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e Background and Aims Many alpine plant species combine clonal and sexual reproduction to minimize the risks
of flowering and seed production in high mountain regions. The spatial genetic structure and diversity of these
alpine species is strongly affected by different clonal strategies (phalanx or guerrilla) and the proportion of gen-
erative and vegetative reproduction.

e Methods The clonal structure of the alpine plant species Salix herbacea was investigated in a 3 x 3 m plot of
an alpine meadow using microsatellite (simple sequence repeat; SSR) analysis. The data obtained were compared
with the results of a random amplified polymorphic DNA (RAPD) analysis.

e Key Results SSR analysis, based on three loci and 16 alleles, revealed 24 different genotypes and a proportion
of distinguishable genotypes of 0-18. Six SSR clones were found consisting of at least five samples, 17 clones con-
sisting of more than two samples and seven single genotypes. Mean clone size comprising at least five samples
was 096 m”, and spatial autocorrelation analysis showed strong similarity of samples up to 130 cm. RAPD
analysis revealed a higher level of clonal diversity but a comparable number of larger clones and a similar spatial
structure.

e Conclusions The spatial genetic structure as well as the occurrence of single genotypes revealed in this study
suggests both clonal and sexual propagation and repeated seedling recruitment in established populations of

S. herbacea and is thus suggestive of a relaxed phalanx strategy.
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INTRODUCTION

Alpine habitats are characterized by challenging environ-
mental conditions. Short vegetation periods, limited
nutrient resources, strong winds or long periods of snow
cover are typical environmental factors at higher elevations
(Barry, 1981; Korner, 2003). These factors have a large
impact on the distribution of alpine plant species and
the composition of plant communities (Kikvidze et al.,
2005; Moser et al., 2005). Severe climatic conditions
can hamper sexual reproduction in alpine regions, which
means that flowering and seed production can be a risky
mode of reproduction at higher altitudes (Korner, 2003;
Urbanska, Schiitz, 1986). One way to cope with this con-
straint is clonal propagation, which is generally supposed
to increase in importance with increasing elevation
(Bliss, 1971). A high proportion of alpine plant species
are characterized by clonal growth (Stocklin and Baumler,
1996; Klimes er al., 1997). The advantages of clonal
reproduction are to avoid the risks of sexual reproduction,
to share resources through clonal integration and reduce
the mortality of genets. On the other hand, diseases can be
transmitted more easily among ramets, and resources for
sexual reproduction are limited (Klimes et al., 1997).
Clonal reproduction of plant species can follow different
strategies. The two most extreme types of clonal reproduc-
tion are the ‘phalanx’ and the ‘guerrilla’ strategy (Harper,
1977; Stocklin, 1992). Plants of the guerrilla type exhibit
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a dispersive growth form, distributing their ramets at
larger distances. In contrast, plants of the phalanx type
show a dense growth form, clustering their ramets closely
together and forming cushions. Many plant species show,
however, intermediate growth forms combining aspects of
both strategies (Korner, 2003). For clonal alpine plant
species, the extreme types of this categorization are
following either a conservative strategy (phalanx species
with low levels of plasticity and strong integration) or an
explorative strategy (guerrilla species with high levels of
plasticity and only low levels of integration) (Stocklin,
1992). At the spatial scale, the different types of clonal
reproduction result in a different distribution of ramets
in the habitat. Ramets of phalanx species are theoretically
found close to each other, while ramets of guerrilla
species are supposed to be more distant.

Plant species often combine clonal and sexual reproduc-
tion. As a result, clonal species generally exhibit a level of
genetic variability comparable with that of non-clonal
species (Ellstrand and Roose, 1987; Widén et al., 1994;
Hamrick and Godt, 1996). It is expected that this obser-
vation is also true for alpine clonal species (Steinger ef al.,
1996; Holderegger et al., 2002), although there are only a
few studies which explicitly tested this hypothesis (Pluess
and Stocklin, 2004). Considering the genetic variability of
clonal species, it has been shown that the genetic diversity
depends on the establishment of seedlings (Eriksson,
1989, 1992). In the case of initial seedling recruitment
(ISR), where the establishment of seedlings occurs only
during colonization, different levels of success of genets
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and competition reduce the genetic diversity during
a population’s history (Watkinson and Powell, 1993).
Repeated seedling recruitment (RSR) contributes, in con-
trast, to the formation and preservation of genetic diversity
in populations of clonal plants. Simulation experiments
have shown that even the rare establishment from seeds is
sufficient to maintain genetic diversity within populations
of clonal plants (Watkinson and Powell, 1993).

Different strategies of clonal growth and combination
with generative and vegetative reproduction lead to
complex spatial patterns of genets at the local scale. The
spatial genetic patterns of clonal species have been
analysed in many studies (Luijten et al., 1996; Gabrielsen
and Brochmann, 1998; Reusch ef al., 1998; Persson and
Gustavsson, 2001; Garnier et al, 2002; Kleijn and
Steinger, 2002; Ziegenhagen et al., 2003; Richards et al.,
2004). There are, however, only a few studies dealing with
the clonal diversity of alpine plant species at the local
scale (Steinger et al., 1996; Escaravage et al., 1998;
Pornon et al., 2000).

In the study presented here, clonal spread of the alpine
willow Salix herbacea was analysed. The species exhibits
a clonal system of underground rhizomes with above-
ground leaves forming extensive mats often covering
several square metres in snowbeds and alpine meadows.
The clonal strategy of. S. herbacea was analysed within a
single 3 x 3m study plot and the following questions
were asked. (a¢) How large is the clonal diversity of alpine
S. herbacea at the local scale? (b) Which is the clonal
strategy of S. herbacea — phalanx or guerrilla? (c) Does
the species reproduce mainly clonally or is there also indi-
cation for sexual reproduction?

MATERIALS AND METHODS
Species description

Salix herbacea L. is a clonal, diploid (2n = 38), dioecious,
prostrate dwarf shrub with an extensive ramifying system
of tough, branched, underground rhizomes, forming loose,
flattened mats (Beerling, 1998). Individual ramets can
reach an age of >40 years (Schweingruber and Poschlod,
2006). The species is insect and wind pollinated (Beerling,
1998). The seeds are small (66—136 pg) and dispersed by
wind. Salix herbacea is an amphi-atlantic species with a
typical arctic—alpine distribution in Europe (Beerling,
1998). It occurs mainly in the arctic and sub-arctic, and
extends southwards in the mountains of the Pyrenees,
Appenines and Bulgaria (Tutin et al., 1964). In the Alps,
S. herbacea is widespread in snowbeds and alpine
meadows (Ellenberg, 1988).

Study design and sampling procedure

To investigate the spatial genetic pattern of S. herbacea
at the local scale, a study plot (300 x 300 cm) was estab-
lished consisting of 144 sub-plots (25 x 25 cm) in an
alpine meadow dominated by S. herbacea and Carex
curvula near the Greitspitze mountain (2200 m above sea
level) in the central Alps (Fig. 1). The species covered
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Fic. 1. Sample design and clonal structure of alpine S. herbacea esti-
mated with microsatellites. Within the study plot consisting of 144 sub-
plots, 138 samples were collected. In six sub-plots no plant material was
available (). Another six samples were omitted from the analysis due to
PCR problems (—). The analysis of the remaining 132 samples revealed
six clones consisting of more than five samples (A—F), 17 clones consist-
ing of more than two samples (g—p) and seven single genotypes (q—Xx).

more or less continuously the whole plot, but was not
found in all sub-plots. Where possible, one sample was
collected per sub-plot (Fig. 1). Fresh leaf material was
taken from 138 samples; they were placed in a cryogenic
container and stored at —80 °C in the laboratory.

Molecular and statistical analyses

DNA was isolated from frozen plant material by a
modified CTAB (cetyltriammonium bromide) method
(Rogers and Bendich, 1994) using about 10—30 mg of leaf
material as described before (Reisch et al., 2005). Clonal
diversity was analysed with nuclear microsatellites (simple
sequence repeats; SSRs) using primers, which were
already established for S. herbacea in previous studies
(Stamati et al., 2003). After an initial screening of seven
loci for polymorphisms with eight random samples, the
primer pairs gSIMTCO11, gSIMTC024 and gSIMTCO035
were selected (Table 1). Primers were M13tail-labelled
(Oetting et al., 1995) with the fluorescent dyes IRD 700
MWG), Cy 5 (MWG) and D2 (Proligo). Amplification
reactions (10 wL) contained 200 pm dNTP (PeqLab),
1-5pm labelled M13 primer (10 pm), 0-1 pm gSIMCT
forward primer (1pm), 1-5pm gSIMCT reverse primer
(10 pm), 0-25 U of Tag polymerase (Qiagen) with buffer
and 20 ng of genomic DNA. Polymerase chain reactions
(PCRs) were run in a thermal cycler (Cyclone Gradient,
PeqgLab, Niirnberg, Germany) with an initial step (5 min at
94 °C), 40 cycles (1 min at 94 °C, 1 min at 50 °C, 1 min at
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TaBLE 1. SSR primers used, their GenBank accession IDs and sequence, the size of the amplified products and the number of
detected alleles in alpine S. herbacea

Primer GenBank ID Sequence (5" — 3') Size of the fragments Alleles

¢SIMCTO11 BV006744 TTCATCTCCCCGTTCACTTC 306, 420 2
ACCGTTAGGATGGCATCTCG

¢SIMCTO024 BV006745 TCATTTGCTCGATGAGGTTG 312, 314, 318, 320, 322, 324, 326, 328, 330 9
GTGGTAGTTGCAAAAGGGGA

gSIMTCO035 BV006748 ACACATGACTCCCCTTCGTC 312, 316, 322, 328, 420 5
TCTTATGGTCGTGGTGGTGA

72 °C) and a final extension step of 8 min at 72 °C. The
success of a PCR was confirmed on 1-5% agarose gels.
The length of amplified fragments was determined on a
CEQ 8000 automated sequencer (Beckman Coulter) using
an internal size standard (CEQ 400, Beckman Coulter).
Based on SSR variation, the genotype of each sample
was determined. The data obtained about the spatial
genetic structure and clonal diversity results were com-
pared with the results of a random amplified polymorphic
DNA (RAPD) analysis (Williams et al., 1990). After an
extensive screening, eight primers were selected and used
to perform RAPD analysis as described before (Reisch
et al., 2005). Due to PCR problems, six samples were
omitted from the SSR and one sample from the RAPD
analysis.

Fragment data were used to assess the number of differ-
ent multilocus genotypes in the plot. The proportion of
distinguishable multilocus genotypes (PD) was calculated
as G/N (Ellstrand and Roose, 1987), where G is the
number of distinct genotypes and N is the number of indi-
viduals sampled. The probability of identity (PI) was cal-
culated for each of the three analysed SSR loci and all loci
together, using the program GenalEx (Peakall and
Smouse, 2001). Samples with the same genotype were
considered as originating from the same clone (Table 2).
The size of clones was estimated by the area of colonized
sub-plots occupied by a distinct multilocus genotype
(Table 3). The distribution of clones composed of at least
five samples within the study plot was mapped (Fig. 1)
and the spatial genetic structure was analysed using
autocorrelation analysis in SGS (Degen et al., 2001) as
the mean genetic distances between all pairs of
individuals belonging to a given spatial distance class
(Fig. 2). The overall mean genetic distances between
all samples serves as a reference of random spatial struc-
ture. Monte Carlo permutation (500 replications) was
applied to test for significant deviation from random

spatial distribution (Diniz-Filho and Pires de Campos
Telles, 2002).

RESULTS

In the SSR analysis, 16 alleles at three loci were revealed.
Primer gSIMTCO11 produced two alleles, gSIMTCO024
produced nine alleles and gSIMTCO035 produced five
alleles (Table 1). The PI was 0-57 for gSIMTCO11, 0-16
for gSIMTC024, 0-33 for gSIMTCO035 and 0-03 for all loci
together. The 132 analysed samples produced 24 different
multilocus genotypes. The PD was 0-18. Six clones con-
sisting of at least five samples were observed, 17 clones
were composed of at least two samples and there were
seven single genotypes (Table 2). Clone size ranged from
0-31 to 2:06 m* with an average of 0-96 m? (Table 3).
Clones consisting of at least five individuals were inter-
mingled (Fig. 1) and spatial autocorrelation analysis
revealed a strong similarity of samples at distances up to
130 cm (Fig. 2).

In the RAPD analysis, the 137 analysed samples pro-
duced 52 different multilocus RAPD genotypes. The PD
was 0-36. Seven clones consisting of at least five samples
were observed, 17 clones were composed of at least two
samples, and there were 35 single genotypes. Clone size
ranged from 0-31 to 1.37 m* with an average of 0-70 m”.
Clones consisting of at least five individuals were inter-
mingled, and spatial autocorrelation analysis showed a
strong similarity of samples at distances up to 130 cm.

DISCUSSION

The clonal diversity (PD) revealed for S. herbacea in this
study was 0-18 in the SSR and 0-36 in the RAPD analysis.
According to previous studies, the genotypic diversity
(PD) of clonal species varies from 0-02 to 1-0 (Ellstrand
and Roose, 1987). Based on an extensive literature survey,

TaBLE 2. Clonal diversity within the analysed plot of alpine S. herbacea measured as the number of detected genotypes,
proportion of distinguishable genotypes, the number of detected single genotypes and number of detected clones, composed of
either >2 or >5 samples

Analysed Detected Percentage of distinguishable Detected single Detected clones Detected clones
samples genotypes genotypes genotypes >2 >5
132 24 0-18 7 17 6
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TaBLE 3. Size of the analysed clones of alpine S. herbacea
consisting of at least five samples

Clone No. of colonized sub-plots Covered area (m?)
A 33 2-06
B 6 0-37
C 22 137
D 20 125
E 7 0-43
F 5 0-31
Mean 15-5 0-96

a mean PD of 0-27 was found in clonal plants (Widén
et al., 1994). In previous SSR studies, PD values were
reported of, for example, 0-43 for Salix reinii (Lian et al.,
2003) or 0-60 in Quercus geminata (Ainsworth et al.,
2003). In previous RAPD studies, clonal diversity at the
local scale was, for example, 0-12 in Saxifraga cernua
(Gabrielsen and Brochmann, 1998) or 0-23 in Vaccinium
idis-idea (Persson and Gustavsson, 2001). The clonal
diversity of S. herbacea was in the range observed for
predominantly clonally reproducing plant species,
although comparisons of clonal diversity are biased by
different sampling scales and methods (Gabrielsen and
Brochmann, 1998; Persson and Gustavsson, 2001; Reisch
and Poschlod, 2004). However, as compared with the
clonal diversity reported for the co-existing species Carex
curvula (PD = 0-13) in the same habitat (Steinger et al.,
1996) using RAPDs, S. herbacea exhibited a rather high
level of clonal diversity.

The spatial genetic analysis revealed a strong genetic
similarity of samples up to 130 cm for both methods,
which is obviously due to the proximity of samples with
the same genotype. Similar results were also obtained
in other small-scale studies of clonal species (Luijten
et al., 1996; Reusch et al., 1999; Garnier et al., 2002;
Ziegenhagen et al., 2003). Ramets of the same clone
formed close patches, which built large mats. However, at
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the edge of the patches there was clonal intermingling.
The species therefore does not seem to be a strict phalanx
species, which is typical for alpine species (Korner, 2003).
In previous studies, comparable patterns were observed
for alpine C. curvula (Steinger et al, 1996) and
Rhododendron ferrugineum (Escaravage et al., 1998;
Pornon et al., 2000).

In this study, the mean size of clones was 0-70 m” using
RAPDs and 0-96 m* using SSRs. Clonal individuals are
known to reach large sizes, as reported for Pteridium aqui-
linium (Oinonen, 1967). Since alpine species are generally
small, the observed size of the S. herbacea clones is
considerable. Nevertheless, some clones most probably
extended farther outside of the studied plot. The different
sizes of S. herbacea clones could also result from repeated
seedling recruitment, which is suggested by the occurrence
of numerous single genotypes within the study plot.
Seedling recruitment of S. herbacea therefore does not
seem to be a rare event in alpine meadows.

Comparing the results of both methods, clonal diversity
was higher and clone size smaller with RAPDs than with
SSRs. This is mainly due to the higher number of single
genotypes detected with RAPDs. The number of larger
clones and the spatial genetic structure within the study
plot were, however, similar for both methods. The general
spatial pattern of clonal structure in the present study was
thus solid.

In conclusion, the species exhibits a mixed reproduction
system (Korner, 2003), which allows it to benefit from
different strategies: clonality enhances individual longevity
and maintains well adapted genotypes, while sexual repro-
duction allows evolution and adaptation to changing
environmental conditions as well as the colonization of
new habitat patches.
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