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Abstract
1. Most naturalised and invasive alien plant species were originally introduced to 

regions for horticultural purposes. However, many regions now face an invasion 
debt from ornamental alien species, which have not yet naturalised. In this regard, 
climate change represents a threat as it may lower the barriers to naturalisation 
for some ornamental alien species. Identifying those species is extremely impor-
tant for anticipating impending invasions.

2. To identify predictors of naturalisation, we modelled the effects of climate, nurs-
ery availability and species characteristics on the current European naturalisation 
success of 2,073 ornamental aliens commonly planted in European gardens. We 
then used the resulting model together with climate projections for 2050 to fore-
cast future naturalisation risks for the 1,583 species not yet naturalised in Europe.

3. We found that non-European naturalised range size, climatic suitability, propagule 
pressure, having a dioecious sexual system and plant height jointly explained cur-
rent naturalisation success in Europe. By 2050, naturalisation probability projec-
tions increased by more than 0.1 for 41 species, and only decreased by more than 
0.1 for one species.

4. Policy implications. Using predictions based on our integrated model of alien orna-
mental naturalisation success, we identified species with high future naturalisa-
tion risk and species with high projected increases in naturalisation potential in 
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1  | INTRODUC TION

Preventing alien species invasions is a global environmental prior-
ity (Secretariat of the Convention on Biological Diversity, 2000). 
Globally, already over 13,000 alien vascular plant species have es-
tablished persistent wild populations outside of cultivation (Pyšek 
et al., 2017; van Kleunen et al., 2015) A subset of these so- called 
naturalised species (sensu Richardson et al., 2000) are known to 
have negative ecological impacts and are considered invasive (sensu 
Secretariat of the Convention on Biological Diversity, 2000). Most 
naturalised alien plants have originally been introduced intentionally 
from their native regions into other regions for cultivation in domes-
tic or botanic gardens (van Kleunen et al., 2018). Given that globally, 
at least 170,000 plant species are in cultivation (van Kleunen et al., 
2018), the garden flora constitutes an enormous pool of potential 
alien invaders (Pergl et al., 2016).

In Europe, c. 4,000 alien plant species are currently naturalised 
(Pyšek et al., 2017; van Kleunen et al., 2015), and the number is still 
increasing (Seebens et al., 2017). Preventing future naturalisations 
requires identifying species with naturalisation potential. One com-
mon strategy is to prevent introductions of species that are invasive 
elsewhere (e.g. Pheloung, Williams, & Halloy, 1999). This approach, 
however, ignores the risk posed by alien species that have already 
been introduced as garden plants but have not yet become natu-
ralised. As there is often a time- lag between introduction and nat-
uralisation (Essl et al., 2011; Kowarik, Pyšek, Prach, Rejmánek, & 
Wade, 1995), it is likely that some of the thousands of already intro-
duced garden plants in Europe will naturalise and become invasive 
in the future.

Many ornamental species are being cultivated at latitudes higher 
than those of their natural distributions (Van der Veken, Hermy, 
Vellend, Knapen, & Verheyen, 2008), and their ability to naturalised 
is likely limited by suboptimal climate (but see Gallien et al., 2016). 
Ongoing climate change may lower this barrier for many alien orna-
mentals (Walther et al., 2009). These potential future invaders are 
considered to be an invasion debt (Essl et al., 2011). Through climate 
matching of the native and non- native ranges, it is possible to pre-
dict invasion success (Hayes & Barry, 2008). Using climatic suitabil-
ity modelling, Dullinger et al. (2017) showed that the naturalisation 
risk from ornamental alien species will increase for much of Europe 
under projected future climates. Identifying the riskiest ornamental 
species is essential to prevent new naturalisations, and to assure that 
management resources are not wasted on species that pose less risk 
under future climatic conditions.

Several factors other than climatic suitability have been linked 
to naturalisation and need to be considered when assessing a spe-
cies’ naturalisation potential (Richardson & Pyšek, 2012). These in-
clude high propagule pressure (Dehnen- Schmutz, Touza, Perrings, 
& Williamson, 2007a; Kolar & Lodge, 2001; Lockwood, Cassey, 
& Blackburn, 2005), naturalisation success elsewhere (e.g. Kolar 
& Lodge, 2001; Mayer et al., 2017), native range size (Maurel, 
Hanspach, Kühn, Pyšek, & van Kleunen, 2016; Pyšek et al., 
2009a, 2015; Razanajatovo et al., 2016) and certain species traits 
(Bucharová & van Kleunen, 2009; Hanspach, Kühn, Pyšek, Boos, 
& Klotz, 2008; Pyšek, Krivanek, & Jarošík, 2009b; Pyšek et al., 
2009a, 2015; Razanajatovo et al., 2016; van Kleunen, Dawson, 
Schlaepfer, Jeschke, & Fischer, 2010). Moreover, the drivers of 
naturalisation success may interact (Küster, Kühn, Bruelheide, & 
Klotz, 2008). So far, few studies have examined how naturalisation 
success is influenced jointly by all of these factors and their inter-
actions, and none have used this approach to forecast potential 
future naturalisations.

Here, we fill this gap by combining climatic suitability data with 
data on propagule pressure, naturalised range size outside of Europe, 
native range size, and several species traits (growth form, presence 
of storage organs, propagation method, sexual system, plant height 
and winter hardiness) to build a phylogenetically corrected model of 
European naturalisation success for 2,073 species of the European 
Garden Flora (Cullen, Knees, Cubey, & Shaw, 2012). Using suitabil-
ity projections based on recent and projected future climates, we 
forecast future probability of naturalisation success for the 1,583 
not- yet- naturalised ornamental alien species. This provides a list of 
species most likely to naturalise in Europe in the near future.

2  | MATERIAL S AND METHODS

We modelled recent naturalisation success and future naturalisa-
tion risk of 2,073 alien ornamental plants in Europe in three steps 
(Figure 1). (a) To estimate the recent and future climatic suitability 
for each species in Europe, we first modelled the link between re-
cent climates and species presence outside of Europe and projected 
this onto Europe for the recent and future projected climates. (b) We 
then used recent climatic suitability in combination with other spe-
cies characteristics to develop a minimal model explaining current 
naturalisation success of the species in Europe. (c) Finally, for the 
subset of species not yet naturalised in Europe, we parameterised 
the model with recent and projected future climatic suitability to 

Europe under climate change. This species list allows for prioritisation of monitor-
ing and regulation of ornamental plants to mitigate the invasion debt.

K E Y W O R D S

biological invasions, climatic suitability, garden plants, invasion modelling, invasive plants, 
naturalisation success, propagule pressure, risk assessment
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assess the absolute future naturalisation risk and the change in natu-
ralisation risk from that under recent climates.

We selected species from the European Garden Flora (EGF, 
Cullen et al., 2012), an encyclopaedia of >23,000 species and vari-
eties commonly planted in European gardens, of which c. 13,500 are 
alien to Europe. As potential predictors of naturalisation success, we 
compiled data (see detailed descriptions below) on species’ (a)  native 
range, (b) naturalised range, (c) traits, (d) availability in nurseries and 
(e) climatic suitability. As these data came from numerous sources, 
we aligned all datasets after standardising species names using 
the taxonstand package version 1.8 (Cayuela & Oksanen, 2016) in 
R version 3.3.1 (R Core Team, 2017). Garden cultivars and subspe-
cies were only considered at the species level. Complete data for 
all characteristics (except for native range size and minimum winter 

temperature tolerances, see below) were available for 2,073 species 
alien to Europe.

2.1 | Species characteristics

From the EGF (Cullen et al., 2012), we extracted information on the 
continents to which species are native. This allowed us to exclude all 
native EGF species from further analyses. As a proxy of species na-
tive range size, we used the number of Taxonomic Database Working 
Group (TDWG) level- 2 regions (52 in total; Brummit, 2001) where a 
species is native. As sources for these data, we used the Germplasm 
Resources Information Network (GRIN; Wiersema, 1995) and Kew’s 
World Checklist of Selected Plant Families (WCSP, 2017). We ob-
tained native range- size data for 1,879 of the 2,073 species.

F IGURE  1 Workflow of analytical methods, including (a) climatic suitability modelling; (b) naturalisation success modelling; (c) recent 
and future naturalisation risk projections of non- naturalised 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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To determine naturalisation status of EGF species in Europe 
and as a proxy of naturalised range size outside of Europe, we 
used the Global Naturalized Alien Flora database (GloNAF version 
1.1; van Kleunen et al., 2015; Pyšek et al., 2017). GloNAF provides 
naturalisation- status data for >13,000 species in 843 regions around 
the globe (covering 83% of the ice- free terrestrial land surface). 
Species listed as naturalised in any European GloNAF region were 
considered naturalised in Europe. For a proxy of naturalised range 
size outside of Europe, we extracted the number of non- European 
GloNAF regions where a species is listed as naturalised. We used 
number of regions rather than summed region area because spe-
cies may not occupy entire regions, and because number of regions 
yielded better model fit (see detailed methods below).

From the EGF, we extracted several species characteristics: (a) 
growth form (woody: 44.7% of our species, herbaceous: 55.3%), (b) 
presence of storage organs (no: 68.8%, yes: 31.2%), (c) cultural prop-
agation by seed (possible: 85.2%, not possible: 14.8%), (d) cultural 
propagation by vegetative cutting (possible: 82.6%, not possible: 
17.4%), (e) sexual system (dioecious: 5.0%, non- dioecious [monoe-
cious and hermaphroditic]: 95.0%, (f) maximum plant height and (g) 
winter hardiness (ranging from species tolerating minimum winter 
temperatures <−20°C to those only tolerating heated glasshouses). 
Except for winter hardiness, where data were available for 2,037 
species, all other EGF species- characteristic data were available for 
all 2,073 species.

As a proxy of a species’ propagule pressure, we tallied the num-
ber of European nurseries where it is available for sale (“availabil-
ity in nurseries”). These data were compiled by Van der Veken et al. 
(2008) from sales catalogues of 237 European nurseries. Species’ 
nursery availability ranged from 0 to 88 nurseries.

2.2 | Climatic suitability projections

To assess each species’ recent and potential future climatic suit-
ability across the European continent (Figure 1a), we built for each 
species distribution models relating its occurrences outside of 
Europe to climatic conditions. We largely followed the methods 
of Dullinger et al. (2017) and Klonner et al. (2017), and a detailed 
description is provided in Appendix S1. In short, we combined 
species occurrence data from the Global Biodiversity Information 
Facility (GBIF, 2018 [http://www.gbif.org]) with six bioclimatic 
variables (averaged for the period 1950–2000) from WorldClim 
(Hijmans, Cameron, Parra, Jones, & Jarvis, 2005, www.worldclim.
org), using the biomod2 R package version 3.3- 7 (Thuiller, Georges, 
& Engler, 2016). We used the WorldClim data rather than more 
recent alternatives (e.g. CHELSA, Karger et al., 2017), because it 
better reflects climatic conditions under which most of our spe-
cies were introduced or naturalised. We then used these mod-
els to project a species’ recent and future climatic suitability in 
Europe. For future European climatic suitability projections, we 
used climate- projection data for horizon 2050 under the moder-
ate Representative Concentration Pathway (RCP) scenario 4.5. To 
get single integral recent and future climatic suitability values for 

each species, we extracted the medians of the recent and future 
climatic suitability values across all European grid cells.

2.3 | Modelling naturalisation success

In the next step (Figure 1b), we used the climatic suitability estimates 
together with the other species characteristics to model naturalisa-
tion success in Europe. To facilitate interpretation of the model es-
timates, continuous explanatory variables were centred to a mean 
of zero and scaled to a standard deviation of one (Schielzeth, 2010). 
For 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 1. They were then also centred to a 
mean of zero, so that the model intercept corresponds to an average 
species (Schielzeth, 2010).

To account for possible effects due to phylogenetic non- 
independence of species, we used GenBank sequences to build a 
dated phylogenetic tree following Roquet, Thuiller, and Lavergne 
(2012). The tree was resolved at the genus level, and species were 
included as polytomies. We included phylogeny as a random vari-
ance structure in a generalised linear model (GLM) and assessed the 
effects of the different explanatory variables on species’ current 
naturalisation status (yes, no) in Europe. The model was built using 
the R package MCMCglmm (Hadfield, 2010).

Because the large number of explanatory variables considered 
might result in over- fitting and convergence problems, we built a 
minimal adequate model following Feng et al. (2016). We first ran 
separate models incorporating each explanatory variable individ-
ually, and models for all possible pairwise combinations and inter-
actions of explanatory variables. Because data were available for 
different numbers of species for some variables, we used in these 
models the maximum number of species possible. In the cases of 
plant height and winter hardiness, for which one might expect non-
linear relationships with naturalisation success (e.g. species of mod-
erate height may be more likely to naturalise than shorter and taller 
species), we also tested models incorporating quadratic terms. All 
terms whose inclusion in their respective models resulted in a ΔAIC 
of - 4 or below compared to the intercept- only model were then in-
cluded into a single saturated model (see Table S1). We selected the 
conservative ΔAIC cutoff of - 4 to ensure that our saturated model 
was not over- fitted and included only variables that are potentially 
important for naturalisation success. All models tested included un-
informative priors (for residual structure: V = 1; for variance struc-
ture: V = 1, nu = 0.002), and were run for 110,000 iterations, with a 
burn- in of 10,000 and thinning to everyone iteration in 10, totalling 
10,000 iterations per model.

We then performed model reduction to reach a minimum ad-
equate model. Because of the large number of terms in the sat-
urated model, it was not possible to do this by comparing ΔAIC 
values for all possible submodels. Therefore, we instead removed 
terms one at a time from the saturated model, beginning with inter-
action terms with the highest p- values. We retained only the terms 

http://www.gbif.org
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whose removal from the model yielded an increase in model AIC 
of >4. This was repeated for all terms, in the order of decreasing  
p- value, until a minimal adequate model was reached (Table S2). 
The model reduction was done using the maximum number of 
species with complete data for all terms included, that is, 1,879 
species. After reaching the reduced minimal adequate model, ad-
ditional species with data for all remaining terms were added (re-
turning us to 2,073 species).

To assess the quality and predictive value of our minimal ad-
equate model, we performed a 10- fold cross- validation after di-
viding the data into ten equal subsamples (folds). The model was 
tested on one test fold after training on the other nine folds using 
the predict.MCMCglmm function in MCMCglmm, and this was re-
peated for each fold. For each test fold, we calculated the True 
Skill Statistic (TSS; Allouche, Tsoar, & Kadmon, 2006), adjusting 
the threshold where predicted values were relegated to either 1 
(naturalised) or 0 (non- naturalised) to maximise TSS. These cal-
culations were conducted using the KappaRepet function in the 
BIOMOD package version 1.1- 7.04 (Thuiller, Lafourcade, Engler, & 
Araújo, 2009). We subsequently measured the mean TSS and stan-
dard error across all folds. We also assessed convergence of the  
model through comparisons to three additional iterations of 
the model using Gelman and Rubin’s convergence diagnostic via 
the gelman.diag function in the coda package (Plummer, Best, 
Cowles, & Vines, 2006).

2.4 | Projecting naturalisation success

We used the minimal adequate model to project the probability of 
naturalisation success in Europe for the 1,583 not- yet- naturalised 
alien species under recent and future climates (Figure 1c). We used 
predict.MCMCglmm, which allows inclusion of phylogenetic informa-
tion, to estimate probabilities of naturalisation success for each spe-
cies. We applied the model to our data once with the recent climatic 
suitability data and once with the projected future climatic suitabil-
ity data. Although other model variables, such as nursery availabil-
ity, may also change in the future, there are no future projections 

available for these variables, and we therefore used their current 
values for future projections.

3  | RESULTS

3.1 | Changing climatic suitability

Recent median climatic suitability across Europe was 1.32 times 
larger for naturalised species than for non- naturalised species, av-
eraging 0.029 (SE = 0.001) and 0.022 (SE < 0.001) respectively 
(Figure 2a). On average, median climatic suitability in 2050 increased 
slightly, compared to that under recent climates, to 0.031 (SE = 0.001) 
for naturalised and 0.025 (SE < 0.001) for non- naturalised species 
(Figure 2a,b). The highest recent median climatic suitability of a 
naturalised species was 0.195 (Nicotiana alata), and that of a non- 
naturalised species was 0.067 (Tradescantia spathacea). These two 
species also had the highest climatic suitability values in 2050, and 
both increased; N. alata to 0.248, and T. spathacea to 0.160.

3.2 | Predictors of naturalisation success

The minimal adequate model of current naturalisation success in 
Europe retained in the order of importance: naturalised range size 
outside of Europe, availability in nurseries, recent climatic suitabil-
ity, sexual system, the interaction between availability in nurseries 
and sexual system and plant height (Figure 3). Climatic suitability, 
availability in nurseries and naturalised range size outside of Europe 
were strongly positively related to naturalisation success in Europe 
(Figure 4a–c). Dioecious species had on average a slightly higher 
probability to naturalise than non- dioecious species, particularly 
at moderate levels of availability in nurseries (Figure 4b). Although 
naturalisation success increased with plant height in a single- variable 
model (Table S1), this relationship was weak to absent in the minimal 
adequate model (Figure 4d). Variance explained due to phylogenetic 
structure was low, with a posterior mean of 0.015 (Table S3).

The minimal adequate model’s predictive value based on 10- 
fold cross- validation was moderate (Landis & Koch, 1977), with 

F IGURE  2 Density curves showing 
(a) recent and future (2050) climatic 
suitability (grey and black, respectively), 
for species already naturalised in Europe 
(dashed lines) and not- yet- naturalised 
species (solid lines); (b) individual species 
changes in climatic suitability between 
recent and future climates for naturalised 
and non- naturalised species; (c) future 
naturalisation probability (for non- 
naturalised species only) and (d) individual 
species changes in naturalisation 
probability between recent and future 
climates
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TSS = 0.45 (SE = 0.03). Gelman and Rubin’s convergence diagnostic 
for our model and additional iterations was 1.00, indicating conver-
gence (Brooks & Gelman, 1998).

3.3 | Changing naturalisation probability for  
non- naturalised species

Changes in naturalisation probability between recent climates 
and projected 2050 climates ranged from a decrease of 0.137 
to an increase of 0.421 (with the highest increase for Nopalea 
cochenillifera; Table S4). Forty- one species experienced in-
creases in naturalisation probability greater than 0.1, whereas 
only one species saw a decrease in naturalisation probabil-
ity greater than 0.1 (Penstemon gracilis). Tamarus indica had 
the highest future naturalisation probability at 0.917, and 20 
other species had naturalisation probabilities >0.7 (Table S4). 
Projected future naturalisation probability in Europe av-
eraged across all non- naturalised ornamental species was 
0.266 (SE = 0.003; Figure 2c), increasing slightly from 0.244 
(SE = 0.003) under recent climates (Figure 2d). A complete list 
of species’ naturalisation probabilities is given in Table S5.

4  | DISCUSSION

We found that naturalisation success of ornamental alien plants 
in Europe is positively related to climatic suitability, availability in 
nurseries and naturalisation success elsewhere. While we did not 
find a substantial increase in the average naturalisation potential 
under future compared to recent climates across all species, there 
were nevertheless many species with substantial increases in nat-
uralisation probability. Importantly, our analysis identified species 
for which an invasion debt may exist now, given their naturalisa-
tion probability under recent climates, as well as in the future.

4.1 | Predictors of naturalisation success

The three main predictors of naturalisation success we identified 
are climatic suitability, availability in nurseries (i.e. propagule pres-
sure) and naturalisation success elsewhere. While the importance 
of climatic suitability is widely acknowledged, few studies have 
tested it explicitly. The ones that did test it also demonstrated 
its importance (Feng et al., 2016; Mayer et al., 2017). The signifi-
cance of propagule pressure for plant invasions is well- established 
(Bucharová & van Kleunen, 2009; Dehnen- Schmutz, Touza, 
Perrings, & Williamson, 2007b; Feng et al., 2016; Hanspach et al., 
2008; Lockwood et al., 2005; Pyšek et al., 2009b), and the same is 
true for the effect of naturalisation or invasion success elsewhere 
(Klonner, Fischer, Essl, & Dullinger, 2016; Kolar & Lodge, 2001; 
Mayer et al., 2017; Reichard & Hamilton, 1997). Compared to those 
other studies, which included naturalisation elsewhere primarily as 
a binary metric (yes, no), our study shows that more detailed in-
formation on the number of regions where a species is naturalised 
further improves the predictive value of naturalisation elsewhere 
(i.e. Figure 4c).

Height and sexual system are the only species traits that were 
retained in the minimal adequate model. Height had a positive ef-
fect in the single- variable model. However, although it improved the 
overall fit of the multiple- variable model, its effect was no longer 
significant. Results of previous studies are mixed, but when height 
had a significant effect, it usually was a positive one (Bucharová & 
van Kleunen, 2009; Hanspach et al., 2008; Maurel et al., 2016). This 
suggests that at least for some groups of plants, height improves 
competitive ability and seed- dispersal (Thompson, Letten, Tamme, 
Edwards, & Moles, 2017). Dioecious species were slightly more likely 
to naturalise than non- dioecious species (Figure 4b). This is surpris-
ing as previous studies did not find such an effect (e.g. Dawson, 
Burslem, & Hulme, 2009; Milbau & Stout, 2008; Pyšek et al., 2009a, 
2015), and because dioecious species—having separate male and 

F IGURE  3 Posterior mean estimates plus 95% credible intervals for terms included in the minimal adequate model. For exact values, 
refer to Table S3. Positive estimates indicate positive effects, and negative values indicate negative effects. Climatic suitability refers to 
species median climatic suitability in Europe. Global naturalised range size is the number of regions, where naturalised 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 
reported. Sexual system refers to whether a species is non- dioecious or dioecious
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female individuals—cannot self- fertilise and thus need to be intro-
duced in large numbers to naturalise. Consistent with this, the posi-
tive effect of dioecy on naturalisation was not apparent for species 
with low availabilities in nurseries (Figure 4b). Possibly, the positive 
effect of dioecy on naturalisation success at higher availabilities in 
nurseries was actually due to effects of other traits, such as wind- 
pollination, that are associated with dioecy (Renner, 2014).

While native range size and absence of storage organs were sig-
nificant in single- variable analyses (Table S1), their significances dis-
appeared in the multiple- variable analysis. Growth form, vegetative 
propagation, propagation by seeds and hardiness were not signifi-
cant in any model. Some of these species characteristics, however, 
have been found to affect naturalisation or invasion success in stud-
ies focussing on smaller regions (Haeuser, Dawson, & van Kleunen, 
2017; Hanspach et al., 2008; Kolar & Lodge, 2001; Maurel et al., 
2016). The absence of significance in our study might reflect poten-
tial correlations with factors retained in the model. Furthermore, 
it may reflect context- specificity and invasion- stage dependence 
of some species characteristics (Pyšek & Richardson, 2007; Pyšek 
et al., 2009a; Williamson, 2006).

4.2 | Model limitations

Our analyses of European naturalisation success include many varia-
bles previously reported to be associated with naturalisation success. 
Nevertheless, the projections of naturalisation potential of the final 
model could still be improved. Although we included over 2,000 orna-
mental species and many potential predictors, many other species and 
predictors could not be included due to insufficient data. For exam-
ple, we did not have data on time since introduction, which is usually 

associated with naturalisation success (e.g. Bucharová & van Kleunen, 
2009; Feng et al., 2016; Harris, Murray, Hose, & Hamilton, 2007).

Our model projections of future naturalisation were only based on 
projections for future climatic suitability. It is likely that other variables 
kept static, such as availability in nurseries and extent of naturalisation 
elsewhere may also be subject to change in the future. Furthermore, 
as land use is important for the success of alien species (Chytrý et al., 
2009, 2012), future models should aim to also include information on 
current land use and land- use- change scenarios. Despite the limitations 
of the current model, we believe our approach offers a robust basis for 
identifying species at high risk for naturalisation under future climates.

4.3 | Future naturalisation risk of  
non- naturalised ornamental species

Our projections identified several species with very high future prob-
abilities of naturalisation. Species with probabilities >0.8 include 
Artocarpus altilis, Albizia lebbeck, Caesalpinia pulcherrima, Cosmos sul-
phureus, Emilia sonchifolia, Gomphrena globose, Tamarindus indica and 
Tradescantia spathacea. With the exception of T. spathacea, all of these 
species are already naturalised in over 100 regions outside of Europe 
(van Kleunen et al., 2015). Possibly, these species have not yet natu-
ralised in Europe because they were introduced only recently or into 
parts of Europe where climates or habitat are not yet suitable, or they 
face resistance by biological barriers, such as competition (e.g. Carboni 
et al., 2017). With climate change, however, these species will likely 
pose the greatest risk for naturalisation in Europe in the future.

The aim of our study was to identify ornamental species with 
naturalisation risk at the broad European level and should be tar-
geted for e.g. European Union- level regulations. Our approach 

F IGURE  4 Relationships of 
naturalisation success in Europe and 
variables included in the minimal adequate 
model. Data points were jittered to 
increase visibility. Lines represent model 
predictions, across the given variable 
range with all other model terms set to 
zero (after scaling or centring). 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), represents the 
number of nurseries across Europe where 
a species is sold, for both dioecious (black) 
and non- dioecious (grey) species. Global 
naturalised range size (c) is the number 
of regions outside of Europe, where a 
species is already naturalised. Plant height 
(d) is the maximum species height, and the 
non- significance of plant height effect is 
denoted with a long- dashed line
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does not allow us to identify naturalisation risks in different parts 
of Europe and also cannot distinguish species that will merely 
naturalise and those that will become invasive and have negative 
impacts. Therefore, those species with indications of high natu-
ralisation probability ought to be investigated further in terms of 
local climatic suitability and propagule pressure to identify regions 
in Europe where they pose high risks (see e.g. Mayer et al., 2017).

Climatic suitability and naturalisation probabilities of not- yet nat-
uralised ornamentals in Europe are projected to increase on average 
only slightly by 2050. Nevertheless, some species will show large in-
creases in naturalisation risk (Table S4). Among the species we iden-
tify as having a high naturalisation probability under recent and/or 
future climates, some already have been reported in Europe as gar-
den escapees without forming persistent populations (i.e. are casuals; 
Acer palmatum, Dodonaea viscosa, Gomphrena globosa, Perovskia atri-
plicifolia and Physostegia virginiana; www.europe-aliens.org). Curbing 
the cultivation of these ornamental species in Europe should be prior-
itised to prevent further naturalisations and possible invasions.

5  | CONCLUSIONS

The horticultural industry is still growing (Bradley et al., 2012; van 
Kleunen et al., 2018), and new species continue to be introduced or more 
intensively traded regardless of their invasion potential (Drew, Anderson, 
& Andow, 2010). Recently, it was shown that Europe has a relatively high 
invasion threat but also has the capacity to proactively or reactively re-
spond (Early et al., 2016; Turbelin, Malamud, & Francis, 2017). Proactive 
responses could be further improved by forecasting future threats (Hulme 
et al., 2017), as we did here. Knowler and Barbier (2005) showed that tax-
ing of imports and sales of invasive species would significantly reduce fur-
ther invasions. Extending this option beyond already- invasive species to 
those deemed high- risk potential invaders, such as those identified in this 
study, would likely reduce their use and subsequently their naturalisation 
potential. None of the species we list here are currently present on the 
list of invasive alien species of European Union concern (European Union, 
2014). The methods we use here offer a useful approach for informing 
proactive European invasive alien species policies.
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