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carpets of the moss  Campylopus introfl exus  may therefore 
reduce the germination of the heath,  Calluna vulgaris , up 
to 60% ,  potentially threatening its ability to regenerate 
(Equihua and Usher 1993). In coastal dunes,  C. introfl exus  
can form dense carpets that largely replace native vegetation 
and aff ect habitat structure and ground-dwelling arthro-
pod species and functional diversity (Schirmel et   al. 2011, 
Schirmel and Buchholz 2013). Despite this, the potential of 
spread of invasive bryophytes has never been determined. 

 Ecological niche models (ENMs) have become the 
most commonly used predictive tool to identify areas that 
are potentially threatened by invasive species and where 
monitoring surveys should be prioritized (Peterson 2003, 
Broennimann and Guisan 2008, Gallien et   al. 2010, 
Petitpierre et   al. 2012, Guisan et   al. 2013). ENMs calibrated 
in the native range can, however, be projected into the 
invasion range only under certain conditions. 

 First, ENMs rely on the hypothesis of niche conservatism 
(NCH) in space and time (Pearman et   al. 2008, Gallien et   al. 
2012, Petitpierre et   al. 2012), which has been challenged 
during invasions (Gallagher et   al. 2010, Medley 2010, Hill 
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 Th e impact of invasive species on native species, communi-
ties, and ecosystems has been widely recognized for decades 
(Elton 1958, Lodge 1993, Simberloff  et   al. 2013). Invasive 
species are increasingly viewed as a signifi cant component of 
global change (Vitousek et   al. 1996) and one of the major 
drivers of current biodiversity loss (Didham et   al. 2007). 
About 139 bryophytes species have been reported as alien 
worldwide. Th is number strongly pales by comparison with 
seed plants, especially since only three bryophyte species 
have a substantial, recognized socio-economic impact and 
another seven represent a substantial threat to biodiversity 
(Essl et   al. 2013). Th e moss  Campylopus introfl exus  threatens, 
however, habitats that are often species rich and of high con-
servation relevance (Klinck 2010). In some instances, a thick 
bryophyte cover may directly prevent the regeneration of the 
herb and shrub layers. In relatively dry environments, such 
as grasslands and heathlands, even a thin moss cover may 
inhibit seedling emergence by increasing the time above-
ground of dispersed seeds, thus increasing the chances of 
destruction by fi re and predation, and by creating a physical 
barrier to germination for seeds (Zamfi r 2000). Dense 
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were compared in their native range (Southern Hemisphere) and in their invasion range (Northern Hemisphere) using 
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in the invaded range under climate conditions that are similar to those in the native range. Th e performance of the models 
to predict occurrences in the invaded range increased with the extent of the GB. Th e potential range of all species included 
entire regions on continents where they are still absent. Th e expansion of the investigated species appears to be constrained 
by climate conditions that are similar to those currently prevailing in their native range, which is consistent with our 
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in central and eastern Europe, North America and eastern Asia if accidentally introduced or naturally dispersed.   
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et   al. 2013, Hulme and Barrett 2013, Petersen 2013, but 
see Petitpierre et   al. 2012). In bryophytes, both experimen-
tal (L ö nnell et   al. 2012, 2014, Sundberg 2013) and genetic 
evidence (Pi ñ eiro et   al. 2012, Sz ö v é nyi et   al. 2012) point to 
high long-distance dispersal capacities, potentially cancelling 
adaptations in niche traits. Furthermore, and by contrast with 
fl owering plants, selection of broadly adapted,  ‘ all-purpose ’  
genotypes in bryophytes suggests that physiological acclima-
tization and pre-adaptation to a range of environmental con-
ditions is much more important than is genetic specialization 
(Shaw and Goffi  net 2000, but see Hutsemekers et   al. 2010, 
Sz ö v é nyi et   al. 2012, Pisa et   al. 2013). In the expanding moss 
 Pogonatum dentatum  for example, shoots transplanted from 
other sites or areas reached a taller size than native ones, 
indicating that local adaptation has not occurred (Hassel 
et   al. 2005a, b). Th erefore, we made the hypothesis that no 
signal of niche expansion (sensu, Petitpierre et   al. 2012) can 
be found in invasive bryophytes (H1). 

 Second, the defi nition of the geographic background 
(GB), i.e. the extent of the study area defi ned to calibrate 
the model, may have a substantially impact on the perfor-
mance of ENMs (Saupe et   al. 2012). While the extent of 
the GB does not aff ect envelope techniques (e.g. BIOCLIM; 
Busby 1991), which defi ne species ’  niches as a bounding box 
that encloses the range of environmental conditions actually 
occupied by a species, it has a profound impact on regres-
sion- and classifi cation-based approaches that use absences, 
pseudo-absences or background points. GB may not only 
aff ect the calibration of these models, but most importantly 
their transferability in space and time. (Anderson and Raza 
2010, Mateo et   al. 2010, Barve et   al. 2011, Acevedo et   al. 
2012). Acevedo et   al .  (2012) suggested that the GB should 
not only refl ect the extant, but also the potentially occupied 
range in the past. Since bryophyte species typically exhibit 
large, disjunct distributions (Vanderpoorten et   al. 2010), we 
hypothesized that the performance of the models to predict 
the distribution of invasive species outside of their native 
range increases with the extent of the GB (H2). 

 By comparing the macroclimatic niches of the three most 
invasive bryophyte species in their areas of origin (Southern 
Hemisphere; hereafter native range) and in the range they 
have invaded (Northern Hemisphere; hereafter invaded 
range), the aim of the present study was to test whether 
hypotheses H1 and H2 apply, and hence, to assess whether 
ENMs developed in the Southern Hemisphere can be pro-
jected to the Northern Hemisphere to assess their invasive 
potential.  

 Material and methods  

 Model species 

  Campylopus introfl exus ,  Orthodontium lineare  and  Lophocolea 
semiteres  were fi rst observed in Europe in 1941, 1910, and 
1965, respectively (Stieperaere 1994, Hassel and S ö derstr ö m 
2005).  Campylopus introfl exus  has further been reported from 
western North America since 1975 and was most recently 
reported as adventive in eastern North America (Klinck 
2010). Both  C. introfl exus  and  O. lineare  are equipped with 
spores of less than 20  μ m (Hassel and S ö derstr ö m 2005, 

Klinck 2010), a critical condition for wind long-distance dis-
persal (Wilkinson et   al. 2012).  Campylopus introfl exus  further 
disperses by vegetative diaspores that are assumed to contrib-
ute to local spread (Klinck 2010). In the dioicous  L. semiteres , 
the two sexes exhibit distinct distribution patterns so that 
sporophyte production is extremely rare in the invasion range 
(Stieperaere 1994), potentially limiting its dispersal capacity. 

  Campylopus introfl exus  exhibits a wide ecological tolerance 
(Klinck 2010).  Orthodontium lineare  occurs on decaying wood 
under light tree cover (Heden ä s et   al. 1989).  Lophocolea semi-
teres,  which was primarily thought to be restricted to acidic 
sand areas (Stieperaere 1994), was subsequently found under 
diff erent soil conditions in disturbed areas (Vanderpoorten 
1997). While the importance of such ecological factors can-
not be dismissed to explain the distribution patterns of those 
species at the local scale, they do not, however, appear to 
determine their range at the continental scale.   

 Distribution data and environmental predictors 

 Th e total number of occurrences recorded for  C. introfl exus , 
 L. semiteres  and  O. lineare  across their entire native and inva-
sion range was 42 064, 2222 and 13 646, respectively. Th ese 
occurrences were recorded from databased and georeferenced 
herbarium specimens and further completed with a review 
of the literature (Supplementary material Appendix 1). To 
avoid sampling bias (Syfert et   al. 2013), only points that 
were separated by at least 0.16 decimal degrees from each 
other (i.e. matching the resolution of the climatic data) were 
retained, resulting in 1271 data points (483 in the native 
range, and 788 in the invaded range) for  C. introfl exus ; 351 
(258 in the native range, and 93 in the invaded range) for 
 L. semiteres;  and 579 (123 in native range, and 456 in invaded 
range) for  O. lineare  (Fig. 1). 

 Th irty-fi ve variables from CliMond (Kriticos et   al. 2012) 
as well as monthly and annual potential evapotranspira-
tion, (downloaded from the CGIAR-CSI website,  � www.
cgiar-csi.org � , Zomer et   al. 2008) were employed as envi-
ronmental predictors. Following Barve et   al. (2011) and 
Acevedo et   al. (2012), biogeographic units were employed 
to circumscribe the extent of the GB where these variables 
were measured. Th ree spatial extents, namely ecoregions and 
biomes, as defi ned by Olson et   al. (2001), and hemispheres, 
were used in this study. We mapped the ecoregions, biomes, 
and hemispheres, where each species was reported (Fig. 1), 
and sampled 10 000 pixels at 10 arcmin resolution as back-
ground data. To avoid multicollinearity, we ran a correlation 
analysis between each pair of variables and eliminated the 
ones with a Pearson correlation value    �    0.8. Th e fi nal set of 
variables used to run the models were: temperature seasonal-
ity, mean temperature of warmest quarter, moisture index 
seasonality, mean moisture index of warmest quarter, and 
annual potential evapotranspiration.   

 Statistical analyses  

 Analyses of niche shift 
 A principal component analysis (PCA) of the climate 
conditions recorded at each background point was 
performed to identify the combinations of variables that 
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  Figure 1.     Occurrences used to model the macroclimatic niche of  Campylopus introfl exus ,  Lophocolea semiteres , and  Orthodontium lineare  in 
their area of origin and invasion (left). Th e distribution of the species at the level of ecoregions and biomes is depicted in the central and 
right columns, respectively.  

best capture macroclimatic variation. We calibrated PCA ’ s 
at each background level (ecoregions, biomes and hemi-
spheres respectively) to assess the impact of the background 
on the measure of niche shifts. Th e fi rst two PCA axes jointly 
accounted for about 80% of the total macroclimatic variance 
for each species when ecoregions, biomes, and hemispheres 
were employed as a GB, respectively. PCA1 was negatively 
(positively in  L. semiteres ) correlated with the mean tem-
perature of warmest quarter, moisture index seasonality, 
and potential evapotranspiration in  C. introfl exus  and  O. 
lineare , and positively correlated (negatively in  L. semiteres ) 
with temperature seasonality and mean moisture index of 
warmest quarter. PCA2 was for all species positively cor-
related with temperature seasonality and negatively with 
the mean moisture index of warmest quarter. Following 
Broennimann et   al. (2012), the actual observations were 
then plotted and transformed into densities in a gridded 
environmental space depicted by the fi rst two PCA axes. 
Th en, we partitioned the niche of each species into three 
components according to Petitpierre et   al. (2012), namely 
stability (S, the proportion of the niche that is occupied in 
the invaded range and shared with the native range); unfi ll-
ing (U, the proportion of the niche in the native range 
that is not occupied in the invaded range); and expansion 
(E, the proportion of the niche in the invaded range that 
is not occupied in the native range). To avoid that niche 
diff erences would refl ect climatic diff erences between the 
native and invaded backgrounds, these statistics were 
computed on the climate space shared between the two 
ranges (i.e. in analogous climates sensu, Veloz et   al. 2012).   

 Ecological niche models (ENMs) 
 Species niches were characterized using an ensemble model 
(Ara ú jo and New 2007) of four diff erent techniques: gener-
alized linear models (GLM; McCullagh and Nelder 1989), 
MAXENT (Phillips et   al. 2006), gradient boosting machine 

(GBM; Friedman 2001) and Random forests (RF; Breiman 
2001), as implemented by BIOMOD 2.0 (Th uiller et   al. 
2009). For GBM, BRT and GLM, all the default parameters 
were used. For MAXENT the regularization multiplayer was 
changed to the value of two to avoid overfi tting. In order 
that pseudo-absences play the same role (i.e. are considered 
as actual absences) in both MAXENT and the three regres-
sion-based techniques, MAXENT was run with the same 
set of pre-defi ned pseudo-absence points defi ned for GBM, 
BRT and GLM. For each technique, presences and pseudo-
absences used to calibrate the model were weighted such as 
to ensure neutral (0.5) prevalence. 

 ENMs tend to perform better in the native range when 
both native and invaded range data are available for model 
calibration (Broennimann and Guisan 2008, Gallien et   al. 
2010). Since the focus of the present study was not to 
produce the best-fi t model in the native range, but rather to 
determine the performance of the models to predict inva-
sions, we calibrated the models with all the data from the 
native range and employed the presences in the invaded range 
to evaluate the capacity of ENMs to predict invasions. 

 For each species, consensus models of the four employed 
techniques were generated (see Supplementary material 
Appendix 2 and 3 for an assessment of the performance of 
each technique and of the consensus models in the native 
range, respectively). Th e performance of the consensus 
models in the invaded range, i.e. their capacity to predict 
invasions, was measured with the Boyce index (Hirzel et   al. 
2006) based on observed presences in the invaded range 
(Petitpierre et   al. 2012). 

 Maps of the potential presence of each species in their 
invasion range were fi nally generated. For that purpose, the 
continuous suitability index was transformed into a binary 
presence/absence variable, using a threshold maximizing both 
sensitivity and specifi city in the native range (Supplementary 
material Appendix 4). 
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 Since model transferability was questioned under non-
analogous conditions (Fitzpatrick and Hargrove 2009), 
the potential invasion range and model performance (as 
measured by the Boyce index) were assessed under both 
analogous and analogous  �  non-analogous conditions. 
Analogous conditions were defi ned from an analysis of the 
climatic similarity between the native and invasion ranges 
using multivariate environmental similarity surfaces (MESS, 
Elith et   al. 2010). MESS measures the similarity of any given 
pixel in the invaded range to a reference set of pixels in the 
native range with respect to the chosen predictor variables. 
A pixel with a positive value indicates that it falls within the 
range of environmental values present in the native range, 
while a pixel with a negative value indicates that at least one 
variable has a value that is outside of the range of environ-
mental values present in the native range. Since negative 
values close to zero could mean that the climatic conditions 
are only slightly diff erent from those prevailing in the native 
range, we defi ned analogous climatic conditions with three 
diff erent threshold: 0,  – 10 and  – 20. 

 Th e entire procedure was repeated for each of the three 
GBs, using the 10 000 pseudo-absences generated within 
each of the ecoregions, biomes, and hemisphere where the 
species occurs in its native range. Th e impact of the diff er-
ent background strategies on the extent of the predicted 
invasion range was assessed by calculating the mean overlap 
between all consensus binary models depending on the GB 
(Supplementary material Appendix 5).     

 Results  

 Niche comparisons 

 Th e stability of the macroclimatic niche of  C. introfl exus ,  
L. semiteres  and  O. lineare  in their invaded range was very high, 
with a minimum of S    �    0.93. None of these species largely 
expanded their niche during the invasion process. In fact, 
while all the species occupy a certain proportion of the niche 
in the invaded range that is not occupied in the native range 
(red area in Fig. 2), this proportion occurs under completely 
or mostly non-analogous climate conditions (i.e., outside of 
the intersection of the dashed lines in Fig. 2, which represent 
the 50% of the available (background) environment in the 
areas of origin (in green) and invasion (in red). Th erefore, the 
proportion of E within the area of analogous climate condi-
tions ranges between 0.00 and 0.07 depending on the extent 
of the GB considered (Supplementary material Appendix 6). 
Th e proportion of the niche occupied in the native range but 
not in the invaded range (unfi lling) increased with the level 
of spatial extent of the GB and ranged between 0.14 in  O. 
lineare  and 0.67 in  L. semiteres  at the level of ecoregions, 0.35 
in  O. lineare  and 0.68 in  L. semiteres  at the level of biomes, 
and between 0.73 in  O. lineare  and 0.91 in  L. semiteres  at the 
level of the hemisphere.   

 Ecological niche models 

 Th e potential areas of invasion of  C. introfl exus ,  O. lineare  
and  L. semiteres  as inferred from the consensus binary mod-
els for each GB and projected under both analogous and 

non-analogous climate conditions in the invaded range 
are presented in Fig. 3. Globally, very similar values of the 
Boyce index were observed when considering analogous 
only or analogous  �  non-analogous conditions (Table 1 and 
Supplementary material Appendix 3, Table A4). Twenty-nine, 
nineteen and 2% of the observed occurrences in the inva-
sion range fell outside of the area characterized by analogous 
climate conditions (MESS threshold    �    0) for  C. introfl exus ,  
O. lineare  and  L. semiteres , respectively (Supplementary mate-
rial Appendix 5). All of the actual observations were reported, 
however, from areas with sub-analogous climate conditions 
(MESS threshold of  – 10 and  – 20, see yellow and green areas 
in Fig. 3b), and no occurrence was observed in areas with 
strongly non-analogous climates (MESS threshold  �   – 20, 
red area in Fig. 3b, Supplementary material Appendix 7). 

 Substantial diff erences in the performance of the con-
sensus models when predicting the occurrence in the inva-
sion range, as measured by the Boyce index, were observed 
depending on the spatial extent of the GB (Table 1). With 
 L. semiteres  and  O. lineare , a substantially higher Boyce index 
was obtained from models employing biomes to defi ne the 
extent of the GB. In  C. introfl exus,  the highest Boyce index 
was observed with models employing either ecoregions or the 
Southern Hemisphere to defi ne the GB. Th ese diff erences in 
model performance in terms of ability to predict invasion 
were paralleled by substantial diff erences in the extent of the 
potential area of invasion (Fig. 3, see also Supplementary 
material Appendix 7 for the percentage overlap between 
binary models). 

 With the best-fi t models either employing ecoregions or 
the Southern Hemisphere to defi ne the extent of the GB 
in  C. introfl exus , the potential range of the species under 
non-analogous climate conditions is much larger in Europe 
and in North America than its extant one, especially in the 
eastern central region where the species is currently absent. 
Th e analyses also identify a large potentially suitable area 
in eastern Asia, where the species does not currently occur. 
When the models are projected in areas with analogous cli-
mates only, the same trend is observed, but the spatial extent 
of the potential areas identifi ed in North America, Europe, 
and Asia, is much reduced, so that 29% of the actual occur-
rences in Europe are not included (Fig. 3b). Similar trends 
can be observed in  L. semiteres  and  O. lineare , with a large 
suitability across Europe that largely exceeds the current 
distribution and large potential areas in eastern Central 
America, central and eastern Asia where the species have not 
yet been reported.    

 Discussion 

 In agreement with hypothesis H1, evidence for macrocli-
matic niche expansion following invasion was not found in 
the three investigated species. In fact, while all three spe-
cies displayed a large proportion of their macroclimatic 
niche in the invaded range that was not occupied in their 
native range, this apparent expansion took place under non-
analogous climates. Th erefore, it was impossible to deter-
mine whether actual niche shift occurred, or whether species 
were pre-adapted to climate conditions that do not prevail 
under present conditions in the native range. Th e lack of 
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  Figure 2.     Partitioning of the macroclimatic niche of  Campylopus introfl exus ,  Lophocolea semiteres , and  Orthodontium lineare  in their area of 
origin (Southern Hemisphere) and area of invasion (Europe) into 1) stability (proportion of the niche in the invasive range shared with the 
native range, in blue), 2) unfi lling (proportion of the niche occupied in the area of origin but not in the area of invasion, in green), and 3) 
expansion (proportion of the niche occupied in the area of invasion but not in the area of origin, or 1-stability, in red) in the fi rst plane of 
a principal component analysis of the macroclimatic conditions found at the levels of ecoregions, biomes, and hemispheres, where the spe-
cies occurs. Th e solid and dashed contour lines illustrate, respectively, 100 and 75% of the available (background) environment in the areas 
of origin (green) and invasion (red). Th e arrows represent how the centre of the niche has changed between the native and invasive areas.  

evidence for niche shift during the invasion process, which 
parallels recent studies in higher plants (Alexander et   al. 
2012, Petitpierre et   al. 2012), is consistent with the NCH 
and supports, pending for actual phylogenetic tests of niche 
conservatism, the use of ENMs in invasive bryophytes. 

 Th e proportion of the niche occupied in the native range 
but not in the invaded one (unfi lling) substantially increased 
with increasing GBs. Similarly, the predicted size of the 
invaded range under analogous  �  non-analogous climate 
conditions was inversely proportional to the size of the biogeo-
graphic units employed to defi ne the GB in the native range. 
Th e same trends were observed irrespectively of regression 

techniques using pseudo-absences as actual absences (GAM, 
Th uiller et   al. 2004, Saupe et   al. 2012; logistic regressions, 
Acevedo et   al. 2012) or internally generated absence points 
(Maxent; VanDerWal et   al. 2009, Anderson and Raza 2010, 
Elith et   al. 2011, Saupe et   al. 2012). Acevedo et   al. (2012) fur-
ther suggested that models built from large GBs exhibit high 
discriminatory power but are hardly informative. Anderson 
and Raza (2010) suggested that large GBs make the models 
prone to overfi t the environmental conditions present in the 
region occupied by the species. Th is may happen because 
the algorithm recognizes spurious environmental diff erences 
between the inhabited localities and localities that could be 
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  Table 1. Boyce index of the consensus models from four ENMs 
calibrated on the 100% distribution of  Campylopus introfl exus, 
Orthodontium lineare , and  Lophocolea semiteres  in their native 
range (Southern Hemisphere) and projected onto their invasion 
range (Northern Hemisphere) under both analogous (bold) and 
analogous  �  non-analogous climate conditions (in parentheses) 
depending on the level of spatial extension of the geographic 
background (ecoregions, biomes and hemispheres).  

Species  C. introfl exus  L. semiteres  O. lineare 

Background
Ecoregions  0.968  (0.935)  0.881  (0.721)   � 0.583  (0.029)
Biomes  0.699  (0.777)  0.909  (0.914)  0.902  (0.951)
Hemispheres  0.954  (0.975)  0.732  (0.735)  0.802  (0.835)

  Figure 3.     Potential area of invasion of the Southern Hemisphere bryophyte species  C. introfl exus ,  O. lineare  and  L. semiteres  as inferred from 
the binary consensus model of four ENM techniques calibrated in the Southern Hemisphere (native range) and projected in the Northern 
Hemisphere (invasion range) depending on the spatial extent of the geographic background. Th e models were projected under both analo-
gous and analogous  �  non-analogous climate conditions as compared to the native range, as defi ned by a MESS analysis using diff erent 
thresholds (0,  – 10 and  – 20). (a) World scale. (b) European scale for selected GB strategies. Blue dots represent actual datapoints.  

inhabited but are not due dispersal limitations or histori-
cal events restricting the species current distribution. Yet, we 
observed here, in agreement with our hypothesis H2, that 
models using large biogeographic regions such as biomes, 
or in some instances whole hemispheres, to defi ne the GB, 

performed better than models using smaller geographic units 
(regions) in their ability to predict invasions, as shown by 
their substantially higher Boyce index. 

 Th e three species considered in this study in fact display a 
highly disjunct distribution across the Southern Hemisphere, 
with a range scattered across southern South America, South 
Africa, and Australia. Th is is a typical trend in bryophyte 
species that tend to display highly disjunct and larger distri-
butions than seed plant species (Vanderpoorten et   al. 2010). 
For instance, 43% of the species of mosses that are found in 
North America are also found in Europe, while 70% of the 
moss species found in Europe also occur in North America 
(Frahm and Vitt 1993). By contrast, 48% of genera, but only 
6.5% of the species of vascular plants, are shared between the 
North American and European fl oras (Qian 1999). As the 
GB should not only refl ect the extant but also potentially 
occupied range in the past (Acevedo et   al. 2012), the use 
of large geographic units at the level of biomes or beyond 
is therefore recommended to defi ne the extent of the GB in 
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bryophytes and other vagile organisms with large, disjunct 
distributions. 

 Th e projection of the models in the Northern Hemisphere 
under analogous and analogous  �  non-analogous climate 
conditions resulted in a very similar Boyce index. Th e 
projection of the models under analogous  �  non-analogous 
climate conditions in the Northern Hemisphere resulted in 
a potential range that is considerably larger than the realized 
one for the three investigated species. Th is range encompasses 
large portions of central and eastern Europe, North America 
and eastern Asia, where these species are still rare or absent. 
Although  L. semiteres  largely fails to reproduce sexually in 
Europe, the two other species are well equipped for effi  cient 
long-distance dispersal (see above). In the expanding moss 
 Pogonatum dentatum , higher genetic structuring in the area 
of origin than in the area of invasion points to enhanced 
spore-mediated gene fl ow in the latter (Hassel et   al. 2005a, 
b), paralleling similar evidence for increased dispersal capaci-
ties of alien species in the invasion range (Colautti et   al. 
2012, but see Ward et   al. 2012). In the peatmoss  Sphagnum 
subnitens , the spread across north-western North America 
of a single genotype points to very fast colonization rates 
(Karlin et   al. 2011). Dispersal limitations are therefore 
unlikely to explain the discrepancy between the poten-
tial and realized range in invasive bryophytes. Rather, 
while the distribution of the three investigated species in 
the invaded range was not restricted to areas with strictly 
analogous climates (MESS threshold    �    0), all of the 
actual observations in the invasion range were reported 
from areas with sub-analogous climates (MESS thresh-
old  �   – 20). Th is suggests that those species are, to some 
extent, pre-adapted to a range of climatic conditions, but 
are unable to invade areas characterized by substantially 
diff erent climates than those currently prevailing in their 
native range. Comparative distribution maps through time 
indicate that these species are still expanding their range in 
Europe (Hassel and S ö derstr ö m 2005). Because of the 20 –
 40 yr time lag separating the fi rst observation and the fi rst 
report of biodiversity or socio-economy impact, the currently 
moderate threat that alien bryophytes represent is expected 
to increase (Essl et   al. 2013). Since the macroclimatic niche 
of the three investigated species is compatible with condi-
tions that prevail in eastern Asia and North America under 
analogous or nearly analogous conditions, they might follow 
a similar invasion pattern as in Europe if accidentally intro-
duced or naturally dispersed, calling for a targeted monitor-
ing program aiming at erasing any source population at the 
very beginning of the invasion process.            
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Appendix 2: performance of the four ENM techniques in the native range of C. 

introflexus, O. lineare and L. semiteres 

 

The models generated by each of the four techniques were calibrated with 70% of the 

data and their performance in the native range assessed with the remaining 30%. The 

procedure was replicated 10 times, randomly partitioning the data into a training set 

and a test set, respectively. The performance of each technique in the native range 

was assessed by the area under the ROC curve (AUC) (Fielding & Bell, 1997). Each 

technique returned high average AUC (Table S2), indicating their high predictive 

performance in the native range.  

 

Table A1. Mean value and standard deviation of the area under the ROC curve 

(AUC) for each of four techniques (GLM, GBM, RF and Maxent) employed to model 

the macroclimatic niche of the mosses Campylopus introflexus and Orthodontium 

lineare and the liverwort Lophocolea semiteres in their native range. The mean and 

standard deviation were computed from 10 replicates including each a random sample 

of 70% of the datapoints sampled in the native range. 

 

Background SPECIES AUC - mean AUC - SD 

Ecoregions Campylopus 0.843 0.099 

Biomes Campylopus 0.906 0.064 

Hemispheres Campylopus 0.960 0.029 

Ecoregions Lophocolea 0.869 0.084 

Biomes Lophocolea 0.938 0.043 

Hemispheres Lophocolea 0.974 0.019 



Ecoregions Orthodontium 0.859 0.094 

Biomes Orthodontium 0.962 0.029 

Hemispheres Orthodontium 0.985 0.012 

  

 

 



Appendix 3: performance of the consensus models of four ENM techniques in C. 

introflexus, O. lineare and L. semiteres in their native and invaded range 

 

For each species, consensus models of the four employed techniques were generated 

from either (i) all 40 replicates; (ii) only replicates with an AUC>0.8; (iii) only 

replicates with a true skill statistic (TSS) > 0.7; and (iv) the four models calibrated on 

the total number of observations in the native range. The contribution of each model 

to the final ensemble model was proportional to its goodness-of-fit statistics. The 

predictive performance of the consensus models in the native range was evaluated 

with the AUC. The performance of the different consensus models from the four 

employed techniques was high (AUC values from 0.89 to 0.99) in the native range, 

whatever the strategy employed to produce them (Table S3).  

The performance of the models in the invasion range, i.e., their capacity to predict 

invasions, was measured with the Boyce index. The consensus model built from the 

total number of available datapoints in the native range displayed a higher Boyce 

index than the ones built from the replicates including a random sample of 70% of the 

datapoints (Table S4), and was hence used for subsequent analyses.  

The models were projected into the invaded range in areas with analogous climates as 

defined by a MESS analyses, contrasting three different threshold (0, -10 and -20), 

and in the entire potential range under both analogous and non-analogous climates 

(MESS <-20).  

 

Table A2. Predictive performance of the consensus models of four ENMs used to 

model the macroclimatic niche of C. introflexus, O. lineare and L. semiteres in their 

native range. 10 replicates of random sampling of 70% of the data were run for each 



technique. The consensuses were built from either (i) the four techniques calibrated 

on the total number of available datapoints in the native range (A); (ii) all 40 

replicates (B); (iii) only replicates with an AUC>0.8 (C); and (iv) only replicates with 

a true skill statistic (TSS) > 0.7 (D). 

 

BACKGROUND SPECIES A B C D 

Ecoregions Campylopus 0.971 0.899 0.977 0.988 

Biomes Campylopus 0.979 0.951 0.944 0.998 

Hemispheres Campylopus 0.990 0.981 0.980 0.981 

Ecoregions Lophocolea 0.976 0.918 0.916 0.988 

Biomes Lophocolea 0.985 0.968 0.968 0.967 

Hemispheres Lophocolea 0.994 0.989 0.988 0.989 

Ecoregions Orthodontium 0.978 0.908 0.981 0.988 

Biomes Orthodontium 0.992 0.983 0.982 0.976 

Hemispheres Orthodontium 0.997 0.994 0.994 0.994 



Table A3. Predictive capacity to predict invasion (Boyce index) of the consensus models of four ENMs calibrated in the native range of C. 

introflexus, O. lineare and L. semiteres and projected in their invaded range. See Table S3 for the computation of the consensus models using 

four distinct strategies (A, B, C, D). The consensus models were projected into the potential invaded range under analogous climate conditions to 

those observed in the native range as defined by a MESS analysis with three different thresholds (0, -10 and -20) and under analogous+non-

analogous climate conditions (column No).  

 

Background  Species A B C D 

  No 0 -10 -20 No 0 -10 -20 No 0 -10 -20 No 0 -10 -20 

Ecoregions Campylopus 0.94 0.97 0.98 0.98 0.95 0.99 0.99 0.99 0.85 0.94 0.94 0.94 0.43 0.35 0.57 0.57 

Biomes Campylopus 0.78 0.70 0.61 0.61 0.77 0.81 0.72 0.72 0.76 0.82 0.72 0.71 0.82 0.60 0.75 0.74 

Hemispheres Campylopus 0.99 0.91 0.95 0.95 0.92 0.90 0.92 0.92 0.94 0.91 0.93 0.93 0.94 0.91 0.93 0.93 

Ecoregions Lophocolea 0.72 0.88 0.93 0.93 0.91 0.75 0.92 0.92 0.88 0.80 0.91 0.91 -0.56 0.49 0.34 0.34 

Biomes Lophocolea 0.91 0.91 0.91 0.91 0.89 0.89 0.89 0.89 0.88 0.87 0.87 0.87 0.81 0.81 0.81 0.81 

Hemisphere Lophocolea 0.74 0.73 0.73 0.73 0.67 0.66 0.67 0.67 0.67 0.66 0.67 0.67 0.67 0.66 0.67 0.67 



Ecoregions Orthodontium 0.03 -0.58 -0.21 -0.21 -0.46 -0.53 -0.28 -0.28 0.25 -0.15 0.11 0.11 0.21 0.04 0.14 0.14 

Biomes Orthodontium 0.95 0.90 0.95 0.94 0.90 0.88 0.89 0.90 0.92 0.92 0.92 0.92 0.93 0.89 0.93 0.93 

Hemisphere Orthodontium 0.84 0.80 0.79 0.79 0.83 0.75 0.75 0.83 0.83 0.75 0.75 0.83 0.83 0.75 0.75 0.83 

 

 

 

	  



Appendix 4: definition of the threshold to generate binary models from continuous models, optimizing either the ROC or TSS statistics, 

and performance (specificity and sensitivity) of the binary models in the invaded range of C. introflexus, O. lineare and L. semiteres.  

 

To assess the effects of the threshold selected to generate binary models, we generated models either optimizing the ROC or the TSS statistics in 

the native range of C. introflexus, O. lineare and L. semiteres. The predictive performance of those binary models was measured by their 

specificity and sensitivity (Table S5). The mean value of specificity was always higher for models generated with the ROC threshold criterion, 

whereas sensitivity was higher for models generated with the TSS threshold criterion. This suggests that the TSS criterion generates models that 

overpredict the distribution of the species, leading us to rely on models optimizing the ROC criterion. 

 

Table A4. Predictive performance, as measured by their specificity and sensitivity, of the binary models generated optimizing either the AUC or 

the TSS criteria.  

 
 
 
 
 
 
	  



	   TSS	   ROC	  

Background	   SPECIES	  
Sensitivity	  
mean	  

Sensitivity	  	  
SD	  

Specificity	  	  
mean	  

Specificity	  
	  SD	  

Sensitivity	  
	  mean	  

Sensitivity	  
	  SD	  

Specificity	  
	  mean	  

Specificity	  
	  SD	  

Ecoregions	   Campylopus	   0.759	   0.062	   0.620	   0.064	   0.663	   0.067	   0.693	   0.019	  
Biomes	   Campylopus	   0.849	   0.053	   0.738	   0.050	   0.786	   0.020	   0.780	   0.022	  
Hemisphere	   Campylopus	   0.928	   0.033	   0.840	   0.033	   0.871	   0.013	   0.872	   0.014	  
Ecoregions	   Lophocolea	   0.785	   0.133	   0.638	   0.064	   0.684	   0.056	   0.704	   0.022	  
Biomes	   Lophocolea	   0.882	   0.053	   0.794	   0.045	   0.827	   0.026	   0.826	   0.028	  
Hemisphere	   Lophocolea	   0.928	   0.032	   0.890	   0.033	   0.899	   0.015	   0.899	   0.015	  
Ecoregions	   Orthodontium	   0.759	   0.165	   0.607	   0.092	   0.649	   0.076	   0.676	   0.032	  
Biomes	   Orthodontium	   0.917	   0.086	   0.851	   0.028	   0.855	   0.052	   0.874	   0.016	  

Hemisphere	   Orthodontium	  
0.955	   0.050	   0.904	   0.141	   0.924	   0.036	   0.927	   0.018	  

	  



Appendix 5 

Table A5. Pearson correlation (left) coefficient and percentage overlap (right) between 

the potential range of the Southern hemisphere invasive bryophyte species C. 

introflexus, O. lineare and L. semiteres as inferred from the continuous and binary 

consensus models of four ENM techniques calibrated on all the available data in the 

area of origin depending on the extent of the geographic background employed to 

calibrate the models in the native range.  

 

 

 

 

 

 

 

 

 

 

 

 

	  

 Campylopus Lophocolea Orthodontium 

Ecoregions Vs. Biomes 0.66 / 10.23 0.78 / 37.56 0.53 / 18.74 

World Vs. Biomes 0.83 / 19.94 0.95 / 69.49 0.94 / 33. 55 

Ecoregions Vs. Hemispheres 0.78 / 33.21 0.82 / 49.48 0.46 / 16.97 



	   1	  

Appendix 6 

Table A6. Partitioning of the macroclimatic niche of Campylopus introflexus, 

Lophocolea semiteres, and Orthodontium lineare in their area of origin (Southern 

hemisphere) and are of invasion (Europe) into (i) stability (i.e., proportion of the 

niche in the invasive range shared with the native range), (ii) unfilling (i.e., proportion 

of the niche occupied in the area of origin but not in the area of invasion), and (iii) 

expansion (i.e., proportion of the niche occupied in the area of invasion but not in the 

area of origin, or 1-stability) depending on the level of spatial extension (ecoregions, 

biomes and hemispheres) used to sample the background points.  

 

  Ecoregion Biome Southern 

hemisphere 

Campylopus Expansion 0.00 0.03 0.00 

introflexus Stability 1.00 0.96 0.99 

 Unfilling 0.41 0.37 0.69 

Lophocolea Expansion 0.00 0.00 0.00 

semiteres Stability 1.00 1.00 1.00 

 Unfilling 0.67 0.68 0.91 

Orthodontium Expansion 0.07 0.02 0.00 

lineare Stability 0.93 0.98 1.00 

 Unfilling 0.14 0.35 0.73 

 

	  



Appendix 7 

Table A7. Number (and %) of observed occurrences in the invasion range that are in analogous climate conditions to those observed in the native 

range, as determined by a MESS analysis using three thresholds (0, -10 and -20). 

 

 
 Campylopus Lophocolea Orthodontium 
 Number of 

presences 
Percentage Number of 

presences 
Percentage Number of 

presences 
Percentage 

MESS 0 1573 70.1 188 98.4 906 74.1 
MESS -10 627 27.9 3 1.6 224 18.3 
MESS -20 38 1.7  0.00 12 1.00 
Total 2244 100 191 100 1222 100 


