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Foreword

Christel has been intrigued by the phenomenon of invasions since her studies as an
undergraduate student in botany at Goettingen University where she took several of my
courses and where I supervised her diploma thesis. Her diploma thesis already
addressed the possible impact of hybridization for the invasiveness of plant species. By
using molecular markers, she studied North American and European Rhododendron
species. We were also in close contact while she was working on her PhD thesis at the
Department of Community Ecology at the Helmholtz-Centre for Environmental
Research UFZ in Halle. Having been one of the reviewers of her PhD thesis, I readily
agreed when she asked me to write a short preface to this publication.

While the main line of research on the role of evolutionary processes for plant
invasions has mainly been on the response to a different natural selection pressures
exerted by the abiotic and biotic site factors of the new environment, Christel has asked
to which degree breeding efforts might have contributed to such pressures. She chose a
very apt study object to address this topic, Mahonia aquifolium, a species native to
North America and introduced to Europe as an ornamental plant, together with some
other species of the same genus. Christel’s basic question was whether invasive
populations of Mahonia aquifolium in Europe originate from planted cultivars or from
hybrids with M. repens und M. pinnata. She certainly deserves the credit to have studied
this question with a broad methodological approach, using neutral genetic marker as
well as common garden and transplant experiments, and with a remarkable personal
devotion.

Although not all of her results confirmed her hypotheses, for which the reader
has to refer to the nicely written articles and the summary in this booklet, Christel’s
work has delivered an important contribution to the field of invasion research. The
reader will find answers to how the selection process influenced the genetic diversity of
Mahonia, which traits of the species were affected and whether adaptation to local
environmental conditions were involved. Certainly, not all questions have been given a
final answer, which is to be expected even from such an excellent PhD thesis. The

remaining open questions might be even more intriguing than the ones Christel started
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with in her career. However, this is what science is actually about, and I hope that
readers of her work will be as intrigued as she has been and become inspired to carry on

with this topic.

Prof. Dr. Helge Bruelheide



Foreword

By human activities, such as international trade, tourism, horticulture as well as fur,
food or timber production, exotic plants and animals have intentionally or
unintentionally been transported across major biogeographic barriers. In part, these
exotic species have been able to establish self-sustaining populations and have spread
into the new area. This biogeographic process, triggered by human activity, is called a
biological invasion; it takes place at unprecedented spatial and temporal scales and is
unique in the number of species dispersing. Biological invasions may generate large
economic costs and are one of the major threats to biodiversity. An improved
understanding of the processes behind invasions will, therefore, allow us to predict
future invasions, to assess their impact, and to develop management strategies. On the
other hand, invasions can also be considered as grand but unplanned experiments that
can contribute to our basic understanding of biogeographical, ecological, and
evolutionary processes.

One important question in the study of biological invasion is: What makes a
species a successful invader? Only during the past decade, awareness has been rising
that evolutionary processes may greatly contribute to the success of invasive species.
Since then, more and more evidence has accumulated that the ability for evolutionary
adjustments to novel environments may play a key role for successful invasions.
Research on evolutionary changes in invasive plants has primarily investigated the role
of natural selection. However, the majority of plant invaders have been imported
intentionally, mostly as ornamentals for landscaping and gardening. Therefore, the
effect of plant breeding, including hybridization and artificial selection, has to be taken
into account when studying evolutionary changes in invasive plants.

Christel Ross’ publication significantly contributes to our knowledge on the
evolutionary importance of horticulture for the invasion success of exotic plants. Based
on a case study on a widely-used ornamental shrub, Mahonia aquifolium, the author
investigates the genetic relationship between native populations, planted cultivars, and
invasive populations. Combining molecular analyses and a common garden experiment,

Christel Ross demonstrates a strong genetic differentiation between native and invasive
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Mahonia populations, which is likely to be caused by plant breeding. Using reciprocal
transplant experiments, she, finally, investigates to what extent local adaptation to
habitat conditions within the introduced range may have contributed to the species’
invasion success. Considered together, the results presented here show that humans
have obviously produced a successful invader by themselves — which is probably not
only true for Mahonia but also for many other invasive species that were originally
introduced as ornamentals. The present case study is thus not only important for our
understanding of the role of evolution in plant invasions but is also of high practical
relevance. Therefore, I am convinced that this publication will be of great benefit to all

ecologists who are interested in the mechanisms behind biological invasions.

Dr. Harald Auge



Preface

This PhD thesis was written at the Martin-Luther-University Halle-Wittenberg and the
Helmholtz-Centre for Environmental Research — UFZ in Halle. I am very grateful for
having been given the opportunity to complete my thesis at these excellent institutions
and to work together with such great colleagues. My special thanks go to my
supervisors and co-authors of a number of articles Dr. Harald Auge and Dr. Walter
Durka, for their everyday support, and to Prof. Dr. Helge Bruelheide for his guidance

and encouragement.

This thesis is a cumulatively composed work. The contents of this thesis have been

published in the following international journal articles.

Christel Rof3 & Walter Durka (2006) Isolation and characterization of microsatellite
markers in the invasive shrub Mahonia aquifolium (Berberidaceae) and their

applicability in related species. Molecular Ecology Notes 6, 948-950.

Christel A. Ross, Harald Auge & Walter Durka (2008) Genetic relationship among
three native North-American Mahonia species, invasive Mahonia populations from

Europe, and commercial cultivars. Plant Systematics and Evolution 275, 219-229.

Christel A. Ross & Harald Auge (2008) Invasive Mahonia populations outgrow their
native relatives. Plant Ecology 199, 21-31.

Christel A. Ross, Daniela Faust & Harald Auge (2009) Mahonia invasions in different

habitats: local adaptation or general-purpose genotypes? Biological Invasions DOI

10.1007/s10530-008-9261-y.

Christel Anne Ross
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Summary

Since invasive species are a major threat to global biodiversity, many countries,
including Germany, are committed to reducing invasions by animals and plants. To
successfully manage and control invasive species, it is essential to understand the causes
of successful invasions as well as the underlying processes. A major proportion of
successful invasive plants are cultivated plants. Yet only a few authors have
investigated breeding and cultivation as a reason for successful invasions. Indeed, plant
cultivation may affect invasions in different ways. First, suitable individuals of the
native populations, which are particularly fit, may be introduced into the new area.
Nevertheless, genetic variation is supposed to be reduced by selective introduction
which results in a genetic bottleneck. Second, the majority of cultivated plants are
planted in high quantities, and therefore propagule pressure to adjacent habitats and the
probability of establishment in natural habitats are high. Third, cultivated plants are
bred for advantageous traits, frequently using hybridisation with related species. Since
interspecific hybridisation may lead to new genotypes and a high genetic variation, it
can counteract harmful genetic bottlenecks. It has been repeatedly shown that rapid
evolution plays an important role in plant invasions. The time lag between introduction
and invasion of a plant species may be related to evolutionary changes that enable the
introduced plant to establish self-sustaining populations under the new environmental
conditions. That may either be due to local adaptation to the new environmental
conditions or by evolving high phenotypic plasticity. Most studies that have
investigated evolutionary changes in invasive plants have looked either for genetic
bottlenecks, or for the Evolution of Increased Competitive Ability after release from
specialist herbivores (EICA hypothesis). Because evolution in cultivated plants is
fostered by breeders who artificially select genotypes that may be successful not only in
gardens but also in native habitats, it is likely that breeding enhances the invasion
success. Mahonia aquifolium is a well-suited ornamental plant to investigate this
hypothesis. It is a shrub, native in North America and invasive in different natural
habitats in Central Europe. During breeding, it was hybridised with the closely related

species M. repens and M. pinnata. These two species are also native in North America.
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Since many of these hybrids are planted in gardens, parks and along streets, and the
seeds are dispersed by birds, the propagule pressure on adjacent habitats is high. It is
supposed that invasive Mahonia populations originated from these -cultivated
populations and consist of hybrids between the three related species.

In this thesis, I investigate the following questions: 1) Are invasive Mahonia
populations genetically different from native populations in neutral and quantitative
traits? 2) Did a genetic bottleneck during the introduction reduce genetic variability or is
genetic variability high due to hybridisation? and 3) Are invasive Mahonia populations
locally adapted to their new environments? I explored native and invasive populations
and cultivars using neutral genetic markers to find out if genetic changes occurred, and
to analyse the genetic diversity in native and invasive populations. By means of a
common garden experiment, | investigated the ecological relevance of genetic changes,
and by different reciprocal transplant experiments, I tested for local adaptation of
invasive populations.

My results show that invasive Mahonia populations have a high genetic diversity
similar to the diversity in native populations. I found, in addition, that invasive
populations were genetically different from native populations of all three species, but
were most similar to M. aquifolium. Genetic analyses revealed that native M. repens
populations are geographically isolated; M. aquifolium populations and M. repens
populations, which were sampled in the northern part of their range, could not be
separated by microsatellite markers. This weak differentiation between M. aquifolium
and M. repens complicated the detection of hybrids. I found hybridisation of M.
aquifolium and M. pinnata in cultivars, but not in invasive populations, and hardly any
hybridisation of M. aquifolium and M. repens, either in cultivars or in invasive
populations. The differences between invasive and native Mahonia populations were
ecological relevant, as they could be found in quantitative traits. In the common garden
experiment, invasive populations grew more vigorously in comparison to native M.
aquifolium and M. repens populations. The amount of heritable variation, however, was
similar in native and invasive populations. Furthermore, I could not detect genetic

adaptation to different habitats using reciprocal transplant experiments.
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Invasive Mahonia populations are genetically different from native populations,
and this differentiation cannot be attributed to a genetic bottleneck or to a release from
specialist herbivores. However, it was not possible to show unambiguously that the
genetic differentiation was a result of hybridisation. Nevertheless, plant breeding and
cultivation play an important role in Mahonia invasion at least by planting large
quantities of individuals and a large range of cultivars. I furthermore suggest that
breeding of especially fit cultivars plays a role in the invasion process, because I could
show that not all cultivars are similarly aggressive invaders of natural habitats. The lack
of genetic adaptation to different habitats and the finding that offspring of all
populations grew best in the same habitat indicate a high phenotypic plasticity in

invasive populations, at least for early life stages.



Chapter 1

Introduction

The invasion of new habitats by animals and plants represents a basic natural process as
well as an anthropogenic phenomenon (Rejmanek 1996). However, the term
“Biological Invasion” is used by most authors when species are spreading in a new area
mediated by human activities (Auge et al. 2001; Richardson et al. 2000; Kowarik 1995;
Pysek 1990). The distribution of species is, among other things, the result of natural
dispersal that is limited by geographical or biological barriers. As human trade and
transport increase, species can overcome these barriers and invade new areas. Thereby,
the transport of species may either occur by accident, for instance in ballast water of
ships or in packing material, or deliberately as introduction of cultivated plants or
biocontrol species. The number of species that have been translocated has increased
dramatically in the last 200 years (Mack et al. 2000; Williamson 1996; Drake et al.
1989). Out of 10 introduced species, one species may establish in the new area, and out
of 10 established, one species likely causes problems in the new area ("tens rule",
Williamson and Fitter 1996). Today, biological invasions are considered one of the
greatest threats to global biodiversity (Millenium Ecosystem Assessment 2005; Dukes
and Mooney 1999). Native species can be suppressed or replaced by invasive species
either directly by competition, or indirectly by alterations of the ecosystem as well as by
alteration of the relations between organisms (e.g. Sperry et al. 2006; Belnap et al.
2005; Callaway and Aschehoug 2000). The dimension of the threat by invasive foreign
species is quite perceptible. For instance in the South African bushland, 80 % of
endangered species have become rare as a consequence of invasive species (Armstrong
1995). In addition to ecological problems, invasive species cause considerable
economic costs. For the USA alone, Pimental et al. (2000) estimated $137 billion per
year for economic loss. Thus, forecasting future invaders will help to arrest those
invasions and is essential for maintaining biodiversity as well as saving enormous

economic costs. Indeed, forecasting future invasion will not be possible until
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fundamental research in the field of invasion biology has identified how species become

invasive and which processes are important for invasion success.

1.1 The collaborative project INVASIONS

In Germany, invasive species cause ecological and economic problems (Reinhardt et al.
2003). The economic costs caused by 20 of the most notorious invasive species in
Germany add up to an annual sum of about € 167 million, according to a recent study
on behalf of the Federal Environmental Agency (Reinhardt et al. 2003). In the
Convention on Biological Diversity (CBD), Germany committed itself to “prevent the
introduction of, control or eradicate those alien species which threaten ecosystems,
habitats or species® (article 8). Each signed nation is asked to develop a concept to deal
with invasive species. The German Federal Ministry of Education and Research funded
a project named INVASIONS — The invasion potential of non-native species —
identification, evaluation, risk management (project-homepage http://www.ufz.de/
index.php?de=2773). The aim of the project was the identification of factors that
facilitate invasions by plant species and the development of a scheme to estimate
economic consequences. Further, future requirements for legal regulations concerning
the differential treatment of non-native plant species according to their invasion
potential and cost-effectiveness of measures should be suggested by the scientists.
Three groups of biologists worked on (1) the identification of traits and introduction
pathways of successful invasive plant species, (2) the importance of plant breeding for
invasion success based on a case study, and (3) the diversity of native phytophagous
insects on invasive plants and their effects on invasion success. Two further groups,
formed by economists and legal experts, (4) developed criteria for the evaluation of
non-native species to be used by decision makers, and (5) evaluated current legislation
and developed improvements for future laws concerning invasive species. The study
covered by this thesis is part of the INVASIONS project. It investigated the role of plant
cultivation and breeding, which are socio-economic processes that contribute to
invasiveness of plant species. The study was conducted using the invasive ornamental

plant Mahonia aquifolium PURSH. (NUTT.) as a model system.
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1.2 Evolutionary processes in plant invasion

Although many traits and processes that facilitate invasiveness have been investigated
in the past, neither generally valid causes of biological invasions nor generally
applicable predictors for future invasions have yet been identified (Mack 2000; Mack et
al. 2000; Crawley 1987). In recent years, the evolutionary potential of introduced
species has been found to play a key role in their invasion success (Bossdorf et al. 2005;
Sakai et al. 2001; Caroll and Dingle 1996). Evolutionary changes have been detected in
several invasive plant species (reviewed in Bossdorf et al. 2005). They may occur as a
result of different processes associated with invasions. At first, genetic diversity may be
decreased after a genetic bottleneck and genetic drift during introduction (Barrett and
Richardson 1986). Genetic bottlenecks occur because introduced individuals represent
only a sub-sample of genetic diversity in the native area. In addition, genetic drift leads
to a loss of rare genotypes that occurs by chance in small founder populations. This may
result in a reduced genetic diversity in the founder populations and a lower probability
of population persistence (Allendorf and Lundquist 2003). Therefore, successful
invasive species either have to cope with a genetic bottleneck or overcome it. Rapid
evolutionary processes also occur due to the response to new selection pressures in the
novel environment (Sakai et al. 2001) as well as the release of selection pressure from
the old environment (Maron et al. 2004; Prati and Bossdorf 2004). The Evolution of
Increased Competitive Ability (EICA) hypothesis, for instance, predicts that, compared
to populations in the native area, invasive populations are selected for increased growth
and reproduction at the expense of defence mechanisms against specialist herbivores or
pathogens that are not present in the introduced range (Blossey and Noetzold 1995).
Such evolutionary adjustments may be one possible explanation for the time lag after
which many non-native species become invasive (Kowarik 1995). It is assumed that
evolutionary adjustments to the new environmental conditions take place between the
introduction of a species and when it begins to spread (Mooney and Cleland 2001).
Finally, one important process that may cause evolutionary changes in invasive species
is the hybridisation with either native relatives or other introduced species (Ellstrand
and Schierenbeck 2000). Hybridisation may promote invasiveness by creating novel

genotypes, fixation of heterotic genotypes, dumping of genetic load and creating high
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genetic variation (Ellstrand and Schierenbeck 2000). While the first three processes may
directly lead to invasive genotypes, high levels of genetic variation help to overcome a
genetic bottleneck and provide the raw material for the response to natural selection,
and are thus necessary for adaptation to the new habitats (Blows and Hoffmann 2005;
Kawecki and Ebert 2004). Rapid evolutionary responses to small-scale environmental
conditions may increase the extension of the invaded area (Weber and Schmid 1998) as
well as the number of invaded habitats within regions and the dominance of the species
within habitats (Parker et al. 2003).

Besides genetic adaptation, phenotypic plasticity is assumed to be important for
the invasion success of alien plants (Barrett and Richardson 1986). Phenotypic plasticity
allows plants to express advantageous phenotypes in different environments, and thus
enhances niche breath (Sultan et al. 1998). Phenotypic plasticity is generally considered
as a key characteristic of colonising species (Baker 1965) and has been found to play an
important role in the invasion of several species (Dybdahl and Kane 2005; Mal and
Lovett-Doust 2005; Parker et al. 2003). Since phenotypic plasticity has a genetic basis
and is subjected to selection, reshuffling of genomes by hybridisation can affect
phenotypic plasticity (Schlichting 1986). Since high phenotypic plasticity may confer a
fitness advantage in new environments, it has been suggested that invasive populations
might have evolved greater plasticity than conspecific populations in the native range

(Richards et al. 2006; Bossdorf et al. 2005).

1.3 Cultivated plants

Although many invasive plant species were originally imported as crops or ornamentals
(see Kowarik 2004; Preston et al. 2002; Klotz et al. 2002), this pathway of introduction
has been neglected for by researchers a long time. Nevertheless, genetic changes are
particularly common among cultivated plants (Kowarik 2005), and cultivation may
influence the invasion potential of non-native species (Kitajima et al. 2006). Cultivated
plants may be particularly successful invaders because of several different mechanisms.
First, ornamental or crop plants are not randomly chosen from native populations
(Kitajima et al. 2006) but are selected according to beauty, habit and vigour.

Consequently, there may already be a shift toward particularly fit genotypes prior to or
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during introduction. Second, the likelihood of spread of cultivated plants in the new area
is high because of stochastic eftects (Mack 2000) that appear when cultivated plants are
planted in large numbers over wide areas that are protected from detrimental
environmental factors (Kowarik 2005). Thereby, many propagules can disperse into
adjacent habitats thus increasing the probability of successful establishment (Mack
2000). Third, evolutionary changes in cultivated plants occur due to breeding and
artificial selection (Kitajima et al. 2006). It is assumed that certain traits which enhance
growth and reproduction are favoured by plant breeders. Such fitness-related traits may
increase the species’ success not only in gardens but also in natural habitats (Kitajima et
al. 2006). Furthermore, breeders often use hybridisation to enhance genetic variability
for selection, and to create new genotypes with novel trait expression, combinations of
genes, or increased suitability in the new habitat (Bundesverband Deutscher
Pflanzenziichter e.V. 2007). Artificial selection during introduction and plant breeding,
and ubiquitous planting of the selected genotypes is assumed to enhance the
invasiveness of a species (Kitajima et al. 2006; Kowarik 2005). In several cultivated
plant species which have become invasive, hybridisation has already been detected, for
instance in invasive Fallopia species (Hollingsworth et al. 1998) or invasive
Rhododendron ponticum (Milne and Abbott 2000). In San Francisco Bay, hybrids
between exotic and deliberately introduced Spartina alterniflora and the native S. folios

outcompete native species (Ayres et al. 1999).

14 Mahonia aquifolium

Mahonia aquifolium PURSH. (NUTT.) (Berberidaceae) is an ornamental plant species
that is invasive in Central Europe. The genus Mahonia NUTT. is treated as either
distinct from the genus Berberis since the beginning of the twentieth century (Ahrendt
1961), or included into Berberis (Kim et al. 2004; Laferriere 1997). I will follow the
taxonomic revision of Ahrendt (1961) in which Mahonia is considered as a genus
distinct from Berberis. The genus Mahonia comprises fleshy-fruited evergreen shrubs
with pinnate leaves and yellow flowers and is native to Asia and North America
(Ahrendt 1961). Within the genus, M. aquifolium belongs to the section Aquifoliatae

Fedde., which is native in North America. M. aquifolium occurs in the western states,
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i.e. British Columbia, California, Idaho, Montana, Washington and Oregon (Whittemore
1997) (Figure 1). The stem is simple and erect and reaches 1.80 m in height (Ahrendt
1961; Piper 1922). The leaves are shiny above and dull underneath (Piper 1922). The
shrub grows in open woodland and shrubland up to 2100 m above sea level.

Mahonia aquifolium was first introduced to Europe for ornamental purposes in
1822 (Hayne 1822, cited in Kowarik 1992) and later repeatedly. The first spontaneous
occurrence outside gardens was observed in 1860 after a time lag of 38 years (Kowarik
1992). Cultivated M. aquifolium was intensively bred, including hybridisation with
related species, in particular M. repens (LINDL.) G.DON (Ahrendt 1961) and M.
pinnata (Lag.) FEDDE. as is indicated by many cultivated hybrids (van de Laar 1975).
Both, M. repens and M. pinnata are members of the section Aquifoliatae and are native
to North America, too (Figure 1). Mahonia repens has a large distribution area in
western and central North America that overlaps with the distribution area of M.
aquifolium. In contrast to M. aquifolium, M. repens grows in open forests and
grasslands (Whittemore 1997). It is morphologically very similar to M. aquifolium and
some specimens can be assigned to one of the two species only with difficulties
(Ahrendt 1961). Mahonia repens reaches only 90 cm in height and growth is often more
stoloniferous than M. aquifolium (Ahrendt 1961). In addition its leaves are mostly dull
above (Piper 1922). M. pinnata occurs at the coastline of the states of California,
Oregon and Mexico, in exposed rocky openings in woods and shrublands (Whittemore
1997). M. pinnata attaines a height of 3 m (Ahrendt 1961) and has shiny leaves above
and underneath. In contrast to the other two species, the first leaflets of the pinnate leaf
grow near the base of the petiole (Munz 1959).

The breeding of M. aquifolium and the two related species has resulted in many
cultivars (Houtman et al. 2004; van de Laar 1975) (M. x decumbens = M. aquifolium x
M. repens; M. x wagneri = M. aquifolium x M. pinnata) (Figure 2), that were frequently
planted in gardens, parks and along roads (Figure 3). M. aquifolium produces many
fleshy fruits that are eaten by birds, which disperse seeds into adjacent vegetation.
Today, the species is spreading and invading anthropogenic and natural habitats in
Central Europe (Kowarik 1992). Like the whole genus, M. aquifolium is characterised

as an outbreeding species (Burd 1994). The species is self-incompatible because self-
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pollination rarely results in fruit production (Monzingo 1987, H. Auge unpublished
data). The invasive populations disperse not only by seeds but also by stolons and stem
layers (Auge and Brandl 1997), which is less known from native M. aquifolium but
commonly from M. repens (Ahrendt 1961) and also found in some cultivars (Houtman
et al. 2004). However, sexual reproduction seems to play a major role for regional as
well as for local spread (Auge 1997). Mahonia individuals usually flower beginning in
the third year (personal observation) from April to June and produce multitudes of
berries in September and October, which remain attached to the plant until winter
(Zeitlhofler 2002). Invasive populations grow either continuously or in patches (Figure
4). It is assumed that invasive populations have descended from cultivars that are
mostly hybrids (van de Laar 1975; Ahrendt 1961). In consequence, it is likely that
invasive populations also consist of hybrids. Since the identity of invasive M.
aquifolium is not known, I will use the term invasive Mahonia populations instead of
invasive M. aquifolium from here on.

Invasive Mahonia appears to be well suited for a case study to investigate the
importance of plant breeding for invasion success, because (1) it is one of the most
successful alien shrubs in central and eastern Germany (Kowarik 1992) (2) it was
introduced as an ornamental plant, (3) it was modified by plant breeders, and (4) the
propagule pressure of Mahonia to natural habitats is high, because it is planted in great

numbers in Central Europe.
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Figure 1: Map of the distribution areas of the three native species after Whittemore (1997) M.
aquifolium (red), M. repens (blue) and M. pinnata (green) in western North America.



Q Introduction

Figure 2: Cultivated individuals of Mahonia are very diverse in height, growth form,
morphology, colour and quantity of flowers. a) M. wagneri ‘Pinnacle’ b) M. aquifolium ‘Hans-
Karl Méhring’ ¢) M. aquifolium ‘Undulata’ d) M. aquifolium ‘Hasting Elegant’ ¢) M. repens

f) M. aquifolium ‘Brilliant’.
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Figure 3: Cultivated Mahonia plants along a street in the city of Halle in Saxony-Anhalt
(Germany).

Figure 4: Two invasive Mahonia populations in a pine forest of Diibener Heide in Saxony-
Anhalt (Germany). The left population grows continuously throughout the forest, the right
population grows in patches.

1.5 Thesis objectives

The aim of the studies presented in this thesis is to examine the importance of
evolutionary changes, especially due to plant breeding, in the invasion success of
Mahonia in Germany. I conducted three studies. (1) I compared native and invasive
Mahonia populations using neutral molecular markers. Due to the markers’ neutrality,
different selection pressures could be excluded as a reason for differences in allele
frequencies, thus allowing the investigation of genetic bottlenecks and hybridisation. (2)

I compared native and invasive Mahonia populations by using approaches of
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quantitative genetics to investigate whether evolutionary changes in ecologically
relevant traits have occurred. (3) I studied the importance of local genetic adaptation for

the successful colonisation of different habitats in the invasive area.

1.5.1 Differences in neutral molecular markers (chapter 2 and chapter 3)

The first study aimed at detecting whether genetic changes resulting from a genetic
bottleneck effect or hybridisation happened during the invasion of Mahonia in Central
Europe. The genetic origin of the invasive populations was investigated by neutral
genetic DNA markers which were not likely to be affected by natural selection. I used
microsatellite markers, the isolation and characterisation of which are described in
chapter 2. Microsatellite markers are DNA units of a few base pairs that are repeated in
variable numbers and often have a multitude of alleles that vary in the number of
repeats (Queller et al. 1993). Individuals, populations and species can be compared by
their allele frequencies and, thus, microsatellite markers are a powerful tool for several
questions in population biology, and in particular provide information about kinship
(Queller et al. 1993). I isolated ten markers which were polymorphic in M. aquifolium,
M. repens and M. pinnata. Eight of these ten markers were used in the subsequent
comparison of native populations of M. aquifolium, M. repens, M. pinnata with invasive
populations and cultivars (chapter 3). In this study the genetic relationship between
cultivars, native species and invasives was investigated (table 1).

I did not find reduced genetic diversity in invasive Mahonia populations
compared to native populations, indicating that invasive populations are not chara-
cterised by a genetic bottleneck. However, invasive populations are genetically different
from native populations of all three species. Clustering of native species separated M.
repens into two groups that reflected the geographical pattern of sampling. M.
aquifolium was closely related to the M. repens populations that were collected at the
northern end of the M. repens range. This close relationship suggests that the species are
either connected by current gene flow in the overlapping distribution area or indicates
an intermediate state of ongoing speciation. Furthermore, the close relationship of M.
aquifolium and M. repens complicated the analyses of relationships between invasives,

cultivars and native species; in particular, hybridisation was difficult to detect. Cultivars
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had a higher probability to be members of M. pinnata than members of M. repens. This
difference may be an effect of early hybridisation of M. aquifolium and M. pinnata (by
1930) and the fact that old cultivars were used for breeding of new cultivars. The
finding of a high probability of some cultivars to be M. pinnata nevertheless they are
not referred to M. pinnata or M. pinnata hybrids by breeders, affirms this suggestion. In
contrast, hybridisation of M. aquifolium with M. repens was carried out later by plant
breeders and cultivars were, therefore, relatively young. However, all invasive popu-
lations had only a low probability to be composed of M. pinnata and M. repens,
indicating that those cultivars with a high probability to be M. pinnata were not
aggressive invaders of natural habitats.

According to the results of the molecular genetic analyses, I assume that the
differentiation of invasive Mahonia and native M. aquifolium is a result of the inter-
action of different processes that happened during the invasion of Mahonia, including
restriction of gene pools, genetic drift, artificial selection and hybridisation. Thus,
although a significantly reduced genetic diversity could not be detected in invasive
Mahonia populations compared to native populations, it is likely that selective intro-
duction of certain genotypes reduced genetic variability. Probably, genetic variability
was enhanced by breeding and hybridisation after introduction. Simultaneously, genetic
makeup was likely directly changed by artificial selection, which may cause a bias in
invasive founder populations. I assume that the genetic makeup changed another time in
the stage of secondary release, because some cultivars were found to be more invasive
than others. Thus, it is likely that plant breeding facilitated the invasion success of
Mahonia by enhancing genetic variability and by generating characteristics that increase

invasiveness of certain cultivars.

1.5.2  Genetic differences in ecologically relevant traits (chapter 4)

Microsatellite markers are neutral molecular genetic markers that measure genetic
variation which is not associated with any measurable phenotypic variation (Griffiths et
al. 1997) and, therefore, are not subjected to natural selection. Thus, allele frequencies
of such neutral markers provide information about hybridisation and the genetic

variation of invasive populations, but do not inform about the ecological relevance of
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genetic changes. An ecologically relevant change of invasive populations is, for
instance, that these plants often grow more vigorously and produce more seeds than
their relatives in the native area (Crawley 1987). This pattern has been traced back to
genetic changes by some authors (Bossdorf et al. 2005; Blossey and Noetzold 1995).
Such genetically based phenotypic characteristics usually vary continuously and are
influenced by several genes (Griffiths et al. 1997). They are referred to as quantitative
genetic traits and since they are often associated with fitness differences among
phenotypes, quantitative genetic traits are subjected to natural selection. Sufficiently
large heritable phenotypic variation is a prerequisite for a populations’ response to
natural selection, and thus for adaptive evolution (Lynch and Walsh 1998). If genetic
variation was reduced during introduction, adaptive evolution in invasive populations
would be impeded by this bottleneck effect (Allendorf and Lundquist 2003). However,
multiple introductions and hybridisation can enhance variation, making adaptations to
the new environment possible. Comparing offspring of several maternal plants allows
quantifying the genetic component of phenotypic variation in ecologically important
traits within populations.

I investigated quantitative genetic traits of two native Mahonia species, M.
aquifolium and M. repens, and invasive populations in the fourth chapter of my thesis.
In that experiment, invasive Mahonia populations and native Mahonia populations were
grown together in the same environment in a common garden. Thus, most of the
phenotypic variation among them can be attributed to genetic differentiation (Griffiths
et al. 1997). In addition to different taxa and different populations within taxa, I
compared offspring of several maternal plants within populations and compared the
heritable variation of native and invasive populations. I found that invasive Mahonia
populations showed a genetically based, strongly increased plant size compared to the
native species (table 1). More vigorous plant growth has been recognised as a general
phenomenon in plant invasions (Crawley 1987) and has been traced back to genetic
changes by some authors (Brown and Eckert 2005; Willis and Blossey 1999; Blossey
and Noetzold 1995). I discuss the evolutionary changes of invasive Mahonia
populations in terms of plant breeding involving selective introduction, hybridisation

and artificial selection. I suspect that early hybrid genotypes formed the raw material,
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which was then used by plant breeders to select for particularly vigorous growth. In
addition, I found no significant differences in the magnitude of heritable variation
between invasive and native Mahonia populations (table 1) indicating that multiple

introduction and hybridisation have counteracted a genetic bottleneck.

1.5.3  Local adaptation (chapter 5)

Since we found no reductions in heritable genetic variation in invasive Mahonia
populations, adaptation to different environmental conditions may be a possible
mechanism for invasion success of Mahonia. In this part of the thesis, I investigated
whether local adaptation to different environments has occurred in invasive Mahonia.
These populations invade different habitats, and local genetic adaptation is, apart from
phenotypic plasticity, suggested to be a mechanism permitting survival under different
abiotic and biotic conditions. Local adaptation is common in plants (Linhart and Grant
1996) and is a result of divergent selection pressures in different habitats. In invasive
plants, the ability to rapidly adapt to different habitats may increase both the number of
invaded habitats within regions and the dominance within habitats (Parker et al. 2003).
The ability to adapt is therefore regarded as a key feature of successful invaders (Sakai
et al. 2001). The response to selection of a trait is proportional to its heritable variation,
but genetic variation of invasive populations is often reduced due to a genetic bottleneck
after introduction. Invasive Mahonia populations, however, show great variation in
quantitative traits (Auge 1997; Ahrendt 1961) that are not reduced in comparison to
native populations (chapter 4). In addition, I did not find a genetic bottleneck in
invasive Mahonia populations using molecular markers (chapter 3). Thus, phenotypic
and genetic variation provide the ability for local adaptation in invasive Mahonia
populations.

Whether invasive populations are adapted to different habitats was the question
of this fifth chapter. I used two reciprocal transplant experiments in which I transplanted
seedlings of invasive Mahonia populations to five different soil types or sites,
respectively. Despite the large phenotypic and genetic variation in invasive Mahonia
populations and the differences in environmental conditions between the five sites,

which is the precondition for local adaptation, I did not find any evidence for local
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adaptation (table 1). Growth strongly depended on the soil and the sites, and seedlings
of all populations showed the best growth in the same soil or at the same site,
respectively. The “best” soil was not taken from the “best” site, indicating that habitat
quality to Mahonia seedlings is not determined by soil quality alone. There are different
possibilities for I found no evidence for local adaptation. First, although I detected high
phenotypic and genetic variation in invasive Mahonia populations in the previously
described studies, I found no differences in response of the seed families to the different
soils in this study. Thus, a lack of heritable variation may have prevented a response to
divergent selection and thus genetic adaptation. Second, high gene flow between
different invasive populations and between these populations and cultivated individuals
may counteract an adaptation. Third, the time since Mahonia has invaded the habitats
(ca. 40-80 years ago) may be too short to detect local adaptation. Last but not least,
other life cycle stages aside from the seedling stage may play a more important role in

local adaptation of invasive Mahonia.
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1.6 General Discussion

The results of my studies on the evolution of invasive Mahonia are that (1) invasive
Mahonia populations are genetically different from all three native species, (2) invasive
populations display similar genetic diversity compared to native species, indicating that
no genetic bottleneck occurred in invasive populations, (3) invasive populations grew
more vigorously than native M. aquifolium and native M. repens in a common garden,
and (4) in spite of high phenotypic and genetic variation there was no evidence for local

genetic adaptation to different environments.

1.6.1 Evolutionary changes occurred in invasive Mahonia

The molecular genetic investigations as well as the quantitative genetic experiments
indicate evolutionary changes in invasive Mahonia populations. Invasive Mahonia were
genetically different from native populations and displayed more vigorous growth.
Thus, I suggest that rapid evolution occurred during the invasion of Mahonia in Central
Europe. Several studies have showed evolutionary changes in other invasive plant
species (Erfmeier and Bruelheide 2004; Jakobs et al. 2004; Prati and Bossdorf 2004).
Two of these three examples investigated cultivated plants, but did not explicitly
explore breeding and cultivation as factors contributing to the successful invasion.
Although the invasion success of cultivated plants is high (Klotz et al. 2002), the
importance of breeding and cultivation has generally been marginalized in the study of
biological invasions (but see Kitajima et al. 2006). Instead, most studies investigate
either genetic bottlenecks or the EICA hypothesis as a reason for genetic changes in
invasive populations (Bossdorf et al. 2005). However, neither of these two possibilities
provides a plausible explanation for the invasion success of Mahonia. Genetic variation,
both in terms of neutral molecular markers and phenotypic traits, was similar in native
and invasive populations indicating an invasion without a genetic bottleneck.
Furthermore, invasion success cannot be attributed to the EICA hypothesis, because no
release from specialist herbivores is known in Mahonia (Soldaat and Auge 1998; Auge

et al. 1997; M. Brindle, C. Belle and R. Brandl, unpublished data).
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1.6.2  Plant cultivation facilitated the invasion of Mahonia

I investigated the role of plant breeding in facilitating the invasion of Mahonia in
different ways. Certain genotypes may have been selectively introduced into Central
Europe. This would result in reduced genetic diversity, which I did not find in the
invasive Mahonia populations. Therefore, my results support the finding by Bossdorf et
al. (2005) that most plant invasions are not associated with a genetic bottleneck and
multiple introduction of invasive plants seem to be the rule. In addition to multiple
introductions, hybridisation may counteract a harmful genetic bottleneck. Hybridisation
is known to create novel genotypes and high genetic variation, which may facilitate
genetic adaptation to new environmental conditions (Ellstrand and Schierenbeck 2000).
M. aquifolium was traceably hybridised with the related species M. repens and M.
pinnata, which resulted in many hybrid cultivars (van de Laar 1975). Since M.
aquifolium and M. repens could not be separated by microsatellite markers, detection of
hybrids between them was difficult. My results reveal that M. aquifolium and M. repens
cannot be considered as two clearly separated species and, thus, contribute to the
discussion about the systematic of the two species (Piper 1922; Piper 1906).

In addition to the change in genetic makeup of cultivated Mahonia plants, plant
breeding facilitated the invasion by enhancing propagule pressure due to large quantities
of planted individuals of various cultivars and casual hybrids. Propagule pressure has
generally been shown to be one of the few factors that can be identified in determining
invasion success (Rejmanek 2000). I found very few cities in Germany where Mahonia
was not planted in gardens and along streets (personal observation). Mahonia seeds are
bird dispersed and in that way, many seeds can reach adjacent natural habitats (Auge
and Brandl 1997). Seed dispersal not only contributes to colonisation of new sites but
may also lead to permanent gene flow into established Mahonia populations. This gene
flow may be one reason for the high genetic diversity observed in invasive populations,
and may also hinder local adaptation (Kawecki and Ebert 2004). Furthermore, the
genetic diversity of invasive populations is an indication of the genetic diversity of
cultivated individuals. Although Mahonia cultivars are propagated clonally (personal
communication with several breeders), my genetic analyses detected a high genetic

diversity of cultivars. Nevertheless, I show that not all cultivars are similarly successful
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in invading natural habitats. In particular, those cultivars in which I detected genetic
material of M. pinnata seem to be less aggressive invaders, which can be either a mass
effect or a breeding effect. Dehnen-Schmutz et al. (2007) demonstrated that those
ornamentals which are more available at the market more frequently escape into natural
habitats. Of course, there are also Mahonia cultivars that are more available at the
market, and others that are less so. In an inquiry of 14 nurseries, I found that 11
nurseries sold M. aquifolium (M. aquifolium without a cultivar’s name was grown from
seeds of diverse origins, personal communication with breeders), 11 sold M. aquifolium
‘Apollo’, four nurseries sold M. aquifolium ‘Smaragd’, three sold M. aquifolium
‘Atropurpurea’, and five nurseries sold one or few other cultivars of M. aquifolium and
hybrids. Thus, the genetic makeup of invasive populations can be a result of the fact that
M. aquifolium was planted more often than other cultivars that contain also genetic
material from the two other species, M. repens and M. pinnata. In addition to this bias
in planting frequency of the different cultivars, they may vary greatly in invasiveness,
which may be another reason for finding only a sub-sample of the genetic material of

cultivars in invasive populations.

1.6.3  Evolved phenotypic plasticity as a reason for invasiveness

The results of the molecular genetic analyses show that the different invasive
populations are very similar to each other. I found that they were weakly structured and
not isolated by distance. These results indicate that all invasive Mahonia populations
were founded by individuals with rather similar genetic material. I suggest that plant
breeders have perhaps not created Mahonia cultivars that differ in their success under
different environmental conditions, but created such cultivars that are fit in all habitats
and, thus, fall in the category of Jack-of-all-trades (Richards et al. 2006). This kind of
phenotypic plasticity is related to the concept of “general purpose genotypes” (Baker
1965) and describes plants, which are able to maintain their fitness across different
environments (Richards et al. 2006). In contrast, there is another category, referred to as
Master-of-some, which describes the ability of a species to increase fitness in
favourable environments. The concept of phenotypic plasticity has been shown to be

important in several invasive species (Dybdahl and Kane 2005; Mal and Lovett-Doust
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2005; Parker et al. 2003). My study on local adaptation supports the view that invasive
Mahonia populations evolved highly plastic genotypes rather than genotypes that are
genetically adapted to specific environments. The results of this study indicate a high
phenotypic plasticity of Mahonia seedlings in response to the different habitats. Despite
the large genetic diversity in invasive Mahonia populations, which is a prerequisite for
response to natural selection, I did not find local adaptation to different habitats in
invasive Mahonia seedlings. Moreover, seedlings of all populations grew best in the
same habitat, and worst in the same other habitat, a pattern that indeed follows the
Master-of-some scenario. Richards et al (2006) described that invaders might combine
the Jack-of-all-trades and Master-of-some situation and are a Jack-and-master. Possibly
that is true for invasive Mahonia. Since phenotypic plasticity is a trait that is genetically
based and subjected to selection (Schlichting 1986), the high genetic diversity in
Mahonia could have fostered the selection of plastic genotypes. Furthermore, the
selection of plastic genotypes is a benefit to cultivated plant species, because plastic
cultivars can be planted in different environmental conditions, and thus breeders could
select plastic individuals. Whether phenotypic plasticity actually plays a role for the
invasion success of Mahonia should be investigated in further studies. Nevertheless, my
results give hints that phenotypic plasticity may play a role in Mahonia invasions. The
common garden experiment revealed indeed no difference between native and invasive
populations in the response of growth-related traits to shade. However, phenotypic
plasticity refers to the response of a certain trait to certain environments, and different
environments can therefore yield different results (Richards et al. 2006). Whether
evolution of high phenotypic plasticity, or local genetic adaptation in life stages other

than seedlings, or both, contributes to invasion success is not yet answerable.

1.6.4 Importance of evolution, cultivation, and breeding in studies of plant invasions

The importance of evolutionary changes for the invasiveness of plant species has been
shown in several studies before (reviewed in Bossdorf et al. 2005). I provide evidence
that such evolutionary changes have also occurred in invasive Mahonia populations.
Only a few studies have explored breeding and cultivation as a possible cause of

invasiveness (but see Kitajima et al. 2006), although many invasive plants are cultivated
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plants (Klotz et al. 2002). It was not possible to provide unequivocal evidence that
hybridisation of Mahonia resulted in invasive genotypes. Nevertheless, my results
indicate at least that the high genetic variation, which presumably is a result of plant
breeding, fostered the Mahonia invasion, and that evolution of phenotypic plasticity
may be an important factor. This study therefore contributes to a general assessment of
the role of evolution in plant invasions. It demonstrates that the role of plant breeding
and cultivation should not be neglected when searching for characteristics of successful
invaders, and requests that scientists, plant breeders and gardeners cooperate in order to

mitigate current and to prevent future plant invasions.
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Chapter 2

Isolation and characterisation of microsatellite markers in the invasive
shrub Mahonia aquifolium (Berberidaceae) and their applicability in

related species

In cooperation with Walter Durka

2.1  Abstract

Microsatellite loci were isolated from a Mahonia aquifolium cultivar. We describe the
variability of ten loci in invasive European and native North American M. aquifolium
and their trans species amplification in native M. repens and M. pinnata from North
America and one species of the related genus Berberis (B. vulgaris), native to Europe.
The markers should be useful to reveal the genetic origin of invasive Mahonia
populations and differences in the genetic make up between invasive and native

populations.

2.2 Introduction

Mahonia aquifolium (PURSH) NUTT. (Berberidaceae) is a diploid (2n = 28) evergreen
shrub, native to western North America. It is a successful neophyte in Central Europe
(Kowarik 1992) and invades a wide range of habitats from calcareous mixed forests and
xerothermic shrub vegetation to pine forests on sandy soils. The invasive populations
reproduce either by seedlings or by root sprouts and stem layers. M. aquifolium was
introduced in 1822 for ornamental purposes to Central Europe (Hayne 1822, cited in
Kowarik 1992). It was supposed that invasive Mahonia populations mostly originated
from garden plants and consist largely of hybrids between the related species M.
aquifolium and M. repens (LINDL.) G.DON (Ahrendt 1961). As there are many
cultivated hybrids of M. aquifolium with M. pinnata (LAG.) FEDDE,, likewise (van de
Laar 1975), we assume genetic material of all three closely related North American
species to be present in invasive populations. We suppose that plant breeding has

created genetic variability by multiple introductions and hybridisation. Consequently, a
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putative genetic bottleneck during introduction may have been overcome facilitating the
invasion. Using microsatellite markers we want to look for hybridisation in the invasive
European populations and for genetic variability within and between the invasive
populations in contrast to native populations of all putative parent species of invasive
Mahonia. No microsatellite markers have been developed for Mahonia up to now. Here
we describe the development of ten microsatellite loci for invasive Mahonia and the
applicability of these loci for three Mahonia species, and for Berberis vulgaris L., the
only species that is native to Central Europe and closely related to Mahonia (subtribe

Berberidinae).

2.3  Material and Methods

Development of microsatellite loci was carried out by ECOGENICS GmbH (Ziirich,
Switzerland) using fresh leaf material from one single cultivated Mahonia aquifolium
cultivar. Genomic DNA was extracted by a modified CTAB method. After CTAB
incubation the DNA was precipitated with potassium-acetate. The supernatant was
extracted with chloroform/ isoamyl alcohol and an ethanol precipitation was performed.
An enriched library was made from size selected genomic DNA ligated into
SAULA/SAULB-linker (5’-GCGGTACCCGGGAAGCTTGG/ 5’- GATCCCAAGCTT
CCCGGGTACCGC (Armour et al. 1994) and enriched by magnetic bead selection with
biotin-labelled (CA);; and (GA);s oligonucleotide repeats (Gautschi et al. 2000a;
Gautschi et al. 2000b). Of 576 recombinant colonies screened, 118 gave a positive
signal after hybridisation. Plasmids from 72 positive clones were sequenced and primers
were designed for 22 microsatellite inserts from which 11 primers were selected after an
initial screening with 5 invasive Mahonia samples from central Germany. Primers were
tested for polymorphism on 20 individuals of one invasive Mahonia population from
north-east Germany. DNA was extracted using the Plant DNA extraction mini kit
(QIAGEN). Polymerase chain reaction (PCR) was performed in 96-well plates using a
Primus 96 plus (MWG BIOTECH) or a Mastercycler gradient (EPPENDORF)
Termocycler. 10uL reactions contained 1-10ng genomic DNA, 1 pmole of each forward
and reverse primer (MWG), 4 pL Multiplex PCR Kit (QIAGEN) and 3 pL H,O.
Fragments were separated on an ABI 310 genetic analyser (APPLIED BIOSYSTEMS)
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with the size standard GeneScan 500 ROX (APPLIED BIOSYSTEMS). For visuali-
sation of fragments each forward primer was fluorescent labelled with FAM (Mahonia
CAO03, CA18, CA30, GA04), JOE (CA40, GAOS, GA31, GA33) or TAMRA (CA22,
CA43, GA36). Optimal annealing temperature (7,) for each primer was ascertained
using a gradient from 55°C to 65°C. I grouped together primers with the same T, to
multiplex reactions leading to three primer combinations: 1. GA31 and CA30 (7, =
57°C); 2. CA40, GAO4, CA18 and CA22 (T, = 60°C); 3. GA33, GAO05, CA03, GA36
and CA43 (T, = 63°C). In these reactions we reduced the amount for some primers
(CA18, GAO5, GA31) to 0.5 pmole because of unequal amounts of amplification
products within multiplex reaction. The PCR-program was the following: 95°C for 15
minutes, 30 cycles of 94°C for 30 s, T, for 90 s, 72°C for 60 s and at the end 60°C for
30 minutes. For statistical analyses locus CA22, which gave irreproducible results, was

excluded. There were ten primers left, which gave interpretable PCR products (Table 1).

2.4  Results and Discussion

No homozygous null allele was observed. Expected and observed heterozygosity was
calculated using MSA software (Dieringer and Schldtterer 2002) and inbreeding
coefficient Fis was calculated using FSTAT 2.9.3.2. software (Goudet 1995). Allele
numbers, which ranged between 3 and 13 alleles per locus, indicated a high genetic
diversity in the invasive population, which was mirrored in equally high values of
observed (mean H, = 0.573) and expected heterozygosities (mean H, = 0.620). Only
two loci (CA03, CA30) showed a significant Fis value, which may be due to non
random sampling or null alleles but probably not to inbreeding, since M. aquifolium is
supposed to be an outbreeding species like the whole genus (Burd 1994). The test of
linkage disequilibrium was performed using GENEPOP software, Version 2 (Raymond
and Rousset 1995). All 45 combinations of loci were tested, but only one combination
of loci (GA31 and CA40) was significantly linked. In order to check the applicability of
the microsatellite markers for the putative parent species of invasive Mahonia and the
related genus Berberis, we tested the markers in M. aquifolium, M. repens and M.
pinnata from North America (eight individuals from one population, each), and at nine

individuals from five European populations of Berberis vulgaris. The results (Table 2)
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showed that the loci seem to be conserved within Mahonia and partly also in Berberis.
However, homozygous null alleles were found in two, one and three loci, respectively
in M. aquifolium, M. repens and B. vulgaris. Three markers (CA18, CA40, GA36) did
not reveal any fragments in B. vulgaris. We will use the microsatellite markers to
analyse the genetic variability in invasive and native Mahonia populations and to look

for a hybrid-origin of invasive populations.
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Chapter 3

Genetic relationships among three native North-American Mahonia
species, invasive Mahonia populations from Europe, and commercial

cultivars

In cooperation with Harald Auge and Walter Durka

3.1 Abstract

Horticulture is one of the most important pathways for plant invasion. We used
microsatellite markers to reveal the impact of plant breeding on Mahonia aquifolium, an
invasive ornamental shrub. Since it was bred by hybridisation with the related species
M. repens and M. pinnata, we compared populations of the three native species, various
commercial cultivars and invasive populations. Invasive populations and cultivars were
genetically differentiated from the native groups, but differences did not result from
genetic bottlenecks. In cultivars but not in invasive populations, we proved genes from
M. pinnata. No significant amount of M. repens genes were found in cultivars and
invasive populations, but this result has to be viewed with caution because of the close
relationship between native M. aquifolium and M. repens. We conclude that the
evolution of invasive Mahonia populations was a result of restriction of gene pool
during introduction, secondary release, and artificial selection, in combination with an

increase of genetic diversity by plant breeders and by extensive gene flow.

3.2 Introduction

A major reason for changes of our floras is the spread of exotic plant species that were
introduced intentionally as horticultural and agricultural plants (Preston et al. 2002;
Mack 2000). In Germany cultivated plants make up 50 % of all neophytes and 70 % of
those neophytes, which are established in natural habitats (Klotz et al. 2002). Two
factors may particularly contribute to the success of cultivated plants in the invasion of
new habitats. The first one is a mass effect of cultivated plants that are planted in very

large numbers at various locations and are often protected by man from detrimental
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environmental effects. This causes a high propagule pressure at numerous sites and a
high probability of invasion (Kowarik 2005; Mack 2000). Propagule pressure has
generally been shown to be one of the few factors that can be identified to determine
invasion success (Rejmanek 2000). Second, cultivation of plants does usually include
evolutionary changes. Evolutionary changes are suggested to play a major role in plant
invasion (Ellstrand and Schierenbeck 2000). Indeed, it has been repeatedly shown that
invasive populations differ genetically from their ancestral populations in natural
habitats (reviewed in Bossdorf et al. 2005).

Genetic differences between invasive and native populations may result from
genetic bottlenecks after introduction (Barrett and Richardson 1986). This may result in
reduced genetic diversity in the founder populations and a lower probability of
persistence of the new invader (Allendorf and Lundquist 2003). In contrast to
unintentionally introduced plant species, cultivated plants are not introduced randomly
but selective. Wild individuals are selected because of their preferred phenotype which
may lead to a limited but above-average fit subsample of genotypes being introduced in
a new area. In cultivation, plants are intensively selected and modified by man resulting
in further changes of their genetic makeup. Artificial selection for fitness-related traits
such as flower size, seed number or cold tolerance, may enhance species success not
only in gardens but also in natural habitats (e.g. Kitajima et al. 2006). In addition, a
common method in plant breeding is interspecific hybridisation, which results in an
increased genetic variability and novel genotypes that are potentially better adapted to
the new environment (Ellstrand and Schierenbeck 2000). Thus, invasions may be
facilitated by hybridisation because of a few well adapted genotypes and/or because
hybrid populations overcome genetic bottlenecks and are thus able to respond to
changing environmental conditions. Several studies have shown that hybrids,
representing new genetic entities, may colonise territories were the parent species do not
occur (e.g. Milne and Abbott 2000; Neuffer et al. 1999; Hollingsworth et al. 1998).

Although cultivated plants are above average successful in invasion, only a
small proportion of all cultivated species is likely to spread (Kowarik 2005). A
proscription of all cultivated plants would be needless and inappropriate. However, this

small number of invasive species may cause an ecological and economic impact
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(Kowarik 2005) and it is important to understand how cultivation of ornamentals
facilitates plant invasion. Studies of the evolution of invasive species should contribute
to our understanding of invasiveness (Ellstrand and Schierenbeck 2000). However, the
role of plant breeding in invasion success has rarely been studied (but see Kitajima et al.
2006), although some of the most serious invaders are ornamentals. The fast spread of
Impatiens glandulifera is likely to result from dispersal of garden plants by man (Perrins
et al. 1993) and Rhododendron ponticum was hybridised by breeders with cold tolerant
related species and that may have facilitated its invasion in Great Britain (Milne and
Abbott 2000).

In our study we investigated the woody plant, Mahonia aquifolium Pursh. (Nutt.)
(Berberidaceae). It was introduced from North America to Europe as an ornamental
because of its evergreen leaves, yellow flowers and blue berries and is one of the most
successful alien shrubs in central and eastern Germany today (Kowarik 1992). In
cultivation, the related North American species, M. repens and M pinnata, were
hybridised with M. aquifolium. Different cultivars with various characteristics in
flowering, clonal growth and resistance against parasites arose (Houtman et al. 2004)
and were frequently planted in gardens, parks and along roads. M. aquifolium produces
many fleshy fruits which are eaten by birds that disperse seeds also into adjacent
habitats. Today, the species is spreading and invades anthropogenic and natural habitats
(Kowarik 1992), and propagates not only by seeds but also by stolons and stem layering
(Auge and Brandl 1997). This is less known from native M. aquifolium but commonly
from M. repens (Ahrendt 1961) and also found in some cultivars (Houtman et al. 2004).
It is assumed that invasive populations descend from cultivars, which are supposed to
be hybrids (van de Laar 1975; Ahrendt 1961). Therefore it is likely that invasive
populations consist of hybrids, although the invasive shrubs are referred to as M.
aquifolium. Thus, Mahonia is a well-suited case study for investigating the role of plant
breeding for invasion success.

In this study we explore whether invasion success of Mahonia populations is a
result of evolution by plant breeding. We investigated the following questions. (1) Was
there a genetic bottleneck after introduction of Mahonia to Europe? (2) Is there genetic

differentiation of invasive Mahonia populations from the native species, and how
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do cultivated individuals arrange to native species and invasives? (3) Do the invasive

populations consist of hybrids between the three Mahonia species?

33 Material and Methods

3.3.1  Species

The genus Mahonia NUTT. (Berberidaceae) comprises fleshy-fruited evergreen shrubs
with pinnate leaves. The genus is treated distinct from the genus Berberis (Ahrendt
1961), but inclusion into Berberis is also common (Kim et al. 2004; Laferriere 1997).
Oregon Grape, Mahonia aquifolium (PURSH) NUTT., is native to western North
America (Figure 1), has a simple and erect stem that reaches 1.80 m in height with
leaves that are shiny above and dull underneath (Ahrendt 1961; Piper 1922). M.
aquifolium was introduced into Europe for ornamental purposes in 1822 (Hayne 1822,
cited in Kowarik 1992) and repeatedly later on. The first spontaneous occurrence
outside gardens was observed in 1860 after a time lag of 38 years (Kowarik 1992). The
species was extensively hybridised by plant breeders with related, North American
species, in particular with M. repens (LINDL.) G.DON (Ahrendt 1961) and Mahonia
pinnata (LAG.) FEDDE,, as indicated by many cultivated hybrids (van de Laar 1975).
M. repens is morphologically very similar to M. aquifolium and some specimens are
difficult to assign to one of the two species (Ahrendt 1961). M. repens reaches only 90
cm in height and grows usually more stoloniferous than M. aquifolium (Ahrendt 1961).
The leaves are mostly dull above (Piper 1922). M. pinnata reaches 3 m height (Ahrendt
1961) and has shiny leaves above and underneath. In contrast to the other two species
the first leaflets of the pinnate leaf arise near base of petiole (Munz 1959). The breeding
and hybridisation of the three Mahonia species resulted in many cultivars (van de Laar
1975) of the three species and their hybrids (M. x decumbens = M. aquifolium x M.

repens; M. x wagneri = M. aquifolium x M. pinnata).
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Figure 1: Map of the distribution areas of the three native species after Whittemore (1997) and
the locations were populations were sampled. red @ M. aquifolium, blue 4 M. repens, green B
M. pinnata,

3.3.2  Sampling and genetic analyses

We analysed Mahonia individuals of five taxa including three native species, invasive
individuals and cultivars (Table 1 and Table 2). In the native range in North America,
individuals of M. aquifolium, M. repens and M. pinnata were sampled in six (n= 65
samples), nine (n = 119) and two (n = 34) populations, respectively (Figure 1). Invasive
Mahonia were sampled from 23 invasive populations (n =416 individuals) in Germany
and the Czech Republic. Within populations individuals were sampled randomly and
attention was paid to sample spatially separated plant individuals. However, in some

dense populations, individuals were not clearly separated.



40 Genetic relationships

Table 1: Sampled populations of invasive Mahonia and native M. aquifolium, M. repens and M.
pinnata. The first letter of the site code identifies the origin (i = invasive; n = native), the second

letter indicates the species, a = M. aquifolium, p = M. pinnata and r = M. repens.

code origin species site location n

il invasive Germany; Barby 51.6N; 11.6 E 20
i2 invasive Germany; Bocka-Neustaedtel 51.1N; 14.1 E 22
i3 invasive Germany; Berlin 523N;13.2E 19
i4 invasive Germany; Buckow 523N;14.1E 20
i5 invasive Germany; Drebkau 514N; 14.1E 20
6 invasive Germany; Drebkaul 514N; 14.1E 8

i7 invasive Germany; Duebener Heide 514N;123E 20
i8 invasive Germany; Duisburg 51.2N;065E 13
i9 invasive Germany; Herzfelde 523N;13.5E 10
i10 invasive Germany; Hitzhausen 52.2N;082E 9

ill  invasive Germany; Hornburg 52.0N; 104 E 16
i12 invasive Germany; Jena 50.6N; 114 E 20
il3 invasive Germany; Kirchbrak 51.6N; 09.4 E 19
i14 invasive Germany; Halle-Lieskau 513N;11.6 E 10
il5  invasive Germany; Liepe 52.5N;13.6 E 22
i16 invasive Germany; Linz am Rhein 50.3N;07.2E 28
il7  invasive Germany; Lueneburg 53.1N;10.2E 22
il8 invasive Germany; Mannheim 49.3N; 08.3 E 22
il9  invasive Germany; Neuhaus a.d. Pegnitz 494 N; 11.3 E 26
i20  invasive Czech Republik; Prag 50.7N; 143 E 9

i21  invasive Germany; Rothenburg 514N; 11.5E 17
22 invasive Germany; Suckow 533N;122E 24
i23  invasive Germany; Zierenberg 512N;092E 20
nal  native M. aquifolium  British Columbia; Tie Lake 493N; 1152W 18
na2  native M. aquifolium  Washington; Cle Elum 46.2N; 1208 W 15
na3  native M. aquifolium  1daho; Harvard 46.4N; 117.0W 7

na4  native M. aquifolium  Oregon; Viento 504N; 1226 W 9

na5  native M. aquifolium  Oregon; LaGrande 452N; 1181 W 6

na6  native M. aquifolium E:;{‘Sh Columbia; Manning 49.1N; 1208 W 10
npl  native M. pinnata California; Bodega Bay 382N;1233W 13
np2  native M. pinnata California; Tomales Bay 38.1N; 1229W 21
nrl native M. repens Montana; Bear Lake 476 N; 1153 W 7

nr2  native M. repens Montana ; Blackfoot River 456 N;1134W 15
nr3  native M. repens Montana; Boulder River 452N;110.1W 14
nr4  native M. repens Idaho; Deary 46.5N;116.3W 10
nr5 native M. repens Idaho; Deer Road 46.5N;116.0W 9

nr6  native M. repens Colorado; Poudre Canyon 40.4N; 105.5W 21
nr7  native M. repens Colorado; Big South Trailhead  40.4N; 105.5W 19
a8 mative M repens Colorado; Crested Butte 385N; 1065 W 14

Mountain
nr9  native M. repens Colorado; Middle Saint Vrain 40.1 N; 1053 W 10

Valley
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Table 2: Cultivars included in the study. Selection year was taken from Houtman et al. (2004).

Information about selection of c19-c21 was given by breeder himself.

code species cultivar year of selection n
cl M. aquifolium 11
c2 M. aquifolium Apollo 1973 13
c3 M. aquifolium Atropurpurea 1915 11
c4 M. aquifolium Darthil ® 2000 1
c5 M. aquifolium Dart’s Distinction 1970 1
c6 M. aquifolium Dart’s Quickstep 1987 1
c7 M. aquifolium Euro 1996 1
c8 M. aquifolium Golden Pride Unknown 1
c9 M. aquifolium Green Ripple 1970 3
cl0 M. aquifolium Hastings Elegant Unknown 3
cll M. aquifolium Hans-Karl Méhring 1984 4
cl2 M. aquifolium Juglandifolium Unknown 2
cl3 M. aquifolium Jupiter 1978 3
cl4 M. aquifolium Maqu 1970 5
cl5 M. aquifolium Marijke 1993 1
cl6 M. aquifolium Mirena 1979 10
cl7 M. aquifolium Orange Flame 1965 2
cl8 M. aquifolium Smaragd 1978 9
cl9 M. aquifolium Typl 1999 3
c20 M. aquifolium Typ2 1999 3
c21 M. aquifolium Typ3 1999 3
c22 M. aquifolium Undulata 1930 7
c23 M. aquifolium Versicolor Unknown 3
c24 M. x decumbens Bokrafood ® 2001 1
c25 M. x decumbens Bokrahawk ® Unknown 1
c26 M. x decumbens Bokrarond ® 2005 1
c27 M. x decumbens Bokrasio ® 2003 2
c28 M. x decumbens Cosmo Crawl 1992 1
c29 M. x decumbens Nrl7 Unknown 1
c30 M. x decumbens Pixie 1994 1
c31 M. x hybrida Hybrida cultural bastard 2
c32 M. pinnata Ken Howard Unknown 3
c33 M. repens Unknown 4
c34 M. x wagneri Darts Flashlight 1993 1
c35 M. x wagneri Fireflame 1965 1
c36 M. x wagneri Moseri 1895 1
c37 M. x wagneri Pinnacle 1930 4
c38 M. x wagneri Sunset 1998 4
c39 M. x wagneri Vicaryi 1931 1

Furthermore we sampled 127 individuals that belonged to 39 different cultivars from
Botanical Gardens and commercial nurseries (Table 2). We either sampled leaves
directly in the field which were dried and stored in silica gel (20 populations and

cultivars) or we sampled seeds (20 populations). In the latter case seedlings were grown
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from cold stratified seeds in a climate chamber with a 14 h/10 h day/night cycle at
15°C/10°C. When the seedlings had secondary leaves we harvested and stored them at
-80°C. From each mother plant only one seedling was analysed. DNA was extracted
from dried or frozen leaves with the Plant DNA extraction mini kit (QIAGEN). A total
of 761 individuals were genotyped at eight microsatellite loci (CA03, CA18, CA40,
CA43, GA0S, GA31, GA33, GA36) as described previously (Rof3 and Durka 2006).

3.3.3  Data analysis

We measured a number of genetic parameters to compare genetic diversity between
invasive and native populations. We analysed the number of alleles and observed and
expected heterozygosity using MSA 3.0 (Dieringer and Schlétterer 2002). Allelic
richness (A;), a measure of allelic diversity corrected for sample size, was calculated
with FSTAT 2.9.3.2. software (Goudet 1995). Departure from Hardy-Weinberg-
equilibrium was also tested with FSTAT. Samples with identical multilocus genotypes
were regarded as clones. Genetic parameters at population level were calculated using
each multilocus genotype once. Differences of genetic parameters between invasive and
native populations and between the species nested within status (invasive or native)
were calculated by a nested ANOVA using the GLM procedure in SAS 9.1. (SAS
Institute, Cary, NC, USA).

We calculated the number of private alleles at species level. Private alleles were
defined as alleles present in more than one population of a species and in no other
species. Overall genetic differentiation among populations was assessed with F-
statistics (Weir and Cockerham 1984; Wright 1951) using FSTAT. Genetic
differentiation between populations within species was estimated as the pair wise Fsr-
value and compared between the taxa using FSTAT with 1000 permutations. We
excluded M. pinnata populations from this analysis due to low sample size. We tested
for isolation by distance for the three native species with a Mantel test with 2000
randomisations using FSTAT. We also assessed genetic differentiation among species
and invasives by a hierarchical analysis of molecular variance (AMOVA) with Arlequin

2.0 (Schneider et al. 2000) with populations nested in species.



Results 43

We used a Principle Components Analysis (PCA) and a model-based clustering
method to analyse the relationship among native taxa, invasives and cultivars. PCA was
carried out using PCAGEN 1.2 (Goudet 1999). Furthermore, we clustered all
individuals using STRUCTURE 2.0 (Pritchard et al. 2000). This software uses a model-
based Bayesian procedure to assign individuals into K clusters based on their multilocus
genotypes. To identify the most probable number of clusters the algorithm was run with
values of K from 1 to 14 ten times each. We used the admixture model with a length of
burnin period of 10,000 and 10,000 iterations and the prior information about the
populations. The posterior probabilities of K, (L(K)) and AK calculated according to
Evanno (2005) were used as indicators of the most probable K value. The whole data set
including natives, invasive populations and cultivars was analysed and visualized using

the DISTRUCT program (Rosenberg 2004).

34 Results

3.4.1  Genetic variation

At eight microsatellite loci we detected 187 different alleles in a total of 761
individuals. The number of alleles per locus ranged between ten (GA05) and 37 (CA03
and CA18). At species level we found 131 alleles in M. aquifolium, 144 alleles in M.
repens and 69 alleles in M. pinnata. In European samples a smaller number of alleles
was found with 101 alleles in invasives and 106 alleles in cultivars. The frequency of
species specific alleles was low with 6 (5.1 %) private alleles in M. aquifolium and 16
(11.6%) private alleles in M. repens, but no allele was specific to M. pinnata. However,
several alleles were common in one species and rare in the others, or species were
characterised by the absence of an otherwise common allele. In seven out of 40
populations (three invasive populations, two M. repens populations and two M. pinnata
populations) several samples shared the same multilocus genotype indicating clonal
propagation. Populations were highly diverse with mean He = 0.60 = 0.06 and 0.65 £
0.02 and mean H, 0.48 £ 0.04 and 0.57 + 0.02 (means = s.e.) in the native and invasive
populations, respectively (Table 3). Most Fis-values were significant, with mean Fis =
0.17 and 0.12 in native and invasive taxa, indicating slight departure from Hardy-

Weinberg expectations, which may be due to null-alleles (Rof3 and Durka 2006) but not
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due to inbreeding, because self pollination in Mahonia does rarely result in fruit
production (Monzingo 1987, H. Auge unpublished data ). Native and invasive taxa did
not differ significantly in number of alleles per locus, allelic richness, expected and
observed heterozygosity and inbreeding coefficient. Furthermore, there were no
significant differences between the native species in these traits (ANOVA, 4: p = 0.374,
Ar: p=0.059, Fis: p = 0.725) except in He (p =0.037) and H, (p = 0.029) with lowest

values in M. pinnata and highest values in M. aquifolium (Table 3).

Table 3: Genetic diversity at eight microsatellite loci of invasive and native Mahonia
populations: Sample size (N), number of multilocus genotypes (Ngr) Observed heterozygosity
(H,), expected heterozygosity (H.), number of alleles per locus (4), allelic richness (4,) based
on five individual and inbreeding coefficient (Fis, *: p < 0.05, **: p < 0.01, ***: p < 0.001).
Genetic parameters were calculated on multilocus genotypes instead of individuals. Mean
values of native species and invasive populations are least square means calculated by ANOVA.

population N Ngr H, H, A A, F;
invasive

il 20 20 0.59 0.67 53 3.8 0.119**
i2 22 16 0.63 052 4.0 2.8 -0.214

i3 19 19 0.55 067 54 3.7 0.183***
i4 20 20 058 062 5.5 3.7 0.063

i5 20 20 0.50 0.64 4.8 3.5 0.210%***
i6 8 8 0.53 060 3.9 34 0.158*
i7 20 20 0.52 064 5.0 35 0.195%**
i8 13 13 0.56 0.67 6.0 4.0 0.171%**
9 10 10 0.50 0.62 4.1 33 0.191**
il0 9 9 0.50 0.64 44 3.7 0.213**
ill 16 16 065 072 59 4.1 0.092*
il2 20 20 0.61 065 5.8 3.9 0.061
il3 19 19 0.64 068 5.6 4.1 0.066
il4 10 10 0.55 068 5.5 4.2 0.198**
il5 22 22 0.64 070 6.4 4.1 0.087*
il6 28 28 0.52 066 6.8 4.0 0.218%***
il7 22 20 0.69 071 6.3 4.1 0.031
18 22 22 059 072 74 4.4 0.176%***
il9 26 26 0.62 065 59 3.7 0.053
i20 9 9 0.57 066 4.9 4.0 0.137*
i21 17 17 0.53 064 46 35 0.182%**
22 24 14 054 054 4.1 3.1 0.011

i23 20 20 0.58 0.67 6.0 4.0 0.130%**

mean invasive 0.57 0.65 5.4 3.8 0.119
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Continuance Table 3:

population N Ngr H, H, A A, Fi
native

M. aquifolium

nal 18 18 039 073 7.6 4.7 0.362%***
na2 15 15 052 075 7.1 4.7 0.234%**
na3 7 7 0.61 058 4.5 3.9 -0.074
na4 6 6 048 0.77 5.0 4.7 0.380%***
nas 9 9 056 071 5.8 4.6 0.173**
na6 10 10 0.55 067 44 3.6 0.100
mean 056 0.70 57 44 0.200

M. pinnata

npl 13 7 049 039 26 2.3 0.200*
np2 21 16 0.53 066 6.5 4.2 0.195%**
mean 042 052 46 32 0.198

M. repens

nrl 7 7 0.47 076 4.8 4.3 0.308***
nr2 15 15 0.40 050 55 3.6 0.103*
nr3 14 14 043 066 5.5 3.9 0.306***
nr4 10 10 0.65 0.78 6.6 4.9 0.214%**
nr5 9 9 0.35 074 6.3 4.9 0.282%***
nré 21 4 048 030 1.9 1.7 -0.697
nr7 19 19 045 062 7.0 4.1 0.253%***
nr8 14 6 038 029 2.8 2.0 0.081
nr9 10 10 038 054 35 3.0 0.281***
mean 047 058 4.9 3.6 0.126
mean native 048 0.60 5.1 3.7 0.173

As expected from the large proportion of shared alleles, the species where significantly
but only weakly differentiated with 10.3 % of genetic variation residing among species
(AMOVA: ®cr=0.103) and 12.3 % of variation residing among populations within
species (@sc =0.137) (Table 4). Populations were weakly but significantly structured
with overall Fsr values of 0.074 + 0.006 for invasive populations and 0.093 £ 0.015 for
native M. aquifolium. M. repens had an overall Fsr value of 0.329 + 0.058 and, thus,
was significantly (p = 0.007) more structured than the other taxa. There was no isolation
by distance in invasive Mahonia (p = 0.328) and in M. aquifolium (p = 0.666), whereas
M. repens showed a strong correlation of genetic and geographic distance (12 = 0.287,

p=0.002).
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Table 4: Hierarchical analysis of molecular variance (AMOVA) for 600 individuals of three
native species and invasive Mahonia populations. Variance components and explained variation
between taxa, among populations within taxa and within populations.

Source of variation d.f. Sum of squares Variance Percentage of
components variation

Among taxa 3 252.077 0.31707 10.28

Among populations within 36 516.104 0.37794 12.26

taxa

Within populations 1228  2933.260 2.38865 77.46

Total 1267 3701.442 3.08365

3.4.2  Relationship of native species, cultivars and invasives

The analysed taxa were not clearly separated by PCA (Figure 2). While native M.
aquifolium was separated from native M. pinnata along the first axis (score mean *
standard deviation: M. aquifolium -0.10 + 0.08; M. pinnata 1.03 £ 0.04), M. repens
widely scattered along the first (0.80 £ 0.57) and second axis (0.35 £ 0.81). M. repens
was separated into two groups along the second axis (0.99 + 0.34 and -0.44 + 0.28,
respectively). These two groups of M. repens correspond to two areas that were sampled
in the south and north of the species range (Figure 1). Cultivars were highly divers (first
axis: 0.07 £ 0.39; second axis: 0.08 + 0.08) with M. aquifolium located within them.
Invasive Mahonia populations arranged mostly within cultivars, next to native M.

aquifolium (fist axis: -0.31 £ 0.13; second axis: -0.17 £ 0.21).
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Figure 2: Principle components analysis (PCA) of allele frequencies at at eight microsatellite
loci. @ M. aquifolium, % M. repens, B M. pinnata, O cultivars, >* invasive populations. The
first and second axis explained 19.26 % and 12.37 % of total variation. The analysed taxa were
not clearly separated. Nevertheless, each native species grouped apart, M. repens was split in
two groups. Cultivars were widely scattered with invasive Mahonia populations arranged
mostly within cultivars

In the STRUCTURE analyses we found a similar pattern of grouping, even though the
AK analysis revealed no definite number of groups. The log likelihood of X increased
monotonously with increasing K from 1 to 14 (Figure 3). AK showed a peak at K =2.
However, the separation in only two groups did not allow to address the affiliation of
invasive populations and cultivated plants to native species. Therefore, we plotted the
results for K =2 to K = 6 and, thus, zoomed into the genetic relationship of the analysed

individuals from coarse (K = 2) to fine structure (K = 6) (Figure 4).
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Figure 3: Graphical method to identify the true K (Evanno et al. 2005) from STRUCTURE
analyses. Mean L(K) (£ s.d.), the posterior probability of the data for a given K over 10 runs of
each K (left axis), and AK, the standardised second order rate of change of L(K) (right axis). The
log likelihood increased monotonously with increasing K. AK showed one peak at K = 2.

At K=2, the coarse structure revealed two clusters which were built by native M.
repens and M. pinnata on the one hand and invasive populations on the other hand. This
separation was stronger than the separation of the native species. Native M. aquifolium
showed admixture of both gene pools. Some cultivars clustered to M. repens and M.
pinnata, but most cultivars clustered to the group of invasive Mahonia individuals.
Within the group of native taxa, at all K-values > 2, four M. repens populations formed
a consistent cluster. This strong splitting of native M. repens mirrored the geographical
separation of the southern populations, as indicated by PCA analysis, before. The
assignment of the M. pinnata populations was ambiguous. They clustered either with
southern M. repens (K = 3) or with northern M. repens (K =4) or formed an own gene

pool (K =5).
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Figure 4: Estimated membership probability for 761 Mahonia genotypes for K genetic clusters
identified by STRUCTURE analyses. Individuals are shown by vertical bars representing the
proportional contribution of the K clusters to their genotype. Populations are separated by black
lines. All individuals were introduced in all analyses. The three blocks show native populations,
invasive populations and cultivars, respectively. The five graphs show five representative runs
for K=2to K=6.

At each K, native M. aquifolium did not represent an homogenous gene pool but showed
admixture of northern M. repens, invasives’ and cultivars’ gene pools. The M.
aquifolium population nal showed stronger admixture of northern M. repens than other
M. aquifolium populations. Most cultivars shared the group with invasive individuals.
However, native M. pinnata gene pool was also found in cultivated individuals, namely
in the M pinnata cultivar (c32), in M. pinnata hybrids (c34 —c39) as well as in M.

aquifolium cultivars (c2, c¢3, c5—c8, c15-c17) and in M. repens hybrids (c24 — c30).
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This result indicated hybridisation of M. aquifolium with M. pinnata and the presence of
M. pinnata gene pool in hybrid cultivars and M. aquifolium cultivars. M. pinnata gene
pool was not detected in invasive populations. Furthermore, we found only small
proportions of northern M. repens in cultivars and hardly any in invasive populations.
Southern M. repens gene pool was neither detected in cultivars nor in invasive
populations. Some cultivars assigned to a group that would not be expected by there

species identification.

3.5 Discussion

The main results of our study were: (1) There is no evidence for a genetic bottleneck at
population level after introduction of Mahonia to Europe. (2) The native Mahonia
species have largely overlapping gene pools and were significantly but weakly
differentiated. The majority of cultivars and the invasive populations formed a gene
pool different from the native species. (3) Hybridisation of M. aquifolium and M.
pinnata was displayed in cultivars but not in invasive populations. Hybridisation of M.
aquifolium and M. repens could neither be proved in cultivars nor in invasive

populations.

3.5.1  Genetic diversity in invasive populations

The differences between invasive and native Mahonia populations were not a result of a
genetic bottleneck, because the genetic diversity was not significantly reduced in
invasive populations. However, at the species level more alleles were found in natives
than in cultivars and invasives. Thus, our results confirm the results of Bossdorf et al.
(2005) that most invasions of plant species are not associated with an overall genetic
bottleneck. Many invasions come about by multiple introductions that prevent a genetic
bottleneck (Durka et al. 2005; Maron et al. 2004; Neuffer et al. 1999). In addition, inter-
and intraspecific hybridisation can enhance genetic variation in invasive populations
(Ellstrand and Schierenbeck 2000). We suppose that multiple introduction as well as
hybridisation of M. aquifolium, M. repens and M. pinnata affected the genetic makeup

of invasive Mahonia populations.
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3.5.2  Relationships among native species

We presented evidence that North American native Mahonia species are differentiated
at microsatellite loci (Figure 2 and Figure 4). M. aquifolium and M. repens were
separated by private alleles and M. pinnata by the lack of certain alleles and by allele
frequencies. The weak characterisation of M. pinnata by private alleles is likely owing
to the low number of investigated populations. In the STRUCTURE analysis no definite
K could be detected, indicating subtle continuous structure rather than distinct gene
pools. The strongest division found was that between the northern and southern
subranges of M. repens (Figure 4) which also corresponds to the high Fsr-value among
M. repens populations compared to M. aquifolium. Whether there is indeed a clear cut
geographical separation of distinct gene pools within M. repens or rather a clinal
pattern, as indicated by the isolation by distance relationship, remains an open question.
However, these findings are consistent with pronounced morphological variability
among M. repens from different parts of the native areas (Houtman et al. 2004). To a
great extent, M. aquifolium shared the group of northern M. repens, indicating the close
relationship of these two taxa. Furthermore, our analyses indicate gene flow between
the two taxa in the area of range-overlap. M. aquifolium and M. repens had been
considered to be conspecific but later were accepted as two species (Piper 1906).
Although both species apparently possess different morphological traits in habit, leaf
colour and branching, they are sometimes difficult to distinguish and no single character
can unambiguously identify either species (Piper 1922). M. aquifolium and M. repens
hybridise not only in culture but also in nature (Houtman et al. 2004). This is confirmed
by the admixture of the M. repens group in M. aquifolium in the STRUCTURE analysis.
In particular the M. aquifolium population "nal" was clustered mostly with northern M.
repens, which is based on shared alleles of this population to both groups (data not
shown). In fact, the two species have overlapping ranges (Figure 1) and all populations
included in our study originated from the sympatric range where the gene pools were
not well separated. This may be either due to current gene flow between the species, but
may also indicate an intermediate state of ongoing speciation within the M. aquifolium /
M. repens group. The close relationship of M. aquifolium and M. repens complicated

the analysis of the relationships between invasives, cultivars and native species. In
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particular the role of hybridisation in invasive Mahonia could hardly be detected
because native M. aquifolium did not represent a well characterised uniform group.
Rather, it was found to have an intermediate position between the M. repens / M.
pinnata group and the group of invasive Mahonia / cultivars which were identified in

the best supported STRUCTURE analysis (K = 2).

3.5.3  Cultivars as likely sources of invasive populations

We analysed a large number of cultivars, many of which were not assigned to the native
species they were labeled by breeders (Figure 4 and Table 2). This may be due to recent
gene flow. Thus, even the “pure” cultivated plants may descend from former
hybridisation events, either in the native area or in cultivation. In cultivars the history
and identity of introduced and bred individuals is often not traceable. There are several
examples in which specimens were named erroneously (Piper 1922) or in which hybrid
cultivars were named after one maternal species (Houtman et al. 2004). Ahrendt (1961)
noticed that plants designated as M. aquifolium vary in morphology and consist largely
of hybrids. Cultivated M. aquifolium produce stolons (Giinther 1979) which actually is
typical for native M. repens (Ahrendt 1961; Piper 1922), and indicates a hybrid origin
of cultivated M. aquifolium plants. However, we could only detect a small proportion of
the M. repens gene pool in some cultivars and hardly any in invasive populations.

We showed that hybridisation of M. pinnata and M. aquifolium seems to play a
larger role for the cultivars than the hybridisation of M. repens and M. aquifolium. In
view of the selection times of different cultivars, hybridisation with M. pinnata started
earlier than hybridisation with M. repens. Further on, some of the old cultivars served as
basis to breeding of other cultivars. M. x wagneri ‘Moseri’, for instance, served as basis
for selection of M. x wagneri ‘Sunset’ (Houtman et al. 2004). Thus, genetic traits of
older M. pinnata cultivars could infiltrate the population of cultivars. The age of a
cultivar may play a role for the distribution across tree nurseries and garden centres and
is therefore important for secondary release. High presence of alien plant species in
trade and in consequence high planting rates enhance the likelihood of establishment in
nature by enhanced propagule pressure (Kowarik 2005). In British nurseries more

established alien plants are offered than casual alien species (Dehnen-Schmutz et al.
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2007). Although the M. pinnata gene pool in cultivars should be old, we could not
prove genes from M. pinnata in invasive populations, indicating that not all cultivars are
similarly invasive. We could not prove significant M. repens proportions in invasive
individuals either. Nevertheless, invasive Mahonia are different to native M. aquifolium.

According to our results, we assume that the differentiation of invasive Mahonia
and native M. aquifolium is a result of different stages in the invasion process where
restriction of gene pools, genetic drift, artificial selection and hybridisation had
interacted. Thus, although multiple introductions are generally common (Bossdorf et al.
2005) and play a role also in the introduction of Mahonia, it is likely that genetic
variability was actually reduced due to the selective import. Breeding and hybridisation
could have enhanced genetic variability again (Ellstrand and Schierenbeck 2000).
Simultaneously, genetic makeup was likely changed directed by artificial selection,
which may have caused a bias in invasive founder populations (Kitajima et al. 2006).
Thus, we assume that plant breeding facilitated invasion success of Mahonia by
enhancing genetic variability and by generating characteristics that enhance
invasiveness of certain cultivars.

Hybridisation may result in polyploid genotypes and fixed heterosis, that may
fosters plant invasion (Ellstrand and Schierenbeck 2000). However, we did not find any
evidence for polyploidy in invasive Mahonia, as only mono- or bi-allelic microsatellite
genotypes were detected at all loci over all populations. Nevertheless, in other species
polyploidy after hybridisation may play a role for successful invasion, for instance in

Spartina anglica (Gray 1986).

3.5.4  Plant breeding and evolution of invasive traits

Recently, some plant traits have been identified, which may contribute to the invasion
success of certain species in particular environments, even though no characteristic
could be found that answered the basic question for invasive characteristics
satisfactorily (Pysek et al. 1995; Lodge 1993). One characteristic that is known to
enhance plant invasion is high seed production (Rejmanek 1996). This may play a role
in invasive Mahonia populations, also. Many cultivars are praised for their large

flowers, numerous fruits or the long residence time of berries at the sprout (Houtman et
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al. 2004). Soldaat and Auge (1998) suggested a horticultural effort for more flowers and
fruits in Mahonia. Also other attributes, which plant breeders selected for in cultivated
Mahonia, may be advantageous in natural habitats as well as in gardens. Invasive
populations grow by vegetative below-ground stolons and stem layering (Auge and
Brandl 1997), which is less known from M. aquifolium but from M. repens (Ahrendt
1961) and in some cultivars (Houtman et al. 2004). Thus, although we detected hardly
any M. repens gene pool in invasive populations, clonal growth does obviously play an
important role in these invasive populations. The cultivar M. aquifolium ‘Maqu’ (c14) is
characterised especially by cold resistance, and a large amount of berries that are
retained during autumn (Houtman et al. 2004), thereby facilitating seed dispersal by
birds. M. aquifolium ‘Maqu’ is one old cultivar that shared a large proportion of genes
with invasive populations and is possibly one of the successful invading cultivars.

These examples show that plant breeding may enhance invasion success by
selecting for certain characteristics. Hence, there is more need to study characteristics of
cultivated plant species and the relation of certain traits with invasiveness to identify
general breeding efforts that go along with invasiveness. Breeders select especially for
reproductive versatility, improvement in stress tolerance and pathogen resistance
(Bundesverband Deutscher Pflanzenziichter e.V. 2007), and broaden the phenotypic
variation in particular by hybridisation.

These attributes will enable horticultural species to invade natural habitats.
There are hardly any studies that investigated characteristics of horticultural plants in
relation to invasiveness. Solely, Kitajima et al. (2006) showed that invasive Ardisia
crenata individuals that descended from cultivars produce a greater number of seeds
compared to native individuals. Large inflorescences, large flowers and high fruit
production increase the number of seeds and may enhance invasiveness (Rejmanek
1996). Large numbers of seeds increases propagule pressure, especially in species that
are bird-dispersed like M. aquifolium. Moreover, the birds which feed on M. aquifolium
are common (e.g. blackbirds) (Torrey and Gray 1838), widespread and use both natural
and urban habitat. Furthermore they are comparatively large birds which may further
enhance dispersal distance. However, beside special traits that are selected by breeding

and may enhance invasiveness, plant breeding may enhance invasion success simply by
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a mass effect: horticultural non-indigenous species become very abundant in a vast
array of locations. Thus, the propagule pressure to adjacent native vegetation is greatly
increased (Okada et al. 2007). Also, the many locations in which the species are grown
differ in ecological conditions, which will increase the probability to find suitable
conditions. In general, after first introduction, non indigenous species have been shown
to undergo a lag phase before becoming invasive (Kowarik 1995). This time lag is
hypothesised to be related to microevolution and local adaptation (Richards et al. 2006).
Plant breeding and horticultural selection may shorten this lag phase by artificial
selection of highly fecund genotypes and by distributing the cultivars and enhancing the

probability of an invasion.
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Chapter 4

Invasive Mahonia plants outgrow their native relatives

In cooperation with Harald Auge

4.1 Abstract

Invasive populations often grow more vigorously than conspecific populations in the
native range. This has frequently been attributed to evolutionary changes resulting
either from founder effects, or from natural selection owing to enemy release. Another
mechanism contributing to evolutionary change has largely been neglected in the past:
Many invasive plant species do actually descend from cultivated plants and were
therefore subject to breeding, including hybridisation and artificial selection. In a
common garden experiment, we compared invasive Central European populations of the
ornamental shrub, Mahonia, with native populations of its putative parental species,
Mahonia aquifolium and M. repens, from North America. We hypothesised that plants
of invasive populations show increased growth and retained high levels of heritable
variation in phenotypic traits. Indeed, invasive Mahonia plants grew larger in terms of
stem length, number of leaves and above-ground biomass than either of the two native
species, which did not differ significantly from each other. Since there are no hints on
release of invasive Mahonia populations from natural enemies, it is likely that
hybridisation and subsequent selection by breeders have lead to an evolutionary
increase of plant vigour in the introduced range. Further on, heritable variation was not
consistently reduced in invasive populations compared with populations of the two
native species. We suggest that interspecific hybridisation among the Mahonia species
has counteracted the harmful effects of genetic bottlenecks often associated with species
introductions. Based on this case study, we conclude that much more attention has to be
paid on the role of plant breeding when assessing the mechanisms behind successful

plant invasions in future.
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4.2  Introduction

Invasive plant populations are often reported to perform better than conspecific
populations in the native area (Blossey and Noetzold 1995; Crawley 1987). This
difference between invasive and native populations may result from a more benign
environment (Crawley 1987) but may also be genetically based. Genetic differentiation
among native and invasive populations in neutral markers as well as in quantitative
traits has been shown for several plant species (reviewed in Bossdorf et al. 2005; e.g.
Durka et al. 2005; Blair and Wolfe 2004; DeWalt and Hamrick 2004) and can be caused
by random genetic drift, hybridisation and gene flow in the new area, or by evolutionary
adjustments to the novel environment (Allendorf and Lundquist 2003). Genetic
adaptations may influence both the number of invaded habitats and the dominance
within habitats (Parker et al. 2003), and there is increasing evidence that the ability for
adaptive evolution is a key feature of successful invaders (Bossdorf et al. 2005; Sakai et
al. 2001; Caroll and Dingle 1996). However, one factor that has been uncared in
invasion biology for a long time is the role of plant breeding, even though a high
proportion of successful alien plants descent from cultivated plants (Kuehn and Klotz
2003; Preston et al. 2002). The role of cultivation in plant invasions has been mainly
discussed with respect to increased propagule pressure (Mack 2000), but genetic
changes due to plant breeding may contribute to invasion success as well: First,
artificial selection for traits that are of ornamental value but also ecologically relevant
may enhance the chance of naturalisation and spread (Kitajima et al. 2006). Second,
breeding often involves hybridisation with related species, which is suggested to
facilitate the evolution of invasiveness by enhancing genetic variation, creating novel
genotypes, dumping of genetic load, and by fixed heterosis effects (Ellstrand and
Schierenbeck 2000). Hybridisation may thus be a mechanism compensating for genetic
bottlenecks which are commonly associated with species introductions and are known
to impede evolutionary adjustments (Allendorf and Lundquist 2003). On the other hand,
in many cases hybrids spread by extensive vegetative proliferation and thus, even
populations with low genetic variation may become serious invaders (Vila et al. 2000).
Hence, more attention has to be paid to the potential contribution of man-made genetic

changes to the invasion success of ornamental or other cultivated plants.
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Using neutral molecular markers, several studies have shown that invasive taxa
originated by hybridisation of exotic species with native species (Moody and Les 2002;
Ayres et al. 1999) or other exotic species (Gaskin and Schaal 2002; Hollingsworth et al.
1998). Only a few studies, however, compared invasive hybrids with their native
parents in ecological relevant, phenotypic traits (but see Facon et al. 2005; Vila and
D'Antonio 1998). In our paper, we compare invasive populations of an ornamental
shrub with its putative parental species from the native area with respect to plant growth
and within-population genetic variation. Mahonia aquifolium (PURSH) NUTT. is native
in North America and was introduced to Europe in the 19" century (Hayne 1822, cited
in Kowarik 1992) as an ornamental plant. Plants cultivated today under the name M.
aquifolium are largely casual hybrids, probably mainly with the closely related M.
repens (LINDL.) G. DON (Ahrendt 1961). In addition, many cultivars deliberately bred
by hybridisation of the two species are cultivated (Houtman et al. 2004). M. repens is
used as an ornamental plant, too, and M. repens as well as the hybrids are known to
escape from cultivation (Clement and Foster 1994; Stace 1991). In Central Europe,
descendants of these cultivated forms are successful invaders of a wide range of
habitats, ranging from shady forest to open, dry scrub (Auge and Brandl 1997; Kowarik
1992; Lohmeyer and Sukopp 1992). Although the actual genetic status of the invasive
Mahonia populations has not been proved yet, it is most likely that invasive populations
represent a hybrid swarm between the two species. We carried out a common garden
experiment with invasive Mahonia populations from Central Europe, and native M.
aquifolium and M. repens populations from North America, to test the hypotheses that
1) invasive populations show increased plant size relative to the putative parental

species, and
2) invasive populations show the same magnitude of heritable variation in

quantitative traits like native populations.

4.3 Material and Methods
4.3.1 Study species
Mahonia aquifolium and related species are native to western North America. They are

shrubs with evergreen, pinnate leaves, insect-pollinated flowers, and vertebrate-
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dispersed berries. M. aquifolium is characterised by simple and erect stems reaching
1.80 m in height (Ahrendt 1961; Piper 1922). It occurs from British Columbia to
California and from of the Pacific coast to Montana and Idaho, and grows in open
woods and shrublands from sea level to 2100 m altitude (Whittemore 1997). The
closely related M. repens reaches 90 cm in height and is more stoloniferous than M.
aquifolium (Ahrendt 1961). Although there is some overlap in distribution, M. repens
occurs more to the north, south and east than M. aquifolium. It grows in open forests,
shrublands and grasslands up to an altitude of 3000 m (Whittemore 1997). M.
aquifolium was introduced to Central Europe for ornamental purpose in 1822 (Hayne
1822, cited in Kowarik 1992) and repeatedly later on. Breeding resulted in a large
number of cultivars and involved hybridisation with related species (see van de Laar
1975). Cultivars and stocks that are probably mainly hybrids between M. repens and M.
aquifolium (see Ahrendt 1961), have been frequently planted at road sides, in gardens
and in parks, and are known to escape from cultivation (Clement and Foster 1994; Stace
1991). The first spontaneous occurrence outside gardens was observed in 1860 after a
time lag of 38 years (Kowarik 1992). Today, the descendants of the cultivated forms are
successful neophytes in Central Europe invading anthropogenic as well as natural
vegetation (Kowarik 1992; Lohmeyer and Sukopp 1992). While regional spread
depends on seed dispersal by vertebrates, local population increase takes place by
repeated seedling recruitment and extensive clonal growth (Auge and Brandl 1997;
Auge et al. 1997). Because of the hybridisation involved, we will use the term invasive
Mahonia populations in this article to distinguish them from the other two taxa, i.e. their
putative parental species, M. aquifolium and M. repens. Invasive Mahonia populations
show high phenotypic variation (Auge et al. 1997) and large variation in neutral genetic

markers (Ross et al. submitted).

4.3.2  Sampling and rearing of plant material

Berries of 13 invasive European Mahonia populations, four native M. aquifolium
populations, and five native M. repens populations were collected in summer 2003
(Table 1). The offspring of each maternal plant represents at least half-sibs and will

therefore be referred to as a seed family. In December 2003, we sowed seeds of five to
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eight families of each population in plastic trays containing a mixture of 50 % rearing
compost (Composana; COMPO GmbH, Miinster, Germany) and 50 % sand, and stored
them at 5 °C in a refrigerator. After 16 weeks of stratification, we transferred the seed
trays to a 14 h/10 h day/night cycle at 15 °C/10 °C. Three weeks later we raised the day
temperature to 20 °C to facilitate germination. After further two weeks, we planted the
seedlings separately in 3 litre plastic pots of 12 cm diameter with 50 % of a standard
potting soil (Fruhstorfer Typ P, florimaris Humus- und Erdenwerk GmbH & Co. KG,
Wangerland, Germany) and 50 % sand, and placed them in a greenhouse with a

day/night cycle of 14 h/10 h and 25 °C/15 °C until the start of the experiments.

Table 1: Sampling locations of native Mahonia aquifolium and M. repens populations, and of
invasive Mahonia populations used in the common garden experiment.

Status Taxon Location Geogl:aphic
coordinates
native M. aquifolium British Columbia: Tie Lake 493N 1152 W
native M. aquifolium Idaho: Harvard 464N 117.0 W
native M. aquifolium Oregon: site A 452N 118.1W
native M. aquifolium Oregon: site B 444N 1233 W
native M. repens Montana: Blackfoot River 456N 1134 W
native M. repens Montana: Boulder River 452N 1101 W
native M. repens Montana: Rattlesnake Mountain 46.5N 113.6 W
native M. repens Idaho: Deary 46.5N 1163 W
native M. repens Idaho: Deer Road 46.5N 116.0 W
invasive invasive Mahonia Germany: Barby 51,6 N 11.6 E
invasive invasive Mahonia Germany: Buckow 523N 14.1E
invasive invasive Mahonia Germany: Drebkau 514N 14.1E
invasive invasive Mahonia Germany: Duebener Heide 514N 123E
invasive invasive Mahonia Germany: Herzfelde 523N 135E
invasive invasive Mahonia Germany: Kirchbrak 51.6 N 94E
invasive invasive Mahonia Germany: Halle-Lieskau 513N 11.6 E
invasive invasive Mahonia Germany: Liepe 525N 13.6E
invasive invasive Mahonia Germany: Linz am Rhein 503N 72E
invasive invasive Mahonia Germany: Mannheim 493N 83 E
invasive invasive Mahonia Germany: Neuhaus an der Pegnitz 494N 113E
invasive invasive Mahonia Czech Republik: Prague 50.7N 143 E
invasive invasive Mahonia Germany: Rothenburg 514N 11.5E

To account for differences in initial seedling size which may reflect maternal

environmental effects, we determined the length of the longest leaf of all seedlings at
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the start of the experiment. According to a preliminary test using 50 Mahonia seedlings,
the length of longest leaf proved to be the best predictor of seedling biomass (7> = 0.28)

compared to other non-destructive measures.

4.3.3  Experimental design and measurements

In July 2004, we set up a common garden experiment at the UFZ Experimental Station
in Bad Lauchstiddt, Germany (51.37 ° N, 11.83 © E), using a split-plot design. The main
plot level consisted of six plots and was used to investigate the effects of shading: Three
randomly chosen plots received full sunlight, whereas three other plots were covered
with neutral PE shade cloth and received only about 55 % of light. We established two
different light treatments, because native M. repens occur in more open habitats in
contrast to native M. aquifolium, and we wanted to avoid inappropriate light conditions
for one of these species. In addition, this main plot treatment allowed us to compare the
response of the three taxa to different light conditions. The subplot level consisted of
individual plants and was used to compare the taxa, populations and seed families. One
seedling of each seed family was randomly positioned within each plot, except some
seed families with poor germination that could not be distributed across all plots. The
pots were embedded with bark mulch to protect them from extreme temperatures and
were watered when necessary.

At the end of October 2005, we terminated the experiment and harvested all
plants. We measured three functional traits of each plant: chlorophyll content, specific
leaf area (SLA) and leaf area ratio (LAR). Chlorophyll content and SLA were
quantified using three randomly chosen leaves per plant. To quantify chlorophyll
content, we used a chlorophyll meter (SPAD-502, Minolta Co. Ltd., Osaka, Japan)
which measures the amount of light transmitted by the leaf in two specific wavelength
regions. Using 30 additional Mahonia individuals we found that chlorophyll content
measured with the SPAD-502, and chlorophyll concentration determined according to
Lichtenthaler & Wellburn (1983) were highly correlated (+2 = 0.79). It should be noted,
however, that the SPAD measures chlorophyll content on an arbitrary scale and on the
basis of leaf area rather than leaf mass. To quantify SLA, we determined leaf area using

a LI-3100 Area Meter (LI-COR Biocience, Lincoln, NE, USA) before drying the leaves
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at 80 °C. We calculated LAR in terms of leaf area per unit above-ground biomass and
SLA as expression of leaf area per unit leaf mass.

To characterise plant size, we counted the number of stems and leaves, measured
the length of longest stem, determined the biomass of leaves and stems after drying at
80 °C, and calculated total aboveground biomass. We did not consider reproductive
traits because only few plants had flowered, and belowground structures because the

inappropriate texture of potting soil prevented a reliable measurement of root biomass.

4.3.4 Statistical analyses

Data were analysed according to a split-plot design with treatment on the plot level, and
taxon, population and seed family on the subplot level. For the functional traits
(chlorophyll content, SLA and LAR) we calculated an ANOVA, and for the size-related
traits an ANCOVA with length of longest leaf at the start of the experiment as covariate
to account for initial seedling size (PROC GLM, SAS version 9.1, SAS Institute, Cary,
NC, USA). Because of poor germination and subsequent mortality not all seed families
and populations were still present in each treatment at harvest time, and the effects of
seed family and population were thus confounded with the shading effect. Therefore,
we calculated type I sum of squares and fitted shading and plot nested within shading
first to produce robust results for the effects of taxon, population and seed family. We
considered population, seed family and their interactions with shading as random
effects. Therefore, taxon was tested against population within taxon, population against
seed family within population, shading x taxon against shading x population within
taxon, and shading x population within taxon against shading x seed family within
population. All other effects were tested against the residuals. We compared the last
square means of the three taxa by GT2-method (Hochberg 1974), that is recommended
for unequal sample size (Sokal and Rohlf 1995). Since we intended to avoid inflated
type II errors as result of Bonferroni tests (Cabin and Mitchell 2000), we calculated the
probability to find one significant result by chance which is 1 - 0.95 > = 0.14 in the three
functional traits, and 1 - 0.95 ®=0.26 in the six size-related traits (Moran 2003). SLA,
LAR, stem length, number of leaves and all biomass data were log transformed, and

number of stems was square-root transformed to approach normality and homosce-
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dasticity. For a comparison of the whole set of plant traits between the three taxa we
calculated a principal component analysis on chlorophyll content, SLA, LAR, stem
length, number of leaves, number of stems, leaf biomass and stem biomass using least
square means for populations (PROC PRINCOMP).

To compare the heritable component of variation between the three taxa, we
estimated variance components between and within seed families for all traits (untrans-
formed data) using the restricted maximum likelihood method (PROC MIXED).
Variance components were calculated for each population separately. Since we had no

information whether seed families represent half-sibs or full-sibs, we used the intraclass

correlation coefficient as a measure for heritable variation: ¢ = o-lf/. / (o-,ff +o’

. 2
uf) with o,

being the variance between seed families and o, the variance within seed families.

wf
This coefficient describes the resemblance among relatives and is thus a measure of
genetic variation (Falconer and Mackay 1996; Lawrence 1984). Intraclass correlation

coefficients were compared between the three taxa using ANOVA and GT2-tests.

44  Results
Whereas all traits varied strongly among plots, shading did not significantly affect any
plant trait despite chlorophyll content (Tables 2 and 3). Chlorophyll content (as
measured on leaf area basis) was reduced by 9 % in shade compared to full sunlight,
which might result from a slight but non-significant increase in SLA. Responses to
shading did neither vary among the three taxa nor among populations as indicated by
the non-significant shading x taxon and shading x population interactions, respectively.
Out of the three functional traits measured, only chlorophyll content differed
significantly between the three taxa (Table 2). Although native M. aquifolium had
slightly lower chlorophyll content as well as slightly higher SLA and LAR compared to
native M. repens and invasive Mahonia (Table 4), no pairwise comparison between the
three taxa was significant. Furthermore, we did not detect significant differences of
functional traits among populations within taxa and among seed families within

populations.
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Initial seedling size had an effect of all traits related to plant size at the end of
the experiment (Table 3). The three taxa differed significantly in all these traits except
in the number of stems (Table 4). The differences between native M. aquifolium and M.
repens were not significant. Invasive Mahonia populations attained significantly larger
values than both native species in all traits related to plant size except in the number of
stems. Note that the significant differences were more frequent than expected by chance
in a table with six comparisons. Populations within taxa varied significantly in number
of leaves and number of stems, and seed families within populations differed in leaf,
stem and total aboveground biomass (Table 3). In case of the among-population

variation, however, these are just as many significant results as expected by chance.

Table 2: Results of analyses of variance for functional traits. Degrees of freedom are given for
the effect and the respective error mean squares (in brackets: error degrees of freedom for
chlorophyll content). Significance levels of F ratios are given as follows: * p <0.05,
** p<0.01, *** p <0.001.

F ratios
Degrees of
freedom Chlorophyll  Specific leaf Leaf area

content area ratio
Shading 1,4 9.48 * 241 1.72
Plot (shading) 4,401 (404) 3.32% 13.11%** 6.52 ***
Taxon 2,19 4.69 * 2.68 1.11
Population (taxon) 19, 100 1.39 0.99 1.56
Seed famil, 100, 401
(populatiog X taxon) (404) 1.09 1.23 1.30
Shading x taxon 2,18 0.97 0.48 0.59
Shading x population (taxon) 18, 76 0.77 1.59 0.79
Shading x seed family 76,401 122 101 130

(pop x taxon) (404)
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In the multivariate analysis, the first three principal components together explained
91 % of the variance in plant traits (Figure 1). The first axis was positively associated
with traits related to plant size and separated all three taxa well (M. aquifolium: -
0.89+0.90, M. repens: -2.93 +£0.32, invasive Mahonia populations: 1.40 = 0.22).
Hence, the position of the invasive populations along this axis reflects their increased
growth compared to the putative parental species. The second axis was mainly
associated with functional traits, i.e. positively with SLA and LAR, and negatively with
chlorophyll content. It separated the two native species (M. aquifolium: 1.48 = 0.54, M.
repens: -0.83 £ 0.39), whereas the invasive Mahonia populations overlapped with both
species and showed, on average, intermediate values (-0.14 + 0.38). The third axis was
positively associated with chlorophyll content and LAR, but did not differentiate the

three taxa.

Table 4: Functional and size-related traits of native M. aquifolium and M. repens from North
America, and invasive Mahonia populations from Central Europe, grown in a common garden
experiment. Least square means and standard errors among populations within each taxon are
given. Different superscript letters indicate significant differences at p < 0.05 according to GT2-
tests (calculated on transformed data in the case of stem length, number of stems, number of
leaves and all biomass data). In all size-related traits, except the number of stems, invasive
Mahonia populations perform significantly better than the two native species.

Native species Invasive Mahonia
M. aquifolium M. repens populations

Functional traits

Chlorophyll content 36.66 +1.29* 39.48 +£2.16* 40.38 £0.62°

Specific leaf area [cm*/g] 91.21+2.93* 99.91+5.13* 91.14+3.28*

Leaf area ratio [cm¥/g] 69.61 £2.71° 6623 £4.65° 6538 +131°
Size-related traits

Aboveground biomass [g] 1.95+0.51° 1.56 +£0.89* 3.65+0.25°

Biomass of stems [g] 0.48+0.16" 0.31+£0.28*° 0.94 +0.08°

Biomass of leaves [g] 1.47+0.36 1.25+0.64" 2.71+0.18°

Stem length [cm] 7.4240.62° 57241.10° 9.15+031°

Number of stems 3.90+0.61° 2.85+1.08° 5.03+0.30°

Number of leaves 12.08 £1.62* 6.89 +£2.85" 17.61£0.79°
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Figure 1: Results of principal component analysis of three functional and five size-related traits
of four native M. aquifolium populations and five native M. repens populations from North
America, and 13 invasive Mahonia populations from Central Europe, grown in a common
garden experiment. The first three principal components explain 54 %, 24 % and 13 % of the
variance in plant traits, respectively.
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Intraclass correlation coefficients of functional and size-related traits of the three taxa
ranged from 0 to 0.402 (Table 5) and were, averaged across taxa, highest in SLA
(0.220) and lowest in stem length (0.039). Invasive Mahonia populations had a
significantly lower heritable variation in all functional traits compared to M. repens but
not to M. aquifolium, whereas the two native species did not differ significantly. In all
size-related plant traits, we found no significant differences among intraclass correlation

coefficients of the three Mahonia taxa.

Table 5: Heritable variation of quantitative traits within populations of native Mahonia species
and within invasive Mahonia populations as measured by the intraclass correlation coefficient.
Means and standard errors among populations within each taxon are given. Different superscript
letters indicate significant differences at p < 0.05 according to GT2-tests.

Intraclass correlation coefficient 7

Native species Invasive
T Mahonia
M. aquifolium M. repens populations
Functional traits
Chlorophyll content 0.014 +0.067 0.249 + 0.060* 0.058 +0.037°
Specific leaf area 0.216 +0.099 0.402 £ 0.089* 0.041 +0.055°

Leaf area ratio

0.004 + 0.044 ®

0.121 £0.039*°

0.000 + 0.024 °

Size-related traits
Aboveground biomass
Biomass of stems
Biomass of leaves
Stem length
Number of stems

Number of leaves

0.005+0.059°
0.011+0.047°
0.014£0.063°
0.043 £0.038°
0.056 £0.074°
0.089 +0.038°

0.156 £0.053°
0.067 £0.042°
0.168 £0.056°
0.000 +0.034°
0.182£0.066°
0.042 £0.034°

0.049 £0.033°
0.070 +0.026*
0.039 £0.035°
0.073+£0.021°
0.051£0.041°
0.027£0.021°

4.5 Discussion

With respect to our initial hypotheses, we summarise our results as follows:

1) Invasive Mahonia populations showed a strongly increased plant size relative to
the putative parental species, M. aquifolium and M. repens.
2) Invasive Mahonia populations showed a similar magnitude of heritable variation

in quantitative traits like native Mahonia populations.
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Invasive Mahonia populations descend from cultivated stocks and are supposed to be
largely of hybrid origin, most likely between M. aquifolium and M. repens (Ahrendt
1961). There are some other North American Mahonia species cultivated in Europe, in
particular M. pinnata (Lag.) Fedde which is also known to be hybridised with M.
aquifolium (see Houtman et al. 2004; van de Laar 1975). Although we still do not know
the actual extent of gene flow among these species, our comparisons considers the two
most likely parental species of invasive Mahonia populations. Genetic analyses using
microsatellite markers (Ro3 and Durka 2006) reveal that invasive Mahonia populations
are clearly separated from native M. aquifolium. They also show that M. pinnata genes
are apparently not present in invasive populations, while the narrow relationship
between M. aquifolium and M. repens has rendered it difficult to separate these two
species and, hence, to detect hybridisation between them so far (Ross et al 2008).

Like the major part of studies comparing native versus introduced plant
populations (see references in Bossdorf et al. 2005), our experiment was based on seeds
produced by open pollination in the field rather than by controlled pollination under
controlled conditions (cf. Falconer and Mackay 1996; Lawrence 1984). Phenotypic
variation among taxa, populations and seed families has therefore a genetic and a
maternal environmental component. Since the maternal environment often becomes
manifest in seed provisioning and early seedling growth (Rossiter 1996; Roach and
Wulff 1987), we used initial seedling size as covariate for size-related plant traits to
account for such effects. For above-ground biomass, e.g., this reduces the variance
attributed to differences among taxa, populations and seed families by 39 %, 31 % and
5 %, respectively. Although this approach controls for possible maternal effects it may
underestimate genetic variation, if differences in seed or seedling size were mainly
genetically controlled. Our comparisons are, thus, rather conservative and we feel
confident that they do primarily reflect genetically based differences.

We also have to consider that our results refer specifically to the environmental
conditions of our experimental garden. Maron et al. (2004) presented an experiment
comparing invasive and native St. John's wort in four common gardens, and
demonstrated that differences among populations were dependent on the particular

environment. In order to take into account possible genotype x environment interactions
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at least with respect to light, we conducted our experiment under two different light
conditions. Since we found no difference in the response of the three taxa, the
superiority of invasive Mahonia populations is obviously not a result of favourable light
conditions associated with enhanced phenotypic plasticity.

Our finding of an enhanced growth of invasive populations compared with
native populations is in line with the patterns found in 56 % of the studies recently
reviewed by (Bossdorf et al. 2005). These results were mostly interpreted in terms of
the Evolution of Increased Competitive Ability (EICA) hypothesis: Invasive plants
should be subject to a release from natural enemies in the new area (Keane and Crawley
2002), and should therefore evolve towards increased growth and reduced defence
(Blossey and Noetzold 1995). However, we do not have any evidence for a release of
invasive Mahonia populations from natural enemies. They are heavily attacked by
Rhagoletis meigenii Loew, a specialised seed-predating fruit fly native to Europe
(Soldaat and Auge 1998), by Cumminsiella mirabilissima (Pk.) Nannf., a specialised
rust fungus introduced from North America, as well as by a native generalist leathopper
(Aphrophora alnii (Fallén) (Auge et al. 1997)). Furthermore, invasive Mahonia plants
do not harbour a lower diversity and abundance of invertebrates than native woody
species, and do not show an increased palatability (i.e., reduced defence) of leaves
compared with populations from the native range (M. Bréndle, C. Belle & R. Brandl,
unpublished results). We therefore suggest the increased vigour of invasive Mahonia
populations to be caused by plant breeding, involving both hybridisation and artificial
selection, rather than by evolutionary responses to enemy release.

Interspecific hybridisation is rather common in plants (Arnold and Hodges 1995)
and has recently been considered as a stimulus for the evolution of invasiveness
(Ellstrand and Schierenbeck 2000; Vila et al. 2000). Superior growth of hybrids may be
caused by heterosis, i.e. increased vigour based on high levels of heterozygosity in the
F; (Lynch and Walsh 1998). Heterosis decays rapidly in subsequent generations but can
become fixed, e.g., by allopolyploidy or clonal growth (Rieseberg et al. 2007; Ellstrand
and Schierenbeck 2000). There is, however, no evidence for fixed heterosis in invasive
Mahonia populations: we found no hint for allopolyploidy (C.A. Ross, unpublished

data), and clonal growth is not the predominant mode of reproduction and spread (Auge
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and Brandl 1997). Since our invasive Mahonia plants were definitely not F, hybrids, it
is therefore unlikely that heterosis as a transitory phenomenon had caused their
increased size. However, hybridisation usually leads to increased genetic variation in
the F, and later generations (Lynch and Walsh 1998) thereby creating novel genotypes
and providing the raw material for evolutionary changes (Rieseberg et al. 2007;
Ellstrand and Schierenbeck 2000). We suspect that early hybrid genotypes formed the
raw material which was then used by plant breeders to select, either intentionally or
unintentionally, for particularly vigorous growth. The physiological mechanism behind
the increased vigour of invasive Mahonia plants, however, remains dubious because it
was not related to any of the functional traits measured.

The evolutionary novelty of hybrids is frequently reflected by
genotype x environment interactions, i.e. superior hybrid fitness in habitats novel to
both parental species (Arnold and Hodges 1995). This may allow the colonisation of
new habitats as it was repeatedly shown for hybrids among native species (e.g.
Rieseberg et al. 2007; Neuffer et al. 1999). The spread of hybrids among introduced
species, or between native and introduced species, can be considered as an ecologically
and evolutionarily similar process: for instance, invasive Reynoutria x bohemica spreads
faster than its two exotic parents, R. japonica and R. sachaliniensis, in Central Europe
(Mandak et al. 2004), and occurs also in habitats were both parents are absent
(Hollingsworth et al. 1998). There are an increasing number of studies showing that
invasive plant taxa are essentially hybrids, e.g. Tamarix populations (Gaskin and Schaal
2002) and Myriophyllum populations (Moody and Les 2002) in North America, and
Rhododendron ponticum in Europe (Milne and Abbott 2000). However, only few
studies actually compared functional traits, plant growth, or fitness of invasive hybrids
with that of their parental species. Exceptions are the studies on Carpobrotus hybrids in
California which showed increased growth compared to either parental species (Vila
and D'Antonio 1998) and Rhododenron ponticum which showed increased growth in
comparison to one parent species from different origins (Erfmeier and Bruelheide
2005). Rhododendron ponticum originates from disjunctive areas in Europe, was
intentionally hybridised with cold tolerant species from North America (Milne and

Abbott 2000), and is one of the most serious weeds in Great Britain today (Cross 1982).
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The two examples, Rhododendron and Mahonia, demonstrate that plant breeding, which
involves hybridisation as a common technique, has to be recognised as a critical factor
contributing to the evolution of invasive plant taxa.

The importance of hybridisation among different Mahonia species may reach
even beyond the provision of novel, vigorously growing genotypes. Species in-
troductions are usually assumed to involve genetic bottlenecks (Allendorf and
Lundquist 2003) that will increase the likelihood of evolution by random drift (Barrett
and Husband 1990) but — since response to selection is proportional to heritable
variation (Lynch and Walsh 1998) — impede adaptive evolution. Moreover, bottlenecks
can lead to inbreeding depression that may limit population growth and increase
extinction risk (Allendorf and Lundquist 2003). In contrast to the expected bottlenecks,
however, genetic variation of invasive plant populations is not generally lower than that
of conspecific native populations (Bossdorf et al. 2005). Besides multiple introductions
from different source populations like, e.g., in the invasive herb Alliaria petiolata
(Durka et al. 2005), interspecific hybridisation may help introduced species to overcome
harmful bottleneck effects (Ellstrand and Schierenbeck 2000). Indeed, we found
heritable variation in ecologically relevant traits not being consistently reduced in
invasive Mahonia populations compared with native populations. We think that
hybridisation among the two native taxa, in addition to multiple introductions of both of
them, has compensated for any harmful effect of genetic bottlenecks.

In conclusion, we were able to show that plants of invasive Mahonia populations
are more vigorously growing than plants from native populations of both putative
parental species. Most likely, increased growth results from hybridisation and artificial
selection during plant breeding, because there is neither a hint on founder effects nor
any indication for evolution towards increased growth at the expense of defence. Since
a large proportion of invasive plant species descent from cultivated or ornamental plants
(Kuehn and Klotz 2003; Preston et al. 2002; Reichard and Hamilton 1997), the role of

plant breeding should receive much more attention in further studies.
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Chapter 5

Mahonia invasions in different habitats: local adaptation or

general-purpose genotypes?

In cooperation with Daniela Faust and Harald Auge

5.1 Abstract

Rapid evolutionary adaptations and phenotypic plasticity have been suggested to be two
important, but not mutually exclusive, mechanisms contributing to the spread of
invasive species. Adaptive evolution in invasive plants has been shown to occur at large
spatial scales to different climatic regions, but local adaptation at a smaller scale, e.g. to
different habitats within a region, has rarely been studied. Therefore, we performed a
case study on invasive Mahonia populations to investigate whether local adaptation may
have contributed to their spread. We hypothesised that the invasion success of these
populations is promoted by adaptive differentiation in response to local environmental
conditions, in particular to the different soils in these habitats. To test this hypothesis,
we carried out a reciprocal transplantation experiment in the field using seedlings from
five Mahonia populations in Germany that are representative for the range of habitats
invaded, and a greenhouse experiment that specifically compared the responses to the
different soils of these habitats. We found no evidence for local adaptation of invasive
Mahonia populations because seedlings from all populations responded similarly to
different habitats and soils. In a second greenhouse experiment we examined genetic
variation within populations, but seedlings from different maternal families did not vary
in their responses to soil conditions. We therefore suggest that local adaptation of
seedlings does not play a major role for the invasion success of Mahonia populations
and that phenotypic plasticity, instead, could be an important trait in this stage of the life

cycle.
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5.2 Introduction

Local adaptation to environmental conditions is common among plants (Linhart and
Grant 1996). For instance, studies have found adaptation to different competitors
(Turkington and Harper 1979), soil conditions (Ellis and Weis 2006; Rajakaruna et al.
2003; Snaydon 1961), or climates (Joshi et al. 2001; Sawada et al. 1994; Weaver and
Dirks 1984). In recent years, there has been increasing evidence that such adaptive
divergence can take place at very short time-scales that are relevant for ecological
processes (Conner 2003; Stockwell et al. 2003; Thompson 1998) for instance adaptation
to increased atmospheric CO, (Wieneke et al. 2004; Ward et al. 2000), heavy metal
pollution, herbicide application, or elevated pH values in the soil (Bone and Farres
2001). In addition to the importance of adaptive responses of native species to such
recent environmental changes, the ability for evolutionary adjustments has been
suggested to be a key feature of successful invaders (Bossdorf et al. 2005; Sakai et al.
2001; Caroll and Dingle 1996). Non-indigenous species are exposed to novel
environments and thus to novel selection pressures at different spatial scales. While on a
larger scale, adaptation to different climatic regions may contribute to the geographic
spread of invasive species (Sexton et al. 2002; Weber and Schmid 1998; Weaver and
Dirks 1984), rapid adaptation to small-scale environmental conditions may increase
both the number of invaded habitats within regions and the dominance within habitats
(Parker et al. 2003). However, local adaptation at smaller scales has rarely been studied
in invasive species.

Adaptive divergence is a result of divergent selective forces imposed by
different environments and is characterized by higher fitness of resident genotypes
compared to genotypes from other habitats. Transplant experiments are useful tools to
examine local adaptation (Kawecki and Ebert 2004; Bradshaw 1984), because they
compare different origins of plants in their natural environments, and fitness of local
and foreign populations can be directly compared. Despite their usefulness, only few
reciprocal transplant experiments have been applied to invasive species (Parker et al.
2003; but see Rice and Mack 1991). Since the response of a trait to selection is
proportional to its heritable variation (Lynch and Walsh 1998), local adaptation is

constrained by the amount of genetic variation present in the population (Kawecki and
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Ebert 2004). In invasive species, however, genetic bottlenecks are expected to be
common which may impede evolutionary adjustments (Allendorf and Lundquist 2003).
Repeated introductions from different source populations (Bossdorf et al. 2005) and
interspecific hybridisation (Ellstrand and Schierenbeck 2000) may counteract a genetic
bottleneck and facilitate the invasion of different habitats. Apart from local adaptation,
general-purpose genotypes (Baker 1965), i.e. genotypes with high phenotypic plasticity,
may be another, but not mutually exclusive, explanation for the successful spread of
invasive species (e.g. Parker et al. 2003). Since phenotypic plasticity has a genetic basis
and is subjected to selection (Schlichting 1986), it can be suggested that invasive
populations have evolved greater plasticity than conspecific populations in the native
range (Richards et al. 2006; Bossdorf et al. 2005). Phenotypic plasticity may than
enhance niche breadth and confer a fitness advantage for successful invaders in a broad
range of environments (Richards et al. 2006). The invasion ability of a foreign species
into different habitats may therefore be based on general-purpose genotypes and/or on
local adapted genotypes.

In this chapter, we report on a series of reciprocal transplant experiments that
tested for local adaptation of invasive Mahonia populations to different habitats in
Germany. We supposed that local adaptation rather than phenotypic plasticity is
important for the invasion of Mahonia into different habitats, because high genetic
variation exist in invasive populations, that may have fostered adaptation. To
demonstrate local adaptation in transplant experiments, genotypes growing at their
home site (i.e. local genotypes) should be superior over genotypes transplanted from a
foreign site (‘local vs. foreign’ criterion: (Kawecki and Ebert 2004)).

Mahonia aquifolium (PURSH) NUTT. (Berberidaceae) is a shrub native in
western North America that was introduced to Europe for ornamental purpose about
180 years ago (Hayne 1822, cited in Kowarik 1992). The descendants of the cultivated
plants have become invasive in Central Europe and occur across a wide range of
habitats from mixed forests and dry scrub vegetation on calcareous soils to pine forests
on sandy soils or even wall breaks (Auge and Brandl 1997; Kowarik 1992; Lohmeyer
and Sukopp 1992). Since there is evidence of a hybrid origin (Ahrendt 1961) we will

use the term invasive Mahonia populations instead of M. aquifolium.
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In our study, we focused on the seedling stage of Mahonia. Since survival rate is
usually poor among seedlings, adaptation can be crucial for survival in this life stage
and fitness differences among genotypes can be detected (Primack and Kang 1989).
Seedling mortality is also very high in Mahonia populations (Auge and Brandl 1997),
and we thus expect selection to affect especially seedlings. Seedling recruitment
contributes to the colonisation of new sites as well as to local population growth in
Mahonia (Auge and Brandl 1997). In addition, seedlings are more manageable than
adults, particular in woody species. Specifically, we tested the hypotheses that (1)
seedlings of invasive Mahonia populations perform better at their home site and in their
home soil than seedlings transplanted from foreign sites, and (2) maternal families
within Mahonia populations differ in their response to soil conditions, indicating

genetic variation as a precondition for evolutionary adjustments.

53 Material and Methods

5.3.1  Study species

Oregon grape, Mahonia aquifolium (PURSH) NUTT. (Berberidaceae), is a fleshy-
fruited evergreen shrub native to western North America. The species was introduced
for ornamental purposes to central Europe in 1822 (Hayne 1822, cited in Kowarik
1992). Cultivated M. aquifolium plants are morphologically highly variable (Ahrendt
1961), drought-resistant, and grow in a wide range of light and soil conditions
(Houtman et al. 2004). The first spontaneous occurrence outside gardens was observed
38 years after the date of introduction (Kowarik 1992). Today, the shrub is a widespread
invader of anthropogenic as well as natural vegetation in Central Europe (Kowarik
1992; Lohmeyer and Sukopp 1992). Cultivated M. aquifolium were hybridised with the
related, North American species Mahonia repens (LINDL.) G.DON and M. pinnata
(LAG.) FEDDE. (Ahrendt 1961), resulting in many cultivars (van de Laar 1975). It is
therefore likely that invasive populations consist largely of hybrids. Invasive Mahonia
populations reproduce sexually by seedlings, and clonally by stolons, root sprouts and
stem layers (Auge 1997). However, sexually reproduction seems to play a major role to
regional as well as local spread (Auge 1997). Mahonia individuals flowers usually as

from the third year of growth (C.A. Ross, personal observation) from April to June and
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produce multitudes of berries from August to October, that may stick to the sprout till
winter (Zeitlhofler 2002). Mahonia is supposed to be an outbreeding species like the
whole genus (Burd 1994), in particular due to self incompatibility since self-pollination
does rarely result in fruit production (Monzingo 1987, H. Auge unpublished data ).
Invasive Mahonia populations show great variation in quantitative traits (Auge et al.

1997; Ahrendt 1961) which has a large genetic component (H. Auge, unpublished data).

5.3.2  Study sites and characterisation of habitat conditions

We chose five invasive Mahonia populations from different regions of the species’
distribution range in Germany (Figure 1) that were well established and differed in
habitat conditions (Table 1). The spatial distance between the five populations ranged
from 102 km to 526 km. To verify that habitat conditions differed between the five sites
we measured soil moisture, soil chemical properties and relative irradiance in each. Soil
moisture and relative irradiance were measured three times in the summer of 2004, at
intervals of approximately four weeks. We used time domain reflectometry (TDR
Multimeter, Easy Test Ltd., Lublin, Poland) to determine moisture within the upper 10
cm of the soil. At each site and at each date, we took the measurements at eight random
locations separated by at least 10 m. At each, we took three soil moisture readings at
distances of 10 cm that were averaged thereafter. Furthermore, we determined relative
irradiance as percent of photosynthetic active radiation (PhAR) penetrating the canopy
of trees and reaching Mahonia shrubs using a Li-191SA Line Quantum Sensor (LI-
COR, Nebraska, USA). At each site and date, we took PhAR measurements at ten
random locations on the level of Mahonia shoot tips. For soil chemical analyses, we
sampled the upper soil layer at six locations within each site. We determined pH values
in 0.1 n KCI solution using a Calimatic pH meter Typ 765 (Knick elektronische
Messgerite GmbH & Co, Berlin, Germany), and measured carbonate content using a
Scheibler calcimeter (Schlichting et al. 1995). Further, we determined C and N
concentrations by dry combustion and subsequent gas analysis using an Element
Analyser Vario EL (Elementar Analysesysteme GmbH, Hanau, Germany). For analyses
of plant available K and P concentrations, we used double-lactate extraction and

subsequent x-ray fluorescence analysis of the extract. Total concentrations of
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macronutrients (Mg, Ca, P, K), trace elements (Fe, Al), and Si was also determined by
x-ray fluorescence analysis. We applied the same analyses to the soils used in the

greenhouse experiments (see below).
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Figure 1: Geographic locations of the invasive Mahonia populations investigated in this study.
The map shows Germany and, for orientation, the boundaries of the federal states.

Table 1: Geographic location, vegetation type and site conditions of the five invasive Mahonia
populations

Mean
. Geographic . . Mean annual annual
Location coordinates Vegetation Soil type Geology tem[[)oe(r:eiture rainfall
[mm]
Buckow 52°30’N hardwood .
(Bu) 14°08° E forest Cambisol sand 8.3 531.0
Drebkau 51°39°’N . .
(Dr) 14°13°E pine forest ~ Cambisol sand 8.9 563.0
Kirchbrak  51°58°N mixed shell
(Ki) 9°35’E forest Leptosol limestone 92 720.1
Mannheim 49°29°N hardwood . calcareous
(Ma) 8°28’E forest Cambisol eolian sand 10.2 667.6
Rothen- 51°38°N Cambisol/  carbonic
burg (Ro) 11°45’E dry serub Leptosol sand stone 92 469.2
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5.3.3  Rearing of seedlings

In August 2003, we collected seeds from ten individuals along a transect in each of the
five populations. We collected 30-50 berries from each individual. The offspring of
each maternal plant represents at least half-sibs and will therefore in the following be
referred to as a seed family. In December 2003, we sowed the seeds in plastic trays
containing a mixture of 50 % rearing compost (Composana; COMPO GmbH, Miinster,
Germany) and 50 % sand, and stored them at 5°C in a refrigerator. After 16 weeks of
stratification, we transferred the seed trays to a climate chamber with a 14 h/10 h
day/night cycle at 15°C/10°C. Three weeks later we raised the day temperature to 20°C
to facilitate germination. After further 2 weeks, we planted the seedlings separately in
pots with 50 % of a standard potting soil (Fruhstorfer Typ P, florimaris Humus- und
Erdenwerk GmbH & Co.Kg, Wangerland, Germany) and 50 % sand, and placed them in
a greenhouse with natural light conditions and a day/night cycle of 14h/10h and
25°C/15°C until the start of the experiments.

5.3.4  Field experiment

To test for a general pattern of local adaptation in invasive Mahonia populations we set
up a reciprocal transplant experiment in the field. In June 2004, we planted ten
seedlings from each of the five populations at each of the five study sites. Seedlings
from each population were thus planted at their home site and at all other sites. Each of
the ten seedlings planted at one site originated from a different seed family, with the
same set of seed families per population used in each site. At each site, seedlings were
planted in five blocks, with two seedlings of each population in each block. The
seedlings were planted carefully to reduce disturbance of soil and neighbouring
vegetation, and watered once after planting. We measured survival after 14 months in
August 2005, harvested the surviving seedlings and measured their aboveground dry

mass.

5.3.5  Greenhouse experiments
In order to test for local adaptation to soil conditions, we carried out a first greenhouse

experiment that compared the growth responses of seedlings from the five Mahonia
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populations to the soils from each site. For this purpose, we took soil samples from
eight random locations at each of the five study sites and prepared a soil mixture of each
site after removing big stones and plant remnants. To verify whether these mixtures
mirrored soil conditions in the field we carried out chemical analyses of the soil
mixtures in the same way as described above. Each soil mixture was filled into 60 250-
ml plastic pots. We planted 12 seedlings per population, originating from different seed
families and reared as described above, in each soil mixture. We placed the pots on two
tables in each of two greenhouse chambers (three seedlings of each population x soil
mixture combination on each table). Because the habitats from which soil was taken
differed in soil moisture, and in order to avoid inappropriate soil-water combinations in
the greenhouse, we established two soil moisture levels by watering one greenhouse
table in each chamber twice a week (“low soil moisture”) and the other one three times
a week (“high soil moisture”). These two treatments corresponded to soil moisture of
9.2+ 1.1 vol % and 11.2 + 1.7 vol %, respectively (means + standard errors across the
five soils, measured on 6 days immediately before watering). The pots were randomly
placed on each table and re-arranged every week. Every four weeks, we redistributed
the pots between the two climate chambers. This allowed us to ignore the effects of
table and greenhouse chamber in the subsequent data analyses. Thus, the experiment
was a three-factorial with six replicates of each population x soil x soil moisture
combination. After three months of growth in the greenhouse (14 h/10 h day/night,
25°C/15°C), we harvested the seedlings and measured their above-ground dry mass. As
indication of developmental stage, we determined whether the seedlings still had entire
(primary) or already pinnate (mature) leaves. Pinnate leaves can be used to distinguish
the sapling stage from the seedling stage in this species (Auge and Brandl 1997).

In a second greenhouse experiment, we tested for genetic variation within
populations for the five different soil conditions. Since each seed family consisted of at
least of half-sibs, the comparison among seed families gave an estimate of genetic
variation in plant traits (Falconer and Mackay 1996; Lawrence 1984). To measure
within-population variation in the response to soil conditions, we studied the reaction
norms of four randomly selected seed families within each of three invasive Mahonia

populations (Dr, Ki, Ro). Seedlings were planted individually in 250 ml plastic pots
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filled with one of the five soils, with three replicates of each seed family x soil
combination resulting in a total of 180 pots. The pots were placed on a greenhouse table
and watered three times a week. Day length and temperatures were the same as
described for the first greenhouse experiment. We harvested aboveground parts of the
seedlings after three months of growth, and determined their dry mass and the presence

of pinnate leaves.

5.3.6  Statistical analyses

For all statistical analyses we used SAS version 8.2 (SAS Institute, Cary, NC, USA). To
compare relative irradiance and soil moisture between the five sites, we carried out
analysis of variance (ANOVA) with site and sampling date nested within site as fixed
factors (SAS PROC GLM). To meet the requirements of the ANOVA we applied
arcsine square-root transformation to the data. To compare soil chemical properties
between the five sites, we carried out univariate analyses of variance for each variable
followed by sequential Bonferroni tests (Dunn-Sydak method, Sokal and Rohlf 1995),
and a multivariate analysis of variance (MANOVA) with 13 soil variables as dependent
variables (PROC GLM). We abandoned C concentrations and included only N
concentrations and C/N ratios in the MANOVA to avoid redundant data.

We analysed biomass data from the field experiment using mixed model analysis
of variance (ANOVA) (PROC MIXED). We regarded population and site as fixed
factors since the sites and populations were deliberately chosen to maximize differences
in habitat conditions. Block within sites was considered as a random factor. Since
mortality of seedlings was high and the data were therefore unbalanced, error degrees of
freedom for the test of fixed effects were computed using the Satterthwaite
approximation. Wald Z-test was applied to the variance estimates attributable to random
effects in the model. The probability of survival was analysed in a similar way except
that we used a generalised linear model with binomial error distribution and logit link
function (PROC GENMOD). We calculated quasi-F-tests for all effects and tested the
site effect against the variation among blocks within sites.

For statistical analysis of biomass data from the first greenhouse experiment, we

carried out a mixed model ANOVA using population, soil, and soil moisture as fixed
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factors (PROC MIXED). We analysed the probability to produce pinnate leaves using a
generalised linear model, again with population, soil and moisture as fixed factors
(PROC GENMOD). The population x site and population x soil interactions of the
ANOVA models provide evidence whether populations respond differently to the five
soils or sites, and is therefore a test to detect local adaptation.

Seedling biomass in the second greenhouse experiment was also analysed with a
mixed model ANOVA (PROC MIXED). Population and soil origin were treated as
fixed factors, while seed family within population was considered as a random factor.
We, therefore, tested the population effect against the seed family within population x
soil effect and the soil effect as well as the population x soil interaction effect against
seed family within population x soil. Random effects were tested with Wald Z-statistics.
We analysed the probability to produce pinnate leaves again using a generalised linear
model with soil and population as fixed factors and seed family within population as
random factor (PROC GENMOD). We consider the seed family main effect and the
seed family x soil interaction effect as evidence for genetic variation within populations.

Prior to all analyses, we logarithmically transformed biomass to approach

normal distribution and homoscedasticity.

5.4 Results

5.4.1  Habitat conditions

There were considerable differences in irradiance and soil moisture between the five
study sites (Table 2), with irradiance values between 12 % and 80 %, and soil moisture
values of 6 % to 14 %. In addition, MANOVA revealed large variation in soil chemical
properties between the five sites (Wilk’s Lambda = 1.1 x 10, F=33.84, p <0.0001;

univariate statistics are given in Table 2).
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In the PCA, the first two axes explained 61 % and 22 % of the variation in soil chemical
properties, respectively. The first PCA axis was positively correlated with nutrient
contents, and negatively correlated with silicon content. The second PCA axis
correlated positively with pH-value and carbonate, and negatively with phosphorus
content. While samples from the same site clustered together fairly well, the sites were
clearly separated by their scores on the first two PCA axes (Figure 2). Thus, all five
study sites differed in the habitat conditions experienced by the local Mahonia

populations.
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Figure 2: Results of the principle component analysis of soil chemical properties of the five
sites (@=Bu, O=Dr, ¥=Ki, *%=Ma, B=Ro). The first and second principle components
together explain 83 % of the variance.

5.4.2  Reciprocal transplantation in the field

By the time of the harvest, 47 % of originally planted seedlings were still alive. While
survival rate did not differ significantly between populations or study sites, there were
significant block effects indicating small-scale spatial variation in seedling survival
within sites (Table 3). Although the plants were still rather small at the time of
harvesting, their average biomass was increased by 176 % when compared to their size
at the time of planting 14 months earlier. Seedling biomass differed significantly

between sites but there was no difference between populations. On the “best” site (Ma),
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Table 3: Results of mixed-model ANOVAs for the effects of population and site on
aboveground dry biomass and survival probability of Mahonia seedlings in a reciprocal
transplantation experiment in the field (* p <0.05; ** p<0.01; *** p<0.001; variance
estimates for random effects have 1 df)

Source of variation Dry mass Survival

Fixed effects Df F values df F values

Population 4,94 1.85 4,203 1.23

Site 4,94 3.14* 4,20 1.19

Site x population 16, 94 0.92 16, 203 0.73
Variance

Random effects estimate  Zvalues  df F values

Block within site 0.0000 - 20, 203 5. 11%**

Residuals 0.8570 6.86*** 203 ---

Table 4: Results of mixed-model ANOVAs for the effects of population, soil origin and soil
moisture on growth of Mahonia seedlings in a greenhouse experiment (* p <0.05; ** p <0.01;
**% p <0.001).

Source of variation Dry mass Probability of
pinnate leaves

Fixed effects Df F values Df F values

Population 4,244 1.11 4,244 1.13

Soil 4,244 80.97*** 4 244 18.94%%**

Soil moisture 1,244 4.98* 1,244 0.52

Population x soil 16, 244 1.20 16, 244 0.72

Population x soil moisture 4,244 0.64 4,244 0.32

Soil x soil moisture 4,244 1.38 4,244 1.09

Population x soil x soil moisture 16, 244 0.77 16, 244 0.96

average seedling biomass was almost four times higher (153 + 28 mg, mean + s.e.) than
on the “worst” site (Ro, 42 + 20 mg).

Populations did not respond differently to these site conditions as indicated by a lack of
significant population x site interactions for survival and biomass (Figure 3). Seedling
biomass in the field experiment did not correlate with average seedling biomass on the

respective soils in the greenhouse experiment (r = 0.40, p = 0.50).
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Figure 3: Mean aboveground dry mass of seedlings from the five invasive Mahonia populations
in a reciprocal transplantation experiment in the field (means + standard error). Each bar
corresponds to one population, groups of bars represent the different sites, and the arrows
highlight seedlings grown at their ‘home’ site. The population x site interaction is not significant
(see table 3).

5.4.3  Greenhouse experiments

At the end of the first greenhouse experiment, Mahonia seedlings had an average
biomass of 241 mg, and 43 % of the seedlings had produced at least one pinnate leaf
indicating an advanced ontogenetic stage. The presence of compound, pinnate leaves
can be used to distinguish the sapling stage from the seedling stage in this species,
because Mahonia seedling have only entire (primary) leaves (Auge and Brandl 1997).
There were no differences between the five populations, but soil strongly affected
seedling biomass and the probability to produce pinnate leaves. For instance, seedlings
had an average biomass of 126 = 6 mg and 23 + 6 % of them produced pinnate leaves in
the “worst” soil (Ro), whereas seedling biomass and the probability to produce pinnate
leaves were 446 = 16 mg and 86 + 6 %, respectively, in the “best” soil (Ki). In contrast
to the strong effect of soil, the watering regime had only a weak influence as plant
biomass was about 18 % larger at high soil moisture compared to the low soil moisture
treatment. Populations responded similarly to the different soils, i.e. the population x

soil interaction was not significant (Figure 4).
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Figure 4: Mean aboveground dry mass of seedlings from five invasive Mahonia populations
grown reciprocally in five different soils in the greenhouse (means + standard error). Each bar
corresponds to one population, groups of bars represent the different soils, and the arrows
highlight seedlings grown in their ‘home’ soil. The population x soil interaction is not
significant (see table 4).

At the end of the second greenhouse experiment, mean seedling biomass was 237 mg
and 39 % of seedlings had produced pinnate leaves. Whereas populations did not differ
in biomass, they varied significantly in their probability to build pinnate leaves. Again,
there was a strong effect of soil origin on biomass and probability to build pinnate
leaves. There was, however, neither a significant variation among seed families within
populations nor a significant seed family x soil interaction. Thus, reaction norms to
different soils were similar across seed families, indicating a lack of genetic variation

for plasticity to soil conditions.

Table 5: Results of mixed-model ANOVAs for the effects of population, seed family and soil
on growth of Mahonia seedlings in a greenhouse experiment (* p <0.05; ** p <0.01; ***
p <0.001; variance estimates for random effects have 1 df).

Source of variation Dry mass Probability of
pinnate leaves

Fixed effects Df F values Df F values

Population 2,9 0.73 2,9 11.06**

Soil 4,36 48.49*** 4 36 17.96%**

Population x soil 8, 36 1.99 8, 36 2.25%

Variance

Random effects estimate Z values Df F values

Seed family (Population) 0.0109 0.89 9,119 0.79

Soil x seed family (Population) 0.0000 - 36, 119 1.13

Residuals 0.2208 8.80*** 119 -
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5.5 Discussion

With respect to our initial hypotheses, we can summarise our results as follows: (1)
There were great differences among the five field sites in terms of growth of Mahonia
seedlings. However, seedlings of resident populations did not outperform foreign
seedlings, but all seedlings responded similarly to the different habitats. In the
greenhouse, seedling growth and the probability to build pinnate leaves was strongly
affected by the different soils, but there were no differences in the responses of the five
Mahonia populations. (2) We found no evidence for genetic variation within popula-
tions in the response to soil conditions.

An important prerequisite for local adaptation is strong divergent selection
imposed by different environments (Kawecki and Ebert 2004). It is reasonable to
assume strong divergent selection between different climatic regions and therefore not
surprising that several other studies on invasive plants found evidence for local
adaptation to climatic factors, such as precipitation (Rice and Mack 1991), temperature
(Sexton et al. 2002), and the length of the growing season (Kollmann and Bafiuelos
2004; Weber and Schmid 1998). However, because of the sedentary nature of plants,
divergent selection among plant populations may also occur on small spatial scales
(Fritsche and Kaltz 2000; Bradshaw 1984). In addition, genetically -effective
neighbourhood area is usually small in plant populations (Levin 1988), and small-scale
genetic differentiation can take place despite considerable levels of gene flow if
environmental gradients are strong (Linhart and Grant 1996). To investigate the role of
local adaptation for Mahonia invasions, we specifically chose five study sites which are
all located in the moist, warm temperate climate-region in Central Europe (Kottek et al.
2006). The temperatures are moderate and rain falls all the year round with a slight
maximum in summer. Despite the location within the same climatic region, the five
sited showed great differences in vegetation composition, and our measurements of
environmental variables confirmed that the sites differed strongly in abiotic habitat
conditions (Table 2). These differences in habitat quality were reflected in the large
variation in mean performance of Mahonia seedlings between the five sites. We assume
that these environmental differences should have been sufficient for divergent selection

to occur among our Mahonia populations. However, in contrast to our expectation, we
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found no evidence for local adaptation in the reciprocal transplant experiment in the
field or in the greenhouse experiment.

Although reciprocal transplant experiments are an important tool to detect local
adaptation, only few previous studies used this approach with invasive plants. For
instance, Rice & Mack (1991) reciprocally sowed seeds of invasive Bromus tectorum at
seven sites along a climatic gradient in North America and found local adaptation to the
most extreme habitats. In contrast to invasive plants, there are many reciprocal
transplant experiments that demonstrated local adaptation in native plant species (e.g.
Bischoff et al. 2006; Joshi et al. 2001; Waser and Price 1985; Turkington and Harper
1979). In fact, there are only few examples of transplant experiments that did not find
any evidence for local adaptation in plants (e.g. Bischoff et al. 2006).

In this study we hypothesised that, because climatic conditions were very
similar, soil properties should be the most important factors responsible for differences
in habitat quality and selection regimes. However, there was no correlation between
seedling biomass on the five soils (measured in the greenhouse) and mean seedling
biomass at the field sites. Hence, other environmental factors, such as light, water, or
competitors, or interactions among them, must be more important aspects of habitat
quality for Mahonia seedlings.

We found large differences in seedling biomass between the five soils in our
greenhouse experiment, but again, there was no evidence for local adaptation of
Mahonia populations to the soil conditions of their home site. Although we had only 10
and 12 replicates of each population x environment combination in the field or in the
greenhouse experiment, respectively, we feel confident that the lack of evidence for
local adaptation is not an artefact of low statistical power. There was not the slightest
tendency that seedlings performed among the best in their home environment. Rather,
our results show that they performed, on average, often much worse than seedlings from
foreign sites. In contrast to our results, studies on native plant species have frequently
found local adaptation to soil conditions, e.g. in the grass Agrostis tenuis (Bradshaw
1960) and several Aizoaceae species (Ellis and Weis 2006). Still, these results were
based on reciprocal transplant experiments, and it is therefore probable that other factors

beside soil properties also affected plant responses. To disentangle the effects of soil
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conditions and other environmental factors in our study system, we conducted not only
a transplantation experiment in the field, but also a transplantation experiment in the
greenhouse using soils from the different field sites. In addition, we manipulated the
water regime in the greenhouse experiment to avoid inappropriate soil-water
combinations. However, water regime did neither influence the soil effect nor the
population response to soil.

In the following, we will discuss possible reasons for this lack of local
adaptation in invasive Mahonia populations. The response of plant populations to
natural selection is proportional to the genetic variation present. However, genetic
variation in exotic species is often reduced by genetic bottlenecks (Allendorf and
Lundquist 2003). In the case of Mahonia, multiple introductions and interspecific
hybridisation have counteracted this bottleneck (Ross et al. submitted). Here, we used
variation among maternal families as a measure of within-population genetic variation.
The seed families were produced by open pollination in the field rather than by
controlled mating under identical conditions (cf. Falconer and Mackay 1996; Lawrence
1984). Phenotypic variation among them may therefore have a genetic and a maternal
environmental component and thus overestimate genetic variation. Still, we did not find
any genetic variation within Mahonia populations in response to habitat or soil
conditions. We can not rule out therefore that a lack of genetic variation may have
prevented genetic adaptation to local environments.

Local adaptation can be counteracted by strong gene flow from other
populations (Kawecki and Ebert 2004). Although our sites were more than 100 km
distant from each other and pollen or seed dispersal among them should be negligible,
gene flow from wild-growing populations or planted individuals in the neighbourhood
may have affected our study populations. Another reason for the lack of local adaptation
may be the relatively short time since the introduction of Mahonia in 1822. The first
spontaneous occurrence of Mahonia outside gardens was recorded in 1860 (Kowarik
1992), and the populations we chose are probably not older than 50-80 years (cf. Auge
1997). This time-span may be too short for measurable responses to natural selection in
a long-lived clonal species such as Mahonia (Auge and Brandl 1997). Moreover, the

differences in selection regimes imposed by our study sites are probably not as drastic
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as in many well-known studies of local adaptation, which often studied heavy metal or
herbicide influences (Bone and Farres 2001).

Finally, although we found no adaptation in the seedling stage, local adaptation
could play a role in later life stages of Mahonia. Since selection is assumed to be
particularly strong during the seedling stage (Hufford and Hamrick 2003; Primack and
Kang 1989) and because seedling recruitment is important for the invasion dynamics of
Mahonia (Auge and Brandl 1997) we focused on seedlings. However, natural selection
can act during all life stages of a plant, e.g. through adult survival, pollination success,
seedling germination, or clonal growth (McGraw and Antonovics 1983). Irrespective of
possible adaptations in later life cycle stages, invasion of the different habitats by
Mahonia populations must involve successful seedling recruitment. Considering the
lack of local adaptation found in this study, phenotypic plasticity in the seedling stage
may have contributed to the success of Mahonia. Our results show that Mahonia
seedlings can sustain unfavorable conditions, but show increased growth in better
environments, probably due to plasticity in physiological or morphological traits. This
pattern of plasticity combines both robustness and opportunism, and is consistent with
the Jack-and-master scenario of Richards et al. (2006). Because Mahonia seedlings are
capable to establish under a wide range of environmental conditions, they show
characteristics of general-purpose genotypes. We therefore suggest that the invasion
success of Mahonia in Central Europe can, at least in part, be explained by phenotypic

plasticity during early stages of the life cycle.
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