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General Introduction

General introduction

Human activities caused massive changes in lands¢apluding land
transformation, habitat deterioration and fragmeoa(Saunders et al., 1991;
Vitousek et al., 1997). In the process of habitedgmentation, plant
populations become smaller and more isolated frach @ther. For a number
of reasons small populations are expected to fdugharisk of extinction.

Small populations are more prone to demographicjir@mmental,
catastrophic and genetic stochasticity than lamgeulations (Ouborg et al.,
2006). Demographic stochasticity is a random flastn in demographic
parameters among individuals within a populationnviEbnmental
stochasticity is a random variation in environméptrameters over time and
space. Demographic stochasticity is only a threatety small populations (<
50 individuals), whereas environmental stochastieiill have significant
impact on the population growth rate even in aversige populations (Lande,
1993). Unpredictable catastrophes, such as hugssafiooding and forest
fires, are more likely to lead to the extinction small than of large
populations (Lande, 1993; Ouborg et al., 2006).aHerstochasticity (genetic
drift) is the random change in allele frequencyt thecurs because gametes
transmitted from one generation to the next camy a sample of the alleles
present in the parental generation. In small pdjmuda (< 100 individuals),
allele frequencies may undergo large and unprdaetductuation (Ellstrand
and Elam, 1993). The genetic stochasticity hasa@td the most attention
over recent decades (Ouborg et al., 2006).

Moreover, mating of related individuals (inbreedimgcreases in small

populations (Ellstrand and Elam, 1993). In plambreeding occurs through
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selfing and biparental inbreeding when the poporetiare small or when they
exhibit spatial genetic structure (Ellstrand andril 1993). The consequence
of inbreeding is reduced individual fithness andafied inbreeding depression
(Charlesworth and Charlesworth, 1987; Keller andi®a2002). The genetic
basis of inbreeding depression has been explaiyetivb hypotheses: (i)
overdominance, when both types of homozygotes hawer fithess than
heterozygotes and (ii) partial dominance, whenaetdmg depression is the
result of expression of deleterious recessive edleit homozygous loci
(Charlesworth and Charlesworth, 1987).

In many species, individuals in small populatiorpezience diminished
viability and reproduction for nongenetic reasokispwn as an Allee effect
(Stephens and Sutherland, 1999; Stephens et &09).1R is named after an
American zoologist and ecologist, W. C. Allee (188955). Allee effect can
be caused by the organisms physically or chemicallgdyfiing their
environment, by the social interaction or by degndipendent mating success
(Lande, 1988). For plants, Allee effects mainlyalwe the difficulty of the
ovules being fertilised when populations becomellsam density decreases
(Oostermeijer et al., 2003). Small populations mfraal pollinated species are
less likely to be attractive to pollinators thargkapopulations (Sih and Baltus,
1987). As a consequence, pollinator visitations t@yower, and the degree
to which seed production is limited by pollinatiomsay be higher in small
than in large populations (Jennersten, 1988; Adieae6).

Many empirical studies have found that plants inalsnpopulations
exhibit reduced genetic variation and reduced $s$nde.g. Fischer and
Matthies, 1998; Fischer et al., 2003; Oostermadfeal., 1998; Vergeer et al.,
2003). Recent meta-analyses have shown that tha&ivposelationships
between population size, genetic variation andtdiamess are general (Reed
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and Frankham, 2003; Leimu et al.,, 2006). This girpositive relationship

suggests that the small population size negatigéfigcted genetic variation
and plant fitness, rather than that habitat qualiéeriorates plant fitness,
which subsequently reduces population size andtigenariation (Leimu et

al., 2006). However, although plant fitness is mfteduced due to genetic
reasons (e.g. Spielman et al., 2004), the ecolbgiaracteristics should also
been taken into account in species conservatiatead of viewing ecology
and genetics as opposite concepts (Oostermeijal.,e1998; Ouborg et al.,
2006).

It has been assumed that only a very small amotirgene flow is
required to reduce the genetic problems of small @olated populations
(Young et al.,, 1996). Therefore, translocation ofdividuals between
populations has been proposed as a managemeribteohance gene flow
between populations (van Groenendael et al., 1888fer, 1999; Tallmon et
al., 2004). However, the translocation of organistuang the restoration of
native ecosystem provoked new questions concertliagconsequences of
intraspecific hybridization between locally adapgeul transplanted genotypes
(Hufford and Mazer, 2003).

Local adaptation

Population isolation together with different sebeet forces in each
population may lead to adaptation to local condgig¢Slatkin, 1985). Because
plants are sessile and typically have limited géow through seeds and

pollen, they experience generations of selectionldal environmental
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conditions (Galloway and Fenster, 2000). This s&leanay result in adaptive
genetic differentiation.

Adaptive evolutionary changes to a wide range ofddmns have been
reported in plants, including those to soil comlii (Hangelbroek et al.,
2003), water stress (Knight and Miller, 2004), flowg (Lenssen et al., 2004),
herbivores (Sork et al., 1993), pathogenes (Tletadll., 2002). Although there
Is abundant evidence of local adaptation in plants,important to remember
that not all phenotypic differences between pojparigt growing in different
environments are adaptive, and that not all adetitferences reflect genetic
differences (Silvertown and Charlesworth, 2001). éitfler population
divergence represents an adaptive response toahasefection can be
determine with reciprocal transplant technique. #de differences between
populations are detected as a home-site advamdwgreby each genotype
(ecotype) performs best at its native site (Huffardl Mazer, 2003; Kawecki
and Ebert, 2004).

The degree of local adaptation depends on a balaetgeen local
selective forces and regional dispersal procesSese flow can constrain
local adaptation to a spatially heterogeneous enment by preventing local
differentiation (Slatkin, 1987). As the distanceévieen populations increases,
on average both the degree of environmental andeoktic isolation are
expected to increase. Therefore, populations kedylto be less well adapted
to sites increasingly distant from their home (Gathy and Fenster, 2000;
Montalvo and Ellstrand, 2000). Further, it can lssumed that the degree of
local adaptation may vary tremendously between edifit organisms.
Selective forces might result in more persistenapagle divergence in
perennial organisms with lower population turnotheam in annual or biennial

species (Fenster and Galloway, 2000).
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An important mechanism contributing to adaptation genome
multiplication. Differences in ploidy level are camnly observed among
closely related plant species and among populatigtisn species (Ramsey
and Schemske, 2002). Polyploidy contributes to t&dimm by making
populations adaptable to a wider range of envirartaleconditions. Further,
polyploidy may induce immediate phenotypic chandkat incidentally
preadapt plants to a new ecological niche (Ramsely Schemske, 2002).
Thus, polyploidy is widely believed to be a meclsamiof local adaptation
(Levin, 1983).

Outbreeding depression

Gene flow is usually considered beneficial in comagon biology,
because immigrants can infuse new genetic variatah increases fitness
(Tallmon et al.,, 2004). The increase in fitnessdige to heterosis in the
offspring that result from mating between immigsaand local individuals.
Heterosis occurs through two mechanisms. First,igrant alleles can mask
deleterious recessive alleles. Second, mating lestvilamigrants and local
individuals produce highly heterozygous offsprimdhich are often favoured
by natural selection. The recent literature suggstt masking of deleterious
alleles is the more prevalent mechanism of hetei@slimon et al., 2004).

On the other hand, gene flow can also be detrimefmta small
populations because, under certain conditions,strgsbetween genetically
distinct populations results in reduced offsprimmess due to outbreeding
depression (e.g. Waser and Price, 1994; Hufford Mader, 2003; Edmans,

2007). Outbreeding depression can occur alreadylimeneration, where it
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can be attributed to disruption of local adaptatiomderdominance or epistatic
interaction (Edmands, 2002). Frequently, howevéne$s decline do not
occur until the F2 generation, where the originalgptal gene combinations
are broken up by recombination (Edmands, 2002).

While some studies have found outbreeding depnessitber long
distance crosses of several hundred kilometres {@f\amand Elistrand, 2001;
Galloway and Etterson, 2005), other studies defectegbreeding depression
between subsets of individuals within a single pafon (Waser and Price,
1994; Quilichini et al., 2001). Therefore, outbriegddepression over short
distances is not unexpected because it can be @oolct of high local
adaptation (Waser and Price, 1989). Evidence dfreatling depression is a
matter of controversy (Frankham et al., 2002). Hmvesome studies suggest
that the effects of outbreeding can be as sevetbeagffects of inbreeding
(Edmands, 2007).

11



General Introduction

This thesis

Local adaptation has become an important issueatar@ conservation
because mixing of genetic material from populatiofiem different
environments may generate genotypes that do nfarpewell under some or
all conditions. The extent of local adaptation ianp populations has been
subject of several studies. However, whether adagtifferentiation between
populations may arise at a small scale among e&bla@bitats with little
ecological differentiation has rarely been studibthny threatened species
occur in such isolated habitats and the assessmhéotal adaptation in these
situations is important for appropriate conservastrategies of the species.

Many species of dry calcareous grasslands occsmiall and isolated
populations and are threatened with extinction. eGeffow between
populations of these species is restricted andetbex plants in individual
populations might be adapted to local conditionshbose one of theses
species,Aster amellus as an object of my study. This spec@sscurs in
populations of different sizes and is easy to catdé. Because the species
occurs in two ploidy levels in the Czech Republistudied the effects of
polyploidization on habitat requirements of the gee (Chapter 1). | used
allozyme markers to quantify gene flow among popaohe (Chapter 2). |
conducted reciprocal transplant experiments toystlifferentiation between
diploid and hexaploid plants (Chapter 1) and talgtiocal adaptation at two
spatial scales in diploid populations (Chapter R)arried out between-
population crosses to assess the extent of outibgedepression (Chapter 3).
| combined field and common garden experimentslinadlon experiments

with the use of genetic markers in this thesis.
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Study species Aster amellus L. (Asteraceae)

Aster amellusis a subcontinental species distributed from wadkirope
to western Siberia (Meusel and Jager, 1992). lwiitsle distribution range it
occurs in three ploidy levels (2x, 4x and 6x; x){Mlerxmdller et al., 1976).
Only diploid and hexaploid plants are known frone tiEzech Republic
(Kovanda 2002; Mandakova and Minzbergova 2006). akda (2002)
suggested separation of the two cytotypes intodperies and used the name
A. scepusiensis for the hexaploid cytotype. However, the biosystemnstudy
of Mandakova and Minzbergova (unpublished manudalipes not support
this separation. Because taxonomic status of theiep is not clarified, | use
the same namdéster amellus, for both cytotypes in this study. Both cytotypes
posses many of the same alleles and are morphalgganilar, suggesting
autopolyploid origin  of the hexaploid cytotype (MEkova and
Minzbergova, unpublished manuscript). However, naata are needed to
confirm this.

Aster amdllus is a self-incompatible perennial herb, up to 40 lugh
(Kovanda, 2005). Its flowering period lasts fromdriuly to mid-October
(Kovanda, 2005). Plants reproduce vegetatively sexdially and are mainly
pollinated by bees and hoverflies (Raabova, petsobaervation). The
average number of seeds produced per plant is B&@bpva, unpublished
data). The seeds are usually dispersed over skgigndes (Munzbergova,
unpublished data) and germinate in the spring. IBesdusually stay at the
small rosette stage in the field for several ygM#inzbergova 2007a). Its

typical habitats, dry calcareous grasslands, haselintd over the last
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decades, and. amellus became endangered in many parts of Central Europe
(e.g. Schonfelder, 1987; Buttler et al., 1997; Wadund Prochazka, 2000).

| studied 12 populations dk. amellus in two different regions of two
ploidy levels. The population names, ploidy levelsd coordinates are

provided in Table 1.

Table 1. Populations dfster amellus studied in this thesis. SGeské stedohdi Mts., K =
Czech Karst.

Pop. Population Ploidy Region Longitude E Latitude N Altitude
level (m)

1 Malic 2 S 14° 05'16" 50° 32' 24" 310
2 Holy vrch 2 S 14° 13'49" 50° 31'41" 260
3 Encovany 2 S 14°15'33" 50° 31' 46" 250
4 MaleSov 6 S 14°18' 58" 50° 30' 03" 200
5 Ho%ka 6 S 14°18'41" 50° 29' 36" 200
6 Sovice 6 S 14°18' 23" 50° 27' 56" 190
7 Vrutice sad 6 S 14°17' 51" 50° 30' 15" 190
8 Vrutice moto 6 S 14°17' 57" 50° 30' 15" 190
9 Svdenice 6 S 14°18'10" 50° 29' 46" 190
10 Koda 2 K 14° 07' 29" 49° 56' 01" 350
11 Karlik 2 K 14° 15' 02" 49° 56' 52" 320
12 Lochkov 2 K 14° 20' 16" 49° 59' 56" 300

Contents of the thesis

Chapter 1 reports on the study of niche differentiation betw diploid
and hexaploidA. amellus. Diploid and hexaploidA. amellus show a strong
spatial segregation and no population consistinpath cytotypes has been
found in the Czech Republic. | tested the hypothésat this pattern can be
explained by differences in ecological requiremenftshe two cytotypes. |

14
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analysed habitat characteristics of sites occupiedlifferent ploidy levels.
Moreover, | carried out reciprocal transplant expents with nine
populations belonging to two habitat types in tledf using both seeds and
adult plants.

Chapter 2 deals with the relationship between populatiofieddntiation
and local adaptation of diploid. amellus on two spatial scales. | present
results of three years reciprocal transplant expant among six populations
from two regions. | analysed allozyme variationwss#n populations and
characterized the habitat conditions at each siteguwegetation composition,
soil properties and potential direct solar irraidiat Then, | tested the effects
of geographic, genetic and environmental distarfet®/een populations on
plant performance in the reciprocal transplant erpents.

Chapter 3 explores the consequences of between-populatmsses at
two spatial scales iA. amellus. | conducted three types of crosses: within
populations, between populations within regions detween populations
from different regions. | assessed seed set, gatimam percentage, and
offspring performance both in the field and in agden. | asked whether the
effect of between-population crosses within regidiffer from the one of
between-region crosses.

Appendix contain list of the species and their abundancerded in
vegetation surveys in the 12 sitesfofimellus.
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CHAPTER 1

Niche differentiation between diploid and hexaploid

Aster amellus

“Things are similar - this makes science possible,
things are different - this makes science necessary

(Lewontin & Levins)

17



Chapter 1

Niche differentiation between diploid and hexaploidAster

amellus

(with Zuzana Minzbergova)

Abstract

Polyploid and diploid populations of a single sgscare often spatially
segregated but the mechanisms contributing tosigegation are not well
understood. In several polyploid complexes, spasegregation has been
related to different ecological requirements of tygotypes. Although only
reciprocal transplant experiments provide direcst tef differences in
fundamental niche, they have surprisingly rarelgrbelone for diploid and
polyploid species pairs. We investigated the rdleniohe differentiation in
spatial segregation of diploid and hexaplddter amellus. We analysed
habitat characteristics of sites occupied by eagotype and carried out
reciprocal transplant experiments with nine popaorlet belonging to two
habitat types in the field using both seeds andtauants. We tested the
effects of habitat type, ploidy level and populati@ef origin on plant
performance. Sites of diploid and hexaploid popaoite differ significantly in
vegetation and soil properties but much overlaptexn habitat characteristics
of the two cytotypes. Seedling survival was higéed transplanted plants had
longer leaves at sites of the home ploidy levedgssting niche differentiation
between the two cytotypes. Nevertheless, both saadsadult plants were
able to grow at sites of the foreign cytotype. Rertmore, seedling survival,

survival of adult plants and flowering percentagerevhigher at habitats of
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home population than at foreign ones, indicatirgal@adaptation. Subsequent
adaptive evolution with the environment could tlere contribute to habitat
differentiation of the two cytotypes. We concludmatt niche differentiation

alone cannot explain spatial segregation of thedytotypes ofA. amellus.

Introduction

Genome multiplication is common in flowering plamisd is considered
as an important mechanism in the origin of evohdry novelty and the
maintenance of diversity in plant populations (Tlpsion and Lumaret 1992).
Polyploid plants often possess new characterigieling them to occupy
broader range of habitats than their diploid amses{Levin 1983). In many
cases, polyploid plants are spatially segregateah heir diploid progenitors
(e.g. Thompson and Lumaret 1992; Burton and Husha88).

Spatial segregation of two cytotypes may be exphirby three
nonexclusive hypotheses. First, spatial segregatigit be a consequence of
different habitat requirements of the cytotypexddel, production of infertile
hybrids and frequency-dependent minority cytotypeliesion may lead to
spatial segregation of cytotypes (Levin 1975, vajk Bnd Bakx-Schotman
1997; Baack 2005). Third, segregation of cytotypes/ be due to historical
factors related to their migration and be maintdity dispersal limitation
(Thompson and Lumaret 1992; Baack 2004).

In several polyploid complexes, spatial segregatias been related to
different habitat requirements of the cytotypesbiktd differentiation has
been inferred from comparison of habitatDiactylis glomerata (Lumaret et

al. 1987) andCardamine pratensis (Arvanitis et al. 2007), from comparison of
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associated vegetation nthoxanthum alpinum (Felber-Girard et al. 1996)
and Galax urceolata (Johnson et al. 2003) or from different performan€e
two cytotypes in common gardenln glomerata (Bretagnolle and Thompson
2001). It has been argued that studies based opaiwuon of habitats may
confound competitive displacement with niche défgration and that only
reciprocal transplant experiments provide direcst tef differences in
fundamental niche (Baack and Stanton 2005).

However, habitat differentiation between two cypmyg may result not
necessarily from the polyploidization itself bus@lfrom subsequent adaptive
evolution with environment (Felber-Girard et al989 Ramsey and Schemske
2002). To distinguish between these two alternativie is necessary to
compare larger number of populations of each cpimtyovering a range of
environments occupied by each of these. To our letye, however, only
two studies used a larger number of populationgeiiprocal transplant
experiments with diploid and polyploid pairs: teopplations ofRanunculus
adoneus (Baack and Stanton 2005) and 12 populationsl@fcurialis annua
(Buggs and Pannell 2007).

The purpose of this study was to investigate th& rof niche
differentiation in spatial segregation of diploiddahexaploidA. amellus. The
two cytotypes occur in close proximity in the Czé&dpublic with the nearest
distance of 500 m but they are still strongly sbtisegregated and do not
occur in mixed populations (Mandakova and Minzbeag®006). The
distribution pattern, absence of intermediate pitid cytotype and clear
Isozyme differentiations suggest secondary corfttie two cytotypes in the
Czech Republic (Manddkovd and Muinzbergova 2006; ddlkova and
Minzbergova, unpublished manuscript). Actually, adghe existing contact
zones involving diploids and autopolyploids in Eagcand North America are
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of secondary origin (Hewitt 1988). Various isolgtirmechanisms have
evolved to avoid hybridization between differenttatypes in the contact
zones, such as habitat differentiation and shiftawering phenology (Petit et
al. 1999). The flowering phenology of the two cyjms of A. amellus
overlaps by more than 50% (Raabova and Minzbergoyayblished data),
enabling hybridization between them. Thereforehaidifferentiation might
have evolved as an alternative isolation mechabistine two cytotypes.
Diploid populations ofA. amellus are confined to habitats with low
productivity whereas hexaploids occur in habitaithviboth low and high
productivity. Therefore, we chose three diploid plagions and six hexaploid
populations in two different habitats. We analy$e&ditat characteristics of
each site. Moreover, we carried out reciprocal gpéamt experiments in the
field using both seeds and adult plants. We askeddllowing questions: 1.
Are the two cytotypes ecologically differentiate?ls there any evidence of
niche differentiation due to polyploidization? 3arC niche differentiation

between the two cytotypes lead to their spatiategggion?

Methods

Study species

Aster amellus L. (Asteraceae) is a subcontinental species diged from
western Europe to western Siberia (Meusel and J&§8P). In its whole

distribution range it occurs in three ploidy levéx, 4x and 6x; x = 9)
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(Merxmiller et al. 1976). Only diploid and hexaplg@lants are known from
the Czech Republic (Kovanda 2002; Mandéakova and Zdérgova 2006).
Kovanda (2002) suggested separation of the twotyg#s into two species
and used the nam& scepusiensis for the hexaploid cytotype. However, the
biosystematic study of Mandakova and Minzbergovépiblished
manuscript) does not support this separation. Bacgaxonomic status of the
species is not clarified, we use the same nafster amellus, for both
cytotypes in this study. Both cytotypes posses nanghe same alleles and
are morphologicaly similar, suggesting autopolyglorigin of the hexaploid
cytotype (Mandakova and Minzbergova, unpublisheduseript). However,
more data are needed to confirm this.

Aster amellus is a perennial, up to 40 cm high herb of dry aaoas
grasslands with one or few erect stems (Kovand®)2@ne stem produces
100-700 seeds (Raabova, unpublished data). Itsefiogy period lasts from
mid-July to mid-October (Kovanda 2005). It is afsetompatible insect-
pollinated outcrossing plant. Plants Afamellus reproduce vegetatively and
sexually and are mainly pollinated by bees and tiliwe (Raabova, personal
observation). The seeds are usually dispersed @lert distances
(Minzbergovd, unpublished data) and germinate & gpring. Seedlings
usually stay at the small rosette stage in thedfildr several years
(Minzbergovéa 2007a).

Study sites

We carried out the study in northern Bohemia, CZRepublic (Fig. 1),
in the area delimited by the towns of &Kt Roudnice nad Labem and
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Litomérice. A measure of total aboveground biomass o$itds in the study
area showed that hexaploid populations occur intdétsbwith both low and
high productivity whereas diploid populations aomftned only to the habitats
with low productivity (Munzbergova 2007b). Thus, wselected three
populations belonging two each of the following wps: (1) diploid

populations in habitats with low productivity, (Bexaploid populations in
habitats with low productivity and (3) hexaploidpubations in habitats with
high productivity. Population sizes ranged from 300 000 flowering stems
in 2005.

SIN|

Poland
Elbe river Ustek
[

SON}

O1

Litomerice O3

49N |

10 km

14E

Fig. 1. Distribution of the nine studied populasoof Aster amellus in the Czech Republic,
in the study area delimited by the towns of dd3tRoudnice nad Labem and Litétice.
Circles denote diploid populations (1-3), diamoddsaote hexaploid populations in habitats
with low productivity (4-6), and triangles denotexaploid populations in habitats with
high productivity (7-9).
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Differences in soil properties and vegetation comsation

To characterise the habitats in more detail, wel @l properties and
vegetation composition. We collected five to seseil samples at each site.
After transferring samples to the laboratory, thegre air-dried, sieved
through 2 mm mesh and homogenized. We analyseddheentrations of
cd’, Mg*, K* following Moore and Chapman (1986), content o&tdd and
total C following Ehrenberger and Gorbach (1973arbonate content
according to 1SO-Standard (10693) and actuaDjHand exchangeable (KCI)
pH in the laboratory. To assess physical soil priig®e we measured maximal
water holding capacity of ten samples of 100’ per site as an amount of
water bound in the soil monolith after 24 hourscading to Novak (1954).
We analysed soil properties with hierarchical asialpf variance (site nested
within groups) with S-plus 6.2 (Insightful Corpgd&tle, Washington).

We recorded three vegetation relevés ok 2 m at each site. We
estimated cover of each plant species using thegéee Braun-Blanquet scale
(1964) and transformed the values according to demMaarel (1979). We
tested the differences in vegetation compositionsingy canonical
correspondence analysis (CCA) with Canoco (ter IBarad Smilauer 2002).
We excluded plant species, which occurred only me sample, from the
analyses. To test for differences among the threaps of sites, we used a
split-plot design and permuted whole plots (3 sa®ilom each site together)
only. To test for differences among populationshwiteach group, we

permuted only relevés within the groups.
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Reciprocal transplant of seeds

We sowed seeds from each of the nine populatiolms @ach site. We
repeated the sowing experiments in 2002 and 2008tudy between-year
variation in seedling germination (called experim@002 and 2003). We
collected ripe seeds from 50 randomly selectedviddals from each
population in September 2002 and 2003. We soweddléds into five X
1.33 m plots divided into 12 grid cells of 3333 cm at each site in October
just after natural seed dispersal. In each plotplaeed a bulk sample of 100
seeds from each population on the ground in thedmidf nine randomly
selected grid cells (9 sites 9 populationsx 5 replicationsx 100 seeds =
40 500 seeds). The three remaining grid cells chgdot served as controls
for natural seed rain. We recorded the percentédmmme soil cover per grid
cell in 2005. We counted germinated juveniles ia fummer of 2004 and
2005. We did not record germination in experimed@22in 2003.

Reciprocal transplant of adult plants

In February 2004, we sowed a bulk sample of c. 88€ds from each
population into plastic trays with garden substgateed in the greenhouse at
10°C with natural light conditions. In April, weatnsplanted the seedlings into
multipot trays with pots of & 3 cm. We kept the plants in a common garden
from June 2004 to April 2005, when we transplaritezin into the field. We
planted 25 plants from each population into fived@mly placed rows at each
site (9x 9 x 5 x 5 = 2025 plants). We planted the plants 10 cnrtapaa

random order in a row. We watered them immediatdter planting and
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measured the length of its longest leaf, becauseptirameter was found as
the best predictor of plant biomass #r0.54; Placha et al., unpublished
manuscript). The mean number of leaves of the ptanted plants was 6.22
(SE = 0.10) with the mean length of the longest &¢d.3.51 mm (SE = 0.21).
Nine percent of plants died in the experimentaldgarbefore transplanting
(however with no significant differences among papans). Therefore, we
excluded these plants from analyses. We recordedval and flowering
percentages and the length of the longest leafeptegnber 2005 and 2006.
Percentage of flowering plants in 2006 was onh?d &nd most of the plants
flowered only in one site. Therefore, we used didyvering percentage in

2005 for the analyses.

Data analysis

To analyse differences in plant performance indpémt experiments,
we used analyses of covariance for normally disted variables (longest
leaf) and analyses of deviance for binomial vagablgermination, survival
and flowering percentages). We tested the effectarget site (block nested
within site nested within ploidy level and habitgpe), population of origin
(population nested within ploidy level and habitgpe) and population of
origin x target site interaction against residuals. Westk#te effects of home
habitat type, home ploidy level and home populatgainst the population of
origin x target site interaction. We also tested #ffect of habitat type in
hexaploid populations and the effect of ploidy leue habitats with low
productivity separately. Because the results ofeheests were similar, we

show only the results of the tests with the eff@ftploidy level, habitat type
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and population combined. For significance testanalysis of deviance we
used ratios of mean deviance changes, quasi-F diBrat al. 1993). To
compare the relative importance of the factors,cadeulated the percentage
variance explained by each factorf factor as sum of square (deviance) of
factor /total sum of square (deviance) x 100. Weduke proportion of bare
soil cover as a covariate to adjust for differeffeds of microhabitats on
seedling germination. Similarly, we used the ihitlength of the longest leaf
as a covariate to adjust for maternal effects. \@fopmed all analyses with S-
plus 6.2 (Insightful Corp., Seattle, Washington).

Results

Differences in soil properties and vegetation comation

The three groups of sites differed significantlytwo out of 12 measured
soil properties (Table 1). Sites of diploid popidas had 68% higher total
carbon content than both habitat types of hexaptmdulations (Table 1).
Carbonate content decreased from sites of diplogljations to habitats of
hexaploid populations with high productivity (Tablg). However, all
measured soil properties varied largely among suidsn the groups (Table
1).

The three groups of sites differed significantlyaygetation composition
(15.2% of total variation, F = 2.15, p = 0.002).t@f@ 79 recorded vascular
plant species, 10 plant species were confinedtés sif diploid populations

only. Four plant species occurred in sites of hexaplojupations only. Two
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species occurred in habitats with high productiafyhexaploid populations
only. However, vegetation composition varied alsooag sites within the
groups (27.3% of total variation, F = 1.65, p =02 A large number of plant
species occurred in all three groups of sites. &lepur results show
significant differences between habitats of diplarti both types of hexaploid
populations but also large overlap in habitat cttarestics of the two
cytotypes.

Reciprocal transplant of seeds

Seedling survival percentages were very low in lsailving experiments
(0.2% - 1.3%). Seedling survival varied largely agaarget sites, blocks
within a site and populations of origin (Table 21)SIn both sowing
experiments, seedling survival was higher at sifdsome than foreign ploidy
levels (Table 2; Fig. 2a, b). In experiment 2003eding survival was also
higher at home than foreign habitat types (Tablei@; 3a, b). However, home
ploidy level explained more variability than homabitat type in these cases
(Table 2). In experiment 2002, seedling survivakwagher at sites with low
than high productivity and at sites of home thamifgn populations (Table 2;
Fig. 4a). Significant positive effects of home habitype, ploidy level and

population provided evidence of local adaptation.
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Table 1. Differences in soil properties betweelfedént groups of sites and populationgi\ster amellus.

Source of variation Groups Populations 2x low productivity 6x low productivity 6x high productivity

(d.f.=2,6) (d.f. =6, 48)

F p F p Mean SE Mean SE Mean SE
pH (H.0) 4.07 0.076 97.25 <0.001 7.92+ 0.07 7.7 0.09 7.6% 0.04
pH (KCI) 0.02 0.976 91.46 <0.001 7.34+ 0.06 7.32 0.05 7.34 0.09
Ce* (mglg) 2.31 0.181 14.91 <0.001 9104.55+ 438.75 8448.#01242.10 6529.4b 641.43
Mg** (mg/g) 4.70 0.059 29.72 <0.001 64.04+ 13.45 68.68 4.33 96.26& 5.52
K* (mg/g) 3.60 0.094  198.62 <0.001 143.66+ 30.61 153.26 32.07 234.8¢% 15.65
Total N (%) 3.01 0.124 101.44<0.001 0.20+ 0.04 0.26 0.03 0.3&@ 0.03
Total C (%) 26.70 0.001  344.45<0.001 8.44+ 0.22 4,58 0.33 4,96 0.57°
Carbonates (%) 19.780.002 51.15 <0.001 5.90+ 0.38 2.23t 0.50 1.5+ 0.57
Organic C (%) 1.53 0.290 51.11 <0.001 2.53+ 0.59 2.35 0.53 3.4& 0.39
C/N ratio 0.51 0.623 6.84 <0.001 13.22+ 1.73 11.58 1.19 11.7& 0.40
Water capacity (%) 3.270.110 5.59 <0.001 46.26+ 3.14 39.08 1.60 41.06 1.29

Different superscript letters indicate significaifferences according to Tukey's HSD test amongs®f sites when applicable.
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Table 2. Summary of the analyses of deviance aflsegesurvival in the reciprocal sowing
experiments.

Source of variation Experiment 2002 Experiment 2003

2004 2005 2004 2005

df Quasi-F R Quasi-F R Quasi-F R Quasi-F R

Bare soil 1 132 4.24* | 0.49* | 26.94** |
Target habitat 1 6.48* 20.6 1.95 1.83 1.84
Target ploidy 1 1.97 1.24 0.58 0.38
Target site 6 12.19***19.0 30.45** 36.5 8.11** 252 13.05** 25.3
Target block 36 2.86*** 94 289 72 495 18.6 3.27** 11.6
Original habitat 1 4.70 3.80 0.49 0.07
Original ploidy 1 <0.01 0.01 0.13 0.18
Original population 6 9.05*** 49 562 23 2.06 1.3 7.01x* 4.2
Home habitat 1 0.01 0.63 9.48*1 1.6 10.02=*1 1.9
Home ploidy 1 4.09f 0.6 5261 56 12.62**1 2.1 26.71***1 4.9
Home population 1 255 6.98*1 0.7 0.64 1.39

Tar. site. x orig. pop.61 1.57** 8.7 1.54* 6.5 157 10.0 1.88* 11.3
Residuals 287
*** p < 0.001, * p < 0.01,* p < 0.05. Arrows demmtthe direction of the effects when

applicable ( negative effects], positive effects).

Reciprocal transplant of adult plants

Target site, block within a site and population ofigin had a
considerable effect on performance of transplamkhts (Table 3; S1).
Survival percentage of transplanted adult plants vedatively high (86% in
2005 and 75% in 2006). More adult plants surviveditas of hexaploid than
diploid populations (Table 3). Survival percentagges higher at sites of home
than foreign populations (Table 3, Fig. 4b). Plamsl larger leaves at sites
with high than low productivity, at sites of hexaiol than diploid populations
and at sites of home than foreign ploidy level (€& Fig. 2c, d). Flowering
percentage was quite low (4.8%). Diploid plants g@fahts from sites with
low productivity had higher flowering percentaganhhexaploid plants and
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plants from sites with high productivity (Table Flowering percentage was
higher at sites with high than low productivity aatl sites of home than
foreign populations (Table 3, Fig. 4c). OveralGipeocal transplant with adult
plants showed evidence of local adaptation onlgaweral traits and only at
the level of population and ploidy level, whereasal adaptation in seedling
survival was found at all three levels (ploidy Igvéabitat type and

population).
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Table 3. Summary of the analyses of variance (&&jth) and deviance (survival, flowering) of plgetrformance in the reciprocal transplant
experiments with adult plants.

Source of variation Survival Leaf length Flowering
2005 2006 2005 2006 2005
df Quasi-F R Quasi-F R F R® F R Quasi-F R

Leaf length 1 28.08* 1 85.77** 1 96.09** 1 58.38* 1 419.99** 1
Target habitat 1 3.49 0.17 6.67* 3.9 17.14* 19.6 8.55* 2.1
Target ploidy 11124 37 121 7.30* 43 6.61* 7.5 0.01

Target site 6 2.07 11.8** 99  6.57* 35 12.46** 6.8 1.02

Target block 36 35#* 57 334 50 182 3.2 220" 3.3 6.79** 8.7
Original habitat 1<0.01 0.10 2.11 0.87 6.22* 1.2
Original ploidy 1 0.80 1.49 5.80 1.88 15.79* 3.0
Original population 6 3.0 08 378 (09 535 16 9.85* 25 5.43%** 1.2
Home habitat 1 0.11 1.58 2.53 0.05 0.93

Home ploidy 1 0.03 0.01 1.51 6.36*1 0.4 0.21

Home population 1 588 0.7 1.33 1.07 0.20 4.96*1 1.1

Tar. site. x orig. pop. 61 2.6% 7.3 218 56 1.50* 45 1.59** 4.0 6.53* 14.1
Residuals 1258-1721

*** p <0.001, * p <0.01,* p < 0.05. Arrows demathe direction of the effects when applicaljipg@sitive effects).



~~
L

1.0

0.8

0.6

0.4

Seedling survival (%)

0.2

0.0

N
o

Leaf length (mm)
N w
o o

[
o

Niche differentiation between diploid and hexaploid Aster amellus

Al 6

2

2

2

Ploidy level

6 2

2

6

Ploidy level

6

—~
O
—~

Seedling survival (%)

(d)

607

Leaf length (mm)

IN
Q

N
=

=
o

0.8

0.6

0.4

0.2

Foreign Home
Ploidy level

Foreign Home
Ploidy level

Fig. 2. (a, ¢) The differences between diploid (opgmars) and hexaploid (solid bars)
populations at diploid and hexaploid sites anddflsthe effect home ploidy level in (a, b)
seedling survival in experiment 2003 in 2005 andd(cleaf length ofAster amellus in
2006. Error bars indicate standard error of thermea

33



Chapter 1

—~

)
—~
O
—

0.4 -I_
= ~ 0.3
g 03 g
> S
*a- ; 0.2
0.2
s g |1
ks 8 01
o 01 A
0.0 - - 0.0
" Low  High " Foreign Home
Habitat productivity Habitat type

Fig. 3. (a) The differences between plants fromsswith low productivity (open bars) and
high productivity (solid bars) at sites with lowdahigh productivity and (b) the effect of
home habitat type on seedling survivalAster amellus in experiment 2003 in 2005. Error
bars indicate standard error of the mean.

(@) (c)

~
O
~—

"' - =S 1.0 I
X
~ 15 S g
X %)
< 4% _ 0.8
2 S 60 S
2 1.0 = > 0.6
=] c
7 E £ T
o
g - 5 40 : 04
® 05 © o
0 s 20 0.2
>
n
0.0 0 0.0
Foreign Home Foreign Home Foreign Home
Population Population Population

Fig. 4. The effect of home population on (a) sewgbkurvival in experiment 2002 in 2005
(b) survival of adult plants in 2005, (c) flowering 2005 inAster amellus. Error bars
indicate standard error of the mean.

34



Niche differentiation between diploid and hexaploid Aster amellus

Discussion

Differentiation between sites of diploid and hexamlid populations

Our study shows significant differences among siésdiploid and
hexaploid populations of. amellus. Hexaploid populations occupy broader
range of habitats (with low and high productivitigat are more acid and host
a lower number of specific plant species than saesliploid populations.
Polyploids often possess novel physiological, egickl or phenological
characteristics that allow them to colonize a nesihe (reviewed in Ramsey
and Schemske 1998; Otto and Whitton 2000). Althoaggessment of habitat
productivity suggests larger differences betwedassof the two types of
hexaploid populations than between sites of dipawid hexaploid populations
in low productive habitats, more detailed analyskesegetation composition
and soil properties do not support this. Insteag faund differences between
all groups of sites and also among sites withimegoup. Overall, there are
some differences between sites of diploid and Hei@dgopulations ofA.

amellus but much overlap exists in their habitat charasties.

Performance of diploid and hexaploid plants

Target site and block within a site largely affecszedling survival and
performance of transplanted adult plants, indicatiifferences among sites
and also differences within each site. Target laalype had a considerable
effect on seedling survival, leaf length and flowgrand target ploidy level

on survival and leaf length. Hence, all groupsanfét sites affected only leaf
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length, with the strongest effect of the targetitadltype. The strong effects of
site characteristics on leaf length are reasonbbtause leaf length is more
likely to be shaped by environment than the otreetst (Nagy and Rice 1997).
Our results suggest that amellus is able of plastic response to heterogeneous
environment.

Original population also considerably affected $egdsurvival and
performance of adult plants. In contrast, originabitat type and ploidy level
affected only flowering percentage. Diploid plaatyd plants from sites with
low productivity had higher flowering percentaganhhexaploid plants and
plants from sites with high productivity. In sommidies, hexaploid plants
outperformed diploid plants as a result of theiwneharacteristics. For
example, tetraploids dD. glomerata were able to grow in soil of higher pH
range than diploids (Lumaret et al. 1987). In otkerdy with M. annua,
however, diploids were fitter than tetraploids (Bagand Pannell 2007).
Hexaploids ofA. amellus were found to have higher number of leaves in a
garden experiment (Miinzbergova 2007b) and highed peoduction in field
(Minzbergova 2006) than diploids. Neverthelessyviptes studies onA.
amellus have also shown that the species is highly variabld that similar
morphological differences can be found both betwtentwo cytotypes and
among populations within each cytotype (Mandakowdl &inzbergova,
unpublished manuscript). We conclude that perforeaasfA. amellus differs
more among individual populations than betweenecytotypes.

We found significant genotyp& environment interactions, indicating
local adaptation. Local adaptation was found attlake levels (i.e. ploidy
level, habitat type and population) in sowing expents and at the level of
ploidy level and population in experiment with a@dplants. Both home
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population and home ploidy level affected seedfngvival and performance
of adult plants. However, plant traits affectedimme ploidy level and home
population were different. Home habitat type akelconly seedling survival
in one experiment and its effect was weaker thanetiiect of home ploidy
level. Thus, the two cytotypes show evidence ohaidifferentiation but at
the same time, populations within each cytotypewslevidence of local
adaptation. Our findings of local adaptation to kopopulation agree with
results of our previous study with diploid popubais of A. amellus in the
study area (Raabova et al. 2007), suggesting thbsesuent adaptive
evolution with environment played an important rolethe system. Because
the two cytotypes oAA. amellus have a patchy distribution the divergence
between two cytotypes due to selection could evoBigsequent evolution
with the environment might therefore contributeht@bitat differentiation of

the two cytotypes.

Conclusions

Diploid and hexaploid populations & amellus are strongly spatially
segregated in the study area. Reciprocal transplteowed some evidence of
niche differentiation between the two cytotypes.wdger, much overlap
exists in habitat characteristics of the two cypety and both seeds and adult
plants are able to grow at sites of the foreigotyyte. Therefore, only niche
differentiation cannot explain segregation of th® ttytotypes. Our findings
of local adaptation indicate restricted gene flonoag diploid and hexaploid
populations but also among single populations witeach cytotype. It is,

therefore, likely that the two cytotypes hybridigery rarely in the field,
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suggesting that historical factors and dispersaltdtions might play an

important role in segregation of the two cytotypes.
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S 1. Performance of diploid (populations 1-3) amddaploid (populations 4-%ster amellus from nine populations at nine sites after
reciprocal sowing in 2002 and 2003 over 2 and 3syé&m b) and after reciprocal transplant of agldnts over two years (c-e). Means +
SE.

Habitat type Low productivity High productivity

Ploidy level Diploid populations Hexaploid populations

Site\Population 1 2 3 4 5 6 7 8 9 Mean

(a) Seedling survival in 2005 in experiment 2003 (%
112+ 0606+ 0402=z+0.2 0+ 002+£0202+02 12+1208+05 0+ 0 05z%02
202+0208+ 040202 0+ 0 0+ O O O 0+ 0 0 O 0O+ 0O 0101
316+0722+1312+07 02020402 0+ O 0+ 004040402 07z%02
408+0518+0920+£07 74+£2132+2512+ 1 68+ 2654+ 1856+ 24 38z 06
5 0+ 0 0+ 00202 0+ 002+£02 0+ O 04+0402+£02 0 0 0101
6 0+ 0 0+ O 0z O 0+ 0 0+ O 0%+ O 0+ 0 0+ O 0z O 0+ O
7 0+ 0 0%+ 00202 0+ 0 0O+ 002+02 0805 0+ 002+02 0201
8 0+ 0 0+ O 0z O 0+ 002+£02 0+ O 0+ 0 0+ O 0z O 0+ O
9 0+ 0 0x 0 0+ O 0202 0% 00202 0+ 00404 0 0 01zx01

Mean 04 + 0.1 06 + 0204+ 0.1 09+ 0405+0302+01 10+0408+0307+04 06+ 0.1

(b) Seedling survival in 2005 in experiment 2003 (%
130+1122+0706+04 08+0602+0212+06 12+0704+0204+02 11+0.2
2 0+ 0 0+ O 0z O 0+ 0 0+ O 0%+ O 0+ 0 0%+ 002z+02 0+ O
3 0 00202 0 O 0+ 0 0+ O 0O+ O 0202 0 O Oz O 0+ O
402+£0202+02 0+ 0 10+0604+0404=+04 0+ 006040402 04zx01
5 0+ 0 0 0 0+ O 04+0404+£0202+x02 0202 0+ 004%£04 02z%01
6 0+ 0 0 O O0zx O 0+ 0 0+ O O O 0+ 0 0 O O0zx O 0+ O
702+02 0+ 0 0+ O 02+0202+02 0O+ O 0402 0 O O£ O 01+ O
8 0+ 0 0+ O 0z O 0+ 0 0+ O 0O+ O 08x0602+0202+02 0101
9 0+ 0 0+ O 0+ O 0202 0O+ 0 0z O 0+ 0 0+ O 0z O 0+ O

Mean 04 + 0203+ 0101+ 0 03+0101+0102+01 03+0101+0102+01 02+ 0




Site\ Population 1 2 3 4 5 6 7 8 9 Mean
(c) Survival percentage of transplanted adult glam2006 (%)
1 64 + 10 54 + 10 36 = 10 65+ 10 92+ 6 96+ 4 80+ 862+ 1192+ 6 72+ 3
2 80 896 479+ 9 84+ 8 80+ 8 76 9 92+ 664+ 1171 +10 81+ 3
3 67+ 1077+ 948 + 11 63 + 10 45+ 11 83 + 8 68 + 10 56 + 10 72+ 9 65+ 3
4 83+ 975+ 11 82 + 10 100+ 0 91+ 6100+ O 88+ 783+ 896+ 4 90+ 2
5100+ 086+ 1085 + 8 %5+ 5 91+ 7 6713 100+ 082+ 891+ 6 892
6 83+ 971+ 1357 + 11 83+ 8 53+ 13 96+ 5 %+ 574+ 981+ 9 78+ 3
7 46 + 1022+ 9 14+ 8 48 + 10 29 £+ 10 39 + 10 36 + 1038+ 1028+ 9 34+ 3
8 96+ 492+ 683+ 8 82+ 8100+ 0 96 = 4 88+ 792+ 692+ 6 912
9 75+ 991+ 684+ 8 8l+ 9 9%+ 5 75+ 9 65+ 1074+ 975+ 9 79+ 3
Mean 76 + 3 74+ 363+ 3 77+ 3 76+ 3 82+ 3 79+ 369+ 377+ 3 751
(d) Length of the longest leaf of transplanted aglants in 2006 (mm)
1 32+ 427+ 324+ 5 32+ 4 30 2 29+ 3 24+ 234+ 529+ 3 291
2 41+ 439+ 328+ 3 52+ 6 43+ 4 41+ 3 44 + 4 48 £ 7 46 6 42 2
3 46+ 450+ 432+ 4 36+ 3 43+ 7 42+ 4 36+ 549+ 451+ 5 43+ 2
4 50+ 540+ 439+ 7 71+ 5 50+ 4 50+ 3 44 + 4 47+ 370 4 53+ 2
5 60+ 644+ 737+ 4 61+ 6 75+ 5 44+ 7 50+ 567+ 479+ 7 592
6 51+ 548+ 941+ 5 43+ 6 46+ 9 41+ 3 56 + 454+ 556+ 6 49+ 2
7 47 + 554 + 10 33 + 13 63+ 10 62+ 6 48+ 6 48+ 558+ 769+ 12 55+ 3
8 68+ 574 669+ 4 78+ 7 84+ 8 87 4 78+ 578+ 691+ 4 792
9 48+ 560+ 648+ 5 61+ 7 68+ 7 53+ 5 52+ 468+ 666+ 8 582
Mean 50 + 2 50+ 241+ 2 56 + 2 57+ 2 49+ 2 48+ 257+ 262+ 2 53z+1
(e) Flowering percentage of transplanted adulttplan2005 (%)
1 0+ 01510 0= O 6 6 4 4 0=z O 8+ 6 0+ 0 0 O 4 =1
2 5 524+ 9 0+ O 9+ 6 5 5 0=+ O 0+ 0 0 0 0% O 5+ 2
3 11+ 7 6 6 6=+ 6 0+ 0 11+ 11 16+ 9 6+ 614+10 0+ O 82
4 6 6 7 7 7= 7 17+ 8 0+ 0 4= 4 4+ 4 0 013 7 72
5 5+ 5 0+ 0 5+ 5 0+ 0 5+ 5 8=+ 8 8+ 6 6+ 6 0 O 4 + 2
6 0+ 0 0+ 0 0%+ O 0+ 0 0+ 0 0+ O 5+ 5 0+ 0 5+ 5 1+1
7 5+ 5 6+ 6 0+ O 4+ 4 0+ 0 0z O 0+ 010+ 7 0+ O 31
8 13+ 717+ 810+ 7 0+ 0 0 O 4z 4 9+ 617+ 8 4+ 4 9+ 2
9 0+ 018+ 8 5+ 5 6+ 6 0+ 0 0+ O 0+ 0 0+ 0 0 O 31
Mean 5+ 212+ 3 4+ 2 5+ 2 2+ 1 3+ 1 5+ 2 5+ 2 3+ 1 5+ 1




CHAPTER 2

Ecological rather than geographic or genetic distace affects
local adaptation of the rare perennial herb,

Aster amellus

“Adapt or perish, now as ever, is nature's ineslgranperative.”

(H. G. Wells)
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Ecological rather than geographic or genetic distace affects

local adaptation of the rare perennial herb Aster amellus

(with Zuzana Minzbergova and Markus Fischer; Bimalgconservation, 139, 348-357)

Abstract

Transferring plants between populations of rareciggehas often been
proposed to increase population size and replegesietic variation. While
this approach has many advantages, it may alsapdidocal adaptation.
However, the scale over which plants adapt to l@wmalditions is hard to
predict. To detect local adaptation, we conductediprocal transplant
experiments in the field with six populations oétrare perennial herlaster
amellus. We sowed seeds in 2003 and 2004 (called ‘Expetird®03’ and
‘Experiment 2004’) and transplanted adult plants2d04. We evaluated
genetic differences between populations and eccdbglifferences between
habitats and tested which differences explain thgrek of local adaptation.
The number of juveniles from the local populatiovess 68% and 42% higher
than the number of juveniles from the foreign papiohs in ‘Experiment
2003 and ‘Experiment 2004', respectively, indiogti local adaptation.
However, not all populations &. amellus adapted to their local conditions.
Differences in local climate and in vegetation cosipon particularly
affected local adaptation. In contrast to trandgldrseeds, transplanted adult
plants from local populations did not overall penfiobetter than plants from
foreign populations. We conclude that transferedds is a more appropriate
technique than transfer of adult plants in cond@magractice because it more
likely prevents non-adapted genotypes from estaiblis Material for the
transfers should come, not necessarily from theseslh but rather from
ecologically similar habitats.
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Introduction

Many threatened species are restricted to fragrdenabitats. Habitat
fragmentation leads to reduced population size iaedeased isolation of
populations. Population isolation together withfelént selective forces can
lead to adaptation to local conditions (Slatkin830 Although many plant
populations are adapted to local conditions (eegexv by Linhart and Grant,
1996), local adaptation is not ubiquitous (Cheplit®88; Rapson and Wilson,
1988; Helenurm, 1998). Local adaptation has becamémportant issue in
nature conservation because knowledge of it is ssecg for considering
effects of transfers between populations. Transfenindividuals is often
proposed as a technique to replenish genetic \@ariaand thus reduce
negative effects of low genetic variation (e.g. lRids, 2000; Ingvarsson,
2001). However, transferring plants may disruptaloadaptation and lead to
reduction in offspring fithess (outbreeding depi@ss e.g. Hufford and
Mazer, 2003).

Plants are considered locally adapted when locahtpl show higher
fitness than foreign plants within each site (Kakveand Ebert, 2004). The
home-site advantage hypothesis also predicts tmatreélative success of
introduced plants will decrease as distance to pbpulation of origin
increases (Montalvo and Ellstrand, 2000). The databetween populations
can be expressed as geographic distance. Howegagtig or ecological
differences can be more relevant for local adaptaMontalvo and Ellstrand,
2000). The relationship between geographic andogam! scales of local
adaptation has been poorly investigated (McKaylet2805). Nonetheless,

knowing the scales of local adaptation would helpétermine regions within
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which plants could be moved without negative conseqges for population
fitness (Hufford and Mazer, 2003).

Most previous studies on local adaptation have idensd highly
contrasting habitats. Local adaptation has beendaver the scale of several
hundred to several thousand kilometres (Gallowal Feenster, 2000; Joshi et
al., 2001; Becker et al., 2006; Bischoff et al.0@0 However, habitats that are
a thousand kilometres apart differ largely in cliilmaconditions and local
adaptation can be expected. Local adaptation lsasba&en studied at a small
scale in very contrasting habitats, e.g. microlabitdiffering in flooding
(Prati and Schmid, 2000; Knight and Miller, 200&nissen et al., 2004). In
contrast, whether adaptive differentiation betwpepulations may arise at a
small scale among isolated habitats with littlelegeal differentiation has
rarely been studied. Many threatened species ancsuch isolated habitats
and the assessment of local adaptation in thesatisis is important for
appropriate species conservation strategies.

We aimed to explore local adaptations in a systéndrg calcareous
grasslands in the Czech Republic. We expectedatestrgene flow between
isolated populations. Moreover, calcareous gradslaiffer slightly in several
environmental conditions and are stable over tingudntka, 1980).
Therefore time to adapt to local conditions shdwde been sufficient. We
chose Aster amellus as a model species because many of the threatened
species of dry calcareous grasslands are pereplaials of the Asteraceae
(Holub and Prochézka, 2000). This speaesurs in populations of different
sizes and is easy to cultivate. Furthermore, itucdn two regions with
slightly different types of grasslands in the Cz&apublic. This allowed us to
study local adaptation at two spatial scales.
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We carried out reciprocal transplant experimentthenfield within and
between two different regions. Because local adiaptanay vary among
years (Rice and Mack, 1991; Jordan, 1992) or anfibmgss traits (Nagy and
Rice, 1997), we studied the entire life cyclefofamellus within three years.
We also tested whether genetic, geographic or gmabdistances between
populations can explain the degree of local adeptatWe asked the
following questions: (1) Is there any evidence afaatation to local
conditions? (2) Does plant fithness decrease wittremsing geographic,
genetic or ecological distance to the populatioorgdin? (3) Is the pattern of

local adaptation consistent among traits and years?

Methods

Study species

Aster amellus L. (Asteraceae) is a subcontinental species bigd from
Western Europe to Western Siberia (Meusel and ,J4§6@). Three different
ploidy levels occur in the whole area (2x, 4x argdx6= 9) (Merxmdiller et al.,
1976). Its typical habitats, dry calcareous gramida have declined over the
last decades, and. amellus became endangered in many parts of Central
Europe (e.g. Schonfelder, 1987; Buttler et al.,74990lub and Prochéazka,
2000). Aster amellus is a perennial, up to 40 cm high herb floweringnir
mid-July to mid-October (Kovanda, 2005). Generdlhg species of the genus
Aster possess a sporophytic incompatibility system (Bidh, 1986).

However, partial self-compatibility has been foundA. curtus (Giblin and
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Hamilton, 1999) andA. furcatus (Reinartz and Les, 1994). Plants Af
amellus reproduce vegetatively as well as sexually andnaaily pollinated
by bees and syrphid flies (J. Raabova, personatredson). The average
number of seeds produced per plant is c. 350 @b®e&, unpublished data).
The seeds are usually dispersed over short ditama can persist in the soil
for two years (Miinzbergova, 2004). Seedlings ugslly at the small rosette

stage in the field for a few years.

Study sites

We selected six diploid populations in two differesgions in the central
part of the Czech Republic. Ploidy levels of theuylations were determined
in a previous study (Mandakova and Munzbergovag20Dhe first region is
delimited by the towns Litottice, Roudnice nad Labem and Etand is
characterized by moderate slopes on marl, withugag soil erosion and plant
communities oBromion erecti (Ceské stedohdi Mts.; Region S). The second
region is delimited by the towns Praha, Elobovice and Beroun and is
characterized by rocky slopes on limestone and tpt@mmunities of
Quercion pubescenti-petraeae and Geranion sanguinel (Czech Karst; Region
K). The exact positions of the populations are mled in Fig. 1. The distance
between the two regions is 70 km, and the distahet&een populations
within each region range from 2.5 to 17 km. We ehpspulations consisting
of at least 60 individuals to have enough matdaaltransplant experiments.
The sizes of the studied populations estimatedhasntumber of flowering
individuals in 2005 ranged from 60 to 10,000 (T&abje
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Fig. 1. Map of the Czech Republic showing the lmeet of the six studied populations of
Aster amellus in the Czech Karst (Region K) aské stedohdi Mountains (Region S). 1
=K1,2=K2,3=K3,4=51,5=S2, 6 = S3.

Isozyme analyses

We used isozyme markers to estimate genetic vamiawithin and
between populations. We collected a few green uadanh leaves from 9-14
randomly selected individuals in each populatiortha field in September
2003. We kept them in the refrigerator and exticigzymes on the
following day in the laboratory. We homogenisedragpnately 60 mg of leaf
material with Dowex-Cl (1-X8) on ice in 0.7 ml t#$Cl extraction buffer: 0.1
M tris-HCI (pH 8.0), 70 mM 2-mercaptoethanol, 26 nsbdium metabisulfite,
11 mM ascorbic acid, 4% polyvinylpyrrolidone. Went#uged the extracts at
13 000 rpm for 10 min and stored the supernatar?@at’C for subsequent
electrophoresis. We separated the isozymes by q@olgmide gel
electrophoresis (PAGE) using a vertical HOEFER ®B GAmersham plc.,
Amersham, UK): We analysed 30-38 samples on polyacrylamide gels
(resolving gel: 8% acrylamide, 1.82 M Tris-HCI, @843; stacking gel: 4%
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acrylamide, 0.069 M Tris-HCI, pH 6.9; electrodefleuf 0.02 M Tris, 0.24 M
glycine, pH 8.3).

We investigated four enzyme systems: AAT (EC 21§,1LAP (EC
3.4.11.1), SHDH (EC 1.1.1.25) and 6-PGDH (EC 144). The staining
procedures followed Mandak et al. (2005) for AATdapAP and Vallejos
(1983) for 6-PGDH and SHDH, with following modifieats: 6-PGDH (0.1
M tris-HCI, pH 8.4, 30 mg 6-phosphogluconic aci8HDH (0.1 M tris-HCI,
pH 8.4).

We obtained banding patterns of five polymorphi@ [AAT-1, AAT-2,
LAP-1, SHDH-1 and 6-PGDH-1) that we interpretedelahlly. To
characterize genetic variation of each populata,calculated mean allelic
richness (El Mousadik and Petit, 1996) and generdity (Nei, 1987) for each
population with FSTAT 2.9.3.2. (Goudet, 2002). Wssessed observed
heterozygosity () and expected heterozygosityglHinder Hardy-Weinberg
equilibrium from the allele frequencies of each ywapon and calculated
inbreeding coefficients (§. We calculated pairwisesfstatistics for all pairs
of populations with Arlequin 3.01 (Excoffier et ,al2005). To estimate
distribution of genetic variation, we used analysis molecular variance
(AMOVA) implemented in Arlequin 3.01.

Ecological differences among habitats

We characterized habitats by means of vegetatianposition, soll
properties and inclination and aspect of the slopesobtain vegetation data,
we recorded the cover of each plant species i thaleves of 2 x 2 m at each
site using the Braun-Blanquet (1964) scale. Thea,tnansformed the data
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according to van der Maarel (1979). To assesspsoperties, we collected
five samples of the upper soil layer at each $ie. transferred them to the
laboratory, air-dried them, sieved them through@ mesh and homogenized
them. We analysed the concentrations of Qdg**, K* following Moore and
Chapman (1986), content of total N and total Cofwlhg Ehrenberger and
Gorbach (1973), carbonate content according to $&ndard (10693) and
actual and exchangeable pH in the laboratory. Teesas physical soll
properties, we measured maximal water holding agpa¢ ten samples of
100 cnf per site as an amount of water bound in the soihatith after 24
hours according to Novak (1954). We used the datdatitude, inclination
and aspect of the slopes to calculate potentiactisolar irradiation that
characterizes the local climate of the sites. Tvas calculated as the sum of
the cosines of the angles at which the solar iataxh reaches the surface on
the 2f' day of each month from December to June (Jenik Rejthanek,
1969).

Distance matrices

To determine the differences between populatioresused geographic,
genetic and ecological distances. We measured tioetest geographic
distances between each pair of populations. Thetgedistance consisted of
values of kv (1 - Fs7) between pairs of populations (Slatkin, 1995).o0btain
ecological distances between each pair of sites,cateulated Euclidean
distances with Statistica (StatSoft, 2001). Forhesite, we used the mean
values of (1) cover of each plant species, (2) edcdoil properties, and (3)

potential direct solar irradiation for each monte standardized soll
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properties before analysis to eliminate effectslifierent measurement units.
We investigated correlations between all distan@rioes with two-tailed
Mantel tests in PopTools 2.6 (Hood, 2005).

Local adaptation

Reciprocal sowing experiments

We conducted complete reciprocal transplant experis) i.e. we sowed
seeds from each population into each population. réfgeated the sowing
experiments in the years 2003 and 2004 to studyedsst-year variation in
local adaptation (called ‘Experiment 2003’ and ‘Exment 2004’). We
collected ripe seeds from 50 randomly selectedviddals from each
population in September 2003 and 2004. We soweddbds into five ¥ 1 m
guadrats divided into nine grid cells of 883 cm at each site in October just
after natural seed dispersal. We placed 100 seensdach population on the
ground in the middle of six randomly selected grdls. Three remaining grid
cells served as controls for natural seed rainstlidy germination in natural
conditions, we did not disturb the plots beforeafier sowing as commonly
done in other sowing experiments (e.g. Nagy ane,Ri®97; Jakobsson and
Dinnetz, 2005), because the habitats in our stadyrally contain patches of
bare soil that enable seed germination. We recdfueegercentage of bare soll
cover per grid cell in 2005. We marked each quadoaner with a nail for
later recovery with a metal detector. We countezlgarminated juveniles in
the summers of 2004, 2005, and 2006.
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Reciprocal transplant of adult plants

In February 2004, we sowed c. 300 seeds from eaghlgtion into
plastic trays with garden substrate placed in theemghouse at 10 °C with
natural light conditions. In April, we transplantdte seedlings into multipot
trays with pots of % 3 cm. We kept the plants in a common garden frone J
to October, when we transplanted them into thelfidle planted 25 juveniles
from each population into five randomly placed rat®ach site. We planted
the juveniles 10 cm apart in random order in a roMe watered them
immediately after planting and measured the leraftthe longest leaf. We
recorded survival and flowering percentage andehgth of the longest leaf
in September 2005 and 2006. We removed 7% of thenjles, which had
been damaged by roe deer and wild boars, fromdudhalyses. We did not

analyse flowering percentage in 2006 because ilegssthan 1%.

Data analysis

To analyse differences in plant performance indpdéamt experiments,
we used analyses of covariance for normally disted variables (longest
leaf) and analyses of deviance of logistic regoesgor binomial variables
(survival, flowering, number of germinated juvesilénked to number of
sown seeds). We tested the effects of target biteK nested within site
nested within region), population of origin (popida nested within region)
and their interaction against residuals. Furthertested the effects of local vs
foreign contrast, linear contrasts of distancegvbeh populations and local vs

foreign x population interaction against the popataof origin x target site
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interaction. For significance tests in analysisdef/iance we used ratios of
mean deviance changes, quasi-F (Francis et al3)198 used the proportion
of bare soil cover as a covariate to adjust foied#int effects of microhabitats
on seedling germination. In addition, we used thtal length of the longest

leaf as a covariate to adjust for maternal effentsl effects of different

growing conditions before transplanting. We perfedrall analyses with S-
plus 6.2 (Insightful Corporation, Seattle, Washaomt

Results

Isozyme analyses

Mean allelic richness per population ranged frol®32.to 3.135, gene
diversity from 0.375 to 0.560 and inbreeding caadint s from -0.212 to
0.459 (Table 1). Mean observed heterozygosity @&).42as slightly lower
than mean expected heterozygosity (0.466), correBpQ to a mean
inbreeding coefficient § of 0.071. Most of the isozyme variation was within
populations (83.7%; & = 0.16; p < 0.001). However, there was also
significant variation among populations within gion (7.5%; kc = 0.08; p <
0.001), indicating restricted gene flow. Pairwisg/ K1 - Fs7) values ranged
from 0.013 to 0.501 (Table 2). The variation betw#® two regions was not
significant (8.8%; Er = 0.09; p = 0.118).
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Correlations among distance measures

Geographic distance between pairs of populations \pasitively
correlated with soil differences and marginally ipesly correlated with both
vegetation and genetic differences (Table 3). \agwt differences were
positively correlated with soil differences (Talde Genetic distance was not
significantly related to any of the ecological difénces and the differences in
local climate were not significantly associatedhnainy of the other distances
(Table 3).

Local adaptation

Reciprocal sowing experiments

Germination percentages were very low in both a@rparts (0.7%-2%)
and the number of established juveniles in ‘Expentr2004’ was higher in
2006 than in 2005, indicating that some seeds didgerminate until the
second year. In 2006, the number of juveniles ftbenlocal populations was
68% and 42% higher than the number of juvenileanfrthe foreign
populations in ‘Experiment 2003’ and ‘Experimen02Q respectively (Table
4; Fig. 2). In 2005, the number of juveniles frone tlocal region was 27%
higher than the number of juveniles from the fonerggion in ‘Experiment
2004’ (Table 4), indicating local adaptation atgional scale. The significant
local vs foreign x population of origin interactiomdicated that only some
populations were adapted to their local conditibfasble 4; Fig. 3a, b). The
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number of juveniles decreased with increasing dffees in local climate and
with vegetation distance in ‘Experiments 2003 af@4f (Table 4; Fig. 4).
Furthermore, it decreased with genetic distancExperiment 2003’ and with
geographic distances in ‘Experiment 2004’ (Table #hese significant
negative effects of various distances also provigadadence of local

adaptation.

Reciprocal transplant of adult plants

The leaves of the transplanted adult plants webé $Borter for plants
from local than from foreign populations (Table 4jowever, this effect
varied among populations as indicated by the dmant local vs foreign x
population of origin interaction (Table 4; Fig. 3Qurvival probability (Fig.
3d) increased with increasing vegetation distantcable 4). The contrast
between local and foreign transplants in flowegmgbability differed among
populations (significant local vs foreign contrast population of origin
interaction; Table 4; Fig. 3e). In general, howevidowering percentage
increased with increasing differences in local elien(Table 4). Overall, we

found evidence of local adaptation for seeds btuforcadult plants.
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Table 1. Isozyme variation in six populationsAgter amellus.

Code Name Population Sample Allelic Gene Observed Expected Inbreeding
size 2005 size richness diversity heterozygosity = heterozygosity coefficient
(AR) (GD) (Ho) (He) (Fis)
K1 Koda 1100 10 2.674 0.458 0.420 0.433 0.030
K2 Karlik 60 9 2.531 0.375 0.356 0.353 -0.007
K3 Lochkov 1 000 10 2.713 0.520 0.420 0.489 0.141
S1 Mali 10 000 14 2.972 0.527 0.500 0.506 0.013
S2 Holy vrch 1 350 9 2.578 0.481 0.556 0.459 -0.212
S3 Encovany 1100 10 3.135 0.560 0.300 0.555 0.459

Mean 10 2.767 0.487 0.425 0.466 0.071
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Table 2. Matrix of pairwise FST/ (1 - FST) values $ix populations ofister amellus.

K1 K2 K3 S1 S2 S3
K1 0
K2 0.042 0
K3 0.013 0.127* 0
S1  0.095* 0.196*** 0.096** 0
S2  0.239* 0.501*** 0.174*** 0.118*** 0

S3  0.15F* 0.366 *** 0.120** 0.122*** 0.091** 0
For population names, see Table 1. ** p < 0.01, p*% 0.001.

Table 3. Correlation coefficients between distameatrices examined with two-tailed
Mantel tests.

Geographic Genetic Vegetation Soil PDSI
distance distance distance distance distance

Geographic distance

Genetic distance 0.519

Vegetation distance 0.760 0.338

Soil distance 0.78F 0.388 0.74Z

PDSI distance 0.012 0.227 0.270 0.119

PDSI is potential direct solar irradiation. Sigo#nce levels are based on 999 permutations.
tp<0.1,*p<0.05, *p<0.01.
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Table 4. Summary of analyses of plant performandde reciprocal sowing experiments and the recgdrtbransplant experiment with
adult plants ofAster amellus.

Source of variation Number of juveniles in sowageriments Transplant of adult plants

'Experiment 2003’ '‘Experiment 2004’ Survival Liemigth Flowering
df 2004 2005 2006 2005 2006 2005 2006 2005 2006 2005

Bare soil cover 1 6.94 80.78**  33.90** 0.13 0.86
Initial leaf length 1 10.74**  11.94** 1.62 9.78*  87.51***
Target region (Rt) 1 0.58 3.37 1.27 4.32 6.621 <0.01 0.11 1.49 0.46 1.03
Target population (Pt) 4 2.20t 742 9.43** 5.68*  8.23* 5.08** 6.51** 8.36** 11.06*** 2.77%
Block 24 3.89** 5.20x** 3.93** 5.15%** 2 50r** 2.77**  2.26**  2.38**  2.091%* 4 ]4%**
Region of origin (Ro) 1 152 0.28 0.11 <0.01 0.14 0.22 0.04 1.01 0.13 1.73
Population of origin (Po) 3 1.10 10#2  10.34*= 8.64** 449 1.12 1.48 4.37** 3.88** 8.30***
Local vs foreign 1 280 1.81 22.43***1 3.30 8.38% <0.01 0.79 3.86F 7.24*| 0.25
Genetic distance 1 1.63 <0.01 4.89% <0.01 0.09 2.97 0.02 2.03 0.51 0.58
Vegetation distance 1 053 <0.01 3.671 3.04 5.17% 3.441 5.40*%  2.43 2.86 0.06
Soil distance 1 0.03 0.40 <0.01 <0.01 0.70 0.73 0.31 1.70 0.56 1.26
PDSI distance 1 0.05 447  12.98*| 4.82*, 4571 0.19 <0.01 1.33 0.32 3.74%
Geographic distance 1 <0.01 0.07 0.65 2.04 5.30¢ 0.69 0.02 0.01 0.39 2.26
Local vs foreign x Po 5 1.17 0.89 4.12* 1.15 3.17* 1.15 1.07 1.61 3.35* 3.76*
Rt x Ro 1 0.85 0.30 <0.01 6.09* 0.44 1.33 2.78 0.18 0.69 1.94
Pt x Po 13 2.58& 5.30x** 0.79 1.82* 1.05 2.15** 1.50 0.95 1.12 2.52**
Residuals 104-776

We show F values from the analysis of covarianeaf(length) and quasi-F values from the analysidemiance (number of juveniles,
survival, and flowering) of effects of bare soileo, initial leaf length, target sites (block nesteithin population nested within region),
original populations (population nested within @i local vs foreign contrast and distances batwsepulations. PDSI is potential
direct solar irradiation. Arrows denote the direntiof the effects when applicablg rfegative effects} positive effects). T p < 0.1, *p <
0.05., * p <0.01, ** p < 0.001.
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Fig. 2. The effect of the local vs foreign contrast the mean number of established

juveniles of Aster amellus in 2006, (a) ‘Experiment 2003’, (b) ‘Experiment@0. Error
bars indicate 1 SE.

Discussion

Our results demonstrate adaptation of isolated latipns of A. amellus
to local conditions. This corresponds well with tbhbserved ecological
differences and restricted gene flow among popaiatiand suggests that
adaptive population differentiation may arise aleat a small geographic
scale among isolated habitats with relativelydittcological differentiation.

The finding of restricted gene flow among populasiovas based on
iIsozyme analyses. Molecular markers (e.g. isozyames microsatellites) are
useful tools in detecting genetic divergence thay nindicate ecotypic
variation (Hufford and Mazer, 2003). Isozyme maskshowed little genetic
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variation in some studies (e. g. Lesica et al. 81 %8t see Lynch et al., 1999;
Gravuer et al., 2005) and using microsatellite raegks likely to provide a
better resolution for detecting genetic variationthim and between
populations (e.g. Frankham et al., 2002). In owdgt however, isozyme
markers turned out to be sufficient for detectirenegfic variation and thus
were appropriate to compare populationé.admellus.

Aster amellus is a self-incompatible plant with a sporophytic
incompatibility system (Richards, 1986). Generally, higher degree of
population differentiation is expected in selfingam in outcrossing species
(Ellstrand, 1992). Although the seeds/fofamellus bear a pappus that allows
potential long-distance dispersal by wind, dataptamt height, mean wind
speed in the region and terminal velocity strorgglggest thaf. amellus has
a low dispersal ability with a mean dispersal dis&a of only 3.87 m (Z.
Minzbergova, unpublished data). Gene flow by polkralso expected to
occur mainly within populations because bees, wiyghcally pollinate the
species, fly mostly between nearest neighbours (eegsar et al., 1996).
Thus, gene flow by seeds and pollen occurs maiwdy short-distances iA.
amellus.

Significant interactions of the local vs foreignnt@st with populations
of origin indicated that only some populations weadapted to local
conditions. This could be due to two reasons. Bhsonly some populations
may be able to adapt to local conditions. The tgbib adapt increased with
population size and isolation i@arlina vulgaris (Jakobsson and Dinnetz,
2005). Alternatively, local adaptation may be liditto the most extreme sites
(Rice and Mack, 1991). Clearly, more populationsusth be examined to
reliably assess why only some populationsAofamellus adapted to local

conditions.
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Fig. 3. Performance oAster amellus reciprocally transplanted between six populations
two regions as (a) seeds in 2003, (b) seeds in 2@84c-e) adult plants in 2004. Columns
denote populations of origin in the same sequesdbeasites, i.e. K1, K2, K3, S1, S2 and
S3. An empty space indicates that juveniles did swvive or that adult plants did not
flower at that site. The shading of the bars denotgions of origin (white bars: region K,
grey bars: region S). Black bars denote the hompelptions. Error bars indicate 1 SE.
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Fig. 4. The effect of differences in potential diresolar irradiation (PDSI) between the
population of origin and the target site on the meamber of established juvenilesAster
amellus in ‘Experiment 2003’

The numbers of established juveniles that providemlence of local
adaptation were very low in both sowing experimentbe number of
established juveniles in Experiment 2003 was neglgtiinfluenced by the
proportion of bare soil cover at the sites. The mieare soil cover was 15.1%
but it largely differed among sites, ranging fron6% to 29%. Higher
germination percentage might have been achievedodrjorming gentle
disturbances in the plots (e.g. Jakobsson and d$6mks2000). However,
sowing seeds into undisturbed areas allows forsassg the processes in
natural communities more realistically. The diffezes in bare soil cover
might account for the differences in germinatiomcpatage among sites and

be a reason why only some populations showed sgniflocal adaptation.
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Local adaptation ofA. amellus was particularly affected by differences in
the local climate of the habitats as estimated ftloeninclination and aspect of
the slopes. Similar adaptation has been founQuercus rubra. Seedlings of
Q. rubra from populations occupying north-, southwest-, amelst-facing
slopes showed the least damage by herbivores whateg at the site of their
maternal plant (Sork et al., 1993). Local adaptatd A. amellus was also
affected by differences in vegetation compositioncontrast, differences in
soil properties did not affect local adaptationfofamellus. This result was
unexpected because soil has been found to drived Btaptation in other
species (Hangelbroek et al., 2003; Ellis and WeB06). Genetic and
geographic distances had only small effects onl ladaptation. This result is
plausible because genetic distance based on newdrékers reflects past gene
flow and genetic drift (Hedrick, 1999) and does ma&cessarily indicate
adaptive divergence between populations. Over@blogical distances among
populations predicted local adaptationfofamellus better than geographic or
neutral genetic distance.

The overall evidence of local adaptationAfamellus was detected in
both sowing experiments. However, the higher nunatbguveniles from local
than from foreign populations did not become appabefore the second and
third year of the experiments. This delayed dematish of local adaptation
may be explained by the delayed germinationAofamellus in the field.
Similarly, local adaptation o€arlina vulgaris was expressed in the second
year of the experiment (Becker et al., 2006). Tloees following plants in the
field for more than one vegetation period may beessary to realistically
assess performance of perennial species.

No home-advantage was observed in vegetative toditsansplanted
adult plants. Transplanted adult plants showed rappammigrant advantage
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in length of the longest leaf and their survivablpability increased with

increasing vegetation distance to population ofioriFlowering probability

overall increased with increasing differences inaloclimate. At two sites,

however, transplanted adult plants from local papohs had greater
flowering probability than foreign populations, g@gting local adaptation in
reproductive traits. These results are in line vather studies reporting that
local adaptation is expressed in reproductive rathan in vegetative traits
that may more likely be shaped by the environmBeh(ington and McGraw,
1995; Nagy and Rice, 1997; Bischoff et al., 2006).

Sowing seeds and transplanting adult plants ledotdrasting results.
Only sowing seeds provided overall evidence of lleckptation. This result
agrees with other studies that natural selectionseedling germination is
extremely effective (e. g. Donohue et al.,, 2005aliec et al., 2006).
Similarly, young vegetative plants were more afdctby experimental
changes in resource level than reproductive plafMatthies, 1990).
Transplanted adult plants that were able to suravall sites may fail in
establishing viable populations, while natural egtemn on seedling
germination selects appropriate genotypes that hagreer chance to survive
(Primack and Miao, 1992).

Implications for conservation

Our study shows genetic and habitat differentiabbmpopulations ofA.
amellus at a small spatial scale and evidence of localptatian. Local
adaptation was apparent mainly at the stage oflisgedstablishment and

differed between populations. Transplanted adalhisl were able to grow in
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all populations in the studied area and to flowemiost of them. We suggest
that transfer of seeds is a more appropriate tgaenthan transfer of adult
plants in conservation practice because it cangmtenon-adapted genotypes
from establishing. However, the risk of outbreedihgpression should be
examined by studying consequences of several gesresaf artificial crosses

between populations before using the transfer ahtgl for conservation

purposes.

Our results demonstrate that populations with simdcal climate would
be the most appropriate source populations foorasbn. Our study supports
the conclusions of other studies with widely dimited plant species that
ecological provenance is more important than ggagcal provenance for
successful plant establishment (Montalvo and HEltr 2000; Smith et al.,
2005; Bischoff et al., 2006). We have shown thé& grinciple concerns not
only widely distributed but also rare plant speci&ecause ecological
differences tend to be independent of geographitisiance, delineating
meaningful seed transfer zones, as proposed byoku#nd Mazer (2003),
seems not to be possible. We conclude that maferighe translocations for
nature conservation should come, not necessaaiy the closest population,

but rather from ecologically similar habitats.
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CHAPTER 3

No first-generation outbreeding depression
after between-population crosses at two spatial sles

in a perennial herb

“Aldous Huxley once said that an intellectual igaason who has discovered
something more interesting than sex. There istaicarony in this quote for
evolutionary ecologist. Many of them would argue purely intellectual
grounds, that there is in fact nothing more intengsthan sex.”

(Peter J. Mayhew)
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No first-generation outbreeding depression after bwveen-

population crosses at two spatial scales in a peneial herb

(with Zuzana Minzbergova and Markus Fischer; suleat)t

Abstract

Many threatened species occur in isolated populstand their fitness is
reduced due to low genetic diversity. To increaseegjc diversity, increase of
gene flow by translocation of individuals betweeaspplations is frequently
proposed. Previous studies suggest that betweeamgimm crosses lead either
to higher offspring fitness (heterosis) or to reshlicoffspring fitness
(outbreeding depression). However, little is knaataout the spatial scale over
which these effects may arise, especially at thallsspatial scale. We studied
the effects of three cross-types: (1) within popata (2) between populations
within regions, and (3) between populations froffiedent regions, using four
populations of the rare perennial heflster amellus. We conducted common
garden and field experiments to assess offspringeds. Between-region
crosses (70 km) resulted in 21% higher seed set bedween-population
crosses within regions (10 km). Between-populatimsses led to 18% higher
number of flower heads than within-population cesssHowever, cross-type
did not significantly affect offspring performanae the field. We conclude
that outcrossing between populationsfofamellus did not lead to immediate
outbreeding depression. Therefore, between-populatirosses over the
distance of 70 km aiming at increasing geneticatam within populations

appear as valid management option.
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Introduction

Due to habitat fragmentation many plant speciesuna@s small and
isolated populations. Species in small and isolatgoulations are threatened
due to genetic, environmental and demographic asiaity (Ouborg,
Vergeer, & Mix, 2006). To reduce genetic problenissmall and isolated
populations, enhancing gene flow by translocatiébnindividuals between
populations is frequently proposed (e.g. Tallmouikhrt, & Waples, 2004).
Translocations of plants may increase genetic tranaf isolated populations
after interpopulation crosses. Interpopulation sesscan lead, however, not
only to higher offspring fitness (heterosis) bugcato reduced offspring fitness
(outbreeding depression; Lynch, 1991).

Heterosis and outbreeding depression are expectethctease with
increasing population divergence. While heterosss axpected when
population divergences are caused by genetic duthyreeding depression is
rather expected when population differentiatiom ieesult of local adaptation
(Hufford & Mazer, 2003). Further, heterosis is ected already in the F1
generation (Dudash & Fenster, 2000), while outhrepdepression may be
delayed to subsequent generations (Fenster & Gaylp2000). The extent of
outbreeding depression is still a matter of cordrey, but some studies
suggest that the effects of outbreeding can beessrs as the effects of
inbreeding (Edmands, 2007).

The outcrossing distance is of particular inteassa possible predictor of
outbreeding depression. However, the geographaneironmental scale over
which plant species are adapted is still poorlyestigated (McKay, Christian,
Harrison, & Rice, 2005) and therefore the risk atbweeding depression is
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hard to predict. Outbreeding depression was foulbel @rosses between
populations several hundred kilometres apart (Maot& Ellstrand, 2001;
Galloway & Etterson, 2005), between nearby popoieti (Fischer &
Matthies, 1997) but also between subsets of indal& within a single
population (Waser & Price, 1994; Quilichini, Debefss, & Thompson, 2001).
Only a few studies, however, investigated the ¢ffext a broader range of
outcrossing distances on offspring fitness (FenserGalloway, 2000;
Pélabon, Carlson, Hansen, & Armbruster, 2005; Willvan Buskirk, 2005;
Becker, Reinhold, & Matthies, 2006). Particulartpdies investigating the
effects of various outcrossing distances at a ssptial scale are missing,
although such knowledge is important for practgmdcies conservation.

We aimed at determining consequences of betweeulgtagn crosses in
Aster amellus, a threatened plant of calcareous grasslands.spleisies occurs
in two different regions about 70 km apart in thee€h Republic, enabling us
to study consequences of interpopulation crossawatspatial scales. Our
previous study showed genetic differences betwegnilptions ofA. amellus
within and between these two regions and some ee&lef local adaptation
(Raabova, Minzbergova, & Fischer, 2007). Therefammsses between
different populations might well lead to outbreeglidepression. We grew
offspring after within and between-population cexs# substrates from both
regions in a common garden, becadstr amellus is known to grow very
slowly in the field. Moreover, we studied the etfeof cross-type on survival
and plant size in the field. We asked the followqgestions: (1) Is there any
evidence of outbreeding depression or heterosi3?D(es the effect of
between-population crosses within regions diffemfrthe one of between-

region crosses?
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Methods

Study species

Aster amellus L. (Asteraceae) is a sub-continental species iloligad
from Western Europe to Western Siberia (Meusel §2341992). Its typical
habitats, dry calcareous grasslands, have dedlivedthe last decades, aAd
amellus has become threatened in many parts of CentralpeuiSchonfelder,
1987; Holub & Prochazka, 2000). Nowadays, manyt®fpopulations are
small and isolated.

Aster amellusis a perennial, up to 40 cm high, herb with onéor erect
stems. A single plant may have 1-15 flower headssisting of 40-90 florets
(Raabova, personal observation). Its flowering quetasts from mid-July to
mid-October (Kovanda, 2005). Plants reproduce bedgetatively and
sexually and are mainly pollinated by bees and tsgrdlies (Raabova,
personal observation). Seeds are usually dispemsedt short distances
(Minzbergova, personal observation) and germimatgring. Generally, the
species of the genus Aster possess a sporophyfim@@mpatibility system
(Richards, 1986). However, partial self-compatipilnas been found in A.
curtus (Giblin & Hamilton, 1999) and A. furcatusgiRartz & Les, 1994).

Plant and soil material

We collected seeds in four diploid populationsha Czech Karst and in
the Ceské stedohdi Mountains in the Czech Republic (Table 1). Pldielels
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of these populations were determined in a previsusly (Mandakova &
Minzbergova, 2006). We chose four from six popafati investigated for
local adaptation (Raabova et al., 2007) in a way the geographic distance
between populations within each region was 10 ke distance between the
two regions was 70 km. Isozyme analysis revealethelagenetic
differentiation between the four populations froor study (kt = 0.19), and
all pairs of populations were significantly diffetefrom each other except for
the populations in region K (Raabova et al., 200)reeding coefficient (E)
of the populations ranged from -0.212 to 0.030jcatihg that none of the
studied populations suffered from inbreeding duentm-random mating
within populations (Raabova et al., 2007). Popatatsizes estimated as
number of flowering individuals in 2005 varied fra@@ to 10 000 (Table 1).
To study the effect of different soil conditions offispring fitness in the
garden experiment, we used soil from two diffeqopulations in each region
(substrate S1 and K1). The substrate S1 (pH 7.289 wiore basic than
substrate K1 (pH 4.49). Substrate S1 had a 99.¢ftehicarbonate content
and 43% higher calcium concentration. In contraghstrate K1 had a 70%
higher content of organic carbon, 52% higher cantériotal nitrogen, 61%
higher concentration of magnesium and 38% highenceotration of
potassium than substrate S1 (for the methods bfsalyses see Raabova et
al., 2007).
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Table 1. Characteristics of the studied populatmi&ster amellus.

Code Population Longitude Latitude  Population Altitude
E N size 2005 (m)

K1 Koda 14° 07' 29" 49° 56' 01" 1100 350

K2 Karlik 14° 15' 02" 49° 56' 52" 60 320

S1 Mali 14° 05' 16" 50° 32' 24" 10 000 310

S2 Holy vrch 14° 13" 49" 50° 31' 41" 1 350 260

Pollinator exclusion

To investigate the possibility of autonomous sealiipation, we
randomly selected 20 flowering individuals in egdpulation in the field in
July 2003. To exclude pollinators, we covered tbevér heads with a bag of
fine-mesh nylon before florets opened. We left floaver heads untouched
and collected them in September 2003. Although dbeds appeared non-
viable we examined their germination ability. Werstl the seeds at room
temperature until January 2004, when we placed tberwet filter paper in
Petri dishes. We kept the Petri dishes in a grasktiimber (12 hours at 20°C
under light and 12 hours at 10°C in darkness) f@eaod of 6 weeks and
recorded germination weekly. After that period, skeeds had become infested
with fungi. Caged flower heads did not produce si@aple seeds, indicating

thatA. amellus does not autonomously self-pollinate.
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Pollination experiment

In October 2002, we collected seeds of 50 rand@®lgcted individuals
per population in the field. In February 2003, weved the seeds into plastic
trays with garden substrate placed in a greenhaué°C. In May 2003, we
transplanted 25 individuals from each populatidio jpots of 10 cm diameter
filled with garden substrate and transferred therart experimental garden in
Prihonice, Czech Republic. These plants flowered igust 2004, when we
conducted the pollinations. Before the floretstethto open, we covered the
flower heads with a bag of fine-mesh nylon to edelypollinators. Hand-
pollinations were made by gently rubbing two flowerads together two to
four times over the following 5 days to saturatgretis with pollen. Each
flower head served as both pollen donor and pa#eipient. This method has
been previously used in the Asteraceae family @egnartz & Les, 1994). An
alternative method frequently applied in the Astesee would have implied
the use of a mixture of pollen from a set of pldnsn each population for all
maternal plants (e.g. Pico, Ouborg, van Groenendl4). However,
although potentially very good, this alternativepigach was not feasible here
due to large differences in phenology within flowerads and between plants
from different populations. All pollinations wereartied out between 11 and
31 August 2004.

We pollinated plants from each of the four popuolagi with plants from
each population, resulting in 16 combinations ofeptal populations. We
performed 308 crosses belonging to three crosstypéhin population,
between populations within regions and between ladipas from different
regions. Generally, we tried to do all cross-tyfegseach plant. In some cases,
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the low numbers of flower heads per plant and l@ifferences in phenology
between plant populations made it impossible tagasall cross-types to a
single plant. To calculate the effect of cross-tgpeseed set, we selected 5-8
maternal plants per population with successfulsgedor all cross-types. For
the remaining traits, we selected 68 maternal plafii6-18 plants per
population) with successful crosses at least inavoss-type, using 1-6 flower

heads per maternal plant and cross-type.

Offspring performance

We assessed seed set for each fruit head sepaeatgbyoportion of
florets that developed ripe seeds 8 weeks aftdmptbn. Ripe seeds were
easily recognized because they were filled wheveaipe seeds were flat. In
April 2005, we sowed seeds from 10 randomly setkdt@ver heads from
each combination of parental populations €06 = 160 flower heads). We
sowed up to 40 ripe seeds from each flower headdnt 8 cm pots with a 2:1
mixture of garden substrate and perlite. We plabedoots in a greenhouse at
10°C with natural light conditions in a randomizesign. We scored
germination 5 and 10 weeks after sowing. In May 220@e individually
planted two randomly selected juveniles per pab it x 10 cm pots with
substrates K1 and S1. We grew the plants in therempntal garden in a
randomized design and watered them daily. We recbrdurvival and
flowering percentage, length of the longest leaf anmber of flower heads in
September 2006.
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Field experiment

In May 2005, we transplanted 20 seedlings from eamhbination of
parental populations into multipot trays with pots3 x 3 cm with garden
substrate (in total 320 seedlings). We kept thatplan a common garden until
April 2006, when we transplanted them into thedfiéVe planted 80 juveniles
at each site, so that populations of their matepfeahts corresponded to the
target population and populations of their patepilahts were all represented
by 20 replicates. We planted the juveniles 10 cartap a random order in a
row at each site. We watered them immediately gftanting and measured
the length of the longest leaf. The plants didffewer in the field during the
experiment; hence we recorded survival percentagk the length of the

longest leaf in September 2007.

Data analyses

We analysed normally distributed variables (lengtithe longest leaf,
number of flower heads) with analysis of variancel dinomial variables
(seed set, germination, survival and flowering) hwibgistic regression
(analysis of deviance). We log-transformed the nemsitof flower heads to
achieve normality and homoscedasticity prior tolyses. We tested the
effects of population of maternal and paternal pkgainst residuals and the
effects of cross-type against the maternal popriably paternal population
Interaction. Because maternal plants might afféispang fithess (Roach &
Wulff, 1987), we calculated its effect on offspririgness. Maternal plant
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significantly affected only seed germination (quiasF 2.34, p = 0.004),
however, without changing the effects of the otfaetors. Therefore, we did
not include its effect into the final analyses. \Wecomposed the effect of
cross-type into contrasts of within- and betweeptpation crosses (WP vs
BP) and two types of between-population crossear(B& vs far BP). The
analyses of later traits in the garden furtheruded the effects of substrate
and its interaction with cross-type. For significantests in analyses of
deviance we used ratios of mean deviance changasi-g (Francis, Green, &
Payne, 1993). We performed all analyses with S-pdu2 (Insightful
Corporation, Seattle, WA, U.S.A)).

Results

Effects on early traits

Maternal plants of different populations differed seed set and
germination (Table 2). Within-population crossed dmetween-population
crosses were not significantly different from eaather in seed set and
germination (Table 2). However, between-region £8s(70 km) resulted in
21% higher seed set than between-population crogsles regions (10 km;
Table 2; Fig. 1), indicating heterosis after fampared to near between-

population crosses.
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Table 2. Results of analyses of deviance on eadyst(seed set and germination) of
offspring of Aster amellus

Seed set Germination
d.f. Quasi-F p d.f. Quasi-F p
Population of maternal plant (Pm) 3 3.79 0.012 3 9.63 <0.001

Population of paternal plant (Pp) 3 134 0.264 3 0.58 0.627
WP vs BP cross 1 0.29 0.610 1 0.22 0.656
Near vs far cross 1 10.23 0.015 1 0.16 0.700
Pmx Pp 7 0.77 0.611 7 1.72 0.109
Residuals 155 144

501 T

401

Seed set (%)
8 8

|—\
Q

WP BP BR

Figure 1. Mean seed set in response to three typss-inAster amellus. WP = within-
population crosses, BP = between-population crossisn regions, and BR = between-
population crosses from different regions. Filled apen columns indicate within- and
between-population crosses, respectively. Erres Hanote 1 SE.
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Effects on later traits in the common garden

Survival and flowering percentages in the gardemewegh (73% and
52%, respectively). Population of maternal plaf¢cted survival percentage,
length of the longest leaf and number of flowerdseaf the offspring (Table
3). Substrate largely influenced offspring perfoncain the common garden,
but did not interact with the effect of cross-tydable 3). Survival percentage
was 24% higher in substrate S1 than in substrateFKiwering percentage
and number of flower heads, however, were highethm nutrient-richer
substrate K1 than in substrate S1 by 28% and 388pectively. The number
of flower heads increased after between-populatorsses compared to

within-population crosses (Table 3; Fig. 2), indilcg heterosis.

Effects on later traits in the field

Survival percentage in the field was very high (94%opulation of
maternal plant affected survival percentage andtlenf the longest leaf of
the offspring (Table 4). The effect of populatioh paternal plant differed
between populations of maternal plants in survpaicentage (Table 4; Fig.
3). Survival percentage was 8% higher after betw#®amn within-population
crosses but this effect was only marginally siguaifit (Table 4). Overall, our

results do not indicate any evidence of outbreedejgyession.
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Figure 2. Mean number of flower heads Adter amellus grown in common garden in
response to three cross-types. WP = within-pomnatrosses, BP = between-population
crosses within regions, and BR = between-populatrosses from different regions. Filled

and open columns indicate within- and between-pdmii crosses, respectively. Error bars
denote 1 SE.

100 A 1 1 1
80 1
60 -

40 A

Survival (%)

20

K1 K2 S1 S2
Population of maternal plant

Figure 3. Mean survival percentageAster amellus reciprocally transplanted between four
populations as adult plants in the field. Columesdate populations of paternal plants in
the same sequence as the populations of mateardbpl.e. K1, K2, S1 and S2. Filled bars
denote the home population of paternal plants.riacs indicate 1 SE.
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Table 3. Results of analyses of variance (lengttheflongest leaf and number of flower heads) andadice (survival and flowering) on
later traits of offspring oAster amellus grown in two substrates in the common garden éxyaert

Survival Longest leaf Flowering Number of flower
heads
df. Quasi-F p d.f. F p df. Quasi-F p d.f. F p

Population of maternal plant (Pm) 3 353 0015 3 894 <0.001 3 0.18 0908 3 357 0.017
Population of paternal plant (Pp) 3 019 0905 3 161 0187 3 0.28 0.841 3 0.31 0.819
WP vs BP cross 1 009 0777 1 029 0.607 1 <0.01 0967 1 1095 0.013
Near vs far cross 1 233 0171 1 001 0938 1 <0.01 0985 1 <0.01 0.981
Pair of parental populations 7 051 0826 7 122 0291 7 046 0.862 7 0.86 0.540
Substrate 1 16.78 <0.001 1 0.12 0.729 1 446 0.036 1 16.87 <0.001
Substrate x WP vs BP 1 052 0483 1 045 0514 1 0.23 0637 1 0.02 0.886
Substrate x near vs far 1 019 0667 1 001 0930 1 0.09 0771 1 0.17 0.686
Substrate x Pm x Pp 13 264 0.002 13 158 0.092 13 1.02 0.430 12 0.59 0.846
Residuals 288 202 202 89

Number of flower heads was log transformed pricaralysis
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Table 4. Results of analyses of deviance on lasdtistof offspring ofAster amellus grown
in the field

Survival Leaf length
df. Quasi-F p d.f. F p
Population of maternal plant (Pm) 3 574 0.001 3 13.26 <0.001
Population of paternal plant (Pp) 3 228 0079 3 035 0.790
WP vs BP cross 1 451 0071 1 0.04 0.850
Near vs far cross 1 114 0321 1 0.10 0.765
Pmx Pp 7 429 <0.001 7 094 0475
Residuals 304 286

Discussion

Outbreeding depression

Our study did not show any evidence of outbreedigression in the F1
generation after between-population crosses An amellus. Survival
percentage and plant size were not overall redafied between-population
crosses compared to within-population crosses bottine field and in the
common garden. In contrast, we found some evidesfcbeterosis. The
number of flower heads increased after betweendpbpn crosses compared
to within-population crosses in the common gardremthermore, seed set was
higher after far between-population crosses thtar akar ones. These results
are in line with our previous reciprocal transplamperiments withA.
amellus, where transplanted adult plants were able to gatwall sites
(Raabova et al.,, 2007). Nevertheless, we found a&wdence of local
adaptation in some populations in terms of seedéstpblishment in our

previous study (Raabova et al., 2007). As singlpufaiions may differ in
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their ability to adapt to local conditions, theygmi also differ in their
vulnerability to outbreeding depression. Howeveoyenthan four populations
need to be investigated to study causes for betpepulation differences in
the consequences of between-population crosses.

We investigated the effects of between-populati@sses only in the F1
generation, but outbreeding depression may stilob® manifest in later
generations (Lynch, 1991; Fenster & Galloway, 20Q6étler, Kollmann, &
Edwards, 2000). Therefore, our study allows conehss mainly for short-
time effects of heterosis and cannot exclude laté¢oreeding depression. It is
important to note, however, that heterosis need®mly contribute to genetic
rescue by affecting the F1 hybrids, but new allehey also have a selective
advantage and therefore spread in the new popuoatiEbert Haag,
Kirkpatrick, Riek, Hottinger et al., 2002). Finallpositive effects of genetic
rescue for rare plant populations need not neagsear restricted to the first
generation but can be maintained beyond the Flli(W&in Kleunen, Dietrich,
& Fischer, 2007).

Effects of outcrossing distances

The distance between populations affected consegseaf between-
population crosses in early life-history traits.o€8es between populations
from different regions (70 km) resulted in a higlsged set than crosses
between populations within regions (10 km). Witpmpulation crosses
resulted in intermediate seed set between theséypves of crosses. Similarly,
seed set and germination percentage were higlegriatween-regions crosses
(444 km) relative to between-population crossesiwitegions (43 km) in
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Hypochaeris radicata (Becker et al., 2006). Results of our study sugtiex

two types of interpopulation crosses may diffemach smaller spatial scale.
Other studies with threatened and declining speeied to find evidence

of heterosis in F1 generation after crosses betwepnlations (Luijten, Kéry,

Oostermeijer, & Den Nijs, 2002; Vergeer, Sonderé&n,Ouborg, 2004;

Paschke, Bernasconi, & Schmid, 2005; Willi & FisgH2005). In our study,

crosses between populations from different regiwasee more beneficial for

early traits ofA. amellus than crosses between nearby populations. Thus, our

study underlines the importance of spatial scalenterpopulation crosses.

Common garden vs field experiments

The consequences of between-population crosses su@rar in both
substrates in the common garden and in the fielguivival and plant size.
However, only the common garden experiment allowgdo study effects of
cross type on reproductive traits, representingimportant advantage of
garden over field experiments with this slowly depéng species. Some
studies suggest that neither direction nor magaitifdthe crossing effects in
one environment may be predictable based on redutism another
environment (Dudash, 1990; Pray, Schwartz, Goodni§hStevens, 1994)
However, different soil conditions did not interawtith the effect of
inbreeding inHypochaeris radicata and Succisa pratensis (Mix, Pico, van
Groenendael, & Ouborg, 2006). In our study, the tweestigated traits
showed similar pattern in the common garden anthénfield. Therefore,
results obtained from the garden experiment seeimetapplicable to field

conditions.
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Conclusions

Our study suggests that outbreeding depression doesepresent an
important threat forA. amellus, when transferring plants between different
populations and different regions over the distaot&0 kilometres. Over
such a distance, there were no large overall @iffees between offspring
resulting from within- and between-population cexssMoreover, seed set
and reproductive traits even showed some evidehdeterosis. Therefore,
our study suggests that between-population cross®eng at increasing

genetic variation within populations are a validnagement option.
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Summary

This thesis aimed to test specific hypothesis comeg habitat
differentiation, local adaptation and outbreediegmr@ssion of the rare herb of
dry calcareous grasslandster amellus.

Chapter 1 examined habitat requirements of diploid and hiedpA.
amellus and their role in segregation of the two cytotypesthe Czech
Republic. | chose three diploid and six hexaplag@ydations belonging to two
habitat types (with low and high productivity). Test for differences in
fundamental niche between the two cytotypes, | yemeal habitat
characteristics of sites occupied by each cytotgmel used reciprocal
transplant experiments. Then, | tested the effetCtsabitat type, ploidy level
and population of origin on plant performance ia éxperiments.

Sites of diploid and hexaploid populations differe@nificantly in
vegetation and soil properties but much overlapstegi in habitat
characteristics of the two cytotypes. Diploids hacerall higher flowering
percentage than hexaploids, suggesting differelnetgeen the two cytotypes.
However, plants from sites with low productivitysal flowered more than
plants from sites with high productivity. Moreovénge largest differences in
survival, leaf length and flowering were found amaplants from different
populations. This suggests that overall performaricde amellus differs more
among individual populations than between the tytotgpes.

Seedling survival was higher and transplanted plaat longer leaves at
sites of the home ploidy level, suggesting nichiéentiation between the
two cytotypes. Nevertheless, both seedlings antt ptiunts were able to grow

at sites of the foreign cytotype. Furthermore, Begdsurvival, survival of
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adult plants and flowering percentage were highertes of home population
than at foreign ones, indicating local adaptat®&cause the two cytotypes of
A. amellus have a patchy distribution the divergence betw®en cytotypes
due to local adaptation could evolve. Subsequeaptacg evolution with the
environment could therefore contribute to habitdtecentiation of the two
cytotypes. | conclude that niche differentiatiolmred cannot explain spatial
segregation of the two cytotypes/Afamellus.

Chapter 2 aimed to explore local adaptations of dipléicamellus at the
small spatial scale. | conducted reciprocal traargpéxperiments in the field
with six populations using seeds and adult plaidsdetermine the differences
between populations, | used geographic, geneticesmatbgical distances. |
used isozyme markers to estimate genetic distaeteekn populations. |
analysed vegetation composition, soil propertied potential direct solar
irradiation to obtain ecological distances betweanh pair of sites. Then, |
tested which differences explain the degree ofl ladaptation.

| found evidence of local adaptation in terms afif@r seedling survival
at home sites than at foreign sites. This resuljgssts that adaptive
population differentiation may arise already atnaak spatial scale among
isolated habitats with relatively little ecologidadifferentiation. However, not
all populations ofA. amellus adapted to their local conditions. This could be
due to two reasons: i) only some populations malile to adapt to local
conditions or ii) local adaptation may be limiteml the most extreme sites.
Nevertheless, more populations should be examioegkliably assess why
only some populations &. amellus adapted to local conditions.

Differences in local climate and in vegetation cosipon particularly
affected local adaptation. This result is plausiberause genetic distance
based on neutral markers reflects past gene flal\ganetic drift and does not
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necessarily indicate adaptive divergence betwegulptions. Only sowing
seeds provided overall evidence of local adaptatidrerefore, transfer of
seeds is a more appropriate technique than trardfeadult plants in
conservation practice because it more likely préss@on-adapted genotypes
from establishing.

In Chapter 3 | examined consequences of between-populatiorsesas
A. amellus. Crosses between populations may lead eithergieehioffspring
fitness (heterosis) or to reduced offspring fitnésstbreeding depression).
The spatial scale, over which these effects magears little investigated. |
conducted three types of crosses: within populatidsetween populations
within regions and between populations from différeéegions. Then, |
investigated fithess of F1-hybrids in the commordga and in the field.

Crosses between different populations led to cetirg results
depending on the distance between populations.s€sdsetween populations
from different regions resulted in higher seed sdtjle crosses between
populations within regions resulted in lower seetlthan within-population
crosses. However, the effects of within-populati@nosses did not
significantly differ from the effect of between-pdption crosses in seed set,
not indicating outbreeding depression. Moreovetywben-population crosses
led to higher number of flower heads in common gardhan within-
population crosses, indicating heterosis. Plarfop@ance in the field was not
affected by the cross-type. | conclude that ousingsbetween populations of

A. amellus did not lead to immediate outbreeding depression.
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Implications for conservation

| found only small differences between diploid drexaploidA. amellus.
Plants of both cytotypes exhibit large genetic edé#htiation within and
between populations. Habitats of isolated poputatiomf both cytotypes
differed in soil properties, vegetation compositiand local climate. Such
little ecological differentiation together with tested gene flow led to
evolution of locally adapted types. However, loadaptation was apparent
mainly at the stage of seedling establishment aiffereld between
populations. In contrast, transplanted adult plamse able to grow in all
populations in the studied area and to flower irsihad them. Crosses between
different populations did not lead to immediate boeeding depression.
Therefore, translocations of individuals betweepuations over the distance
of 70 km aiming at increasing genetic variationhiitpopulations appear as
valid management option. | conclude that mater@l the translocations
should come, not necessarily from the closest @i, but rather from

ecologically similar habitats.
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Souhrn

Souhrn

Cilem této prace bylo testovat konkrétni hypotézykajici se
stanovistnich rozdil lokalni adaptace a outbredni deprese ohrozenknyos
suchych travnik, hvézdnice chlumniAster amellus).

Kapitola 1 se zabyvala stanoviStnimi rozdily mezi diploidnimi
hexaploidnimi populacernf. amellus a jejich tlohou v izolaci obou cytotyp
v Ceské republice. Pro tuto studii jsem vybrat diploidni a 3est
hexaploidnich populacA. amellus, které se vyskytovaly ve dvou typech
stanovi§ (s malou a velkou produktivitou). Rozdily v niceemn olEma
cytotypy jsem zkoumala pomoci analyzy stanoviStnidfarakteristik a
zkiizenych pesazovacich pokisPotom jsem testovala vliv typu stanowjst
ploidni Grovrg a zdrojové populace na &S§most rostlin v pokusech.

Lokality diploidnich a hexaploidnich populaci sgrsfikantre liSily ve
vegetaci a fadnich vlastnostech, avSak stanoviStni podminky aytotypi se
také z velké miry fekryvaly. Diploidni rostliny kvetly signifikanthvice nez
hexaploidni rostliny, coz naztige rozdily mezi obma cytotypy. AvSak
rostliny ze stanoviSs nizkou produktivitou kvetly také signifikagtrmice nez
rostliny ze stanovi§ s vysokou produktivitou. Navic nepéi rozdily v
prezivani, velikosti rostlin a kveteni byly patrné anejednotlivymi
populacemi. To ukazuje, Ze celkova &8postA. amellus se liSila vice mezi
jednotlivymi populacemi nez mezi éta cytotypy.

Vice semen&u prezivalo na lokalitach domaci ploidni Ur@évnez na
lokalitAch cizi ploidni Urovén Podobg piesazené rostliny &y delsi listy na
lokalitdch doméci nez cizi ploidni UraunTo naznduje rozdily v nice mezi

obéma cytotypy. Nicmé& semenéky i dosgglé rostliny byly schopnéist i na
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lokalitach cizi ploidni drové Dale gezivani semerg&i i dosglych rostlin a
procento kvetoucich rostlin byli vys$Si na lokalhddomaci populace nez na
lokalitdch cizi populace, coz indikuje lokalni athp. Protoze se oba
cytotypy A. amellus vyskytuji v oddlenych populacich, mohla se
rozrizrénost mezi obma cytotypy v dsledku lokalni adaptace vyvinout.
Nasledn&a adaptivni evoluce s piesim tak mohla fispét k rozmizrénosti
dvou cytotym A. amellus. Tato studie ukazuje, Ze rozdilnost nik sama @& sob
nemize vys¥tlit prostorovou izolaci diploidnich a hexaploidhipopulaciA.
amellus.

Kapitola 2 méla za cil zkoumat lokalni adaptace diploidnich gaplA.
amellus na malé prostorové Skéle. Lokalni adaptace je #otastovat
jednoduchym pokusem #keného pesazovani. Adaptace se prokaze, pokud
se [fesazenym rostlinam #idépe na pvodnim nez na jiném stanovisti. Proto
jsem provedla terénni #keny [Fesazovaci pokus s Sesti populacemi s
pouzitim semen i dosjych rostlin. Pro stanoveni rozdimezi populacemi
jsem vybrala geografickou, genetickou a ekologickadalenost. Pro geni
genetické vzdalenost mezi populacemi jsem pougdayimové markery. Pro
ziskani ekologickych vzdalenosti mezi lokalitang@ns analyzovala vegetai
slozeni, @dni vlastnosti a potencialnitimou slunéni radiaci. Potom jsem
testovala, jaké vzdalenosti mezi populacemi nejlgpgstli miru lokalni
adaptace.

Lokalni adaptace se prokazala vysSimezpvanim semeé na
domacich nez na cizich lokalitach. Tento vysledakn&uje, Ze adaptivni
rozdily mezi populacemi se mohou vyvinout jiz ndérnaostorovée skale mezi
lokalitami s malymi ekologickymi rozdily. Nicméme vSechny populace byly
adaptovany ke svym mistnim podminkam. Tézen byt zfisobeno déma
davody: (i) jen rekteré populace mohou byt schopny se adaptovat k#nio
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podminky, (ii) lokalni adaptace se ape vyvinout jen k extrémnim
stanovistnim podminkam. AvSak aby bylo mozné spiei&istanovit, pro jen
nékteré populacéd. amellus byly adaptovany na lokalni podminky, by bylo
nutné studovat vetSi pet populaci.

Rozdily v potencialni idmé radiaci (mistnim klimatu) a vegetaci
obzvlas¢ ovlivnily miru lokalni adaptace. Tento vysledekiggicky, protoze
geneticka vzdalenost, ktera je zaloZzena na neithalimarkerech, reflektuje
zejména genovy tok v minulosti a geneticky driftnaindikuje nezbyth
adaptivni rozdily mezi populacemi. Lokalni adaptégta prokazana jen v
pokusu s vysevem semen a nikoli v pokusechresgzovanim dosjych
rostlin. To ukazuje, Zze vysévani semen je viginmetoda v ochratigké
praxi nez pesazovani dosiych rostlin, protoZe I1épe zabrani neadaptovanym
genotymm pied uchycenim.

V kapitole 3 jsem zkoumala isledky mezipopukniho Kizeni uA.
amellus. Ktizeni mezi populacemiiie vést k zvySeni fithness (heter6ze) nebo
ke snizeni fitness (outbredni deprese) potonfkrostorova Skala, na jaké
mohou tyto jevy nastat, je vSak malo prozkoumanmatdPjsem provedlaiit
typy kiizeni: v ramci populace, mezi populacemi uvmigionu a mezi
populacemi z tznych regiofi. Poté jsem zkoumala fitness F1-hylirig
experimentalni zahr&d v terénu.

Ktizeni mezi populacemi vedlo k odliSnym vyslédkv zavislosti na
vzdalenosti mezi populacemi.ii&eni mezi populacemi ziznych regiod
vedlo k vySSi produkci semen, zatimctizZkni mezi populacemi v ramci
regionu vedlo k nizSi produkci semen nézé&ni v ramci populace. Nicmé&n
vliv ktizeni v ramci populace se celRowneliSil od vlivu Kizeni mezi
populacemi, coz neindikuje outbredni depresi. Naw&zipopulani kiizeni

vedlo k vysSSi produkci Kti v experimentalni zahrdd coz naznéuje
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heter6zi. Uspdnost rostlin v terénu nebyla ovligma typem kiZzeni. Tyto
vysledky ukazuji, Ze iikZeni mezi populacemiA. amellus nevedlo k

bezprostedni outbredni depresi.

Disledky pro ochranu pFirody

Ve své praci jsem nalezla jen malé rozdily mezilaidmimi a
hexaploidnimi populacemi. amellus. Rostliny obou cytotyp vykazovaly
velkou genetickou rozdilnost v ramci populace aimepulacemi. Stanovidt
jednotlivych populaci obou cytotyp se liSily v pidnich podminkach,
veget&nim slozeni a mistnim klimatu. Jiz takové malé egaké rozdily
dohromady s omezenym genovym tokem mezi populasedily k evoluci
lok&ln¢ adaptovanych tyjp Nicmére lokalni adaptace byla ndpadna hlave
stadiu uchyceni semetkda a liSila se mezi populacemirddazené dosfe
rostliny naopak byly schopndést na vSech lokalitach ve studované oblasti a
kvést na ¥tSire z nich. Kizeni meziiznymi populacemi nevedlo k outbredni
depresi. Proto sei@nasSeni rostlin mezi populacemi na vzdalenost 70 km
které ma za cil zvySit genetickou prémivost, jevi jako opravny nastroj
ochrany pirody. Tato prace nazdaje, Ze material prorpnaseni rostlin by
mél pochazet ne nezbywnz nejblizSi populace, ale spiSe z ekologicky
podobnych stanows
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Appendix
Appendix

List of species occurrences and abundance recandeshdomly selected plots of 4°rm

12 populations ofster amellus. Three plots per population were collected, fopydation
names see Table 1 in General introduction. Listedl&3 observed vascular plant species,
cover of each species following Braun-Blanquet @)26d number of species per plot.

Population numb 111 1] 2/ 2] 2|13| 3] 3| 4 4] 4 5 5| 5

Specie\ Plot numbe 112 3] 4/ 5 6] 7] 8 9|1C|11|12]13|14|15

E3:

Carpinus betulus 3|+

Pinus sylvestris 2+

Quer cus pubescens 3|2+ 1

Tilia platyphyllos 3

E2:

Cornus sanguinea +

Cotoneaster integerrimus |+ |+

Crataegus sp

Ligustrum vulgare r

Prunus spinosa +1 1

Quer cus pubescens + | 1r

Rosa sp + + |+ |r

Sorbus torminalis +

El:

Achillea millefolium + |+ |+ |r +

ACinos arvensis

Agrimonia eupatoria

Allium montanum r

Alyssum montanum r|+

Anthericum ramosum 2- + [2+|+ |+ | 1|+ |+

Anthylliswlneraria 1 1

Arrhenatherum elatius +

Artemisia campestris +

Artemisia pontica

Asperula cynanchica + |r [+ |+ +

Asperula tinctoria r

Aster amellus 1 1|+ 1+ |+ (+(2-| 1 1| 2] 1| 2| 3| 1

Aster linosyris r

Avenula pratensis +

Bothriochloa ischaemum + +

Brachypodium pinnatum |+ 2- |+ 1 2+ +| 3| 1 1| 2

Briza media +

Bromus erectus 3] 2|1
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6| 6| 6| 7| 7| 7| 8 8| 8 9| 9| 9|10|10|10|11|11|11|12|12|12
16|17|18|19|20(21|22|23|24|25|26|27|34|35|36|37|38[39|4C|41|42
11+ | 1] 1 +
1 2 r r
+
1
+ |+ + + r |+
+
+ |+ | 3 r 1 +
3 r
+ r
+ 2
2_
+ ro|r
r|r 1
21 1) 1| 4| 2| 2| 1| 3| 1| 2| 2| 2| 2| 1| 1
+ |2- |+
1] 1] 1 1] 2| 2 1| 2| 2| 3| 3|r 1ir
+ |+ +
2| 4| 2 31 2 2-1 1| 1
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Species\ Plot number

12

10

11

13

14

15

Bromusinermis

Bupleurum falcatum

Calamagrostis epigejos

Campanula glomerata

Campanula rotundifolia

Campanula trachelium

Carex flacca

Carex humilis

2+

2+

2+

2+

Carex montana

Carex muricata

Carex tomentosa

Carlina acaulis

Carlina vulgaris

Carpinus betulus juv.

Centaurea jacea

Centaurea scabiosa

Centaurea stoebe

+

Centaurea triumfettii

Cirsium acaule

Cirsium arvense

Cirsium pannonicum

Coronilla vaginalis

Cuscuta epithymum

Cytisus nigricans

Dactylis glomerata

Daucus carota

Dianthus carthusianorum

Dictamnus albus

Elytrigia intermedia

Elytrigia repens

Erigeron acris

Eryngium campestre

Euphorbia cyparissias

Festuca rupicola

+

Festuca valesiaca

Filipendula vulgaris

Fragaria moschata

Fragaria vesca

2+

Fragariaviridis
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Species\ Plot number

10

11

12

13

14

15

Fraxinus excelsior juv.

Galium glaucum

Galiumverum

Genista tinctoria

Gentiana cruciata

Geranium sanguineum

Geum urbanum

Globularia bisnagarica

Helianthemum grandiflorum

-

Hieracium pilosella

Hieracium sp.

Inula hirta

Inula salicina

Knautia arvensis

Koedleria macrantha

Koeleria pyramidata

Lactuca perennis

Leontodon hispidus

Ligustrumvulgare

Linum catharticum

Linum tenuifolium

Lotus corniculatus

Medicago falcata

Medicago lupulina

+

Melampyrum cristatum

Melampyr um nemor osum

Melica transsilvanica

Onobrychis viciifolia

Ononis spinosa

Peucedanum cervaria

Picris hieracioides

Pimpinella saxifraga

Plantago lanceol ata

Plantago media

Poa angustifolia

Poa pratensis

Polygonatum odoratum

Potentilla arenaria

+

Potentilla heptaphylla

Potentilla taber naemontani
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16/17]|18|19|20|21|22|23|24|25|26|27|34|35|36|37|38|39|40| 41|42
r
+ + r{ r| +
+
r
3 1
+ |r |r
+ 2- +
111
2+ + [ 2-] 2+
2 3 + + | + 3 3|2-|2-]|2-
+
+
+ | 1+ 2- 2+ 1
] 2-
+ |+ |+ |+ + + r{r
+ + +
+ + + 1+ |+ + +|lr|r|rjr|+]|r
r
Ir |r
1) 1] 3 1 1 {2+ 1
1] 2| 2
3
+ 2 r r|+ r
r + r
+ | 1 2- + | +
24 +
2- + |+
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Species\ Plot number

12

10

11

12

13

14

15

Primula veris

Prunella grandiflora

Pyrethrum corymbosum

Quercus petraea juv.

Quercus pubescens juv.

Quercus robur juv.

Rubussp.

Salvia nemorosa

Salvia pratensis

Salvia verticillata

Sangui sorba minor

Scabiosa canescens

Scabiosa ochroleuca

Scorzonera hispanica

Securigera varia

Sedum sexangulare

Senecio jacobaea

Serratula tinctoria

Seseli hippomarathrum

Sedleria caerulea

2+

Slene nutans

Solidago virgaurea

Sachysrecta

Sipa pennata

Taraxacum sect.Ruderalia

Tetragonol obus maritimus

Teucrium chamaedrys

Thesium linophyllon

Thymus praecox

Thymus pulegioides

2+

Tilia cordata

Tragopogon pratensis

Trifolium alpestre

Trifolium medium

Verbascum lychnitis

Veronica teucrium

Vicia angustifolia

Vincetoxicum hirundinaria

Viola sp.

Number of species per pl

028

27

34

24

26

30

23

27

28

15

18

11

15

18

13
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1+
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Voll Bliten steht der Pfirsichbaum, nicht jede waat Frucht,
Sie schimmern hell wie Rosenschaum durch Blau untk&flucht.
Wie Bliten gehen Gedanken auf, Hundert an jedem-Tag
Lass blihen! lass dem Ding den Lauf! Frag nichtr@dem Ertrag!
Es muss auch Spiel und Unschuld sein und Bluteflibsy
Sonst war die Welt uns viel zu klein und Leben Kéanuss.

(Hermann Hesse)
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