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Summary 

 

Invasive plants have severe negative ecological and economic impacts in their introduced 

ranges, making invasive species management a high conservation priority worldwide. The 

eradication of established alien plants is notoriously costly and difficult. Therefore, the 

prevention of new invasions is the most effective management strategy. Among potential 

invaders, little focus is placed on the risk posed by alien ornamental species that are already 

commonly planted in parks and gardens outside their native ranges, but have not yet naturalized 

and become invasive. Many alien ornamental species may be currently unable to become 

invasive due to limited climatic suitability in their introduced ranges. However, projected climate 

changes may promote greater climatic suitability for many of these species, and thus remove an 

important barrier to invasion. This thesis endeavours to assess the risks posed by alien 

ornamental plants under climate change, an issue that has not adequately been explored. 

To unravel this issue, I conducted two experimental and two modeling studies. First, 

under ambient and increased temperatures in a resident grassland setting in southern Germany, I 

compared the colonization success of 37 frequently planted, non-naturalized alien ornamental 

species to that of 14 native species, and 12 species already naturalized in the region. All species 

groups experienced lower colonization success overall under increased temperatures. However, 

native species were more negatively affected than either alien species group.  

In the second study, I examined possible interacting impacts of different facets of climate 

change (i.e. increasing temperatures and reduced precipitation) simulated in a greenhouse on the 

performance of 10 non-naturalized alien ornamental species, grown in competition with either 

native or already-naturalized resident species. Non-naturalized alien species performance was 

stable or improved with increasing temperatures, even under a reduced precipitation regime. The 

ratio of non-naturalized alien ornamental to resident competitor vegetative growth increased with 

both increased temperature and reduced precipitation. Naturalized competitors performed better 

than natives overall, however both competitor groups were negatively impacted by climate 

change. The results of this and the previous experiment both indicate that niche availability will 

increase with climate change as resident performance suffers, and that many non-naturalized 

alien ornamental species may have the climatic tolerance to colonize those niches. 
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In the first modeling study, I evaluated the naturalization potential of alien ornamentals in 

Europe under climate change, and specifically identified species with high future invasion risk. 

To do this, I first assessed the effects of numerous interacting species characteristics and traits on 

the current European naturalization success of 2,073 alien ornamental species. Using a model 

accounting for factors identified as predictors of naturalization, I then evaluated the current 

naturalization potential of 1,583 not-yet naturalized alien ornamental species. By incorporating 

climatic suitability predictions for the year 2050, I also projected these species’ future 

naturalization risk. I found that climatic suitability increased with time for some species but 

decreased for others, making the average change in naturalization likelihood rather small. Most 

species with high current naturalization risk will remain risky in 2050. Some other species with 

low current naturalization potential however will become riskier under future climates, and 

should also be considered for possible regulation.  

Finally, I present a case study assessing the future naturalization risk from 954 non-

naturalized alien ornamental species found growing in public and private green spaces in a small 

municipality in southern Germany. Species planting intensity, local status (i.e. naturalized alien, 

non-naturalized alien) and global naturalization history were assessed, and climatic suitability 

was determined using climatic suitability models. I examined the effects of climatic suitability, 

naturalization success elsewhere and planting intensity on local naturalization success. I found 

that climatic suitability and naturalization success elsewhere were strongly associated with local 

naturalization success, but planting intensity was not. I then incorporated future climatic 

suitability projections to assess the overall naturalization risk from local alien ornamental 

species, and to identify the species likeliest to naturalize in that municipality under future 

climates. Naturalization risk again did not appear to increase overall, but I identified those 

species which would remain or would become risky there in the future. 

This thesis provides evidence that non-naturalized alien ornamental plant species will in 

many cases have more opportunities and higher probabilities for naturalization under climate 

change. This may result from increased climatic suitability, increased niche availability, or some 

combination of the two. I used applied methods to identify species that pose high risks for 

naturalization under future climates that should be considered further for potential restrictive 

measures, at both at a local scale as well as across Europe. Overall, this thesis highlights the 

invasion risk posed by commonly-planted alien ornamental plants under changing climates. 
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Zusammenfassung 

 

Invasive Pflanzen haben schwerwiegende, negative ökologische und ökonomische 

Auswirkungen in den Gebieten in die sie eingeschleppt werden, was folglich weltweit das 

Management von invasiven Arten zu einem Kernpunkt im Naturschutz macht. Die Bekämpfung 

von etablierten nichtheimischen Pflanzen ist bekanntlich teuer und schwierig, was letztlich das 

Verhindern von Neuansiedlungen zur effektivsten Management Strategie macht. Bezüglich 

potentieller invasiver Arten wurde bisher dem Ausbreitungsrisiko von Zierpflanzen, welche 

bereits in Parks und Gärten außerhalb ihrer Herkunftsregion gepflanzt wurden, welche aber noch 

nicht eingebürgert oder invasiv geworden sind, wenig Aufmerksamkeit geschenkt. Viele 

nichtheimische Zierpflanzen mögen im Moment auf Grund mangelnder klimatischer Eignung in 

den eingeschleppten Gebieten (noch) nicht in der Lage sein sich stark zu verbreiten. Allerdings 

könnten sich durch den prognostizierten Klimawandel die klimatischen Bedingungen für diese 

Arten verbessern, wodurch eine der wesentlichen Beschränkungen für eine starke Ausbreitung 

dieser Arten entfällt. In dieser Arbeit soll das Risiko der Ausbreitung von nichtheimischen 

Zierpflanzen im Zusammenhang mit dem Klimawandel beleuchtet werden, ein Thema welches 

bisher noch nicht tiefgehend untersucht wurde. 

 Um dieses Thema zu untersuchen, wurden zwei Experimentelle- und zwei 

Modellierungsstudien durchgeführt. In der ersten experimentelle Studie wurde der 

Ansiedlungserfolg in einem für Süddeutschland typischen Grasland von 37 häufig gepflanzten, 

nicht eingebürgerten nichtheimischen Arten, mit dem Ansiedlungserfolg von 14 heimischen und 

12 bereits etablierten nichtheimischen Arten unter normalen und erhöhten Temperaturen 

verglichen. Alle untersuchten Artengruppen zeigten einen verminderten (Ansiedlungs) erfolg 

unter erhöhten Temperaturen. Jedoch schnitten die heimischen Arten schlechter ab als die 

nichtheimischen Artengruppen. 

  In der zweiten Studie wurde die mögliche Interaktion von interagierenden 

Klimaaspekten (d.h. erhöte Temperaturen und verringerter Niederschlag) in einem Gewächshaus 

simuliert um das Wachstum von 10 nicht eingebürgerten nichtheimischen Zierpflanzen, welche 

in Konkurrenz mit heimischen und nichtheimischen, aber eingebürgerten Arten gezogen wurden, 

zu vergleichen. Das Wachstum von nicht eingebürgerten nichtheimischen Arten war entweder 

gleichbleibend oder größer mit steigenden Temperaturen, selbst unter verringerter 
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Wasserverfügbarkeit. Das Verhältnis im Bezug auf vegetatives Pflanzenwachstum zwischen 

nicht eingebürgerten, nichtheimischen Zierpflanzen und heimischen Konkurrenzpflanzen 

vergrößerte sich sowohl mit steigenden Temperaturen, als auch mit geringerer 

Wasserverfügbarkeit. Eingebürgerte nichtheimische Pflanzen schnitten insgesamt besser ab als 

heimische Pflanzen, allerdings wurden beide Konkurrenzgruppen durch die den Klimawandel 

simulierenden Bedingungen, negativ beeinträchtigt. Die Ergebnisse dieser beiden Studien zeigen 

das sich die Verfügbarkeit von Nischen erhöhen wird, da die heimischen Pflanzen unter den 

klimatischen Veränderungen schlechter abschneiden und das viele nicht eingebürgerte, 

nichtheimische Zierpflanzen eine entsprechende klimatische Toleranz aufweisen, die ihnen die 

Besetzung dieser Nischen ermöglicht. 

 In der ersten Modellierungsstudie wurde das Einbürgerungspotential von nichtheimischen 

Zierpflanzen in Europa im Bezug auf den Klimawandel untersucht und explizit potentielle Arten 

mit hohem Risiko für eine invasive Ausbreitung identifiziert. Dazu wurde der Einfluss von 

zahlreichen interagierenden Charakteristika und Merkmale von 2073, in Europa nichtheimischen 

Zierpflanzen, auf deren aktuellen Einbürgerungserfolg bewertet. Mit Hilfe eines Models, 

welches die als relevant identifizierten Faktoren für den Einbürgerungserfolg berücksichtigt, 

wurde das aktuelle Einbürgerungspotential von 1583 noch nicht eingebürgerten, nichtheimischen 

Zierpflanzen ausgewertet. Durch das Miteinbeziehen von Prognosen für die klimatische Eignung 

im Jahr 2050 konnte zudem das voraussichtliche Einbürgerungsrisiko für diese Arten beurteilt 

werden. Die klimatische Eignung erhöhte sich über die Zeitspanne für manche Arten, jedoch 

verringerte sie sich für andere, was die durchschnittliche Veränderung für die 

Einbürgerungswahrscheinlichkeit gering ausfallen lässt. Die meisten Arten mit jetzigen hohem 

Einbürgerungsrisiko werden auch 2050 ein hohes Potential für eine erfolgreiche Einbürgerung 

aufweisen. Einige weitere Arten mit bisher geringem Einbürgerungspotential werden jedoch 

unter zukünftigen klimatischen Bedingungen ein höheres Risiko für eine erfolgreiche 

Einbürgerung aufweisen und es sollte daher für diese Arten ins Auge gefasst werden geeignete 

Maßnahmen zu ergreifen. 

 Zuletzt wurde eine Fallstudie durchgeführt, in welcher das zukünftige 

Einbürgerungsrisko von 954, in öffentlichen und privaten Grünflächen in einem Stadtbezirk in 

Süddeutschland vorkommenden, bisher nicht eingebürgerten nichtheimischen Zierpflanzen, 

bewertet wurde. Es wurde die Pflanzungshäufigkeit, der lokale Status (d.h. eingebürgerte 
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nichtheimische Pflanzen, nicht eingebürgerte nichtheimische Pflanzen) und die globale 

Einbürgerungshistorie der untersuchten Arten erfasst. Nach erstellen eines 

Klimaeignungsmodells wurde der Einfluss von klimatischer Eignung, Einbürgerungserfolg an 

anderen Orten und die Pflanzungshäufigkeit auf den lokalen Einbürgerungserfolg untersucht. Die 

Ergebnisse zeigten, dass der lokale Einbürgerungserfolg stark mit der klimatischen Eignung und 

dem Einbürgerungserfolg an anderen Orten, nicht jedoch mit der Pflanzungshäufigkeit 

zusammen hingen. Anschließend wurden zukünftige Prognosen zur klimatischen Eignung in das 

Model mit einbezogen um das generelle Einbürgerungsrisiko lokal auftretender, nichtheimischer 

Zierpflanzen abzuschätzen und speziell diejenigen Arten zu identifizieren, welche die höchste 

Einbürgerungswahrscheinlichkeit in diesem Stadtbezirk, unter den prognostizierten 

Klimaveränderungen aufweisen. Auch hier zeigte sich, dass das Einbürgerungsrisiko nicht 

generell zunimmt, jedoch konnten die Arten identifiziert werden, welche weiterhin auftreten 

können oder in Zukunft problematisch werden könnten. 

 Zusammenfassend zeigt die vorliegende Arbeit auf, dass nicht eingebürgerte, 

nichtheimische Zierpflanzen in vielen Fällen mehr Gelegenheiten und eine höhere 

Wahrscheinlichkeit für eine erfolgreiche Einbürgerung auf Grund des Klimawandels haben 

werden. Dies kann auf eine bessere klimatische Eignung, eine erhöhte Verfügbarkeit geeigneter 

Nischen oder einer Kombination aus beiden Faktoren zurückzuführen sein. Es wurden 

angewandte Methoden benutzen um sowohl auf lokaler wie auf europaweiter Ebene, Arten, 

welche eine hohes Einbürgerungsrisko unter zukünftigen klimatischen Veränderungen aufweisen 

und somit für potentielle eindämmende Maßnahmen ins Auge zu fassen sind, zu identifizieren. 

Insgesamt hebt diese Arbeit das Einbürgerungsrisiko von häufig gepflanzten nichtheimischen 

Zierpflanzen unter Klimawandel vor.  
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General Introduction 

 

Invasive species as a conservation issue 

Humans regularly introduce species to new regions outside of their native ranges (Kolar 

and Lodge 2001; Pimentel et al. 2001), and many of these species become naturalized (i.e. 

sustaining long-term wild populations; Richardson et al. 2000). Indeed, an estimated ~4% of all 

plant species are naturalized somewhere outside their native range (van Kleunen et al. 2015a). In 

Europe, 4,000 plant species are estimated to be currently naturalized (van Kleunen et al. 2015a). 

Trends indicate no slow in the introduction or invasion of new species (Seebens et al. 2017). 

Invasive species (i.e. those spreading across the landscape; Richardson et al. 2000) can cause 

significant ecological and economic damage worldwide (Vilà et al. 2011), disrupt ecosystem 

services (Hulme 2007), and put threatened and endangered species at risk through competition or 

predation (Wilcove 1998). This entails a high economic investment afterwards. The United 

States, for example, has lost millions of hectares of native habitat to invasive plant species, and 

spends millions of dollars every year on invasive species management (Pimentel 2000). The 

management of invasive species is an important conservation priority (CBD 2005), however the 

eradication of established invaders is typically impossible (Wittenburg & Cock 2005). Therefore, 

the prevention of the establishment of new invaders is the best invasion management strategy. 

  

Ornamental plant species as invaders 

Invasion prevention measures typically focus on impeding the introduction of known 

invasive species (e.g. Pheloung 1999). However, in the case of plants, thousands of species are 

regularly and repeatedly introduced via plantings in private and public gardens. The large 

majority of plant species are introduced via the horticultural industry (Hulme 2011), but little 

attention is paid to the risks posed by these species. Ornamental species are often selected and 

bred for traits that have repeatedly been shown to be associated with naturalization and/or 

invasion success, including rapid growth and reproductive rates (Anderson et al. 2006; Kitajima 

et al. 2006; Trusty et al. 2008; Pemberton & Liu 2009; Chrobock et al. 2011; Moodley et al. 

2013; Maurel et al. 2016). Selective introduction, or breeding of non-naturalized alien species 

with more plastic genotypes, may also predispose them to be more tolerant of novel 
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environments (Bossdorf et al. 2008). Subsequent artificial selection, frequently involving 

hybridization, might also create cultivars with novel ecological and biological features that can 

further enhance a species’ invasion potential (Trusty et al. 2008). Indeed, the majority of 

Europe’s currently naturalized and invasive alien plant species are escaped ornamental garden 

plants (Lambdon et al. 2008; Essl et al. 2011).  

Many regularly-planted, not-yet naturalized alien ornamental species have demonstrated 

the ability to naturalize in other regions of the globe (Essl et al. 2011), a well-documented 

predictor of naturalization success (Reichard & Hamilton 1997, Kolar & Lodge 2001, Herron et 

al. 2007, Klonner et al. 2016). Only few introduced species successfully escape, naturalize, and 

ultimately become invasive, but the risks from those that do demand more comprehensive risk 

assessment of species being introduced. However, this is little considered for most alien 

ornamental species.  

 

Invasion debt 

Alien ornamental species that have not yet naturalized or become invasive may still have 

the potential to do so in the future. Indeed, already-introduced species that are often widely 

planted may pose greater threats than the not-yet-introduced potential invaders (Dehnen-Schmutz 

2011). It has been well established that residence time is an important factor in the naturalization 

success of alien species (e.g. Kowarik 1995; Crooks 2005; Essl et al. 2011). As globalization and 

ornamental plant trade have rapidly increased in recent decades, and continue to increase (Essl et 

al. 2011; Seebens et al. 2015), many alien ornamental species have only been recently 

introduced. Thus, there may be a considerable future ‘invasion debt’ (sensu Essl et al. 2011) of 

species becoming invasive in the future once sufficient residence time has elapsed. Invasion debt 

may also exist among already-escaped species that have not yet expanded into their full potential 

ranges, such as shorter-dispersing species (Seabloom 2006, Bennett et al. 2013). It is therefore 

likely that there is a large invasion debt to be paid in the future in terms of both range expansions 

and new species escapes. 

Invasion debt has previously been discussed in relation to species residence time and 

dispersal rates, however, the extent of future invasion debt may also be influenced by future 

changes to species’ climatic suitability. While some climate niche expansion has been shown to 

occur for many naturalized species (Petitpierre 2012; Early & Sax 2014), limited climatic 
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suitability nevertheless serves as one of the strongest barriers to naturalization and invasion (van 

Kleunen et al. 2015b; Feng et al. 2016; Maurel et al. 2016). Ornamental species are often 

introduced into gardens outside their preferred climatic niches (Van der Veken et al. 2008). For 

this reason, ornamental plants are frequently unable to escape into local environments. However, 

with ongoing and projected climate change, it is probable that this barrier may be reduced for 

many species, particularly for species native to warmer climatic regions (Dullinger et al. 2017). 

Therefore, invasions of already-introduced ornamental species may become problematic 

(Walther et al. 2009). Yet, the responses of non-naturalized alien ornamental plant species to 

climate change have largely gone unexplored (but see Carboni et al. 2017; Dullinger et al. 2017; 

Klonner et al. 2017).  

 

Research gaps 

Native and invasive species have been shown to respond differently to changes in different 

climatic components (e.g. temperature increases, precipitation increases, precipitation decreases; 

Liu et al. 2017). Because climate change will behave differently in different regions of the globe 

(IPCC 2014), dissecting responses of invasive species to different aspects of climate change can 

help us to better project the future behavior of invasive species. Similarly, understanding how 

already-introduced, not-yet naturalized alien ornamental species respond to specific aspects of 

climate change could aid in the forecasting of new naturalizations or invasions. 

The effects of climate change on resident (i.e. native and already-naturalized alien) species 

performance are also likely to impact the future probability of naturalization for non-naturalized 

alien ornamentals, through changes in competition and niche availability. Comparisons in 

performance responses to climate change between native and already-invasive species have been 

done repeatedly (e.g. Nagel et al. 2004; Baruch & Jackson 2005; Rao & Allen 2010; Song et al. 

2010; Lei et al. 2011; Anderson & Cipollini 2013; Tooth & Leishman 2013; Verlinden et al. 

2013; Liu et al. 2017), albeit with mixed results. However, neither group’s performance under 

climate change has been compared to that of non-naturalized alien ornamental species. To 

understand how these changes in resident species performance might impact the probability of 

new species naturalizations, such direct comparisons are necessary. This is an issue that has not 

yet been addressed.  
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Assessing the naturalization and invasion risk of alien species under future climates 

necessitates an understanding of what is driving naturalization and invasion success under 

current climates. Identifying the drivers of such success has been central to invasion ecology 

since the inception of the field (Elton 1958). However, despite an overwhelming amount of 

research, the multistage nature of the invasion process (Richardson et al. 2000; Dietz & Edwards 

2006; Blackburn et al. 2011; Richardson & Pyšek 2012), as well as the inherent context 

dependency of invasions success (Pyšek 1995), makes definitive answers elusive. Some 

predictors have nevertheless been repeatedly tied to naturlization success. These include 

propagule pressure (Kolar & Lodge 2001; Lockwood et al. 2005; Maron 2006; Dehnen-Schmutz 

et al. 2007a, b; Hanspach et al. 2008; Bucharova & van Kleunen 2009; Pyšek et al. 2009a; Feng 

et al. 2016), previous naturalization success (Reichard & Hamilton 1997; Kolar & Lodge 2001; 

Klonner et al. 2016), and native range size (Gravuer et al. 2008; Maurel et al. 2016; 

Razanajatovo et al. 2016). However, climate change may have an effect on how these and other 

species characteristics influence alien species naturalization probability. Understanding such 

effects could help us to forecast new naturalizations under climate change.  

Many of these factors can simultaneously influence naturalization probability. However, 

the sole large-scale projection of future naturalization potential of non-naturalized species 

(Dullinger et al. 2017) was limited to climatic suitability assessments. By combining data for 

many of the more well-documented predictors of naturalization success with current and future 

climatic suitability assessments, it should be possible to forecast which alien ornamental species 

will have a high naturalization probability under climate change. This potential risk assessment 

method has not yet been adequately tested. 

 

Contribution of this thesis 

The overarching goal of this thesis is to assess how the naturalization risk posed by 

already-introduced non-naturalized alien ornamental species in Europe will change with climate 

change. I did this using experimental and modeling techniques. First, I experimentally assessed 

the direct and indirect effects of increased temperature, as well as the combined effects of 

increased temperatures and reduced precipitation on the establishment success of non-naturalized 

alien ornamental species. I then built a model of ornamental alien naturalization success in 
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Europe for 2,073 alien ornamental species based on climatic suitability and several other species 

characteristics, and used this model to project naturalization likelihood in Europe for 1583 non-

naturalized species under current and future climates. Finally, as a case study, I used climatic 

suitability modeling to project the naturalization likelihood of alien ornamental species planted in 

green spaces in a small German municipality. 

In Chapter I, I assessed the colonization potential of 37 non-naturalized alien ornamental 

herbaceous species under climate warming. I did this by conducting a common garden study in a 

resident grassland setting, with a warming treatment applied using infrared heating lamps. I 

compared the responses to climate warming of these species with those of species native and 

alien but already-naturalized in the region. For the non-naturalized aliens, I also assessed the 

influence of several species traits on climate warming tolerance. As responses to climate 

warming may vary with other environmental conditions (e.g. local disturbance regimes), I also 

assessed how colonization ability (i.e. germination, survival and flowering) varied between 

tillage-disturbed and undisturbed grasslands. Specifically, I asked (1) how does colonization 

success of currently non-naturalized alien herbaceous species respond to increased temperatures 

and disturbance, and how do these responses differ from those of natives and already-naturalized 

aliens? (2) How do traits of non-naturalized alien species affect colonization success in the 

different temperature and disturbance treatments? 

To address potential interacting effects from different aspects of climate change, in 

Chapter II, I examined the combined effects of warming and reduced precipitation (as projected 

for southern Germany; IPCC 2014) on the growth of a subset (10) of the non-naturalized alien 

species used in Chapter I. A gradient of warming intensities was applied to accommodate 

variation in future climate projections. To measure both absolute and relative responses to our 

climate change treatments, I grew these species alone as well as in competition with 10 native 

and 10 already-naturalized resident species. Because species responses may differ based on 

species origin, I also drew the set of non-naturalized species from across the span of outdoor 

hardiness zones (Cullen et al. 2011). Specifically, I asked (1) how will increases in temperature 

and reduced water availability affect the survival, growth and reproduction of non-naturalized 

alien ornamental species, grown with and without competition from resident species? (2) Will 

the success of non-naturalized alien ornamental species differ depending on whether the 

competing resident species is native or naturalized, and, if yes, is that difference affected by 
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climate change? (3) Will the hardiness level of non-naturalized alien ornamental species 

influence their success under climate change? 

To assess current and future naturalization risk for a large number of alien ornamental 

species, in Chapter III, I built an inclusive model of naturalization success for 2,073 alien 

ornamental species commonly planted in Europe (as per their presence in the European Garden 

Flora; Cullen et al. 2011). For this model, I considered the combined and interacting effects of 

climatic suitability, native range size, global naturalized range size, propagule pressure, and a 

suite of species traits on naturalization success. I then used this model to quantify the overall risk 

from non-naturalized garden species under current and projected future climates. I also identified 

the species with the highest naturalization potential under current and future conditions, as well 

as those species that would experience significant increases in naturalization potential between 

the present and the future due to changes in climatic suitability. This approach allowed me to (1) 

identify the most important drivers of naturalization success and assess their interactions, (2) 

quantify the overall naturalization risk from not-yet-naturalized ornamental aliens, and (3) 

identify the riskiest aliens whose monitoring and regulation ought to be of priority to land 

managers, the horticultural industry and other stakeholders in Europe. 

As a local case study, in Chapter IV, I modeled the current climatic suitability for 670 

ornamental species found planted in the public and private green spaces of a local German 

municipality, Radolfzell. That climatic suitability, as well as local planting efforts within 

Radolfzell and known naturalization success in other regions of the world, were then related to 

species’ naturalization success there. These analyses were used to define thresholds of climatic 

suitability and naturalization success elsewhere, above which local naturalization was likely. I 

then applied these to future climatic suitability projections, to forecast which species are likely to 

naturalize in Radolfzell under forecasted future climatic conditions. 
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Chapter I: The effects of climate warming and disturbance on the 

colonization potential of ornamental alien plant species 

 

Emily Haeuser, Wayne Dawson, Mark van Kleunen 

Journal of Ecology, DOI: 10.1111/1365-2745.12798 

 

Summary 

1. A large number of alien plant species have been introduced as ornamental garden plants to 

Europe, but relatively few have become invasive. Low climatic suitability may be limiting the 

current invasion potential of many alien ornamental species. However, with ongoing 

disturbance and climate change, this barrier may be reduced for some species. 

2. Here, we tested how colonization ability (a prerequisite for invasion) of frequently planted 

alien ornamentals depends on disturbance and heating, and on their species characteristics. 

We sowed seeds of 37 non-naturalized alien herbaceous garden-plant species into native 

grassland plots with and without disturbance, and with and without infrared-heating lamps. To 

assess whether their responses differ from those within the regional wild flora, we also sowed 

14 native species and 12 naturalized alien species. During 2 years, we assessed the likelihoods 

of germination, first-year survival, second-year survival and flowering of these 63 study 

species. 

3. The heating treatment, which also reduced soil moisture, decreased all measures of 

colonization success, but more so for sown native species than for the non-naturalized and 

naturalized alien ones. The disturbance treatment increased colonization success, and because 

heating decreased productivity of the undisturbed grassland plots, it also increased invasibility 

of these plots. Average colonization success of non-naturalized aliens was reduced by heating, 

but some species were not affected or performed even better with heating, particularly those 

with an annual life span and a high seed mass. Winter hardiness improved colonization ability 

of non-naturalized aliens, but this advantage was reduced in the heated plots. 

4. Synthesis. Disturbance increased and heating decreased the absolute colonization success of 

most of the 63 species sown. However, heating had stronger adverse effects on the resident 

grassland and sown native species than either type of sown alien species. Together, these 
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results suggest that some alien plants may have greater colonization success relative to native 

plants under a warmer climate. 

 

Introduction 

Ornamental horticulture is a major pathway of alien plant introduction (Hulme 2011). In 

addition, ornamental horticulture often selects and breeds species with traits promoting invasion 

success, such as easy germination, fast growth and high reproductive output (Weber 2003; 

Anderson et al. 2006; Kitajima et al. 2006; Trusty et al. 2008; Pemberton & Liu 2009; Chrobock 

et al. 2011; Moodley et al. 2013). As a result, more than half of Europe's currently naturalized 

and invasive alien plant species (i.e. those sustaining long-term wild populations, and those 

spreading across the landscape, respectively; Richardson et al. 2000) are escaped ornamental 

garden plants (Lambdon et al. 2008; Essl et al. 2011). Therefore, ornamental plants are of 

particular concern when trying to identify potential future invaders. 

As globalization and ornamental plant trade increase, it is probable that many more 

species will be introduced and become invasive (Essl et al. 2011; Seebens et al. 2015). 

Furthermore, as suggested by distribution modelling for Europe (Dullinger et al. 2017), climate 

change is likely to increase the overall naturalization risk of ornamental garden plants that are 

already widely planted. Identifying those ornamental alien species that are likely to become 

invasive in the future will thus be an important step towards preventing many future invasions. 

Once an alien species has passed the introduction barrier, its invasion potential under future 

climates will depend on its ability to pass subsequent barriers to colonization and establishment 

(Hellmann et al. 2008). Therefore, as a first step, one should assess the effect of climate change 

on the ability of introduced non-naturalized alien plants to colonize resident communities. 

A species’ climatic niche is a key determinant of naturalization success (e.g. Feng et al. 

2016), and is generally highly conserved from the native to the introduced range (Petitpierre et 

al. 2012; but see Early & Sax 2014). Determining climatic suitability is therefore crucial for 

assessing a species’ potential invasion success. However, the global climate is rapidly changing 

(IPCC 2014), and many alien species that do not pose an invasion risk under the current climate, 

may become invasive under future climates (Walther et al. 2007, 2009). Some of these future 

invaders may be species recently introduced to the ornamental garden flora, because they are 

likely to thrive in emerging warmer climates (Theoharides & Dukes 2007; Bradley et al. 2012). 
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However, many future invaders may be alien species that are already widely planted in gardens, 

but have not yet naturalized due to an unsuitable climate (Van der Veken et al. 2008; Feng et al. 

2016; Dullinger et al. 2017). Gardens and nurseries may thus provide convenient jumping-off 

points for invasion under climate change (Van der Veken et al. 2008). 

Invasion success is frequently facilitated by disturbance of resident communities, as the 

introduced alien species take advantage of the reduced competition and changes in resource 

availability (Hobbs 1989). Indeed, more disturbed grasslands have been generally found to be 

more easily invaded than less disturbed ones (e.g. Burke & Grime 1996; Gross et al. 2005; 

Kempel et al. 2013). Some introduced aliens, however, may have a higher ability to colonize 

undisturbed grasslands than others. Species traits are likely to affect this potential, and may 

differentially contribute to a species’ colonization ability in disturbed and undisturbed grassland 

sites under ambient and future climatic conditions. 

To test whether invasion risk of ornamental non-naturalized alien plants is likely to increase 

with climate change and disturbance, we conducted an introduction experiment in a grassland 

site in Germany. We sowed 37 non-naturalized alien species commonly grown as ornamentals in 

European gardens, as well as 12 naturalized alien and 14 native species. We aimed to obtain 

more generalized results using a large number of species (van Kleunen et al. 2010, 2014). 

Specifically, we addressed the following questions: 

(1) How does colonization success of currently non-naturalized alien herbaceous species 

respond to increased temperatures and disturbance, and how do these responses differ 

from those of natives and naturalized aliens? 

(2) How do traits of non-naturalized alien species affect colonization success in the different 

temperature and disturbance treatments? 

 

Methods 

Study species 

Non-naturalized alien species for this introduction experiment were chosen from the 

European Garden Flora (EGF), a comprehensive encyclopaedia of plant species grown in many 

European gardens (Cullen et al. 2011; see Table I.S1, Supporting Information). We selected 37 

ornamental herbaceous species, covering 18 families, based on the criteria that they are alien to 

Germany and not naturalized there. Furthermore, to ensure that these species spanned a climatic 
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suitability gradient, we selected species from each of the five outdoor hardiness zones used by 

the EGF (Table I.S1). These hardiness zones are defined based on the minimum temperatures at 

which a species can survive. We designated these zones as 1–5, with the least hardy (hardiness 

zone 1) species only tolerating winter minimum temperatures above −5 °C and the hardiest 

(hardiness zone 5) species surviving winter minimum temperatures below −20 °C (Table I.S1). 

We classified species as having either an annual or perennial life span based on information in 

the EGF, and we compiled data on their average seed mass (range: 0.09–19.52 mg) from B & T 

World Seeds (Aigues-Vives, France) or our own measurements. 

We also compared colonization success of the 37 non-naturalized alien species with that 

of 14 native (from 13 families) and 12 naturalized alien species (from nine families) that occur in 

the wild in Germany. We included fewer of the latter two types of species, because our primary 

interest was the colonization success of the non-naturalized aliens. Although this may have 

introduced minor sampling effects, this is unlikely to have substantially affected the results, 

because the total number of species used was large. The native and naturalized alien species were 

chosen based on the criteria that they are known to occur in grasslands but are not part of the 

resident grassland community in our experimental garden site (see below). To increase the 

generalizability of the results, species from all three groups (native, naturalized alien and non-

naturalized alien) were selected to cover a broad range of families, and included both annual and 

perennial species. Seeds of the non-naturalized and naturalized alien species were obtained from 

B & T World Seeds, and seeds of the native species were obtained from Rieger-Hoffman GmbH 

(Blaufelden-Raboldshausen, Germany). To be able to account for variation in the quality of the 

seeds, we assessed germination rates under optimal conditions in a separate greenhouse 

experiment (see Fig. I.S1). 

 

Study site and experiment 

We conducted this study in a grassland site (further referred to as ‘resident grassland’) in 

the Botanical Garden of the University of Konstanz, Germany (47.69°N, 9.18°E). The 2000–

2010 average mean annual temperature in Konstanz is 9.8 °C, and average mean annual 

precipitation is 1048.4 mm (World Weather Online 2016). Konstanz lies within the EGF 

hardiness zone 3 (i.e. winter minimum temperatures from −10 to −15 °C). The resident grassland 

for our experiment was established from a commercial seed mixture for mesotrophic grasslands 
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(02 Fettwiese; Rieger-Hoffman), including seeds of 39 common German grassland species (11 

grasses, 28 forbs; Table I.S2). To ensure that the resident grassland was well-established at the 

start of our introduction experiment, the seed mixture was sown 1 year in advance (April 2013). 

The climate-warming treatment in this study was applied using infrared-heating lamps 

(MRM-2420; 240 V, 2000 W; Kalglo Electronics Co., Bethlehem, PA, USA). The infrared-

heating lamps were 1.65 m long and 12 cm wide, and positioned at a height of 1.45 m above the 

soil surface using metal frames. Each lamp was positioned above a 2 m × 2 m plot of the resident 

grassland, and with the help of a small motor slowly swayed like a pendulum along its horizontal 

axis to evenly heat the entire plot (Fig. I.S2). We had 10 replicate resident grassland plots with 

infrared-heating lamps, and each of these plots was paired with an adjacent unheated plot that 

also had metal frames but no lamps. To avoid interference among plots, we had a 0.8 m wide 

buffer between adjacent plots. 

The temperature of each of the 20 plots was measured once every 2 s with infrared 

temperature sensors placed 75 cm above the ground, at an angle of ~45°. The average difference 

in canopy temperature between heated and control plots across the 2 years of the experiment was 

1.6 °C (SE = 0.04 °C) (Fig. I.S3). This experimental temperature increase is within the 1.5–3.5 

°C range of predicted air temperature increases for Konstanz and much of Europe by the end of 

the 21st century under mitigating climate scenarios (Füssel & Jol 2012). Experimental heating is 

likely to reduce soil-water availability, another component of climate change, by increasing the 

water vapour gradient and conductance (Kimball 2005; de Boeck et al. 2010). Therefore, we also 

measured the soil-moisture levels in each plot three times during the study using a HH2 moisture 

meter attached to a WET-2 WET sensor (Delta-T Devices Ltd, Cambridge UK; Fig. I.S4). 

To speed up growth of the resident grassland prior to the start of the experiment (i.e. 

sowing of the target species), we fertilized it in August 2013 with Universol Blue® (Everris, 

Nordhorn, Germany, 10 g m−2) with an effective rate of ~1.8 g N (1 g nitrate, 0.8 g ammonium) 

applied per m2. All plots were mown in September 2013, and again in April 2014. As a 

disturbance treatment, five randomly chosen heated/unheated plot pairs were hand-tilled to a 

depth of ~15 cm in April 2014. Each plot was then divided into 64 subplots of 20 cm × 20 cm 

marked with orange-painted bamboo sticks (Fig. I.S2). 

Each of the 37 non-naturalized alien, 12 naturalized alien and 14 native target species 

was randomly allocated to one subplot per plot. This resulted in five independent replicate 
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subplots per species in each of the four heating-by-disturbance treatment combinations. On 23 

April 2014, 50 seeds of each species were sown in their respective subplots. Some previous 

introduction studies sowed fewer seeds of species with heavy seeds than of species with lighter 

seeds to manipulate total mass, rather than total number, of seeds added (e.g. Burke & Grime 

1996). However, because colonization success is likely to increase with propagule pressure 

(Lockwood, Cassey & Blackburn 2005), we sowed a fixed number of seeds per species. We did 

not do any supplemental watering (i.e. the plants relied on natural precipitation). 

Six weeks after sowing (from 2 to 5 June 2014), we checked seed germination success of 

each species in a plot. As there was no buffer between subplots in a plot, we also looked for 

seedlings of the species in neighbouring subplots to check whether seeds had inadvertently 

moved outside their allocated subplots. After that first census, we counted the number of 

seedlings and plants of the sown species at the beginning of each month until October 2014 (i.e. 

we had a total of five censuses in the first year). As most grasslands in Central Europe are mown 

at least once a year (Blüthgen et al. 2012), all plots were mown in November 2014. The mown 

plant material was left on the plots. We again counted the number of seedlings and plants of the 

sown species in 2015, beginning on 30 March, and subsequently once a month until October (i.e. 

we had a total of seven censuses in the second year). At each of the 12 censuses, we also scored 

the presence of any flowering individuals of the target species as a binary measure of flowering 

success per subplot. 

To test effects of disturbance and heating on the resident grassland, we assessed resident 

grassland diversity, composition and productivity. To assess diversity and composition, we 

estimated the percentage cover of all species present for each plot in August 2014. To estimate 

plot productivity, we harvested total above-ground biomass of the resident grassland in three 

randomly selected subplots without any target species in November 2014. This was done 

immediately before mowing the entire plots, and it was repeated in November 2015. The 

biomass samples were dried at 70 °C for >72 h and then weighed. 

 

Statistical analyses 

Effects of heating, disturbance and species status on colonization success 

We used generalized linear mixed effect models (GLMMs) to test whether heating (yes, 

no), disturbance (yes, no), species status (non-naturalized alien, naturalized alien and native) and 
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their interactions significantly affected colonization success of the experimentally introduced 

species. We used four measures of colonization success as response variables: (i) germination 

likelihood: a binary measure (yes, no) of whether any seedlings of the sown species were present 

in any census, (ii) first-year survival: the proportion of the 50 originally sown seeds that had 

germinated and subsequently survived until the end of the first year's growing season (i.e. until 

the October 2014 census), (iii) second-year survival: the proportion of the 50 originally sown 

seeds that had germinated and subsequently survived until the end of the second year's growing 

season (i.e. until the October 2015 census), and (iv) flowering likelihood: a binary measure (yes, 

no) of whether any individual of the target species in a subplot flowered at any point during the 

experiment. The GLMMs were built using binomial error distributions using a logit link, with the 

glmer function of the lme4 package (Bates et al. 2015) in r 3.3.0 (R Core Team 2016). To 

account for non-independence of subplots within a plot and plots within a pair, plot and plot pair 

were included as nested random effects. To account for non-independence of replicates of a 

species and for phylogenetic non-independence of species, we included species and family as 

nested random effects. To account for variation in the viability of the seeds, we included a 

covariate in all models, which was the germination rate for each species as measured under 

optimal conditions in a separate greenhouse experiment (Fig. I.S1). We assessed the significance 

of each fixed term with a likelihood-ratio test of the change in deviance between a model with 

and a model without the term of interest (Zuur et al. 2009). Resident grassland composition, 

diversity and biomass were not included in these models, because of limited statistical power. 

Therefore, these grassland variables were instead analysed separately (see below). 

 

Effects of traits on colonization success of non-naturalized aliens 

To test whether colonization success of the 37 non-naturalized alien species was related 

to their traits, we modelled our four measures of colonization success (germination likelihood, 

first-year survival, second-year survival, flowering likelihood) as functions of species hardiness 

zone (1–5), life span (annual, perennial), average seed mass (standardized to a mean of zero and 

a SD of one) and their interactions with disturbance (yes, no) and heating (yes, no). To facilitate 

interpretation of the results, hardiness zone was included as a continuous variable and also 

standardized to a mean of zero and a SD of one. 
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The models included main effects of each species trait as well as their two- and three-way 

interactions with heating and disturbance. Interactions between species traits were not 

considered. We included plot nested within plot pair and species nested within family as random 

effects, and germination rate under optimal conditions in the greenhouse as a covariate. Because 

the species-trait models included non-experimental variables (i.e. traits) and many interactions, 

we used Akaike Information Criterion (AIC)-based model selection (Akaike 1973) to select the 

most parsimonious models. For each response variable, all fixed terms were individually 

removed from the saturated model in order of least significance, and terms whose removal did 

not result in an AIC increase >4 were excluded. This stepwise removal of fixed terms was 

repeated until we had a minimum adequate model. 

 

Effects of treatments on resident grassland 

To test effects of heating and disturbance on the species composition of the resident 

grassland plots, we first created a Bray–Curtis dissimilarity matrix from the species-cover data 

using the vegdist function of the vegan package (Oksanen et al. 2016). Then, we used the adonis 

function to perform a PERMANOVA with heating, disturbance and their interactions as fixed 

terms and plot pair as a random effect. We additionally used the species-cover data to calculate 

the Shannon Diversity Index using the diversity function of the vegan package (Oksanen et al. 

2016). To test whether the Shannon Diversity Index was significantly affected by disturbance, 

heating and their interaction, we then performed an ANOVA using the lmerTest package 

(Kuznetsova, Brockhoff & Christensen 2016) with plot pair included as a random effect. 

To test whether productivity of the resident grassland was significantly affected by 

disturbance, heating and their interaction, we performed an ANOVA with above-ground biomass 

of the subplot as the response variable. Disturbance and heating treatments, the year of harvest 

(2014, 2015), and all two-way interactions of the three factors were included as fixed terms. To 

account for non-independence of plots within a pair, and subplots within a plot, plot pair and 

individual plot were included as nested random effects. 

 

Results 

Among the sown species, 33 out of 37 (89.2%) non-naturalized alien, 11 out of 12 

(91.7%) naturalized alien and 12 out of 14 (85.7%) native species had at least one seed that 
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germinated (Fig. I.S5). Twenty (54.1%) non-naturalized alien, five (41.7%) naturalized alien and 

seven (50.0%) native species had at least one plant that survived the first year (Fig. I.S6). Eight 

(21.6%) non-naturalized alien, four (33.3%) naturalized alien and five (35.7%) native species 

had at least one plant that also survived to the end of the second growing season (Fig. I.S7). 

Fourteen (37.8%) non-naturalized alien, five (41.7%) naturalized alien and five (35.7%) native 

species had at least one plant that flowered during the 2 years of the experiment (Fig. I.S8). 

 

Effects of heating and disturbance on non-naturalized alien, naturalized alien and native 

species 

The likelihoods of germination, first-year survival, second-year survival and flowering 

were all lower in undisturbed than in disturbed plots, and this was statistically significant for all 

colonization-success metrics except flowering likelihood (Table I.1, Figs I.1 and I.2). Heating 

had a negative effect on colonization success on average, as shown by reductions in germination, 

first-year survival, second-year survival and flowering of species in heated relative to unheated 

plots (Table I.1). The negative effects of heating on germination and first-year survival were 

stronger in disturbed than in undisturbed plots (significant heating × disturbance interactions in 

Table I.1; Fig. I.2), which was presumably the result of very low colonization success in 

undisturbed plots. 

Non-naturalized alien, naturalized alien and native species did not, on average, perform 

significantly differently from one another (Table I.1). However, heating had a stronger negative 

effect on native species than on naturalized and non-naturalized alien species for our four 

colonization-success metrics (Table I.1, Fig. I.2). On the other hand, in undisturbed plots, native 

species were more likely to germinate than non-naturalized and naturalized alien species, and 

had higher first-year survival and second-year survival than non-naturalized alien species (Table 

I.1, Fig. I.2). 
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Table I.1 Results of generalized linear mixed effects models testing the significance of effects of species status (introduced native, 

naturalized or non-naturalized), heating and disturbance on different measures of colonization success. Optimal germination rate refers 

to the germination under greenhouse conditions. Significance of the fixed terms was tested using log-likelihood ratio tests comparing 

models with and without the term of interest. Order indicates the sequence in which fixed terms were removed from the model. 

Marginal and conditional R2 values (calculated using the sem.model.fits function in the piecewiseSEM package; Lefcheck 2015) are 

reported for all saturated models. Bold P-values indicate significance (P < 0.05), and italics indicate marginally significant values (P < 

0.1). 

 

 Germination 

likelihood 

 

1
st
 year survival 

 

2
nd

 year survival 

 

Flowering likelihood 
Fixed terms Order d.f.  χ² P  χ² P  χ² P  χ² P 

Optimal germination rate 4 1  18.14 <0.001  26.11 <0.001  2.14 0.143  11.3 <0.001 

Heating 3 1  2.37 0.123  2.85 0.091  3.51 0.061  5.12 0.024 

Disturbance 3 1  5.79 0.016  20.05 <0.001  6.69 0.010  37.75 <0.001 

Species status 3 2  1.81 0.405  0.3 0.859  1.835 0.400  0.3 0.865 

Heating : Disturbance 2 1  5.58 0.018  10.93 <0.001  0.02 0.875  0 1 

Heating : Status 2 2  136.56 <0.001  728.57 <0.001  178.79 <0.001  34.35 <0.001 

Disturbance : Status 2 2  287.03 <0.001  5747.4 <0.001  560.69 <0.001  0.01 0.994 

Heating : Disturbance : Status 1 2  74.89 <0.001  160.36 <0.001  0.23 0.890  0 1 

   
 

  

 
  

 
  

 
  

Random terms    Variance Levels  Variance Levels  Variance Levels  Variance Levels 

Species/Family    5.39 63  28.69 63  21.14 63  56.80 63 

Family    0.15 24  <0.01 24  31.81 24  <0.01 24 

Plot    0.28 20  0.18 20  1.25 20  0.20 20 

Plot pair    1.75 10  0.06 10  2.47 10  0.26 10 

   
 

  

 

  

 

  

 

  

R2    Marginal Conditional  Marginal Conditional  Marginal Conditional  Marginal Conditional 

    0.27 0.78  0.60 0.96  0.55 0.98  0.77 0.99 
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Fig. I.1 Proportion of sown seeds of non-naturalized ornamental species that germinated and 

survived as plants until the end of the first year in the disturbance and heating treatments. Only 

the 20 species (out of 37) of which at least one seedling survived are shown. 
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Fig. I.2  Colonization success (means and SEs) for native (white), naturalized (light grey) and 

non-naturalized (dark grey) introduced species in the heating and disturbance treatments 

according to the four measured metrics: (a) germination likelihood, (b) first-year survival, (c) 

second-year survival and (d) flowering likelihood. First-year survival and second-year survival 

are measured as proportions of the sown seeds in a subplot that are present as seedlings by the 

end of the first and second growing seasons, respectively. Germination likelihood and flowering 

likelihood are a measure of the presence (yes, no) of seedlings and flowering plants, respectively, 

in a subplot. 
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Effects of traits on colonization success of non-naturalized alien species 

Colonization success of the non-naturalized alien species was low in undisturbed plots 

and was negatively affected by heating (Fig. I.2). Nevertheless, several of the non-naturalized 

alien species performed as least as well in the heated plots as in the unheated plots. For first-year 

survival, these species included Centaurea americana, Centaurea macrocephala, Eritrichium 

canum, Iris domestica and Zinnia peruviana (Fig. I.1). 

Averaged across all treatments, annual and perennial non-naturalized alien species did 

not differ in their colonization success. However, in disturbed plots, annuals were more likely to 

germinate than perennials, whereas in undisturbed plots, the reverse was true (Table I.2, Fig. 

I.3a). In unheated plots, first-year survival of perennials was higher than that of annuals, but in 

heated plots annual first-year survival was slightly higher than that of perennials (Table I.2, Fig. 

I.3b). 

Germination and first-year survival of non-naturalized alien species increased 

significantly with seed mass, and there was a similar but non-significant trend for second-year 

survival (Table I.2, Fig. I.3c–f). The positive effect of seed mass on germination was only 

apparent in the disturbed plots (Fig. I.3d), whereas the positive effect on first- and second-year 

survival was weaker in the disturbed than in the undisturbed plots (Table I.2, Fig. I.3e, f). 

Moreover, the positive effect of seed mass on first-year survival was stronger in heated than in 

unheated plots (Table I.2, Fig. I.3c). 

Averaged across all treatments, winter hardiness of the non-naturalized alien species did 

not affect the four colonization-success metrics (Table I.2). However, it had a positive effect on 

first-year survival in the disturbed plots; this positive effect was smaller in the undisturbed plots 

(Table I.2, Fig. I.3g). Although winter hardiness had a positive effect on second-year survival in 

unheated plots, this effect was reduced in heated plots (Table I.2, Fig. I.3h). 

 

Effects of heating and disturbance on the resident grassland 

The resident grassland contained 60 native and four alien plant species (Table I.S2). The 

Shannon Diversity Index of the plots was not significantly affected by the main effects of 

disturbance (F1,8 = 0.01, P = 0.910) and heating (F1,8 = 2.41, P = 0.159). However, there was a 

significant interaction between heating and disturbance; diversity decreased with heating in 

disturbed plots, but increased slightly with heating in undisturbed plots (F1,8 = 5.73, P = 0.044; 
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Fig. I.S9). In the analysis of species composition, NMDS-axis 1 clearly separated the disturbed 

and undisturbed plots. NMDS-axis 2 separated the heated and unheated plots, but to different 

degrees for disturbed and undisturbed plots (Fig. I.S10). In the PERMANOVA, these differences 

in species composition were reflected in significant effects of disturbance (F1,8 = 19.41, P = 

0.004), heating (F1,8 = 1.16, P = 0.018) and their interaction (F1,8 = 1.48, P = 0.002). 

Biomass production was significantly higher in undisturbed than in disturbed plots (F1,114 

= 10.45, P = 0.001; Fig. I.S11), but this disturbance effect was only apparent in the first year as 

indicated by the significant year x disturbance interaction (F1,114 = 6.92, P = 0.01). The effect of 

heating also differed significantly between the 2 years (F1,114 = 4.26, P = 0.04). In the first year, 

heating had a slight positive effect on biomass production, whereas in the second year it had a 

negative effect (Fig. I.S11). 

 

Discussion 

In our species-introduction experiment, disturbance of resident grassland strongly 

promoted colonization success of the sown species. Heating had a negative effect on colonization 

success, but more so for native than for non-naturalized and naturalized alien species. 

Nevertheless, some species did not exhibit reduced colonization success in response to heating, 

and a few even responded positively to the simulated future temperatures (Figs I.1 and I.2). 

Among non-naturalized alien species, neutral or positive responses were associated with an 

annual life cycle and heavy seeds, while the advantage of high winter hardiness was reduced 

under warmer temperatures. 
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Table I.2 Results of binomial GLMMs testing significance of the effects of traits (life span, seed mass, winter hardiness) and 

treatments (disturbance, heating) on different measures of colonization success of ornamental species. Interactions and parameters not 

found to be significant in the full models were excluded from the final minimum adequate models (indicated as –). Three-way 

interactions between disturbance, heating and individual traits were tested in all initial full models, but as they were not significant, 

they were excluded. Random effects of species, family, plot and plot pair were included in all models. Marginal and conditional R2 

values (calculated using the sem.model.fits function in the piecewiseSEM package; Lefcheck 2015) are reported for all reduced 

models. Bold P-values indicate significance (P < 0.05), and italics indicate marginally significant values (P < 0.1). 

Traits Germination 

likelihood 

 1
st
 year survival  2

nd
 year survival  Flowering likelihood 

Fixed terms Est. SE z P  Est. SE z P  Est. SE z P  Est. SE z P 
(Intercept) -0.52 1.01 -0.52 0.604  -10.34 2.22 -4.65 <0.001  -18.14 3.53 -5.14 <0.001  -4.53 0.95 -4.79 <0.001 

Optimal germination rate 1.36 0.32 4.31 <0.001  3.61 0.92 3.94 <0.001  8.77 4.47 1.96 0.057  1.72 0.75 2.29 0.022 

Heating-Heated -- -- -- --  0.19 0.94 0.20 0.843  -1.23 0.55 -2.23 0.026  -- -- -- -- 

Disturbance-Undisturbed -4.70 1.32 -3.57 <0.001  -9.17 1.03 -8.88 <0.001  -151.75 26.25 -5.78 <0.001  -22.57 273.68 -0.08 0.934 

Hardiness zone -- -- -- --  0.65 0.87 0.76 0.449  4.19 2.12 1.97 0.052  -- -- -- -- 

Life span-Perennial -0.24 0.71 -0.33 0.742  1.65 2.03 0.81 0.420  -- -- -- --  -- -- -- -- 

Seed mass 1.79 0.42 4.21 <0.001  2.12 0.83 2.53 0.011  2.86 1.68 1.70 0.090  -- -- -- -- 

Heated : Undisturbed -- -- -- --  -- -- -- --  -- -- -- --  -- -- -- -- 

Heated : Hardiness -- -- -- --  -- -- -- --  -0.67 0.05 -13.99 <0.001  -- -- -- -- 

Heated : Perennial -- -- -- --  -0.52 0.04 -12.57 <0.001  -- -- -- --  -- -- -- -- 

Heated : Seed mass -- -- -- --  0.38 0.01 31.06 <0.001  -- -- -- --  -- -- -- -- 

Undisturbed : Hardiness -- -- -- --  2.52 0.30 8.53 <0.001  -- -- -- --  -- -- -- -- 

Undisturbed : Perennial 2.01 0.76 2.64 0.008  -- -- -- --  -- -- -- --  -- -- -- -- 

Undisturbed : Seed mass -1.13 0.41 -2.78 0.005  1.34 0.07 19.00 <0.001  40.12 7.12 5.64 <0.001  -- -- -- -- 

                    

Random terms Variance Levels  Variance Levels  Variance Levels  Variance Levels 
Species/Family   1.19  37  16.99 37  57.85 37  8.81 37 

Family   1.41  18  0.37 18  <0.01 18  <0.01 18 

Plot   0.48  20  4.04 20  1.06 20  0.04 20 

Plot pair  2.57  10  <0.01 10  6.55 10  0.01 10 

R2 Marginal Conditional  Marginal Conditional  Marginal Conditional  Marginal Conditional 

  0.40  0.78  0.66 0.96  0.99 >0.99  0.91 0.98 
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Fig. I.3 (a) Effects (in terms of log odds and their SEs) of life span on germination likelihood in 

disturbed (grey) and undisturbed (black) plots, and (b) on first-year survival in heated (red) and 

unheated (blue) plots. (c) Effects of seed mass on first-year survival in heated and unheated 

plots, and (d) on germination likelihood, (e) first-year survival and (f) second-year survival in 

disturbed and undisturbed plots. (g) Effects of hardiness on first-year survival in disturbed and 

undisturbed plots, and (h) on second-year survival in heated and unheated plots.
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Colonization success of non-naturalized alien, native and naturalized alien species 

Our findings suggest that most of the species we included in our experiment are not 

well-suited to an increase in temperatures at our study location. This contrasts with the 

positive responses of introduced species to increased temperatures observed elsewhere (e.g. 

Verlinden & Nijs 2010; Chuine et al. 2012; He, Li & Peng 2012; Liu et al. 2017). Our results 

suggest that colonization success of incoming species will be determined by their ability to 

tolerate warmer climates. Consistent with other grassland introduction experiments (e.g. 

Kempel et al. 2013), we found that undisturbed grassland plots were highly resistant to 

colonization. Only six of the 63 species that we sowed into the plots showed any first-year 

survival in undisturbed plots (four native species: Achillea millefolium, Ajuga reptans, 

Aquilegia vulgaris and Vicia sepium, and two non-naturalized alien species: Iris domestica 

and Monarda punctata). However, first-year survival of sown plants was slightly higher in 

heated than in unheated undisturbed plots. Heating may have a direct effect on the 

performance of the sown species, but might also indirectly affect colonization by altering the 

composition of the resident community. Heating reduced diversity in the plots with a 

disturbed resident grassland community and it reduced biomass production of both disturbed 

and undisturbed plots in the second year. 

It is difficult to separate the direct effects of heating on colonization from the indirect 

effects of heating on the resistance offered by the resident plant community, and we did not 

have sufficient statistical power to test these effects directly. However, if the resident 

grassland community was negatively impacted by heating, it is likely that the sown species 

benefited from reduced competition with the resident community, resulting in greater rates of 

colonization. In the second year of our experiment, biomass production of the resident 

grassland was significantly lower in heated than in unheated plots (Fig. I.S11). This reduction 

in resident biomass could decrease cover and increase availability of open niches for 

establishment (Burke & Grime 1996; Davis et al. 2000; Gross et al. 2005; Thuiller et al. 

2005a, 2011; Ward & Masters 2007; Chuine et al. 2012). Thus, higher future temperatures 

might lower the barrier to invasions by more resistant aliens into physically undisturbed, but 

less productive communities. 

Consistent with projected climate change in central Europe, our climate-warming 

treatment also resulted in reduced soil moisture in the heated plots (Fig. I.S4). Unusually high 

ambient summer temperatures during our 2014–2015 study period (Climate Data Online 

2016) may have further reduced soil moisture levels beyond the effects expected from the 

infrared lamps alone. Indeed, it is likely that reduced soil moisture at least partly produced 
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the observed responses to heating. de Boeck et al. (2011) showed that heat waves had little 

negative impact on plant growth unless they were combined with drought. 

The native species that we sowed were better colonizers of the undisturbed resident 

grassland than either non-naturalized or naturalized alien species. This suggests that the 

natives are more suited to competing and establishing in these grassland communities than 

the alien species. However, the negative impact of heating on colonization was stronger for 

native species than for either group of alien species. This suggests that native species may be 

less pre-adapted to establish new populations under climate change than aliens. As described 

above, the heated undisturbed resident grassland plots were also slightly less resistant to sown 

species and were less productive than unheated plots. Together these results suggest that 

native species in general will be less tolerant than alien species of the effects of warming 

under climate change, resulting in a relative advantage for alien species. 

Naturalized and non-naturalized alien species were more similar to one another in 

colonization success than either group was to the sown native species. Naturalized species are 

presumably already suited to current climates in central Europe (Feng et al. 2016). However, 

they may also frequently occupy broader temperature niches in their introduced ranges 

(Leiblein-Wild et al. 2014). This broad environmental tolerance might explain why 

naturalized alien species in our experiment were better colonizers under heating than the 

native species that we sowed. The similarity in the performance of the naturalized and non-

naturalized aliens suggests that the non-naturalized aliens may also have a broad 

environmental tolerance. Selective introduction or breeding of non-naturalized alien species 

with more plastic genotypes may also predispose them to be more tolerant of climate change 

(Bossdorf et al. 2008). Ultimately, this means that many of the widely cultivated alien species 

in central Europe possess the potential to become naturalized (and in some cases invasive) in 

the future (Dullinger et al. 2017). 

 

Traits associated with colonization of non-naturalized aliens 

Despite the large scale of our experiment, the 37 non-naturalized alien species that we 

used still only represent a small fraction of Europe's potential future invaders. Yet, we 

identified several currently non-naturalized alien species that are likely to colonize under 

future climatic conditions. Moreover, we identified traits associated with colonization 

success, which could be used to identify other non-naturalized alien species that are more 

likely to colonize in the future. 
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Perennial non-naturalized alien species were more likely to germinate than annual 

ones in undisturbed grassland plots. Annual species are known to be poor competitors in 

stable environments with established vegetation, due to limited long-term investment in 

resource acquisition and storage organs (Pitelka 1977). In response to heating, however, 

annual species first-year survival increased, and perennial first-year survival decreased. We 

did not test priority effects in this study, but it is possible that the fast initial root growth often 

associated with annuals (Struik 1965; Harris & Wilson 1970; Roumet et al. 2006) may allow 

them to quickly access limited resources such as water. Thus, under changing climates and 

increasing disturbance, annual species may be better able to colonize and ultimately 

naturalize. 

Our findings that seed mass increased colonization success mirrored those of 

Jakobsson & Eriksson (2000) and Kempel et al. (2013), showing greater survival for species 

with heavier seeds in undisturbed plots. The higher initial resource availability in heavier 

seeds might confer a growth advantage that increases subsequent seedling survival when 

competing with intact vegetation (Moles & Westoby 2004). Survival for species with heavier 

seeds was also greater in heated than unheated plots. This may be because species with 

heavier seeds germinate and survive as seedlings better in moisture-limited environments 

than those with smaller seeds (Khurana & Singh 2000). Under climate change, non-

naturalized alien species with heavier seeds may therefore have a colonization advantage, and 

thus may be more likely to naturalize if they can disperse to suitable sites. However, it should 

be noted that species with lighter seeds may also produce more of them per plant, and be 

more widely dispersed than heavier seeds (Jakobsson & Eriksson 2000). Thus, greater 

propagule pressure of lighter seeded colonizing species might compensate for poorer 

individual survival. As we did not assess seed production and dispersal ability of our species, 

our experiment was unable to test this. 

The effect of winter hardiness of non-naturalized alien species on their colonization 

success depended on disturbance and heating. While first-year survival was not strongly 

affected by hardiness in disturbed plots, it increased with hardiness in undisturbed plots. The 

lower climatic suitability of the less hardy species may have been exacerbated by competition 

in the undisturbed plots. Although winter hardiness is likely to be associated with various 

aspects of climatic tolerance, including drought tolerance (Thomashow 1999; Zhu 2002; 

Pembleton & Sathish 2014), it is primarily a measure of the winter temperature that a species 

can tolerate. Our study site lies in hardiness zone 3 (minimum temperatures reaching roughly 

−10 to −15 °C), and therefore, we would expect species from the less hardy zones 2 and 1 
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(minimum temperatures down to −10 and −5 °C, respectively) to benefit from heating. 

Indeed, we found that for survival until the end of the second growing season, which included 

overwinter survival, the advantage of hardier species over less hardy species was reduced in 

the heated plots. While less-hardy species may not exhibit an absolute increase in suitability 

under changing climates, if hardier species’ climatic suitability is reduced, opportunities for 

the colonization of less-hardy species may nevertheless increase. 

 

Conclusions 

We simulated and measured the effects of climate-warming on the colonization of a 

seminatural grassland by 37 non-naturalized species, under realistic field conditions. We 

identified five species that were able to successfully colonize and may be able to naturalize 

under warming climates (C. americana, C. macrocephala, E. canum, I. domestica and Z. 

peruviana). Three of these species have already become naturalized elsewhere in the world 

(C. macrocephala, I. domestica and Z. peruviana are naturalized in at least 11, 79 and 39 

regions outside Europe, respectively; van Kleunen et al. 2015a). We also identified higher 

seed mass and an annual life span as traits that may make a species more tolerant to warming 

climates, while the advantage of greater winter hardiness may be reduced under climate 

change. These traits may be useful in identifying further potential invaders. Overall, 

increased temperatures negatively impacted non-naturalized alien colonization. However, 

native species were more strongly affected. Therefore, even if the majority of ornamental 

alien species will be climatically less suited to Europe in the future, some of the ornamental 

alien species may benefit from the niches left vacant by the more strongly affected native 

species. 
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Supporting Information 

Table I.S1.  Native, naturalized and non-naturalized species selected for introduction as 

seeds in the experimental grassland with and without disturbance and with and without 

heating. 
†
 Indicates an N-fixing species, 

‡ 
indicates C4 grasses. Hardiness zone indicates the 

minimum temperature tolerances: 1 for ≥ -5°C, 2 for -10 to -5°C, 3 for -10 to -15°C, 4 for -15 

to -20°C and 5 for ≤ -20°C. Average seed mass for each species was taken from B & T World 

Seeds (Aigues-Vives, France; indicated by 
§
), or measured for 10-30 seeds from our source 

stock. 

 
Species Family Status Hardiness zone Max life span Seed mass (mg) 
Achillea millefolium Asteraceae native 5 perennial 0.13 

Ajuga reptans Alba Lamiaceae native 4 perennial 1.15 

Allium schoenoprasum Amaryllidaceae native 5 perennial 1.31 
Aquilegia vulgaris Ranunculaceae native 3 perennial 2.22

§
 

Atropa belladonna Solanaceae native 3 perennial 1.32 

Iris sibirica Iridaceae native 5 perennial 13.08 

Lysimachia vulgaris Primulaceae native 5 perennial 0.37 

Origanum vulgare Lamiaceae native 4 perennial 0.10 

Phleum pratense Poaceae native 3 perennial 0.41 

Plantago media Plantaginaceae native 5 perennial 0.72 
Rumex crispus Polygonaceae native 5 perennial 1.46 

Silene latifolia Caryophyllaceae native 3 perennial 0.98 

Vicia sepium
†
 Fabaceae native 5 perennial 21.28 

Viola tricolor Violaceae native 3 perennial 0.64 

Antirrhinum majus Plantaginaceae naturalized 2 perennial 0.13
§
 

Cerastium tomentosum Caryophyllaceae naturalized 4 perennial 0.48 

Consolida ajacis Ranunculaceae naturalized 5 annual 2.78 

Eranthis hyemalis Ranunculaceae naturalized 5 perennial 4.40 
Hesperis matronalis Brassicaceae naturalized 3 perennial 1.86 

Hordeum jubatum Poaceae naturalized 5 perennial 2.41 

Lysimachia punctata Primulaceae naturalized 5 perennial 0.40
§
 

Mentha spicata Lamiaceae naturalized 5 perennial 0.08
§
 

Pseudofumaria lutea Papaveraceae naturalized 4 perennial 1.39 

Salvia verticillata Lamiaceae naturalized 4 perennial 1.38 

Solidago canadensis Asteraceae naturalized 5 perennial 0.13 

Viola odorata Violaceae naturalized 2 perennial 2.81 
Achillea filipendulina Asteraceae non-naturalized 2 perennial 0.12 

Aconitum carmichaelii Ranunculaceae non-naturalized 3 perennial 2.69 

Amaranthus tricolor Amaranthaceae non-naturalized 1 annual 0.59 

Centaurea americana Asteraceae non-naturalized 4 annual 13.35 

Centaurea macrocephala Asteraceae non-naturalized 1 perennial 17.13 

Cuminum cyminum Apiaceae non-naturalized 1 annual 2.51 

Digitalis trojana Plantaginaceae non-naturalized 2 perennial 0.44 
Eragrostis trichodes

‡
 Poaceae non-naturalized 2 perennial 0.32 

Eritrichium canum Boraginaceae non-naturalized 5 perennial 5.14 

Gilia tricolor Polemoniaceae non-naturalized 2 annual 0.46 

Helenium bigelovii Asteraceae non-naturalized 1 perennial 0.57 

Helianthus debilis Asteraceae non-naturalized 3 perennial 5.87 

Heliotropium arborescens Boraginaceae non-naturalized 2 perennial 0.67 

Iris domestica Iridaceae non-naturalized 4 perennial 19.52 

Isotoma axillaris Campanulaceae non-naturalized 2 perennial 0.09 
Lilium formosanum Liliaceae non-naturalized 1 perennial 1.28 

Lilium regale Liliaceae non-naturalized 4 perennial 3.33
§
 

Lobelia inflata Campanulaceae non-naturalized 3 annual 0.34 

Lysimachia clethroides Primulaceae non-naturalized 2 perennial 0.37 

Monarda fistulosa Lamiaceae non-naturalized 5 perennial 0.48 

Monarda punctata Lamiaceae non-naturalized 5 perennial 0.35 

Nemophila maculata Boraginaceae non-naturalized 3 annual 5.16 

Nepeta racemosa  Lamiaceae non-naturalized 1 perennial 0.75 
Nicotiana mutabilis Solanaceae non-naturalized 1 perennial 0.09 

Nicotiana sylvestris Solanaceae non-naturalized 1 perennial 0.40 

Pennisetum macrourum
‡
 Poaceae non-naturalized 1 perennial 1.71 

Persicaria capitata Polygonaceae non-naturalized 1 perennial 0.84 

Persicaria virginiana Polygonaceae non-naturalized 5 perennial 3.21 

Petunia integrifolia Solanaceae non-naturalized 1 perennial 0.07 

Platycodon grandiflorus Campanulaceae non-naturalized 3 perennial 1.03 
Potentilla atrosanguinea Rosaceae non-naturalized 5 perennial 0.40 

Rudbeckia fulgida Asteraceae non-naturalized 3 perennial 0.92 

Rudbeckia triloba Asteraceae non-naturalized 3 perennial 0.60 

Salpiglossis sinuata Solanaceae non-naturalized 1 annual 0.23 

Solidago ptarmicoides Asteraceae non-naturalized 4 perennial 0.48 

Verbena rigida Verbenaceae non-naturalized 3 perennial 0.82 

Zinnia peruviana Asteraceae non-naturalized 1 annual 4.12 
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Table I.S2.  Species found in the resident grassland. Species marked ‘Yes’ under ‘Sown’ 

were present in the commercial seed mixture for mesotrophic grasslands used to establish the 

background resident grassland community one year prior to the start of the experiment. Those 

marked ‘Yes’ under ‘Present’ were identified during the survey of resident grassland species 

in August 2014. * Indicates alien species. 
†
 Indicates an N-fixing species. 

Species Family Sown Present 

Alopecurus pratensis Poaceae Yes Yes 

Anthoxanthum odoratum Poaceae Yes Yes 

Arrhenatherum elatius Poaceae Yes Yes 

Bromus hordeaceus Poaceae Yes Yes 

Centaurea cyanus Asteraceae Yes Yes 

Centaurea jacea Asteraceae Yes Yes 

Crepis biennis Asteraceae Yes Yes 

Cynosurus cristatus Poaceae Yes Yes 

Dactylis glomerata Poaceae Yes Yes 

Daucus carota Apiaceae Yes Yes 

Galium album Rubiaceae Yes Yes 

Leontodon autumnalis Asteraceae Yes Yes 

Leontodon hispidus Asteraceae Yes Yes 

Leucanthemum vulgare Asteraceae Yes Yes 

Lotus corniculatus† Fabaceae Yes Yes 

Medicago lupulina† Fabaceae Yes Yes 

Papaver rhoeas Papaveraceae Yes Yes 

Pimpinella major Apiaceae Yes Yes 

Plantago lanceolata Plantaginaceae Yes Yes 

Prunella vulgaris Lamiaceae Yes Yes 

Ranunculus acris Ranunculaceae Yes Yes 

Rumex acetosa Polygonaceae Yes Yes 

Salvia pratensis Lamiaceae Yes Yes 

Silene vulgaris Caryophyllaceae Yes Yes 

Tragopogon pratensis Asteraceae Yes Yes 

Trifolium pratense† Fabaceae Yes Yes 

Trisetum flavescens Poaceae Yes Yes 

Achillea millefolium Asteraceae No Yes 

Ajuga reptans Lamiaceae No Yes 

Bellis perennis Asteraceae No Yes 

Brassica spp. Brassicaceae No Yes 

Calystygia sepium Convolvulaceae No Yes 

Capsella bursa-pastoris Brassicaceae No Yes 

Chaenorrhinum minus Plantaginaceae No Yes 

Chenopodium album Amaranthaceae No Yes 

Cirsium arvense Asteraceae No Yes 

Equisetum arvense Equisetaceae No Yes 

Erygeron annuus* Asteraceae No Yes 

Euphorbia cyparissias Euphorbiaceae No Yes 

Euphorbia esula Euphorbiaceae No Yes 

Festuca arundanaceae Poaceae No Yes 

Festuca spp. Poaceae No Yes 

Galinsoga parviflora* Asteraceae No Yes 

Geranium spp. Geraniaceae No Yes 
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Holcus lanatus Poaceae No Yes 

Hypericum spp. Hypericaceae No Yes 

Kickxia elatine Plantaginaceae No Yes 

Kickxia spuria Plantaginaceae No Yes 

Lythrum salicaria Lythraceae No Yes 

Medicago sativa Fabaceae No Yes 

Melilotus albus Fabaceae No Yes 

Misopates orontium Plantaginaceae No Yes 

Myosotis arvensis Boraginaceae No Yes 

Oxallis corniculata Oxalidaceae No Yes 

Panicum capillare* Poaceae No Yes 

Plantago major Plantaginaceae No Yes 

Polygonum persicaria Polygonaceae No Yes 

Potentilla recta Rosaceae No Yes 

Sagina apetala Caryophyllaceae No Yes 

Setaria viridis Poaceae No Yes 

Sonchus asper Asteraceae No Yes 

Trifolium repens Fabaceae No Yes 

Verbena officinalis Verbenaceae No Yes 

Veronica persica* Plantaginaceae No Yes 

Anthriscus sylvestris Apiaceae Yes No 

Campanula patula Campanulaceae Yes No 

Carum carvi Apiaceae Yes No 

Festuca nigrescens Poaceae Yes No 

Festuca pratensis Poaceae Yes No 

Heracleum sphondylium Apiaceae Yes No 

Knautia arvensis Caprifoliaceae Yes No 

Poa pratensis Poaceae Yes No 

Sanguisorba officinalis Rosaceae Yes No 

Silaum silaus Apiaceae Yes No 

Silene dioica Caryophyllaceae Yes No 

Silene flos-cuculi Caryophyllaceae Yes No 
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Fig. I.S1  Means and standard deviations of optimal germination rate for all target species. In order to assess and account for the overall 

germination potential of our seed stock, we determined the germination rates of all target species under optimal conditions. In April 2014, 20 

seeds for each species were sown into 9 x 9 x 7 cm pots filled with standard potting soil in a greenhouse of the Botanical Garden of the 

University of Konstanz. There were five replicate pots for each species (i.e. there were a total of 100 seeds per species). Pots were watered 

regularly, with daytime temperatures kept between 20-25°C, nighttime temperatures kept between 10-15°C, and humidity kept at 75%. 

Germination was monitored continuously for three months (every two days during the first month, and once a week later when fewer new 

seedlings appeared). The mean germination rate for each species was then incorporated as a covariate into all analyses of the main experiment. 

No significant differences were found between the mean optimal germination rates of native, naturalized and non-naturalized alien species 

(F2,60=0.523, p=0.595).
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Fig. I.S2 One of the experimental plots heated by an IR-heater lamp (and disturbed by soil tilling 

prior to sowing the study species). Subplots were marked with orange bamboo sticks. The 

effectiveness of the heating treatment is evident in this photo, as it melted the snow cover in the 

winter 2014/2015. The photo was taken by Mark van Kleunen. 
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Fig. I.S3 Daily average difference in temperature between heated and unheated plots, during the 

entire experiment. Temperatures of the vegetation were logged about once every two seconds 

with infrared temperature sensors mounted 75 cm above the ground. The average temperature 

difference between treatments across the entire time period was 1.6°C (SE=0.04°C, n=4830). 
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Fig. I.S4 Soil-moisture percentage (mean and standard error) in disturbed vs. undisturbed, and 

unheated vs. heated plots. Moisture of the surface soil (to six cm deep) was compared among the 

four heating and disturbance treatment combinations by taking percent moisture readings from 

each plot using an HH2 moisture meter attached to a WET-2 WET sensor (Delta-T Devices Ltd, 

Cambridge UK). These measurements were taken once in June 2014, once in July 2014, and 

once in August 2015. Nine readings were taken in a regular grid in each of the 20 plots (2 m x 2 

m each). To test for differences in soil moisture percentage between treatments, we fit a linear 

mixed model using all individual readings. Heating and disturbance were included as fixed 

effects, and plot pair, individual plot and date were included as random effects. Soil moisture 

was significantly lower in heated than in unheated plots (F1, 8=118.17.00, p<0.001), and 

significantly lower in disturbed than in undisturbed plots (F1, 8=19.27, p=0.002). 
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Fig. I.S5 Germination likelihood and its standard error of the non-naturalized alien (top), native 

(center) and naturalized (bottom) introduced species in heated and unheated and disturbed and 

undisturbed plots. 
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Fig. I.S6 Proportion and standard error of sown seeds that germinated and were surviving at the 

end of the first year, according to identity of the introduced native (top) and naturalized (bottom) 

species, disturbance and heating treatments.  
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Fig. I.S7 Proportion and standard error of sown seeds that germinated and were surviving at the 

end of the second year, according to identity of the non-naturalized alien (top), native (middle) 

and nautralized (bottom) introduced species, in the disturbance and heating treatments. Non-

naturalized alien species displayed are limited to those that exhibited any second-year survival. 
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Fig. I.S8 Flowering likelihood and standard error of the non-naturalized alien (top), native 

(center) and naturalized (bottom) introduced species in heated and unheated plots. Results are 

shown only for disturbed plots, as no flowering occurred in undisturbed plots. Non-naturalized 

alien species shown are limited to those that exhibited any flowering.  
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Fig. I.S9 Shannon Diversity Index (means and standard errors) of the resident community in 

grassland plots of the different combinations of the disturbance and heating treatments. The 

Shannon Diversity Index of each plot was calculated using the percentages cover of each species 

estimated in August 2014 (i.e. in the summer of the first year). 
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Fig. I.S10 Ordination plot of resident grassland species composition based on a Bray-Curtis 

dissimilarity matrix. Shapes represent disturbance treatment, and colors represent heating 

treatments. Numbers refer to individual plot pairs. The analysis is based on the percentages cover 

of each species estimated in August 2014 (i.e. in the summer of the first year). 
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Fig. I.S11 Aboveground biomass per subplot (means and standard errors) in November 2014 and 

November 2015 in each combination of the disturbance and heating treatments. In each main 

plot, three randomly chosen subplots with no target plants were sampled.  
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Chapter II: Non-naturalized alien garden plants are more 

competitive against native and alien residents under experimental 

climate change 

 

Emily Haeuser, Wayne Dawson, Mark van Kleunen 

 

Summary 

Most invasive plants have been introduced for horticultural purposes. Still, many 

horticulturally-introduced species have not become invasive, probably due to inadequate climatic 

conditions. Climate change, however, may reduce this barrier for many alien garden species. We 

examined the performance of ten non-naturalized alien garden plants in a greenhouse experiment 

in response to simulated climate warming and reduced water availability. We grew our study 

species in competition with resident native and already-naturalized alien species. Reduced 

watering negatively affected both non-naturalized garden plants, and native and naturalized 

competitors, particularly at higher temperatures. However, non-naturalized aliens performed 

better against competitors when temperatures increased. Naturalized and native resident 

responses to climate change were similarly negative. Still, across climates, non-naturalized aliens 

performed better against native than against naturalized competitors. We conclude that niche 

availability may increase for many currently non-naturalized aliens. Future climates will 

therefore likely promote new invasions from the alien garden flora. 

 

Introduction 

Preventing introductions of potentially new invasive species is a central objective in 

invasive species management, as their elimination is notoriously difficult, if not impossible, once 

they have become naturalized (Wittenburg & Cock 2005). However, little attention is typically 

paid to the thousands of alien garden plant species which have already been introduced and have 

not yet established outside cultivation, even if they have displayed naturalizing potential in other 

regions of the globe (Essl et al. 2011). In addition to being a primary pathway of introduction 

(Hulme 2011), horticulture also often selects and breeds species with traits potentially associated 
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with invasion success (Anderson et al. 2006; Kitajima et al. 2006; Trusty et al. 2008; Pemberton 

& Liu 2009; Chrobock et al. 2011; Moodley et al. 2013; Maurel et al. 2016). The garden flora 

thus constitutes a major source of potential invasive species, which have already been 

introduced. 

The naturalization success of alien plant species is often influenced by climatic suitability 

(Feng et al. 2016). Because the ranges where species are cultivated often extend beyond species’ 

natural climatic envelopes (Van der Veken et al. 2008), the lack of a suitable climate may be a 

limiting factor for the naturalization of many garden aliens. With on-going climate change, 

however, some garden species may experience increased climatic suitability, and are therefore 

more likely to escape cultivation and become naturalized, and possibly invasive. Indeed, 

Dullinger et al. (2017) predicted, based on distribution modelling, that climate change will cause 

an overall increase in the naturalization risk of alien garden plants in Europe.  

Species will undoubtedly respond differently to different aspects of climate change 

(Williams et al. 2007), and how this variation in responses will affect future plant invasions is 

unclear. Studies experimentally assessing the responses of invasion dynamics to climate change 

are not uncommon (e.g. Pattison & Mack, 2008; Manea et al. 2016; Liu et al. 2017), but their 

focus is typically limited to individual climatic components (e.g. Frei et al. 2014; Schrama & 

Bardgett, 2016; Haeuser et al. 2017). Other studies used reciprocal transplant experiments, which 

do not allow for the isolation of the effects of individual climatic components and other 

environmental factors that covary (e.g. Pattison & Mack 2008). It has been shown that invasion 

responses can respond unpredictably to different aspects of climate change (e.g. altered 

precipitation and climate warming) acting in concert (Bradley et al. 2010), but in general such 

interactions have been little explored. Furthermore, most studies on effects of climate change on 

biological invasions focus on alien species that are already invasive, whereas experimental 

studies on responses of non-naturalized alien garden plant species are rare (but see Haeuser et al. 

2017). 

Here, we experimentally tested how non-naturalized alien garden species will respond to 

the combined effects of increased temperature and reduced water availability. Examining these 

factors in combination is important, as elevated temperatures, resulting in higher 

evapotranspiration and altered precipitation regimes are likely to have interacting effects on alien 

plant establishment. Furthermore, species will likely vary in their responses to climate change 



43 
 

(Williams et al. 2007), so it is important to use more than one species to test more generally how 

non-naturalized alien species respond, and to identify factors that explain variation in responses 

among species (van Kleunen et al. 2014). In a previous study, we found that the effects of winter 

hardiness on colonization potential shifted with increased temperatures (Haeuser et al. 2017). As 

winter hardiness may also be associated with drought tolerance, as frost can limit water 

availability (Thomashow 1999; Zhu 2011; Pembleton & Sathish 2014), we here also assess 

whether hardiness plays a role in responses to a changing precipitation regime. 

Because the future naturalization potential of alien species may be affected by changes in 

competition dynamics (Gilman et al. 2010; Haeuser et al. 2017), we grew the alien garden 

species in competition with established resident grassland species. While experiments on 

competition between aliens and residents typically limit the resident species pool to native 

species, naturalized alien species also represent a significant proportion of the current resident 

flora in many parts of the world (van Kleunen et al. 2015a). As these naturalized and native 

species may respond differently to climate change, we also included naturalized alien species as 

competitors in our experiment.  

In this study, we address the following questions: (1) how will increased temperatures 

and reduced water availability affect survival, growth and reproduction of non-naturalized alien 

garden species, grown with and without competition of resident species? (2) Will the success of 

non-naturalized alien garden species differ depending on whether the competing resident is 

native or naturalized, and, if yes, does the difference depend on climate change? (3) Will the 

hardiness level of non-naturalized alien garden species influence their success under climate 

change? 

 

Methods 

Study species and pre-cultivation 

As target species, we selected ten herbaceous alien garden species that are regularly 

traded and planted in Europe according to the European Garden Flora (Cullen et al. 2011; for list 

of study species, see Table II.S1, Supporting Information). These species were selected on the 

criteria that they are alien to Germany and not naturalized there, and are a subset of the species 

used in Haeuser et al. (2017). These species were also selected to cover the entire range of 

outdoor winter-hardiness zones (Table II.S1), which are defined based on the minimum 
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temperatures a species can survive (Cullen et al. 2011). We designated these zones as 1-5, with 

the least hardy species only surviving winter minimum temperatures above -5°C (hardiness zone 

1) and the hardiest species surviving winter minimum temperatures below -20°C (hardiness zone 

5; Table II.S1). As competitor resident species, we selected ten native and ten already-

naturalized alien species known to occur in grassland communities in Germany (Table II.S1). 

Seeds of the 30 study species were bought from B&T World Seeds (Aigues-Vives, France) or 

Rieger-Hoffman (Blaufelden-Raboldshausen, Germany), or obtained from the seed collection of 

the Botanical Garden of the University of Konstanz (Table II.S1). 

 

Pre-cultivation and experimental set-up 

Pre-cultivation of seedlings and the experiment were conducted in the greenhouse 

facilities at the Botanical Garden of the University of Konstanz, Germany (47.69° N, 9.18°E). 

The average annual temperature and precipitation in Konstanz from 2000-2010 is 9.8°C and 

1048.4 mm, respectively (“World Weather Online” 2016). Climate models for the German state 

of Baden-Württemberg, within which Konstanz is located, predict an increase of over 2.4⁰C by 

the end of the century (LUBW 2013). The climate projections for precipitation are more variable, 

but most models predict a decrease in summer precipitation and an increase in the number of 

drought periods (LUBW 2013). 

To obtain seedlings for the experiment, seeds of each of the 30 species were sown in 

trays (48 x 33 x 6.5 cm; one tray per species) filled with a standard potting soil (Standard, Gebr. 

Patzer GmbH & Co. KG, Sinntal, Germany) 1-3 weeks before transplanting. The trays were 

placed in growth chambers with day/night temperatures of 22/18°C, and 10 hours of daylight at 

90% humidity. To ensure that all species would have comparable sizes at the time of 

transplanting, slow-germinating species were sown up to two weeks before the fast-germinating 

species.  

Due to the large number of plants, transplanting of the seedlings was conducted over four 

days from 23-26 November 2015. In 3L pots, each containing a 2:1 mixture of sand and potting 

soil and 7.5 g of a slow-release fertilizer (2.5g/l Osmocote Exact Standard fertilizer; 3-4 month, 

16-9-12+2MgO+TE, Everris GmbH, Nordhorn, Germany), one target plant (i.e. a non-

naturalized alien garden plant) was planted in the center of the pot. Five individuals of a single 

competitor species (i.e. a native or a naturalized alien species) were planted in even spacing 
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around the target plant, approximately 6 cm apart from the target plant and from each other. Each 

target species was grown with each of the 20 competitor species, and also without competitors. 

We had one replicate for each combination of a target species (n=10) and competitor treatment 

(n=10+10+1=21) in each of the temperature (n=4) by watering treatment (n=2) combinations 

(see below). This resulted in a total of 1680 pots. At the time of transplanting, we counted the 

number of true leaves and measured the length of the longest leaf of each target plant as 

measures of initial size. For two weeks following initial transplanting, seedlings that had died 

were replaced with new seedlings, for which we also took new initial size measurements. 

Following transplanting, pots were immediately moved to one of four greenhouse 

compartments each with a different temperature treatment, and placed across three tables within 

each greenhouse according to randomly assigned numbers. The control temperature treatment 

simulated temperatures across a typical growing season in Konstanz, with daily high and low 

temperatures across the three-month experiment tracking the average Konstanz temperatures for 

1 May to 31 July (Fig. II.S1), according to 2011-2015 average daily minimum and maximum 

temperatures (NOAA 2015). The light period was adjusted daily with artificial lighting to 

approximately match the corresponding day in the season (Fig. II.S1; timeanddate.com 2015). 

The daily minimum temperature was maintained at a constant value at night. After 

“sunrise”, the temperature increased until the daily maximum temperature was reached and 

maintained for one hour at midday, after which the temperature gradually decreased again until 

reaching the daily minimum at “sunset”. Similar temperature patterns were used for the 

remaining three temperature treatments, but with two, four or six degrees added relative to the 

control temperatures (Fig. II.S1). At the time of initial transplanting (23 November 2015), all 

greenhouses were set to their corresponding 1 May conditions, and this was maintained for two 

weeks until all replacement-transplanting of seedlings that had died was completed, before 

progression on to 2 May conditions.  

One week later (corresponding to 7 May), after all plants had had time to recover from 

the transplant shock, two water-availability treatments were started: normal and reduced 

watering. Pots in the reduced watering treatment were watered half as frequently as the pots in 

the normal watering treatment. In the first half of the experiment, pots in the normal and reduced 

watering treatments received 200 ml of water every two and four days, respectively. As daily 

temperatures increased in each temperature treatment (Fig. II.S1), greater amounts of water were 
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required to avoid severe plant mortality. In addition, in the current climate of Konstanz, mean 

monthly precipitation is higher in June and July than in May (“World Weather Online” 2016), 

and so our water-availability treatments reflect current precipitation patterns. Therefore, from 

experimental day 49 onwards (corresponding to 18 June), we increased watering to 250 ml every 

day for the normal watering treatment and every two days for the reduced watering treatment. To 

aid water retention, we also placed saucers underneath the pots. Soil-moisture measurements 

taken on day 51 showed that soil moisture was significantly lower in the reduced watering 

treatment in all four temperature treatments, but that soil moisture and the difference in soil 

moisture between the watering treatments decreased with increasing temperatures (Fig. II.S2). 

 

Measurements 

Harvesting of the plants began on day 92 of the experiment (corresponding to 31 July) 

and was completed in eight days. During this time, temperature and watering treatments were 

maintained with daily minimum and maximum temperatures held constant at day 92 values. To 

avoid biases due to different harvesting dates, we harvested equal numbers of pots from each 

temperature treatment each day. For the target non-naturalized garden plants, we assessed 

survival, flowering success (yes, no) and the number of flowers present if flowering, and 

harvested all aboveground biomass. For native and naturalized competitor plants, we also 

assessed survival (i.e. the proportion of the five plants per pot that survived) and flowering 

success (yes, no). Then we harvested the collective aboveground biomass of all competitor plants 

in a pot. Biomass was dried for at least 72h at 70°C immediately after harvesting and again for at 

least 24h prior to being weighed. 

 

Statistical analyses 

We analysed the effects of the warming, watering and competition treatments on several 

metrics of target-plant performance: (1) target survival (yes/no), (2) target aboveground biomass, 

(3) target flowering (yes/no) and (4) number of flowers produced per flowering target plant. In 

addition to these measures of absolute target-plant performance, we also analysed target 

performance relative to that of the competitors by calculating the ratio of target aboveground 

biomass to the total (target + competitor) aboveground biomass per pot. We also analysed total 
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competitor aboveground biomass, competitor survival (the proportion of surviving competitor 

plants per pot) and competitor flowering (yes/no for any competitor plants flowering in a pot).  

These plant performance metrics were analyzed using generalized linear mixed models 

(GLMM) with binomial distributions for survival and flowering success, and linear mixed 

models (LMM) for the biomass variables. For the subset of flowering target plants, we first 

analysed the number of flowers in a GLMM with a Poisson distribution, but as these models did 

not converge, we used a LMM instead. Target biomass and number of flowers were natural-log 

transformed prior to analysis to improve normality and homoscedasticity of the residuals. All 

models included as explanatory variables temperature (as a continuous variable), watering 

treatment (normal or reduced), the status of the competitor species (native or naturalized), and all 

two- and three-way interactions between these variables. For metrics assessing target plant 

performance, we also included target plant hardiness level (continuous variable), and all of its 

two-, three- and four-way interactions with the other variables. For the analyses of the measures 

of performance of the target plants (i.e. target survival, aboveground biomass, flowering, number 

of flowers, and target:total biomass ratio), we also had pots without competitors, resulting in 

three competition treatments: no competition, competition with natives, competition with 

naturalized aliens. To separate between the effects of the presence of competition (yes/no) and 

competitor status (native or alien), we coded them as two separate dummy variables, each with 

two levels (Schielzeth 2010), and fitted competition before status of the competitor species. For 

the analyses of the target:total biomass ratio per pot and all measures of competitor performance, 

we excluded the pots in the treatment without competitors. To account for differences in the 

initial size of the target plants, we fitted initial size (length of longest leaf x number of leaves) as 

a covariate in models assessing target species performance metrics. To facilitate the 

interpretation of the model estimates, all continuous variables (temperature, hardiness, initial 

size) were standardized to a mean of zero and a standard deviation of one (Schielzeth 2010). The 

identities of the target and competitor species were included as random effects. To account for 

non-independence of the plants within the same greenhouse compartment, we also included 

greenhouse compartment as a random effect. As there was heteroscedasticity in the variance of 

the target species, we included a weighted variance structure for target species in all LMMs 

(Table II.S2). All analyses were conducted in R (R Core Team 2017). Due to the need to include 
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the weighted variance structure for target species, we used the nlme package (Pinheiro et al. 

2017) for the LMMs, whereas we used the lme4 package (Bates et al. 2015) for the GLMMs. 

 

Results 

Absolute performance of non-naturalized alien garden plants 

 Of the 1680 target individuals (i.e. non-naturalized alien garden plants) planted, 1321 

(78.6%) survived until the end of the experiment. Target-plant survival was slightly, but not 

significantly (P = 0.082), higher when grown without competition (87.0%) than with competition 

(75.0%). Survival was not significantly affected by watering and temperature treatments, and 

also not by status of the competitor species and target-plant hardiness (Table II.1).  

Aboveground biomass of target plants significantly increased with temperature, and was 

significantly lower when watering was reduced (Table II.1, Fig. II.1a). Competition had on 

average a negative effect on target-plant biomass, and this effect was stronger when the 

competitors were naturalized aliens instead of natives (Table II.1, Fig. II.1a). The negative effect 

of reduced watering was strongest at high temperatures, and especially when the target plants 

grew with native instead of naturalized competitors (significant temperature x watering and 

temperature x watering x competitor status interactions in Table II.1, Fig. II.1a). While target-

plant biomass did not significantly vary with hardiness overall, the negative effect of competition 

tended to be stronger for the less hardy species, although this effect was not significant (P=0.051, 

Table II.1, Fig. II.S3).  

Of the 1321 surviving plants, 543 individuals (41.1%) flowered during the experiment. 

On average, both the flowering probability and the number of flowers per flowering plant 

decreased significantly with increasing temperature (Table II.1, Fig. II.1b, e). Flowering was also 

decreased by reduced watering, although this was not significant for flower number (P = 0.071; 

Table II.1). The negative effect of reduced watering on flowering probability was, however, 

driven by the plants in the competition treatments, as in the absence of competition, reduced 

watering increased flowering probability (significant watering x competition interaction in Table 

II.1, Fig. II.1d). Competition reduced flowering probability significantly and tended to reduce 

flower number, although not significantly (P = 0.081), and the negative effect on flowering 

probability was significantly stronger when the competitors were naturalized aliens instead of 

natives (Table II.1, Fig. II.1b). The negative effects of increased temperatures on flowering 
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probability were stronger when the competitors were naturalized aliens instead of natives 

(significant temperature x competitor status interaction in Table II.1, Fig. II.1b). Flower number, 

on the other hand, was more strongly negatively affected by increasing temperatures when the 

competitors were natives rather than naturalized aliens (significant temperature x competitor 

status interaction in Table II.1, Fig. II.1e). Hardiness of the target species had on average no 

significant effects on flowering probability and flower number (Table II.1). However, whereas 

for the hardier target species flowering probability and the number of flowers declined with 

increasing temperatures, this was not the case for the less hardy species (significant temperature 

x hardiness interactions in Table II.1, Fig. II.1c, f). In addition, whereas the effect of reduced 

watering on the number of flowers was slightly positive for the least hardy species, it was 

slightly negative for the hardier species (significant watering x hardiness interaction in Table 

II.1, Fig. II.1g). 

 

Absolute performance of competitors 

 Competitor species survival was high, with an average of 4.60 (SE=0.02) out of 5 plants 

surviving in each pot, and tended to decrease with temperature (P = 0.053, Table II.2, Fig. II.2a, 

b). At control temperatures, survival was higher with reduced watering, but this difference was 

reversed at higher temperatures (significant temperature x watering interaction in Table II.2, Fig. 

II.2a). The negative effect of temperature on survival was also stronger for naturalized than for 

native competitors (significant temperature x status interaction in Table II.2, Fig. II.2b).  

Aboveground biomass of the competitors was significantly decreased by reduced watering 

(Table II.2, Fig. II.2c, d). Like for survival, competitor biomass also decreased with increasing 

temperature (Table II.2, Fig. II.2c), and this negative effect of temperature was again amplified 

by reduced watering (significant temperature x watering interaction in Table II.2, Fig. II.2c). 

Biomass was significantly higher for naturalized than for native competitors, but the negative 

effect of reduced watering was significantly stronger for naturalized than for native competitors 

(Table II.2, Fig. II.2d).  

Of the 1600 pots with competitors, 803 (50.2%) had at least one flowering competitor 

plant. Flowering probability of the competitors decreased significantly with increasing 

temperatures (Table II.2, Fig. II.2e). However, it was not significantly affected by the watering 

treatment, and did not differ between naturalized and native competitors (Table II.2). 
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Table II.1: Results of generalized linear mixed-models (survival, flowering) and linear mixed 

models (aboveground biomass, flower number) testing climate treatments (temperature, 

watering), competition (yes, no), competitor status (native, naturalized), target species hardiness 

effects, their interactions, and initial target plant size on performance measures of the target 

species. Fixed term significance was tested using log-likelihood ratio tests (LRTs) comparing 

models with and without a given term. Order indicates the sequence in which fixed terms were 

removed from the model for LRTs. For competition (no competition, competition with native, 

competition with naturalized species), we created two dummy variables to contrast no 

competition vs. competition and native vs. naturalized competitors. As the latter are nested 

within the with-competition treatment, competitor status terms (order A) were always removed 

before corresponding competition terms (order B). Significant (P < 0.05) effects are indicated in 

bold. Standard deviations for individual target species random effects are found in Table II.S2. 

    Survival  Aboveground 

biomass 

 Flowering  Flower number 

Fixed Effects Order df  LRT P  LRT P  LRT P  LRT P 

Initial size 5 1  0.978 0.323  6.970 0.008  0.169 0.681  0.050 0.824 

Hardiness 4 1  1.056 0.304  1.110 0.292  1.669 0.196  0.563 0.453 

Temperature 4 1  1.588 0.208  7.531 0.006  4.066 0.044  4.095 0.043 

Watering 4 1  0.574 0.449  17.510 <0.001  16.758 <0.001  3.267 0.071 

Competition (Y/N) 4B 1  3.017 0.082  4.497 0.034  5.374 0.020  3.046 0.081 

   Competitor status 4A 1  2.485 0.115  4.250 0.039  3.866 0.049  0.580 0.446 

Temperature:Watering 3 1  0.047 0.828  9.032 0.003  2.004 0.157  2.839 0.092 

Temperature:Competition 3B 1  2.344 0.126  0.485 0.486  0.019 0.891  2.152 0.142 

   Temperature:Competitor status 3A 1  0.161 0.688  0.741 0.389  7.210 0.007  1.909 0.027 

Watering:Competition 3B 1  0.893 0.345  0.103 0.749  7.882 0.005  0.012 0.912 

   Watering:Competitor status 3A 1  0.920 0.337  0.034 0.853  0.512 0.474  0.026 0.871 

Hardiness:Temperature 3 1  1.252 0.263  0.605 0.437  33.962 <0.001  4.765 0.029 

Hardiness:Watering 3 1  0.132 0.717  0.245 0.620  0.018 0.893  3.883 0.049 

Hardiness:Competition 3B 1  1.193 0.275  3.815 0.051  <0.001 0.998  0.590 0.443 

   Hardiness:Competitor status 3A 1  2.147 0.143  0.077 0.781  0.077 0.781  3.591 0.058 

Temperature:Watering:Competition 2B 1  0.788 0.375  0.187 0.665  0.047 0.828  1.786 0.182 

   Temperature:Watering:Competitor status 2A 1  0.097 0.755  4.247 0.039  0.571 0.450  0.259 0.611 

Hardiness:Temperature:Watering 2 1  0.178 0.673  0.669 0.413  0.002 0.969  0.601 0.438 

Hardiness:Temperature:Competition 2B 1  0.143 0.706  0.149 0.700  0.743 0.389  1.334 0.248 

   Hardiness:Temperature:Competitor status 2A 1  2.621 0.106  2.191 0.139  0.023 0.879  0.517 0.472 

Hardiness:Watering:Competition 2B 1  0.479 0.489  0.005 0.946  0.148 0.700  0.260 0.611 

   Hardiness:Watering:Competitor status 2A 1  0.603 0.437  0.139 0.709  0.163 0.687  0.077 0.781 

Hardiness:Temperature:Watering:Competition 1B 1  0.253 0.615  0.062 0.804  1.008 0.315  1.102 0.294 

   Hardiness:Temperature:Watering:Competitor status 1A 1  1.045 0.307  0.079 0.779  0.587 0.444  0.883 0.348 

               

Random effects    Std.Dev. Levels  Std.Dev. Levels  Std.Dev. Levels  Std.Dev. Levels 

Target species    1.503 10  1.238 10  2.730 10  1.903 10 

Competitor species    0.562 21  0.606 21  0.932 21  0.480 21 

Greenhouse    0.112 4  0.003 4  0.182 4  0.002 4 

Number observations:     1680   1265   1267   543 
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Fig. II.1 Target plant performance in terms of aboveground biomass (a), flowering (yes, no; b, c, 

d) and number of flowers (in the case of flowering, and natural-log transformed; e, f, g) in 

response to temperature (a, b, c, f, g) and watering (d, g) treatments, with and without 

competition (a, d), when in competition with native or naturalized competitors (a, b, f) and across 

target hardiness levels, with 1 being the least hardy and 5 being the most hardy (c, f, g). Error 

bars indicate standard errors. 

 

  

 

 



52 
 

Table II.2: Results of generalized linear mixed-models (survival, flowering) and a linear mixed 

model (aboveground biomass) testing the significance of the effects of climate treatments 

(temperature and watering), competitor status (native or naturalized) and their interactions on 

performance measures of competitor plants, i.e. proportion competitors surviving, total 

competitor aboveground biomass, and competitor flowering success (yes, no). Significances of 

the fixed terms were tested using log-likelihood ratio tests (LRT) comparing models with and 

without the term of interest. Order indicates the sequence in which fixed terms were removed 

from the model for LRTs. Significant (p < 0.05) effects are indicated in bold. Standard deviations 

for individual target species random effects are found in Table II.S2. 

    
Survival 

 

Aboveground biomass 

 

Flowering 

Fixed Effects Order df 

 

LRT P 

 

LRT P 

 

LRT P 

Temperature 3 1 

 

3.735 0.053 

 
11.472 0.001 

 

8.162 0.004 

Watering 3 1 

 
6.898 0.009 

 

194.490 <0.001 

 

1.335 0.248 

Competitor status 3 1 

 

0.162 0.687 

 
1096.999 <0.001 

 

0.039 0.843 

Temperature:Watering 2 1 

 
14.681 <0.001 

 

49.028 <0.001 

 

0.299 0.585 

Temperature:Competitor status 2 1 

 
10.995 0.001 

 

3.290 0.070 

 

0.048 0.826 

Watering:Competitor status 2 1 

 

0.316 0.574 

 
35.998 <0.001 

 

0.051 0.822 

Temperature:Watering:Competitor status 1 1 

 

0.098 0.754 

 

0.025 0.873 

 

1.457 0.227 

            Random effects 

   
Std. Dev. Levels 

 

Std. Dev. Levels 

 

Std. Dev. Levels 

Target species 

   

0.360 10 

 

2.457 10 

 

0.172 10 

Competitor species 

   

0.918 20 

 

4.430 20 

 

2.992 20 

Greenhouse 

   

0.253 4 

 

0.009 4 

 

<0.001 4 

            Number observations: 

    

1591 

  

1594 

  

1585 
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Fig. II.2 Competitor plant performance in terms of survival (proportion of plants surviving; a, b), 

aboveground biomass (c, d) and flowering success of any competitor plants (yes, no; e) in 

response to temperature (a, b, c, e) and watering (a, c, d) treatments, for native and naturalized 

competitors (b, d). 
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Performance of non-naturalized alien garden plants relative to competitors 

 As competitor biomass decreased and target biomass increased with increasing 

temperature, the ratio of target biomass to total pot biomass increased (Table II.3, Fig. II.3a). The 

target:total biomass ratio was also higher under reduced watering than under normal watering 

(Table II.3, Fig. II.3b). Moreover, this ratio was higher in pots with native competitors compared 

to naturalized ones (Table II.3, Fig. II.3c).  

 

Discussion 

In our experiment, non-naturalized alien garden plants responded to simulated changes in 

climate in ways that clearly differed from resident species. Whereas non-naturalized alien 

species were relatively tolerant or even improved performance, resident species responded 

negatively overall to increased temperatures and reduced watering. Naturalized species were 

more competitive against the non-naturalized alien species than the native species were overall, 

but the performance of both competitor types worsened dramatically under simulated climate 

changes. This suggests that under climate change, resident communities will be more susceptible 

to new invasions, and that non-naturalized alien garden species will be well positioned to 

establish and potentially become invasive. 

 

Climate-change effects on performance of non-naturalized alien garden plants and 

residents 

Whereas survival of the non-naturalized alien garden plants was not affected by 

temperature and water availability, survival of the resident competitors was. Survival of resident 

competitors was reduced in the highest temperature treatment, and this was exacerbated by 

reduced water availability. Increased precipitation has been predicted for some regions of the 

world (IPCC 2014), and has been linked to increased invasion success (Dukes & Mooney 1999; 

Blumenthal et al. 2007). However, our results suggest that reduced precipitation will lead to less 

competition from the resident community, which may facilitate the establishment of new, more 

drought-tolerant alien species. In line with the findings of this study, Haeuser et al. (2017) 

recently found that non-naturalized alien species established from seed were more tolerant of 

climate warming than native species. However, Haeuser et al. (2017) also found that the non-
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naturalized alien species had lower survival after one season under increased temperatures. We 

did not find reduced survival here, possibly due to our focus on a different life stage. Fay & 

Schultz (2009) noted that while species differ in responses to precipitation variability, 

established seedlings tend to be more tolerant of variability in precipitation than germinating 

seeds. Nonetheless, our results show that future altered climates (increased temperatures and 

reduced water availability) will likely favor seedling survival of multiple non-naturalized garden 

plants over resident species. 

Aboveground biomass increased with temperature for non-naturalized species but 

decreased for resident competitors, and so the target:total biomass ratio per pot increased with 

temperature. This indicates a clear competitive advantage for the non-naturalized species under 

increased temperatures. In addition, although biomass of the non-naturalized species decreased 

with reduced water availability — especially at higher temperatures — the reduction in resident 

species biomass was even greater. As a consequence, the target:total biomass ratio also increased 

with reduced water availability. These findings indicate that under a projected warmer climate 

with more summer drought events in Germany (IPCC 2014), currently-non-naturalized alien 

garden plants may gain a competitive advantage over the current native and naturalized alien 

residents. 

Flowering likelihood and the number of flowers on flowering individuals of non-

naturalized alien garden plants decreased with increasing temperatures. However, those effects 

were weak and primarily driven by the highest temperature treatments, which are at the upper 

limit of temperatures projected for southern Germany in the future (Fuessel & Jol 2012). While 

target species flowering responded somewhat negatively to our climate change treatments, the 

negative response of competitor flowering to temperature increases was much stronger. This 

suggests that some non-naturalized aliens might still be more successful than resident species at 

the flowering stage as well as in the vegetative growth stage. Further work is required to assess 

whether relatively high flowering success of non-naturalised aliens over resident species will 

translate into higher reproductive output under climate change. 
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Table II.3: Results of a linear mixed model testing the significance of the effects of treatments 

(temperature and watering), competitor type and their interactions on the ratio of target 

aboveground biomass to total aboveground biomass per pot. Significances of the fixed terms 

were tested using log-likelihood ratio tests (LRT) comparing models with and without the term 

of interest. Order indicates the sequence in which fixed terms were removed from the model for 

LRTs. Significant (p < 0.05) effects are indicated in bold. Standard deviations for individual 

target species random effects are found in Table II.S2. 

    Target:total biomass ratio 

Fixed Effects Order df  LRT P 

Initial size 5 1  17.219 <0.001 

Hardiness 4 1  1.466 0.226 

Temperature 4 1  13.289 <0.001 

Watering 4 1  4.597 0.032 

Competitor status 4 1  4.193 0.041 

Temperature:Watering 3 1  0.854 0.355 

Temperature:Competitor status 3 1  3.692 0.055 

Watering:Competitor status 3 1  0.815 0.367 

Hardiness:Temperature 3 1  0.032 0.858 

Hardiness:Watering 3 1  0.007 0.931 

Hardiness:Competitor status 3 1  0.239 0.625 

Temperature:Watering:Competitor status 2 1  <0.001 0.976 

Hardiness:Temperature:Watering 2 1  0.162 0.688 

Hardiness:Temperature:Competitor status 2 1  1.238 0.266 

Hardiness:Watering:Competitor status 2 1  0.450 0.502 

Hardiness:Temperature:Watering:Competitor status 1 1  0.338 0.561 

      

Random effects    Std. Dev. Levels 

Target species     0.139 10 

Competitor species    0.145 20 

Greenhouse    <0.001 4 

Number observations:     1190 
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Fig. II.3 Ratio of target plant aboveground biomass to total aboveground biomass per pot across temperature treatments (a), under 

different watering regimes (b), and against native vs. naturalized competitors (c). 
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Does status of the resident species matter? 

 Naturalized competitors had more aboveground biomass than native competitors across 

the different temperature and watering treatments. This is in line with previous studies showing 

that naturalized or invasive species often have higher growth and reproductive rates than native 

species (Grotkopp & Rejmánek 2007; van Kleunen et al. 2009). Under reduced water 

availability, however, this difference was reduced. Moreover, survival decreased more strongly 

with increased temperatures for naturalized species than for native species. This contradicts the 

idea that naturalized species should be more resilient to climate change, due to broader climatic 

niches (Leiblein-Wild et al. 2014), selective introduction of more plastic genotypes, (Bossdorf et 

al. 2008), or a greater ability to adjust their phenology to track climate change compared to 

native species (Willis et al. 2010). In a recent meta-analysis, Liu et al. (2017) found that invasive 

species benefited more than native species from increased temperatures, CO2 and precipitation, 

but invasive species were somewhat less tolerant to reduced precipitation, which is in line with 

our findings. In regions such as Germany, where drought periods are likely to become more 

frequent (IPCC 2014), the performance of currently naturalized alien species may thus be 

reduced.  

Interestingly, across temperature and watering treatments, non-naturalized alien target 

species tended to perform worse when in competition with naturalized species than with native 

species. This suggests that the naturalized species may retain a competitive advantage over 

native species under climate change, and could possibly resist new invasions better than the 

native species. This may mean that under a warmer, drier climate, facilitation of new invasions 

by already-naturalized alien species (‘invasion meltdown’; Simberloff & Von Holle 1999), might 

be less likely to occur, at least among plant species. However, as our results indicate that both 

resident groups will perform worse under climate change, it is likely that newly-opening niches 

will be occupied by newly-naturalizing species better suited to the new climates, rather than by 

already-naturalized species. 

 

Do responses to climate change differ between hardy and less hardy garden plants? 

Although hardiness categorization of garden plants is based on winter temperatures, it is 

likely that species from regions with mild winters are likely to benefit more from hot summers, 

as simulated in our study. We indeed found some indications that non-naturalized alien species 
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success may vary with winter hardiness under climate change. The flowering likelihood of hardy 

species decreased at higher temperatures, while less hardy species experienced mild increases in 

flowering likelihood. Hardiness is known to coincide with drought tolerance (Thomashow 1999; 

Zhu 2011; Pembleton & Sathish 2014), so we expected it to play some role in the success of our 

target species under different moisture availability levels. Under reduced watering, less hardy 

species experienced slight increases in the number of flowers produced, and hardier species were 

stable or actually experienced slight decreases. This contradicts our expectations, and warrants 

further exploration.  

Our experiment did not incorporate an overwintering period, a period during which 

hardiness is likely to play a stronger role in species success. Climate warming may have 

mitigating or intensifying effects in terms of overwintering damage (Bertrand & Castonguay 

2003), but it is likely that the survival of those species with low winter hardiness in particular 

would increase. Indeed, Haeuser et al. (2017) reported weak effects of winter hardiness on 

climate change responses for the species used in this study following an overwintering period. 

Nevertheless, in the current study, the majority of our target species exhibited positive responses 

to warming overall, regardless of winter hardiness. This suggests that climatic conditions may 

become more tolerable for species native to warmer regions (with lower winter hardiness), 

hereby increasing their naturalization risk. However, the naturalization risk from species more 

suited to current German climates (with higher winter hardiness) may not necessarily diminish. 

Rather than experiencing a turnover of invaders due to climate change, Germany’s pool of 

potential invaders may simply increase.  

 

Interactions between climate-change components 

We tested how temperature-driven soil moisture reduction is exacerbated by a 

simultaneous reduction in precipitation, which mirrors the climatic changes expected for the 

summers in southern Germany (LUBW 2013; IPCC 2014). Because soil moisture inherently 

decreases with increased temperature due to increased evapotranspiration, it is not possible to 

fully separate the effects of temperature and water availability. In a previous study testing the 

effects of climate warming, we also found that heating resulted in decreased water availability 

even under uniform precipitation (Haeuser et al. 2017). Therefore, a significant portion of the 

effects of temperature may be mediated by changes in soil moisture. De Boeck et al. (2011) 



60 
 

showed that heat waves (our +6º treatment might be representative for such a heatwave) had few 

negative effects on plant community performance when there was sufficient water available. 

Nevertheless, temperature increases may also have direct impacts on plant performance. 

Temperature increases have been shown to benefit invaders through the promotion of growth, 

stress tolerance and canopy cover (He et al. 2012), or through the advancement of their 

phenology (Chuine et al. 2012). Other global-change components, such as increases in 

atmospheric CO2 levels, will also likely interact with rising temperatures and changing 

precipitation to affect species to different degrees (Long 1991; Alberto et al. 1996; Farquhar 

1997; Weltzin et al. 2003). Thus, more studies including alien garden and resident species and 

different global-change components are required to understand how interactions between 

components affect naturalisation risk of alien garden species. 

 

Conclusions 

Our findings demonstrate the need to study climate-change components in concert, as 

their effects in isolation may differ from those resulting from their interactions. Non-naturalized 

alien garden plants exhibited improved or stable performance under increasing temperature and 

reduced water availability in terms of survival and vegetative growth, although flowering was 

somewhat negatively affected by increased temperatures. Resident species performed generally 

worse under changing temperatures and water availability, although naturalized resident species 

performed better than native species overall. Largely positive responses of non-naturalized alien 

garden species to climate change across hardiness levels suggest that the pool of potential 

invaders in Germany will grow as species suited to current climates persist and are joined by less 

hardy species. At a local community scale, the improved performance of the aliens and decreased 

performance of the residents suggests that niche availability will increase with climate change 

and that many alien garden species may be able to fill those spaces. We can therefore expect 

more naturalizations of currently non-naturalized alien garden plant species in the future under 

climate change. 
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Supporting Information 

Table II.S1: Target and competitor species used in the experiment. Hardiness indicates 

minimum winter temperature tolerances: 1 for ≥ -5°C, 2 for -10 to -5°C, 3 for -10 to -15°C, 4 for 

-15 to -20°C and 5 for ≤ -20°C. Supplier indicates seed source: B&T World Seeds (B&T; 

Aigues-Vives, France), Rieger-Hoffman (R.H.; Blaufelden-Raboldshausen, Germany), or 

University of Konstanz Botanical Garden (U.K.; Konstanz, Germany).  

Species Species type Status Hardiness Supplier 

Eritrichum canum Target Non-naturalized alien 5 B&T 

Gilia tricolor Target Non-naturalized alien 2 B&T 

Iris domestica Target Non-naturalized alien 4 B&T 

Monarda fistulosa Target Non-naturalized alien 5 B&T 

Monarda punctata Target Non-naturalized alien 5 B&T 

Nepeta racemosa Target Non-naturalized alien 1 B&T 

Persicaria capitata Target Non-naturalized alien 1 B&T 

Platycodon grandiflorus Target Non-naturalized alien 3 B&T 

Rudbeckia triloba Target Non-naturalized alien 3 B&T 

Verbena rigida Target Non-naturalized alien 3 B&T 

Achillea millefolium Competitor Native  R.H. 

Allium schoenoprasum Competitor Native  R.H. 

Leontodon autumnalis Competitor Native  R.H. 

Leucanthemum vulgare Competitor Native  R.H. 

Lotus corniculatus Competitor Native  R.H. 

Silene dioica Competitor Native  R.H. 

Silene flos-cuculi Competitor Native  R.H. 

Silene vulgaris Competitor Native  R.H. 

Trifolium pratense Competitor Native  R.H. 

Viola tricolor Competitor Native  R.H. 

Antirrhinum majus Competitor Naturalized alien  B&T 

Cerastium tomentosum Competitor Naturalized alien  B&T 

Diplotaxis tenuifolia Competitor Naturalized alien  U.K. 

Epilobium ciliatum Competitor Naturalized alien  U.K. 

Hesperis matronalis Competitor Naturalized alien  B&T 

Lupinus polyphyllus Competitor Naturalized alien  U.K. 

Mimulus guttatus Competitor Naturalized alien  U.K. 

Oenothera biennis Competitor Naturalized alien  U.K. 

Solidago gigantea Competitor Naturalized alien  U.K. 

Veronica persica Competitor Naturalized alien  U.K. 
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Table II.S2: Standard deviations for individual target species random effects for metrics 

measured using a Gaussian distribution. 

Metric Targ. Std. Dev. Resid Std. Dev. IRDO PLGR ERCA MOPU RUTR MOFI PECA VERI GITR NERA 

Target biomass 1.238 1.197 1.197 1.189 0.712 1.612 2.470 1.477 1.185 0.982 0.919 0.573 

Target number 

of flowers 1.903 0.709 0.709 0.986 0.904 0.080 1.099 1.714 0.815 1.056 1.106 1.171 

Competitor 

biomass 2.457 5.218 5.206 4.926 5.133 5.463 5.061 4.682 4.568 4.936 4.823 5.358 

Target:total 

biomass ratio 0.139 0.106 0.106 0.109 0.155 0.169 0.207 0.159 0.102 0.130 0.193 0.197 
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Fig. II.S1: Experimental growing season simulation, including temperature treatment. The top 

panel denotes hours of daylight during each day of the experiment, paralleling daylight hours in 

Konstanz from 1 May – 31 July 2015 (timeanddate.com 2015). The bottom panel denotes daily 

minimum and maximum temperatures for each temperature treatment level; treatment 0 tracks 

average Konstanz temperatures across the season (NOAA 2015). Treatments +2°, +4° and +6° 

mirror treatment 0 temperatures, but with two, four, or six degrees Celsius added, respectively.  
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Fig. II.S2 Soil moisture was measured in 60 pots within each temperature and watering 

treatment combination (including individuals from all target species in competition with three 

randomly-selected native competitors and three randomly-selected naturalized competitors) to 

verify the efficacy of our different treatment levels. Measurements were taken using a HH2 

moisture meter attached to a WET-2 WET sensor (Delta-T Devices Ltd, Cambridge UK) on day 

51 of the experiment, one day after watering the normal watering-treatment pots and two days 

after watering the reduced watering-treatment pots. Soil moisture differences between treatments 

were examined using an ANOVA in the package lmerTest (Kuznetsova et al. 2016), with target 

species, competitor species and greenhouse included as random effects, and temperature 

measured as a continuous variable. Soil moisture decreased with temperature treatment (F1, 

414.10=270.92, p<0.001), and this decrease was greater in the normal than in the reduced watering 

treatment (F1,460.20=123.82, p<0.001). Nevertheless, the normally-watered pots retained higher 

soil moisture levels across temperature than did the reduced-watering pots (F1,459.46=264.36, 

p<0.001). 
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Fig. II.S3 Target species aboveground biomass (natural-log transformed) with and without 

competition, across hardiness levels of the species. Higher hardiness values indicate a tolerance 

of colder minimum winter tempera 
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Summary 

Globally, most currently naturalized plant species, including many harmful invasives, 

were originally introduced for horticultural purposes. In addition to naturalization through new 

introductions, many regions face an invasion debt from alien ornamental species grown in 

private and public gardens, parks or any green areas, but have not naturalized yet. Moreover, 

climate change will likely alter the environmental suitability for ornamental species and lower 

the barriers to naturalization of some species. Identifying those ornamentals with the potential for 

naturalization under climate change is thus extremely important for anticipating impending 

invasions. To identify the predictors of current naturalizations and then project future 

naturalization potential on a continental scale, we modelled the effects of climate and other 

species characteristics on the naturalization success of 2,073 ornamental alien species commonly 

planted in European gardens, including 490 that have already successfully naturalized, and 1,583 

that have not. We found that, with decreasing importance, global naturalized range, climatic 

suitability, propagule pressure, sexual system (with an advantage for dioecious species) and plant 

height jointly explained current naturalization success in Europe. We used these variables, the 

present climate and future climate projections for the horizon 2050 to forecast current and future 

naturalization risk for the 1,583 species not yet naturalized in Europe. As climatic suitability will 

increase for some but decrease for others, average naturalization probability will increase only 

slightly between now and 2050. Many species with high current naturalization risk will continue 

to present a high risk under future climates. We also identify species with high projected 
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increases in naturalization potential. This new list of candidate species allows for the 

prioritization of future monitoring and regulation, with the aim to mitigate the invasion debt. 

 

Introduction 

Preventing alien species invasions is a global environmental priority (CBD 2005). 

Nevertheless, the rate of newly recorded alien species has been increasing with no sign of 

deceleration (Seebens et al. 2017). As there are 35,000 species or more in cultivation 

worldwide (Khoshbakht & Hammer 2008), the ornamental garden flora constitutes an 

inexhaustible pool of potential alien invaders. In Europe and other continents, introduced 

ornamental plants indeed comprise the majority of invasive (i.e. spreading across the landscape; 

Richardson et al. 2000) alien species (Lambdon et al. 2008; Essl et al. 2011). Roughly 4,000 

alien plant species are already naturalized (i.e. sustaining long-term wild populations; 

Richardson et al. 2000) in Europe (van Kleunen et al. 2015a; Pyšek et al. 2017). Preventing 

future invasions requires identifying potential new invaders, and this remains a difficult task. 

One common strategy is to prevent the introduction of species that are known to be invasive 

elsewhere (e.g. Pheloung et al. 1999). However, this strategy ignores the risk posed by species 

that have already been introduced but have not yet become naturalized in the region of 

introduction. As there is often a substantial time lag between introduction and naturalization 

(Kowarik et al. 1995; Essl et al. 2011), it is likely that some of these already introduced species 

will naturalize in the future. If these species then become invasive they could have negative 

impacts on the environment or human livelihoods.  

While it is essential to pinpoint which ornamental alien species are likely to naturalize (and 

possibly become invasive) under current conditions, identifying those that are more likely to 

naturalize under projected future conditions is another critical task. Projected changes in climatic 

conditions may change naturalization potentials for many species, because many alien 

ornamentals originate from warmer climates (Walther et al. 2009). Through climate and habitat 

matching it is possible to successfully predict invasion success across taxonomic groups (Hayes 

& Barry, 2008). Many ornamental species are also introduced outside of their climatic ranges 

(Van der Veken et al. 2008), and while they are able to survive with human support, their ability 

to escape and establish natural populations is often limited by suboptimal climate (but see 

Gallien et al. 2016). Ongoing climate change (IPCC 2014) may, however, alter this barrier for 
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many species better adapted to warmer climatic conditions, hence increasing a regional invasion 

debt (i.e. the time-delayed invasion of species already introduced to a region; Essl et al. 2011). 

Dullinger et al. (2017) recently showed through species climatic suitability modelling that the 

naturalization risk from already-introduced ornamental alien species is projected to increase for 

much of Europe under potential future climates. Indeed, these already-introduced species 

represent the major pool of new invaders for the upcoming decades (Dehnen-Schmutz 2011). 

Therefore, identifying the riskiest species among them is essential not only to prevent new 

naturalizations, but also to assure that management resources are not wasted on species that pose 

less risk under future climatic conditions. However, a comprehensive analysis of the future 

naturalization risk of ornamental aliens should not only consider changing climatic suitability of 

the recipient region but also account for other species characteristics known to influence alien 

plant success (Pyšek & Richardson 2007, Wilson et al. 2007). 

Although the drivers of naturalization are numerous and complex (Catford et al. 2009), 

several factors in addition to climatic suitability have been linked to naturalization success, and 

need to be assessed when considering species’ naturalization potential (Richardson & Pyšek 

2012). These include high propagule pressure (Kolar & Lodge 2001; Lockwood et al. 2005; 

Maron, 2006; Dehnen-Schmutz et al. 2007a, b), naturalization success elsewhere (e.g. Kolar & 

Lodge 2001; Mayer et al. 2017), and native range size (Pyšek et al. 2009b; Pyšek et al. 2015; 

Maurel et al. 2016; Razanajatovo et al. 2016). Moreover certain species life history traits have 

been shown to be associated with greater naturalization potential across a wide range of habitats 

and climates (Hanspach et al. 2008; Bucharová & van Kleunen, 2009; Pyšek et al. 2009a, b, 

2015; van Kleunen et al. 2010; Razanajatovo et al. 2016). Finally, different potential drivers of 

naturalization success may interact (Küster et al. 2008); for example, higher propagule pressure 

may spur naturalization only for species with sufficient climatic suitability. 

Typically, the relationships between individual drivers and naturalization success have been 

examined without exploring interactions between drivers. Climatic niche modelling, for 

example, allows examining a species’ realized and potential range under current climates, and to 

forecast a species’ climatic suitability in a given region under projected future climates. It is 

therefore a frequently used tool in projecting future naturalization risks (e.g. Thuiller et al. 

2005b; Ficetola et al. 2007; Bradley et al. 2009; Bellard et al. 2014; Dullinger et al. 2017; 

Gallardo et al.2017). Other models of naturalization success focus on the effects of species traits 
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and propagule pressure (e.g. Hanspach et al. 2008; Küster et al. 2008; Bucharová & van Kleunen 

2009; Pyšek et al. 2009a), but do not include any detailed climatic suitability analysis. Only few 

studies examine how naturalization success is influenced by all of the factors modulating the 

invasion process. 

In this study, we aim to (1) identify the most important predictors of the naturalization 

success of ornamental plants currently planted in Europe and assess their interactions, (2) 

quantify the invasion risk from planted ornamental alien species that are not naturalized yet, and 

(3) identify the riskiest alien plant species under current and future climates whose monitoring 

and regulation ought to be of priority. In a first step, using data for 490 already naturalized and 

1583 not-yet-naturalized ornamental alien plant species, we analyse the predictors of current 

naturalization success of ornamental alien plants in Europe. In a second step, we forecast the 

invasion risk of the currently non-naturalized ornamental plants under current climates and under 

projected future climates. We do this by combining climatic suitability data with data on 

propagule pressure, naturalized range size outside of Europe, native range size, and several life-

history traits to build a phylogenetically-corrected model of European naturalization success for 

2,073 ornamental species of the European Garden Flora (Cullen et al. 2011). Using current and 

future climatic suitability projections, we then forecast the current and project the future 

probability of European naturalization success for the 1,583 not-yet-naturalized ornamental alien 

species currently cultivated in Europe.  

 

Methods 

In this study, we modelled current naturalization success and future naturalization risk of a 

large number of alien ornamental plants in Europe in three steps (Fig. III.1). (1) To estimate each 

species current and future climatic suitability in Europe, we first modelled the link between 

current climate and species presence, and projected this onto Europe using the current climate 

and future projected climate. (2) We then used current climatic suitability in combination with 

other species characteristics to develop a model explaining the current naturalization success of 

the species in Europe. (3) Finally, we parameterized this model with the current and projected 

future climatic suitability to assess the current and future naturalization risk, respectively, for the 

subset of species that are currently not naturalized yet in Europe.  
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The species selected for this study were taken from the European Garden Flora (EGF, 

Walters et al. 1986–2000; Cullen et al. 2011), an encyclopaedia of >23,000 species and varieties 

commonly planted in European gardens, of which ca. 13,500 are alien to Europe. We compiled 

data from this and other sources (see below) on species’ (1) native range, (2) naturalized range, 

(3) traits, (4) availability in nurseries and (5) climatic suitability. Because these data were drawn 

from numerous sources, we aligned all datasets after standardizing species names using the 

taxonstand package version 1.8 (Cayuela & Oksanen, 2016) in R version 3.3.1 (R Core Team 

2017). Complete data for all characteristics (with the exception of native range size and 

minimum winter temperature tolerances, see below) were available for 2,073 species alien to 

Europe.  

 

Data collection: species characteristics 

From the compiled EGF data (Walters et al. 1986-2000; Cullen et al. 2011), we extracted 

information on species’ native continents. In this way, we identified all EGF species alien to 

Europe, and excluded all others from further analyses. As a measure of species native range size, 

we used distribution data from the Germplasm Resources Information Network (GRIN; 

Wiersema 1995). Native range size was considered as the number of Taxonomic Database 

Working Group (TDWG) level-2 regions (52 in total; Brummit, 2001) where a species was 

present as native. For species without native-range data in GRIN, we searched for distribution 

data in Kew’s World Checklist of Selected Plant Families (WCSP, 2017). Ultimately, we were 

able to obtain native-range data for 1,879 of the 2,073 species. 

To determine the naturalization status of EGF species in Europe, we used the Global 

Naturalized Alien Flora database (GloNAF version 1.1; van Kleunen et al. 2015a; Pyšek et al. 

2017). GloNAF provides naturalization-status data for >13,000 species in 843 regions around the 

globe (covering 83% of the ice-free terrestrial land surface). EGF species listed as naturalized in 

any European GloNAF region were considered naturalized in Europe, and the others not. For a 

measure of naturalized range size outside of Europe, we also extracted the number of GloNAF 

regions outside of Europe where a species is listed as naturalized. An alternative measure would 

be the cumulative area of these regions, but this is strongly correlated with the number of regions 

(Pyšek et al. 2017). 
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Fig. III.1 Workflow of analytical methods, including (1) climatic suitability modelling; (2) 

naturalization success modelling; (3) current and future projections of naturalization risk of non-

naturalized alien species. Solid lines indicate objects (e.g. species characteristics, models, 

projections) and dashed lines indicate analytical methods (e.g. model reduction). Like colours 

indicate terms carried over between the three steps. 
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From the EGF, we extracted several species traits and other characteristics: (1) growth form 

(woody or herbaceous; 44.7% and 55.3% of species tested, respectively), (2) presence of storage 

organs (no or yes; 68.8% and 31.2% of species, respectively), (3) propagation by seed (possible 

for 85.2% of species), (4) propagation by vegetative cutting (possible for 82.6% of species), (5) 

sexual system (self-pollination possible—including monoecious and hermaphroditic species—or 

dioecious; 95.0% and 5.0% of species, respectively), (6) maximum plant height and (7) winter 

hardiness (minimum winter temperature tolerances, ranging from tolerating temperatures <-20ºC 

to only tolerating heated glasshouses). Except for winter hardiness, where data was available for 

only 2,037 species, all other EGF species-characteristic data was available for all of the 2,073 

species. 

As a measure of propagule pressure, we used data on the number of nurseries across Europe 

where a species is available for sale (“availability in nurseries”). These data were compiled by 

Van der Veken et al. (2008) from sales catalogues of 273 nurseries across Europe. Values of 

availability in nurseries ranged from 0-88 nurseries. 

 

Climatic suitability projections 

To assess a species’ current and potential future climatic suitability across the European 

continent (Fig. III.1a), we built species distribution models that relate observed species 

occurrence data to climatic layers for each individual species. To build these models, we 

followed the methods of Dullinger et al. (2017) and Klonner et al. (2017). These models were 

built using species occurrence data taken from the Global Biodiversity Information Facility 

(GBIF, http://www.gbif.org). Despite the fact that there are errors and biases in GBIF (Meyer et 

al. 2016), it is currently the most inclusive database on global distributions of species. This 

occurrence data was combined with present-day global climatic data (averaged for the baseline 

period 1950–2000), retrieved at a10' resolution from WorldClim (Hijmans et al. 2005, 

www.worldclim.org). As in Dullinger et al. (2017), we included six of the 19 WorldClim 

bioclimatic variables: (1) temperature seasonality, (2) maximum temperature of the warmest 

month, (3) minimum temperature of the coldest month, (4) precipitation seasonality, (5) 

precipitation of the wettest quarter and (6) precipitation of the driest quarter. To keep our models 

trained on data independent from subsequent projections, and to minimize bias towards higher 

climatic suitability values for species already naturalized in Europe, we only considered 
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occurrence and climatic data outside of Europe. For full data specifications and modelling 

procedures see Appendix III.S1. 

We then used these models to project species’ current and future climatic suitability in 

Europe. Current climate projections were constructed based on the same WorldClim present-day 

climatic data, now for Europe. For future European climatic suitability projections, we used 

climate projection data for horizon 2050 (an average for the years 2041-2060), under the 

Representative Concentration Pathway (RCP) scenario 4.5. This scenario represents a moderate 

climate change scenario, projecting an average temperature increase in Europe of 0.9–2.0 °C by 

mid-century (EEA, 2016). We averaged projections from the CNRM-C5, HadGEM2-AO and 

MIROC5 global climate circulation models (also gathered from WorldClim). For full climate 

projection procedures, see Appendix III.S1. 

To get single integral current and future climatic suitability values for each species, we 

extracted the median climatic suitability value across all the grid cells within the respective 

current and future projections. We also extracted mean and maximum climatic suitability, as well 

as the 75
th

 and 95
th

 percent quantiles. However, median climatic suitability better explained 

naturalization success (see below) than the mean and the 75
th

 and 95
th

 quantile climatic 

suitability, so the latter three were excluded from further analyses. Maximum climatic suitability 

presented a similar model fit as median climatic suitability, however, because of the strong 

possibility that maximum values may be caused by outliers, we only used the median climatic 

suitability value for each species. From here on, we refer to median climatic suitability as 

‘climatic suitability’, and the horizon 2050 4.5-RCP scenario median climatic suitability 

projection for 2050 as ‘future climatic suitability’.  

 

Modelling naturalization success 

In the next step (Fig. III.1b), we used these climatic suitability estimates together with the 

other species characteristics (i.e. native and naturalized range sizes, availability in nurseries, and 

species traits) to model naturalization success in Europe. To improve interpretability of the 

model estimates, the continuous explanatory variables were all centered to a mean of zero and 

scaled to a standard deviation of one (Schielzeth 2010). For the binary explanatory variables (i.e. 

growth form, storage-organ presence, propagation by seed, propagation by vegetative cutting and 

sexual system), the two levels of each variable were respectively assigned numeric values of 0 or 
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1 according to the level orders mentioned above. They were then also centered to a mean of zero, 

so that the model intercept corresponds to an average species (Schielzeth, 2010).  

To account for potential non-independence of data points due to species relatedness, we 

incorporated a phylogenetic correction into our model. The dated phylogenetic tree was built 

following the pipeline proposed by Roquet et al. (2012), based on a GenBank search and 

resolved to genus, with species included as polytomies. It was loaded as a phylo class object in R 

using the ape package (Paradies et al. 2004). We included this phylogenetic correction as a 

random variance structure in a generalized linear model. This model had a binomial error 

distribution, and assessed the effects of the different variables on species’ current naturalization 

success (a binary response, 1 a species is currently naturalized, or 0 it is not) in Europe. It was 

built using the R package MCMCglmm (Hadfield 2010). 

We examined a large number of potential explanatory variables. Therefore, to avoid over-

fitting and model non-convergence, we built a minimal adequate model following the approach 

used in Feng et al. (2016). We first ran univariate models for all variables, and bivariate models 

incorporating interactions for all possible two-way combinations of variables. Here, we used the 

maximum number of data points available for each variable. In the cases of plant height and 

winter hardiness, for which one might expect non-linear relationships with naturalization 

success, we also tested models incorporating quadratic terms. We then compared the AIC values 

of these models to that of the respective intercept-only models (or in the case of the models 

incorporating quadratic terms or interactions, the nested models which excluded those terms) 

using the dredge function in the MuMIn package version 1.15.6 (Barton 2016). All variables, 

quadratic terms and two-way interactions whose inclusion in these models resulted in a decrease 

in AIC of more than four over the corresponding intercept-only models were then incorporated 

into one saturated multivariate model (see Table III.S1, Supporting Information). We selected 

this conservative ΔAIC due to the large number of variable combinations tested, so as to avoid 

over-parameterisation in our saturated model. All models tested included uninformative priors 

(for residual structure: V=1; for variance structure: V=1, nu=0.002), and were run for 110,000 

iterations, with a burn-in of 10,000 and thinning to every one iteration in 10, for an ultimate total 

of 10,000 iterations per model. 

Because of the large number of terms in the saturated model, a complete test of ΔAIC values 

for all possible term combinations using the dredge function as above to reach a minimum 
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adequate model was not possible. Therefore, we reached the minimum adequate model by 

removing terms from the model one at a time based on P-values, beginning with interaction 

terms with the highest P-values. However, we also examined the ΔAIC between models after 

each term removal. Those terms whose removal did not result in an increase in AIC of four or 

more were left out of the model, and those that did were retained. This was repeated until a final 

minimal adequate model was reached (Table III.S2). Although it is not typical to conduct model 

selection according to both p-values and ΔAIC values, given the large number of possible 

variable combinations and our desire to avoid overfitting, this method was the most practical. 

The conservative ΔAIC value of four (wherein the evidence for the next-best model is roughly 

7.4 times weaker than for the best model; Burnham et al. 2011) was used again to avoid 

overfitting in the final model.  

The saturated model was originally tested and reduced using the maximum amount of data 

available for all terms included, which was 1,879 species. After discarding all non-significant 

terms and reaching a final minimal adequate model with this species set, additional species with 

data for all remaining terms were added (which returned us to 2,073 species, see Results). This 

addition did not change the direction or strength of the effects of the model terms. 

To assess the quality and predictive value of our final minimal adequate model, we 

performed a 10-fold cross-validation. For this, the data was divided into ten equal subsamples 

(folds). The model was then validated on one test fold (again using predict.MCMCglmm) after 

being trained on the other nine. This was repeated for each fold. For each test fold, we calculated 

the True Skill Statistic (TSS; Allouche et al. 2006), adjusting the threshold where predicted 

values were relegated to either 1 (naturalized) or 0 (non-naturalized) so as to maximize TSS. The 

TSS calculations were conducted using the KappaRepet function in the BIOMOD package 

version 1.1-7.04 (Thuiller et al. 2009). We subsequently measured the mean TSS and standard 

error across all folds. We also assessed the convergence of the minimal adequate model through 

comparisons to three additional iterations of the model using the Gelman and Rubin’s 

convergence diagnostic via the gelman.diag function in the coda package (Plummer et al. 2006). 

 

Projecting naturalization success 

We used the final minimal adequate model to project the probability of naturalization 

success in Europe for our 1,583 not-yet-naturalized alien species, under both current and future 
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climates (Fig. III.1c). These projections were made using the predict.MCMCglmm function in 

MCMCglmm, which allows inclusion of phylogenetic information. We did this by applying our 

final model to our data both with the current climatic suitability data and with the projected 

future climatic suitability data. While other model variables, such as availability in nurseries, 

may also change in the future, there are no future projections available for these metrics, and we 

therefore included the current data for these metrics also in future projections.   

 

Results 

Changing climatic suitability  

Current median climatic suitability across Europe was 1.32 times larger for naturalized 

species than for non-naturalized species, averaging 0.029 (SE=0.001) and 0.022 (SE<0.001) 

respectively (Fig. III.2a). On average, 2050 climatic suitability increased slightly for both groups 

compared to the present, to 0.031 (SE=0.001) for naturalized and 0.025 (SE<0.001) for non-

naturalized species (Fig. III.2a, b). The highest current climatic suitability of a naturalized 

species was 0.195 (Nicotiana alata), and of a non-naturalized species 0.067 (Tradescantia 

spathacea). These two species both retained the highest climatic suitability values in 2050, and 

both increased; Nicotiana alata to 0.248, and T. spathacea to 0.160. 

 

Predictors of naturalization success  

The minimal adequate model of current naturalization success in Europe retained, in order of 

importance: global naturalized range size outside of Europe, availability in nurseries, climatic 

suitability, sexual system, the interaction between availability in nurseries and sexual system, 

and height (Fig. III.3). Climatic suitability, availability in nurseries and global naturalized range 

size outside of Europe were strongly positively related to naturalization success in Europe (Fig. 

III.4a, b, c). Dioecious species had on average a slightly higher probability to naturalize than 

self-pollinating species, and this difference was primarily visible at moderate levels of 

availability in nurseries (Fig. III.4b). Naturalization success increased with plant height in a 

univariate model (Table III.S1); this relationship however was less visible in the multivariate 

minimal adequate model (Fig. III.4d). The quality and the predictive value of the minimal 

adequate model based on the 10-fold cross validation was moderate (Landis & Koch 1977), with 
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TSS=0.45 (SE=0.03). The Gelman and Rubin’s convergence diagnostic for our model and 

additional iterations was 1.00, indicating convergence (Brooks & Gelman 1998).  

 

Changing naturalization probability  

The projected current naturalization probability in Europe averaged across all non-

naturalized ornamental species was 0.264 (SE=0.003; Fig. III.2c). The average changes in 

naturalization probability between current climate and 2050 were small (Fig. III.2d). In 2050, 

average naturalization probability increased slightly to 0.266 (SE=0.003) for non-naturalized 

species (Fig. III.2c, d). Naturalization probability nevertheless ranged from 0.158 to 0.923 in the 

present day, and from 0.164 to 0.917 in 2050. Tamarus indica had the highest naturalization 

probability both at present and in 2050, at 0.923 and 0.917, respectively, and 20 other species 

had naturalization values >0.7 in both periods (Table III.1). Changes in naturalization probability 

between current climates and 2050 climates ranged from -0.137 to 0.421(with the highest 

increase at 0.421 found for Nopalea cochenillifera; Table III.1). Forty-one species experienced 

increases in naturalization probability greater than 0.1, whereas only one species saw a decrease 

in naturalization probability greater than 0.1 (Penstemon gracilis, with a change of -0.137). See 

Table III.S3 for naturalization probability values and rankings for all non-naturalized species. 

 

Discussion 

We found strong positive effects of climatic suitability, availability in nurseries and 

naturalization success elsewhere on naturalization success in Europe among more than 2,000 

ornamental alien plant species that are commonly planted in European gardens. We additionally 

identified a tendency for dioecious species to naturalize more easily than self-pollinating species, 

but only if sufficiently available in nurseries. While we did not find an overall substantial 

increase in naturalization potential under future compared to current climates, there were some 

changes in the ranking of the species, and our analysis allowed us to identify those species with 

naturalization risk for which an invasion debt may exist now, in the future, or both.  
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Fig. III.2 Density curves showing (a) climatic suitability for present day (gray) and 2050 under 

the RCP 4.5 climate change scenario (black), for species already naturalized in Europe (dashed 

lines) and not-yet-naturalized species (solid lines); (b) individual species changes in climatic 

suitability between present day and 2050 for naturalized and non-naturalized species; (c) 

naturalization probability (for non-naturalized species only) in the present day and in 2050; and 

(d) individual species changes in naturalization probability between present day and 2050. 
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Fig. III.3 Posterior mean estimates plus 1- and 2-standard deviation intervals for terms included 

in the minimal adequate model of naturalization success of 2,073 introduced ornamental plant 

species in Europe. For exact values refer to Supplementary Table III.S4. Positive estimates 

indicate positive effects, and negative values indicate negative effects. Climatic suitability refers 

to the median climatic suitability of a species in Europe. Global naturalized range size is the 

number of regions a species has become naturalized outside of Europe. Availability in nurseries 

is the number of nurseries in Europe where a species is available for sale. Plant height is the 

maximum height a species is able to achieve. Sexual system refers here to whether a species is 

self-pollinating or dioecious. 
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Fig. III.4 Relationships with naturalization success in Europe for variables included in the final 

minimal adequate model. Data points were jittered to increase visibility. Lines are drawn based 

on values predicted from the minimal adequate model, across the range of the given variable 

with all other model terms set to zero (after scaling or centering). Dashed lines represent 95% 

confidence intervals. Climatic suitability (a), the median value for Europe, is presented on a 0–1 

scale. Availability in nurseries (b), our metric for propagule pressure, represents the number of 

nurseries across Europe where a species is sold, for both dioecious (black) and self-pollinating 

(grey) species. Global naturalized range size (c) is presented in terms of the number of regions 

(outside of Europe) where a species is already naturalized. Plant height (d) is the maximum 

species height, and the non-significance of the effect of plant height is denoted by the use of a 

long-dashed line.  
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Table III.1: Rankings of the top 30 non-naturalized species with the highest current and the 

highest future (2050) naturalization probability in Europe, and the highest increase in probability 

of naturalization. 

  Probability of Naturalization  

Rank 

 

Current climate  

 

Future climate (2050, RCP 4.5) 

 

Increase (future—present) 

1 

 

Tamarindus indica 0.923 

 

Tamarindus indica 0.917 

 

Nopalea cochenillifera 0.421 

2 

 

Emilia sonchifolia 0.860 

 

Tradescantia spathacea 0.906 

 

Shibataea kumasasa 0.253 

3 

 

Artocarpus altilis 0.859 

 

Artocarpus altilis 0.852 

 

Stewartia sinensis 0.242 

4 

 

Albizia lebbeck 0.856 

 

Gomphrena globosa 0.852 

 

Nomocharis aperta 0.214 

5 

 

Gomphrena globosa 0.851 

 

Albizia lebbeck 0.851 

 

Thunbergia gregorii 0.214 

6 

 

Caesalpinia pulcherrima 0.817 

 

Emilia sonchifolia 0.846 

 

Echinopsis pachanoi 0.207 

7 

 

Cosmos sulphureus 0.816 

 

Cosmos sulphureus 0.803 

 

Aria alnifolia 0.196 

8 

 

Acer palmatum 0.801 

 

Caesalpinia pulcherrima 0.802 

 

Hydrangea anomala 0.196 

9 

 

Physostegia virginiana 0.799 

 

Acer palmatum 0.795 

 

Salvia greggii 0.181 

10 

 

Cyperus involucratus 0.772 

 

Physostegia virginiana 0.793 

 

Echinocactus horizonthalonius 0.171 

11 

 

Anacardium occidentale 0.766 

 

Cyperus involucratus 0.775 

 

Podalyria sericea 0.171 

12 

 

Hydrangea paniculata 0.762 

 

Nopalea cochenillifera 0.760 

 

Tradescantia spathacea 0.160 

13 

 

Crotalaria retusa 0.760 

 

Hydrangea paniculata 0.756 

 

Aloe microstigma 0.154 

14 

 

Calotropis procera 0.758 

 

Perovskia atriplicifolia 0.754 

 

Camellia fraterna 0.150 

15 

 

Pennisetum alopecuroides 0.758 

 

Crotalaria retusa 0.750 

 

Hemerocallis thunbergii 0.147 

16 

 

Tradescantia spathacea 0.746 

 

Calotropis procera 0.748 

 

Anisodontea scabrosa 0.147 

17 

 

Solanum seaforthianum 0.731 

 

Anacardium occidentale 0.746 

 

Adenophora stricta 0.142 

18 

 

Platycodon grandiflorus 0.712 

 

Pennisetum alopecuroides 0.740 

 

Amsonia ciliata 0.137 

19 

 

Dodonaea viscosa 0.705 

 

Solanum seaforthianum 0.714 

 

Dodecatheon dentatum 0.136 

20 

 

Viburnum plicatum 0.693 

 

Platycodon grandiflorus 0.704 

 

Phaius tankervilleae 0.131 

21 

 

Veronica elliptica 0.678 

 

Viburnum plicatum 0.684 

 

Pachypodium brevicaule 0.125 

22 

 

Cleome gynandra 0.667 

 

Dodonaea viscosa 0.678 

 

Glaucidium palmatum 0.123 

23 

 

Tephrosia purpurea 0.667 

 

Cleome gynandra 0.663 

 

Haworthia cooperi 0.122 

24 

 

Perovskia atriplicifolia 0.666 

 

Veronica elliptica 0.661 

 

Viburnum cinnamomifolium 0.121 

25 

 

Salix exigua 0.664 

 

Tephrosia purpurea 0.650 

 

Aquilegia fragrans 0.119 

26 

 

Garrya elliptica 0.656 

 

Garrya elliptica 0.649 

 

Allium cyaneum 0.117 

27 

 

Campanula punctata 0.655 

 

Campanula punctata 0.645 

 

Rehmannia glutinosa 0.117 

28 

 

Aconitum carmichaelii 0.641 

 

Salix exigua 0.639 

 

Viburnum macrocephalum 0.116 

29 

 

Tamarix ramosissima 0.638 

 

Aconitum carmichaelii 0.636 

 

Eucomis bicolor 0.116 

30 

 

Cercidiphyllum japonicum 0.623 

 

Cercidiphyllum japonicum 0.620 

 

Hydrangea quercifolia 0.115 
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Predictors of naturalization success 

Three of the predictors of naturalization success that we identified – climatic suitability, 

availability in nurseries and naturalization success elsewhere – have been previously linked to 

naturalization success, but usually in separate studies. Nevertheless, multiple recent studies have 

shown that climatic suitability based on the climate in the native range is a strong predictor of 

which species can naturalize (Feng et al. 2016; Mayer et al. 2017). Our climatic suitability 

analyses were based on data from both native and naturalized ranges outside of Europe 

(Broennimann & Guisan, 2008). Still our risk assessment is conservative and cannot account for 

further potential climatic niche shifts (Petitpierre et al. 2012; Early & Sax 2014). 

The importance of availability in nurseries and other proxies of propagule pressure for plant 

invasions are well established (Lockwood et al. 2005; Dehnen-Schmutz et al. 2007a, b; 

Hanspach et al. 2008; Bucharová & van Kleunen 2009; Pyšek et al. 2009a; Feng et al. 2016). 

Surely, species reproductive traits such as seed production will also contribute to overall 

propagule pressure, but such data are normally not available for most species. Nevertheless, we 

show here that propagule pressure even at the coarse scale of availability in nurseries plays a 

major role in determining naturalization success.  

Previous naturalization and invasion success elsewhere is one of the best predictors of 

naturalization success in a focal region (Reichard & Hamilton 1997; Kolar & Lodge 2001; 

Klonner et al. 2016). Other studies demonstrating this, however, included naturalization 

elsewhere primarily as a binary metric (yes, no). The strength of our findings suggests that 

detailed information on naturalized range size may further improve the predictive value of 

naturalization elsewhere (i.e. Fig. III.4c). This merits further investigation. 

Our simultaneous analysis of these traits allowed us to compare their relative influence in 

predicting naturalization success. We demonstrate that although climatic suitability is a strong 

predictor of naturalization success, propagule pressure and particularly naturalization elsewhere 

are still much stronger. While not a direct driver, the ready availability of this type of data for a 

large number of species (e.g. van Kleunen et al. 2015a; Pyšek et al. 2017) makes this a 

convenient first metric for identifying potentially risky species. 

One of the few biological species traits retained in the minimal adequate model was sexual 

system. Dioecious species (i.e. species with separate male and female individuals) were slightly 

more likely to naturalize than self-pollinating species, particularly so at intermediate to high 



84 
 

availability in nurseries (Fig. III4b). Previous studies have been unable to show differences in 

naturalization success between monoecious and dioecious species explicitly (e.g. Cadotte et al. 

2006; Milbau et al. 2008; Dawson et al. 2009; Pyšek et al. 2009b, 2015), possibly because these 

studies did not test for interactions (but see Küster et al. 2008). Our finding is surprising at first 

sight, given that dioecious species are obligatorily outcrossing, and other studies have shown 

selfing-ability to be advantageous for establishment of alien species (e.g. van Kleunen et al. 

2007; Hao et al. 2011; Razanajatovo et al. 2016). While the ability to reproduce in the absence of 

potential mates may in some circumstances be beneficial during early establishment, at higher 

levels of propagule pressure this benefit is probably reduced. The benefits of obligate 

outcrossing, such as recombination resulting in increased genetic variation, may then facilitate 

the naturalization of dioecious species. Our finding that dioecious species only had a higher 

naturalization success than self-pollinating ones at intermediate to high nursery availabilities 

supports this idea, but further exploration of this relationship is nevertheless necessary. It is also 

possible that other traits more commonly associated with dioecy (e.g. wind-pollination; Renner 

2014) may be related to naturalization success, and are driving the increased success seen in 

these species. 

Although taller plants did not have a substantially higher naturalization success, inclusion of 

plant height improved our overall model of naturalization success. Bucharová & van Kleunen 

(2009) found that the extent of the naturalized range in Europe was positively related to height 

for trees, but not for shrubs. Hanspach et al. (2008) found a weak relationship between 

naturalization success and plant height in Germany. However, Maurel et al. (2016), who 

corrected for year of introduction in Germany, did not find such a relationship (but see Pyšek & 

Richardson 2007). So, overall, the evidence for a general role of plant height in naturalization 

success is rather mixed. Plant height usually is positively related to dispersal ability (Thompson 

et al. 2017). Hence plant height might serve as a proxy for this extremely important 

characteristic of species dispersal, which supports propagule pressure, range size and potentially 

even leads to impact (Pyšek et al. 2012a). 

While some of the other species characteristics (native range size, absence of storage organs) 

were also significant in univariate analyses (Table III.S1), their significance disappeared in 

multivariate analysis, possibly due to covariations with other characteristics. Other species 

characteristics (growth form, vegetative propagation, propagation by seeds, hardiness) were not 
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significant in uni- and multivariate analyses. Some of these traits have been found to affect 

naturalization or invasion success in studies focussing on smaller regions (Kolar & Lodge 2001; 

Hanspach et al. 2008; Haeuser et al. 2017). For example, Maurel et al. (2016) found that winter 

hardiness increased naturalization success in Germany. The absence of significance in our study 

might reflect the context-specificity and stage-dependence of some of these species 

characteristics (Pyšek & Richardson 2007; Pyšek et al. 2009b;Williamson 2006). We focused on 

naturalization success in Europe as a whole, but Europe has many different types of 

environments and habitats. So, while a trait may promote naturalization in one region of Europe, 

it may have no influence, or even impede naturalization, in other regions, or habitats. 

 

Model quality 

Our analyses of climatic suitability are biased due to the use of GBIF data, which are of very 

good quality in Europe and North America, but of very varying quality elsewhere. This includes 

a strong bias towards more temperate regions. This means that the climatic suitability of many (if 

not all) species is likely underestimated for warmer conditions. Thus, the increase in climatic 

suitability projected for 2050 is probably even larger than presented here. It could even be that 

some species showing a future decrease in our analyses might in fact experience an increase in 

their probability of naturalization in the future. 

Moreover, although our model of naturalization success uses a broad spectrum of variables 

for more than 2000 introduced ornamental alien species, the projections it provides for 

naturalization potential are still imperfect as indicated by the moderate TSS value. This, as well, 

might be partly due to the varying quality of GBIF data and climatic suitability estimates. Many 

ornamental species had to be excluded from our analyses due to missing trait or distribution data, 

and some other important factors could not be included due to insufficient data. For example, 

time since introduction has been repeatedly shown to be associated with naturalization success 

(e.g. Harris et al. 2007; Bucharová & van Kleunen 2009; Feng et al. 2016). On the other hand, 

Maurel et al. (2016) showed in a path analysis that time since introduction affected naturalization 

success in Germany only indirectly because species that were introduced early are currently 

planted more frequently. Therefore, the data for availability in nurseries might have partly 

accounted for this. However, as the horticultural industry is subject to fashion trends, current 

availability in nurseries may differ from that in the past that drove the current naturalization 
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pattern (Dehnen-Schmutz et al. 2007a). Therefore, studies are needed that use historical nursery-

availability data to assess current naturalization success. Additionally, it is known that land-use 

is extremely important for the success of alien species (Chytrý et al. 2009, 2012). We included 

neither information on current land-use nor land-use scenarios into our analyses. 

A limitation of our model projections of future naturalization is that we only had future 

projections for changes in climatic suitability. However, it is likely that other variables kept static 

in our projections, such as availability in nurseries and extent of naturalization elsewhere, may 

also be subject to change in the future. Nevertheless, we believe our approach offers a robust 

basis for identifying species at high risk for naturalization now and under future climates and 

prioritizing factors for use in projecting naturalization success.  

Current and future naturalization probability of non-naturalized ornamental species 

Although the current naturalization probability for most species was quite low, for many 

others the projections indicate a high potential to naturalize in Europe. Some species are even 

projected to have a probability of naturalization of >0.80 under current climatic conditions. 

These species include Acer palmatum, Artocarpus altilis, Albizia lebbeck, Caesalpinia 

pulcherrima, Cosmos sulphureus, Emilia sonchifolia, Gomphrena globosa, and Tamarindus 

indica. We cannot say with certainty why these species are not yet naturalized in Europe; it is 

possible that they have been only recently introduced, or have only been introduced into regions 

where the climate or land-use (habitat) is not yet suitable, or may face other biological barriers, 

such as competition (e.g. Carboni et al. 2017). Other unknown barriers may currently prevent 

their naturalization, but our results suggest the need for deeper investigation into the introduction 

history and current status of these species.  

The aim of this study was to identify ornamental species that are risky at a broad European 

level, and should be targeted for European Union-level regulations. Our methods and results do 

not distinguish between different levels of naturalization success or probability in different 

regions of Europe. So those species with indications of high naturalization probability ought to 

be investigated further in terms of local climatic suitability and propagule pressure to determine 

the range across Europe where they pose high risks. Dullinger et al. (2017) assessed local 

climatic suitability changes for ornamental species in Europe. Supplementing these findings with 

additional data accounting for the predictors identified in this study would be an effective way to 

identify local threats. 
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At the continental scale of this study, the average climatic suitability and naturalization 

probability of the not-yet naturalized ornamentals are projected to increase only slightly by 2050. 

However, there is likely to be a turnover in the species with high naturalization probability. So, 

while for some species the naturalization probability is projected to decrease, for others it is 

likely to increase (Table III.1). Among the species we identify as having a high naturalization 

probability under current and/or future climates, some have already been reported as casuals in 

parts of Europe (Acer palmatum, Dodonaea viscosa, Gomphrena globosa, Perovskia 

atriplicifolia and Physostegia virginiana), but have not managed to establish self-sustaining 

populations yet (www.europe-aliens.org). Curbing the cultivation and propagation of these 

ornamental species in Europe should be prioritized in order to limit the European invasion debt 

and prevent further naturalizations and possible invasions.   

The horticultural industry is continuously growing (Bradley et al. 2012), and new species 

continue to be introduced or more intensively traded regardless of invasion potential (Drew et al. 

2010). Recently, Early et al. (2016) showed that Europe has a relatively high invasion threat. 

But, it also has the capacity to proactively or reactively respond (Early et al. 2016; Turbelin et al. 

2017). Proactive responses could be further improved by forecasting future threats. Barbier and 

Knowler (2006) showed that the economic benefits derived from the nursery sales of invasive 

species are more than negated by the costs associated with invasive species management. They 

also showed that taxing the imports and sales of these species would significantly reduce 

invasions (Knowler & Barbier 2005). It is possible that extending this option beyond already-

invasive species to those deemed high-risk potential invaders, such as those identified in this 

study, would reduce their propagule pressure and subsequently their naturalization potential. 

None of the species we list here are currently present on the list of invasive alien species of 

European Union Concern (EU 2014). The methods we use here offer a useful approach for 

informing proactive European invasive alien species policy. 

In addition to having identified ornamental species warranting increased regulation in 

Europe, we have highlighted the factors most strongly driving their naturalization success. 

Although we have assessed the naturalization risk of over 2,000 ornamental alien plant species, 

this is only part of the tens of thousands regularly traded in Europe. In order to be able to assess 

the naturalization risks of a greater number of species, data acquisition of additional species is 

critical, and our study indicates which types of data should be prioritized. Once further data have 
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become available, our naturalization-potential model can be used to identify other risky species 

not considered here. 
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Supporting Information 

Appendix III.S1: Climatic suitability projections 

To determine a species’ current and potential future climatic suitability across the European 

continent, we built a set of species distribution models that relate observed species occurrence 

data to climatic layers for each individual species. To build these models we followed the 

methods of Dullinger et al. (2017) and Klonner et al. (2017). 

 

Species distribution data 

For species occurrence data, we extracted data from the Global Biodiversity Information 

Facility (GBIF, http://www.gbif.org) using the rgbif package in R (Chamberlain et al. 2015). 

Despite the fact that there are errors and biases in GBIF (Meyer et al. 2016), it is currently the 

most inclusive database on global distributions of species. Obviously invalid occurrence points, 

such as those located in oceans or on the Antarctic ice sheet, were removed. To keep our models 

trained on data independent from subsequent projections, and to minimize bias towards higher 

climatic suitability values for species already naturalized in Europe, we only used occurrence 

points outside of Europe for all species.  To balance the inclusion of as many species as possible, 

while also focussing on species with adequate data available, we limited modelling to species 

with at least 40 occurrence records available. These points were drawn across both native and 

naturalized ranges. 

For absence data, we relied on randomly-generated pseudo-absences. We created 3 sets of 

pseudo-absences for each species, following the recommendations of Barbet-Massin et al. 

http://www.gbif.org/
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(2012). Pseudo-absences were generated to be outside a buffer of ca. 200 km of each presence 

point, to minimize accidental sampling in undocumented portions of its range. The number of 

pseudo-absences depended on the modeling algorithm used (see Model specifications below).  

 

Climate data 

We retrieved present-day global climate data (averaged for the baseline period 1950–2000) 

at a10' resolution from WorldClim (Hijmans et al. 2005; www.worldclim.org). As in Dullinger et 

al. (2017), we included six of the 19 WorldClim bioclimatic variables: (1) temperature 

seasonality, (2) maximum temperature of the warmest month, (3) minimum temperature of the 

coldest month, (4) precipitation seasonality, (5) precipitation of the wettest quarter and (6) 

precipitation of the driest quarter. These variables are known to affect plant-species distributions 

(Root et al. 2003), and have pairwise Pearson’s r values below 0.75 (Dullinger et al. 2017), 

reducing the effects of multicollinearity (Dormann et al. 2013). Models were built on current 

climate data (averaged from 1950–2000) on a global background that excluded Europe.  

For projections of climatic suitability, for current climates, we used the same WorldClim 

data, also at a 10’ resolution, this time for Europe. For future European climatic suitability 

projections, we used climate projection data for horizon 2050 (an average for the years 2041-

2060), under the Representative Concentration Pathway (RCP) scenario 4.5. This scenario 

represents a moderate climate change scenario, projecting an average temperature increase in 

Europe of 0.9–2.0 °C by mid-century (EEA 2016). We averaged projections from the CNRM-

C5, HadGEM2-AO and MIROC5 global climate circulation models (also gathered from 

WorldClim). We also examined projections under the severe RCP scenario 8.5 (which projects 

temperature increases of 1.4–2.6 °C by mid-century (EEA 2016). However, as the results 

differed only minimally, we only present results based on RCP scenario 4.5. 

Model specifications 

To model species’ realized climatic niches (outside of Europe), we combined species 

occurrence and pseudo-absence data using the biomod2 package version 3.3-7 (Thuiller et al. 

2016) in R (R Core Team 2017). To calculate climatic suitabilities, we used an ensemble-

forecasting framework (Araújo & New, 2007) that incorporated four modelling algorithms for 

each species: (1) a generalized-linear model (GLM), (2) a generalized additive model (GAM), 

(3) random forest (RF) and (4) a generalized boosted model (GBM).  
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For GLM and GAM algorithms, we generated three separate sets of 10,000 pseudo-absences 

(Barbet-Massin et al. 2012) and used these in three separate runs of each model. For RF and 

GBM algorithms, we generated a number of pseudo-absences equal to the number of occurrences 

points available for the species in question (Barbet-Massin et al. 2012), again generating three 

separate sets for each. For all four models, the sum of presences equalled the weighted sum of 

pseudo-absences to assure that the prevalence (i.e. frequency of species’ occurrences in the data 

set) was 0.5 (Maggini et al. 2006). 

To evaluate the predictive performance of our models, we randomly split the datasets into 

80% and 20% of the points, using 80% for model calibration and 20% for model evaluation. This 

was repeated three times. We evaluated the models using the True Skill Statistic (TSS, Allouche 

et al. 2006) with the threshold optimising the TSS. Models with a TSS<0.7 were discarded.  

 

Climatic suitability projections 

We then used these models to project species’ current and future climatic suitability in 

Europe. For each time point, two ensemble projections – one for the GLM and GAM models, 

and one for the RF and GBM models were then generated from the models with TSS scores 

≥0.7. The two separate ensemble projections were necessary due to the differences in the 

numbers of pseudo-absences used. Within each projection, each model was weighted according 

to its TSS score. These projections were created for current and future European climates using 

the prepared European climate data, and were created for both naturalized and non-naturalized 

species. We combined the two ensemble projections produced by averaging their outputs to 

produce one current and one future climatic suitability projection map for Europe for each 

species.  

To get single current and future climatic suitability values for each species, we extracted the 

median climatic suitability value across all the grid cells within each projection. We also 

extracted here mean and maximum climatic suitability, as well as the 75
th

 and 95
th

 percent 

quantiles. However, median climatic suitability offered a better model fit (see below) than the 

mean or the 75
th

 and 95
th

 quantile climatic suitability, so the latter three were excluded from 

further analyses. Maximum climatic suitability presented a similar model fit as median climatic 

suitability, however, because of the strong possibility that maximum values may be caused by 

outliers, we only used the median climatic suitability value for each species.  
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Table III.S1: Initial testing of individual terms to be included in the saturated model. Terms 

whose removal from the associated univariate and bivariate models resulted in an increase in 

AIC >4 were then included in the saturated model. Bold text indicates terms included in the 

saturated model. Italics indicate climatic suitability metrics which were tested in univariate 

models but were ultimately excludec from further analyses. 

Term Term p AIC (with term) AIC (without term) Δ AIC 

Availability in nurseries:Vegetative propagation 0.091 1592.1 1588.5 -3.6 

Growth form:Vegetative propagation 0.894 1717 1714 -3 

Storage organ:Vegetative propagation 0.436 1718.6 1716.2 -2.4 

Naturalized range size:Vegetative propagation <0.001 1603.6 1610.2 6.6 

Native range size:Vegetative propagation 0.596 1604.2 1602.4 -1.8 

Plant height:Vegetative propagation 0.403 1702.8 1696.9 -5.9 

Climatic suitability:Vegetative propagation 0.120 1602.2 1596.6 -5.6 

Dicliny:Vegetative propagation 0.725 1525.2 1510.2 -15 

Hardiness:Vegetative propagation 0.457 1684.8 1682.6 -2.2 

Climatic suitability: Availability in nurseries  0.817 1495.4 1490.8 -4.6 

Climatic suitability:Growth form 0.069 1606.3 1597.2 -9.1 

Climatic suitability:Storage organ 0.524 1601.8 1596.3 -5.5 

Climatic suitability:Naturalized range size 0.485 1539 1537.4 -1.6 

Climatic suitability:Native range size 0.565 1498.8 1496.5 -2.3 

Climatic suitability:Plant height 0.880 1588 1587.5 -0.5 

Climatic suitability:Propagation by seed 0.564 1602.3 1595 -7.3 

Climatic suitability:Dicliny 0.712 1412.8 1403.9 -8.9 

Climatic suitability:Hardiness 0.457 1560.7 1559.6 -1.1 

Availability in nurseries:Hardiness 0.096 1554.1 1547.1 -7 

Availability in nurseries:Growth form 0.060 1590.7 1582.5 -8.2 

Availability in nurseries:Storage organ 0.573 1585.2 1582 -3.2 

Availability in nurseries:Naturalized range 

size <0.001 1503.7 1509.4 5.7 

Availability in nurseries:Native range size 0.388 1489.7 1488 -1.7 

Availability in nurseries:Plant height 0.006 1575.2 1584.2 9 

Availability in nurseries:Propagation by seed 0.280 1584.7 1588.8 4.1 

Availability in nurseries:Sexual system <0.001 1396.1 1402 5.9 

Hardiness:Sexual system 0.496 1497.1 1489.6 -7.5 

Hardiness:Growth form 0.306 1689.8 1680.5 -9.3 

Hardiness:Storage organ 0.737 1689.2 1681 -8.2 

Hardiness:Naturalized range size 0.003 1588 1586.1 -1.9 

Hardiness:Native range size 0.163 1585.7 1580.4 -5.3 

Hardiness:Plant height 0.074 1662.6 1667.3 4.7 

Hardiness:Propagation by seed 0.694 1685 1682.8 -2.2 

Sexual system:Growth form 0.048 1518.7 1509.9 -8.8 

Sexual system:Storage organ 0.689 1520.1 1509.1 -11 

Sexual system:Naturalized range size 0.116 1388.8 1391.3 2.5 

Sexual system:Native range size 0.052 1418.8 1418.5 -0.3 

Sexual system:Plant height 0.012 1509.4 1502 -7.4 

Sexual system:Propagation by seed 0.704 1510.9 1506.7 -4.2 

Propagation by seed:Growth form 0.711 1722.1 1715 -7.1 



92 
 

Propagation by seed:Storage organ 0.437 1719.7 1708.2 -11.5 

Propagation by seed:Naturalized range size 0.899 1611.2 1602.7 -8.5 

Propagation by seed:Native range size 0.781 1606.2 1600.2 -6 

Propagation by seed:Plant height 0.900 1691 1698.5 7.5 

Plant height:Native range size 0.049 1588.03 1591.6 3.57 

Plant height:Growth form 0.082 1702.9 1701.6 -1.3 

Plant height:Storage organ 0.067 1703.4 1701.4 -2 

Plant height:Naturalized range size 0.147 1605.8 1611 5.2 

Native range size:Naturalized range size <0.001 1497.5 1496.7 -0.8 

Native range size:Growth form 0.030 1602.8 1602 -0.8 

Native range size:Storage organ 0.287 1606.9 1597.9 -9 

Naturalized range size:Storage organ 0.012 1608 1614.3 6.3 

Naturalized range size:Growth form 0.029 1617.1 1611.2 -5.9 

Storage organ:Growth form 0.016 1729.8 1713.6 -16.2 

Plant height^2 0.575 1703 1703.1 0.1 

Hardiness^2 0.153 1684.9 1684.7 -0.2 

Availability in nurseries <0.001 1592.6 1716.3 123.7 

Growth form 0.725 1718.4 1719.5 1.1 

Storage organ 0.666 1715.9 1723 7.1 

Naturalized range size <0.001 1615.6 1715.2 99.6 

Native range size <0.001 1602.9 1607.5 4.6 

Plant height 0.018 1696.7 1712.9 16.2 

Sex 0.190 1517.3 1508.6 -8.7 

Hardiness 0.252 1683.3 1686.7 3.4 

Vegetative propagation 0.640 1716.9 1717.6 0.7 

Propagation by seed 0.243 1720.4 1710.8 -9.6 

Median climatic suitability <0.001 1595.4 1647 51.6 

Maximum climatic suitability <0.001 1629.2 1657.0 27.8 

Mean climatic suitability <0.001 1629.2 1653.4 24.2 

75th percentile climatic suitability <0.001 1632.8 1655.4 22.6 

95th percentile climatic suitability 0.882 1652.0 1656.9 4.92 
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Table III.S2: Model terms removed in order of decreasing p-values to reach the minimal 

adequate model. Terms whose removal resulted in an increase in AIC >4 were kept in the model. 

As further terms were removed, all kept terms were retested until no further terms could be 

removed. Order indicates order of term removal. Italics indicates terms initially retained, and 

bold font indicates final terms kept in the minimum adequate model. 

Order Term Term P AIC (with term) 

AIC (without 

term) Δ AIC 

1 Naturalized range size:Plant height 0.558 1321.8 1319.4 -2.4 

2 Plant height:Hardiness   0.217 1319.4 1320.1 0.7 

3 Availability in nurseries:Plant height 0.158 1320.1 1318.3 -1.7 

4 Native range size:Naturalized range size 0.126 1318.3 1313.2 -5.1 

5 Naturalized range size:Vegetative propagation 0.023 1313.2 1315.7 2.5 

6 Sexual system:Availability in nurseries 0.001 1315.7 1325.9 10.2 

6 Native range size 0.764 1315.7 1318.7 3.0 

7 Growth form 0.724 1318.7 1313.2 -5.5 

8 Storage organ 0.575 1313.2 1309.1 -4.1 

9 Plant height 0.314 1309.1 1314.4 5.3 

9 Vegetative propagation 0.292 1309.1 1311.4 2.4 

10 Hardiness 0.315 1311.4 1303.5 -7.9 

11 Plant height 0.360 1303.5 1310.3 6.8 

11 Sexual system: Availability in nurseries 0.002 1303.5 1314.4 10.9 

11 Sexual system (+ Sexual system: Availability in nurseries) 0.057 1303.5 1315.5 12.0 

11 Climatic suitability <0.001 1303.5 1318.0 14.5 

11 Naturalized range size <0.001 1303.5 1357.7 54.2 

11 Availability in nurseries <0.001 1303.5 1309.6 6.1 

 

  



94 
 

Table III.S3: The complete list of all 1,583 non-naturalized species examined, including present 

and future (year 2050 under RCP 4.5) probability for naturalization, and the change (Δ) between 

the two. Species are listed from highest to lowest probability of present naturalization, with 

rankings given for the present, future and Δ naturalization probability. 

  Prob. of Naturalization   Rankings 

Species Pres. Fut. Δ 

 

Pres. Fut. Δ 

Tamarindus indica 0.923 0.917 -0.006 

 

1 1 1030 

Emilia sonchifolia 0.860 0.846 -0.014 

 

2 6 1388 

Artocarpus altilis 0.859 0.852 -0.008 

 

3 3 1142 

Albizia lebbeck 0.856 0.851 -0.005 

 

4 5 979 

Gomphrena globosa 0.851 0.852 0.000 

 

5 4 563 

Caesalpinia pulcherrima 0.817 0.802 -0.015 

 

6 8 1423 

Cosmos sulphureus 0.816 0.803 -0.013 

 

7 7 1367 

Acer palmatum 0.801 0.795 -0.006 

 

8 9 1071 

Physostegia virginiana 0.799 0.793 -0.006 

 

9 10 1029 

Cyperus involucratus 0.772 0.775 0.003 

 

10 11 335 

Anacardium occidentale 0.766 0.746 -0.020 

 

11 17 1516 

Hydrangea paniculata 0.762 0.756 -0.006 

 

12 13 1053 

Crotalaria retusa 0.760 0.750 -0.010 

 

13 15 1262 

Calotropis procera 0.758 0.748 -0.010 

 

14 16 1246 

Pennisetum alopecuroides 0.758 0.740 -0.018 

 

15 18 1484 

Tradescantia spathacea 0.746 0.906 0.160 

 

16 2 12 

Solanum seaforthianum 0.731 0.714 -0.017 

 

17 19 1461 

Platycodon grandiflorus 0.712 0.704 -0.008 

 

18 20 1178 

Dodonaea viscosa 0.705 0.678 -0.028 

 

19 22 1572 

Viburnum plicatum 0.693 0.684 -0.009 

 

20 21 1208 

Veronica elliptica 0.678 0.661 -0.018 

 

21 24 1475 

Cleome gynandra 0.667 0.663 -0.004 

 

22 23 939 

Tephrosia purpurea 0.667 0.650 -0.016 

 

23 25 1450 

Perovskia atriplicifolia 0.666 0.754 0.088 

 

24 14 56 

Salix exigua 0.664 0.639 -0.025 

 

25 28 1558 

Garrya elliptica 0.656 0.649 -0.007 

 

26 26 1082 

Campanula punctata 0.655 0.645 -0.010 

 

27 27 1252 

Aconitum carmichaelii 0.641 0.636 -0.005 

 

28 29 1003 

Tamarix ramosissima 0.638 0.614 -0.024 

 

29 32 1553 

Cercidiphyllum japonicum 0.623 0.620 -0.003 

 

30 30 823 

Senna siamea 0.618 0.608 -0.010 

 

31 34 1248 

Gaura lindheimeri 0.615 0.613 -0.002 

 

32 33 733 

Pyrus calleryana 0.613 0.598 -0.014 

 

33 38 1412 

Panicum virgatum 0.609 0.596 -0.013 

 

34 39 1353 

Cornus kousa 0.607 0.601 -0.007 

 

35 37 1090 

Brugmansia candida 0.602 0.582 -0.020 

 

36 43 1512 

Dioscorea bulbifera 0.600 0.571 -0.029 

 

37 46 1574 

Alocasia macrorrhizos 0.598 0.601 0.004 

 

38 36 305 

Codiaeum variegatum 0.596 0.589 -0.008 

 

39 41 1144 

Prosopis juliflora 0.595 0.579 -0.016 

 

40 44 1442 

Adenanthera pavonina 0.593 0.574 -0.019 

 

41 45 1507 

Zephyranthes candida 0.585 0.583 -0.002 

 

42 42 736 

Perilla frutescens 0.577 0.560 -0.017 

 

43 49 1462 

Nandina domestica 0.577 0.567 -0.010 

 

44 47 1261 

Filipendula rubra 0.576 0.591 0.015 

 

45 40 105 

Skimmia japonica 0.575 0.563 -0.012 

 

46 48 1336 

Wisteria floribunda 0.573 0.559 -0.013 

 

47 50 1379 

Hedychium coronarium 0.566 0.548 -0.018 

 

48 55 1487 

Clerodendrum trichotomum 0.565 0.544 -0.021 

 

49 56 1523 

Zinnia elegans 0.562 0.550 -0.012 

 

50 54 1321 

Ananas comosus 0.562 0.558 -0.003 

 

51 51 865 

Ceiba pentandra 0.559 0.542 -0.017 

 

52 57 1464 

Viburnum davidii 0.555 0.616 0.061 

 

53 31 63 

Cornus canadensis 0.552 0.522 -0.030 

 

54 68 1577 

Bixa orellana 0.551 0.528 -0.023 

 

55 63 1535 

Crinum asiaticum 0.551 0.534 -0.016 

 

56 61 1453 

Rodgersia pinnata 0.549 0.551 0.002 

 

57 53 376 

Cestrum nocturnum 0.547 0.527 -0.020 

 

58 64 1519 

Carex morrowii 0.547 0.539 -0.008 

 

59 58 1180 

  Prob. of Naturalization   Rankings 

Species Pres. Fut. Δ 

 

Pres. Fut. Δ 

Aquilegia chrysantha 0.538 0.525 -0.012 

 

60 66 1341 

Psidium cattleianum 0.533 0.526 -0.006 

 

61 65 1077 

Anaphalis triplinervis 0.532 0.538 0.006 

 

62 59 216 

Hosta ventricosa 0.529 0.535 0.006 

 

63 60 214 

Tacca leontopetaloides 0.525 0.507 -0.019 

 

64 71 1495 

Ophiopogon planiscapus 0.524 0.519 -0.005 

 

65 69 998 

Aleurites moluccanus 0.522 0.529 0.007 

 

66 62 186 

Tilia americana 0.521 0.505 -0.016 

 

67 73 1454 

Photinia davidiana 0.521 0.484 -0.037 

 

68 84 1581 

Abelia grandiflora 0.519 0.524 0.005 

 

69 67 235 

Sesamum indicum 0.513 0.505 -0.008 

 

70 72 1182 

Rodgersia aesculifolia 0.511 0.507 -0.004 

 

71 70 935 

Allocasuarina littoralis 0.506 0.479 -0.027 

 

72 87 1570 

Tricyrtis hirta 0.499 0.501 0.002 

 

73 75 458 

Cornus controversa 0.499 0.484 -0.014 

 

74 83 1402 

Gentiana sino-ornata 0.494 0.499 0.005 

 

75 76 256 

Hydrangea quercifolia 0.493 0.608 0.115 

 

76 35 30 

Ulmus parvifolia 0.492 0.481 -0.010 

 

77 85 1273 

Symphyotrichum lateriflorum 0.488 0.463 -0.025 

 

78 91 1557 

Exochorda racemosa 0.487 0.481 -0.006 

 

79 86 1078 

Clematis terniflora 0.482 0.463 -0.018 

 

80 90 1482 

Phyllostachys nigra 0.481 0.474 -0.007 

 

81 89 1102 

Xanthosoma sagittifolium 0.481 0.475 -0.006 

 

82 88 1076 

Agastache foeniculum 0.474 0.503 0.029 

 

83 74 74 

Aquilegia caerulea 0.473 0.488 0.015 

 

84 79 106 

Nepeta subsessilis 0.472 0.486 0.014 

 

85 80 108 

Helenium bigelovii 0.470 0.450 -0.020 

 

86 98 1515 

Amelanchier arborea 0.467 0.455 -0.012 

 

87 94 1323 

Gloriosa superba 0.467 0.454 -0.013 

 

88 95 1366 

Zinnia peruviana 0.467 0.446 -0.021 

 

89 101 1527 

Spiraea thunbergii 0.465 0.457 -0.007 

 

90 93 1128 

Tithonia rotundifolia 0.464 0.447 -0.018 

 

91 99 1476 

Cordyline fruticosa 0.456 0.451 -0.006 

 

92 97 1013 

Prunus subhirtella 0.456 0.463 0.007 

 

93 92 204 

Penstemon digitalis 0.456 0.443 -0.012 

 

94 105 1340 

Oeceoclades maculata 0.455 0.444 -0.012 

 

95 103 1326 

Caladium bicolor 0.454 0.444 -0.010 

 

96 102 1288 

Pittosporum tenuifolium 0.454 0.434 -0.020 

 

97 117 1509 

Populus lasiocarpa 0.451 0.555 0.105 

 

98 52 38 

Ruellia tuberosa 0.450 0.442 -0.008 

 

99 107 1176 

Penstemon barbatus 0.450 0.441 -0.008 

 

100 108 1175 

Hippobroma longiflora 0.449 0.437 -0.012 

 

101 113 1322 

Plectranthus scutellarioides 0.449 0.439 -0.009 

 

102 111 1220 

Acer japonicum 0.448 0.442 -0.006 

 

103 106 1018 

Tamarix aphylla 0.448 0.439 -0.009 

 

104 112 1219 

Hydrangea aspera 0.447 0.441 -0.007 

 

105 110 1096 

Calophyllum inophyllum 0.443 0.435 -0.009 

 

106 115 1194 

Artocarpus heterophyllus 0.439 0.441 0.002 

 

107 109 421 

Callicarpa bodinieri 0.438 0.436 -0.002 

 

108 114 788 

Dodecatheon pulchellum 0.437 0.414 -0.024 

 

109 129 1546 

Hymenoxys hoopesii 0.436 0.427 -0.008 

 

110 120 1174 

Ficus elastica 0.434 0.427 -0.007 

 

111 121 1089 

Salix gracilistyla 0.431 0.424 -0.007 

 

112 123 1115 

Hosta sieboldii 0.431 0.452 0.021 

 

113 96 87 

Elaeis guineensis 0.429 0.400 -0.030 

 

114 146 1575 

Bacopa monnieri 0.428 0.414 -0.014 

 

115 131 1406 

Cassia fistula 0.427 0.417 -0.010 

 

116 126 1258 

Petunia axillaris 0.425 0.431 0.007 

 

117 119 197 

Carex muskingumensis 0.423 0.432 0.009 

 

118 118 153 
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  Prob. of Naturalization   Rankings 

Species Pres. Fut. Δ 

 

Pres. Fut. Δ 

Astilbe simplicifolia 0.422 0.427 0.005 

 

119 122 242 

Dahlia pinnata 0.421 0.413 -0.008 

 

120 132 1148 

Spiraea prunifolia 0.421 0.420 -0.001 

 

121 125 676 

Acer davidii 0.418 0.399 -0.019 

 

122 149 1494 

Hakonechloa macra 0.417 0.414 -0.003 

 

123 130 863 

Barleria cristata 0.416 0.443 0.028 

 

124 104 77 

Acer griseum 0.416 0.414 -0.001 

 

125 128 681 

Agapanthus africanus 0.415 0.421 0.006 

 

126 124 227 

Gunnera magellanica 0.415 0.416 0.000 

 

127 127 564 

Symphyotrichum ericoides 0.415 0.400 -0.015 

 

128 148 1434 

Coccoloba uvifera 0.415 0.403 -0.012 

 

129 140 1327 

Trillium grandiflorum 0.415 0.403 -0.012 

 

130 139 1315 

Averrhoa carambola 0.413 0.403 -0.010 

 

131 141 1277 

Coreopsis rosea 0.413 0.412 -0.001 

 

132 136 630 

Pentas lanceolata 0.412 0.402 -0.010 

 

133 142 1255 

Sisyrinchium micranthum 0.412 0.392 -0.020 

 

134 159 1511 

Clerodendrum chinense 0.410 0.402 -0.009 

 

135 144 1212 

Corymbia citriodora 0.410 0.386 -0.024 

 

136 163 1552 

Hymenocallis littoralis 0.410 0.403 -0.007 

 

137 138 1093 

Ravenala madagascariensis 0.407 0.486 0.079 

 

138 81 58 

Anemone rivularis 0.407 0.398 -0.009 

 

139 151 1232 

Salvia dorisiana 0.405 0.384 -0.021 

 

140 165 1526 

Zelkova serrata 0.404 0.394 -0.011 

 

141 156 1290 

Phoenix reclinata 0.403 0.400 -0.004 

 

142 147 889 

Crotalaria micans 0.401 0.378 -0.023 

 

143 173 1541 

Enkianthus campanulatus 0.400 0.392 -0.008 

 

144 158 1162 

Arabis blepharophylla 0.400 0.386 -0.014 

 

145 164 1396 

Salvia microphylla 0.400 0.394 -0.006 

 

146 155 1037 

Chasmanthium latifolium 0.399 0.391 -0.008 

 

147 160 1163 

Acalypha hispida 0.399 0.398 -0.001 

 

148 150 674 

Eragrostis mexicana 0.397 0.371 -0.026 

 

149 186 1562 

Sesbania grandiflora 0.395 0.406 0.011 

 

150 137 130 

Tamarix chinensis 0.394 0.390 -0.005 

 

151 161 953 

Cytisus proliferus 0.393 0.369 -0.025 

 

152 190 1555 

Salix integra 0.391 0.394 0.003 

 

153 154 355 

Artemisia lactiflora 0.391 0.394 0.003 

 

154 157 356 

Plectranthus amboinicus 0.390 0.374 -0.016 

 

155 179 1436 

Ficus racemosa 0.389 0.371 -0.019 

 

156 187 1499 

Chrysophyllum cainito 0.389 0.383 -0.005 

 

157 166 1006 

Styrax japonicus 0.389 0.371 -0.017 

 

158 184 1468 

Codonopsis clematidea 0.388 0.382 -0.006 

 

159 169 1031 

Sesbania sesban 0.388 0.376 -0.013 

 

160 178 1350 

Acer cissifolium 0.387 0.379 -0.008 

 

161 172 1179 

Syngonium podophyllum 0.387 0.377 -0.010 

 

162 175 1272 

Trillium erectum 0.386 0.367 -0.018 

 

163 191 1483 

Uvularia grandiflora 0.385 0.373 -0.013 

 

164 180 1349 

Nyssa sylvatica 0.384 0.376 -0.008 

 

165 177 1185 

Solanum aculeatissimum 0.382 0.376 -0.006 

 

166 176 1027 

Pavonia hastata 0.381 0.361 -0.020 

 

167 195 1510 

Astilbe thunbergii 0.381 0.371 -0.010 

 

168 185 1267 

Erigeron compositus 0.380 0.353 -0.027 

 

169 204 1568 

Synsepalum dulcificum 0.378 0.334 -0.044 

 

170 247 1582 

Theobroma cacao 0.375 0.364 -0.012 

 

171 193 1319 

Thunbergia erecta 0.375 0.378 0.002 

 

172 174 394 

Helianthus salicifolius 0.375 0.369 -0.006 

 

173 188 1057 

Plumeria obtusa 0.372 0.484 0.113 

 

174 82 31 

Romneya coulteri 0.371 0.360 -0.012 

 

175 198 1317 

Pistacia chinensis 0.371 0.366 -0.005 

 

176 192 972 

Torenia fournieri 0.370 0.372 0.002 

 

177 181 395 

Prostanthera cuneata 0.367 0.357 -0.010 

 

178 201 1260 

Davidia involucrata 0.366 0.372 0.006 

 

179 182 213 

Allagoptera arenaria 0.366 0.329 -0.037 

 

180 256 1580 

Echinacea pallida 0.365 0.356 -0.009 

 

181 202 1217 

Bauhinia purpurea 0.365 0.361 -0.004 

 

182 196 916 

Anigozanthos flavidus 0.365 0.335 -0.030 

 

183 246 1576 

Camellia sinensis 0.364 0.347 -0.017 

 

184 223 1469 

Cestrum aurantiacum 0.364 0.350 -0.014 

 

185 211 1398 

Brachychiton populneus 0.362 0.348 -0.014 

 

186 218 1393 

Acer macrophyllum 0.362 0.330 -0.031 

 

187 252 1578 
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Cornus nuttallii 0.362 0.349 -0.013 

 

188 213 1352 

Eucalyptus cinerea 0.361 0.343 -0.019 

 

189 231 1493 

Vernicia fordii 0.361 0.348 -0.013 

 

190 219 1364 

Gerbera jamesonii 0.361 0.352 -0.009 

 

191 207 1197 

Trillium sessile 0.360 0.352 -0.008 

 

192 206 1154 

Geranium maculatum 0.360 0.348 -0.011 

 

193 216 1313 

Stewartia pseudocamellia 0.360 0.350 -0.009 

 

194 210 1236 

Allium fistulosum 0.359 0.347 -0.012 

 

195 222 1328 

Carex comans 0.358 0.359 0.001 

 

196 199 501 

Shepherdia argentea 0.358 0.344 -0.013 

 

197 227 1371 

Phyllostachys bambusoides 0.357 0.351 -0.005 

 

198 208 1002 

Aquilegia canadensis 0.356 0.340 -0.016 

 

199 235 1445 

Ampelopsis glandulosa 0.355 0.347 -0.008 

 

200 224 1170 

Acer shirasawanum 0.355 0.362 0.007 

 

201 194 189 

Allium cernuum 0.355 0.336 -0.018 

 

202 244 1488 

Zingiber zerumbet 0.354 0.361 0.007 

 

203 197 187 

Chrysobalanus icaco 0.354 0.339 -0.015 

 

204 238 1425 

Ozothamnus leptophyllus 0.353 0.326 -0.027 

 

205 267 1569 

Dracaena fragrans 0.352 0.343 -0.009 

 

206 229 1211 

Homalocladium platycladum 0.352 0.357 0.006 

 

207 200 223 

Clerodendrum thomsoniae 0.351 0.386 0.035 

 

208 162 70 

Polygonatum falcatum 0.351 0.346 -0.005 

 

209 225 1001 

Clematis heracleifolia 0.351 0.348 -0.002 

 

210 215 766 

Diospyros virginiana 0.350 0.340 -0.010 

 

211 236 1266 

Tillandsia usneoides 0.350 0.328 -0.022 

 

212 259 1533 

Washingtonia robusta 0.348 0.383 0.034 

 

213 168 71 

Atriplex nummularia 0.347 0.321 -0.026 

 

214 274 1565 

Salix magnifica 0.344 0.349 0.005 

 

215 212 238 

Prunus sargentii 0.344 0.347 0.004 

 

216 220 320 

Prunus incisa 0.344 0.326 -0.018 

 

217 266 1479 

Penstemon heterophyllus 0.343 0.330 -0.013 

 

218 255 1368 

Prunus serrula 0.343 0.342 -0.001 

 

219 232 660 

Cestrum elegans 0.342 0.339 -0.003 

 

220 237 846 

Casuarina glauca 0.342 0.315 -0.027 

 

221 290 1567 

Cordyline indivisa 0.342 0.332 -0.009 

 

222 249 1227 

Acer pensylvanicum 0.341 0.328 -0.013 

 

223 257 1355 

Zingiber officinale 0.340 0.337 -0.002 

 

224 241 771 

Cyrilla racemiflora 0.340 0.326 -0.014 

 

225 265 1385 

Penstemon gracilis 0.339 0.202 -0.137 

 

226 1195 1583 

Amsonia tabernaemontana 0.339 0.341 0.002 

 

227 233 437 

Oenothera drummondii 0.339 0.336 -0.004 

 

228 245 880 

Nopalea cochenillifera 0.339 0.760 0.421 

 

229 12 1 

Aristotelia chilensis 0.339 0.307 -0.032 

 

230 307 1579 

Rauvolfia tetraphylla 0.339 0.316 -0.023 

 

231 288 1540 

Pereskia aculeata 0.338 0.320 -0.017 

 

232 276 1467 

Parthenocissus henryana 0.336 0.332 -0.004 

 

233 250 913 

Bambusa multiplex 0.336 0.345 0.009 

 

234 226 146 

Actaea pachypoda 0.336 0.326 -0.009 

 

235 261 1222 

Chrysogonum virginianum 0.334 0.339 0.004 

 

236 239 273 

Polemonium pauciflorum 0.332 0.325 -0.008 

 

237 269 1140 

Gmelina arborea 0.331 0.322 -0.009 

 

238 272 1218 

Houstonia caerulea 0.331 0.320 -0.011 

 

239 278 1298 

Stachyurus praecox 0.331 0.310 -0.021 

 

240 299 1524 

Papaver aculeatum 0.331 0.326 -0.004 

 

241 263 940 

Clerodendrum bungei 0.329 0.330 0.001 

 

242 254 533 

Plumbago zeylanica 0.329 0.301 -0.029 

 

243 323 1573 

Eucalyptus delegatensis 0.329 0.305 -0.024 

 

244 314 1547 

Phlox sibirica 0.328 0.344 0.015 

 

245 228 104 

Salix irrorata 0.328 0.321 -0.007 

 

246 275 1131 

Cassia grandis 0.327 0.320 -0.007 

 

247 277 1113 

Pachira aquatica 0.326 0.309 -0.017 

 

248 301 1470 

Arisaema consanguineum 0.326 0.319 -0.007 

 

249 280 1127 

Salvia plebeia 0.325 0.324 -0.002 

 

250 270 730 

Robinia hispida 0.325 0.328 0.003 

 

251 258 367 

Bouteloua curtipendula 0.324 0.298 -0.026 

 

252 332 1560 

Fremontodendron 

californicum 0.324 0.313 -0.011 

 

253 293 1292 

Ardisia crenata 0.324 0.311 -0.012 

 

254 295 1337 

Cuphea hyssopifolia 0.323 0.310 -0.013 

 

255 297 1359 

Epipactis gigantea 0.323 0.297 -0.026 

 

256 338 1561 
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Tetraneuris scaposa 0.322 0.316 -0.006 

 

257 286 1059 

Nomocharis saluenensis 0.322 0.349 0.027 

 

258 214 79 

Epipremnum pinnatum 0.321 0.317 -0.005 

 

259 285 961 

Gladiolus undulatus 0.321 0.310 -0.011 

 

260 298 1311 

Quercus acutissima 0.320 0.316 -0.004 

 

261 287 933 

Epilobium canum 0.319 0.298 -0.022 

 

262 336 1530 

Carex conica 0.319 0.311 -0.008 

 

263 296 1173 

Crambe orientalis 0.319 0.347 0.029 

 

264 221 75 

Quercus glauca 0.319 0.294 -0.024 

 

265 344 1551 

Eucalyptus rubida 0.318 0.299 -0.019 

 

266 328 1496 

Clerodendrum speciosissimum 0.318 0.325 0.007 

 

267 268 178 

Crescentia cujete 0.318 0.303 -0.015 

 

268 320 1421 

Opuntia aurantiaca 0.318 0.304 -0.014 

 

269 319 1395 

Polygonatum biflorum 0.317 0.312 -0.005 

 

270 294 960 

Antennaria rosea 0.316 0.290 -0.026 

 

271 366 1563 

Echinochloa polystachya 0.315 0.300 -0.015 

 

272 324 1420 

Solanum chrysotrichum 0.314 0.306 -0.008 

 

273 309 1172 

Prunus yedoensis 0.314 0.308 -0.006 

 

274 305 1055 

Dianella tasmanica 0.314 0.291 -0.023 

 

275 359 1536 

Podophyllum peltatum 0.314 0.302 -0.011 

 

276 321 1308 

Bletilla striata 0.313 0.317 0.004 

 

277 282 302 

Dieffenbachia seguine 0.313 0.317 0.003 

 

278 284 325 

Correa reflexa 0.312 0.288 -0.025 

 

279 377 1556 

Callisia fragrans 0.312 0.343 0.031 

 

280 230 72 

Hosta longipes 0.312 0.288 -0.024 

 

281 376 1549 

Quercus alba 0.311 0.292 -0.019 

 

282 355 1505 

Pogostemon cablin 0.311 0.294 -0.017 

 

283 347 1463 

Asparagus africanus 0.310 0.291 -0.019 

 

284 362 1500 

Bromus briziformis 0.309 0.307 -0.002 

 

285 308 759 

Grevillea juniperina 0.309 0.289 -0.019 

 

286 369 1504 

Hebe odora 0.308 0.304 -0.004 

 

287 317 951 

Primula obconica 0.308 0.282 -0.027 

 

288 407 1566 

Syngonium angustatum 0.308 0.299 -0.009 

 

289 331 1207 

Daphne tangutica 0.308 0.350 0.042 

 

290 209 67 

Ochroma pyramidale 0.308 0.294 -0.013 

 

291 342 1377 

Aster tongolensis 0.308 0.306 -0.002 

 

292 310 758 

Trillium ovatum 0.307 0.286 -0.021 

 

293 387 1525 

Camellia sasanqua 0.306 0.305 -0.001 

 

294 312 657 

Betula nigra 0.306 0.305 -0.001 

 

295 315 695 

Sorghastrum nutans 0.306 0.291 -0.015 

 

296 361 1415 

Calceolaria biflora 0.305 0.308 0.003 

 

297 303 370 

Boltonia asteroides 0.305 0.300 -0.005 

 

298 327 1004 

Penstemon hirsutus 0.305 0.308 0.003 

 

299 304 344 

Cercocarpus montanus 0.305 0.277 -0.028 

 

300 423 1571 

Allocasuarina verticillata 0.304 0.281 -0.024 

 

301 408 1544 

Chasmanthe floribunda 0.304 0.298 -0.006 

 

302 333 1075 

Eucalyptus ovata 0.304 0.281 -0.023 

 

303 409 1543 

Eucalyptus dalrympleana 0.304 0.289 -0.014 

 

304 371 1411 

Eremurus stenophyllus 0.303 0.305 0.002 

 

305 313 440 

Eucalyptus nitens 0.303 0.291 -0.013 

 

306 364 1351 

Trachelospermum asiaticum 0.303 0.292 -0.011 

 

307 357 1306 

Heuchera cylindrica 0.303 0.294 -0.009 

 

308 345 1203 

Hoheria glabrata 0.303 0.277 -0.026 

 

309 425 1559 

Oenothera elata 0.303 0.276 -0.026 

 

310 430 1564 

Antennaria plantaginifolia 0.302 0.293 -0.009 

 

311 353 1214 

Crataegus intricata 0.301 0.322 0.021 

 

312 271 89 

Coffea liberica 0.301 0.297 -0.004 

 

313 337 894 

Cotyledon orbiculata 0.300 0.293 -0.007 

 

314 352 1117 

Pennisetum orientale 0.300 0.297 -0.004 

 

315 340 892 

Dianella caerulea 0.300 0.277 -0.023 

 

316 422 1539 

Hydrangea anomala 0.300 0.495 0.196 

 

317 77 8 

Strelitzia reginae 0.300 0.299 0.000 

 

318 330 609 

Rudbeckia occidentalis 0.299 0.297 -0.002 

 

319 339 796 

Phyllostachys edulis 0.299 0.302 0.004 

 

320 322 308 

Opuntia humifusa 0.298 0.294 -0.004 

 

321 343 919 

Penstemon pinifolius 0.298 0.298 0.000 

 

322 334 608 

Gladiolus dalenii 0.298 0.288 -0.011 

 

323 375 1291 

Polyscias scutellaria 0.297 0.300 0.003 

 

324 326 347 

Viburnum macrocephalum 0.297 0.413 0.116 

 

325 134 28 
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Platanus occidentalis 0.297 0.285 -0.012 

 

326 394 1333 

Petunia integrifolia 0.297 0.287 -0.009 

 

327 380 1237 

Odontonema tubaeforme 0.296 0.287 -0.009 

 

328 382 1235 

Salvia elegans 0.296 0.293 -0.003 

 

329 351 862 

Cortaderia jubata 0.296 0.287 -0.009 

 

330 379 1209 

Nicotiana longiflora 0.296 0.293 -0.003 

 

331 350 831 

Pandorea jasminoides 0.296 0.287 -0.009 

 

332 385 1234 

Patrinia scabiosifolia 0.296 0.280 -0.016 

 

333 413 1452 

Coprosma lucida 0.296 0.272 -0.024 

 

334 447 1548 

Arbutus menziesii 0.296 0.279 -0.016 

 

335 414 1447 

Pterostyrax hispidus 0.294 0.290 -0.004 

 

336 365 918 

Sparaxis bulbifera 0.294 0.282 -0.012 

 

337 405 1335 

Perovskia abrotanoides 0.294 0.294 -0.001 

 

338 348 629 

Antennaria parvifolia 0.294 0.288 -0.006 

 

339 373 1039 

Heuchera americana 0.293 0.291 -0.003 

 

340 363 828 

Bulbine bulbosa 0.293 0.269 -0.024 

 

341 467 1554 

Phlox drummondii 0.292 0.280 -0.012 

 

342 411 1332 

Cleyera japonica 0.292 0.270 -0.023 

 

343 456 1534 

Grevillea banksii 0.292 0.287 -0.006 

 

344 384 1012 

Aster ageratoides 0.291 0.277 -0.015 

 

345 428 1416 

Dypsis lutescens 0.291 0.287 -0.004 

 

346 383 917 

Hoya carnosa 0.291 0.282 -0.009 

 

347 406 1193 

Eucalyptus goniocalyx 0.290 0.267 -0.024 

 

348 481 1545 

Cornus capitata 0.290 0.294 0.004 

 

349 346 285 

Dioscorea polystachya 0.289 0.287 -0.002 

 

350 381 745 

Hippeastrum puniceum 0.289 0.282 -0.006 

 

351 404 1065 

Anticlea elegans 0.289 0.275 -0.013 

 

352 433 1373 

Banksia ericifolia 0.288 0.266 -0.023 

 

353 486 1538 

Penstemon confertus 0.288 0.285 -0.004 

 

354 395 890 

Bignonia capreolata 0.288 0.281 -0.008 

 

355 410 1157 

Pistacia vera 0.288 0.286 -0.002 

 

356 386 744 

Albizia adianthifolia 0.288 0.273 -0.015 

 

357 441 1429 

Salvia columbariae 0.288 0.266 -0.022 

 

358 485 1532 

Solanum crispum 0.288 0.284 -0.004 

 

359 396 886 

Quercus agrifolia 0.287 0.267 -0.020 

 

360 475 1517 

Viburnum odoratissimum 0.287 0.280 -0.007 

 

361 412 1129 

Calochortus splendens 0.287 0.266 -0.022 

 

362 487 1531 

Spathoglottis plicata 0.287 0.298 0.011 

 

363 335 132 

Correa alba 0.287 0.263 -0.024 

 

364 502 1550 

Cirsium japonicum 0.287 0.274 -0.013 

 

365 439 1361 

Polemonium pulcherrimum 0.287 0.269 -0.018 

 

366 461 1480 

Cochlospermum vitifolium 0.287 0.271 -0.016 

 

367 450 1446 

Salvia apiana 0.287 0.264 -0.023 

 

368 494 1537 

Hypoestes phyllostachya 0.286 0.279 -0.007 

 

369 417 1130 

Potentilla thurberi 0.286 0.288 0.002 

 

370 374 445 

Eucalyptus coccifera 0.286 0.271 -0.015 

 

371 451 1430 

Eucalyptus leucoxylon 0.286 0.276 -0.010 

 

372 431 1274 

Salvia farinacea 0.286 0.290 0.004 

 

373 368 286 

Fargesia nitida 0.286 0.291 0.006 

 

374 360 226 

Callistemon pallidus 0.285 0.269 -0.016 

 

375 457 1440 

Hedychium flavescens 0.285 0.289 0.004 

 

376 372 310 

Hebe subalpina 0.285 0.269 -0.016 

 

377 463 1441 

Prunus nipponica 0.285 0.284 -0.001 

 

378 398 656 

Hoya australis 0.284 0.272 -0.012 

 

379 444 1338 

Cheilocostus speciosus 0.284 0.275 -0.010 

 

380 435 1245 

Piper aduncum 0.284 0.266 -0.019 

 

381 488 1490 

Penstemon campanulatus 0.284 0.276 -0.008 

 

382 432 1189 

Acer buergerianum 0.284 0.300 0.017 

 

383 325 99 

Spodiopogon sibiricus 0.283 0.276 -0.007 

 

384 429 1101 

Decaisnea insignis 0.283 0.285 0.002 

 

385 390 412 

Acer capillipes 0.283 0.285 0.002 

 

386 392 444 

Eragrostis japonica 0.283 0.278 -0.005 

 

387 419 994 

Penstemon strictus 0.283 0.272 -0.011 

 

388 445 1296 

Camassia quamash 0.283 0.272 -0.011 

 

389 446 1295 

Epacris impressa 0.282 0.259 -0.023 

 

390 531 1542 

Phyllodoce empetriformis 0.282 0.261 -0.021 

 

391 511 1521 

Aquilegia formosa 0.282 0.267 -0.014 

 

392 476 1410 

Barringtonia asiatica 0.282 0.272 -0.009 

 

393 443 1226 

Halesia tetraptera 0.281 0.286 0.004 

 

394 389 270 
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Ratibida columnifera 0.281 0.267 -0.014 

 

395 479 1394 

Bursera simaruba 0.281 0.261 -0.020 

 

396 513 1513 

Bloomeria crocea 0.281 0.259 -0.021 

 

397 529 1529 

Sterculia apetala 0.281 0.268 -0.012 

 

398 470 1345 

Quercus garryana 0.281 0.262 -0.019 

 

399 508 1502 

Quercus lobata 0.281 0.265 -0.015 

 

400 489 1431 

Notholithocarpus densiflorus 0.281 0.267 -0.014 

 

401 482 1391 

Vernonia arkansana 0.281 0.299 0.019 

 

402 329 91 

Atherosperma moschatum 0.281 0.268 -0.012 

 

403 472 1344 

Betula utilis 0.280 0.264 -0.016 

 

404 493 1449 

Citharexylum spinosum 0.280 0.309 0.028 

 

405 302 76 

Averrhoa bilimbi 0.280 0.287 0.007 

 

406 378 183 

Cynoglossum amabile 0.280 0.279 -0.001 

 

407 416 654 

Olearia nummulariifolia 0.280 0.265 -0.015 

 

408 490 1418 

Alangium chinense 0.280 0.261 -0.019 

 

409 516 1503 

Cereus jamacaru 0.280 0.270 -0.010 

 

410 454 1244 

Amorpha canescens 0.280 0.267 -0.012 

 

411 477 1347 

Grevillea rosmarinifolia 0.280 0.277 -0.002 

 

412 424 790 

Etlingera elatior 0.280 0.273 -0.007 

 

413 442 1098 

Sansevieria hyacinthoides 0.279 0.274 -0.005 

 

414 437 991 

Dianella revoluta 0.279 0.264 -0.015 

 

415 492 1426 

Eriogonum ovalifolium 0.279 0.258 -0.021 

 

416 538 1528 

Salix lasiandra 0.279 0.259 -0.020 

 

417 534 1514 

Tulbaghia violacea 0.279 0.289 0.010 

 

418 370 133 

Stachyurus chinensis 0.278 0.268 -0.010 

 

419 471 1279 

Spiraea densiflora 0.278 0.271 -0.007 

 

420 448 1097 

Hamelia patens 0.278 0.260 -0.018 

 

421 521 1481 

Codonopsis lanceolata 0.278 0.262 -0.016 

 

422 505 1439 

Dodecatheon jeffreyi 0.278 0.268 -0.010 

 

423 474 1256 

Barleria lupulina 0.277 0.283 0.006 

 

424 400 211 

Gilia tricolor 0.277 0.257 -0.020 

 

425 549 1508 

Trochodendron aralioides 0.277 0.269 -0.008 

 

426 459 1143 

Musa basjoo 0.277 0.275 -0.002 

 

427 434 719 

Eulophia alta 0.277 0.273 -0.003 

 

428 440 853 

Bulbine semibarbata 0.276 0.255 -0.021 

 

429 561 1522 

Nothofagus antarctica 0.276 0.283 0.007 

 

430 403 185 

Callicarpa japonica 0.276 0.264 -0.012 

 

431 500 1334 

Chionochloa conspicua 0.275 0.258 -0.018 

 

432 542 1473 

Apodytes dimidiata 0.275 0.261 -0.014 

 

433 515 1405 

Agapanthus campanulatus 0.275 0.271 -0.004 

 

434 452 936 

Erythronium americanum 0.274 0.257 -0.017 

 

435 550 1472 

Eucalyptus cordata 0.274 0.256 -0.019 

 

436 559 1492 

Tricyrtis latifolia 0.274 0.371 0.098 

 

437 183 44 

Viburnum dilatatum 0.274 0.264 -0.010 

 

438 499 1276 

Senna artemisioides 0.274 0.264 -0.009 

 

439 495 1240 

Tabebuia aurea 0.273 0.260 -0.013 

 

440 523 1374 

Scutellaria incana 0.273 0.277 0.004 

 

441 421 271 

Prosartes hookeri 0.273 0.260 -0.013 

 

442 526 1375 

Myosotis australis 0.273 0.254 -0.018 

 

443 567 1489 

Umbellularia californica 0.272 0.254 -0.018 

 

444 570 1486 

Eryngium yuccifolium 0.272 0.264 -0.008 

 

445 497 1184 

Glaucidium palmatum 0.272 0.395 0.123 

 

446 153 22 

Zanthoxylum bungeanum 0.272 0.260 -0.011 

 

447 518 1307 

Calliandra houstoniana 0.271 0.251 -0.020 

 

448 593 1518 

Silene laciniata 0.271 0.251 -0.021 

 

449 602 1520 

Sauropus androgynus 0.271 0.258 -0.014 

 

450 544 1387 

Cerasus jamasakura 0.271 0.290 0.019 

 

451 367 93 

Oxalis oregana 0.271 0.257 -0.014 

 

452 548 1403 

Asarum caudatum 0.271 0.263 -0.008 

 

453 503 1181 

Cardiocrinum giganteum 0.271 0.270 -0.001 

 

454 455 655 

Olearia ilicifolia 0.271 0.256 -0.015 

 

455 557 1428 

Geranium viscosissimum 0.271 0.258 -0.013 

 

456 539 1360 

Betula platyphylla 0.271 0.257 -0.013 

 

457 546 1369 

Daphne odora 0.271 0.278 0.008 

 

458 418 172 

Acer pictum 0.271 0.262 -0.009 

 

459 506 1198 

Pelargonium australe 0.271 0.251 -0.019 

 

460 598 1506 

Viburnum betulifolium 0.271 0.266 -0.004 

 

461 483 934 

Salix variegata 0.270 0.269 -0.001 

 

462 458 687 

Ribes speciosum 0.270 0.255 -0.015 

 

463 562 1427 
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Epiphyllum oxypetalum 0.270 0.277 0.007 

 

464 426 193 

Artemisia frigida 0.270 0.253 -0.018 

 

465 583 1477 

Salvia przewalskii 0.270 0.261 -0.009 

 

466 512 1215 

Penstemon procerus 0.270 0.256 -0.014 

 

467 554 1397 

Sagittaria montevidensis 0.270 0.259 -0.011 

 

468 530 1299 

Acaena magellanica 0.270 0.268 -0.002 

 

469 468 713 

Eryngium pandanifolium 0.270 0.279 0.009 

 

470 415 150 

Butia capitata 0.270 0.277 0.007 

 

471 427 192 

Echinacea angustifolia 0.270 0.260 -0.009 

 

472 517 1231 

Eucalyptus cornuta 0.270 0.257 -0.012 

 

473 545 1339 

Hemiphragma heterophyllum 0.270 0.251 -0.019 

 

474 601 1498 

Hystrix patula 0.269 0.268 -0.002 

 

475 473 710 

Betula albosinensis 0.269 0.267 -0.002 

 

476 478 786 

Heterotheca villosa 0.269 0.253 -0.016 

 

477 577 1451 

Disporum sessile 0.269 0.256 -0.013 

 

478 552 1348 

Fritillaria affinis 0.269 0.250 -0.019 

 

479 609 1497 

Quercus wislizeni 0.269 0.251 -0.018 

 

480 597 1474 

Pieris formosa 0.269 0.261 -0.007 

 

481 509 1114 

Cymbopogon nardus 0.269 0.260 -0.009 

 

482 522 1199 

Ceratopetalum gummiferum 0.268 0.249 -0.019 

 

483 613 1501 

Firmiana simplex 0.268 0.269 0.001 

 

484 462 534 

Dodecatheon alpinum 0.268 0.251 -0.017 

 

485 600 1466 

Astelia nervosa 0.268 0.252 -0.016 

 

486 586 1443 

Eucalyptus stellulata 0.268 0.252 -0.015 

 

487 584 1433 

Desmodium canadense 0.267 0.253 -0.015 

 

488 582 1417 

Ehretia acuminata 0.267 0.253 -0.014 

 

489 578 1407 

Eriogonum umbellatum 0.267 0.253 -0.014 

 

490 574 1383 

Stephanandra tanakae 0.267 0.264 -0.003 

 

491 496 821 

Actinotus helianthi 0.266 0.248 -0.018 

 

492 623 1485 

Oxalis hirta 0.266 0.269 0.002 

 

493 466 390 

Quercus macrocarpa 0.266 0.254 -0.012 

 

494 564 1320 

Rhipsalis baccifera 0.266 0.251 -0.015 

 

495 604 1432 

Primula polyneura 0.266 0.284 0.018 

 

496 397 96 

Pittosporum eugenioides 0.266 0.260 -0.006 

 

497 519 1020 

Allamanda blanchetii 0.266 0.263 -0.003 

 

498 504 848 

Salix humilis 0.266 0.257 -0.009 

 

499 551 1225 

Opuntia polyacantha 0.266 0.254 -0.011 

 

500 566 1312 

Betula alleghaniensis 0.266 0.260 -0.006 

 

501 524 1049 

Dodecatheon dentatum 0.265 0.401 0.136 

 

502 145 19 

Camassia leichtlinii 0.265 0.254 -0.011 

 

503 565 1294 

Salvia carduacea 0.265 0.248 -0.016 

 

504 620 1456 

Salvia greggii 0.265 0.446 0.181 

 

505 100 9 

Spiraea cantoniensis 0.264 0.267 0.002 

 

506 480 384 

Alocasia cucullata 0.264 0.274 0.010 

 

507 438 136 

Alyogyne huegelii 0.264 0.254 -0.010 

 

508 571 1264 

Eucommia ulmoides 0.264 0.265 0.001 

 

509 491 482 

Rhaphiolepis indica 0.263 0.256 -0.007 

 

510 555 1134 

Carpinus caroliniana 0.263 0.247 -0.017 

 

511 630 1460 

Eriochloa villosa 0.263 0.261 -0.002 

 

512 510 737 

Calochortus luteus 0.263 0.250 -0.012 

 

513 606 1346 

Galphimia gracilis 0.263 0.256 -0.007 

 

514 558 1111 

Aspidistra elatior 0.263 0.263 0.001 

 

515 501 535 

Quercus imbricaria 0.263 0.256 -0.007 

 

516 556 1088 

Gladiolus tristis 0.262 0.259 -0.003 

 

517 527 847 

Pyrus pyrifolia 0.262 0.258 -0.005 

 

518 543 976 

Archontophoenix alexandrae 0.262 0.259 -0.003 

 

519 536 878 

Primula chionantha 0.262 0.266 0.004 

 

520 484 296 

Geranium sessiliflorum 0.262 0.261 -0.001 

 

521 514 686 

Prostanthera lasianthos 0.262 0.244 -0.018 

 

522 648 1478 

Prunus salicina 0.262 0.251 -0.010 

 

523 591 1281 

Carex flagellifera 0.262 0.259 -0.002 

 

524 528 784 

Cestrum fasciculatum 0.261 0.253 -0.008 

 

525 572 1152 

Griselinia lucida 0.261 0.243 -0.019 

 

526 664 1491 

Hebe vernicosa 0.261 0.254 -0.007 

 

527 568 1110 

Cynoglossum microglochin 0.261 0.352 0.092 

 

528 205 51 

Polygala lancifolia 0.260 0.258 -0.003 

 

529 541 817 

Hydrangea involucrata 0.260 0.259 -0.001 

 

530 533 684 

Phlox diffusa 0.260 0.244 -0.017 

 

531 651 1459 

Primula secundiflora 0.260 0.262 0.002 

 

532 507 454 
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Asimina triloba 0.260 0.256 -0.004 

 

533 553 930 

Salvia azurea 0.260 0.253 -0.007 

 

534 576 1106 

Salvia leucophylla 0.260 0.243 -0.017 

 

535 659 1458 

Ostrya virginiana 0.260 0.245 -0.014 

 

536 640 1401 

Clematis rehderiana 0.260 0.268 0.009 

 

537 469 155 

Delphinium nudicaule 0.259 0.251 -0.008 

 

538 596 1168 

Russelia sarmentosa 0.259 0.244 -0.016 

 

539 652 1435 

Nassella tenuissima 0.259 0.245 -0.014 

 

540 644 1400 

Acer carpinifolium 0.259 0.252 -0.007 

 

541 587 1099 

Hura crepitans 0.259 0.251 -0.008 

 

542 603 1164 

Quercus phellos 0.258 0.258 -0.001 

 

543 540 628 

Hamamelis japonica 0.258 0.250 -0.009 

 

544 612 1205 

Sisyrinchium idahoense 0.258 0.257 -0.001 

 

545 547 653 

Cotula hispida 0.258 0.260 0.002 

 

546 520 422 

Ptychosperma elegans 0.258 0.254 -0.004 

 

547 569 932 

Sterculia foetida 0.258 0.253 -0.005 

 

548 579 1000 

Rhus aromatica 0.258 0.246 -0.012 

 

549 638 1342 

Anemone cylindrica 0.257 0.251 -0.006 

 

550 594 1066 

Oenothera perennis 0.257 0.258 0.001 

 

551 537 504 

Drimys winteri 0.257 0.260 0.002 

 

552 525 391 

Correa lawrenceana 0.257 0.241 -0.016 

 

553 673 1448 

Penstemon whippleanus 0.257 0.247 -0.010 

 

554 629 1275 

Olearia solandri 0.256 0.249 -0.007 

 

555 615 1124 

Hoheria lyallii 0.256 0.250 -0.007 

 

556 610 1085 

Gladiolus papilio 0.256 0.356 0.100 

 

557 203 43 

Rhus chinensis 0.256 0.241 -0.015 

 

558 672 1419 

Viburnum setigerum 0.256 0.253 -0.003 

 

559 575 811 

Bergenia purpurascens 0.256 0.250 -0.005 

 

560 605 999 

Dodecatheon hendersonii 0.256 0.240 -0.016 

 

561 684 1437 

Salvia patens 0.255 0.259 0.003 

 

562 535 326 

Callistemon macropunctatus 0.255 0.239 -0.016 

 

563 691 1457 

Stenocarpus salignus 0.255 0.240 -0.016 

 

564 686 1438 

Caryopteris incana 0.255 0.247 -0.008 

 

565 626 1165 

Euptelea polyandra 0.255 0.246 -0.009 

 

566 634 1216 

Callisia repens 0.255 0.251 -0.004 

 

567 592 899 

Veronica perfoliata 0.255 0.249 -0.006 

 

568 617 1038 

Abelia chinensis 0.255 0.269 0.014 

 

569 460 109 

Helwingia japonica 0.255 0.237 -0.017 

 

570 698 1465 

Potentilla gracilis 0.254 0.244 -0.011 

 

571 653 1300 

Yucca glauca 0.254 0.249 -0.005 

 

572 616 970 

Anthurium andraeanum 0.254 0.248 -0.005 

 

573 621 1011 

Hydrangea chinensis 0.254 0.237 -0.016 

 

574 701 1455 

Telopea truncata 0.254 0.240 -0.014 

 

575 682 1382 

Acer glabrum 0.253 0.240 -0.014 

 

576 688 1392 

Hedychium coccineum 0.253 0.251 -0.002 

 

577 595 774 

Garrya fremontii 0.253 0.242 -0.011 

 

578 667 1304 

Polemonium foliosissimum 0.253 0.250 -0.003 

 

579 608 816 

Pittosporum bicolor 0.253 0.237 -0.016 

 

580 715 1444 

Zelkova carpinifolia 0.253 0.348 0.095 

 

581 217 47 

Erigeron aureus 0.252 0.245 -0.008 

 

582 645 1145 

Rhopalostylis sapida 0.252 0.238 -0.014 

 

583 693 1389 

Clethra barbinervis 0.252 0.248 -0.004 

 

584 622 923 

Castanospermum australe 0.252 0.243 -0.009 

 

585 662 1230 

Disporum smilacinum 0.252 0.239 -0.014 

 

586 692 1380 

Solanum quitoense 0.252 0.250 -0.002 

 

587 611 773 

Serissa japonica 0.252 0.245 -0.007 

 

588 647 1120 

Viburnum nudum 0.252 0.247 -0.005 

 

589 632 997 

Shepherdia canadensis 0.252 0.237 -0.015 

 

590 716 1424 

Fagus crenata 0.251 0.240 -0.011 

 

591 677 1305 

Senecio scandens 0.251 0.238 -0.013 

 

592 695 1365 

Polygonatum hookeri 0.251 0.271 0.020 

 

593 449 90 

Gentiana affinis 0.251 0.237 -0.015 

 

594 709 1414 

Euryops chrysanthemoides 0.251 0.252 0.001 

 

595 585 505 

Phaius tankervilleae 0.251 0.383 0.131 

 

596 167 20 

Cyperus albostriatus 0.251 0.243 -0.008 

 

597 661 1183 

Andropogon gerardii 0.251 0.241 -0.010 

 

598 671 1249 

Prunus ilicifolia 0.251 0.236 -0.015 

 

599 721 1422 

Penstemon newberryi 0.251 0.237 -0.013 

 

600 699 1378 

Agastache mexicana 0.251 0.254 0.004 

 

601 563 304 
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Phoenicaulis cheiranthoides 0.250 0.237 -0.013 

 

602 705 1363 

Anigozanthos manglesii 0.250 0.236 -0.014 

 

603 727 1404 

Arum palaestinum 0.250 0.235 -0.015 

 

604 729 1413 

Eucalyptus parvula 0.250 0.245 -0.005 

 

605 646 995 

Rhus integrifolia 0.250 0.240 -0.010 

 

606 687 1283 

Eriobotrya deflexa 0.250 0.237 -0.013 

 

607 711 1362 

Tripsacum dactyloides 0.250 0.240 -0.010 

 

608 683 1265 

Asparagus virgatus 0.249 0.243 -0.007 

 

609 665 1095 

Rauvolfia vomitoria 0.249 0.237 -0.013 

 

610 714 1354 

Calliandra haematocephala 0.249 0.246 -0.003 

 

611 637 869 

Coprosma robusta 0.249 0.235 -0.014 

 

612 731 1384 

Cobaea scandens 0.248 0.245 -0.003 

 

613 643 868 

Viburnum cylindricum 0.248 0.235 -0.013 

 

614 732 1376 

Rudbeckia subtomentosa 0.248 0.246 -0.002 

 

615 639 778 

Uvularia sessilifolia 0.248 0.240 -0.008 

 

616 678 1141 

Telopea speciosissima 0.248 0.234 -0.013 

 

617 738 1372 

Amelanchier bartramiana 0.247 0.234 -0.013 

 

618 742 1370 

Hesperoyucca whipplei 0.247 0.235 -0.012 

 

619 733 1343 

Prostanthera rotundifolia 0.247 0.236 -0.011 

 

620 724 1303 

Sorbus discolor 0.247 0.238 -0.009 

 

621 697 1228 

Alonsoa meridionalis 0.247 0.238 -0.009 

 

622 696 1210 

Anaphalis nepalensis 0.247 0.233 -0.014 

 

623 751 1386 

Bombax ceiba 0.246 0.241 -0.005 

 

624 674 988 

Angelica atropurpurea 0.246 0.241 -0.005 

 

625 675 993 

Scadoxus multiflorus 0.246 0.240 -0.005 

 

626 676 1010 

Tillandsia stricta 0.246 0.234 -0.011 

 

627 736 1310 

Abutilon megapotamicum 0.246 0.243 -0.002 

 

628 656 765 

Crassula sarmentosa 0.246 0.243 -0.003 

 

629 666 840 

Thalictrum javanicum 0.245 0.234 -0.012 

 

630 743 1318 

Abelia parvifolia 0.245 0.245 0.000 

 

631 642 568 

Piper nigrum 0.245 0.248 0.003 

 

632 625 365 

Penstemon hartwegii 0.245 0.249 0.004 

 

633 614 267 

Quercus michauxii 0.245 0.239 -0.005 

 

634 689 1009 

Romulea flava 0.245 0.248 0.004 

 

635 618 311 

Ribes lacustre 0.245 0.230 -0.014 

 

636 781 1409 

Neillia thibetica 0.245 0.247 0.002 

 

637 628 400 

Polemonium carneum 0.245 0.250 0.006 

 

638 607 220 

Calochortus albus 0.245 0.230 -0.014 

 

639 783 1408 

Quercus mongolica 0.244 0.240 -0.005 

 

640 685 964 

Dichroa febrifuga 0.244 0.234 -0.010 

 

641 739 1278 

Billbergia pyramidalis 0.244 0.243 -0.001 

 

642 658 685 

Couroupita guianensis 0.244 0.243 -0.002 

 

643 663 708 

Ficus virens 0.244 0.227 -0.017 

 

644 829 1471 

Ptychosperma macarthurii 0.244 0.240 -0.004 

 

645 680 915 

Crassula spathulata 0.244 0.313 0.069 

 

646 292 62 

Tiarella polyphylla 0.244 0.244 0.000 

 

647 649 605 

Epiphyllum phyllanthus 0.244 0.231 -0.013 

 

648 771 1358 

Stigmaphyllon ciliatum 0.244 0.236 -0.008 

 

649 723 1155 

Bertholletia excelsa 0.244 0.237 -0.007 

 

650 708 1108 

Bauhinia galpinii 0.244 0.244 0.000 

 

651 650 604 

Brunfelsia americana 0.244 0.256 0.012 

 

652 560 118 

Oenothera caespitosa 0.244 0.232 -0.012 

 

653 765 1329 

Gloxinia perennis 0.244 0.248 0.005 

 

654 619 258 

Geranium thunbergii 0.244 0.247 0.003 

 

655 633 342 

Heuchera micrantha 0.244 0.231 -0.013 

 

656 778 1356 

Stachys coccinea 0.244 0.231 -0.013 

 

657 779 1357 

Viburnum sieboldii 0.243 0.245 0.002 

 

658 641 430 

Trillium recurvatum 0.243 0.244 0.000 

 

659 654 566 

Photinia glabra 0.243 0.237 -0.006 

 

660 712 1073 

Salvia africana-lutea 0.243 0.248 0.005 

 

661 624 257 

Quercus dentata 0.243 0.237 -0.006 

 

662 706 1052 

Clematis ligusticifolia 0.243 0.229 -0.014 

 

663 801 1399 

Commelina dianthifolia 0.243 0.234 -0.009 

 

664 745 1224 

Adansonia digitata 0.243 0.237 -0.006 

 

665 704 1023 

Dietes bicolor 0.243 0.252 0.009 

 

666 588 144 

Oxytropis lambertii 0.243 0.229 -0.014 

 

667 805 1390 

Ageratina ligustrina 0.242 0.232 -0.010 

 

668 763 1289 

Veratrum viride 0.242 0.233 -0.010 

 

669 756 1257 

Veratrum californicum 0.242 0.233 -0.009 

 

670 747 1221 
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Quercus douglasii 0.242 0.230 -0.012 

 

671 780 1325 

Sorbus alnifolia 0.242 0.236 -0.006 

 

672 717 1024 

Crossandra infundibuliformis 0.242 0.252 0.010 

 

673 590 139 

Zephyranthes minuta 0.242 0.264 0.022 

 

674 498 86 

Salvia mellifera 0.242 0.228 -0.014 

 

675 812 1381 

Olearia phlogopappa 0.242 0.234 -0.008 

 

676 741 1151 

Cercocarpus ledifolius 0.242 0.230 -0.012 

 

677 786 1314 

Stipa tenuifolia 0.242 0.242 0.001 

 

678 668 536 

Musa acuminata 0.242 0.240 -0.002 

 

679 681 706 

Piscidia piscipula 0.241 0.237 -0.005 

 

680 710 966 

Vancouveria hexandra 0.241 0.237 -0.004 

 

681 702 942 

Roscoea cautleyoides 0.241 0.253 0.012 

 

682 573 117 

Ruellia humilis 0.241 0.232 -0.009 

 

683 759 1206 

Purshia tridentata 0.241 0.229 -0.012 

 

684 802 1324 

Agonis flexuosa 0.241 0.230 -0.010 

 

685 787 1287 

Salix humboldtiana 0.241 0.230 -0.010 

 

686 784 1282 

Pileostegia viburnoides 0.241 0.232 -0.008 

 

687 757 1169 

Albizia chinensis 0.240 0.246 0.005 

 

688 636 229 

Saxifraga fortunei 0.240 0.236 -0.004 

 

689 722 941 

Quercus bicolor 0.240 0.237 -0.003 

 

690 700 835 

Ozothamnus rosmarinifolius 0.240 0.236 -0.004 

 

691 719 888 

Solanum mammosum 0.240 0.236 -0.004 

 

692 725 911 

Hypoestes aristata 0.240 0.229 -0.010 

 

693 795 1286 

Crassula setulosa 0.240 0.236 -0.004 

 

694 728 912 

Cerbera manghas 0.239 0.231 -0.008 

 

695 768 1167 

Eucryphia lucida 0.239 0.231 -0.009 

 

696 776 1202 

Hebe buchananii 0.239 0.252 0.012 

 

697 589 115 

Scutellaria indica 0.239 0.234 -0.005 

 

698 737 987 

Gladiolus carneus 0.239 0.234 -0.005 

 

699 740 984 

Chrysophyllum oliviforme 0.239 0.242 0.003 

 

700 670 330 

Penstemon azureus 0.239 0.229 -0.009 

 

701 797 1233 

Greyia sutherlandii 0.238 0.239 0.001 

 

702 690 486 

Verbena stricta 0.238 0.229 -0.010 

 

703 807 1251 

Geranium robustum 0.238 0.246 0.008 

 

704 635 168 

Arisaema serratum 0.238 0.230 -0.008 

 

705 785 1160 

Carissa macrocarpa 0.238 0.326 0.088 

 

706 264 55 

Corokia cotoneaster 0.238 0.238 0.001 

 

707 694 537 

Pelargonium alchemilloides 0.237 0.226 -0.011 

 

708 833 1297 

Gentiana makinoi 0.237 0.247 0.010 

 

709 627 134 

Hydrangea arborescens 0.237 0.231 -0.006 

 

710 773 1048 

Harpephyllum caffrum 0.237 0.259 0.022 

 

711 532 85 

Tricyrtis affinis 0.237 0.230 -0.007 

 

712 788 1087 

Pereskia grandifolia 0.237 0.234 -0.002 

 

713 735 763 

Aster albescens 0.237 0.232 -0.004 

 

714 760 943 

Silphium laciniatum 0.237 0.237 0.000 

 

715 713 587 

Alyogyne hakeifolia 0.237 0.229 -0.007 

 

716 796 1126 

Brugmansia sanguinea 0.237 0.235 -0.002 

 

717 734 732 

Quercus falcata 0.236 0.228 -0.008 

 

718 808 1161 

Shibataea kumasasa 0.236 0.489 0.253 

 

719 78 2 

Anemone obtusiloba 0.236 0.230 -0.007 

 

720 794 1086 

Stenocarpus sinuatus 0.236 0.229 -0.007 

 

721 806 1122 

Geranium richardsonii 0.236 0.228 -0.008 

 

722 813 1147 

Viburnum wrightii 0.235 0.225 -0.011 

 

723 846 1293 

Enkianthus cernuus 0.235 0.339 0.103 

 

724 240 40 

Trillium catesbaei 0.235 0.243 0.008 

 

725 660 169 

Papaver heterophyllum 0.235 0.227 -0.009 

 

726 831 1200 

Panicum clandestinum 0.235 0.229 -0.006 

 

727 803 1068 

Eucalyptus subcrenulata 0.235 0.228 -0.007 

 

728 810 1084 

Penstemon serrulatus 0.235 0.232 -0.003 

 

729 764 832 

Triteleia hyacinthina 0.235 0.225 -0.010 

 

730 843 1247 

Schima wallichii 0.235 0.231 -0.004 

 

731 774 906 

Dianella nigra 0.235 0.223 -0.012 

 

732 868 1331 

Chiliotrichum diffusum 0.235 0.229 -0.006 

 

733 804 1046 

Crataegus phaenopyrum 0.235 0.232 -0.003 

 

734 761 800 

Delphinium cardinale 0.235 0.224 -0.011 

 

735 859 1302 

Cyrtanthus mackenii 0.235 0.251 0.016 

 

736 599 100 

Bauera rubioides 0.234 0.222 -0.012 

 

737 872 1330 

Eucalyptus glaucescens 0.234 0.230 -0.005 

 

738 790 952 

Acer campbellii 0.234 0.243 0.009 

 

739 657 151 
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Dimorphotheca sinuata 0.234 0.228 -0.006 

 

740 819 1064 

Yucca gigantea 0.234 0.235 0.001 

 

741 730 483 

Billbergia nutans 0.234 0.231 -0.003 

 

742 769 799 

Dasylirion wheeleri 0.234 0.227 -0.007 

 

743 824 1079 

Quercus marilandica 0.234 0.228 -0.006 

 

744 815 1017 

Anthurium pentaphyllum 0.234 0.222 -0.011 

 

745 875 1309 

Hesperantha falcata 0.233 0.225 -0.008 

 

746 841 1159 

Olearia lacunosa 0.233 0.223 -0.010 

 

747 862 1263 

Fritillaria camschatcensis 0.233 0.230 -0.003 

 

748 789 858 

Plectranthus ciliatus 0.233 0.233 0.001 

 

749 749 539 

Philodendron pedatum 0.233 0.224 -0.009 

 

750 854 1195 

Streptopus lanceolatus 0.232 0.222 -0.010 

 

751 881 1280 

Anemopsis californica 0.232 0.221 -0.012 

 

752 896 1316 

Campsis grandiflora 0.232 0.236 0.004 

 

753 726 288 

Tephrosia grandiflora 0.232 0.227 -0.005 

 

754 825 977 

Harrisia martinii 0.232 0.231 -0.001 

 

755 770 651 

Cynoglossum zeylanicum 0.232 0.227 -0.005 

 

756 827 974 

Barringtonia racemosa 0.232 0.222 -0.010 

 

757 874 1243 

Sophora tetraptera 0.232 0.232 0.000 

 

758 766 601 

Desmodium elegans 0.232 0.226 -0.006 

 

759 834 1014 

Penstemon linarioides 0.232 0.224 -0.008 

 

760 855 1158 

Amsonia ciliata 0.232 0.369 0.137 

 

761 189 18 

Quercus nigra 0.232 0.229 -0.003 

 

762 800 827 

Neillia affinis 0.232 0.233 0.002 

 

763 748 465 

Aquilegia skinneri 0.232 0.269 0.037 

 

764 465 68 

Agastache pallida 0.232 0.233 0.002 

 

765 746 435 

Sorbus reducta 0.231 0.242 0.011 

 

766 669 126 

Erica glandulosa 0.231 0.223 -0.009 

 

767 867 1192 

Eupatorium perfoliatum 0.231 0.225 -0.007 

 

768 847 1081 

Polianthes tuberosa 0.231 0.236 0.005 

 

769 718 232 

Gibasis pellucida 0.231 0.230 -0.002 

 

770 793 707 

Trimezia martinicensis 0.231 0.224 -0.007 

 

771 857 1121 

Fabiana imbricata 0.231 0.228 -0.003 

 

772 818 854 

Vernonia noveboracensis 0.231 0.228 -0.003 

 

773 817 830 

Salvia involucrata 0.231 0.233 0.002 

 

774 750 403 

Phlox adsurgens 0.231 0.231 0.000 

 

775 772 565 

Berberis nervosa 0.231 0.224 -0.007 

 

776 851 1080 

Penstemon fruticosus 0.231 0.227 -0.003 

 

777 821 855 

Phyllodoce breweri 0.231 0.221 -0.010 

 

778 898 1259 

Hydrocotyle americana 0.230 0.225 -0.006 

 

779 849 1040 

Salvia regla 0.230 0.226 -0.005 

 

780 838 959 

Cornus macrophylla 0.230 0.222 -0.008 

 

781 882 1177 

Tritonia crocata 0.230 0.232 0.002 

 

782 758 406 

Erythronium albidum 0.230 0.224 -0.006 

 

783 856 1062 

Draba oligosperma 0.230 0.222 -0.008 

 

784 873 1139 

Aquilegia buergeriana 0.230 0.233 0.003 

 

785 754 351 

Tilia japonica 0.230 0.224 -0.006 

 

786 858 1060 

Clematis armandii 0.230 0.228 -0.001 

 

787 809 705 

Nyssa sinensis 0.230 0.227 -0.002 

 

788 823 798 

Sophora prostrata 0.230 0.225 -0.005 

 

789 845 975 

Crinum zeylanicum 0.230 0.236 0.007 

 

790 720 200 

Alnus firma 0.230 0.224 -0.006 

 

791 860 1061 

Anemone demissa 0.230 0.221 -0.009 

 

792 892 1191 

Adenophora triphylla 0.230 0.222 -0.008 

 

793 883 1138 

Eucalyptus vernicosa 0.229 0.220 -0.009 

 

794 907 1241 

Penstemon davidsonii 0.229 0.221 -0.009 

 

795 895 1190 

Protea obtusifolia 0.229 0.231 0.001 

 

796 775 469 

Cestrum diurnum 0.229 0.227 -0.002 

 

797 832 797 

Silene virginica 0.229 0.219 -0.010 

 

798 909 1242 

Ribes americanum 0.229 0.222 -0.007 

 

799 884 1119 

Brachychiton discolor 0.229 0.228 -0.001 

 

800 816 650 

Tropaeolum tuberosum 0.229 0.228 -0.001 

 

801 820 682 

Astelia solandri 0.229 0.219 -0.010 

 

802 919 1269 

Scutellaria lateriflora 0.229 0.221 -0.007 

 

803 889 1118 

Oxalis flava 0.228 0.228 0.000 

 

804 811 610 

Callistemon speciosus 0.228 0.221 -0.007 

 

805 897 1137 

Nicotiana acuminata 0.228 0.221 -0.007 

 

806 893 1094 

Nicotiana suaveolens 0.228 0.219 -0.009 

 

807 916 1223 

Excoecaria cochinchinensis 0.228 0.330 0.103 

 

808 253 41 
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Carpenteria californica 0.228 0.225 -0.002 

 

809 842 761 

Paris polyphylla 0.228 0.222 -0.006 

 

810 886 1035 

Mundulea sericea 0.227 0.218 -0.010 

 

811 930 1254 

Eurya japonica 0.227 0.218 -0.009 

 

812 925 1239 

Antidesma bunius 0.227 0.220 -0.007 

 

813 906 1135 

Erythronium grandiflorum 0.227 0.217 -0.010 

 

814 947 1284 

Correa pulchella 0.227 0.217 -0.010 

 

815 948 1285 

Dryas drummondii 0.227 0.228 0.001 

 

816 814 506 

Simmondsia chinensis 0.227 0.216 -0.011 

 

817 956 1301 

Dracaena braunii 0.227 0.219 -0.008 

 

818 910 1156 

Peltandra virginica 0.227 0.221 -0.006 

 

819 888 1034 

Sparaxis elegans 0.227 0.237 0.010 

 

820 707 141 

Vitis californica 0.227 0.217 -0.009 

 

821 935 1238 

Thalia geniculata 0.227 0.217 -0.010 

 

822 943 1253 

Calochortus superbus 0.227 0.219 -0.008 

 

823 918 1171 

Schizophragma integrifolium 0.226 0.223 -0.003 

 

824 864 879 

Sprekelia formosissima 0.226 0.237 0.011 

 

825 703 127 

Plectranthus verticillatus 0.226 0.222 -0.004 

 

826 878 931 

Westringia fruticosa 0.226 0.223 -0.004 

 

827 870 905 

Aloe ferox 0.226 0.317 0.091 

 

828 283 53 

Viburnum erubescens 0.226 0.218 -0.008 

 

829 921 1153 

Schotia latifolia 0.226 0.233 0.007 

 

830 755 194 

Darlingtonia californica 0.226 0.218 -0.007 

 

831 922 1136 

Pelargonium crispum 0.226 0.233 0.007 

 

832 753 182 

Opuntia microdasys 0.225 0.231 0.005 

 

833 777 234 

Sternbergia clusiana 0.225 0.217 -0.009 

 

834 950 1204 

Grewia biloba 0.225 0.215 -0.010 

 

835 976 1270 

Codonopsis thalictrifolia 0.225 0.247 0.021 

 

836 631 88 

Allamanda schottii 0.225 0.229 0.004 

 

837 798 295 

Euryops abrotanifolius 0.225 0.223 -0.002 

 

838 866 794 

Cylindropuntia tunicata 0.225 0.232 0.007 

 

839 762 191 

Penstemon rupicola 0.225 0.222 -0.003 

 

840 885 851 

Agapanthus inapertus 0.225 0.222 -0.002 

 

841 879 795 

Searsia lancea 0.225 0.221 -0.004 

 

842 899 929 

Pterocarya rhoifolia 0.225 0.221 -0.004 

 

843 900 927 

Trillium cernuum 0.225 0.220 -0.004 

 

844 901 928 

Bolusanthus speciosus 0.225 0.220 -0.004 

 

845 902 926 

Anchusa capensis 0.225 0.226 0.002 

 

846 836 466 

Eomecon chionantha 0.224 0.226 0.001 

 

847 840 484 

Zaluzianskya ovata 0.224 0.230 0.005 

 

848 792 237 

Gentiana veitchiorum 0.224 0.217 -0.007 

 

849 949 1133 

Baptisia alba 0.224 0.224 0.000 

 

850 853 612 

Chimaphila maculata 0.224 0.214 -0.010 

 

851 999 1268 

Gordonia axillaris 0.224 0.215 -0.009 

 

852 975 1201 

Argemone polyanthemos 0.224 0.214 -0.010 

 

853 996 1250 

Helanthium tenellum 0.224 0.218 -0.006 

 

854 928 1056 

Alstonia scholaris 0.224 0.222 -0.002 

 

855 887 793 

Allium sikkimense 0.224 0.222 -0.002 

 

856 880 731 

Strophanthus preussii 0.224 0.217 -0.007 

 

857 952 1132 

Gentiana scabra 0.224 0.217 -0.006 

 

858 936 1074 

Sedum obtusatum 0.224 0.219 -0.005 

 

859 917 996 

Platycarya strobilacea 0.224 0.216 -0.008 

 

860 970 1166 

Dahlia merckii 0.224 0.240 0.017 

 

861 679 98 

Aloe striata 0.223 0.253 0.029 

 

862 580 73 

Haemanthus albiflos 0.223 0.226 0.003 

 

863 837 373 

Bowiea volubilis 0.223 0.222 -0.001 

 

864 876 652 

Trillium cuneatum 0.223 0.223 0.000 

 

865 869 627 

Echinodorus subalatus 0.223 0.215 -0.008 

 

866 994 1188 

Hypoxis hemerocallidea 0.223 0.215 -0.008 

 

867 993 1186 

Triteleia ixioides 0.223 0.217 -0.006 

 

868 941 1028 

Carissa bispinosa 0.223 0.216 -0.007 

 

869 965 1112 

Brunfelsia pauciflora 0.223 0.221 -0.001 

 

870 891 704 

Quercus ilicifolia 0.223 0.224 0.002 

 

871 852 467 

Strophanthus gratus 0.223 0.219 -0.003 

 

872 911 849 

Camellia cuspidata 0.223 0.215 -0.008 

 

873 987 1150 

Dorstenia contrajerva 0.222 0.214 -0.008 

 

874 1001 1187 

Polemonium viscosum 0.222 0.227 0.004 

 

875 830 266 

Asclepias purpurascens 0.222 0.216 -0.006 

 

876 954 1026 

Eucalyptus aggregata 0.222 0.216 -0.006 

 

877 963 1054 
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Penstemon virgatus 0.222 0.216 -0.006 

 

878 960 1025 

Cola nitida 0.222 0.218 -0.004 

 

879 929 924 

Arenga engleri 0.222 0.224 0.002 

 

880 850 379 

Cypripedium parviflorum 0.222 0.215 -0.007 

 

881 989 1109 

Dracaena reflexa 0.222 0.219 -0.003 

 

882 914 824 

Potentilla eriocarpa 0.222 0.221 0.000 

 

883 890 625 

Trillium undulatum 0.222 0.219 -0.002 

 

884 912 792 

Codonopsis ovata 0.221 0.225 0.004 

 

885 844 299 

Ammobium alatum 0.221 0.216 -0.005 

 

886 957 969 

Opuntia basilaris 0.221 0.212 -0.009 

 

887 1034 1229 

Canna glauca 0.221 0.218 -0.003 

 

888 932 877 

Yucca brevifolia 0.221 0.217 -0.004 

 

889 942 902 

Anopterus glandulosus 0.221 0.214 -0.007 

 

890 1000 1092 

Zinnia angustifolia 0.221 0.223 0.002 

 

891 861 374 

Erythronium tuolumnense 0.221 0.223 0.002 

 

892 865 410 

Penstemon utahensis 0.221 0.216 -0.004 

 

893 958 948 

Solidago ptarmicoides 0.221 0.218 -0.002 

 

894 923 791 

Agapanthus caulescens 0.221 0.216 -0.004 

 

895 953 925 

Brownea coccinea 0.220 0.216 -0.005 

 

896 967 968 

Ehretia dicksonii 0.220 0.219 -0.001 

 

897 913 683 

Nierembergia linariifolia 0.220 0.213 -0.007 

 

898 1017 1107 

Dianella ensifolia 0.220 0.211 -0.009 

 

899 1047 1213 

Oxalis spiralis 0.220 0.213 -0.007 

 

900 1012 1091 

Piper betle 0.220 0.221 0.001 

 

901 894 508 

Sorbus hemsleyi 0.220 0.215 -0.005 

 

902 984 992 

Azara lanceolata 0.220 0.229 0.009 

 

903 799 148 

Eucalyptus nicholii 0.220 0.216 -0.004 

 

904 961 901 

Olearia odorata 0.220 0.220 0.000 

 

905 904 550 

Ficus natalensis 0.220 0.210 -0.010 

 

906 1075 1271 

Crotalaria capensis 0.220 0.214 -0.005 

 

907 998 1008 

Eichhornia azurea 0.219 0.217 -0.002 

 

908 937 753 

Dodecatheon clevelandii 0.219 0.212 -0.008 

 

909 1032 1146 

Sagittaria graminea 0.219 0.215 -0.004 

 

910 978 922 

Hydrangea strigosa 0.219 0.215 -0.004 

 

911 974 900 

Holodiscus dumosus 0.219 0.213 -0.006 

 

912 1016 1051 

Oxalis tuberosa 0.219 0.213 -0.006 

 

913 1021 1072 

Neolitsea sericea 0.219 0.220 0.001 

 

914 903 489 

Eucalyptus cladocalyx 0.219 0.220 0.001 

 

915 908 507 

Dipelta floribunda 0.219 0.227 0.008 

 

916 826 163 

Epigaea repens 0.219 0.210 -0.009 

 

917 1064 1196 

Geum rossii 0.219 0.212 -0.007 

 

918 1040 1125 

Draba incerta 0.219 0.213 -0.005 

 

919 1009 1007 

Helianthus maximiliani 0.219 0.214 -0.005 

 

920 1006 990 

Eryngium ebracteatum 0.219 0.213 -0.006 

 

921 1023 1050 

Ferocactus cylindraceus 0.219 0.212 -0.007 

 

922 1036 1105 

Salix nigra 0.219 0.216 -0.003 

 

923 969 844 

Philodendron hederaceum 0.218 0.214 -0.005 

 

924 1005 967 

Eucomis autumnalis 0.218 0.217 -0.002 

 

925 951 729 

Salix pyrifolia 0.218 0.215 -0.003 

 

926 977 845 

Amelanchier stolonifera 0.218 0.215 -0.003 

 

927 981 850 

Eucalyptus moorei 0.218 0.212 -0.006 

 

928 1033 1070 

Erythrina caffra 0.218 0.216 -0.002 

 

929 971 789 

Babiana stricta 0.218 0.217 -0.001 

 

930 940 647 

Quercus acuta 0.218 0.213 -0.004 

 

931 1008 947 

Gazania krebsiana 0.218 0.211 -0.007 

 

932 1057 1123 

Zingiber mioga 0.218 0.215 -0.003 

 

933 985 822 

Hoheria sexstylosa 0.218 0.216 -0.002 

 

934 973 754 

Neillia sinensis 0.218 0.212 -0.006 

 

935 1031 1022 

Zanthoxylum americanum 0.218 0.214 -0.004 

 

936 1007 920 

Schotia afra 0.218 0.211 -0.006 

 

937 1045 1069 

Ourisia macrocarpa 0.217 0.211 -0.007 

 

938 1058 1104 

Clintonia borealis 0.217 0.210 -0.007 

 

939 1063 1103 

Salpiglossis sinuata 0.217 0.213 -0.004 

 

940 1019 946 

Sarracenia flava 0.217 0.218 0.000 

 

941 934 546 

Zapoteca portoricensis 0.217 0.214 -0.003 

 

942 997 820 

Aria alnifolia 0.217 0.413 0.196 

 

943 133 7 

Dimorphotheca cuneata 0.217 0.215 -0.002 

 

944 990 760 

Calochortus venustus 0.217 0.212 -0.005 

 

945 1028 965 

Diascia integerrima 0.217 0.218 0.001 

 

946 927 487 
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Dianthus anatolicus 0.217 0.219 0.002 

 

947 920 442 

Viburnum furcatum 0.217 0.218 0.001 

 

948 924 468 

Brunfelsia uniflora 0.216 0.212 -0.004 

 

949 1030 944 

Myrtillocactus geometrizans 0.216 0.211 -0.005 

 

950 1041 989 

Anthurium schlechtendalii 0.216 0.211 -0.006 

 

951 1050 1021 

Cotoneaster simonsii 0.216 0.215 -0.001 

 

952 983 703 

Philodendron bipinnatifidum 0.216 0.215 -0.002 

 

953 995 727 

Cyrtanthus sanguineus 0.216 0.217 0.001 

 

954 946 512 

Orthrosanthus chimboracensis 0.216 0.209 -0.007 

 

955 1085 1100 

Pimelea prostrata 0.216 0.227 0.011 

 

956 822 119 

Allium geyeri 0.216 0.212 -0.004 

 

957 1038 921 

Adenophora khasiana 0.216 0.230 0.015 

 

958 782 107 

Quercus stellata 0.216 0.212 -0.003 

 

959 1029 876 

Herbertia lahue 0.216 0.214 -0.002 

 

960 1004 728 

Escallonia laevis 0.215 0.216 0.001 

 

961 962 543 

Acer pectinatum 0.215 0.213 -0.002 

 

962 1010 757 

Aquilegia oxysepala 0.215 0.218 0.002 

 

963 933 414 

Dipelta yunnanensis 0.215 0.212 -0.004 

 

964 1037 898 

Allium wallichii 0.215 0.210 -0.006 

 

965 1074 1019 

Prunus campanulata 0.215 0.209 -0.006 

 

966 1084 1047 

Euphorbia mauritanica 0.215 0.210 -0.005 

 

967 1073 1005 

Calomeria amaranthoides 0.215 0.209 -0.006 

 

968 1093 1067 

Prunus maximowiczii 0.215 0.210 -0.004 

 

969 1060 945 

Bauhinia yunnanensis 0.215 0.216 0.001 

 

970 964 490 

Epilobium glabellum 0.215 0.214 -0.001 

 

971 1003 649 

Aristolochia labiata 0.215 0.213 -0.002 

 

972 1025 752 

Albuca bracteata 0.215 0.217 0.002 

 

973 945 377 

Anemone flaccida 0.214 0.208 -0.007 

 

974 1098 1083 

Episcia cupreata 0.214 0.216 0.001 

 

975 968 485 

Hydrangea heteromalla 0.214 0.217 0.003 

 

976 939 359 

Euptelea pleiosperma 0.214 0.211 -0.004 

 

977 1051 896 

Anemone vitifolia 0.214 0.230 0.015 

 

978 791 103 

Eucryphia milliganii 0.214 0.215 0.000 

 

979 988 549 

Caryota urens 0.214 0.218 0.003 

 

980 931 324 

Phyllodoce nipponica 0.214 0.225 0.011 

 

981 848 128 

Anemone rupicola 0.214 0.212 -0.002 

 

982 1027 726 

Eucryphia moorei 0.214 0.209 -0.005 

 

983 1086 962 

Pachycereus pringlei 0.214 0.209 -0.005 

 

984 1087 963 

Telopea oreades 0.214 0.209 -0.005 

 

985 1092 986 

Stapelia gigantea 0.214 0.210 -0.003 

 

986 1066 873 

Hebe traversii 0.213 0.217 0.004 

 

987 944 307 

Caulophyllum thalictroides 0.213 0.210 -0.004 

 

988 1079 897 

Sabal minor 0.213 0.222 0.009 

 

989 871 145 

Roseodendron donnell-smithii 0.213 0.215 0.002 

 

990 979 413 

Stylophorum diphyllum 0.213 0.226 0.013 

 

991 839 114 

Clerodendrum splendens 0.213 0.210 -0.003 

 

992 1062 818 

Primula parryi 0.213 0.211 -0.002 

 

993 1044 725 

Nothoscordum bivalve 0.213 0.207 -0.006 

 

994 1118 1063 

Tapeinochilos ananassae 0.213 0.292 0.079 

 

995 356 57 

Dodecatheon conjugens 0.213 0.208 -0.005 

 

996 1099 985 

Adenophora remotiflora 0.213 0.207 -0.006 

 

997 1108 1045 

Sphaeralcea munroana 0.213 0.213 0.001 

 

998 1013 538 

Physocarpus monogynus 0.213 0.211 -0.002 

 

999 1054 756 

Tetracentron sinense 0.213 0.215 0.002 

 

1000 992 441 

Acer crataegifolium 0.213 0.211 -0.002 

 

1001 1053 749 

Caryota mitis 0.213 0.215 0.002 

 

1002 986 411 

Copernicia alba 0.213 0.213 0.000 

 

1003 1026 611 

Cynoglossum grande 0.213 0.207 -0.006 

 

1004 1116 1044 

Saxifraga pensylvanica 0.213 0.210 -0.003 

 

1005 1071 819 

Penstemon watsonii 0.213 0.207 -0.006 

 

1006 1119 1043 

Cyananthus lobatus 0.212 0.220 0.008 

 

1007 905 173 

Claytonia virginica 0.212 0.206 -0.006 

 

1008 1122 1042 

Salvia clevelandii 0.212 0.207 -0.005 

 

1009 1103 982 

Fritillaria glauca 0.212 0.210 -0.002 

 

1010 1065 755 

Tylecodon reticulatus 0.212 0.209 -0.003 

 

1011 1090 875 

Opuntia fragilis 0.212 0.206 -0.006 

 

1012 1126 1041 

Daphne bholua 0.212 0.217 0.005 

 

1013 938 243 

Salix lucida 0.212 0.206 -0.006 

 

1014 1127 1036 

Ostrya japonica 0.212 0.210 -0.002 

 

1015 1070 748 
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Allium macranthum 0.212 0.284 0.072 

 

1016 399 61 

Helianthus debilis 0.212 0.211 0.000 

 

1017 1043 623 

Chamelaucium uncinatum 0.212 0.207 -0.005 

 

1018 1112 983 

Baccharis tricuneata 0.212 0.204 -0.008 

 

1019 1168 1149 

Delphinium tatsienense 0.212 0.304 0.092 

 

1020 318 50 

Codonopsis convolvulacea 0.212 0.210 -0.002 

 

1021 1076 750 

Boronia heterophylla 0.212 0.210 -0.002 

 

1022 1077 751 

Pterostyrax corymbosus 0.212 0.222 0.011 

 

1023 877 131 

Cuphea procumbens 0.212 0.214 0.002 

 

1024 1002 382 

Zantedeschia rehmannii 0.212 0.211 0.000 

 

1025 1042 603 

Commelina coelestis 0.211 0.204 -0.007 

 

1026 1160 1116 

Podalyria sericea 0.211 0.382 0.171 

 

1027 170 11 

Penstemon virens 0.211 0.208 -0.003 

 

1028 1097 874 

Zaluzianskya capensis 0.211 0.285 0.073 

 

1029 393 60 

Helianthus angustifolius 0.211 0.210 -0.001 

 

1030 1067 680 

Sycopsis sinensis 0.211 0.211 0.000 

 

1031 1052 626 

Crataegus viridis 0.211 0.207 -0.004 

 

1032 1102 895 

Crinum moorei 0.211 0.234 0.023 

 

1033 744 84 

Fritillaria liliacea 0.211 0.212 0.001 

 

1034 1039 517 

Dendrobium moniliforme 0.211 0.205 -0.006 

 

1035 1145 1016 

Costus malortieanus 0.211 0.205 -0.006 

 

1036 1155 1058 

Pelargonium myrrhifolium 0.211 0.205 -0.006 

 

1037 1146 1015 

Viburnum cinnamomifolium 0.211 0.331 0.121 

 

1038 251 24 

Nidularium innocentii 0.211 0.206 -0.005 

 

1039 1137 981 

Pachypodium rosulatum 0.210 0.213 0.002 

 

1040 1020 383 

Corylus heterophylla 0.210 0.206 -0.004 

 

1041 1125 914 

Carex berggrenii 0.210 0.319 0.109 

 

1042 279 32 

Bulbine frutescens 0.210 0.207 -0.003 

 

1043 1109 872 

Astelia nivicola 0.210 0.208 -0.002 

 

1044 1094 742 

Sophora davidii 0.210 0.209 -0.001 

 

1045 1088 678 

Puya coerulea 0.210 0.210 0.000 

 

1046 1069 613 

Allium cyaneum 0.210 0.327 0.117 

 

1047 260 26 

Strelitzia nicolai 0.210 0.211 0.001 

 

1048 1049 509 

Ruttya fruticosa 0.210 0.213 0.003 

 

1049 1018 341 

Sarcocaulon crassicaule 0.210 0.211 0.001 

 

1050 1059 516 

Oxalis depressa 0.210 0.210 0.001 

 

1051 1061 510 

Acer micranthum 0.210 0.207 -0.002 

 

1052 1105 783 

Callistemon pinifolius 0.210 0.205 -0.005 

 

1053 1154 980 

Protea repens 0.210 0.206 -0.004 

 

1054 1130 893 

Olearia moschata 0.210 0.269 0.059 

 

1055 464 64 

Eucalyptus archeri 0.209 0.209 -0.001 

 

1056 1091 648 

Eragrostis trichodes 0.209 0.206 -0.003 

 

1057 1128 870 

Penstemon lyallii 0.209 0.211 0.001 

 

1058 1055 493 

Furcraea hexapetala 0.209 0.206 -0.004 

 

1059 1135 891 

Rhodohypoxis baurii 0.209 0.206 -0.003 

 

1060 1131 867 

Trillium tschonoskii 0.209 0.207 -0.002 

 

1061 1106 746 

Tilia maximowicziana 0.209 0.306 0.096 

 

1062 311 46 

Echinocactus horizonthalonius 0.209 0.380 0.171 

 

1063 171 10 

Nemesia strumosa 0.209 0.215 0.006 

 

1064 982 218 

Solanum muricatum 0.209 0.211 0.002 

 

1065 1046 415 

Disporum cantoniense 0.209 0.205 -0.004 

 

1066 1153 938 

Tacca chantrieri 0.209 0.206 -0.003 

 

1067 1136 871 

Prunus nigra 0.209 0.207 -0.002 

 

1068 1110 747 

Pachypodium lamerei 0.209 0.209 0.001 

 

1069 1082 540 

Ourisia caespitosa 0.209 0.207 -0.002 

 

1070 1111 723 

Phlox hoodii 0.209 0.206 -0.003 

 

1071 1138 843 

Desfontainia spinosa 0.209 0.209 0.001 

 

1072 1089 541 

Angelonia angustifolia 0.208 0.215 0.006 

 

1073 991 208 

Ferocactus hamatacanthus 0.208 0.209 0.001 

 

1074 1081 492 

Eupatorium capillifolium 0.208 0.316 0.107 

 

1075 289 34 

Epimedium sempervirens 0.208 0.211 0.002 

 

1076 1056 389 

Cyananthus macrocalyx 0.208 0.207 -0.001 

 

1077 1120 702 

Epidendrum ibaguense 0.208 0.216 0.008 

 

1078 966 166 

Rhus copallinum 0.208 0.203 -0.005 

 

1079 1177 958 

Gloriosa modesta 0.208 0.205 -0.003 

 

1080 1151 842 

Toxicoscordion nuttallii 0.208 0.210 0.002 

 

1081 1068 418 

Eurybia radula 0.208 0.203 -0.005 

 

1082 1187 978 

Dombeya tiliacea 0.208 0.204 -0.003 

 

1083 1159 866 

Salvia mexicana 0.208 0.205 -0.002 

 

1084 1143 787 
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Crinum erubescens 0.207 0.203 -0.004 

 

1085 1181 937 

Bessera elegans 0.207 0.203 -0.004 

 

1086 1178 908 

Fritillaria persica 0.207 0.209 0.002 

 

1087 1083 416 

Alpinia galanga 0.207 0.207 0.000 

 

1088 1107 602 

Pelargonium abrotanifolium 0.207 0.210 0.002 

 

1089 1078 387 

Trillium chloropetalum 0.207 0.205 -0.003 

 

1090 1157 815 

Dahlia imperialis 0.207 0.205 -0.002 

 

1091 1142 722 

Erigeron leiomerus 0.207 0.223 0.016 

 

1092 863 102 

Tilia chinensis 0.207 0.204 -0.003 

 

1093 1161 812 

Phoenix loureiroi 0.207 0.216 0.009 

 

1094 959 143 

Cornus foemina 0.207 0.205 -0.002 

 

1095 1148 724 

Callistemon viridiflorus 0.207 0.204 -0.003 

 

1096 1165 814 

Populus grandidentata 0.207 0.204 -0.003 

 

1097 1173 837 

Agastache nepetoides 0.207 0.204 -0.002 

 

1098 1164 782 

Pelargonium triste 0.207 0.203 -0.004 

 

1099 1185 887 

Sphaeralcea fendleri 0.206 0.209 0.003 

 

1100 1080 343 

Pelargonium echinatum 0.206 0.204 -0.002 

 

1101 1170 785 

Prosartes smithii 0.206 0.202 -0.005 

 

1102 1199 956 

Vaccinium pallidum 0.206 0.202 -0.005 

 

1103 1200 957 

Caragana jubata 0.206 0.204 -0.002 

 

1104 1162 743 

Prunus caroliniana 0.206 0.207 0.000 

 

1105 1121 583 

Boykinia rotundifolia 0.206 0.202 -0.005 

 

1106 1201 955 

Muhlenbergia mexicana 0.206 0.201 -0.006 

 

1107 1224 1033 

Camellia oleifera 0.206 0.202 -0.004 

 

1108 1189 909 

Prunus grayana 0.206 0.202 -0.004 

 

1109 1190 910 

Crinum macowanii 0.206 0.202 -0.005 

 

1110 1205 954 

Clivia gardenii 0.206 0.212 0.006 

 

1111 1035 225 

Cladrastis sinensis 0.206 0.208 0.001 

 

1112 1101 470 

Myoporum parvifolium 0.206 0.200 -0.006 

 

1113 1231 1032 

Fritillaria pudica 0.206 0.203 -0.003 

 

1114 1176 809 

Astelia petriei 0.206 0.202 -0.004 

 

1115 1196 907 

Thunbergia mysorensis 0.206 0.216 0.010 

 

1116 972 138 

Oxalis magellanica 0.206 0.213 0.007 

 

1117 1024 195 

Holboellia latifolia 0.206 0.206 0.001 

 

1118 1124 511 

Agave striata 0.206 0.205 -0.001 

 

1119 1152 646 

Primula poissonii 0.206 0.206 0.000 

 

1120 1134 585 

Ranunculus lyallii 0.205 0.202 -0.003 

 

1121 1192 864 

Calathea zebrina 0.205 0.206 0.001 

 

1122 1123 491 

Richea dracophylla 0.205 0.203 -0.003 

 

1123 1188 813 

Olearia virgata 0.205 0.204 -0.001 

 

1124 1163 645 

Gentiana triflora 0.205 0.213 0.008 

 

1125 1014 160 

Clematis pitcheri 0.205 0.202 -0.003 

 

1126 1194 810 

Berberidopsis corallina 0.204 0.232 0.027 

 

1127 767 78 

Watsonia marginata 0.204 0.207 0.002 

 

1128 1115 385 

Pilosocereus pachycladus 0.204 0.201 -0.004 

 

1129 1217 885 

Pelargonium denticulatum 0.204 0.208 0.004 

 

1130 1096 287 

Acer henryi 0.204 0.207 0.003 

 

1131 1117 366 

Daphne acutiloba 0.204 0.227 0.023 

 

1132 828 83 

Gentiana andrewsii 0.204 0.202 -0.002 

 

1133 1191 721 

Gentiana tianschanica 0.204 0.204 0.000 

 

1134 1158 547 

Hymenoxys grandiflora 0.204 0.202 -0.002 

 

1135 1197 741 

Hebe hectorii 0.204 0.205 0.001 

 

1136 1149 488 

Petrophytum caespitosum 0.204 0.208 0.004 

 

1137 1095 272 

Zantedeschia albomaculata 0.204 0.201 -0.003 

 

1138 1211 839 

Aristolochia grandiflora 0.204 0.204 0.000 

 

1139 1169 569 

Quercus aliena 0.204 0.201 -0.003 

 

1140 1219 859 

Quercus hypoleucoides 0.204 0.200 -0.004 

 

1141 1235 884 

Calathea warscewiczii 0.204 0.201 -0.003 

 

1142 1220 841 

Phaenosperma globosa 0.203 0.206 0.002 

 

1143 1133 392 

Cylindropuntia leptocaulis 0.203 0.201 -0.003 

 

1144 1213 806 

Allium mairei 0.203 0.206 0.002 

 

1145 1141 419 

Penstemon caespitosus 0.203 0.201 -0.003 

 

1146 1225 838 

Eranthemum pulchellum 0.203 0.206 0.002 

 

1147 1140 417 

Opuntia leucotricha 0.203 0.205 0.002 

 

1148 1147 443 

Uvularia perfoliata 0.203 0.206 0.002 

 

1149 1139 388 

Cardiocrinum cordatum 0.203 0.200 -0.003 

 

1150 1236 836 

Rhamnus japonica 0.203 0.200 -0.003 

 

1151 1229 808 

Codonopsis bulleyana 0.203 0.200 -0.003 

 

1152 1230 807 

Brexia madagascariensis 0.203 0.198 -0.005 

 

1153 1264 973 
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Hydrangea longipes 0.203 0.204 0.001 

 

1154 1171 494 

Spathiphyllum cannifolium 0.203 0.200 -0.003 

 

1155 1243 861 

Coriaria japonica 0.203 0.204 0.001 

 

1156 1174 515 

Cunonia capensis 0.203 0.204 0.001 

 

1157 1166 471 

Crataegus chrysocarpa 0.203 0.199 -0.003 

 

1158 1248 860 

Otatea acuminata 0.203 0.213 0.011 

 

1159 1015 129 

Brownea grandiceps 0.203 0.202 -0.001 

 

1160 1198 644 

Prunus cerasoides 0.203 0.207 0.005 

 

1161 1104 263 

Dimorphotheca pluvialis 0.203 0.205 0.003 

 

1162 1144 363 

Diplarrena moraea 0.203 0.202 0.000 

 

1163 1193 622 

Bergenia stracheyi 0.202 0.201 -0.002 

 

1164 1216 720 

Nicotiana sylvestris 0.202 0.205 0.002 

 

1165 1156 386 

Columnea microcalyx 0.202 0.200 -0.002 

 

1166 1240 781 

Salvia spathacea 0.202 0.200 -0.003 

 

1167 1244 805 

Echinocereus pentalophus 0.202 0.201 -0.001 

 

1168 1218 701 

Anaphalis sinica 0.202 0.199 -0.003 

 

1169 1251 804 

Calochortus uniflorus 0.202 0.199 -0.003 

 

1170 1252 803 

Echinocereus pectinatus 0.202 0.226 0.024 

 

1171 835 81 

Primula malacoides 0.202 0.201 -0.001 

 

1172 1215 677 

Sasa masamuneana 0.202 0.210 0.008 

 

1173 1072 164 

Episcia reptans 0.202 0.199 -0.002 

 

1174 1247 780 

Castanea pumila 0.202 0.201 -0.001 

 

1175 1221 679 

Viburnum lantanoides 0.202 0.199 -0.002 

 

1176 1250 779 

Banksia grandis 0.202 0.218 0.016 

 

1177 926 101 

Pachypodium brevicaule 0.202 0.326 0.125 

 

1178 262 21 

Barleria obtusa 0.201 0.200 -0.001 

 

1179 1237 699 

Saxifraga virginiensis 0.201 0.198 -0.004 

 

1180 1270 883 

Anemone occidentalis 0.201 0.198 -0.004 

 

1181 1271 882 

Crassula ericoides 0.201 0.203 0.002 

 

1182 1182 446 

Ribes glandulosum 0.201 0.197 -0.005 

 

1183 1301 971 

Primula wilsonii 0.201 0.200 -0.001 

 

1184 1241 698 

Aster thomsonii 0.201 0.206 0.005 

 

1185 1129 251 

Aloe divaricata 0.201 0.292 0.091 

 

1186 354 52 

Eupatorium altissimum 0.201 0.199 -0.002 

 

1187 1256 777 

Ficus lutea 0.201 0.197 -0.004 

 

1188 1286 904 

Chamaedorea elegans 0.201 0.202 0.001 

 

1189 1202 513 

Olsynium douglasii 0.201 0.198 -0.003 

 

1190 1263 802 

Rehmannia glutinosa 0.201 0.318 0.117 

 

1191 281 27 

Clethra delavayi 0.201 0.198 -0.002 

 

1192 1262 776 

Coriaria nepalensis 0.200 0.206 0.005 

 

1193 1132 228 

Dombeya burgessiae 0.200 0.201 0.001 

 

1194 1214 542 

Eutrema japonicum 0.200 0.200 0.000 

 

1195 1227 589 

Cuphea viscosissima 0.200 0.197 -0.004 

 

1196 1298 881 

Eriogonum caespitosum 0.200 0.198 -0.002 

 

1197 1269 775 

Spiloxene capensis 0.200 0.201 0.001 

 

1198 1207 473 

Acer erianthum 0.200 0.208 0.008 

 

1199 1100 170 

Camellia reticulata 0.200 0.199 -0.001 

 

1200 1257 700 

Penthorum sedoides 0.200 0.195 -0.004 

 

1201 1323 950 

Gentiana crassicaulis 0.200 0.198 -0.002 

 

1202 1272 740 

Haemanthus humilis 0.200 0.197 -0.003 

 

1203 1302 857 

Echinocactus texensis 0.200 0.198 -0.002 

 

1204 1273 739 

Watsonia densiflora 0.200 0.203 0.004 

 

1205 1175 289 

Penstemon gentianoides 0.200 0.200 0.000 

 

1206 1242 586 

Myrmecophila tibicinis 0.199 0.200 0.001 

 

1207 1234 519 

Sorbus poteriifolia 0.199 0.207 0.008 

 

1208 1113 171 

Stauntonia hexaphylla 0.199 0.198 -0.001 

 

1209 1260 639 

Clethra fargesii 0.199 0.197 -0.002 

 

1210 1278 718 

Dichelostemma ida-maia 0.199 0.198 -0.001 

 

1211 1261 643 

Emmenopterys henryi 0.199 0.203 0.004 

 

1212 1186 290 

Ceratotheca triloba 0.199 0.200 0.001 

 

1213 1232 472 

Campylotropis macrocarpa 0.199 0.194 -0.004 

 

1214 1340 949 

Sandersonia aurantiaca 0.199 0.293 0.094 

 

1215 349 48 

Fritillaria biflora 0.199 0.198 -0.001 

 

1216 1265 642 

Potentilla villosa 0.199 0.196 -0.003 

 

1217 1318 856 

Neolloydia conoidea 0.199 0.198 -0.001 

 

1218 1266 641 

Penstemon cardwellii 0.199 0.198 -0.001 

 

1219 1267 640 

Chusquea culeou 0.199 0.275 0.076 

 

1220 436 59 

Podalyria biflora 0.198 0.198 0.000 

 

1221 1268 624 

Dietes grandiflora 0.198 0.203 0.005 

 

1222 1183 253 
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Dodecatheon poeticum 0.198 0.305 0.106 

 

1223 316 35 

Physocarpus malvaceus 0.198 0.198 0.000 

 

1224 1274 621 

Bacopa caroliniana 0.198 0.204 0.006 

 

1225 1167 215 

Nomocharis aperta 0.198 0.412 0.214 

 

1226 135 4 

Cypella herbertii 0.198 0.198 0.000 

 

1227 1259 548 

Disporopsis pernyi 0.198 0.200 0.002 

 

1228 1245 447 

Oenothera kunthiana 0.198 0.197 -0.001 

 

1229 1288 638 

Porteranthus stipulatus 0.198 0.197 0.000 

 

1230 1285 620 

Clarkia pulchella 0.198 0.196 -0.002 

 

1231 1316 738 

Saxifraga flagellaris 0.198 0.197 -0.001 

 

1232 1292 636 

Carnegiea gigantea 0.198 0.197 0.000 

 

1233 1277 596 

Philadelphus microphyllus 0.198 0.195 -0.003 

 

1234 1335 833 

Philadelphus delavayi 0.198 0.200 0.002 

 

1235 1239 393 

Cuphea llavea 0.198 0.196 -0.002 

 

1236 1312 717 

Crassula sarcocaulis 0.197 0.201 0.004 

 

1237 1209 293 

Nerine undulata 0.197 0.201 0.004 

 

1238 1210 294 

Cleistocactus sepium 0.197 0.196 -0.001 

 

1239 1311 697 

Dianella intermedia 0.197 0.194 -0.004 

 

1240 1357 903 

Echinocereus reichenbachii 0.197 0.196 -0.002 

 

1241 1317 716 

Oxalis conorrhiza 0.197 0.196 -0.002 

 

1242 1320 715 

Ullucus tuberosus 0.197 0.194 -0.003 

 

1243 1347 834 

Ozothamnus ledifolius 0.197 0.198 0.000 

 

1244 1275 544 

Ornithogalum saundersiae 0.197 0.215 0.018 

 

1245 980 95 

Watsonia pillansii 0.197 0.196 -0.001 

 

1246 1304 633 

Sorbus folgneri 0.197 0.196 -0.001 

 

1247 1305 635 

Cephalotus follicularis 0.197 0.197 0.000 

 

1248 1297 607 

Neomarica caerulea 0.197 0.233 0.036 

 

1249 752 69 

Vancouveria chrysantha 0.197 0.196 -0.001 

 

1250 1308 632 

Prunus munsoniana 0.197 0.197 0.000 

 

1251 1283 545 

Uncinia rubra 0.197 0.211 0.014 

 

1252 1048 110 

Scadoxus puniceus 0.197 0.194 -0.003 

 

1253 1350 801 

Erica canaliculata 0.197 0.197 0.000 

 

1254 1294 570 

Clematis potaninii 0.197 0.201 0.004 

 

1255 1223 292 

Berberis pumila 0.197 0.196 0.000 

 

1256 1303 606 

Tilia kiusiana 0.197 0.194 -0.002 

 

1257 1348 767 

Protea neriifolia 0.197 0.194 -0.002 

 

1258 1349 772 

Halesia diptera 0.197 0.203 0.007 

 

1259 1180 199 

Arthropodium cirrhatum 0.196 0.197 0.000 

 

1260 1300 567 

Vallisneria nana 0.196 0.195 -0.001 

 

1261 1327 675 

Phlox pilosa 0.196 0.195 -0.002 

 

1262 1337 714 

Rosenbergiodendron 

formosum 0.196 0.197 0.001 

 

1263 1291 514 

Pimelea ferruginea 0.196 0.195 -0.001 

 

1264 1336 696 

Dipsacus inermis 0.196 0.200 0.004 

 

1265 1238 297 

Ribes viburnifolium 0.196 0.195 -0.001 

 

1266 1333 673 

Thelocactus bicolor 0.196 0.201 0.005 

 

1267 1226 254 

Myrteola nummularia 0.196 0.202 0.006 

 

1268 1203 217 

Hippeastrum elegans 0.196 0.199 0.004 

 

1269 1254 319 

Coprosma acerosa 0.196 0.198 0.002 

 

1270 1276 427 

Shortia uniflora 0.196 0.196 0.000 

 

1271 1322 600 

Viburnum utile 0.196 0.197 0.001 

 

1272 1299 496 

Eryngium eburneum 0.196 0.204 0.009 

 

1273 1172 159 

Delphinium delavayi 0.196 0.193 -0.002 

 

1274 1362 769 

Amorphophallus konjac 0.196 0.207 0.011 

 

1275 1114 120 

Corydalis scouleri 0.196 0.201 0.005 

 

1276 1222 240 

Scutellaria costaricana 0.196 0.193 -0.002 

 

1277 1363 770 

Nothochelone nemorosa 0.195 0.193 -0.002 

 

1278 1364 768 

Hiptage benghalensis 0.195 0.202 0.006 

 

1279 1204 207 

Albuca canadensis 0.195 0.197 0.002 

 

1280 1281 424 

Dracaena goldieana 0.195 0.286 0.091 

 

1281 388 54 

Cyrtanthus obliquus 0.195 0.199 0.004 

 

1282 1255 298 

Cinchona officinalis 0.195 0.199 0.004 

 

1283 1246 275 

Erythronium citrinum 0.195 0.195 0.000 

 

1284 1326 588 

Paraquilegia anemonoides 0.195 0.213 0.018 

 

1285 1022 97 

Viburnum henryi 0.195 0.196 0.001 

 

1286 1307 495 

Buxus sinica 0.195 0.196 0.001 

 

1287 1313 521 

Pelargonium grossularioides 0.195 0.197 0.002 

 

1288 1289 425 

Aechmea fulgens 0.195 0.192 -0.003 

 

1289 1382 829 

Nierembergia scoparia 0.195 0.219 0.024 

 

1290 915 82 

Townsendia formosa 0.195 0.213 0.019 

 

1291 1011 92 
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Pachypodium horombense 0.195 0.202 0.007 

 

1292 1206 190 

Ferocactus histrix 0.195 0.196 0.001 

 

1293 1310 475 

Nepeta prattii 0.195 0.200 0.006 

 

1294 1233 222 

Chelonopsis moschata 0.195 0.197 0.003 

 

1295 1287 368 

Datura ceratocaula 0.194 0.193 -0.001 

 

1296 1360 672 

Ribes fasciculatum 0.194 0.195 0.000 

 

1297 1334 554 

Protea compacta 0.194 0.203 0.009 

 

1298 1179 149 

Veronica orientalis 0.194 0.193 -0.001 

 

1299 1365 671 

Wahlenbergia saxicola 0.194 0.193 -0.001 

 

1300 1366 670 

Stewartia serrata 0.194 0.253 0.059 

 

1301 581 65 

Berberis aristata 0.194 0.196 0.002 

 

1302 1315 448 

Sorbus caloneura 0.194 0.192 -0.002 

 

1303 1388 764 

Acer oliverianum 0.194 0.193 -0.001 

 

1304 1370 669 

Photinia parvifolia 0.194 0.192 -0.002 

 

1305 1384 735 

Arum dioscoridis 0.194 0.192 -0.002 

 

1306 1386 734 

Ourisia sessilifolia 0.194 0.193 -0.001 

 

1307 1371 637 

Pleione hookeriana 0.194 0.201 0.008 

 

1308 1208 167 

Primula suffrutescens 0.194 0.195 0.002 

 

1309 1328 453 

Aloe perfoliata 0.194 0.193 -0.001 

 

1310 1374 634 

Protea eximia 0.193 0.192 -0.002 

 

1311 1383 711 

Nyssa aquatica 0.193 0.197 0.004 

 

1312 1284 300 

Phacelia congesta 0.193 0.201 0.008 

 

1313 1212 175 

Bromus danthoniae 0.193 0.194 0.001 

 

1314 1341 497 

Hemerocallis thunbergii 0.193 0.341 0.147 

 

1315 234 15 

Crassula perfoliata 0.193 0.197 0.004 

 

1316 1280 278 

Gleditsia japonica 0.193 0.195 0.002 

 

1317 1329 423 

Asarum hartwegii 0.193 0.196 0.003 

 

1318 1314 369 

Debregeasia longifolia 0.193 0.192 -0.001 

 

1319 1380 668 

Cuphea cyanea 0.193 0.193 0.000 

 

1320 1375 619 

Rhus potaninii 0.193 0.200 0.008 

 

1321 1228 176 

Haemanthus sanguineus 0.193 0.194 0.002 

 

1322 1345 452 

Asparagus falcatus 0.193 0.195 0.002 

 

1323 1332 396 

Rhodanthe chlorocephala 0.193 0.189 -0.003 

 

1324 1419 852 

Dipteronia sinensis 0.193 0.197 0.004 

 

1325 1295 277 

Penstemon ovatus 0.193 0.243 0.051 

 

1326 655 66 

Hedychium spicatum 0.192 0.193 0.001 

 

1327 1361 523 

Dioscorea elephantipes 0.192 0.191 -0.001 

 

1328 1391 663 

Trillium albidum 0.192 0.189 -0.003 

 

1329 1420 826 

Brasiliopuntia brasiliensis 0.192 0.194 0.001 

 

1330 1353 476 

Gladiolus splendens 0.192 0.195 0.003 

 

1331 1324 332 

Felicia rosulata 0.192 0.196 0.004 

 

1332 1309 301 

Sinocrassula indica 0.192 0.193 0.001 

 

1333 1369 524 

Echinodorus cordifolius 0.192 0.191 -0.001 

 

1334 1393 667 

Bensoniella oregona 0.192 0.192 0.000 

 

1335 1389 618 

Sasa kurilensis 0.192 0.199 0.007 

 

1336 1258 202 

Dasylirion acrotrichum 0.192 0.205 0.013 

 

1337 1150 113 

Primula mistassinica 0.192 0.190 -0.002 

 

1338 1406 712 

Haworthia cooperi 0.192 0.314 0.122 

 

1339 291 23 

Decumaria barbara 0.192 0.296 0.104 

 

1340 341 39 

Boronia megastigma 0.192 0.192 0.000 

 

1341 1385 599 

Eucomis bicolor 0.192 0.308 0.116 

 

1342 306 29 

Phellodendron chinense 0.192 0.199 0.007 

 

1343 1249 177 

Allium cyathophorum 0.192 0.195 0.004 

 

1344 1325 321 

Stewartia monadelpha 0.192 0.195 0.003 

 

1345 1330 331 

Aframomum melegueta 0.192 0.195 0.003 

 

1346 1331 333 

Brownea ariza 0.192 0.190 -0.001 

 

1347 1405 694 

Achlys triphylla 0.192 0.193 0.002 

 

1348 1358 450 

Anemone trullifolia 0.192 0.193 0.002 

 

1349 1359 451 

Stewartia sinensis 0.192 0.434 0.242 

 

1350 116 3 

Chrysosplenium davidianum 0.192 0.195 0.003 

 

1351 1339 352 

Agave lechuguilla 0.191 0.190 -0.001 

 

1352 1410 689 

Crataegus punctata 0.191 0.196 0.004 

 

1353 1319 279 

Alluaudia dumosa 0.191 0.194 0.003 

 

1354 1346 353 

Anthurium scherzerianum 0.191 0.193 0.001 

 

1355 1373 474 

Quercus laurifolia 0.191 0.197 0.005 

 

1356 1296 230 

Tropaeolum pentaphyllum 0.191 0.192 0.001 

 

1357 1381 522 

Echinocereus fendleri 0.191 0.191 0.000 

 

1358 1398 617 

Erythronium oregonum 0.191 0.194 0.003 

 

1359 1342 334 

Dracaena aubryana 0.191 0.188 -0.003 

 

1360 1441 825 
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Delphinium brunonianum 0.191 0.191 0.000 

 

1361 1397 598 

Freesia grandiflora 0.191 0.193 0.002 

 

1362 1367 398 

Perezia recurvata 0.191 0.192 0.002 

 

1363 1377 449 

Phyllodoce glanduliflora 0.191 0.189 -0.001 

 

1364 1422 693 

Aciphylla monroi 0.191 0.189 -0.001 

 

1365 1424 692 

Saxifraga lyallii 0.191 0.189 -0.001 

 

1366 1425 691 

Erythronium helenae 0.191 0.194 0.003 

 

1367 1352 322 

Caragana sinica 0.190 0.190 0.000 

 

1368 1409 597 

Heteranthera zosterifolia 0.190 0.196 0.005 

 

1369 1321 231 

Nepenthes maxima 0.190 0.191 0.001 

 

1370 1396 530 

Cola acuminata 0.190 0.190 0.000 

 

1371 1407 572 

Aquilegia fragrans 0.190 0.309 0.119 

 

1372 300 25 

Protea grandiceps 0.190 0.216 0.026 

 

1373 955 80 

Echinopsis pachanoi 0.190 0.397 0.207 

 

1374 152 6 

Salvia roemeriana 0.190 0.190 0.000 

 

1375 1417 595 

Dendrobium bigibbum 0.190 0.191 0.001 

 

1376 1394 477 

Ageratina aromatica 0.190 0.190 0.000 

 

1377 1412 584 

Pseudomertensia echioides 0.190 0.190 0.000 

 

1378 1418 594 

Crassula pellucida 0.190 0.188 -0.001 

 

1379 1439 690 

Physostegia angustifolia 0.189 0.188 -0.001 

 

1380 1437 666 

Podalyria calyptrata 0.189 0.190 0.000 

 

1381 1416 573 

Styrax americanus 0.189 0.197 0.007 

 

1382 1293 179 

Geranium yesoense 0.189 0.203 0.014 

 

1383 1184 112 

Ranunculus insignis 0.189 0.194 0.005 

 

1384 1344 244 

Polianthes geminiflora 0.189 0.188 -0.001 

 

1385 1442 665 

Galax urceolata 0.189 0.194 0.004 

 

1386 1355 268 

Alluaudia procera 0.189 0.190 0.001 

 

1387 1411 518 

Crocus ochroleucus 0.189 0.193 0.004 

 

1388 1372 303 

Senna hebecarpa 0.189 0.191 0.002 

 

1389 1392 397 

Styrax dasyanthus 0.189 0.190 0.001 

 

1390 1414 520 

Aloe variegata 0.189 0.197 0.008 

 

1391 1290 165 

Agave parryi 0.189 0.194 0.005 

 

1392 1356 260 

Codariocalyx motorius 0.189 0.188 -0.001 

 

1393 1449 664 

Ferocactus emoryi 0.189 0.197 0.009 

 

1394 1279 156 

Plectranthus argentatus 0.189 0.191 0.002 

 

1395 1403 426 

Veronica densifolia 0.189 0.192 0.003 

 

1396 1379 323 

Thunbergia gregorii 0.188 0.402 0.214 

 

1397 143 5 

Vernonia gigantea 0.188 0.189 0.000 

 

1398 1427 558 

Pelargonium cucullatum 0.188 0.189 0.000 

 

1399 1428 557 

Enkianthus perulatus 0.188 0.193 0.004 

 

1400 1376 280 

Carmichaelia arborea 0.188 0.188 0.000 

 

1401 1446 616 

Townsendia florifer 0.188 0.189 0.000 

 

1402 1434 574 

Hovea pungens 0.188 0.186 -0.002 

 

1403 1464 762 

Echinocereus stramineus 0.188 0.285 0.097 

 

1404 391 45 

Echinocereus triglochidiatus 0.188 0.188 0.000 

 

1405 1438 575 

Nemesia denticulata 0.188 0.194 0.006 

 

1406 1343 212 

Anthurium warocqueanum 0.188 0.199 0.011 

 

1407 1253 123 

Echinocactus platyacanthus 0.188 0.188 0.000 

 

1408 1435 551 

Aciphylla aurea 0.188 0.190 0.002 

 

1409 1408 399 

Helanthium bolivianum 0.188 0.187 -0.001 

 

1410 1460 662 

Tradescantia cerinthoides 0.188 0.190 0.003 

 

1411 1404 371 

Penstemon hallii 0.188 0.191 0.003 

 

1412 1399 354 

Echinocereus cinerascens 0.188 0.192 0.004 

 

1413 1387 281 

Symphyotrichum turbinellum 0.188 0.196 0.009 

 

1414 1306 158 

Erythronium multiscapideum 0.188 0.188 0.000 

 

1415 1445 559 

Felicia aethiopica 0.188 0.197 0.010 

 

1416 1282 137 

Haworthia chloracantha 0.188 0.192 0.004 

 

1417 1390 282 

Pilosocereus leucocephalus 0.187 0.189 0.001 

 

1418 1433 498 

Camellia fraterna 0.187 0.337 0.150 

 

1419 243 14 

Chenopodium quinoa 0.187 0.186 -0.001 

 

1420 1469 661 

Collinsia verna 0.187 0.187 0.000 

 

1421 1453 552 

Triteleia peduncularis 0.187 0.187 0.000 

 

1422 1454 553 

Asparagus retrofractus 0.187 0.187 0.000 

 

1423 1461 576 

Geissorhiza aspera 0.187 0.186 -0.001 

 

1424 1472 631 

Notholirion bulbuliferum 0.187 0.186 0.000 

 

1425 1466 615 

Erigeron grandiflorus 0.186 0.194 0.007 

 

1426 1354 181 

Epimedium grandiflorum 0.186 0.187 0.001 

 

1427 1459 526 

Quercus virginiana 0.186 0.188 0.001 

 

1428 1450 478 

Primula involucrata 0.186 0.188 0.002 

 

1429 1443 432 

  Prob. of Naturalization   Rankings 

Species Pres. Fut. Δ 

 

Pres. Fut. Δ 

Erigeron multiradiatus 0.186 0.185 -0.002 

 

1430 1482 709 

Geranium incanum 0.186 0.291 0.105 

 

1431 358 37 

Agave utahensis 0.186 0.188 0.002 

 

1432 1447 429 

Euphorbia alluaudii 0.186 0.188 0.002 

 

1433 1448 428 

Aloe longistyla 0.186 0.189 0.003 

 

1434 1426 336 

Anisodontea scabrosa 0.186 0.333 0.147 

 

1435 248 16 

Dais cotinifolia 0.186 0.186 0.000 

 

1436 1470 593 

Solanum sessiliflorum 0.186 0.187 0.001 

 

1437 1462 528 

Agave atrovirens 0.186 0.191 0.005 

 

1438 1400 247 

Acer distylum 0.186 0.187 0.002 

 

1439 1455 455 

Correa decumbens 0.185 0.184 -0.001 

 

1440 1488 688 

Gasteria obliqua 0.185 0.187 0.002 

 

1441 1456 431 

Cymbidium aloifolium 0.185 0.188 0.003 

 

1442 1440 337 

Dregea sinensis 0.185 0.186 0.001 

 

1443 1465 499 

Fritillaria cirrhosa 0.185 0.191 0.006 

 

1444 1401 219 

Gentiana straminea 0.185 0.187 0.002 

 

1445 1458 401 

Dysosma pleiantha 0.185 0.194 0.009 

 

1446 1351 142 

Pelargonium carnosum 0.185 0.185 0.000 

 

1447 1481 592 

Plectranthus saccatus 0.185 0.189 0.004 

 

1448 1430 284 

Thalictrum ichangense 0.185 0.188 0.003 

 

1449 1444 327 

Camellia saluenensis 0.185 0.189 0.005 

 

1450 1421 248 

Rhaphithamnus spinosus 0.185 0.190 0.005 

 

1451 1415 236 

Arisaema ringens 0.184 0.188 0.003 

 

1452 1451 338 

Dendrobium discolor 0.184 0.185 0.000 

 

1453 1483 577 

Gaura biennis 0.184 0.187 0.002 

 

1454 1463 404 

Grindelia chiloensis 0.184 0.190 0.006 

 

1455 1413 221 

Sarracenia leucophylla 0.184 0.189 0.005 

 

1456 1431 262 

Oxalis perdicaria 0.184 0.186 0.002 

 

1457 1468 433 

Cistus symphytifolius 0.184 0.183 -0.001 

 

1458 1503 659 

Erica cruenta 0.184 0.278 0.094 

 

1459 420 49 

Dendrobium macrophyllum 0.184 0.185 0.001 

 

1460 1479 502 

Erythronium hendersonii 0.184 0.186 0.002 

 

1461 1467 402 

Penstemon crandallii 0.184 0.195 0.011 

 

1462 1338 125 

Ananas bracteatus 0.184 0.191 0.007 

 

1463 1402 184 

Coriaria terminalis 0.184 0.188 0.005 

 

1464 1436 249 

Cordyline banksii 0.184 0.184 0.000 

 

1465 1487 555 

Acer caudatum 0.184 0.186 0.002 

 

1466 1475 405 

Eustoma grandiflorum 0.183 0.184 0.000 

 

1467 1494 578 

Erigeron glabellus 0.183 0.184 0.000 

 

1468 1496 579 

Clintonia andrewsiana 0.183 0.182 -0.001 

 

1469 1512 658 

Aloe microstigma 0.183 0.337 0.154 

 

1470 242 13 

Rohdea japonica 0.183 0.184 0.000 

 

1471 1497 580 

Cautleya gracilis 0.183 0.185 0.001 

 

1472 1480 480 

Freesia corymbosa 0.183 0.283 0.100 

 

1473 401 42 

Vancouveria planipetala 0.183 0.186 0.003 

 

1474 1474 372 

Echinocereus coccineus 0.183 0.183 0.000 

 

1475 1498 581 

Penstemon angustifolius 0.183 0.183 0.000 

 

1476 1499 582 

Tecomanthe dendrophila 0.183 0.184 0.001 

 

1477 1490 525 

Fremontodendron mexicanum 0.183 0.184 0.001 

 

1478 1491 527 

Hebe lycopodioides 0.182 0.192 0.010 

 

1479 1378 140 

Calochortus vestae 0.182 0.187 0.005 

 

1480 1452 250 

Crataegus gracilior 0.182 0.184 0.001 

 

1481 1492 479 

Asparagus racemosus 0.182 0.182 0.000 

 

1482 1514 614 

Daphne genkwa 0.182 0.183 0.000 

 

1483 1507 560 

Baccharis patagonica 0.182 0.186 0.004 

 

1484 1476 309 

Erythronium revolutum 0.182 0.189 0.007 

 

1485 1429 188 

Yucca elata 0.182 0.184 0.002 

 

1486 1495 460 

Calanthe brevicornu 0.182 0.193 0.011 

 

1487 1368 122 

Calanthe tricarinata 0.182 0.182 0.000 

 

1488 1513 561 

Alocasia odora 0.182 0.183 0.001 

 

1489 1504 500 

Crassula orbicularis 0.182 0.183 0.002 

 

1490 1500 461 

Genista canariensis 0.182 0.185 0.003 

 

1491 1484 357 

Eryngium horridum 0.182 0.183 0.002 

 

1492 1502 456 

Pelargonium reniforme 0.181 0.184 0.003 

 

1493 1489 358 

Gentiana alba 0.181 0.183 0.002 

 

1494 1508 457 

Spigelia marilandica 0.181 0.183 0.002 

 

1495 1509 459 

Rheum alexandrae 0.181 0.191 0.010 

 

1496 1395 135 

Penstemon teucrioides 0.181 0.187 0.006 

 

1497 1457 206 

Townsendia incana 0.180 0.181 0.001 

 

1498 1523 529 
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  Prob. of Naturalization   Rankings 

Species Pres. Fut. Δ 

 

Pres. Fut. Δ 

Trillium smallii 0.180 0.189 0.009 

 

1499 1423 154 

Agave palmeri 0.180 0.182 0.002 

 

1500 1511 407 

Callistemon subulatus 0.180 0.181 0.001 

 

1501 1522 503 

Cornus quinquinervis 0.180 0.180 0.000 

 

1502 1531 591 

Ferocactus pilosus 0.180 0.183 0.003 

 

1503 1506 339 

Salvia fulgens 0.180 0.184 0.005 

 

1504 1485 264 

Adenophora stricta 0.180 0.321 0.142 

 

1505 273 17 

Dombeya acutangula 0.179 0.189 0.009 

 

1506 1432 147 

Haworthia cymbiformis 0.179 0.186 0.007 

 

1507 1471 201 

Thamnocalamus tessellatus 0.179 0.181 0.002 

 

1508 1520 408 

Crocus cancellatus 0.179 0.179 0.000 

 

1509 1544 590 

Brachyglottis rotundifolia 0.179 0.179 0.000 

 

1510 1536 556 

Trachymene coerulea 0.179 0.182 0.003 

 

1511 1516 340 

Stapelia grandiflora 0.178 0.180 0.002 

 

1512 1526 434 

Phlox caespitosa 0.178 0.180 0.002 

 

1513 1530 409 

Curcuma zedoaria 0.178 0.184 0.006 

 

1514 1486 209 

Senecio polyodon 0.178 0.180 0.002 

 

1515 1527 375 

Eucomis pallidiflora 0.178 0.181 0.004 

 

1516 1518 312 

Nerine humilis 0.178 0.179 0.001 

 

1517 1541 481 

Draba arabisans 0.178 0.178 0.000 

 

1518 1548 571 

Sisyrinchium arenarium 0.178 0.186 0.008 

 

1519 1473 161 

Hebe macrantha 0.177 0.182 0.004 

 

1520 1517 265 

Tylecodon paniculatus 0.177 0.185 0.008 

 

1521 1477 162 

Greyia radlkoferi 0.177 0.183 0.007 

 

1522 1501 203 

Stenocereus eruca 0.177 0.178 0.001 

 

1523 1550 531 

Hydrophyllum canadense 0.177 0.180 0.004 

 

1524 1524 313 

Dendrobium nobile 0.177 0.180 0.004 

 

1525 1525 314 

Neomarica gracilis 0.177 0.180 0.004 

 

1526 1528 315 

Codonopsis vinciflora 0.176 0.179 0.003 

 

1527 1538 360 

Calanthe sylvatica 0.176 0.178 0.002 

 

1528 1547 462 

Cypripedium flavum 0.176 0.181 0.005 

 

1529 1521 241 

Brunsvigia orientalis 0.176 0.177 0.000 

 

1530 1554 562 

Haworthia fasciata 0.176 0.178 0.002 

 

1531 1551 463 

Aloe marlothii 0.176 0.179 0.003 

 

1532 1537 328 

Ferocactus wislizeni 0.176 0.179 0.003 

 

1533 1545 361 

Calathea majestica 0.176 0.180 0.004 

 

1534 1533 291 

Helianthus occidentalis 0.176 0.182 0.006 

 

1535 1515 210 

Townsendia parryi 0.176 0.178 0.002 

 

1536 1546 378 

Cleistocactus baumannii 0.175 0.180 0.004 

 

1537 1534 274 

Photinia bodinieri 0.175 0.179 0.004 

 

1538 1542 316 

Brachyglottis bidwillii 0.175 0.179 0.004 

 

1539 1539 276 

Echeveria secunda 0.175 0.177 0.002 

 

1540 1555 464 

Pelargonium elongatum 0.175 0.283 0.108 

 

1541 402 33 

Aechmea chantinii 0.174 0.176 0.002 

 

1542 1558 436 

Freesia viridis 0.174 0.179 0.005 

 

1543 1540 233 

Pseudotrillium rivale 0.174 0.181 0.008 

 

1544 1519 174 

Serenoa repens 0.173 0.182 0.009 

 

1545 1510 152 

Erica gracilis 0.173 0.177 0.003 

 

1546 1553 329 

Rhipsalis paradoxa 0.173 0.179 0.006 

 

1547 1543 224 

Aloe grandidentata 0.173 0.180 0.007 

 

1548 1532 198 

Diplarrena latifolia 0.173 0.179 0.006 

 

1549 1535 205 

Nepenthes vieillardii 0.173 0.175 0.002 

 

1550 1562 438 

Gentiana setigera 0.173 0.185 0.012 

 

1551 1478 116 

Arrojadoa penicillata 0.173 0.176 0.004 

 

1552 1557 317 

Spathiphyllum floribundum 0.172 0.184 0.011 

 

1553 1493 121 

Erythronium californicum 0.172 0.174 0.002 

 

1554 1563 380 

Haworthia emelyae 0.172 0.176 0.005 

 

1555 1556 259 

Haworthia mirabilis 0.172 0.174 0.002 

 

1556 1564 381 

Hebe venustula 0.172 0.175 0.004 

 

1557 1561 318 

Watsonia humilis 0.171 0.176 0.005 

 

1558 1559 245 

Penstemon jamesii 0.171 0.173 0.003 

 

1559 1567 362 

Haworthia retusa 0.170 0.175 0.005 

 

1560 1560 246 

Salvia munzii 0.170 0.173 0.003 

 

1561 1569 345 

Senecio oxyriifolius 0.169 0.172 0.003 

 

1562 1571 346 

Puya alpestris 0.169 0.180 0.011 

 

1563 1529 124 

Deinanthe bifida 0.169 0.171 0.002 

 

1564 1575 439 

Gentiana trichotoma 0.169 0.178 0.009 

 

1565 1549 157 

Phyllodoce aleutica 0.169 0.172 0.003 

 

1566 1572 349 

Tulbaghia alliacea 0.169 0.172 0.003 

 

1567 1573 348 

  Prob. of Naturalization   Rankings 

Species Pres. Fut. Δ 

 

Pres. Fut. Δ 

Dendrobium crumenatum 0.169 0.183 0.014 

 

1568 1505 111 

Cyrtochilum flexuosum 0.169 0.174 0.005 

 

1569 1565 261 

Empetrum rubrum 0.169 0.171 0.003 

 

1570 1574 364 

Argemone grandiflora 0.168 0.172 0.004 

 

1571 1570 269 

Conicosia pugioniformis 0.167 0.170 0.003 

 

1572 1577 350 

Ficus drupacea 0.167 0.167 0.001 

 

1573 1581 532 

Hesperantha vaginata 0.166 0.173 0.007 

 

1574 1568 196 

Alocasia longiloba 0.166 0.174 0.007 

 

1575 1566 180 

Hippeastrum reticulatum 0.166 0.170 0.004 

 

1576 1576 283 

Corokia buddleioides 0.165 0.270 0.105 

 

1577 453 36 

Pycnostachys urticifolia 0.165 0.168 0.004 

 

1578 1580 306 

Anthurium podophyllum 0.164 0.169 0.005 

 

1579 1578 252 

Pereskiopsis diguetii 0.164 0.169 0.005 

 

1580 1579 239 

Populus acuminata 0.163 0.165 0.002 

 

1581 1582 420 

Ferocactus viridescens 0.160 0.164 0.005 

 

1582 1583 255 

Ferocactus peninsulae 0.158 0.177 0.018   1583 1552 94 
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Table III.S4: Results of the minimal adequate MCMCglmm model of European naturalization 

success. Model term refers to the effects included in the minimal adequate model, including both 

fixed terms as well as the random phylogenetic term. Posterior mean is the mean estimate value 

of the posterior distribution for the given term, while 95%-CI-lower and 95% CI-upper represent 

the lower and upper 95% confidence interval estimates for that posterior distribution, respective. 

Sample size refers to the effective sample size for the given effect. 

Model terms 

Posterior 

mean 

95% CI-

lower 

95% CI-

upper Sample size 

(Intercept) -1.491 -3.282 0.183 5689.0 

Climatic suitability 0.394 0.227 0.564 1562.7 

Availability in nurseries 0.764 0.602 0.931 631.1 

Global naturalized range size 0.998 0.811 1.185 1390.2 

Plant height 0.049 -0.116 0.216 2257.7 

Sexual system -0.197 -0.384 -0.008 1409.1 

Availability in nurseries:Sexual system -0.423 -0.742 -0.122 326.5 

Phylogenetic structure  0.015 0.007   0.025     148.3 
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Summary 

Ornamental horticulture is the most important pathway for alien plant introductions 

worldwide, and consequently, invasive spread of introduced plants often begins in urban areas. 

Although most introduced ornamental garden-plant species are locally not naturalized yet, many 

of them have shown invasion potential elsewhere in the world, and might naturalize when 

climate changes. We inventoried the planted flora of 50 public and 61 private gardens in 

Radolfzell, a small city in southern Germany, to investigate whether local naturalization success 

of garden plants is associated with their current planting frequency, climatic suitability, as 

assessed with climatic niche modelling, and known naturalization status somewhere in the world. 

We identified 954 introduced garden-plant species, of which 48 are already naturalized in 

Radolfzell and 120 in other parts of Germany. All currently naturalized garden plants in 

Radolfzell have a climatic suitability probability of ≥0.75 and are naturalized in ≥13 out of 843 

regions globally. These values are significantly higher than those of garden plants that have not 

become locally naturalized yet. Current planting frequencies, however, were not related to 

current naturalization success. Using the identified local naturalization thresholds of climatic 

suitability and global naturalization frequency, and climate projections for the years 2050 and 

2070, we identified 45 garden-plant species that are currently not naturalized in Radolfzell but 

are likely to become so in the future. Although our approach cannot replace a full risk 

assessment, it is well-suited and applicable as one element of a screening or horizon scanning-

type approach. 
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Introduction 

For the first time in human history, most people worldwide are living in cities (UN 2015). 

Thus, public and private gardens, parks and other green infrastructure contribute towards 

providing important ecosystem services in urban areas such as climate regulation (e.g. Wang et 

al. 2014; Lin et al. 2016), and have important aesthetic value (e.g. Lindemann-Matthies and 

Brieger 2016). The spontaneous flora (i.e. not considering the planted flora) of urban areas 

contains more alien plant species compared to rural areas (Kühn et al. 2004; Aronson et al. 

2014), and the planted garden flora in cities frequently contains large numbers of cultivated alien 

plants (Pergl et al. 2016a). The majority of them are traded in ornamental horticulture, which is 

the most important pathway for alien plant introductions worldwide (e.g. Germany: Kühn and 

Klotz 2002; Nehring et al. 2013, Czech Republic: Pyšek et al. 2012b; Britain: Clement and 

Foster 1994, USA: Mack and Erneberg 2002; Lehan et al. 2013, Australia: Groves 1998, South 

Africa: Faulkner et al. 2016; Europe: Křivánek et al. 2006; Turbelin et al. 2017). Consequently, 

invasive spread of alien garden plants often begins in urban areas (Dehnen-Schmutz 2011).  

While most of these alien garden plants can only survive where planted under intensive 

management practices, others escape and establish themselves outside gardens without human 

assistance (Pergl et al. 2016a). Some of these naturalized garden species have become 

problematic invaders with negative impacts on native biodiversity (Vilá et al. 2010; Pyšek et al. 

2012a). Around the globe, the numbers of newly established alien species are still increasing 

(Seebens et al. 2017). As the eradication and containment of most of these alien species is 

difficult and expensive, prevention of new alien species naturalizations and invasions should be a 

priority. 

Many of the currently preventative risk assessments and legislation with regard to 

invasive alien organisms focus on avoiding the introduction of species with high invasion 

potential into a country (e.g. Pheloung et al. 1999; EU 2014). However, in the case of plants, 

thousands of alien species have already passed the introduction barrier as they are currently 

growing in public green spaces, botanical gardens, arboreta and private gardens. Botanical 

gardens in Europe alone are estimated to harbour >80,000 plant taxa (Heywood and Sharrock 

2013), and the European Garden Flora (Cullen et al. 2011) lists >20,000 plant taxa as being 

regularly grown in European gardens. At least 783 of those alien species recorded in the 

European Garden Flora have already naturalized in other parts of the world (Dullinger et al. 
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2017). This implies that the garden flora constitutes an enormous pool of potential future 

invaders. For some of these species, the current environment already permits naturalization, but, 

due to long lag phases, they may simply need more time to spread (Kowarik 1995; Williamson et 

al. 2005). For other species, the current local environmental conditions in the areas where they 

are planted may have prevented them from naturalizing. Environmental conditions, however, 

will change rapidly under future climate warming (Dehnen-Schmutz 2011). Only a small 

proportion of alien garden plants are likely to escape cultivation and become invasive, and to 

prevent this we need tools to predict which species have the potential to establish and spread 

under current and future climatic conditions.  

It is notoriously difficult to predict the invasion potential of species due to the context 

specificity of invasion events (Kueffer et al. 2013; van Kleunen et al. 2015b; Woodford et al. 

2016). Nevertheless, several factors are almost universally associated with naturalization and/or 

invasion success. First, propagule pressure increases the likelihood of establishment (Lockwood 

et al. 2005). For garden plants, propagule pressure can be quantified as the number of gardens a 

species has been planted in (Hanspach et al. 2008; Bucharová and van Kleunen 2009; Maurel et 

al. 2016) and the number of individuals per garden. Second, although a few plant species have 

become invasive in regions that are outside their native climatic envelope following a shift of 

their climatic niche (e.g. Broennimann et al. 2007), climatic suitability is in most cases positively 

related to naturalization success (e.g. Feng et al. 2016). Third, species are more likely to 

naturalize and become invasive in a given region when they have a history of naturalization or 

invasion elsewhere (e.g. Daehler and Strong 1993; Reichard 1996; Pyšek et al. 2003). Planting 

frequency, climatic suitability and global naturalization success thus bear promise for developing 

simple tools to screen garden plants for their local naturalization potential. These tools could 

allow city authorities to produce a list of alien species grown in the public and private gardens 

that might pose significant naturalization risks and should either be removed or put on a watch 

list. 

 Here, we used the garden flora of Radolfzell, a small city in southern Germany, to 

investigate whether naturalization success of garden plants is associated with their current 

planting frequency, climatic suitability and known naturalization status somewhere in the world. 

We first inventoried the garden-plant species and estimated their planting frequency in the public 

green spaces and private gardens of the city. We then combined this with other data on 
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naturalization in the city and its immediate vicinity, in the entire country of Germany and 

globally. In addition, we used climatic niche modelling based on known occurrences elsewhere 

in the world to assess climatic suitability under the current climate and under climates projected 

for 2050 and 2070. Based on these analyses, we defined empirically-assessed local naturalization 

thresholds to predict which species have the potential to naturalize in Radolfzell under forecasted 

future climatic conditions. 

 

Methods 

Ornamental garden-plant inventory 

Data for the ornamental garden-plant-species inventory were collected by the first author 

in August–November 2014 and in April–August 2015 in the city of Radolfzell (47.7452°N, 

8.9669°E), Germany. Radolfzell is situated at the western shore of Lake Constance close (~5 

km) to the border with Switzerland. It covers an area of ~59 km
2
, and has a human population of 

~30,000. In total, a sample of 111 garden sites, ranging in size from ~1
 
to ~175,000 m

2
, were 

inventoried, of which 50 are managed by the city (i.e. are public green spaces) and 61 by private 

persons (private plantings). Public green spaces included public parks (n=11), roundabouts 

(n=9), boulevards (n=2), planted road sides (n=8), planters (i.e. large plant containers; n=5), 

public plantings in residential areas (n=14) and nursery stocks (n=1). Private plantings included 

home gardens, both front yards and backyards (n=56), and private plantings on graveyards (n=5). 

To make the garden-plant inventory as comprehensive as possible, we focused on home gardens 

which the owners regularly entered into garden contests, as we expected a larger assortment of 

plants in these gardens than in the gardens of mainstream gardeners that we inventoried. 

In each garden, all ornamental garden plants were recorded and identified to the 

(infra)species level with the help of private-garden owners and the city gardeners, and also by 

using nursery catalogues (Lappen 2009; Pflanzen Bruns 2013). Taxon names were standardized 

with The Plant List (version 1.1; http://www.theplantlist.org/) using the “taxonstand” package 

(version 2.0; Cayuela et al. 2017) and R 3.2.1 (R Core Team, 2014). This allowed us to correct 

spelling mistakes and to get accepted taxon names in the case of synonyms, and facilitated 

adding information on naturalization of the species (see below). Cultivars were, if possible, 

assigned to the species from which they were derived. Cultivars and other taxa that could not be 

http://www.theplantlist.org/
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assigned to species (n=44) were removed from the data set. For species that we did not find in 

The Plant List, we kept the original names. 

It was not feasible to exactly count the number of plants per species in each garden, 

particularly not for clonal species in which individuals are difficult to distinguish. Therefore, 

when a species occurred in a garden, we assigned it to one of three abundance classes by 

estimating the number of plants: (1) 1-3 plants (shoots in the case of clonal plants), (2) 4–99 

plants and (3) >99 plants. For each garden-plant species, we assessed whether or not it is native 

to Germany (FloraWeb; http://www.floraweb.de/). For all alien species, we collected data on life 

form (herb, vine, shrub, tree, aquatic plant) and life span (annual, biennial, perennial) from 

nursery catalogues (Lappen 2009; Pflanzen Bruns 2013) and the European Garden Flora (Cullen 

et al. 2011). In addition, we used the Kew World Checklist of Selected Families 

(http://apps.kew.org/wcsp/home.do) and GRIN-Global (https://npgsweb.ars-grin.gov), as well as 

additional internet searches, to determine which continent of the Taxonomic Databases Working 

Group (TDWG) scheme (Brummit 2001) the species are native to.  

 

Local, national and global naturalization status 

For each of the recorded alien garden-plant species in the city of Radolfzell, we assessed 

(i) whether it is known to be naturalized somewhere in the world, (ii) whether it is naturalized 

somewhere in Germany and (iii) whether it is has been reported from the wild in Radolfzell or its 

surroundings. To determine whether a species is naturalized somewhere in the world, we 

checked the species’ presence in the Global Naturalized Alien Flora (GloNAF) database (version 

1.1; van Kleunen et al. 2015a). The GloNAF database contains lists of naturalized alien species 

for 843 regions (countries, states, provinces, islands), covering ~83% of the global land surface 

(van Kleunen et al. 2015a). For each species, we extracted the number of GloNAF regions in 

which it is known to be naturalized as a measure of its global naturalization extent (e.g. 

Razanajatovo et al. 2016). Secondly, we used the German FloraWeb database 

(http://www.floraweb.de) to assess whether a species has been found in the wild (i.e. outside of 

cultivation) (1) somewhere in Germany and (2) in the two TK25 grid cells (each 10ˈ longitude × 

6ˈ latitude; c. 133 km
2
) of the plant distribution maps in which the city of Radolfzell lies. A 

species was considered to be naturalized somewhere in Germany when FloraWeb explicitly 

classified it as a naturalized neophyte (“eingebürgerter Neophyt”) in the main description of the 
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species or when it was classified as such in at least one of the 11956 quarter-TK25 grid cells of 

the species’ distribution map. The distribution maps in FloraWeb (or FloraKart) are from the 

German plant distribution atlas (Netzwerk Phytodiversität Deutschland & Bundesamt für 

Naturschutz 2013), which aggregated and harmonized the data (mostly collected by volunteers) 

from the different floristic mapping schemes of German federal states, societies and private 

persons. The distribution maps indicate whether the last record of a species in a grid cell was 

post 1980, 1950–1980 or pre 1950. However, as most records are post 1980, we did not consider 

the different time periods in our analyses. 

 

Climatic niche modelling 

Current and projected future climatic suitability of the introduced ornamental species in 

Radolfzell were assessed using the niche-based species-distribution modelling platform 

BIOMOD (Thuiller et al. 2009). Data on species-presence locations were downloaded from the 

Global Biodiversity Information Facility (GBIF; http://www.gbif.org/) using the R package 

“rgbif” (Chamberlain et al. 2015). Although GBIF contains errors and biases (Meyer et al. 

2016), which can affect the results of climatic-niche modelling, it is the most comprehensive 

database on global distributions of species. After removing invalid and clearly errant presence 

points, such as those falling in oceans and Antarctica, and removing species with insufficient 

data (<40 occurrence records; Dellinger et al. 2016), climatic niche modelling, as in Dullinger et 

al. (2017), could be done for 670 of the 954 alien garden-plant species in our inventory. To avoid 

that climatic suitability values would be biased upward due to circularity for species with GBIF 

records in Radolfzell, we did not consider GBIF presence points in the Radolfzell and its 

immediate surroundings (see below) for the climatic niche modelling. 

Mean bioclimatic variables for 1950-2000 were extracted at 10ˈ resolution from 

WorldClim (Hijmans et al. 2005; www.worldclim.org). We used six of the 19 bioclimatic 

variables in WorldClim: (1) BIO4: temperature seasonality, (2) BIO5: maximum temperature of 

the warmest month, (3) BIO6: minimum temperature of the coldest month, (4) BIO15: 

precipitation seasonality, (5) BIO16: precipitation of the wettest quarter and (6) BIO17: 

precipitation of the driest quarter. These variables were selected because they are known to affect 

plant-species distributions (Root et al. 2003). In addition, these variables have pairwise 

Pearson’s r values below 0.75 (Dullinger et al. 2017). This is slightly higher than the threshold 
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recommended by Dormann et al. (2013), and therefore small effects of multicollinearity on 

model outcomes cannot be fully excluded.  

Climatic niche models were built on a global climate background, excluding the ~690 

km
2
 area encompassing the city of Radolfzell (i.e. the area within the rectangle formed by the 

coordinates 47.85°N and 8.80°E, 47.65°N and 8.80°E, 47.65°N and 9.20°E, and 47.85°N and 

9.20°E) on which we would ultimately project these models. For future model projections onto 

Radolfzell, we extracted current and projected future bioclimatic data from WorldClim for that 

same previously excluded area. To test how climatic suitability of species might change under a 

severe, but still realistic, climate-change scenario, we chose the RCP 8.5 scenario (a scenario 

based on high greenhouse gas emissions; IPCC 2013). Based on this scenario, projections of the 

bioclimatic data for the years 2050 and 2070 were calculated as the average of the projections of 

the ACCESS1-0 and MIROC5 models.  

To decrease uncertainty, ensemble climatic niche models were built combining four 

separate algorithms: two regression-based (generalized linear modeling (GLM), generalized 

additive modeling (GAM)) and two machine-learning based (random forest (RF) and generalized 

boosted modelling (GBM)) algorithms. Models were built using the biomod function of the 

“biomod2” package (Thuiller et al. 2016) in R 3.2.4 (R Core Team 2016). As these algorithms 

require presence and absence data, we acquired presence data from GBIF and created random 

pseudo-absences for each taxon outside Radolfzell. For the creation of pseudo-absences for the 

different modelling algorithms, we followed the recommendations of Barbet-Massin et al. (2012; 

also see Dullinger et al. 2017; Klonner et al. 2017). Pseudo-absences were randomly selected 

within a radius of 100 ten-minute cells around the presence points. For the two regression-based 

models, three sets of 10,000 pseudo-absences were generated for separate modeling. However, as 

recommended by Maggini et al. (2006), the absences were weighted to assure that the prevalence 

(i.e. frequency of species’ occurrences in the data set) was 0.5. For the machine-based models, 

we also generated three sets of pseudo-absences, but here the number of pseudo-absences was set 

equal to the number of presence points used for each taxon (i.e. the prevalence was 0.5).  

For model evaluation, datasets were randomly split with 80% of presence and pseudo-

absence data used for model calibration, and 20% used for subsequent evaluation. This random 

split was performed three times for the regression-based model datasets and the machine-based 

model datasets. For each species, the four model types with three sets of pseudo-absences and 
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three data splits each resulted in 36 individual models. The regression-based and machine-

learning-based models were then separately combined into two individual ensemble forecasts to 

generate climatic-suitability projections. Poor models (TSS <0.7; Allouche et al. 2006) were 

excluded from the ensemble forecasts, and the others were weighted according to their TSS 

score. 

Ensemble forecasts were then projected onto the city of Radolfzell and the surrounding 

~690 km
2
 for current climatic conditions (annual mean temperature: 9.2°C), as well as projected 

climatic conditions in 2050 (12.8°C) and 2070 (14.0°C; see Table IV.S1, Supporting Information 

for current and projected bioclimatic variables). As the spatial resolution of the climatic data (10ˈ 

× 10ˈ grid cells) does not fully match the resolution of the FloraWeb distribution maps in 

Germany (10ˈ 6ˈ grid cells), the area used for the climatic projections of Radolfzell is larger than 

the area used to determine which of the naturalized plants have already been recorded in the 

Radolfzell area. For each projected time point, the minimum (i.e. more conservative) projection 

of climatic suitability was taken from an overlay of the two ensemble projections. For each 

species and time point, the mean climatic suitability probability across the two grid cells in 

which Radolfzell lies was calculated as the probabilistic output of the ensemble forecasts. When 

for a species the current or future climate in Radolfzell falls outside the climatic range used for 

model calibration, forecasts could be unreliable. However, as Radolfzell has a temperate climate, 

it is unlikely that this was the case for the majority of the species for which we did climatic-niche 

modelling.  

 

Statistical analyses of naturalization success 

To test how current naturalization success of the alien garden-plant species in Radolfzell 

relates to current planting frequencies in public and private gardens (number of gardens and the 

median of the abundance class across the gardens in which the species occurs), current climatic 

suitability and global naturalization frequency, we used generalized linear models with a 

binomial error distribution with the complementary log-log link function. All explanatory 

variables were centred to a mean of zero and scaled to a standard deviation of one to facilitate 

interpretation of the estimates (Schielzeth 2010). Correlations between the explanatory variables 

were all below 0.55, indicating only mild collinearity. The strongest correlations were between 

the frequency and abundance in public gardens (r = 0.54) and between the frequency and 
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abundance in private gardens (r = 0.35). When we excluded abundances in public and private 

gardens, the results remained qualitatively the same. These analyses were done using the glm 

function implemented in the standard statistics package of R (R Core Team 2016).  

 

Results 

We identified a total of 1268 ornamental garden-plant species in the public green spaces 

and private gardens of Radolfzell. Of these, 954 (75%) were alien to Germany, among them 462 

were found in public green spaces and 775 in private gardens (283 species were found in both). 

The largest donor region of the alien garden-plant species was temperate Asia, followed by 

North America and Europe (Fig. IV.1). The alien garden flora of Radolfzell covered 127 

families, the most highly represented being Asteraceae (i.e. Compositae in The Plant List) with 

116 species, Rosaceae with 65 species and Lamiaceae with 50 species (Fig. IV.S1). Most of the 

introduced garden plants were perennial herbs (506 species) and shrubs (210 species; Fig. 

IV.S2). 

 

Current naturalization success of garden-plant species 

Out of the 954 alien garden-plant species, 627 (66%) are known to be naturalized 

somewhere in the world, 168 (18%) have naturalized somewhere in Germany, and 48 (5%) have 

been recorded in the wild in Radolfzell (i.e. the two grid cells in which Radolfzell lies). Among 

the 670 species for which we could assess climatic suitability (i.e. species with >40 occurrences 

in GBIF), their occurrence in the wild in Radolfzell was not significantly related to their current 

planting frequency in public green spaces and private gardens (Table IV.1). However, local 

naturalization success was significantly positively related to current climatic suitability and to the 

number of global regions where a species is naturalized (Table IV.1; Fig. IV.2). All locally 

naturalized species had a climatic suitability probability of 0.75 or higher (median = 0.97), 

compared to a median of 0.69 for the non-naturalized species, and are naturalized in 13 or more 

regions around the globe (median = 61), compared to a median of 9 for the non-naturalized ones.  
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Fig. IV.1 Origins of the 954 alien garden-plant species grown in public green spaces and private 

gardens of the city of Radolfzell, Germany. The regions of origin used are the biogeographically 

defined continents recognized by the Biodiversity Information Standards (also known as the 

Taxonomic Databases Working Group or TDWG; Brummit 2001). “Cultivated only” refers to 

species that are only known from cultivation. Note that the sum of the number of species per 

origin is larger than 954, because many species are native to multiple continents. 
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Table IV.1 Results of binomial GLMs testing how naturalization in Radolfzell (yes, no) depends 

on global naturalization frequency, climatic suitability and planting frequencies and abundances 

in private and public gardens. All explanatory variables were centred to a mean of zero and 

scaled to a standard deviation of one. 

 Estimate (±SE) z-value P 

Intercept -13.992 (2.614) -5.35 <0.001 

Global naturalization frequency* 2.374 (0.354) 6.70 <0.001 

Climatic suitability 10.148 (2.553) 3.98 <0.001 

No. private gardens -0.077 (0.145) -0.54 0.593 

No. public gardens -0.008 (0.166) -0.05 0.962 

Abundance private garden -0.150 (0.176) -0.85 0.394 

Abundance public garden 0.219 (0.191) 1.15 0.251 

*Naturalization frequency was ln-transformed after adding 1 to the number of GloNAF regions 

in which the species is naturalized. 
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Fig. IV.2 Current and projected future climatic suitability probabilities under severe climate 

change (RCP 8.5; IPCC 2013) and global naturalization frequencies (number of GloNAF 

regions; van Kleunen et al. 2015a) of alien garden-plant species grown in Radolfzell. Shown are 

the 670 species with sufficient data for climatic niche modelling. Species that are currently 

naturalized in Radolfzell are indicated with pink upwards pointing triangles, species that are 

currently naturalized in other parts of Germany are indicated with cyan downwards pointing 

triangles, and species not naturalized in Germany are indicated with grey circles. For the 2050 

and 2070 projections, taxa with an increased climatic suitability relative to their current one have 

filled circles. The vertical and horizontal black lines indicate the climatic suitability probability 

(0.75) and the global naturalization frequency (13 regions), respectively, exceeded by all 

ornamental plants currently naturalized in Radolfzell. 

Potential future naturalization success of garden-plant species 

Based on the climate projections of the RCP 8.5 scenario that projects a regional increase 

in mean annual temperature of 3.6-4.8° for Radolfzell for the mid-21
st
 century, the median 
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climatic suitability probability of the garden-plant species in the city of Radolfzell is projected to 

decrease from current 0.76 to 0.45 in 2050, and to 0.18 in 2070 (Fig. IV.2). For 39 out of 48 

species that are currently locally naturalized, the climatic suitability probability in 2050 will be 

below the current probability threshold of 0.75. In 2070, all but two (Acer negundo and 

Parthenocissus quinquefolia) of the currently naturalized species will be below that threshold 

(Fig. IV.2).  

Although for the majority of garden-plant species, the climatic suitability will decrease, it 

will increase for 219 species (out of 670 species with climatic suitability data) by 2050 and 171 

species by 2070. Of the species that are naturalized in ≥13 regions around the world (i.e. above 

the global naturalization threshold for the currently locally naturalized species), 42 species will 

increase their climatic suitability probability above the current 0.75 threshold by 2050, and 23 

species will do so by 2070. This results in a list of 45 garden species that are likely to naturalize 

given a projected increasing climatic suitability by 2050 and/or 2070 (Table IV.2). 

 

Discussion 

Based on a comprehensive inventory of ornamental garden plants grown in public green 

spaces and private gardens of the city of Radolfzell, we show that more than three quarters of the 

garden-plant species are alien and that two thirds of those are already known to be naturalized 

somewhere in the world. In other words, most of the currently planted alien garden species have 

proven their ability to naturalize. Indeed, we found that a considerable number of these garden 

plants were already naturalized in Radolfzell or in other parts of Germany. The species that are 

currently naturalized in Radolfzell are distinguished from most of the non-naturalized ones by 

having the highest climatic suitability probabilities (≥0.75) and by being naturalized in at least 13 

out of 843 regions worldwide. When using these two values as thresholds also for naturalization 

in Radolfzell under projected climates in the years 2050 and 2070, we identified 45 species that 

are not naturalized now but are highly likely to become naturalized in the future. 
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Table IV.2 Proposed Watch List of 45 alien species currently planted in public and/or private 

gardens of the city of Radolfzell, Germany. These species are not locally naturalized yet, but are 

globally naturalized in 13 or more regions and likely to pass the current climatic-suitability-

probability threshold of 0.75 in 2050 and/or 2070. Five of the species are currently already 

naturalized in other parts of Germany.  

 Naturalized in 

other parts of 

Germany 

Predicted to pass climatic suitability 

threshold 

Species in 2050 in 2070 

Glandularia canadensis No No Yes 

Helenium amarum No No Yes 

Phyla nodiflora No No Yes 

Albizia julibrissin* No Yes Yes 

Campsis radicans No Yes Yes 

Coreopsis grandiflora No Yes Yes 

Coreopsis lanceolata No Yes Yes 

Coreopsis tinctoria No Yes Yes 

Elaeagnus pungens* No Yes Yes 

Exochorda racemosa No Yes Yes 

Gaillardia pulchella No Yes Yes 

Gaura lindheimeri No Yes Yes 

Gleditsia triacanthos* Yes Yes Yes 

Nandina domestica* No Yes Yes 

Philadelphus inodorus No Yes Yes 

Pontederia cordata No Yes Yes 

Pyracantha koidzumii* No Yes Yes 

Spiraea prunifolia No Yes Yes 

Taxodium distichum Yes Yes Yes 

Tradescantia virginiana No Yes Yes 

Vitex agnus-castus* No Yes Yes 

Wisteria sinensis No Yes Yes 
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Yucca gloriosa No Yes Yes 

Acer palmatum No Yes No 

Akebia quinata* No Yes No 

Amorpha fruticosa* Yes Yes No 

Aucuba japonica No Yes No 

Celastrus orbiculatus* Yes Yes No 

Cosmos sulphureus No Yes No 

Cryptomeria japonica* No Yes No 

Euonymus alatus* No Yes No 

Malcolmia maritima No Yes No 

Mirabilis jalapa No Yes No 

Miscanthus sacchariflorus Yes Yes No 

Origanum majorana No Yes No 

Parthenocissus tricuspidata Yes Yes No 

Paulownia tomentosa* Yes Yes No 

Pennisetum alopecuroides No Yes No 

Physostegia virginiana No Yes No 

Platanus acerifolia No Yes No 

Punica granatum* No Yes No 

Salix babylonica* Yes Yes No 

Salvia splendens No Yes No 

Spiraea thunbergii No Yes No 

Wisteria floribunda* No Yes No 

* Species known to be considered invasive somewhere in the world based on data from Weber 

(2003, and unpublished update for second edition), Rejmánek and Richardson (2013), CABI 

Invasive Species Compendium (http://www.cabi.org/isc/) and the Invasive Species Specialist 

Group ISSG (http://www.issg.org/). 

 

 

http://www.cabi.org/isc/
http://www.issg.org/
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Current naturalization success of garden-plant species 

We found that 48 (5%) and 168 (18%) of the 954 alien garden-plant species in Radolfzell 

are already naturalized in Radolfzell and Germany, respectively. This means that more than 30% 

of the 156 recorded naturalized plants in Radolfzell and more than 35% of the 479 naturalized 

plants in Germany (http://floraweb.de/) are currently grown as ornamentals in the gardens of 

Radolfzell. Some of these naturalized species, like Cymbalaria muralis, may not have been 

planted but have spontaneously established themselves in the gardens. Such species are 

frequently tolerated by gardeners because of their ornamental value. However, most of the 

naturalized alien garden-plant species have been planted intentionally by city authorities and/or 

private gardeners. Almost two thirds (627 or 66%) of the 954 alien garden-plant species in 

Radolfzell are known to be naturalized somewhere in the world, which proves their 

naturalization ability. Ninety-nine (~10%) of these species are even considered to be invasive 

somewhere in the world (Table IV.S2), because they have negative impacts on native species or 

economy (CBD 2000), and 50 of them show a higher climatic suitability probability than the 

current threshold of 0.75 (Table IV.S2). This indicates that many of the species that are planted 

in Radolfzell and not locally naturalized yet, have nevertheless a high potential to naturalize and 

become invasive under current climate conditions. 

 Propagule pressure or planting frequency is among the most consistent explanatory 

variables of local naturalization and invasion success (e.g. Daehler and Strong 1993; Feng et al. 

2016; Maurel et al. 2016). In our study, current planting frequency was not significantly related 

to naturalization. This could be because our estimates of the current planting frequencies were 

quite coarse. More importantly, current naturalization success is most likely driven by past 

planting frequencies, which might deviate from the current one (Dehnen-Schmutz et al. 2007a). 

This implies that species planted more frequently now might have a higher likelihood of 

naturalizing in the future (Essl et al. 2010).  

Remarkably, garden-plant species naturalized in Radolfzell distinguish them from most 

other garden-plant species by being naturalized in many (≥13) regions around the world and 

having a high climatic suitability probability (≥0.75; Fig. IV.2). Nevertheless, there were 140 

introduced garden-plant species that also occur in ≥13 regions and have a climatic suitability 

probability ≥0.75, and that have not been recorded as naturalized in Radolfzell yet. Thus, based 

on our naturalization thresholds, these species would be falsely classified as naturalized. Such 

http://floraweb.de/
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false positives are very common in risk assessments, but models have nevertheless shown that 

risk assessment may pay off in the long term (Keller et al. 2007). Sixty-four of the 140 false 

positives are species known to be naturalized in other parts of Germany already, and six are 

naturalized in neighbouring Switzerland (Wittenberg 2005). These species might simply not have 

been recorded as naturalized in Radolfzell yet even if they are. Still, this leaves many species that 

based on the climatic suitability and global naturalization thresholds could naturalize in 

Radolfzell but have not done so in Germany or Switzerland yet. So, despite the overall strong 

separation between naturalized and non-naturalized species (Fig. IV.2), the number of false 

positives based on our two thresholds is still high. This could reflect that certain components of 

habitat suitability (e.g. edaphic factors, disturbance levels, biotic interactions) that were not 

included in the species distribution modelling are not optimal for these species (see also Guisan 

and Thuiller 2005). It could also reflect that some of these species are only represented by 

cultivars that might be infertile or have a lower competitive ability or climatic suitability than the 

wildtype used for the climatic niche modelling. Furthermore, it could reflect that some of these 

species have been introduced only recently, and are still in their lag phase (e.g. Kowarik 1995; 

Williamson et al. 2005). Lag phases are likely to be longer for woody species than for 

herbaceous ones, as species with longer generation times usually have longer lag times (Kowarik 

1995). Although a post hoc test showed a trend that woody species were indeed slightly 

overrepresented among the false positives, this difference was not significant (Supplementary 

Results IV.1). Differences in continent of origin were also not significant (Supplementary 

Results IV.1). Whatever the exact reason for why these species have not established yet, they 

have proven naturalization potential, and should be monitored for any signs of potential 

spontaneous establishment in Radolfzell and its surroundings.  

 

Potential future naturalization success of garden-plant species 

The modelling of climatic suitability, and consequently predicting future naturalization 

success, is restricted to species with sufficient distribution data. This means that we had to 

exclude 30% (284 out of 954) of alien garden-plant species from our analysis because of lack of 

data in GBIF. In future studies, this number could be reduced by searching for distribution data 

that is not aggregated by GBIF yet. It is also likely that with the ongoing addition of occurrence 

data to GBIF, distribution data will become less limiting and less geographically biased (Meyer 
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et al. 2016). Although 30% appears high, it is likely that most of the species with insufficient 

distribution data are relatively rare species with low naturalization ability. Indeed, in our study, 

distribution data were particularly likely to be missing for species that are not naturalized in 

Radolfzell, and also not naturalized in the rest of Germany or the rest of the world (Table IV.S3). 

In other words, the climatic suitability analysis is biased in favour of species with high 

naturalization ability. 

 Based on the RCP 8.5 scenario, temperatures are projected to increase considerably (3.6-

4.8°) and precipitations will slightly (83-121 mm) increase by the years 2050 and 2070 in 

Radolfzell (Table IV.S1). As a result, climatic suitability is projected to have declined by the 

years 2050 and 2070 for most of the currently grown garden-plant species (Fig. IV.2). This 

probably reflects that an important criterion for selecting a garden plant is that its environmental 

requirements allow it to be grown at the specific location (Kendal et al. 2012). Most likely if we 

would have chosen a less severe climate-change scenario, fewer species would have projected 

declines in climatic suitability and more species might have increased climatic suitability.  

Despite a preference for growing climatically suited species, many species from 

continents with warmer climates (Fig. IV.1) are currently grown in the gardens of Radolfzell. 

These species are either frequently replaced or protected in winter against frost. Such species are 

likely to benefit from climate warming in the future, particularly when precipitation will also 

slightly increase. By the years 2050 and 2070, respectively 33% and 26% of the species are 

likely to have an increased climatic suitability. Among these species, 45 are already widely 

naturalized in other parts of the world and would achieve a climatic suitability probability similar 

to the values of the currently naturalized species (Table IV.2). If the thresholds separating 

naturalised and non-naturalised species identified under the current climate do not change with 

climate change, these garden-plant species are likely to constitute the next generation of 

naturalized plants in Radolfzell. Fifteen of these species are not only widely naturalized but are 

also invasive in other parts of the world, i.e. have spread rapidly, often forming dense 

populations and thus have often negatively affected native biodiversity (Table IV.2). Although 

there will also be false positives among these species, they should be monitored with priority for 

spontaneous establishment inside and outside the gardens of the city.  
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Challenges and recommendations 

Ecologists have been searching for predictors of alien plant establishment and spread 

since the seminal work by Baker (1965). In recent years, the availability of global data sets on 

naturalized (van Kleunen et al. 2015a), weedy (Randall 2012) and invasive plant species (Weber 

2003; Rejmánek and Richardson 2013; Turbelin et al. 2017), and global species occurrence data 

(http://www.gbif.org/) has increased. This is complemented by substantial advances in modelling 

methods and software (e.g. Thuiller et al. 2009, 2016). This progress can now be employed to 

identify species with high naturalization and invasion potential that deserve particular attention 

(e.g. by putting them on watch lists; Dehnen-Schmutz 2011, Pergl et al. 2016b). 

 While in principle the methods used in this study may be readily reproducible for almost 

any city or municipality, the climatic niche modelling is the most methodologically and data 

demanding part of our approach. As an alternative, we also tried to identify potential invaders 

based on similarities between the mean annual temperature in Radolfzell and the median mean 

annual temperature in the regions where these species are naturalized according to the GloNAF 

database (van Kleunen et al. 2015a). This much simpler method is obviously restricted to species 

that have already shown naturalization ability in other regions and does not account for species 

distribution or mean annual temperature variation within and among GloNAF regions. Despite 

these limitations, the alien garden-plant species that are already naturalized in Radolfzell and 

Germany had a median mean annual temperature of the GloNAF regions that was closer to the 

mean annual temperature in Radolfzell, than was the case for non-naturalized species (Figs 

IV.S3, IV.S4). In other words, the alien garden-plant species naturalized in Radolfzell are also 

naturalized in other regions of the world with a mean temperature similar to the one in 

Radolfzell. So, although climatic niche modelling should certainly be the method of choice, 

comparing the local climate to the climate in regions where the species has naturalized already 

gives at least a reasonably reliable indication of which species have naturalization potential. 

 A prerequisite for applying either method is that the cities inventory species grown in 

their public and private green spaces. Monitoring as well as identifying species that have already 

been planted, particularly in the case of horticultural cultivars, might be challenging and costly 

(Pergl et al. 2016a). For new plant material, species information is usually provided by the 

nursery, but here one has to be aware of mislabelling (e.g. Thum et al. 2012). We made the 

inventory over two years, and spent ~350 working hours to visit the 111 garden sites and identify 
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the species, in the relatively small city of Radolfzell. For large cities, this will of course be much 

more laborious. However, this investment may pay off in the future when it prevents the costs of 

further biological invasions. Ideally, neighbouring cities would exchange inventories and 

collaborate in developing strategies to avoid that species invade from their own gardens or the 

gardens of the neighbouring city. National legislation should be developed to coordinate such an 

effort. It is also critical to collaborate with gardeners and environmental agencies to 

communicate results and planting recommendations in such a way that is useful to them.  

Our approach cannot replace a full risk assessment, which should also include 

information on plant traits related to reproduction and dispersal and possible negative impacts of 

the species assessed (e.g. Pheloung et al. 1999). Nevertheless, we have shown that our approach 

is well-suited and applicable as one element of a screening or horizon scanning-type approach. 

This is something that can also be done at smaller (e.g. botanical gardens) and larger spatial 

scales (e.g. countries). 
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Supporting Information 

 

Table IV.S1 Current (averaged across the period 1960-1990) and projected values of bioclimatic 

variables for 2050 and 2070 based on the RCP 8.5 scenario for Radolfzell (averaged across the 

two 10ˈ x 6ˈ TK25 grid cells in which Radolfzell lies). Shown are average annual temperature, 

average annual precipitation and the six bioclimatic variables used for the climatic niche 

modelling. The corresponding WorldClim BIO codes are given in front of the bioclimatic 

variables. 

Bioclimatic variable Current 2050 2070 

BIO1 -Mean annual temperature (°C) 9.2 12.75 14 

BIO12 -Annual precipitation (mm) 949 1067 1032 

BIO4 - Temperature seasonality (Stand. dev. x 100) 65.2 68.9 71.9 

BIO5 - Maximum temperature of warmest month (°C) 23.8 28.6 31.1 

BIO6 - Minimum temperature of coldest month (°C) -2.6 0.8 1.8 

Bio15 - Precipitation seasonality (Coef. var.) 26.0 25.7 25.0 

Bio16 – Precipitation of wettest quarter (mm) 330 361 335 

Bio17 – Precipitation of driest quarter (mm) 166 197 184 
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Table IV.S2 Species found in Radolfzell gardens known to be invasive somewhere in the world 

based on data from Weber (2003, and unpublished update for second edition), Rejmánek and 

Richardson (2013), CABI Invasive Species Compendium (http://www.cabi.org/isc/) and the 

Invasive Species Specialist Group ISSG (http://www.issg.org/). * indicates species with a current 

climatic suitability value above the suitability threshold of 0.75. 

Abies balsamea Cotoneaster salicifolius* Pennisetum setaceum 

Abies procera* Cryptomeria japonica* Phoenix canariensis 

Acer buergerianum* Cynara cardunculus Picea sitchensis 

Acer negundo* Echium plantagineum Populus × canadensis* 

Acer rufinerve Elaeagnus pungens* Prunus cerasifera* 

Agapanthus praecox Erica arborea Prunus laurocerasus* 

Agave americana Erigeron karvinskianus Prunus persica* 

Ailanthus altissima* Euonymus alatus Punica granatum* 

Akebia quinata* Euonymus fortunei* Pyracantha coccinea* 

Albizia julibrissin* Ficus carica* Pyracantha koidzumii 

Amelanchier lamarckii Gaultheria mucronata Pyracantha rogersiana 

Amorpha fruticosa* Gaultheria shallon Quercus rubra* 

Aponogeton distachyos Gleditsia triacanthos* Reynoutria japonica 

Aralia elata* Helianthus tuberosus* Rhododendron ponticum 

Araucaria araucana Hesperis matronalis* Ricinus communis 

Archontophoenix cunninghamiana Hypericum androsaemum Robinia pseudoacacia* 

Asparagus densiflorus Hypericum calycinum* Rosa rugosa* 

Azolla filiculoides Imperata cylindrica Salix babylonica* 

Berberis aquifolium* Lantana camara Solanum laxum 

Berberis thunbergii* Larix kaempferi* Solidago canadensis* 

Brugmansia suaveolens Laurus nobilis* Solidago gigantea* 

Buddleja davidii* Lavandula stoechas Spartium junceum* 

Callistemon viminalis Leycesteria formosa Spiraea alba* 

Celastrus orbiculatus* Lonicera maackii Spiraea japonica* 

Cestrum elegans Lupinus polyphyllus* Tamarix ramosissima 

Cornus alba* Mahonia bealei* Thuja plicata* 

Cornus sericea* Nandina domestica Trachycarpus fortunei* 

Cortaderia selloana Nassella tenuissima Verbena bonariensis 

Cotoneaster dielsianus* Nerium oleander Viburnum tinus 

Cotoneaster divaricatus* Olea europaea Vinca major* 

Cotoneaster franchetii Oxalis purpurea Vitex agnus-castus 

Cotoneaster horizontalis* Paulownia tomentosa* Wisteria floribunda* 

Cotoneaster microphyllus Pennisetum purpureum Zantedeschia aethiopica 

 

http://www.cabi.org/isc/
http://www.issg.org/


129 
 

Table IV.S3 Comparisons between the garden-plant species for which we could retrieve ≥40 

occurrences from GBIF (http://www.gbif.org/) to do climatic niche modelling and the species for 

which we could not do this. 

 Distribution data for climatic suitability  

 Yes No 

Total no. introduced garden species 670 284 

Naturalized in Radolfzell 45 (6.7%) 3 (1.1%) 

Naturalized in Germany 158 (23.6%) 10 (3.5%) 

Naturalized elsewhere in world 543 (81.0%) 84 (29.6%) 

Median no. GloNAF regions if naturalized 14 4 

 

  

http://www.gbif.org/
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Fig. IV.S1 Families of the 954 alien garden-plant species grown in the public green spaces and 

private gardens of the city of Radolfzell, Germany. The family naming follows The Plant List 

(version 1.1; http://www.theplantlist.org/). Only families represented by more than five species 

in the garden flora of Radolfzell are shown. In total 127 families were represented in the garden 

flora.  

http://www.theplantlist.org/


131 
 

 

  

Fig. IV.S2 Growth forms of the 979 alien garden-plant species grown in the public green spaces 

and private gardens of the city of Radolfzell, Germany. Note that the sum of the number of 

species per growth form category is larger than 979, because some taxa can have multiple growth 

forms. 
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Fig. IV.S3 Boxplots showing differences among garden-plant species that are naturalized in 

Radolfzell, in the rest of Germany or not with regard to the absolute (unsigned) deviation 

between the current mean annual temperature in Radolfzell (9.2°C) and the median of the annual 

mean temperatures across the GloNAF regions in which these species are already naturalized. 

This figure is based on all 627 alien garden species with at least one record in GloNAF. 
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Fig. IV.S4 Relationship between climatic suitability probability in Radolfzell from climatic 

niche modelling and the deviation between the current mean annual temperature in Radolfzell 

(9.2°C) and the median of the annual mean temperatures across the GloNAF regions in which the 

garden-plant species are already naturalized. Species that are currently naturalized in Radolfzell 

are indicated in pink, species that are currently naturalized in other parts of Germany are 

indicated in cyan, and species not naturalized in Germany are indicated in grey. The fitted line is 

from a binomial GLM of climatic suitability probability vs the deviation in annual temperature 

(p=0.248) and its quadratic term (p<0.001). This figure is based on the 537 alien garden species 

that have at least one record in GloNAF and for which we could model climatic suitability.  
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Supplementary Results IV.1 

Tests for differences between false and true positives 

To investigate whether the false positives differ from the true positives (i.e. locally naturalized 

species) with regard to longevity, lifeform and the three major continents of origin, we made 

contingency tables and tested for significant differences using chi-squared tests (function 

chisq.test in R; R Core Team 2016). As true positives, we defined the 45 alien garden-plant 

species that are naturalized in Radolfzell, and for which we could do climatic niche modelling. 

These true positives all have a climatic suitability probability ≥0.75 and are naturalized in ≥13 

regions globally. As false positives, we defined the 140 species that are planted in Radolfzell but 

not recorded as naturalized there despite having similar climatic suitability probabilities and 

global naturalization frequencies as the true positives. 

 

Longevity (annual/biennial, perennial): χ
2
=0.367, df=1, p=0.5448. 

 Perennial 

 No Yes 

False positive 20 115 

True positive 8 31 

 

Growth form (herbaceous, woody, vine): χ
2
=1.7418, df=2, p=0.4186. 

 Growth form 

 Herbaceous Woody Vine 

False positive 74 52 9 

True positive 26 11 2 
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Native to temperate Asia: χ
2
=0.403, df=1, p=0.5255. 

 Temperate Asia 

 No Yes 

False positive 65 75 

True positive 24 21 

 

Native to Northern America: χ
2
=2.707, df=1, p=0.0999. 

 Northern America 

 No Yes 

False positive 104 36 

True positive 27 18 

 

 

 

Native to Europe: χ
2
=0.487, df=1, p=0.4855. 

 Europe 

 No Yes 

False positive 97 43 

True positive 28 17 
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General Discussion 

 

Preventing new invasions is critical for conservation efforts worldwide. Predicting likely 

new invasions has long been a goal in invasion biology, and while some progress has been made, 

little of this effort has been directed towards ornamental species that have already been 

introduced.  In this thesis, I highlight how changes in climatic suitability resulting from climate 

change will alter the naturalization potential of already-introduced, not-yet-naturalized common 

alien ornamental plant species in Europe. Using multi-species experimental approaches (i.e. 

Chapters I & II), I showed that the influence of some species characteristics (i.e. life span, seed 

weight and winter hardiness) on naturalization success varied with climate change. Non-

naturalized alien ornamentals showed more tolerance overall to climate change than local 

resident species, particularly native species. The results of Chapters III & IV indicated that 

naturalization potential across non-naturalized alien ornamental plant species as a whole will not 

necessarily increase with climate change; however, many species will nevertheless benefit from 

or tolerate climate change. While climatic suitability can be expected to increase for some 

species and decrease for others, the overwhelming decrease in resident species performance 

under climate change (demonstrated in Chapters I & II) indicates that many new niches will 

become available under future climate conditions. This will offer more opportunities for those 

non-naturalized species to establish, and potentially become invasive. As such, an invasion debt 

from non-naturalized alien ornamental species is indeed likely to be incurred under future 

climates. This thesis identifies many species that will likely be of high risk for naturalization in 

Europe under future climates, either due to resilience to changing climates or increases in 

climatic suitability. 

 

Direct effects of climate change on alien naturalization potential 

Species characteristics and naturalization success under climate change 

Despite many issues still remaining in our understanding of the drivers of invasion 

success (Catford et al. 2009), some predictors have been consistently linked to invasion success. 

These include: (1) naturalization or invasion success elsewhere (Reichard & Hamilton 1997; 

Kolar & Lodge 2001; Klonner et al. 2016); (2) propagule pressure (Kolar & Lodge 2001; 

Lockwood et al. 2005; Maron 2006; Dehnen-Schmutz et al. 2007a, b; Hanspach et al. 2008; 
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Bucharova & van Kleunen 2009; Pyšek et al. 2009b; Feng et al. 2016); (3) climatic suitability 

(Hayes & Barry 2008; Feng et al. 2016); and (4) native range size (Gravuer et al. 2008; Maurel 

et al. 2016; Razanajatovo et al. 2016).  The relative importance of these predictors has however 

not been adequately considered. The results of our models in Chapters III & IV indicate that 

prior naturalization success elsewhere predicts naturalization success in a given region with 

greater strength than any of the other predictors. Following then (in Chapter III) was propagule 

pressure and climatic suitability, with roughly 75% and 40%, respectively, of the predictive 

power of prior naturalization success. Tested on its own in Chapter III, native range size was 

related to naturalization success, but this effect was lost when these other drivers were 

simultaneously considered. This highlights much of the complexity behind predictors of 

naturalization, and the need for further consideration of relationships between possible drivers 

(e.g. Maurel et al. 2016).  

In Chapter III, I also tested several other species traits for influence on naturalization 

success, and found only few effects. Plant height and sexual system did influence naturalization 

success, but these effects were weak compared to the effects of prior naturalization success, 

propagule pressure and climatic suitability. The limited findings regarding species traits here 

might reflect the context-specificity of their roles in plant invasions (Pyšek et al. 1995). Indeed, 

traits that are beneficial at one stage of invasion can often be disadvantageous at later stages (van 

Kleunen et al. 2015b). Small seed size, for example, is generally related to higher propagule 

pressure (Eriksson & Jakobsson 1999) and greater dispersal ability (Green & Johnson 1993; 

Veneble & Brown 1998), but can also lead to reduced germination success (Aiken & Springer 

1995) and seedling survival (Dunlap & Barnett 1983; Moles & Westoby 2004). Similarly, the 

influence of traits on naturalization success may vary regionally. For example, while 

naturalization may be promoted by high values of a trait in one part of Europe, it may be 

promoted by low values of the same trait in another part. Broad scale investigations of the 

relationship between additional species traits and invasion success are important; this is 

demonstrated particularly by the novel finding in Chapter III that, with sufficient propagule 

pressure, dioecious species were more likely to be naturalized in Europe than those capable of 

self-reproduction. Still, some meaningful results may be identifiable only at more local and 

stage-specific scales.  
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The influence of many invasion drivers may also dependent is climate. Climatic 

suitability acts as a first filter in the invasion process; species traits are unlikely to influence 

invasion success in a suboptimal environment (van Kleunen et al. 2015b). However, above some 

minimum threshold, climatic suitability can still interact with species traits to affect alien 

invasions. In one instance, Feng et al. (2016) found that the effect of fruiting duration on a 

species’ naturalization success varied from positive to negative depending on its climatic 

suitability in the introduced range. Climate change is likely to alter the effects of species traits on 

invasion success both indirectly by creating more suitable environments, and through direct 

interactions with species traits. For example, in Chapter I, perennial species were better 

colonizers of resident grasslands under ambient conditions. However, annual species were more 

tolerant of climate warming. Fast initial root growth, which is often associated with annuals, may 

have contributed to this advantage (Struik 1965; Harris & Wilson 1970; Roumet et al. 2006). 

The warming treatment applied in Chapter I resulted in reduced soil moisture, and may have also 

affected plant evapotranspiration rates. This strategy of fast initial root growth can allow annuals 

to more quickly access limited resources, such as in this case, water. Similarly, while smaller 

seed size is generally linked to higher propagule pressure and dispersal ability (Jakobsson & 

Eriksson 2000), we showed in Chapter I that under heated conditions, larger seeded species had 

higher germination and survival rates, possibly because heavier seeds germinate and survive as 

seedlings better in moisture-limited environments (Khurana & Singh 2000). Thus, the influence 

of these traits on naturalization success is likely to vary under new climatic conditions. This is 

likely the case for many other species traits as well that were not considered in Chapter I due to 

limitations in data availability. Further investigation regarding additional traits such as 

phenotypic, growth and dispersal strategies is therefore critical. 

 

Overall changes in naturalization potential 

Projected responses to climate change for species that are already invasive are highly 

variable between studies, and dependent on region and scale (e.g. Kriticos et al. 2003; Ziska et 

al. 2004; Hellmann et al. 2008; Bradley et al. 2009; Walther et al. 2009; Bellard et al. 2013; 

Sorte et al. 2013; Manea et al. 2016; Liu et al. 2017). Similarly, this thesis found somewhat 

variable changes in climatic suitability for not-yet naturalized alien ornamental species in 
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Europe. These responses depended on the scale, the facets of climate change examined, the plant 

life stage, and the species.  

In Chapter II, the non-naturalized alien ornamentals responded positively in terms of 

vegetative growth across species of varying hardiness to increased temperatures, but not to 

reduced precipitation. Responses in terms of flowering were more variable and tended to be 

more negative. In Chapter I, germination, survival and flowering of non-naturalized alien 

ornamentals (including those species used in Chapter II) were all negatively affected by rising 

temperatures, though with more variation between species responses. These experiments focused 

on climate change projections for southern Germany, where increased temperatures and reduced 

precipitation are forecast (IPCC 2014). Other regions may instead experience increases in 

precipitation overall, a change to which invasive species have been found to respond positively 

(Liu et al. 2017). For regions where projected climatic trends differ from those tested here, 

examination of the responses of non-naturalized alien ornamental species to local climate 

projections is necessary.  

In Chapter III, I used broad-scale distribution modeling to assess changes in climatic 

suitability for a large number of species on a continental scale. Changes in suitability across 

Europe for most species were minimal and did not skew towards being negative or positive 

overall. This may have been driven by variation in climatic suitability changes within the region 

(i.e. Europe), with a given species experiencing increases in climatic suitability in some areas, 

but decreases in others. At the local scale examined in Chapter IV, most species were projected 

to experience reductions in climatic suitability by 2050, and even more by 2070. The disparity in 

these results suggests that other regions in Europe could see increases in climatic suitability for a 

majority of species. Dullinger et al. (2017) highlight such regional variations in projected 

changes in climatic suitability, and showed increases in the number of suitable species to be 

highest in eastern and northwestern Europe. These regions in particular would therefore benefit 

from further investigations into this issue. While net gains in climatic suitability were not seen in 

Chapters III & IV of this thesis, both studies identify many species which will likely tolerate or 

benefit from climate change. Regulating these species at both local and regional scales 

(according to the respective study results), and identifying more like them is critical in 

preventing future invasions.  
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Indirect effects of climate change on alien naturalization potential 

The success of new invaders will be influenced by the resilience of existing ecosystems 

to invasion, and climate change is likely to impact this resilience. Both native and naturalized 

resident species are presumably well suited to current local climates. However, we would expect 

naturalized species to be more tolerant of climate change than native species given that they tend 

to: (1) occupy broader climatic niches (Leiblein-Wild et al. 2014); (2) undergo selective 

introduction of more plastic genotypes (Bossdorf et al. 2008); and (3) have a greater ability to 

adjust their phenology to track climate change compared to native species (Willis et al. 2010). 

Climatic niche expansion has been demonstrated in the naturalized ranges of many species 

(Petitpierre 2012; Early & Sax 2014). If already-naturalized species are able to outcompete 

native species under new climates, the ranges and pervasiveness of naturalized species in the 

landscape may expand.  

Indeed, naturalized species in Chapter I were more tolerant of climate warming than the 

native species. However, similar strong negative responses to climate change were found for 

both native and naturalized species in Chapter II. A recent meta-analysis by Liu et al. (2017) 

found that differences in the responses to climate change of invasive species compared to native 

species varied between specific aspects of climate change. Particularly, this study showed that 

invasive species benefited more than native species from increased temperatures, CO2 and 

precipitation, but, were less tolerant of reduced precipitation. This may explain the difference in 

the findings of Chapters I & II, where the effects of reduced precipitation were only explicitly 

considered in the latter. Still, naturalized species performance was better than native species 

performance in Chapter II, across climate change treatments. Naturalized species may thus retain 

a competitive advantage over native species. It has previously been suggested that invasive 

species can facilitate new invasions (‘invasion meltdown’; Simberloff & Von Holle 1999), but 

these results suggest that under certain climatic changes, plant communities dominated by 

invasive species might be more robust against new invasions than native-dominated 

communities. 

However, if climate change leads to reductions in biomass for both resident species 

groups, as demonstrated in Chapters I & II, the decrease in cover would increase niche 

availability (Burke & Grime 1996; Davis et al. 2000; Gross et al. 2005; Thuiller et al. 2005a, 

2011; Ward & Masters 2007; Chuine et al. 2012). These newly-available niches will offer 
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opportunities for establishment of non-naturalized species projected to tolerate or benefit from 

new climates. If the competition barrier presented by resident species is reduced, climate change 

is likely to lead to more establishment opportunities for all alien ornamental species, independent 

of changes in their individual climatic suitability. 

In addition to alterations brought forth by climate change, simultaneous changes in other 

environmental processes, disturbance regimes, and land use, are also likely to indirectly 

influence the naturalization potential of alien ornamental species.  Shifts in disturbance regimes, 

which are projected to coincide with climate change in many ecosystems (Flannigan et al. 2000; 

Dale et al. 2001), are in particular likely to influence alien ornamental establishment. Increased 

disturbance frequency can further increase niche availability. If resident species are less 

competitive under climate change, this might provide alien ornamentals further colonization 

opportunities. In Chapter I, native species were more successful than alien species (naturalized or 

non-naturalized) in colonizing undisturbed grasslands. This advantage was reduced, but persisted 

under climate warming. Under ambient temperatures, natives also colonized disturbed grasslands 

more successfully than alien species. With combined disturbance and climate warming, however, 

this advantage was erased. Shifting disturbance regimes are likely to interact with climate change 

to promote alien ornamental invasions. 

 

Future directions 

 This thesis (and other recent studies, e.g. Carboni et al. 2017; Dullinger et al. 2017, 

Klonner et al. 2017) begins to highlight the issue of potential climate change-related invasion 

debt from non-naturalized alien ornamental species. More questions still however remain. For 

example, I address the shifting influences of numerous species traits and characteristics on 

naturalization success under climate change. However, there are other characteristics that have 

previously been linked to invasion success that I was not able to consider. Physiological traits 

including (but not limited to) fruit size (Pyšek et al. 2009b), leaf and shoot allocation (van 

Kleunen et al. 2010), and phenological traits including flowering time (Pyšek et al. 2009a) have 

been suggested to either directly or indirectly influence invasion success at different invasion 

stages (van Kleunen et al. 2015b). Given the strong relationships with climate change seen in 

multiple species traits in Chapter I, investigating how other traits previously linked to invasion 

success will be affected by climate change is highly important. Understanding how these changes 
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could influence the naturalization and invasion potential of alien ornamentals will be integral to 

identifying probable future invaders. 

Another limitation of this thesis is its geographic scope. I focus here on naturalization 

risks within Europe, but this issue is one with worldwide implications. The methods used here to 

identify local and regional naturalization risks would be easily repeatable elsewhere. Climate 

change will manifest differently in different regions of the world (IPCC 2014). Invasive species 

have been shown to respond to different climatic changes differently (Liu et al. 2017). Therefore, 

further study of how non-naturalized aliens will respond to changes projected for different 

regions are specifically needed. This would allow for the identification of regions that are more 

at risk, and for these regions to take regulatory action against species posing risks to them 

specifically. 

Finally, as they are both crucial methods within invasion ecology, I used here both 

modeling and experimental tests of climate change effects. However, these models and 

experiments were isolated from one another in separate studies. Individual studies that use both 

methods simultaneously are lacking. Some notable exceptions include field studies conducted by 

Pattison & Mack (2008) and Sheppard et al. (2014). Both groups used experimental field studies 

examining invasive species growth and establishment to validate climatic suitability projections 

derived from species distribution models. These studies both found correlations between plant 

performance and suitability projected by distribution models, but also found these correlations to 

vary with species and the life stage examined. These mixed results highlight the usefulness of 

distribution models, but also their limitations when used in isolation. Pannell (2016) used data 

collected in field studies to improve the quality of species distribution models for three invasive 

plant species in New Zealand, offering a strong approach for improving the robustness of these 

models. These studies however all focused on already-invasive species. Similar studies are 

needed to assess suitability models for not-yet-naturalized alien species such as those examined 

in this thesis. 

 

Management considerations 

The non-naturalized alien ornamental species identified in this thesis as benefiting from 

(or tolerating) climate change, should be investigated further for consideration for regulation. 

Given the effect of propagule pressure on naturalization success that has been demonstrated here 
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and in other studies (Bucharovà & van Kleunen 2009; Maurel et al. 2016), limiting the sale and 

distribution of these species will likely be a strong contribution towards preventing their 

establishment and potential invasion (Hulme et al. 2017). Risks posed by other species not 

considered in this thesis should be examined as more data related to demonstrated naturalization 

and invasion predictors become available. Also, climate change will bring the introduction of 

new species into gardens that are more tolerant of newer conditions (Theoharides and Dukes 

2007; Bradley et al. 2012). Assessing the risks posed by these new species in the same ways 

presented in this thesis will be critical. 

 

Concluding remarks 

This thesis highlights the risks of new alien ornamental plant naturalizations under 

climate change, and the probability of a climate change-related invasion debt in Europe. It shows 

notably that while non-naturalized alien ornamentals will likely vary in their responses to climate 

change, resident communities, including both native and already-naturalized species, will 

respond poorly. Thus, the number of niches available for new invasions can be expected to 

increase. This thesis also highlights some leading predictors of naturalization success. It 

identifies at both a local and continental scale species with high current and future naturalization 

potential that warrant further examination, detailed risk assessments and possible regulation. If 

these species continue to be traded without restriction, their eventual escape and naturalization is 

likely. 

The horticultural industry is continuously growing, and new species continue to be 

introduced (Seebens et al. 2017), often regardless of invasion potential (Drew et al. 2010). 

Increasing the awareness of the future invasion potential of commonly-planted alien ornamentals 

could help to prevent further ecological damage to systems already threatened by climate change.  
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