces (at 0 - 1.0 m, 1.1 - 2.0 m and 2.1 - 3.0 m
measured from the cliff base). On each transect, 3 - 5
sampling plots of 1 m2 were established. Table 1 presents

number of sampling plots for each transect and their
length. Transect length (7.5 m - 15 m) was determined
by the homogeneity and structure of the rock face. The
horizontal distance between single sampling plots ranged
from 2 to 6 m. A total of 44 sampling plots in climbed
areas and of 48 sampling plots in unclimbed areas were
examined. The abundance of each plant species was
recorded in each sampling plot at three occasions (in
May, July and September 2001). Plant cover was visu-
ally estimated using the Domin-Kraijina scale (Mueller-
Dombois & Ellenberg 1974). We also visually esti-
mated the proportion of area covered by litter and rock
in each sampling plot.

To relate the plants of the investigated areas to
abiotic environmental factors, we used the indicator
scores of Landolt (1977) including light, temperature,
humus, soil nutrients and soil moisture. Mean indicator
values were calculated both on the basis of presence/
absence data and on the abundance of individual plant
species for each sampling plot (Jongman et al. 1995).
Plant species were assigned to different functional types
using the criteria of Grime (1979).

Species lists and data on number of plants recorded
in climbed and unclimbed areas at different heights on
the four limestone cliffs of the Gerstelfluh are available
at http://www.unibas.ch/dib/nlu/res/cliffs/gerstel.pdf

Data analysis

ANOVAs were used to examine the impact of rock
climbing on the cover of plants, litter and rocks and on
species richness (number of plant species) and diversity
(Shannon-Wiener diversity index) as well as on species
density (m–2) of ferns, graminoids, forbs, shrubs and
trees and the mean indicator values of Landolt (1977).
Prior to the analyses all data were log or square root-
transformed. The ANOVA model included the factors
cliff, treatment (climbed vs unclimbed) and height at the
cliff face. First an overall comparison between climbed
and unclimbed areas was made using a two-way ANOVA
(factors treatment and cliff). According to the design,
‘cliff’ was used as fixed factor and treatment was nested
within cliff. In a second step, the effect of rock climbing
on various parameters of the vegetation was analysed
separately for each cliff face height.

To examine whether species richness differs inde-
pendently of the number of individuals recorded, we
used ANCOVA with treatment and cliff as factors and
number of individuals as covariate. The influence of
rock climbing on changes in the abundance of different
plant life forms was evaluated using contingency analy-
sis separately for each cliff face height.

Detrended Correspondence Analysis (DCA) was used
to examine whether the composition of plant species

Table 1. Number of 1-m2 sampling plots at different heights
in the lower part of climbed (cl) and unclimbed (uncl) areas
on four limestone cliffs (A-D) of the Gerstelflue. Figures in
brackets indicate the length of the horizontal transects (m).

Height of the transect
0 - 1.0 m 1.1 - 2.0 m 2.1 - 3.0 m

Cliff Cl Uncl Cl Uncl Cl Uncl

A 5 (15) 5 (15) 4 (8) 5 (15) 3 (8) 5 (15)
B 3 (8)  3 (7.5) 4 (10) 4 (10) 4 (10) 4 (7.5)
C 4 (8) 4 (10) 4 (10) 4 (10) 4 (10) 4 (8)
D 3 (8) 3 (8) 3 (10) 3 (8) 3 (10) 4 (10)
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differed between climbed and unclimbed areas (Hill &
Gauch 1980). Prior to ordination, species that were less
frequent than the median frequency were down-weighted
in relation to their frequencies (Eilertsen et al. 1990).
Statistical analyses were conducted using SAS version
8.02. The multivariate analysis (DCA) was performed
using CAP version 1.3 (PISCES Conservation LTD).

Results

In total 6091 individual plants of 44 species were
recorded in the 92 sampling plots (1921 individuals
from 32 species in the four climbed areas and 4170
individuals from 44 species in the unclimbed areas).
The results of the ANOVA yielded to reduced plant
cover, but increased cover by litter and rock in climbed
compared to unclimbed areas (Table 2). Furthermore, in
climbed areas species density and species diversity were
reduced by 50% and 30%, respectively. The density of
forbs and shrubs were reduced by 66% and 41%, respec-
tively, in climbed areas (Table 2). In contrast, the den-
sity of ferns tended to increase in climbed areas (Table
2). However, climbed and unclimbed areas did not
differ in any of Landolt’s (1977) indicator values, cor-
roborating that both areas provided similar conditions
(Table 2). Results of three-way ANOVAs showed sig-
nificant among-cliff effects on plant cover (F3,80 = 7.01;
p = 0.001) and diversity (F3,80 = 2.74; p = 0.048) and a
marginally non-significant effect on species density (F3,80
= 2.69; p = 0.052).

The composition of different functional types of
plants – sensu Grime (1979) – did not differ between
climbed and unclimbed areas (contingency test; c2 =
0.32; df = 2; p = 0.86).

Plant species richness was lower at heights of 1.1 - 3
m in climbed than in unclimbed areas (Table 3).

In general, plant cover in climbed areas was lower
than in unclimbed areas. This finding is mainly a result
of a significantly reduced plant cover in climbed areas at
heights of 1.1-3 m from the cliff base (Fig. 1a). At
heights of 0-1 m, plant cover did not differ significantly
between climbed and unclimbed areas. In unclimbed
areas compared to climbed areas, species density was
higher at all three heights (Fig. 1b) and species diversity
(H') was higher at heights of 1.1-3 m (Fig. 1c).

The proportions of different plant life forms differed
between climbed and unclimbed areas at all heights
examined (all p-values < 0.001; Fig. 2). The response of
different plant life forms to rock climbing varied among
heights of the cliff face (Fig. 2).

For a given number of plant individuals species rich-
ness was significantly lower in climbed than in unclimbed
areas, as indicated by the different intercepts of the re-
gression (ANCOVA; F1,82 = 14.14; p = 0.001; Fig. 3).
Furthermore, no significant interactions between number
of plant individuals and treatment (climbed vs unclimbed
area; F1,82 = 0.30; p = 0.58) and between number of plant
individuals and cliffs (F3,82 = 0.89; p = 0.45) were found.

Table 2. Effect of rock climbing on various variables of the plant community in the lower part of four limestone cliffs of the
Gerstelflue. Mean values ± S.E. are shown; n indicates the total number of 1-m2 sampling plots.

Variable Climbed area Unclimbed area ANOVA
(n = 44) (n = 48) F1,3 P

Plant cover (%) 16.3 ± 1.8 21.8 ± 2.0 36.19 0.009
Litter cover (%) 6.0 ± 1.1 3.3 ± 0.7 13.03 0.037
Rock cover (%) 78.0 ± 2.5 74.6 ± 2.4 12.91 0.036
Species density 6.4 ± 0.5 12.3 ± 0.6 18.05 0.024
Species diversity (H') 1.3 ± 0.1 1.8 ± 0.1 8.18 0.064

Number of specimens of different life forms/m2

Ferns 0.6 ± 0.2 0.2 ± 0.1 0.86 0.422
Graminoids 27.8 ± 3.7 39.6 ± 4.0 2.49 0.221
Forbs 8.3 ± 1.2 24.2 ± 1.7 29.15 0.012
Shrubs 11.1 ± 2.5 18.8 ± 2.0 12.43 0.039
Trees 0.7 ± 0.3 2.1 ± 0.8 2.59 0.210

Landolt indicator values (abundance-based)
Light (L) 3.95 ± 0.02 4.07 ± 0.01 4.87 0.114
Temperature (T) 3.15 ± 0.02 3.17 ± 0.02 0.03 0.822
Humus (H) 2.81 ± 0.01 2.78 ± 0.01 0.48 0.537
Soil nutrients (N) 2.02 ± 0.01 2.03 ± 0.02 0.80 0.438
Soil humidity (F) 1.72 ± 0.04 1.71 ± 0.03 0.30 0.624

Table 3. Number of plant species recorded at different heights
in climbed and unclimbed areas at the base of four limestone
cliffs of the Gerstelflue. Number of plants are given in paren-
theses and number of sampling plots in brackets.

Height of Climbed Unclimbed ANOVA
transect (m) area area F1,3 P

0.0 - 1.0 30 (950) [15] 39 (1366) [15] 6.97 0.077
1.1 - 2.0 25 (428) [15] 43 (1508) [16] 49.23 0.005
2.1 - 3.0 23 (518) [14] 40 (1284) [17] 21.96 0.019

Total 32 (1896) [44] 44 (4170) [48] 28.19 0.013
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Discussion

The present study shows that rock climbing affected
the cliff plant community at the Gerstelflue in the Swiss
Jura mountains. A significant decrease in plant cover and
species density and a shift in the community structure
were recorded in climbed areas. Similar climbing related
changes in vegetation have been reported in other studies
(Herter 1993, 1996; Nuzzo 1995; Camp & Knight 1998;
Farris 1998; Kelly & Larson 1997; McMillan & Larson
2002).

In our study, the impact of rock climbing on plants
was differently pronounced at different heights of the
cliff face. In the 1-m wide horizontal strip at the cliff

Fig. 1. A. Plant cover (%); B. Species density (m–2); C.
Shannon-Wiener index, H', at different heights of climbed
(hatched bars) and unclimbed areas (open bars) of four lime-
stone cliffs of the Gerstelflue. Mean values ± S.E. are shown.
The number of sampling plots in climbed/unclimbed areas were
15/15 (0 - 1.0 m); 15/16 (1.1 - 2.0 m); 14/17 (2.1 - 3.0 m). * =
p < 0.05; ** = p < 0.01.

Fig. 3. Relationship between number of plant individuals
and number of plant species (both log-transformed) in climbed
(■ : 44 1-m2 plots) and unclimbed ( : 48 1-m2 plots) areas on
four limestone cliffs of the Gerstelflue. For a given number of
plant individuals species richness was lower in climbed than in
unclimbed areas. Solid line illustrates regression line for
climbed areas and dashed line represents unclimbed areas.

Fig. 2. Proportions (%) of different plant life forms occurring
at different heights in climbed and unclimbed areas on four
limestone cliffs of the Gerstelflue. Figures indicate the number
of 1-m2 sampling plots.

The DCA resulted in a separation by plant species
composition of climbed and unclimbed areas (Fig. 4).
The eigenvalue of axis 1 (0.229) showed a significant
separation of climbed and unclimbed areas (c2 = 5.33; df
= 1; p = 0.021).

Fig. 4. DCA diagram showing the plant species composition
in climbed (■) and unclimbed areas ( ) in the lower part of
four limestone cliffs (A-D) of the Gerstelflue. Axis 1 sepa-
rates by P = 0.02; eigenvalue is 0.229.
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base, plant cover was not significantly affected by climb-
ing. However, the reduced plant species richness in the
climbed areas also indicate human disturbance at this
height.

In contrast to the cliff base, plant cover and species
diversity were significantly reduced in climbed areas at
a cliff height of 1.1 - 3.0 m. This could partly be ex-
plained by the fact that during the installation of a
climbing route part of the vegetation is removed to
create additional hand and foot holds (Nuzzo 1995;
Kelly & Larson 1997). Furthermore, the frequent use of
the same climbing route may damage the remaining
plants growing in crevices and cracks. The larger propor-
tion of bare rock in climbed areas might also be a result of
frequent climbing activities. Herter (1996) reported that
handholds including crevices and cracks contained sig-
nificantly fewer plant species in cliffs with frequent
rock climbing than in corresponding control areas.

Contrasting results concerning changes in the abun-
dances of grasses have been reported. Farris (1998) and
McMillan & Larson (2002) found an increase in grass
abundance, while Nuzzo (1995) and Camp & Knight
(1998) reported a decrease in grass abundance due to
climbing activities. Available evidence suggests that the
abundance of grasses increases at low climbing inten-
sity, but decreases at very high climbing intensity.
Species-specific differences in the sensitivity to human
disturbance might be the main reason for the observed
shift in species composition. Plant species which are
tolerant to human disturbance can successfully survive
and reproduce irrespective of climbing whereas sensi-
tive species, including many forbs, show a reduced
fitness or even disappear from cliffs (Parikesit et al.
1995). The lack of trampling-tolerant species, such as
Poa annua and Plantago major, as well as the relatively
slight decrease in plant cover at the cliff base of climbed
areas indicate that the extent of rock climbing at the
particular height at the investigated cliffs of the Gerstel-
flue is less pronounced than reported from cliffs in the
Danube valley (Herter 1993, 1996), the Niagara Escarp-
ment (McMillan & Larson 2002) and other limestone
cliffs in the northern Jura mountains (e.g. Schartenflue,
Tüfleten, Pelzmühlital; S. Müller unpubl.).

Grime (1979) and Larson et al. (1989) hypothesized
that cliff plant communities are composed of a few
species tolerant to environmental variability but intoler-
ant to disturbance. The reaction of plant species to
human disturbance is often related to life form (Cole
1995a, b). In the present study, however, the changes in
species composition due to disturbances cannot be at-
tributed to differences in plant life forms. Plant species
with identical life form differed in their response to rock
climbing. For example, the frequency of the dwarf shrub
Teucrium chamaedrys increased in climbed areas,

whereas the frequency of the dwarf shrub T. montanum
decreased. Further examples include the perennial rosette
plants Campanula rotundifolia and Hieracium humile,
which both occurred at higher abundance in climbed
areas, whereas the abundance of Leucanthemum adustum
was reduced in climbed areas. A possible explanation for
these contrasting findings could be species-specific diffe-
rences in the vulnerability of the reproductive phase. In
addition, the finding that climbed and unclimbed areas
did not differ in the composition of plant functional types
is not surprising as the majority of rock dwelling plants
are stress-tolerant (sensu Grime 1979).

Cliff vegetation can also be affected by natural dis-
turbances. In some areas, natural defoliation can have a
significant impact on the amount of plant cover (Ursic et
al. 1997). Dougan & Associates (1995) reported that
defoliation, erosion and soil loss at the cliff faces are
primarily a result of natural disturbances. Shading by
trees is another influence on the species composition of
cliff plant communities. However, we found that the
mean indicator values of Landolt (1977) for light, tem-
perature and soil nutrients did not differ between climbed
and unclimbed areas, indicating that plants were ex-
posed to similar environmental conditions in both types
of area. Alternatively, these environmental variables are
not the key factors for the existence of cliff plants.

The cliff-top vegetation can be considered as a source
of propagules which is essential for the (re-) establish-
ment of cliff vegetation. Changes in the cliff-top vegeta-
tion due to human trampling can modify the amount and
composition of propagules and, therefore, indirectly
influence the composition of the cliff face vegetation. In
the present study, traces of human activity were found
on the top of three of the four cliffs examined. However,
species composition of the cliff top vegetation did not
differ among the cliffs (H.-P. Rusterholz unpubl.).

Our results support other studies on changes in plant
populations and communities due to climbing activities
(Nuzzo 1996; Farris 1998; Herter 1996; Camp & Knight
1998; McMillan & Larson 2002). To preserve the threat-
ened cliff plant communities in the Swiss Jura moun-
tains, management plans need to be developed and
implemented. Closure or controlled access to frequently
climbed areas would stop additional species loss and
changes in cliff plant communities. This aim could be
reached by closing parking lots or parts of the trail
systems because the majority of climbing activities usu-
ally occur in their close neighbourhoods. However,
closure of areas with heavy recreational use is not the
best solution, because visitors tend to respond to such
closure by moving into undisturbed habitats.

A monitoring program of the population size of
selected indicator plants in climbed and unclimbed cliffs
could provide a basis for future management plans.
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Furthermore, user-friendly information on the potential
impact of recreational activities on the local biodiversity
should be provided. Recreationists accept management
plans when they are aware of ecological reasons behind
the restrictions.
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Abstract
Limestone cliffs in the forests of the Swiss Jura mountains harbour a highly diverse plant community including glacial relict species. This

unique cliff vegetation is increasingly threatened by overgrowing forest and recreational activities (sport climbing and picnicking). Management

objectives of the surrounding forest focus on the conservation of the cliff vegetation. The most suitable forestry practice to achieve this goal is,

however, still unknown. We examined the effects of two different forestry practices (clear-cutting and shelter tree cutting) on the species richness

and abundance of vascular plants on the face, at the base and on the talus of three cliffs. As controls we considered areas with no management in

the past 80 years (forest reserves) at the same cliffs. Plant species density (number of species/m2) and vegetation cover were higher in shelter cut

areas than in the forest reserves both on the talus and at the cliff base. Clear-cut areas had a higher vegetation cover than forest reserves on the

talus. Shelter cut areas showed a larger proportion of plants with high light demand and a higher mean light score of plants than clear-cut areas and

forest reserves. We conclude that selective cutting of trees (shelter tree cutting) is the best forestry practice for the conservation of a high

biodiversity and a multitude of relict plant species on limestone cliffs in the Jura mountains. However, this forestry practice is time-consuming

and thus expensive. To preserve the specialised cliff flora, sponsorship for this forestry practice is needed from governmental and non-

governmental organisations.

# 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Maintenance of biodiversity has been recognized as an

important component of sustainable development (UNEP,

1992; O’Riordan, 2002). The protection of native forests is a

major means of biodiversity conservation (UN, 1992; Fearn-

side, 2005). In most forests, however, biodiversity is not equally

distributed over their entire landscape. For example, in the

forests of the northern Jura mountains, Switzerland, isolated

limestone cliffs harbour unique assemblages of plants and

invertebrates and are therefore considered as local biodiversity

hotspots (Zoller, 1989).

The vegetation of limestone cliffs in the Jura mountains

consists of plants of arctic-alpine, continental and Mediterra-

nean origin (Wassmer, 1998). For several alpine and arctic plant
* Corresponding author. Tel.: +41 61 267 0850; fax: +41 61 267 0832.
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species, these cliffs serve as peripheral refugia which formed a

periglacial steppe together with continental plants during the

Pleistocene glacier advancements from the Alps and the Black

Forest (Walter, 1986). During postglacial warm periods,

xerothermic oak forest species (Quercetalia pubescenti-

petraeae) colonised the south-exposed slopes of the Jura

Mountains (Ellenberg, 1986). Due to the establishment of

beech-forests under the recent, temperate climate conditions,

both the arctic-alpine as well as the xerothermic plant species

were displaced towards the wood-free cliff sites.

Human activities have influenced the forests surrounding

the limestone cliffs of northern Switzerland for many

centuries. During the middle ages, the steep slopes at the

cliff bases were predominantly managed as coppice forests

for the production of firewood, charcoal, bedding and raw

materials for craftsmen and as temporal pasture, mainly for

goats (Burnand and Hasspacher, 1999). These forms of forest

use disappeared gradually in the past 120 years (Suter, 1971;

Blöchlinger, 1995; Stuber and Bürgi, 2002). After 1950, the

mailto:stefan.mueller@unibas.ch
http://dx.doi.org/10.1016/j.foreco.2006.09.048


Fig. 1. Location of the three limestone cliffs examined in the northern Jura

mountains, Switzerland.

S.W. Müller et al. / Forest Ecology and Management 237 (2006) 227–236228
demand for firewood decreased dramatically. As a result, the

forests became older and denser (Schiess and Schiess-Bühler,

1997; Wohlgemuth et al., 2002). The enhanced shadowing of

the increasingly denser forests reduces the quality and size of

the habitats for light-demanding species. This is particularly

true for relict plants on limestone cliffs and at their base

(Wassmer, 1998). In the past decade, disturbances by

recreational activities such as sport climbing, hiking and

mountain biking increasingly threatened the sensitive cliff

vegetation (Müller et al., 2004; Rusterholz et al., 2004).

Nowadays, the cliff bases are extensively used as timber

forests, usually under a shelterwood system (Hendry, 1998).

To preserve the species-rich flora and fauna in the northern

Swiss Jura mountains, two different management strategies

are pursued: the establishment of forest reserves with no

further exploitation or specific silvicultural interventions to

promote light-demanding species including relict plants. The

latter selectively reduces the shadowing by dominant trees at

rocky sites. However, this forestry practice is very time-

consuming and expensive because of the topography and

inaccessibility of the cliffs. Therefore, knowledge about the

physical and biological processes after applying different

forest practices is highly relevant for an optimal use of the

available funds.

In the present study, we examined the effects of two different

forestry practices and of a non-forestry practice as control on

the composition of the ground vegetation on the face, at the base

and on the talus of limestone cliffs in the northern Swiss Jura

mountains. We also assessed the temperature conditions (and

therefore indirectly the light regime) in areas with different

forestry practices and in unexploited control areas both on the

talus and face of cliffs. Our findings provide basic information

to optimize forestry practices with respect to the preservation of

relict and endangered plant species.

2. Materials and methods

2.1. Study sites and experimental design

The present study was carried out at three limestone cliffs

(Ingelstein, Titterten and Santel) in the northern Swiss Jura

mountains from April to August 2002 and from April to August

2003 (Fig. 1; Table 1). The cliffs mainly consist of Jurassic

coral chalk (Bitterli-Brunner, 1987) and are located at altitudes

ranging from 500 to 800 m a.s.l. The cliff bases investigated

consist of rendzic leptosol and are covered by different stands

of deciduous forests belonging to Fagetum and Tilietum

associations (Burnand and Hasspacher, 1999). On the talus and
Table 1

Description of the cliffs investigated in the northern Swiss Jura mountains

Cliff Elevation cliff

base (m a.s.l.)

Exposure Maxim

Ingelstein 500–550 SSE 30

Santel 670–800 SW 30

Titterten 500–650 WSW–WNW 70
the base of each of the selected cliffs, three differently managed

forest areas of 30 m � 60–100 m could be distinguished: (1)

recent clear-cutting (in the winter 2001/2002), (2) shelter tree

cutting approximately 10 years ago (with a tree cover of

approximately 50%), and (3) unexploited forest (forest reserve,

no management in the past 80 years). For simplicity, these

forestry practices are hereafter referred to as recent clear-

cutting (RCC), shelter tree cutting (STC), and unexploited

forest (UF = control).

To examine species richness and abundance of plants of

the ground vegetation, we established six permanent plots of

1 m2 at distances of 10 m each on the lower part of the cliff

face (at a height of 1–2 m from the cliff base), at the cliff

base and on the talus (10 m away from the cliff base). Thus,

54 sampling plots (3 cliffs � 3 forestry practices � 6 plots)

were examined each on the cliff face, at the cliff base and on

the talus. The investigation plots were placed in the center of

the areas of different forestry practices, so that the distance

from the edge could be maximized and edge effects could be

avoided.

2.2. Field survey

In each sampling plot, the number of individuals and the

cover of each plant species were recorded on six occasions
um height (m) Vegetation of cliff base (Beratungsgemeinschaft

für Umweltfragen, 1983)

Tilio-Fagetum, Aceri-Fagetum, Dentario-Fagetum

Dentario-Fagetum

Tilio-Fagetum
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(three times between April and September 2002 and three times

between April and September 2003). We also estimated the

percentage of total plant cover and that of rock cover in each

sampling plot using the Domin–Krijina scale (Mueller-

Dombois and Ellenberg, 1974). The exposure of each plot

was measured using a compass, and the extent of shadowing of

the rock or talus surface was estimated using a scale ranging

from 1, no shadow to 10, total shadowing.

To relate plant communities to abiotic environmental

factors, we used the indicator scores of Ellenberg et al.

(1991) for light (scale ranging from 1, species of deep shade, to

9, plants of full sun) and temperature (scale ranging from 1,

indicator for cold conditions found only in alpine zones, to 9,

thermophilous species). Furthermore, we assigned the plant

species recorded to different ecological groups according to the

Red list of Switzerland (Moser et al., 2002).

In the two areas with different forestry practices and in the

control area at each cliff, we simultaneously measured air

temperature 2 cm above ground on the cliff face and on the

talus during each three days in spring, summer, autumn and

winter 2002. Two temperature loggers (Tiny Talks, Gemini

Data Loggers Inc., Chichester, UK) were placed in two

neighbouring sampling plots on the talus and in one sampling

plot on the cliff face in areas with the two forestry practices

and in the unexploited forest at each cliff (totally 27 loggers).

Data loggers were programmed to measure temperature every

5 min and discrete values were merged to average values per

hour. To cover the entire area of an investigation site and to

minimize variation due to spatial heterogeneity, we trans-

ferred the two data loggers to the remaining sampling plots

after 24 and 48 h.

2.3. Statistical analyses

Statistical analyses are based on mean values of two years,

because data collected in both years did not differ from each

other (repeated measures ANOVA P > 0.05 for the factor

year; data not shown). We used five-way ANCOVAs (general

linear model, procedure glm, SAS Version 8.02) to examine
Table 2

Effects of forestry practice, cliff and plot location on species density (number of spe

Cliff face Cliff base

Species density Vegetation cover Species density

Forestry practice

d.f. 2 2 2

F 2.88 2.15 5.33

P 0.07 0.13 0.0104

Cliff (forestry practice)

d.f. 4 4 4

F 0.96 1.18 12.99

P 0.44 0.34 <0.0001

Plot (cliff)

d.f. 15 15 15

F 0.77 0.35 0.95

P 0.70 0.98 0.52

The results of three-way ANOVAs are presented.
the effects of forestry practice, cliff (nested in factor forestry

practice), plot (nested in factor cliff), exposure and

shadowing (as a covariate) on plant cover and species

density (number of plant species/m2). Data were log(x + 1)-

transformed, those on species density were additionally

arcsin-transformed. As exposure and shadowing neither

influence plant cover nor species density (see Section 3), we

dropped these factors and performed a three-way ANOVA

(factors: forestry practice, cliff and plot). We evaluated

differences between forest practices using Tukey’s post

hoc test.

We compared mean indicator scores pairwise in areas with

different forestry practices using unpaired t-tests (if data were

normally distributed) and with Mann–Whitney U-tests (if data

were not normally distributed). We compared the abundance

weighted proportions of plants of different ecological groups

with x2-tests using JMP Version 3.2.2.

3. Results

A list of the plant species recorded is given in Appendix A.

The results of the ANOVAs showed that the different

forestry practices had a significant effect on species density on

the cliff face, at the cliff base and on the talus (Table 2).

Furthermore, the different forestry practices had a significant

effect on vegetation cover both at the cliff base and on the talus

(Table 2). They also tended to affect species density on the cliff

face (P = 0.07). The factor cliff had a significant effect on

species density and vegetation cover at the cliff base and on

species density on the talus. However, the location of the plots

within cliff sector had no effect. The five-way ANCOVA

revealed that shadowing and exposure had no significant effects

(in all cases P > 0.05), except that shadowing tended to

influence species density at the cliff base (F1,53 = 3.36,

P = 0.08) and vegetation cover on the cliff face

(F1,53 = 3.98, P = 0.06; data not shown).

Pairwise comparisons of forestry practices indicate that on

the cliff face, plant species density (number of species/m2) did

not differ among the forestry practices considered (Fig. 2a). At
cies/m2) and vegetation cover on the face, at the base and on the talus of cliffs

Talus

Vegetation cover Species density Vegetation cover

2 2 2

7.51 4.06 9.4

0.0023 0.0276 0.0007

4 4 4

18.77 3.16 0.77

<0.0001 0.0278 0.56

15 15 15

1.02 1.21 0.44

0.47 0.32 0.95



Fig. 2. Plant species density (number of species/m2) (a) and vegetation cover

(b) in areas with different forestry practices (&, recent clear-cutting; , shelter

tree cutting; &, unexploited forest) on the face, at the base and on the talus of

cliffs. Means � 1S.E. are shown. Different letters indicate significant differ-

ences between forestry practices (Tukey’s post hoc test; P < 0.05).

Fig. 3. Temperature scores (means � 1S.E.) in areas with different forestry

practices on the face, at the base and on the talus of limestone cliffs. Different

letters indicate significant differences between forestry practices (Mann–Whit-

ney U-test; P < 0.05).

Fig. 4. Light scores (means � 1S.E.) in areas with different forestry practices

on the face, at the base and on the talus of limestone cliffs. Different letters

indicate significant differences between forestry practices (Mann–Whitney U-

test; P < 0.05).
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the cliff base and on the talus, however, species density was

lower in the unexploited forest than in areas with shelter cutting

(Fig. 2a). Similarly, plant cover on the cliff face did not differ in

areas with different forestry practices (Fig. 2b). At the cliff

base, plant cover was higher in clear-cut areas than in areas with

shelter-cutting and in unexploited forest (Fig. 2b). On the talus,

plant cover was higher in areas with shelter cutting and clear-

cutting than in unexploited forest (Fig. 2b).

At the cliff base, the mean temperature score of plants was

lower in shelter-cut areas than in areas with other forestry

practices (Fig. 3). On the talus, mean temperature scores tended

to be lower in shelter-cut areas than in clear-cut areas, but this

difference was not significant (Mann–Whitney U-test, n = 36,

P = 0.088). The mean light score of plants on the talus was

lowest in the clear-cut areas and highest in the shelter-cut areas

(Fig. 4). On the cliff face, the mean light score of plants was

higher in shelter cut than in unexploited areas.

The proportions of plants belonging to different ecological

groups differed with respect to forest practice both on the cliff

face (x2 = 57.6, d.f. = 8, P < 0.0001, Fig. 5a) and at the cliff

base (x2 = 24.8, d.f. = 12, P = 0.016, Fig. 5b), more strongly on

the cliff face. After clear-cutting, the proportion of plants

without any association to rocky habitats (wood plants)

decreased both on the cliff face and at the cliff base in relation

to the unexploited forest (control area). On the cliff face,

mountain plants tended to increase in abundance. At the cliff

base, plants of nutrient-poor grassland mainly benefited from

shelter cutting. On the talus, wood plants were dominant in the

three differently managed areas. More than 75% of the plants

found had no association to rocky habitats.

Large diurnal air temperature amplitudes were recorded

both on the cliff face and the talus in spring and summer
(Fig. 6). Pairwise comparisons of temperature ranges (differ-

ence between daily minimum and maximum temperature per

logger) showed significant differences between clear-cut areas

and unexploited forest on the talus in spring (unpaired t-test:

t = 3.75, d.f. = 10, P = 0.004) and on the cliff face in summer

(unpaired t-test: t = 7.32, d.f. = 4, P = 0.002). Due to cloudy

weather conditions, daily temperature amplitudes were less

pronounced in autumn and winter (data not shown) than in

spring and summer.

4. Discussion

Our results confirm a high impact of forestry practice on the

relict plant vegetation of the investigated cliffs in the northern

Jura mountains. In this mountain area, the relict species include

mountain plants, pioneer plants at low elevation and plants of

nutrient-poor grassland (Wassmer, 1998). Plants of these three



Fig. 5. Percentage of plant species belonging to different ecological groups (weighted by their abundance) on the cliff face (a) and at the cliff base (b). Data from three

cliffs were pooled.
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categories increased in abundance both after shelter-cutting and

clear-cutting (Fig. 5). The maximum species density found in

areas managed by shelter cut is consistent with the intermediate

disturbance hypothesis (Grime, 1973; Connell, 1978) and

supports the assumption that the severity of ecological change

decreases from clear-cutting to shelter wood (Marshall, 2000).

Atauri et al. (2005) found a similar peak in biodiversity at

intermediate disturbance levels in deciduous forests in northern

Spain. Disturbance provides the driving force for forest

dynamics and regeneration through structural change, the

initiation of secondary succession and creation of habitat

diversity (Quine et al., 1999). Disturbances of intermediate

severity are a major diversifying force in forest ecosystems

(Petraitis et al., 1989), and random periodic disturbances are

known to maintain high species richness and productivity and

limit competitive exclusion (Huston, 1979). Apparently,

biodiversity in temperate forests responds to disturbances in
Fig. 6. Daily cycle of air temperature measured 2 cm above ground (a) in spring, and

of three days per season are indicated. Solid line: recent clear-cut, dotted line: she
a similar way as in other ecosystems, e.g. grasslands (Gibson

et al., 1978), pasture-woodland (Kirby et al., 1995) and coral

reefs (Connell, 1978).

Two findings of our study indicate that the demand of light is

a key factor determining the plant composition on limestone

cliff faces and their talus. First, light indicator scores at the cliff

face were higher in shelter cut and clear-cut areas than in

unexploited forests. Second, plants with high light demand, e.g.

the mountainous plants on the cliff face, were more abundant in

shelter cut and clear-cut areas than in unexploited forests. Thus,

the lack of forest management leads to overgrowing forests,

which in turn decreases the abundance of cliff plants with a high

light demand. In some cases, this can result in the local

extinction of threatened or rare species like Dianthus

gratianopolitanus, Daphne cneorum or Kernera saxatilis

(Wassmer, 1998; Käsermann, 1999). Similarly, overgrowing

forest reduces the number and quality of basking sites for the
(b) in summer 2002 on the cliff face (top) and on the talus (bottom). Mean values

lter tree cutting, bold line: unexploited forest.
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Asp viper (Vipera aspis), which results in the local extinction of

this threatened snake in the northern Swiss Jura mountains

(Jäggi and Baur, 1999).

The temperature patterns recorded illustrate the special

conditions on vertical cliff faces and both the direct and indirect

influences of the vegetation on the microclimatic conditions on

the talus and at the cliff base. The talus (with an inclination of

approximately 458) receives a higher irradiance than a vertical

cliff face of the same aspect (Garnier and Ohmura, 1968;

Larson et al., 2000). Therefore, the air temperature measured on

the talus shows higher diurnal and seasonal amplitudes than that

on cliff faces. The effects of radiation on the microclimate are

amplified by the high albedo of the bright limestone (Rejmanek,

1971). In the unexploited parts of the forests, the shadowing by

growing trees diminishes the extreme radiation and temperature

amplitude on cliff faces in summer. This may lead to an increase

in the abundance of non-specialised, woody plants. Thus,

selective cutting of shadowing trees is essential to reverse the

proceeding change of the plant community from the specialised

cliff flora (with high light-demands) into a common forest

community (with low light-demands). Several studies docu-

mented a decrease in species richness after the abandonment of

any forestry practices in Northern Switzerland and confirmed

the importance of light for the preservation of specialized plant

species in these forests (Keller and Hartmann, 1986; Egloff,

1991; Schiess and Schiess-Bühler, 1997).

To maintain the typical species richness at the base of

limestone cliffs in the northern Swiss Jura mountains, forestry

practices should mimic an environment of intermediate

disturbance. This contrasts the general goal of nature

conservation-oriented silviculture in Central Europe, which

is to guide the forest stand development towards the potential,
Appendix A

List of species recorded on the three cliffs examined. Figures ind

recorded (maximum = 6). RCC: recent clear-cutting; STC: shelte

species following Lauber and Wagner (1996). EG: ecological group

plants; 3 = pioneer plants of low elevation; 4 = plants of nutrient-

Cliff (forestry practice) EG Ingelstein

RCC

Ingelstein

STC

Ingelstei

UF

Talus

Abies alba 1

Acer campestre 1

Acer pseudoplatanus 1 4 1

Arabis alpina 2

Arabis turrita 1

Asarum europaeum 1 4

Brachypodium sylvaticum 1

Bupleurum falcatum 4

Calystegia sepium 5 1

Campanula trachelium 1

Campanula rotundifolia 4 1

Cardamine heptaphylla 1 5 6 4

Carex alba 1

Carex digitata 1

Carex ornithopoda 1

Carex sylvatica 1
original forest cover (Parviainen, 1999). In Switzerland, close

to nature silviculture in that sense is practised by removing

single trees (‘‘Plentering’’) or small groups of trees (‘‘Femels-

chlag’’). With this forestry practice, a constant timber wood

state has been reached. As Schütz (1999) supposed, single-tree

selection is not the appropriate way to ensure regeneration of

light-demanding species. The forestry practice applied in our

shelterwood treatment was a much more intensive, selective

thinning. This thinning results in relatively large plots with

good light conditions and promotes the rare, relict plant species

with high light demands. Our results indicate that this forestry

practice is the most favourable for the conservation of a high

biodiversity and a multitude of relict plant species in the cliff

areas of the Jura mountains. This finding is consistent with

other studies investigating forests under selective thinning

(Götmark et al., 2005). However, this forestry practice is not

profitable, because it is extremely time-consuming and delivers

only a marginal timber harvest due to the unfavourable edaphic

conditions. Therefore, sponsorship for special action plans is

needed from governmental and non-governmental organisa-

tions to preserve the specialised cliff flora.
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1 1
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6 1 3
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2
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1
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Cliff (forestry practice) EG Ingelstein

RCC

Ingelstein

STC

Ingelstein

UF

Santel

RCC

Santel

STC

Santel

UF

Titterten

RCC

Titterten

STC

Titterten

UF

Clematis vitalba 1 1

Coronilla coronata 1 1

Convallaria majalis 1 1 2 1

Cornus sanguinea 1 1

Corylus avellana 1 1 1 1

Dryopteris filix-mas 1 1 1

Euonymus europaeus 1 1

Eupatorium cannabinum 6 1 1 3 1

Fagus sylvatica 1 2 1 5 1 5 2 4 1

Fragaria vesca 1 1

Galium mollugo aggregate 1 3 1

Galium odoratum 1 2 2 1 1 2

Galium pumilum 4 4 2 1 6 3 1

Geranium robertianum 5 4 2 2 1

Hedera helix 1 3 5 4 2 3 3 2

Helleborus foetidus 1 3 2 2 1

Hieracium humile 3 1 1 1

Hieracium murorum 1 1 4

Hippocrepis emerus 1 1 2 1

Hypericum montanum 1 1 1

Ilex aquifolium 1 1

Lamium galeobdolon 1 6 4 1 5 4 1

Lamium maculatum 5 2

Laserpitium latifolium 2 1

Laserpitium siler 2

Lathyrus vernus 1 5 3 1

Lonicera xylosteum 1 1 1

Melica nutans 1 1 1 1 2 1

Melitis melissophyllum 1 2 2

Mercurialis perennis 1 6 6 5 5 3 2 6 5 4

Mycelis muralis 1 1 2 3 1 1 1

Origanum vulgare 4 1 1

Phyteuma spicatum 1 1 1

Picea abies 1 1 1

Polygonatum odoratum 4 1 1

Prenanthes purpurea 1 1 4

Quercus petrea 1 2

Rhamnus alpinus 2 1 4

Rubus idaeus 1 4 6

Rubus montanum 1 1 1

Sambucus racemosa 1 4

Sesleria caerulea 2 1 1 1

Sorbus aria 1 1

Sorbus aucuparia 1 3 2 6 5

Taraxacum officinale 6 1

Taxus baccata 1 3 3

Teucrium scorodonia 1 1 1

Thlaspi montanum 3 2 3

Ulmus glabra 1 1

Vincetoxicum hirudinaria 1 1

Cliff (forestry practice) EG Ingelstein

RCC

Ingelstein

STC

Ingelstein

control

Santel

RCC

Santel

STC

Santel

control

Titterten

RCC

Titterten

STC

Titterten

control

Cliff base

Acer pseudoplatanus 1 4 2 6 1

Amelanchier ovalis 3 1 1

Arabis alpina 2 1 1 2 1

Arabis hirsute 4 1 1

Arabis turrita 1 2

Arum maculatum 1 1 1

Asarum europaeum 1 3 1 1 1

Brachypodium sylvaticum 1 2 1 1
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Cliff (forestry practice) EG Ingelstein

RCC

Ingelstein

STC

Ingelstein

control

Santel

RCC

Santel

STC

Santel

control

Titterten

RCC

Titterten

STC

Titterten

control

Bromus species 5 1

Bupleurum falcatum 4 1 2 1

Campanula rotundifolia 4 5 3 1 2

Cardamine heptaphylla 1 1 2

Carduus defloratus s.l. 2 3 1 3 2 1

Carduus nutans s.l. 5

Carex alba 1 1 2

Carex ornithopoda 1 2

Centaurea scabiosa s.l. 4 1

Clematis vitalba 1 1

Convallaria majalis 1 1 1

Cornus sanguinea 1 1 1

Coronilla coronata 1 1

Corylus avellana 1 2 2 1

Draba aizoides 2 1

Dryopteris filix-mas 1 1

Eupatorium cannabinum 6 1

Euphorbia amygdaloides 1 1 1 1

Euphorbia cyparissias 4

Fagus sylvatica 1 1 1 1 1 1

Galium odoratum 1 1 2

Galium pumilum 4 2 2 2 1 6 2

Geranium robertianum 5 1 1

Hedera helix 1 2 2 1

Helleborus foetidus 1 1 2 2 1 2 3

Hieracium humile 3 1 2 1

Hieracium murorum 1 3 3 2 1 1

Hippocrepis comosa 4 2

Hippocrepis emerus 1 3 4 5 2 2 2

Hypericum montanum 1 1

Ilex aquifolium 1 1 1 1

Impatiens glandulifera 5 1

Kernera saxatilis 2 1

Lamium galeobdolon 1 4 6 4 1 1

Laserpitium siler 2 3

Lathyrus vernus 1 1 2

Lonicera xylosteum 1 1

Melica ciliata 4 1

Melica nutans 1 4 1

Melitis melissophyllum 1 1

Mercurialis perennis 1 5 4 2 1 6 2 4

Moehringia muscosa 1 1

Mycelis muralis 1 1 2 1 1 1

Origanum vulgare 4 1 1

Orobanche caryophyllacea 4 1

Phyteuma spicatum 1 2

Picea abies 1 1 1 1

Poa nemoralis 1 1

Polygonatum odoratum 4 2

Prenanthes purpurea 1 1

Pyrus pyraster 1 1

Quercus petraea 1 1

Rhamnus alpinus 2 1 3 1 1

Rosa species – 2

Rubus idaeus 1 1 1 5

Rubus montanus 1 1

Sambucus racemosa 1 2 2

Senecio jacobaea 4 1 1

Sesleria caerulea 2 1 2 1 3 2

Sonchus asper 5 1

Sorbus aria 1 3

Sorbus aucuparia 1 1 1
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Cliff (forestry practice) EG Ingelstein

RCC

Ingelstein

STC

Ingelstein

control

Santel

RCC

Santel

STC

Santel

control

Titterten

RCC

Titterten

STC

Titterten

control

Sorbus mougeotii 1 1

Stachys alpina 2 1

Stachys recta s.l. 4 2

Taraxacum officinale 6 1

Taxus baccata 1

Teucrium chamaedrys 4 2

Teucrium scorodonia 1 2

Thlaspi montanum 3 3 1

Vincetoxicum hirudinaria 1 3 1 1

Cliff face

Acer pseudoplatanus 1 1

Arabis alpina s.l. 2 1 1 2 1

Arabis hirsuta aggregate 4 1 1

Arabis turrita 1 1

Asarum europaeum 1 3

Asplenium ruta-muraria 3 3 2 3 2

Asplenium trichomanes 3 1 4 5 1 3 1 4 4 5

Asplenium viride 3 1

Brachypodium sylvaticum 1 1

Bupleurum falcatum 4 1

Campanula rotundifolia 4 2 1 2 1

Campanula trachelium 1 2

Cardamine heptaphylla 1 2 2

Carduus defloratus s.l. 2 1

Carex digitata 1 1

Carpinus betulus 1 1

Coronilla coronata 1 1

Cystopteris fragilis 3 1

Draba aizoides 2 3

Fagus sylvatica 1 1

Fraxinus excelsior 1 1

Galium pumilum 4 2 3

Geranium robertianum 5 1

Hedera helix 1 1 1 1 1 3

Helleborus foetidus 1 1

Hieracium humile 3 1 1 1

Hieracium murorum 1 1 1 2 2 1 1 1

Hippocrepis emerus 1 2

Hypericum montanum 1 1

Kernera saxatilis 2 2

Lamium galeobdolon 1 1 1 1

Lonicera xylosteum 1 1

Melica ciliata 4 1

Melica nutans 1 1

Mercurialis perennis 1 1 1 2

Moehringia muscosa 1 1 1 1

Mycelis muralis 1 1 4 1 1 2

Origanum vulgare 4 1

Poa nemoralis 1 1

Quercus petraea 1 1 1

Ribes uva-crispa 1 1

Sedum album 3 1

Sesleria caerulea 2 2 1 2 2

Sonchus asper 5 1 1

Sorbus aucuparia 1 1 1

Taxus baccata 1 1

Thlaspi montanum 3 2 3 1

Vincetoxicum hirudinaria 1 1
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Abstract 

The limestone cliffs of the northern Swiss Jura mountains harbour a diverse 

flora with several relict populations of arctic-alpine and Mediterranean plant 

species. Overgrowing forests increasingly threatens rare, relict plant species 

with high light demand on cliffs, because traditional forms of forest use, 

including the collection of firewood and grazing by goats, were abandoned. 

We examined the temporal and spatial patterns of overgrowing forest at six 

cliffs in the northern Swiss Jura mountains by analysing tree cover on time-

series of air photographs made between 1951 and 2000. We developed 

stereo models of the cliffs and estimated tree cover in 25 m x 25 m grids. 

Overall tree cover increased from 60% to 85% at the six cliffs examined 

between 1951 and 1964 and afterwards levelled off. The increase in tree 

cover showed a distinct spatial pattern. It was significant in the talus (bottom 

of the cliff) and on the cliff face, but not on the plateau (at the top of the cliffs). 

These findings correspond to the overall increase in the wood stock in the 

Swiss Jura mountains. Our results confirm the assumption that the cliff forests 

became denser during the last decades. Forestry practises such as selective 

thinning or controlled grazing by goats are suggested to promote the 

threatened relict plant species. 

 

Keywords: Air photographs, ERDAS, cliff ecology, light conditions, time-

series 



Introduction 

Cliffs provide unique habitats for many specialised organisms (Larson 

et al. 2000). Dryness, high temperature amplitude, scarcity of nutrients and 

high insolation are general characteristics of exposed limestone cliff faces. 

The combined effects of drought and low nutrient availability, light and gravity 

limit plant growth in these extreme habitats (Coates and Kirkpatrick 1992). 

The structural complexity of cliff faces causes microclimatic and edaphic 

differences on a very small scale. Exposed patches are generally hotter and 

drier than protected ones, fractures are colder and wetter than ledges, and 

overhangs shadow deeper situated parts (Ashton and Webb 1977). The 

taluses of limestone cliffs provide dynamic, relatively unstable habitats, which 

are characterized by the displacement of debris and microclimatic differences 

like cold air drainage and exposure to sun. On the plateaus of limestone cliffs, 

the insolation is less extreme, but the porousness of the calcareous rock and 

the exposure to winds lead to dry conditions comparable to those of ruderal 

plains. All these effects lead to a highly diverse mosaic of microhabitats, 

which allow the existence of specialised chamaephytes and slowly growing 

trees (Escudero 1996, Larson et al. 2000). 

The vegetation of limestone cliffs in the Swiss Jura mountains consists 

of plants of arctic-alpine, continental and Mediterranean origin (Wassmer 

1998). For several alpine and arctic plant species, these cliffs serve as 

peripheral refugia which formed a periglacial steppe together with continental 

plants during the Pleistocene glacier advancements from the Alps and the 

Black Forest (Walter 1986). The arctic-alpine plant species and the 

xerothermic oak forest species (Quercetalia pubescenti-petraeae) colonised 



the south-exposed taluses and the plateaus of the Jura Mountains during 

postglacial warm periods (Ellenberg 1986). Due to the establishment of 

beech-forests under more temperate climate conditions, they were displaced 

towards the wood-free cliff sites. On the plateaus, these plant communities 

intersperse with beech and pine communities adapted to the arid conditions 

(Molinio-Pinetum, Carici-Fagetum; Ellenberg 1986). 

Grazing goats and timber harvesting influenced the forests surrounding 

the limestone cliffs in northern Switzerland for many centuries. During the 

middle ages and until the 19th century, the steep slopes at the cliff bases 

were predominantly managed as coppice forests for the production of 

firewood, charcoal, bedding and raw materials for craftsmen and as temporal 

pasture (Stuber and Bürgi 2002a, Stuber and Bürgi 2002b). During the 18th 

and 19th centuries, the forests of the taluses were intensively managed for 

the production of timber and firewood, which was used for heating and in iron- 

and glassworks, two important branches of the regional economy at the 

beginning of industrialisation (Bloechlinger 1995). As a result of these human 

activities, the canopy of the forest surrounding limestone cliffs was open 

providing good light and temperature conditions for the relict plant species. 

Because of the excessive exploitation of the forests, governmental 

decrees prohibited pasturing and bedding at the end of the 19th century 

(Suter 1971, Blöchlinger 1995, Stuber and Bürgi 2002a, Stuber and Bürgi 

2002b). Additionally, the demand for firewood decreased dramatically after 

1950. Nowadays, the cliff bases are exclusively used as timber forests, 

usually under a shelterwood system (Hendry 1998). As a result of the less 

intensive forestry, the forests become older and denser (Schiess and Schiess-



Bühler 1997, Wohlgemuth et al. 2002). The enhanced shadowing reduces the 

quality and size of the habitats for light-demanding species. This is particularly 

true for relict plants on limestone cliffs and at their base (Wassmer 1998) and 

for reptiles (Jäggi and Baur 1999).  

There is empirical evidence for negative effects of the overgrowing 

forests on relict plant species on the taluses of limestone cliffs (Ewald 2000, 

Fachstelle Naturschutz Kanton Zürich 2004). Overgrowing forests lead to a 

decrease in the abundance of cliff plants with a high light demand and are 

therefore in some cases the main factor for the local extinction of threatened 

or rare species like Dianthus gratianopolitanus, Daphne cneorum or Kernera 

saxatilis (Wassmer 1998, Käsermann 1999). However, quantitative data on 

the extent and spatial pattern of overgrowing forest at limestone cliffs are 

presently not available, especially on the landscape scale. In the present 

study, we quantify the extent of overgrowing forest and examine its spatial 

pattern on six limestone cliffs in the northern Swiss Jura mountains by 

analysing time series of air photographs. Knowledge on the extent and spatial 

patterns of overgrowing forests can help to set priorities for the management 

of the species-rich habitats with high conservation value. 

Materials and methods 

Investigation sites 

We examined overgrowing forest at six limestone cliffs in the northern 

Swiss Jura mountains (cantons of Solothurn and Basel-Landschaft) in an area 

of 30 km x 30 km (Fig. 1). The cliffs are located at elevations ranging from 350 

to 1150 m above sea level (Table 1). They mainly consist of Jurassic coral 

chalks (Bitterli-Brunner 1987). The characteristic plant community of the 



predominantly south-facing cliffs belongs to the Potentillo-Hieracietum 

association (Richard 1972).  

Analysis of air photographs 

We used air photographs to examine different stages of overgrowing 

forest. Two requirements have to be fulfilled for a quantitative analysis of 

temporal and spatial changes in tree cover: First, air photographs should be 

available in spatially overlapping series. A three dimensional view allows 

better assessment of the extent of tree cover than 2D orthophotographs. 

Second, air photographs from different years have to be available and 

corrected for differences in radiographic techniques and relief due to different 

points of take.  

Analogue black and white photos were obtained from the Swiss 

Federal Office of Topography (swisstopo). They were made in spring 1951, 

1964, 1982 and 2000 on a scale ranging between ~1:15’000 and ~1:30’000. A 

total of 54 photos were scanned at a resolution of 14 µm and the stereo 

models have a root mean squared (RMS) error of <3 m after aerial 

triangulation. 

A photo interpreter estimated the tree cover in raster cells of 25 m x 25 

m (Fig. 2) using a 3D stereo softcopy station (ERDAS 8.3, Stereoanalyst; 

Leica Geosystems 2000). Schematic illustrations of different cover levels 

(Ahrens 2001) were used to assign squares to 10%-steps on an ordinal scale. 

We investigated the entire cliff areas, if stereo models where available. Only 

squares present at each time step were included in the data analysis. 

Squares with a tree cover of 100% at each time were assumed as forest and 



excluded from the data analyses. During the estimation of tree cover, stereo 

models were randomised to exclude an observational bias. 

Statistical analysis 

Medians of tree cover per time were plotted against the date of 

photographs to examine temporal changes. To evaluate any differences 

between the four times, a two-way analysis of variance (ANOVA) with the 

factors cliff and year was performed. We evaluated differences in vegetation 

cover between successive periods using Tukey’s post-hoc test. 

Analyses of variance were also used to examine the impact of the 

position at the cliff face on vegetation cover. Following Larson et al. (2000), 

we assigned the squares to different sections of the cliff: talus, cliff face and 

plateau. A three-way ANOVA was performed with the factors cliff, cliff section 

(nested in factor cliff) and year (nested in factor section). To examine whether 

there is a horizontal spatial pattern in overgrowing forest in the talus, we 

assigned raster cells to groups of 250 m width (= distance classes) beginning 

at the western end of each cliff. Statistical analyses were conducted using 

SAS version 8.02. 

Results 

Vertical pattern of tree cover 

Tree cover could be assessed in a total of 1’769 25 m x 25 m plots distributed 

over the six cliffs. Considering the repeated air photographs, a total of 7’076 

plots were examined. 

Overall tree cover of the cliffs increased significantly from 60% to 85% 

(mean value of cliff medians) between 1951 and 1964 (Tukey’s post hoc test, 



P < 0.05) and thereafter levelled off (Fig. 3). However, single cliffs differed in 

the increase of overall tree cover (F5,7086 = 350.73, P < 0.0001). 

The change in overall tree cover was most pronounced at Gerstelfluh 

(40% increase between 1951 and 1964), Ravelle (30% increase between 

1951 and 1964), and Klus (20% increase between 1951 and 1964). In 

contrast, at the Holzfluh, the Mont Raimeux and the Muggenberg, overall tree 

cover did not increase in the same period (Table 2). 

In the talus, mean tree cover increased from 62% to 80% between 

1951 and 1964 and remained at this level since then (Fig. 4). The 

corresponding values on the cliff face were 55% in 1951 and 73% in 1964 and 

thereafter levelled-off. On the plateau, mean tree cover slightly increased from 

74% to 79% between 1951 and 2000. However, this difference was not 

statistically significant (P = 0.73). 

 Considering single cliffs, the difference in tree cover of the talus ranged 

from an increase of 37% (Gerstelfluh) to a decrease of 4% (Muggenberg) 

between 1951 and 1964 (Table 2). On the cliff face differences in tree cover 

ranged from an increase of 40% (Gerstelfluh) to a decrease of 4% 

(Muggenberg) and on the plateau from an increase of 16% (Klus) to a 

decrease of 10% (Holzfluh). 

Horizontal pattern of tree cover 

Two of the six cliffs showed a horizontal spatial pattern of overgrowing forest 

between 1951 and 1964 (Fig. 5). At Gerstelfluh, the increase in tree cover on 

the talus was significantly higher in the western part than in the eastern part. 

Tree cover increased by 60% at the western end of this cliff and by 19% at the 

eastern end (unpaired t-test between the two distance classes: t = 6.11, df = 



42, P < 0.0001). At Muggenberg, tree cover increased only in the central part 

of the cliff (distance classes 5 and 6 in Fig. 5). The cliff of Muggenberg has 

the shape of a “V”. An increase in tree cover was recorded in the part of the 

cliff, in which the exposition changes from south-east to north-east. In this 

section the cliff receives the highest insolation. No horizontal spatial pattern in 

overgrowing forest was found in the remaining four cliffs between 1951 and 

1964. 

Discussion 

Our study provides quantitative evidence that cliff forests in the northern 

Swiss Jura mountains became denser during the last decades, and confirms 

a so far empirically unsupported assumption (Schiess and Schiess-Bühler 

1997, Wohlgemuth et al. 2002). The increase in tree cover during the first 

decades after the Second World War is mainly a result of the abandonment of 

both forestry practices and the use of it as temporal pasture at the steep 

slopes. With the economic revival of the 1950ies, heating oil squeezed 

firewood out of the market as energy source in Switzerland. For example, in 

the forests of Schöntal near the investigated cliff Gerstelfluh, the use of 

firewood peaked during the Second World War until 1946 but no more 

firewood was sold after 1960 (H.-P. Rusterholz, unpubl. data). The stock of 

wood in the forests of Schöntal increased from 100 m3/ha in 1928 to 280 

m3/ha in 1968. The progression of the stock of wood also manifests the 

decreasing importance of wood as energy source and building material.  

Several studies showed that the abandonment of traditional forest 

practices such as its use as wooded pasture or the collecting of leaf litter and 

firewood resulted in a decrease in the abundance and number of plant and 



invertebrate species (Keller and Hartmann 1986, Egloff 1991, Schiess and 

Schiess-Bühler 1997). Egloff (1991) compared the present-day flora with that 

100 years ago on the cliffs of Lägern in Switzerland and found that 74 plant 

species have become locally extinct during the past century. Keller and 

Hartmann (1986) reported extinction rates of 4% to 8% for several forests in 

northern Switzerland. Furthermore, Schiess and Schiess-Bühler (1997) 

interpreted the observed decline of butterfly species in a formerly intensively 

used forest as a result of the abandonment of traditional forestry practice. All 

these authors considered an increase in shadowing as the main factor for the 

observed species loss. 

The dramatic reduction in timber and firewood use in the past decades 

not only led to an increase in standing biomass, it also led to an accumulation 

of nutrients in the soil. This in turn amplifies the growth of the vegetation in the 

talus and promotes plants with high nutrient demands. The large increase in 

the tree cover in the talus recorded between 1951 and 1964 is probably the 

result of a more extensive forestry practice or no forestry at all. This is 

exemplified at the cliff of Gerstelfluh, where the increase in tree cover 

between 1951 and 1964 was signifantly higher in the western part of the cliff 

than in the eastern part. The western part of the cliff is adjacent to the village 

of Waldenburg and thus was more frequently visited by harvesting people. 

The present study also showed that tree cover on the plateau did not 

increase between 1951 and 1964. At the cliffs examined, tree cover on the 

plateau averaged 76% already in 1951. Timber and firewood harvesting was 

largely reduced on the cliff plateaus due to the limited accessibility, resulting 

in closed canopies. 



Relatively large differences in the increase of tree cover were not only 

apparent within, but also between cliffs. The fact that three cliffs did not show 

any significant increase in tree cover between 1951 and 1964 (Table 2) 

deserves further consideration. Due to their remote location and special tree 

species composition, the cliffs of Muggenberg and Mont Raimeux most 

probably were less suitable for intensive forestry and/or pasturing. In contrast, 

the cliff of Holzfluh is situated in close proximity to human settlements and 

resembles the other cliffs in terms of microclimatic and edaphic conditions as 

well as in tree species composition. However, the talus of the Holzfluh is not 

well accessible due to its steepness and therefore this cliff forest was not a 

preferred site for firewood harvesting. 

We did not observe any significant increase in tree cover at any cliff 

after 1964. This could be either the result of a self-thinning effect in the denser 

forests or an effect of methodology, e.g. the increase was not detectable with 

the chosen ordinal scale of 10%-steps.  

The finding that the overgrowing forest was most pronounced in the 

talus and on the cliff face and relatively weak on the plateau is partly due to 

habitat-related differences in climatic and edaphic conditions between the 

three cliff sections. High insolation and nutrient and water input from the cliff 

face and plateau allow a fast plant growth on the talus. In contrast, the 

vegetation on the plateau is limited by the availability of water and nutrients 

which are scarce due to the porousness of the limestone. The observed 

increase in tree vegetation on the cliff face can result from trees growing at 

the cliff base or, alternatively, reflect a change in vegetation composition on 



the cliff face itself. The latter is rather implausible, because trees and shrubs 

grow very slowly on the cliff face (Escudero 1996, Larson et al. 1999). 

The overgrowing forest in the talus leads to an enhanced shadowing of 

the lower cliff parts. Together with the cliff edge (zone from the cliff face to the 

plateau), this area constitutes the key habitat for several relict plant species 

(Morisset 1971, Wassmer 1998). Forestry practices that keep the supply of 

light on a high level at the lower parts of the cliffs are required to preserve the 

relict plant species. Selective thinning at the talus results in relatively large 

plots with good light conditions and therefore promotes the rare, relict plant 

species with high light demands (Schütz 1999, Müller et al. in press). Another 

measure to manage the lower parts of cliffs could be their use as temporal 

pasture for goats. Other human activities in these rocky habitats that threaten 

the sensitive cliff vegetation, such as sport climbing, should be prevented 

(Müller et al. 2004, Rusterholz et al. 2004).  
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Legends to the figures: 
 

Figure 1: Map of the examined cliffs in the Northern Jura mountains of 

Switzerland. For a description of the cliffs see Table 1. 

 

Figure 2: Air photograph of the cliff Gerstelfluh with raster cells of 25 m x 

25 m used for the analysis. Photograph taken on 8 June 2000. 

 

Figure 3: Tree cover (%) of the examined cliffs between 1951 and 2000. 

Median values per year of 6 cliffs ± SE are shown. Different letters indicate 

significant differences between years (Tukey’s test; p < 0.05). 

 

Figure 4: Changes in tree cover between 1951 and 2000 shown 

separately for each talus, cliff face and plateau. Different letters indicate 

significant differences between years (Tukey’s test; p < 0.05). 

 

Figure 5: Horizontal spatial pattern in tree cover increase between 1951 

and 1964 in the talus of the six cliffs examined. The raster cells were assigned 

to groups of 250 m width (= distance class) beginning at the western end of 

each cliff. Mean values ± SE are shown. 
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Abstract 

The genetic population structures of plants growing on isolated cliffs in the 

Jura mountains are of particular interest because in numerous species the 

plants are separated from their main distribution area in the Alps and the 

Mediterranean, they are living in highly fragmented habitats, and some of 

them might be influenced by human activities since centuries. We examined 

possible effects of isolation, the presumed colonisation history of cliffs and 

anthropogenic activities on the genetic population structure of two plant 

species with different life-histories in the northern Swiss Jura mountains. We 

assessed RAPD-polymorphisms in 14 populations of Draba aizoides L. and 

12 populations of Melica ciliata L. living on isolated limestone cliffs and 

compared them with samples from the Alps. Analysis of molecular variance 

revealed a high among-population variation of each 27% in the gene pools of 

both species. A clear isolation-by-distance pattern and a separation of 

populations from the Jura mountains and the Alps was found in D. aizoides. 

This provides evidence for glacial relict endemism of this species, resulting 

from nunatak survival in the Jura mountains. In M. ciliata, UPGMA-analysis 

showed clusters of populations growing on cliffs with castles with shared 

historical incidents, indicating zoochorical dispersal related to human 

settlements. Future management actions should pay particular attention to 

isolated limestone cliffs with arctic-alpine plant species and should consider 

the preservation of mediaeval monuments. 

Keywords: Draba aizoides - Melica ciliata - plant conservation - RAPD - 

isolation-by-distance - glaciation 



Introduction 

Genetic differentiation as a result of fragmented distribution is characteristic 

for many relict plant species (Ellenberg 1986, Le Corre, Dumoulin-Lapegue & 

Kremer, 1997). Partial extinctions, recurrent (re-)immigration, different 

migration routes, long-distance dispersal events, bottleneck situations, 

founder effects, in situ survival in refugia and genetic drift are crucial 

processes for the genetic differentiation and evolution of populations 

(Ellstrand, 1992; Luijten et al., 2000; Lutz, Schneller & Holderegger, 2000). 

Within the historical context of a species, factors like the breeding system, the 

ability and the mode of dispersal and clonal growth of the species affect the 

genetic structure of plant populations (Loveless & Hamrick, 1984, Vogel 

Rumsey & Russel, 1999). The relative importance of these factors influencing 

the species-specific capability to (re)colonise a region and to establish viable 

populations is a mainly unknown part within the mosaic of plant biogeography. 

For the conservation of relict plant populations, detailed knowledge about the 

interactions between life-history traits and historical circumstances is required 

(Hamrick & Godt, 1995). 

During the Pleistocene glaciations the advancing glaciers caused a 

fragmented distribution patterns in many plant species. Due to the capacious 

knowledge about the geological and climatic history and the accessibility of 

the mountains, the Alps offer an especially suitable framework for 

investigations of both phylogeography and evolutionary mechanisms at the 

species level (Stehlik et al., 2002) and of the processes during the 

Pleistocene climatic oscillation. For example, a high intraspecific chloroplast 

DNA (cpDNA) variation (but no firmed phylogenetic affinities between 



populations) was found in Draba aizoides L. (Widmer & Baltisberger, 1999). 

Strong geographical patterns of genetic diversity have been reported for 

isolated alpine relict populations of Saxifraga cernua L. (Bauert et al., 1998), 

Saxifraga paniculata Mill. (Reisch, Poschlod & Wingender, 2003), Erinus 

alpinus L. (Stehlik, Schneller & Bachmann, 2002) and Eritrichium nanum (L.) 

Gaudin (Stehlik et al., 2002).  

For the Jura Mountains and other low mountain ranges north of the 

Alps, an intensive debate on the origin of arctic-alpine plant populations has 

proceeded since the beginning of the twentieth century. Several 

biogeographic hypotheses about the origin of species like D. aizioides, Dryas 

octopetala L. or S. paniculata have been suggested (Lutz, Schneller & 

Holderegger, 2000): (1) the present-day populations of these species 

descended from populations that occurred in glacial refugia on nunataks (ice-

free mountain peaks within the ice shield) and survived glaciation in situ; (2) 

the present-day populations descended either from populations that grew on 

forefields and moraines of glaciers during the ice ages or from remnant 

populations along the recolonisation routes of the species after the last 

glaciation; and (3) the present-day populations originated from long-distance 

dispersal after glaciation. The Jura Mountains have been postulated to serve 

as peripheral refugia for several alpine and arctic plant species, which formed 

a periglacial steppe together with continental plants during the Pleistocene 

glacier advances from the Alps and the Black Forest (Walter, 1986). Hantke 

(1978) also suggested that mountain tops in the southern part of the Jura 

Mountains surmounted the ice shield and therefore were potential nunataks. 



Based on this hypothetical framework, genetic studies investigating the 

biogeographic history of relict plant species in the Jura Mountains are rare.  

The cliffs of the northern Swiss Jura Mountains harbour several relict 

plant species with a highly fragmented distribution due to the geological and 

climatic history. In addition to the arctic-alpine plant species, xerothermic oak 

forest species (Quercetalia pubescenti-petraeae) colonised the south-

exposed slopes of the Jura Mountains from refuges in Southern France and, 

particularly, from the Balkans during the postglacial warm periods (Ellenberg, 

1986). Because of the establishment of beech-forests in the recent, temperate 

climate conditions, the relict plant species were displaced towards the wood-

free cliff sites. Nowadays, the cliffs of the Jura mountains are mostly 

surrounded by deciduous forest, which has been partly cleared and 

subsequently used as pasture or hay meadow for some centuries. Today, the 

vegetation of these limestone cliffs consists of a mosaic of arctic-alpine, 

continental and mediterranean plant species, which all show a highly 

fragmented distribution pattern. 

The cliff vegetation of the Jura Mountains is influenced by human 

activities since several centuries. Castles were established on cliffs at 

strategic points near passes to provide protection against raids in the early 

middle ages. In the following centuries, the steep slopes were managed as 

coppice forests (Burnand & Hasspacher, 1999) and temporarily even grazed 

by goats. In the twentieth century, this mixed form of land use disappeared 

gradually (Suter, 1971) and timber forest developed again. As a result, the 

habitats of the relict plant species gradually decreased in size. 



In the present study, we examined the genetic structure of two relict 

plant species with different breeding and dispersal modes, Draba aizoides 

and Melica ciliata (L.). In particular, we addressed the following questions:  (1) 

is there genetic evidence for nunatak or periglacial survival of these relict 

plant species in the Jura Mountains? (2) are isolated plant populations of the 

two species on Jura cliffs genetically distinguishable from each other and from 

populations of the recent species’ distribution centre? (3) do cliff plants with 

different breeding and dispersal modes exhibit different genetic population 

structures? (4) are their recent genetic population structures influenced by 

former human activities?  

Material and methods 

Species 

Draba aizoides (Brassicaceae) is a cespitose, perennial rosette plant. In the 

Swiss Jura mountains, flower buds are visible in December and flowering 

takes place between February and middle of April. The yellow flowers are 

strongly protogynous and pollinated by a wide variety of insects including 

bees, bumble bees, flies and butterflies (Kay & Harrison, 1970). Draba 

aizoides is supposed to be mainly outcrossing, with automatic self-pollination 

probably occurring when the flowers close in bad weather (Kay & Harrison, 

1970). There is no vegetative reproduction and vegetative spread is limited to 

increase the size of the cushion, which takes place by the production of 

axillary rosettes at the base of the flowering stem (Kay & Harrison, 1970). The 

heavy seeds are dispersed over short distances implicating that the majority 

of them germinate near the maternal plant (Frey et al., 1995). However, seeds 

can be dispersed over distances of a few metres within the rocky habitats by 



wind and rain-splash (Kay & Harrison, 1970). Draba aizoides is widely 

distributed in Continental Europe, particularly from the Pyrenees through the 

Alps to the Carpathians (Hegi, 1920). In Switzerland, the species lives in rock 

crevices at the montane and alpine level of  both the Jura mountains and the 

Alps (Welten & Sutter, 1982). 

Melica ciliata is a hemicryptophytic, rhizomatous, tuft-forming grass 

species with pronounced xerophylic adaptions, flowering from May to July 

(Landolt, 1977). The inflorescence is a scarcely branched panicle consisting 

of hermaphroditic and sterile flowers (Tyler, 2004). The mature lemmas of the 

dispersal units are covered by long hairs and are easily dispersed by wind 

(Hensen & Müller, 1997). Furthermore, zoochorous dispersal of seeds and 

sterile flowers has been observed in the field (Müller SW, unpubl. data). 

Melica ciliata is widely distributed in Southern and Central Europe, Northern 

Africa and the Near East between Turkey and Iran (Tyler, 1993). In 

Switzerland, the species is restricted to exposed limestone cliffs, quarries and 

stone walls in the Jura mountains, in the calcareous northern and southern 

Prealps and in alpine valleys (Welten & Sutter, 1982).  

Study area and sampling localities 

The present study was carried out in the northern Swiss Jura mountains in the 

region of the canton of Solothurn in an area measuring 50 x 40 km. Parallel 

mountain chains run from south-west to north-east with an altitudinal range 

from 350 to 1450 m a.s.l.. Villages and areas of intensive agriculture are 

abundant at the bottom of the valleys, whereas the slopes are mainly covered 

by forest and interspersed meadows and rocky cliffs. 



We sampled leaf material from 183 D. aizoides plants at 14 localities (8 

– 18 plants per locality) and from 156 M. ciliata plants at 12 localities (10 – 16 

plants per locality) in summer 2001 (Fig. 1, Table 1). To avoid repeated 

sampling from the same individual, the minimum distance between two 

sampled individuals was set to 2 m for D. aizoides and 5 m for M. ciliata. The 

distance between two populations ranged from 2.0 to 38.1 km (mean 18.5 km) 

in D. aizoides and from 1.8 to 36.2 km (mean 18.2 km) in M. ciliata. 

Outgroup specimens of both species were also sampled at two 

localities in the main distribution areas (Fig. 1): D. aizoides on the Pilatus 

mountain and the Mythen mountain in the northern Prealps (Central 

Switzerland), M. ciliata at the base of the Rigi mountain and near the town of 

Massa Marittima (Tuscany, Italy). 

An exact estimation of the population size was not possible because of 

the clonal growth of the species and the inaccessibility of large parts of the 

cliffs (vertical cliff walls). Cliff size, expressed as estimated total area of bare 

rock, was therefore used as an indirect measure of population size in the data 

analyses. 

DNA isolation and PCR amplification 

Samples of 5 D. aizoides and 5 M. ciliata were screened for decamere 

primers (MWG-Biotech). Primers that did not produce well-amplified, clearly 

distinguishable bands or reproducable fingerprints were excluded. To reach a 

high repeatability in the analyses, prior to the analyses of the whole sample 

set, five individuals of each species were examined five times using selected 

primers. Primers with inconsistent bands within individuals were excluded 



from the analysis.Out of the 40 primers examined, we selected six primers for 

D. aizoides and five primers for M. ciliata (Table 2).  

DNA was isolated using a modified extraction protocol of Doyle (1991). 

Modifications were 3% CTAB [w/v] instead of 2%, addition of 20 µl 1% 

proteinase [w/v] to isolation buffer, and no ammonium acetate in wash buffer. 

After quantification in an agarose gel, a DNA working solution of ca. 3 ng/µL 

was prepared. A 25 µL amplification reaction mix contained ca. 15 ng 

template DNA, 0.2 µM primer, 200 µM of each dNTP (Promega), 0.5 units 

Taq polymerase (Promega), 2.5 mM MgCl2 and 1 x PCR buffer. The PCR 

reaction mixtures were overlaid with mineral oil and amplified in a PTC-100 

thermocyler  (MJ Research Inc.) which was programmed for an initiating 

heating step (5 min at 93°C) followed by 45 cycles of 1 min at 94°C, 1 min at 

36°C, and 2 min at 72°C. After the last cycle, samples were kept for another 7 

min at 72°C and then at 4°C prior to analysis. Amplification products were 

size-fractioned on 1.2% agarose gels which run in 0.5 x TBE, stained with 

ethidium bromide and visualised by illumination with ultraviolet light (312 nm). 

Molecular weights were estimated using the amplisize DNA standard from 

Bio-Rad.  

Data analysis 

We calculated genetic distances among populations (Nei, 1978) using 

Popgene Version 1.32 (Yeh, Yang & Boyle, 1997). Mantel tests were 

performed using XLStat (Addinsoft, New York). An analysis of molecular 

variance (AMOVA, Excoffier et al., 1992) was calculated using GenAlEx V5 

(Peakall & Smouse, 2001). UPGMA-cluster analyses were performed using 

TFPGA (Miller 1997). Spearman rank correlations were used to examine 



possible associations between cliff size and proportion of polymorphic loci in 

both species. For these purposes, proportions of polymorphic loci were 

corrected for sample size with a division by the square root of (n - 1). 

Results 

PCR-amplification resulted in 85 polymorphic bands with a length ranging 

from 330 to 1230 bp in D. aizoides and 79 polymorphic bands with a length 

ranging from 330 to 1440 bp in M. ciliata. Considering all individuals, the 

mean band frequency was 27.3% (SD: 24.9%, range: 0.6-84.7%) in D. 

aizoides and 27.6% (SD: 25.6, range: 0.7-92.9%) in M. ciliata. The two 

species differed in proportion of polymorphic bands within populations: 45.1% 

(SD: 9.8, range 28-60) in D. aizoides and 38.5% (SD: 10.6, range: 20-63) in 

M. ciliata (t = 2.43, d.f. = 22, P = 0.024). In neither species, the number of 

polymorphic bands was correlated with sample size (D. aizoides: r = 0.12, N = 

14, P = 0.12; M. ciliata: r = 0.46, N = 12, P = 0.13). Furthermore, we found no 

correlation between cliff size and the proportion of polymorphic loci (corrected 

for sample size; D. aizoides: r = 0.20, N = 13, P = 0.49; M. ciliata: r = -0.07, N 

= 11, P = 0.82). 

Genetic distances (Nei, 1978) among populations were positively 

correlated with geographical distances in D. aizoides (Mantel-test: r = 0.33, N 

= 78, P = 0.013) but not in M. ciliata (Mantel-test: r = -0.04, N = 55, P = 0.37). 

The results of the AMOVA showed that in both species the within-population 

variation accounted for 73% of the total variation and the among-population 

variation for 27% (Table 3).  

The UPGMA cluster analysis based on mean Nei distances (Nei, 1978) 

revealed different patterns for the two species. In D. aizoides, the easternmost 



situated population (FB) and the high-altitude population (ROE) branched off 

first from the remaining populations (Fig. 2A). The analysis revealed further 

different clusters of geographically neighboured populations.  

In M. ciliata we found no clear geographical pattern. The UPGMA-

clustering, however, showed possible relationships between populations due 

to historical connections. The upper-most cluster (Fig. 2B, populations BM, 

FB, AB) consists of three populations growing on ruins of castles of the dukes 

of Froburg or families in partnership, which were all inhabited between the 

tenth and thirteenth century. The neighbour cluster consists of two 

populations on cliffs not affected by human settlements (HC, RM) and two 

populations growing on ruins of castles of the dukes of Thierstein, built in the 

thirteenth century (DO, TH). Such a pattern could emerge when seeds of M. 

ciliata were exchanged among related families, e.g. by passive dispersal on 

sheep and goats grazing in the close surroundings of the castles. Concerning 

the genetic variability, however, no difference between populations on cliffs 

with or without castles was found (number of polymorphic loci corrected for 

sample size: t = 0.35, d.f. = 9, P = 0.74). 

Discussion 

Genetic diversity and structure 

The main factors that influence the levels of genetic diversity and divergence 

and the distribution of genetic variability within and among plant populations 

have usually been interpreted as the result of a balanced combination 

between reproductive system and the past history of the species under study 

(Loveless & Hamrick, 1984, Segarra-Moragues & Catalan, 2003). Outcrossing 

perennials like D. aizoides generally exhibit higher levels of genetic diversity 



and lower levels of population differentiation (Segarra-Moragues & Catalan, 

2003). In contrast, a lower amount of genetic diversity and higher levels of 

population differentiation would be expected for plants like M. ciliata, with a 

high amount of clonal growth and/or self-pollination. The results of our study 

support this expectation: populations of D. aizoides exhibited a higher genetic 

diversity than populations of M. ciliata. The observed levels of polymorphisms 

(polymorphic bands per population) of 28 - 60% for D. aizoides and of 20 - 

63% for M. ciliata resembled those of other, comparable RAPD-studies with 

relict species. Hensen & Oberprieler (2005) found proportions of polymorphic 

bands per population of 40 - 61% in Dictamnus albus L. in central Germany 

and Reisch, Poschlod & Wingender (2003) reported proportions of 12 - 54% 

in Saxifraga paniculata in central Europe. However, the levels of population 

differentiation found in the present study are not congruent with theoretical 

assumptions. For both species, the AMOVA-analyses revealed an among-

population variation of 27%. This indicates that dispersal by vegetative parts 

of individuals, particularly splitting-off rosettes (as reported by Kay & Harrison 

(1970)) is highly relevant even in D. aizoides, a species with a limited ability of 

clonal growth, living on isolated cliffs in the Jura Mountains.  

A positive correlation between measures of genetic variation and 

population size has been reported in several plant species (Fischer & 

Matthies, 1998; Luijten et al., 2000; Reisch, Poschlod & Wingender, 2003; 

Hensen & Oberprieler, 2005; Hensen, Oberprieler & Wesche, 2005). No 

similar correlation was found in either species of the present study. We used 

cliff size as a surrogate of plant population size, because parts of the cliffs 

were not accessible for a detailed count of plant individuals. Furthermore, the 



clonal growth of the species makes any determination of individual plants 

difficult. Both factors may confound the relationship between genetic variation 

and population size in the plant species examined. 

Glacial relict endemism 

The isolation-by-distance pattern, the UPGMA-cluster with a clear distinction 

of populations from the Jura mountains and the Alps and the isolated position 

of two possible nunatak populations indicate that D. aizoides survived 

glaciations in situ. Lutz, Schneller & Holderegger (2000) investigated the 

population genetics of Saxifraga aizoides in the lowland and lower mountains 

north of the Alps without being able to trace the species’ biogeographic 

history. The distinct genetic structures found on a very small geographic scale 

in D. aizoides, the long-term isolation of the populations of the Jura mountains 

from those of the Alps, and the high degree of variation among populations 

suggest that natural founder events did not occur on the cliffs of the northern 

Jura mountains. Most probably, the forestation of the entire area prohibited 

dispersal. For other arctic-alpine species with large, heavy seeds, a similar 

history of populations can be assumed.  

In M. ciliata, the absence of an isolation-by-distance pattern and the 

incomplete separation of populations from the Jura mountains and the Alps 

suggest that the species colonized the Jura mountains after glaciation. The 

grouping of population HO together with the outgroup populations (VI and 

MM) in the UPGMA-cluster could in fact have a historical background. For 

example, in 1374, a goods transport to the city of Basel was assaulted near 

the cliff of Holzfluh (HO) (Sigrist, 1992). The goods, mainly saffron (and 

potentially also diaspores of M. ciliata), were concealed in the nearby castle of 



Neu-Falkenstein. Such mediaeval events of trade and warfare are supposed 

to have contributed to seed dispersal. Dispersal of M. ciliata, which has been 

supposed to be meteorochoric (Müller-Schneider, 1986), is also zoochoric. 

This could lead to the conspicuous pattern of close genetic relationship of 

populations with resembling historical impacts. Our findings are consistent 

with the findings of Fischer, Poschlod & Beinlich (1996) who state that the 

dispersal of diaspores by animals has so far been largely underestimated. 

Implications for conservation and management 

Species with a fragmented distribution are particularly vulnerable to extinction 

when gene flow between populations is lacking. Limestone cliffs of the 

northern Swiss Jura mountains harbour numerous specialized and threatened 

lichen, plant and invertebrate species with a highly fragmented distribution 

and are therefore of high conservation value (Müller, Rusterholz & Baur, 

2003). For example, plant species with similar life-histories as D. aizoides, 

including Saxifraga paniculata, Kernera saxatilis (L.) Sweet, Erinus alpinus L. 

and Alyssum montanum L., may also be affected by the isolation of suitable 

rock cliffs and therefore exhibit discrete genetic reservoirs in the Jura 

mountains. Therefore, adequate management actions should be developed 

and implemented. These actions should specially attend to cliffs with 

numerous arctic-alpine plant species to protect them from mechanic 

disturbances by sport climbing and hiking (Kelly & Larson, 1997; MacMillan & 

Larson 2002; Müller, Rusterholz & Baur, 2004; Rusterholz, Müller & Baur, 

2004). Furthermore, the quality and size of the cliffs should not be reduced by 

overgrowing forest and the resulting increase in shadowing. 



The presumed interrelation between human settlements and the 

genetic structure of M. ciliata suggests that a part of the cliff vegetation is 

affected by human activities since many centuries. Interestingly, the protection 

of castles and ruins in their original state for historical and cultural reasons 

may also contribute to preserve genetic aspects of biodiversity. The 

preservation of mediaeval sites also connotes the conservation of plant 

populations of species introduced into the area during the time of human 

activities on these sites. Monument preservation and nature conservation are 

in that case synergetic. 
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Table 2. Primers applied and number of bands obtained in the PCR analysis. 

 
Species 
Primer name 

Nucleotide sequence Number of 
bands 

Size range 
of scorable 
bands 

    

Draba 
aizoides 

   

X2 5’ – GTG AGG CGT C – 3’ 17 330 - 940 
X4 5’ – GGT GAC GCA G – 3’ 22 330 - 1210 
X7 5’ – CTC GCG GCT A – 3’ 16 350 - 950 
X14 5’ – GAT GAC CGC C – 3’ 15 330 - 1230 
X20 5’ – CCT GGC GAC C – 3’ 19 360 - 1160 
H4 5’ – GGA AGT CGC C – 3’ 14 340 - 810 
    

Melica ciliata    

X3 5’ – ACC CGG TCA C – 3’ 17 420 - 1210 
X5 5’ – TCC GCT CTG G – 3’ 15 360 - 1200 
X8 5’ – ACC CAT GCG G – 3’ 6 470 - 620 
X11 5’ – GTG TGC CCC A – 3’ 15 330 - 1220 
X18 5’ – CGT CCG TCA G – 3’ 14 430 - 1320 
H1 5’ – GGT CGG AGA A – 3’ 12 440 - 1440 
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Legends to the figures 

Figure 1. Sampling localities in the northern Swiss Jura mountains (right), 

in Central Switzerland (left, upper part) and in Italy (left, lower part). Plants 

from the latter sites served as outgroups. 

 

Figure 2. UPGMA analysis for D. aizoides (A) and M. ciliata (B) based on 

Nei distances (Nei 1978) between populations. Numbers below branches 

indicate bootstrap support (percentage) based on 1000 bootstrap replications. 

Letters indicate castles of the dukes of Froburg and relatives (f) and those of 

the dukes of Thierstein and relatives (t). 
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