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Abstract

Across the globe, invasive alien species cause severe environmental changes, alter-
ing species composition and ecosystem functions. So far, mountain areas have
mostly been spared from large-scale invasions. However, climate change, land-use
abandonment, the development of tourism and the increasing ornamental trade will
weaken the barriers to invasions in these systems. Understanding how alien species
will react and how native communities will influence their success is thus of prime
importance in a management perspective. Here, we used a spatially and temporally
explicit simulation model to forecast invasion risks in a protected mountain area in
the French Alps under future conditions. We combined scenarios of climate change,
land-use abandonment and tourism-linked increases in propagule pressure to test if
the spread of alien species in the region will increase in the future. We modelled
already naturalized alien species and new ornamental plants, accounting for interac-
tions among global change components, and also competition with the native vege-
tation. Our results show that propagule pressure and climate change will interact to
increase overall species richness of both naturalized aliens and new ormamentals, as
well as their upper elevational limits and regional range-sizes. Under climate change,
woody aliens are predicted to more than double in range-size and herbaceous spe-
cies to occupy up to 20% of the park area. In contrast, land-use abandonment will

open new invasion opportunities for woody aliens, but decrease invasion probability
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for naturalized and omamental alien herbs as a consequence of colonization by

native trees. This emphasizes the importance of interactions with the native vegeta-

tion either for facilitating or potentially for curbing invasions. Overall, our work

highlights an additional and previously underestimated threat for the fragile moun-

tain flora of the Alps already facing climate changes, land-use transformations and

overexploitation by tourism.
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1 | INTRODUCTION

Despite the recognized and growing problem of invasive alien spe-
cies damaging native diversity and ecosystem function (Mack et al.,
2000; Sax & Gaines, 2008), it is clear that not all habitats are equally
susceptible to invasion by species introduced through human inter-
vention (Chytry et al, 2008). Mountain ecosystems, for example,
have largely been spared from invasions, mostly because of harsh di-
matic conditions and comparatively low human population densities
(Kueffer et al., 2013; Pauchard et al., 2009). However, the diversity
and abundance of alien plants in mountain ranges has been increas-
ing over the last few years (Becker, Dietz, Billeter, Buschmann, &
Edwards, 2005; Johnston & Pickering, 2001; Pauchard et al., 2009;
Pickering, Hill, & Green, 2008), suggesting that the potential for inva-
sion impacts to increase in the future already exists (Williamson &
Fitter, 1996).

Alpine environments in Europe are increasingly threatened by
climate change (Engler et al, 2011), abandonment of traditional
agro-pastoral practices leading to shrub and tree encroachment
(Gehrig-Fasel, Guisan, & Zimmermann, 2007) and the development
of mountain areas for recreational use (Godde, Price, & Zimmer-
man, 2000). In the future, these three aspects of environmental
change are likely to interact with biological invasions and with the
potential for native vegetation to resist such invasions. A warming
climate is likely to weaken some of the barriers currently constrain-
ing aliens to lower elevations (Petitpierre et al, 2016). The effects
of land-use abandonment on the future spread of alien species are
more difficult to predict as abandonment could either open new
opportunities for the invasion of alien trees and shrubs or, in con-
trast, lead to greater biotic resistance of the resident wegetation
following woody species encroachment (Lenda et al., 2012; Pruch-
niewicz, 2017). Increased tourism and growing human populations
will inevitably lead to higher colonization and propagule pressures
of alien species, which is known to enhance their spread (Colautti,
Grigorovich, & Maclsaac, 2007; Kalwij, Robertson, & van Rensburg,
2008; Lockwood, Cassey, & Blackbum, 2009). Finally, given that
omamental horticulture is the major introduction pathway for inva-
sive plants (Weber, 2005), new alien invasions in mountains could
be fostered through the introduction of preadapted ormamental

species for revegetation of disturbed sites or as amenity plantings
in resorts (Kueffer et al., 2013; McDougall, Morgan, Walsh, & Wil-
liams, 2005).

Preventing biological invasions is much more time- and cost-
efficient for conservation management than control and eradication
efforts following introduction (Leung etal. 2002). However,
although researchers are increasingly acknowledging the growing
importance of biological invasions as a threat in mountain areas
(Kueffer et al.,, 2013; Pauchard et al., 2009, 2016), scenario-based
assessments of plant invasion risks, and particularly those that
account for the effects of different drivers of invasion, are largely
missing (but see Petitpierre et al, 2016). Modelling alien species
spread does pose several challenges (Gallien, Munkemuller, Albert,
Boulangeat, & Thuiller, 2010). For example, given that alien species
interact with natives, it is critical to account for native vegetation
changes under global change (Pauchard et al., 2016). Furthermore,
because invading alien species are typically not at equilibrium, the
dynamics of dispersal and spread must be taken into account (Gal-
lien et al., 2010; Theoharides & Dukes, 2007). Finally, as different
global change components such as climate, land-use and propagule
pressure have so far been mostly studied in isolation, we still
poorly understand their interactive effects (Bradley, Blumenthal,
Wilcove, & Ziska, 2010; Mobis, Jaeger, & Zimmermann, 2009).
Hybrid dynamic vegetation models integrate the advantages of
phenomenological environmental suitability models and of process-
based models, and can therefore address all of the challenges
described above (Dormann et al, 2012). They thus represent an
excellent tool for investigating alien species expansion in mountain
regions under global change (Boulangeat, Georges, & Thuiller, 2014;
Bradley et al., 2010; Gallien et al., 2010).

In this paper, we use the hybrid simulation model FATE-HD to
predict invasion risks (i.e. the likelihood of invasion) in a protected
mountain area in the French Alps under different scenarios of future
climate, land-use and propagule pressure. More specifically, we ask
(1) whether increased propagule pressure, climate change, land-use
abandonment and their interactions will lead to greater plant inva-
sion risks in mountain ecosystems, and (2) whether the escape and
spread of preadapted plants introduced through omamental trade

will present an additional risk under these scenarios.



2 | MATERIALS AND METHODS

2.1 | Study area

We focused on a protected mountain area in the French Alps (Ecrins
National Park ENP), which covers 270,000 ha and is characterized
by large environmental and altitudinal gradients (650 4,100 m a.s.l.),
with lower altitudes mostly at the peripheries of the park (Fig. S1).
The ENP is located at the crossroads of temperate and Mediter-
ranean climates and harbours ca. 2,000 vascular plant species, with
so far only very few occurrences of alien species. Currently, two-
thirds of the park consist of open habitats, managed mostly through
traditional agro-pastoral practices such as extensive grazing (80%)
and/or mowing (25%), while forests cover ca. 25% of the area. The
department Hautes-Alpes (where the ENP is located) is currently the
third least populated in France, but since 2006 its population has
increased by ca. 1.2% each year, more than twice the national aver-
age (Insee, 2014), supporting more than 360,000 tourist beds.
Within the department, the ENP is in itself a tourist destination, sup-
ported by a network of 740 km of mountain trails and more than 30
mountain huts.

2.2 | Hybrid simulation model

We used the spatially explicit hybrid model FATE-HD to simulate
spatio-temporal dynamics of resident vegetation and plant invasions
under different global change scenarios (Boulangeat, Georges, et al.,
2014; Boulangeat, Georges, Dentant, et al., 2014). FATE-HD combi-
nes species distribution models (SDMs) with process-based modelling
to simulate population dynamics (dispersal, germination, recruitment,
survival and seed production) of species or plant functional groups
as a function of environmental suitability (with temporal stochastic-
ity), competition for light and species traits. A disturbance submodel
allows the simulation of management practices by including spatially
explicit and species-specific mortality in relation to grazing and mow-
ing.

The FATE-HD model was recently parameterized for the ENP
and used for simulating the dynamics of 24 plant functional groups
(PFGs) at 100 m resolution (Boulangeat, Georges, et al., 2014;
Appendix S1). Using PFGs, i.e. clustering species with similar charac-
teristics that respond to biotic and abiotic constraints in a similar
way, was required to increase computing speed. The PFGs for the
dominant native species in the park were constructed using a clus-
tering approach (Boulangeat et al., 2012) based on environmental
preferences and five functional traits related to the processes imple-
mented in FATE-HD (tolerance to shading, vegetative height, disper-
sal distance class, tolerance to grazing and life form). Environmental
suitability maps for each PFG were created through species distribu-
tion models (SDMs) with the ensemble modelling platform biomod2
(Thuiller, Lafourcade, Engler, & Araujo, 2009), by pooling occurrences
of the representative species in the French Alps and relating them to
seven topo-climatic variables (slope, percentage of calcareous soil
and five bioclimatic variables). Mowing and three intensities of
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grazing were simulated annually based on a map of the currently
managed areas in the ENP (Esterni et al., 2006). Through this
approach, Boulangeat, Georges, et al., (2014) were able to success-
fully reconstruct and validate the current distribution and structure
of the native vegetation in the park. Here, we used this model and
its output as a baseline for simulating introductions of alien species.
For a more detailed description of the base model, parameterization
and databases used see Appendix S1, and for a full description see

Boulangeat, Georges, et al., (2014).

2.3 | Alien and ornamental species

In order to simulate potential invasions, in addition to the 24 PFGs
of native species already parameterized and simulated in the ENP,
we built a set of PFGs of alien species. We focused on two groups
of potential future plant invaders for the park: 1) the most abundant
alien species currently naturalized in the surrounding French Alps
and 2) a set of mountain-adapted species from a pool of candidate
ornamental species that have been shown to harbour potential for
future invasions in Europe (Dullinger et al., 2016). First, we identified
the alien species already naturalized in the region using a vegetation
database provided by the National Alpine Botanical Conservatory
(CBNA) for the French Alps (Fig. S1a). This database provides broad
coverage for the French Alps, with more than 40,000 total recorded
occurrences for alien species. We selected alien species recorded in
at least 100 plots in the French Alps and occurring at least once
within the ENP. This left us with a set of 40 current alien invaders
in the region (“naturalized aliens” hereafter). Second, for the set of
ornamental species, we based our selection on the species identified
by Dullinger et al. (2016) as potential future ornamental escapes in
Europe. These are all nonnative ornamental plants currently culti-
vated or commercially available in Europe, known to have already
naturalized in the wild outside Europe, and predicted to be favoured
under climate change in Europe. We narrowed this candidate species
group based on availability of trait data, and by identifying, through
a search on efloras.org, those species reported to occur in alpine
environments in their native or naturalized ranges. As a result, we
ended up with 10 candidate herbaceous ornamental species not yet
naturalized in Europe but with high potential of escaping in the ENP
(“ornamentals” hereafter).

We used the same approach previously adopted for the native
species (outlined in detail in Boulangeat et al.,, 2012) to build and
parameterize functional groups of naturalized alien and ornamental
species (Appendix S3); here, however, we opted for creating groups
of relatively few species as the starting species pool was more func-
tionally diverse. Demographic factors for parameterization (longevity
and age at maturity) and most functional trait values (tolerance to
shade, vegetative height, dispersal distance class and tolerance to
grazing) were derived from the literature (Kattge et al., 2011; Landolt
et al., 2010) and/or from expert assessment (see Appendices S1, S3).
For the ornamental species (for which many trait values were not
available through databases or expert knowledge), we used data

from experiments with the same set of ornamental species: a
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shading experiment to judge species tolerance to shade (Haeuser,
Dawson & van Kleunen, unpublished data) and a competition experi-
ment across different watering treatments to measure height (Conti
et al. submitted). In the end, the functional group classification iden-
tified 18 functionally homogenous alien species groups (Table 1,
Appendix S3): 13 PFGs for the naturalized aliens (four phanero-
phytes, ‘P’, one chamaephyte, ‘C’, eight herbaceous, ‘H’) and five
PFGs for the ornamentals (one chamaephyte and four herbaceous).
For each alien PFG, we produced environmental suitability maps
through the ensemble modelling platform biomod2 (Thuiller et al.,
2009), by pooling occurrences of the associated species. For the
“naturalized alien” group, we used exactly the same approach as for
the natives and based the SDMs on environmental and occurrence
data (presence and absence) from the CBNA in the entire French
Alps (using the same variable set as for the natives), in order to
account for the realized niche in the adventive range in the study
region. This approach has been shown to provide equal performance

for predicting potential presences of alien species in the French Alps

TABLE 1 Alien plant functional groups (PFGs) with examples of
species for naturalized aliens (aH1-8, aC1 and aP1-4) and
ornamentals (oH1-4, oC1). Life form classes are herbaceous (aH1-8,
oH1-4), chamaephytes (aC1, oC1) and phanerophytes (aP1-4)
PFG Species
Naturalized Aliens
aCl Senecio inaequidens

aH1 Amaranthus albus, Amaranthus hybridus, Amaranthus
retroflexus, Panicum capillare

aH2 Ambrosia artemisiifolia, Bunias orientalis, Euphorbia lathyris,
Juncus tenuis

aH3  Artemisia annua, Euphorbia maculata, Datura stramonium,
Tragus racemosus

aH4 Bidens frondosa, Conyza sumatrensis, Arundo donax,
Sorghum halepense

aH5 Conyza canadensis, Solidago canadensis, Solidago gigantea,
Oenothera biennis, Oenothera glazioviana

aH6  Erigeron annuus, Impatiens balfouri, Impatiens glandulifera,
Galega officinalis, Oxalis fontana, Bromus catharticus,
Panicum dichotomiflorum

aH7  Phytolacca americana, Reynoutria japonica, Reynoutria
sachalinensis

aH8  Sporobolus vaginiflorus
aP1  Buddleja davidii, Robinia pseudoacacia, Syringa vulgaris
aP2  Pyracantha coccinea, Parthenocissus inserta
aP3  Ailanthus altissima
aP4  Cedrus atlantica
Ornamentals
oC1 Potentilla argyrophylla
oH1 Centaurea americana, Centaurea macrocephala, Zinnia peruviana
oH2  Eritrichium canum, Iris domestica
oH3  Helenium bigelovii

oH4 Heliotropium arborescens, Nepeta racemosa, Persicaria capitata

as models that contemporarily account for global occurrences (Gal-
lien, Douzet, Pratte, Zimmermann, & Thuiller, 2012). For the “orna-
mental” group, this approach was not possible as these species have
not yet naturalized in the region. We therefore used the world-wide
occurrence data available through Global Biodiversity Information
Facility (GBIF; within 10’ x 10’ grid cells) as the best available
approximation. We acknowledge that this likely represents an over-
estimation of the realized environmental niche for these species in
the ENP region (as shown by Gallien et al., 2012 for the French
Alps), but in our approach the environmental suitability only repre-
sents the fundamental climatic constraints. The limits imposed by
dispersal and biotic interactions are explicitly modelled in FATE-HD
and should reduce this bias. As we had no information on true
absences of species through GBIF we generated 1,000 ‘pseudo-
absences” outside a radius of 40 km but no further than 500 km of
each occurrence point (to only include environmental conditions
where the species could have potentially dispersed). This selection
of pseudo-absences also allows having the same sample bias as the
occurrence data, which has been shown to be a good practice in
species distribution modelling (Phillips et al., 2009). We used a biocli-
matic variable set to span a range of influential temperature and pre-
cipitation conditions with negligible multicollinearity effects,
obtained from WorldClim (Hijmans, Cameron, Parra, Jones, & Jarvis,
2005): BIO6 minimum temperature of coldest month, BIO10

mean temperature of warmest quarter, BIO12 annual precipitation,
BIO14 precipitation of driest month. For model details, maps

(Fig. S3 S5) and evaluation (Tables S6 and S7) see Appendix S4.

24 | Simulation workflow and scenarios

As a starting point for our simulation workflow, we used the vali-
dated simulations of the equilibrium vegetation of the ENP under
current climate and land-use management (Boulangeat, Georges,
et al., 2014; Boulangeat, Georges, Dentant, et al., 2014). We then
simulated the introduction of the alien PFGs through annual seeding.
The sites of simulated introduction were based on a map of the
Human Footprint in the ENP (Fig. S3 in Appendix S2). The Human
Footprint (Sanderson et al., 2002) is an index combining information
on land-use, population density and transportation network (includ-
ing mountain footpaths). As such it represents an excellent proxy of
potential local propagule pressure for introduced species (Lockwood,
Cassey, & Blackburn, 2005). Simulations were run for 800 time-steps
after starting alien introductions, in order to allow reaching quasi-
equilibrium and stabilization of the long-lived alien PFGs, as well as
for comparability with the natives. Note that there is considerable
uncertainty about the temporal scale and resolution of transient
dynamics and we have insufficient data for a precise temporal vali-
dation. For this reason we focus mostly on equilibrium conditions (as
done previously, e.g. Boulangeat, Georges, et al., 2014; Boulangeat,
Georges, Dentant, et al., 2014), though we also examine mid-term
responses and interpret temporal dynamics in relative terms. Fur-
thermore, to assess the naturalization potential of the alien PFGs in

the ENP independently of propagule pressure, in a separate set of



simulations the yearly introductions were stopped after 300 years.
This set of simulations, though unrealistic, also allowed evaluation of
potential effects of bans on alien species from park managers.
Although alien abundance dropped considerably when stopping
introductions, and the effect to each PFG differed in strength, the
overall response of the alien species to future global change scenar-
ios was qualitatively very similar in simulations with and without
continued introductions (see Appendix S5). In the following, we thus
focus on simulations in which introductions were continued through-
out.

We simulated two scenarios of propagule pressure (current or
increased) depending on the development of tourism, combined with
two scenarios of future climate (current climate or climate change)
and two land-use scenarios (current land-use or land-use abandon-
ment). In the current propagule pressure scenario, introductions were
a proportion of a set maximum number of seeds depending on the
human footprint value in each pixel (i.e. highest introduction inten-
sity in the most densely populated centres, and lowest introduction
intensity along mountain footpaths; see Appendix S2 for maps and
for details). In the increased propagule pressure scenario, the maxi-
mum introduction level was applied in all areas that had a non-zero
human footprint (simulating a maximum exploitation of all areas suit-
able to humans). Climate change was simulated by changing habitat
suitability maps at 15 years intervals for the first 90 years of simula-
tion, based on climatic projections for the intermediate emissions
scenario A1B, and then held constant for the remaining simulation
years to allow vegetation to reach quasi-equilibrium under the target
future climate conditions (Appendices S1, S4, Boulangeat, Georges,
Dentant, et al,, 2014). Land-use abandonment was simulated by
stopping all grazing and mowing activities everywhere in the park at
year 4 and until the end of the simulation (Boulangeat, Georges,
Dentant, et al., 2014). We thus had one baseline scenario in which
we simulated the persistence of the current conditions in the ENP
(current climate, current management and current human footprint),
and several scenarios with combinations of changing conditions.
Each alien PFG was introduced in separate simulation runs in order
to focus only on biotic interactions with the natives, and each simu-
lation scenario was repeated three times for a total of 432 runs for
the set of simulations with continuous introductions (2 PPs * 2 Cli-
mate * 2 Land-use *18 PFGs (13 naturalized aliens + 5 ornamentals)

* 3 repetitions).

2.5 | Analyses

To answer our first question focusing on naturalized alien PFGs, we
analysed different features of alien ranges and abundance that char-
acterize invasion risk under different global change scenarios: (1) the
final potential area of occupancy of each naturalized alien PFG in
the ENP at equilibrium, (2) the aggregated richness of naturalized
aliens in each grid cell (100 x 100 m) and (3) the upward shift of
the upper altitudinal invasion limit. To assess the final potential area
of occupancy of each naturalized alien PFG in the ENP at equilib-

rium, we calculated the final area of occupancy per PFG as the
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proportion of grid cells occupied at the end of each simulation run
(year 800). We then fit a generalized linear mixed effects model
(GLMM) to analyse the response of alien spread to different propag-
ule pressures, land-use regimes and climate scenarios (package ‘nime’
in R; Pinheiro, Bates, DebRoy, & Sarkar, 2007). The response was
the final PFG occupancy in the ENP, log-transformed to normalize
residuals. We included four fixed factors and all their two-way inter-
actions: “Propagule Pressure” with two levels (“low” and “high”), “Cli-
mate” with two levels (“current climate” vs. “climate change”), “Land-
Use” with two levels (“current land-use” vs. “land-use abandonment”)
and “Life Form” with three levels (‘'C’, ‘H' and ‘P’). Life form was
included because we expect herbaceous, chamaephyte and phanero-
phyte PFGs to respond differently to global change, which we can
assess by examining interaction terms. Finally, we also included PFG
identity as a random factor. We consider fixed factors and their
interactions to have an effect if the 95% credible intervals (2 SD)
of the standardized effect sizes do not overlap zero. This model
allowed us to assess if the invasion risk in the ENP at equilibrium
(i.e. the proportion of the park at risk of being invaded) depends on
the global change scenario and on the life form of the alien. To bet-
ter disentangle the effects of land-use we also calculated and com-
pared PFG occupancy in undisturbed and managed grid cells (mown
or grazed) separately. Second, we assessed the aggregated richness
of alien species spatially by summing the numbers of alien PFGs pre-
dicted to occur in each grid cell. This allowed us to quantify a cumu-
lative invasion risk for each area of the park (but note that this likely
represents an upper-bound as interactions among alien species are
not accounted for). Finally, we quantified the upper altitudinal inva-
sion limit by calculating the 75™ quantile of elevation reached by
the alien PFGs. We then assessed the overall dynamics of average
aliens’ upward spread in time (annual shift of the 75" quantile of
elevation) and space (final average number of PFGs at each eleva-
tion) across the different scenarios. This allowed us to evaluate inva-
sion risks at higher elevations.

To answer our second question and to test how invasion risk
increases as a consequence of the escape and spread of ornamental
plants, we followed the same approach outlined above for the natu-
ralized aliens. We assessed the final area of occurrence of each
ornamental PFG in the ENP and the aggregated richness of orna-
mentals in each grid cell at the end of the simulation period. Then,
we fit a GLMM relating final occupancy of ornamentals to propagule
pressure, land-use, climate, life form and their interactions as fixed
factors, including PFG identity as random factor.

3 | RESULTS

3.1 | Effects of global change on naturalized aliens

In the baseline scenario, alien species already naturalized in the
French Alps (‘naturalized aliens’) tended to be relatively uncommon
(occupying well below 10% of the park surface) and mostly limited
to lower elevations at the margins of the ENP (Figures 2 6). The rel-
atively tall and shade intolerant herbaceous PFGs aH4 and aH5
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FIGURE 1 Effect sizes for generalized linear mixed effects models (GLMMs) of the response of alien species spread (i.e. final area of
occupancy) to different propagule pressure, land-use and climate change scenarios, and their two-way interactions for “naturalized aliens” (a)
and "ornamentals” (b). Life form (‘Chamephyte’, ‘Herbaceous' and ‘Phanerophyte’) was also included as a fixed factor, while plant functional
group identity was included as a random factor. Shown are effect sizes +2 SD representing standardized differences compared to the baseline
scenario (low propagule pressure, current land-use and current climate) for the chamaephytes
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FIGURE 2 Effects of propagule pressure (PP) scenarios on area of occupancy of the alien plant functional groups (PFGs) in the Ecrins
National Park at the end of the simulations after reaching quasi-equilibrium. Shown separately are results for already naturalized alien PFGs
(left panel) and for omamental PFGs {right panel). See Table 1 for the PFG codes and the species included in each group and Table S5 in
Appendix S3 for their parameter values. Refer to Figure 1 for effect sizes for PP across life forms

(including e.g. Conyza and Oenothera spp.) as well as aHé (including
Impatiens spp. and Erigeron annuus) were the most widespread
among the herbs, while the shrub group aP2 (e.g. Pyracantha coc-
cinea) characterized by long distance bird-mediated dispersal was the

most widespread phanerophyte (Table S5). However, propagule pres-
sure, climate change, land-use abandonment and their interactions all
affected invasion success, resulting in significant changes in occu-
pancy within the ENP across PFGs (Figure 1a). The strength of the
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The baseline scenario ("Base”) represents the persistence of the current conditions in the ENP (current climate and current land-use). Results
are shown separately for already naturalized alien PFGs (left panel) and for ornamental PFGs (right panel). Refer to Figure 1 for effect sizes for
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FIGURE 4 Effects of land-use abandonment on area of occupancy of alien plant species of different plant functional groups in the Ecrins
National Park at the end of the simulations after reaching quasi-equilibrium. Results are shown separately for managed (grazed or mown) and
unmanaged habitats for the naturalized alien trees (i.e. phanerophytes, left), for the naturalized alien herbs (i.e. chamaephytes, and other

herbaceous, centre) and for the ornamental functional groups (right)

effects of these global change factors depended on the life form and
functional group of the invaders (interaction terms in Figure 1a), as
we detail in the following paragraphs.

Increased human-mediated propagule pressure led to greater
occupancy for almost all functional groups across scenarios (Fig-
ure 2), but certain aliens were particularly affected. Specifically, the
long-lived herbaceous (aH7, e.g. Reynoutria japonica) and woody
(aP4, Cedrus atlantica) PFGs more than doubled in occupancy in the
high propagule pressure scenarios (Figure 2). In accordance with its
high dependence on propagule pressure, the occupancy of the R
japonica group (aH7) dropped drastically below 1% of the park area
if introductions were stopped after an establishment period
(Appendix Sé). This was not the case for the phanerophyte C. atlan-
tica (aP4), which once established was independent of further intro-
ductions and persisted in the study area with similar area of
occupancy even in the long term (Appendix S6).

Across propagule pressure scenarios, simulated climate change
resulted in significantly greater spread and higher elevation limits for
all life forms (Figures 3 and 5a,b), with herbaceous PFGs occupying
up to 20% of the park area and woody PFGs more than doubling in
area of occupancy at the end of the simulation time (Figure 3). Her-
baceous aliens migrated rapidly upslope following the ongoing cli-
mate changes and the upper margin of their ranges stabilized on
average 100 150 m higher than in the baseline scenario (Figure 5c).
The upward shift of alien trees was more modest, not as long-lasting
(Figure 5d), and also less pronounced compared to the native trees
(Boulangeat, Georges, et al, 2014; Boulangeat, Georges, Dentant,
et al.,, 2014; Fig. S10 in Appendix S6). This pattern was driven
mostly by Ailanthus altissima (aP3), which initially migrated upslope
but was then likely outcompeted by forest-edge and late-succes-
sional native trees (such as nP7 and nP5; Table 51, Fig. 510). Overall,

climate change resulted in an increase in the average number of
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FIGURE 5 Changes in the upper altitudinal invasion limit under different climate and land-use scenarios and under constant (current)
propagule pressure shown for one simulation repetition. Shown are the average numbers of naturalized alien functional groups across

elevation at the end of the simulation after reaching quasi-equilibrium (a) and the change of the upper quartile of PFG's elevation occurrence
for the naturalized aliens (averaged across PFGs) over time for the first 500 years of simulation (b). In panels (c) and (d), the simulated upper
elevation dynamics of herbaceous and woody alien PFGs, respectively, are shown. Grey lines represent current climate and black lines climate

change scenarios; solid lines represent current land management and dashed lines represent land abandonment scenarios

potentially occurring alien species at all elevations (Figure 5a) and in
the interior of the park (Figure é), and in an upward shift of the
invasion front (from ca. 2,000 to 2,500 m a.s.l, Figure 5a).

Land-use abandonment had contrasting effects on herbaceous
and woody aliens. On the one hand, abandonment led to a strong
decrease in the area occupied by herbaceous aliens (Figure 3) as
these were quickly outshaded by native shrubs and trees colonizing
the abandoned grasslands (Figure 4). Alien herbs therefore attained

much lower elevations in general (Figure 5c), resulting in lower

potential alien richness at all elevations other than in the lowlands
below 1,000 m a.sl. (Figure 5a) and in the periphery of the park
(Figure 6). On the other hand, woody aliens profited, just like native
shrubs and trees, from abandonment, invading the previously man-
aged areas and expanding their area of occupancy more than under
climate change (Figures 3 and 4). This resulted also in an upward
shift in the invasion front of woody aliens driven again mostly by A.
altissima gradually replacing the native pioneer groups after an initial
time lag (e.g. the native Larix decidua, nP4; Figs. 59 and 510). As
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FIGURE 6 Number of alien plant
functional groups (naturalized aliens and
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across the Ecrins National Park at the end
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expected, invasion of unmanaged areas was not strongly affected by
abandonment (for neither herbs nor trees, Figure 4).

Overall, climate change and land-use abandonment had mostly
additive effects on final alien occupancy (Figure 3). These were
antagonistic for the herbs and synergistic for the trees. Thus, on the
one hand, the occupancy of alien herbs under land-use abandonment
combined with climate change was intermediate compared to the
scenario with land-use abandonment under current climate and the
scenario with climate change under current management (Figure 3).
On the other hand, the combined effects of climate change and
land-use abandonment resulted in a fourfold increase in the average
area of occupancy of the woody PFGs at the end of the simulation
(Figure 3). In the scenario in which both climate change and land-use
abandonment took place, aliens (including trees such as A. altissima
in aP3 and Robinia pseudoacacia in aP1) initially colonized higher ele-
vations following climate change, but were later gradually replaced
at the upper limits of their elevation range as native tree cover fully
developed after ca. 200 300 years (Figs. S9 and S10). At the end of
the simulation, this resulted in higher potential local richness of

aliens mostly below 1,500 m and at the borders of the park, but
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lower average richness than under current management at higher

altitudes (Figures 5 and 6).

3.2 | Ornamental species

Simulations for ornamental PFGs generally resulted in greater occu-
pancy than for naturalized aliens across simulations, with on average
ca. 30% of the park area being suitable for ornamental establishment
in the baseline scenario. In general, all ornamental PFGs were also
strongly affected by propagule pressure (Figure 1), with the group
oH3 of Helenium bigevolii (characterized by high environmental suit-
ability at higher elevations, Figs. S1, S5) roughly doubling in abun-
dance in the high propagule pressure scenario (Figure 2). Overall,
herbaceous ornamentals responded to other global change compo-
nents in a qualitatively similar way as the herbaceous naturalized
aliens. Climate change mostly led to an increase at higher elevations,
while land abandonment resulted in a decrease in the area occupied
by ornamentals (Figure 3, Figs. S1b, $S12). However, responses varied
across the different ornamental groups, which were in some cases

limited by climate change as they tracked their suitable climate



e298

upward in elevation (e.g. see the chamephyte group of Potentilla
argyrophylla in Figure 3 or climate suitability evolution for oH4 in
Fig. Sé6c). In combination, climate change and land abandonment had
mostly antagonistic effects, with grid cells becoming suitable for a
larger number of ornamentals mostly located in the peripheral lower
altitudes of the park (Figs 3, S1b, S12). Interestingly, in the land-use
abandonment scenarios ornamental plants were less affected by col-
onizing native trees within abandoned grasslands compared to

herbaceous naturalized aliens (Figure 4).

4 | DISCUSSION

Mountain ecosystems typically host few alien species, but this situa-
tion is rapidly changing with increasing global change (Alexander
et al., 2016). Here, we assessed the future potential distribution of a
selection of alien plant species in a protected mountainous area in
the European Alps, and showed that predicted future global and
local changes are likely to relax many of the constraints that cur-
rently limit plant invasions to lower altitudes. Our spatially and tem-
porally explicit vegetation model predicts an expansion and often a
shift of the upper elevational distribution limit for most modelled
alien plant groups under different climate and land-use scenarios.
These results highlight an additional and previously underestimated
threat for the fragile mountain flora of the Alps, already facing cli-
mate changes, land-use transformations and increased tourism.

4.1 | Mountain invasions under global change
scenarios

Our baseline scenario confirmed that mountain ecosystems in the
French Alps are currently characterized by limited suitability for alien
species, which are largely restricted to lower altitudes in valleys.
Indeed, most previous studies from different biomes around the
world show a consistent pattern of declining alien plant richness
from a maximum at the lowest or lower third of the elevation gradi-
ent (Alexander et al., 2011; Pauchard et al., 2009; Seipel et al.,
2012). Interestingly, in our simulated baseline scenario, we found
declining richness patterns that mirror very closely those observed
by Becker et al. (2005) along a similar altitudinal gradient in Switzer-
land (500 2,500 m a.s.l.), although in our case we recorded numbers
of distinct PFGs rather than species. Compared to previous phe-
nomenological modelling work we obtained less extreme upper ele-
vational limits for our modelled aliens (cfr. Petitpierre et al., 2016).
This might be because FATE-HD allows to model two critical pro-
cesses of species spread, i.e. the demography of metapopulations
and the dispersal rate of species, both of which are considered key
for expanding invasive species and can limit their potential range
(Hastings et al., 2005; Theoharides & Dukes, 2007; Wilson, Dor-
montt, Prentis, Lowe, & Richardson, 2009). We note also that several
of the top-10 of the most frequently recorded alien species by
Becker et al. (2005) in the Swiss Alps matched the functional groups

occupying larger areas in our baseline simulations (Conyza sp. and

Solidago canadensis in aH5, Erigeron annuus and Oxalis fontana in
aH6). These congruencies between our baseline simulations and
observed patterns in similar environments offer support for our
approach. However, in accordance with trends already under way in
the European Alps and other mountain ranges (Becker et al., 2005;
Johnston & Pickering, 2001; Pauchard et al., 2009; Pickering et al.,
2008), we found an increase in the spread potential of alien species
under most future scenarios.

We found strong effects of climate change on invasion risk in
the ENP, leading to greater alien occupancy in valleys in the interior
of the protected area. A recent study already showed that under a
warmer and drier climate, most plant invaders currently naturalized
in the surrounding lowlands will strongly gain climatically suitable
area in the European Alps (Petitpierre et al., 2016). However, shifts
in the native vegetation driven by climate change may potentially
limit alien species spread, or alternatively these shifts could further
facilitate alien spread (Pauchard et al., 2009). Here, we improve on
previous work by accounting for light-mediated interactions with the
concurrently shifting native vegetation. While, to a large degree, we
corroborate previous results by finding that herbaceous alien species
track their climatic niche upslope, we also found evidence that biotic
resistance can partially mitigate the upward spread of alien trees
such as A. altissima or R. pseudoacacia as a consequence of native
woody species encroachment and vegetation succession. These
results highlight the importance of accounting for changing biotic
interactions.

In addition to climate change, we simulated the two main trends
in the future anthropogenic development of European mountain
landscapes: abandonment of pastoral activities vs. the development
of tourism. Both significantly affected the future risk of plant inva-
sions in the ENP. Higher propagule pressure, associated with the
development of tourism in mountains, increased the area potentially
invaded by alien species, a pattern reinforced under climate change
in accordance with previous results (Nobis et al., 2009). While
propagule pressure increased the risk of invasion across all modelled
functional groups, the abandonment of grazing and mowing had
more complex effects. Abandonment opened new invasion opportu-
nities only for woody alien groups, leading to increases comparable
to those associated with climate change in terms of final occupancy
and upslope shift, though after a considerable time lag (ca.
300 years). Indeed, lagged spreads of certain trees such as Robinia
pseudoacacia and Ailanthus altissima into natural environments after
more than a century of planting into public parks are known from
Central Europe, potentially also in response to warming climates and
the availability of more suitable sites (Kowarik, 1995). In contrast,
we found opposite patterns for herbs. Herbaceous alien species are
known to profit from anthropogenic disturbances, particularly in cold
climates such as high elevation habitats (Eskelinen, Kaarlejarvi, &
Olofsson, 2017; Vavra, Parks, & Wisdom, 2007). When such grazing
and mowing disturbances were eliminated in our simulations, we
observed strong declines in the spread of alien herbs, as a conse-
quence of colonization by native trees that outshaded them. Such

declines after abandonment were consistent among all herbaceous



aliens groups, while herbaceous natives had more mixed responses
depending on their shade tolerance (Boulangeat, Georges, et al.,
2014).

Climate changes and land-use abandonment also interacted in a
complex fashion by influencing the transient dynamics of alien spe-
cies spread in the ENP. Aliens profited from the slow growth, long
life cycles and consequently slow recolonization of native plants
(Dullinger, Dirnbock, & Grabherr, 2004; Pauchard et al., 2009) and
thus temporarily spread upslope, tracking the gradually more suitable
climate in the first 200 years of simulation. These results suggest
that even if the responding native vegetation may eventually exclude
aliens at higher altitudes, interacting climate and land-use changes
may offer a window of temporary invasion in the short to mid-term.
Indeed at year 100, which represents a mid-term time-frame which
is relevant for conservation, invasion risk and richness of aliens
across the park was higher for almost all scenarios (Fig. S11, year
100). We note that the later exclusion of aliens depends on our
parameterization assumption that allows germination and recruit-
ment in shady conditions for woody native species (Boulangeat,
Georges, et al., 2014). Lastly, in the long run, the interaction of land-
use abandonment with climate change at equilibrium also shifted the
areas of highest invasion risk spatially, restricting the areas suitable
for the maximum number of aliens to lower altitudes at the periph-
ery of the ENP.

Overall, we showed that interacting agents of global change in
combination with the responses of the native vegetation can have
unforeseen effects on both the temporal dynamics and final distribu-
tions of alien plants in mountains. By accounting jointly for several
main agents of anthropogenic environmental change, we illustrate
invasion opportunities driven by the interactions between climate
change and other human-caused changes (i.e. land-use abandonment
and increased propagule pressure). Our results also highlight the
importance of accounting for often-neglected biotic interactions with
the resident vegetation, including the potential facilitating effects of
range-expanding natives and the relaxation of biotic resistance from
declining alpine species.

Finally, preadaptation to severe abiotic conditions might promote
future invasions of newly introduced ornamental plants into touristi-
cally developing mountains (Kueffer et al., 2013; McDougall et al.,
2005; Pauchard et al., 2009). We tested this idea in the ENP for a
set of functional groups of ornamental plants that already have a
naturalization history in high altitudes of other mountain ranges. Our
simulations showed that, if introduced, large areas of the ENP would
be suitable for the establishment of these alien ornamentals under
different future scenarios. Although we cannot quantitatively com-
pare the final area of occupancy of these ornamental species to that
of the already naturalized aliens because of differences in the under-
lying environmental suitability models, the qualitative response to
global change agents was informative. For example, we found that
preadapted ornamental species were very strongly favoured by
increased propagule pressure at higher elevations (strong propagule
pressure effect, Figures 1 and 2). This effect was on average less

strong for the already naturalized aliens (Figure 2). Because most
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alien species to date have been initially introduced into lowland
habitats, there may be selection against taxa adapted to higher ele-
vations (Becker et al., 2005; Marini et al., 2013). In our future sce-
nario in which preadapted aliens were introduced directly into higher
elevations because of increased propagule pressure, this “lowland fil-
ter” was reduced and invasion risks became much higher than under
current introduction scenarios (e.g. oH3, Helenium bigelovii). Further-
more, while herbaceous ornamental plants and already naturalized
aliens generally responded to climate and management change in a
similar way, the ornamentals were less affected by developing forest
cover in abandoned pastures. This was because they were on aver-
age more tolerant to shade and to competition (i.e. had higher sur-
highly
environments). This result suggests that traits that might typically be

vival rates and recruitment in shaded/competitive
selected for in the horticultural trade for alpine gardens (e.g. fast
growth under limited resources, winter hardiness) might provide a
competitive advantage for ornamental plants escaping into mountain
landscapes under future land-use transformations (Marco, Lavergne,
Dutoit, & Bertaudiere-Montes, 2010; Maurel, Hanspach, Kuhn,
Pysek, & van Kleunen, 2016; Van Kleunen & Johnson, 2007). Over-
all, by relying on both functional traits and climatic envelopes from
global ranges, we could provide first estimates of suitability of a
European mountain region for alien ornamental plants that have not
yet escaped cultivation, as well as their responses to future global
change agents. Although these insights are certainly still approxima-
tions, they provide a basis for putting in place proactive alien species

management in mountain environments.

4.2 | Threat to native mountain flora and
management responses

Mountainous environments are assumed to be threatened by a suite
of ongoing environmental changes, but biological invasions are con-
sidered to be of less relevance (Sala et al., 2000). We have shown
that global change factors will reduce the potential of native vegeta-
tion in mountains to resist invasion, and that it is a matter of time
before alien species will spread to higher elevations. Given that the
flora of mountains is particularly vulnerable to rapid environmental
changes due to dispersal-limiting rugged mountain morphology and
the presence of many range-restricted species (Engler et al., 2011,
Thuiller et al., 2014), the additional pressure caused by increased
biological invasions may have serious long-term consequences for
mountain biota.

Contrary to many already highly invaded ecosystems, science
and management still have the opportunity to act precautionarily in
mountain environments. Limiting the spread of existing alien species
populations along elevational gradients is an important initial man-
agement goal (Lembrechts et al., 2017). We have shown that if
introductions are limited or completely stopped, e.g. through appro-
priate regulations drastically curbing propagule pressure, some alien
functional groups, such as Ambrosia artemisiifolia or Reynoutria japon-
ica, which are highly invasive in other settings, would very quickly

be excluded in these harsh environments under most future



scenarios. However, this was not the case for many other groups
(e.g. Cedrus atlantica), highlighting the importance of cost-effective
early management response. One essential tool for precluding future
invasions is the close control and regulation of preadapted ornamen-
tal plants in new ski or mountain resorts for amenity plantings or
revegetation (McDougall et al, 2005). Examples of available policy
instruments that tackle invasions at different stages of the horticul-
ture supply-chain include preborder import restrictions at a national
level for the species most at risk of spreading, postborder bans at a
local level within the park, voluntary codes of conduct for mountain
nurseries and those of the surrounding areas, and consumer educa-
tion towards non-invasive functional groups of ornamental plants for
mountain gardens and resorts (Hulme etal, 2017). Moreover,
management policies directed at conserving native species should
contemporarily take into account repercussions on the spread of
alien species. For example, Boulangeat, Georges, Dentant, et al,,
(2014) recommend continued pasturing to maintain native diversity
in the ENP. While this policy will also keep in check the expansion
of alien trees, it will contemporarily allow greater opportunities for
alien herbs. Close monitoring for early screening of alien herbs in
the pastured lands should thus go hand in hand with this recommen-
dation.

In concdlusion, using the hybrid dynamic model FATE-HD to sim-
ulate plant invasions, we predict occupancy expansions for most
modelled alien plant species and a shift of the invasion front to
higher elevations under most future scenarios in the ENP. Climate
change and higher propagule pressures will be the most significant
drivers of increasing invasion risk across species. Land-use abandon-
ment in interaction with climate change will open invasion opportu-
nities for alien trees at intermediate time-frames. The introduction of
well-adapted ornamental plants will further increase invasion risks in
these environments, particulardy at higher elevations and under
increased propagule pressure. However, the native wvegetation
responding to global change can partially mitigate more widespread
invasions. Our spatially and temporally explicit approach addresses
many of the limitations of previous works, highlighting the promise
of hybrid models for studying alien species and critically assessing
the risk of future invasions into mountain environments. It also
opens many perspectives for future developments, including
accounting for species-specific introduction pathways of aliens (Wil-
son et al, 2009) and mutualisms such as animal-mediated dispersal
(Traveset & Richardson, 2014), or modelling additional mechanisms
for biotic interactions such as competition for nutrient uptake and
multitrophic partners.
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