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Summary 
With the increase of human mobility, also the breakdown of biogeographical barriers (by voluntarily 

or involuntarily human-mediated dispersal of species into new regions) has increased. The relatedness 

of an introduced species to the native recipient community it is introduced to may determine the 

success of the former. This dissertation addresses overall the role of the phylogenetic distance to the 

recipient community in determining the success of introduced species. The main hypothesis addressed, 

Darwin’s naturalization hypothesis, is the leading thread through the different chapters. Darwin’s 

naturalization hypothesis states that an introduced species is more likely to succeed if no closely 

related species are present in the recipient community, since it would suffer competitive exclusion 

due to niche overlap with the close relatives. In contrast, the preadaptation hypothesis states that an 

introduced species is more likely to succeed if closely related species are present in the recipient 

community, since it would more likely be preadapted to the local environment. These two contrasting 

hypotheses have been summed up as Darwin’s naturalization conundrum.  

The overarching question of the role of phylogenetic distance is addressed across 

different life history stages of the introduced plant, starting from seed germination and seedling 

survival, following a plant’s growth and development, and finally a plant’s sexual reproduction 

through pollen transfer, fruit set and seed production. Further, to assess how the role of phylogenetic 

distance may depend on biotic interactions, several factors are included: disturbance, herbivorous and 

predatory arthropods, fungal pathogens, and belowground nematodes. To unravel the role of 

phylogenetic distance, I tested for both linear and non-linear effects. The three chapters of this thesis 

consist of one thorough analysis of two existing datasets, and of two experimental studies that I 

conducted myself.  

In the first study, I addressed Darwin’s naturalization conundrum analysing a total 

of two datasets from field experiments in Germany and in Switzerland, where alien and native species 

were introduced either as seeds or as seedlings in native grasslands. The Swiss experiment included 

a disturbance treatment, while the German experiment included disturbance, fungicide application 

and herbivore-exclusion treatment. I analysed the role of four community phylogenetic distance 

measures on seedling emergence and seedling survival: the mean phylogenetic distance to the native 

community, the weighted mean phylogenetic distance to the native community, the distance to the 

nearest neighbour in the native community, and the distance to the most abundant neighbour in the 

native community. Phylogenetic distance affected establishment depending on life stage, with success 

decreasing with increasing distances for the seedling survival, but peaking at intermediate distances 

for seedling emergence. This suggests that two excluding forces, competition from close relatives as 



ii 

predicted by Darwin’s naturalization hypothesis and environmental filtering for distant relatives as 

predicted by the preadaptation hypothesis, act simultaneously, leading to highest success for 

intermediate relatedness. 

In the second study, I conducted a mesocosm experiment where I grew six alien 

target species alone and in competition with one of nine native competitor species. Using enclosure 

cages, I applied herbivorous arthropods, predatory arthropods and soil nematodes as treatments, to 

test for effects of multitrophic interactions. I analysed the role of the phylogenetic distance between 

target and competitor species on target performance, measured as survival, biomass and number of 

flowers. Phylogenetic distance did not affect any of the performance measures, neither did the trophic 

interactions treatments. The likely explanation is that during the experiment facilitative effects were 

predominant, due to the hot temperature during that year.  

In the third study, I performed a multi-species hand pollination experiment using 

alien and native species as both pollen donors and pollen recipients. I analysed the role of the 

phylogenetic distance between donor and recipient species on fruit and seed set. Further factors 

included were the donor and recipient status (alien or native) as well as trait distance. Phylogenetic 

distance affected fruit set only for alien recipient, with more distantly related species resulting in 

lower heterospecific pollen interference. As a new finding, I showed that heterospecific pollen from 

natives negatively affects alien recipients, which indicates biotic resistance of native communities.  

To conclude, the relative importance of different biotic factors, including herbivory, 

fungal pathogens and disturbance, depends on life stage and environmental context. Thus, the 

resulting patterns of how phylogenetic distance affects performance of an introduced species will 

vary accordingly, being the net outcome of different mechanism acting simultaneously. For future 

studies on the role of the phylogenetic distance between introduced species and native communities 

on performance of the introduced species, one needs to keep in mind the life stage and the 

environmental context.  
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Zusammenfassung 
Mit der Mobilitätszunahme des Menschen hat auch der Abbau biogeografischer Barrieren (durch 

freiwillige oder unfreiwillige Ausbreitung von Arten in neuen Regionen) zugenommen. Die 

Verwandtschaft der eingeführten Arten zur einheimischen Empfängergemeinschaft, zu der sie 

eingeführt wurden, kann den Erfolg der ersteren bestimmen. Diese Dissertation befasst sich mit der 

Rolle der phylogenetischen Distanz zur Empfängergemeinschaft für den Erfolg einer eingeführten 

Art. Die angesprochene Haupthypothese, Darwins Einbürgerungshypothese, ist der Leitfaden durch 

die verschiedenen Kapitel. Sie besagt, dass eine eingeführte Art eher erfolgreich ist, wenn keine engen 

Verwandten in der Empfängergemeinschaft hat, da sie aufgrund von Nischenüberschneidungen mit 

engen Verwandten unter Konkurrenzausschluss leiden würde. Im Gegensatz dazu besagt die 

Präadaptationshypothese, dass eine eingeführte Art eher erfolgreich ist, wenn sie nahe Verwandte in 

der Empfängergemeinschaft hat, da sie eher an die lokale Umgebung angepasst wäre. Diese beiden 

gegensätzlichen Hypothesen wurden als Darwins Einbürgerungsrätsel zusammengefasst. 

Die übergreifende Frage nach der Rolle der phylogenetischen Distanz wird in 

verschiedenen Lebensstadien der eingeführten Pflanze angesprochen, angefangen bei der 

Samenkeimung und dem Überleben als Keimling, über dem Wachstum und der Entwicklung der 

Pflanze, bis schließlich zur sexuelle Fortpflanzung durch Pollenübertragung und Frucht- und 

Samenproduktion. Um zu beurteilen, wie die Rolle der phylogenetischen Distanz von biotischen 

Wechselwirkungen abhängen kann, werden verschiedene Faktoren einbezogen: Störung, 

pflanzenfressende und räuberische Arthropoden, Pilzpathogene und Bodennematoden. Um die Rolle 

der phylogenetischen Distanz zu entschlüsseln, habe ich sowohl lineare als auch nichtlineare Effekte 

einbezogen. Die drei Kapitel dieser Arbeit bestehen aus einer gründlichen Analyse von zwei 

vorhandenen Datensätzen und aus zwei experimentellen Studien, die ich selbst durchgeführt habe.  

In der ersten Studie ging ich auf Darwins Einbürgerungsproblem ein und analysierte 

insgesamt zwei Datensätze aus Feldversuchen in Deutschland und in der Schweiz, bei denen 

gebietsfremde und einheimische Arten entweder als Samen oder als Keimling in einheimische 

Grasländer eingeführt wurden. Das Schweizer Experiment umfasste eine Störungsbehandlung, 

während das deutsche Experiment die Behandlung von Störungen, Fungiziden und 

Pflanzenfresserausschluss thematisiert. Ich analysierte die Rolle von vier phylogenetischen 

Distanzmessungen für die Samenkeimung und das Keimlingsüberleben: die mittlere phylogenetische 

Distanz zur einheimischen Gemeinschaft, die gewichtete mittlere phylogenetische Distanz zur 

einheimischen Gemeinschaft, die Distanz zum nächst verwandten Nachbarn in der einheimischen 

Gemeinschaft und die Distanz zum häufigsten Nachbarn in der einheimischen Gemeinschaft. Die 
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phylogenetische Distanz beeinflusste die Etablierung je nach Lebensstadium, wobei der Erfolg für 

das Überleben des Keimlinges mit zunehmender Distanz abnahm, jedoch für die Samenkeimung bei 

mittleren Distanzen am höchsten war. Dies legt nahe, dass zwei ausschließende Kräfte, die 

Konkurrenz von nahen Verwandten, wie von Darwins Einbürgerungshypothese vorhergesagt, und 

der Filtereffekt der Umgebung für entfernte Verwandte, wie von der Präadaptationshypothese 

vorhergesagt, gleichzeitig wirken, was zu höchstem Erfolg bei intermediären Verwandtschaften führt.  

In der zweiten Studie führte ich ein Mesokosmos-Experiment durch, bei dem ich 

sechs gebietsfremde Zielarten sowohl allein als auch zusammen mit einer von neun einheimischen 

Arten konkurrieren lies. Unter Verwendung von Gehegekäfigen setzte ich pflanzenfressende 

Arthropoden, räuberische Arthropoden und Bodennematoden als Behandlungen ein, um die 

Auswirkungen multitrophischer Wechselwirkungen zu testen. Ich analysierte die Rolle der 

phylogenetischen Distanz zwischen Ziel- und Konkurrenzart für die Leistung der Zielart, gemessen 

als Überleben, Biomasse und Anzahl der Blüten. Die phylogenetische Distanz, wie auch die 

Behandlungen der trophischen Wechselwirkungen, hatten keinen Einfluss auf die Leistung der Zielart. 

Die wahrscheinliche Erklärung dafür ist, dass auf Grund der heißen Temperaturen des Jahres während 

des Experiments  die Erleichterungseffekte überwogen.  

In der dritten Studie führte ich ein Multispezies-Handbestäubungsexperiment durch, 

bei dem gebietsfremde und einheimische Arten sowohl als Pollenspender als auch als 

Pollenempfänger verwendet wurden. Ich analysierte die Rolle der phylogenetischen Distanz 

zwischen Spender- und Empfänger-Art auf Frucht und Samenproduktion. Weitere Faktoren waren 

der Spender- und Empfängerstatus (gebietsfremd oder heimisch) sowie die Merkmalsdistanz. 

Fruchtproduktion wurde nur bei gebietsfremden Empfänger von der phylogenetischen Distanz 

beeinflusst, wobei entfernter verwandte Empfänger unter einer geringeren heterospezifischen 

Polleninterferenz litten. Als neue Erkenntnis zeigte ich, dass heterospezifischer Pollen von 

Einheimischen Arten einen negativen Einfluss auf gebietsfremde Empfänger hat. Dies ist ein 

Indikator für die biotische Resistenz einheimischer Gemeinschaften.  

Zusammenfassend ist die relative Bedeutung verschiedener biotischer Faktoren, 

einschließlich Pflanzenfresser, Pilzpathogene und Störungen, vom Lebensstadium und dem 

Umweltkontext abhängig. Folglich variieren die resultierenden Muster der Auswirkung der 

phylogenetischen Distanz auf die Leistung einer eingeführten Art, und sind das Nettoergebnis 

verschiedener gleichzeitig wirkender Mechanismen. Für zukünftige Studien zur Rolle der 

phylogenetischen Distanz zwischen eingeführten Arten und einheimischen Gemeinschaften für die 
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Leistung der eingeführten Arten müssen das Lebensstadium und der Umweltkontext berücksichtigt 

werden. 
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General Introduction 

Alien species 
Alien - or non-native - species are species that due to voluntary or involuntary human intervention 

(Bertness & Callaway, 1993), have moved from one region to another where historically they were 

not present. During the last two centuries, the number of alien species introductions has continuously 

increased worldwide, and the increase in numbers of alien species does not show any sign of 

saturation for any taxa (Seebens et al., 2017). Alien species can be broadly categorized according to 

their status as a casual, naturalized or invasive species (Pyšek et al., 2004). A casual alien is a non-

native species that, after introduction, survives and reproduces but eventually disappears since it is 

unable to establish a self- sustaining population. In comparison, a naturalized alien, is able to sustain 

a self-replacing population without further direct human intervention. When a naturalized alien 

species starts to spread in an uncontrolled and rampant way, far beyond its initial population, it is 

dubbed as invasive. Over the past decades invasive alien species have become a hot topic in the fields 

of conservation biology and ecology (e.g. Blackburn et al., 2011; Seebens et al., 2018). Invasive 

species have been appointed with a negative connotation, due to their environmental and economic 

impacts (Richardson et al., 2000; Vilà et al., 2011), and the label has often been extended to all 

naturalized alien species. The harmful effect of some invasive species is undeniable. For example, 

common ragweed (Ambrosia artemisiifolia) which was translocated from North America to Europe, 

led to reduced crop yield and became a new strong allergenic due to its pollen (Kazinczi, Béres, 

Novák, Biró, & Pathy, 2008). The impacts of invasive species have spurred further research in an 

attempt to explain how and why a species can become invasive, in order to understand and eventually 

prevent further invasions. 

 Many hypotheses have been proposed to explain the mechanisms behind species 

invasions (Catford, Jansson, & Nilsson, 2009; Jeschke et al., 2012), ranging from those focusing on 

the invader’s species characteristics like the Ideal Weed (Baker, 1974) or the Reckless Invader 

(Simberloff & Gibbons, 2004), to those addressing interactions with enemies such as the Enemy 

Release (Keane & Crawley, 2002), the Enemy Reduction or the Enemy of my Enemy hypotheses 

(Colautti, Ricciardi, Grigorovich, & MacIsaac, 2004); from old standing Darwin’s naturalization 

hypothesis (Darwin, 1859) to the more recent Empty Niche (MacArthur, 1970) and Opportunity 

Window (Johnstone, 1986; Shea & Chesson, 2002) hypotheses, all concerned with the relatedness of 

the invader and the resident community; finally those focusing on the receiving community like the 

Biotic Resistance hypothesis (Ives & Carpenter, 2007), the Islands Susceptibility hypothesis (Elton, 

1958) or the Invasional Meltdown hypothesis (Simberloff & von Holle, 1999). On the one hand 
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understanding naturalization and invasion processes of species can aid us to avoid such events, on the 

other hand studying species invasions can help us to answer basic ecological questions. The same 

factors that impact community assembly, like dispersal, abiotic constraints and biotic interactions 

(Belyea & Lancaster, 1999), affect naturalization and invasion. Movements of organisms and 

adaptations to new biotic and abiotic environments are naturally occurring phenomena, and given the 

magnitude of biological invasions, we have at our disposal multiple replicates of a semi-natural 

experiment that we can use to test various ecological hypotheses. In this dissertation, my focus will 

be on alien plant species, plant communities and their interactions with higher trophic levels. 

Darwin’s naturalization conundrum 
In his “Origin of Species” (1859), Charles Darwin proposed the hypothesis that an alien species would 

be more likely to naturalize in a new range if native congeners would be present, since they would be 

pre-adapted to similar abiotic conditions such as temperature, water availability and soil acidity. 

However, he observed the opposite pattern: after comparing the numbers of alien congeners and alien 

non-congeners successfully naturalized in a certain region (de Candolle, 1855), he found a higher 

proportion of non-congeners. Assuming that closely related species are more likely to have similar 

niches, he reasoned this was due to a stronger competition among congeners due to niche-overlap. 

He concluded that an alien species would be less likely to naturalize if congeners would be present in 

its introduced range. This hypothesis has been named “Darwin’s naturalization hypothesis”, whereas 

the idea that an alien which is closely related to the native community would have an advantage due 

to preadaptation is known as the “Preadaptation hypothesis”. Seemingly contrasting, the conflict of 

these two hypotheses leading to opposite predictions has been named “Darwin’s naturalization 

conundrum”. This conundrum is illustrated in Darwin’s own work: 

“It might have been expected that the plants which would succeed in becoming naturalized in 

any land would generally have been closely allied to indigenes; for these are commonly looked 

at as specially adapted for their own country.” (Darwin, 1859)  

“As the species of the same genus usually have, though by no means invariably, much 

similarity in habits and constitution, and always in structure, the struggle will generally be 

more severe between them, if they come into competition with each other, than between the 

species of distinct genera ” (Darwin, 1859) 

During Darwin’s time, conclusions were based on taxonomy, not always reflecting the real 

evolutionary relatedness. Nowadays we can fortunately rely on more accurate data and phylogenies 

that allow us to calculate relatedness to a more precise degree in terms of evolutionary distance. 
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Despite this, the relationship between the phylogenetic distance and the establishment success of an 

alien species in a community it is introduced to is not yet fully understood. Studies that have attempted 

to address this question have so far been inconsistent (Thuiller et al., 2010), with some finding support 

for a positive relationship between success and relatedness (Duncan & Williams, 2002; Diez, Peter, 

Randall, Jon, & Hulme, 2009; Daehler, 2011) and others finding the opposite (Rejmanek, 1996; 

Ricciardi & Atkinson, 2004; Strauss, Webb, & Salamin, 2006). This is unsurprising, since the 

relationship between phylogenetic distance and success is complex and dependent on many factors, 

such as abiotic components and biotic interactions. 

Biotic interactions 
Both competition for resources and abiotic environmental conditions play important roles in 

determining how the relatedness of an alien species to the resident community might affect its success. 

Nevertheless, the interactions of a plant are not limited to other plants and the abiotic environment. 

Other organisms at different trophic levels shape a plant’s life, among those are direct interactions 

with herbivores, pathogens and pollinators, and indirect interactions with predators and parasitoids 

of the herbivores. If we expect competition and environmental preadaptation to increase with 

relatedness, we can assume that relatedness will also affect the establishment of interactions with the 

other trophic levels. For example, host switch of specialist herbivorous arthropods is known to be 

more likely for close relatives (Connor, Faeth, Simberloff, & Opler, 1980). Similarly, pollinator shifts 

from natives to aliens increase with relatedness (Morales & Traveset, 2009). 

Tritrophic interactions 

One of the hypotheses mentioned above, the Enemy Release hypothesis (Keane & Crawley, 2002), 

states that an alien species introduced into a new range will have an advantage over its native co-

residents due to the loss of the natural enemies that it would encounter in its home range. Enemy 

release might provide an initial advantage, but after a certain residence time, host switching from 

native herbivores and pathogens is likely (Schultheis, Berardi, & Lau, 2015). The enemy release 

hypothesis has been linked to the phylogenetic distance between the alien species and the resident 

community, since herbivorous insects are more likely to switch to a congener of their host than to a 

non-congener (e.g. Trowbridge & Todd, 2001; Agrawal & Kotanen, 2003). Thus, more distantly 

related species would have the advantage. This reasoning supports Darwin’s naturalization hypothesis. 

Further, it is known that predators and parasitoids use chemical clues from the host plants of their 

prey to navigate in a community (Nordlund, Lewis, & Altieri, 1988). Close relatives are more likely 

to emit similar herbivory-induced plant volatiles (Karban & Shiojiri, 2009). By attracting both natural 

enemies and its predators or parasitoids, the damage inflicted by host switching could be outbalanced 
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(Harvey, Bukovinszky & Putten, 2010; Figure 2). These processes are valid both for the aboveground 

and the belowground community of a plant, and the two compartments might or might not be 

correlated. Furthermore, their role might vary depending on the life stage of the plants, since 

requirements of an emerging seed and of a growing plant are different. Moreover, in the flowering 

stage many plants become part of a further interactions web: the plant-pollinator network. 

 

Figure 2 Herbivores are more likely to switch to an alien congener of their native host, thus 

more distantly related species would be in advantage (A). If predators, following chemical 

clues from the host plants of their prey, similarly switch between congeners, the effect of the 

herbivore host switching would be balanced out (B). The size of the arthropods is proportional 

to amount, and the size of plants is proportional to success. 

Heterospecific pollen interference 

Among all angiosperm plants, 90% rely on insect pollination (Hoshiba & Sasaki, 2008; Ollerton, 

Winfree, & Tarrant, 2011). During flower visitation, insects move also among flowers of different 

species, thus transferring heterospecific pollen besides conspecific pollen from one flower to another. 

Heterospecific pollen transfer can result in fitness reduction both for the pollen donor and the pollen 

recipient. The pollen donor species suffers from pollen discounting, which is the loss of pollen to a 

flower it cannot fertilize. The pollen recipient can suffer from a reduction of fertility in terms of seed 

production. This mechanism, known as heterospecific pollen interference, occurs through a direct 

negative interaction on or inside the pistil of the recipient species, for example through stigma 

clogging or allelopathic inhibition of pollen tube growth (Galen and Gregory, 1989; Arceo-Gómez 

and Ashman, 2011). 
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Heterospecific pollen interference has been addressed also in the context of alien 

species. Studies have shown that heterospecific pollen from alien species negatively affects the native 

community (Arceo-Gómez & Ashman, 2016). The mechanism causing a reduction in female fertility 

through heterospecific pollen interference could depend on the relatedness between pollen donor and 

pollen recipient. Pollen recognition systems could be phylogenetically conserved, thus pollen 

interference may decrease with phylogenetic distance. Therefore the detrimental effect of 

heterospecific pollen from alien species on a native community could depend on the presence of more 

or less related native pollen recipients (Arceo-Gómez & Ashman, 2016). Similarly, the alien species 

themselves could suffer more or less from heterospecific pollen received from the native species, an 

aspect which has so far not been addressed. 

Approach and contributions of this thesis 
Many studies have addressed the role of phylogenetic distance between an introduced species and the 

resident community in relation to Darwin’s naturalization hypothesis, the enemy release hypothesis 

or, in lesser extent, heterospecific pollen interference. Nevertheless, comprehensive experimental 

manipulations are scarce and studies trying to bring together multiple aspects are absent. Linking 

these aspects together in a broad framework would allow overcoming inconsistencies and finding 

more realistic, yet general, patterns.  

Following introduction to a community, an alien species must overcome the barriers 

of survival, reproduction and dispersal in order to become naturalized (Blackburn et al., 2011). Each 

barrier emphasises a different set of traits (Blackburn et al., 2011). Those barriers, which apply at the 

population level, partially also reflect the life history of a plant at the individual level. If a plant is 

introduced as a seed (introduction) it has to germinate, survive as a seedling (survival), grow into an 

adult (survival), produce flowers, attract pollinators and produce seeds (reproduction). At each of 

these stages a plant has to deal with both biotic and abiotic conditions, and in each stage different 

traits will allow it to succeed. Thus, it seems logical that for different life stages, the role of 

phylogenetic distance to the recipient community might be different, and different factors might 

change in importance. Here, I assessed how the success of an alien plant species depends on its 

relatedness to the recipient community throughout different life stages. Across the three chapters, I 

addressed seed germination, seedling survival, plant growth, survival and flower production in an 

adult stage, including biotic interactions with herbivores and predators, as well as interaction at the 

flowering stage during pollination through heterospecific pollen interference. To do so, 1) I performed, 

and analysed data from experimental studies instead of observational ones, that lack information on 

which species were introduced and failed to establish 2) I used a multispecies approach, which 
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allowed me to draw robust and general conclusions more broadly, going beyond single-species case 

studies 3) I took advantage of the increasing availability of phylogenetic and quantitative tools (Durka 

& Michalski, 2012), while in many previous studies taxonomic relatedness (e.g. congeners vs non-

congeners) was used.  

The broad goal of this thesis is to assess if and how the success of alien plant species 

depends on its phylogenetic distance to the resident native community, and what mechanisms mediate 

this relationship. I addressed Darwin’s naturalization conundrum in the context of biotic interactions, 

encompassing direct plant-plant interactions through competition, multitrophic interactions with 

herbivores, nematodes and predators, and indirect plant-plant interactions through heterospecific 

pollen interference. I first analysed two existing datasets from field experiments to assess the effect 

of phylogenetic distance on seed and seedling establishment success in grassland sites, and whether 

and how this relationship depends on the presence of herbivores and fungal pathogens as well as soil 

disturbance. Second, I performed a common garden experiment to look at the effect of phylogenetic 

distance on interspecific competition and on the interactions at different trophic levels, using an 

experimental set-up with a native community matrix including herbivores, predators and soil-

inhabiting nematodes. Finally, I conducted a greenhouse experiment to assess the impact of the 

phylogenetic distance between pollen donor and pollen recipient on the degree of heterospecific 

pollen interference.  

In Chapter 1, using two existing datasets on species introductions from two field experiments, 

I looked at the relationship between seedling emergence and seedling survival and their phylogenetic 

distance to the native community. The two datasets included both alien and native species (control 

group) as experimentally introduced species. In the first dataset (Kempel, Chrobock, Fischer, Rohr, 

& van Kleunen, 2013), 93 forb species (46 native and the other 47 alien to Switzerland) were 

introduced as seeds into 16 semi-natural grassland sites in Switzerland. The dataset included a 

disturbance treatment (tilling) and the seeds were introduced at four different propagule pressures, or 

seed numbers. In the second dataset (Müller, Horstmeyer, Rönneburg, van Kleunen, & Dawson, 

2016), 20 forb species (10 alien and 10 native to Germany) were introduced both as seeds and as 

seedlings into five grassland sites in Germany. The dataset included a disturbance treatment, an 

herbivore reduction treatment and a fungicide treatment. I asked the following questions: (1) Does 

phylogenetic distance between introduced species and resident species affect seedling emergence 

from seed or survival of planted seedlings of introduced species? (2) Are relationships between 

seedling emergence or survival and phylogenetic distance affected by alien-native status of the 

species, by disturbance, by herbivore exclusion or by fungicide application? 
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In Chapter 2, I performed a common garden experiment to assess the effects of phylogenetic 

distance between an alien target species and a native competitor species on competition, and I 

assessed how this effect might be mediated through different trophic levels. I used six alien target 

species, planted in pots alone or surrounded by one of nine native competitor species in all possible 

pairwise combinations. Using insect-proof cages, I manually added nematodes, herbivores and 

predators as treatments to the cages. I asked the following questions: is the success of target species 

affected by 1) Competitor presence? 2) Herbivore, predator and nematode presence? 3) Phylogenetic 

distance between target and competitor species? 4) Does the effect of competition, herbivores, 

predators and nematodes depend on phylogenetic distance?  

In Chapter 3, I conducted a greenhouse experiment to assess whether heterospecific pollen 

interference depends on the phylogenetic distance between pollen donor and pollen recipient. Further, 

I assessed if the effect size of heterospecific pollen interference depends on status (native or alien) of 

both recipient and donor, and how functional distance based on two traits, specifically pollen size and 

style length, relate to it. I used a total of 20 species (9 alien and 11 native to Germany) and performed 

as many cross pollinations as possible, obtaining 145 out of 208 pairwise combinations, the limitation 

being co-flowering in the greenhouse. I asked the following questions: 1) Does heterospecific pollen 

overall negatively affect fruit and seed set? 2) Does heterospecific pollen interference depend on 

similarity (opposite or same) in the status of the donor and recipient plants? 3) Does heterospecific 

pollen interference depend on phylogenetic and trait distances between the donor and recipient plants? 
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Chapter 1: Non-linear effects of phylogenetic distance on early-

stage establishment of experimentally introduced plants in 

grassland communities 
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Abstract 
1. The phylogenetic distance of an introduced plant species to a resident native community may 

play a role in determining its establishment success. While Darwin’s naturalization hypothesis 

predicts a positive relationship, the preadaptation hypothesis predicts a negative relationship. 

Rigorous tests of this now so-called Darwin’s naturalization conundrum require not only 

information on establishment successes but also of failures, which is frequently not available. 

Such essential information, however, can be provided by experimental introductions. 

2. Here, we analysed three datasets from two field experiments in Germany and Switzerland. In 

the Swiss experiment, alien and native grassland species were introduced as seeds only with 

and without disturbance (tilling). In the German experiment, alien and native grassland 

species were introduced both as seeds and as seedlings with and without disturbance (tilling), 

and with and without fungicide application. For the seedling introduction experiment, there 

was an additional herbivore-exclusion treatment. 

3. Phylogenetic distance affected establishment in the three datasets differently, with success 

peaking at intermediate distances for the seed datasets, but decreasing with increasing 

distances in the seedling dataset. Disturbance favoured seedling survival, most likely by 

weakening the resident community. 

4. Synthesis: By analysing experimental introductions, we show that the relationship between 

phylogenetic distance and establishment, at least for seedling emergence, may actually be 

non-linear with an optimum at intermediate distances. Therefore, Darwin´s naturalization 

hypothesis and the preadaptation hypothesis need not be in conflict. Rather, the mechanisms 

underlying them can operate simultaneously or alternately depending on the life stage and on 

the environmental conditions of the resident community.  
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Introduction 
Invasive alien species – non-native organisms introduced by humans and spreading into a new range 

(Richardson et al., 2000) – are a major component of global change (Vitousek, D’Antonio, & Loope, 

1997). While the drivers behind global patterns in plant invasions are beginning to emerge (van 

Kleunen et al. 2015a,  Pyšek et al. 2017, Dawson et al. 2017), the identification of consistent drivers 

of invasion success at community scales remains elusive. Most alien, as well as native, plant species 

enter a resident community as seeds, and thus depend on seed germination and seedling survival for 

successful establishment (van Kleunen et al. 2015b). Identifying what determines plant establishment 

success at these early stages will provide insight not only into potential drivers of invasion, but also 

into community assembly in general (Gallien & Carboni, 2016). 

Functional traits are thought to be important in determining the success of introduced species 

(Vilà & Weiner 2004, van Kleunen & Johnson 2007, Dawson et al. 2011, Razanajatovo et al. 2016). 

Besides the trait values per se, establishment of an introduced species in a resident community might 

also depend on how functionally similar or different the species is from the resident community 

(Macdougall et al. 2009, Thuiller et al. 2010, van Kleunen 2015b). As functional similarity of species 

may involve numerous traits, which are often not or only partially available for a given set of species, 

similarity is challenging to measure (Albert et al. 2010, Cadotte et al. 2010). However, as many traits 

are phylogenetically conserved, an alternative metric to explain invasion success is the phylogenetic 

distance between the introduced species and the resident community (Proches, Wilson, Richardson, 

& Rejmánek, 2008). Due to the increasing availability of dated molecular phylogenies for plants (e.g. 

Durka & Michalski 2012), phylogenetic distance estimates can be readily calculated for most sets of 

plant species (Cadotte et al., 2010). 

Darwin’s naturalization hypothesis (DNH) (Darwin 1859, Procheș et al. 2008, Thuiller et al. 

2010) postulates that introduced alien species closely related to the local native species are less likely 

to become invasive than distantly related alien species. This is because close relatives will have a 

greater functional similarity, and therefore more similar niche requirements than distant relatives. 

Such niche overlap is likely to intensify competition and result in exclusion of the alien species by 

closely related native species, if the latter are stronger competitors (MacDougall et al. 2009, van 

Kleunen et al. 2015b). In addition to more intense competition for resources, introduced plants may 

also be more likely to suffer from pathogens and herbivores that they share with closely related 

resident plants (Ness et al. 2011, Kempel et al. 2018). 

Studies testing DNH, however, disagree on the strength and direction of the effect of 

phylogenetic distance. While some studies found evidence in support of DNH (Rejmanek 1996, 
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Ricciardi & Atkinson 2004, Strauss et al. 2006), others found the opposite (i.e. that more closely 

related alien species were more likely to be successful; Duncan & Williams 2002, Diez et al. 2009, 

Daehler 2011), or no relationship between naturalization success and phylogenetic distance 

(Lambdon & Hulme 2006, Ricciardi & Mottiar 2006, Diez et al. 2008). These inconsistent results 

may partly arise from differences in spatial scale among studies (Thuiller et al., 2010). Contrary to 

DNH, introduced species more closely related to natives might be more successful due to 

environmental filtering at larger spatial scales, as due to their similarity to residents they should be 

preadapted to the new environment (preadaptation hypothesis, Daehler 2011, Schlaepfer et al. 2010). 

The two apparently opposing hypotheses are now referred to as “Darwin’s Naturalization Conundrum” 

(Thuiller et al., 2010). Preadaptation should operate both at small and large spatial scales, whereas 

competitive exclusion is likely to act only at the small spatial scales where organisms interact (Carl, 

Doktor, Schweiger, & Kühn, 2016). Therefore, when preadaptation (environmental filtering) and 

competitive exclusion both play a role, the highest establishment success may be at intermediate 

phylogenetic distances (Gallien & Carboni 2014, Gallien et al. 2016). To the best of our knowledge, 

such non-linear relationships have not yet been tested (van Kleunen et al. 2018). 

Another potential reason for the inconsistent outcomes of studies testing DNH is that most 

tests are based on observational data. As only established alien species can be observed, these studies 

have to make assumptions about the potential pool of introduced alien species (i.e. including the ones 

that failed to establish), and about when and how frequently (i.e. propagule pressure) the species were 

introduced. Experimental, simultaneous introductions of multiple species with equal propagule 

pressure, followed by assessment of establishment success, can overcome these limitations. Ideally, 

such experiments would also manipulate competition with resident plants, and interactions with 

pathogens and herbivores to test whether these factors mediate relationships between establishment 

success and phylogenetic distance to the native residents.  

 Here, we re-analysed three datasets of experimental introductions of alien and 

native plant species into semi-natural grassland communities. One dataset is from Kempel et al. 

(2013), who introduced equal numbers of seeds of 48 alien and 45 native herbaceous species to eight 

intact and eight disturbed (tilled) grassland sites. The other two datasets are from Müller et al. (2016), 

who introduced seeds and seedlings of 10 alien and 10 native herbaceous species to a total of five 

grassland sites that included disturbance and fungicide treatments, and for the introduced seedlings 

an additional herbivore-exclusion treatment. We used these three datasets to answer the following 

questions: (1) does phylogenetic distance between introduced species and resident species affect 

seedling emergence from seed and survival of planted seedlings of introduced species? (2) Are 



12 

relationships between seedling emergence or survival and phylogenetic distance affected by alien-

native status of the species, by disturbance, by herbivore exclusion or by fungicide application? 

Material and Methods 

Datasets 

The Kempel et al. seed-introduction dataset 

Data were obtained from Kempel et al. (2013), on early establishment success of 93 forb species 

introduced as seeds into 16 semi-natural grassland sites in the Canton of Bern, Switzerland (for the 

full species list, see Table I.S.1 in Supporting Information). A detailed description of the experimental 

set-up and measurements can be found in Kempel et al. (2013). In short, the 93 species were sown 

into 16 grassland sites in May 2008. Each species was sown into two separate subplots per site. Forty-

six of the introduced species are native to Switzerland and the other 47 are alien to Switzerland. Prior 

to introduction of the species, eight of the 16 grassland sites were disturbed by soil tilling, which 

largely reduced competition from resident species, and also loosened the soil. Four levels of 

propagule pressure (2, 10, 100 and 1000 seeds, with one propagule-pressure level per grassland site) 

were used for each of the 93 species.  

 Kempel et al. (2013) monitored the colonization success of each species in each grassland site 

over the subsequent three years by counting seedlings and surviving plants each spring and autumn, 

for a total of six censuses. Here, we only used data from the first census, because we wanted to focus 

on seedling emergence, and because the data for the later censuses were strongly zero-inflated. As 

the first census took place within one month after sowing the seeds, we believe that the first census 

mainly reflects seedling emergence (i.e. germination), although it is possible that some seedlings had 

died prior to the census. Data on the resident (native) plant composition and coverage in each of the 

16 sites were obtained from surveys done in June 2008 using the Braun-Blanquet method (Kempel et 

al., unpublished data). We converted the Braun-Blanquet coverage classes to percentages, using the 

bb2num function of the “simba” package in R (Jurasinski & Retzer, 2012) (see Table I.S.2 in 

Supporting Information for details on the conversion). 

The Müller et al. seed-introduction dataset 

Data were obtained from Müller et al. (2016), on the seedling emergence of 20 forb species (see Table 

I.S.3 in Supporting Information) introduced as seeds into five grassland sites around the University 

of Konstanz (southern Germany). A detailed description of the experimental set-up can be found in 

Müller et al. (2016). In short, seeds of each of the 20 species were sown in April 2014, and the 

seedling emergence of each species in each grassland site was monitored over one season. The 20 

species belonged to five groups of four confamilials comprising two alien and two native species per 
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family. Two disturbance levels (tilling and no tilling) and two fungicide treatments (fungicide 

application and no-fungicide application) were applied, yielding a total of four treatment 

combinations. Each of the five sites contained four plots, each representing one of the four treatment 

combinations, and there were eight seeds of each species per plot (i.e. 3200 seeds in total).  

 To assess the composition of the resident vegetation of the plots in the five grassland 

sites of this experiment, a vegetation survey was carried out using a 12-point frame in September 

2014. The frame consisted of a rod with twelve 2-mm diameter pins 5 cm apart. The frame was 

positioned at random within the plot, and all plants touching the 12 pins were identified and counted 

as "hits" for those species (Heady & Rader, 1958). This procedure was repeated six times in each plot. 

Grasses were not considered, as they were difficult to identify in the vegetative state, and because all 

grasses have the same phylogenetic distance to the 20 introduced forb species. To calculate the 

relative abundance of each resident species in a plot, the number of hits for each species was divided 

by the total number of hits across all species. 

The Müller et al. seedling-introduction dataset 

Data were also obtained from Müller et al. (2016) on the survival of 20 forb species (see Table I.S.3 

in Supporting Information) introduced as seedlings into five grassland sites around the University of 

Konstanz. A detailed description of the experimental set-up can be found in Müller et al. (2016). In 

short, seedlings of each of the 20 species were planted in April 2014, and the establishment success 

of each species in each grassland site was monitored over a one-year period. This was done by 

assessing seedling survival every two months during the growing season from April to September 

2014. The 20 species are the same ones as those used for the seed-introduction experiment of Müller 

et al. (2016). Two disturbance levels (tilling and no tilling), two fungicide treatments (fungicide 

application and no-fungicide application), and two herbivore-exclusion treatments (closed and open 

herbivore exclosures, of which the closed ones excluded both large mammal herbivores and arthropod 

herbivores) were applied, yielding a total of eight treatment combinations. Each of the five sites 

contained eight plots, each representing one of the eight treatment combinations, and there were eight 

seedlings of each species per plot (i.e. 6400 seedlings in total). The composition of the resident 

vegetation of the plots was assessed as described above for the Müller et al. seed-introduction dataset. 

Phylogenetic trees and distance measures 

For each of the datasets separately, we constructed a phylogenetic tree including both the resident 

and the introduced species. For the Kempel et al. seed-introduction dataset, we first created the 

phylogenetic tree of the resident species by pruning the dated DaPhnE supertree of Central European 

plant species (Durka & Michalski, 2012). We then merged the resident-species tree with a 

phylogenetic tree of the 93 introduced species, available from (Kempel et al. 2011, 2013). For the 
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Müller et al. seed-introduction and seedling-introduction datasets, we pruned the DaPhnE supertree, 

which contained all introduced and resident species. As the resident species varied among the 16 sites 

in Kempel et al. (2013) and among the 60 plots in Müller et al. (2016), the trees were further pruned 

to the actual species sets for each site and plot, respectively. 

Different metrics can be used to quantify the phylogenetic distance between an introduced 

species and the residents (Thuiller et al., 2010). We chose four frequently used phylogenetic distance 

measures. First, for each introduced species in a plot or site, we calculated the Mean phylogenetic 

Distance to the Native resident Species (MDNS). This phylogenetic distance measure assumes that 

the entire community drives the establishment success of an introduced plant, irrespective of the 

abundance of the different resident species. Second, we calculated the Weighted Mean phylogenetic 

distance to the Native Species (WMDNS), which weights the MDNS by the abundances of the native 

species and assumes that the contribution of each resident species depends on its relative abundance. 

Third, we calculated the phylogenetic Distance to the phylogenetically Nearest Native resident 

Species (DNNS), which assumes that the phylogenetic distance to the phylogenetically closest 

relative drives the establishment success of an introduced plant. Fourth, we calculated the 

phylogenetic Distance to the Most Abundant resident Native Species (DMANS), which assumes that 

the distance to the most abundant resident species drives establishment success of the introduced 

species. All phylogenetic tree manipulations and phylogenetic distance calculations were performed 

using the “ape” package (Paradis et al. 2004) in R (R-Core-Team, 2016). 

Statistical analysis 

The Kempel et al. seed-introduction dataset 

To test how seedling emergence (i.e. the proportion of seeds that germinated) in the Kempel et al. 

seed-introduction dataset depended on phylogenetic distance measures, we used betabinomial models 

implemented using the glmmadmb function in the “glmmADMB” package (Fournier et al., 2012). 

We used a betabinomial instead of a binomial distribution to overcome convergence issues caused by 

the large number of zeroes in the dataset. Because some of the phylogenetic metrics were strongly 

correlated (in particular MDNS - DNNS, and WMDNS - DMANS, Figure I.S.1), we ran separate 

models for each of the four phylogenetic distances measures. The distance measures were 

standardized to a mean of zero and scaled to a standard deviation of one, to facilitate comparisons of 

the effects of each explanatory variable (Schielzeth, 2010). To test for linear and non-linear effects, 

each distance measure was included as a linear and a quadratic term (Gallien & Carboni, 2016). Seed 

number (2, 10, 100 or 1000 seeds, standardized to a mean of zero and a standard deviation of one), 

disturbance treatment (no/yes), and status of the introduced species (alien/native) were included as 

additional explanatory variables. To facilitate interpretation of the model estimates, each of these 
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explanatory variables was also centred to a mean of zero (Schielzeth, 2010). Categorical variables 

were coded as dummy variables (with values equal to 0 or 1) before centring. To test whether effects 

of the phylogenetic distance measures depended on the level of the other explanatory variables, we 

also included interactions of the linear and quadratic components of the distance measure with the 

other explanatory variables. Site and species were included as random factors. Model validation was 

performed by comparing data simulated using the rbetabinom function (emdbook package, Bolker, 

2016) using the model parameters with the real data (see Figure I.S.8). The four models (i.e. the 

MDNS, WMDNS, DNNS and DMANS models) were compared, and the one(s) with the lowest AIC 

value(s) were selected as best fitting. All analyses were done using the statistical software R (R-Core-

Team, 2016).  

The Müller et al. seed-introduction dataset 

To test how seedling emergence (i.e. the proportion of seeds that germinated) in the Müller et al. 

seed-introduction dataset depended on phylogenetic distance measures, we used binomial generalized 

linear mixed models implemented in the glmer function of the “lme4” package (Bates et al. 2015). 

Because some of the phylogenetic metrics were strongly correlated (in particular MDNS - DNNS, 

and WDMS – DMANS; Figure I.S.2), we again ran separate models for each of the four phylogenetic 

distance measures. The distance measures were also standardized, and were included both as simple 

and quadratic terms as before. Disturbance treatment (yes/no) and fungicide treatment (yes/no) were 

used as fixed factors after converting them to dummy variables (with values equal to 0 or 1) and 

centring each of them to a mean of zero (Schielzeth 2010). We also included the interactions of the 

linear and quadratic components of the distance measures with all other explanatory variables, as we 

did for the Kempel et al. (2013) data. To account for non-independence among data points from the 

same plots and sites, and the same species, plot nested in site and species were included as random 

factors. The MDNS, WMDNS, DNNS and DMANS models were again compared using AIC values. 

The Müller et al. seedling-introduction dataset 

To test how seedling survival (yes/no) in the Müller et al. seedling-introduction dataset depended on 

phylogenetic distance measures, we used binomial generalized linear mixed models implemented in 

the glmer function of the “lme4” package (Bates, Maechler, Bolker, & Walker, 2015). The 

correlations between the different phylogenetic distance measures are shown in Figure I.S.3. The 

procedures and models were the same as described for the Müller et al. seed-introduction experiment, 

with the exception that the fixed factors included the additional term herbivore exclusion (yes/no). 
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Results 

The Kempel et al. seed-introduction dataset 

Averaged across all species, 16% of the seeds emerged as seedlings. Of the four phylogenetic distance 

measures, mean phylogenetic distance (MDNS) to the entire resident plant community provided the 

best overall model fit (i.e. lowest AIC; Table I.1), closely followed by the weighted mean 

phylogenetic distance to the resident plant community (WMDNS) and by the phylogenetic distance 

to the most abundant native resident species (DMANS). The phylogenetic distance to the nearest 

(most closely related) native resident species (DNNS) provided the worst model fit. The results of the 

three best models (maximum ∆AIC = 2.46, Table I.1) are described below and in Figure I.1. 

In the model with the best fit (MDNS), alien species had overall a significantly higher seedling 

emergence than the native species (Table I.1, Figure I.1.b). Introduced species with an intermediate 

MDNS to the resident community had the highest seedling emergence, as indicated by a significant 

negative MDNS2 effect (Table I.1, Figure I.1a). The strength of the MDNS2 effect, however, 

depended on disturbance and the number of seeds sown (Table I.1). In the disturbed plots, the 

curvilinear effect of MDNS on seedling emergence became weaker (Figure I.1.c), and at the highest 

number of sown seeds, the curvilinear relationship changed into a more linear positive MDNS 

relationship (Figure I.1d).  

In the models with the second and third best fits (WMDNS and DMANS, respectively), the 

difference in emergence of alien and native species remained significant, with a higher emergence 

for alien species Table I.1, Figure I.1.f, j). In addition, in both models, seedling emergence 

significantly increased with the number of seeds sown (Table I.1, Figure I.1.h, k). Averaged across 

all species and treatments, the relationship between seedling emergence and WMDNS was relatively 

flat (Figure I.1.e). However, as indicated by the significant WMDNS2 × disturbance interaction (Table 

I.1), the relationship between seedling emergence and WMDNS changed from slightly convex in the 

undisturbed sites to concave in the disturbed sites (Figure I.1.g). The average relationship between 

seedling emergence and DMANS tended to be negative (Figure I.1.i), but this effect was not 

significant (Table I.1). However, whereas seedling emergence of the introduced alien species was not 

or hardly affected by DMANS, seedling emergence of the introduced native species decreased with 

DMANS (significant DMANS × status interaction in Table I.1). For results of DNNS, see Table I.1 

and Figure I.S.5 in the Supporting Information. 
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Figure I.1 Fitted lines for betabinomial models explaining seedling emergence in the seed-

introduction dataset of Kempel et al. (2013). The figures show seedling-emergence probability 

against Mean phylogenetic Distance to the Native resident Species MDNS (a-d), Weighted 

Mean phylogenetic Distance to the Native resident Species WMDNS (e-h), and phylogenetic 

Distance to the Most Abundant Native resident Species DMANS (i-k). Black line, a), e) and 

i): average across all factors; blue, b), f), and j): status (alien/native); red, c) and g): disturbance 

treatment (no/yes); purple, d), h) and k): seed number (10/1000). Only significant factors were 

plotted (see Table I.1). All other factors are set to an average value within each graph. The 

raw data are shown in Figure I.S.4. 

The Müller et al. seed-introduction dataset 

Averaged across all species, 43% of the seeds emerged as seedlings. Of the four phylogenetic distance 

measures, the weighted mean phylogenetic distance to the resident plant community (WMDNS) 

provided the best overall model fit (i.e. lowest AIC; Table I.2), closely followed by the mean 

phylogenetic distance (MDNS) to the resident plant community. The phylogenetic distance to the 

most abundant native resident species (DMANS) and the phylogenetic distance to the nearest (most 

closely related) native resident species (DNNS) provided much worse model fits. The results of the 

two best models (with ∆AIC = 0.84, Table I.2) are described below and in Figure I.2. 
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Table I.1 Betabinomial model for seedling emergence (seed-introduction dataset of Kempel et al. 2013) for all four phylogenetic distance indices 

used: Mean phylogenetic Distance to the Native resident Species (MDNS), Weighted Mean phylogenetic Distance to the Native resident Species 

(WMDNS), phylogenetic Distance to the Nearest Native resident Species (DNNS) and phylogenetic Distance to the Most Abundant Native resident 

Species (DMANS). The models with the lowest and similar AIC values (MDNS, WMDNS and DMANS; ∆AIC < 4) are highlighted in grey shading. 

The intercept corresponds to an intermediate disturbance, intermediate status and mean propagule number (208 seeds). The categorical variables status 

(alien/native) and disturbance (no/yes) were converted to zeros and ones before centring, with the higher value corresponding respectively to native 

species and disturbed plots. 

Parameter 
MDNS  WMDNS  DNNS  DMANS 

Estimate (SE) P  Estimate (SE) P  Estimate (SE) P  Estimate (SE) P 

Fixed terms            

Intercept -5.183 (0.392) <0.001  -5.454 (0.380) <0.001  -4.946 (0.390) <0.001  -5.469 (0.390) <0.001 
Phylogen. Index (PI) 0.115 (0.190) 0.546  -0.111 (0.161) 0.492  0.042 (0.153) 0.784  -0.001 (0.217) 0.998 

PI2 -0.286 (0.123) 0.020  0.012 (0.056) 0.829  -0.424 (0.164) 0.010  0.060 (0.064) 0.347 

Status (native) -1.250 (0.580) 0.031  -1.472 (0.570) 0.010  -0.852 (0.616) 0.167  -1.384 (0.570) 0.015 
Disturbance (yes) -0.447 (0.465) 0.336  -0.621 (0.446) 0.164  -0.407 (0.440) 0.355  -0.464 (0.450) 0.302 

Seed number. 0.229 (0.183) 0.209  0.357 (0.173) 0.039  0.256 (0.179) 0.151  0.367 (0.181) 0.043 
PI × Status -0.363 (0.264) 0.169  -0.239 (0.254) 0.345  0.268 (0.281) 0.339  -0.361 (0.157) 0.022 
PI × Disturbance -0.058 (0.145) 0.687  0.053 (0.194) 0.785  0.167 (0.119) 0.161  -0.274 (0.390) 0.482 

PI × Seed number 0.059 (0.064) 0.359  0.042 (0.091) 0.642  0.035 (0.055) 0.533  0.039 (0.180) 0.829 

PI2 × Status -0.174 (0.191) 0.365  -0.011 (0.097) 0.913  -0.593 (0.414) 0.059  -0.072 (0.070) 0.304 

PI2 × Disturbance 0.289 (0.117) 0.013  0.250 (0.092) 0.007  0.065 (0.147) 0.659  0.084 (0.134) 0.531 

PI2 × Seed number 0.153 (0.059) 0.009  -0.009 (0.042) 0.834  0.078 (0.066) 0.234  -0.025 (0.064) 0.700 

Random terms SD  SD  SD  SD 

Site 0.831  0.798  0.770  0.782 

Species 2.031  2.069  1.975  2.066 

AIC 2889.48  2891.36  2898.1  2891.94 
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Moreover, seedling emergence was on average higher in the disturbed plots than in the undisturbed 

plots (Table I.2, Figure I.2.c, f). On average, seedling emergence was highest at intermediate values 

of WMDNS as indicated by a significantly negative WMDNS2 effect (Table I.2, Figure I.2.d). 

However, as indicated by a significant WMDNS2 × disturbance interaction, this relationship 

depended on the disturbance treatment (Table I.2).  

 

Figure I.2 Data points and fitted lines for binomial models explaining seedling emergence in 

the seed-introduction dataset of Müller et al. (2016). The figures show seedling-emergence 

probability against the Mean phylogenetic Distance to the Native resident Species MDNS (a-

c) and the Weighted Mean phylogenetic Distance to the Native resident Species WMDNS (d-

g). Black line, a) and d): average among all factors; blue, b) and e): status (alien/native); red, 

c) and f): disturbance treatment (yes/no); yellow, g): fungicide treatment (yes/no). All other 

factors are set to an average value within each graph. Only significant factors were plotted 

(see Table I.2).  

In the disturbed plots, seedling emergence was highest at intermediate values, whereas in the 

undisturbed plots, seedling emergence was highest at the lowest values (Figure I.2.f). Seedling 

emergence was slightly negatively affected by MDNS (Table I.2, Figure I.2.a). For results of the other 

phylogenetic distance measure models (DNNS, DMANS), see Table I.2 and Figure I.S.6.
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Table I.2 Binomial model for seedling emergence (seed-introduction dataset of Müller et al. 2016) for all the phylogenetic distance indices used: 

Mean phylogenetic Distance to the Native resident Species (MDNS), Weighted Mean phylogenetic Distance to the Native resident Species (WMDNS), 

phylogenetic Distance to the Nearest Native resident Species (DNNS) and phylogenetic Distance to the Most Abundant Native resident Species 

(DMANS). The models with the lowest and similar AIC values (MDNS and WMDNS; ∆AIC < 4) are highlighted in grey shading. The intercept 

corresponds to an intermediate disturbance, intermediate status and intermediate fungicide treatment. The categorical variables status (alien/native), 

disturbance (no/yes) and fungicide (no/yes) were converted to zeros and ones before centring, with the higher value corresponding respectively to 

native species, disturbed and fungicide-treated plots. 

Parameter 
MDNS  WMDNS  DNNS  DMANS 

Estimate (SE) P  Estimate (SE) P  Estimate (SE) P  Estimate (SE) P 

Fixed terms            

Intercept -0.244 0.338  -0.257 0.314  -0.429 0.142  -0.266 0.330 

Phylogen. Index (PI) -0.164 0.093  -0.152 0.260  -0.007 0.956  -0.060 0.749 

PI2 -0.078 0.243  -0.123 0.006  0.076 0.542  -0.407 0.161 

Status (native) 0.934 0.033  0.953 0.026  1.033 0.032  0.954 0.025 

Disturbance (yes) 1.504 <0.001  1.565 <0.001  1.188 <0.001  1.615 <0.001 

Fungicides (yes) -0.141 0.242  -0.200 0.090  -0.328 0.117  -0.209 0.046 

PI × Status -0.022 0.901  0.044 0.822  -0.048 0.847  0.063 0.674 

PI × Disturbance 0.086 0.481  0.068 0.576  0.180 0.325  0.120 0.489 

PI × Fungicides -0.034 0.771  0.020 0.872  0.147 0.413  -0.062 0.713 

PI2 × Status 0.027 0.774  0.006 0.886  -0.060 0.798  0.002 0.935 

PI2 × Disturbance -0.177 0.112  -0.451 0.002  0.119 0.530  -1.012 0.066 

PI2 × Fungicides 0.052 0.561  0.269 0.076  0.219 0.243  0.211 0.270 

Random terms SD  SD  SD  SD 

Site 0.277  0.308  0.352  0.342 

Plot within site <0.001  <0.001  0.108  0.042 

Species 0.940  0.934  0.930  0.933 

AIC 3600.80  3600.16  3610.10  3608.48 
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The Müller et al. seedling-introduction dataset 

Overall, 58.5% of planted seedlings survived until the end of the first season. Among the four 

phylogenetic distance measures, distance to the nearest native species (DNNS) provided by far the 

best model fit (i.e. had the lowest AIC; Table I.3). Mean phylogenetic distance (MDNS) provided the 

second best model, followed by phylogenetic distance to the most abundant native species (DMANS). 

Weighted mean phylogenetic distance (WMDNS) provided the worst model fit. The results of the 

best model (with ∆AIC > 20 relative to the other models, Table I.3) are described below and in Figure 

I.1. 

 
 

Figure I.3 Data points and fitted lines for 

binomial models explaining seedling survival in 

the seedling-introduction dataset of Müller et al. 

(2016). The figures show seedling-survival 

probability against the phylogenetic Distance to 

the Nearest Native resident Species DNNS 

(DNNS, Mio years). Black line, a): average 

among all factors; blue, b): status (alien/native); 

red, c): disturbance treatment (yes/no); yellow, 

d): fungicide treatment (yes/no); green, e): 

herbivory treatment (closed/open exclosures). 

All other factors are set to an average value 

within each graph. Only significant factors were 

plotted (see Table I.3). 

 

In the model with the best fit (DNNS), seedling survival was significantly higher in the 

disturbed plots than in the undisturbed plots, in the closed herbivore exclosures than in the open 

exclosures, and in the plots not treated with fungicides than in the plots treated with fungicides (Table 

I.3, Figure I.1). On average, the survival probability of seedlings significantly decreased with 

increasing DNNS (Table I.3, Figure I.1). Although alien and native species did not differ in their 

average survival probability, alien species showed more of a negative convex relationship between 

survival probability and DNNS, whereas native species showed more of a negative concave 

relationship with DNNS (significant DNNS × status and DNNS2 × status interactions in Table I.3). 
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Table I.3 Binomial model for seedling survival (seedling-introduction dataset of Müller et al. 2016) for all the phylogenetic distance indices used: 

Mean phylogenetic Distance to the Native resident Species (MDNS), Weighted Mean phylogenetic Distance to the Native resident Species (WMDNS), 

phylogenetic Distance to the Nearest Native resident Species (DNNS) and phylogenetic Distance to the Most Abundant Native resident Species 

(DMANS). The model with the lowest AIC value (DNNS) is highlighted in grey shading (the others have ∆AIC > 20). The intercept corresponds to 

an intermediate disturbance, intermediate status, intermediate fungicide treatment and intermediate herbivory treatment. The categorical variables 

status (alien/native), disturbance (no/yes), fungicide (no/yes) and herbivory (no, yes) were converted to zeros and ones before centering, with the 

higher value corresponding respectively to native species, disturbed, fungicide-treated and open herbivore-exclosure plots. 

Parameter 
MDNS  WMDNS  DNNS  DMANS 

Estimate (SE) P  Estimate (SE) P  Estimate (SE) P  Estimate (SE) P 

Fixed terms            

Intercept 0.397 (0.478) 0.406  0.548 0.234  0.419 (0.429) 0.329  0.708 (0.393) 0.071 

Phylogen. Index (PI) -0.531 (0.103) <0.001  -0.293 0.005  -0.366 (0.064) <0.001  0.337 (0.094) <0.001 

PI2 0.105 (0.054) 0.055  -0.034 0.470  0.088 (0.119) 0.462  -0.394 (0.122) 0.001 

Status (native) 0.069 (0.636) 0.914  0.057 0.926  -0.831 (0.665) 0.211  0.047 (0.613) 0.939 

Disturbance (yes) 1.055 (0.247) <0.001  1.146 <0.001  0.947 (0.272) 0.001  1.269 (0.246) <0.001 

Fungicides (yes) -0.250 (0.250) 0.317  -0.080 0.706  -0.555 (0.266) 0.037  -0.217 (0.244) 0.372 

Herbivory (open excl.) -0.447 (0.247) 0.070  -0.592 0.005  -0.690 (0.268) 0.010  -0.300 (0.244) 0.218 

PI × Status 0.102 (0.091) 0.265  0.010 0.886  0.376 (0.109) 0.001  -0.006 (0.076) 0.938 

PI × Disturbance -0.100 (0.127) 0.428  0.040 0.732  -0.066 (0.076) 0.386  0.729 (0.152) <0.001 

PI × Fungicides 0.110 (0.137) 0.425  0.111 0.331  0.045 (0.073) 0.538  0.322 (0.149) 0.031 

PI × Herbivory -0.061 (0.123) 0.619  0.188 0.130  -0.059 (0.073) 0.417  0.015 (0.148) 0.919 

PI2 × Status -0.042 (0.041) 0.310  -0.038 0.151  0.847 (0.201) <0.001  -0.019 (0.020) 0.328 

PI2 × Disturbance -0.156 (0.093) 0.092  -0.072 0.444  0.065 (0.183) 0.722  -0.052 (0.221) 0.814 

PI2 × Fungicides 0.176 (0.118) 0.136  0.076 0.440  0.493 (0.171) 0.004  0.372 (0.201) 0.064 

PI2 × Herbivory 0.120 (0.078) 0.122  0.204 0.033  0.407 (0.172) 0.018  -0.399 (0.202) 0.048 

Random terms SD  SD  SD  SD 

Site 0.753  0.7263  0.550  1.362 

Plot within site 0.730  0.6120  0.622  0.648 

Species 1.410  1.3840  1.413  0.470 

AIC 6477.93  6525.74  6457.65  6486.12 
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The curvilinear component of DNNS also depended on the fungicide and herbivory treatments 

(significant DNNS2 × fungicide and DNNS2 × herbivory interactions in Table I.3). The relationship 

between seedling survival and DNNS tended to be convex in plots without fungicides and in closed 

herbivore exclosures, whereas it tended to be concave in plots with fungicides and in open herbivore 

exclosures. For results of the other three phylogenetic distance measures (MDNS, WMDNS, 

DMANS), see Table I.3 and Figure I.S.7.  

Discussion 
Until now, all tests of Darwin’s naturalization hypothesis (DNH) or conundrum in (semi-)natural 

plant communities relied on observational datasets that lacked hard data on species that failed to 

establish after introduction. Here, we tested DNH for the first time using data from studies in which 

large numbers of species had been experimentally introduced into grassland sites (Kempel et al. 2013, 

Müller et al. 2016). Using four different phylogenetic metrics, we tested whether introduced species’ 

seedling emergence and survival (i.e. the first steps to becoming naturalized) are best explained by 

phylogenetic distance to all resident species (MDNS), all resident species weighted by their 

abundance (WMDNS), the closest relative (DNNS) or the most abundant resident (DMANS). We 

found that the phylogenetic distance measures that provided the best model fits varied among the 

three introduction datasets that we analysed. In all these best-fitting models, the effects of 

phylogenetic distance were significant. Overall our results indicate that both environmental filtering 

and competition determine the establishment success of introduced species into resident communities. 

However, the direction and shape of these relationships frequently depended on alien-native status of 

the introduced species, the number of seeds introduced, disturbance, fungicide application or 

herbivore-exclosure treatments.  

Seedling-emergence datasets 

For both the Kempel et al. and the Müller et al. datasets, seedling emergence was best explained by 

the models that included mean distance of the introduced species to the resident community (MDNS), 

or the weighted mean distance to the resident community (WMDNS) (Table I.1 and Table I.2). For 

the Kempel et al. dataset, the model that included the distance to the most abundant resident species 

(DMANS) was also among the best models (Table I.1). These findings suggest that seedling 

emergence of introduced forb species in native grassland communities is affected by phylogenetic 

distance to each resident species, but particularly to the most abundant residents. 

The best models for both the Kempel et al. (MDNS) and the Müller et al. (WMDNS) seed-

introduction datasets showed that seedling emergence was highest at intermediate phylogenetic 

distances (Figure I.1.a and Figure I.2.d). In other words, introduced species were less successful if 
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they were either very closely or very distantly related to the residents. This non-linear pattern may 

result from environmental filtering (reducing establishment of distantly related species) and 

competitive or other antagonistic biotic interactions (reducing establishment of closely related species) 

acting simultaneously (Gallien & Carboni, 2016). Direct competitive interactions with resident plant 

species are unlikely to play a role for seedling emergence (i.e. germination), but other biotic (e.g. 

herbivores, mycorrhizal fungi, pathogens) and abiotic (e.g. light, moisture, temperature) components 

of the local environment may be important. These abiotic and biotic factors can also be altered by the 

resident plant species (Orwin et al. 2010, Grigulis et al. 2013). For example, the resident plant species 

may have accumulated pathogens that also affect introduced species, and particularly closely related 

ones (Cavender-Bares, Kozak, Fine, & Kembel, 2009). In line with this, we found in the Müller et al. 

dataset that fungicide application (which supposedly acted against pathogenic fungi and not against 

mycorrhiza; Müller et al. 2016), increased the seedling emergence of introduced species with 

abundant, more closely related residents (i.e. with low WMDNS values; Figure I.2.g).  

The exact direction and shape of the relationship between seedling emergence and 

phylogenetic distance depended not only on fungicide application but also on several other factors. 

For example, in the Kempel et al. dataset, when many seeds (1000) were introduced, the relationship 

between seedling emergence and MDNS became linear and positive. This result suggests that higher 

propagule pressure may overcome the negative effects of environmental filtering, which should act 

particularly against distantly related species, but does not overcome the effect of competition or other 

biotic interactions, which should act particularly against closely related species. Furthermore, in both 

the Kempel et al. and Müller et al. datasets, soil disturbance by tilling prior to sowing changed the 

shape of the relationship between seedling emergence and phylogenetic distance (Table I.1 and Table 

I.2, Figure I.1.c and Figure I.2.f). Soil tilling changes the environment by loosening the soil but also 

by removing most of the resident plants. The latter should result in a weaker effect of phylogenetic 

distance, and this is indeed what we found for MDNS in the Kempel et al. dataset. However, in the 

Müller et al. dataset, we found that seedling emergence was highest at intermediate WMDNS values 

in the disturbed plots only, as it was highest at low WMDNS values in the undisturbed plots. This 

might suggest that environmental filtering played a more important role in the Müller et al. 

experiment. However, the shape of the fitted relationships might have been strongly determined by a 

few data points with low WMDNS values that were far away from most of the other WMDNS values 

(Figure I.2.f). Nevertheless, in the second best model, the effect of MDNS was significantly negative 

(Table I.2), though weak (Figure I.2.a), which also points to the presence of a role of environmental 

filtering in the Müller et al. dataset. 
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We found little evidence that the effect of phylogenetic distance on seedling emergence 

differed between alien and native introduced species. However, in the third best model of the Kempel 

et al. dataset (DMANS), which had an AIC value very similar to those of the top two models, there 

was a significant DMANS × status interaction (Table I.1). The effect of DMANS on seedling 

emergence was overall negative, indicating the importance of environmental filtering, and although 

this effect held for both the alien and native introduced species, it was weaker for the latter. 

Nevertheless, the overall similar patterns for alien and native introduced species suggest that 

mechanisms governing seedling emergence of alien species also determine seedling emergence of 

native species. 

Although the effects of phylogenetic distance on seedling emergence were very similar for 

alien and native introduced species in both datasets, the main effect of status was significant. 

Interestingly, the direction of this effect differed between the two datasets. In the Kempel et al. dataset, 

alien species had a higher seedling emergence than native species, whereas in the Müller et al. dataset 

the opposite was true. The original study by Kempel et al. (2013) showed that this initial advantage 

of the aliens over the natives changed into a disadvantage in later years. Unfortunately, we could not 

analyse those later years, due to the overall low success rate of species in this period. A possible 

explanation for the higher seedling emergence of the alien species in the Kempel et al. (2013) study 

could be that the alien seeds were all of horticultural origin and have undergone selection for high 

germination rates. Indeed, Chrobock et al. (2011) found that under greenhouse conditions the alien 

plant species used in Kempel et al. (2013) germinated earlier and more profusely than the native 

species.  

Seedling-survival dataset 

Our results for seedling survival from Müller et al. (2016) (Table I.2) differed from our results for 

seedling emergence from the same study. In the seedling survival analysis, the single best-fitting 

model was the one that included the phylogenetic distance to the nearest neighbour (DNNS), instead 

of the mean and weighted mean phylogenetic distance. Moreover, the overall relationship between 

seedling survival and phylogenetic distance was negative and not hump-shaped (Figure I.1). The 

shape of the relationship could result from the lack of intermediate DNNS values in this dataset 

(Figure I.1). Nevertheless, the lower seedling survival at high than at low DNNS values suggests that 

environmental filtering favours seedling survival of species that have a closely related species present 

in the resident community (Gallien & Carboni, 2016), and supports the pre-adaptation hypothesis. 

Alternatively, closely related species may not have similar environmental requirements to resident 

species per se, but instead result in more similar environmental conditions. For example, Li et al. 
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(2015) suggested that closely related species tend to create similar soil-nutrient microhabitats, 

harbouring similar soil enzymes, such as alkaline and acid phosphatases, and therefore favour close 

relatives preadapted to these conditions. Whatever the exact mechanism, our result indicates that 

environmental filtering can not only explain large-scale patterns of species occurrence (Thuiller et al., 

2010), but also small-scale patterns.  

In contrast to seedling emergence, seedling survival in the Müller et al. dataset did not depend 

on whether the introduced species was native or alien. However, as for seedling emergence, seedling 

survival was highest when the resident vegetation had been disturbed by soil tilling, and when no 

fungicides were applied. In addition, seedling survival was highest when herbivore pressure was 

reduced. This shows that biotic interactions overall play an important role in seedling survival. The 

negative effect of fungicide application may seem counterintuitive, but probably reflects that it 

released the native resident vegetation more strongly than the introduced species from fungal 

pathogens, and that this increased the competitive ability of the residents (Müller et al. 2016). 

Biotic interactions may differ for native and alien species, and the importance of biotic 

interactions is likely to be stronger when the introduced species and residents are closely related. 

Therefore, one would expect status of the introduced species, disturbance, herbivore exclusion and 

fungicide treatments to change the relationship between seedling survival and phylogenetic distance. 

This was indeed the case for status, herbivore exclusion and fungicide treatment, but there were 

mainly only slight effects on the non-linear components of the overall negative relationships. These 

included changes from convex curves for alien species, fungicide-treated plots and closed herbivore 

exclosures to more concave curves for native species, plots without fungicide and open herbivore 

exclosures. As the dataset lacks intermediate DNNS values, we cannot be sure that the apparent 

changes in curvilinearity are biologically meaningful. The relationships for the different treatments 

seem to be quite similar (Figure I.1), suggesting that the effects of phylogenetic distance were only 

slightly mediated by biotic interactions. 

Conclusions 
Overall, we found that the establishment success of introduced species in grassland communities is 

significantly related to the phylogenetic distance between the introduced species and residents. 

However, we found partly different patterns for the three datasets that we analysed, which emphasizes 

the context specificity of studies on establishment success. Nevertheless, we also found some 

similarities. For example, in both the seed-introduction experiments, seedling emergence was highest 

at intermediate phylogenetic distances to the native community, suggesting that preadaptation and 

biotic interactions both mediate establishment success. A comparison of the seedling emergence and 
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seedling survival data of Müller et al. (2016) suggests that factors driving success of an introduced 

species differ between life stages. Furthermore, we showed that the phylogenetic distance metrics 

that best explained species success differed among the datasets, but were more similar between the 

two seedling-emergence datasets than between the seedling-emergence and seedling-survival datasets 

of Müller et al. (2016). Therefore, considering multiple life stages and phylogenetic distance metrics 

might provide more insights into Darwin’s Naturalization Conundrum. To conclude, Darwin´s 

naturalization hypothesis and the preadaptation hypothesis need not be in conflict. Rather, the 

mechanisms underlying them can operate simultaneously or alternately depending on the life stage 

and on the environmental conditions of the resident community.  

 

Figure I.4 Top: 12-point frame 

used for the vegetation survey of 

the resident vegetation of the plots 

used in the Müller et al. datasets. 

Bottom: closed and open 

herbivore exclosures used in the 

Müller et al. seedling introduction 

dataset. 
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Supporting Information 
Table I.S.1 Species and respective families used in the seed-introduction experiment by Kempel et 

al. (2013) 

Species Family Status 
Achillea filipendulina Asteraceae Alien 

Calendula officinalis Asteraceae Alien 

Chrysanthemum carinatum Asteraceae Alien 

Helianthus annuus Asteraceae Alien 

Senecio cineraria Asteraceae Alien 

Zinnia angustifolia Asteraceae Alien 

Aster bellidiastrum Asteraceae Native 

Cichorium intybus Asteraceae Native 

Erigeron acris Asteraceae Native 

Leucanthemum vulgare Asteraceae Native 

Senecio ovatus Asteraceae Native 

Anchusa capensis Boraginaceae Alien 

Cynoglossum amabile Boraginaceae Alien 

Anchusa arvensis Boraginaceae Native 

Anchusa officinalis Boraginaceae Native 

Borago officinalis Boraginaceae Native 

Cynoglossum officinale Boraginaceae Native 

Echium vulgare Boraginaceae Native 

Alyssum saxatile Brassicaceae Alien 

Arabis caucasica Brassicaceae Alien 

Bunias orientalis Brassicaceae Alien 

Iberis sempervirens Brassicaceae Alien 

Lobularia maritima Brassicaceae Alien 

Alyssum alyssoides Brassicaceae Native 

Arabis hirsuta Brassicaceae Native 

Cardamine pratensis Brassicaceae Native 

Iberis amara Brassicaceae Native 

Campanula pyramidalis Campanulaceae Alien 

Lobelia erinus Campanulaceae Alien 

Physalis peruviana Campanulaceae Alien 

Platycodon grandiflorum Campanulaceae Alien 

Symphyandra armena Campanulaceae Alien 

Campanula barbata Campanulaceae Native 

Campanula rapunculoides Campanulaceae Native 

Campanula rotundifolia Campanulaceae Native 

Legousia speculum-veneris Campanulaceae Native 

Dianthus caryophyllus Caryophyllaceae Alien 

Gypsophila elegans Caryophyllaceae Alien 

Lychnis chalcedonica Caryophyllaceae Alien 

Silene coeli-rosa Caryophyllaceae Alien 

Dianthus armeria Caryophyllaceae Native 

Lychnis flos-cuculi Caryophyllaceae Native 

Saponaria officinalis Caryophyllaceae Native 

Convolvulus tricolor Convolvulaceae Alien 

Ipomoea tricolor Convolvulaceae Alien 

Calystegia sepium Convolvulaceae Native 

Convolvulus arvensis Convolvulaceae Native 
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Knautia arvensis Dipsacaceae Native 

Scabiosa columbaria Dipsacaceae Native 

Lathyrus odoratus Fabaceae Alien 

Lupinus hartwegii Fabaceae Alien 

Phaseolus coccineus Fabaceae Alien 

Medicago lupulina Fabaceae Native 

Salvia argentea Lamiaceae Alien 

Salvia farinacea Lamiaceae Alien 

Salvia lyrata Lamiaceae Alien 

Thymus fragrantissimus Lamiaceae Alien 

Ajuga reptans Lamiaceae Native 

Galeopsis angustifolia Lamiaceae Native 

Salvia glutinosa Lamiaceae Native 

Thymus pulegioides Lamiaceae Native 

Alcea rosea Malvaceae Alien 

Anoda cristata Malvaceae Alien 

Hibiscus trionum Malvaceae Alien 

Lavatera trimestris Malvaceae Alien 

Malva alcea Malvaceae Native 

Malva moschata Malvaceae Native 

Malva neglecta Malvaceae Native 

Clarkia amoena Onagraceae Alien 

Oenothera glazioviana Onagraceae Alien 

Oenothera macrocarpa Onagraceae Alien 

Circaea lutetiana Onagraceae Native 

Epilobium dodonaei Onagraceae Native 

Eschscholzia californica Papaveraceae Alien 

Meconopsis betonicifolia Papaveraceae Alien 

Papaver commutatum Papaveraceae Alien 

Papaver orientale Papaveraceae Alien 

Chelidonium majus Papaveraceae Native 

Meconopsis cambrica Papaveraceae Native 

Papaver dubium Papaveraceae Native 

Papaver rhoeas Papaveraceae Native 

Phlox drummondii Polemoniaceae Alien 

Polemonium caeruleum Polemoniaceae Native 

Aquilegia viridiflora Ranunculaceae Alien 

Clematis mandschurica Ranunculaceae Alien 

Nigella arvensis Ranunculaceae Alien 

Aquilegia vulgaris Ranunculaceae Native 

Clematis vitalba Ranunculaceae Native 

Datura stramonium Solanaceae Alien 

Nicotiana sylvestris Solanaceae Alien 

Phyteuma orbiculare Solanaceae Native 

Solanum dulcamara Solanaceae Native 

  



31 

Table I.S.2 Braun-Blanquet value to percentage conversion table used for the resident-species-survey 

data associated with the Kempel et al. (2013) dataset. The conversion was done with the bb2num 

function in R. 

Braun-Blanquet value R + 1 2 3 4 5 

Percentage value 0.1 1 5 15 37.5 62.5 87.5 

 

Table I.S.3 Species and respective families used in the seed- and seedling-introduction experiments 

by Mueller et al. (2016). 

Species Family Status 

Aster lanceolatus Asteraceae Alien 

Aster novi-belgii Asteraceae Alien 

Solidago canadensis Asteraceae Alien 

Solidago graminifolia Asteraceae Alien 

Senecio jacobea* Asteraceae Native 

Achillea millefolium Asteraceae Native 

Achillea nobilis Asteraceae Native 

Aster amellus Asteraceae Native 

Eupatorium cannabinum* Asteraceae Native 

Diplotaxis tenuifolia Brassicaceae Alien 

Lepidium heterophyllum Brassicaceae Alien 

Cardamine pratensis Brassicaceae Native 

Lepidium graminifolium Brassicaceae Native 

Cerastium tomentosum Caryophyllaceae Alien 

Gypsophila paniculata Caryophyllaceae Alien 

Silene latifolia Caryophyllaceae Native 

Silene viscosa Caryophyllaceae Native 

Oenothera biennis Onagraceae Alien 

Oenothera glazioviana Onagraceae Alien 

Epilobium dodonaei Onagraceae Native 

Epilobium tetragonum Onagraceae Native 

* Eupatorium cannabinum was only used in the seedling experiment, and Senecio jacobaea was only used in 

the seed experiment. 
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Figure I.S.1 Correlations between 

the four phylogenetic distance 

metrics used for the seed-

introduction dataset of Kempel et al. 

(2013). Mean phylogenetic Distance 

to the Native resident Species 

(MDNS), Weighted Mean 

phylogenetic Distance to the Native 

resident Species (WMDNS), 

phylogenetic Distance to the Nearest 

Native resident Species (DNNS), 

phylogenetic Distance to the Most 

Abundant Native resident Species 

(DMANS) (Mio years) 

 

 

 

 

 

 

 

Figure I.S.2 Correlations between 

the four phylogenetic distance 

metrics used for the seed-

introduction dataset of Müller et al. 

(2016). Mean phylogenetic Distance 

to the Native resident Species 

(MDNS), Weighted Mean 

phylogenetic Distance to the Native 

resident Species (WMDNS), 

phylogenetic Distance to the Nearest 

Native resident Species (DNNS), 

phylogenetic Distance to the Most 

Abundant Native resident Species 

(DMANS) (Mio years). 
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Figure I.S.3 Correlations between 

the four phylogenetic distance 

metrics used for the seedling-

introduction dataset of Müller et al. 

(2016). Mean phylogenetic Distance 

to the Native resident Species 

(MDNS), Weighted Mean 

phylogenetic Distance to the Native 

resident Species (WMDNS), 

phylogenetic Distance to the Nearest 

Native resident Species (DNNS), 

phylogenetic Distance to the Most 

Abundant Native resident Species 

(DMANS) (Mio years). 

.
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Figure I.S.4 Seedling proportion germinated during first census against a) MDNS; b) WMDNS, c) 

DNNS and d) DMANS (Mio years) (seed-introduction dataset of Kempel et al. 2013). The size of the 

points is proportional to the seed number introduced. Red indicates disturbed plots, blue undisturbed 

plots. Closed points indicate introduced aliens, and open circles indicate introduced natives. 
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Figure I.S.5 Fitted lines from beta-binomial models used to analyse the seed-introduction dataset of 

Kempel et al. (2013) (see Table I.1). The plots show seedling-emergence probability against Mean 

phylogenetic Distance to the Native resident Species MDNS (a-d), Weighted Mean phylogenetic 

Distance to the Native resident Species WMDNS (e-h), phylogenetic Distance to the Nearest Native 

resident Species DNNS (i-j), and phylogenetic Distance to the Most Abundant Native resident 

Species DMANS (k-m). Black line, a), e), i) and k): average across all factors; blue, b), f), j) and l): 

status (alien/native); red, c) and g): disturbance treatment (no/yes); purple, d), h) and m): seed number 

(10/1000). Only significant factors were plotted. All other factors are set to an average value within 

each graph. Raw data shown in Figure I.S.4.  
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Figure I.S.6 Data points and fitted lines from binomial models used to analyse the seed-introduction 

dataset of Müller et al. (2016) (see Table I.2). The plots show seedling-emergence probability against 

Mean phylogenetic Distance to the Native resident Species MDNS (a-c), Weighted Mean 

phylogenetic Distance to the Native resident Species WMDNS (d-g), phylogenetic Distance to the 

Nearest Native resident Species DNNS (h-j), and phylogenetic Distance to the Most Abundant Native 

resident Species DMANS (k-n). Black line, a), d), h) and k): average among all factors; blue, b), e), 

i) and l): status (alien/native); red, c), f), j) and m): disturbance treatment (high, low); yellow, g) and 

n): fungicide treatment (yes/no). All other factors are set to an average value within each graph. 
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Figure I.S.7 Data points and fitted lines from binomial models used to analyse the seedling-

introduction dataset of Müller et al. (2016) (see Table I.3). The plots show seedling-survival 

probability against Mean phylogenetic Distance to the Native resident Species MDNS (a-c), 

Weighted Mean phylogenetic Distance to the Native resident Species WMDNS (d-f), phylogenetic 

Distance to the Nearest Native resident Species DNNS (g-k), and phylogenetic Distance to the Most 

Abundant Native resident Species DMANS (l-o). Black line, a), d), g) and l): average among all 

factors; red, b), e), i) and m): disturbance treatment (high, low); green, c), f), k) and o): herbivory 

treatment (open/closed); yellow, j) and n): fungicide treatment (yes/no); blue, h): status (alien/native); 

All other factors are set to an average value within each graph.
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Figure I.S.8 Model validation for the betabinomial models for seedling emergence in the seed-introduction dataset of Kempel et al. (2013). The 

histograms show the frequency distribution of data simulated using the model and real data. For each model (MDNS, a-b, WMDNS, c-d, DNNS, e-f. 

and DMANS, g-h) eight simulations are shown, and compared to the real data histogram. The lower panels (b, d, f and h) show a zoom in the tail of 

the histograms, to allow better comparison. A high similarity (assessed by eye) of simulated data and real data is a measure goodness of fit. 
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Chapter 2: Effect of competition from native on alien species in 

a multitrophic setting 
Eva M. Malecore & Mark van Kleunen 

Abstract 
1. Darwin’s naturalization hypothesis predicts that alien species closely related to native species 

are less likely to naturalize. This might be because of strong competition between closely 

related species due to niche overlap. In addition, since closely related species are likely to 

attract the same herbivores, enemy release of alien species may also depend on their 

relatedness to the native community. Similarly, herbivore-induced plant volatiles released 

following attack by herbivores are likely to be more similar for close relatives, and thus to 

attract the same predators. However, the importance of phylogenetic relatedness on the 

interaction between alien and native plants species has never been tested in a multitrophic 

context. 

2. We did a mesocosm experiment, in which we grew six alien target plant species alone and in 

competition with nine native plant species of varying phylogenetic relatedness. To test the 

effects of multitrophic interactions on the performance of the alien target species, we used 

enclosure cages to expose the plants to the presence and absence of herbivorous arthropods, 

of predatory arthropods and of nematodes.  

3. Surprisingly, biomass and number of flowering structures increased with presence of 

competitors for some of the alien species, but overall there was no consistent competition 

effect. Similarly, we found that none of the multitrophic-interaction treatments affected 

survival, biomass or number of flowering structures of the alien species. As a consequence, 

there was also no significant relationship between performance measures of the alien species 

and their phylogenetic relatedness to the native competitors. 
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Introduction 
In the field of invasion biology, one of the major goals is to understand the factors that allow an alien 

species to establish in a new range and become invasive (Goodwin et al., 1999; Rejmanek, 2001; 

Blackburn et al., 2011). Elucidating these factors is also important for improving our understanding 

of fundamental ecological processes, such as community assembly. Whenever an alien species 

manages to invade a native community, the latter is altered, new interactions are established. However, 

interactions with the different community members might be key to the establishment success of the 

alien in the first place. 

In this context, two major hypotheses, Darwin’s naturalization hypothesis (Darwin, 1859) and 

the enemy release hypothesis (Keane & Crawley, 2002) have received much attention. However, few 

studies have tried to address them simultaneously and disentangle them. Darwin’s naturalization 

hypothesis states that closer evolutionary relatedness of the alien to native species hampers its 

naturalization due to increased niche overlap and thus increased competition. The enemy release 

hypothesis states that an alien invader will be more successful in the introduced range because it will 

be released from its co-evolved enemies, like herbivores and pathogens in the case of plants. Studies 

addressing the enemy release hypothesis have reported inconsistent findings (Colautti et al., 2004), 

with some showing a lower number of enemies for native species compared to aliens (e.g. Clay, 1995), 

and others showing reduced damage for aliens in the introduced range (e.g. Vilà, Maron, & Marco, 

2005). This inconsistency has been attributed, among others, to differences in spatial scale among 

studies (Colautti et al., 2004). However, another factor explaining these inconsistencies, and thus 

deserving attention, is the evolutionary relatedness of the alien species to the natives. As host 

switching by specialized enemies can occur between closely related species, enemy release is 

predicted to be strongest for alien species distantly related to the natives (Mack, 1996). The 

relatedness between the introduced species and the resident community reconnects to Darwin’s 

naturalization hypothesis. Despite the conceptual link, so far, no studies have addressed whether 

relationships, if any, between establishment success of alien plants and their phylogenetic relatedness 

to natives are primarily caused by competition or enemy release (but see Mitchell et al., 2006). 

Following attack or egg deposition by herbivores, plants often release secondary metabolites 

in the air, also known as herbivore-induced plant volatiles (Dicke & Baldwin, 2010). Those signals 

can attract predators and parasitoids of the herbivores (Nordlund et al., 1988), and can also “warn” 

other plants in the community for the presence of herbivores (Karban & Shiojiri, 2009). By preying 

on the herbivores, the predators and parasitoids attracted by the herbivore-induced volatiles could 

counterbalance the negative effects of herbivore-host switching between native and alien plants. This 
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could also depend on the phylogenetic relatedness of the alien and native plant species. If closely 

related natives and alien species are likely to be attacked by similar herbivores, they are also likely to 

produce similar volatiles able to attract the predators and parasitoids of those herbivores. Moreover, 

the volatiles released after a herbivore attack might directly induce defences in neighbouring 

conspecific or heterospecific plants (Karban & Maron, 2002; Heil & Ton, 2008). For conspecifics, it 

has been shown that this effect is stronger for closely related genotypes (Karban and Shiojiri 2009), 

and it is therefore not unlikely that these volatile-induced defences will similarly be stronger for 

related species. Phylogenetic relatedness could thus decrease fitness of alien plants through more 

intense competition and reduced enemy release, but the latter could partly be compensated by the 

increased attraction of predators. 

These potential multitrophic interactions are valid not only for plants and above-ground 

organisms but also for plants and below-ground organisms. Indeed, Ali, Alborn, & Stelinski (2011) 

showed that entomopathogenic nematodes were attracted to herbivore-induced plant volatiles from 

Citrus paradisi×Poncirus trifoliate when fed upon by a root weevil. Similarly, maize attacked by the 

Western corn rootworm emits chemicals attracting entomopathogenic nematodes (Rasmann et al., 

2007). Nematodes cover a variety of trophic levels, and can be both harmful and beneficial for plants. 

In the context of an alien plant colonizing a new range, new below-ground interactions might 

contribute to its success or failure, and again the phylogenetic distance to the native community might 

influence the outcome of these interactions.  

The importance of evolutionary relatedness can be evaluated by assessing how alien species 

perform in relation to their phylogenetic distance to the native species in the recipient community. 

The relationship between success and relatedness is thought to be linear or curvilinear, depending on 

geographical scale, on type of phylogenetic distance measure used, and on life stage (e.g. Gallien, 

Carboni, & Münkenmüller, 2014; Gallien & Carboni, 2016; Malecore et al. 2018). The relationship 

can thus be complex and linked to a multitude of factors, including new multitrophic interactions of 

the alien species with herbivores and their predators. The role of these multitrophic interactions in the 

relationship between alien plant performance and phylogenetic relatedness to the native plants has 

rarely been studied. 

To address how phylogenetic relatedness can affect the success of an introduced species and to assess 

the role of potentially complex multitrophic interactions therein, we performed a large outdoor 

mesocosm experiment. We grew six alien target species alone and in pairwise competition with nine 

native species of varying phylogenetic relatedness in mesh enclosure cages. We exposed the plants 

to a factorial combination of a nematode-addition treatment and an insect-herbivore-addition 
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treatment, and plants in the insect-herbivore treatment were either grown with or without arthropod 

predators (resulting in six treatment combinations). We determined survival, biomass and number of 

flowering structures of the alien plants as performance measures. We tested the following 

expectations (Figure 1): (1) Without any enemies, competitor presence will be the only factor to affect 

performance of the alien targets, and we expect closely related targets to suffer more from competition 

than distantly related ones (i.e. a positive relationship between target performance and phylogenetic 

distance). (2) With herbivores, we expect target performance to be further reduced, and that this 

reduction is stronger when in competition with a closely related native plant, due to host switch of 

native herbivores. Thus the relationship between alien target performance and phylogenetic distance 

in the presence of herbivores is expected to be positive and stronger compared when in the absence 

of herbivores. (3) When there are also predators of the herbivores present, we expect the negative 

effect of herbivores to be reduced, and the relationship between alien target performance and 

phylogenetic distance to be similar to when herbivores are absent. (4) We expect nematodes – which 

include both herbivores and predators - to have a similar effect as the combined herbivore and 

predator treatment, unless interactions between below-ground and above-ground happen.  

 

Figure II.1 Expected outcomes for the performance of alien target plants grown in 

competition in relation to its phylogenetic distance to the competitor species for each of the 

six different combinations of insect-herbivore, arthropod-predator and nematode addition  
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Methods 

Study species and seed material 

To assess the effects of phylogenetic distance on performance of introduced species, we chose six 

alien target species (Ambrosia artemisiifolia, Bidens frondosa, Eschscholzia californica, Papaver 

somniferum, Salvia verticillata and Veronica persica) and nine native competitor species (Achillea 

millefolium, Centaurea jacea, Daucus carota, Geum rivale, Leontodon hispidus, Lotus corniculatus 

Plantago major, Prunella vulgari and Veronica chamaedrys). All species are forbs. The native 

competitor species are all species present in the Hockgraben, a semi-natural grassland close to the 

University of Konstanz (Malecore et al., 2018), where we collected nematodes, herbivores and 

predators for the experiment. The seed material of all competitor species was ordered from Rieger-

Hofmann Gmbh (Blaufelden‐Raboldshausen, Germany), while the seed material for the alien target 

species came from the seed collection of the Botanical Garden of the University of Konstanz or had 

been ordered from other botanical gardens. We sowed each species in trays with standard potting soil 

(Standard soil, Gebr. Patzer GmbH & Co. KG, Sinntal, Germany) in the first week of May 2015, and 

we put them in a growing chamber with a 12 h photoperiod until germination. 

Experimental setup 

We transplanted the seedlings at the end of May 2015 in circular 2.5 litre pots (diameter= 18 cm, 

height = 15 cm) using a 1:1 mix of potting soil (Standard soil, Gebr. Patzer GmbH & Co. KG, Sinntal, 

Germany) and sand. To provide the plants with sufficient nutrients throughout the experiment, we 

mixed 6.25 g slow-release fertilizer (Osmocote Pro; Everris GmbH, Nordhorn, Germany) into the 

substrate of each pot. For each pot, we transplanted a single seedling of an alien target species in the 

centre, and surrounded it with five seedlings of one of the native competitor species. To control for 

the effect of competition, we also grew each alien target species without competitors. In total, we had 

60 target-competitor combinations (6 target species × 9 competitor species + 6 target species without 

competitor), and each combination was replicated 24 times. The 1440 pots were distributed over 24 

enclosure cages, so that each cage contained one replicate of each of the 60 target-competitor 

combinations. The cages, located outside in the Botanical Garden of the University of Konstanz 

(47.69°N, 9.18°E), were 2.5 m × 2.5 m × 2 m (L × W × H) in size and covered with a fine mesh to 

prevent the passage of arthropods. The  cage sides were lined with a white nylon fabric (mesh size: 

0.2 × 0.2 mm; McStoff. de), the cage-tops with a netting material (mesh size: 0.8 × 0.8 mm; FA.BIO 

02, Hartmann-Brockhaus, Egenburg, Germany), and the cage-floors with plastic sheets and a white 

fabric to prevent overheating (Oduor, van Kleunen, & Stift, 2017). In each cage, the pots were 

randomly assigned to fixed positions and watered ad libitum.  
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Each cage was randomly assigned to one of six treatment combinations: control, nematodes, 

herbivores, nematodes-herbivores, herbivores-predators, nematodes-herbivores-predators, with each 

treatment combination replicated four times. We had a factorial combination of a nematode-addition 

treatment and an insect-herbivore-addition treatment, and plants in the herbivore treatment were 

grown either with or without predators. Each treatment (herbivore, predator and nematode application) 

was applied three times during the experiment (Table II.S.1). 

Nematode extraction and application 

We extracted nematodes from soil collected in four locations in Hockgraben, a semi-natural grassland 

close to the University of Konstanz, where each of the nine native competitor plants occur. At each 

of the four locations, we dug up a total of two litres of soil from two separate spots (one litre from 

each) until a depth of ~10 cm. We extracted nematodes from the soil using the Whitehead-tray method 

(Whitehead & Hemming, 1965, see supporting information for more details), obtaining 800 ml of 

nematode solution with a concentration of ca. 15 nematodes per ml. We applied 1 ml of the solution 

(ca. 15 nematodes) to each pot in the nematode-treatment using a syringe on 20 June 2015. We 

repeated the nematode addition two more times, on 20 July 2015, and 3 August 2015 (Table II.S.1). 

Arthropod collection and application 

We collected arthropods using a modified leaf vacuum (LS 1.0 by ECON-Handel, 0.75 kW / 1HP, 

engine speed: 2500 rotations/min, max. air speed: 85 m/s). We modified the leaf vacuum by inserting 

a wide tube (30 cm diameter) between the vacuum tube and the fan, and put a fine meshed fabric (0.2 

× 0.2 mm) collecting bag in it. The wide tube was inserted to reduce the airflow and minimize damage 

and mortality of the arthropods in the collecting bag (see supporting information for more details). 

We collected the arthropods in the Hockgraben area by vacuuming the vegetation. Every five 

minutes, we replaced the collecting bag, and we collected one bag for each cage. After collection, we 

stored the bags with the arthropods at 5° C until further processing, minimizing the storage time as 

much as possible. To apply the herbivore and the predator treatments, we first sorted the content of 

each bag using an insect aspirator. We separated the herbivorous arthropods and predatory arthropods. 

We excluded all Diptera, because categorizing them according to their feeding guild often requires 

identification at the species level, which was not feasible for such a large number of individuals. We 

also excluded species of which the feeding guild was not clear or that were omnivorous. Among the 

herbivores, we included all caterpillars (Lepidoptera), herbivorous beetles (Coleoptera), herbivorous 

grasshoppers (Caelifera), aphids (Aphidoidea, Hemiptera), leafhoppers (Cicadellidae, Hemiptera), 

leaf bugs (Miridae, Hemiptera) and all other herbivorous Hemiptera. Aphids and leafhoppers were 

the most abundant herbivores. Among the predators, we included predatory mites (Acari), spiders 
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(Araneae), lacewings (Neuroptera, both larvae and adults), ladybirds (Cocinellidae, Coleoptera, both 

larvae and adults), earwigs (Dermaptera), assassin bugs (Redudiviidae, Hemiptera), damsel bugs 

(Nabidae, Hemiptera), and all other predatory Hemiptera. Spiders were the most abundant predators. 

The number of herbivores in each collecting bag was always in the order of hundreds, while 

the predators were always in lower number, never exceeding one hundred. Between 8 and 11 July 

2015, we released the herbivorous and predatory arthropods into the respective cages. To maintain 

the populations of herbivores and predators, and to cover a potential shift in herbivores and predators 

through the season, we repeated the sampling and release of herbivores and predators between 23 and 

25 July 2015 and between 6 and 7 August 2015 (Table II.S.1). 

Harvest and measurements 

We harvested the experiment from the middle of August until the middle of-September. The harvest 

took one month, because harvesting was ordered by alien target species according to the life stage of 

the species. All pots with Papaver somniferum as target species were harvested first, because it was 

the first species to flower and set seed. For each alien target species, we recorded survival at harvest 

(alive/dead). Further, we counted the number of flowering structures (single flowers or fruits for 

Papaver somniferum, Eschscholzia californica and Veronica persica, inflorescences or 

infructescences for Salvia verticillata, and capitula for Bidens frondosa). We did not distinguish 

between buds, flowers and fruits. For each target and competitor species in a pot, we collected the 

above-ground biomass, dried it for three days in a drying oven at 70° C, and weighed it with an 

accuracy of 0.001 g, pooling competitor individuals per pot.  

Statistical Analyses 

To test whether herbivore, predator and nematode presence, as well as competitor presence and 

phylogenetic distance, affected the performance of the alien target species, we used generalized linear 

mixed models (GLMMs) implemented with functions of the “lme4” package (Bates et al. 2015) in R 

(R-Core-Team, 2016). We used survival, above-ground biomass and number of flowering structures 

as measures of alien target performance. For target survival (0/1), we used binomial GLMMs 

implemented in the glmer function. For target plants that had survived, we used Gaussian LMMs 

implemented in the lmer function to analyse above-ground biomass, and negative binomial GLMMs 

implemented in the glmer.nb function to analyse the number of flowering structures. The negative 

binomial models were used to reduce overdispersion. In a first set of models, we tested the effect of 

the presence of competitors, and of the presence of herbivores, predators and nematodes. In a second 

set of models, we analysed the subset of plants with competitors to test the effect of phylogenetic 

distance. 
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Competitor presence, herbivores, predators and nematodes 

As above-ground biomass varied greatly among the alien target species, we cube-root transformed 

the data. For each of the three response variables (survival, above-ground biomass and flowering 

structure number), we used the same model structure. We first performed analyses including only 

competitor presence as explanatory factor in the fixed part of the random model. In a second step, 

besides competitor presence (0/1), we included herbivore presence (0/1), predator presence (0/1), 

nematode presence (0/1), the nematode × herbivore presence interaction, the nematode × predator 

presence interaction, as well as the interaction of competitor presence with all other factors (hereafter 

“full model”). The interactions of competitor presence with all other factors were excluded from the 

model of the number of flowering structures due to non-convergence of the model. To account for 

non-independence among data points from the same target species and the same cage and from plants 

grown with the same competitor species, we included target species, cage and competitor species as 

random factors (i.e. random intercepts). In addition, as each target species might respond differently 

to competition, we also included random slopes for the response to competition of the target species. 

We used a Bayesian approach to plot the 95% credible intervals in the figures using the sim function 

of the “arm” package (Gelman & Yu-Sung, 2016). 

Phylogenetic distance, herbivores, predators and nematodes 

To test how phylogenetic distance between alien target and native competitor species affected 

survival, above-ground biomass and number of flowering structures of the target plants, we used a 

subset of data that excluded the plants grown without competition. The phylogenetic tree of target 

and competitor species was constructed by pruning a modified version (Malecore et al. 2018) of the 

dated DaPhnE supertree of Central European plant species (Durka & Michalski, 2012). For each 

target-competitor combination, we calculated the phylogenetic distance using the cophenetic function 

of the “ape” package (Paradis et al. 2004) in R (R-Core-Team, 2016). We first ran a model including 

the phylogenetic distance only, both as linear and quadratic terms. The latter was included to test for 

potential nonlinear effects. In a second step, we added herbivore presence (0/1), predator presence 

(0/1), nematode presence (0/1), as well as the interaction of phylogenetic distance with all those 

factors (hereafter “full model”). The interaction of phylogenetic distance with all other factors was 

excluded from the model of the number of flowering structures due to non-convergence of the model. 

To account for non-independence among data points from the same target species and the same cage 

and from plants grown with the same competitor species, we included target species, cage and 

competitor species as random factors (i.e. random intercepts). We used a Bayesian approach to plot 

the 95 % credible intervals in the figures using the sim function of the “arm” package (Gelman & Yu-

Sung, 2016). 
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Figure II.2 Fitted values with 95% credible intervals and data points (jittered) for survival (A), above-

ground biomass (B) and number of flowering structures (C) of alien target plants grown with and 

without competition. Fitted lines with 95% credible intervals and data points (jittered) of the 

relationship between survival (D), above-ground biomass (E) and number of flowering structures (F) 

of alien target plants grown in competition and phylogenetic distance to its native competitor. 
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Results 
Survival of the alien target species ranged from 0.57 for Papaver somniferum to 0.99 for Ambrosia 

artemisiifolia. Aboveground biomass of the alien target plants ranged from a minimum of 0.002 for 

Papaver somniferum to a maximum of 116.697 g for Bidens frondosa. The number of flowering 

structures of the alien target plants ranged from 0 to 2166, with Veronica persica having the highest 

number of flowering structures. Mean competitor biomass per pot ranged from 0.008 for Geum rivale 

to 56.447 for Lathyrus pratensis. 

Effects of competition on target performance 

The survival, aboveground biomass and number of flowering structures of the alien target plants were 

not significantly affected by the presence of competitors (Figure II.2) and also not by the presence of 

herbivores, predators or nematodes (Table II.1). Nevertheless, the responses to competition varied 

among the different target species (Figure II.3). Aboveground biomass and number of flowering 

structures increased with competitor presence for the four smallest target species (Salvia verticillata, 

Veronica Persica, Eschscholzia californica and Papaver somniferum), and slightly decreased for the 

two largest target species (Ambrosia artemisiifolia and Bidens frondosa) (Figure II.3). 

 

Figure II.3 Fitted values and data points comparing above-ground biomass (A) and number 

of flowering structures (B) of each of the six alien target plants grown with and without 

competition. 
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Table II.1 Results of GLMMs for survival (binomial), aboveground biomass (Gaussian) and number 

of flowering structures (negative binomial), of the alien target plants with the presence of competitors, 

herbivores, predators and nematodes as explanatory variables. Target biomass was cube-root 

transformed. P-values were calculated by comparing models with and without the term in question. 

Competitor presence (CP) Survival Biomass # flowering structures 

Parameter Estimate 

(SE*) 

P 

(>Χ2) 

Estimate 

(SE) 

P 

(>Χ2) 

Estimate 

(SE) 

P 

(>Χ2) Fixed terms 

Intercept 1.6387 (0.847) 0.0552 1.9990 (0.620) 0.0082 3.0896 (1.107) 0.01825 

CP* 1.0337 (0.924) 0.4168 0.3863 (0.410) 0.4439 0.6888 (0.691) 0.3285 

Herbivores 0.6981 (0.851) 0.0775 0.0800 (0.150) 0.7114 -0.0103 (0.125) 0.8278 

Predators 0.5010 (1.003) 0.2725 -0.0969 (0.150) 0.5267 0.1151 (0.125) 0.3133 

Nematodes -0.7679 (0.735) 0.2152 0.0099 (0.156) 0.2609 0.0394 (0.125) 0.8897 

Herbivores×Nematodes 0.7669 (1.177) 0.0648 -0.0900 (0.220) 0.3096 -0.0180 (0.177) 0.9187 

Predators×Nematodes -0.8793 (1.332) 0.2505 0.1927 (0.217) 0.2553 -0.0519 (0.176) 0.7687 

CP×Herbivores -0.7820 (0.884) 0.2318 -0.1407 (0.158) 0.6156   

CP×Predators -0.5393 (1.030) 0.6428 0.1266 (0.158) 0.8783   

CP×Nematodes 0.1614 (0.769) 0.5357 -0.0684 (0.164) 0.5802   

CP×Herbivores×Nematodes 0.0921 (1.24) 0.9413 0.1761 (0.231) 0.4459   

CP× Predators×Nematodes 0.3920 (1.374) 0.7781 -0.2989 (0.228) 0.1901   

Random terms Standard deviation Standard deviation Standard deviation 

Cage 0.2228 0.0000 0.0000 

Target Species intercept 1.0496 1.2379 1.2379 

Target Species CP 1.1769 0.3829 0.3829 

Competitor Species 0.4617 0.3430 0.3430 

 

Table II.2 Results of GLMMs for survival (binomial), aboveground biomass (Gaussian) and number 

of flowering structures (negative binomial) of the alien target plants with phylogenetic distance, both 

as linear and quadratic terms, herbivores, predators and nematodes as explanatory variables. Target 

biomass was cube-root transformed. P-values were calculated by comparing models with and without 

the term in question. 

Phylogenetic distance (PD) Survival Biomass #flowering structures 

Parameter Estimate 

(SE*) 

P 

(>Χ2) 

Estimate 

(SE) 

P 

(>Χ2) 

Estimate 

(SE) 

P 

(>Χ2) Fixed terms 

Intercept 2.2747 (1.073) 0.06746 2.438 (0.405) 0.0005 3.9377 (0.810) 0.0017 

PD 0.4221 (0.549) 0.1543 -0.1336 (0.079) 0.2940 -0.2756 (0.205) 0.6122 

PD2 0.3820 (0.278) 0.1741 -0.0567 (0.044) 0.2023 -0.1366 (0.109) 0.2072 

Herbivores 0.4079 (0.267) 0.1646 -0.0187 (0.036) 0.5998 -0.0399 (0.091) 0.6600 

Predators -0.3687 (0.267) 0.2713 -0.0227 (0.035) 0.5206 0.1198 (0.090) 0.1855 

Nematodes -0.2453 (0.213) 0.3065 -0.0357 (0.029) 0.2189 -0.0044 (0.073) 0.9518 

PD ×Herbivores -0.1281 (0.243) 0.6024 0.0227 (0.036) 0.5263   

PD ×Predators 0.2258 (0.241) 0.3504 0.0076 (0.035) 0.8294   

PD ×Nematodes 0.0926 (0.189) 0.6280 -0.0004 (0.029) 0.9903   

Random terms Standard deviation Standard deviation Standard deviation 

Cage 0.2856 0.0000 0.0000 

Target Species 2.4218 0.9327 0.9327 

Competitor Species 0.4606 0.3754 0.3754 
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Effect of phylogenetic distance on target performance 

For the plants grown with competitors, phylogenetic distance had neither a linear nor a quadratic 

effect on survival, aboveground biomass or number of flowering structures of the alien target plants 

(Figure II.2). There were also no significant effects of the presence of herbivores, predators or 

nematodes, or their interactions with phylogenetic distance (Table II.2) 

Discussion 
In our study, none of the performance measures of the alien target species were affected by the 

presence of native competitors, herbivores, predators or nematodes. Among the plants grown with 

competition, there was also no significant effect of phylogenetic distance between target and 

competitor species on performance of the target plant. Thus, in our study, phylogenetic relatedness 

played no important role in survival, growth and flower production of the alien plants grown in 

mesocosms with native plants.  

Effect of competition on target performance 

We found, averaged across the six alien target species, no significant effect of the presence of native 

competitors on any of the performance measures. Although recent studies have shown that invasive 

alien plants are usually less strongly affected by competition than non-invasive alien or native plants 

(Kuebbing & Nuñez, 2016; Golivets & Wallin, 2018; Zhang & van Kleunen, 2019), our finding of 

no significant competitor-presence effect is nevertheless surprising. A closer look at the individual 

alien target species, however, showed variation in their responses to the presence of competitors. Two 

of the six target species – Ambrosia artemisiifolia and Bidens frondosa – showed a slight decrease in 

performance (aboveground biomass and number of flowering structures) in response to the presence 

of competitors, whereas the four others – Salvia verticillata, Veronica Persica, Eschscholzia 

californica and Papaver somniferum – showed an increased performance (Figure II.3). The latter four 

species also had the smallest statures overall (Figure II.S.1), which suggests that smaller target species 

benefited from competitor presence. This suggests that the small alien target plants were facilitated 

by the presence of the native plants. 

This facilitation of small alien target species by the native plants could be due to the very 

warm weather conditions during the experiment (Figure II.S.2). Under these conditions, a competitor 

could have a beneficial effect on the target plant by shading it and by creating a more humid micro-

climate around it. Indeed, facilitation is generally more frequently observed under stressful than under 

benign conditions as predicted by the stress-gradient hypothesis (Bertness & Callaway, 1993; 

Callaway et al., 2002), and canopy shading has been shown to benefit seedling performance in dry 

climates (Gómez-Aparicio, Gómez, Zamora, & Boettinger, 2005; Maestre, Bautista, Cortina, & 
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Bellot, 2001). While the smaller species in our study could take advantage of the protection by native 

competitors, this was not the case for the taller species, and resource competition would have become 

more important, resulting in a negative effect of competition. The hot temperature during our 

experiments is likely to have had an even harsher effect for several reasons. First, our mesh-cages 

used to enclose the arthropods reduced air flow and thus prevented cooling. Second, the plants were 

planted in black pots, thus affecting the soil temperature more than in normal field condition, where 

the soil is completely covered by vegetation. Third, although the floor of the area was covered with 

a light coloured fabric, the solar irradiance would warm it up quickly. Under these extreme 

temperature conditions, it is reasonable to expect competitor plants to have a nurse effect on the 

smaller sized target species. 

Effect of phylogenetic distance on target performance 

Phylogenetic distance between the alien target and native competitor species had neither a linear nor 

a non-linear effect on any of the performance measures of the alien targets. Thus, in our experiment, 

phylogenetic relatedness did not affect alien species success. Previous experimental studies have 

shown that phylogenetic distance between native and introduced species can affect performance of 

the latter (Feng & Kleunen, 2016) and that this relationship may depend on several factors like life 

stage, disturbance, fungal pathogen presence and herbivore presence (Malecore et al., 2018). Here, 

we could find no relationship between alien target performance and phylogenetic distance to the 

native competitor. This could mean that phylogenetic distance is not important at all, but it could also 

be the result of two opposing effects of phylogenetic distance. On the one hand, competition between 

closely related species may benefit alien species that are distantly related to the species, because of 

the competitive exclusion from niche overlap among close relatives. On the other hand, 

environmental filtering may benefit alien species that are closely related to the native species. These 

two processes may result in a hump-shaped relationship (Malecore et al., 2018) or, if they fully cancel 

each other out, result in a flat relationship between performance of the alien species and their 

phylogenetic distance to the native species. 

Another possible explanation for the absence of an effect of phylogenetic relatedness could 

be that facilitation, as observed in our study, might not depend as much on relatedness as competition 

does. Instead, facilitation may depend more on the environmental conditions, as its importance 

increases with increasing abiotic stress. If traits relevant to dealing with stress, in particular heat, are 

less correlated evolutionarily as compared to those relevant for direct biotic interactions, the 

assumptions of phylogenetic distance as a proxy of functional trait distance becomes invalid. Future 
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studies should explicitly test how the relationship between performance of invaders and phylogenetic 

distance to the native residents changes with environmental stress. 

The absence of an effect of phylogenetic distance was independent of the herbivore, predator and 

nematode presence. The nematode, herbivore and predator treatments, as well as their interactions 

with the competition treatment, did not cause any significant effects on the performance of the alien 

target species. However, we cannot exclude the possibility that the numbers of individuals of 

nematodes, herbivores and predators that we added were too low to cause any impact on performance. 

We repeated the collection and release of arthropods and nematodes three times during the 

experimental period of 2.5 months. Although this resulted in hundreds of individuals of each group 

(herbivores, predators, nematodes) in each enclosure cage, we did not achieve arthropod and 

nematode densities similar to those in the habitat of collection (Eva Malecore, personal observation). 

This might be partially due to low numbers of individuals released, but also due to mortality and 

failure to reproduce in the enclosures. The latter might have been exacerbated by the hot temperatures 

in the cages, and the lack of sufficient vegetation. Although the approach of catching different trophic 

groups from the wild and releasing them into enclosures could in principle allow us to experimentally 

address major questions in community ecology, we are not aware of any other studies that have 

attempted this. Future studies should try to optimize experimental protocols for this approach.  

Conclusion 
We aimed to test whether the positive relationship between performance of alien invaders and their 

phylogenetic distance to the native residents, as predicted by Darwin (1856) and experimentally 

confirmed in several studies (Jiang, Tan, & Pu, 2010; Feng & Kleunen, 2016,Malecore et al., 2018; 

but see Thuiller et al., 2010 and citations within), changes if one considers multitrophic interactions 

(Figure II.1). We found, however, no significant overall effects of competition, phylogenetic distance 

or the addition of herbivores, predators and nematodes. In other words, we did not find any support 

for our hypotheses. Reasons for this could be the hot temperatures during the experiment, which may 

have turned the competitors into facilitators, and that we did not manage to build up large 

communities of the herbivores, predators and nematodes. Therefore, we call for studies that test the 

roles of multitrophic interactions under less stressful environmental conditions, and with larger 

numbers of each of the multitrophic actors. 
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A 

 

Figure II.4 Mesh cages 

used for arthropod 

exclusion (A) and set up of 

pots in one of the cages 

(B). 

B 
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Supporting Information 

 

Figure II.S.1 Height 

measurements of the nine alien 

target species. Height was 

measured from soil surface up to 

the last leaf, without stretching 

the plant 

 

Temperature measurements 

In each of the 24 cages, temperature was measured using temperature loggers (Maxim Integrated 

Products, DS1922L-F5# Thermochron iButton 8K -40 to 85°C). Each temperature logger was sealed 

within a piece of tin foil and put in a small plastic bag to avoid dampness, and stapled at a height of 

20 cm from the soil on the inside of the wooden structure of the cage. The loggers took measurements 

every hour throughout the experiment. 

 

Figure II.S.2 Temperature data for 

each cage for the time period of the 

common garden experiment (year 

2015). In grey, the overlapping data for 

each of the 24 cages. In black, a 

smoother spline obtained using the 

smooth.spline function (spar=0.5) in R 

(R Core Team, 2017). 

 

 

 



56 
 

 

Figure II.S.3 Phylogenetic tree of the species used as alien targets and native competitors. 

 

Table II.S.1 Dates of treatment applications throughout the experiment 

Treatment 1. application 2. application 3. application 

Herbivores and predators 8-11.7.2015 23-25.7.2015 6-7.8.2015 

Nematodes 20.06.2015 20.07.2015 3.08.2015 
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Nematode extraction 

For the nematode extraction, we used the Whitehead-tray method (Whitehead & Hemming, 1965). 

We put the collected soil (eight litres) in two large sieves above a layer of fine meshed fabric and a 

layer of kitchen paper tissue. We put the sieves in two trays and filled them with water until the soil 

was almost covered by the water. In this way, the nematodes present in the soil will move downwards, 

go through the fine meshed fabric and the kitchen tissue, and will end up in the water on the bottom 

of the tray. Since soil nematodes are not able to swim actively, they will not go back up into the soil. 

After at least 30 h, the sieves with the soil were removed and the water was filtered using 

sieves with mesh widths of 40 μm and 20 μm. The sieves were then washed out and the extract was 

collected in a cup and diluted in ca. 800 ml of water. To check for the effective presence of nematodes 

in the solution, we took three samples of 1 ml of the solution, and counted the number of nematodes 

under a microscope. We counted between 15 and 20 nematodes each time. The extraction of 

nematodes was repeated three times (middle of June, middle of July and end of July). 

 

Figure II.S.4 Soil during nematode extraction. The soil was placed in a sieve, above a layer of kitchen 

paper and a layer of fine meshed fabric, and then covered with water. Nematodes will reach the 

bottom of the tray going through the fine meshed fabric and the other layers.  
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Technical sheet for the LS 1.0 by ECON-Handel Leaf Vacuum
Model: LS 1.0 

Engine Size: 25.4 cc 

Fuel: Mixture 1: 40 

Net Weight: 4.5 kg 

Dimensions: 410 x 260 x 350 mm 

Fuel Tank Capacity: 0.5 litre 

Certificate number: S50248934 

Motor power: 0.75 kW/1PS 

Rotation speed: 2500 rpm. 

Max. AIR SPEED RATING: 85 m/s 

Leaf bag volume: approx. 50 litres. 

Noise Level: 95 dB (a) 

 

Figure II.S.5 The leaf vacuum, after modification, used to collect arthropods in the Hockgraben 

grassland area. Arthropods are collected in a mesh bag positioned in the bucket, where airflow is 

reduced due to the larger volume. 
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Chapter 3: Reciprocal heterospecific pollen interference among 

alien and native species 
Eva M. Malecore, Sylvie Berthelot, Mark van Kleunen & Mialy Razanajatovo 

Abstract 
1. Heterospecific pollen interference has recently been proposed as a mechanism contributing to 

the success of alien invaders, as heterospecific pollen of alien plants interferes with the 

reproduction of natives by reducing fruit and seed set. However, no study has looked at the 

opposite interaction. Moreover, few studies have considered the roles of phylogenetic and 

trait distances between pollen donors and recipients. 

2. We did a large multi-species experiment in which we used alien and native species both as 

pollen recipients and as pollen donors, and included phylogenetic as well as trait distance as 

explanatory variables. 

3. We found that both alien and native recipients suffered from heterospecific pollen from donors 

of the opposite status in terms of seed and fruit set. Phylogenetic distance and trait distance 

both affected heterospecific pollen interference, but the effect depended on recipient and 

donor statuses. 

4. We conclude that heterospecific pollen interference affects both native and alien recipients, 

thus indirectly altering community composition and increasing biotic resistance against 

invaders. 
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Introduction 
Plants grow in communities, where they co-occur and interact continuously with other species. 

Co-flowering plant species can interact through pollinator sharing (e.g., Waser et al., 1996; 

Bascompte et al., 2003; Mitchell et al., 2009). Interspecific pollinator sharing can impact reproduction 

of the plants due to effects on visitation rates, and can result in heterospecific pollen (HP) transfer 

(Ashman and Arceo-Gómez, 2013). While HP transfer can result in a lower male fitness of the donor 

species due to loss of pollen (pollen discounting, Morales and Traveset, 2008), it can also result in a 

lower female fitness of the recipient species by reducing fruit and seed set. This so-called HP 

interference may affect recruitment and thus the persistence of a species in a community. 

Heterospecific pollen interference occurs through a direct negative interaction on the pistil of 

the recipient species, where it can act at three levels: the stigma, the style and the ovule. At the stigma 

level, HP can mechanically clog the access to conspecific pollen (CP) or interfere with its adhesion 

and prevent its germination (Galen and Gregory, 1989). At the style level, HP tube growth can also 

cause clogging, or there can be allelopathic inhibition of CP tube growth (Arceo-Gómez and Ashman, 

2013). At the ovule level, ovule usurpation, hybridization or inhibition of seed development are 

possible (e.g. Kanchan and Chandra, 1980; Thomson et al., 1981; Harder et al., 1993; Arceo-Gómez 

and Ashman, 2011). Thus, HP interference can affect fruit and seed set due to physical mechanisms 

as well as ineffective interspecies recognition. The importance of HP interference is likely to depend 

on the degree of (dis)similarity in floral traits between the recipient and donor. Moreover, if the plant 

species have a long history of co-occurrence, they may have evolved mechanisms to reduce HP 

interference, since HP interference would select for individuals less affected by it. 

Recently, HP interference has gained interest for its role in plant invasions (Arceo-Gómez and 

Ashman 2016). In their new range, many alien invaders can use resident pollinators to reproduce 

(Traveset & Richardson 2014; Razanajatovo et al. 2015; Razanajatovo & van Kleunen 2016). This 

implies that the alien forms novel interactions, including HP interference, with native and other alien 

plant species with whom it does not share a co-evolutionary history (Saul, Jeschke and Heger 2013). 

Indeed, previous studies have shown high magnitudes of pollinator sharing between alien and native 

plant species (Moragues & Traveset 2005; Jakobsson et al. 2008), and alien pollen has been found on 

stigmas of native flowers in invaded communities (e.g. Jakobsson et al. 2008). To explain the success 

of alien species, many studies have focused on how HP from alien species affects native species 

(Arceo-Gómez and Ashman, 2013). In a meta-analysis, Arceo-Gómez and Ashman (2016) found that 

invasive HP donors reduced fruit- and seed-set of recipients to a greater degree than native HP donors 

did, suggesting that the negative impacts of invasive plants on natives had previously been 
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underestimated (Arceo-Gómez and Ashman 2016). However, all recipients in previous studies were 

natives, thus it remains unclear whether there is any effect of native HP donors on alien recipients. 

Given that alien species have to integrate themselves into native plant-pollinator networks, it is very 

likely that they will receive a lot of HP from native plants. This is because the alien species will, at 

least initially, be in the minority and are likely to use generalist pollinators that also visit many native 

species. If native HP reduces the seed production of the alien species, this would indicate that HP 

interference could increase the biotic resistance of native communities against alien invaders.  

Besides on the alien-native status of the recipient and donor, and thus their co-evolutionary 

history, the effect of HP might also depend on the phylogenetic relatedness of the donor and recipient 

species. Phylogenetic distance might play a role in determining HP interference since closely related 

species are more likely to have similar floral morphologies and interspecies recognition systems 

involved in mechanisms like stigma adhesion, style clogging, ovule usurpation and hybridization. 

Such an interspecies recognition system usually involves barrier and promotion genes active in the 

pistil, and penetration and reaction genes active in the pollen (Hogenboom, 1973). Such genes may 

be phylogenetically conserved, making it more likely that HP is incorrectly recognized as CP when 

two species are closely related. In line with this hypothesis, pre- and post-zygotic reproductive 

barriers have been found to increase with phylogenetic distance (Moyle et al., 2004; Scopece et al., 

2008; Moyle and Nakazato, 2010). On the other hand, interference between less related species could 

increase due to increased allelopathy (Wilcock and Neiland, 2002; Carvallo and Medel, 2016). 

Therefore, it remains to be tested whether plant species that are phylogenetically closely related suffer 

more or less from HP interference (but see Arceo-Gómez and Ashman, 2016 and Arceo-Gómez et 

al., 2019). 

Some morphological characteristics that could play a role in HP interference are style length 

and pollen size. Donor pollen could physically clog the stigma of the recipient, especially when donor 

pollen grains are smaller than recipient pollen grains, by impeding CP hydration and germination 

(Galen and Gregory, 1989; McLernon et al., 1996). Although larger pollen grains could block a larger 

area, they often cannot adhere to the papillae of smaller grained species (McLernon et al., 1996). 

Therefore, a larger difference in pollen size would lead to a mismatch between pollen and stigma-

papillae size (Ashman and Arceo-Gomez, 2013). Longer styles are more likely to act as a barrier to 

HP, as pollen tubes are less likely to reach the ovule (Smith-Huerta, 1997; Travers and Shea, 2001; 

Mazer et al., 2010). In addition, pollen coming from donor species with longer styles than the recipient, 

might clog the style of the recipient species more easily, since its pollen produces longer tubes. Thus 



62 
 

a recipient with a style shorter than the donor might be more susceptible to HP interference (Ashman 

and Arceo-Gomez, 2013). 

We conducted experimental hand pollinations that included both alien and native recipients 

as well as alien and native HP donors. Due to a non-shared evolutionary history at the community 

level, we expected HP to affect species independently of recipient status, but with a higher 

susceptibility to opposite status donors. Furthermore the native species used in this study are naturally 

co-occurring species whereas the aliens are not, we expected native recipients to suffer less from 

native donors, and alien recipients to suffer strongly from both native and alien donors. Additionally, 

we determined phylogenetic and trait (style length, pollen size) distances to examine their effects on 

HP interference. We expected the effect of phylogeny to be either positive or negative. We presumed 

there would be a higher susceptibility when the traits were more dissimilar, thus we expected HP 

interference to increase with trait distance. Specifically, we asked the following questions: 1) Does 

HP overall negatively affect fruit and seed set? 2) Does HP interference depend on similarity in the 

alien-native status (opposite or same) of the donor and recipient plants? 3) Does HP interference 

depend on phylogenetic and trait distances between the donor and recipient plants? 

Material and Methods 

Study species 

To test for potential HP interference effects on both alien and native species, we selected 20 species, 

of which nine are alien and 11 are native to Germany (Table III.S.1 in Supporting Information), and 

which cover a broad range of phylogenetic and floral trait distances. To distribute the work load, we 

divided the species into two groups, one of 12 species and one of 8 species, that were grown in winter 

2016 and summer 2017, respectively. All 20 species are insect-pollinated forbs, and were selected as 

they occur in similar habitats (mostly grasslands and ruderal sites) and have overlapping flowering 

times (Kühn, Durka & Klotz 2004, Table III.S.1). Thus heterospecific pollination between those 

species was plausible in natural conditions. Most species were grown from seeds, but four were 

collected as seedlings in the area of Konstanz, Germany (Table III.S.1). The seeds were sown in trays, 

and the resulting seedlings were transplanted into bigger pots. Pot sizes ranged from 1 to 3 L 

depending on species size, and were positioned in pollinator-free greenhouse compartments (see 

Table III.S.2 for details on greenhouse conditions) of the Botanical Garden of the University of 

Konstanz, Germany. For each species, we had approximately 60 plants to ensure that we would have 

enough flowering plant material for each treatment (Table III.S.1). Since the species varied in their 

rate of development, the fast growing ones were trimmed to delay their flowering, so that more species 

would flower simultaneously. 
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Experimental set-up 

The first group of species flowered from November 2016 to March 2017, and the second group of 

species from April 2017 to August 2017. To test for HP interference, we manipulated HP and CP 

deposition using hand pollination, and assessed fruit and seed set of the pollinated flowers. First, we 

assessed for each species the average number of pollen grains per anther. Therefore, we collected a 

fixed number of anthers and extracted the ripe pollen grains by shaking them in a Coulter-Isoton-II-

diluent-buffer solution, and counting the number of pollen grains with a Coulter Counter Multisizer.3 

(Beckman Coulter, Krefeld, Germany). Then, based on the average number of pollen grains per anther 

of each species, we prepared pollen mixtures by combining an approximately equal amount of 

heterospecific and conspecific pollen for each HP treatment. We chose a 1:1 ratio to increase the 

comparability to other studies on HP interference (see Arceo-Gomez & Ashman 2016). For each 

pollen mixture, we used anthers from one conspecific individual and one heterospecific individual. 

To avoid self-pollination, the conspecific donors were always a different individual than the pollen 

recipient (in some rare cases, we used multiple individuals as donors due to insufficient numbers of 

flowers on each donor). We released the pollen from the anthers by holding each anther with a tweezer, 

and tapping the anther on a clean surface. Then, we mixed the con- and heterospecific pollen on the 

clean surface using tweezers or toothpicks. We used toothpicks or tweezers to apply this mixture in 

saturating amounts on the stigmas of three to five flowers of the recipient plant, and we did this for 

three to five individuals per species combination. As a control, we applied conspecific pollen only 

with a comparable amount to the HP treatment on three to five flowers of three to five individuals per 

species. For each treatment, we applied an amount large enough to have pollen saturation. Each 

individual received only one of the two pollen-treatment types. To avoid selfing, we removed the 

anthers of recipient flowers before dehiscence. Prior emasculation could not be done on Nicandra 

physalodes and Lotus corniculatus, since buds would not survive emasculation. Therefore we 

removed the anthers of the recipient flowers of these species immediately before pollination and 

before they could touch the stigmas. Within the two groups of species, we aimed to use all species 

both as donors and recipients. However, as some species did not flower simultaneously in our 

experiment, we obtained 145 out of 208 possible combinations (Figure III.S.1). After ripening, the 

seeds produced by each treated flower were collected and counted using a seed counter (Pfeuffer 

Contador Seed Counter, Germany) or by hand. 

Phylogenetic and floral-trait distance measures 

To test whether the degree of HP interference is associated with the phylogenetic distance and the 

floral trait distance between the species, we constructed a phylogenetic tree for our species and 

measured pollen size and style length for each species (Figure III.S.2). The phylogenetic tree was 
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constructed by pruning a modified version (Malecore et al. 2018) of the dated DaPhnE supertree of 

Central European plant species (Durka & Michalski, 2012). For each recipient-donor pair, we 

calculated the phylogenetic distance using the cophenetic function of the “ape” package (Paradis et 

al. 2004) in R (R-Core-Team, 2016). 

We expected that HP interference depended on the size of the pollen and the length of the 

style, thus we measured the average pollen size (µm) and style length (mm) for each species. For 

pollen size, we randomly selected ten anthers each from three individuals per species, and took the 

midpoint of the range of sizes measured in the Coulter Counter. We used a digital caliper to measure 

the length of the style on one flower from ten individuals per species. For each recipient-donor pair, 

we used the function dist in R to calculate the joint (multivariate) Euclidean trait distance based on 

pollen size and style length. 

Statistical analysis 

We firstly tested whether there was HP interference and whether it depended on the status of the 

recipient and donor species. Secondly, we tested whether the degree of HP interference depended on 

the phylogenetic and floral-trait distances between the recipient and donor species. As response 

variables, we used fruit set, where a flower was counted as having set fruit when it produced at least 

one seed, and seed set (i.e. the number of seeds per fruit). Note, the analyses of seed set did not include 

flowers that did not produce any seeds. This was done to avoid zeroes when calculating the effect 

size as log response ratio, since adding a constant can result in a large over-estimation of the effect 

size (Rosenberg, Rothstein, & Gurevitch, 2013). Fruit and seed set were averaged per plant individual. 

Effect of species status on HP interference 

To test whether HP affected fruit set and seed set, and whether this depended on the status of the 

pollen recipient and donor species, we used linear hypothesis testing and multiple comparisons for 

parametric models with a custom set contrast matrix, using the glht function of the “multcomp” 

package (“single-step” adjustment, Hothorn et al, 2008) (Table III.1). For the analysis of fruit set, we 

used a binomial Generalized Linear Mixed Model (GLMM) implemented using the glmer function 

of the “lme4” package (Bates et al. 2015). For the analysis of seed set (for the subset of flowers that 

had produced fruits), we log transformed the response variable to use a parametric model, and used a 

Linear Mixed Model (LMM) using the lmer function in the “lme4” package. In those models, we 

used as explanatory variable a dummy factor with six levels: (1) CP-only treatment for native 

recipient species, (2) HP treatment for native recipient and native donor species, (3) HP treatment for 

native recipient and alien donor species, (4) CP-only treatment for alien recipient species, (5) HP 

treatment for alien recipient and alien donor species, and (6) HP treatment for alien recipient and 
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native donor species. To account for non-independence among data points from the same donor 

species, from the same recipient species, and from the same dataset (i.e. the two groups of species 

grown at different times), we included donor species, recipient species and dataset as random factors. 

Using a custom set contrast matrix for the dummy factor (Table III.1), we tested first whether fruit 

and seed set (a) differed between native and alien recipient species, and (b) was overall lower after 

heterospecific than after conspecific-only pollination (i.e. whether there is HP interference). Second, 

we tested whether the magnitude of HP interference depended on (c) recipient status and (d) whether 

the recipient and donor had the same or opposite species status. Finally, we tested whether recipient 

status determined (e) the effect of having opposite species status and (f) having the same species 

status on HP interference. 

Effect of phylogenetic and floral-trait distances on HP interference 

We assessed the phylogenetic signal for pollen size and stigma length by calculating Pagel's λ with 

the phylosig function of the “phytools” package (Revell 2012). To test how phylogenetic and floral-

trait distances between recipient and donor species affected fruit set after heterospecific pollination, 

we used a binomial GLMM implemented in the glmer function of the “lme4” package. As seed set 

varied largely among species, we first normalized it by calculating for each individual plant the log-

response ratio of the average number of seeds per fruit in the HP treatment and the average number 

of seeds per fruit in the CP treatment of the respective species. The log-response ratio of seed set was 

then analysed using a Gaussian LMM implemented in the lmer function of the “lme4” package. We 

first ran a model including the phylogenetic distance only, both as linear and quadratic terms, to test 

for potential nonlinear effects. We did the same using trait distance. In a second set of models, we 

used either phylogenetic or trait distance as the explanatory variable. Here we also included recipient-

status (alien and native) and a dummy factor indicating whether or not the donor was of the same or 

opposite status as factors, as well as the two-way interactions of the distance measures with recipient-

status and the dummy factor, and the three-way interaction. To account for non-independence among 

data points from the same donor species, the same recipient species, and from the same dataset, we 

included donor species, recipient species and dataset as random factors. We used a Bayesian approach 

to plot the 95 % credible intervals in the figures. 

We performed additional analyses using style length and pollen size separately. Here, the 

difference of the style length or of pollen size between recipient and donor species was used as the 

explanatory variable, and the same model structure as for the joint trait distance was used (Table 

III.S.8-9 and Figure III.S.3-4). 
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Results 
We treated 1702 flowers, of which 1305 set fruit (679 out of 872 for the first dataset, and 626 out of 

830 for the second dataset). Seed set ranged from 1 to 4968, depending on the recipient species (with 

Papaver somniferum having the highest seed number), and an overall median of 13 seeds.  

 

Figure III.1 Plot showing the fitted values (with standard error) for the different pollination 

treatments, for fruit set expressed as the proportion of fruit setting flowers on treated flowers 

(A) and seed set expressed as the natural log of the number of seeds per fruit per plant (B). 

CP: conspecific pollen treatment. HP: heterospecific pollen treatment. Blue outlines: native 

recipient. Blue filling: native donor. Red outlines: alien recipient. Red filling: alien donor. The 

n indicates the number of data points per category. Grey dots: data points per individual plant. 

HP reduced fruit and seed set and was affected by recipient and donor status 

Overall, HP significantly reduced both fruit set and seed set (Table III.1, Figure III.1). Compared to 

the CP treatment, the HP treatment reduced the likelihood of fruit set from 89% to 74%, and the 

number of seeds per fruit by 53%. HP of a species with the same status as the recipient reduced fruit 

set in the case of native recipients only, whereas HP of a species with the opposite status reduced fruit 

set independently of recipient status (Table III.1, Figure III.1). In other words, HP reduced fruit set 

for each combination of donor and recipient status, except when both species were alien. For seed set, 

however, HP interference did not depend on the status of the recipient and donor species (Table III.1, 

Figure III.1). 

Phylogenetic and trait distances interacted with species status  

In the models that did not consider the status of the species, there were no significant linear and non-

linear effects of phylogenetic distance on HP interference in terms of fruit set and seed set (Table 

III.S.3). However, models that also included the status of the species had a better fit for fruit set 
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(ΔAIC>5), and the main effect of phylogenetic distance was not significant. Nonetheless, HP 

interference in terms of fruit set decreased (i.e. fruit set increased) significantly with increasing 

phylogenetic distance between donor and recipient for alien recipients, but not for natives, as 

indicated by the significant phylogenetic distance × recipient-status interaction (Table III.2, Figure 

III.2). In addition, the model showed that HP interference was overall stronger when the HP came 

from opposite status donors. HP interference in terms of seed set was overall slightly lower for native 

recipients than for alien recipients, but phylogenetic distance had no significant effects (Table III.2, 

Figure III.2).

 

Figure III.2 Data points for each individual plant receiving HP treatment and fitted lines (with 

95% credible intervals) for the binomial and Gaussian models including phylogenetic distance 

between pollen donor and recipient species (million years) as the explanatory variable, for 

fruit set (A) and seed set (B). Seed set is expressed as the natural log of the ratio of the mean 

number of seeds per plant and the mean number of seeds for conspecific pollen treatment. 

Blue solid line and blue dots: native recipient with native donor. Blue dotted line and blue 

dots with red background: native recipient with alien donor. Red solid line and red dots: alien 

recipient with alien donor. Red dotted line and red dots with blue background: alien recipient 

with native donor. CP: conspecific pollen treatment. HP: heterospecific pollen treatment. 

Among our 20 study species, there was no significant phylogenetic signal for pollen size (Pagel's 

λ=6.12 × 10-5) and style length (Pagel’s λ=6.61 × 10-5). In the models that did not consider the status 

of the species, there were no significant linear and non-linear effects of trait distance on HP 

interference in terms of fruit set and seed set (Table III.S.4). However, models that also included the 

status of the species had a better fit (lower AIC values), and the main effect of trait distance was not 

significant. Nonetheless, HP interference in terms of fruit set increased with HP from opposite status 

donors, and decreased significantly with increasing trait distance for recipients treated with opposite 
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status donors only, as indicated by the significant trait distance × opposite-donor-status interaction 

(Table III.3, Figure III.3). HP interference in terms of seed set decreased with increasing trait distance 

for native recipients receiving HP from opposite status donors, and generally tended to be higher for 

native recipients than for alien recipients, but this effect was only marginally significant.

 

Figure III.3 Data points for each individual plant receiving HP treatment and fitted lines (with 

95 % credible intervals) for the binomial and Gaussian models including trait distance as the 

explanatory variable, for fruit set (A) and seed set (B). Seed set is expressed as the natural log 

of the ratio of the mean number of seeds per plant and the mean number of seeds for 

conspecific pollen treatment. Blue solid line and blue dots: native recipient with native donor. 

Blue dotted line and blue dots with red background: native recipient with alien donor. Red 

solid line and red dots: alien recipient with alien donor. Red dotted line and red dots with blue 

background: alien recipient with native donor. CP: conspecific pollen treatment. HP: 

heterospecific pollen treatment. 

Discussion 
Using a large multi-species experiment, we provide the first evidence that HP not only has negative 

effects on fruit and seed set of native species, but also of alien species. In particular, HP interference 

was stronger for aliens if the pollen came from a native instead of from another alien species. HP 

interference did not depend directly on phylogenetic or trait distance between donor and recipient, 

but showed complex interactions of the distance measures with recipient and donor status. Thus it 

remains a challenge to predict HP interference from phylogenetic and trait distances. However, our 

results indicate that HP interference can not only increase the impacts of aliens on natives, but also 

can increase biotic resistance of native communities against alien invaders. 

Table III.1 Linear hypothesis testing and multiple comparisons with a custom-set contrast matrix for 

fruit set and seed set. For fruit set, a binomial Generalized Linear Mixed Model (GLMM) was used. 



69 
 

For seed set (for the subset of flowers that had produced fruits), a Linear Mixed Model (LMM) was 

used after log-transforming the response variable. As the explanatory variable a dummy factor with 

six levels was used: (1) conspecific-pollen-only treatment for native recipient species, (2) 

heterospecific-pollen treatment for native recipient and native donor species, (3) heterospecific-

pollen treatment for native recipient and alien donor species, (4) conspecific-pollen-only treatment 

for alien recipient species, (5) heterospecific-pollen treatment for alien recipient and alien donor 

species, and (6) heterospecific-pollen treatment for alien recipient and native donor species. Donor 

species, recipient species and dataset were included as random factors. For custom contrast matrix 

used see Table III.S.10. 

Linear hypotheses 
Fruit Set Seed Set 

Estimate (SE) P (>|z|) Estimate (SE) P (>|z|) 

Fruit or seed set higher for native than for alien 

recipients 
-0.4796 (0.783) 0.9755 -0.5135 (0.882) 0.9805 

Fruit or seed set is higher for CP than for HP 

treatment 
1.3667 (0.259) <0.001 0.3380 (0.109) 0.0104 

HPI higher for native than for alien recipients 

 
0.5857 (0.289) 0.1903 0.0530 (0.116) 0.9933 

Fruit or seed set in HP treatment is higher with 

same status than with opposite status donors 
0.5719 (0.202) 0.0228 0.0772 (0.095) 0.9223 

HPI in HP treatment with opposite status donors 

higher for native than for alien recipients 
0.3608 (0.374) 0.8549 -0.0076 (0.137) 1.0000 

HPI in HP treatment with same status donors 

higher for native than for alien recipients 
0.8106 (0.272) 0.0148 0.1136 (0.121) 0.8682 

*CP: conspecific pollen. HP: heterospecific pollen. HPI: HP interference. SE: standard error. 

The effect of alien and native status on the HP interference  

Although this effect was not significant in the main analyses (Table III.1), native recipients 

appeared more susceptible than alien recipients, since fruit set was affected by both alien and native 

donors for native recipients, but by native donors only for alien recipients (Figure III.1; Table III.1). 

Moreover, in the analyses that included phylogenetic or trait distances, the log response ratio of the 

seed set of plants in the HP treatment to the average seed set of the species in the CP treatment was 

lower for native recipients than for alien ones (Figure III.2-3; Table III.2-3). In other words, alien 

recipients tended to suffer less from HP interference than native recipients did. In the short term, a 

reduction in fruit and seed set can lead to reduced recruitment and a shrinking of populations, and 

thus to a replacement of natives by aliens in invaded communities. In the long term, considering the 

variability in the sensitivity to HP among individuals of the same species (Figure III.S.5), one could 

expect a selection of genotypes less prone to HP, potentially resulting in an equilibrium of native 

species with the alien invaders, rather than a displacement. 

Table III.2 Binomial and Gaussian models including phylogenetic distance between pollen donor 

and recipient species as the explanatory variable, for HP interference measured based on fruit set and 
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seed set. Recipient status (alien or native) as well as donor status (same-status or opposite-status) are 

included both as factors and as interactions. Seed set is expressed as the natural log of the ratio of the 

mean number of seeds per plant and the mean number of seeds for conspecific pollen treatment. 

P-values were calculated by comparing models with and without the factor in question. 

Phylogenetic distance (PD) Fruit Set Seed Set 

Parameter Estimate 

(SE*) 

P 

(>Χ2) 

Estimate 

(SE) 

P 

(>Χ2) Fixed terms 

Intercept 2.4202 (0.565) 0.0057 -0.2604 (0.177) 0.1478 

PD 0.6716 (0.374) 0.1355 -0.0060 (0.168) 0.09766 

Recipient status (native) -1.0259 (0.816) 0.2709 -0.5372 (0.253) 0.04384 

Donor status (opposite) -0.7715 (0.338) 0.0114 -0.2074 (0.146) 0.1179 

Recipient status×Donor status 0.4625 (0.588) 0.2262 0.1401 (0.233) 0.5278 

PD×Recipient status -1.2690 (0.609) 0.0064 -0.0785 (0.249) 0.5715 

PD×Donor status -0.3636 (0.378) 0.8600 -0.0538 (0.177) 0.7536 

PD×Recipient status×Donor status  0.7639 (0.608) 0.2117 0.0276 (0.261) 0.9167 

Random terms Standard deviation Standard deviation 

Dataset 0.000 0.000 

Recipient Species 1.428 0.155 

Donor Species 0.468 0.022 

AIC 952.8 951.8 

*SE: standard error. AIC: Akaike information criterion 

Surprisingly, native recipients did not show an evolutionary adaptation to HP of co-occurring native 

donors, as they suffered equally from native and alien HP in terms of fruit set. Moreover, although 

we expected alien recipients to suffer equally from HP of native and alien donors, as they lack a co-

evolutionary history with both, they were most affected by HP from native species. The finding that 

aliens do not suffer from other aliens implies that it may be easier for new aliens to establish 

themselves if the community is dominated by other co-flowering aliens, in line with the invasional 

meltdown hypothesis (Simberloff & von Holle, 1999). These findings suggest that in our study, native 

Central European species had strong negative effects when used as HP donors on both native and 

alien recipients. It is unclear why this is the case, and further research is required. However, it could 

be one of the many factors contributing to the overrepresentation of European species in the global 

naturalized alien flora (van Kleunen et al. 2015).  

Although we cannot conclude that long coevolutionary histories of species reduce their HP 

interference, we demonstrated that the status of the donor matters, at least for the alien recipients. We 

found that the negative effect on natives did not depend on donor status, which contradicts previous 

studies (Arceo-Gomez and Ashman’s meta-analysis, 2016). This could be because the meta-analysis 

included mainly invasive alien species, whereas in our study we focused on naturalized alien species 

that are not necessarily invasive. Most of the alien species used in our study are naturalized within 
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the range of the natives, but it is unclear if all alien species are co-occurring with each other in their 

naturalized range. Assuming that aliens had a relevant coexisting time with the natives, i.e. a sufficient 

time to evolve various ecological and evolutionary responses to minimize HP interference, but not 

with the other aliens, co-occurrence seems to increase the negative effects of HP, contrary to 

expectation. Thus we can conclude that there is no evidence that a long coevolutionary history of 

species has reduced their HP interference. 

Pollen deposition on the stigma of another species may result in pollen discounting for the 

donor, however our results indicate that such pollen is not entirely wasted because it may reduce the 

reproduction of competing plant species. This would particularly be the case if the donor species itself 

does not strongly suffer from HP interference. Having a detrimental effect as a HP donor could allow 

plants to compete not only with immediate neighbours, but also to affect other species elsewhere in 

the same community or, when the pollinators fly large distances, even in other communities. This 

function of pollen as a gametophytic weapon (Ashman and Gomez, 2013) has been rarely tackled, 

but could be a major selective force in the evolution of allelopathic pollen (i.e. pollen that releases 

chemicals that inhibit other pollen). Allelopathic chemicals inhibiting CP germination can even act 

in small doses, and thus require only a small amount of HP pollen (e.g., Sukhada and Jayachandra, 

1980; Thomson et al., 1981, Murphy 2000), making it an effective weapon. The importance of 

allelopathy relative to other mechanisms such as style and stigma clogging, however, remains 

unknown.  

The effect of phylogenetic distance and trait distance on HP interference 

While HP interference overall did not appear to be affected in a linear or non-linear way by 

phylogenetic and trait distances between the donor and recipient species, this was not the case when 

we also considered the status of the species. For alien recipient species, HP interference on fruit set 

decreased with phylogenetic distance. This is in line with Darwin’s naturalization hypothesis, which 

poses that alien species can more easily naturalize when there are no close relatives in the recipient 

community (Procheş et al. 2008). However, for native recipient species, this was not the case, and 

there was even a tendency for a slight increase in HP interference on fruit set with increased 

phylogenetic distance. HP interference in terms of seed set, on the other hand, tended to be negatively 

affected by phylogenetic distance, even if only marginally significantly. Thus, the relationship 

between phylogenetic distance and HP interference depends on the status of the species and on the 

fitness measure (fruit set vs. seed set).  

Table III.3 Binomial and Gaussian models including floral trait (pollen size and style length) distance 

between pollen donor and recipient species as the explanatory variable, for HP interference measured 
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based on fruit set and seed set. Recipient status (alien or native) as well as donor status (same-status 

or opposite-status) are included both as factors and as interactions. Seed set is expressed as the natural 

log of the ratio of the mean number of seeds per plant and the mean number of seeds for conspecific 

pollen treatment. P-values were calculated by comparing models with and without the factor in 

question. 

Trait distance (TD) Fruit Set Seed Set 

Parameter Estimate 

(SE*) 

P 

(>Χ2) 

Estimate 

(SE) 

P 

(>Χ2) Fixed terms 

Intercept 2.4298 (0.571) 0.0062 -0.2705 (0.178) 0.1353 

TD -0.0210 (0.232) 0.4999 -0.1150 (0.118) 0.6260 

Recipient status (native) -1.1332 (0.811) 0.2839 -0.5303 (0.253) 0.0537 

Donor status (opposite) -0.7575 (0.320) 0.0089 -0.1930 (0.142) 0.2626 

Recipient status×Donor status 0.6730 (0.523) 0.2961 0.1718 (0.226) 0.4607 

TD×Recipient status  -0.1766 (0.273) 0.7619 0.0864 (0.140) 0.0644 

TD×Donor status  0.2789 (0.272) 0.0048 0.1120 (0.137) 0.0247 

TD×Recipient status×Donor status 0.5492 (0.406) 0.1874 0.1934 (0.192) 0.3209 

Random terms Standard deviation Standard deviation 

Dataset 2.782*10-8 0.000 

Recipient Species 1.467 0.412 

Donor Species 4.177*10-1 0.151 

AIC 953.2 947.5 

*SE: standard error. AIC: Akaike information criterion 

For fruit set, HP interference was stronger when the trait distance, based on style length and pollen 

size, was larger, but only when the pollen donor and recipient had the same status. This was the 

pattern that we had expected. However, HP interference decreased with increasing trait distance when 

pollen donor and recipient had opposite statuses. The latter was also observed for seed set, where a 

negative effect of trait distance on HP interference was found for the combination of native recipients 

and alien donors. The traits used to calculate trait distance showed no phylogenetic signal, i.e. trait 

values were not more similar for more closely related species. Thus we can assume that style length 

and pollen size, are likely to follow different evolutionary patterns than the traits captured by 

phylogenetic distance, which we assume are being mainly connected to the species pollen-recognition 

system. Thus, we suggest that the patterns observed result from a different evolutionary response for 

the traits here analysed. 

In this study, we did not look at the exact mechanisms responsible for the reduction of fruit 

set and seed set. The breeding system of recipient and donor species, i.e. their self-compatibility, may 

play a role in the outcome of HP interference. According to the “SI × SC” rule (Lewis and Crowe, 

1958; Hiscock and Dickinson, 1993; Li and Chetelat, 2010; Bedinger et al., 2011), self-incompatible 

(SI) species reject pollen from self-compatible (SC) donors but not the other way around (Murphy 
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2000). When we tested for effects of breeding system, we found that the effect of HP interference 

was highest for donors of opposite breeding system, for both self-compatible and self-incompatible 

pollen donors (Table III.S.5). Thus our study does not confirm the “SI × SC” rule. An alternative 

mechanism that could explain HP interference is the so-called mentor effect (de Nettancourt, 1977). 

In the mentor effect, a compatible or congruent pollen type acts as a “mentor” to allow incompatible 

or incongruent pollen to pass the species-recognition system of the stigma (Hogenboom, 1973), with 

possibility to lead to style clogging, allelopathic effects, ovule usurpation or hybridization, which 

could lead to HP interference. Nevertheless, the mechanisms underlying the patterns found here are 

not yet fully clear. 

A 

 

B 

 

C 

 

 

Figure III.4 Preparation and application of 

heterospecific and conspecific pollen mix. The 

pollen of an heterospecific and of a conspecific 

donor are extracted from the anthers using 

tweezers (A) and then mixed on a glass slide (B). 

The pollen mix is then applied on the stigma of 

the donor species (C) 

Conclusion 
Overall, HP negatively affects fruit and seed set. However, HP interference depends on recipient and 

donor status, with native recipients suffering both from alien and native donors, and alien recipients 

suffering only from native donors. Unexpectedly, a long or non-existing coevolutionary history of 

species at community level could not explain this status-specific pattern. Rather, native and alien 

species seem to differ from each other for some unknown reason. Both phylogenetic distance and 

trait distance played a role in determining the effect size of HP interference, but this depended on the 

fitness measure used, affecting fruit set but not seed set, and on recipient and donor status. Our results 

suggest that traits related to post-pollination stages in the pollen-pistil interactions, such as style 

length and pollen size, also play a major role in HP interference. 
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This is the first study to show that HP interference matters for both native and alien recipients. 

Our multispecies study showed similarly strong negative impacts on the reproduction of natives 

whether the pollen donor was an alien or another native plant. Moreover, we showed that HP 

interference can increase the resistance of native communities against alien invaders. Thus we suggest 

that HP interference can indirectly affect community composition through its effects on reproduction.  
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Supporting Information 
Table III.S.1 Species and respective family, status and flowering time (Kühn, Durka & Klotz 2004) used in the two datasets to study the heterospecific 

pollen interference in native and alien plants. Further information about the origin of the used seed or seedling material is provided  

Species Family Status Dataset Naturalized 

in Germany 

Native range Flowering 

time 

Seed/seedling origin Type Pot 

# 

Self-

compatibility 

Taraxacum officinale Asteraceae Native 1 Native Europe 3-10* Rieger-Hofmann Seed 60 self-incompatible 

Crepis setosa Asteraceae Alien 1 Yes Southern Europe 6-8 Botanical garden Uni KN Seed 60 self-compatible 

Sinapis alba Brassicaceae Alien 1 Yes Mediterranean 6-10 Rieger-Hofmann Seed 60 self-incompatible 

Knautia arvensis Caprifoliaceae Native 1 Native Europe 5-9 Botanical garden Uni KN Seed 60 self-compatible 

Salvia pratensis Lamiaceae Native 1 Native Europe 5-8 Botanical garden Uni KN Seed 60 self-compatible 

Papaver rhoeas Papaveraceae Native 1 Native Europe 5-9 Botanical garden Uni KN Seed 60 self-incompatible 

Eschscholzia californica Papaveraceae Alien 1 Unstable North America 6-10 Botanical garden Uni KN Seed 60 self-incompatible 

Veronica persica Plantaginaceae Alien 1 Yes Eurasia 2-10 Botanical garden Uni KN Seed 60 self-compatible 

Nigella damascena Ranunculaceae Alien 1 Yes Mediterranean 6-8 Botanical garden Uni KN Seed 60 self-compatible 

Potentilla erecta Rosaceae Native 1 Native Europe 6-9 Rieger-Hofmann Seed 60 self-incompatible 

Solanum nigrum Solanaceae Native 1 Native Europe 6-10 Botanical garden Uni KN Seed 60 self-compatible 

Datura stramonium Solanaceae Alien 1 Yes North America 6-10 Botanical garden Uni KN Seed 60 self-compatible 

Saponaria officinalis Caryophyllaceae Native 2 Native Europe 6-9 Ammann Seedling 60 self-compatible 

Lotus corniculatus Fabaceae Native 2 Native Europe 6-8 Botanical garden Uni KN Seed 60 self-compatible 

Geranium pratense Geraniaceae Native 2 Native Europe 6-8 47.759743, 8.813922 Seedling 60 self-compatible 

Geranium pyrenaicum Geraniaceae Alien 2 Yes Southern Europe 5-10 47.759743, 8.813922 Seedling 60 self-compatible 

Chelidonium majus Papaveraceae Native 2 Native Europe 4-10 47.759743, 8.813922 Seedling 60 self-compatible 

Papaver somniferum Papaveraceae Alien 2 Yes Eastern Mediterranean 6-8 Botanical garden Uni KN Seed 60 self-incompatible 

Linaria vulgaris Plantaginaceae Native 2 Native Europe 6-10 Botanical garden Uni KN Seed 60 self-incompatible 

Nicandra physalodes Solanaceae Alien 2 Yes South America 7-10 Botanical garden Uni KN Seed 60 self-compatible 

*Numbers indicating months 
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Table III.S.2 Greenhouse conditions for the two datasets  

Dataset 
Greenhouse conditions 

Temperature Aeratiopn Light 

Dataset 

1 

Temperature: 15°C at 

night time, 20°C during 

day time. 

Aeration: opening 

when Temperature > 

24°C. 

Additional light: 110 μm*m-2*s-1 

light intensity, 6:00–8:30 and 

16:00-20:00. (November-March) 

Dataset 

2 

Temperature: 18°C at 

night time, 20°C during 

day time. 

Aeration: opening 

when Temperature > 

24°C. 

Additional light: 110 μm*m-2*s-1 

light intensity, 5:00–8:30 and 

18:00-21:00. (February-May) 

 

Table III.S.3 Binomial and Gaussian models including phylogenetic distance and the quadratic 

phylogenetic distance between pollen donor and recipient species as explanatory variable, for HP 

interference measured based on fruit set and seed set. Seed set is expressed as the natural log of the 

ratio of the mean number of seeds per plant and the mean number of seeds for conspecific pollen 

treatment. 

Phylogenetic distance (PD) Fruit Set Seed Set 

Parameter 
Estimate (SE) P (>Χ2) Estimate (SE) P (>Χ2) 

Fixed terms 

Intercept 1.663 (0.398) 0.0151 -0.5877 (0.129) 0.0134 

PD -0.0482 (0.184) 0.0624 -0.0575 (0.0820) 0.2037 

PD2 -0.0803 (0.056) 0.1587 0.0012 (0.0261) 0.9639 

Random terms Standard deviation Standard deviation 

Dataset 0.000 0.000 

Recipient Species 1.443 0.454 

Donor Species 0.497 0.154 

AIC 958.3 948.6 
*SE: standard error. AIC: Akaike information criterion  
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Table III.S.4 Binomial and Gaussian models including trait distance and the quadratic trait distance 

between pollen donor and recipient species as explanatory variable, for HP interference measured 

based on fruit set and seed set. Seed set is expressed as the natural log of the ratio of the mean number 

of seeds per plant and the mean number of seeds for conspecific pollen treatment. 

Trait distance (TD) Fruit Set Seed Set 

Parameter 
Estimate (SE) P (>Χ2) Estimate (SE) P (>Χ2) 

Fixed terms 

Intercept 1.6539 (0.397) 0.0160 -0.5564 (0.134) 0.0172 

TD 0.1051 (0.100) 0.5147 0.0300 (0.050) 0.6995 

TD2 -0.0909 (0.068) 0.1834 -0.0284 (0.0346) 0.4180 

Random terms Standard deviation Standard deviation 

Dataset 0.000 0.000 

Recipient Species 1.438 0.471 

Donor Species 0.486 0.158 

AIC 961.5 949.4 
*SE: standard error. AIC: Akaike information criterion 
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Table III.S.5 Linear hypothesis testing and multiple comparisons for the two models with a custom 

set contrast matrix for both fruit set and seed set. For fruit set, a binomial Generalized Linear Mixed 

Model (GLMM) was used. For seed set (for the subset of flowers that had produced fruits), a Linear 

Mixed Model (LMM) was used after log-transforming the response variable. As explanatory variable 

a dummy factor with six levels was used: (1) conspecific-pollen-only treatment for self-compatible 

recipient species, (2) heterospecific-pollen treatment for self-compatible recipient and self-

compatible donor species, (3) heterospecific-pollen treatment for self-compatible recipient and self-

incompatible donor species, (4) conspecific-pollen-only treatment for self-incompatible recipient 

species, (5) heterospecific-pollen treatment for self-incompatible recipient and self-incompatible 

donor species, and (6) heterospecific-pollen treatment for self-incompatible recipient and self-

compatible donor species. Donor species, recipient species and dataset were included as random 

factors. SC: self-compatible. SI: self-incompatible. 

Linear hypotheses 

Fruit Set Seed Set 

Estimate (SE) P (>|z|) Estimate (SE) 
P 

(>|z|) 

Fruit or seed set higher for SC than for SI recipients 

 
-0.4796 (0.783) 0.9755 -0.5135 (0.882) 0.9805 

Fruit or seed set is higher for CP than for HP 

treatment 
1.3667 (0.259) <0.001 0.3380 (0.109) 0.0104 

HPI higher for SC than for SI recipients 

 
0.5857 (0.289) 0.1903 0.0530 (0.116) 0.9933 

Fruit or seed set in HP treatment is higher with same 

self-compatibility  than with opposite self-

compatibility  donors  

0.5719 (0.202) 0.0228 0.0772 (0.095) 0.9223 

HPI in HP treatment with opposite self-compatibility 

donors higher for SC than for SI recipients 
0.3608 (0.374) 0.8549 -0.0076 (0.137) 1.0000 

HPI in HP treatment with same self-compatibility  

donors higher for SC than for SI recipients 
0.8106 (0.272)\ 0.0148 0.1136 (0.121) 0.8682 

*CP: conspecific pollen treatment. HP: heterospecific pollen treatment, HPI: heterospecific pollen interference. SE: standard error. 
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Table III.S.6 Binomial and Gaussian models including phylogenetic distance between pollen donor 

and recipient species as explanatory variable, for HP interference measured based on fruit set and 

seed set. Self-compatibility of recipient (self-incompatible or self-compatible) as well as self-

compatibility of donor (same self-compatibility or opposite self-compatibility) are included both as 

factors and as interactions. Seed set is expressed as the natural log of the ratio of the mean number of 

seeds per plant and the mean number of seeds for conspecific pollen treatment. P-values were 

calculated by comparing models with and without the factor in question. 

Phylogenetic distance (PD) Fruit Set Seed Set 

Parameter 
Estimate (SE) 

P 

(>Χ2) 
Estimate (SE) 

P 

(>Χ2) Fixed terms 

Intercept 0.5449 (0.702) 0.436 -1.0120 (0.265) 0.005 

PD -0.1038 (0.392) 0.134 0.1344 (0.246) 0.151 

Self-compatibility recipient (SC) 1.2060 (0.832) 0.152 0.4729 (0.303) 0.151 

Self-compatibility donor (opposite) 0.6752 (0.419) 0.011 0.2841 (0.218) 0.088 

Self-compatibility recipient×Self-compatibility donor -0.1622 (0.664) 0.412 -0.1347 (0.274) 0.769 

PD×Self-compatibility recipient 0.3091 (0.407) 0.965 -0.2106 (0.254) 0.561 

PD×Self-compatibility donor 0.1741 (0.508) 0.338 -0.2007 (0.286) 0.719 

PD×Self-compatibility recipient×Self-compatibility donor -1.0551 (0.746) 0.155 0.1867 (0.306) 0.543 

Random terms Standard deviation Standard deviation 

Dataset 0.000 1.130*10-8 

Recipient Species 1.362 4.213*10-1 

Donor Species 0.478 1.416*10-1 

AIC 958.2 953.7 

*SE: standard error. AIC: Akaike information criterion  



80 
 

Table III.S.7 Binomial and Gaussian models including floral trait (pollen size and style length) 

distance between pollen donor and recipient species as explanatory variable, for HP interference 

measured based on fruit set and seed set. Self-compatibility of recipient (self-incompatible or self-

compatible) as well as self-compatibility of donor (same self-compatibility or opposite self-

compatibility) are included both as factors and as interactions. Seed set is expressed as the natural log 

of the ratio of the mean number of seeds per plant and the mean number of seeds for conspecific 

pollen treatment. P-values were calculated by comparing models with and without the factor in 

question. 

Trait distance (TD) Fruit Set Seed Set 

Parameter 
Estimate (SE) 

P 

(>Χ2) 
Estimate (SE) 

P 

(>Χ2) Fixed terms 

Intercept 0.0762 (0.735) 0.917 -1.0845 (0.302) 0.005 

TD -0.5818 (0.429) 0.500 -0.2091 (0.264) 0.733 

Self-compatibility recipient (SC) 1.590 (0.865) 0.193 0.5727 (0.338) 0.144 

Self-compatibility donor (opposite) 1.2179 (0.476) 0.005 0.3742 (0.260) 0.143 

Self-compatibility recipient×Self-compatibility donor -0.8588 (0.687) 0.662 -0.2468 (0.311) 0.548 

TD×Self-compatibility recipient 0.7041 (0.449) 0.811 0.1809 (0.272) 0.675 

TD×Self-compatibility donor 0.7919 (0.461) 0.940 0.2819 (0.282) 0.189 

TD×Self-compatibility recipient×Self-compatibility donor -1.0287 (0.521) 0.050 -0.1622 (0.306) 0.598 

Random terms SD SD 

Dataset 7.850*10-8 0.000 

Recipient Species 1.379 0.437 

Donor Species 4.696*10-1 0.142 

AIC 959.5 954.3 

*SE: standard error. AIC: Akaike information criterion  
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Table III.S.8 Binomial and Gaussian models including style length difference (recipient species – 

donor species) as explanatory variable, for HP interference measured based on fruit set and seed set. 

Recipient status (alien or native) as well as donor status (same-status or opposite-status) are included 

both as factors and as interactions. Seed set is expressed as the natural log of the ratio of the mean 

number of seeds per plant and the mean number of seeds for conspecific pollen treatment. P-values 

were calculated by comparing models with and without the factor in question. 

Style length difference (SD) Fruit Set Seed Set 

Parameter Estimate 

(SE*) 

P 

(>Χ2) 

Estimate 

(SE) 

P 

(>Χ2) Fixed terms 

Intercept 2.3930 (0.659) 0.0096 -0.3879 (0.215) 0.1165 

SD 0.2263 (0.270) 0.0524 0.2111 (0.104) 0.2244 

Recipient status (native) -1.3182 (0.946) 0.3441 -0.1649 (0.232) 0.8035 

Donor status (opposite) -1.0365 (0.362) 0.0032 -0.1311 (0.184) 0.6164 

Recipient status×Donor status 0.8450 (0.559) 0.1989 0.2109 (0.309) 0.4989 

SD×Recipient status -1.4955 (0.488) 0.0005 -0.2150 (0.208) 0.2088 

SD×Donor status -0.4471 (0.313) 0.3105 -0.1177 (0.124) 0.2834 

SD×Recipient status×Donor status 0.6262 (0.573) 0.2713 0.0428 (0.266) 0.8749 

Random terms Standard deviation Standard deviation 

Dataset 0.000 0.188 

Recipient Species 1.599 0.238 

Donor Species 0.318 0.234 

AIC 783.0 675.1 

*SE: standard error. AIC: Akaike information criterion 

Table III.S.9 Binomial and Gaussian models including pollen size difference (recipient species – 

donor species) as explanatory variable, for HP interference measured based on fruit set and seed set. 

Recipient status (alien or native) as well as donor status (same-status or opposite-status) are included 

both as factors and as interactions. Seed set is expressed as the natural log of the ratio of the mean 

number of seeds per plant and the mean number of seeds for conspecific pollen treatment. P-values 

were calculated by comparing models with and without the factor in question. 

Pollen size difference (PS) Fruit Set Seed Set 

Parameter Estimate 

(SE*) 

P 

(>Χ2) 

Estimate 

(SE) 

P 

(>Χ2) Fixed terms 

Intercept 2.6734 (0.609) 0.0049 -0.1522 (0.183) 0.4082 

PS 0.5667 (0.480) 0.8650 0.6022 (0.191) 0.1565 

Recipient status (native) -1.3690 (0.857) 0.2692 -0.6543 (0.257) 0.0413 

Donor status (opposite) -1.0191 (0.364) 0.0039 -0.3026 (0.151) 0.1414 

Recipient status×Donor status 0.9285 (0.601) 0.1447 0.2780 (0.241) 0.2583 

PS×Recipient status -0.8603 (0.505) 0.0314 -0.6381 (0.202) 0.0110 

PS×Donor status -0.0742 (0.493) 0.4037 -0.3331 (0.191) 0.7193 

PS×Recipient status×Donor status 0.3246 (0.579) 0.5774 0.4393 (0.238) 0.0714 

Random terms Standard deviation Standard deviation 

Dataset 0.000 0.000 

Recipient Species 1.526 0.408 

Donor Species 0.521 0.178 

AIC 952.1 941.9 
*SE: standard error. AIC: Akaike information criterion  
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Table III.S.10 Custom set contrast matrix used for the linear hypothesis testing and multiple 

comparisons for parametric models to test whether HP affected fruit set and seed set, and whether 

this depended on the status of the pollen recipient and donor species 

Recipient Native Alien 

Linear hypotheses: Donor 

N
a

ti
v

e 

N
a

ti
v

e 

A
li

en
 

A
li

en
 

A
li

en
 

N
a

ti
v

e 

Pollentype CP* HP* HP CP HP HP 

Contrast 

Matrix 

1/3 1/3 1/3 -1/3 -1/3 -1/3 
Fruit or seed set higher for native than for alien 

recipients 

1/2 -1/4 -1/4 1/2 -1/4 -1/4 
Fruit or seed set is higher for CP than for HP 

treatment 

1/2 -1/4 -1/4 -1/2 1/4 1/4 
HPI higher for native than for alien recipients 

 

0 1/2 -1/2 0 1/2 -1/2 
Fruit or seed set in HP treatment is higher with 

same status than with opposite status donors  

1/2 0 -1/2 -1/2 0 1/2 

HPI in HP treatment with opposite status 

donors higher for native than for alien 

recipients 

1/2 -1/2 0 -1/2 1/2 0 
HPI in HP treatment with same status donors 

higher for native than for alien recipients 

*CP: conspecific pollen treatment. HP: heterospecific pollen treatment, HPI: heterospecific pollen interference.  
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Figure III.S.1 Pollen Recipient-Donor combinations for the two datasets with the average effect size per combination for number of seeds per fruit. 

Note that for Dataset 1, Knautia arvensis, Salvia pratensis and Potentilla erecta are present as donors only. . As we initially focused on the novel 

question whether alien plants suffer from HP interference, we prioritized in the first group those species combinations in which the alien species were 

pollen recipients. In the second group, we therefore added more of the combinations in which natives are pollen recipients. 
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Figure III.S.2 Phylogenetic tree and traits measured for the species of the two datasets, pollen size (µ) and style length (mm) (means per species). 

Species names are shortened (see Table III.S.1 for complete list) 



85 
 

 

 

Figure III.S.3 Data points for each individual plant receiving HP treatment and fitted lines 

(with 95 % credible intervals) for the binomial and Gaussian models including style length 

difference (recipient species – donor species) as explanatory variable, for fruit set (A) and 

seed set (B). Seed set is expressed as the natural log of the ratio of the mean number of seeds 

per plant and the mean number of seeds for conspecific pollen treatment. Blue solid line and 

blue dots: native recipient with native donor. Blue dotted line and blue dots with red 

background: native recipient with alien donor. Red solid line and red dots: alien recipient with 

alien donor. Red dotted line and red dots with blue background: alien recipient with blue 

donor. CP: conspecific pollen treatment. HP: heterospecific pollen treatment.   
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Figure III.S.4 Data points for each individual plant receiving HP treatment and fitted lines 

(with 95% credible intervals) for the binomial and Gaussian models including pollen size 

difference (recipient species – donor species) as explanatory variable, for fruit set (A) and 

seed set (B). Seed set is expressed as the natural log of the ratio of the mean number of seeds 

per plant and the mean number of seeds for conspecific pollen treatment. Blue solid line and 

blue dots: native recipient with native donor. Blue dotted line and blue dots with red 

background: native recipient with alien donor. Red solid line and red dots: alien recipient with 

alien donor. Red dotted line and red dots with blue background: alien recipient with blue 

donor. CP: conspecific pollen treatment. HP: heterospecific pollen treatment. 
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Figure III.S.5 Boxplot showing the raw data for the different pollination treatments per 

Recipient species, for fruit set expressed as the proportion of fruit setting flowers on treated 

flowers (A) and seed set expressed as the natural log of the number of seeds per fruit per 

plant.(B).
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General Discussion 

Chapter summaries 
In Chapter 1, I explored how phylogenetic distance of a species to a resident native community 

affects seedling emergence and seedling survival of that species. I further investigated whether this 

relationship depended on biotic interactions, specifically plant-plant competition (tested through a 

disturbance treatment), herbivory and fungal pathogens. I examined four different measures of 

community phylogenetic distance to predict the focal plant’s success (mean phylogenetic distance, 

weighted mean phylogenetic distance, distance to the nearest neighbour and distance to the most 

abundant native species), depending on life stage (seedling emergence or seedling survival). For 

seedling emergence, in two datasets of studies performed in different locations, I showed that the 

mean phylogenetic distance to the resident community was significant, showing a hump-shaped 

relationship, meaning that seedlings of species with intermediate phylogenetic distance performed 

best. I concluded that two mechanisms, environmental filtering (reducing establishment of distantly 

related species) and competitive or other antagonistic biotic interactions (reducing establishment of 

closely related species) acting simultaneously resulted in this non-linear pattern. For seedling 

survival, the distance to the closest resident native relative could best explain the patterns of 

phylogenetic distance, with closely related seedlings performing best. This is in line with the 

preadaptation hypothesis, suggesting a strong importance of preadaptation to environmental 

conditions for seedling survival. Thus, already in these early stages (seedling emergence and seedling 

survival) different mechanism, reflected by different phylogenetic distance measures, play a role. 

In Chapter 2 I tested the role of phylogenetic relatedness of alien target plants with 

native competitor species on their performance in terms of their survival, biomass and flower number. 

In this study, I aimed to test the enemy release hypothesis in relation to phylogenetic relatedness, 

while expanding the hypothesis to more than just aboveground herbivores. Thus, I added three 

additional treatments: herbivorous and predatory arthropods, and soil nematodes. Neither 

phylogenetic distance, nor any of the treatments, had an overall effect on any of the performance 

measures, with some patterns present only when focusing on a single target species. I concluded that 

for survival, growth and flower production of adult plants, phylogenetic distance plays no major role. 

Thus competition, enemy attraction as well as environmental filtering were not related to 

phylogenetic distance. Nevertheless, the conditions of the experiment, which took place during a very 

hot summer, could have reduced or altered the effects. Since the inclusion of a stress factor was not 

planned, I would suggest to perform similar studies with experimental setups that minimize the risk 

of uncontrolled abiotic stresses. 



90 
 

In Chapter 3, I explored the stage of reproduction at a post-pollination phase, 

specifically the effect of phylogenetic relatedness on heterospecific pollen interference. The 

phylogenetic distance between pollen donor species and pollen recipient species had no overall direct 

effect on seed set or fruit set, but affected fruit set through a significant interaction with recipient 

status (alien or native). In particular, fruit set increased with phylogenetic distance for alien pollen 

recipients, but not for native pollen recipients, suggesting a clear difference between alien and native 

status, at least in the set of species used. Since all our aliens where naturalized, this suggests that 

among the characteristics that make a species able to colonize new regions, the susceptibility to 

heterospecific pollen interference is included. Furthermore, I showed that both alien and native 

species suffered from heterospecific pollen interference in terms of fruit set and seed set - an expected 

finding, but one that had not been addressed experimentally so far. Interestingly, native pollen donors 

reduced fruit set for both alien and native recipients, while alien donors reduced fruit set only for 

native recipients. This suggests the native species in our study had a strong impact as heterospecific 

pollen donors, but were also strongly affected as heterospecific pollen recipients. This could be one 

of the many reasons contributing to the overrepresentation of European species in the global 

naturalized alien flora (van Kleunen et al. 2015). 

Main contributions 
This dissertation investigates the role of the phylogenetic distance between an introduced plant 

species and the resident (recipient) native community on the performance of the introduced species. 

I addressed Darwin’s naturalization conundrum (Daehler, 2001; Diez et al., 2008) that presents two 

opposing hypotheses: the preadaptation hypothesis, predicting a negative relationship between 

introduced species performance and phylogenetic distance, and Darwin’s naturalization hypothesis, 

predicting a positive relationship between introduced species performance and phylogenetic distance 

(Darwin, 1859). In particular, I considered this relationship for different life stages of a plant, and 

addressed different biotic interactions that a plant undergoes throughout its lifetime. I investigated 

experimentally the effects of phylogenetic relatedness on seedling emergence and seedling survival, 

including disturbance by tilling and interactions with herbivores and fungal pathogens; on a plant’s 

survival, growth and flower production in the adult stage, including interactions with herbivores, 

predators and nematodes; and lastly, on fruit and seed production at the flowering stage through 

heterospecific pollen interference. In all studies, I tested for non-linear relationships, adopted a 

multispecies approach, and used both native and alien species. 

Overall, I could show how the phylogenetic relatedness between introduced and 

native plant species can affect its performance at different life stages and through different 
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mechanisms, from competition during the seedling stage to the pollinator-mediated interaction during 

the cross-fertilization stage. While in Chapter 1 I used community distance measures (Thuiller et al., 

2010), in Chapter 2 and 3 I used pairwise phylogenetic distances between targets and competitors, 

and between pollen donors and pollen recipients. Community distance measures, as one intuitively 

can deduce, allow a statement about the relatedness of the introduced species to the whole - or a part 

- of the community. The pairwise distance instead focuses on one species only (the direct neighbour). 

Thus, a community distance measure is a statement of the community as a whole, while the pairwise 

distance leaves out all other species potentially affecting the target through indirect interactions. This 

could be one of the reasons why while in Chapter 1 I showed some clear and direct patterns related 

to phylogenetic distance, in Chapter 2, I found none and in Chapter 3 only via an interaction with 

status (alien vs native). 

In Chapter 1 the following four phylogenetic distance measures were used: first, the 

mean distance of the introduced species to the native community, used when the whole community 

is expected to play a role in determining the performance of the introduced species; second, the 

weighted mean distance to the native community, used when all native species are expected to affect 

performance of the introduced species based on their respective abundances; third, the distance to the 

most abundant native species, used when the dominant species are expected to affect the performance 

of the introduced species the most; and finally, the distance to the nearest neighbour, used when only 

the closest relative present in the native community is expected to affect performance of the 

introduced species, e.g. through similar resource competition (Thuiller et al., 2010). The distance to 

the nearest neighbour measure can be considered a pairwise distance. This measure negatively 

affected seedling survival in Chapter 1, whereas the pairwise distance had no effect in Chapter 2, and 

had an effect in interaction with status (alien vs native) in Chapter 3. The phylogenetic distance ranges 

for the distance to the nearest neighbour in Chapter 1, as well as the pairwise distances in Chapter 2 

and Chapter 3, broadly overlap. This is an indication that the lack of pattern in the latter two chapters 

is not due to the use of a restricted span of phylogenetic distance, but rather to other factors like life 

stage and biotic interactions.  

Four main outcomes can be expected from the relationship between phylogenetic 

distance and introduced species performance (Figure 3). If phylogenetic distance has no effect on 

performance of the introduced species, the relationship will be a horizontal line. If relatedness 

increases performance, the function can be a straight or curved line with negative slope. This would 

be the case if the preadaptation hypothesis acts alone, since closer relatives would have an advantage 

due to adaptation to the abiotic and biotic environment. If relatedness decreases performance, the 
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function would be a straight or curved line with positive slope. This is what is expected under 

Darwin’s naturalization hypothesis, since close relatives would suffer from strong resource 

competition with the recipient community. Darwin’s naturalization hypothesis and the preadaptation 

hypothesis do not need to be in conflict as postulated by Darwin’s naturalization conundrum: if both 

mechanisms act simultaneously, the resulting relationship will have a low performance for both close 

and distant relatives, and a higher performance for intermediate phylogenetic distances, as shown by 

the hump-shaped curve in Figure 3. 

 

Figure 3 Possible relationships of introduced species performance and phylogenetic distance 

between introduced species and the native community. If phylogenetic distance (PD) has no 

effect on performance of the introduced species, the relationship will be a horizontal line 

(black). If relatedness increases performance as expected under the preadaptation hypothesis 

(PH), the function can be a straight or curved line with negative slope (blue). If relatedness 

decreases performance, as predicted by Darwin’s naturalization hypothesis (DNH), the 

function would be a straight or curved line with positive slope (red). If the suppressing effect 

of both the PH and DNH act, we would expect low performances both for low and high PD 

values, and higher performance for intermediate PD values (yellow). 

Using non-linear models, in Chapter 1 I showed this hump-shaped relationship is true for seedling 

emergence. Here, I also showed that the removal of fungal pathogens through fungicides leads to a 
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change from the hump-shaped relationship to a negative linear one: this indicates that relatedness 

reduces performance of seedling emergence not only through competition, but also through 

interactions with other trophic levels, in this case fungal pathogens. This supports the idea that the 

enemy release hypothesis is stronger for non-related species than for related ones: the increase in 

performance after fungicide application for species with a small phylogenetic distance could be 

explained by a release from fungal pathogens that would otherwise attack the closely related species. 

For seedling survival, the negative linear relationship between survival and 

phylogenetic distance supports the preadaptation hypothesis. In Chapter 2 no relationship between 

phylogenetic distance and performance was found, but this is likely due to a facilitative rather than 

competitive effect during the experiment, where high temperatures acted as a stress factor. Finally, in 

Chapter 3 phylogenetic distance between pollen donor and pollen recipient had no direct effect on 

heterospecific pollen interference. As confirmed by these results, competition can be expected to be 

much more critical for initial establishment for seedlings, than for e.g. flower production and 

reproduction in the adult stage. Accordingly I found significant patterns only for the seedling life 

stage. Overall this is a reminder of the context dependency of Darwin’s naturalization hypothesis, the 

preadaptation hypotheses and the enemy release hypothesis, as well as an example of how several 

hypotheses can act simultaneously, originating more complex relationships. 

Future directions 
My results provide insights towards a better understanding of the shaping of communities following 

introductions of previously absent species. Communities are dynamic entities shifting in composition. 

As human-mediated introductions will continue to happen (Rouget et al., 2016; Grosholz, 2018), we 

need to understand how the integration of alien species is contributing to the re-shaping of plant 

communities. This dissertation addresses specifically the role of phylogenetic relatedness therein, and 

several underlying mechanisms. More studies and analyses to address the role of relatedness, in 

connection with different life stages as well as with different interactions with both biotic and abiotic 

factors are needed. I suggest continuing from the results reported in this dissertation, trying to confirm 

– or debunk – the findings with other sets of species, as well as address questions arising from this 

thesis. For example, one could perform introduction experiments like in Chapter 1 and follow up 

seedling survival and growth, to be able to compare different life stages in the same experimental 

context; one could use a more community-like approach for competition experiments with multi-

trophic interactions, and include community phylogenetic distance measures; one could include 

pollen mixes of several species to assess heterospecific pollen interference, since a multispecies 

heterospecific pollen transfer is more likely in a plant community. I suggest to keep in consideration 
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three main points: 1) consider the possibility that phylogenetic distance as an explanatory factor might 

follow non-linear patterns, 2) use a multi-species approach to address questions meant to find general 

patterns and avoid making general conclusions from single case-studies, and 3) include native species 

as a control when addressing questions about effects of aliens on natives. 

Non-linear patterns of phylogenetic distance 

While many studies assume a linear relationship between variables, here I always considered both 

linear and non-linear relationships in my analyses or pre-analyses when testing the effect of 

phylogenetic distance on my response variables. Linear relationships are most frequently explored 

because they are the easiest to model, and require fewer data points than non-linear relationships to 

reach the same statistical power. However, relationships in nature are often more complex. Including 

a non-linear term in statistical models can shed light on this complexity, and for phylogenetic distance 

there are good reasons to assume non-linear relationships, such as bi- or multi-modal, quadratic, 

exponential or sigmoid relationships. For example Gallien and colleagues (2014) showed how 

including a quadratic term in their phylogenetic distance model helped to correctly unravel the 

interplay of two factors, competition and environmental filtering, to assess the success of introduced 

species. Further, there is an increasing amount of both statistical methods (e.g. generalized additive 

models) and large datasets available, with large sample sizes providing sufficient statistical power to 

include non-linear terms in models. Thus, for further studies I suggest to carefully assess if it is worth 

to include non-linear terms in an analysis. 

Multi-species studies 

Despite that I could not always find large effect sizes or did not detect patterns as expected, one 

strength of my studies is the reasonably general validity of their conclusions, since all findings were 

drawn from a set of multiple species. One of the major objectives in ecology is to discover general 

patterns, and multi-species experiments are the soundest approach to make these broad conclusions. 

As pointed out by van Kleunen and colleagues (2014), our progress in finding general patterns, rules 

and mechanisms would improve through multi-species studies, since many generalized ideas and 

theories are often based on only one or a few species. Thus, to answer broad questions like the role 

of the phylogenetic distance between an introduced species and the resident community on its success, 

I suggest to apply the multi-species approach used in the studies of this thesis. 

Including native species as targets 

Many studies about alien species address only their effects on native species (e.g. Vanbergen, 

Espíndola, & Aizen, 2018), forgetting that whenever a species is introduced into a new range, 

interactions between aliens and natives will go in both directions. The reason for the strong focus on 
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alien species is probably due to the mostly negative effects often ascribed to aliens. Also, being the 

alien the “intruder” that is added to an existing system and that may disturb it, intuitively the first 

aspect we would address are the changes the alien would cause. In order to draw conclusions a proper 

comparison is needed. I suggest to always include also native species as “targets” when addressing 

the effects of aliens on natives (van Kleunen, Dawson, Schlaepfer, Jeschke, & Fischer, 2010) and the 

role of interactions between native and alien species on the success of the latter. Interactions go in 

both directions, thus concluding about negative effects of aliens on natives is possible only if the 

effects in this directions are larger than the reciprocal. When performing experimental introduction 

studies, including both aliens and natives in the role of the “introduced” species will make for a 

sounder control than using only alien species (e.g. Kempel et al., 2013). 
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Figure 4 The Plant Archetype by P.J.F. Turpin Appeared in an 1837 Edition of Goethe’s Works on Natural 

History Published in France (Goethe, 1837)   
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