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“An island, on the other hand, is small. There are fewer species, and the competition for survival has 

never reached anything like the pitch that it does on the mainland. Species are only as tough as they 

need to be, life is much quieter and more settled [..] So you can imagine what happens when a 

mainland species gets introduced to an island. It would be like introducing Al Capone, Genghis Khan 

and Rupert Murdoch into the Isle of Wight - the locals wouldn't stand a chance.”  

― Douglas Adams, Last Chance to See  

          

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

for an ever-changing world. 
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Summary 
The in-hand document is the result of my work at the Spatial Interaction Working group at iDiv. It 

deals with non-native plant species in different contexts and aims to engage this extensive topic from 

many different angles, including different temporal and spatial scales, analysis methods, and 

questions asked. It illustrates this in three chapters, all published in peer reviewed journals. This 

document aims for three things: 1) to increase the scientific understanding of how non-native plant 

species are distributed and which factors influence their dispersal and establishment and 2) to 

provide practical information to land managers facing an increasing number of non-native species 

and 3) to illustrate that problem-based approaches and synthesis can work hand in hand.  

Das vorliegende Dokument ist das Resultat meiner Arbeit in der Arbeitsgruppe Räumliche Interaktions 

Ökologie am iDiv in Leipzig. Sie beschäftigt sich mit nicht-heimischen Pflanzen in unterschiedlichen 

Gegebenheiten und versucht, dieses komplexe Themengebiet von verschiedenen Blickwinkeln aus zu 

beleuchten. Dies beinhaltet unterschiedliche räumliche und zeitliche Skalen, Analysemethoden, und 

verschieden Herangehensweisen. Dies wird in drei in wissenschaftlichen Magazinen veröffentlichten 

Artikeln veranschaulicht. Ziel dieser Arbeit sind drei Punkte: 1) unser Verständnis wie nicht-heimische 

Arten sich ausbreiten, etablieren, welche Muster daraus resultieren und welche Faktoren diese 

beeinflussen 2) Umweltschützern und Entscheidungsträgern praxisnahe Informationen zu einer stetig 

wachsenden Zahl nicht heimischer Arten zukommen zu lassen und 3) um zu zeigen, dass eine 

problemorientierte und eine theoretische Herangehensweise Hand in Hand einhergehen können. 

Übersetzungen der Kapitel oder einzelner Passagen sind auf Anfrage verfügbar. 

In Chapter 1 I will give a short introduction to the field of invasion biology and elaborates on why 

there are so many different perspectives on the matter. This links to why and how this research is 

important for applied conservation and restoration as well as for the science of ecology. This chapter 

also gives definitions for the different terms used in this dissertation such as naturalized and invasive. 

Chapter 2  shows my published manuscript in Restoration Ecology, which finds that restoration 

successes can be achieved using priority effects and fertilization treatments to curtail a non-native 

legume that is aggressively spreading on the North American Prairie and is especially problematic on 

restoration sites. This chapter assesses the effects of different experimental manipulations on the 

target species, as well as their effects on of the whole plant community and gives recommendations 

for practice. Co-authors of this chapter are Tiffany Knight and Michele Schutzenhofer.  

Chapter 3 introduces PacIFlora (Pacific Introduced Flora), my manuscript published in the 

Biodiversity Data Journal. This manuscript introduces a database I compiled for the naturalized 

species of the Pacific. In this chapter, I describe how I harmonized datasets, species names, island 

names and different status values. The database contains 33397 unique records of 3965 species 

distributed across 481 islands. Co-authors on this manuscript are core members of the two 

harmonized databases, GloNAF and PIER, as well as Dylan Craven and Tiffany Knight.  

Chapter 4 shows my published manuscript in Diversity and Distributions, which shows what can be 

achieved using the PacIFlora database. It presents patterns of naturalized plant species in island 

groups of the Pacific. In this chapter, I assess which plant families are over-represented, which other 

regions naturalized species in the Pacific are also recorded as naturalized to, and to what extent 

naturalized species in the Pacific are shared between island groups. This chapter outlines the drivers 

responsible for the observed patterns of naturalized species richness and beta-diversity, and how 

practitioners may profit from this information. Co-authors on this manuscript are the GloNAF core 

team as well as workshop participants of the Pacific Invaders workshop at iDiv.  
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Chapter 5 reconciles the differences and similarities across these projects and gives possible 

explanations for why this may be the case. This chapter focuses on the underlying questions and 

their limitations and the main take-aways for science and practice. I provide an outlook on promising 

practical applications and scientific follow-up studies. The chapter closes with my final, personal 

remarks. 

This document avoids assigning any moral connotations to plant species such as “good” or “bad” and 

tries to engage non-native species from a neutral standpoint, which reflects the standpoint of the 

author. Collaboratively achieved projects and results are referred to in the first person. 

 

Chapter 1: Introduction 
 

1.1. Definitions 
In the field of invasion biology, it is important to define terms and classifications as this field of 

science covers many of species that would not necessarily be classified as invasive. 

These terms are summarized here in a hierarchical way, starting at the lowest. 

• “Non-native”, sometimes also referred to as “alien” or “exotic” in the literature, in this study 

describes a plant species which is not native to a specific region or parts of this region.  

• “Naturalized” must fulfil the same criteria, and in addition the plant species must have 

formed self-sustaining populations which require no human interference to persist. Species 

exclusively growing in agricultural or horticultural context are therefore not included.  

• “Invasive” follows the definition sensu Richardson et al. (2000) in which a species must fulfil 

the above criteria and in addition must cause harm to species, ecosystems, human health or 

livelihood. In this study, only non-native species can be invasive even though cases of native 

species displaying invasive behaviour are known. 

Borders between these categories are not always clear and are sometimes fluent, but this framework 

is appropriate for all projects presented in this document. Here, mention of “plant invasion” or 

“invasion biology” refers to all steps in this process, from introduction over establishment to actual 

invasion, although many species covered may never reach invasive status.  

1.2. Invasion Biology: Origins 
Elton, generally accepted as the “father” of invasion biology (Davis et al. 2001), developed his book 

“The Ecology of Invasions by Animals and Plants” (1958) from his studies on succession of species in 

ecosystems (Southwood & Clarke 1999). He was strongly influenced by the observations of species 

becoming more dominant in a community that it was previously not a resident in. His studies pre-

date broad notions of a potential negative effects of these species on environment and economy 

(e.g. Wilcove et al. 1998; Pimentel et al. 2000) and many species were still introduced all over the 

globe as resources or for ornamental purposes, as the mindset that they might cause problems in the 

future was barely present. Appreciation for the environmental harm associated with biological 

invasions and scientifically guided removal experiments started around the 1980s (Reichard & White 

2003). Systematic approaches to studying the impact of invasive species on biodiversity began even 

later (e.g. Perelman et al. 2007; Symstad 2008). It was just a few decades ago that systematic studies 

began pursuing the question why some “Darwinian Demons” (Silvertown 2005) were so successful in 

systems they did not evolve in. Case studies revealed that some hypotheses were very well 

supported to explain the behaviour or patterns of particular species or ecosystems. Well studied 



7 
 

hypotheses included the novel weapons (Callaway & Ridenour 2004), enemy release (Williamson 

1996; Crawley 1997) and Darwin’s naturalization hypothesis (Darwin 1859; Daehler 2001). Modern 

studies focus on a wide variety of topics. For example, biological invasions are recognized as a unique 

opportunity to study the behaviour of species in novel ecosystems (e.g. Godoy 2019), to gain insights 

into dispersal and establishment processes (e.g. Frischbier et al. 2020), to better understand plant 

community structure (e.g. Santoro et al. 2012), to compare differences and similarities of processes 

for native and non-native species (e.g. Steinbauer et al. 2017), and even to utilize non-native species 

for understanding species responses to global change (e.g. Finch et al. 2021). Science based 

techniques are implemented into active management (e.g. Knight et al. 2011) and new 

computational methods and global databases allow us to ask questions and provide insights in a 

quality unimaginable before (e.g. van Kleunen et al. 2019). 

In natural sciences, the search for universally applicable “laws” is common, but generalization across 

all of studies and hypothesis on invasive species proves to be difficult to achieve (Jeschke & Heger 

2018). Although today the search for simple answers in invasion biology continues, most scientists 

recognize that explanations for the causes and consequences of biological invasions are complex and 

context dependent. For example, multiple hypotheses can simultaneously or interactively explain 

invasion patterns, and support for particular hypotheses depends on the context. It is now clear that 

the particular questions asked and the scale and perspective at which the patterns are observed 

(Chase & Knight 2013; Chase et al. 2018) define the outcome of the study.   

1.3. Invasion Biology: Perspectives 
One of the reasons that synthesis is difficult in the field of invasion biology is that the specific 

questions, objectives, spatial and temporal scales, and methods can vary dramatically between 

studies. Invasion biology is a theoretical and an applied science, and scientists trying to identify 

underlying mechanisms of plant invasions will ask different questions and use different spatial grains 

compared to a practitioner trying to manage a species or prevent future invasions. 

The difference in spatial scale can influence the magnitude and direction of response variables (e.g. 

Gooriah et al. 2020), even when similar questions are asked and similar methods are used. However, 

methods often also vary with spatial scale. For example, non-native species are frequently recorded 

as present or absent at larger spatial scales, but recorded with count or cover data at smaller spatial 

scales. Further, the sample size is usually very different on different scales, simply because the larger 

a study area gets, the more difficult it is to obtain detailed information. The temporal scale of the 

study can also influence the conclusions. For example, data from a single sampling date provide 

different insights compared long-term sampling or continuously updated databases.  

This is relevant for this document, as in this study, I dealt with two case studies that are set at the 

opposite points of this metrical scale: One based on 99 10 x 10 meter plots, looking at cover of plant 

species at one to three points in time, and the other looking at a region covering almost half of the 

surface of the globe, observing presence/absence patterns of naturalized species collected over 

many years. Together, these provide a more holistic view of the factors that shape biological 

invasions. 

In the literature, studies vary in the metrics used to illustrate information on non-native species. This 

can challenge a general understanding and synthesis across these studies, since even seemingly small 

differences in metric calculations can tell a very different story. A good example for this is describing 

the effect of non-native plant species on plant diversity. This can be differentiated into several 

sections (e.g. non-native diversity, native diversity, total diversity, target species diversity) and 

depicted in several ways (species richness, α- β- γ- diversity, evenness, rarity, phylogenetic diversity, 

functional diversity) which again can be calculated in using different metrics (β-Simpson, Jaccard, 
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Sørensen, proportional or absolute richness, different estimates of functional richness). Deciding 

which variables and metrics to choose can be difficult, but this decision is very important in order to 

identify the specific questions and hypotheses that the study will address (see Baselga (2010)). The 

perception of the results can vary drastically across different metrics. For example, a cover increase 

of 100% can be a cover increased from 1 to 2% or from 30 to 60%, but this would have different 

ecological implications. Likewise, the plant community of two islands can be virtually identical when 

using pariwise beta-Simpson diversity while they are vastly different when using pairwise beta-

Sørensen diversity if one is a nested subset of the other (Traveset et al. 2014). In this example, one 

metric might support a hypothesis and the other would not, unless the questions and hypotheses are 

carefully shaped by the author. Likewise, in studies investigating dispersal routes, the relative 

similarity of the islands may be shown better by beta-Simpson while beta-Sørensen may be better 

suited to identify islands with similar target scenarios for management, as the total number of non-

native species on each island is a relevant factor here. In chapter 2-4, a lot of thought went into the 

specific questions addressed and the metrics or statistical analyses used, which were always based 

on the motivation of the study but never followed an agenda. It is important to keep many angles in 

mind, and different metrics can each give a different piece of information, leading to a more 

complete understanding of the pattern or process. Thus, looking at many metrics may provide the 

best total picture. However, displaying every possible way of analysis is often more confusing than 

beneficial. 

Commonly, non-native species are studied either through experiments manipulating environmental 

factors or by analysing observational data. In an experimental manipulation like the one in the 

second chapter of this dissertation, precise questions can be asked to examine the effects of 

particular factors on plant communities in general and non-native species in particular. Experiments 

allow researchers to isolate the role of specific drivers from the many ecological drivers shaping a 

plant community. The disadvantages are that these studies can only cover rather small temporal and 

spatial grains, and it can therefore be difficult to generalize the results to other systems and contexts 

(Thrush et al. 2000). Experiments are therefore very good for precise ecological questions and for 

specific management applications (e.g., how to manage one invasive species or how to restore one 

type of ecosystem). Observational databases on species distributions on the other hand might have 

trouble separating different factors, as entangled factors can be confounded with each other and 

defining factors are not experimentally manipulated. However, these studies help us to visualize and 

elaborate broad-scale patterns, which can be linked to their likely drivers (e.g., the third and fourth 

chapters of this dissertation).  

The methods used to categorize the species in the community (i.e., as native - non-native – 

naturalized – invasive) can also influence the conclusions. Analyses focused on these smaller subsets 

of species can often contribute to understand the whole community. In chapter 2, I treated seeded 

native species as an extra category and asked whether any of the treatment combinations could best 

promote this subset of the native plant community. Further, the removal of an invasive species might 

not lead to a desirable conservation outcome if this species is replaced by different non-native or 

invasive species, i.e. secondary invasion takes place (Pearson et al. 2016). Finally, communities that 

are dominated by ruderal native species may be of low value, if one of the conservation purposes is 

to re-establish rare native species (Matlack 2013). Categorization is not trivial, as show in chapter 3, 

because there is not always consensus on the status of certain non-native species. For example, the 

same species can be considered cultivated, naturalized or native in different locations and by 

different experts. It is also important to consider the temporal aspect of invasions and that 

categories can change through time (e.g., a species can become invasive or extirpated). If two 

localities share a species, but it is described as cultivated in one location and as naturalized in 
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another, possible implications are that a) a species might have the potential escape cultivation and 

naturalize, b) the species is of horticultural origin, which has implications for introduction pathways 

and c) certain environmental conditions might prevent some species from escaping cultivation in 

some locations.  

In summary, there are many different aspects to and perspectives on theoretical and applied 

invasion biology. This remains a challenge and an opportunity at the same time. In this document, I 

take two very different approaches to understanding the factors that allow non-native species to be 

successful. In the end, I synthesize some, but not all of the aspects that unite these studies and 

discuss how some generality in biological invasions might be achieved in this larger field of study.  

1.4. Invasion Biology: implications for practice 
Invasion biology has large implications for practice. The removal of naturalized or invasive plant 

species in conservation is often optimized by trial and error in specific locations, in many cases 

through huge effort and manual labour. Results are not shared in a standardized manner, leading to 

land managers to follow only their own personal experiences (Matzek et al. 2014). Newly 

colonializing species are frequently ignored until they are observed to be a threat. Many species are 

only detected and reported in an area once they are already well established, and therefore very 

difficult to contain. Studies have shown that the sooner in the process of invasion (introduction – 

establishment – naturalization – invasion) counter methods are applied, the more cost effective 

species removal is (Wittenberg & Cock 2001). Thus, it is important that information is shared, so that 

managers can identify the species to watch out for and the methods have been successfully applied 

in a different context (Matzek et al. 2014). However, local managers might be more limited by 

resources for conservation than by scientific insights on how to manage their land. Over 80000 plant 

species have naturalized somewhere on the globe (van Kleunen et al. 2019), and it can be 

overwhelming for managers to identify the current species in their area of responsibility, watch out 

for new arrivals, and manage existing invasions.  

The first problem, limited resources, cannot directly be tackled by science, but science can 

information on optimization, so that managers can be make more efficient use of their current 

resources. In addition, a never-ending battle of chemical and manual removal of a plant species for 

years is not sustainable as a long-term goal, and scientists and managers must work together to 

develop long-term solutions (Matzek et al. 2014). The science of invasion biology can identify critical 

characteristics of the species that is to be removed, and also of the ecosystem that is to be 

conserved/restored. This can help develop efficient methods to ideally reach a state in which little or 

no human management is required to maintain the desired state of the ecosystem. Of course, this is 

more often feasible in systems for which human interference, e.g. through disturbance, is 

contributing to the invasion of a plant species. Plant invasions into natural or semi-natural areas are 

often irreversible, and such areas are likely to require regular intensive management and manual 

removal once infested (Wittenberg & Cock 2001; e.g. Kıbıs & Büyüktahtakın 2017). The second point, 

identifying species which are likely to be introduced in the future, is engaged by science in a variety 

of methods and has gained a lot of attention in the recent years (Bradley et al. 2010; Ibanez et al. 

2017). While stochasticity in species introduction and establishment create large uncertainty, much 

progress has still been made in prediction. In particular, the field of species distribution modelling 

has made great advances (Beaumont et al. 2007; Guillera-Arroita 2017; Liu et al. 2019). However, this 

research requires detailed information of the range of the species, both in its native and introduced 

range, to adequately model its ecological niche (see e.g. Barbet-Massin et al. 2018). Chapter 3 of this 

document facilitates this line of research in the Pacific region by creating PacIFlora, the most 

complete database for the Pacific Introduced Flora. Here, I combine the most recent data, and 

standardizing different parameters, such as species names, island names, and species status (native, 
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cultivated, naturalized, invasive). In Chapter 4, I combine the species distribution information from 

chapter 3 with environmental factors to draw conclusion on patterns and processes of naturalized 

species in the Pacific. 

Scientific insights being implemented into practice are often barely visible to the scientific 

community, as successful applications are often not reported in the peer reviewed literature that 

scientists read and cite. For example, research conducted by Knight et al. (2011) in the USA 

demonstrated that cultivars of the invasive Japanese Barberry (Berberis thunbergii) still have high 

invasive potential. Their research directly resulted in policy that banned the sales of all cultivars of 

this plant species in several federal states, even though these plants were economically very 

important at the time to the horticultural industry. Making meaningful connections to policy can be 

difficult for scientists, and such connections are seldomly visible in the scientific literature. Global 

databases such as GloNAF can also be implemented into practice. For example, core-member Franz 

Essl used GloNAF to create or contribute to several invasive plant watchlists for European countries 

(e.g. Essl et al. 2020). These have not yet led to some of intended reactions (e.g., bans on certain 

species), but these efforts are nevertheless of immense value for local land managers and require 

effort from scientists to communicate their scientific products to diverse stakeholders.  

This manuscript also strives to provide research that can directly benefit land managers. In Chapter 2, 

I research how to improve workflow in prairie restoration to make the establishing community more 

resistant towards plant invasion. Chapter 3 provides land managers in the Pacific with a dataset that 

can help them to target species most likely to be introduced to their island or island group. The goal 

is to be able to also identify Pacific and non-Pacific nations that share many species, so that these 

countries can exchange information on managing existing invasions and minimizing further species 

exchange.  

While direct implications for practice are desirable and a large motivation for this document, I also 

aim to provide science with theoretical or mechanistic insights that contribute to developing the field 

of invasion biology. In chapter 2, priority effects that are known from studies on population dynamics 

(Fukami 2015), but rarely studied in the context of restoration and invasion (Weidlich et al. 2021) are 

put in the focus and secondary effects, such as invasional meltdown and community shift under the 

presence of dominant invasive species are visualized. In chapter 3, a dataset is provided that can be 

utilized for taxonomic studies or to study dispersal and establishing processes, which is also picked 

up in chapter 4. Also in chapter 4, indices usually used in the context of conservation of rare species 

(Usher 1986; Williams 1993) are applied to naturalized species, and novel analysis tools are used to 

disentangle the effects of drivers on naturalized richness and beta-diversity (Traveset et al. 2014).  

In the following chapter 2, which is published in Restoration Ecology, I present the most important 

findings from my experimental work in a North American prairie aimed at preventing the dominance 

of the non-native legume Lespedeza cuneata in restored sites.  
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Chapter 2: Long term experiment manipulating community assembly 

results in favourable restoration outcomes for invaded prairies 
 

Authors:  
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Chapter 3, which is published in the Biodiversity Data Journal, introduces PacIFlora, a database for 

the introduced flora of the Pacific. 
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Chapter 4, which is published in Diversity and Distributions, utilizes a predecessor of PacIFlora to 

analyse patterns and drivers of naturalized plant species in the Pacific. 
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In Chapter 5, I will summarize the most relevant results, identify limitations, draw conclusions that 

transcend the individual studies, and try to find common denominators and significant differences. 
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Chapter 5: Synthesis 
 

The previous chapters show a different picture of non-native species, their distributions, and reasons 

for this. They are conducted on hugely different scales, from 99 10 x 10 meter plots on the prairie to 

the over 100 million km² in the Pacific, and from a single sampling period to the analysis of data 

collected over decades. I investigated cover data to quantify the influence of experimental 

treatments on plant species as well as observational presence absence data to assess the effects of 

different drivers on patterns of naturalized species.  I used very different statistical tools to capture 

the responses in a rigorous manner. And yet, despite all these differences and the widely different 

outcomes, the underlying questions were rather similar – how do non-native plant species behave, 

what influences their establishment success and what can we do to prevent unintentional 

naturalizations and invasions. Generalization remains challenging and is not always productive, but in 

aiming to reach it we get a better and more holistic picture of invasion biology. 

5.1. Summary of the most relevant results 
Before going further into the implications of my findings and synthesis across all my results, I will 

shortly recapitulate on which are, in my opinion, the most important findings of my projects. 

In chapter 2, the target invasive species Lespedeza cuneata could successfully be managed utilizing 

priority effects in seeding order of grasses and graminoids as well as intense management in the first 

three years after seeding and nutrient addition. This is in line with other studies that show that 

management early in the invasions process is important to prevent establishment and dominance of 

invasive plants (Wittenberg & Cock 2001; Kıbıs & Büyüktahtakın 2017). However, it is clear that a 

ceasing of all management after three years is also not possible, and that some low-level 

management will be required to prevent Lespedeza cuneata from becoming dominant (sensu Kıbıs & 

Büyüktahtakın 2017). However, if the long-term prospect is low-input management, that this still 

poses a highly efficient management practice. Applying this strategy to a whole area will most likely 

have an even larger success rate, as in our experiment propagule sources were always in close 

proximity to experimental plots. Lespedeza cuneata seems to facilitate secondary invasions either 

because it works as an ecosystem engineer promoting the establishment of other non-native species 

or because the same conditions that favour its dominance also favour secondary naturalized species 

establishment. Some seeded species had problems establishing, and further use of priority effects or 

other manipulations, or later inoculated introduction (Middleton & Bever 2012; Weidlich et al. 2021) 

will be required to truly restore native prairies, but this experiment provides evidence of success in 

the first step towards this goal.  

In Chapter 3, I documented the challenging process of harmonizing data to create a new, most 

complete database for the Pacific Introduced Flora. I suggested ways of standardizing different 

parameters, such as species name using the LCVP, island name, phylogeny, invasion status, native 

status, and cultivation status. This database has many possible applications for science and practice. 

In Chapter 4, I utilize PacIFlora to ask how many and which naturalized species are present in the 

Pacific, how these are shared within the Pacific and with non-Pacific nations, why some island groups 

have more naturalized plant species than others, and why some island groups share more 

naturalized plant species than others. There is a vast number of naturalized plant species in the 

Pacific, belonging frequently to plant families known to contain many naturalized species, but also to 

families common in tropical regions. Species are commonly shared with neighbouring regions, but 

also other coastal and tropical nations. Island groups with more naturalized species are inhabited by 

over-proportionately rare naturalized species. Naturalized species poor islands are inhabited by a 
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nested subset of the species found on naturalized species rich islands that are often larger in size and 

have higher levels of human influence. Together, these findings lead me to the conclusion that 

human-mediated dispersal routes in the Pacific cause species to be first moved from outside of the 

Pacific to more developed island groups. After that, they are moved to less anthropogenically 

modified and less accessible groups from there. Which species are naturalized is not random but 

rather is strongly influenced by local temperature. The clear results provided by the random Forest 

analysis show that forecasting introductions is possible and given the high number of potentially 

introducible species, this is also very necessary.  

5.2. Limitations and recommendations for future research 
As all scientific research projects, this study has limitations. But, in this case I think that the 

limitations are not only interesting in pointing out what cannot be said, but also why this is the case 

and how this should be engaged in future research projects. In the experimental study on Lespedeza 

cuneata and plant community response (Chapter 2), the main limitations are:  

1) Nutrient addition had a negative effect on Lespedeza cuneata cover in prairie restoration 

and no effect on native species cover in general, but that does not imply that there were 

not any, potentially rare and native species, which did not decrease in cover with 

nutrient addition. Future research could quantify the detailed demographic responses of 

native species to gain a mechanistic understanding of the effects of treatments on vital 

rates and population dynamics of target native species.  

2) Communities were different depending on the seeding order, but that does not imply 

that any community valuable for conservation was created. Moving forward from this 

point, the created systems could be analysed for their ecosystem services and value for 

conservation efforts, also with regards to their suitability for the inoculated introduction 

of additional rare native species. 

3) Treatments were successful in limiting Lespedeza cuneata cover, but this effect may not 

last indefinitely, so management may need to be continued. Long-term monitoring 

combined with new experimental treatments on different management techniques could 

give a longer-term perspective of prairie restoration.  

In macroecological study of naturalized plants in the Pacific, the following limitations (Chapter 4) 

became obvious:  

1) Some island groups (e.g., the Solomon & Bismarck Islands) have low numbers of 

naturalized species compared to their size, but this does not imply that this will be the 

case in the future or that these islands are in fact less invaded (i.e., because one single 

species could cover an entire island). Further, some islands may only appear to have 

fewer species because that have not been intensively surveyed or due to disagreement 

among local experts on the naturalization status (McGeoch et al. 2012). Future research 

could improve our understanding through long-term monitoring, monitoring of 

abundance rather than presence/absence, and targeted surveys in poorly surveyed island 

groups. 

2) Geographic distance to mainland does not matter in general for naturalized species 

richness in the Pacific, but that does not mean that this can be generalized for non-Pacific 

regions (see Moser et al. 2018) or that distance plays no role for intra island/archipelago 

dispersal. Future research could differentiate for which species groups or under which 

circumstances geographic distance is relevant and what the underlying reasons for this 

are (e.g. method of transport). 
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Other limitations, such as the uncontrollability of stochastic dispersal processes between plots in the 

prairie experiment or potential false reports in PacIFlora, exist, but I do not evaluate those 

shortcomings as deviation from the norm for ecological studies nor can I provide any 

recommendations for how to avoid them in the future. 

Further recommendations for research include an in-depth biodiversity analysis for the prairie 

experiment. Preliminary analysis suggest either highly complex or no effects of the treatments and 

Lespedeza cuneata on common diversity indicators (results not shown). Pursuing the field of priority 

effect in restoration and community assembly is very promising (see Weidlich et al. 2017; Stuble & 

Young 2020). For the pacific, I suggest species distribution modelling for common and potentially 

dangerous species and the implementation and validation of PacIFlora into and through local 

management. This is made possible by PacIFlora being open source.  

 

5.3. Implications of this study 
The prairie experiment (Chapter 2) was designed to understand the importance of priority effects 

and to inform on specific applications for the restoration of an endangered ecosystem in the context 

of plant invasion. In a global meta-analysis, Weidlich et al. (2021) looked at my study and 42 others 

and concluded, that priority effects play a generally important role in restoration, and highlighted my 

study as a model that should be applied for future research in data deficient ecosystems. Stuble & 

Young (2020) discussed my results in the context of theirs, which demonstrated that some types of 

priority effect can increase invader presence. Fukami (2015) suggested that priority effect 

experiments in the context of restoration can teach us about the importance of priority effects in 

general for community assembly. Further research and synthesis in this field is needed in order to 

understand which species can profit from priority effects under which circumstances (e.g. density, 

seasonal differences) and how this knowledge can be used to reach desired restoration outcome in 

various ecosystems. Using my study in similar frameworks, but with more data collection on 

particular groups of species, could inform on other important topics, such as invasional meltdown, 

succession analysis, and establishment of target native species in restoration projects. These would 

be very promising approaches to improve our understanding of ecological processes.  

The macroecological study in the Pacific (chapters 3 and 4) has two important scientific implications: 

First, the differences and similarities to other studies, and second, the notion of what is possible 

when harmonizing databases. My research updates research conducted by Denslow and colleagues ( 

2009), confirming their patterns and expanding to show potential causality of patterns. For example, 

naturalized species rich island groups are not rich because of their large land mass, but because 

larger island groups have a higher human influence. My results confirm that some plant families are 

notorious in contributing naturalized species (Pyšek et al. 2017), and that this is even more 

pronounced in the Pacific. I can show that in the Pacific, geographic distance to the mainland 

becomes irrelevant for naturalized plant species richness, despite the fact that globally, isolated 

islands have more naturalized species (Moser et al. 2018). I demonstrated that over 90 % of the 

variance in beta-diversity can be explained by a few drivers, which is especially important for species 

distribution modelling, as it shows that meaningful predictions can be made with this approach. 

These results, together with an open-source database increase the possibilities to asked more precise 

questions in the future. In particular, future research on native species, traits, and island group floras 

utilizing my data has a great potential to improve scientific insight within and beyond the Pacific.  

Producing results applicable to applied management was the largest motivation for this study. 

Indeed, there are many outcomes that can be incorporated into practice. In prairie restoration, the 

goal of the restoration project matters in how my results can be applied. If an endangered or rare 
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species should be established, my research clearly shows that this will require additional treatments. 

Many of my seeded species, especially iconic prairie species like Liatris pycnostachya did not 

establish in any of my treatment combinations. However, I could show that the success of seeded 

native species as well as their invasive adversaries is often determined by early establishment and 

priority effect. This is in line with the findings of other researchers (Stuble & Souza 2016; Werner et 

al. 2016; Weidlich et al. 2017, 2021; Stuble & Young 2020). As giving only forbs a head start over 

grasses seems to open windows for invasion of Lespedeza cuneata, seeding density, reseeding after 

fire and seeding in monospecific patches seems promising to establish more forb species (Reinhardt 

Adams & Galatowitsch 2008; Eiswerth et al. 2009; Seahra et al. 2019). Given the importance of 

priority effects found in our study, transplantation of native species early in the restoration seems 

like a promising approach to be considered in future research and in practice. This could be 

accomplished by “artificially” establishing rare species by transplanting them, often with inoculated 

soil, as the soil microbial community may be essential for the establishment of some rare species 

(Suding et al. 2013; Adu-Oppong et al. 2020; Humphries et al. 2021). Those transplantations do not 

necessarily need to take place at the beginning of a restoration project, but could also be attempted 

at a later stage, where parts of an intact, but target species poor prairie stands could be modified 

(e.g. tilled, fertilized or inoculated etc. before transplantation of adult specimen) to host rare species. 

The accumulation of naturalized species under the presence of other naturalized species, sometimes 

referred to invasional meltdown, could be self-reinforcing and must therefore be prevented 

(Simberloff & Holle 1999). The risk of a “secondary invasion” is always present when removing the 

main invader (Pearson et al. 2016), but I found no naturalized species profiting from the absence or 

low abundance of Lespedeza cuneata. Using priority effects and focusing most available resources on 

intense management in the early years of a restoration will be more successful in managing 

Lespedeza cuneata, but management should be continued, most cost-efficiently on a three year base 

as suggested by Bütüktahtakin et al. (2015). Maintaining and restoring a prairie ecosystems holds not 

only ecological but also cultural value. However, prairie management is a challenge even without 

invasive species to control or vulnerable native species to conserve, as introducing a burning regime 

that mimics historical conditions and/or the presence of large herbivores are often in conflict with 

human interests (Dickman 2010). Although my experiment did not result a natural prairie ecosystem, 

the created system is relatively easy to establish can serve as a first step in restoration to a more 

natural, native prairie species rich ecosystem. 

Lespedeza cuneata is a well-studied species and tests of different control methods are available 

(Eddy & Moore 1998; Koger et al. 2002; Eddy et al. 2003; Schutzenhofer & Knight 2007; 

Schutzenhofer et al. 2009; Allred et al. 2010; Dudley & Fick 2013). However, in the Pacific there are 

thousands of plant species capable of establishing (van Kleunen et al. 2015), hundreds of which have 

invasive potential, and many of these are poorly researched. Research is needed on this immediately, 

before these become widespread and abundant and more difficult and resource demanding to 

manage. Currently, just monitoring the presence of thousands of species is difficult (Finnoff et al. 

2007). Mitigating non-native species introduction in general is as important as developing methods 

to manage one invasive species. A pragmatic approach, which would already be feasible with my 

database and research results, would be to focus on species that are a) already widespread b) fall 

into categories identified to indicate spreading likelihood and/or c) are recorded as invasive in some 

locations. Those species can be put on Pacific-wide watchlists. As a next step, the islands most 

vulnerable to invasion can be identified, and Pacific or non-Pacific areas/islands with similar climatic 

conditions can be compared to quantify their naturalized species composition and their potential for 

species exchange in the future. All species found on one island, but not the other, can be put island 

or even island pair specific watchlists. Those watchlists can be consulted when trade between two 

islands occurs.  
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Nevertheless, methods developed on the prairie are valid strategies for the Pacific and the other way 

round, depending on the context. Utilizing priority effects is something worth looking into in Pacific 

restoration projects. Likewise, watchlists based on climatic and compositional similarities can help 

prevent future invasions in the prairie ecosystems. Desired outcome should guide towards the 

questions asked and methods implemented. So, if native species presence and abundance is the goal, 

identification and management of naturalized species that are directly harmful to those native 

species should be prioritized, and special protected areas can be established.  

Paragraph 10: Final remarks 

Understanding the patterns and processes involved in non-native species dispersal, establishment, 

persistence, and effect on the community requires considering multiple spatial scales and metrics. 

This document unites insights from projects asking similar questions at very different spatial scales. 

At a small scale, priority effects and abiotic factors (such as nutrients) can dramatically shape the 

abundance of the invader and the composition of the community. At the regional scale, diversity of 

naturalized species on island groups is determined by anthropogenic factors, whereas abiotic factors 

such as temperature play a strong role in explaining beta-diversity. In both studies, I have adequate 

data to draw applied conclusions that are useful for practice. I hope that my research will stimulate 

further scientific research and topic-oriented synthesis, help with designing management for the 

invasive plant Lespedeza cuneata using priority effects and fertilization treatments that do not 

negatively impact the native plant community, and support the design of restoration practice and 

targeted trade supervision in the Pacific.  
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