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Preface

The work included in this Ph.D. thesis was carried out during a
three-year period at Department of Terrestrial Ecology, the National
Environmental Research Institute (NERI), Silkeborg; Department of
Ecology, The Royal Veterinary and Agricultural University (KVL),
Copenhagen; and School of Biological Sciences, Washington State
University, Pullman, WA, USA. My research supervisors were Senior
Scientist Beate Strandberg (NERI) and Professor Jacob Weiner (KVL).
The Ph.D. project was commenced in March 1998 and interrupted for
15 months due to maternity leave. The thesis was submitted in July
and defended in September 2002.

The Ph.D. project was initiated as part of an inter-disciplinary
research project set up by Centre for Effects and Risks of
Biotechnology in Agriculture (Theme I and II) and financed by The
Strategic Environmental Research Programme. The title of the Theme
II project was “Ecological effects and risks associated with the use of
transgenic, disease-resistant crops”. The aims were to investigate
aspects of (1) the pathogenicity of two pathogenic fungi Puccinia
coronata and Sclerotinia sclerotiorum on the crop plants Lolium perenne
(perennial ryegrass), Brassica napus subsp. napus (oilseed rape) and
Daucus carota (carrot), (2) the gene flow of the plants and the
formation of possible hybrids, and (3) the effect of the fungi on the
invasiveness of the plants. The three selected model plant species are
widely cultivated in Denmark and genetically modified cultivars
with increased disease resistance may be approved for cultivation in
the future. From a risk assessment perspective it is important to gain
knowledge about factors affecting the potential spread of these plant
species into natural plant communities. The thesis is directed to goal
(3) above: the effects of the fungi on the invasiveness of the plants. L.
perenne and B. napus were used as model plants for studies of host-
pathogen interactions in the early stages of plant invasion while a
non-crop species, Heracleum mantegazzianum (giant hogweed), was
included as a real invading species for host-pathogen studies in the
outbreak stage. Genetically modified seed material was not used in
any of the experiments described in this thesis.

I would like to thank all the people who inspired, helped and
encouraged me during my project period. I highly acknowledge and
thank my supervisors, Beate Strandberg and Jacob Weiner, for their
supervision and encouragement in all steps of the working process.
Brita Dahl Jensen patiently guided me into the world of pathogenic
fungi and inspired me with her energy and enthusiasm. I am very
grateful to Beate and Brita for valuable scientific discussions and for
their constructive comments to my thesis. I spent six exciting months
with Professor Richard Mack and his research group at Washington
State University in Pullman, WA, USA. I was overwhelmed by
Richard and Nancy Mack's hospitality and support, which I greatly
appreciate. I would also like to thank the very skilful people in
Richard Mack’s research group, particularly Lynn Kinter, Robert
Pattison and Mark Minton, for scientific discussions.



Most of my project work was carried out at Department of Terrestrial
Ecology, NERI, and I would like to thank all my colleagues for their
support and help. I am particularly indebted to Morten Strandberg
for helping me in the field and for sharing his botanical knowledge
with me. I am very grateful to John Rytter who provided the muscle
power during the set-up of most of the experiments and to Lise
Lauridsen for skilful and engaged technical assistance. Lise
Lauridsen overtook part of my field activities towards the end of my
pregnancy and I thank her (and her understanding family) for her
flexibility.

I would also like to thank Jens Wolstrup and Hans Lokke for
handling administrative and economic issues, Maria Finckh for help
with inoculum, Seren Larsen and Pamela Hall for statistical advice,
Kathe Mogelvang for refinements of figures in the papers, Karin Friis
Velbek and Lilian Mex—]@rgensen for assistance with literature,
Fussingg Forest District and Arhus Kommunes Naturforvaltning for
permission to use the field sites, and finally Lars and Kamma Dyhr
for their endless support.
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Summary

The invasion process of non-indigenous plants can be divided into
four phases: introduction, establishment, naturalisation and
outbreak. Abiotic, biotic and human-mediated factors in the recipient
plant community as well as factors intrinsic to the plant determine its
success in each step. A large number of propagules of new plant
species is continuously being moved into new geographical ranges,
but only a fraction of the species become naturalised. By studying the
modes of introduction of plant species introduced into selected
regions of the United States we showed that more than 50 percent of
naturalized species are likely to have been introduced deliberately to
produce primarily food, seasoning, medicine, forage and fibre and
for landscape and gardening purposes. Post-immigration cultivation
provides a possible explanation for the high naturalisation success of
deliberately introduced plants. Nursing (provision of shelter, water,
nutrients, pesticides) may reduce the environmental stocasticity and
thereby increase the plant's probability of reaching reproductive
maturity.

The impact of pathogenic fungi on plants in the establishment and
naturalisation steps was studied in field experiments with the grass
Lolium perenne and the biotrophic fungus Puccinia coronata causing
crown rust of L. perenne. The fungus has a very narrow host
spectrum. It is common in Denmark and is known to reduce the yield
of cultivated L. perenne. Seeds of the species were added to plots with
factorial combinations of presence and absence of soil disturbance
and inoculum of the pathogen. Seed addition of L. perenne to two
sites that did not have a prior population of the species resulted in
the establishment of small populations. Generally, exposure to P.
coronata did not result in attack in the two small, newly established
populations. This suggests that this pathogen does not affect
establishment of L. perenne upon introduction to a new area. At the
site. where L. perenne was subjected to intense competition from
established plants, the population did not persist.

The pathogen developed well on large naturalised populations of L.
perenne, but the effect of the pathogen on L. perenne was very
different from what has been observed in agroecosystems. Infected
plants were either not measureably affected or showed enhanced
shoot growth in response to attack. At one of the study sites the seed
to shoot ratio was decreased on infected plants, suggesting that there
may be a trade-off between reproduction and shoot growth. Overall,
the study showed that disease development is more severe on large
naturalised plant populations than on small, newly established
populations, but the level of disease development and the impact of
the disease on plant performance is also site specific. The results also
show that disease may have positive effects on plants in natural plant
communities.



To investigate the relationships between susceptibility of L. perenne,
attack by P. coronata and crown rust development, a field experiment
in a simulated natural plant community was set up. Disease
incidence and severity developed faster and to higher levels on
susceptible than on partially resistant L. perenne. The disease also
reached higher levels on plants grown in short than in tall vegetation.
Shoot biomass was not affected by the presence of disease.

The interaction between an invasive plant species, Heracleum
mantegazzianum, and a generalist pathogen, Sclerotinia sclerotiorum
was studied in natural plant populations of H. mantegazzianum and in
field experiments where seedlings were transplanted into either
pathogen susceptible or resistant vegetation and exposed to sclerotia
placed in the topsoil. Plants infected by windspred ascospores
developed dry lesions on the inflorescence-bearing stems, but on
most of the plants the lesion development stopped early in the
growth season and no significant fecundity effects were measured.
When plants were infected by mycelia developed from sclerotia
placed adjacent to the plants in the soil, the plants developed soft
root rot, premature senescence and reduced seed size. However, due
to two important plant attributes, high seed production and a long-
lived seed bank, this pathogen may have no long-term effect on the
plant dynamics.



Dansk resumé

Fremmede planters invasionsproces kan inddeles i fire faser:
introduktion, etablering, naturalisering og wudbrud. Abiotiske,
biotiske og menneskeskabte faktorer i det nye plantesamfund samt
karaktertreek ved planten bestemmer dens succes i hvert enkelt
invasionsstadie. Store meengder af fro fra nye plantearter bliver
konstant introduceret til nye geografiske omrdder, men kun en lille
andel af arterne bliver naturaliseret. Ved at undersege maderne
hvorpd nye plantearter er blevet introduceret til udvalgte omrader i
USA, har vi vist at mere end 50 procent af de naturaliserede arter
med stor sandsynlighed er blevet indslebt med henblik pa
produktion af mad, krydderier, medicin, foder og fibre og med
henblik pa brug indenfor landskabsarkitektur og havebrug. At
planterne er blevet dyrket og plejet efter deres immigration er en
mulig forklaring pa deres naturaliseringssucces. Dyrkningsfaktorer
(leehegn, vand, neerringstoffer, pesticider) kan reducere den
miljemeessige stokasticitet og derved ege sandsynligheden for, at
planten overlever til den reproduktive alder, og at arten med tiden
bliver naturaliseret.

Betydningen af patogene svampe for etableringen og
naturaliseringen af fremmede planter, blev undersegt i
felteksperimenter med almindelig rajgrees, Lolium perenne, og en
biotrofe svamp Puccinia coronata f.sp. lolii. Svampen fordrsager
kronrust pa L. perenne og har et meget sneevert veertsspektrum. Den
er almindeligt forekommende i Danmark og er kendt for at reducere
udbyttet af dyrket L. perenne. Rajgraesfre blev tilfert forsegsfelter med
og uden henholdsvis jordforstyrrelser og svampeinokulum.
Frotilforsel til to forsegsomrdder uden tilstedeveerelsen af en
rajgraespopulation resulterede i, at arten etablerede sig og dannede
smd populationer. Eksperimentel tilforsel af svampesporer medforte
generelt ingen svampeangreb pa de to sma, nyetablerede
populationer. Dette tyder pd, at svampen ikke pavirker etableringen
af L. perenne i nye udbredelsesomrader. P4 den ene af de to
forsggslokaliteter, var L. perenne udsat for massiv konkurrence fra de
eksisterende planter, og populationen var derfor ikke vedvarende.

P4 naturaliserede planter, som voksede i store populationer,
udviklede svampen sig derimod godt, men svampens effekt var
anderledes end det, man har observeret i dyrkede
landbrugssystemer. Skudveeksten hos smittede planter blev enten
oget eller ikke pavirket i forhold til planter, som ikke var smittede. Pa
den ene forsggslokalitet havde inficerede planter en reduceret
frobiomasse i forhold til skudbiomasse, hvilket tyder pa, at der er en
"trade-off” mellem den biomasse, som allokeres til henholdsvis
reproduktion og skudveekst. Samlet viste undersegelsen, at
sygdomsniveauet var hgjere i store, naturaliserede populationer end i
smd, nyetablerede populationer. Desuden viste resultaterne, at
plantesygdomme kan have en positiv pavirkning pa planter i
naturlige plantesamfund.



Med henblik pa at undersege forholdet mellem L. perenne’s
modtagelighed overfor P. coronata, svampens angrebsrate og
sygdomsudviklingen, udfertes et feltforsgg i et simuleret naturligt
plantesamfund. Sygdomsudviklingen, der var baseret pa
frekvensopgerelser (incidence) og deekningsgrader (severity), var
hurtigere og opndede et hgjere niveau pa modtagelige planter end pa
delvis resistente planter. Desuden blev sygdomsudviklingen yderligt
forsteerket, ndr vegetationshgjden blev reduceret. Skudbiomassen
blev ikke pavirket af tilstedeveerelsen af sygdom.

Sammenspillet mellem en invasiv planteart, H. mantegazzianum
(keempe-bjorneklo), og en patogen svamp med et bredt
veertsspektrum, Sclerotinia sclerotiorum, blev undersegt i naturlige H.
mantegazzianum populationer samt i felteksperimenter, hvor planter
voksede i vegetation, som var enten modtagelig eller resistent overfor
svampen. Svampesklerotier blev placeret i jorden, hvor de dannede
to typer af inokulum: apothecier med ascosporer eller mycelium i
jorden. Planter, der blev smittet af vindspredte ascosporer, udviklede
torre leesioner pa blomsterstandssteenglen, men pa hovedparten af
planterne gik sygdomsudviklingen i std tidligt i veekstseesonen, og
der var ingen malbar reduktion af planternes fekunditet. Andre
planter blev smittet via svampemycelium i jorden. Disse planter
udviklede rad i roden, tidlig eldning og dannede mindre fre. Pa
trods af dette, har P. coronata ikke ngdvendigvis har en langtidseffekt
pa H. mantegazzianum’s populationsdynamik pga. plantens store
fraproduktion og opbyggelsen af en langvarig frebank.
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Objectives and structure of the thesis

The overall objective of this thesis is to study and discuss how plant
disease may affect non-indigenous plants in different phases of the
invasion process. The process of plant invasion can be divided into
the introduction, establishment, naturalisation and outbreak steps.
When a plant species advances from one step to another its
population structure changes (e.g. plant density and population size),
and this may have profound effects on the interaction between the
plant species and the surrounding community such as host-parasite
interactions. Our understanding of host-parasite interactions in
natural plant communities is still not well developed (Burdon 1987),
and apart from the literature on biological control, evidence of the
possible effects of parasites on the process of plant invasion is almost
non-existent.

The introduction of propagules (seeds, rhizomes) to a new area is the
first step in the invasion process of non-indigenous plants.
Anthropogenic factors may strongly influence the spread of species
to new areas and the probability of subsequent establishment and
naturalisation may be tightly linked to the mode of introduction and
post-immigration conditions such as cultivation. These issues are
discussed in a literature study in Paper A.

According to the "biotic resistance hypothesis", biotic factors such as
native plant competitors, herbivores, and parasites (e.g. bacteria, vira,
fungi, protozoans) may hinder establishment or naturalisation of
new plant species (Crawley 1987, Mack 1996, Maron & Vila 2001).
The importance of pathogenic fungi on plants in the establishment
phase is studied in paper C and D for two model systems: Lolium
perenne-Puccinia coronata and Brassica napus-Sclerotinia sclerotiorum. S.
sclerotiorum failed to establish at the experimental sites with B. napus
so paper D, which will not be submitted for publication, sums up the
rather limited results that can be extracted from this study by
discussing seed and microsite limitation of B. napus in Danish
grassland ecosystems.

S. sclerotiorum and P. coronata may severely reduce plant productivity
of their hosts in agroecosystems (Simons 1970, Purdy 1979), and it is
tempting to assume that they have a similar effect on hosts which
have escaped from cultivation and naturalised in natural plant
communities. However, agroecosystems are relatively simple
ecosystems, and the greater variation of environmental factors in
natural ecosystems may strongly affect the outcome of the host-
pathogen interactions. For example, the varying height of
neighbouring plants in natural communities may affect the
dissemination of spores and thus disease development. The degree of
disease susceptibility and genotypic variation within a population of
naturalised plants may also play a role for disease development and
the subsequent effect on host performance in natural ecosystems.
Plants with a high level of resistance to a certain pathogen may
potentially experience ecological release and become more

11



competitive in natural communities than individuals with a high
level of susceptibility. These aspects were studied in paper B and C
with an approach that integrates the biology of both the host and the
pathogen.

It seems intuitive that non-indigenous plants that become invasive in
a new range are either little affected by the prevailing pathogens or
may be able to escape from the pathogens in some areas of its new
range, but experimental evidence is lacking. Results on the pathogen
spread, disease development and the effect of S. sclerotiorum attack
on the performance of the invasive plant H. mantegazzianum are
reported in paper E.

The thesis consists of a synopsis and five papers (A-E). Literature
relevant to the topic is presented in the synopsis and results obtained
in the five papers are integrated and discussed. All papers except
Paper A are based on experimental studies. Paper A is published in
Annals of the Missouri Botanical Garden (vol. 89, 2002). It is included
in the thesis as the page proofs. Paper B and C are under preparation
for submission in international refereed journals. Paper E has been
accepted for publication with minor revisions in the refereed
proceeding from the 6th International Conference on the Ecology and
Management of Alien Plant Invasions (EMAPi). The present version
of Paper E is the revised version.

12



1 Synopsis

1.1 Introduction

During the last 100 years the number of naturalised non-indigenous
plant species has rapidly escalated primarily due to the increased
deliberate and accidental transport of plant propagules by humans in
most regions of the world (Sykora 1990, Rejmének & Randall 1994,
Mack & Lonsdale 2001, Pimentel et al. 2001, Paper A). This escalation
and the associated environmental and economical problems have
raised awareness and concern among scientists, management
practitioners, conservationists, politicians and the general public (e.g.
Ruesink et al. 1995, Hindar 1999, Weidema 2000, Mack & Lonsdale
2001, Pimentel et al. 2001, Reichard & White 2001).

Perspectives on alien species are strongly biased by economic and
environmental interests. Large numbers of plant species are
deliberately transported across borders for the purpose of
agriculture, horticulture, medicine, food and fodder and "hitch-
hiking" plant species are accidentally introduced with them (e.g.
Sykora 1990, Mack 1991, Mack & Lonsdale 2001, Reichard & White
2001, Paper A). Most of these introduced species fail to establish due
to unfavourable environmental conditions (Mack 1996) and in every
step of the invasion process the number of species is progressively
reduced (Williamson & Fitter 1996). However, those species that
successfully establish and spread in new ranges may have great
impact and cause many environmental and economic problems. For
example, non-indigenous plants, animals, and microbes are believed
to be among the greatest causes of loss in native biodiversity
(D'Antonio & Vitousek 1992, Wilcove et al. 1998). One total estimate
of the economic losses alien species inflict in the United States,
United Kingdom, Australia, South Africa, India and Brazil is more
than 314 billion US dollars per year (Pimentel et al. 2001). This
estimate includes costs related to the introduction of non-indigenous
organisms causing livestock and human diseases, losses in crop
systems, and environmental damages. Eliminating all introductions
of alien species is neither a feasible nor a desirable goal for the global
human society, however. A more meaningful and realistic goal is to
obtain efficient control of deliberately introduced species and prevent
accidental introductions (Weidema 2000) by developing efficient
methods for risk assessment and early detection of problematic alien
species (Kolar & Lodge 2001). In order to reach these goals,
information about alien species and the factors influencing their
invasion process must be gathered, and experiments and monitoring
must be carried out to fill out the large gaps in our knowledge.

1.1.1 The invasion process of plants

The invasion process of plants has intensively been described and
discussed among researchers, and various sub-divisions of the
process have been proposed (di Castri 1989, Williamson 1989, Kornas
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1990, Williamson & Fitter 1996). A recently developed model of the
idealised plant invasion (Heger 2001) is appealing in its approach
because of its logical sub-division of the process and because it
distinguishes between the stages in the plant invasion and the steps
(processes) leading to each stage (Figure 1). The first step is
immigration, in which propagules of the species are deliberately or
accidentally introduced to a new area (stage 1). If at least one
propagule is able to grow and reproduce unaided by humans, the
species is defined as being spontaneously established (stage 2). Some
species are able to form a population and if the population reaches a
minimum viable population size (MVP), it is more resistant to
environmental, demographic, and genetic stochastic forces, and is
described as being permanently established (stage 3). Some of the
permanently established plant species are able to spread into new
localities of the new range (stage 4).

There is not yet agreement among researchers on the terminology for
describing the status of non-indigenous plants and the steps in the
invasion process (Richardson et al. 2000). In the present context I will
use the terms introduction, establishment, mnaturalisation and
outbreak/invasion for the steps in invasion (step 1-4 sensu Heger) and
the terms introduced, established, naturalised and invasive for describing
the status of the plant species (stage 1-4 sensu Heger). These terms
closely correspond to those used by most plant invasion biologists
(for discussion see Richardson et al. 2000). The terms non-indigenous
and alien are used interchangeably to describe plants that occur in
areas outside of their place of origin.

The number of plant species in the different stages of the invasion
process is progressively reduced. Based on empirical studies of
British plants, Williamson & Fitter (1996) proposed the "tens rule"
stating that approximately ten percent of the species proceed from
one stage in the invasion process to the next. Other researchers have

4 Acquisition of

Steps of an invasion new localities 4 Spread in the
new area is
completed

3 Population growth
to MVP

3 Permanent
establishment

2 Independent growth
and reproduction
of at least one
individual

2 Spontaneous
establishment

1 Immigration

1Presence in
the new area

Presence in Stages of an invasion
the home area

Figure 1. Steps and stages in the invasion process of plants. MVP: minimum
viable population size. (Heger 2001).
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suggested percentages of varying magnitudes (Crawley 1987, di
Castri 1989). However, since we will never know the exact number of
species that has arrived to a new area and failed, and since some
plant species may establish and perish without being noticed, such
estimates must be considered with causion.

1.1.2 Factors influencing the invasion process

A number of biotic, abiotic and human-mediated factors may affect
the process of invasion. Some factors may facilitate invasion (Weiss &
Milton 1984, Fox & Fox 1986, Burke & Grime 1996, Mack 2000, Paper
A), whereas other factors may slow it down or even prevent invasion
(Mack 1996, Richardson et al. 2000). The factors may have different
effects depending on their scale and frequency. Furthermore, the
relative importance of these factors may change during the process of
invasion.

Geographic barriers such as oceans and mountains are the first
barriers that limit the introduction of new species. Subsequent
barriers that act after the introduction event are abiotic and biotic
(Richardson et al. 2000). They may hinder establishment or
naturalisation of new species at the site of introduction or may hinder
the species from spreading into new areas. Important abiotic factors
are photoperiod, temperature, toxic or deficient levels of nutrients
and drought. Examples of biotic barriers that may hinder
naturalisation or reduce plant performance in the new range ("biotic
resistance") are herbivores, parasites (e.g. bacteria, vira, fungi,
protozoans), and plant competitors (Crawley 1987, Mack 1996, Maron
& Vila 2001). Among these factors, the interaction between parasites
and non-indigenous hosts seem to have received the least attention
from ecologists. It may none-the-less play an important role for the
distribution and abundance of plants world-wide (Mack 1996).

Several factors may also promote plant invasions. Natural and
human-mediated disturbances are generally acknowledged to
facilitate alien plants in the early stages of the invasion process (Fox
& Fox 1986, Crawley 1987, Hobbs 1989, di Castri 1990). Soil
disturbances that increase the number of safe sites (sensu Harper et al.
1961) by creating gaps of competitor-free ground and by increasing
the availability of limiting resources, enable many immigrant species
to become established (Hobbs 1989, Burke & Grime 1996). "Biotic
release", the release of immigrant species from the constraints
imposed by their native co-evolved natural enemies upon
introduction to a new area (“natural enemy hypothesis”, Maron &
Vila 2001) may have a facilitating effect on plants in several steps of
the invasion process. Non-indigenous plants that experience biotic
release show increased growth and reproduction due to reduced
damages or reduced allocation to defence (Weiss & Milton 1984).
Plants that perform a novel function in a new area may also become
more competitive. This was observed in Hawaii where non-
indigenous N-fixing plants had a competitive advantage in nitrogen-
poor environments that did not possess native N-fixers (Vitousek &
Walker 1989). In addition, non-indigenous N-fixing plants are likely
to facilitate the invasion of other plant species if the nutrient
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availability in the soil is altered (Carino & Daehler 2002). There are
many other examples showing synergistic interactions among
invaders (Simberloff & Holle 1999). Some non-indigenous plant
species increase the amount of flammable litter, burn at high relative
humidities and are capable of rapid regrowth following fires. They
promote fires and facilitate the invasion of other plant species
(Hughes 1991).

The importance of cultivation in the early invasion steps has been
underestimated in the past (Mack 2000, Reichard & White 2001,
Paper A). Plant species that are introduced into new ranges and
subsequently cultivated include species of agricultural, medicinal
and horticultural interest, species used in landscaping and forestry,
and species accidentally introduced with seeds and pot soil (Mack
2000, Reichard & White 2001, Paper A). A large number of
propagules (seeds, rhizomes) are introduced for these purposes and
multiple introductions of the species will often take place; both
circumstances increase the probability of establishment (Kolar &
Lodge 2001). Furthermore, nursing (provision of water, nutrients,
shelter and pesticides) protects small populations from
environmental stocasticity and may thus increase the probability of a
plant immigrant surviving to reproduction and eventually reaching a
minimum viable population size (Mack 2000, Paper A).

A major difference between crops introduced today and in the 19th
century is the intensity of selection they have been through. Most
cultivars on the market today have intensively been selected and
bred for in order to increase the yield, the ability to resist diseases
and herbivores (food and fodder plants), the colour, numbers and
sizes of flowers (horticultural plants) efc. Competitive ability, which
may be more crucial for the survival and establishment of plants in
most natural communities, may have been impaired in many crops
during the selection. Competitive ability is a less important attribute
for crops in agroecosystems where competition is reduced, soil
resources and pesticides are applied and each plant competes with
plants of a similar genotype and at the same phenological stage. Most
crops cultivated today may therefore have less potential to become
invasive than plants introduced for commercial reasons 100 years
ago.

1.2 Grasslands

Grasslands are in the present context defined as ecosystems
dominated by perennial grasses with varying proportions of
intermixed short-lived herbs. Grasslands range from being natural to
man-made (van Andel et al. 1987), and they are diverse in plant and
faunal diversity and composition (Crawley 1983, Elberse et al. 1983),
water and nutrient availability (Burke et al. 1998) and disturbance
regime (Grubb 1985). Herbivory is often the factor that prevents the
transition from grassland to shrub land and forest (Lawrence 1989).

Permanent, temperate grassland ecosystems in Denmark were used
as recipient systems for the non-indigenous plant species studied in
the experiments in this project (Table 1). The grasslands have a mean
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annual precipitation of 781 mm (Frich et al. 1997) and are considered
to be "indeterminate dominance" grasslands. Such grasslands have
intermediate precipitation levels between 700 and 1200 mm,
continuous above- and belowground plant cover, and temporal and
spatial variation in the resources that may limit plant growth,
primarily water, nitrogen and light (Lauenroth & Coffin 1992, Burke
et al. 1998). Grasslands with precipitation below 700 mm are typically
characterised by intense belowground competition for water, high
root to shoot ratio and discontinuous plant cover whereas grasslands
with more than 1200 mm precipitation are generally dominated by
aboveground competition for light (Burke et al. 1998). Due to the
large sand content in the soil at most of the experimental sites (Table
2), the potential of the soils for retaining soil water and nutrients may
be low.

Nutrient availability and carbon storage in grassland soils are
strongly influenced by the prevailing composition of plant species
(Wedin & Tilman 1990, 1996). Grasslands are characterised by a
diverse, small-scale heterogeneity in resource availability due to
organic matter that accumulates beneath the perennial grasses
(“resource islands”; Burke et al. 1998). The amount and quality of
organic matter that accumulates under individual plants depend on
plant longevity, growth form, biomass allocation and litter quality
(Vinton & Burke 1995, Burke et al. 1998). For instance, larger amounts
of organic matter will accumulate in the soil beneath plants with long
life spans than under plants with short life spans (Vinton & Burke
1995) and higher soil nitrogen contents are found beneath N-fixing
legumes than grasses (Robles & Burke 1997).

1.2.1 Disturbances in grasslands

Disturbances can be characterised according to their type (Lavorel et
al. 1998), scale, intensity, frequency (Grubb 1985, Coffin & Laurenroth
1988), and timing (Hobbs & Mooney 1985) as well as factors such as
presence of litter (Bergelson 1990). These characteristics determine
the effect of the disturbance on the dynamics of the community
(Hobbs & Mooney 1985, van Andel & van den Berg 1987, Coffin et al.
1998). Continual disturbances may result in distinct, long-persistent
vegetation types (e.g. vegetation characteristic of sand dunes or
pastures) while periodic disturbances may open gaps for
regeneration (Grubb 1985) of both existing and new species and
thereby increase local species diversity (Lavorel et al. 1998). Gaps
may be created in numerous ways by plant mortality, trampling,
flooding, wind, erosion (White 1979), but disturbances that create
gaps of bare soil increase recruitment more than mortality events
(Aguilera & Laurenroth 1995). Seedling emergence and survival in
grasslands are highly dependent on the gap dynamics (Aguilera &
Laurenroth 1995) due to the strong asymmetric competition between
adult plants and seedlings in established, undisturbed perennial
vegetation (Grubb 1977, Fenner 1978, Fowler 1986, Gurevich 1986).
The probability of reaching reproductive maturity for selected non-
indigenous plants was shown to be positively correlated with gap
size (McConnaughay & Bazzaz 1987). The spread of an invading
species, Senecio vulgaris, from one generation to the next was
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Table 1. Location, management and history of experimental sites described in
Papers B-E. Brat: abbreviation for Brattingsborg.

Paper Experimental Location Present Management
sites management  History
Paper B Funder 56°9'N, 9°23'E None No management
for min. 30 years
Paper C  Bratl 56°23'N, 9°21'E Extensive cattle Cultivated field up
Up-slope relative grazing to the late 1980s
to Brat II
Brat II 56°23'N, 9°21'E Extensive cattle Cultivated field up
Down-slope grazing to the late 1980s
relative to Brat I
Dollerup 56°22'N, 9°19'E None No cultivation or
grazing for min. 50
years, vegetation is
occasionally cut
Hald 56°24'N, 9°21'E Vegetation cut  No recent record of
annually but cultivation or
not removed grazing
Paper D  Brat 56°23'N, 9°21'E Extensive Cultivated field
sheep grazing
Dollerup 56°22'N, 9°19'E None No cultivation or
grazing for min. 50
years, vegetation is
occasionally cut
Hald 56°24'N, 9°21'E Vegetation cut  No recent record of
annually but cultivation or
not removed grazing
Paper E  Brat 56°23'N, 9°21'E None Cultivated field up
to the 1990s
Hald 56°24'N, 9°21'E Vegetation cut  No recent record of
annually but cultivation or
not removed grazing
Viborg South 56°20'N, 9°21'E None Unknown
Arhus 56°12'N, 10°10'E ~ None No recent record of

cultivation or
grazing

18



1'er 67Tl 6'S €9 9°¢ LST €Tl LST (13001  Sw) wnissejog
€ 'y ce ¥'e 1 T'e 6T e (13001 o Sw) ayeydsoyq
[on 'y 8¢ v'e 4 VAd T's I'e (1-3 o Sw) N-23eIN
8T 0°€ ¥ L1 6°€ 9C |4 9C (%) snunyg
G/ s TS 8'q i |94 6°S €¥ (%) AerD
¥y 9% 0¢C 8T 8L 9% 8T ze (%) s
9'TC 791 TLT 002 81T 04T ¥Te T (%) pues aur]
L9 01 s 4 169 1'68 £'89 889 489 (%) pues as1e0)
¥e €g ¥S 66 9¢ G'g ¥e ¥e (eoeoiyd
(daays ou) (daays)
ﬂ:m.m wmhm— ..—G.Hm— um.ﬁm QﬁHUZOD ﬂ:mm MH um.ﬁm M aﬁhm
q 1odeg d pue D 1adeg D xdeg
"310gs3umyerg

I0J uoneraaiqqe :jerg “310qrA ‘I9yua)) ol sueq ‘TWLN-SIA Aq N0 paLLIEd a1oM sasATeuy ‘sajdures [I0S PSLIP WOIJ PIUIULISOP 9I9M SJUIUOD
M Pue J ‘N d[qe[reAe jue[J Ww g0 0> ‘A ‘W Z00'0-020°0 IS ‘W Z('0-0"0 ‘PUes auly ‘W ¢'(0-(°Z ‘pues asreod :9z1s appnted ayj Aq psuruiiajep
9I9M [IOS 3} Ul SJuajuod Ae[d pue JJIs ‘pues ay[, "q-D sidde] ur paquosap seare [ejuswiiadxs je AjIiqerese jusrgnu pue ‘ormyxa) q1os ‘Hd g aquy

19



enhanced both by increasing gap size and by uniformly rather than
patchily distributed gaps (Bergelson et al. 1993).

Although the soil is enriched beneath recently dead plants (Vinton &
Burke 1995, Burke et al. 1998), seedling establishment may be low due
to a drier topsoil in soil currently occupied by plants (Aguilera &
Laurenroth 1995) or the presence of litter from the dead plants
(Bergelson 1990) The nutrient-enriched zone under dead plants
persists for less than 36 months following plant death (Kelly & Burke
1997). Plant morphological attributes and regeneration strategies
differ for plants colonising different types of disturbances (Grubb
1985, Lavorel et al. 1998) and for plants colonising disturbed soil
formed at different times of the year (Hobbs & Mooney 1985).

One of the most frequently cited hypotheses concerning plant
diversity, “the intermediate disturbance hypothesis”, states that
species diversity is highest under intermediate levels of disturbances
(Connell 1978). A common problem, often not considered in the
literature on disturbance, is that intermediacy of the various
components of a disturbance, i.e. type, scale, intensity and frequency,
may affect a plant community differently (Pickett & White 1985). The
impact of a disturbance also depends on the structure of the
community, which can be divided into shoot-biased, root-biased,
surface-attached and substrate-contained communities (Pickett &
White 1985). For example, disturbances that only affect the
aboveground vegetation may have a lower effect in root-biased than
in shoot-biased communities (Pickett & White 1985).

Experimental studies have shown that soil disturbance generally
facilitates plant invasion in grassland (Hobbs 1989, Bergelson et al.
1993, Kotanen 1997). For example, gopher mounds may increase the
abundance of non-indigenous annual grasses more than the naturally
occurring perennial grasses (Kotanen 1997). Combined soil
disturbance and nutrient addition often have a larger facilitating
effect on plant invaders than soil disturbance alone (Akinola et al.
1998). Invasion of annual grasses into perennial grasslands may
affect the soil nutrient status and the spatial heterogeneity of soil
resource availability (Vinton & Burke 1995).

1.2.2 Natural herbivory and livestock grazing in grasslands

One important source of disturbance in grassland ecosystems is
herbivory. Many, if not most, temperate grassland communities are
not climax communities, but the colonisation of woody species is
prevented by herbivory. Numerous studies have demonstrated that
natural herbivores, particularly arthropods, molluscs and rodents,
may modify grassland communities by affecting plant performance
and the competitive balance between plant species (Crawley 1988,
Brown 1990, Brown et al. 1988, Hulme 1994, 1996, Wilby & Brown
2001). Molluscs, for example, may cause high mortalities of
herbaceous seedlings in grassland ecosystems (Hulme 1994, Wilby &
Brown 2001, Paper D) and by their selective feeding change the
community composition towards a less herb- and more grass-
dominated community (Wilby & Brown 2001).
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Livestock grazing is the most important management tool in
preventing the transition from grassland into shrub land and forest
in Denmark. Livestock grazing may reduce plant biomass and
fecundity, alter allocation patterns (Polley & Detling 1989, Grigulis et
al. 2001, Mikola et al. 2001) and plant competitive interactions (Archer
& Detling 1984), and increase species diversity (Collins et al. 1998) in
grassland ecosystems. Grazing may increase seedling establishment
of both native and non-indigenous species (Oesterheld & Sala 1990,
Grigulis et al. 2001, Paper D) by creating gaps in the soil by trampling
(Bergelson et al. 1993), by removing the litter layer that develops in
the absence of grazing (Grigulis et al. 2001), by reducing the adult-
seedling competition (Fenner 1978), and by incorporating the seeds
into the soil (Paper D).

The intensity of grazing influences the species composition and
abundance in a community. Some species, like Lolium perenne, are
very tolerant to livestock grazing and are typical indicators of grazed
grasslands (Elberse et al. 1983). L. perenne produced more shoot
biomass in grazed than in ungrazed grassland communities,
presumably due to depression of co-occurring species that are less
tolerant to grazing (Mikola et al. 2001). Its competitive ability is
decreased if management practices are changed from pasture to hay
production, sometimes resulting in total extinction from the fields
within ten years (Elberse et al. 1983).

Livestock grazing also modifies the plant-soil interactions. Grazing
increases the nitrogen concentrations in plant litter and reduces
microbial immobilisation. It thereby increases the nitrogen
availability in the soil and thus plant productivity (Polley & Detling
1989, Holland & Detling 1990, Holland et al. 1992, McNaughton et al.
1997). Plants that are able to effectively deplete the plant available
nitrogen in the soil generally have a competitive advantage (Tilman
& Wedin 1991).

1.2.3 The experimental sites

Different grassland communities were used as experimental sites for
the studies in the present thesis. Some were relatively pristine in
character (Dollerup, Funder, Arhus), others were abandoned from
cultivation (Brattingsborg, Hald), and a single site was situated
between a cultivated field and a roadside (Viborg) (Table 1, Figure 2).
The abandoned fields, with the exception of some parts of
Brattingsborg, were managed either by extensive sheep and cattle
grazing or by occasionally cutting of the vegetation to prevent
successional changes. Pesticides, fertilisers or other chemicals were
not used at any of the sites prior to or during the experimental
period. The Hald, Dollerup and Brattingsborg sites were used for
several of the experiments (Table 1). Within the Brattingsborg site
different management practices were carried out (Table 1).
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Brattingsborg, Hald and Dollerup
Viborg

Funder

Arhus

Figure 2. Map of Denmark showing the location of the experimental sites
described in Papers B-D.

At selected sites (Hald, Dollerup, Brattingsborg), soil samples were
analysed for pH, texture and plant available N, PP and K (Table 2).
These soils were well-drained and coarse-textured, so the vegetation
may presumably suffer from drought in dry summers. pH values
were within a range of 5.4 to 6.0. Nutrient availability varied between
sites (Table 2) and may primarily reflect the time since they were last
fertilised. For a description of the plant species composition and
abundance at the different sites see the papers.

1.3 Study organisms

Two crops, Lolium perenne L. (perennial ryegrass) and Brassica napus
subsp. napus L. (oilseed rape), and the invasive plant Heracleum
mantegazzianum Somm. and Lev. (giant hogweed), were studied in
the experiments. In Denmark, each of these species occurs in a
different stage in the invasion process (Figure 1): B. napus is
established and forms spontaneous populations (stage 2), L. perenne is
naturalised and forms permanent populations (stage 3), and H.
mantegazzianum is invasive and is presently expanding its
distribution in Denmark (stage 4).

L. perenne is a host for the pathogen Puccinia coronata Corda., and B.
napus and H. mantegazzianum are hosts for the pathogen Sclerotinia
sclerotiorum (Lib.) de Bary. Both pathogens are biotrophic fungi i.e.
fungi that depend on living host tissue to obtain nutrients (Parbery
1996). Due to poor results from the study on the B. napus-S.
sclerotiorum interaction (Paper D), this host-pathogen interaction will
not be further described and discussed.

Agricultural studies of P. coronata and S. sclerotiorum and their hosts
show that plant growth and reproduction are negatively affected by
pathogen attack (Simons 1970, Purdy 1979). Due to the economical
importance of L. perenne, there has been much focus on crown rust of
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L. perenne. In comparison, Paper E reports the only experimental
study on H. mantegazzianum and S. sclerotiorum.

1.3.1 Model system: Lolium perenne - Puccinia coronata

L. perenne is a perennial bunchgrass, presumably native to Central
Europe, the Mediterranean countries and Southwest Asia (Pedersen
1974). It is grown in most cool, moist regions of the world (Beddows
1967) for fodder, silage and seed production, and it is also an
important component of grass seed mixtures used to seed pastures,
golf courses, lawns and roadsides due to its resistance to trampling
(Pedersen 1974). L. perenne was intentionally introduced to Denmark
in late 1700 presumably for cultivation (Christiansen 1977). Today it
is commonly found naturalised in semi-natural grasslands (Figure
2d), in urban areas, and along roadsides (Pedersen 1974, Frederiksen
1981).

Fiqure 2. Disease symptoms on Lolium perenne infected by Puccinia coronata.
(A) Leaves with different levels of disease severity. (B) Infected plants grown
in monoculture. (C) Mollusc herbivory on plant tissue with pustules. (D)
Permanent population of L. perenne in a semi-natural grassland community
(Site: Hald).

L. perenne is 20-60 cm tall and develops seeds in spikelets, which are
attached to 4-30 cm long inflorescences (Christiansen 1977). It is self-
incompatible and therefore dependent on cross-pollination (Cornish
et al. 1979). Populations are genetically diverse (Cooper 1959). L.
perenne is an indicator species of grazed pastures where it produces
the highest shoot biomass on fertilised soil (Elberse et al. 1983).
Grazing and trampling by livestock increase the life span of L.
perenne, perhaps because they prevent the development of
inflorescences (Beddows 1967). Natural seed dispersal is of very
limited importance (Beddows 1967) compared to the continuous,
human-mediated seed dispersal. Seeds kept in storage may remain
viable for up to eight years (Beddows 1967).
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Crown rust is considered one of the most severe yield-reducing
diseases of cultivated L. perenne in Denmark (Ghita Cordsen Nielsen,
personal communication). One of the important means of disease
control in agroecosystems is to choose cultivars with disease
resistance. Studies of the genetic background and inheritance of
crown rust resistance in L. perenne have lead to several hypotheses.
Some studies show that resistance to crown rust is controlled by a
large number of genes with minor effects, while other studies
indicate that the trait is controlled by one or few single genes (for
review, Kimbeng 1999). Furthermore, inheritance patterns ranging
from complete dominance to recessiveness have been suggested
(Kimbeng 1999).

P. coronata is a macrocyclic, heteroecious fungus that requires both a
grass host and a host from the genus Rhamnus in order to complete
an entire life cycle (Holliday 1998; Figure 3). The uredial stage occurs
on the gramineous host and may give rise to several generations of
uredia with uredospores during the summer (Hawksworth et al.
1995). This stage of P. coronata has an almost worldwide distribution,
presumably due to efficient long-distance dispersal of uredospores
by the wind (Simons 1970). Despite its high dispersal potential,
profound differences in pathogen development may occur locally
due to differences in host susceptibility and structure and size of the
surrounding vegetation (Paper B). Telia and overwintering
teliospores are formed in autumn on mature, slowly drying leaves of
the grass host (Smiley et al. 1992). The teliospores are released from
the grass host in autumn. They produce basidia with basidiospores,
which infect leaves of the alternate rhamnaceous host (Hawksworth
et al. 1995). This stage has a much more limited global distribution
since alternate hosts may be absent from some areas and winters may
be too mild to break the dormancy of the teliospores (Simons 1970).
Aecia and aeciospores, that are able to infect the gramineous host, are
formed on the alternate host in the following spring, and the life
cycle is thus completed (Simons 1970, Dinoor et al. 1988). In areas
with mild winters the uredial stage may last throughout the winter
and enable the fungus to survive although the alternate host is
lacking (Simons 1970). In Denmark the uredial stage of P. coronata
was recorded in 1890 on 22 species of grasses and the telial stage on
three relatively rarely occurring species of Rhamnus (Rostrup 1890).

Crown rust appears on the leaves of the gramineous host (Simons
1970). Uredia and uredospores appear as rusty-coloured pustules
surrounded by chlorotic or necrotic leaf areas (Figure 2a-b), or they
may only appear as small light-coloured flecks if the host possesses a
high degree of resistance (Simons 1970). Host plants generally show
little visual damage in the first few weeks after infection, as
mycelium of the fungus spreads intercellularly and absorbs nutrients
through haustoria that invaginate the host cells without degrading
the tissue to any great extent (Schumann  1991).
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Figqure 3. Disease cycle of a macrocyclic, heteroecious rust fungus exemplified
by the cycle of Puccinia graminis (Smiley et al. 1992).

During sporulation, the plant epidermis is ruptured, transpiration is
increased (Littlefield 1981), and the infected leaves begin to wither
and senesce (Plummer et al. 1992). In autumn, irregular oblong,
brown to black telia covered by epidermis are formed (Simons 1970).

The species P. coronata has been divided into special forms, formae
specialis (f.sp.) identified on the basis of their host range (Simons
1970). The forms are named according to the host genera they
originally were found to attack; species of the genera Lolium are hosts
for P. coronata f.sp. lolii, species of the genera Avena are hosts for P.
coronata f.sp. avena etc. The special form used for the experiments was
undoubtedly P. coronata f.sp. lolii since the uredospores of P. coronata
were collected on a L. perenne population and subsequently
maintained on L. perenne. Five of the most dominating grasses at the
experimental sites (Festuca rubra, Poa pratensis, Agropyron repens,
Bromus hordeaceus, Dactylis glomerata) were tested for susceptibility to
the P. coronata inoculum under controlled conditions, but none of
them became infected (unpublished data).

Studies in the laboratory and in agroecosystems have shown that
infected L. perenne plants may have reduced tiller and leaf biomass
(Lancashire & Latch 1966, Potter 1987, Plummer et al. 1990), reduced
root growth (Lancashire & Latch 1966), fewer tillers due to increased
tiller death rate (Plummer et al. 1990) and a lower competitive ability
(Latch & Lancashire 1970, Potter 1987). In contrast, the present
studies of L. perenne in natural communities show that the fungus
may have no (Paper B) or even a positive effect (Paper C) on plant
growth, presumably due to a change in allocation of biomass from
reproduction to shoot or due to other indirect effects. Interaction with
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other organisms may also play an important role in natural
communities e.g. some herbivores have a "cleansing" effect by
feeding selectively on the spores and on host leaf tissues with
pustules (Figure 2c; Ramsell & Paul 1990, Ericson & Wennstrom
1997).

Virulence of P. coronata on oats can be explained by the gene-for-gene
concept (for review, Dinoor et al. 1988) in which each resistance gene
in the host interacts with a corresponding avirulence gene in the
pathogen (Holliday 1998). A consequence of this is that a single-gene
mutation may change the virulence of the pathogen (Dinoor et al.
1988) and thereby result in a compatible interaction on a previously
resistant cultivar. Whether this concept applies for L. perenne and P.
coronata has not yet been tested (Kimbeng 1999). Evidence suggests
that the pathogen has enough genetic variability to enable rapid
adaptation to overcome host resistance (Wilkins 1978).

1.3.2 Model system: Heracleum mantegazzianum - Sclerotinia
sclerotiorum

H. mantegazzianum is a monocarpic, biennial or short-lived perennial
herb native to the Caucasus (Tiley et al. 1996). Presently it is found in
most temperate regions of Europe (Tutin et al. 1968) and Central
Russia (Tiley et al. 1996) and in some regions of Canada and the
United States (Morton 1978). H. mantegazzianum was introduced to
Denmark as an ornamental plant in the middle of the 18t century
(Weidema 2000) but has subsequently spread into many plant
communities (Hansen 1981, Tiley et al. 1996).

The plant develops a leaf rosette of up to 150 cm long leaves in the
years prior to flowering (Hansen 1981, Otte & Franke 1998). After a
threshold amount of nutrients is accumulated in the roots (Otte &
Franke 1998), a 2-4 m tall compound umbel is formed (Hansen 1981).
Seed production varies between 10,000 and 30,000 seeds per plant,
and plant vigour determines the seed size and weight (Tiley & Philp
1997). The seeds remain viable in the soil for up to 7 years (Andersen
& Calov 1996).

Due to its vigorous growth and high seed production, H.
mantegazzianum may locally out-compete native plants, reduce
species diversity, and form monocultures (Tiley et al. 1996). In
Denmark it is most abundant in riparian areas where it may form
large dense monocultures (Figure 4e; personal observation). Plausible
hypotheses for explaining its high abundance in riparian habitats are
that seed germination requires moist conditions, the plant tolerates
poorly drained soils (Tiley et al. 1996), and seeds are effectively
dispersed in water (Clegg & Grace 1974).

S. sclerotiorum is a broad-spectrum pathogenic fungus that has been
reported to attack 408 plants species from 75 different families
(Boland & Hall 1994). Most host species are herbaceous dicots, only
few hosts are monocots, while no woody hosts have been recorded.
S. sclerotiorum is a monocyclic pathogen that overwinters as sclerotia
in the soil (for disease cycle see Paper E, p. 116). The sclerotia
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Fiqure 4. Disease symptoms on Heracleum mantegazzianum infected by
Sclerotinia sclerotiorum. (A) Dry stem lesion on stem above soil level. (B)
Lesion and immature, white sclerotia at stem base. (C) Close-up of sclerotia
of variable shapes formed beneath epidermis and in stem cavities. (D)
Bisected section of a plant stem showing stem and root rot and mature
sclerotia. (E) Population of H. mantegazzianum along a stream in a natural
grassland community near Arhus. Photos A, B and D are included in Paper
E. (Photos C and D by Brita Dahl Jensen)
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germinate in spring and develop into either mycelia or ascospores-
producing apothecia. These two possible sources of primary
inoculum will typically infect different parts of the plant. The wind-
dispersed ascospores cause infection of above-ground plant parts
(Figure 4a; Purdy 1979) while the mycelia, formed directly from
germinating sclerotia in the soil, initiate disease in the stem-root
interface or in the roots of nearby hosts (Figure 4b, 4d; Huang & Hoes
1980, Kohn 1995, Paper E). Towards the end of the growing season,
sclerotia of variable sizes and shapes are formed in cavities or on
tissue surfaces (Figure 4c) (Purdy 1955, 1979, Paper E). They are
either discharged or remain within the plant until decomposition.
They can remain viable in the soil seed bank for at least 4-5 years
(Adams & Ayers 1979).

The fungus is widely distributed in cool and moist areas on most
continents (Purdy 1979). In New Zealand the fungus has been shown
to have a greater prevalence in natural habitats than in agricultural
fields when analysing the percentage of sites infected. Sixty and ten
percent of the sampled sites were infected in natural and agricultural
systems, respectively (Bourdot et al. 2000). However, an attempt to
estimate the sclerotia density in the soil revealed that natural habitats
had only 9 sclerotia per m2 while up to 400 sclerotia per m2 were
found in agricultural fields (Bourdot et al. 2000).

It is unknown how factors such as nutritional status of the host,
temperature and other interacting organisms may influence this
plant-pathogen interaction. It is also uncertain whether resistance to
this pathogen exists within H. mantegazzianum. We know from other
host species that resistance has been detected, and that resistance to
S. sclerotiorum is a polygenic trait in sunflower (Mestries et al. 1998)
and cauliflower (Baswana et al. 1991). Typical resistance reactions are
breakdown of plant tissue, formation of phytoalexins, and physical
barriers that may impede penetration and fungal development
(Lumsden 1979).

The level of resistance to S. sclerotiorum of each plant part may differ.
For instance, leaves of Brassica napus subsp. napus were resistant to
penetration while damaged or healthy petals were susceptible
(Jamaux et al. 1995), and leaves of H. mantegazzianum were resistant
to attack, while undamaged inflorescence-bearing stems were
susceptible (Paper E). Mycelium from a germinated spore may, under
suitable environmental conditions, infect new host tissue throughout
the growing season and result in the destruction of parenchymatous
tissues as well as vascular and structural elements of the host (Purdy
1979). The pathogen may spread from an infected to an uninfected
host if the aboveground parts of the plants have physical contact
(Huang & Hoes 1980).

The diseases caused by S. sclerotiorum are known under different
names (e.g. cottony soft rot, white mould, watery soft rot), and the
symptoms vary depending on the specific host and the tissue
attacked. Watery soft rot or white mould develop on leaves, stems or
roots on some hosts, while on other hosts, dry lesions are formed
(Purdy 1979, Hoes & Huang 1975).

28



The results of the study reported in Paper E showed that the mode of
infection played an important role for the development of S.
sclerotiorum and the associated effect on H. mantegazzianum. Infection
initiated by wind-dispersed ascospores on the inflorescence-bearing
stems of H. mantegazzianum resulted in dry stem lesions (Figure 4a).
On most of these infected plants, lesion development stopped early
in the growth season and did not support the development of
sclerotia. In contrast, all plants infected in the roots or in the stem-
root interface by mycelium from germinating sclerotia in the soil
developed soft root rot (Figure 4d). On some of these plants the
pathogen subsequently spread from the roots to the lower parts of
the inflorescence-bearing stems resulting in the formation of dry stem
lesions (Figure 4b). Experiments combined with observations
indicated that plant fecundity was unaffected by stem lesion, but root
rot appeared to cause premature wilting and reduced seed size. More
severe effects of sclerotinia disease have been observed for plant
survival and productivity of crops in agroecosystems (Purdy 1979,
Jacobs et al. 1996, Yang et al. 1999).

Comparison of weight and size measures of sclerotia, asci and
ascospores of isolates selected from different host species suggests
that the isolates constitute a continuous series (Price & Colhoun 1975)
i.e. no physiological specialisation takes place on separate host
species. This was confirmed by a recent molecular study that was
unable to show greater similarity between isolates from the same
host species compared to isolates from two different hosts species
(Carpenter et al. 1999). Other studies have shown that weeds in
infected canola fields are infected with the same S. sclerotiorum
genotypes as the canola plants (Kohli et al. unpublished data: cited in
Kohli & Kohn 1996). Furthermore, H. mantegazzianum were
successfully infected by sclerotia originally developed on Daucus
carota (Paper E). Populations of S. sclerotiorum on wild plants
growing adjacent to cultivated fields may thus act as a reservoir of
inoculum infecting crops.

Many natural populations are more spatially isolated and protected
from immigration of new genotypes than agricultural populations.
This may explain why some wild populations of S. sclerotiorum are
highly differentiated from agricultural populations (Kohli & Kohn
1996). Agricultural populations of S. sclerotiorum have a world-wide
spatial distribution of many of the same genotypes (Kohli & Kohn
1996), most likely due to the long-distance transport of inoculum
with agricultural seed as new genotypes with similar genetic
background are repeatedly introduced into cultivated fields around
the world.

1.4 Discussion of results and research methods

1.4.1 Experimental methods: pathogen and disturbance
treatments

Pathogen-mediated effects were the prime focus in this project while
the main purpose of including the soil disturbance treatment in the
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experiments was to ensure competitor-free gaps for recruitment. In
the present context, soil disturbance was defined as a change in
conditions that creates competitor-free, transient gaps in the
vegetation. The results from paper C and D confirmed earlier studies
showing that soil disturbances in established, perennial vegetation
increase the number of safe sites available for seedling emergence
and growth (Hobbs & Mooney 1985, Aguilera & Lauenroth 1995,
Burke & Grime 1996).

I aimed at creating disturbances that in scale and intensity was
similar to what is found in natural grassland ecosystems. The
experimental soil disturbances in Paper C and D were artificially
created before seed addition at the onset of the experiment by
overturning the soil to a depth of 20 cm. Two sizes of disturbances,
25x25 cm and 5x5 cm, were created in each experimental plot. The
sizes of the large and small disturbances were approximately
equivalent to molehills and hoof prints, respectively. Some
researchers investigate establishment of non-indigenous plants by
sowing seeds into large-scaled disturbances created for instance by
tilling or ploughing (e.g. Crawley et al. 1993, Crawley & Brown 1995).
This scenario is unlikely to be found in semi-natural and natural
communities, however. The soil was overturned in the artificial
disturbances described in paper C and D so root parts were present
on the surface of the disturbances. It is likely that exudates from the
roots may have affected the colonisation events, and that plant
recruitment would have been higher if the soil had been sieved and
the root material removed. Furthermore, this would have mixed the
soil layers and thus increased the resemblance of soil found in
molehills.

Artificial disturbances have certain advantages over natural
disturbances in experimental field investigations. They allow us to
control the disturbances and thus reduce the variability in the
experimental system, and they allow us to set up randomised
experiments where disturbed and control plots can be compared. A
drawback is that it is difficult to simulate natural disturbances in
experiments and that the dynamic of the colonisation processes may
differ in natural and man-made disturbances (Lavorel et al. 1998).

The occurrence, expression and severity of disease depend on three
components: the pathogen (e.g. virulence, abundance), the host (e.g.
susceptibility, population size and density), and the biotic and abiotic
environment (e.g. chemical and physical factors, other organisms)
(Burdon 1987). The interactions of these three components are
generally referred to as the “disease triangle”. The choices made
during an experimental investigation with plant and pathogens may
have implications for the results and should be carefully considered.
In addition, the choices are limited to what is practically feasible
when working in the field. For example, sporulating L. perenne
individuals were used as disease foci although the number of
disseminated spores was likely to vary among the plants. Also, the
distance between plots was chosen by considering both the risk of
spore dissemination from pathogen-treated to untreated plots, the
environmental heterogeneity that may arise when plots are separated
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by large distances, and finally the size of the available experimental
area.

In the field experiments with L. perenne and P. coronata (Papers B and
C), pathogen exposure was carried out by transplanting a sporulating
plant to the centre of each of the experimental plots. The level of
disease severity on each of the transplants was high and
approximately similar to what I have observed on L. perenne grown
in monoculture. Herbivory by molluscs, which appeared much more
attracted to the sporulating L. perenne transplants than the naturally
occurring L. perenne plants, reduced the shoot biomass of the
transplants within a day or two. This reduced the amount of plant
tissue with pustules and thus the dissemination of spores to a level
that I later observed to be more realistic in natural communities.
Although P. coronata is wind-dispersed and has a high dispersal
potential, control plots without sporulating transplants had
surprisingly low disease incidence.

Comparisons among sites of disease development and the associated
effect on plant performance should be done with caution. Differences
in environmental conditions, particularly humidity and temperature,
may have profound effects of the interaction between rust fungi and
hosts (Simons 1970, Roderick & Thomas 1997). Also differences in
biotic factors, such as the presence of spore-feeding herbivores
(Ramsell & Paul 1990, Ericson & Wennstrom 1997), may result in site-
specific disease development patterns. P. coronata was maintained on
the transplants throughout the growth season in all three study years
at all experimental sites, so it seems highly plausible that the fungus
is able to attack and develop on naturally occurring L. perenne plants
even at the site of Dollerup where attack was not observed. For
similar reasons to those stated above, comparison among years of
disease development and its effect on host plants should also be done
with care.

In the field experiments with H. mantegazzianum and S. sclerotiorum
(Paper E), the pathogen treatment was carried out by adding sclerotia
to the soil. At all sites, the sclerotia developed into ascospores-
producing apothecia, and disseminated ascospores successfully
attacked inflorescence-bearing stems of H. mantegazzianum. We know
very little about the sclerotia density found in natural plant
communities, however, one study from New Zealand reported an
average of 9 and 400 sclerotia per m?2 in natural plant communities
and cultivated fields, respectively (Bourdét et al. 2000). In the study
described in Paper E, 67 sclerotia per m2 were applied to the soil of
experimental plots. This density may likely be similar to what is
found in field edges where many H. mantegazzianum populations
grow in Denmark.

1.4.2 Differences between the pathogens studied

There are a number of different aspects in the biologies of the two
fungal pathogens, P. coronata and S. sclerotiorum, that have
implications for the effect they may have on their hosts in natural
plant communities (Table 3). Unlike P. coronata, S. sclerotiorum has an
extremely wide host range (Boland & Hall 1994) and therefore it

31



Table 3. Differences between the two pathogenic fungi P. coronata and S.
sclerotiorum.

Puccinia coronata £. sp. lolii Sclerotinia sclerotiorum

Narrow host range! Wide host range3

Polycyclic disease epidemics* Monocyclic disease epidemics?

Rapid spread over long distances in Dispersal with agricultural material or in

“stepping stone” increments due to the ~ “stepping stone” increments®
production of multiple spore generations
within a growth season!

Heteroecious (two alternate hosts Autoecious (one main host required to
required to complete lifecycle)o complete lifecycle) 2
Spends entire lifecycle on plants! Spends some of its lifecycle in the soil?

1Simons 1970; 2Purdy 1979; 3Boland & Hall 1994; ‘Hawksworth et al. 1995; 5Kohli &
Kohn 1996; ¢Holliday 1998.

presumably has a more ubiquitous distribution in different types of
habitats. In natural habitats with H. mantegazzianum, S. sclerotiorum
will not only affect H. mantegazzianum, but also many of the other co-
occurring host species. This is in sharp contrast to the situation in
natural habitats with P. coronata and L. perenne. Under most
circumstances L. perenne will be the only species in a given local area
that is infected by P. coronata.

P. coronata depends on two host species to complete its life cycle
(Simons 1970). To survive the winter in Denmark P. coronata seems
generally to depend on the rhamnaceous host, but when winters are
mild the pathogen may also survive in the form of uredospores on
the grass host (personal observation). The alternate host, Rhamnus
cathartica, is relatively rare in Denmark (Rastad 1981) so primary
inoculum spread from Southern Europe to Denmark may be
responsible for initiating many of the epidemics in the spring. Unlike
P. coronata, S. sclerotiorum only depends on one host to complete its
lifecycle (Purdy 1979). The sclerotinia fungus spends some of its life
cycle in the soil where it is exposed to hazards from many organisms
(Adams & Ayers 1979).

P. coronata gives rise to polycyclic disease epidemics i.e. many
ascospore generations may develop within one season. This results in
a rapid build-up of an epidemic providing that the environmental
conditions are adequate for the inoculum to cause infections.
Ascospores of S. sclerotiorum are likewise dispersed with the wind
but only a single pathogen generation takes place within a season
(Purdy 1979), so the build-up of a disease epidemic and the spread of
the pathogen from patch to patch is presumably slower. Since the
pathogen has a wide host range (Boland & Hall 1994) and only
require a single host species to complete its lifecycle, its prevalence in
a specific area may be more stable over time.

The origins of P. coronata and S. sclerotiorum are uncertain, so it is
unclear whether the pathogens are native to Denmark or introduced.
The special form P. coronata f.sp. lolii was presumably introduced to
Denmark at the same time or after L. perenne.
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1.4.3 Differences between the host plants studied

L. perenne and H. mantegazzianum differ from each other in several
ways that can be expected to affect the host-pathogen interaction
(Table 4). In Denmark, H. mantegazzianum is an aggressive plant
invader that is able to spread into both disturbed, semi-natural and
some types of natural habitats. L. perenne, on the other hand, is
naturalised but not invasive. L. perenne is more abundant and widely
occurring outside cultivated habitats than H. mantegazzianum, as
large amounts of L. perenne seeds have been dispersed deliberately
during more than 200 years. In the view of the general public, L.
perenne is accepted and probably acknowledged as being a “native”
plant while H. mantegazzianum is considered a nuisance that is
systematically destroyed both on private and particularly on public
land.

Table 4. Differences between Lolium perenne and Heracleum mantegazzianum.

Lolium perenne Heracleum mantegazzianum

Long-lived perennial grass? Biannual or short-lived perennial herb*

Widely distributed in disturbed and Clumped distribution in disturbed and
semi-natural habitats? semi-natural habitats and in some types of
natural habitats (riparian)>

Naturalised? Invasivet

Susceptible to P. coronata during entire Susceptible to S. sclerotiorum when
lifecycle excl. seed stage! reproducing®

1Pedersen 1974; 2Simons 1970; 3Frederiksen 1981; 4Tiley et al. 1996; Spers. observation;
¢Paper E.

L. perenne is potentially a very long-lived species (Beddows 1967). It
is susceptible to the rust pathogen during its entire life cycle except as
a seed (Simons 1970). Pathogen attack may therefore potentially
affect both the number of offspring produced and longevity. The
potential duration of disease attack is much shorter for sclerotinia
attack on H. mantegazzianum (Paper E). The plant is monocarpic, i.e. it
reproduces only once and it dies after the reproductive event. It is
only susceptible to S. sclerotiorum late in the life cycle when it is
reproducing (Paper E) so longevity is probably not affected.
Although the effect of attack is only short-term, a single infection
may potentially have a large impact on the plant since it is unable to
compensate for the damage before it dies.

1.4.4 Biotrophic fungi and the invasion process of plants

Population size and density, distribution, and genetic diversity of
host plants are of crucial importance for the development of plant
pathogens and for the damage the pathogens may inflict on their
hosts (Burdon & Chilvers 1982, Burdon 1987). These plant population
characteristics change during the invasion process of alien plants, so
it is reasonable to expect that also the effects of plant pathogens on
their hosts will change during the process. To limit the early
establishment of alien plants, pathogens must be able to damage the
plants while they are at low density. This seems intuitively unlikely,
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as disease development is dependent on the density and proportion
of hosts to non-hosts (Burdon & Chilvers 1982, Burdon 1987, Paul
1990). Thus, as has been shown in Paper C, less severe infections are
expected to be found in newly established populations of alien plants
due to their small size and low plant density.

The probability of being attacked upon entry into a new area is
strongly dependent on the host spectrum of the pathogen in
question. Due to the broad host spectrum of S. sclerotiorum (Boland &
Hall 1994), it is more likely that S. sclerotiorum is present at the site of
introduction of H. mantegazzianum than that P. coronata f.sp. lolii is
present at the site of introduction of L. perenne. The epidemic build-
up of S. sclerotiorum on H. mantegazzianum is not related to the
population size of H. mantegazzianum itself, but to the total number of
individuals of host plant species. Generalist pathogens are therefore
more likely to have an effect on plants in the early invasion stages
than pathogens with a narrow host range.

Later in the invasion process the alien plant population increases in
size and density. This is advantageous for the development of disease
epidemics (Burdon & Chilvers 1982, Burdon 1987). Some plant
species will eventually spread to new localities. Part of them may
only be able to invade a narrow range of habitat types, while other
species, such as L. perenne and H. mantegazzianum, are more non-
specific and occur in a wide range of habitats. Even if a plant species
is highly susceptible to a pathogen, the plant may find refugees in
some habitats where the environmental conditions are unsuitable for
disease development.

In addition to population size and density, the genetic diversity of a
plant population may also determine the probability of being
attacked by a pathogen and the subsequent rate of disease
development (Burdon 1987). The actual genetic diversity of an alien
plant species in a new area depends on the genetic diversity of the
introduced propagules and the species' potential for creating new
genetic variation through sexual reproduction or mutation. In
addition, the diversity between populations created over time
depends on the isolation of the population and the potential for gene
spread. The introduction of new propagules with a novel genetic
background may further add to the overall genetic variation of the
population lowering disease development and the risk of disease-
induced changes in the population dynamics. New L. perenne
varieties selected for crown rust resistance are continuously
introduced and spread into many types of human-managed
cultivated and semi-natural habitats. This reduces the susceptibility
of populations and may together with the other factors mentioned in
Paper B and C (resource allocation, allelopathy, height of
neighbouring vegetation) be responsible for the non-significant or
even slightly positive effect found on the vigour of infected L. perenne
in the studied grassland ecosystems. Knowledge on the genetic
variability of H. mantegazzianum is lacking, and so are observations
on the occurrence of disease of S. sclerotiorum in natural populations
of H. mantegazzianum and in natural native plant populations in
general. Paper E demonstrates that H. mantegazzianum is susceptible
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to S. sclerotiorum and strongly suggests that the pathogen may
decrease seed size and promote senescence. However, this effect was
only observed when sclerotia were placed close to the plants
suggesting that the spatial distribution of the sclerotia is an important
factor for the dynamics of this host-pathogen interaction. More large-
scaled experiments must be carried out in order to get more precise
estimates of the fitness consequences of attack.

Contrary to what is known from agricultural systems, experimental
addition of P. coronata to L. perenne growing in natural plant
communities revealed that crown rust attack may result in an
increase in above-ground plant biomass (Paper C). Similar effects
were observed for Agrostis tenuis and A. stolonifera infected with
Epichloe typhina causing the disease “Choke”. Infected plants were
vegetatively more vigorous but showed suppressed development of
inflorescences (Bradshaw 1959). Evidence showing a positive
response of pathogen attack on the vegetative vigour of host plants is
relatively rare. However, previous studies suggest that the increased
shoot growth is traded off by either a decrease in root development
(Catherall & Parry 1987) or in reproduction (Bradshaw 1959, Clay
1984, Wennstrom & Ericson 1991).

Damage from pathogens that decrease seed production or seed
quality may have a direct effect on recruitment in future generations
for monocarpic plants like H. mategazzianum. Attacks occur late in the
developmental stage of H. mantegazzianum and this hinders its ability
to compensate for the damage. In contrast, L. perenne may be able to
compensate across years for poor seed production years and it can
maintain established populations by vegetative reproduction. Yet,
due to two important life-history attributes of H. mantegazzianum,
large seed production (Tiley & Philp 1997) and long-lived seed banks
(Andersen & Calov 1996), the species may be buffered from
pathogen-induced population impacts. Furthermore, the broad host
spectrum of S. sclerotiorum might, under some circumstances,
facilitate rather than inhibit the spread of H. mantegazzianum if the
pathogen has a more detrimental effect on other species than on H.
mantegazzianum itself. Such circumstances are more likely to be found
in communities dominated by herbs, such as riparian areas, than in
grassland communities where most plant species are non-hosts. The
importance of the susceptibility of the surrounding vegetation was
studied in Paper E but no significant differences in disease incidence
was found between plants grown in more and less susceptible
vegetation. However, more long-term experiments may be needed in
order to test this hypothesis since the epidemic build-up of a
monocyclic pathogen like S. sclerotiorum may take a long time.

Presumably, the most important factor determining the invasiveness
of H. mategazzianum and L. perenne is their ability to compete with the
native plants. The competitive ability of H. mantegazzianum has not
yet, to my knowledge, been studied experimentally, but observations
and demographic studies of the species clearly show that its
competitive ability and effect on other species is enormous (e.g. Tiley
et al. 1996).

35



The ability of L. perenne to escape from cultivated fields into natural
grassland communities is unclear. L. perenne was able to establish as
seedlings when sown into established vegetation (Paper C), but in
most natural plant communities this species may be unable to reach
reproductive maturity before being out-competed by adult plants. L.
perenne has a wide distribution in Denmark but most of the
naturalised populations of L. perenne present in semi-natural
grasslands in Denmark today were presumably once seeded and to
some extent cultivated. These populations have become naturalised
by virtue of post-seeding cultivation, and they are now able to
maintain themselves primarily by vegetative propagation. This
conclusion is based on several studies showing that L. perenne
seedlings are poor competitors when they compete against adult
plants. For example, in a seed addition experiment 6400 seeds of L.
perenne were introduced into disturbed and undisturbed grassland
vegetation (see Paper B for description of the vegetation), and only 11
seedlings were counted one year later (unpublished data).
Furthermore, L. perenne was not naturally occurring at the most
pristine and undisturbed sites (Dollerup and Arhus). Also, a
greenhouse experiment showed that when L. perenne was sown
together with Poa trivialis, shoot and root growth and tillering of L.
perenne were reduced during the first four weeks of its establishment
(Haggar 1979). The effect was enhanced when Poa trivialis was sown
before L. perenne. The effect of P. trivialis on L. perenne seedlings older
than four weeks was considerably reduced. The importance of
emergence time for the outcome of competition was also observed
when L. perenne and Plantago lanceolata were sown in mixtures (Sagar
1959 acc. to Ross & Harper 1972). When the two species were sown
simultaneous, L. perenne constituted 80% of the total biomass, but
when L. perenne was sown three weeks later than P. lanceolata, it only
constituted 6% of the biomass. A study with L. perenne and three
other commonly occurring grassland species, Festuca rubra, F.
arundinaceae and Poa pratense, showed that when well-established 3
years old plants of the four species compete against each other, the
invasiveness of L. perenne was ranked second, only slightly lower
than F. rubra (Silvertown et al. 1994). Because of P. coronata’s low
effect on L. perenne in non-cultivated plant communities and its
presumably irregular occurrance from year to year, it seems unlikely
that the fungus has any significant long-term influence on the
population dynamics of L. perenne in Denmark and or on L. perenne’s
potential to be invasive. Expansion of L. perenne populations due to
human activity appears to be much more important.

1.5 Concluding remarks

Several researchers have hypothesised that pathogens may
negatively affect the invasion process of non-indigenous plants. The
present studies of two host-pathogen interactions, L. perenne-P.
coronate and H. mantegazzianum-S. sclerotiorum, do not support this
hypothesis. In two small, newly established L. perenne populations,
pathogen infection and development were either low or did not
occur, presumably due to density-dependent effects on disease
development. In large, naturalised populations of L. perenne, high

36



disease levels were found, but plant vigour, measured as shoot
biomass, was not affected or was enhanced. The study illustrates that
disease may affect crop species quite differently when they occur in
natural communities or are grown in agroecosystems, and that we
must be cautious about extrapolating knowledge about host-
pathogen interactions from cultivated to natural systems. Host
susceptibility appeared to be unimportant for the performance and
presumably the competitive ability of infected L. perenne. This may
not be the case for other interactions between pathogens and non-
indigenous plant species. Short-lived plant species that rely on
current seed production are more likely to be influenced by natural
enemies (Maron & Vila 2001). The study on the invasive H.
mantegazzianum indicated that S. sclerotiorum may have fitness
consequences for the plant but it is uncertain whether the pathogen
will affect the long-term population dynamics of the species.

Scientific knowledge is not yet adequate to predict the impact of
pathogens on plants in the different stages of the invasion process.
Biotic factors, including pathogens, have been integrated in plant
invasion models and hypotheses, such as the biotic resistance and
biotic release hypotheses (Maron & Vila 2001), but the experimental
evidence needed to test these hypotheses is lacking. Individual
studies, like the present project, provide glimpses of understanding
but further studies are needed before we can make reliable
generalisations. The importance of disease resistance for the
establishment and naturalisation of non-indigenous plants is also a
neglected area that must be subjected to more investigations before it
can be applied in risk assessment.

1.6 References

Adams P.B. & Ayers W.A. 1979. Ecology of Sclerotinia species.
Phytopathology 69: 896-899.

Aguilera M.O. & Lauenroth W.K. 1995. Influence of gap disturbances
and type of microsites on seedling establishment in Bouteloua gracilis.
Journal of Ecology 83: 87-97.

Akinola M.O., Thompson K. & Buckland S.M. 1998. Soil seed bank of
an upland calcareous grassland after 6 years of climate and
management manipulations. Journal of Applied Ecology 35: 544-552.

Andersen U.V. & Calov B. 1996. Long-term effects of sheep grazing
on Giant Hogweed (Heracleum mantegazzianum). Hydrobiologia 340:
277-284.

Archer S. & Detling J.K. 1984. The effects of defoliation and
competition on regrowth of tillers of two North American mixed-
grass prarie graminoids. Oikos 43: 351-357.

Baswana K.S., Rastogi K.B. & Sharma P.P. 1991. Inheritance of stalk
rot resistance in cauliflower (Brassica oleraceae var. Botrytis L.).
Euphytica 57: 93-96.

37



Beddows A.R. 1967. Biological flora of the British Isles: Lolium perenne
L. Journal of Ecology 55: 567-587.

Bergelson J. 1990. Life after death: site pre-emption by the remains of
Poa annua. Ecology 71: 2157-2165.

Bergelson J., Newman J.A. & Floresroux E.M. 1993. Rates of weed
spread in spatially heterogenous environments. Ecology 74: 999-1011.

Boland G.J. & Hall R. 1994. Index of plant hosts of Sclerotinia
sclerotiorum. Canadian Journal of Plant Pathology 16: 93-108.

Bourdot G.W., Saville D.J.,, Hurrell G.A., Harvey 1.C. & De Young
M.D. 2000. Risk analysis of Sclerotinia sclerotiorum for biological
control of Cirsium arvense in pasture: Sclerotium survival. Biocontrol
Science and Technology 10: 411-425.

Bradshaw A.D. 1959. Population differentiation in Agrostis tennuis
Sibth. II. The incidence and significance of infection by Epichloe
typhina. New Phytologist 58: 310-15.

Brown V.K. 1990. Insect herbivory and its effect on plant succession.
In: Burdon ].J. & Leather S.R. (eds.), Pest, pathogens and plant
communities, pp. 275-288. Blackwell Scientific Publications, Oxford.

Brown V.K, Jepsen M. & Gibson C.W.D. 1988. Insect herbivory
effects on early old field succession demonstrated by chemical
exclusion methods. Oikos 52: 293-302.

Burdon ].J. 1987. Diseases and plant population biology. Cambridge
University Press, Cambridge.

Burdon J.J. & Chilvers G.A. 1982. Host density as a factor in plant
disease ecology. Annual Review of Phytopathology 20: 143-166.

Burke M.J.W. & Grime J.P. 1996. An experimental study of plant
community invasibility. Ecology 77: 776-790.

Burke I.C., Lauenroth W.K., Vinton M.A., Hook P.B., Kelly R.H,,
Epstein H.E., Aguiar M.R., Robles M.D., Aguilera M.O., Murphy K.L.
& Gill R.A. 1998. Plant-soil interactions in temperate grasslands.
Biochemistry 42: 121-143.

Carino D.A. & Daehler C.C. 2002. Can inconspicuous legumes
facilitate alien grass invasion? Partridge peas and fountain grass in
Hawaii. Ecography 25: 33-41.

Carpenter M.A., Frampton C. & Stewart A. 1999. Genetic variation in
New Zealand populations of the plant pathogen Sclerotinia
sclerotiorum. New Zealand Journal of Crop and Horticultural Science
27:13-21

Catherall P.L. & Parry A.L. 1987. Effects of barley yellow dwarf virus
on some varieties of Italian, hybrid and perennial ryegrasses and
their implications for grass breeders. Plant Pathology 36: 148-153.

38



Christiansen M.S. 1977. Greesser i farver. Politikens Forlag,
Copenhagen.

Clay K. 1984. The effect of the fungus Atkinsonella hypoxylon
(Clavicipitaceae) on the reproductive system and demography of the
grass Danthonia spicata. New Phytologist 98: 165-175.

Clegg LM. & Grace J. 1974. The distribution of Heracleum
mantegazzianum (Somm. & Levier) near Edinburgh. Transactions of
the Botanical Society of Edinburgh 42: 223-229.

Coffin D.P. & Lauenroth W.K. 1988. The effects of disturbance size
and frequency on a shortgrass plant community. Ecology 69: 1609-
1617.

Coffin D.P., Laycock W.A. & Lauenroth W.K. 1998. Disturbance
intensity and above- and belowground herbivory effects on long-

term (14y) recovery of a semiarid grassland. Plant Ecology 139: 221-
233.

Collins S.L., Knapp A K., Briggs ].M., Blair ].M., Steinauer E.M. 1998.
Modulation of diversity by grazing and mowing in natural tallgrass
prairie. Science 280: 745-747.

Connell J.H. 1978. Diversity in tropical rainforest and coral reefs.
Science 199: 1302-1310.

Cooper J.P. 1959. Selection and population structure in Lolium. IIL
Selection for date of ear emergence. Heredity 13: 461-479.

Cornish M.A.,, Hayward M.D. & Lawrence M.J. 1979. Self-
incompatibility in ryegrass. 1. Genetic control in diploid Lolium
perenne L. Heredity 43: 95-129.

Crawley M.J. 1983. Herbivory. The dynamics of animal plant
interactions. Blackwell Scientific Publications, Oxford.

Crawley M.J. 1987. What makes a community invasible? In: Gray
AlJ., Crawley M.]. & Edwards P.J. (eds.), Colonization, succession
and stability, pp. 429-453. Blackwell Scientific Publications, Oxford.

Crawley M.]. 1988. Herbivores and plant population dynamics. In:
Davy A.J., Hutchings M.]. & Watkinson A.R. (eds.), Plant population
ecology, pp. 367-392. Blackwell Scientific Publications, Oxford.

Crawley M.]. & Brown S.L. 1995. Seed limitation and the dynamics of
feral oilseed rape on the M25 motorway. Philosophical Transactions
of the Royal Society Series B 259: 49-54.

Crawley M.J., Hails R.S., Rees M., Kohn D. & Buxton ]. 1993. Ecology
of transgenic oilseed rape in natural habitats. Nature 363: 620-623.

D'Antonio C.M. & Vitousek P.M. 1992. Biological invasions by excotic
grasses, the grass/fire cycle, and global change. Annual Review of
Ecology and Systematics 23: 63-87.

39



di Castri F. 1989. History of biological invasions with special
emphasis on the old world. In: Drake J.A., Mooney H.A., di Castri F.,,
Groves RH., Kruger F.J.,, Rajmanek M. & Williamson M. (eds.),
Biological invasions. A global perspective, pp. 1-30. John Wiley &
Sons, Chichester.

di Castri F. 1990. On invading species and invaded ecosystems: the
interplay of historical chance and historical necessity. In: di Castri F.,
Hansen A.]. & Debussche M. (eds.), Biological invasions in Europe
and the Mediterranean Basin, pp. 3-16. Kluwer Academic Publishers,
Dordrecht.

Dinoor A., Eshed N. & Nof E. 1988. Puccinia coronata, crown rust of
oat and grasses. In: Sidhu G.S. (ed.), Advances in Plant Pathology,
vol. 6. Genetics of plant pathogenic fungi, pp. 333-344. Academic
Press, London.

Elberse W.T., van den Berg J.P. & Dirven J.G.P. 1983. Effects of use
and mineral supply on the botanical composition and yield of old
grassland on heavy-clay soil. Netherlands Journal of Agricultural
Science 31: 63-88.

Ericson L. and Wennstrom A. 1997. The effect of herbivory on the
interaction between the clonal plant Trientalis europaea and its smut
fungus Urocystis trientalis. Oikos 80: 107-111.

Fenner M. 1978. A comparison of the abilities of colonizers and
closed-turf species to establish from seed in artificial swards. Journal
of Ecology 66: 953-963.

Fowler N.L. 1986. Microsite requirements for germination and
establishment of three grass species. American Midland Naturalist
115: 131-145.

Fox M.D. & Fox B.J. 1986. The susceptibility of natural communities
to invasion. In: Groves R.H. & Burdon ].J. (eds.), Ecology of biological
invasions: an Australian perspective, pp. 57-66. Australian Academy
of Science, Canberra.

Frederiksen S. 1981. Poaceae. In: Hansen K. (ed.), Dansk feltflora, pp.
640-687. Gyldendal, Viborg.

Frich P., Rosengrn S., Madsen H. & Jensen J.J. 1997. Observed
precipitation in Denmark, 1961-90. Technical Report 97-8. DMI,
Copenhagen.

Grigulis K., Sheppard A.W., Ash J.E. & Groves R.H. 2001. The
comparative demography of the pasture weed Echium plantagineum
between its native and invaded ranges. Journal of Applied Ecology
38: 281-290.

Grubb P.J. 1977. The maintenance of species-richness in plant

communities: the importance of the regeneration niche. Biological
Review 52: 107-145.

40



Grubb P.J. 1985. Plant populations in relation to habitat, disturbance
and competition: problems of generalization. In: White J. (ed.), The
population structure of vegetation. Handbook Vegetation Science,
No. 3, pp. 595-621. Junk, Dordrecht.

Gurevitch J. 1986. Competition and the local distribution of the grass
Stipa neomexicana. Ecology 67: 46-57.

Haggar R.J. 1979. Competition between Lolium perenne and Poa
trivialis during establishment. Grass and Forage Science 34: 27-36.

Hansen K. (ed.). 1981. Dansk feltflora. Gyldendal, Viborg.

Harper J.L., Clatworthy ]J.N., McNaughton I.LH. & Sagar G.R. 1961.
The evolution and ecology of closely related species living in the
same area. Evolution 15: 209-227.

Hawksworth D.L., Kirk P.M., Sutton B.C. & Pegler D.N. 1995.
Dictionary of the fungi. 8t ed. Cambridge University Press,
Cambridge.

Heger T. 2001. A model for interpreting the process of invasion:
Crucial situations favouring special characteristics of invasive
species. In: Brundu G., Brock J., Carmada I., Child L. & Wade M.
(eds.), Plant invasions: Species ecology and ecosystem management,
pp. 3-10. Backhuys Publishers, Leiden.

Hindar K. 1999. Introductions at the level of genes and populations.
In: Sandlund O.T., Schei P.J. & Viken A. (eds.), Invasive species and
biodiversity management, pp. 149-161. Kluwer Academic Publishers,
Dordrecht.

Hobbs R.J. 1989. The nature and effects of disturbance relative to
invasions. In: Drake J.A., Mooney H.A., di Castri F., Groves R.H.,
Kruger F.J., Rajmanek M. & Williamson M. (eds.), Biological
invasions. A global perspective, pp. 389-405. John Wiley & Sons,
Chichester.

Hobbs R.J. & Mooney H.A. 1985. Community and population
dynamics of serpentine grassland annuals in relation to gopher
disturbance. Oecologia 67: 342-351.

Hoes J.A. & Huang H.C. 1975. Sclerotinia sclerotiorum: Viability and
separation of sclerotia from soil. Phytopathology 65: 1431-1432.

Holland E.A. & Detling J.K. 1990. Plant response to herbivory and
belowground nitrogen cycling. Ecology 71: 1040-1049.

Holland E.A., Parton W.J., Detling J.K. & Coppock D.L. 1992.
Physiological responses of plant populations to herbivory and their
consequences for ecosystem nutrient flow. American Naturalist 140:
685-706.

Holliday P. 1998. A dictionary of plant pathology. Cambridge
University Press, Cambridge.

41



Huang H.C. & Hoes J.A. 1980. Importance of plant spacing and
sclerotial position to development of Sclerotinia wilt of sunflower.
Plant Disease 64: 81-84.

Hughes R., Vitousek P.M. & Tunison T. 1991. Alien grass invasion
and fire in the seasonal submontane zone of Hawaii. Ecology 72: 743-
746.

Hulme P.E. 1994. Seedling herbivory in grassland: relative impact of
vertebrate and invertebrate herbivores. Journal of Ecology 82: 873-
880.

Hulme P.E. 1996. Herbivores and the performance of grassland
plants: a comparison of arthropod, mollusc and rodent herbivory.
Journal of Ecology 84: 43-51.

Jacobs ].S., Sheley R.L. & Maxwell B.D. 1996. Effect of Sclerotinia
sclerotiorum on the interference between bluebunch wheatgrass
(Agropyron spicatum) and spotted knapweed (Centaurea maculosa).
Weed technology 10: 13-21.

Jamaux I., Celie B. & Lamarque C. 1995. Early stages of infection of
rapeseed petals and leaves by Sclerotinia sclerotiorum revealed by
scanning electron microscopy. Plant Pathology 44: 22-30.

Kelly R.H. & Burke I.C. 1997. Heterogeneity of soil organic matter
following death of individual plants in shortgrass steppe. Ecology 78:
1256-1261.

Kimbeng C.A. 1999. Genetic basis of crown rust resistance in
perennial ryegrass, breeding strategies, and genetic variation among
pathogen populations: a review. Australian Journal of Experimental
Agriculture 39: 361-378.

Kohli Y. & Kohn L. M. 1996. Mitochondrial haplotypes in
populations of the plant-infecting fungus Sclerotinia sclerotiorum:
wide distribution in agriculture, local distribution in the wild.
Molecular Ecology 5: 773-783.

Kohn, L.M. 1995. The clonal dynamic in wild and agricultural plant-
pathogen populations. Canadian Journal of Botany 73 (Suppl. 1):
S1231-51240.

Kolar CS. & Lodge D.M. 2001. Progress in invasion biology:
predicting invaders. Trends in Ecology & Evolution 16: 199-204.

Kornas J. 1990. Plant invasions in Central Europe: historical and
ecological aspects. In: di Castri F., Hansen A.]. & Debussche M. (eds.),
Biological invasions in Europe and the Mediterranean Basin, pp. 19-
36. Kluwer Academic Publishers, Dordrecht.

Kotanen P. M. 1997. Effects of experimental soil disturbance on

revegetation by natives and exotics in coastal Californian medows.
Journal of Applied Ecology 34: 631-644.

42



Lancashire J.A. & Latch G.C.M. 1966. Some effects of crown rust
(Puccinia coronata Corda) on the growth of two ryegrass varieties in
New Zealand. New Zealand Journal of Agricultural Research 9: 628-
640.

Latch G.C.M. & Lancashire J.A. 1970. The importance of some effects
of fungal diseases on pasture yield and composition. In: Proceedings
of the 9th International Grassland Congress, pp. 688-91. Queensland.

Lauenroth W.K & Coffin D.P. 1992. Belowground processes and the
recovery of semiarid grasslands from disturbance. Ecosystem
Rehabilitation 2: 131-150.

Lavorel S., Touzard B., Lebreton ]. & Clément B. 1998. Identifying
functional groups for response to disturbance in an abandoned
pasture. Acta Oecologica 19: 227-240.

Lawrence E. 1989. Henderson's dictionary of biological terms. 10th ed.
Longman Group, Hong Kong.

Littlefield L.J. 1981. Biology of the plant rusts - an introduction. Iowa
State University Press, Ames.

Lumsden R.D. 1979. Histology and physiology of pathogenesis in
plant diseases caused by Sclerotinia species. Phytopathology 69: 890-
896

Mack R.N. 1991. The commercial seed trade: an early disperser of
weeds. Economic Botany 45: 257-273.

Mack R.N. 1996. Biotic barriers to plant naturalization. In: Moran
V.C. & Hoffman J.H. (eds.), Proceedings of the IX International
Symposium on Biological Control of Weeds, pp. 39-46. University of
Cape Town, Stellenbosch.

Mack R.N. 2000. Cultivation fosters plant naturalization by reducing
environmental stochasticity. Biological Invasions 2: 111-122.

Mack R.N. & Lonsdale W.M. 2001. Humans as global plant
dispersers: getting more than we bargained for. Bioscience 51: 95-102.

Maron J.L. & Vila M. 2001. When do herbivores affect plant invasion?
Evidence for the natural enemies and biotic resistance hypotheses.
Oikos 95: 361-373.

McConnaughay K.D.M. & Bazzaz F.A. 1987. The relationship
between gap size and performance of several colonizing annuals.
Ecology 68: 411-416.

McNaughton S.J.,, Banyikwa F.F. & McNaughton M.M. 1997.
Promotion of the cycling of diet-enhancing nutrients by African
Grazers. Science 278: 1798-1800.

Mestries E., Gentzbittel L., Tourvieille de Labrouhe D., Nicolas P. &
Vear F. 1998. Analyses of quantitative trait loci associated with

43



resistance to Sclerotinia sclerotiorum in sunflowers (Helianthus annuus
L.) using moleculare markers. Molecular Breeding 4: 215-226.

Mikola J., Yeates G.W, Barker G.M., Wardle D.A. & Bonner K.I. 2001.
Effects of defoliation intensity on soil food-web proporties in an
experimental grassland community. Oikos 92: 333-343.

Morton J.K. 1978. Distribution of giant cow parsnip (Heracleum
mantegazzianum) in Canada. Canadian Field Naturalist 92: 182-185.

Oesterheld M. & Sala O.E. 1990. Effects of grazing on seedling
establishment: the role of seed and safe-site availability. Journal of
Vegetation Science 1: 353-358.

Otte A. & Franke R. 1998. The ecology of the Caucasian herbaceous
perennial Heracleum mantegazzianum Somm. et Lev. (Giant Hogweed)

in cultural ecosystems of Central Europe. Phytocoenologia 28: 205-
232.

Parbery D.G. 1996. Trophism and the ecology of fungi associated
with plants. Biological reviews of the Cambridge Philosophical
Society 71: 473-527.

Paul N.D. 1990. Modification of the effects of plant pathogens by
other components of natural ecosystems. In: Burdon J.J. & Leather
S.R. (eds.), Pests, pathogens and plant communities. Blackwell
Scientific Publications, Oxford.

Pedersen A. 1974. Gramineernes udbredelse i Danmark. Spontane og
naturaliserede arter. Botanisk Tidsskrift 68: 251-252.

Pickett S.T.A. & White P.S. 1985. The ecology of natural disturbance
and patch dynamics. Academic Press, San Diego.

Pimentel D., McNair S., Janecka ]., Wightman J., Simmonds C,
O'Connell C., Wong E., Russel L., Zern J., Aquino T. & Tsomondo T.
2001. Economic and environmental threats of alien plant, animal, and

microbe invasions. Agriculture, Ecosystems and Environment 84: 1-
20.

Plummer R.M., Hall R.L. & Watt T.A. 1990. The influence of crown
rust (Puccinia coronata) on tiller production and survival of perennial
ryegrass (Lolium perenne) plants in simulated swards. Grass and
Forage Science 45: 9-16.

Plummer R.M., Hall R.L. & Watt T.A. 1992. Effect of leaf age and
nitrogen fertilization on sporulation of crown rust (Puccinia coronata
var. lolii) on perennial ryegrass (Lolium perenne L.). Annals of Applied
Biology 121: 51-56.

Polley HW. & Detling J.K. 1989. Defoliation, nitrogen, and
competition: effects on plant growth and nitrogen nutrition. Ecology
70:721-727.

44



Potter L.R. 1987. Effect of crown rust on regrowth, competitive ability
and nutritional quality of perennial and Italian ryegrasses. Plant
Pathology 36: 455-461.

Price K. & Colhoun J. 1975. A study of variability of isolates of
Sclerotinia  sclerotiorum (Lib) de Bary from different hosts.
Phytopathology 83: 159-166.

Purdy L.H. 1955. A broader concept of the species Sclerotinia
sclerotiorum based on variability. Phytopathology 45: 421-427.

Purdy L.H. 1979. Sclerotinia sclerotiorum: History, diseases and
symptomatology, host range, geographical distribution, and impact.
Phytopathology 69: 875-880.

Ramsell J. & Paul N.D. 1990. Preferential grazing by molluscs of
plants infected by rust fungi. Oikos 58: 145-150.

Rastad 1981. Rhamnaceae. In: Hansen K. (ed.), Dansk feltflora.
Gyldendal, Viborg.

Reichard S.H. & White P. 2001. Horticulture as a pathway of invasive
plant introductions in the United States. Bioscience 51: 103-113.

Rejmének M. & Randall J.M. 1994. Invasive alien plants in California:
1993 summary and comparison with other areas in North America.
Mandrofio 41: 161-177.

Richardson D.M., Pysek P., Rejmanek M., Barbour M.G., Panetta F.D.
& West C.J. 2000. Naturalization and invasion of alien plants -
concepts and definations. Diversity and Distributions 6: 93-108.

Robles M.D. & Burke I.C. 1997. Legume, grass and Conservation
Reserve Program effects on recovery of soil organic matter recovery.
Ecological Applications 7: 345-357.

Roderick HW. & Thomas B.J. 1997. Infection of ryegrass by three rust
fungi (Puccinia coronata, P. graminis and P. loliina) and some effects of
temperature on the establishment of the disease and sporulation.
Plant Pathology 46: 751-761.

Ross M.A. & Harper ].L. 1972. Occupation of biological space during
seedling establishment. Journal of Ecology 60: 77-88.

Rostrup E. 1890. Det forste halve hundrede af vaertskiftende
rustsvampe. Videnskabelige meddelelser fra den Naturhistoriske
Forening i Kjobenhavn (for aret 1889) 41: 238-252.

Ruesink J.L., Parker I.M., Groom M.]. & Kareiva P.M. 1995. Reducing
the risks of non-indigenous species introductions. Bioscience 45: 465-
477.

Schumann G.L. 1991. Plant diseases: Their biology and social impact.
APS Press, St. Paul, Minnesota.

45



Silvertown J., Lines C.EIM. & Dale M.P. 1994. Spatial competition
between grasses - rates of mutual invasion between four species and
the interaction with grazing. Journal of Ecology 82: 31-38.

Simberloff D. & von Holle B. 1999. Positive interactions of non-
indigenous species: invasional meltdown? Biological Invasions 1: 21-
32.

Simons M.D. 1970. Crown rust of oats and grasses. Heffernan Press,
Worcester.

Smiley R.W., Dernoeden P.H. & Clarke B.B. 1992. Compendium of
turfgrass diseases. 2nd edition. APS Press, St. Paul, Minnesota.

Sykora, K.V. 1990. History of the impact of man on the distribution of
plant species. In: Drake J.A., Mooney H.A., di Castri F., Groves R.H.,
Kruger F.J.,, Rajmanek M. & Williamson M. (eds.), Biological
invasions in Europe and the Mediterranean Basin, pp. 37-50. Kluwer
Academic Publishers, Dordrecht.

Tiley G.E.D., Dodd F.S. & Wade P.M. 1996. Heracleum mantegazzianum
Sommier & Levier. Journal of Ecology 84: 297-319.

Tiley G.E.D. & Philp B. 1997. Observations on flowering and seed
production in Heracleum mantegazzianum in relation to control. In:
Bock ]J.H., Wade M., Pysek P. & Green D. (eds.), Plant Invasions:
Studies from North America and Europe, pp. 123-137. Backhuys
Publishers, Leiden.

Tilman D. & Wedin D. 1991. Dynamics of nitrogen competition
between successional grasses. Ecology 72: 1038-1049.

Tutin T.G., Heywood V.H., Burges N.A., Moore D.M., Valentine
D.H., Walters S.M. & Webb D.A. (eds.). 1968. Flora Europaea, Vol. 2.
Cambridge University Press, Cambridge.

van Andel J., Bakker J.P. & Snaydon R.W. 1987. Prologue. In: van
Andel ]., Bakker J.P. & Snaydon R.W. (eds.), Disturbance in
grasslands. Causes, effects and processes, pp. VII-VIIL. Dr. W. Junk
Publishers, Dordrecht.

van Andel J. & van den Berg. 1987. Disturbance of grasslands.
Outline of the theme. In: van Andel J., Bakker J.P. & Snaydon R.W.
(eds.), Disturbance in grasslands. Causes, effects and processes, pp.
VII-VIIL. Dr. W. Junk Publishers, Dordrecht.

Vinton M.A. & Burke I.C. 1995. Interactions between individual plant
species and soil nutrient status in shortgrass steppe. Ecology 76: 1116-
1133.

Vitousek P.M. & Walker L.R. 1989. Biological invasions by Myrica
faya in Hawaii: plant demography, nitrogen fixation, ecosystem

effects. Ecological Monographs 59: 247-265.

Wedin D.A. & Tilman D. 1990. Species effects on nitrogen cycling: a
test with perennial grasses. Oecologia 84: 433-441.

46



Wedin D.A. & Tilman D. 1996. Influence of nitrogen loading and
species composition on the carbon balance of grasslands. Science 274:
1720-1723.

Weidema I. 2000. Introduced Species in the Nordic Countries. Nord
2000:13. Nordic Council of Ministers, Copenhagen.

Weiss P.W. & Milton S.J. 1984. Chrysanthemoides monilifera and Acacia
longifolia in Australia and South Africa. In: Dell B. (ed.), Proceedings
of 4th international conference on Mediterranean ecosystems, pp. 159-
160. University of Western Australia Botany Department, Perth.

Wennstrom A. & Ericson L. 1991. Variation in disease incidence in
grazed and ungrazed sites for the system Pulsatilla pratensis-Puccinia
pulsatillae. Oikos 60: 35-39.

White P.S. 1979. Pattern, process and natural disturbance in
vegetation. Botanical Reviews 45: 229-299.

Wilby A. & Brown V.K. 2001. Herbivory, litter and soil disturbance as
determinants of vegetation dynamics during early old-field
succession under set-side. Oecologia 127: 259-265.

Wilcove D.S., Rothstein D., Dubow J., Phillips A. & Losos E. 1998.
Quantifying threats to imperiled species in the United States.
Bioscience 48: 607-615.

Wilkins P.W. 1978. Specialisation of crown rust on highly and
moderately resistant plants of perennial ryegrass. Annals of Applied
Biology 88: 179-184.

Williamson M. 1989. Mathematical models of invasion. In: Drake J.A.,
Mooney H.A., di Castri F., Groves R.H., Kruger F.]., Rejmanek M. &
Williamson M. (eds.), Biological invasions. A global perspective, pp.
329-350. John Wiley & Sons, Chichester.

Williamson M.H. & Fitter A. 1996. The varying success of invaders.
Ecology 77: 1661-1666.

Yang X.B., Lundeen P. & Uphoff M.D. 1999. Soybean varietal
response and yield loss caused by Sclerotinia sclerotiorum. Plant
Disease 83: 456-461.

47



[Blank page]



2  Papers

Paper A.

Paper B.

Paper C.

Paper D.

Paper E.

Mack R.N. & Erneberg M. 2002. The United States
naturalized flora: Largely the product of deliberate
introductions. Annals of the Missouri Botanical

Garden 89: 176-189. 51

Erneberg M. Reduced height of co-occurring

vegetation in a natural plant community increases

the epidemic build-up of crown rust (Puccinia

coronata) on susceptible and partially resistant Lolium
perenne (In preparation). 65

Erneberg M., Strandberg B., Strandberg M., Jensen

B.D. & Weiner ]. Effects of disease and disturbance

on a cultivated grass introduced to semi-natural
grasslands (In preparation). 81

Erneberg M. & Strandberg B. Seed and microsite
limitation of recruitment of oilseed rape (Brassica
napus L.) in grasslands (Submission not intended). 103

Erneberg M., Strandberg B. & Jensen B.D.

Susceptibility of a plant invader to a pathogenic

fungus: An experimental study of Heracleum
mantegazzianum (Giant Hogweed) and Sclerotinia
sclerotiorum (Accepted for publication). 113

49


J JA
 


National Environmental Research Institute

The National Environmental Research Institute, NERI, is a research institute of the Ministry of the Environment.
In Danish, NERI is called Danmarks Miljoundersogelser (DMU).
NERI's tasks are primarily to conduct research, collect data, and give advice on problems related to the environ-

ment and nature.
Addresses:

National Environmental Research Institute
Frederiksborgvej 399

PO Box 358

DK-4000 Roskilde

Denmark

Tel: +4546301200

Fax: +45463011 14

National Environmental Research Institute
Vejlsovej 25

PO Box 314

DK-8600 Silkeborg

Denmark

Tel: +4589201400

Fax: +45892014 14

National Environmental Research Institute
Grenavej 12-14, Kalo

DK-8410 Rende

Denmark

Tel: +4589 201700

Fax: +4589201515

Publications:

URL: http://www.dmu.dk

Management

Personnel and Economy Secretariat

Research and Development Section

Department of Policy Analysis

Department of Atmospheric Environment

Department of Marine Ecology

Department of Environmental Chemistry and Microbiology
Department of Arctic Environment

Project Manager for Quality Management and Analyses

Environmental Monitoring Co-ordination Section
Department of Terrestrial Ecology

Department of Freshwater Ecology

Project Manager for Surface Waters

Department of Landscape Ecology
Department of Coastal Zone Ecology

NERI publishes professional reports, technical instructions, and the annual report. A R&D projects' catalogue is

available in an electronic version on the World Wide Web.

Included in the annual report is a list of the publications from the current year.



-
=
(9]
)
=
o
(@]
[92]
(92}
%)
o
=h
=
Q
>
-
5
<
jo})
@,
o
=
=
>
<)
Q
c
(%)
o
=}
=
=
(¢°]
@
=h
[9°]
Q
=
%]
o
=
=
Q
=
=t
=
%2}
S
w
(]

National Environmental Research Institute ISBN 87-7772-711-8
Ministry of the Environment




	The process of plant invasion with focus on the effects of plant disease
	Title page
	Data sheet
	Contents
	Preface
	Summary
	Dansk resumé
	Objectives and structure of the thesis
	1 Synopsis
	1.1 Introduction
	1.2 Grasslands
	1.3 Study organisms
	1.4 Discussion of results and research methods
	1.5 Concluding remarks
	1.6 References

	2 Papers (not included)
	Last page




