The abundance, origin and phylogeny of plants:
effects on natural enemies and implications for
plant coexistence in grasslands

Dissertation

zur BErlangung des
Doktorgrades der Naturwissenschaften (Dr. rer. nat.)

der

Naturwissenschaftlichen Fakultat I — Biowissenschaften —

der Martin-Luther-Universitit
Halle-Wittenberg,

vorgelegt

von Herrn Robin Schmidt

geb. am 18.01.1986 in Magdeburg

Gutachterlnnen:

1. Prof. Dr. Isabell Hensen
2. Dr. Harald Auge

3. Prof. Dr. Eric Allan

Datum der Verteidigung: 18. April 2023



Copyright notice

Chapters 2 to 4 have been either published in international journals or are in preparation for
publication. Copyright is with the authors. Just the publishers and authors have the right for
publishing and using the presented material. Therefore, reprint of the presented material requires
the publishers’ and authors’ permissions. Figures and photos by Robin Schmidt, unless otherwise

credited.



wImagination will often carry us to worlds that never were. But withont it we go nowhere.

— Carl Sagan (1934 — 1996)



"... a tangled bank, clothed with many plants of many kinds, with birds singing on the bushes,
with various insects flitting about, and with worms crawling through the damp earth, ... so

different from each other, and dependent upon each other in so complex a manner, ... "

Charles Robert Darwin (1809-1882) on species diversity and interactions.

From On the Origin of Species (1859)

Photos, from top to bottom and left to right: Experimental site in Central Germany, overlooking Seeburg;

Hover fly (Episyrphus balteatus) on flower of field scabious (Knautia arvensis) at the experimental site; Rust fungus
(Uromyces striatus) on leaves of honey clover (Melilotus albus) in a grassland of the Central United States, near
St. Louis
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SUMMARY

Understanding the diversity of species and the mechanisms responsible for their coexistence has
always been an important goal of ecological research. However, we still lack a conclusive body of
empirical studies on the quality and relative contribution of coexistence mechanisms in ecological
communities. Chesson’s theoretical framework (2000) identified two mechanisms that determine
species coexistence on a local scale: equalizing fitness differences between species that drive the best-
adapted species to exclude others, and stabilizing niche differences among species such as the
partitioning of limiting resources and responses to natural enemies. The presence of stabilizing
niche differences is characterized by a negative relationship between a plant’s relative abundance
within a community and its per capita rate of increase. Stable coexistence occurs when species’
stabilizing niche differences overcome their relative fitness differences. While recent theoretical
studies have focused on how interactions between plants and consumers influence equalizing and
stabilizing mechanisms, empirical information on this relationship is lacking. Moreover, it is not
clear how these antagonistic interactions are affected by other important factors such as plant
phylogeny to impact species coexistence in the context of biological invasions and the release of
plants from their natural enemies. With this thesis, I aim to contribute to a broader understanding
of how trophic interactions influence species coexistence in zove/ communities that consist of

native and exotic species. I address three central research questions:

1. How do the relative abundance, origin and phylogenetic affiliation of plant species
influence interactions between plants and their natural enemies?

2. How do pathogens and insect herbivores mediate the coexistence of plant species
in grassland ecosystems?

3. How are natural communities of fungal pathogens and insect herbivores altered by

the application of pesticides?

To gain new insights into these processes, I applied a broad set of methods. Effects of plant
species’ relative abundance, origin and phylogeny on pathogen diversity and infection were
investigated using an observational study conducted in grasslands of the central United States
(chapter 2). Plant community diversity and productivity, plant species demography as well as insect
and fungal community composition and diversity were recorded in a three-year field experiment
in semi-natural grasslands of central Germany. In this experiment, I manipulated the relative

abundance of plant species, their origin and the presence of two groups of natural enemies to study
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the combined effect of these factors on coexistence mechanisms (chapter 3). High-throughput
sequencing was used on soil samples of the same field experiment to study the effects of fungicide
application, plant species identity and origin on soil fungal community diversity and composition

(chapter 4). With respect to my research questions my thesis produced the following results:

1. Across all three chapters of my thesis, interactions between plants and their natural
enemies were largely independent of plant species’ relative abundances.
Abundances of native and exotic species did not differ in their responses to natural
enemies. Plant community phylogeny did not have an effect on patterns of
pathogen infection.

2. Per capita rates of increase were negatively related to a plant species’ relative
abundance in native communities, which indicates the presence of stabilizing niche
differences. However, this relationship was not linked to interactions between
plants and their natural enemies. Exotic-dominated communities showed varying
and off-setting responses to natural enemies, which points to the presence of
equalizing fitness differences.

3. Fungicide application had no effect on a-diversity of soil fungal communities, but
B-diversity and overall fungal OTU abundances were significantly reduced. These
effects were primarily driven by changes in pathotrophic fungi. Insecticide
application had negative effects on soil arthropod diversity and abundances, caused

by declines in springtails.

The results of my thesis suggest that antagonistic interactions can be decoupled from plants’
relative abundances, and other factors such as abiotic soil conditions and spatial heterogeneity, but
not plant phylogeny, are more important for the outcome of these interactions. As such, my thesis
suggests that resource competition among plants may be responsible for stabilizing niche
differences. Exotic species are not released from their natural enemies, indicating that enemies
accumulate over time since introduction and/or ubiquitous enemies are frequently co-introduced
with their hosts. Coexistence between natives and exotics in novel communities may be promoted
by trade-offs between competitive ability and susceptibility to pathogens and herbivores. My thesis
also shows that pesticide application is an effective tool for excluding natural enemies in ecological
experiments, but that pesticides can lead to homogenization of antagonist communities and to

impacts on non-target organisms that are important for ecosystem functioning,.
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In conclusion, the findings of my thesis emphasize the varying importance of fungal pathogens
and insect herbivores for the coexistence among native and exotic species in grassland ecosystems.
The fact that coexistence of plants in novel communities was apparently affected by both
stabilizing niche differences and equalizing fitness differences highlights the context-dependence
of interactions between plants and their natural enemies. This thesis elucidates how future
approaches of observational and experimental nature can address such context-dependencies.
Finally, my thesis calls for a more coherent combination of modern coexistence theory and
invasion ecology in order to understand mechanisms of species coexistence and ecosystem

functions in novel communities.
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ZUSAMMENFASSUNG

Schon immer ist es ein wichtiges Ziel 6kologischer Forschung gewesen, Mechanismen der
Koexistenz von Arten als Grundlage ihrer Diversitit zu verstehen. Es fehlen jedoch noch immer
aussagekriftige empirische Studien tber die Qualitit und den relativen Beitrag von
Koexistenzmechanismen in 6kologischen Gemeinschaften. Im theoretischen Rahmen von
Chesson (2000) wurden zwei Mechanismen identifiziert, die die Koexistenz von Arten auf lokaler
Ebene bestimmen: ausgleichende Fitnessunterschiede zwischen Arten, welche den Ausschluss von Arten
durch besser angepasste Arten bedingen, und stabilisierende Nischenunterschiede zwischen Arten, wie
z. B. die Partitionierung von begrenzenden Ressourcen und Reaktionen auf natiirliche Feinde. Das
Vorhandensein von stabilisierenden Nischenunterschieden ist durch eine negative Beziehung
zwischen der relativen Haufigkeit einer Pflanze innerhalb einer Gemeinschaft und ihrer Pro-Kopf-
Zuwachsrate gekennzeichnet. Eine stabile Koexistenz ist gegeben, wenn die stabilisierenden
Nischenunterschiede der Arten ihre relativen Fitnessunterschiede tberwiegen. Wihrend sich
neuere theoretische Studien darauf konzentriert haben, wie Interaktionen zwischen Pflanzen und
Konsumenten ausgleichende und stabilisierende Mechanismen beeinflussen, fehlen empirische
Informationen tber diese Beziechung. Dartiber hinaus ist nicht klar, wie diese antagonistischen
Interaktionen von anderen wichtigen Faktoren wie der Phylogenie der Pflanzen im Kontext
biologischer Invasionen und dem damit verbundenen Zurticklassen natirlicher Feinde beeinflusst
werden. Mit dieser Arbeit mochte ich daher zu einem umfassenderen Verstindnis der Frage
beitragen, wie trophische Interaktionen die Koexistenz von Arten in nenartigen Gemeinschaften,
die aus nativen und gebietsfremden Arten bestehen, beeinflussen. Ich gehe dabei drei zentralen

Forschungsfragen nach:

1. Wie beeinflussen die relative Haufigkeit, Herkunft und phylogenetische
Zugehorigkeit von Pflanzenarten Interaktionen zwischen Pflanzen und ihren
natiitlichen Feinden?

2. Auf welche Art und Weise vermitteln pflanzliche Pathogene und herbivore
Insekten die Koexistenz zwischen Pflanzenarten in Griinlandékosystemen?

3. Wie werden natiirliche Gemeinschaften von pathogenen Pilzen und herbivoren

Insekten durch den Einsatz von Pestiziden beeinflusst?

Um neue Erkenntnisse iiber diese Prozesse zu gewinnen, habe ich ein breites Spektrum an

Methoden angewandt. Die Auswirkungen der relativen Haufigkeit, Herkunft und Phylogenie von
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Pflanzenarten auf die Pathogenvielfalt und -infektion wurden anhand einer Beobachtungsstudie in
Griinlandgemeinschaften der zentralen Vereinigten Staaten untersucht. (Kapitel 2). Die Diversitit
und Produktivitit von Pflanzengemeinschaften, die Demografie von Pflanzenarten sowie die
Zusammensetzung und Vielfalt von Insekten- und Pilzgemeinschaften wurden in einem
dreijdhrigen Feldexperiment in halb-naturlichem Griinland in Mitteldeutschland erfasst. In diesem
Experiment habe ich die relative Haufigkeit von Pflanzenarten, ihre Herkunft und die
Anwesenheit von zwei Gruppen natiirlicher Feinde manipuliert, um die kombinierte Wirkung
dieser Faktoren auf die Koexistenzmechanismen zu untersuchen (Kapitel 3). Mit Hilfe der
Hochdurchsatz-Sequenzierung von Bodenproben aus demselben Feldexperiment wurden die
Auswirkungen der Fungizidanwendung, der Pflanzenart und der Herkunft der Pflanzen auf die
Vielfalt und Zusammensetzung der Pilzgemeinschaft im Boden untersucht. (Kapitel 4). In Bezug

auf meine Forschungsfragen hat meine Doktorarbeit folgende Ergebnisse hervorgebracht:

1. Die Interaktionen zwischen Pflanzen und ihren natirlichen Feinden waren in allen
Untersuchungen weitgehend unabhingig von der relativen Hiufigkeit der
Pflanzenarten. Die Haufigkeiten von nativen und gebietsfremden Pflanzenarten
reagierten nicht unterschiedlich auf natiirliche Feinde. Die Phylogenie von
Pflanzengemeinschaften hatte keinen Einfluss auf die Infektionsmuster von
Pathogenen.

2. Die Pro-Kopf-Zuwachsraten von Pflanzen in nativen Gemeinschaften standen in
einem negativen Zusammenhang zur relativen Hiufigkeit einer Pflanzenart, was
auf die Anwesenheit von stabilisierenden Nischendifferenzen schlieBen ldsst.
Dieser Zusammenhang war jedoch nicht an die Interaktionen von Pflanzen mit
ihren natirlichen Feinden gekniipft. Von gebietsfremden Arten dominierte
Gemeinschaften zeigten unterschiedliche und gegensitzliche Reaktionen auf
natiitliche Feinde, was auf das Vorhandensein von ausgleichenden
Fitnessunterschieden hindeutet.

3. Der Einsatz von Fungiziden hatte keine Auswirkungen auf die a-Diversitit der
Pilzgemeinschaften im Boden, aber die B-Diversitit und die Gesamthiufigkeit von
pilzlichen OTUs waren deutlich reduziert. Diese Auswirkungen waren in erster
Linie auf Verdnderungen bei pathogenen Pilzen zuriickzufihren. Der Einsatz von
Insektiziden hatte negative Auswirkungen auf die Vielfalt und Haufigkeit von

Bodenarthropoden, was durch den Riickgang von Springschwinzen bedingt war.
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Die Ergebnisse meiner Arbeit deuten darauf hin, dass antagonistische Interaktionen von der
relativen Haufigkeit der Pflanzen entkoppelt werden koénnen und dass andere Faktoren wie
abiotische Bodenbedingungen und rdumliche Heterogenitit, nicht aber die Phylogenie der
Pflanzen, bedeutsamer fiir das Ergebnis dieser Interaktionen sind. Meine Doktorarbeit weist daher
darauf hin, dass der Ressourcenwettbewerb zwischen Pflanzen fur die stabilisierenden
Nischenunterschiede verantwortlich ist. Gebietsfremde Arten unterlagen keinem geringeren
Druck durch natirliche Antagonisten, was darauf hindeutet, dass sich die nattrlichen Feinde im
Laufe der Zeit seit der Einfithrung auf den Pflanzen akkumulieren und/oder ubiquitire Feinde
hiufig zusammen mit ihren Wirten eingefithrt werden. Die Koexistenz zwischen nativen und
gebietsfremden Arten in neuartigen Gemeinschaften wird méglicherweise durch eine gegenliufige
Abhingigkeit zwischen der Konkurrenzfihigkeit und der Anfilligkeit fiir Pathogene und
Herbivoren gefordert. Meine Arbeit zeigt auch, dass der Finsatz von Pestiziden ein wirksames
Mittel ist, um natirliche Feinde in 6kologischen Experimenten auszuschlieBen. Jedoch kénnen
Pestizide zu einer Homogenisierung der Antagonistengemeinschaften und zu Auswirkungen auf
Nichtzielorganismen fiihren, die fiir das Funktionieren des Okosystems wichtig sind.

Zusammenfassend ldsst sich sagen, dass die Ergebnisse meiner Doktorarbeit die unterschiedliche
Bedeutung von Pilzpathogenen und Insektenherbivoren fiir die Koexistenz zwischen nativen und
gebietsfremden Arten in Grunlandokosystemen unterstreichen. Die Tatsache, dass die Koexistenz
von Pflanzen in neuvartigen Gemeinschaften offenbar sowohl durch = stabilisierende
Nischenunterschiede als auch durch ausgleichende Fitnessunterschiede beeinflusst wurde,
verdeutlicht die Kontextabhingigkeit der Interaktionen zwischen Pflanzen und ihren natiitlichen
Feinden. Diese Arbeit zeigt auf, wie kiinftige Studien beobachtender und experimenteller Natur
solche Kontextabhingigkeiten thematisieren konnen. Schlief3lich betont meine Doktorarbeit eine
kohdrentere Kombination aus moderner Koexistenztheorie und Invasionsdkologie, um die
Mechanismen der Koexistenz von Arten und Okosystemfunktionen in neuartigen

Gemeinschaften zu verstehen.
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1.1 Preface

The overwhelming diversity of species and communities in nature has inspired over a century of
research into the processes underlying their emergence and the prerequisites for their conservation
(Hutchinson 1959). Understanding how communities maintain diversity despite marked
differences in their species’ competitive ability and trophic interactions has been a major goal of
ecological research ever since. However, we are short of a conclusive body of empirical work on
the quality and relative contribution of species coexistence mechanisms in ecological communities
(Siepielski and McPeek 2010, Bartomeus and Godoy 2018).

Classic theory predicts that species coexist because of differences in the competitors’ niches
(Volterra 1926, Lotka 1932). This niche differentiation causes intraspecific competition to be
stronger than interspecific competition, in other words: species are limited more by themselves
than by their competitors (Tilman 1982, Leibold 1995, Chesson 2000, Levine and HilleRisLLambers
2009). For plants, these niche differences can occur due to differences in root depths, growth-
limiting resources and interactions with specialist enemies (Cody 1991, Levine and
HilleRisLambers 2009). Specialized plant antagonists are known to play an important role in
maintaining plant species diversity (Janzen 1970, Connell 1971, Bartomeus and Godoy 2018).
However, most empirical evidence comes from mammalian herbivores (Crawley 1989, Zobel et
al. 1997, Roth et al. 2009, Borer et al. 2020), whereas other common groups of natural enemies,
such as fungal pathogens and insect herbivores, have received less attention in studies investigating
their role in realizing coexistence among plant species (Allan et al. 2010, Mordecai 2011), but see
Borgstrom et al. 2016, Tamburini et al. 2018). This knowledge gap is particulatly crucial
considering the role of natural enemies in biological invasions (Liu and Stiling 20006). In the
framework of the enemy release hypothesis, exotic species are released from their natural enemies,
and gain advantages over competitors in their new range (Elton 1958, Williamson 1996, Keane
and Crawley 2002). However, empirical evidence for this mechanism is inconclusive (Agrawal and
Kotanen 2003, Levine et al. 2004, Chun et al. 2010, Meijer et al. 2016, Xu et al. 2021).

In my thesis, I investigate the role of (mostly fungal) pathogens and insect herbivores in shaping
coexistence of plant species of native and exotic origin in grassland communities. Temperate
grasslands are among the most species-rich plant communities (Wilson et al. 2012), prone to
invasion (Mack et al. 2000, Mooney and Hobbs 2000), and thus, an excellent study system for this
research topic. The results of my thesis particularly contribute to explain how plant species
diversity is maintained in these vulnerable ecosystems. More generally, my thesis demonstrates

how a detailed insight into plants’ interactions with their natural enemies can enhance our
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mechanistic understanding of how coexistence is realized in ‘novel’” plant communities, consisting
of native species and introduced exotics.
In the following, I will introduce the major ecological theory underlying my thesis and the general

concept surrounding the objectives of my studies.

1.2 Mechanisms of species coexistence

A large body of ecological research has focused on understanding coexistence mechanisms in the
face of resource competition. According to the principle of competitive exclusion two species
cannot coexist indefinitely, if they compete for a single limiting resource in a constant environment
(Grinnell 1904, Gause 1934, Tilman 1982). The formulation of this principle served as a basis to
explain the apparent contradiction with observations of so many species with similar ecological
traits coexisting in the same community. This led ecologists to the first definition of the ecological
niche: the sum of habitat preferences and behavioral adaptations that allow species to coexist
(Grinnell 1924). After decades of research and debate, the niche concept was extended to a species-
specific multi-dimensional hypervolume, with environmental conditions and resources as
dimensions that are required for persistence (Hutchinson 1957). The first experimental validation
of niche differences among species and their role in maintaining coexistence was provided by
MacArthur (1958) and his study of New England Warblers, and was later complemented by further
studies identifying patterns of species co-occurrence as niche differences (Diamond 1975, Ricklefs
and Travis 1980).

The concepts of competitive exclusion (Tilman 1987, 1994) and niche differentiation (Leibold
1995, Chase and Leibold 2003) as two long-standing pillars of ecological theory were not
adequately linked until Chesson (2000, 2018) developed his framework of coexistence theory. He
introduced a mathematical toolbox that allowed to predict how stable coexistence among species
is realized by two contrasting mechanisms. Following Chesson’s framework, species can coexist
because of the collective effects of equalizing mechanisms, that minimize relative fitness
differences between competing species (Fig. 1.1a), and of stabilizing mechanisms that arise through
differences in species’ niches (Fig. 1.1b), e.g. by partitioning limiting resources and/or differential
responses to host-specific natural enemies (Adler et al. 2010, HilleRisLambers et al. 2012, Godoy
et al. 2020). Stable coexistence occurs when species’ stabilizing niche differences overcome their
relative fitness differences (Chesson 2000, 2018).

Niche differences, as well as relative fitness differences, are challenging to quantify and difficult to
disentangle from each other, because both depend on the specific community composition and

the entirety of environmental interactions (Adler et al. 2007, 2010). An often invoked approach to
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assess if community dynamics are stabilized by niche differences, is to follow population sizes of
co-occurting species over time and investigate whether the per capita rate of increase' of a
particular species is determined by its relative abundance within a community (Clark and
McLachlan 2003). The common thread of all niche differences is that they cause species to limit
individuals of their own species more than they limit individuals of their competitors. Thus, niche
differences stabilize coexistence by providing species with higher per capita rates of increase when
they are rare compared to when they are common, creating ‘rare species advantages’ (Chesson
2000, Comita et al. 2010, Metz et al. 2010, HilleRisLambers et al. 2012). Hence, a strong indicator
for stabilizing niche differences is a per capita rate of increase that is frequency-dependent in a
negative way (Clark and McLachlan 2003, Adler et al. 2006, Levine and HilleRisLambers 2009). In
the central experiment of my thesis, I quantify the presence of stabilizing niche differences by
determining the fitness and per capita rates of increase of several plant species within the same

community, and whether these depend on their respective frequencies.

a b C
> plant species A|=—"— iﬁ\
S l plant species B o
frequency of plant species frequency of plant species

Figure 1.1 Chessons framework of coexistence theory proposes two contrasting, mutually not exclusive
mechanisms for stable species coexistence: a) equalizing mechanisms that minimize fitness differences
(red arrows) among plant species A (solid blue and red lines) and B (dotted blue and red lines), e.g. via
a trade-off between a plant species’ competitive ability and its defensive capabilities against natural
enemies, and b) stabilizing mechanisms that originate from niche differences among plant species A and
B, e.g. differential responses to host-specific natural enemies, and are characterized by giving species
higher population growth rates (a fitness component) when rare (low frequency, green arrows)
compared to when common (high frequency, yellow arrows). The resulting negative slope in this
relationship shows the degree of stabilization. Blue lines indicate fitness without acting
equalizing/stabilizing mechanisms, red lines indicate fitness with acting equalizing/stabilizing
mechanisms. Natural enemies are here represented by an insect herbivore and hyphae from a pathogenic
fungus. Substantially modified after Adler et al. (2007).

!I'The per capita rate of increase is the change of population size over some span of time per individual.
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Opver the past decades, effects of abiotic drivers of competition and coexistence among plants have
been comprehensively studied (Raynaud and Leadley 2004, Tilman et al. 2006, Craine and
Dybzinski 2013, Hendriks et al. 2015). The most common textbook example to explain niche
differences in plants is species’ abilities to utilize different limiting resources, illustrating the role
of partitioning soil resources on maintaining species diversity (Tilman 1994). However,
multitrophic interactions such as those between plants and their natural enemies have not received
much attention until the second half of the 20™ century (Janzen 1970, Connell 1971, Burkey 1994,
Shurin 2001, Gilbert 2005, Bagchi et al. 2014, Bennett et al. 2017). This is surprising for two
reasons (Bartomeus and Godoy 2018). First, interactions between organisms have been
fundamental to ecology since its establishment as a scientific discipline in the late 19th century
(Goodland 1975). Most notably, Darwin himself stressed that the ‘struggle for existence’, as he
coined it, is not only between life and the abiotic environment but also includes interactions
between species such as competition, predation, parasitism and mutualism (Darwin 1859). Second,
there is an extensive body of theoretical work demonstrating that natural enemies shared by plant
species living in the same community can indirectly modulate the competition for resources
between those plant species (Cramer and May 1972, Caswell 1978, Holt 1984, Chase et al. 2002,
Gross 2008, Koffel et al. 2021). Furthermore, the strength of these modulations can have the same
limiting or promoting effects on the coexistence between species as does competition for soil
resources (Chesson and Kuang 2008).

Developing a mechanistic understanding of how antagonistic interactions shape equalizing and
stabilizing forces at the community level has become a research focus in the past decade (Mordecai
2013, Bartomeus and Godoy 2018, Lanuza et al. 2018). In the following section, I introduce the
current body of knowledge on the importance of interactions between plants and their natural
enemies for species coexistence, particularly in grasslands, and focus my attention on the two
relevant and relatively understudied groups of natural enemies I considered in my thesis: fungal

pathogens and insect herbivores.

1.3 Antagonistic interactions as controls of plant species coexistence

Ecologists recognize the importance of both competition and consumption in promoting the
maintenance of diversity in a variety of taxa (Paine 1969), including terrestrial plants (Chesson and
Kuang 2008). However, ecological research on antagonistic interactions in natural plant
communities has primarily focused on few groups, such as vertebrate herbivores (Pimentel and
Andow 1984). Other groups, such as fungal pathogens and insect herbivores have been primarily

studied in agricultural systems (Crawley 1989, Mordecai 2011), resulting in a large body of literature
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on the control and spread of crop diseases and pests (Henderson and Clements 1979, Blanton and
Ewel 1985, Matson et al. 1997, Brown and Hovmell 2002). Although the huge potential for
pathogens and insect herbivores to regulate natural plant populations has increasingly been
recognized (Van Der Heijden et al. 2008, Myers and Sarfraz 2017), these interactions are still
overlooked in field studies. Part of my dissertation is a long-term field experiment in which I
examine the influence of these two groups in order to fill this gap. The interactions between fungal
pathogens and their host plants are highly complex, with differing modes of infection and fitness
effects. Moreover, fungi can either be specialists or generalists with host ranges from one to several
hundred plant species (Mordecai 2011, Bever et al. 2015). The most direct fitness effects of fungal
pathogen infection are the modification of the hosts’ growth, survival and reproduction, with the
direction and strength of these effects varying widely (Jarosz and Davelos 1995, Klironomos 2003,
Alexander 2010). When these fitness effects alter competition within and among plant species,
fungi are able to mediate plant coexistence (Dinoor and Eshed 1984, Holt and Pickering 1985,
Alexander and Holt 1998). Plant-fungal interactions may stabilize coexistence if the pathogens’
effect on plant population growth rate increases with plant abundance.

This effect can be due to increases in the prevalence of a pathogen as its preferred host becomes
more abundant (Mordecai 2011). A famous example for this stabilizing mechanism is the Janzen-
Connell hypothesis, which postulates that tree seedling survival in tropical forests increases with
distance from the parent tree due to release from host-specific enemies (Janzen 1970, Connell
1971). Empirical evidence for the hypothesis has been provided frequently (Augspurger 1983,
Gilbert et al. 1994, Bagchi et al. 2010) and it has been extended to other plant communities,
including grasslands (Petermann et al. 2008). A closely related stabilizing mechanism are negative
feedbacks between plants and specialist pathogens that accumulate in the soil of abundant species,
thereby enabling and facilitating rare species to invade soil inoculated by these abundant species
(Mills and Bever 1998, Bever 2003).

In contrast, the effect of pathogens on plant population growth rate may also be destabilizing
when pathogens preferentially harm rare species and as a result create positive feedbacks between
a hosts’ abundance and its population growth (Dobson 2004, Power and Mitchell 2004). This
happens, for example, during spillover events in which a non-susceptible host sustains a large
reservoir of pathogen inoculum that has a detrimental effect on other, more susceptible, plant
community members but not on its non-susceptible main host (Anacker et al. 2008). An ensuing
decline of the other community members’ population growth rates can lead to an increase in
abundance of the non-susceptible species (Rizzo and Garbelotto 2003, Cobb et al. 2010) and, thus,

may promote single-species dominance (Mordecai 2011).
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The majority of past studies investigating plant-pathogen interactions focused on the effects of
soil microbes (Mangan et al. 2010, Schnitzer et al. 2011, Bagchi et al. 2014) while the contribution
of other pathogen communities, e.g. foliar pathogens, received less attention (but see Allan et al.
(2010)). Furthermore, many experiments were conducted in tropical forests or grasslands, with a
focus on North American grasslands (Parker et al. 2015, Bennett and Cahill 2016, Chung and
Rudgers 2016, Spear and Mordecai 2018). In my thesis I consider not only soil fungal pathogens
but the effects of the whole pathogen community, including aboveground pathogens, on plant
population and communities in North American and central European grasslands. Additionally,
in chapter 4 of my thesis, I highlight how the composition of whole soil fungal communities, not
only pathogens, is affected by changes in plant community composition.

Similar to fungal pathogens, the most direct effect of insect herbivores on plant fitness is through
their consumption of plant tissue (Crawley 1989, Cahill and Coupe 2003, Myers and Sarfraz 2017).
Few studies have shown that insect herbivores can have strong frequency-dependent effects on
plant populations (Fagan et al. 2005, Bagchi et al. 2014) and maintain plant diversity (Carson and
Root 2000, Stein et al. 2010). There is some evidence that preferential feeding of insects on
dominant species can increase plant-species turnover (Fraser and Grime 1998, Schidler et al. 2004)
and for the presence of trade-offs between a plant’s growth and its defensive capabilities (Kempel
et al. 2015, 2020). Recent experiments in tropical forests (Bagchi et al. 2014) and temperate
grasslands (Kempel et al. 2015) have shown that invertebrate herbivores may also act by equalizing
fitness differences among plant species.

However, most experimental work on insect herbivory has focused on simple pairwise plant-plant-
interactions (Borgstréom et al. 2016, Tamburini et al. 2018). Theory and models based on these
experiments are of limited reliability for studying the importance of multispecies dynamics in
natural communities, because they are not able to predict how mechanisms of coexistence work
(Dormann and Roxburgh 2005). Therefore, it is essential to investigate plant-enemy interactions
in multispecies plant communities with realistic diversity levels (Dinnage 2013, Moretti et al. 2013).
Furthermore, above- and belowground herbivores may differ in their effects on grassland
communities (Stein et al. 2010), which makes it important to study the combined effect of both
groups of herbivores. In the third chapter of my thesis, I consider these issues by investigating
above- and belowground plant-insect interactions in manipulated grassland communities whose
diversity levels were chosen to mirror the diversity of semi-natural grasslands in central Germany.
In general, the stabilizing effects of insect herbivores required for stable coexistence have mainly
been attributed to specialists, rather than generalists, because they create rare species advantages

via frequency-dependent predation. However, generalist herbivores can also have a stabilizing
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effect on plant communities if they preferentially feed on the current most abundant species in a
community (Murdoch 1969, Chase et al. 2002). My thesis does not aim to differentiate between
the effects of generalist and specialist herbivores (or pathogens, respectively), due to the fact that
it is difficult to specifically manipulate the density of either group in field experiments (Kempel et
al. 2015). Nonetheless, the joint effect of both groups is often invoked to explain the success of

exotic species, whose effects on coexistence among plants I cover in the next section.

1.4 Exotic species, the enemy release hypothesis and their impact on species coexistence
The ‘Anthropocene’ marks the commencement and ever-increasing speed of significant human
impact on earths’ abiotic and biotic environment (Steffen et al. 2011, Lewis and Maslin 2015). One
of its defining features is the gradual loss of biogeographical barriers caused by global
anthropogenic dispersal of organisms into new regions, where they can naturalize, establish and
spread (Elton 1958, Mack et al. 2000, Richardson et al. 2000b, Davis 2006) and cause ecological,
socioeconomic and public health damage (Pimentel et al. 2000, 2005, Simberloff et al. 2013, van
Kleunen et al. 2015, Dawson et al. 2017). Understanding the mechanisms responsible for invasion
processes is based on two complementary concepts. The first concept, invasiveness, focuses on
traits that allow particular species to become invasive, whereas the second concept, invasibility,
focuses on the characteristics of the recipient communities that make them prone to being invaded
(Godoy 2019). Both concepts have been linked by the naturalization-invasion continuum, which
links invasion processes with a sequence of abiotic and biotic barriers that an exotic species must
overcome to become established and invasive (Richardson and Pysek 2006). This concept is useful
to illuminate why some exotic species are able to sustain viable populations outside their native
ranges, and even become dominant at local scales.

When applied to biological invasions, modern coexistence theory predicts that the successful
establishment of exotic species should either be promoted by niche differences, or by a higher
fitness on exotic compared to native residents. If niche differences dominate, interactions with
native species would be low, whereas if fitness differences dominate, the exotic species can
competitively exclude the native ones (Fig. 1.2). One frequently invoked fitness difference
contributing to the invasiveness of numerous species is the release from natural enemies (Wolfe
et al. 2004, Zou et al. 2008, Norghauer et al. 2011). The enemy release hypothesis (ERH,
Williamson 1996) postulates that biotic interactions are weaker in the exotic compared to the native
ranges of plants because the invading plants are introduced without their pathogens, parasites
and/or herbivores (Mitchell et al. 20006). In theoty, this resulting decrease in regulation by natural

enemies leads to an increase in fitness, and thus abundance and distribution, in the exotic range.
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Exotic invasion Exotic invasion
and coexistence and coexistence

negative Fitness differences positive
(exotic — native)

Niche differences

Figure 1.2 The effects of fitness (x-axis) and niche differences (y-axis) on biological
invasions. Large niche differences increase the probability that exotic species coexist
stably with the native community either with fitness advantages for native species
(left-handed free space) or fitness advantages for the exotic species (right-handed free
space). Large fitness differences lead to either competitive exclusion of the exotic
invader (left-hand hatched area, fitness advantage of native species outweighs niche
differences) or the native community (right-hand hatched area, fitness advantage of
exotic species outweighs niche differences). Substantially modified after MacDougall
et al. (2009).

Upon introduction of a species, the ERH infers that 1) specialist enemies of the exotic species are
absent in its new range, 2) specialist enemies of native relatives rarely switch hosts and 3) generalist
enemies in the new range will have small effects on the exotic species (Keane and Crawley 2002).
Instead of stabilizing coexistence, enemy release gives exotic plants a fitness advantage, driving
competitive exclusion of native residents, regardless of the exotic plants’ commonness or rarity
(Fig. 1.2, MacDougall et al. 2009, Granda et al. 2015, Korell et al. 2019). If, on the other hand, the
effect of natural enemies on exotic plants depends on the plants’ relative abundance in the
community, indicating the presence of stabilizing niche differences, then it is likely that native
residents and exotic species can stably coexist (MacDougall et al. 2009). This stabilizing effect
highlights that interspecific competition can be an even more important factor for the
establishment of plants than the direct effects of natural enemies (Keane and Crawley 2002, Hierro
et al. 2005).

Although the idea behind the ERH makes intuitive sense and is one of the most cited explanations

for the success of invasive species worldwide (Maron and Vila 2001, Liu and Stiling 2006, Xu et
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al. 2021), empirical evidence is less conclusive. For example, Colautti et al. (2004) reviewed 25
studies testing the ERH, out of which 15 found support for enemy release, six found no support
and five showed results contradicting the ERH (one study showed results both in favor and against
enemy release). Meijer et al. (2016) quantitatively reviewed 68 datasets and found general support
for the ERH in systems of plants and insect herbivores, but high variability across studies, possibly
due to the large variety of study systems considered. For plants and their pathogens it has been
shown that exotic plants in the US host significantly less pathogen species and suffer less damage
from pathogen attack than in their native range (Mitchell and Power 2003). A range of
experimental studies also showed the presence of weaker negative feedbacks between exotic plants
in North America and their soil microbes, compared to native plants (Klironomos 2002) and to
populations in their native range (Reinhart et al. 2003, MacKay and Kotanen 2008). However,
geographic spread of exotic plant species from North America in Europe was not related to a
release from their pathogens species (van Kleunen and Fischer 2009). In contrast, when restricted
to fungi, there even was a negative association between the geographic spread of an exotic species
and their release from fungal pathogens species (van Kleunen and Fischer 2009). Thus, it is clear
that there is no simple relationship between enemy release and the success of exotic plant species
(Meijer et al. 20106), and that the effects of enemy release are highly context-dependent (Maron et
al. 2014, Myers and Sarfraz 2017).

An important context for the ERH is the phylogenetic affiliation of the invading species. Closely
related plant species share similar traits (Blomberg et al. 2003, Chazdon et al. 2003, Swenson and
Enquist 2007), such as those that determine morphological and chemical resistance against natural
enemies (Farrell 2001, Agrawal 2007, Pearse and Hipp 2009, Rensted et al. 2012). When an insect
herbivore or fungal pathogen has the necessary combination of traits to successfully attack a
particular plant species by surmounting or avoiding the plants’ defenses, it is also likely to
successfully attack a closely related plant species with similar, phylogenetically conserved defense
traits (Gilbert and Webb 2007, Gilbert et al. 2015). Furthermore, phylogenetic signals also translate
to the host ranges of most plant pests and pathogens, i.e. the probability that two plant species
share a common enemy declines with phylogenetic distance between them (Gilbert and Webb
2007, Vacher et al. 2008, De Vienne et al. 2009, Gilbert et al. 2012). It is a long-standing hypothesis
that phylogenetically distinct species may have an advantage when colonizing new habitats,
because they will not share specialist enemies with the resident communities (Darwin 1859,
Cadotte et al. 2018). However, the hypothesis is contested because, as Darwin himself noted, traits
that are shared among close relatives may also preadapt the plants to their new environment

(Darwin 1859, Duncan and Williams 2002). Another important context is the time passed since
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introduction of the exotic species. There is evidence that natural enemies accumulate on exotic
species and, therefore, a potential release from enemies is transitory (Brindle et al. 2008). This is
especially significant for pathogens, which often have short reproduction cycles and the potential
for rapid adaptation (Flory and Clay 2013). The relationship between a plant’s origin, phylogenetic
affiliation and attack by natural enemies is complex. In the second chapter of my thesis I investigate
this otherwise rarely studied interplay (but see Parker et al. 2015) of plant species’ relative
abundances, origins and phylogeny with plant pathogen diversity and infection in grasslands of the

central United States.

1.5 Approaches to study the effects of antagonistic interactions on plant communities
Both observational studies and manipulative experiments on the influence of antagonistic
interactions on plant species’ coexistence and invasion processes are necessary to answer research
questions and test scientific hypotheses, and can be used complementarily to achieve this goal
(Hector et al. 2007) for the following reasons. First, observational studies provide more realistic
settings than experiments, because even the most carefully controlled experiment cannot capture
the whole range of variation seen in nature (Shaffer and Johnson 2008). Second, only controlled,
randomized and replicated experiments can, on the other hand, determine causal relationships,
because results from observational studies could be due to a multitude of possible factors. I
therefore chose to complement an observational study capturing the effects of plant species’
relative abundance, origin and phylogeny on pathogen diversity and infection (chapter 2) with an
experimental approach, measuring plant community and species responses to the manipulation of
natural enemies, frequency and origin of plant species (chapter 3).

Experimentally studying the effects of natural enemies on plant community dynamics requires
manipulation of these groups in the study system, which can be accomplished in mesocosms
(Korell et al. 2016a), or field experiments (Carson and Root 1999). Among the various approaches
for manipulating insect herbivores, like adding herbivores or increasing their activity by excluding
higher-level consumers (Schmitz et al. 2000), exclusion by using cages (Engelkes et al. 20106) or
predators (Schmitz and Suttle 2001), I chose to use insecticides in my field experiment (chapter 3).
Because of their small size and mobility, physically excluding insect herbivores is difficult to
accomplish without also altering other herbivores, light levels or microclimate (Siemann et al.
2004). Physical exclusion of belowground herbivores is even more problematic. Hence, chemical
exclusion via insecticide is one of the most valuable methods to study effects of above- and

belowground insect herbivores on plant populations and communities in terrestrial ecosystems, if
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one is aware of the limitations of this method, like potential nutrient input, phytotoxic and other
effects on non-target organisms (Siemann et al. 2004).

To my knowledge, effective exclusion of fungi from study systems is only possible by applying
fungicides. However, fungicide application can have similar non-target effects as insecticide
application, like phytotoxicity, unintended fertilization and toxic effects on invertebrate or
vertebrate feeding (Allan et al. 2010). In addition, fungal species that are phylogenetically similar
but belong to different ecological guilds, show the same responses to a particular fungicidal agent.
For example, effects of fungicide application on plant communities are often attributed to the
suppression of mutualists, like mycorrhizal fungi, that physiologically respond in the same way to
fungicide application as closely related fungal pathogens (Bever et al. 2015, Hage-Ahmed et al.
2019). Fungicide application can also cause shifts in fungal community composition if pathogens
respond differentially to the fungicidal agent (Vargas 2004, Parker et al. 2015). On the other hand,
chemically reducing fungal pathogens has the great benefit to study the effect of natural pathogen
levels in an otherwise undisturbed plant community (Paul et al. 1989, Alexander and Holt 1998).
Therefore, manipulations of this kind are essential to link results from artificial few-species plant-
pathogen assemblages with observational insights from natural communities (Allan et al. 2010),
and is probably the only practical method of investigating the direct effects of fungal pathogens
and other fungal guilds in natural communities (Paul et al. 1989).

Fungicides are developed for managing agricultural ecosystems, and the effects of fungicide
application on fungal communities in natural ecosystems remain comparatively understudied
(Kohler and Triebskorn 2013, Zubrod et al. 2019). Only very few studies so far used advanced
molecular methods, such as high-throughput sequencing, to investigate the effects of fungicide
application on the dynamics of soil fungal communities (Shi et al. 2019). This is surprising, given
the importance of some fungal microbiomes for plant growth and health in both agricultural and
natural ecosystems (Newton et al. 2010), and the role of fungal pathogens in biological invasions
(Dawson and Schrama 2016, see chapter 1.4, and chapters 2 and 3). Thus, I chose a high
throughput sequencing approach to study the effects of fungicide application on the diversity and
composition of soil fungal communities associated with natural plant communities, and to test for
effects of plant species origin and identity of the most abundant plant species on soil fungi, in
chapter 4.

For insecticides, the effects on target and non-target organisms have been comparatively well
documented (Nicholls and Altieri 2013, Mulé et al. 2017, Zaller and Briithl 2019). However, I also
tested the effects of the insecticidal agent I used to ensure efficacy of insecticide application in my

specific experimental setting (see Appendix 7.2.4).
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1.6 Principal objectives and concept of this thesis

This general introduction is followed by three distinct studies. While all three studies in the
following chapters focus on the ecological outcome of interactions between plants and their
natural enemies and how these results contribute to a comprehensive understanding of species
coexistence in novel communities, each one addresses specific goals (see Fig. 1.3 for an outline of

this thesis). Specifically, my thesis addresses three central research questions:

1. How do the relative abundance, origin and phylogenetic affiliation of plant species
influence interactions between plants and their natural enemies?

2. How do pathogens and insect herbivores mediate the coexistence of plant species in
grassland ecosystems?

3. How are natural communities of fungal pathogens and insect herbivores altered by the

application of pesticides?

In chapter 2, I present the results of an observational study conducted in three natural grasslands
in the central United States, investigating, together with my co-authors, the effects of plant species’
relative abundance, their origin and phylogenetic relationships on patterns of pathogen infection
and diversity. By combining correlational and database-founded approaches we study a wide range
of pathogen taxa as well as a high diversity of plant species of native and exotic origin in natural,
unmanipulated communities. This study is unique in that it considers relative abundance, origin
and phylogenetic affiliation of plants simultaneously to gain insights into plant-pathogen patterns
(with a focus on foliar fungi) on a community level. Specifically, I phrased the following
hypotheses:

- 2.1: Infection of pathogens increases with the relative abundance of their host plant
species.

- 2.2: Exotic plant species show less pathogen diversity and infection compared to native
plant species and pathogens restricted to North America infect exotic plants to a lesser
extent than native plants.

- 2.3: Conservation of defense traits leads to a phylogenetic signal in the levels of pathogen

infection of plant species.

Complementing the observational data from natural grasslands presented in chapter 2, in chapter

3, I report the outcomes of a three-year field experiment, situated in central Germany. Along with
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my co-authors, 1 established native and exotic-dominated communities, manipulated the
frequencies of native and exotic plant species within these communities and reduced the effects
of fungal pathogens and insect herbivores by applying pesticides. Community-level measurements
were recorded to show plant community responses to these manipulations. In addition, we
collected fitness data of life cycle transitions of four selected species to investigate how individual
species are affected by manipulations of frequency and natural enemy regime. This experimental
approach is one of only few to explicitly quantify the role of antagonistic interactions for the
maintenance of species diversity and, to our knowledge, the only rigorous experimental test of the
importance of these interactions for the coexistence of plant species in the context of biological

invasions. Specifically, I phrased the following hypotheses:

- 3.1: Exotic-dominated communities are more productive, but less diverse, compared to
native communities.

- 3.2: With reduction of natural enemies, productivity of native communities increases, but
diversity decreases. Exotic-dominated communities are less affected by these
manipulations.

- 3.3: Per capita rates of increase (and other fitness components) are lower at high frequency
compared to low frequency.

- 3.4: With reduction of natural enemies, differences in per capita rates of increase (and other

fitness components) are smaller. For exotic species, this effect is less pronounced.

In chapter 4, I study the effects of fungicide application on non-target soil fungal communities.
Using a fungal I'TS rDNA pyrotaq sequencing approach, I investigate together with my co-authors,
how fungicides influence the diversity and composition of fungal communities in the soil of native
and exotic plant communities of the same field experiment as in chapter 3, complementing the
knowledge gained from the manipulation of aboveground interactions with insights from the
dynamics of manipulated belowground interactions. I particularly highlight differences among
fungal guilds in their responses to these manipulations. This study is one of the first to not only
focus on a particular fungal guild but to also target the entire soil fungal community, by using a
high-throughput sequencing approach, to investigate the effects of fungicide application in an

ecological context. Specifically, I phrased the following questions:

- 4.1: Fungicide application will decrease soil fungal diversity and abundance and alter the

composition of non-target soil fungal communities.
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- 4.2: Exotic plants accumulate less pathotrophs in their soil community compared to native
plants.
- 4.3: Soil community composition will differ dependent on the identity of the most

abundant plant species.

I synthesize the results of my studies in a general discussion, chapter 5, and demonstrate how they
fit into the past and current knowledge body of coexistence and invasion ecology and highlight

perspectives for future experimental approaches.

Chapter I

|Plant spe
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interactions | N a i "
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Figure 1.3 Outline of this PhD-Thesis. The chart depicts all observed and manipulated factors influencing
natural enemies and plant species coexistence, the approaches chosen to study these effects and the
measured response variables. In chapter 3 I studied, among others, effects of plant species relative
abundance and origin on plant species coexistence, which are mediated by two groups of natural enemies,
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indicated by the two continuous arrows. In chapter 4 I studied, among others, the identity effect of the

most abundant plant species within a respective community, on natural enemies.
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2.1 Abstract

Pathogens have the potential to shape plant community structure, and thus it is important to
understand the factors that determine pathogen diversity and infection in communities. The
abundance, origin and evolutionary relationships of plant hosts are all known to influence
pathogen patterns, and are typically studied separately. We present an observational study that
examined the influence of all three factors and their interactions on the diversity of and infection
of several broad taxonomic groups of foliar, floral and stem pathogens across three sites in a
temperate grassland in the central United States. Despite that pathogens are known to respond
positively to increases in their host abundances in other systems, we found no relationship between
host abundance and either pathogen diversity or infection. Native and exotic plants did not differ
in their infection levels, but exotic plants hosted a more generalist pathogen community compared
to native plants. There was no phylogenetic signal across plants in pathogen diversity or infection.
The lack of evidence for a role of abundance, origin and evolutionary relationships in shaping
patterns of pathogens in our study might be explained by the high generalization and global
distributions of our focal pathogen community, as well as the high diversity of our plant host
community. In general, the community-level patterns of above-ground pathogen infections have
received less attention than below-ground pathogens, and our results suggest that their patterns

might not be explained by the same drivers.

Keywords
Enemy release hypothesis, exotic species, host abundance, phylogenetic community context,

plant-fungal interactions, temperate grasslands
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2.2 Introduction

Pathogens can dramatically influence plant fitness and are thereby assumed to mediate patterns of
community assembly, such as plant species coexistence, plant invasions and dominance (Alexander
2010, Bever et al. 2015). To better understand these processes, we need to identify the factors that
determine pathogen diversity and infection in plant communities. While most of the literature on
host-pathogen patterns has focused on one or a few host plants and their interactions (e.g.
Krupinsky et al. 2002), there is a growing literature examining community-level patterns of
pathogen diversity and infection (Mommer et al. 2018, Vaz et al. 2018, Massoni et al. 2019, see
also review by Mishra et al. 2020). Three main factors are commonly invoked to explain patterns
of pathogen diversity and infection across plant species in a community (Mordecai 2011): (1) host
plant abundance (Connell 1971, Janzen 1970, Parker et al. 2015), (2) host plant origin (Klironomos
2002, Mitchell and Power 2003), and (3) plant defense traits (Holt and Dobson 2006, Viola et al.
2010).

Pathogens can respond positively to increases in abundance of their host, and subsequently
decrease host population growth rates, thereby providing an advantage to rare host species yet to
be heavily infected (Jarosz and Davelos 1995, Gilbert 2005). This negative frequency-dependence
caused by pathogens has been hypothesized to be one of the dominant stabilizing mechanisms
that maintain plant species coexistence (Bever 2003, Chesson 2000, Connell 1971, Janzen 1970,
Mangan et al. 2010). Indeed, both the incidence and severity of pathogen infection have been
shown to be positively related to host abundance in natural communities (Burdon and Chilvers
1982, Parker et al. 2015), but see Spear and Mordecai (2018). If multiple potential pathogens for a
given host species exist, the probability of co-infection by more than one species of pathogen
could increase with host abundance (Burdon and Chilvers 1982, Seabloom et al. 2015). However,
empirical studies testing for a relationship between plant abundance and pathogen diversity are
scarce (Mundt and Browning 1985, Moore and Borer 2012) or test the relationship indirectly by
modifying diversity and relative abundances of plant species (Mommer et al. 2018). Furthermore,
interactions between co-infecting pathogens and differences across studies in the degree of
specialization of pathogens make it difficult to synthesize results across studies (Ostfeld et al. 2005,
Seabloom et al. 2015, see review by Benitez et al. 2013).

Exotic plant species are expected to exhibit lower pathogen species diversity and disease severity
than native species because they left behind many of their native pathogens when introduced into
a new area (Elton 1958, Williamson 1996, Keane and Crawley 2002). The Enemy Release
Hypothesis further posits that low pathogen infection allows exotic plants to have increased fitness

and a competitive advantage against enemy-regulated native species, thereby contributing to
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invader establishment and spread (Hierro et al. 2005). Results from broad scale studies support
the Enemy Release Hypothesis by showing that plants are attacked by more pathogen species in
their native compared to their naturalized ranges (Mitchell and Power 2003). However, pathogen
species are known to accumulate on exotic plants over time (Stricker et al. 2016, Flory et al. 2018),
and some studies have even shown more pronounced pathogen attacks on exotic plants than on
their native relatives (Colautti et al. 2004).

According to the Enemy Release Hypothesis, reduced pathogen attack on naturalized plants
should result from the absence of specialists pathogens (Keane and Crawley 2002). The source of
infection for naturalized plants should be pathogens that are generalized in their host range and/or
those that have cosmopolitan geographic distributions and are thus present in both the native and
naturalized range of plants (Parker and Gilbert 2004, Prospero and Cleary 2017). Indeed, exotic
plant species have been shown to be released from pathogens with a restricted geographical
distribution (van Kleunen and Fischer 2009). A so far untested prediction is whether pathogens
with a restricted geographical distribution, regardless of their host specificity, infect exotic hosts
to a lower extent than native hosts.

Plant morphological and chemical traits, including those determining resistance against natural
enemies, are often phylogenetically conserved (Farrell 2001), and thus poorly defended plants that
have high diversity of pathogens should cluster together on a phylogeny creating phylogenetic
signal in the diversity of pathogens found on plants (Clark and Clegg 2017). Closely related plants
are likely to be attacked by the same pathogen species (Gilbert and Webb 2007), and thus
evolutionarily distinct plant species in a community might be attacked by fewer pathogen species.
Indeed, it has long been hypothesized that evolutionary distinct species might have an advantage
when colonizing new habitats because they will not share enemies with the resident community
(Darwin’s Naturalization Hypothesis, Darwin 1859, Cadotte et al. 2018). Therefore, the
relationship between pathogen infection and host abundance or origin may be masked by the
phylogenetic affiliations of species within a community (Parker et al. 2015).

Interactions between phylogeny, abundance and origin should determine the diversity and
infection of pathogens observed on plant species in a community. For example, it is possible that
native but not exotic plants suffer from high pathogen diversity and infection levels when they
occur at high densities, if the Enemy Release Hypothesis results in low pathogen diversity and
infection for exotic plants regardless of their abundance (Keane and Crawley 2002). We are not
aware of any studies that have simultaneously considered how all three factors influence patterns
of pathogen diversity, incidence and severity on plant species in a community. Additionally,

aboveground pathogens have rarely been considered as drivers of grassland plant community
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structure and composition in grasslands (Borer et al. 2007, Allan et al. 2010, Parker and Gilbert
2018, Spear and Mordecai 2018). Here, we report the results of an observational study conducted
on 51 host species on three sites in a temperate grassland in the central United States to test the

following predictions for patterns of foliar, stem and floral pathogen infection:

1. Effects of host abundance: If pathogens can respond positively to increases in the
abundance of their host, pathogen infection should increase with the abundance of host
species.

2. Effects of native vs. exotic host origin: If plant species leave specialized enemies behind
when introduced to a new range, exotic plant species should display less pathogen diversity
and infection compared to native species. Furthermore, pathogens restricted to North
America, being either specialists or generalists, might infect exotic invaders to a lower
extent than native hosts.

3. Effects of phylogeny: If defense traits are phylogenetically conserved, we expect a
phylogenetic signal in the diversity of pathogen groups and levels of infection on plant

species.

Our focal pathogens include a wide range of taxa, including downy mildews, rusts, fungal leaf spot
diseases, bacteria and viruses. These taxa differ broadly in their traits and thus might also differ in
their community-level patterns. Thus, we considered how ‘pathogen group’ interacted with ‘host

abundance’ and ‘host origin’, to determine patterns of pathogen infection.

2.3 Methods

Study area

The field sites were located at Washington University’s Tyson Research Center (38°31°N,
90°33°W), located near St. Louis, Missouri, USA. The climate is temperate with 914 mm annual
precipitation. The cherty, stony, and well-drained soils of the Gasconade-Clarksville-Menfro
Association dominating this area were formed in chert free limestone residuum, cherty limestone
residuum and deep loess (Benham 1982). These soils rest on bedrock primarily composed of
Mississippian limestone (Burlington-Keoknk formation) and Devonian sandstones (Bushberg
sandstone). The vegetation in this region mainly consists of Oak-Hickory forest, interspersed with
patches of old fields, which are marked by the dominance of several species of perennial grasses

and tall-growing Asteraceae (https://tyson.wustl.edu/).
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Study design

For our study, we selected three sites separated from each other by at least 1.2 km. At each site,
we documented plant community composition by collecting information on the identity and
percent cover of all plant species in 20 1m” plots placed in a grid design that spanned the site (plots
separated by 3-10 m, depending on site size). From this species pool we sampled pathogens on all
vascular plant species that contained at least 10 individuals at a site and at our time of sampling
(July 2015, N=51 total plant species of which 40 are native and 11 exotic). A threshold of 10
individuals allowed adequate sample size for statistical power while also allowing relatively rare
species to be included in our observations. Plant species abundance ranged from 0.02 to 11.4
percent cover on a particular site (see Appendices 7.1.1 — 7.1.3). Exotic species showed the same
typical lognormal distribution in abundance as native species did, with a few very abundant species
and many species with less than one percent cover.

Plant individuals were randomly chosen by blindly throwing a pencil in the surrounding vegetation
and subsequently picking the individual of the respective species closest to the fallen pencil. We
sampled 10-15 individuals per plant species at each site. For each individual, pathogen infection
apparent on the surface of stems, leaves and flowers were assessed separately using a percentage-
based nine-level rating scheme, according to Oberforster (2001), ranging from 1 = 0% infection
to 9 = 70% infection. Additionally, we estimated pathogen infection for all above-ground parts
for each individual, using the same rating scheme. As floral infections were rare (N=2 infected
individuals of Festuca subverticillata) and the results for foliar and stem surface infection rates were
similar to those based on all above-ground parts, we only present results for all aboveground parts.
We assigned all pathogens observed on individual plants to broad pathogen groups following
Rottstock et al. (2014): fungal leaf spot diseases, powdery mildews, rusts and downy mildews.
While the ‘fungal leaf spot disease’ group is not a taxonomically defined group, species in this
group produce morphologically similar disease symptoms, which allows for accurate attribution of
infection signs. We recorded rust and downy mildew infection as presence of sporulation
structures, powdery mildews as presence of mycelium, and fungal leaf spot diseases as presence of
necrotic leaf lesions (Rottstock et al. 2014). We chose this as our measure of pathogen infection,
because loss of photosynthetic tissue is a direct indicator of pathogen impact on host productivity
and directly comparable across host species (Parker and Gilbert 2007, Parker et al. 2015). Although
being a major pathogen group, we did not find any smut fungi on our plants. However, we also
found a considerable amount of infection signs not relatable to the mentioned fungal, or fungal-
like, pathogen groups, but which we could attribute to be caused by pathogenic bacteria or plant

viruses (henceforth called ‘bacterial and viral diseases’). While infection patterns may differ broadly
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between bacteria and viruses and among groups of fungal pathogens (Garcia-Guzman and Heil
2014, Rodriguez-Moreno et al. 2018) our goal was to cover infection patterns over a broad range
of pathogen groups, and disease of bacterial and viral origin constituted a considerable proportion
of the visible infection signs in our community. Distinct morphological and life-history
characteristics across these pathogen groups allow pathogen groups for each host plant to be
documented in the field.

Most pathogens can not be directly identified to species in the field. However, to attain an entire
pathogen species list for each host plant species across all sites, we took one sample of each
occuring sign of pathogen infection for each plant species and site, which we dried and pressed to
preserve them for further determination via digital microscopy (VHX-2000, Keyence Corp.,
Osaka, Japan). Digital microscopic imaging extends conventional microscopy by combining the
power of optical imaging, electronic detection and computerized analysis (Chen et al. 2011),
thereby providing the opportunity to efficiently conduct pathogen identification on a single device.
Taxonomy and determination of pathogens to species followed Farr et al. (1989), Brandenburger
(1985), Klenke and Scholler (2015) and MycoBank, the online database of the International
Mycological Association (Crous et al. 2004).

Pathogen diversity and infection

At each site, we quantified pathogen diversity with two metrics: the total number of pathogen
groups for each host species (‘pathogen groups per species’) and the mean absolute number of
pathogen groups per plant individual (‘number of pathogen groups per plant individual’). For each
site and pathogen group, we quantified pathogen infection with three metrics: the percentage of
infected individuals per plant species (‘incidence’), the mean percentage of infected plant tissue per
plant species (‘severity’) and the product of both (‘overall infection’). Moreover, we calculated the
incidence, severity and overall infection across all pathogen groups to estimate total pathogen load
for each host species (‘total incidence’, ‘total severity’ and ‘total overall infection’, see Table 2.1,

also see Rottstock et al. (2014)).

Plant phylogeny

We used a dated molecular phylogeny of vascular plants (Zanne et al. 2014) to create a phylogeny
for our 51 focal plant species (Appendix 7.1.5). Our focal species that were missing from this tree
were bound into the phylogeny at the genus level using the function congeneric.merge in the pez
package of R (Pearse et al. 2015).

Pathogen specialization and distribution
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For each pathogen identified to species level, we calculated the mean number of host genera and
families, as a measure of host range, by extracting the number of known host genera and families
from the USDA Fungus-Host distribution database (https://nt.ars-
grin.gov/fungaldatabases/fungushost/fungushost.cfm). We restricted our metric to these higher
taxonomic levels, since the number of known host species is unavailable for some of our pathogen

species. We used the same database to extract the geographic distribution for each pathogen.

Statistical analysis

We used Blombergs K (Blomberg et al. 2003) to test for phylogenetic signal of pathogen diversity,
incidence, severity and overall infection across plant species. For plant species occurring on
multiple sites, values of pathogen diversity and infection were averaged across sites. Blombergs K
was computed along with an associated p-value by comparing the real association between each
pathogen response variable and phylogeny to a null distribution obtained by random permutations
of the data. P-values less than 0.05 indicate non-random patterns (i.e. phylogenetic signal). We
found no evidence of a phylogenetic signal in any pathogen response variable (see 2.3 Results),
and thus did not consider phylogeny in any other statistical analyses.

Statistical analysis on the effects of host abundance and origin on pathogen diversity and infection
were performed using generalized linear mixed models in SAS® Release 9.4 (procedure
GLIMMIX). We analyzed the total number of pathogen groups using a model with Poisson error
distribution and a logarithmic link-function. The dataset for the number of pathogen groups per
individual was square root-transformed (Ahrens et al. 1990) and analyzed using models with
gaussian error distribution and identity link-function. For the response variables incidence and
total incidence we used models with binomial error distribution and a logit link-function. The
percentage data for severity, total severity, overall infection and total overall infection was logit-
transformed (Warton and Hui 2011) and analyzed using models with Gaussian error distribution
and identity link-function. Plant species occurring on more than one site were treated separately
for each site. In each analysis, ‘site’ (IN=3 sites) was considered as a random effect and ‘host
abundance’ (N=18 species for the Perilla site, N=23 species for the Carduus site and N=20 species
for each site) and ‘host origin’ (N=2 categories), as well as their interaction, were treated as fixed
effects. We considered ‘pathogen group’, as well as its interactions with ‘host abundance’ and ‘host
origin’, as a fixed factor in the analyses examining incidence, severity and overall infection.

To test for differences in pathogen specialization between exotic and native hosts we used a Mann-
Whitney-U-test with host origin (‘exotic’ and ‘native’) as predictor variable and the mean number

of host genera (and families, respectively) for each pathogen species as response vatiable
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(procedure NPARTWAY). To compare the geographic distribution of pathogens (‘restricted to
North America’ vs. ‘distributed on more than one continent’) between exotic and native host

plants, we performed a Chi-square-test for independence (procedure FREQ)).

Table 2.1 Definition of response variables used in text.

Response variables Description
Pathogen groups per plant species total number of pathogen groups per plant
species and site
Number of pathogen groups per individual =~ Mean absolute number of pathogen groups per

plant individual

Pathogen incidence percentage of infected individuals per plant
species, site and pathogen group

Pathogen severity mean percentage of infected plant tissue per
plant species, site and pathogen group

Overall infection product of pathogen incidence and pathogen
severity per plant species, site and pathogen
group

Total incidence incidence across all pathogen groups per plant
species and site

Total severity sum of severity across all pathogen groups per
plant species and site

Total overall infection sum of overall infection across pathogen

groups per plant species and site

2.4 Results

Pathogen commmunity

Of the 51 sampled plant species across three sites, 46 showed visible signs of pathogen infection
(Appendices 7.1.1 — 7.1.3). In total, we found one downy mildew, three powdery mildew, seven
rust and 27 fungal leaf spot diseases, among them three species not yet reported on the respective
host in the United States. From these 38 pathogen infections, we could identify 24 to species,
which included 15 fungal leaf spot diseases (mainly from the genera Cercospora and Septoria), seven
rusts and two powdery mildews (Appendix 7.1.4). Most (23) pathogen species visibly infected only
one out of 51 host species, potentially reflecting high local host specificity (Appendix 7.1.4). An
additional 36 cases of pathogen infection remained unidentified and were attributed to bacterial

and viral diseases (Appendices 7.1.1 — 7.1.3).

Effects of host phylogeny on pathogen diversity and infection
Our 51 host species represent a broad range of angiosperms, including both monocots and dicots

(Appendix 7.1.5). There was high variation across these plants in their pathogen incidence (ranging
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trom 0% to 100%), severity (ranging from 0.1% to 14.3%) and overall infection (ranging from 0%
to 12.6%, data not shown). Despite this, we found no evidence of a phylogenetic signal in any

pathogen response variable (Table 2.2).

Elffects of host abundance on pathogen diversity and infection

Host abundance did not influence pathogen diversity nor any of the three metrics of pathogen
infection (Table 2.3 and Fig. 2.1). The incidence, severity and overall infection differed across
pathogen groups, but this effect was only significant for overall infection (Fig. 2.1 and Table 2.3).

There was also no effect of host abundance on total incidence, total severity or total overall

infection (Table 2.3).

Effects of host origin on pathogen diversity and infection

The origin of plant species did not significantly influence any metric of pathogen diversity or
infection (Table 2.3). Exotic host species showed similar levels of diversity (1.31 vs. 1.19 pathogen
groups per species in exotic vs. native hosts), number of pathogen groups per individual (0.87 vs.
0.78 pathogen groups per plant individual), incidence (18% vs. 16%), severity (3.9% vs. 2.7%) and,

consequently, overall infection (0.7% vs. 0.5%) compared to native host species.

Elffects of host origin on pathogen specialization and distribution

The pathogen species found on exotic plant species had a greater reported host range (mean
number of host genera) compared to pathogens infecting native hosts (Fig. 2.2). This relationship
was marginally significant when the mean number of reported host families was considered (24 vs.
11.4 reported host families, p = 0.0561). The geographic distribution of pathogens (pathogens
restricted to North America vs. pathogens distributed on more than one continent) did not

significantly differ between exotic and native hosts (Table 2.4).
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Table 2.2 Results of the phylogenetic analyses measuring the strength of phylogenetic signal of pathogen
diversity, incidence, severity and overall infection among the plant species found on our three study sites.
For incidence, severity and overall infection, pathogen groups were analyzed separately. Powdery mildews

(3 plant species) and Downy mildews (1 plant species) were not considered because of low sample size.

Pathogen group Response variable N Blomberg’s K P-value
All Pathogen groups per species 51 0.075 0.321
Bacterial and Incid§nce 51 0.114 0.124
. . Severity 30 0.142 0.121
viral diseases | 0 all infection 51 0.092 0.374
Incidence 51 0.025 0.824
Fungal leaf spot | g oiry 27 0.247 0.422
discases Overall infection 51 0.035 0.774
Incidence 51 0.188 0.165
Rusts Severity 8 0.688 0.441
Overall infection 51 0.136 0.348
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Table 2.3 Summary of results of generalized linear mixed models for the effects of host abundance, origin and pathogen group, as well as their interactions, on
pathogen diversity, pathogen infection and overall infection levels. Study site was included as a random effect, and did not have statistically significant effects on any
response variable. Please note that downy and powdery mildews were excluded from all analyses considering ‘pathogen group’, due to low sample size. Hyphens (-
) indicate analyzes that were not performed, see methods section for further details. For description of terms see Table 2.1.

Host abundance [A] Host origin O] Pathogen goup [PG] AxO 7)1 GX OxPG Ax0xPG
Pathogen diversity F-values
D.f. 1,55 1,55 - 1,55 - - -
Pathogen groups per species 0.12 1.95 - 2.19 - - -
Number of pathogen groups 0.22 0.80 : 022 - : :
per individual
Pathogen infection F-values
D.f. 1,169 1,169 2,169 1,169 2,169 2,169 2,169
Incidence 0.11 0.09 1.95 0.15 1.08 0.12 0.10
D.f. 1,58 1,58 2,58 1,58 2,58 1,58 1,58
Severity 0.21 0.87 2.10 1.19 0.24 0.18 0.18
D.f. 1,169 1,169 2,169 1,169 2,169 2,169 2,169
Overall infection 0.40 1.51 5.56** 2.15 0.49 0.22 0.04
Total infection F-values
D.f. 1,55 1,55 - 1,55 - - -
Total incidence 0.28 0.81 - 0.05 - - -
Total severity 0.15 0.82 - 2.86 - - -
Total overall infection 0.11 2.00 - 2.37 - - -

* P<0.05, ** P<0.01, *** P<0.001
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Table 2.4 Total number of pathogen species of large geographic distribution (more than one continent,
according to the USDA Fungus-Host distribution database) and species whose distribution is restricted to
North America (NA), on native and exotic hosts. A Chi-square test showed that pathogen distribution and
host origin are distributed independently: > = 0.33 with p = 0.57.

Pathogen species with a large

geographic distribution

Pathogen species with a

distribution restricted to NA

Pathogen species 13 4 17
on native hosts
Pathogen species 6 1 7
on exotic hosts
19 5
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Figure 2.1 Effect of host abundance (percent cover) on overall infection by different pathogen
groups on native and exotic hosts. Each symbol represents a host species with its corresponding
abundance and mean overall infection levels across all infected individuals and sites. Please note
downy and powdery mildews were excluded due to low sample size.
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Figure 2.2 Mean number of host genera (and standard error) for pathogen species infecting
exotic (# = 7) and native (# = 17) host plants on our three study sites,. A Mann-Whitney U test
showed that pathogen species found on exotic hosts have a greater reported host range than
pathogen species on native hosts: Z = 2.194 with p = 0.028 (two-tailed).

2.5 Discussion

At our study sites in grasslands in the central United States, we observed frequent infection of
almost all sampled plant species by pathogens (>90%). Yet these observed infection levels were
not related to either host abundance, origin or phylogeny. Pathogens are expected and often
observed to have higher infection on more abundant hosts, creating a stabilizing mechanism that
allows rare plants to persist in diverse plant communities (Alexander 2010, Mangan et al. 2010,
Mordecai 2011, Bever et al. 2015). However, it has also been shown that diverse natural
communities favor multi-host pathogens, thereby decoupling the frequency of pathogen infection
from the abundance of individual host species (May 1991, Spear et al. 2015). It is not yet fully
understood how the degree of pathogen specialization and its role in promoting species
coexistence varies among different pathogen groups (Mordecai 2011). While most of our pathogen
species were only observed on a single plant species, these pathogen species are known to attack
multiple genera of plants. Our results suggest these multi-host pathogens are able to infect both
rare and common plants, and observations might depend on the abundance of the pathogen

species in the community (many of which are likely to be rare) and on pathogen transmission rates.
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Overall infection levels differed across pathogen groups, which is unsurprising, given differences
in pathogen life cycles and transmission mechanisms (Deacon 20006). Rusts, which showed the
lowest overall infection levels of all pathogen groups, are often specialists and dependent on an
alternate host for sexual development (Leung and Kot 2015). Fungal leaf spot diseases, which
showed the highest infection levels of all pathogen groups, usually have no host shifts during their
life cycle and are mostly generalists with broad host ranges (Deacon 2006). Among bacteria and
viruses there are species with host shifts and species without host shifts. Similarly, the degree of
specialization also varies widely across this broad groups of plant pathogens, which demonstrated
intermediate levels of overall infection.

We find that many of our pathogen species that are known to attack many genera of hosts are only
observed to infect a small proportion of their potential hosts in our plant community. In particular,
fungal leaf spot diseases infected only few of their possible hosts in our focal communities (see
Appendix 7.1.4). Several mechanisms might explain this. First, many of the pathogen species may
have low transmission rates (Gilbert and Levine, 2017). Second, the dilution effect, a reduction in
disease levels observed when host species diversity is high and when hosts vary in their
susceptibility to a pathogen (Ostfeld and Keesing 2000, Civitello et al. 2015), can cause patterns of
high local host specificity of pathogens (see also Rottstock et al. 2014). Temperate grasslands are
among the most species-rich plant communities (Wilson et al. 2012) and for soil-borne (Maron et
al. 2011, Schnitzer et al. 2011) and foliar (Mitchell et al. 2002) pathogens it has been shown that
an increase in host species diversity reduces disease levels, due to a lower realized host density.
Finally, if pathogen species abundance distributions in this community have a long tail of rare
pathogen species, our sample size would need to be much larger in order to observe many of these
pathogen species on multiple individual plants in the community, and thus document their more
generalized host specificity patterns (Rottstock et al. 2014).

Exotic plants in our study did not show lower diversity or infection levels, and instead seem
susceptible to a broad range of pathogens. This finding differs from other studies showing that
plants escape foliar pathogens in their naturalized range (Mitchell and Power 2003) or that
introduced plants experience reduced attack by fungal and viral pathogens, compared to native
plants (Agrawal et al. 2005). However, these studies focused mainly on obligate, biotrophic fungi,
which display a high host-specificity and are hence rather unlikely to be co-introduced with their
host (Parker and Gilbert 2004). In contrast, the pathogen community infecting exotic hosts in our
study were mostly generalist necrotrophic and hemibiotrophic species that are globally distributed

and are found in a broad range of ecosystems, see also Parker and Gilbert (2007). We find that
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pathogens infecting exotic hosts had broader host ranges than those infecting native hosts, in
accordance with our expectation, see also Blaisdell and Roy (2014).

The lack of differences between native and exotic host species in our study is a robust result, as
we have good statistical power (see Table 2.2), and several exotic and native plants were found to
have high diversity and infection of pathogens (e.g., exotic Me/ilotus albus had the highest level of
pathogen severity of all sampled plant species). This indicates one or more of the following
mechanisms: (1) hosts are introduced with their pathogens to new continents, (2) enemy release is
transitory, and natural enemies accumulate with time since introduction (Brindle et al. 2008,
Mordecai 2011) and/or (3) that native pathogens effectively infect exotic plants (Elton 1958). Our
study was not designed to distinguish between these mechanisms but, as many of the pathogens
in our system have a global distribution (see Table 2.4), our results support the first and/or the
third option. We also found one case of a native pathogen, only reported from North America,
infecting an exotic species (Phyllachora lespedezae on Kummerowia stipulacea). An increasing time since
first introduction (ca. 300 years in the case of Melilotus albus), as well as multiple introduction events
(Dutech et al. 2010), might additionally contribute to a high pathogen load. We note that few of
our exotic plant species are considered invasive (only Lespedeza cuneata and Melilotus albus, according
to the Missouri Department of Conservation, (https://nature.mdc.mo.gov/status/invasive), and
it is possible that communities with more invasive exotic plants might show more support for the
enemy release hypothesis (Mitchell and Power 2003). Finally, anthropogenic disturbance might
override the importance of enemy release (Colautti et al. 2004, Elton 1958, Hierro et al. 2000,
Lozon and Maclsaac 1997, St. Clair et al. 20106) for exotic plants in our system. Grazing by deer
(Odocoilens virginianus), and management using mowing and prescribed fires are common at our
study sites and may create niche opportunities for exotic plants.

Our statistical analysis approach tested whether abundance and origin influenced pathogen
infection using data pooled into broad groups (i.e., our pathogen groups). This approach gives us
more power to test for the relationship than if we had used species-level identifications of
pathogens, which we mostly have for all pathogen groups except viruses and bacteria. For our test
of host abundance, specialization is the precondition that by which there is a relationship between
host abundance and infection (Mordecai 2011, Spear and Mordecai 2018). If host abundance plays
a role in infection for many specialized pathogens, then there would be greater ability to detect this
in an analysis that combines many specialized pathogen species together in a single analysis.
Likewise, if natives species are infected by more specialized pathogens than exotics species, we
expect to be better able to detect a significant effect of origin on pathogen infection in an analysis

that considers pathogen groups.



44 | Chapter 2

We found no phylogenetic signal across plants in the diversity and infection of pathogens. This is
surprising, given the role of phylogenetic signal found in other community-level studies (e.g. Parker
et al. 2015). However, there is evidence in other systems that both pathogen virulence and
susceptibility to pathogens and herbivores are more dependent on local selective conditions than
evolutionary history (Agrawal and Fishbein 2006, Haak et al. 2014, Rudgers et al. 2004, Thrall et
al. 2002). For example, heterogenous landscapes (such as the matrix of forest and grassland
habitats in our system) can favor rapid local adaption of both host and pathogen populations
(Forester et al. 2010), creating unique patterns of host susceptibility and pathogen virulence (Thrall
et al. 2002) that weaken phylogenetic signals across hosts in pathogen infection levels (Strauss et
al. 2002, Haak et al. 2014).

In conclusion, our study suggests that neither host abundance nor origin or evolutionary
relationship play an important role in explaining general patterns of pathogen infection in our
studied grassland communities. Our broad methodology provides a guide that could be applied to
other ecosystems, so that the generality of this result and/or its context dependence (e.g. we
consider relatively disturbed temperate grasslands) could be synthesized in the future. Our study
could be expanded by considering experiments that manipulate host abundance, by replicating
observations across years to examine temporal variabilitity of results (see Rottstock et al. 2014),
and by designing observational and experimental studies to test amongst underlying mechanisms
(Hector et al. 2007). Studies such as this one, which consider multiple factors and multiple
pathogen groups, are critical to understanding the role of pathogens in mediating community

dynamics.
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3.1 Abstract

Species’ responses to antagonists, such as fungal pathogens and insect herbivores, are part of a
species’ niche and are thought to contribute to species coexistence. In theory, coexistence is
supposed to be maintained by the effects of equalizing mechanisms that reduce fitness differences
among species, and stabilizing mechanisms that are the result of niche differences. The presence
of stabilizing niche differences is hallmarked by negative frequency-dependent per capita rates of
increase. However, rigorous experimental testing of how insect herbivores and fungal pathogens
contribute to negative frequency dependence among co-occurring plant species, in particular in
the context of biological invasions, is scarce. We present an experimental study in a grassland in
central Germany, in which we established native and exotic-dominated communities on 1 m?-
plots, and reduced above- and belowground fungal pathogens and insect herbivores by applying
pesticides. We manipulated the frequencies of six native and six exotic focal species, in order to
assemble one dominant and five rare species per community. We quantified productivity and
diversity for each community, and recorded data on per capita rates of increase and other fitness
components for two native and two exotic focal species over three years. We found that native
and exotic-dominated communities did not differ in their productivity and diversity. Reduction of
fungi and insects increased productivity but the effect was similar for both species origins,
suggesting that effects of enemy release are transitory or not existent. Negative frequency-
dependence was common in our species, but could not be linked to interactions with antagonists.
Although focal species responded to the reduction of antagonists, these effects were only present
at low frequency, suggesting a greater importance of intraspecific competition, e.g. for resources,
in explaining the observed stabilizing niche differences. Offsetting responses of the two exotic
focal species to both antagonist groups highlight the significance of equalizing mechanisms among
native and exotic species at the community level. Our study demonstrates the importance of both
equalizing and stabilizing mechanisms in the context of biological invasions and differential

contributions of antagonistic interactions to these mechanisms.

Keywords: Enemy release hypothesis, equalizing and stabilizing mechanisms, exotic species,

negative frequency-dependence, productivity, species diversity
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3.2 Introduction

Responses to antagonists are part of a species’ niche and can dramatically affect community
structure and dynamics (Chesson 2000, HilleRisLambers et al. 2012). Experimental work suggests
that interactions of plants with antagonists, like fungal pathogens and insect herbivores, can play
an important role in maintaining diversity of plant communities (Mordecai 2011, Bever et al. 2015,
Myers and Sarfraz 2017). However, despite the large number of experiments demonstrating the
importance of antagonistic interactions for the maintenance of species diversity, surprisingly few
studies explicitly quantify the underlying mechanisms (Levine and HilleRisLambers 2009,
Siepielski and McPeek 2010).

Contemporary niche-based theory predicts that coexistence in communities, and hence species
diversity, are maintained by the joint effects of ‘equalizing’ and ‘stabilizing” mechanisms (Chesson,
2000). While equalizing mechanisms minimize relative fitness differences between competing
species, e.g. due to differences in the ability to tolerate herbivory, stabilizing mechanisms act
through differences in species’ niches (Adler et al. 2007). Stable coexistence occurs when niche
differences among species are large enough to overcome relative fitness differences, thereby
promoting diversity during community assembly by preventing competitive exclusion of species
by superior competitors (Bartomeus and Godoy 2018). The demographic signature of these
stabilizing niche differences is negative frequency-dependent population growth: when the per
capita population growth of a species is determined by its frequency within a community, it attains
higher growth rates when it is rare compared to when it is common, a so-called ‘rare-species-
advantage’ (HilleRisLambers et al., 2012). Per capita population growth declines with increasing
frequency of a species within a community because negative intraspecific interactions are enhanced
relative to interspecific interactions; in other words, species limit themselves more than their
competitors when they are abundant (Chesson 2000). Niche differences driving this negative
frequency-dependent population growth arise from differences between species in their effect on,
and response to, limiting abiotic and biotic factors, including resources and antagonists such as
fungal pathogens and insect herbivores (HilleRisLambers et al. 2012).

Fungal pathogens can severely affect the performance of their hosts and thereby contribute to
mechanisms that influence the coexistence of their host species (Mordecai 2011). Negative
frequency-dependent disease dynamics have been shown to be a major driver for the maintenance
of species diversity in various ecosystems, i.e. acting as stabilizing mechanism (Janzen 1970,
Connell 1971, Klironomos 2002). Due to common host-specificity, the negative effect of fungal
pathogens on per capita population growth rates increases with host species frequency, rather than

with overall plant density (Mordecai 2011). Highly diverse plant communities can not only
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promote a higher diversity of fungal pathogens, but also lower infection rates per plant, because
host-specific pathogen transmission is low in diverse stands with individual species occurring at
low frequency (Schnitzer et al. 2011, Rottstock et al. 2014). However, there are also examples for
destabilizing effects of pathogens on community structure, such as accelerated plant species
turnover and spillover effects mediated by pathogens (van der Putten et al. 1993, Meentemeyer et
al. 2004). Furthermore, studies investigating plant-pathogen interactions focus mainly on the
effects of soil biota (Bever 2003, Mangan et al. 2010, Schnitzer et al. 2011), whereas the effects of
the whole pathogen community, including aboveground pathogens, have received less attention
so far (Allan et al. 2010).

Similarly, effects of insect herbivores on plant community dynamics have been studied less
frequently than, for example, effects of vertebrate herbivores (Allan et al. 2010), although the
biomass of invertebrate herbivores may be up to ten-fold higher than that of vertebrate grazers in
temperate terrestrial ecosystems (Pimentel and Andow 1984). Besides the direct effect of insect
herbivory on plant fitness via consumption of plant tissue (Crawley 1989, Cahill and Coupe 2003),
insect herbivores have been shown to exert strong frequency-dependent effects on plant
populations (Fagan et al. 2005, Bagchi et al. 2014) and maintain plant diversity (Carson and Root
2000, Stein et al. 2010). Further studies also show an acceleration of plant species turnover
facilitated by preferential feeding of insect herbivores on dominant plant species (Fraser and Grime
1998, Schidler et al. 2004). Furthermore, it is argued that these effects are highly context-
dependent and not generalizable across communities (Maron and Crone 2006, Maron et al. 2014,
Myers and Sarfraz 2017). However, across a multi-site experiment Kempel et al. (2015) found that
especially those plant species benefitted from insect exclusion that are preferred by generalist
herbivores, indicating that a growth-defense trade-off drives plant community composition.

In the context of biodiversity loss, the introduction of exotic species can represent a major
alteration of the biotic environment, with effects on species diversity and ecosystem functioning
on a global scale (van Kleunen et al. 2015, Pysek et al. 2017). Exotic species often reach high
productivity (Korell et al. 2016a) and frequency in their new range, for which one possible
explanation is the release from specialist antagonists upon introduction, and a lower relative impact
of generalist antagonists, according to the enemy release hypothesis (ERH; Maron and Vila 2001,
Keane and Crawley 2002). The ERH further predicts that exotic species, being released from their
antagonists, experience an increase in fitness and a competitive advantage against antagonist-
regulated native species, resulting in increased dominance in invaded communities (Hierro et al.
2005). Results from broad-scale studies support the ERH by showing that exotic plant species are

less infected by fungal and viral pathogens than native plants (Mitchell and Power 2003). Similarly,
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meta-analyses have revealed that exotic plants suffer less from insect herbivores than native
congeners (Liu and Stiling 2006), and that insect diversity and abundance are higher on native
plants than on exotic plants in the same community (Meijer et al. 2016).

However, the effect of enemy release on the success of exotic species remains equivocal, as several
studies and meta-analyses found no effect or even results opposing the ERH, i.e. more antagonists
and/or an increased attack by antagonists on exotic plants (Agrawal and Kotanen, 2003, Colautti
et al., 2004, Levine et al., 2004, Chun et al., 2010). Further, most of these studies did not consider
the frequency of host plants and rigorous experimental evidence for the ERH, for example from
experiments involving the removal of pathogens and herbivores, is rare (Allan et al. 2010, Myers
and Sarfraz 2017). We are unaware of any study considering the importance of antagonistic
interactions on the mechanisms of plant species coexistence in the context of exotic species.
Here we report the results of a field experiment conducted in a grassland in central Germany, in
which we established plant communities with different frequencies of native and exotic species,
and then used pesticides to reduce above- and belowground fungal pathogens and herbivorous
insects. The experiment was designed to show the combined effect of two important antagonist
groups (i.e. aboveground as well as belowground), in contrast to other studies, which excluded
either soil-borne pathogens (e.g. Schnitzer et al. 2011) or leaf pathogens (Allan et al. 2010). We

addressed the following hypotheses considering the community level and the species level:

Community level

1. According to the ERH, exotic-dominated communities should be more productive than native
communities when these antagonists are present, because exotic plant species are less attacked by
pathogens and insects than native species. However, owing to a negative frequency-dependent
response of native plant species to antagonists, native communities should have more species and

higher evenness than exotic-dominated communities (see Fig. 3.1).

2. When antagonists are reduced, productivity of native communities should increase, but their
species richness and evenness should decrease because the stabilizing effect of antagonists is no
longer present. These effects should be smaller in exotic-dominated communities, because
otherwise suppressed native competitors benefit more from reduction of antagonists than exotic

species (see Fig. 3.1).

Species level
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3. Because species limit themselves more than their competitors when they are abundant, as a
result of niche differences among species, per capita rate of increase (and other fitness
components) of species should be lower (but total biomass of individual species should be larger)
at high frequency compared to low frequency (see Fig. 3.2). However, total biomass of species
should be higher when sown at high frequency as more individuals (albeit of lower fitness) become

established.

4. Because antagonists contribute to the negative frequency-dependence, differences in fitness and
in species biomass between high and low frequency should be smaller when antagonists are
reduced, mitigating the ‘rare-species-advantage’. This effect of antagonist reduction should be less
distinct for exotic species compared to native species as they are less attacked by insects and

pathogens (see Fig. 3.2).
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Hypothesis 1: Effects of species origin on Hypothesis 2: Effects of antagonist reduction on
community productivity and diversity community productivity and diversity

all i
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Native Exotic Native Exotic

Productivity

Diversity

Figure 3.1 Conceptual diagram for our expectations regarding the effects of species origin (hypothesis 1) and antagonist
reduction (hypothesis 2) on experimental grassland communities. Arrows indicate the increase in productivity and the
decrease in diversity, respectively, that we expect when antagonists are reduced.
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Hypothesis 3: Effect of a species'

relative frequency on plant fitness Hypothesis 4: Effect of antagonist reduction on fitness of (native versus exotic) plant species

Fitness

Kouanbauy ybiy je ssauyi4

ﬁ 1

Low frequency High frequency Low frequency High frequency Native species Exotic species

Figure 3.2 Conceptual diagram for our expectations regarding the effects of a species’ relative frequency in the seed mixture (hypothesis 3) and antagonist
reduction (hypothesis 4) on fitness of individual plant species. Hypothesis 3 depicts what we, throughout the manuscript, refer to as negative frequency-
dependence, a higher plant fitness at low frequency compared to high frequency. Hypothesis 4 shows that, by reducing antagonists, the “rare-species-advantage”
is mitigated, i.e. common species benefit most (because they are more frequently attacked by antagonists) and gain a competitive advantage over rare species,
potentially destabilizing the community. We also hypothesized divergent outcomes of antagonist reduction on fitness of native versus exotic species at high
frequency, as shown on the right and indicated by the filled arrow. Empty arrows indicate the increase and decrease in fitness, respectively, that we expect when
antagonists are reduced.
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3.3 Methods

Study site

The field experiment was located approximately 20 km west of the city of Halle in central Germany
(State of Saxony-Anhalt, 51°29°’N 11°49’E, 119 m above sea level). The area is characterized by a
sub-continental climate with an average annual precipitation of 488 mm and an average annual
temperature of 9.0 °C (German Meteorological Office, DWD). The former arable field site was
used as an occasionally mulched grassland since 1992. The soil is a shallow rendzina with marl and
characterized by high amounts of clay (18%), carbonate (>5%), magnesium (>1%), calcium (>6%0)
and relatively low amounts of organic carbon (<2%) and nitrogen (<0.2%, Schubert 2010). The
original vegetation consisted of a mix of semi-dry grassland and ruderal species, interspersed by
shrubs and small trees. This vegetation was removed by plowing the field in fall 2013, six weeks
before sowing, in order to create similar starting conditions for the addition of native and exotic
(henceforth termed ‘species origin’) seed mixtures. The field site was fenced as protection against

naturally occurring wild boars (Sus scrofa), and had an area of ca. 3000 m?.

Experimental design

We selected six native focal species (Arrhenatherum elatins, Lotus corniculatus, Medicago falata,
Tragopogon pratensis, Hypericum perforatum, Falcaria vulgaris) for being typical species of semi-dry to
moist central German grasslands and six exotic focal species (Loliun multiflorum, Onobrychis viciifolia,
Medicago x varia, Dianthus giganteus, Pimpinella peregrina, Bunias orientalis), for being naturalized exotic
species in grasslands of Germany, with the exception of P. peregrina, that is considered to be a
casual close to naturalization (floraweb.de, Bundesamt fiir Naturschutz 2019). Most of these
species are perennials, except for T. pratensis, which is either biennal or perennial, and L. multiflorum,
which is either annual, biennial or perennial (floraweb.de, Bundesamt fiir Naturschutz, 2019).
Focal species were selected in such a way that each species origin contained one grass, two legumes
and three non-legume forbs, thereby reflecting the proportions of functional groups in natural
grasslands. Furthermore, species selection was also limited by the rarity of exotic grasses in Central
Europe (Floraweb.de, Bundesamt fiir Naturschutz 2019). In addition to our twelve focal species,
we used ten native species, typically occurring on semi-dry grassland sites in that region, as ‘matrix
species’. Naturally occurring plant species also invaded the plots and contributed to the
‘community matrix’ of species, the intention of which was to form a species network rich in
interspecific interactions (May 1972, Novak et al. 2016) and to provide a vegetation as natural as
possible, to achieve a reasonable species density on the plots and to create similar starting

conditions for all communities, after removing existing vegetation (see above).
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Seeds of focal and matrix species were either self-collected or purchased from local seed traders
from regional (within a distance of <100 km around the experimental site), wild-growing
populations (one to four sampled populations). Seeds of all legume species where scarified with
fine sandpaper prior to sowing. See Appendix 7.2.1 for detailed information on all focal and matrix
species.

On the experimental site, we established 240 plots of 1 m? size, arranged in five blocks of 48 plots,
in November 2013. Plots were spaced at a distance of 1.5 m from each other. Distance between
blocks varied between 1.5 m and 5 m. Within each block, 24 randomly selected plots were sown
with a seed mixture containing the six native focal species, and 24 plots were sown with a seed
mixture containing the six exotic focal species. The relative frequency of a given species in the
seed mixture (henceforth called ‘relative frequency’) was varied across plots: each of the focal
species was sown at high frequency on four of these plots, while the remaining five focal species
were sown at low frequency on the same plots. Hence, a high frequency plot for a particular focal
species (henceforth termed ‘dominant species’) at the same time represented a low frequency plot
for the other five focal species (henceforth termed ‘rare species’), and vice versa. We sowed a seed
mixture of ten species on each plot, containing the six focal species (being either native or exotic)
and four additional native matrix species. The particular combination of matrix species was
constant among plots within a block, but varied among the five blocks in order to represent all
matrix species as equally as possible across all blocks, and in such a way that each combination
consisted of one grass species and three forb species (see Appendix 7.2.1). Total seed density was
held constant at 4 g m™ on each plot, with focal species being sown at 2.4 ¢ m™ for dominant
species (i.e. 60% of the total seed mixture) and 0.04 g m™ for each rare species (i.e. 1% of the seed
mixture). Each of the matrix species was sown at a density of 0.35 g m™ To ensure an equal
distribution of the seeds across the plot, 50 g of quartz sand was added to each seed mixture prior
to sowing. Seed mixtures were filled in 50 ml Falcon® tubes and dispensed manually across the
whole plot, as evenly as possible. Sowing took place in December 2013. Plots were not weeded.
Within each block, the four high frequency plots of each focal species were randomly assigned to
four pesticide application treatments: no application of pesticides, fungicide application only,
insecticide application only, application of fungicide and insecticide. The resulting 48 treatment
combinations (2 species origins X 6 dominant species (nested within species origin) X 4 pesticide
application treatments) were replicated five times according to the number of blocks. See

Appendix 7.2.2 for a schematic overview of the treatment structure.

Pesticide treatments
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In order to control a broad spectrum of the two groups of antagonists, we used the commercially
available fungicides Acrobat® Plus WG [90 g/kg Dimethomorph (systemic mode of action,
MOA) and 600 g/kg Mancozeb (contact MOA), BASF SE, Ludwigshafen, Germany] and a
combination of Champion® [233 g/l Boscalid (translaminar and systemic MOA) and 67 g/l
Epoxiconazol (systemic MOA), BASF SE, Ludwigshafen, Germany] and Diamant® [114 g/1
Pyraclostrobin (F500®; translaminar MOA) and 43 g/1 Epoxiconazol (systemic MOA) and 214
g/1 Fenpropimorph (systemic MOA), BASF SE, Ludwigshafen, Germany] and the commercially
available broad-spectrum insecticide Confidor® WG70 [700 g/kg Imidacloprid (systemic and
contact MOA), Bayer CropScience AG, Monheim, Germany|. We are aware that our application
of several agents with fungicidal properties probably also affected mycorrhizal and saprotrophic
fungi. To our knowledge, however, there is no way to target a broad spectrum of pathogenic fungi
without, at the same time, also affecting plant-associated fungal symbionts and other beneficial
fungi. The fungicides were applied alternately for the same number of times per vegetation period.
Both types of pesticides were applied every three weeks for three (2014-2016) vegetation periods,
starting in April and ending in September, in amounts according to the instruction manual. For
reasons of practicability, each plot received the respective amount of the pesticide stock solution,
diluted with tap water at a final volume of one liter. Control plots received the same volume of tap
water. For applying pesticides and water we spread the liquid as evenly as possible across the plot
using a watering can. This procedure assured that all aboveground plant parts were covered with
the pesticide solution. Due to the systemic mode of action of all used pesticide formulations and
as the pesticide solutions were absorbed by the soil, we ensured to reduce above- and belowground

antagonists (see results and Appendices 7.2.3 and 7.2.4).

Measurement of community productivity and diversity

We recorded species richness and identity, as well as the number of individuals of all vascular plant
species on a central 0.25m? square on each plot in May 2014. For statistical analysis, individual
numbers were extrapolated to the whole 1 m? plot. Due to a severe drought in the spring of that
year (Zink et al. 2016), emergence of seedlings was substantially delayed. Information on species
richness, and identity and percent cover of all occurring plant species was collected in May and
June of 2015 and 2016 for each plot. We harvested aboveground biomass on each plot in
September 2014 and in July and September of 2015 and 2016. These two mowing events reflect
the standard management practice in extensively used grasslands in Central Europe, as these
habitats are semi-natural and need to be maintained by such management (Ellenberg and

Leuschner 2010). A majority of the species in these grasslands start flowering in May and are able
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to produce seeds before the first mowing event and again between the first and second mowing
event (Ellenberg and Leuschner 2010). Harvesting was conducted using two 0.1 m? metal frames
randomly placed on each plot. Biomass harvested from one of these frames per plot was separated
by species during the July harvest in 2015 (see next section). For analysis, data was extrapolated to
the whole 1 m? plot. Biomass samples were bagged, dried at 60°C for 48 hours and subsequently
weighed. We calculated Pielou’s evenness | = Y (P; X InP)/InS, where P; is the proportional cover
of species 7, and § is the species richness of the particular plot, considering all species present on
a plot (focal, matrix and other species). Individuals of native focal species occurring on plots with
exotic-dominated communities were not considered as focal species for that particular plot, and

vice versa.

Measurement of species demography

To investigate whether the frequency of species affected per capita rates of increase (and other
fitness components), and how antagonists might contribute to this effect, we recorded
demographic measurements for the selected focal species according to the following criteria. First,
the species should be common enough on our plots to minimize zero-inflation of resulting data,
and should cover a reasonable range of relative frequencies to allow adequate comparisons among
treatments. Second, flowering phenology and morphology of species should allow adequate
assessment of fecundity (or proxies of it) in the time period between the two mowing events (July
and September). Third, the sample of species should comprise both native and exotic focal species,
and functional affiliation of species should not differ according to species origin. Based on these
criteria, we selected two native non-legume forbs, H. perforatum and T. pratensis, and two exotic
non-legume forbs, D. gigantens and P. peregrina, for demographic measurements. However, data sets
of two of these species (and most of the other species, see results) were still zero-inflated due to
moderate seed germination especially on plots with low frequency.

We documented demographic information on these four species between the July and September
harvests in 2015, according to their phenology. For each species we recorded the number of
vegetative and flowering individuals on five replicate plots of each frequency X fungicide X
insecticide combination (i.e. one replicate per block). As each species was sown at low frequency
on five different plots (each with another dominant species) of each fungicide application X
insecticide application combination in each block, we used plots with the same dominant species
within a block but randomly chose a different dominant species among blocks. Additionally, we
collected mature seeds of T. pratensis and P. peregrina in order to calculate fecundity for these species.

Seeds were bagged, dried at 60°C for 48 hours and subsequently weighed, to compute the number
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of seeds per flowering individual. However, it was not possible to collect seeds from H. perforatum
and D. giganteus at the same time because of later seed maturation in these species. Instead, we used
the number of inflorescences per individual as a proxy for fecundity for both species.

To estimate plant fitness and its components, we calculated establishment success, proportion of
flowering individuals and fecundity of flowering individuals in the second year of the experiment,
and the resulting per capita rate of increase for these species. For this purpose, we first determined
the establishment success per plot as the total number of individuals present in the second year
after sowing relative to the number of sown seeds. Proportion of flowering individuals per plot
was then calculated as the number of flowering individuals relative to the total number of
individuals present in the second year after sowing. Fecundity was defined as the number of seeds
produced per flowering individual for T. pratensis and P. peregrina and as the number of
inflorescences per flowering individual for H. perforatum and D. gigantens in the second year after
sowing. As a proxy for the per capita rate of increase we used the total seed production per plot
relative to the number of sown seeds for 1. pratensis and P. peregrina, and the total number of
inflorescences per plot relative to the number of seeds sown for H. perforatum and D. giganteus.

As an additional component of plant fitness, we calculated germination success for ten of our
twelve species, as the total number of individuals present in the first year after sowing relative to
the number of sown seeds. Due to poor germination, we were unable to calculate the germination
success for O. viciifolia and B. orientalis. We also analyzed biomass for nine of our twelve species.
Due to excessive zero values, we did not analyze individual biomass data for F. vulgaris, O. viciifolia
and B. orientalis. Furthermore, we related the per capita rate of increase, as estimated by the number
of seeds or the number of inflorescences, to the realised abundance after two years, as estimated
by the number of individuals in that year, for the selected four focal species. We did this because
the accumulation of fungal pathogens and insect herbivores may depend less upon the numbers
of seeds initially sown than upon the density of individuals that established.

Thus, we were able to subdivide the whole life-cycle (from seed to seed) of focal species into three
independent transitions: (1) establishment: transition from seed to established individual two years
after sowing (which integrates seed germination and seedling survival), (2) flowering: transition
from established individual to flowering individual, and (3) seed production of flowering
individuals. This enabled us to investigate which life-cycle transition is most responsive to
experimental treatments, and whether this is consistent across the focal species. Note that for
statistical analyses (except for species biomass), variables were modelled using absolute values as
dependent variables, and considering the number of sown seeds (for establishment success and

per capita rate of increase), the total number of individuals (for proportion of flowering
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individuals) or the number of flowering individuals (for fecundity) as offset variables (see

‘Statistical analysis’).

Statistical analysis

All statistical analysis were performed using SAS® Release 9.4. We analyzed the effects of species
origin and pesticide application on community productivity, species diversity and evenness using
repeated measures generalized linear mixed models (procedure GLIMMIX) with a first-order
autoregressive covariance structure. For community biomass data, we applied a model with
lognormal distribution and identity link function, to account for the distribution of residuals and
to convert multiplicative into additive effects (Rees and Brown 1992, Schidler et al. 2007), while
species richness data were analyzed using a model with Poisson distribution and log link function.
Due to the negative skew of residuals, a reflected square-root transformation (SAS Institute 2015)
was used for evenness data, before applying a model with Gaussian distribution and identity link
function. For all community level analysis, ‘species origin’, ‘fungicide application’ and ‘insecticide
application’, and ‘date of harvest’, as well as their interactions, were considered fixed factors,
whereas ‘block’ and ‘dominant species’ (nested within ‘species origin’), as well as its interactions
with ‘fungicide application” and ‘insecticide application’ and ‘date of harvest’, were considered
random factors.

When analysing effects of relative frequency and pesticide application on demography of individual
species, we had to consider two important aspects of data distribution. First, some species showed
considerable spatial clumping of individuals among plots within the same treatment combination,
corresponding to a negative binomial distribution of residuals. Second, we had to account for zero-
inflation, because in a moderate number of plots, some of the species sown at low frequency did
not establish at all, due to generally low germination percentage. We therefore used the procedure
GENMOD to apply generalized linear models with zero inflation. We analyzed establishment
success, proportion of flowering individuals, per capita rates of increase and per capita rates of
increase relative to the realised abundance after two years for all four species, fecundity for 7.
pratensis and P. peregrina and germination success for nine out of ten species (except for D. gigantens)
using a model with negative binomial error distribution and log link function. Due to a
considerable number of plots where no individuals were present or no seeds were produced, we
applied the same model and added a zero-inflation component for analysing the establishment
success and per capita rates of increase of 1. pratensis and P. peregrina, for analysing the germination
success of L. corniculatus, M. falcata, T. pratensis, H. perforatum, L. multiflorum and P. peregrina and for

analysing the per capita rates of increase relative to the realised abundance after two years for P.
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peregrina. Fecundity of H. perforatum and D. gigantens were analyzed using models with Poisson error
distribution and log link function because they provided a better fit than the model with negative
binomial error distribution. We applied the same model and added a zero-inflation component for
analysing the germination success of D. giganteus, due to a considerable number of plots in which
no individuals were present. We added an overdispersion parameter if necessary. For each of these
models we used offset variables: the logarithm of the number of sown seeds per plot for
establishment success, for per capita rates of increase and for germination success; the logarithm
of the number of individuals per plot for proportion of flowering individuals and for the per capita
rate of increase relative to the realised abundance after two years; and the logarithm of the number
of flowering individuals per plot for fecundity. We applied a model with lognormal distribution
and identity link function to analyze the effects of relative frequency and pesticide application on
biomass of nine of our focal species. To reduce excess zeros, we averaged biomass data for each
species across the five low frequency plots per pesticide treatment and block, resulting in 40
observations for each species in total. Due to an imbalanced data structure we used type 3 sum of
squares for F-tests and y>-tests in all models (Shaw and Mitchell-Olds 1993). For each analysis on
species level, all independent variables, including the block, had to be considered fixed effects,
because the GENMOD procedure does not allow random effects, in contrast to the GLIMMIX
procedure which in turn does not consider zero inflation. In a few cases where all plots of a certain
treatment combination produced zero values we had to skip either higher-order interactions or the
block effect to allow model convergence. We repeated analyses of data sets that were not zero-
inflated with procedure GLIMMIX considering block as random, but found no qualitative
difference between the results of the two types of models. In order to test the effects of insecticide
or fungicide application at each level of relative frequency separately, we decomposed the
respective pesticide x frequency interactions into “simple main effects” (Woodward and Bonett
1991).

Please note that we do not provide a statistical test for the second part of hypothesis 4 (exotic
species should be less affected by a reduction of antagonists at high frequency, compared to native
species) because of the low power (n = 2 species per origin), but consider a simple vote-counting

most appropriate.

3.4 Results
General information on seedling emergence
In the first year after sowing (2014), our native focal species emerged at an average of 34.4

individuals per plot as a dominant species and 6.9 individuals as a rare species (see Appendix
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7.2.12). Exotic species showed an average of 76.7 individuals per plot when sown as a dominant
species compared to 1.8 individuals per plot when sown as rare species. Although exotic species
reached higher individual numbers in 2014 compared to native species (10107 individuals vs. 8277
individuals), the proportion of focal species relative to the total individual number per plot was
lower for exotic plots (22.9 % vs. 29.7 %, see Appendix 7.2.13), due to a lower total number of
plant individuals on these plots (26,793 individuals on exotic vs. 33,518 individuals on native plots).
The native species with the highest number of individuals per plot was M. falcata with an average
of 72.0 individuals as a dominant species, while the exotic P. peregrina reached an average of 223.7
individuals as a dominant species (Appendix 7.2.12). Proportional biomass of focal species, relative
to total biomass per plot, in the second year after sowing (2015) was higher for natives, compared
to exotics (48.8 %0 vs. 23.9 %, see Appendix 7.2.13), in contrast to no difference in total community
productivity between species origins (see ‘Community-level responses — hypothesis 1°). Matrix
species emerged with an average of 17.0 individuals per plot, summed up for all four matrix species
on a particular plot (data not shown).

The near absence of germination in B. orientalis in our experiment was surprising (see Appendices
7.2.12 and 7.2.13), given the species’ adaptation to anthropogenic disturbances (Steinlein et al.
1996, Dietz et al. 1999). However, this may be linked to the lack of molehills at our study site
(personal observation), which have been shown to play a crucial role for the species’ success in
colonizing new sites (Kiettyk and Mirek 2015). Excluding this species, and high frequency plots of
this species, from analysis, did not yield results that differed qualitatively from the results shown

here.

Evaluation of fungicide and insecticide efficacy

We quantified diversity and infection of foliar fungal pathogens on two selected focal species,
native A. elatins and exotic M. x varia, in October 2010, after three years of fungicide application.
Overall infection was significantly lower when fungicide was applied for both species, when
considering each pathogen group separately and across all pathogen groups. For detailed
information on pathogen diversity and infection see Appendix 7.2.3A-D. Similarly, we quantified
diversity and abundance of soil arthropods on additional 1 m? plots, which were established in
March 2015 at the same site as the main experiment. The insecticide treatment reduced the total
abundance of all arthropods by more than 50% on plots treated with insecticide compared to
control plots, indicating an effective application of insecticide. For detailed information on insect

diversity and abundance see Appendix 7.2.4A-C.
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Community-level responses - hypothesis 1

We hypothesized that exotic-dominated communities should be more productive and less diverse,
compared to native communities (Fig. 3.1), but did not find such consistent effect. Community
productivity varied significantly across all dates of harvest, ranging from 32.3 ¢ m” per plot in
September 2016 to 340.0 g m™ per plot in July 2016 (Table 3.1 and Appendix 7.2.5). Across all
dates of harvest native communities on average produced 196.9 g m™” aboveground biomass
compared to 215.0 g m™”in exotic-dominated communities, but this difference was not statistically
significant (Table 3.1). The interaction of date of harvest and species origin had a significant effect
on community productivity, but only in September 2016, when exotic-dominated communities
yielded on average 1.5 times as much aboveground biomass than native communities (Table 3.1
and Appendix 7.2.5). Although species richness and evenness varied significantly among years
(Appendix 7.2.6), we did not find any effect of species origin on these two metrics of community
diversity (average species richness: 18.0 on native vs. 19.0 on exotic plots; average evenness: 0.517

on native vs. 0.515 exotic plots, Table 3.1).

Community-level responses - hypothesis 2

We furthermore hypothesized that pesticide application would lead to higher productivity and
lower diversity of communities, a response that would be less distinct in exotic-dominated
communities (Fig. 3.1), and found that both, fungicide and insecticide application, had a positive
effect on aboveground productivity, increasing biomass by 11.6% and 14.1%, on average and
across all dates of harvest, respectively (Fig. 3.3 and Table 3.1). Neither pesticide application
influenced community diversity (Table 3.1): species richness on plots with fungicide application
reached 18.5 species on average, compared to 18.7 species on plots with no reduction of fungi,
while plots treated with insecticide harbored on average 18.7 species, compared to 18.5 species on
plots with no reduction of insects. On plots treated with fungicide, evenness amounted to 0.515
on average, compared to 0.517 on plots with no fungicide application. Evenness on plots treated
with insecticide was 0.514 on average and 0.518 on control plots. The interaction of fungicide and
insecticide application had no effect on community productivity and diversity (Table 3.1). As
mentioned above, native and exotic communities did not differ consistently in productivity and

diversity.

Species-level responses - hypothesis 3
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We hypothesized per capita rates of increase and other fitness components to be lower at high
frequency compared to low frequency (Fig. 3.2), and found this relationship for three out of the
four species for which we quantified the respective life-cycle transitions. With exception of the
exotic D. gigantens, all species showed significantly higher establishment success at low frequency,
compared to high frequency (Appendices 7.2.7A and 7.2.7B).

Relative frequency had a highly significant effect on the proportion of flowering individuals of the
native H. perforatumr: when sown at low frequency, the proportion of flowering individuals was
more than twice as high compared to high frequency plots (Appendices 7.2.8A and 7.2.8B).
Proportion of flowering individuals of other species was not affected by relative frequency.
Fecundity showed no effect of relative frequency in any of the four species.

The resulting estimates of per capita rates of increase were significantly higher for all species,
except for D. giganteus, when sown at low frequency (Fig. 3.4 and Table 3.2), indicating a negative
frequency-dependence (as shown in Fig. 3.2).

When relating the per capita rate of increase to the realised abundance after two years, relative
frequency had a significant effect on P. peregrina (Appendix 7.2.11): At low frequency, rate of
increase was higher compared to when sown at high frequency. In contrast, the per capita rates of
increase relative to the realised abundance after two years was significantly higher for H. perforatum
when sown at high frequency, compared to low frequency (Appendix 7.2.11).

In addition to fitness estimates of these four target species, we analyzed germination success (in
the first year after sowing) and biomass (in the second year after sowing) of all target species except
for those with too few non-zero values. Relative frequency had a significant effect on germination
success of 9 out of 10 studied species (Appendices 7.2.10A - 7.2.10E), with all of these species
showing higher germination success at low frequency, compared to high frequency. Only M. x
varia showed no differences in germination success between high and low frequency plots
(Appendices 7.2.10C and 7.2.10E).

Except for native H. perforatum and exotic M. x varia a high frequency led to significantly higher
aboveground biomass compared to low frequency (Tables 3.3 and 3.4 and Figures 3.5 and 3.0). A.
elatins was by far the most productive focal species, yielding on average 132.9 g/m? on high
frequency plots and 83.3 g/m? at low frequency, while T. pratensis was, out of the nine analyzed
species, the least productive one, reaching on average 2.7 g¢/m? on high frequency plots and 0.2
g/m? at low frequency (Figures 3.5 and 3.0).

In all cases with zero-inflated data (for establishment success, per capita rate of increase,
germination success and per capita rate of increase relative to realised abundance), excess zeros

(i.e. excessive number of plots with no individuals present) were explained by relative frequency



Effects of natural enemies on plant coexistence | 63

with significantly more zeros at low frequency compared to high frequency (Table 3.2, Appendices

7.2.7 and 7.2.10).

Species-level responses - hypothesis 4

We originally hypothesized that pesticide application would result in less pronounced negative
frequency-dependence (Fig. 3.2), but did not find such a consistent effect across our studied
species. Fungicide application had a positive effect on establishment of the native T. pratensis, but
only at low frequency (significant relative frequency X fungicide application interaction). We found
no effect of insecticide application on the establishment of any species.

Insecticide application resulted in a significantly lower proportion of flowering individuals in exotic
D. giganteus at low frequency. Exotic P. peregrina showed significantly higher proportions of
flowering individuals when fungicide and insecticide were applied. However, these effects were
only present at low frequency (significant relative frequency X fungicide application interaction
and significant relative frequency X insecticide application interaction, Appendices 7.2.8A and
7.2.8B). Additionally, the significant interactive effect of relative frequency, fungicide and
insecticide application led to lowest proportion of flowering individuals at low frequency on
control plots, and to highest proportion of flowering individuals at low frequency when both,
fungicide and insecticide, were applied.

Fungicide application led to a significantly higher number of inflorescences (measure of fecundity)
in H. perforatum, at high frequency (significant relative frequency X fungicide application
interaction, Appendices 7.2.9A and 7.2.9B). In contrast, application of fungicide resulted in a
higher number of inflorescences in D. giganteus, but only on low frequency plots (significant relative
frequency X fungicide application interaction, Appendices 7.2.9A and 7.2.9B). Insecticide
application had no effect on the fecundity of any species.

While T. pratensis showed a higher rate of increase on plots treated with insecticide, compared to
control plots, D. gigantens reached the highest rate of increase on control plots. For both species,
these effects were specifically pronounced on plots with a low frequency (significant relative
frequency X insecticide application interaction, Fig. 3.4 and Table 3.2). We found significantly
lower per capita rates of increase in P. peregrina when fungicide was applied. Insecticide application
had the same effect on per capita rate of increase of this species. These effects were especially
pronounced at low frequency (significant relative frequency X insecticide application interaction,
Fig. 3.4 and Table 3.2).

Per capita rate of increase relative to the realised abundance was significantly affected by insecticide

application in only one species (Appendix 7.2.11): D. giganteus’ per capita rates of increase were
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significantly higher on plots not treated with insecticide. However, this effect was only present,
and very pronounced, on low frequency plots. Additionally, per capita rates of increase relative to
realised abundance was highest on fungicide-treated plots and lowest on plots treated with both,
fungicide and insecticide (significant fungicide X insecticide interaction, Appendix 7.2.11). This
effect was especially pronounced on low frequency plots (significant relative frequency X fungicide
X insecticide interaction, Appendix 7.2.11).

Native 1. pratensis showed much higher germination success when fungicide was applied
(Appendix 7.2.10B), but this effect was only present at low frequency (significant relative frequency
X fungicide application interaction, Appendix 7.2.10D). Insecticide application resulted in higher
germination success of P. peregrina, but only at high frequency (significant relative frequency X
insecticide application interaction, Appendix 7.2.10E). D. gigantens reached highest germination
success on control plots, while on plots treated with fungicide, insecticide or both pesticides
germination success was significantly reduced (significant fungicide X insecticide application
interaction, Appendix 7.2.10E). Germination success of the other analyzed species was not
affected by either fungicide or insecticide application (Appendices 7.2.10A - 7.2.10E).

Fungicide application significantly increased aboveground biomass of three species (Tables 3.3 and
3.4). While this effect was only present at low frequencies in A. elatius (Fig. 3.5), fungicide
application increased biomass in L. multiflorum only at high frequencies (Fig. 3.6). In the exotic P.
peregrina fungicide application had an overall effect on biomass that was specifically pronounced at
low frequencies, increasing biomass more than tenfold (Table 3.4 and Fig. 3.6). In contrast,
insecticide application had no effect on aboveground biomass of any species (Tables 3.3 and 3.4
and Figures 3.5 and 3.6). The three-way interaction of relative frequency, fungicide and insecticide
application significantly affected biomass of M. fakata and P. peregrina (Tables 3.3 and 3.4).

In contrast to our hypothesis, exotic species did not differ consistently in their response to
antagonists from native species: one out of our two exotic focal species (P. peregrina) showed a
significant decrease in per capita rate of increase (and other fitness components) in response to
both, reduction of fungi and insects at low frequency and no increase at high frequency, while the
other exotic species (D. gigantens) showed a much lower per capita rate of increase (and other fitness
components) when fungi were reduced. Similarly, one out of our two native focal species (7.
pratensis), showed a significant decrease in per capita rate of increase (and other fitness
components) in response to reduction of fungi at low frequency and no increase at high frequency,
while the other native species (H. perforatum) showed almost no responses to antagonist reduction

at all.
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Table 3.1 Results of repeated measurement generalized linear mixed models on the effects of species origin (hypothesis 1), fungicide application (hypothesis 2), insecticide
application (hypothesis 2), and date of harvest, as well as their interactions on biomass, species richness and evenness. Random effects (block, dominant species nested
within origin, as well as its interactions with fungicide application, insecticide application and date of harvest) were tested using Wald Z statistics. Abbreviations for
factors are given in brackets. (* P < 0.05, ** P < 0.01, *** P < 0.001)

Source Biomass Species richness Evenness
af Fvalues af F values daf F values
Species origin [O] 1,10 0.78 1,10 4.32 1,10 0.01
Fungicide application [F] 1,10 13,14 1,10 0.24 1,10 0.08
Insecticide application [I] 1,10 7.19% 1,10 0.26 1,10 0.18
OxF 1,10 0.15 1,10 2.71 1,10 3.14
OxI 1,10 0.23 1,10 1.08 1,10 0.11
FxI 1,10 0.43 1,10 0.29 1,10 1.18
OxFxI 1,10 0.39 1,10 0.34 1,10 2.50
Date of harvest [D] 4,40 766.73%F* 2,20 16.56%** 1,10 8.30*
DxO 4,40 3.06* 2,20 2.27 1,10 0.90
DxF 4,40 0.21 2,20 2.46 1,10 0.07
DxI 4,40 2.60 2,20 0.75 1,10 0.46
DxOxF 4,40 0.33 2,20 0.60 1,10 1.48
DxOxI 4,40 0.53 2,20 0.09 1,10 0.31
DxFxI 4,40 0.51 2,20 1.56 1,10 4.75
DxOxFxI 4,40 0.35 2,20 0.05 1,10 1.03
Variance estimates Variance estimates Variance estimates
Block 0.0249 0.0081 0.0004
Dominant species (O) [DS] 0.0091 0.0006 0.0017
F x DS (O) 0.0000 0.0000 0.0000
Ix DS (O) 0.0000 0.0000 0.0000
FxIx DS (O) 0.0022 0.0000 0.0000
D x DS (O) 0.0043 0.0008 0.0007
D x Fx DS (O) 0.0000 0.0000 0.0000
D xIxDS (O) 0.0021 0.0000 0.0000
DxFxIxDS (O) 0.0000 0.0000 0.0001
Autoregression 0.3029%+* 0.4807*x* 0.309 7%
Residual 0.2395%** 0.6853%** 0.0064***
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Table 3.2 Results of generalized linear models on the effects of a species’ relative frequency in the seed mixture (hypothesis 3), fungicide application (hypothesis 4), and
insecticide application (hypothesis 4), as well as their interactions, and the effect of block on the estimates of per capita rate of increase, as estimated by the number of
seeds, or the number of inflorescences, produced after two years relative to the number of seeds sown, of two native (Hypericum perforatum and Tragopogon pratensis) and
two exotic (Dianthus gigantens and Pimpinella peregrina) focal species. Note that the three-way interaction had to be excluded for P. peregrina because of zero values for
all replicates of a certain treatment combination, and that zero inflation was only present in the datasets of T. pratensis and P. peregrina. See method section for further
information on model structure. Abbreviations for factors ate given in brackets. (* P < 0.05, ** P < 0.01, *** P < 0.001)

Source H. perforatum T. pratensis D. giganteus P. peregrina
daf.  values

Relative frequency [RF] 1 58.67%** 35.38%** 0.03 34.10%%*
.Relat.ive frequency — Zero 1 . D1 .24k - 24 55%%k
inflation
Fungicide application [F] 1 0.35 0.19 0.90 8.70%¢
Insecticide application [I] 1 0.09 6.24%* 7.83%* 5.57*
RF x F 1 0.16 0.37 0.30 9.17+*
RF x 1 1 0.17 5.25% 7.21F% 7.84%*
FxI 1 0.93 0.00 1.35 1.26
RFxFxI 1 0.13 0.75 1.33 -
Block 4 6.20 12.15% 9.95%* 3.77
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Table 3.3 Results of linear models on the effects of a species’ relative frequency in the seed mixture (hypothesis 3), fungicide application (hypothesis 4), and insecticide
application (hypothesis 4), as well as their interactions, and the effect of block on aboveground biomass two years after sowing of five native focal species. Note that
one species (. vulgaris) had to be omitted because of many zero values for biomass. See method section for further information on model structure. Abbreviations
for factors are given in brackets. (* P < 0.05, ** P < 0.01, *** P < 0.001)

Source A. elatius L. corniculatus M. falcata T. pratensis H. perforatum
af. X values
Relative frequency [RF] 1 7.96 ** 17.89 Hokx 22.34 ok 13.65 otk 0.64
Fungicide application [F] 1 0.94 1.92 0.48 1.33 0.78
Insecticide application [I] 1 0.02 1.61 0.67 0.01 0.37
RF x F 1 3.85 * 0.89 0.03 0.56 0.42
RFx1I 1 0.52 1.13 1.29 0.66 0.99
FxI 1 2.96 0.08 0.08 0.89 0.01
RFxFxI 1 0.02 1.41 5.77 * 0.02 0.19
Block 4 34,26 *¥* 4.65 0.92 4.41 1.88
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Table 3.4 Results of linear models on the effects of a species’ relative frequency in the seed mixture (hypothesis 3), fungicide application (hypothesis 4), and insecticide

application (hypothesis 4) as well as their interactions, and the effect of block on aboveground biomass two years after sowing for four exotic focal species. Note that

two species (O. vicitfolia, B. orientalis) had to be omitted because of the many zero values for biomass. See method section for further information on model structure.
Abbreviations for factors are given in brackets. (* P < 0.05, *** P < 0.001)

Source L. multiflorum M. x varia D. giganteus P. peregrina
af. X values

Relative frequency [RF] 1 17.32 ok 1.99 34.506 FF* 31.26 FF*
Fungicide application [F] 1 3.48 1.71 0.46 512 *
Insecticide application [I] 1 0.12 0.45 0.01 0.01

RF x F 1 6.26 * 0.11 0.00 6.55 *
RF x1I 1 0.02 0.00 0.29 3.77
FxI 1 0.82 0.28 0.47 0.00
RFxFxI 1 0.30 0.08 0.00 6.40 *
Block 4 5.47 6.86 9.07 4.08
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Figure 3.3 Aboveground biomasses of experimental plant communities treated with fungicide and
insecticide and the respective controls (least square means and standard errors of the mean across
native and exotic species, and across all five harvest dates). Differential shading visualizes the
respective pesticide treatment (dark) and the control treatment (bright). The interaction effect of
fungicide and insecticide application is not shown, because it was not significant (see Table 3.1).
Asterisks indicate significant differences in productivity among the two species origins (* P < 0.05,
** P < 0.01). Note the logarithmic scale of the y-axis.
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Figure 3.4 Per capita rates of increase (least square means and standard errors of the mean), as estimated by the number of seeds, or the number of inflorescences,
produced after two years relative to the number of sown seeds, for two native (Hypericum perforatum and Tragopogon pratensis) and two exotic (Dianthus gigantens and
Pimpinella peregrina) focal species on low and high frequency plots treated with A) fungicide and B) insecticide and the respective controls. Note that for T. pratensis
and P. peregrina, columns and error bars represent means and standard errors adjusted for excessive zeros. Black dots indicate mean values including excessive zeros
(i.e. plots with zero values exceeding the number of plots expected by the underlying distribution, see methods for detailed information). The interaction effect of
fungicide and insecticide application is not shown, because it was not significant (see Table 3.2). Asterisks indicate significant effects of insecticide or fungicide
application on per capita rate of increase at the respective level of relative frequency (* P < 0.05, ** P < 0.01). Note the logarithmic scale of the y-axis.
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Figure 3.5. Aboveground biomasses (least square means and standard errors of the mean) of five native focal species on low and high frequency plots treated
with A) fungicide and B) insecticide and the respective controls. Note that one species (F. s#/garis) had to be omitted because of many zero values for biomass.
Although there is one significant three-way interaction (M. fakata: RE X F X 1, see Table 3.3), it is not shown because of consistency. Asterisks indicate significant
effects of insecticide or fungicide application on aboveground biomass at the respective level of relative frequency (* P < 0.05). Note the logarithmic scale of the

y-axis.
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Figure 3.6. Aboveground biomasses (least square means and standard errors of the mean) of four exotic focal species on low and high frequency plots treated with
A) fungicide and B) insecticide and the respective controls. Note that two species (O. viciifolia, B. orientalis) had to be omitted because of many zero values for biomass.
Although there is one significant three-way interaction (P. peregrina: RE X F X 1, see Table 3.4), it is not shown because of consistency. Asterisks indicate significant
effects of insecticide or fungicide application on aboveground biomass at the respective level of relative frequency (* P < 0.05). Note the logarithmic scale of the y-

axis.
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3.5 Discussion

Our field experiment revealed no differences in productivity and diversity among native and
exotic-dominated communities (in contrast to our hypothesis 1, see Fig. 3.1). We found a positive
effect of fungicide and insecticide application on community productivity, but there were no
differences between the responses of native and exotic-dominated communities (as opposed to
our hypothesis 2, see Fig. 3.1). These results indicate that, on the community level, the
establishment of the exotic species used in this study was not favored by a release from fungal
pathogens and insect herbivores. Similar responses of native- and exotic-dominated communities
have been shown to point to the importance of equalizing mechanisms, e.g. a competition-defense
trade-off, in generating species coexistence in grasslands, by reducing fitness differences among

species (Chesson 2000, Gross et al. 2014).

Antagonists reduce community biomass, but no evidence for enemy release of exotic species

Our findings differ from the results of other studies showing that exotic plants are released from
antagonists in their new range (e.g., Mitchell and Power 2003, Agrawal et al. 2005). However,
effects of enemy release are often transitory and antagonists accumulate with time since
introduction of the species (Brindle et al. 2008, Mordecai 2011). Our results strongly support these
studies, as most of our exotic species were introduced at least more than 200 years ago, with the
exception of D. gigantens, which has been documented in Germany only since the late 20" century
(Sonnberger and Schuhwerk 2005). In addition to a long time since introduction, multiple
introductory events can lead to diminishing effects of enemy release, because each event makes
co-introductions of antagonists from the native range of the exotic species more likely (Dutech et
al. 2010). Two of the fungal pathogens species (C. medicaginis and S. meliloti) we found on M. x varia,
for example, have not been recorded in Germany so far, nor on its parent species M. sativa and
M. falcata, see Appendix 7.2.3C (Klenke and Scholler 2015, Farr and Rossman 2019).

We are also aware that only two of our exotic species (D. gigantens and B. orientalis) are considered
potentially invasive (see Appendix 7.2.1; Neobiota.de, Bundesamt fiir Naturschutz 2019), and it is
possible that studies, conducted with communities harboring more invasive exotic species, might
yield results that show more support for the ERH (Mitchell and Power 2003). Finally, release from
antagonists has been shown to play little role in explaining the success of exotic species in a
considerable proportion of studies in which it has been tested (Gilbert and Parker 2006, Myers
and Sarfraz 2017). Other factors, such as differences among natives and exotics in fitness

components not related to response to antagonists, are known to determine the outcome of
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invasion success and establishment, even when exotic species experience similar or higher

impairment from pathogens and herbivores (Schutzenhofer et al. 2009, Stricker and Stiling 2014).

Negative frequency-dependence indicates niche differences, but is not linked to antagonistic interactions

Three of the four species (H. perforatum, T. pratensis and P. peregrina) we selected for recording
demographic measurements displayed a negative frequency-dependence in their per capita rate of
increase, i.e. they had a higher rate of increase when rare compared to when common within a
given species assemblage. This finding is in accordance with our hypothesis 3 (Fig. 3.2) and
indicates that the niche differences among our species have a stabilizing effect on the community
(HilleRisLambers et al. 2012). The same three species showed a negative frequency-dependence in
their establishment success, suggesting that this major bottleneck of life history plays a crucial role
in the context of frequency-dependent population growth (Jongejans et al. 2000, Jorritsma-Wienk
et al. 2007). Proportion of flowering individuals only displayed a negative frequency-dependent
relationship in response to different relative frequencies in one species, the native H. perforatum,
while fecundity showed no general frequency-dependent responses in any species. These results
suggest that these fitness components are of subordinate importance in their contribution to
population growth of the studied species, and ultimately, for species coexistence in our
communities, as has been recently shown in other invaded grasslands (Spear and Mordecai 2018).
The absence of a general frequency-dependent response in the exotic D. gigantens might reflect that,
in theory, species coexistence can partially be decoupled from niche differences driving negative
frequency-dependence, when temporal variability of environmental factors is high (Cordonnier et
al. 2006, Yiand Dean 2013). For example, the disturbance regime in our study system may provide
sufficient temporal (and spatial) fluctuation that species show differential fitness responses to
relative frequency or to antagonist attack (Cordonnier et al. 20006), and thus, could be considered
as a driver of an operating storage effect in our communities (Chesson and Warner, 1981, Chesson,
1994).

Although negative frequency-dependence was present in our species, it could not be attributed to
the effects of fungal pathogens and insect herbivores (hypothesis 4, see Fig. 3.2). In particular, all
observed effects of both groups of antagonists on fitness (as in the native T. pratensis, for example),
with one exception, were present at low frequency and disappeared at high frequency. The almost
complete absence of antagonistic effects at high frequency might be explained by increasing
intraspecific competition, suggesting that other factors, such as competition for resources, rather
than responses to antagonists explain niche differences that result in the observed negative

frequency-dependence (McKane et al. 2002, Adler et al. 2007). However, as soil conditions at our
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study site were relatively poor, the contribution of antagonistic interactions to niche differentiation
and ultimately species coexistence could be different in more fertile soils. For example, Griffin et
al. (2016) showed that the impact of foliar bacteria on seedling performance is crucially dependent
on soil concentrations of sodium, nitrogen and potassium. High nutrient availability can also lead
to communities with a large niche overlap among plant species (Price et al. 2014), thereby

potentially increasing the impact of antagonistic interactions on community members.

No difference between exotic and native species in their response to antagonists

In contrast to our hypothesis, exotic plant species did not show a consistently different response
to antagonists compared to native species. The negative effect of insecticide application on per
capita rate of increase in the exotic D. gigantens, only occurring at low frequency, might be the result
of destabilizing positive feedbacks between this species and the local insect herbivores (Turchin
1989, von Holle and Simberloff 1999, Hambick and Englund 2005). These feedbacks may lead to
a disproportionate favoring of conspecific individuals over heterospecific individuals by increasing
fitness differences among species. This could happen either directly, e.g. via allelopathy, or
indirectly, e.g. by promoting antagonists that have more negative effects on other community
members than on the species itself, and has been frequently shown to occur in exotic plant
invasions (van der Putten et al. 2013, Crandall and Knight 2015). However, this potentially
destabilizing effect was not present at the community level, as evenness of exotic-dominated
communities did not differ from that of native communities. This result also contrasts with our
hypothesis 4 (Fig. 3.2), that predicts a smaller effect of antagonist reduction on fitness at high
frequency in exotic species, as we found no differences in per capita rates of increase at high
frequency among insecticide-treated and control plots. In contrast, fungicide application
influenced the fecundity, a different fitness component, of D. gigantens in a negative frequency-
dependent manner, suggesting that D. gigantens is more affected by fungal pathogens than by insect
herbivores. Known fungal pathogens on D. gigantens are distributed, at least, across the northern
hemisphere (USDA Fungus-Host distribution database, Farr and Rossman 2019) and co-
introduction of ubiquitous and generalist pathogens in exotic plant invasions is rather common
(Parker and Gilbert 2007, Blaisdell and Roy 2014). These opposing responses to fungal pathogens
and insect herbivores in a positive and negative frequency-dependent manner highlight the
importance of different antagonist groups in their contribution to introductions of exotic species
(Lombardero et al. 2012, Kirichenko et al. 2013).

The reduction in per capita rate of increase of the exotic P. peregrina at low frequency and when

antagonists were reduced, suggests that the competitive advantage through enemy release only
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operates when this species is rare and supports our hypothesis 4, as it shows no significant effect
of antagonist reduction at high frequency (see Fig. 3.2, Hierro et al. 2005). The contrasting
responses of proportion of flowering individuals in this species (higher when antagonists were
reduced) did not translate into the same patterns in per capita rate of increase, which indicates that
differential contribution of fitness components to population growth is common (Jorritsma-Wienk
et al. 2007, also see above). Furthermore, the presence of more close relatives of P. peregrina in our
community (three members of the same family, among them one congeneric species), compared
to the other exotic species, D. gigantens (one member of the same family), may confound the
relationship between a species’ frequency and the levels of pathogen infection and insect herbivory
it experiences (Darwin 1859, Parker et al. 2015, Cadotte et al. 2018). To summarize, we did not
find consistent differences between exotic species and responses of native species in terms of their
responses to antagonists. This was not only true for fitness of those species that were investigated

in detail, but also for biomass responses of all target species considered in our experiment.

Conclusion

Our study shows that native and exotic-dominated communities may not differ in their response
to fungal pathogens and insect herbivores, and thus, that enemy release is unimportant for the
establishment of exotic species at the community level in our study system. Instead, we suggest
that our results indicate that either effects of enemy release are transitory (Brandle et al., 2008) or
that there is no enemy release at all (Parker and Gilbert 2007). Although we find that negative
frequency-dependence is common in our species, suggesting a stabilizing effect of niche
differences on species coexistence, it was rarely linked to antagonistic interactions. Furthermore,
effects of both antagonist groups were only present at low plant frequencies, which may highlight
the importance of competition for resources in our system (McKane et al. 2002, Adler et al. 2007).
For both exotic species, i.e. D. gigantens and P. peregrina, our findings show contrasting responses
to both groups of antagonists, which implies that these species are differentially affected by fungal
pathogens and insect herbivores. As a result, these varying effects at species level may offset each
other and explain that there is no effect at the community level, pointing to the potential
importance of equalizing mechanisms in our system (Chesson 2000, Gross et al. 2014).
Furthermore, as our results suggest that both, equalizing and stabilizing mechanisms, are present
in our study system, both mechanisms may in parallel promote species coexistence in native and
exotic-dominated communities (Kandlikar et al. 2019).

By reducing both above- and belowground antagonists we were able to show the complete effect

of two important antagonist groups, in contrast to studies which exclude only parts of antagonist
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groups (Allan et al. 2010). Our experimental approach is, to our knowledge, one of the few
experiments rigorously testing to which extent release from natural enemies contributes to
invasion success of exotic species. Nonetheless, our study could be expanded by considering more
invasive exotic species and other important plant antagonists in grasslands (e.g. molluscs,
vertebrates). Finally, future studies should consider species coexistence in the context of multiple

drivers of global change, which will have a large impact on community dynamics in grasslands

(Valladares et al. 2015).
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4.1 Abstract

Fungicide application has effects on non-target organisms and communities that are often not well
understood. In ecological experiments, these compounds are employed to study the importance
of fungi for the dynamics of natural ecosystems, e.g. how they interact with invasions of exotic
species and how plant community composition influences fungal communities. We conducted a
study in experimental grasslands in central Germany composed of native and exotic plant
communities. In these grasslands, the impact of fungicide application, plant species origin and
identity of the most abundant plant species in the community on the diversity and composition of
soil fungi was analyzed by an ITS rtDNA pyrotaq sequencing approach. Fungicide application had
a negative effect on the 3-diversity of soil fungi while a-diversity remained unchanged, showing
that fungal species turnover between plots was reduced and the same taxa survived on all plots.
We found that a-diversity and B-diversity of soil fungal communities were not affected by plant
species origin. The identity of the most abundant plant species affected fungal community
composition in few cases. Decreases in B-diversity of soil fungi by fungicide application and
identity effects of plant species on fungal community composition were mainly driven by changes
in abundances of pathotrophic fungi while saprotrophic fungi showed a weaker, but still
significant, response. Our study shows that plant species origin does not influence the composition
of soil fungal communities, possibly due to co-introduction of fungi with their hosts and/or
transience of enemy release. The rarity of dissimilarities between soil fungal communities of
different plant species may be due to phylogenetic relatedness of individual plant community
members. In general, our results support previous findings that fungicides are able to affect soil
fungal communities of natural plant communities and that these effects should be taken into
account when environmental impacts of fungicide use are assessed or when fungal exclusion

experiments are conducted.

Keywords: Fungicide application, enemy release hypothesis, soil fungi communities, exotic

species, plant species identity, plant species relative abundance
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4.2 Introduction

Conventional agriculture depends on the use of synthetic pesticides like broad spectrum fungicides
(henceforth simply referred to as ‘fungicides’) that are applied to control fungal diseases of crops.
However, fungicide application has been shown to exert harmful non-target effects on human and
environmental health (Heusinkveld et al. 2013, Pirozzi et al. 2016, Santisima-Trinidad et al. 2018)
and is controversially discussed (Deising et al. 2017, Meemken and Qaim 2018). Environmental
exposure to fungicides may result from poor adherence of users to environmental standards, wind
drift, the persistence of many fungicidal agents and their toxicity to a broad range of organisms
(Zubrod et al. 2019, Halbach et al. 2021). Specifically, non-target organisms in agricultural soil
communities have been found to experience DNA damage, reductions in enzyme activity, growth,
survival and reproduction due to exposure to fungicides (Carniel et al. 2019, Ma et al. 2019).
Moreover, how these chemical compounds, developed to control fungal diseases in agricultural
crops, influence soil fungal communities in the rhizosphere of natural ecosystems remains
understudied (Kohler and Triebskorn 2013, Zubrod et al. 2019). Studies conducted so far found
increased stress indices in microbial communities under fungicide application (Sulowicz et al.
2016). Only few studies have so far used high-throughput sequencing to quantify effects on the
structure and diversity of soil fungal communities. They found that a-diversity of soil fungal
communities in natural plant communities responded stronger to fungicide application than those
of agricultural soil (Shi et al. 2019). Soil fungi are crucial for various ecosystem functions, like
decomposition and nutrient cycling, engagement in symbiotic interactions such as mycorrhiza and
as causal agents of plant diseases (Deacon 2006). Thus, it is imperative to understand how
fungicides affect soil fungi of natural plant communities and how these effects influence biotic
interactions and ecosystem properties.

Apart from their designated use in agriculture, commercial fungicides are often used in ecological
experiments: Excluding fungi from experimental plots using pesticides enables ecologists to study
the importance of fungi for dynamics of natural ecosystems (Parker and Gilbert 2007, Allan et al.
2010, Bagchi et al. 2014, Schmidt et al. 2020b). Such experiments have shown that soil fungi can
maintain plant diversity and contribute to the positive diversity-productivity relationship in
grasslands (Maron et al. 2011, Schnitzer et al. 2011, Mommer et al. 2018, Semchenko et al. 2018).
Furthermore, feedbacks between soil fungi and plants are known to contribute to the negative
frequency-dependent population growth that is necessary to generate stable coexistence (sexsu
Chesson 2000) in plant communities (Janzen 1970, Connell 1971, Mangan et al. 2010, Chung and

Rudgers 2016, Stein and Mangan 2020). Interactions between plants and soil fungi have also been
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in the focus of experiments studying the contribution of soil microbes, most frequently
pathotrophs, as potential drivers of plant invasions (Bever et al. 2015, Dawson and Schrama 2016).
Understanding the role of soil fungi in plant invasions has made remarkable progress in the past
two decades (Kulmatiski et al. 2008, Dawson and Schrama 2016). There is evidence that exotic
plants are often released from their natural soil-borne enemies (Mitchell and Power 2003,
Kulmatiski et al. 2008, but see van Kleunen and Fischer 2009). Alternatively, they may encounter
avirulent strains of pathotrophs that are virulent in the species’ native range (Reinhart et al. 2010).
The release from pathotrophs may lead to weaker feedback effects (Klironomos 2002) and/or
evolution of increased competitive ability of exotic plant species (Maron et al. 2004), e.g. via
developing novel allelopathic and defensive compounds (Zheng et al. 2015). However, there is
only little support from advanced molecular methods, such as high-throughput sequencing, to
single out the role of different fungal trophic modes in the invasion process (Dawson and Schrama
2016, but see Gundale et al. 2016).

While invasive plants are able to cause rapid shifts in soil community structure and diversity
(Hawkes et al. 2005, Gibbons et al. 2017), effects of invididual abundant plant species on the
overall composition of the soil microbial community are inconclusive and hard to quantify (Leff
et al. 2018). While studies found that functional characteristics of abundant plant species can be
important determinants of soil microbial communities in grasslands (Bardgett et al. 1999, Lentendu
et al. 2011), there seems to be no general pattern predicting relationships between individual plant
species and their specific soil microbial communities (Berg and Smalla 2009, Lucero et al. 2020).
Moreover, although there is evidence for changes in soil microbial composition through shifts in
plant community composition on landscape (de Vries et al. 2012) and global scales (Prober et al.
2015), it remains unclear if these effects are caused by locally abundant species (Leff et al. 2018).
We set up a field experiment in a grassland in Central Germany and used fungal I'TS high-
troughput sequencing to (1) better understand the effects of fungicide application in an ecological
context, and to (2) quantify the influence of plant species origin, i. e. native or exotic, and abundant

plant species on soil fungal communities. We addressed the following hypotheses:

) Fungicide application will decrease soil fungal diversity and abundance and alter the
composition of non-target soil fungal communities.

1i) Exotic plants accumulate fewer pathotrophs in their soil community compared to
native plants.

1if) Soil fungal community composition is affected by the identity of the most abundant

plant species.
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4.3 Methods

Study site

The field experiment was located approximately 20 km west of the city of Halle in central Germany
(State of Saxony-Anhalt, 51°29°N 11°49’E, 119 m above sea level). The area is characterized by a
sub-continental climate with an average annual precipitation of 488 mm and an average annual
temperature of 9.0 °C (German Meteorological Office, DWD). The former arable field site was
used as an occasionally mulched grassland since 1992. The soil is a shallow rendzina with marl and
characterized by high amounts of clay (16.48%), carbonate (14.60%), magnesium (1.20%), calcium
(6.73%) and relatively low amounts of organic carbon (1.74%) and nitrogen (0.17%, C/N ratio =
10.49, Schubert 2010). Soil reaction is neutral (pH = 7.26). The vegetation before setting up the
experiment consisted of a mix of semi-dry grassland and ruderal species, interspersed by shrubs
and small trees. This vegetation was removed by plowing in fall 2013, six weeks before sowing, in
order to create similar starting conditions for the addition of native and exotic (henceforth termed
‘plant species origin’) seed mixtures. The field site was fenced as protection against naturally

occurring wild boars (Sus serofa), and had an area of ca. 3000 m?.

Experimental design

Although this experiment was part of a larger experiment, studying the effect of herbivorous
insects in addition to fungal pathotrophs, we focus here only on the treatments relevant for the
questions raised above and ignore insecticide-treated plots. For a full description of the
experiment, including information on the insecticide treatment, see methods and appendices in
Schmidt et al. (2020Db).

On the experimental site, we established 120 plots of 1 m? size, arranged in five blocks of 24 plots,
in November 2013. Plots were spaced at a distance of 1.5 m from each other. Distance between
blocks varied between 1.5 m and 5 m. We selected six native plant species (Arbenatherum: elatins,
Lotus corniculatus, Medicago falcata, Tragopogon pratensis, Hypericum perforatum, Falcaria vulgaris) as typical
species of semi-dry to moist central German grasslands and six exotic plant species (Lolum
multiflornm, Onobrychis vicizfolia, Medicago x varia, Pimpinella peregrina, Dianthus giganteus, Bunias orientalis),
for being naturalized exotic species in grasslands of Germany, with the exception of P. peregrina,
that is considered to be a casual close to naturalization (floraweb.de, Bundesamt fiir Naturschutz
2019). Most of these species are perennials, except for T. pratensis, which is either biennal or
perennial, and L. multiflorum, which is either annual, biennial or perennial (floraweb.de, Bundesamt

tir Naturschutz, 2019). Focal species were selected in such a way that each species origin contained
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one grass, two legumes and three non-legume forbs, thereby reflecting the proportions of
functional groups in natural grasslands but also being limited by the rarity of exotic grasses in
Central Furope (Floraweb.de, Bundesamt fiir Naturschutz 2019). In addition to these focal
species, a random sample of four out of ten “matrix species” was added to each plot at low
abundance in order to assemble species-rich grassland communities. The identity of these four
matrix species was the same within each block, but varied among the five blocks. Likewise, we
allowed spontaneous establishment of additional species from the local species pool, to let the
emerging communities form a vegetation as natural as possible.

Within each of the five blocks, 12 randomly selected plots were sown with a seed mixture
containing the six native plant species, and 12 plots were sown with a seed mixture containing the
six exotic plant species. Each of the plant species was sown at high frequency on two of the 12
plots, while the other five plant species were sown at low frequency on the same plots. Hence, a
high frequency plot for a particular plant species (henceforth termed ‘abundant species’) at the
same time represented a low frequency plot for the other five plant species (henceforth termed
‘rare species’), and vice versa. Plant species were either sown at 2.4 g seeds m™ for abundant species
and 0.04 g seeds m™ for each rare species. To ensure an equal dispensation of the seeds across the
plot, 50 g of quartz sand was added to each seed mixture prior to sowing. Seed mixtures were filled
in 50 ml Falcon® tubes and dispensed manually across the whole plot, as evenly as possible.
Sowing took place in December 2013. Plots were not weeded. Seeds of focal and matrix species
were either self-collected or purchased from local seed traders from regional (within a distance of
<100 km around the experimental site), wild-growing populations (one to four sampled
populations). Seeds of all legume species where scarified with fine sandpaper prior to sowing.
Within each block, the two high frequency plots of each plant species were randomly assigned to
two fungicide application treatments: no application of fungicide (‘control’) and fungicide
application. The resulting 24 treatment combinations (2 species origins X 6 abundant species
(nested within species origin) X 2 fungicide application treatments) were replicated five times
according to the number of blocks. See also Appendix 7.2.2 in Schmidt et al. (2020b) for a

schematic overview of the treatment structure.

Fungicide application

In order to exclude fungi we used the commercially available fungicides Acrobat® WG
(Dimethomorph and Mancozeb) and a combination of Champion® (Boscalid and Epoxiconazol)
and Diamant® (Pyraclostrobin, Epoxiconazol and Fenpropimorph). We chose this combination

of fungicides to control a broad range of potential pathotrophs in our experiment, which was
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designed to study the effect of pathotrophic fungi on the coexistence of plant species in natural
communities. The fungicides were applied alternately for the same number of times per vegetation
period: every three weeks, starting in April and ending in September, in concentrations according
to the instruction manuals. For reasons of practicability, each plot received the respective amount
of the fungicide stock solution (according to the instruction manual), diluted with tap water at a
final volume of one liter. Control plots received the same volume of tap water. For application,
we spread the liquid evenly across the plot using a watering can. This procedure assured that all
aboveground plant parts were sprinkled with the fungicide solution. Due to the systemic nature of
all used fungicides and as the fungicide solutions penetrated the soil, we ensured to reduce both

above- and belowground fungi. For detailed information on the applied fungicides see Table 4.1.

Soil sample collection

Soil samples were collected from each fungicide-treated and each control plot in late November
and early December 2014, i.e. after one season of fungicide application. On each of these 120
plots, four soil cores with a diameter of 1 cm were taken from the upper 10 cm of soil. Living
plant parts and plant litter were removed before taking the soil cores. The four samples of each
plot were pooled immediately after collection and homogenized. Of the pooled soil samples,

aliquots of 50 g were stored at -80°C for further molecular analysis.

DNA Extraction, Amplicon Library Preparation and Pyrosequencing

Microbial genomic DNA was extracted from each pooled soil sample using a MO BIO Power Soil
DNA isolation kit (MO BIO Laboratories, Catlsbad, CA, USA) following the manufacturer’s
protocol. DNA concentrations were quantified using a NanoDrop UV-Vis spectrophotometer
(Peglab Biotechnologie GmbH, Erlangen, Germany). The fungal I'TS rDNA barcode region was
amplified using custom ITS1F primers (Gardes and Bruns 1993) containing Roche 454
pyrosequencing adaptor B and the universal primer I'TS4 (White et al. 1990) containing Roche 454
pyrosequencing adaptor A and a sample-specific multiplex identifier (MID). The PCR reactions
were performed as described previously (Wubet et al. 2012), in a total volume of 50 ul reaction
mix containing 1 pl DNA template (7-15 ng), 25 pl Go Taq Green Master mix (Promega,
Mannheim, Germany) and 1 pl of a solution containing 25 pmol of each of the ITS region-specific
primers.

All samples were amplified in triplicate and purified using a Qiagen gel extraction kit (Qiagen,
Hilden, Germany). DNA concentrations were then measured using a fluorescence

spectrophotometer (Cary Eclipse, Agilent Technologies, Waldbronn, Germany) and the samples
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were pooled to yield equimolar representation of each. Unidirectional pyrosequencing from the
ITS4 end of the amplicons was performed using a 454 Titanium amplicon sequencing kit and the
Roche GS-FLX + 454 pyrosequencer (Roche, Mannheim, Germany) at the Department of Soil
Ecology, Helmholtz Centre of Environmental Research (UFZ, Halle, Germany). The raw ITS
rDNA sequences were deposited at the NCBI BioSample database (SRA number PRJNA694534).

Bioinformatic analyses

Sequence processing and quality filtering were conducted applying an in-house developed
metabarcode analysis pipeline for grid engines mainly based on MOTHUR (version 1.39.5, Schloss
et al. 2009) and OBITools (version 1.2.11, Boyer et al. 20106) software suites. Sequences with more
than one barcode mismatch or more than six primer mismatches were removed. All primer and
barcode sequences were discarded. Sequences with a read length of less than 335 nucleotides, an
average quality score lower than 30, any ambiguous bases or homopolymers exceeding 12
nucleotides were removed. Flows were denoised and reads were trimmed using FlowClus (Gaspar
and Thomas 2015) to a uniform I'TS2 rDNA read fragments of 335 nucleotides long. Chimeric
reads were detected and removed from each sample using the UCHIME algorithm as implemented
in MOTHUR (Edgar et al. 2011). Dereplicated quality-filtered sequences were clustered into
operational taxonomic units (OTUs) based on the vsearch algorithm (version 2.4.4, Rognes et al.
2016) with a sequence similarity threshold of 97%. Representative sequences for each OTU (the
most abundant sequence in each OTU) were taxonomically assigned based on the reference
sequences from the UNITE database (version v7.2, dynamic clustered, Koljalg et al. 2013) using
the naive Bayesian classifier (Wang et al. 2007), as implemented in MOTHUR, at a consensus
threshold of 60%. The sequences identified as of fungal origin were further classified against the
UNITE database including singletons in order to improve taxonomic annotation and to detect
non-target OTUs. Putative functions were annotated using the FUNGuild fungal database

(version 1.1, Nguyen et al. 2010).

Statistical analyses

The statistical analyses were conducted in R version 3.6.2 (R Development Core Team 2019). Data
pre-processing and analysis was mainly performed using the phyloseq package (McMurdie and
Holmes 2013). The per sample read count was normalized to the sample with the lowest read
counts using the ’rarefy_even_depth’ function. As fungal a-diversity measures OTU richness,
Shannon diversity index, and Pielou’s evenness were estimated. Shannon diversity index was

calculated as H = Y (P; X InP) and Pielou’s evenness was calculated as | = Y (P; X InP)/InS, whete
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P; is the proportional cover of species 7, and S is the species richness of the particular plot. All a-
diversity measures were tested for normality and homogeneity of variance using the Shapiro-Wilk
test in R. The impact of fungicide application and origin of the abundant plant species on the
fungal a-diversity measures was tested using the function ‘compare_means’ of the ggpubr package
(Kassambara 2020) and the pairwise.adonis function of the pairwiseAdonis package (Arbizu 2017).
The effect of fungicide application on the fungal B-diversity was assessed by permutational
multivariate analysis of variance (PERMANOVA) with 999 permutations using the function
‘adonis’ of the vegan package (Oksanen et al. 2019) using Bray-Curtis distances. Relationships of
the fungal communities with fungicide treatment and abundant species were visualized using
Principal coordinate analysis (PCoA) based on Bray-Curtis dissimilarity index using the function
‘ordinate’ in the phyloseq package. Pairwise comparisons of the effects of fungicide treatment and
abundant species on the fungal community were tested using the ‘pairwise.adonis’ function of the
package pairwiseAdonis and p-values were adjusted for the false discovery rate (FDR) using the
method of Benjamini and Hochberg (Benjamini and Hochberg 1995). Indicator species analysis
was used to identify OTUs specific to fungicide treatment of exotic and native plant species using
the zndicspecies package ver. 1.7.9 (De Caceres and Legendre 2020), where OTUs with P < 0.05 were

considered as indicator taxa.

Table 4.1 Overview of the applied fungicides. All fungicides were manufactured by BASF SE,
Ludwigshafen, Germany.

Trade Compound Amount
Fungicidal agent Mode of action

name class applied
Acrobat® Cinnamic acid Cellulose synthase

Dimethomorph 90 g/kg

WG amides inhibitor
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Dithiocarbamates 600
Mancozeb Multi site activity
g/kg
Succinate dehydrogenase
Boscalid Carboxamides 233 ¢/1
inhibitor
Champion®
Azoles Sterol biosynthesis
Epoxiconazol 67 g/1
inhibitor
Pyraclostrobin
Strobilurines 114 g/l  Quinone outside inhibitor
(F500®)
Azoles Sterol biosynthesis
Diamant® Epoxiconazol 43 ¢/1
inhibitor
Morpholines Sterol biosynthesis
Fenpropimorph 214 ¢/1
inhibitor
4.4 Results

Sequence quality control and characterization of soil fungal community

Of the 120 soil samples, a total of 388,425 DNA sequence reads were obtained. After sequence
quality filtering and normalization, 340,793 reads remained, representing 2,840 reads per sample
on average and ranging from 1,006 to 4,771 reads per sample (see Appendix 7.3.1 for rarefaction
curves). Further removal of 3,370 potentially chimeric and 5,197 non-fungal sequences resulted in
332,226 fungal reads, clustered into 2,388 fungal OTUs (Figures 4.1 and 4.2), of which 1,039 were
abundant (represented by at least four reads) and used for analyses (with a total of 330,544 reads).
Taxonomic assignment revealed that Ascomycota represented the most diverse fungal phylum at
our study site, followed by Basidiomycota, Glomeromycota, Mortierellamycota, Chytridiomycota
and Rozellomycota (Figures 4.1a, ¢). Ascomycota were also the most abundant fungi, followed by
Basidiomycota, Mortierellamycota, Chytridiomycota, Glomeromycota and Rozellomycota
(Figures 4.2a, c). Saprotrophic fungi were the most diverse and abundant trophic group, followed
by mixed trophy, symbiotrophs and pathotrophs (Figures 4.1b, d and Figures 4.2b, d). The
majority of the detected fungal OTUs were assigned to the major taxonomic levels of class (903
OTUs, 86.9%), order (806 OTUs, 77.6%), family (664 OTUs, 63.9%) and genus (556 OTUs,
54.5%). Mycorrhizal fungi had to be excluded from further statistical analysis, because of a low
sample size. This may be due to poor amplification of arbuscular mycorrhizal fungi by the primers

we used in our study (Tedersoo et al. 2015, 2018).
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Effects of fungicide application, plant species origin and abundant plant species on a-diversity of soil fungi
communities

The fungal o-diversity measures (i.e. OTU richness, Shannon diversity index and Pielou’s
evenness) did neither differ significantly between fungicide-treated plots and control plots, nor
between native plots and plots dominated by exotic plant species (Fig. 4.2). Similarly, the
interaction of fungicide application and plant species origin did not show any effect on a—diversity
measures (Appendix 7.3.2).

OTU richness, Shannon diversity index and Pielou’s evenness of soil fungal communities did differ
among abundant plant species (Fig. 4.3). However, we found no differences for these measures of
fungal a-diversity between fungicide-treated and control plots across abundant plant species,
suggesting that fungicide application had, surprisingly, no effect on the mean species diversity (Fig.

4.4 and Appendix 7.3.3).

Effects of fungicide application, plant species origin and abundant plant species on [-diversity of soil fungal
communities

PERMANOVA showed that fungicide application had a significantly decreasing effect on the §3-
diversity of soil fungal communities, while plant species origin showed no effect (Table 4.2).
However, PCoA revealed that only 18.8 % of variance observed in 3-diversity can be explained by
the first two axis (Fig. 4.5A). With respect to the fungal trophic modes analyzed, the proportion
of variance explained by the first two axes varied between 29.6% for pathotrophic fungi and 25.5%
for saprotrophic fungi (Fig. 4.5B and C).

PERMANOVA revealed a significant effect of the most abundant plant species on OTU
community composition, which was largely driven by a change in OTU abundance of pathotrophs
(Table 4.2). Consequently, PCoA showed that fungal community composition differed between
abundant plant species, and, furthermore, also between fungicide-treated and control plots of
certain plant species, especially legumes and the exotic forb D. gigantens (Appendices 7.3.4A-
7.3.4C). Pairwise species comparisons after PERMANOVA revealed that differences in OTU
abundances existed between soil fungi communities associated with different abundant plant
species, but were rare (8 out of 66 comparisons or 12%, see Table 4.3). Notably, all of these eight
significant comparisons included either Armbenatherum elatins or Bunias orientalis as the abundant
plant species (but not both). These data indicate that soil fungal communities of these two species
differed markedly from other species, but not between these two species. In the case of B. orientalis
it is possible that this result was confounded by poor seed germination, and hence low realized

abundance of the species in the field (see Schmidt et al. 2020b). Indicator analysis of all analyzed
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2388 OTUs yielded only 34 OTUs specific for native or exotic plant communities subjected to

fungicide or control treatments (Table 4.4). Furthermore, we found 22 OTUs that were specific

for a particular exotic plant species (Appendix 7.3.5A) and 13 OTUs specific for a particular native

plant species (Appendix 7.3.5B).

Table 4.2 PERMANOVA results for the effects of fungicide application, plant species origin, and identity
of the most abundant plant species (nested within origin) as well as their interactions on OTU abundances

of the whole fungal soil community and for two fungal trophic modes (saprotrophic and pathotrophic

fungi). Terms were added sequentially (first to last) to the model and the number of permutations was

restricted to 999. The five replications (‘block’) were treated as strata. We used Bray-Curtis as dissimilarity

matrix. Abbreviations for factors are given in brackets. Significant effects are marked in bold. (* P < 0.05,
P <0.01, %% P <0.001)

Plant
Fungicide Origin species .
application [F] O] FxO identity FxI Residuals
[1]
Whole R 0.016 0.008  0.007  0.097  0.080 0.806
comrnumty
1.948 0965  0.859 1049  0.869 -
P 0.002 0489 0741  0.031  0.834 -
Saprfotrophic R 0.015 0.007 0008 0.093  0.077 0.815
un
& 1.810 0.888 0960 0994  0.823 -
P 0.034 0579 0468 0115  0.822 -
Pathotrophic R 0.019 0.009 0008 0103  0.074 0.804
fungi
2.226 1100 1.013 1114  0.807 -
P 0.009 0361 0426 0.033  0.818 -
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Table 4.3 Dissimilarity matrix of the soil fungi communities of 12 grassland plant species, when sown as an abundant species. These pairwise compatisons
were conducted after a PERMANOVA analysis. Values shown are F-values. Significant differences between soil fungi communities of two species are
marked in bold (0.01 < P < 0.05). Species abbreviations: Awhenathernm elatins, Lotus corniculatus, Medicago falcata, Tragopogon pratensis, Hypericum perforatum,
Falearia yulgaris, Lolium multiflorum, Onobrychis vicitfolia, Medicago x varia, Pimpinella peregrina, Dianthus gigantens, Bunias orientalis

Arr_ela Lot cor  Med fal  Tra_pra  Hyp_per  Fal_yul Lol mul  Ono_vic ~ Med _var  Pim_per  Dia_gig ~ Bun_ori

Arr_ela - - - - - - - - - R - _
Lot _cor 1.125 - - - - - - - - _ _ _
Med_fal | 1.490 1.072 - - - - - - . - . .
Tra_pra 1.374 1.039 1.081 - - - - - . - - .
Hyp_per | 1.573 0.776 0.746 0.944 - . - - . - . .
Fal vul 1.533 0.755 0.843 1.119 0.932 - - - - - - .
Lol _mul | 1.509 1.262 0.922 0.994 0.912 1.401 - - - - . .
Omno_vic | 0.932 0.886 0.914 0.905 0.954 0.991 0.836 - - - - .
Med _var | 1.347 0.885 0.798 0.825 0.681 1.133 0.841 0.674 - - - -
Pim_per | 1.069 1.032 1.120 1.164 1.188 0.829 1.331 0.937 1.002 - - -

Dia_gig 1.223 0.653 0.831 0.944 0.708 0.737 1.055 0.846 0.795 1.109 - -

Bun_ori 1.148 1.565 1.078 1.665 1.383 1.537 1.239 1.102 1.050 1.533 1.204 -
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Table 4.4 Results of indicator species analysis to identify OTUs specific to soil fungal communities of
native vs. exotic plant species subjected to fungicide treatment using the zndicspecies package (ver. 1.7.9),
where OTUs with P < 0.05 were considered as indicator taxa. 0 and 1 indicate absence and presence,
respectively, of the OTUs in exotic vs. native plant communities with or without fungicide treatment. E:
Exotic, N: Native, F-: no fungicide application, F+: fungicide application, P: Pathotroph, SA: Saprotrop,
SY: Symbiotroph, na: information not available. See also Appendices 7.3.5A and 7.3.5B.

OTU Taxonomy Trophic E E N N Stat  p-value

Nr. mode F- F+ F- F+

0084 Monodictys sp. P-SA 0 0 0 1 0.2927 0.013
0169 Hypocreales SA 0 0 0 1 0.2666 0.013
0231 Gymnoascs reessii SA 0 0 0 1 0.2466 0.027
0014 Pyrenochaetopsis sp. SA 0 0 1 0 0.2405 0.036
0027 Sordariales na 0 0 1 0 0.2657 0.020
0040 Pyrenochaetopsis leptospora SA 0 0 1 0 0.2550 0.020
0105 Pleosporales na 0 0 1 0 0.3347 0.003
0269 Ascomycota na 0 0 1 0 0.2426 0.045
0388 Ascomycota na 0 0 1 0 0.2190 0.034
0471 Phacosphaeria podocarpi na 0 0 1 0 0.2520 0.022
0570 Unclassified fungi na 0 0 1 0 0.3086 0.016
0622 Unclassified fungi na 0 0 1 0 0.2611 0.048
0651 Herpotrichiellaceae na 0 0 1 0 0.3612 0.004
0663 Unclassified fungi na 0 0 1 0 0.2730 0.009
0321 Tubaria conspersa SA 0 0 1 1 0.2593 0.016
0086 Fusarium solani P-SA-SY 0 1 0 0 0.2703 0.019
0119 Arthoniomycetes na 0 1 0 0 0.3347 0.001
0239 Glomeromycota SY 0 1 0 0 0.2290 0.048
0271 Pyronemataceae na 0 1 0 0 0.2586 0.016
0453 Lasiosphaeriaceae na 0 1 0 0 0.2680 0.036
0521 Golubevia pallescens na 0 1 0 0 0.2928 0.009
0538 Mycoarthris corallina SA 0 1 0 0 0.3471 0.005
0102 Pyronemataceae na 0 1 0 1 0.2447 0.044
0129 Acremonium rutilum P-SA-SY 0 1 0 1 0.2243 0.035
0195 Mortierella exigna SA 0 1 1 0 0.2528 0.025
0525 Unclassified fungi na 0 1 1 0 0.2673 0.030
0056 Tetracladium marchaliannm na 0 1 1 1 0.2469 0.040
0137 Ceratobasidiaceae na 1 0 0 0 0.2462 0.020
0050 Paraphoma chrysanthemicola na 1 0 1 0 0.3219 0.005
0092 Stachybotrys chartarum SA 1 0 1 0 0.2177 0.046
0417 Funneliformis geospornm SY 1 0 1 0 0.2681 0.025
0019 Gibberella intricans P 1 0 1 1 0.2449 0.030
0248 Microascales na 1 1 0 0 0.2972 0.004
0031 Microascales na 1 1 0 1 0.2382 0.048
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Figure 4.1 Richnesses of soil fungal community OTUs assigned to taxonomic groups (a and c) and
trophic modes (b and d), dependent on fungicide application (a and b) and the origin of plant species (c
and d). Of all 2,388 fungal OTUs, 1,207 (50.5%) represented Ascomycota, 592 (24.8%) Basidiomycota,
85 (3.6%) Mortierellamycota, 76 (3.2%) Chytridiomycota, 91 (4.1%) Glomeromycota and 24 (1.0%)
Rozellomycota. 22 OTUs (0.9%) were assigned to other taxa and 285 (11.9%) OTUs remained
unclassified within the kingdom of Fungi. Pathotrophs constituted 149 (6.8%), saprotrophs 691 (31.6%)
and symbiotrophs 185 (8.5%) OTUs, while 214 (9.8%) OTUs displayed a mixed trophic mode and for
1,149 (52.5%) reads no trophic mode information was available.
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Figure 4.2 Abundances of soil fungal community OTUs assigned to taxonomic groups (a and c) and
trophic modes (b and d), dependent on fungicide application (a and b) and the origin of plant species
(c and d). Of all 332,226 reads of fungal OTUs, 205,996 (61.6%) represented Ascomycota, 74,711
(23.0%) Basidiomycota, 42,136 (12.6%) Mortierellamycota, 1,554 (0.5%) Chytridiomycota, 1,482
(0.4%) Glomeromycota and 766 (0.2%) Rozellomycota. 132 reads (<0.1%) were assigned to other taxa
and 5,332 (1.6%) reads remained unclassified within the kingdom of Fungi. Pathotrophs constituted
25,989 (7.8%), saprotrophs 180,581 (54.0%) and symbiotrophs 9,938 (3.0%) reads, while 21,811 (6.5%)
reads displayed a mixed trophic mode and for 93,907 (28.1%) reads no trophic mode information was

available. Note the logarithmic scale in a and c.
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Figure 4.3 Effects of fungicide application on the OTU richness of soil fungal communities depending on the abundant plant species. Boxes represent 25 and 75
percentiles, error bars show 10t and 90™ percentiles. The median is indicated by the horizontal line in each box. Every outlier is shown. Results of within-species
comparisons using t-tests are not shown because all of these compatisons yielded non-significant results (with « = 0.05). N for each species is 10. Because of the low
sample size we also conducted a non-parametric Mann-Whitney U test, which yielded a non-significant result as well. Species abbreviations: Arbenatherum elatius, Lotus
corniculatus, Medjcago falcata, Tragopogon pratensis, Hypericum perforatum, Falcaria vulgaris, Lolinm multiflornm, Onobrychis viciifolia, Medicago x varia, Pimpinella peregrina, Dianthus
gigantens, Bunias orientalis
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Figure 4.5 Results of Principal Coordinate Analysis (PCoA) for the effects of fungicide application and
plant species origin on fungal OTU composition of A) the whole fungal community, B) pathotrophic
and C) saprotrophic fungi. E = exotic plant species, N = native plant species.
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4.5 Discussion

Using a fungal I'TS tDNA pyrotag sequencing approach, our study revealed a decrease in fungal
B-diversity of soil fungal communities in experimental grassland communities treated with
fungicide, but no such effect on fungal a-diversity (hypothesis i). In contrast, we found no effect
of plant species origin (hypothesis ii) and only few effects of single abundant plant species on the
soil fungal community (hypothesis iii). These results suggest that soil fungi communities associated
with native versus exotic plant species do neither differ in abundance nor composition and respond
similarly to fungicide application. Our findings are consistent with results of the same field
experiment that showed a positive effect of fungicide application on plant community productivity
but no difference in the responses of exotic versus native plant communities (Schmidt et al. 2020Db).
We found that 86.0% of the OTUs and 85.7% of the reads belonged to either Ascomycota or
Basidiomycota that constitute the largest fungal phyla. The primer pairs used in this study are
frequently used to amplify the whole fungal I'TS rDNA region (Ihrmark et al. 2012, Wubet et al.
2012) because they offer advantages over other molecular markers in terms of high information
content and ease of amplification. However, they have appear to favor Asco- and Basidiomycota
over other fungal taxa (Goldmann et al. 2015, Schadt and Rosling 2015). Ascomycota contain the
majority of all fungal species worldwide (James et al. 2006) and it has been shown to be the most
common taxon in grassland soil fungal communities, also when other primer pairs were used
(Prober et al. 2015, Egidi et al. 2019).

Our results are supported by studies that found decreases in fungal B-diversity of fungal
communities in the rhizosphere of natural ecosystems (Shi et al. 2019) and in the phyllosphere of
plants in agricultural ecosystems (Karlsson et al. 2014) resulting from fungicide application. As in
these experiments, in our study a low but significant decrease in fungal 3-diversity could be
attributed to fungicide application. Intriguingly, differences in a-diversity in response to fungicide
application were not detected, which may be explained by the frequent application of six different
fungicidal agents that addressed targets present in all species and thus simultaneously reduced a
broad range of fungi. However, a change in B-diversity occurring without effects on a-diversity
implies that fungicide application decreased fungal species turnover between plots, which in turn
results in an increased spatial homogeneity of fungal communities. A limited number of fungal
OTUs indicative for exotic or native plant species origin and/or fungicide treatment shows that
the majority of fungal taxa are shared by all plant species. Interactions between different trophic
modes, modulated by single fungicidal agents, may therefore be levelled. This result likely also
explains the similar responses of pathotrophic and saprotrophic fungi to fungicide application. In

contrast, other studies have shown, that when single fungicides were applied, antagonistic
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interactions between different pathotrophic fungi (Birzele et al. 2002, Henriksen and Elen 2005),
pathotrophs and saprotrophs (Henriksen and Elen 2005) or pathotrophs and phyllosphere fungi
(Newton et al. 2010) can occur. Thus, treatment with single fungicides can lead to increases in
pathotroph attack after fungicide application in some cases. For example, when differences in
fungicide sensitivity among taxa exist, less sensitive taxa may increase relative to more sensitive
taxa as a result of fungicide application (Karlsson et al. 2014). However, populations of
pathotrophic fungi may have experienced previous fungicide applications that led to fungicide
sensitivity shifts and an advantage in colonizing fungicide-treated plants (Reimann and Deising
2005, Becher et al. 2010, Lucas et al. 2015). Thus, depending on the particular hypotheses to be
tested in ecological experiments, ecologists may want to use either a mixture of different fungicides
targeting different groups of fungi if the role of the whole fungal community will be studied, or a
more specific fungicide if a certain group of fungi should be excluded.

As found in other studies and reviews (Kéhler and Triebskorn 2013, Zubrod et al. 2019, Halbach
et al. 2021), our results suggest that soil fungal communities in natural ecosystems are susceptible
to fungicide exposure, with effects on the community structure of soil fungi. However, exposure
to agricultural fungicide application varies greatly among ecosystems, with aquatic ecosystems
reported as the most severely affected (Zubrod et al. 2019), while exposure to terrestrial ecosystems
like grasslands depends heavily on air concentration of fungicides, wind speed and direction, air
temperature and spatial heterogeneity (Kloppel and Kérdel 1997).

In our study, soil fungal communities associated with communities of native and exotic plants did
not differ significantly in their composition, suggesting that exotic plants host similar pathotrophs,
saprotrophs and mycorrhizal fungi as native plants and show, with respect to fungi, no effects of
enemy release (Keane and Crawley 2002). This contrasts with results from studies that showed a
release from fungal pathotrophs in exotic plants in their introduced range (Mitchell and Power
2003, Agrawal et al. 2005, Uddin et al. 2021) or strong effects of invasive plants on soil microbial
communities (van der Putten et al. 2007). However, our findings are in line with studies showing
that co-introduction of ubiquitous generalist pathotrophs and loss of rare, mostly specialist
pathotrophs, is rather common (Parker and Gilbert 2007, van Kleunen and Fischer 2009, Blaisdell
and Roy 2014, Schmidt et al. 2020a), and frequently result in only weak effects on plant population
fitness. Other possible mechanisms to explain the observed lack of differences between soil fungal
communities of native and exotic plant species include the transience of enemy release via
accumulation of natural enemies with increasing time since introduction (Brindle et al. 2008,
Mordecai 2011) and effective infection of exotic plants by native pathotrophs (Elton 1958).

Especially the former mechanism seems likely to support our findings because the exotic species
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we used, with the exception of D. gigantens, were introduced to Central Europe more than 200
years ago. Furthermore, we are also aware that only two of our exotic species are considered
invasive (Bundesamt fiir Naturschutz 2019b).

Importantly, our results are also consistent with the findings from the same field experiment, that
showed no different responses of native and exotic plant communities to fungicide application
even after two and three years of fungicide application. This indicates that, at the community level,
plant-soil interactions do not contribute to the observed negative frequency-dependent population
growth, an indicator for stable coexistence among species (Schmidt et al. 2020Db).

We found that soil fungal B-diversity is influenced by the most abundant plant species and that
this effect was present in pathotrophic fungi, but not in saprotrophs. These results are supported
by a recent study in temperate grasslands in Europe, which found that soil fungal pathotrophs are
often limited to single or few plant species while saprotrophs are rather ubiquitous and less
influenced by the identity of abundant plant species (Leff et al. 2018). The significant dissimilarity
of soil fungal communities associated with the exotic B. orientalis compared to other plant species
may be caused by its poor germination. However, the observed differences between soil fungi of
native A. elatius, which was the most frequent and productive species in the experiment (see
Schmidt et al. 2020b), compared to those of four other plant species resembles the reported
dissimilarity between soil microbial communities of grasses and those of other plant functional
groups, like legumes (Chen et al. 2008). Reasons for different soil microbe interactions among
plant functional groups are, for example, differences in plant C/N ratios (Chen et al. 2008) or root
exudates (Mathesius 2001) that attract or repel different soil microbes. Interestingly, three of these
dissimilarities between soil fungal communities of A. e/atius and other species occurred in native
plant species, suggesting that co-evolution of native plants and pathotrophs, symbionts and
saprotrophs may lead to distinct plant-soil interactions and thus, soil microbial communities
(Gilbert and Parker 2016, Hoeksema et al. 2018). We observed differences between soil fungal
communities in a rather small percentage of the tested species pairs, which supports previous
results showing that abundant plant species affect the composition of soil fungal communities less
than those of bacteria (Costa et al. 2006, Berg and Smalla 2009). Plant functional traits and
phylogeny are often invoked to explain effects of individual abundant plant species. For example,
plant species distributions and community diversity are often predictable by plant functional traits
(Wardle et al. 2004) and soil microbes are thought to associate with plant species based on these
traits (Ben-Hur et al. 2012, Leff et al. 2018). In addition, more closely related plants are known to
be associated with more similar soil microbe communities (Bouffaud et al. 2014, Barberan et al.

2015). Our study was not designed to distinguish between these mechanisms, however, as all of
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our exotic species, except for B. orientalis, had at least one relative from the same family in the

experimental plant communities, our results support the latter notion.

Conclusion

Using a high-throughput sequencing approach, our study covers the entire soil fungal community
and not only particular fungal trophic modes. We found a significant negative impact of fungicide
application on B-diversity but not a-diversity of soil fungi. This underscores previous findings of
direct fungicidal effects on soil fungal communities of natural plant communities, and thus, needs
to be considered when environmental risks of fungicides are assessed. The inclusion of different
plant communities allowed for a general assessment of their effects on soil fungal communities.
Notably, the origin of plant species did not influence the soil fungal community, indicating that
the effects of enemy release are transitory or non-existent. This assumption is confirmed by the
result that dissimilarities among fungal communities were not related to changes in fungal species
number, i.e. there were only few fungi exhibiting a specific association to the origin of a plant or
to fungicide treatment. The identity of the most abundant plant species had a prominent and
significant effect on fungal B-diversity, largely in pathotrophic but not saprotrophic fungi. This
identity effect was primarily caused by differences in soil fungi communities of the native grass 4.
elatins to those of other native plants, reflecting dissimilarities of soil fungi communities among
plant species groups. Co-evolution of the native plant community with soil fungi, especially
pathotrophs may also such identity effects. Future studies should include phylogenetically and
trait-based approaches to better understand the effects of fungicide application on fungal
communities of natural plant communities. Furthermore, disentangling the mechanisms
responsible for the success, or failure, of biological invasions and the effects of individual abundant

plant species is an important asset in the context of other drivers of global changes.
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General discussion
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In my thesis I aimed to investigate the role of interactions between plants and their natural enemies
and how these interactions influence species coexistence in plant communities of different origins.
Combining an observational study with manipulative experiments, this thesis provides important
insights into the mechanisms underlying maintenance of species diversity, multitrophic dynamics
of native and exotic plant communities and ecosystem functioning in temperate grasslands. The
findings of my thesis illustrate the differentiated importance of two antagonistic groups for
plant coexistence in novel communities of native and exotic species. The key results of the

preceding chapters were as follows (see Figure 5.1 for a graphical summary of the results):

Chapter 2: Plant abundance did not influence pathogen diversity and infection. I
found no evidence for the release of exotic plants from pathogens. Ubiquitous
generalists dominated the pathogen community of exotic plants. Pathogen diversity

and infection was not related to phylogenetic affiliation of plant species.

Chapter 3: Native and exotic-dominated communities did not differ in productivity
and diversity. Pesticide application increased plant community productivity
independent of plant species origin. Fungicide application reduced diversity and
infection of fungal leaf pathogens. Insecticide application reduced diversity and
abundances of soil arthropod communities. Negative frequency-dependence across life
cycle stages was present in the majority of focal species but not linked to interactions

with natural enemies.

Chapter 4: a-diversity and composition of soil fungal communities were affected by
the identity of the most abundant plant species. Fungicide application reduced B-
diversity and overall abundance of soil fungal communities, but had no effect on a-
diversity. Changes in B-diversity and community composition were mainly explained
by changes in abundances of pathotrophic fungi. Plant species origin did not influence

a- or B-diversity, nor community composition of soil fungi.
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Figure 5.1 Graphical summary of the results of my thesis, based on Fig. 1.3. Colored arrows indicate effects
for which I found evidence in my thesis.

5.1 Synthesis

How do the relative abundance, origin and phylogenetic affiliation of plant species
influence interactions between plants and their natural enemies?

Pathogen diversity and infection were not related to the abundance of host plants in species-rich
grasslands of the central United states (chapter 2). Furthermore, in the manipulative field
experiment in central Germany, effects of natural enemies on per capita rate of increase were only
present at low relative abundances of most plant species and disappeared at high relative
abundance. This indicates that interactions among plants on the one hand, and insect herbivores
and fungal pathogens on the other hand, were not linked to a plant species’ relative abundance in
the community (chapter 3). These findings are in contrast to studies that showed that
accumulation of fungal pathogens and insect herbivores ate correlated with and/or caused by high
plant abundances (Janzen 1970, Connell 1971, Packer and Clay 2000, Mangan et al. 2010, Bagchi
et al. 2014, Parker et al. 2015, Parker and Gilbert 2018). This accumulation of natural enemies with
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increasing host abundance creates negative frequency-dependent patterns of population growth,
thereby having a stabilizing effect and allowing rare species to persist in the community. In diverse
plant communities, such as temperate grasslands, it is known that, due to a lower realized host
density, levels of pathogen infection (Mitchell et al. 2002, Keesing et al. 2006, Schnitzer et al. 2011,
Rottstock et al. 2014) and insect herbivory (Lau et al. 2008) are frequently reduced (Thrall et al.
2007). Furthermore, species-rich communities often favor generalist pathogens (Power and
Mitchell 2004, Spear et al. 2015, Halliday et al. 2017) and insect herbivores (Joshi et al. 2004,
Unsicker et al. 2006, Loranger et al. 2014) over specialists. This may unlink the frequency of
antagonistic interactions from the relative abundance of individual plant species.
One possible mechanism to explain this pattern is that spillover of generalists across multiple plant
species may frequently occur (Power and Mitchell 2004, Halliday et al. 2017) and that herbivore
abundance often increases with productivity (Ritchie 2000, Haddad et al. 2001), which in turn
increases with plant diversity (Mittelbach et al. 2001, Fraser et al. 2015). Yet, effects of plant species
richness on antagonistic interactions are often not direct but, for example, the result of
multitrophic interactions between herbivores and their enemies (Root 1973, Unsicker et al. 20006),
driving complex herbivory patterns. Nutrient availability can also have large effects on interactions
between plants and their natural enemies (Lau et al. 2008, Ebeling et al. 2022), independent of a
plant species’ relative abundance (Mitchell et al. 2003). Poor soil conditions, such as those at the
experimental site in central Germany (chapters 3 and 4), are known to limit levels of herbivory
(Coupe et al. 2009, Korner et al. 2014) and plant disease (Dordas 2008, Blumenthal et al. 2009, Liu
et al. 2017), and thus, enhance the role of competition for resources among plant species.
Furthermore, disease transmission rates of particular pathogen species may be intrinsically low or
high (Deacon 2000), affected by the identity of neighboring plants (Ampt et al. 2018), modified by
landscape characteristics (Moore and Borer 2012) or depend on a vector (Hogenhout et al. 2008,
Cronin et al. 2010). To a certain degree, all of these factors would make transmission of these
pathogens irrelative of the abundance of their host species.
Native and exotic plant species did not differ consistently in the magnitude of pathogen infection
(chapter 2), in their response to a reduction of fungi and insects (chapter 3) nor in the
composition of their soil fungal communities (chapter 4). These results together suggest that there
is no release of exotic species from their natural enemies, yet may have multiple reasons:

e First, the advantages of enemy release for exotic plants could be transitory and natural

enemies accumulate with time since their introduction (Hawkes 2007, Flory and Clay

2013). This has been shown for several groups of plant antagonists, including pathogens
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(van Kleunen and Fischer 2009, Mitchell et al. 2010, but see McGinn et al. 2018) and insect
herbivores (Brindle et al. 2008).

e Second, enemy release could be non-existent in my investigated grasslands, because of the
confounding presence of close relatives of the exotic species (chapter 3, Darwin 1859,
Mack 1996, Harvey et al. 2012, Cadotte et al. 2018) that facilitate spillover events (Parker
et al. 2015), encounters with ubiquitous enemies with broad host ranges (chapter 2, Parker
and Gilbert 2007, Sikes et al. 2018) or co-introduction of enemies (Blaisdell and Roy 2014,
Allen et al. 2015). All of these factors would lead to an assumedly rapid equalization of
disease and herbivory pressure for exotic plants (Parker and Gilbert 2007).

e Third, plant species identity can have effects on plant disease and on fungal communities
in grasslands (Burns et al. 2015, Sweeney et al. 2021), that are more important than plant
species origin (Majewska et al. 2018). For example, although I found no effects of plant
species origin on diversity and composition of soil fungal communities (chapter 4), there
were few, but distinct differences in soil fungal community diversity and composition
among plant species, mainly driven by changes in fungal pathogens. Studies in grasslands
(Leff et al. 2018) and tropical forests (Peay et al. 2013) support these findings, as they show
that mutualists and pathogens are stronger associated with distinct plant species than
ubiquitous saprotrophic fungi. However, although the identity of individual plant species
can be a strong predictor of soil fungal community diversity and composition (Cardinale
et al. 2000), it is arguable that the magnitude and directionality of these effects are context-

dependent, e.g. soil pH and nutrients, especially on local scales (Tedersoo et al. 2016).

e Fourth, mutualists can have profound impacts on plant invasions (Richardson et al. 2000a,
Dickie et al. 2017) for multiple reasons. For example, mutualists that limit invasion may be
absent in the introduced range (Catford et al. 2009), mutualists from the native range may
be co-introduced with their hosts (Dickie et al. 2010), or native fungi can establish novel
associations with exotic hosts (Callaway et al. 2004). Although I found mycorrhizal OTUs
in soil fungal communities (chapter 4), analysis of these data was not possible because of
poor amplification of mycorrhizal fungi with the general fungal ITS primers I used
(Tedersoo et al. 2015, 2018).

e Fifth, if generalists dominate pathogen (Lindblad 2000, Gilbert 2002, Gilbert et al. 2002)
and herbivore (Wolfe 2002, Biswas et al. 2015, Korell et al. 2016b) communities, it is more
likely that native and exotic species share the same enemies and experience equal levels of

herbivory and disease.
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e Sixth, similar levels of enemy damage and diversity on native and exotic plants may be
linked to habitat productivity and caused by pre-adaptation of exotic species to the fertility
of the invaded soil (Dostal et al. 2013). The study systems I investigated were characterized
by a rather moderate productivity and could therefore explain the observed similar effects
of enemy reduction on productivity of native and exotic-dominated communities. This
would require pre-adaptation of exotic species to these levels of soil fertility in their native
range.

e TFinally, multiple introductions are rather common in biological invasions (Novak 2007,
Suarez and Tsutsui 2008, Dutech et al. 2010, 2012) and could therefore increase the
probability, with each separate introductory event, that enemies of exotic species are co-
introduced into the invaded range (Lester et al. 2014).

I found no signal in pathogen diversity and infection related to the phylogenies of the studied plant
communities (chapter 2). This finding contradicts with several research detecting effects of the
phylogenetic structure of plant communities on interactions between plants and their enemies
(Gilbert et al. 2015, Parker et al. 2015, Té¢sitel et al. 2021, Karunarathna et al. 2021), but could be
explained by the following reasons. First, for several plant clades, it has been shown that
environmental variation is more important in determining defenses against natural enemies than
phylogenetically constrained defense traits (Koricheva et al. 2004, Haak et al. 2014). For example,
Hahn et al. (2021) were able to show that resource availability is the strongest predictor for the
shape (i. e. positive or negative) of trade-offs between growth and defense against pathogens and
herbivores among populations of Monarda fistulosa, a perennial herb that also occurs in the plant
communities of Missouri that were part of my study. Second, the dynamics of pathogen
metapopulations are highly complex, variable and have been identified to be an important driver
of pathogen virulence by local adaptation (Papaix et al. 2021). There is indeed evidence for various
fungal pathogen groups, such as rusts (Burdon et al. 1995, Thrall et al. 2002, Smith et al. 2011),
mildews (Laine and Hanski 2006, Lebeda et al. 2008) and smuts (Carlsson-Granér 1997,
Antonovics 2004) that spatial patchiness in plant distribution may generate differentiation in
pathogen virulence on local scales. Third, such effects of local adaptation are, in principle, also
applicable to host plants (Forester et al. 2016). In fact, empirical evidence for local host adaptation
to selection pressure by pathogens (Springer 2007, Salvaudon et al. 2008, Laine et al. 2011, Parratt
and Laine 2018), and local host adaptation mediated by spatial variation in soil biota (Mursinoff
and Tack 2017) has been found. The matrix of forest and grasslands suggests that local adaptation
of both host and pathogen populations may play an important role in determining susceptibility

and virulence (Thrall et al. 2002, Forester et al. 2016) in my study system in the central United
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States (chapter 2). Spatial heterogeneity may thus override potential effects of plant phylogeny on
pathogen infection (Strauss et al. 2002, Haak et al. 2014). However, recent plant-microbiome
studies in crops revealed that host susceptibility is not only determined by host defense traits linked
to the genotype, but is also directly conferred by microbiota (Carrién et al. 2019, Matsumoto et al.
2021). It is argued that analogous findings are very likely in other plant species (Cernava and Berg
2022). Further, hyperparasitism of plant pathogens can be an additional, confounding aspect of
the complexity of plant-pathogen interactions, shaping patterns of host susceptibility and pathogen
virulence (Davelos and Jarosz 2004, Tollenaere et al. 2014, Parratt and Laine 2018).

Although I did not study the effects of phylogenetic plant community context in the manipulative
field experiment in central Europe, one possible explanation for the similarity between soil fungal
communities of different plant species is the phylogenetic relatedness of individual plant species

(chapter 4).

How do pathogens and insect herbivores mediate the coexistence of plant species in
grassland ecosystems?

A key result of my thesis is evidence that plant species coexistence is mediated by stabilizing and
equalizing mechanisms in a manipulated semi-natural central European grassland (chapter 3 and
4). Fungal pathogens and insect herbivores did exert an effect on community productivity, an
important indicator of ecosystem function (Melillo et al. 1993). Antagonistic interactions are
regarded to affect community productivity, particularly in diverse communities (HilleRisLambers
et al. 2004), where natural enemies substantially contribute to coexistence (Chase et al. 2002,
Bartomeus and Godoy 2018). However, my thesis could consistently show that the presence of
stabilizing forces, indicated by negative frequency-dependent per capita rates of increase, is not, to
a large part, the result of antagonistic interactions.

Furthermore, varying and offsetting responses to natural enemies of species in exotic-dominated
communities suggest the presence of equalizing forces that minimize competitive and frequency-
independent fitness differences (Gross et al. 2014, Kandlikar et al. 2019). Indeed, evidence is
growing that especially (soil) fungi frequently promote coexistence among plant species by trade-
offs between plants’ competitive ability and susceptibility to pathogens or mutualists (Bever et al.
2015, Laliberté et al. 2015, Lekberg et al. 2018, Ke and Wan 2019, Cappelli et al. 2020). Assuming
that equalizing mechanisms are relevant in our studied communities, neutral processes may
contribute to the abundances of native and exotic plants (Volkov et al. 2003, Daleo et al. 2009).

According to niche models of community assembly, a prerequisite for the operationality of neutral
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processes is functional equivalence’ among native and exotic plants (Shea and Chesson 2002,
Fargione et al. 2003, Gurevitch et al. 2011). Empirical evidence for functional equivalence among
natives and exotics is equivocal (Leffler et al. 2014, Ordonez 2014). This evidence emphasizes, that
in addition to plant traits, species identity (chapter 4, Mokany et al. 2008, Mason et al. 2016),
environmental context such as nitrogen availability (Maron and Connors 1996, Holdredge et al.
2010, Zhang et al. 2022), and community composition (Gerhold et al. 2011) contribute to
responses of native and exotic plants to natural enemies and mutualists. Similar evidence for insect
herbivores promoting coexistence among plant species in novel communities by means of trade-
offs, e.g. competition-defense or growth-preference, has been found (Heard and Sax 2013, Gross
et al. 2014, Kempel et al. 2015). However, these trade-offs are less frequently investigated in
herbivores compared to soil biota.

The negative frequency-dependence and a coincidental lack of effects from antagonistic
interactions observed in my field experiment suggest that, particularly, native communities were
predominantly governed by competition for resources (chapter 3, McKane et al. 2002, Chu and
Adler 2015, Kuster et al. 2016, Ceulemans et al. 2017). Resource competition is a strong indicator
for stabilizing niche differences that maintain species diversity in these plant communities
(Chesson 2000, Adler et al. 2007, Levine and HilleRisLambers 2009, Broekman et al. 2019). Strong
competition for resources is common in soils with low fertility (Tilman 1985, 2007, Herms and
Mattson 1992, Miller et al. 2005), similar to my experimental site in central Germany (chapters 3
and 4), and could favor resource partitioning over plants’ responses to natural enemies in shaping
niche differences. However, in species-rich communities such as temperate grasslands, there is
theoretical (Adler et al. 2007, Chisholm and Pacala 2010, Leibold et al. 2019, Pinsky 2019) and
empirical (Chisholm and Pacala 2010, Spear et al. 2015) evidence that, despite the presence of
strong niche structures and negative frequency-dependence, coexistence is independent of a
species’ relative abundance. Interestingly, neutral processes can generate identical community-level

patterns. According to recent modelling approaches this may be due to stronger influences of

2'This functional equivalence (i.e. in fitness) among species should result from equalizing mechanisms that
promote ecological similarities in species’ responses to environmental heterogeneities (Cadotte 2007). In
contrast to classic neutral theory (Hubbell 2001), which poses that species do not differ in ways that
distinguish their population dynamics, it has been shown that the existence of niche differences does not
negate the importance of ecological similarity (i.e. through equalizing mechanisms) in structuring overall
community dynamics (Chesson 2000, Leibold and McPeek 2006). In other words, analysing species
abundance patterns does not suffice to distinguish among the relative contributions of niche-based and
neutral processes (Adler et al. 2007). Rather, direct examination of the underlying stabilizing and equalizing
mechanisms is necessary to resolve the often simultaneous contributions of each, niche and neutral
processes, to species coexistence and the maintenance of diversity (Adler et al. 2007, Zhang et al. 2009,
Godoy et al. 2020).
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demographic stochasticity, compared to stabilizing niche differences in resource use, in generating
patterns at the community scale (D’Andrea et al. 2020, Gupta et al. 2021). At the same time, effects
of natural enemies on plant community assembly appear to be stronger at (enemy) family level

compared to (enemy) species level (D’Andrea et al. 2020).

How are natural communities of fungal pathogens and insect herbivores altered by the
application of pesticides?

Application of pesticides modified composition and abundances of fungal and insect herbivore
communities in a central European semi-natural grassland ecosystem (chapter 3 and 4). This is
not surprising, given that these compounds are developed to control fungal and insect pests in
agricultural crops. In addition to this desired effect, the unintended side effects of pesticide
application on non-target organisms in natural ecosystems are largely not understood (Kéhler and
Triebskorn 2013). In the context of ecological experiments, the efficacy of pesticides to exclude
fungi and insects needs to be assessed when applying them to study the importance of these
antagonists for the dynamics of natural plant communities (Allan et al. 2010). Remarkably,
fungicide application had no effect on species richness of fungal aboveground or belowground
communities, but significantly altered abundance, composition and overall infection levels of these
communities in natural ecosystems (chapter 3 and 4). Saprotrophs and pathotrophs of soil fungal
communities both experienced significant decreases in their abundances due to fungicide
application, however, this effect was more pronounced in pathotrophs. Thus, resistance to
fungicides, a problem affecting agro-ecosystems globally (Hahn 2014, Lucas et al. 2015, Fisher et
al. 2018), was likely not present in soil pathotrophic fungi of my studied communities, potentially
due to high plant diversity (Yang et al. 2021)? and application of multiple fungicides. The combined
use of different fungicidal agents could also explain why I did not find evidence for interactions
between different groups or between species within a particular group of pathotrophs. Several
studies using single fungicidal agents report such interactions and show that they could lead to an
increase in plant disease, despite fungicide application (Birzele et al. 2002, Henriksen and Elen
2005, Newton et al. 2010). However, the most striking effect of fungicide application was the
reduced fungal species turnover between plots, i.c. a decrease in B-diversity, resulting in a biotic
homogenization of soil fungal communities (Lockwood and McKinney 2001, Olden et al. 2004,
Gossner et al. 2016, Blowes et al. 2019). Agricultural intensification, to which pesticide application

significantly contributes, is a major driver of biotic homogenization (Elek et al. 2020), that is known

3 High plant diversity can mitigate the effects of pathogens on their hosts by promoting selection for pathogen strains
that differ in the ability of fungicide influxes, effluxes or detoxification rates, rather than mutations in target genes of
fungicides.
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to decrease multiple ecosystem functions at local, regional and global scales (Dornelas et al. 2014,
Wang and Loreau 2016, Wang et al. 2021).

Insecticide application led to a significant decrease in arthropod diversity and abundance (chapter
3). This was primarily driven by a strong decrease in abundances of springtails, that made up the
majority of hexapods in my studied soil arthropod communities. Springtails are considered
indicators for the functioning of soil ecosystem (Thimm et al. 1998, van Gestel et al. 2017), because
they contribute to the fragmentation of detritus, stimulating its degradation by microorganisms
and therefore enhancing nutrient cycling (Hanlon 1981, Elkins and Whitford 1982, Seastedt 1984).
My findings support that springtails have a high sensitivity to insecticides in general (Frampton et
al. 2000, Fountain et al. 2007), and to imidacloprid, the insecticide I used, in particular (de Lima e
Silva et al. 2017, Mabubu et al. 2017). A possible explanation for these toxicological effects is the
phylogenetic proximity of springtails to insects (Bandeira et al. 2021). Imidacloprid belongs to the
class of neonicotinoids, that are currently the most widely used insecticides in the world, because
of their remarkable effectiveness against a broad spectrum of sucking and chewing insect pests,
persistence, systemic mode of action and low mammalian toxicity (Jeschke et al. 2011, Casida
2018). Nonetheless, these characteristics also increase the probability of exposure to nontarget
organisms and environmental contamination (Bonmatin et al. 2015). For a long time, pollinators
have been the major focus of research on the effects of neonicotinoid exposure to nontarget
organism (Godfray et al. 2014, Woodcock et al. 2017, Hladik et al. 2018). However, evidence is
growing that survival and reproduction of soil biota, especially springtails, are also severely affected
by exposure to neonicotinoids, in particular imidacloprid, with effects lasting for multiple

generations after the application (Pisa et al. 2021).

My investigations on the effects of pesticide application on natural communities of fungal
pathogens and insect herbivores strongly support the long-held view that toxicity-conferring
mechanisms of pesticides are not restricted to target pests. These effects should be critically
considered when environmental impacts of pesticides are assessed, to further mitigate damage to
biodiversity and ecosystem health (Kohler and Triebskorn 2013, Carvalho 2017, Zubrod et al.
2019). Besides, the results of chapter 3 and 4 show that application of fungicides and insecticides
are an effective tool to exclude two important groups of plant antagonists. This allowed studying
the importance of these groups for plant community dynamics in a factorially designed, ecological

experiment (Paul et al. 1989, Siemann et al. 2004).
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5.2 Conclusions and future challenges

Although modern coexistence theory provides a detailed framework of how interactions among

plants and their natural enemies contribute to species coexistence, there have been surprisingly

few empirical applications on this research topic. In particular, theories of mechanisms driving

coexistence within novel communities, consisting of native species and introduced exotics, need

tangible data to understand how global change impacts ecosystem functioning. In my thesis, I

combined an observational study with a field experiment and molecular techniques in temperate

grasslands of the central United States and central Germany, consisting of native and exotic

species, to contribute to filling this knowledge gap. The implications of my results are:

O

@

Interactions between plants and their natural enemies are independent of plant species’
relative abundances within the community, suggesting the importance of abiotic soil
conditions and spatial heterogeneity in decoupling antagonistic effects from host
abundances.

Native and exotic species do not differ in their interactions with fungal pathogens and
insect herbivores, indicating the absence or transience of enemy release. Instead, the
accumulation of enemies with time since introduction, the confounding presence of closely
related native plants, co-introductions of (ubiquitous) enemies or the dominance of
generalists in the pathogen and herbivore communities may have contributed to the
observed patterns.

Phylogeny of plant communities does not drive infection patterns of plant disease.
Instead, environmental resource availability may be a stronger predictor of plant defense.
Furthermore, spatial patchiness in plant distributions can lead to rapid local adaptation of
pathogens and host plants, creating unique patterns of virulence and susceptibility that
result in the observed levels of pathogen diversity and infection.

Negative frequency-dependent rates of increase govern predominantly native
communities and indicate the presence of stabilizing niche differences. These,
however, are largely not the result of interactions between plants and their natural
enemies, but rather point to the importance of resource competition in soils with low
fertility. A contribution of neutral processes to the observed community-level patterns of
species’ abundances is possible, due to the influence of demographic stochasticity in
species-rich communities.

Varying and off-setting responses to natural enemies in exotic-dominated

communities are indicators for the presence of equalizing and frequency-
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independent fitness differences. Thus, coexistence among native and exotic species in
novel communities may be promoted by trade-offs, e.g. between plants’ competitive ability
and susceptibility to pathogens and herbivores.

(3) Fungicide application leads to decreases in fungal OTU abundances, to a larger part
in pathotrophs compared to saprotrophs, and to biotic homogenization of natural soil
fungal communities, driven by a decrease in fungal B-diversity. Fungal a-diversity is
not affected by fungicide application.

Insecticide application has a negative effect on arthropod diversity and abundance,
driven primarily by strong decreases in springtail abundances, suggesting a high

toxicity of neonicotinoids to this important group of soil biota.

Empirical insights into biotic controls of species coexistence are still limited (Bartomeus and
Godoy 2018). My thesis clearly emphasizes the differential importance of two groups of natural
enemies for the coexistence between native and exotic species in novel grassland communities. I
found evidence for the joint effects of both concepts of Chesson's (2000, 2018) framework for
species coexistence: stabilizing niche differences and equalizing fitness differences. This highlights
the need for reconciling neutral and niche theory, that has already been put forward by modern
coexistence theory (Adler et al. 2007, Song et al. 2019). More experimental tests of modern
coexistence theory in multitrophic systems, combined with advances in data-driven modeling and
network analyses, are needed to disentangle context-dependencies of interactions between plants
and their natural enemies, from general underlying mechanisms (Levine et al. 2017). The results of
my thesis help to elucidate how these context-dependencies can be addressed: experimental
manipulations of the abiotic and biotic environment, evaluating relationships between plant
phylogeny, natural enemies and the environment, and the quantification of frequency-dependent
per capita rates of increase (Valladares et al. 2015). Biological invasions are an important driver of
global change and are better understood within a framework of niche and fitness differences, while
other drivers of global change, such as climate change and land-use intensification, are able to
modulate the outcome of biological invasions (Valladares et al. 2015). Thus, future experimental
approaches to understand the mechanisms by which invasions occur need to combine modern
coexistence theory with insights from invasion ecology if we aim to control invasive species. In
this regard, my thesis provides an exemplary experimental approach of how to gain a more
complete understanding about the mechanisms underlying the maintenance of species diversity

and ecosystem functioning in these novel communities.
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7.1 Supplemental Information Chapter 2

Appendix 7.1.1 Plant species at the ‘Perilla site’, along with their origin status (N=native, E=exotic), abundance (average percent cover) and presence or absence of

infection by different pathogen groups (X indicates presence). B/V = Bacterial and viral diseases.

Infection by

Downy Fungal leaf | Powdery B/V

Plant species Family Origin | Abundance [%] | mildews | spot diseases | mildews | Rusts | diseases
Ageratina altissima Asteraceae N 2.4 X X
Carex mublenbergii Cyperaceae N 11.4 X X
Croton monanthogynus Euphorbiaceae N 0.1 X
Daucus carota Apiaceae E 0.1 X X
Desmodium paniculatum Fabaceae N 0.1 X
Festuca subverticillata Poaceae N 3.7 X X X
Galinm tinctorium Rubiaceae N 0.3 X X
Genm canadense Rosaceae N 3.5 X X
Mublenbergia sobolifera Poaceae N 0.8 X X
Oxcalis stricta Oxalidaceae N 0.1 X
Parietaria pennsylvanica Urticaceae N 11.5 X
Perilla frutescens Lamiaceae E 9.8 X
Pilea pumila Urticaceae N 0.1
Plantago lanceolata Plantaginaceae E 0.1 X
Plantago rugelli Plantaginaceae N 0.2 X
Pobygonum pennsylvanicum Polygonaceae N 0.9
Torilis arvensis Apiaceae E 0.1 X X
Viola sororia Violaceae N 0.6 X
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Appendix 7.1.2 Plant species at the ‘Carduus site’, along with their origin status (N=native, E=exotic), abundance (average percent cover) and presence or absence

of infection by different pathogen groups (X indicates presence). B/V = Bacterial and viral diseases.

Infection by

Fungal leaf
Downy spot Powdery B/V
Plant species Family Origin | Abundance [%] | mildews diseases mildews | Rusts | diseases

Calystegia sepinm Convolvulaceae N 1.6 X X
Cirsium discolor Asteraceae N 0.2 X

Conyza canadensis Asteraceae N 6.1 X
Croton monanthogynus Euphorbiaceae N 3.3 X X
Daucus carota Apiaceae E 1.1 X X
Desmodinm canadense Fabaceae N 0.6 X
Elephantopus caroliniana Asteraceae N 2.3 X

Eupatorium altissinum Asteraceae N 0.2 X

Eupatorium serotinum Asteraceae N 0.1

Geumr canadense Rosaceae N 0.1

Helianthus panciflorus Asteraceae N 1.6 X
Lespedeza cuneata Fabaceae E 7.0 X
Monarda fistulosa Lamiaceae N 0.2 X

Oxalis stricta Oxalidaceae N 0.8 X
Phyla lanceolata Verbenaceae N 1.6 X X
Plantago rugelli Plantaginaceae N 0.1 X X
Polygonum aviculare Polygonaceae E 0.3

Solanum carolinense Solanaceae N 7.7 X X
Taraxacum officinale Asteraceae E 2.4

Teucrium canadense Lamiaceae N 2.0 X

Verbena nrticifolia Verbenaceae N 0.3 X X
Verbesina alternifolia Asteraceae N 4.0 X X
Vernonia baldwinii Asteraceae N 0.5 X X
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Appendix 7.1.3 Plant species at the ‘Potentilla site’, along with their origin status (N=native, E=exotic), abundance (average percent cover) and presence or absence
of infection by different pathogen groups (X indicates presence). B/V = Bacterial and viral diseases.

Infection by
Fungal
Downy | leafspot | Powdery B/V
Plant species Family Origin | Abundance [%] | mildews | diseases | mildews | Rusts | diseases

Acalypha virginica Euphorbiaceae N 0.2 X

Ambrosia artemisiifolia Asteraceae N 0.3 X
Coreopsis lanceolata Asteraceae N 0.1 X
Croton monanthogynus Euphorbiaceae N 4.1 X

Erigeron annuus Asteraceae N 6.6 X X X
Eupatorium altissimum Asteraceae N 0.1 X

Euphorbia dentata Euphorbiaceae N 0.5 X
Festuca subverticillata Poaceae N 11.4 X X
Kummerowia stipulacea Fabaceae E 0.5 X X
Lespedeza cuneata Fabaceae E 0.4 X
Medicago lnpulina Fabaceae E 2.3 X X X
Melilotus albus Fabaceae E 0.3 X X X
Potentilla recta Rosaceae E 0.6 X

Ratibida pinnata Asteraceae N 0.3 X
Ruellia humilis Acanthaceae N 4.6 X

Senna marilandica Fabaceae N 0.2 X

Stenaria nigricans Rubiaceae N 0.9 X

Symphyotrichum oblongifolium Asteraceae N 1.0 X
Teucrium canadense Lamiaceae N 2.2 X
Trichostema brachiata Lamiaceae N 0.1 X
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Appendix 7.1.4 Geographic distribution, global host ranges and infected (bold) and known, but not infected host species for each pathogen species at the three study
sites. Asterisks (*) indicate pathogen-host combinations not yet reported for the US (according to the USDA Fungus-Host distribution database). PM = Powdery
mildews. NA = North America, EU = Europe, AS = Asia, SA = South America, AF = Africa, AU = Australia and Oceania.

Pathogen
(Global host range in Geographic Host species per site
number of genera and families) distribution Perilla site Carduus site Potentilla site
Ascochyta canlicola (5 1) NA, EU, AS M. albus
S. carolinense,
Boeremia exigua (275; 83) cosmopolitan P. lanceolata G].':KZ'ZZZZZH;; }gﬂ;:;;ﬁ’)‘
rugelli, T officinale
T. arvensis* D.
Cercospora apii (241, 79) cosmopolitan carota, D. carota P. recta
§ P. lanceolata
g Cercospora elephantopi (2; 1) NA, SA, AF E. carolinianus
'”E( Cercospora galii (1; 1) NA, EU, AS G. tinctorium
% Cercospora houstoniae (2; 1) NA S. nigricans
‘*g Cercospora isanthi (1; 1) NA T brachiata
- Cercospora medicaginis (6; 3) cosmopolitan M. lupulina, M. albus
< .
%0 Colletotrichum dematinm (206; 76) cosmopolitan p O. str]cta'*, P. aviculare
i . pennsylvanicum
Leptosphaeria muehlenbergiae (1; 1) NA M. sobolifera
Phyllachora lespedezae (4; 1) NA K stipulacea
Septoria ct. mississippiensis (1; 1) NA M. sobolifera*
Septoria erigerontis (3; 1) NA, EUS’AAS’ AU, C. canadensis E. annuus
Septoria gei (15 1) NA, EU, AS G. canadense
Septoria verbenae (1; 1) NA, SA, EU, AU V. urticifolia
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< Erysiphe heraclei (91; 7) cosmopolitan 1]2 ZZ}ZZ;?’
= Erysiphe pisi (293; 75) cosmopolitan P. aviculare %IZIZJZ ZZI;:Z’, ?\/..[.UZZZQ’
Coleosporinm vernoniae (6; 2) NA, SA, AS V. baldwinii, E. carolinianus
Phakopsora crotonis (3; 1) NA, SA C. monanthogynus C. monanthogynus C. monanthogynus
2 Puccinia convolvuli (65 1) cosmopolitan C. sepium
3 Puccinia dioicae (40; 9) NA, EU, AS, SA C. muehlenbergii E. annuus
= Puccinia extensicola (43; 8) NA, EU, AS, SA C. muehlenbergii E. annuus
Puccinia lateripes (9; 2) NA, SA R. humilis
Uromyces striatus (17; 2) cosmopolitan

M. albus, M. lupulina
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Jonarda fistulosa

rilla frutescens
Trichostema brachiatum
Teucrium canadense

Verbena urticifolia
_:Phyﬁa lanceolala
Rueflia humilis

I:‘;Fanragﬂ rugeilli

lantago lanceolata
—————>3>olanum carolinense
lystegia sepium
Stenaria nigricans
_:éaﬁum tinctorium
-Ambrosia artemisiffiolia
lianthus paucifiorus
upatorium altissimum
upatorium serotinum
geratina altissima
reopsis lanceolata
nyza canadensis
Symphyotrichum oblongifolium
rigeron anuus
Taraxacum officinale

Vernonia baldwinii
lephantopus caroliniana

irsium discolor

- Verbesina alternifolia
atibida pinnata

r—Daucus carofa

—Torilis arvensis _
FFolygonum pensyivanicum

LFolygonum aviculare
I::—:‘e icago lupulina
delilotus alba
— espedeza cuneata
ummerowia stipulacea
smodium paniculatum

smndf'um GEH_GUEHSE
- —Senna mariandica

_:gorenm{a recta
eum canadense
4:ganefana pensylvanica
i lea pumila
II—Ea.r,r::u'ru:rntmr'a dentata
Crofon monanthogynus
— L Acalypha virginica

Viola sororia
Oxalis stricta

d—:‘uhﬁenb&@a sobolifera
stuca subverticillata

L Carex muhlenbergif

Appendix 7.1.5 Phylogenetic relationships among the 51 focal plant species recorded in three communities,
created by using a dated molecular phylogeny of vascular plants (Zanne et al. 2014).
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7.2 Supplemental Information Chapter 3

Appendix 7.2.1. Plant species used in the experiment, along with their respective family affiliation, species
origin (N = native, E = exotic), mode of introduction for exotic species (F = fodder plant for livestock, S
= seed mixtures for horticulture or grasslands, C = contaminant in seed mixtures, Klotz et al. 2002, Frank
and John 2007) and designated usage, including assigned blocks for matrix species in brackets. All exotic
species, with the exception of P. peregrina, are naturalized exotic species in Central European grasslands. P.
peregrina is a casual exotic species (Floraweb.de, Bundesamt fiir Naturschutz 2019). B. orientalis and D.
gigantens are considered potentially invasive species in Germany (Bundesamt fiir Naturschutz 2019b). The

other exotic species are considered non-invasive.

Mode of
Plant species Family Origin | introduction Usage
Arrhenatherum elatins Poaceae N Focal
Lotus corniculatus Fabaceae N Focal
Medicago falcata Fabaceae N Focal
Tragopogon pratensis Asteraceae N Focal
Hypericum perforatum Hypericaceae N Focal
Falearia vulgaris Apiaceae N Focal
Lolium multiflorum Poaceae E F Focal
Onobrychis viciifolia Fabaceae B F, S Focal
Medicago x varia Fabaceae E F S Focal
Dianthus gigantens Caryophyllaceae E S Focal
Pimpinella peregrina Apiaceae B S Focal
Bunias orientalis Brassicaceae E C Focal
Agrimonia enpatoria Rosaceae N Matrix (1; 4)
Dactylis glomerata Poaceae N Matrix (4)
Daucus carota Apiaceae N Matrix (1; 2)
Festuca rubra Poaceae N Matrix (1; 3)
Knantia arvensis Dipsacaceae N Matrix (2; 4)
Leucanthemum vulgare Asteraceae N Matrix (3; 5)
Picris hieracioides Asteraceae N Matrix (2; 3)
Pimpinella saxifraga Apiaceae N Matrix (3; 4; 5)
Poa angustifolia Poaceae N Matrix (2; 5)
Stlene latifolia Caryophyllaceae N Matrix (1; 5)
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Appendix 7.2.2 Schematic overview of the treatment structure of the field experiment. Each framed square represents one combination of dominant species
(abbreviated with two letters) and pesticide treatment (F+ = fungicide application; F- = no fungicide application; I+ = insecticide application; I- = no insecticide
application; denoted by different colors). Along with each dominant species, the remaining five species of each origin were sown at low frequency. Note that
these 48 combinations were replicated five times according to a randomized block design in the field, resulting in 240 plots in total. Ae = Arrhenatherum elatins,
Le = Lotus corniculatus, Mf = Medicago falcata, Tp = Tragopogon pratensis, Hp = Hypericum perforatum, Fv = Falearia vulgaris, Lm = Lolium multifornm, Ov = Onobrychis
viciifolia, My = Medicago x varia, Dg = Dianthus giganteus, Pp = Pimpinella peregrina, Bo = Bunias orientalis.

Treatment Native focal species Exotic focal species
F+ 1+ Ae Lc Mf Tp Hp Fv Lm | Ov Mv | Dg Pp Bo

F- 1+ Ae Lc Mf Tp Hp Fv Lm | ov | Mv | Dg Pp Bo

F- 1- Ae Lc Mf Tp Hp Fv Lm | Ov Mv | Dg Pp Bo
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Appendix 7.2.3A Methods used for evaluation of fungicide efficacy

We evaluated fungicide efficacy by quantifying diversity and infection of foliar fungal pathogens
on two selected focal species, native .A. elatius and exotic M. x varia, in October 2016, after three
years of fungicide application. Species were selected to represent both species origins and different
functional and taxonomic affiliations. For each species, we sampled pathogens on up to ten
individuals per plot on five plots with fungicide application (and no insecticide application) and
five plots with no fungicide application (and no insecticide application), each plot representing a
high frequency plot for the particular species. For each individual, pathogen infection apparent on
the leaf surface was assessed visually using a percentage-based nine-level rating scheme, according
to Oberforster (2001), ranging from 1 = 0% infection to 9 = 70% infection. We assigned all
pathogens observed on individual plants to broad pathogen groups following Rottstock et al.
(2014): rusts, powdery mildews and fungal leaf spot diseases. We recorded rust infection as
presence of sporulation structures, powdery mildews as presence of mycelium and fungal leaf spot
diseases as presence of necrotic leaf lesions. Despite being major pathogen groups, we did not find
any downy mildews and smut fungi on our plants. For each of the two plant species, we took one
sample of every occurring sign of pathogen infection, which we dried and pressed, to preserve
them for further determination via digital microscopy (VHX-2000, Keyence Corp., Osaka, Japan).
Determination of pathogens to species followed Brandenburger (1985) and Klenke and Scholler
(2015).

Pathogen diversity was measured as the number of pathogen species per plot, and per individual,
respectively. Pathogen infection was measured as incidence (the mean percentage of infected
individuals per plant species and plot), severity (the mean percentage of infected plant tissue per
plant species, individual and plot) and the product of both, overall infection. These three metrics
of pathogen infection were calculated across all pathogen groups and for each group separately.
Statistical analysis on the effect of fungicide application on pathogen diversity and infection were
petrformed using generalized linear mixed models in SAS® Release 9.4 (procedure GLIMMIX).
We analyzed the number of pathogen species per plot using a model with Poisson error
distribution and a logarithmic link-function, and the number of pathogen species per individual
using a model with Gaussian error distribution and an identity link-function. For pathogen
incidence we used a model with binomial error distribution and a logit link-function. The
percentage data for pathogen severity and overall infection was logit-transformed (Warton and
Hui 2011) and analyzed using models with Gaussian error distribution and identity link-function.
In each analysis, ‘block’ was considered as a random factor and ‘fungicide application’ was treated

as a fixed factor.
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Appendix 7.2.3B Results of evaluation of fungicide efficacy

We identified ten different pathogen species, none of them appearing on both plant species. A.
elatins hosted three species of rust and three leaf spot diseases, while three leaf spot diseases and
one powdery mildew species infected M. x varia (Appendix 7.2.3C). However, the powdery mildew
was not considered for separate analysis because it only occurred on one individual of M. x varia.
Application of fungicide did not influence the number of pathogen species per plot for either
species, but there were significantly less pathogen species per individual on A. elatins when
fungicide was applied, compared to individuals on control plots (Appendix 7.2.3D). Fungicide
application had no effect on the number of pathogen species on M. x varia individuals (Appendix
7.2.3D). Pathogen incidence was significantly lower on plots treated with fungicide of M. x varia,
while there was no such difference for A. elatius, neither for a particular group of pathogens nor
across all groups (Appendix 7.2.3D). Severity of infection with rusts and with leaf spot diseases,
as well as across both pathogens groups, was significantly lower on plots treated with fungicide for
A. elatius, while fungicide application showed no such effect on pathogen severity for M. x varia
(Appendix 7.2.3D). The product of both metrics, overall infection, was significantly lower when
fungicide was applied for both species, when considering each pathogen group separately and

across all pathogen groups (Appendix 7.2.3D).

Appendix 7.2.3C Pathogen species, along with the corresponding pathogen group and
taxonomic affiliation, found on one native (Arrbenatherum elatins) and one exotic (Medicago x
varia) focal species in October 2016.

A. elatius Pathogen group Order
Alternaria sp. Leaf spot diseases Pleosporales
Cercosporidinm graminis Leaf spot diseases Capnodiales
Colletotrichum graminicola Leaf spot diseases Glomerellales
Puccinia arrbenatheri Rusts Pucciniales
Puccinia coronata Rusts Pucciniales
Puccinia graminis Rusts Pucciniales
M. X varia

Alternaria sp. Leaf spot diseases Pleosporales
Cercospora medicaginis Leaf spot diseases Capnodiales
Stagonospora meliloti Leaf spot diseases Pleosporales
Erysiphe pisi var. pisi Powdery mildews Erysiphales
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Appendix 7.2.3D Results of generalized linear mixed models for the effect of fungicide application on pathogen diversity, as measured by the number of pathogen
species per plot, and per individual, respectively, and on pathogen infection, measured as pathogen incidence, severity and overall infection of rusts, leaf spot diseases
and across pathogen groups for one native (Arbenathernm elatins) and one exotic (Medicago x varia) focal species treated with fungicide and the respective control.
Values given are least square means * standard errors for pathogen incidence (backtransformed using the /ilink function of proc GLIMMIX in SAS® Release 9.4),
and means from raw data * standard error for the other response variables. Note that there was no rust infection on M. x varia. (* P < 0.05, ** P < 0.01)

A. elatius M. x varia
daf. f Wlth Without fungicide F-values With fungicide Without fungicide F-values
ungicide

Pathogen diversity
Pathogen species per plot 1,4 1.20 £ 0.49 2.00 + 0.63 0.98 1.00 + 0.45 1.20 £ 0.49 0.09
Pathogen species per individual 1,4 0.54 + 0.13 0.94 £0.13 13.33* 0.32 £ 0.14 0.80 £ 0.14 7.32
Pathogen infection
Pathogen incidence [%o]
Rusts 1,4 1.99 £1.99 23.97 + 6.40 0.64 - - -
Leaf spot diseases diseases 1,4 | 5222+ 11.04 71.29 £ 9.43 3.57 30.87 £9.72 73.65 £ 10.05 13.15*
All pathogen groups 1,4 | 54.20 £10.20 76.98 £ 7.92 5.40 30.87 £ 9.72 73.65 £ 10.05 13.15%
Pathogen severity %]
Rusts 1,4 0.20 £ 0.20 3.18 £ 1.26 37.71%* - - -
Leaf spot diseases diseases 1,4 2.07 £ 0.04 7.20 + 1.80 19.63* 1.63 £ 0.65 3.74 £ 0.82 5.58
All pathogen groups 1,4 2.06  0.64 7.39 £ 1.58 18.23% 1.63 £ 0.65 3.88 £ 0.95 5.59
Overall infection %)
Rusts 1,4 0.02 £ 0.02 0.86 = 0.39 18.45% - - -
Leaf spot diseases diseases 1,4 1.01 £ 0.31 474 £ 1.24 17.35% 0.43+0.13 294 £ 1.06 11.83*
All pathogen groups 1,4 1.03 £ 0.31 5.60 = 1.34 23.72%* 0.43 +0.13 3.07 £1.19 11.67*
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Appendix 7.2.4A. Methods used for evaluation of insecticide efficacy

We evaluated insecticide efficacy by quantifying diversity and abundance of soil arthropods on
additional 1 m? plots, which were established in March 2015 at the same site as the main
experiment. Vegetation on these plots was left in its natural state after plowing (see methods) and
no seeds were added. On these plots, the four pesticide treatments were randomly applied in the
same way as in the main experiment and replicated five times, resulting in 20 plots in total. In
November 2015, one core with a diameter of 20 cm was taken from the upper 10 cm of soil from
the center of each plot. Soil meso- and macrofauna from these cores was extracted by heat, using
a Kempson apparatus (Kempson et al. 1963) with propylene glycol as a collection fluid. Collected
fauna was transferred to 70% ethanol and subsequently identified to order level, and further when
possible, using a dissecting microscope. Determination followed Dunger and Fiedler (1999) and
Brohmer (2010).

Diversity of soil arthropods was measured as the number of hexapod orders per plot. Abundance
of soil arthropods was measured as the total number of all arthropods found on each plot, and the
number of several arthropod orders. Here, we present the results for the abundances of mites
(Acari), myriapods (Myriapoda), hexapods (Hexapoda), springtails (Collembola) and insects
(Insecta s. str.), as they were the most abundant taxa found in our samples. Taxonomy followed
Westheide and Rieger (2013).

Statistical analysis on the effect of insecticide application on soil arthropod diversity and
abundance were performed using generalized linear mixed models in SAS® Release 9.4 (procedure
GLIMMIX). We analyzed arthropod diversity per plot using a model with Poisson error
distribution and a logarithmic link-function, and the abundances of all arthropods found on each
plot, and the number of mites, myriapods, hexapods, springtails and insects (Insecta s. str.) per
plot using a model with negative binomial error distribution and a logarithmic link-function. In
each analysis, ‘fungicide application’ and ‘insecticide application’, as well as their interaction, were
treated as fixed factors. Due to an unusually high number of mealybugs (family Pseudococcidae in
the superfamily Coccoidea) we excluded one sample (combined fungicide and insecticide

application) as a potential outlier when analysing the abundance of insects (s. str.).
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Appendix 7.2.4B Results of evaluation of insecticide efficacy

We found a total of 15415 soil arthropods in our samples, with mites constituting the most
abundant group (total of 12390 individuals). Arthropod diversity was significantly higher on
control plots, compared to plots treated with insecticide (5.8 £ 0.6 vs. 4.0 £ 0.5 hexapod orders,
Appendix 7.2.3C). The insecticide treatment reduced the total abundance of all arthropods by
more than 50% with an average of 497 + 106 specimens on plots treated with insecticide and 1024
+ 217 specimens on control plots, indicating an effective application of insecticide (Appendix
7.2.4C). This effect was mainly driven by a strong decrease in springtail abundance (232 £ 44 vs.
16 * 3 individuals, Appendix 7.2.4C). Since springtails represented the majority of hexapods, the
abundance of hexapods showed a similar response to insecticide application (255 52 vs. 26 £ 6,
Appendix 7.2.4C). Insect (s.str.) abundances were also affected by the insecticide treatment, but
only when one outlier sample was excluded from analysis (see Appendices 7.2.4A and 7.2.4C).
When included, the effect of insecticide application on the number of insect (s. str.) individuals
was barely non-significant (F = 4.34, p = 0.0537, see Appendix 7.2.4C). All other effects did not
change qualitatively when this sample was excluded and, thus, are not shown. Insecticide
application had no effect on mite and myriapod abundances (Appendix 7.2.4C). Fungicide
application had no effect on arthropod diversity and abundances with the following exception:
when including the outlier sample in analysis fungicide application had a significantly positive
effect on insect (s. str.) abundance (P < 0.05). Fungicides are known to have no harmful effect on,
or may even be beneficial for insect metabolism and populations (Moreby et al. 1997, Andrade et
al. 2010). Furthermore, it is possible that insects capitalized on the absence of fungi and increased
in abundance on plots treated with fungicide. There was no interaction effect among fungicide and

insecticide application.
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Appendix 7.2.4C Results of generalized linear mixed models for the effect of insecticide application on arthropod diversity, as measured by the number of hexapod
orders per plot and arthropod abundance, as measured by the total number of all arthropods found on each plot, and the number of mites (Acari), myriapods
(Myriapoda), hexapods (Hexapoda), springtails (Collembola) and insects (Insecta s. str.) per plot when treated with insecticide and the respective control. Values given
are least square means * standard errors. Insect abundance was analyzed including and excluding one sample with an unsually high number of mealybugs (family
Pseudococcidae in the superfamily Coccoidea, see Appendices 7.2.4A and 7.2.4B for detailed information). Note that hexapods include springtails and insects (Insecta
s. str.) and that arthropods include all mentioned groups. For taxonomy see Westheide and Rieger (2013). For the effect of fungicide application see Appendix 7.2.4B.
The interaction of fungicide and insecticide application had no effect on arthropod diversity and abundance. (* P < 0.05, ** P < 0.01, ** P < 0.001)

df. With insecticide Without insecticide Fvalues
Arthropod diversity
Hexapod orders 1,16 4.0+ 0.5 5.8+ 0.6 5.29%*
Arthropod abundance

All arthropods 1,16 497 £ 106 1024 £ 217 5.79%

Mites (Acati) 1,16 464 + 102 759 + 166 2.53

Myriapods (Myriapoda) 1,16 712 72 0.03
Hexapods (Hexapoda) 1,16 26 £6 255 £ 52 59.02%#%
Springtails (Collembola) 1,16 16+ 3 232+ 44 89.97#¢
Insects (Insecta s. str.) excl. outlier 1,16 5+1 19+4 18.58**

Insects (Insecta s. str.) incl. outlier 1,16 8+ 2 195 4.34
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Appendix 7.2.5 Aboveground biomasses (least square means and standard errors) of native and
exotic-dominated communities for each harvest. Asterisks indicate significant differences in
productivity among the two species origins. Note the logarithmic scale of the y-axis. (* P < 0.05)
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Appendix 7.2.6 Species richness (least square means and standard errors) of native and exotic-
dominated communities for each year. Asterisks indicate significant differences in species richness

among the two species origins. (* P < 0.05)
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Appendix 7.2.7A Establishment success (least square means and standard errors of the mean), as estimated by the total number of individuals in the second year
after sowing relative to the number of sown seeds, for two native (Hypericum perforatum and Tragopogon pratensis) and two exotic (Dianthus gigantens and Pimpinella
peregrina) focal species on low and high frequency plots treated with A) fungicide and B) insecticide and the respective controls. Note that for T. pratensis and
P. peregrina, columns and error bars represent means and standard errors adjusted for excessive zeros. Black dots indicate mean values including excessive zeros
(i.e. plots with zero values exceeding the number of plots expected by the undetlying distribution, see methods for detailed information). The interaction effect of
fungicide and insecticide application is not shown, because it was not significant (see Appendix 7.2.7B). Asterisks indicate significant effects of insecticide or
fungicide application on establishment success at the respective level of relative frequency (* P < 0.05). Note the logarithmic scale of the y-axis.
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Appendix 7.2.7B Results of generalized linear models on the effects of a species’ relative frequency in the seed mixture (hypothesis 3), fungicide application (hypothesis 4),
and insecticide application (hypothesis 4), as well as their interactions, and the effect of block on the estimates of establishment success, as estimated by the total number
of individuals in the second year after sowing relative to the number of sown seeds, for two native (Hypericum perforatum, Tragopogon pratensis) and two exotic (Dianthus
iganteus, Pimpinella peregrina) tocal species. Note that block had to be excluded for T. pratensis because of zero values for all replicates of a certain treatment combination,
and that zero inflation was only present in the datasets of T. pratensis and P. peregrina. See method section for information on model structure. Abbreviations for factors
are given in brackets. (* P < 0.05, ** P < 0.01, *** P < (0.001)

Source H. perforatum T. pratensis D. giganteus P. peregrina
a.f.  values

Relative frequency [RF] 1 50.82%%* 15.36%** 0.68 26.69%**
.Relat.ive frequency — Zero 1 i 6.00% i 12, 5440k
inflation

Fungicide application [F] 1 3.79 4.94%* 1.56 0.35
Insecticide application [I] 1 0.11 0.42 0.75 0.44
RF x F 1 0.15 3.98%* 0.7 1.06
RF x 1 1 0.14 0.03 1.51 1.24
FxI 1 0.53 1.47 0.11 0.01
RFxFxI 1 0.29 0.00 0.38 0.19
Block 4 11.21%* - 13.88%* 1.99
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A) Hypericum perforatum Tragopogon pratensis Dianthus giganteus Pimpinella peregrina
80 1 6x10" - I ”
= 2x10" 4 - 6x10"
3 60 == with fungicide 466 2x10" 1 ]
2 3 without fungicide
-] 80 -
£
40 -
£ 60 -
;’ 107" 4 10
2
s 40
c
£
320 1 1094 5
3
“ ]
' : : 10+ : 10+ . ,
) * *
= 80 8x10" A — 8x10" A
w S o
E 60 - == with insecticide 210] 2x10° ]
2 == without insecticide | 100
2 80 1
2
s 40 60
3 104 10
=
s 40
c
2
£
2
3 103 10
| . £ []
- T . . 10 T T 10# . -
Low frequency High frequency Low frequency High frequency Low frequency High frequency Low frequency High frequency

Appendix 7.2.8A Proportion of flowering individuals (least square means and standard errors of the mean), as estimated by the number of flowering individuals
relative to the total number of individuals present in the second year after sowing, for two native (Hypericum perforatum and Tragopogon pratensis) and two exotic
(Dianthus giganteus and Pimpinella peregrina) focal species on low and high frequency plots treated with A) fungicide and B) insecticide and the respective controls.
Although there is one significant three-way interaction (P. peregrina: RF X F X 1, see Appendix 7.2.8B), it is not shown because of consistency. Asterisks indicate
significant effects of insecticide or fungicide application on proportion of flowering individuals at the respective level of relative frequency (* P < 0.05). Note the

logarithmic scale of the y-axis.
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Appendix 7.2.8B. Results of generalized linear models on the effects of relative frequency (hypothesis 3), fungicide application (hypothesis 4), and insecticide application
(hypothesis 4), as well as their interactions, and the effect of block on the estimates of proportion of flowering individuals, as estimated by the number of flowering
individuals relative to the total number of individuals present in the second year after sowing, for two native (Hypericum perforatum and Tragopogon pratensis) and two
exotic (Dianthus gigantens and Pimpinella peregrina) focal species. Note that block had to be excluded for D. gigantens because of zero values for all replicates of a certain
treatment combination. See method section for information on model structure. Abbreviations for factors are given in brackets. (* P < 0.05, ** P < 0.01, *** P <

0.001)
Source H. perforatum T. pratensis D. giganteus P. peregrina
daf. o values

Relative frequency [RF] 1 11.45%%* 0.01 0.16 0.24
Fungicide application [F] 1 2.46 0.21 0.67 4.24%
Insecticide application [I] 1 0.01 0.03 517* 10.41**
RF X F 1 1.77 0.05 0.50 4.21%
RF X I 1 0.16 0.18 0.26%* 0.50*
FXxI 1 1.93 0.02 1.19 2.75
RF X F x I 1 0.07 0.16 1.19 4.71%*
Block 4 0.11 4.66 - 3.20
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Appendix 7.2.9A Fecundity (least square means and standard errors of the mean), as estimated by the number of seeds, or the number of inflorescences, produced
per flowering individual, in the second year after sowing, for two native (Hypericum perforatum and Tragopogon pratensis) and two exotic (Dianthus giganteus and Pimpinella
peregrina) focal species on low and high frequency plots treated with A) fungicide and B) insecticide and the respective controls. The interaction effect of fungicide
and insecticide application is not shown, because it was not significant (see Appendix 7.2.9B). Asterisks indicate significant effects of insecticide or fungicide
application on fecundity at the respective level of relative frequency (* P < 0.05). Although there is a significant RF X F interaction for D. giganteus (see Appendix
7.2.9B), the effect of fungicide application is not significant at any level of relative frequency. Note the logarithmic scale of the y-axis.
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Appendix 7.2.9B Results of generalized linear models on the effects of a species’ relative frequency in the seed mixture (hypothesis 3), fungicide application
(hypothesis 4), and insecticide application (hypothesis 4), as well as their interactions, and the effect of block on the estimates of fecundity, as estimated by the
number of seeds, or the number of inflorescences, produced per flowering individual in the second year after sowing, for two native (Hypericum perforatum and
Tragopogon pratensis) and two exotic (Dianthus gigantens and Pimpinella peregrina) focal species. Note that the three-way interaction had to be excluded for D. gigantens
and P. peregrina because of zero values for all replicates of a certain treatment combination. See method section for information on model structure. Abbreviations

for factors are given in brackets. (* P < 0.05, *** P < 0.001)

Source H. perforatum T. pratensis D. giganteus P. peregrina
a.f.  values
Relative frequency [RF] 1 0.27 2.67 0.60 0.20
Fungicide application [F] 1 0.87 3.18 2.93 3.51
Insecticide application [I] 1 0.05 2.95 0.05 3.31
RF X F 1 4.94% 2.37 4.19% 3.77
RF X I 1 0.58 3.23 0.04 2.10
F x1I 1 0.03 0.92 0.02 0.31
RF X F x I 1 0.69 1.12 - -
Block 4 9.17 10.48* 23.88%+* 1.98
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A) Arrhenatherum elatius Lotus corniculatus Medicago falcata
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Appendix 7.2.10A Germination success (least square means and standard errors of the mean), as estimated by the total number of
individuals present in the first year after sowing relative to the number of sown seeds, for three out of six native focal species (for the three
other native species see Appendix 7.2.10B) on low and high frequency plots treated with A) fungicide and B) insecticide and the respective
controls. Note that for L. corniculatus and M. falcata, columns and error bars represent means and standard errors adjusted for excessive
zeros. Black dots indicate mean values including excessive zeros (i.e. plots with zero values exceeding the number of plots expected by the
underlying distribution, see methods for detailed information). The interaction effect of fungicide and insecticide application is not shown,
because it was not significant (see Appendix 7.2.10D). Note the logarithmic scale of the y-axis.
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Appendix 7.2.10B Germination success (least square means and standard errors of the mean), as estimated by the total number of individuals
present in the first year after sowing relative to the number of sown seeds, for three out of six native focal species (for the three other native
species see Appendix 7.2.10A) on low and high frequency plots treated with A) fungicide and B) insecticide and the respective controls. Note
that for T. pratensis and H. perforatum, columns and error bars represent means and standard errors adjusted for excessive zeros. Black dots
indicate mean values including excessive zeros (i.e. plots with zero values exceeding the number of plots expected by the underlying
distribution, see methods for detailed information). The interaction effect of fungicide and insecticide application is not shown, because it
was not significant (see Appendix 7.2.10D). Asterisks indicate significant effects of insecticide or fungicide application on germination success
at the respective level of relative frequency (* P < 0.05). Note the logarithmic scale of the y-axis.



Appendices | 161

A) Lolium multiflorum Medicago x varia Dianthus giganteus Pimpinella peregrina
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Appendix 7.2.10C Germination success (least square means and standard error of the mean), as estimated by the total number of individuals present in the first
year after sowing relative to the number of sown seeds, for four exotic focal species on low and high frequency plots treated with A) fungicide and B) insecticide
and the respective controls. Note that for L. multiflorum, P. peregrina and D. gigantens, columns and error bars represent means and standard errors adjusted for
excessive zeros. Black dots indicate mean values including excessive zeros (i.e. plots with zero values exceeding the number of plots expected by the underlying
distribution, see methods for detailed information). Although there is a significant interaction effect (F X I for D. giganteus, see Appendix 7.2.10E), it is not shown
because of consistency. Asterisks indicate significant effects of insecticide or fungicide application on germination success at the respective level of relative frequency
(* P < 0.05). Note the logarithmic scale of the y-axis.
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Appendix 7.2.10D Results of generalized linear models on the effects of a species’ relative frequency in the seed mixture (hypothesis 3), fungicide application (hypothesis
4), and insecticide application (hypothesis 4), as well as their interactions, and the effect of block on the estimates of germination success, as estimated by the number
of seedlings in the year after sowing, relative to the number of seeds sown, for six native focal species. Note that zero inflation was not present in the datasets of 4.
elatins and F. vulgaris. See method section for further information on model structure. Abbreviations for factors are given in brackets. (* P < 0.05, ** P < 0.01, *** P
< 0.001)

Source A. elatius L. corniculatus M. falcata T. pratensis  H. perforatum F. vulgaris
daf. o values

Relative frequency [RF] 1 87.74 wxx 7.86 ** 35.18 *Hxk 16.79 otk 96.33 ok 15.29 Hkk
Relative frequency — Zero inflation | 1 - 37.03 *** 41.79 H** 48.44 Hxx 4.09 * -
Fungicide application [F] 1 0.02 1.08 0.41 7.22 ¥ 0.00 0.42
Insecticide application [I] 1 0.01 0.03 0.62 3.40 0.01 0.42
RFx F 1 0.16 0.43 0.06 5.78 * 0.03 0.22
RFx1I 1 0.09 0.03 0.26 2.06 0.00 0.22
FxI 1 0.58 2.97 1.90 1.47 1.09 0.62
RFxFxI 1 0.86 1.40 2.66 1.26 0.04 1.76
Block 4 11.81 * 16.48 ** 3.43 15.29 ** 27 .46 Frx 5.88
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Appendix 7.2.10E Results of generalized linear models on the effects of a species’ relative frequency in the seed mixture (hypothesis 3), fungicide application (hypothesis
4), and insecticide application (hypothesis 4), as well as their interactions, and the effect of block on the estimates of germination success, as estimated by the number
of seedlings in the year after sowing, relative to the number of seeds sown, for four exotic focal species. Note that zero inflation was not present in the datasets of
M. x varia and that two species (O. viciifolia, B. orientalis) had to be omitted because of poor germination. See method section for further information on model structure.
Abbreviations for factors are given in brackets. (* P < 0.05, ** P < 0.01, *** P < 0.001)

Source L. multiflorum M. x varia P. peregrina D. giganteus
daf. o values

Relative frequency [RF] 1 40.10 *** 3.13 7.18 ** 195.60 ***
Relative frequency — Zero inflation | 1 32.35 #** - 24.84 *Hx 32.50 ***
Fungicide application [F] 1 0.33 0.01 0.62 2.47
Insecticide application [I] 1 0.60 0.05 4.82 * 2.68
RF x F 1 0.15 0.37 1.60 0.29
RF x1 1 0.00 0.08 4.97 * 0.09
FxI 1 3.81 0.19 2.27 491 *
RFxFxI 1 0.41 0.11 0.93 0.80
Block 4 18.36 *** 2.80 6.03 37.07 *okx
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Appendix 7.2.11 Results of generalized linear models on the effects of a species’ relative frequency in the seed mixture (hypothesis 3), tungicide application (hypothesis

4), and insecticide application (hypothesis 4), as well as their interactions, and the effect of block on the estimates of per capita rate of increase, as estimated by the

number of seeds, or the number of inflorescences, relative to realized abundance after two years, as estimated by the number of individuals in that year, for two native

(Hypericum perforatum and Tragopogon pratensis) and two exotic (Dianthus giganteus and Pimpinella peregrina) focal species. Note that that zero inflation was only present in
the dataset of P. peregrina, and that the three-way interaction had to be excluded for this species because of zero values for all replicates of a certain treatment

combination. See method section for further information on model structure. Abbreviations for factors are given in brackets. (* P < 0.05, ** P < 0.01, *** P < 0.001)

Source H. perforatum T. pratensis D. giganteus P. peregrina
daf.  values

Relative frequency [RF] 1 11.53 ##% 0.84 0.05 7.78 **
Relative frequency — Zero inflation | 1 - - - 11.44 ##*
Fungicide application [F] 1 1.98 2.51 0.01 2.69
Insecticide application [I] 1 0.01 1.04 16.28 **k 2.69
RF x F 1 0.02 0.77 0.30 3.49
RF x 1 1 1.05 1.60 16.08 *** 3.07
FxI 1 2.74 0.79 4.65* 0.23
RFxFxI 1 0.56 0.07 4.88 * -
Block 4 1.24 5.92 34.82 Hxk 2.24
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Appendix 7.2.12 Abundance, cover and aboveground biomass of focal species. Values given are means +
standard deviation. (N) = Native species, (E) = Exotic species. LIF = Low-frequency plots; HF = High-
frequency plots; F+ = Fungicide application; F- = No fungicide application; I+ = Insecticide application;

I- = No insecticide application.

Mean no. of

Mean cover

Mean cover

Mean biomass

individuals per m? 2015 per m? 2016 5

per m? 2014 [%] [%] 2015 [g/m’]
(N) Arrhenatherum elatins
LF F- I- 28.7+233 115+ 8.7 9.7 £8.0 105.6 £ 135.5
LF F- I+ 26.9 £ 20.8 11.0 £ 8.2 11.3£9.2 92.8 = 134.8
LF F+ I- 28.9 £ 345 14.7 £10.0 13.6 £ 7.8 137.5 £ 114.9
LF F+ I+ 23.8 £20.5 140 £ 114 18.6 £ 10.8 955+ 11838
HF F- I- 56.8 £ 23.9 32.0 £ 6.7 20.0 £5.3 135.4 £ 80.0
HF F- I+ 424+ 19.3 250+ 7.2 23.6 £6.8 182.9 £ 58.0
HF F+ I- 424+ 151 322+ 151 35.6 £ 152 173.1 £ 113.2
HF F+ I+ 59.2 £ 29.0 2641113 28.0£9.6 169.9 + 130.4
(N) Lotus corniculatus
LF F- I- 02%0.8 1.5+3.7 3.7%57 0.8 £33.2
LF F- I+ 0.8+ 1.6 0.8+ 15 3.1+ 4.1 2210643
LF F+ I- 1.3+£25 1.1£1.06 21+35 1.9+ 71.7
LF F+ I+ 04+12 1.1+36 29141 22%10.8
HF F- I- 32.8 £225 51.0 £ 21.9 04.6 £ 8.4 58.8 £ 73.6
HF F- I+ 44.8 = 30.8 454 £ 257 53.0 = 29.4 419 £ 844
HF F+ I- 61.6 £ 67.9 244+ 134 60.8 = 11.0 315+ 254
HF F+ I+ 41.6 £ 244 36.8 £29.8 60.0 £ 29.6 50.0 £ 54.5
(N) Medicago falcata
LF F- I- 1.3+£28 0.8+ 1.5 72+ 11.4 32+ 151
LF F- I+ 1.0+ 17 1.0 14 142+ 179 0.0+ 0.0
LF F+ I- 1.0+ 1.7 1.1+18 114 £17.1 0315
LF F+ I+ 18126 0.5 1.0 63x75 09 %22
HF F- I- 77.6 437 20.6 £ 324 60.8 = 17.0 39.8 £ 85.9
HF F- I+ 77.6 = 34.8 40.6 £ 26.8 652+ 275 422 £29.6
HF F+ I- 09.6 £ 31.1 3121224 06.8 £ 29.0 33.6 £ 37.7
HF F+ I+ 63.2 £ 374 20.8 = 24.7 43.0 £ 40.9 27.9 £30.5
(N) Tragopogon pratensis
LF F- I- 02%82 0.4%0.8 02%03 2.8 £13.7
LF F- I+ 0.1£0.2 04%12 0.1%£03 0.0 £0.0
LF F+ I- 03+1.1 02%0.5 0.3+ 0.7 0.2 £0.86
LF F+ I+ 05*£13 0.1%+03 0.0 £ 0.1 10.1 £ 5.1
HF F- I- 9.6 £6.1 50%29 1.0+ 1.7 10.2 + 14.1
HF F- I+ 9.8+ 10.2 52%32 0.6 0.9 20.7 £36.9
HF F+ I- 10.6 £ 8.0 52+ 1.6 1.0+ 17 43.2 £ 86.6
HF F+ I+ 11.6 £ 119 34129 21+22 39.5 + 48.1
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Mean no. of

Mean cover

Mean cover

Mean biomass

individuals per m? 2015 per m* 2016 )

per m? 2014 [%] [%] 2015 [g/m’]
(N) Hypericum perforatum
LF F- I- 9.4 £109 32%£23 29 %206 11.1 £20.9
LF F- I+ 9.2£8.6 2.7%26 24%24 12.9 £ 29.7
LF F+ I- 95117 34£28 47%5.1 18.9 £ 56.4
LF F+ I+ 109+ 95 3.8*£34 5.6 £3.1 14.7 £ 23.5
HF F- I- 29.6 £ 244 52%20 0.6 £ 4.4 13.3 £ 22,5
HF F- I+ 24.8 £ 20.1 2.8+ 1.6 6.8 £4.1 59 %57
HF F+ I- 21.6 £ 134 7.2%3.6 18.8 £11.9 17.8 £ 16.6
HF F+ I+ 21.6 £17.3 11.6 £ 8.6 13.8 £8.3 68.5 £ 76.9
(E) Lolinm multiflorum
LF F- I- 09=*23 0.2=£0.6 0.6 £0.9 0612
LF F- I+ 29 %81 03*12 07x15 0.7x1.06
LF F+ I- 3.0 £6.6 03£0.7 0.7% 1.1 0517
LF F+ I+ 1.7+ 3.8 0.3£0.6 0.8 % 1.1 1.6 £54
HF F- I- 124+ 738 58 £5.6 128 £7.7 47.4 £ 58.3
HF F- I+ 19.2 £ 15.1 0.8 £8.0 10.6 £ 6.5 29.7 £ 51.6
HF F+ I- 16.0 £13.9 1.5£1.06 8.4*45 8.1 £ 145
HF F+ I+ 128 £ 11,5 29125 9.0x 738 14.6 + 24.9
(E) Onobrychis vicifolia
LF F- I- 0.0 £0.0 0.0 £0.0 0.0 £0.0 0.0 £0.0
LF F- I+ 0.0£0.0 0.7 £ 3.6 0.7*28 0.0 £0.0
LF F+ I- 0.0£0.0 0.0 £0.0 0.2 £ 0.6 0.0 £0.0
LF F+ I+ 0.0£0.0 0.0 £0.0 05*1.7 0.0 £0.0
HF F- I- 2.6+ 34 52%95 13.2 £ 284 23.1 £51.7
HF F- I+ 34 %31 9.4%10.5 21.8 £25.0 355+ 79.4
HF F+ I- 08=*1.8 6.2%13.3 8.4 £ 16.6 12.9 £ 28.9
HF F+ I+ 20%20 9.6 £ 14.7 19.4 £27.7 0.0 £0.0
(E) Medicago x varia
LF F- I- 34%34 35%5.6 17.1 £16.0 14.0 £ 63.8
LF F- I+ 3.7%40 47 % 6.4 18.6 £ 16.4 19.3 £51.3
LF F+ I- 41=%3.6 72%83 19.4 £21.2 35.0£119.6
LF F+ I+ 39%33 8.3 £10.5 27.2+179 29.9 £80.3
HF F- I- 149.0 £ 87.7 30.3 £ 39.0 44.0 £ 34.8 83.7 £162.3
HF F- I+ 172.8 £ 39.8 23.1£20.0 42.8 = 28.6 43.7 £ 54.4
HF F+ I- 143.2 + 26.1 28.6 £27.3 53.2 £ 227 30.7 £29.5
HF F+ I+ 139.2 £52.3 45.6 £ 36.0 56.6 £ 33.2 103.8 £ 100.7
(E) Dianthus giganteus
LF F- I- 1.7+ 3.7 0.3 £0.6 03£0.8 02%09
LF F- I+ 1.9+25 0.4=£0.6 1.2%+15 02%09
LF F+ I- 20X 206 0.4=x0.7 14+23 6.7 £33.5
LF F+ I+ 14123 03%05 0.7x1.1 02*12
HF F- I- 80.0 £ 43.7 04124 10.8 £3.3 10.9 £10.2
HF F- I+ 64.0 £ 7.5 841453 152 £ 6.4 45.1 £ 58.0
HF F+ I- 60.0 £ 29.4 82%25 11.8 £4.0 134 +£13.3
HF F+ I+ 60.0 £ 11.7 64%15 13.0 £ 4.4 13.7 £ 15.6
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Mean no. of
individuals

Mean cover
per m? 2015

Mean cover
per m* 2016

Mean biomass

per m? 2014 [%] [%] 2015 [g/m’]
(E) Pimpinella peregrina
LF F- I- 23%39 54173 3.8£32 18.3 + 40.5
LF F- I+ 35148 56174 3.7%5.6 30.5£61.2
LF F+ I- 42%58 47 £ 5.6 34%41 8.3 £19.6
LF F+ I+ 2.6 £ 47 53+ 104 25%27 0.2 £0.37
HF F- I- 124.8 £ 56.4 524 £ 17.0 35.8+18.8 203.1 £ 169.9
HF F- I+ 462.0 £ 671.1 458 £21.3 20.0 £ 8.6 199.9 £ 263.5
HF F+ I- 140.0 £ 94.2 37.0 £15.7 258 £29.9 105.3 £ 143.2
HF F+ I+ 167.8 £ 79.0 62.0 £17.5 33.6 £29.5 4159 + 2825
(E) Bunias orientalis
LF F- I- 0.0 £0.0 0.0 £0.0 0.0 £0.0 0.0 £0.0
LF F- I+ 02%0.8 0.0 £0.0 0.0 £0.0 0.0 £0.0
LF F+ I- 0.0 £0.0 0.0 £0.0 0.0 £0.0 0.0 £0.0
LF F+ I+ 0.0 £0.0 0.0 £0.0 0.0 £0.0 0.0 £0.0
HF F- I- 0.0£0.0 0.6*13 0.0 £0.0 0.0 £0.0
HF F- I+ 0.0 £0.0 0.4=%09 0.1x17 0.0 £0.0
HF F+ I- 1.6 £ 3.6 45%98 22* 44 27.2 % 60.8
HF F+ I+ 0.8+ 1.8 0.8 1.8 12+27 0.0 £ 0.0
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Appendix 7.2.13 Realized frequency for each native and exotic focal species in May 2014, measured as
proportional number of individuals per plot (low frequency vs. high frequency plots) relative to the total
number of individuals of all species per plot, and proportional biomasses per plot (low frequency vs. high
frequency plots) for each native and exotic focal species of the July 2015 harvest, relative to the total
biomass of all species per plot. Realized frequency and total proportional biomass for all native and exotic
focal species were also calculated across all 120 plots per origin. Values given are means T standard

deviation.

Proportional number of

individuals per plot 2014 | roportional biomass

per plot 2015 [%)]

[%o]
(N) Arrhenatherum elatins
Low frequency 11.8 £ 10.0 3.6+ 6.5
High frequency 254+ 84 0.6 £28
(N) Lotus corniculatus
Low frequency 0.4%+09 0.1%0.2
High frequency 18.5+ 13.8 1.8+£23
(N) Medicago falcata
Low frequency 0.6+12 0.1+04
High frequency 26.7+ 121 1.5+£23
(N) Tragopogon pratensis
Low frequency 0.2£0.6 0.1%+0.1
High frequency 54+ 44 09*13
(N) Hypericum perforatum
Low frequency 41+38 0.5% 1.1
High frequency 10.4 £ 6.1 09=*12
(N) Falcaria vulgaris
Low frequency 1.0 £ 2.0 0.1+02
High frequency 24153 0.1 £0.1
Native focal species 29.7 £ 14.5 48.8 = 29.8
(E) Lolium multiflorum
Low frequency 0.7+1.7 0.1%0.1
High frequency 6.8+ 45 0.8*13
(E) Onobrychis viciifolia
Low frequency 0.0£0.0 0.0 £0.0
High frequency 1.3+£18 04=%1.0
(E) Medicago x varia
Low frequency 1.7£18 05* 1.4
High frequency 40.3 £ 16.0 20+ 31
(E) Dianthus giganteus
Low frequency 0.8+ 14 0.1%+03
High frequency 243 +£82 0.6 £0.7
(E) Pimpinella peregrina
Low frequency 1.3+£20 04%09
High frequency 425+ 173 4.6 £ 3.7
(E) Bunias orientalis
Low frequency 0.1+0.1 0.0 £ 0.0
High frequency 0.3+ 1.0 03+ 1.1
Exotic focal species 229+ 19.4 23.9 + 33.5
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Appendix 7.3.1 Rarefaction curves of the rarefied (upper panel) and unrarefied (lower panel)
dataset. Per sample read count was normalized to the sample with the lowest read counts
using the ’rarefy_even_depth’ function of the phyloseq package (McMurdie and Holmes
2013) in R version 3.6.2 (R Development Core Team 2019).
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Appendix 7.3.2 Effects of the interaction of fungicide
application and plant species origin on the a-diversity measures
OTU richness, Shannon diversity index and Pielou’s evenness
of soil fungal communities. Boxes represent 250 and 75%
percentiles, error bars show 10 and 90t percentiles. The
median is indicated by the vertical line in each box. Each outlier
is shown. N for each analyzed group (Native species with no
fungicide, Native species with fungicide, Exotic species with no
fungicide, Exotic species with fungicide) is 30. There were no
significant effects.
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Appendix 7.3.3 Effects of fungicide application on the Shannon index and Pielou’s evenness of soil fungal
communities depending on the dominant plant species. Boxes represent 25 and 75% percentiles, error
bars show 10™ and 90t percentiles. The median is indicated by the vertical line in each box. Each outlier
is shown. Results of within-species comparisons using t-tests are not shown because all of these
comparisons yielded non-significant results (with « = 0.05). N for each species is 10. There were no
significant effects. Because of the low sample size we also conducted a non-parametric Mann-Whitney U
test, which yielded a non-significant result as well.
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Appendix 7.3.4A Results of Principal Coordinate Analysis (PCoA) for the effects of fungicide
application on fungal OTU composition of the whole fungal community for each of the six exotic and
six native plant species when sown as a dominant species. Each symbol represents the data from one
plot. The colored ellipses indicate 90% confidence. Note the differences in scale among the graphs. E
= exotic plant species, N = native plant species. Arr_ela = Arrhenaterum elatius, Lot_cor = Lotus
cornienlatns, Med_fal = Medicago falcata, Tra_pra = Tragopogon pratensis, Hyp_per = Hypericum perforatum,
Fal_vul = Falaria vulgaris, Lol_mul = Lolium multifornm, Ono_vic = Omnobrychis viciifolia,
Med_var = Medicago x varia, Dia_gig = Dianthus giganteus, Pim_per = Pimpinella peregrina, Bun_ori =
Bunias orientalis.
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Appendix 7.3.4B Results of Principal Coordinate Analysis (PCoA) for the effects of fungicide
application on fungal OTU composition of the saprotrophic community for each of the six exotic and
six native plant species when sown as a dominant species. Each symbol represents the data from one
plot. The colored ellipses indicate 90% confidence. Note the differences in scale among the graphs. E
= exotic plant species, N = native plant species. Arr_ela = Awrbenaternm elatins, Lot_cor = Lotus
corniculatus, Med_fal = Medjcago falcata, Tra_pra = Tragopogon pratensis, Hyp_per = Hypericum perforatum,
Fal_vul = Falaria vulgaris, Lol_mul = Lokium wmultifornm, Ono_vic = Omnobrychis vicitfolia,
Med_var = Medicago x varia, Dia_gig = Dianthus gigantens, Pim_per = Pimpinella peregrina, Bun_oti = Bunias
orientalis.
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Appendix 7.3.4C Results of Principal Coordinate Analysis (PCoA) for the effects of fungicide
application on fungal OTU composition of the pathotrophic community for each of the six exotic and
six native plant species when sown as a dominant species. Each symbol represents the data from one
plot. The colored ellipses indicate 90% confidence. Note the differences in scale among the graphs. E
= exotic plant species, N = native plant species. Arr_ela = Awrbenaternm elatins, Lot_cor = Lotus
corniculatus, Med_fal = Medjcago falcata, Tra_pra = Tragopogon pratensis, Hyp_per = Hypericum perforatum,
Fal_wul
Med_var = Medicago x varia, Dia_gig = Dianthus gigantens, Pim_per = Pimpinella peregrina, Bun_oti = Bunias

Falearia  vulgaris, Lol_mul = Lolium multifornm, Ono_vic = Omnobrychis vicitfolia,

orientalis.
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Appendix 7.3.5A Results of indicator species analysis to identify OTUs specific to soil fungal communities of exotic plant species subjected to fungicide treatment
using the zndicspecies package (ver. 1.7.9), where OTUs with P < 0.05 were considered as indicator taxa. 0 and 1 indicate absence and presence, respectively, of the
OTU in exotic plant communities with or without fungicide treatment. Species abbreviations: Lo/ium multiflorunz, Onobrychis vicitfolia, Medicago x varia, Pimpinella peregrina,
Dianthus gigantens, Bunias orientalis. F-: no fungicide application, F+: fungicide application, P: Pathotroph, SA: Saprotroph, SY: Symbiotroph, na: information not

available.

OTU Taxonomy Functional Im ILm Ov Ov Mv Mv Pp Pp Dg Dg Bo Bo  Stat p-
Nr. group F+ F- F+ F- P+ F F+ F F+ F- F+ F- value
0007 Amphisphaeriaceae SA 0 0 0 0 0 0 0 0 0 1 0 0 0.5230  0.020
0047 Sordariomycetes na 0 1 1 0 0 0 0 0 0 0 1 1 0.5646  0.007
0073 Sebacinales na 0 0 0 0 0 1 0 0 0 0 1 0 0.5256  0.037
0083 Pleosporales na 0 0 0 0 0 0 0 0 0 1 0 0 0.5350  0.031
0101 Cladorrbinum flexuosum P-SA-SY 0 0 0 0 0 0 0 1 0 0 0 0 0.4717  0.008
0102 Pyronemataceae na 1 0 0 0 0 0 0 0 0 0 0 0 0.5584  0.025
0130 Chrysosporium chirgpterorum na 1 0 0 0 0 1 0 0 0 0 1 0 0.6086  0.002
0133 Fusarium oxysporum P-SA-SY 0 1 0 0 1 0 0 0 0 1 0 0 0.4958  0.046
0167 GS02 na 0 0 0 1 0 0 0 0 0 0 0 0 0.5681  0.025
0168 Pleosporales na 0 0 0 0 0 1 0 0 0 0 0 0 0.6871  0.003
0193 Rhbizophlyctis rosea SA 0 0 0 0 0 0 0 1 0 0 0 0 0.5762  0.027
0207 Peziza psendoviolacea SY 0 0 0 0 0 0 0 0 0 0 1 0 0.4873  0.016
0231 Gymmnoascus reessii SA 0 0 0 0 1 0 0 0 0 0 0 0 0.5366  0.023
0242 Unclassified fungi na 0 0 0 1 0 0 0 0 0 0 0 0 0.4980  0.047
0252 Mortierella alpina SA 0 1 1 0 0 0 0 0 0 0 0 0 0.5636  0.025
0258 Pezizaceae na 0 1 0 1 0 0 0 0 0 0 1 0 0.5544  0.015
0369 Agaricomycetes na 0 1 0 0 0 0 0 0 0 0 0 0 0.5579  0.029
0399 Melanocarpus albonryces na 1 0 1 0 0 0 0 0 0 0 0 0 0.5247  0.038
0413 Rhodotornla ferulica P-SA 0 1 0 0 0 0 0 0 0 0 0 0 0.5971  0.021
0417 Funneliformis geospornm SY 0 0 0 0 0 1 0 0 0 0 0 0 0.5628  0.041
0447 Funneliformis mosseae SY 0 0 0 0 0 0 0 0 0 1 0 0 0.5636  0.035
0508 Unclassified fungi na 0 1 0 0 0 0 0 0 0 0 0 0 0.5579  0.038
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Appendix 7.3.5B Results of indicator species analysis to identify OTUs specific to soil fungal communities of native plant species subjected to fungicide treatment

using the zndicspecies package (ver. 1.7.9), where OTUs with P < 0.05 were considered as indicator taxa. 0 and 1 indicate absence and presence, respectively, of the

OTU in native plant communities with or without fungicide treatment. Species abbreviations: Arrhenatherum elatins, Lotus corniculatus, Medicago falcata, Tragopogon pratensis,

Hypericum perforatum, Falcaria vulgaris. F-: no fungicide application, F+: fungicide application, P: Pathotroph, SA: Saprotroph, SY: Symbiotroph, na: information not

available.

OTU Taxonomy Functional Ae Ae Lc Lec Mf Mf Tp Tp Hp Hp Fv Fv Stat p-
N, group F+ F F+ F P+ B P+ FE F+ B F+ I value
0011 Mortierella sp. SA 0 0 0 0 1 0 0 0 0 0 1 1 0.4857  0.047
0056 Tetracladium marchalianum SA 0 0 0 0 0 0 1 0 0 0 0 0 0.5748  0.002
0057 Scutellinia scutellata SA 0 0 0 0 0 0 0 1 0 0 0 0 05449  0.038
0111 Agaricomycetes na 0 0 1 0 0 0 0 0 0 0 0 0 05012  0.045
0208 Metacordyceps chlamydosporia P 1 0 0 0 0 0 0 1 1 1 1 1 0.5285  0.025
0280 Lophiostomataceae na 0 0 0 1 1 1 0 0 1 0 0 1 0.5233  0.035
0304 Montagnulaceae na 0 0 0 0 0 0 0 0 0 1 0 0 0.6390  0.006
0322 Acremonium spinosum P-SA-SY 0 0 0 0 0 0 0 0 1 0 0 0 0.5715  0.013
0376 Arthropsis hispanica P 0 0 0 0 0 0 0 0 1 0 0 0 05636 0.033
0443 Macrocystidia cucumis SA 0 0 0 0 0 1 1 0 0 1 0 0 0.5410  0.032
0516 Cadophora luteo-olivacea SY 0 0 0 0 0 0 0 0 0 0 1 0 0.7153  0.003
0539 Clonostachys sp. P 0 0 0 0 0 0 1 0 0 0 0 0 07609  0.004
0566 Cylindrocarpon sp. P 0 1 0 0 0 0 0 0 0 0 1 0 05340  0.047
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