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Appendix 1 
Additional methods 
Demographic modelling 

Climatic dependence of local demography of each study species at each 250 × 250 m² site was 

modelled by linking demographic rates (germination, survival, fecundity, and clonal reproduction) 

to occurrence probabilities predicted by SDMs by means of sigmoidal functions. Sigmoidal 

functions were confined by zero and maximum values of the respective rates and have their 

inflection points at an occurrence probability equivalent to the threshold commonly used to translate 

occurrence probabilities into presence/absence values, namely the prevalence of the species (Liu et 

al. 2005). At this occurrence probability, the values for demographic rates were selected such that 

adult population size remains constant. At lower occurrence probabilities, germination (from the 

seed bank or from dispersed seeds), survival and clonal reproduction were still possible, though at 

lower rates (according to the sigmoid functions), but seed production (fecundity) was set to zero. 

These populations, hence, represent remnants that decline and go extinct over time without external 

seed input. Decline towards extinction was accelerated when occurrence probability dropped below 

the value used to define suitability for cultivation of the focal species (see ‘Initial distribution’ 

above). At those cells, naturalized populations were assumed to decline to ½ and ¼ for the adult and 

the juvenile cohort, respectively, per annual time step. In addition, germination, survival and clonal 

reproduction were modelled as density-dependent processes to account for intraspecific 

competition. For a more detailed description of demographic modelling in CATS see Hülber et al. 

(2016). 

 

 



 

Carrying capacity and human management at ruderal sites 

Maximum number of ramets per cell under optimal climatic suitability (i.e. carrying capacity) was 

derived from the size of each species (i.e. horizontal dimensions of an individual) and the assumed 

maximum fraction of a cell that can be colonized by each species (Table A9). Carrying capacity 

was linked to occurrence probability in the same way as demographic rates. Climatically modified 

carrying capacities were then further adapted according to the suitability of the local habitat type for 

the respective species. Specifically, carrying capacity was set to 0, 10, 50 and 100% of the 

climatically determined value in habitats of suitability class 0, 1, 2, and 3, respectively (see Table 

A5). For cultivation areas (i.e. gardens, parks etc.), carrying capacity of wild populations was set to 

zero by definition. For CLC units defined as ruderal sites within settlements (111, 112, 121, 122, 

123, 124, 131, 132, 133, 141, 142) we assumed a certain intensity of human management (e.g. 

weeding, application of herbicides). Therefore, we randomly removed 80% of the populations of 

these sites in the simulations each year.  

 

Wind and herbivore dispersal 

Wind dispersal was implemented by means of a WALD kernel following the procedure described in 

Hülber et al. (2016, wind speed data of Mount Sonnblick was replaced by those of a lower lying 

meteorological station more representative in this context: Retz Windmühle, 15°56’35’’E, 

48°45’43’’N, 320 m a.s.l.). Spatio-temporal variation of wind speeds across Europe was not 

accounted for to keep model complexity at a feasible level and since wind dispersal hardly 

contributes to the dispersal of our study species over longer distances, which is most relevant for 

continental-scale spread. We measured species properties needed for parameterizing WALD kernels 

(release height, seed terminal velocity) at own plant and seed material (Table A2). 

Exo- and endozoochoric dispersal kernels were derived from simulated and correlated 

random walks of a ‘general large mammalian seed dispersal vector’ following the procedure 

described in Dullinger et al. (2015). In brief, 10 000 stage-structured random walks were simulated 

for seeds of each of the 15 plant species. During these random walks, distances between random 

seed uptake points and locations where the seeds drop off from furs or are defecated again are 

recorded. Kernels are then derived as empirical density functions of these distances. Times until 

seed detachment and gut survival rates were derived from functions that relate these processes to 

seed mass and seed shape (Moussie 2004, Römermann et al. 2005). 

 

Human dispersal along streets 



Human dispersal was incorporated by using data from the OpenStreetMap (Haklay and Weber 

2008). The 12 classes of streets available were aggregated into highway related classes (‘highways’) 

and other paved categories (‘roads’). Street map shape files were rasterized to a spatial resolution of 

250 x 250 m². To simulate seed dispersal through humans along streets we randomly (uniform 

distribution) dispersed 0.5 to 1% of the seeds produced in a cell containing a road into all cells 

containing the same street class within a given radius. For ‘highways’, this radius, i.e. the maximal 

distance of transportation was set to 100 km, for ’roads’ to 5 km. 

 

Table A1. List of the 15 alien ornamental plant species, together with the number of occurrence 

records derived from the Global Biodiversity Information Facility (GBIF; <www.gbif.org>), that 

were used for simulations. 
Family Species Abbreviation GBIF records 

Amaranthaceae Amaranthus tricolor AMATRI 50 

Asteraceae Centaurea americana CENAME 79 

Asteraceae Helianthus debilis HELDEB 89 

Boraginaceae Heliotropium arborescens HELARB 68 

Iridaceae Iris domestica IRIDOM 117 

Campanulaceae Isotoma axillaris ISOAXI 265 

Liliaceae Lilium formosanum LILFOR 161 

Campanulaceae Lobelia inflata LOBINF 220 

Lamiaceae Monarda punctata MONPUN 165 

Poaceae Pennisetum macrourum PENMAC 252 

Solanaceae Petunia integrifolia PETINT 80 

Asteraceae Rudbeckia fulgida RUDFUL 94 

Asteraceae Rudbeckia triloba RUDTRI 179 

Asteraceae Solidago ptarmicoides SOLPTA 89 

Verbenaceae Verbena rigida VERRIG 512 

 

  



Table A2. Demographic parameter values of the 15 alien ornamental species modelled. Data were derived from field experiments (Haeuser et al. 

2017, Liu et al. 2016) (referred to as FE in the footnotes of this table), and complemented by information from online databases (Encyclopaedia of 

Life <www.eol.org>; <www.efloras.org>; Global Invasive Species Database GISD, <www.iucngisd.org>).  

Species name Mat Age SP CC CLG FF JS  SY Germ h vt H0 GS DR 

Amaranthus tricolor 0 1 10 62500 1.0 0.72 0.33/0.17  4000 0.2933 0.30 2.73 0.51 0.02 44.78 

Centaurea americana 0 1 1 125000 1.0 0.72 0.33/0.17  1200 0.38 0.30 3.99 1.02 0.00 12.53 

Helianthus debilis 1-3 10 1 312500 1.0 0.72 0.33/0.17  150 0.08 0.30 3.91 1.33 0.01 19.13 

Heliotropium arborescens 1-3 10 10 125000 1.0 0.72 0.33/0.17  1636 0.06 0.30 2.34 0.33 0.02 43.17 

Iris domestica 1-3 50 1 62500 6.0/3.0 0.72 0.33/0.17  79 0.1066 0.30 4.16 0.48 0.00 10.09 

Isotoma axillaris 2-3 10 10 1250000 1.0 0.72 0.58/0.41  600 0.01 0.30 1.24 0.40 0.08 66.56 

Lilium formosanum 2-3 50 1 625000 2.0 0.72 0.58/0.41  160 0.01 0.30 0.90 1.30 0.01 15.91 

Lobelia inflata 1-2 50 10 62500 2.0 0.72 0.33/0.17  236 0.1933 0.30 1.41 0.57 0.03 51.66 

Monarda punctata 1-2 50 10 62500 2.0 0.72 0.33/0.17  1328 0.26 0.30 2.47 1.75 0.03 51.41 

Pennisetum macrourum 1-2 50 5 2500000 6.0/3.0 0.72 0.33/0.17  1243 0.68 0.30 1.88 1.49 0.01 44.91 

Petunia integrifolia 1-2 10 10 1250000 1.0 0.72 0.33/0.17  40303 0.3333 0.30 1.87 0.88 0.09 69.07 

Rudbeckia fulgida 1-2 10 1 93750 2.0 0.72 0.33/0.17  1544 0.3267 0.30 2.26 0.35 0.02 39.33 

Rudbeckia triloba 1-2 10 5 93750 2.0 0.72 0.33/0.17  10400 0.34 0.30 2.43 1.03 0.02 44.54 

Solidago ptarmicoides 2-3 50 1 93750 2.0 0.72 0.58/0.41  7000 0.01 0.30 2.51 0.30 0.03 47.45 

Verbena rigida 1-3 50 10 625000 2.0 0.72 0.33/0.17  198 0.3267 0.30 2.89 0.43 0.02 40.68 
 

Mat –age at maturity (minimum-maximum in years). Used as a proxy of time between germination and first seed production. A value of 0 indicates annual species. Values are 

from FE. 

Age – maximum age of genets; four classes (1 annual, 10 short-lived perennial, 50 long-lived perennial).  

SP – persistence of seeds in the soil seed bank; three classes (1 transient, 5 short-term persistent, 10 long-term persistent); calculated based on seed mass and seed shape (both 

own measurements) according to the formula in ref. (Thompson et al. 1993). 



CC – carrying capacity as the number of individuals (annuals) or shoots (others) within a 250 × 250 m² cell. We estimated maximum percent cover values of each species under 

optimal conditions based on appearance, habit and coverage values of similar plants in the native flora (Table A5–A7). The number of individuals or shoots was then calculated 

by dividing the respective percentage of the overall cell area (250 × 250 m²) by the estimated area occupied by one individual or shoot. Resulting numbers were multiplied by the 

fraction of the cell assumed to be actually colonisable for the species in a typical cell of the respective habitat type (e.g. for ruderal habitats CC is multiplied by 0.1, as we 

assumed that 10% of ruderal areas are colonisable for plants, Table A5–A7). 

CLG – clonal propagation rates, i.e., number of offspring shoots per parent shoot plus 1 (representing the parental shoot). Value “1” indicates no clonal growth. Data were taken 

from FE and online databases. As this parameter was not well captured in FE we used a ‘high’ and a ‘low’ value in combination with the respective settings for the dispersal 

parameters. 

FF – flowering frequency; we used a fixed value of 72% (mean value of available data in FE) for all species as FE duration was too short to assess mean flowering frequency of 

perennials and ornamentals are selected for high flowering frequency. 

JS – juveniles surviving; % individuals surviving from one year to the next. As this parameter was not well captured in FE we used a ‘high’ and a ‘low’ value in combination with 

the respective settings for the dispersal parameters. For species which are able to reach adult stage after one year (or earlier) annual juvenile-survival rates were estimated to be 

33%, 17% for ‘high’ or ‘low’ parameter set, respectively. For species that stay juvenile for at least two years, on the other hand, annual juvenile-survival rates were set to 58%, 

41% for ‘high’ or ‘low’ parameter set, respectively, resulting in a two- year survival rate of approximately 33% and 17%. 

SY – seed yield; number of seeds produced per flowering individual or shoot, calculated as number of seeds per flower multiplied by the number of flowers per individual or 

shoot; data were derived from FE; missing data were interpolated from average values of congeneric species (Kleyer et al. 2008). 

Germ – germination rates as mean percentage of seeds germinating and surviving the first five months; data from FE. 

h – height of the vegetation surrounding a fruiting plant (in cm), a parameter used in fitting WALD dispersal models (Katul et al. 2005). We set this value to a constant (30 cm) 

because spatially explicit information on vegetation height (herbaceous layer) of invaded communities was not available. 

vt – Terminal velocity of seeds (in m s–1), measured with a terminal velocity-meter (Askew et al. 1997). Values of 10 different seeds per species were averaged. 

H0 – seed release height (in m); derived from FE. 

GS – Probability to survive the gut passage of a general large mammalian dispersal vector as calculated from mean seed mass of 20-50 seeds per species by using the regression 

equation in ref. (Moussie 2004). 

DR – hourly detachment rate of seeds from sheep and cattle fur (in %) as calculated from seed mass and surface structure based on regression equations in Römermann et al. 

2005. Seed mass was measured for 20-50 seeds per species. 

  



Table A3. Climate models and modelling groups that provided data on future climate scenarios via the CORDEX portal (<www.cordex.org>). RCM 

= regional climate model; GCM = global climate model; GES = global emission scenario; ΔT = difference of mean annual temperature (2030–2080) 

and current climate (1950–2000); ΔP = increase of mean annual precipitation (2030–2080) relative to current climate. Values were averaged across 

the study region. Resolution is in degrees. 

Institute RCM  Resolution  GCM GES ΔT (°C) ΔP (%) 

Swedish Meteorological and 

Hydrological Institute 
RCA4 0.11 EC-EARTH RCP 2.6 +1.1 +2.1 

Swedish Meteorological and 

Hydrological Institute 
RCA4 0.11 CNRM-CM5 RCP 4.5 + 1.4 +5.7 

Danish Meteorological Institute HIRHAM5 0.11 EC-EARTH RCP 8.5 + 2.4 +5.0 
 

 

 

  



Table A4. Suitable habitats of the species studied and the source of information. All online sources were accessed between 20.06.2016 and 

03.09.2017. 

Species Suitable habitats Data sources 

Amaranthus tricolor ruderal areas, agricultural areas http://eol.org/pages/597119/data 

Centaurea americana grasslands, shrubs, forests, ruderal areas, 

rock and scree 

http://eol.org/pages/467766/details 

Helianthus debilis dunes http://eol.org/pages/468125/data; http://www.floridata.com/ref/h/heli_deb.cfm 

Heliotropium arborescens forests, shrubs http://eol.org/pages/487493/data; 

http://www.pfaf.org/user/Plant.aspx?LatinName=Heliotropium+arborescens 

Iris domestica agricultural areas, shrubs, forests, 

grasslands, rock and scree, ruderal areas 

http://www.signa.org/index.pl?Iris-domestica; http://eol.org/pages/491571/data; 

http://www.efloras.org/florataxon.aspx?flora_id=620&taxon_id=200028145;  

http://www.efloras.org/florataxon.aspx?flora_id=1&taxon_id=200028145 

Isotoma axillaris rock and scree http://www.anbg.gov.au/gnp/interns-2008/isotoma-spp.html 

Lilium formosanum grasslands, dunes, rock and scree http://eol.org/pages/1083765/data; 

http://www.efloras.org/florataxon.aspx?flora_id=3&taxon_id=200027716; 

http://www.pfaf.org/user/Plant.aspx?LatinName=Lilium+formosanum 

Lobelia inflata shrubs, forests, grasslands, agricultural 

areas, ruderal areas, wetland 

http://eol.org/pages/593247/data; http://www.herbs2000.com/homeopathy/lobelia.htm 

Monarda punctata grasslands, shrubs, forests, ruderal areas, 

dunes 

http://eol.org/pages/579702/details; http://www.floridata.com/ref/m/mona_pun.cfm; 

http://www.missouribotanicalgarden.org/PlantFinder/PlantFinderDetails.aspx?kempercode=e290;  

http://www.pfaf.org/user/Plant.aspx?LatinName=Monarda+punctata 

Pennisetum macrourum riverine vegetation, grasslands,  ruderal 

areas, wetlands, agricultural areas 

http://eol.org/pages/1115490/data; http://keyserver.lucidcentral.org 

Petunia integrifolia ruderal areas http://alienplantsbelgium.be/content/petunia-integrifolia 

Rudbeckia fulgida riverine vegetation, shrubs, forests, http://eol.org/pages/486458/details; http://eol.org/pages/486458/data;  



wetland, dunes http://www.finegardening.com/orange-coneflower-rudbeckia-fulgida-var-sullivantii-goldsturm;  

http://www.missouribotanicalgarden.org/PlantFinder/PlantFinderDetails.aspx?kempercode=g630 

Rudbeckia triloba grasslands, ruderal areas, riverine 

vegetation, shrubs, forests, rock and 

scree, agricultural areas, wetland 

http://eol.org/pages/467876/details, http://eol.org/pages/467876/data;  

http://www.missouribotanicalgarden.org/PlantFinder/PlantFinderDetails.aspx?kempercode=b937 

http://eol.org/pages/486458/details; http://eol.org/pages/486458/data;  

http://www.finegardening.com/orange-coneflower-rudbeckia-fulgida-var-sullivantii-goldsturm;  

http://www.missouribotanicalgarden.org/PlantFinder/PlantFinderDetails.aspx?kempercode=g630 V;  

http://www.finegardening.com/brown-eyed-susan-rudbeckia-triloba;  

http://www.missouriplants.com/Yellowalt/Rudbeckia_triloba_page.html 

Solidago ptarmicoides rock and scree, grasslands, dunes http://eol.org/pages/482343/data; 

http://www.efloras.org/florataxon.aspx?flora_id=1&taxon_id=242417294;  

http://www.thismia.com/S/Solidago_ptarmicoides.html 

Verbena rigida agricultural areas, shrubs, forests, 

grasslands, ruderal areas, riverine 

vegetation 

http://eol.org/pages/579840/details; http://eol.org/pages/579840/data; 

http://www.issg.org/database/species/ecology.asp?fr=1&sts=&lang=EN&si=1371 

 

  



Table A5. Assignment of habitat suitability to CORINE land cover classes (CLC) for the 15 species studied. For further information see CORINE 

land cover technical guide (<www.eea.europa.eu/>). CORINE land cover classes were aggregated to coarser habitat types (column ‘habitat’)  and 

suitability classes assigned to each combination of habitat type and species (0 = not suitable, 10 = 10% of the area is suitable, 50 = 50% of the area 

is suitable, 100 = 100% of the area is suitable). Assignments were based on information sources listed in Table A4. 
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111, 112, 121, 122, 123, 

124, 131, 132, 133, 141, 

142 

ruderal sites within 

settlements 
100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 

211, 212, 213, 221, 222,  

223, 241, 242, 243, 244 
agricultural areas 10 0 0 0 10 0 0 10 0 10 0 0 10 0 10 

231, 321 grasslands 0 100 0 0 100 0 100 100 100 100 0 0 100 100 100 

311, 312, 313, 324 forest 0 0 0 100 0 0 0 0 0 0 0 0 0 0 100 

322, 323 shrubs 0 100 0 100 100 0 0 100 100 0 0 100 100 0 100 

331 dunes 0 0 50 0 0 0 50 0 50 0 0 50 0 50 0 

332, 333 rock and scree 0 10 0 0 10 10 10 0 0 0 0 0 10 10 0 

411, 412, 422, 423 wetland 0 0 0 0 0 0 0 100 0 100 0 100 100 0 0 

421 salt marshes 0 0 0 0 0 0 100 0 0 0 0 0 0 0 0 

511, 522 riverine vegetation 0 0 0 0 0 0 0 0 0 50 0 50 50 0 50 

 



Table A6. Estimated proportional area available for ornamental plant cultivation for land cover classes of CORINE (CLC). Whether gardens are 

included in a specific land cover class has been extracted from CLC technical guide (<www.eea.europa.eu/>). CLC classes not shown here include 

no specific plant cultivation areas for ornamentals. Data was taken from ref. (Dullinger et al. 2017). 

Class Specification  area [%] 

111 Continuous urban fabric 5 

112 Discontinuous urban fabric 5 

121 Industrial or commercial units 0.1 

122 Road and rail networks and associated land 0.1 

141 Green urban areas 10 

142 Sport and leisure facilities 0.1 

211 Non-irrigated arable land 0.1 

222 Fruit trees and berry plantations 0.1 

242 Complex cultivation patterns 0.1 

243 Land principally occupied by agriculture, with significant areas of natural vegetation 0.1 

 

  



Table A7. Assumed area covered by individual/shoot of a species, assumed maximal fraction 

of a grid cell (= 250 × 250 m²) that can be colonized by each species, and calculated maximal 

carrying capacity (CC) in suitable sites. 
Species Area individual [cm2] Cover value [%]  CC 

Amaranthus tricolor 1000 10  62500 

Iris domestica 1000 10  62500 

Centaurea americana 1000 20  125000 

Helianthus debilis 1000 50  312500 

Heliotropium arborescens 1000 20  125000 

Isotoma axillaris 100 20  1250000 

Lilium formosanum 100 10  625000 

Lobelia inflata 1000 10  62500 

Monarda punctata 1000 10  62500 

Pennisetum macrourum 50 20  2500000 

Petunia integrifolia 100 20  1250000 

Rudbeckia fulgida 1000 15  93750 

Rudbeckia triloba 1000 15  93750 

Solidago ptarmicoides 1000 15  93750 

Verbena rigida 100 10  625000 

 

  



 

 
Figure A1. Integration of modelling steps and data sets in simulating the possible future 

spread of 15 ornamental garden plants in Europe.   

  



 
Figure A2. Overall pool of garden and green space area available for cultivating the model 

species as derived from the CORINE land cover map (http://www.eea.europa.eu). CORINE 

units were classified according to their estimated proportional area available for ornamental 

plant cultivation (0.1%, 5% or 10%; Table A6). The resulting map was aggregated to a spatial 

resolution of 10 × 10 km2 for illustration purposes. 

  



Appendix 2 
Sensitivity analyses 
We evaluated the sensitivity of our analyses to the uncertainty in various parameters by 

changing these parameters within plausible ranges and repeating simulations. However, as 

simulations are computationally extremely intensive, even on High Performance Computing 

Cluster, we could not vary each parameter independently. Instead, the sensitivity analyses 

included several steps. 

(1) For all 15 species, we accounted for uncertainty in some of the demographic 

parameters (those not determined by experiments, cf. Table A2) as well as in the distribution 

of seeds among the four different dispersal kernels (wind, exzoochoric, endozoochoric, 

human) by running simulations separately for a combined ‘high’ and a ‘low’ parameter set of 

both demographic and dispersal parameters (for simplicity called high and low dispersal 

parameter set, respectively). As exozoochoric, endozoochoric and human dispersal kernels 

distribute seeds over longer distances than wind, the ‘high’ set was defined such that between 

0.5 and 1% of the seed yield was transported by each of the three aforementioned kernels, 

while in the low set this percentage was between 0.05 and 0.1% (exact percentage defined 

randomly for each population and year within these ranges). Remaining seeds were dispersed 

by the wind kernel. The corresponding ‘high’ and ‘low’ values of demographic parameters are 

given in Table A2. In the manuscript, we provide results achieved with the ‘high’ dispersal 

parameter set. The corresponding results achieved with the ‘low’ parameter set are presented 

in the Fig. A3 and A4 and Table A8. Qualitatively, the only difference to results achieved 

with the ‘high’ parameter set and reported in the manuscript is that instead of a log-

transformation a square-root transformation of cultivation frequency delivered the best fitting 

statistical model for simulation results (R² and AIC for regression models with linear, square 

root and log-transformed cultivation frequency were R²=0.58 and AIC=6550, R²=0.58 and 

AIC=6619, and R²=0.64 and AIC=5982, respectively, cf. Table S8). 

(2) Based on a subset of three species we further tested sensitivity of results to the 

following three parameter sets:  (a) the assumed area available for ornamental plant 

cultivation in each class of the CORINE land cover map (Table A6), (b) the assumed 

gardening habits (i.e. turn-over of gardens that cultivate a target species each year: each third 

year for annual plants, each tenth year for perennial plants), (c) the assumed habitat suitability 

of different land cover classes to expanding species (Table A5). We selected the three species 

for this analysis based on splitting the entire set of 15 species into three groups characterized 

by their expansion rate in the original simulation. From each of these three groups we then 



randomly selected one species, namely Verbena rigida (high expansion rate), Amaranthus 

tricolor (intermediate expansion rate), and Helianthus debilis (low expansion rate). We varied 

the values of the above mentioned parameters for these sensitivity analyses by using either a 

half or double the values used in the original simulations, i.e. (a) for the area available for 

ornamental plant cultivation in each land cover class, all the values in Table A6 were once 

halved and once doubled, (b) with respect to gardening habits, turn-over was set once to each 

1.5th  (i.e. alternating each and each second) and fifth, and once to each sixth and twentieth 

year, respectively, and (c) for the assumed habitat suitability of different land cover classes to 

expanding species the values in Table A5 were once halved and once doubled (except for 

100%-values, of course). 

(3) We summarized both parts of these sensitivity analyses by repeating simulations for 

the three species selected in the previous step under variation of all parameters 

simultaneously, i.e. 2 demographic parameter sets (‘high’ and ‘low’, Table A2) sets x 2 

dispersal parameter sets (‘high’ and ‘low’ as described above) x 3 sets of parameters of the 

area available for plant cultivation in each land cover class x 3 sets of gardening habits x 3 

sets of species habitat affiliations, i.e. a total of 108 parameter set combinations. For each of 

this 108 parameter set combinations, we did five repeat simulations under all combinations of 

four climatic scenarios and six cultivation frequencies, yielding a total set of 38,800 

simulations for the three species. As in the main paper, we then built regression models using 

the area simulated to be occupied in 2090 as a response and climate change scenario and the 

level of cultivation frequency as predictor variables for the simulation results achieved with 

each of the 108 parameter set combinations. For the sake of consistency, we thereby used a 

log-transformation of cultivation frequency values irrespective of whether the ‘high’ or ‘low’ 

demographic and dispersal sets had been used in the simulations. We present the results in 

Fig. A5 in terms of variation in the AIC-values of models associated with the removal of 

either climate scenario, cultivation frequency or their interaction term from the regression 

models (cf. Table 1, Table A8). The main conclusion is that the relative importance of the two 

predictors in the model, climate change scenario and cultivation frequency, is hardly sensitive 

to variation in the values of the studied parameters.  

(4) Finally, we used the same subset of three species to evaluate the effect of the 

assumed width of the human dispersal kernel (maximum distances of 100 and 5 km for 

highways and roads, respectively) and the assumed weeding intensity in areas within 

settlements (80% of populations removed each year). We therefore once halved and once 

doubled maximum dispersal distances for both categories of streets, and set the weeding 



frequency once to 20% and once to 50%. We then simulated five replicates (under current 

climatic conditions, a cultivation frequency of 10%, demographic and other dispersal 

parameters set to ‘high’ values, and other parameter sets as those used in the original 

simulations) under all 3 × 3 × 3 combinations of highway and road dispersal kernel widths + 

weeding intensities. The results of these simulations are presented in Fig. A6 and demonstrate 

a negligible effect of variation in human dispersal kernel width. Weeding intensity in ruderal 

habitats also had a negligible effect on simulation results for two species, whereas for the 

third species, Helianthus debilis, this effect was pronounced.  For those species affiliated with 

no or only with rare habitat types apart from ruderal sites (in our species set: Helianthus 

debilis, Isotoma axillaris and Petunia integrifolia, cf. Table A5) the simulated expansion rates 

presented in the paper (which assumed weeding rate of 80% throughout) must hence be 

considered as conservative. 

 
Table A8.: Linear regression relating the number of cells predicted to be occupied in 2090 

under the ‘low dispersal’ parameter set to climate change scenario, cultivation frequency, and 

their interaction. Estimates of RCP-scenarios represent relative differences to the results 

obtained under constant climatic conditions (Baseline). Lower AIC (Akaike Information 

Criterion) values indicate better model fits. Regression d.f.: 3592. 
Predictors Estimate SE p-value AIC R2 

Climate change scenario × Cultivation frequency   5456 0.66 

 Baseline  0.14 0.02 <0.001   

 RCP 2.6 -0.34 0.03 <0.001   

 RCP 4.5  0.10 0.03 <0.001   

 RCP 8.5 -0.31 0.03 <0.001   

 Cultivation frequency (sqrt-transf.)  0.86 0.02 <0.001   

 RCP 2.6 : Cultivation frequency -0.24 0.03 <0.001   

 RCP 4.5 : Cultivation frequency  0.09 0.03 0.003   

 RCP 8.5 : Cultivation frequency -0.18 0.03 <0.001   

excluding         

 Climate change scenario   6979 0.53 

 Cultivation frequency   9582 0.03 

 Climate change scenario : Cultivation frequency   6738 0.56 

 

 



 
Figure A3. Simulated future development of surface area occupied by 15 alien ornamental 

plants under climate change in Europe. Colours indicate climate change scenarios: ‘yellow’ – 

mild RCP2.6, ‘orange’ – intermediate RCP4.5, ‘red’ – severe RCP8.5; lines represent 

averages over species and shaded areas indicate standard errors. A: The proportional change 

in the occupied (solid lines) and climatically suitable area (dashed lines). B: Percentage loss 

of the occupied area between two consecutive decades. The presented results are for 

simulations with cultivation frequency of 1 % and demographic and dispersal parameters set 

to ‘low’.  

  



 
Figure A4. Effect of cultivation frequency on the simulated spread of 15 alien ornamental 

plants in Europe. A: The average area occupied by the species at the end of the simulation 

period (year 2090), measured as number cells. Cell numbers have been scaled to a mean of 0 

and a standard deviation of 1, separately for each species. Circles represent results of 

individual simulation runs, colours indicate climate change scenarios (‘grey’ – Baseline, 

‘yellow’ – mild RCP2.6, ‘orange’ – intermediate RCP4.5, ‘red’ – severe RCP8.5). B: The 

average area occupied by the 15 species over the simulation period. Colours indicate different 

cultivation frequencies: 0.01 % (light blue) 0.1%, 0.5%, 1%, 5%, 10% (dark blue). The results 

represent simulations under the RCP 4.5 scenario and demographic and dispersal parameters 

set to ‘low’. 

  



 
Figure A5. Results of analysing the sensitivity of the relative importance of cultivation 

frequency and climate warming to variation in switching between high and low demographic 

and dispersal parameter values + variation in the parameter sets determining the assumed area 

available for ornamental plant cultivation in each class of the CORINE land cover map (Table 

A6), the assumed gardening habits (i.e. turn-over of gardens that cultivate a target species 

each year: each third year for annual plants, each tenth year for perennial plants),  and the 

assumed habitat suitability of different land cover classes to expanding species (Table A5). 

The y-axis represents AIC values derived from regression models that relate the area 

simulated to be occupied in 2090 by Verbena rigida, Amaranthus tricolor and Helianthus 

debilis under each of 108 parameter combinations to climate change scenario, the level of 

cultivation frequency and their interaction as predictor variables, i.e. the full model, as well as 

to either climate change scenario or cultivation frequency alone (cf. Table 1 and Table A8).  



 
Figure A6. Sensitivity of the area simulated to be occupied in 2090 under constant climatic 

conditions by Amaranthus tricolor, Helianthus debilis and Verbena rigida to different settings 

of human long-distance dispersal along highway related streets (‘Highways’) and other paved 

streets (‘Roads’) as well as to human management of ruderal areas (‘weeding’).  



Appendix 3 

Additional results 

Table A9. Evaluation statistics of species distribution models for the 15 species studied. Reported are mean TSS for all replicates and percentage of 

replicates that have a TSS < 0.5 (i.e. poor model performance), respectively, for each modelling technique. The minimum number of occurrence 

records per species was 50 (see Table A1). Abbreviations: CTA = Classification Tree Analysis; GBM = Generalized Boosting Model or usually 

called Boosted Regression Trees; RF = Random Forest; GLM = Generalized Linear Model; GAM = Generalized Additive Model; MARS = 

Multiple Adaptive Regression Splines; FDA = Flexible Discriminant Analysis; ANN = Artificial Neural Network; 

           MODEL CTA GBM RF GLM GAM MARS FDA ANN 

SPECIES Mean TSS TSS<0.5 Mean TSS TSS<0.5 Mean TSS TSS<0.5 Mean TSS TSS<0.5 

Mean 

TSS 
TSS<0.5 

Mean 

TSS 
TSS<0.5 

Mean 

TSS 

TSS < 

0.5 

Mean 

TSS 

TSS < 

0.5 

Amaranthus tricolor 0.487 37 0.640 10 0.643 17 0.566 0 0.494 67 0.613 10 0.547 33 0.583 17 

Centaurea americana 0.744 0 0.858 0 0.877 0 0.828 0 0.788 0 0.835 0 0.822 0 0.744 7 

Helianthus debilis 0.791 0 0.868 0 0.883 0 0.840 0 0.833 0 0.815 0 0.801 0 0.822 0 

Heliotropium arborescens 0.693 7 0.792 0 0.794 0 0.662 0 0.817 0 0.745 3 0.714 3 0.642 7 

Iris domestica 0.810 0 0.883 0 0.890 0 0.886 0 0.835 0 0.838 0 0.826 0 0.797 3 

Isotoma axillaris 0.916 0 0.969 0 0.974 0 0.968 0 0.963 0 0.969 0 0.932 0 0.924 7 

Lilium formosanum 0.837 0 0.914 0 0.925 0 0.896 0 0.911 0 0.920 0 0.884 0 0.878 0 

Lobelia inflata 0.920 0 0.961 0 0.9600 0 0.927 0 0.920 0 0.928 0 0.916 0 0.914 0 

Monarda punctata 0.855 0 0.933 0 0.946 0 0.938 0 0.960 0 0.912 0 0.921 0 0.899 0 

Pennisetum macrourum 0.771 0 0.834 0 0.854 0 0.818 0 0.822 0 0.807 0 0.793 0 0.793 0 

Petunia integrifolia 0.800 0 0.894 0 0.896 0 0.878 0 0.859 0 0.876 0 0.879 0 0.825 0 

Rudbeckia fulgida 0.877 0 0.930 0 0.951 0 0.919 0 0.924 0 0.907 0 0.909 0 0.882 0 

Rudbeckia triloba 0.940 0 0.967 0 0.969 0 0.918 0 0.915 0 0.939 0 0.927 0 0.918 0 

Solidago ptarmicoides 0.709 3 0.887 0 0.892 0 0.800 0 0.910 0 0.831 0 0.843 0 0.770 7 

Verbena rigida 0.879 0 0.920 0 0.927 0 0.883 0 0.905 0 0.874 0 0.841 0 0.895 0 

 



 

 
Figure A7. Mean area climatically suitable to 15 alien ornamental plants in Europe during the 

21st century under four climate scenarios. The ‘BASE’ scenario represents a stable current 

climate, based on data from WorldClim (Hijmans, et al. 2005). Suitable areas are means of 

decadal projections from species distribution models for the period 2020 to 2090.  



 
Figure A8. Mean area predicted to be occupied by 15 alien ornamental plants in Europe 

during the 21st century. The lines refer to different cultivation frequencies (light blue to dark 

blue = 0.01%, 0.1%, 0.5%, 1%, 5%, 10%).   



 
Figure A9. Area suitable to 15 alien ornamental plants in Europe at both the given and the 

consecutive decade under three climate change scenarios during the 21st century (‘yellow’ – 

RCP2.6, ‘orange’ – RCP4.5, ‘red’ – RCP8.5). A decreasing trend indicates that suitable areas 

shrink and / or shift. Note that the scale of the y-axes differs.  



 
Figure A10. Area modelled to be occupied by 15 alien ornamental plants in Europe during the 

21st century (2010-2090). ‘Cf refers to cultivation frequency. Red, blue, green and black lines 

refer to Verbena rigida, Helianthus debilis, Pennisetum macrourum and the remaining 

species, respectively.  
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