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To meet the COP15biodiversity framework in the European Union (EU), one

targetisto protect 30% of its land by 2030 through a resilient transnational
conservation network. The European Alps are akey hub of this network
hosting some of the most extensive natural areas and biodiversity
hotspotsin Europe. Here we assess the robustness of the current European
reserve network to safeguard the European Alps’ floraby 2080 using
semi-mechanistic simulations. We first highlight that the current network
needs strong readjustments as it does not capture biodiversity patterns
aswell as our conservation simulations. Overall, we predict a strong shift
in conservation need through time along latitudes, and from lower to
higher elevations as plants migrate upslope and shrink their distribution.
While increasing species, trait and evolutionary diversity, migration could
also threaten 70% of the resident flora. In the face of global changes, the
future European reserve network will need to ensure strong elevation

and latitudinal connections to complementarily protect multifaceted
biodiversity beyond national borders.

Inline with the United Nations Biodiversity Conference of the Parties
(COP15) and the recent adoption of the Kunming-Montreal Global
Biodiversity Framework (30x30 target), the European Union (EU)
seeks to implement a coherent and resilient transnational nature
protection network by 2030 covering at least 30% of the land of the
EU. The ‘EU Biodiversity Strategy for 2030 specifies the necessity
toimprove the Europeanreserve network by further implementing
transboundary protected areas to effectively preserve biological
biodiversity and nature’s contributions to people (NCPs) under
global change. Central to this conservation network, the European
Alps are one of the largest semi-natural areas of the continent and
a centre of plant diversity and endemism®*. Spread across seven
countries, the Alps host ~4,500 vascular plant species—more
than a third of the flora recorded in Western Europe—with around
400 endemic species®, and unveil a long history of land use and

geographical processes that has shaped evolutionary and phenotypic
plant adaptations over time>®.

Alpine and mountain ecosystems are altered by global change
in a complex way’ 2. Many species are expected to migrate upwards
increasing the risk of extinction for cold-adapted alpine plants, which
have limited colonization opportunity and are potentially suffering
from competitive exclusion™, In the European Alps, not only cli-
mate, but alsoland-use change, is expected to affect this species redis-
tribution, as agricultural land abandonment at high elevation and
human activities such as intensification in the lowlands negatively
impact mountain biodiversity in Europe*'®. While protected areas (PAs)
are static entities that aim to preserve biological biodiversity, their
networks in mountain ecosystems are generally known to be biased
towards higher elevations'”'%, with endangered species sometimes
anticipated to naturally migrate within these networks'”. Therefore, the
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Fig.1| Change in multifaceted diversity and uniqueness by 2050 for SSP245,
considering limited plant dispersal. The first, second and third rows depict
the functional, taxonomic and phylogenetic dimensions, respectively. Spatial
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effectiveness of PAsis also dependent on climate change and changes
in land use affecting natural areas, inside and outside these PAs. In
this context, we must quantify how species are likely to migrate under
global change”, which species will become threatened and how the cur-
rent European conservation network should be transnationally adapted
tofuture species range shifts and local extinctionsinthe European Alps.

Climate and land-use change are expected to influence the fac-
ets of biodiversity in different ways, requiring a multidimensional
approach to conservation'®??, Biodiversity is not only about individual
species, butisalso about ‘diversity’—how many species are foundinan
area or conservation unit (species richness), how much evolutionary
history and resilience to environmental changes are shared among
these species (phylogenetic diversity)** and how diverse their mor-
phological traits and roles in nature are (functional diversity)*. From
aconservation planning perspective, it is useful to also consider how
each local area contributes to the unique biodiversity of the region
(for example, species or functions not found elsewhere), which can
be measured as species®, phylogenetic* or functional endemism?.
Finally, ‘rarity’, which estimates scarcity of unique traits* or phylo-
genetic branches®, also contributes to ‘diversity’ and deserves to be
considered. Itis therefore crucial that conservation planning embraces
allthese facets to optimize protection complementarity andirreplace-
ability between geographic areas.

Here we investigate the efficiency of the current European net-
work, and of its potential transnational expansion, in protecting the
plant multifaceted diversity and uniqueness of the European Alps
at present and for the 2050 and 2080 horizons, under biologically
informed (limited) dispersal, two shared socioeconomic pathways
(SSPs), sevenglobal circulation models and two land-cover (LC) change
scenarios (Methods and summary workflow in Extended Data Fig. 1).
Using an ensemble of species distribution models (SDMs) for 1,711
plant species at 100 m resolution, a high-coverage database of spe-
cies traits and two mega-phylogenies, we predicted future changesin
species distributional range, multifaceted diversity and uniqueness
in the study area. Using systematic conservation planning (SCP), we

thenidentified conservation priorities for all types of diversity, areas
where these priorities are stable into the future (overlap in current and
future priorities) and areas that are critical for expanding the current
PAs to meet the 2030 targets while achieving aresilient and effective
reserve network.

Results and discussion
Upward shifts of multifaceted diversity
Overall, our SDM approach showed very good performances, with an
average trueskill statistics and Boyce index of the kept models ranging
between-~0.6 and~0.8 across the 1,711 species considered (see ‘Evalua-
tion’inMethods). By using our model outputs (see ‘SDMs’ in Methods)
and phylogenetic and functional information, we calculated the multi-
faceted diversity distribution of the European Alps under several carbon
emission and dispersal scenarios (see ‘Diversity’ and ‘Uniqueness’ in
Methods) and compared these distributions between the present and
the 2050 and 2080 horizons. We show that the European Alps are pre-
dictedtolose between~7%and16% of their total multifaceted diversity
and uniqueness by 2080 (Extended Data Fig. 2 and Supplementary
Fig.1), and from ~19% to 27% if the flora would be unable to disperse
(Supplementary Figs.2and 3). This loss is expected to occur primarily
atlow elevations with corresponding gains at higher elevations by 2050
and under the moderate SSP245 scenario (Fig. 1), primarily caused by
large upward shifts of species distributions (Extended Data Fig. 3).
Changes are even more exacerbated for 2080, the more severe SSP585
scenario and under unlimited dispersal (Supplementary Figs. 4-9).
Our results are in line with those of previous studies showing
that most species are able to respond to climate change by migrating
towards cooler temperatures®®*, therefore increasing the short-term
species richness of higher mountain strata*****. On the one hand, by
extending these results to species traits and evolutionary history, we
show that upslope migrations infer a change not only in species rich-
ness but also in other biodiversity facets. On the other hand, these
migrations also generally result in a decrease in species range size
owing to limited physical habitat area, consequently explaining the
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Fig. 2| Species range shifts by 2050 for SSP245, considering limited plant
dispersal. The scatter plot depicts for each species (points) its 95th percentile of
extracted elevation values in function of its future range gain or loss (light green
and purple background, respectively). In addition, FA elevation classes were
assigned to each species (nival: blue, alpine: brown, subalpine: orange, montane:

yellow, colline: green), and point density contour lines were drawn for further
clarity. The upper bar plots summarize with a new y-axis and, for each gainand
lossinterval, the total proportion of species overall (numbered grey bar plots)
and relative distribution of nival, alpine, subalpine, montane and colline species.
Silhouettes from the Noun Project.

positive changes in multifaceted endemism and rarity that we uncov-
ered at higher elevation®®.

In addition, we predict rural landscapes to be very species rich
(Supplementary Fig. 10; for example, permanent crops and pasture)
and to suffer from future land abandonments and forest successions
over the study region (Supplementary Fig.11), and land-use change to
generally affect future biodiversity negatively (Supplementary Fig.12).
These results corroborate previous findings and further explain the
future high loss of multifaceted plant diversity foundin the European
Alps. Rural (semi-managed) landscapes with a long land-use history
(as in Europe) indeed harbour a high diversity of both species and
habitats'**®, especially grasslands®. As such, ruralabandonment and
land-use change inthese regions create aloss of landscape heterogene-
ity, which normally benefit a wide range of organisms thanks to more
resource opportunities®***, and generate detrimental effects on bio-
diversity**. Moreover, forest successions after abandonment have been
reported to threaten alpine species, and their associated functions and
physical habitats®, potentially further describing positive changes
of multifaceted endemism and rarity found in the Alpsin the future.

Species turnover and extinctions

For each species, model outputs (see ‘SDMs’in Methods) were used to
evaluate how much gain and loss in species range area are predicted
to occur between current and future scenarios (see ‘Post-analyses’
in Methods). Overall, ~70% of species are predicted to lose areas of
suitable conditions (‘losers’), especially in higher mountain strata
(Fig. 2), and to a greater extent by 2080 under SSP585 (Supplemen-
tary Figs. 13-15). The percentage of species losing the most of their
suitable habitat increases from 2.1% by 2050 under SSP245 (Fig. 2) to
16.1% by 2080 for SSP585 (Supplementary Fig. 15). Among the remain-
ing ~30%, many lowland species are instead forecast to experience
strong range expansion (‘winners’; Fig. 2) with larger gains by 2080 for
SSP585 (Supplementary Figs.13-15). The percentage of species expand-
ing the most of their suitable habitat increases from 0.6% by 2050 for
SSP245 (Fig. 2) to4.2%by 2080 under the more severe SSP585 scenario
(Supplementary Fig.15).

Ontheonehand, the range losses illustrate loser species that are
generally more restricted to specific environmental conditions and
are forced to migrate upwards because of changing environments. As
aconsequence, not only does the species richness of higher mountain
strata increase'****, but also, species lose distributions because of
less available physical habitats and more physical barriers to dispersal
leading tolocal population extinction (‘dispersallags’)>***°, This also
further explains the increasing multifaceted endemism and rarity at
higher elevations. On the other hand, the range expansions illustrate
winner species that are more able to adapt to novel environmental
conditions (for example, thermophilic generalist species), inhab-
iting the lowlands, therefore conserving more range and expand-
ing their distribution towards higher latitudes and elevations in the
future>**2, This progressive species replacement across elevations
is generally expected to increase over time and with increased global
change'". Our results suggest that by the end of the twenty-first cen-
tury, this climate-induced turnover will intensify, likely homogenizing
the European Alps’ plant communities (Supplementary Figs. 13-15)
and possibly driving two plant species to extinction (Antirrhinum
latifolium and Iberis saxatilis; Supplementary Table 1). However, aswe
did notaccount for competition between plant species in this study, we
lack inclusion of important drivers of population dynamics and most
probably underestimate potential extinction*’. As such, some species
are predicted to migrate from higher to lower elevations (Extended
DataFig.3 and Supplementary Fig. 4), whereas they should instead be
restricted frommoving down the gradient because of high competitive
exclusion from lower strata®>**.

Local conservation prioritization

Inthe face of important regional changes in climate and land use, com-
prehensive conservation planning that mutually emphasizeslocal and
regional conservation prioritizations must be implemented?”. Local
prioritization (considering ‘alpha’ or pixel biodiversity) is a strategy
that focuses more on protecting given localities and areas that are
biodiversity and endemismrichwithin a givenregion, thatis, local hot-
spots. For this, we used the additive benefit function (ABF) algorithm
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Current

Fig.3 | Current and future conservation hotspots in the European Alps for
SSP245, considering limited plant dispersal. The colour scale represents areas
thatare higher priorities for current (blue), future (2050, green; 2080, red) or a
combination of scenarios (for example, yellow is more important in the future
relative to the present). They are determined on the method focusing on local
biodiversity assemblages (Zonation ABF), and priority areas in grey with contours
are those already protected under the current IUCN l1and Il and Emerald-Natura
2000 PA network.

ofthe Zonation software (see ‘Zonation’in Methods) with our species
model outputs and their phylogenetic and functional information.
The primary objective is to evaluate how local conservation planning
can potentially adjust to the various changesin biodiversity occurring
in the European Alps over time and for different scenarios. Based on
our projections, to effectively safeguard multifaceted diversity in the
region (Extended Data Fig. 4), future conservation strategies should
align with the anticipated upward shifts in plant multifaceted diversity
and uniqueness projected under the moderate SSP245 scenario (Fig. 3)
and the pessimistic SSP585 scenario (Supplementary Fig.16).

Based on these results, a first clear common conservation strat-
egy for the Alps involves assisting future plant upward migrations by
increasing PA connectivity between elevation strata. In addition, we
highlight areas of relative stability (overlapping priorities for expan-
sioninthe present and future) in the Mediterranean Alps (Fig. 4). The
Mediterraneanareais abiodiversity hotspotin Europe andis composed
of distinct range-restricted and unique species**°. Despite forecasted
biodiversity loss, this regionis still predicted to harbour high levels of
multifaceted diversity and uniqueness in the future (Supplementary
Figs.17-20) that are still essential to protect. As most species (Extended
Data Fig. 3 and Supplementary Fig. 4), lowland Mediterranean spe-
cies were also detected to strongly expand their distributional range
towards higher latitudes (Supplementary Fig. 21), which stresses the
necessity of increasing reserve connectivity from south to north, and
especially between the Mediterranean Alps and the central Alps. Spe-
cies migration towards higher latitudes under global change is well
documented™?"*? and is expected to increase as CO, emission rises
over time (Extended Data Fig. 3 and Supplementary Fig. 4). Overall,
we find similar conservation results when predicting conservation
hotspots under simulations that did not initially include current PAs
(Supplementary Figs. 22 and 23). This emphasizes that the current
conservation network is insufficient to conserve biodiversity and
requires adaptations to operate optimally under novel environmental
conditions.

Regional conservation prioritization

Unlike local optimization, regional conservation prioritization (maxi-
mizing ‘gamma’ or regional biodiversity) does not necessarily focus
onsingle multifaceted-rich localities but rather onunique localitiesin

their composition and complementarity, that is, magnifying the mul-
tifaceted diversity of the whole region. For this, we used the ‘core-area
Zonation’ (CAZ) algorithm of the Zonation software (see ‘Zonation’in
Methods) and evaluated how regional conservation strategies could
adapt to multifaceted diversity changes in the European Alps and
improve their protection. We forecast that predicted conservation
hotspots at theregional level are similar to local ones (Supplementary
Figs. 24 and 25), although more geographically distinct, and find that
ourregional conservation simulations protect multifaceted diversity
as efficiently as local strategies (Extended Data Fig. 4).

While this corroborates the urgency toimprove the connectivity of
European PAs, this also stresses theimperative of better transnational
conservationintheregion.Inline with the COP15 diversity framework
(minimum of 30% land protection), we chose the top 20% of the network
expansionfor the current, 2050 and 2080 scenario. The conservation
overlaps of the expansions expand the present conservation network
from ~18% to ~35% of the European Alps’ area, under SSP245 (Fig. 4)
and SSP585 (Extended Data Fig. 5) scenarios. PAs are often biased
towards higher elevation’ and are generally known to be well adapted
to species upward migration induced by global change”. On the one
hand, we confirm this tendency as the current reserve network of the
European Alps is predicted to better protect the species distribution
of higher-elevation strata for future timelines and SSP scenarios (Sup-
plementary Figs. 26-29). On the other hand, we detect that regional
priorities are sporadically spread across the European Alps for both SSP
scenarios (Fig. 4 and Extended Data Fig. 5). This leads to differencesin
the degree to which different countries should protect multifaceted
diversity and calls for amore coherent and coordinated transnational
reserve network across the European Alps.

Asaresult, the ideal contributions of France, Germany, Italy, Slo-
venia, Austria and Switzerland to such an optimized strategy differ
strongly among elevation belts. To balance optimal transnational
contributions, Switzerland would be expected to bear the largest
efforts in expanding the network across all elevation strata owing to
its very low PA coverage (-2% of the network; Supplementary Fig. 30).
Austriawould be expected toincrease its PAs mostly at mid-elevation.
France and Germany would be expected to redirect a higher focus
on lowlands, where France could best contribute to a transnational
strategy by focusing on PAs in the Mediterranean Alps (Fig. 4a). This
latter statement is also valid for Italy and Slovenia who would best
contribute to a complementary conservation network optimization
by solely focusing on low to mid-elevations.

European conservation perspectives

In the face of future multifaceted biodiversity extinctions and migra-
tions, implementing conservation planning promoting diversity-rich
areas (local conservation) and their irreplaceability (regional conser-
vation) is a key strategy to fashion a resilient and adaptive conserva-
tion network in Europe. Here we show that adopting such a strategy
exclusively in the European Alps should largely improve multifaceted
biodiversity protection compared with the current sensu stricto
(International Union for Conservation of Nature (IUCN) I and Il plus
Emerald-Natura 2000) or sensu lato (IUCN I-VI plus Emerald-Natura
2000) European conservation network” (Extended DataFig.4). These
findings reaffirm previous studies indicating that the current European
reserve network may not be well suited for effectively conserving bio-
diversity compared with our current understanding of its complete
range and contributions to ecosystem functions**~°. Asan example, the
EU-Natura2000 network was originally structured to protect habitats,
rare species and migratory birds, thus omitting the multidimensional
aspect of biodiversity*s,

Nevertheless, the EU-Natura 2000 framework is also the world’s
largest coordinated conservation network. Along with IUCN I and Il
categories, these PAs are often considered as the flagship tool of the EU
reserve network owingto their benefits of protecting species diversity
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and rarity*®*>*', However, we also found that the convergences between
the IUCN Ill and VI network and our expansion forecasts reach ~3% of
the study area (Extended Data Fig. 6). Although more managed and
primarily not regulated to protect species diversity**’, these PAs are
already part of the current Alps’ network and some of their multifaceted
diversity levels are underestimated. We therefore suggest that future
European reserve planning not only use IUCN I and Il categories and
the Emerald-Natura 2000 framework as conservation backbone, but
alsorestore and readapt atargeted part ofthe IUCN Il and VInetwork
to more pristine protected areas. To thatend, and as part of the EU Bio-
diversity Strategy for 2030, the EU should urgently adopt a novel direc-
tive coordinating the extension of its current sensu stricto network, to
ensureitsresilience to future environmental changesin protectingrich
andirreplaceable areas of multifaceted diversity.

Ultimately, the success of future European planning will heavily
rely oneffective conservation coordination between both EU members
and non-members. As part of the Emerald network, Switzerland is
here agood example. Our study showed that the country is predicted
to endure most of the effort in expanding the transnational network
ofthe European Alps, owingtoits very smallamount of PAs that could
not efficiently protect the unique and high multifaceted diversity of
theregion. Similar results were also found when considering IUCNI-VI
categories within our SCPs (Supplementary Fig. 31), suggesting that if
the conservation network of Switzerland was better integrated with
theadvanced EU network, the SCP objectives would be more balanced
between the national entities of the region. As amajor diversity hotspot
in Europe, the Alps should be a central hub for the conservation plan-
ning strategy of the continent. Previous European and global studies

have already highlighted the importance of protecting this region®*¢;
however, Switzerland isin fact often missing from these priority assess-
ments*>*%°7¢! despite its apparent crucial geographic and diversity
importance in European conservation. Overall, biodiversity knows
no political borders and increasing local conservation and connectiv-
ity at the countries’ edges will be a necessity to ensure safe corridors
between ecoregions (for example, Mediterranean to central Alps) and
assist speciesin their latitudinal and elevation migrations.

Challenges

The establishment of a novel European reserve network will also face
dataavailability challenges, and future studies assisting national enti-
ties in this task will need to solve these limitations that conservation
assessments are currently facing.

First, thisstudy did not consider the future dispersal of vegetation
from outside our study extent. This was mainly because of observation
and dispersal data limitations, as no such extensive dataset of precise
ecologicalinformation exists over Europe yet. While studying alarger
extent and number of species would have allowed the future lowland
diversity of the region to be better assessed, we also want to highlight
that due to the absence of biotic interactions in our models, the out-
come of how outside species migrations would impact (positively or
negatively) the future diversity of the Alps is hard to predict. Overall,
further efforts have to be made to agglomerate enough ecological
datafor many taxato achieve comprehensive conservation planningin
Europe. The recentexponential growth of ecological datarepositories
and opportunistic observations®*** will certainly help in this task, but
more European coordinationinretrieving and achieving harmonized
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datasets is necessary. Moreover, we here focused on plants because,
unlike other taxonomic groups, the information on vegetation disper-
salmodes and rates is increasingly available®*’, which, combined with
our observational dataset, allowed the scope of this study. Dispersal
data and proxies for many taxa are needed if such dynamic processes
are to be included in future European conservation planning. This
also echoes the ‘iniMatAge’ parameter used in our semi-mechanistic
dispersal simulations (species’ initial maturity to disperse; Supple-
mentary Table 7). Noinformation was available in the literature,and a
default parameter of 2 years was set to all species, therefore increas-
ing the uncertainty of our results on how fast the predicted changes
of biodiversity will occur and how quick the conservation planning
recommended here should be applied. Ideally, and as a prevention,
the future European network therefore needs to implement strong
elevation and latitudinal PA connections by 2030 to rapidly assist
species in their migration.

Second, recent developments have highlighted several perspec-
tives of concomitant conservation prioritization of species diversity
and NCPs***%%°_Although biodiversity highly contributes to ecosystem
functioning and services™, their conservation demands may differ””2,
Multifaceted diversity, and regulatory (for example, pollination and
carbon sequestration) and (non-)material NCPs (for example, water,
ecotourismand heritage landscapes), should therefore be considered
together withinone common transnational reserve network, ensuring
the maximization and protection of the multifaceted diversity and
NCPs of Europe. Future studies should integrate SCPs that include
such ecological features together to ensure efficient conservation
planning in Europe. Finally, biodiversity, although driven by species
and their evolutionary history, functional roles and abundance® ", is
also tightly linked to biotic interaction, both being mutually depend-
ent on each other’®'. Previous literature has stressed the need of
conservingtheseinteractions to ensure abetter protection of diversity
and nature services® ®. Includingbioticinteractionsin SDMs to finely
explain species distribution, and for better conservation planning,
faces numerous challenges®**°°, and novel approaches are needed to
disentangle theirimportance in shapingbiodiversity patterns. Empiri-
cally assessing food webs is increasingly done over macroecological
scales®”"%, Therefore, spatially informing these networks over Europe
andincluding them within SCPs, alongside multifaceted diversity and
NCPs, would improve our understanding of their mutual correlation
link and allow a more comprehensive and adaptive European reserve
network to be obtained.

In the face of these challenges, there is therefore an urgent need
toimplementacomprehensive conservation planning of multifaceted
diversity and uniqueness over the whole continent. The current Euro-
pean network must be redefined into one complementary and resilient
transnational conservation framework, which will efficiently protect
the whole biodiversity of the European flora and fauna at present and
for future environmental changes.

Methods

Study area and observations

Study area. The study area covered the European Alps, as defined by
anenlarged version of the official Alpine Convention perimeter®. The
enlargement consisted of adding Switzerland entirely, as well as two
Frenchdepartments, thatis, Ainand Bouches-du-Rhone, for which we
had well-documented species observations. In addition, we extracted
the IUCN category land Il and Emerald-Natura 2000 reserve network
ofthe study area from the World Database on Protected Areas (https://
www.protectedplanet.net/en).

Observations. The final observational dataset used in this study
included (1) acompiled dataset from 75 various sources (-71%) and
(2) alarge compilation of observations extracted from the Global Bio-
diversity Information Facility (GBIF; http://www.gbif.org/)*>*°. While

(2) is available on the EnviDat repository (https://doi.org/10.16904/
envidat.371) or GBIF (https://doi.org/10.15468/dd.mbé6jzt), (1) can
be shared only upon reasonable requests owing to the various data
policies and sensitive locations of rare species (see Supplementary
Methods1for more details).

In total, our observational dataset included 6,655,163 unique
observations accurate to 11.1 m for 4,250 species (Supplementary
Table 2 and Supplementary Fig. 32a) and ~29% of records from GBIF.
Thisset was further filtered according to the prevalence of each species
(or proportion of 100 m pixels occupied); thatis, species occurringin
less than 30 pixels across the study area were removed. In total, the
refined observational dataset included 3,167 species used in model
calibration (see Supplementary Fig. 32b and Supplementary Table 3
for further description). It is important to note that for species with
>10,000 observations, we sampled randomly without replacement a
subset 0f 10,000 observations for better computation efficiency® %,
In addition, an independent and unbiased test dataset, reporting the
empirical and distributional range of our 3,167 plant species over the
European Alps, was constructed from expert-based information avail-
able in the Flora Alpina (FA)*° and the extraction of the 5th-95th per-
centile elevation values of each species (see Supplementary Fig. 33 for
more information).

Environmental data

Climate. Climate information was extracted from the Climatologies
at High Resolution for the Earth’s Land Surface Areas (CHELSA v2.1)
portal'® (https://chelsa-climate.org/) and more specifically using
the new ‘chelsa-cmip6’ Python library'®. This library allows, for any
available climate models and time periods (https://esgf-node.lInl.gov/
search/cmipé6/), novel CHELSA outputs to be automatically generated
foraspecific geographical extent. Intotal, four bioclimatic predictors,
known to have major ecophysiological effects on plant life'*'°>1°*, were
extracted for the European Alps extent: growing degree days (GDD),
annual precipitation (BIO12), temperature (BIO4) and precipitation
seasonality (BIO15). These predictors were obtained at1 kmresolution,
for current (time period 1981-2010) and future climate (2041-2060 and
2071-2090), for 14 CMIP6 scenarios, that is, 2 SSP emissions (SSP245,
SSP585)—an updated equivalent of the representative concentration
pathways 4.5and 8.5, respectively—and 7 global climate model scenar-
ios (GFDL-ESM4, MIROC6, AWI-CM-1-1-MR, EC-Earth3, IPSL-CM6A-LR,
INM-CM5-0, MPI-ESM1-2-LR).

Soil. We derived soil property layers at a 100 m resolution over the
study area by mapping ecological indicator values (EIVs)'**" in
space following the method described in a previous study'®. First,
we obtained plant EIVs from FA” and retained two different EIVs to
characterize thelocal edaphic conditions: soil nitrogen (EIV-N) and soil
substrate composition (EIV-G). Based on the plant EIVs of our 4,250 spe-
ciesextracted fromFA andall related observations (-6,655,163 records),
indicator value maps for soil nitrogen and substrate composition were
extrapolated using random forest as described in Supplementary
Methods 2. All generated EIV soil property layers showed excellent
evaluations withSpearmanr> 0.82 (Supplementary Table 5). The gen-
erated EIVsoil property layers are proxies of soil nitrogen (NITROGEN)
and substrate composition (CALCAREOUS%), and have beenshown to
be excellent predictors of plant species distributionin SDMs'*'% It is
important to note that given the unavailability of future predicted soil
information, we considered current and future soil unchanged. See
Supplementary Methods 2 for full details on this section.

Land cover. LCisalso knownto have astronginfluence on species dis-
tributions>°"™, Therefore, two LC-change projections were obtained
from the EU-funded ALARM-ECOCHANGE and VOLANTES-HERCULES
projects"* ' at 1 km resolution, each including 6 original (grassland,
forest, built-up, cropland, permanent crops, others) and 10 reclassified
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(pasture, semi-natural vegetation, forest, built-up, permanent crops,
irrigated and non-irrigated arable land, recently abandoned pas-
ture and arable land, others; Supplementary Table 6) LC categories,
respectively. While the current LC is derived from the CORINE 2000
classification"®, each LC-change projection included two emission
scenarios consistent with SSP245 and SSP585 (refs. 117,118), namely,
B1-SEDG (Sustainable European Development Goal) and A2-BAMBU
(Business-As-Might-Be-Usual). The four LC scenarios were available
for the time period 2041-2060 (for ECOCHANGE and HERCULES) and
2071-2090 (for ECOCHANGE only). Itis important to note that, while
ECOCHANGE provided future LC projection for the whole European
Alps, the original HERCULES outputs did not include Switzerland.
Therefore, using the same methodology"***, new HERCULES LC pro-
jectionscenarios including the whole of Switzerland were generated.

Correlation. All predictors were projected to the standard Lam-
bert azimuthal equal area projection for Europe (EPSG:3035), and
continuous current predictors (climate and soil) showed Pearson’s
inter-correlation |r| < 0.7 (Supplementary Fig.34), as suggested when
model projections outside the calibration range are involved'®.

Observer bias correction

Bias covariate correction. Our observational dataset originated from
arange of different sources that often lack sampling design; therefore,
astrong geographicbias towards Switzerland and France was presentin
our refined observational dataset (Supplementary Fig. 32). To correct
for this bias, three potential bias covariates were generated over the
studyarea’": (1) the target group observation density and distances to
(2) roads and (3) cities. Observation density, whichincluded all species
records of our original observational dataset (6,655,163 observations
for 4,250 species), was calculated by sum aggregation toal00 m grid
(Supplementary Fig. 32a), which allowed a general observer bias to
be defined across our study area’. Distances to roads and cities were
generated based on OpenStreetMap (https://www.openstreetmap.
org). All roads and cities of the study region were extracted from this
source and converted into two binary 100 m grids. Distances to roads
and cities were then independently calculated with GDAL/OGR 3.8.0
and Python 3.9 (function ‘gdal.ComputeProximity’, https://gdal.org/).
Along the environmental predictors, our three bias covariates were
then used within each SDMtofit the species observation to a potential
sampling bias when detected. All bias covariates were projected to
EPSG:3035, after square root transformation'*°, It is important to
note that all bias covariates were weakly correlated with climate and
soil, thatis, Pearson’s |r| < 0.3 (Supplementary Fig. 34). Environmental
effects were therefore hardly masked by observer-bias effects during

model calibration'®.

Environmental bias correction. Before data collection, the appro-
priate sampling design should be environmentally stratified” ">,
Sampling frequencies in environmental space may in fact still remain
skewed if species observations are not initially sampled according
to an environmental stratification. Therefore, to further address the
environmental bias in the sampling design of our refined observa-
tional dataset (Supplementary Fig. 35), a recent corrective method,
based on environmental stratified resampling of the observational
dataset, was implemented before model calibration using the R func-
tionwsl.ebc’. Environmental bias correction (EBC) corrects potential
environmental bias in the design of an observational dataset, by arti-
ficially subsampling original species observations based on a chosen
number of environmental clusters over the study area'”. In total, EBC
was applied to only 1,248 species whose observations were detected
to be environmentally biased. The resulting corrected observations
and their environmental frequencies (before and after EBC) may be
found in Supplementary Fig. 36. See Supplementary Methods 3 for
full details on this section.

SDMs

Calibration. For each species, model calibrations were done at 100 m
resolution, by including current climate (1Ikm), LC (1 km), soil (100 m)
and our bias predictors (100 m), and were done twice, thatis, one model
per categorical LC. Along with an elastic net regularization'*'¥, we used
a special case of presence-only SDM, namely, point-process models
(PPMs), whose output represents the intensity of the expected number
of species occurrences per unitarea, which is modelled as alog-linear
function of the environmental covariates"*'**'?°, Although described
asanequivalent of MAXENT", PPMs have many more methodological
benefits’®"1%%,

First, unlike most SDM approaches®™"'**, PPMs propose an auto-
mated framework to choose the adequate number and location of
‘quadrature points’ (commonly referred to as ‘background points’ or
‘pseudo-absences’)"? if no true absences are available. Second, on top
of dealing with observer bias more objectively’® (see ‘Bias Covariate
Correction’ in Methods), PPM indirectly avoids incomplete species
response curves by randomly sampling quadrature points across the
whole environmental gradient"'?*, Finally, PPMs may be easily used
with lasso and clarifies the form of the modelled response as it rep-
resents an intensity of species observation (or abundance) and not
a probability"*'*°, See Supplementary Methods 4 for full details on
this section.

Evaluation. We evaluated the predictive performance of each PPM
against the FA test dataset by using five-fold spatial block split-sampling
tests'®. This approachinvolves preliminarily delineatingindependent
spatial blocks to partition observationsin geographic space. Here, for
eachspecies, weevenly partitioned its observations, quadrature points
and FA presences and absencesinto 10 blocks and combined themto 5
folds (see Extended DataFig. 7 for more details). PPM performance was
evaluated using FA presences and absences of the left-out fold, the true
skill statistics (TSS) and the Boyce index. While TSS evaluates matches
and mismatches between binary observations (here FA presences and
absences) and model predictions™*, the Boyce indexis a presence-only
metric that measures the expected predicted-to-expected ratio of
presences (here FA presences) in each class of predicted values'"¢,
Both TSS and Boyce index range from -1to +1, and models performing
poorly—thatis, concurrently havingaTSS and Boyce index <0.3—were
removed.

Projection

Unlimited dispersal. For each species, retained calibrated models were
projected to 100 x 100 m resolution over the study area for the cur-
rent (time period 1981-2010) and future (2041-2060 and 2071-2090)
environment of our 14 CMIP6 and 4 LC scenarios, by setting the 3 bias
covariates to a constant value of O for all cells to correct for the fitted
observer bias”®'? (also done for evaluation; see Extended Data Fig. 1
for the method workflow summary). Obtained intensity projections
(orabundances) were then averaged across all CMIP6-LC scenarios to
generate per species one current (2000) and four future (2050-SSP245,
2050-SSP585,2080-SSP245 and 2080-SSP585 ensembles) SDMinten-
sity maps. Such abundance maps do notinclude values strictly equal to
zero, whichare essential to infer species range gains and losses, and risk
assessments. Therefore, all SDM intensity maps were also converted
to SDM presence and absence maps using the ‘maximum TSS’ average
of each species (maxTSS mean of theretained calibrated models) and
intersected together to generate SDM intensity-and-absence maps.

Limited dispersal. When using SDMs, one major inconvenience is to
account for species dispersal limitation. Standard SDM projectionsin
future environmental conditions implicitly assume unlimited dispersal.
Said differently, model predictions of future changes in the distribution
ofaspeciesindirectly presume that the species can colonize any suit-
able environmental habitats or pixels regardless of its location. Thisisa
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problem as many geographic (physical barriers such asrivers, forests or
mountains) and ecological (species dispersal capacity) features could
impede the species from dispersing too far from its initial distribu-
tion. We therefore included in our future SDM intensity-and-absence
maps the mechanistic process of dispersal by using the R package
‘MigClim’ (function ‘MigClim.migrate’)"*”"**, which operates based
onthe current and future binary distribution of a given species and its
true ecological information on dispersal distances in metres (see Sup-
plementary Table 7 for details on all parameters and data)** ', Yearly
maximum and minimum dispersal (in metres) was extracted from the
literature®*¢ and available for 1,711 species (compiled data available
athttps://doi.org/10.16904/envidat.371). Using these data, along with
our currentand future SDM presence-and-absence maps, we generated
for each species four future MigClim binary maps accounting for lim-
ited dispersal. Finally, to convert back future MigClim binary outputs
to intensity-and-absence maps, the former was intersected with the
original SDM intensity maps of each future scenario.

No dispersal. Finally, the last four future SDM intensity-and-absence
maps considering no dispersal were generated following a pre-
vious study™®. To that end, the four (unlimited dispersal) SDM
intensity-and-absence maps of each species were intersected with
their current SDM presence-and-absence distribution; that is, we kept
as suitable areas only those concurrently occurring for present and
future conditions.

Finally, all final layers (thatis, 13 per species) were each aggregated
by mean from 100 x 100 m to 1 x 1 km resolution, as stacked SDMs
provide more meaningful predictions of species diversity when spe-
ciesdistributions are aggregated from high to lower resolution''%%'*,

Multifaceted diversity and uniqueness

Diversity. For current and each of the 12 dispersal scenarios, spatial
taxonomic, phylogenetic and functional diversity were calculated as
abundance-based diversity with Hill numbers and their recent exten-
sions”>*$1%° To thatend, we used the aggregated species distributions,
the R package ‘'V.PhyloMaker™ "> a constructed functional tree based
on four plant trait values (mean plant height, leaf dry matter content,
specific leafareaandleaf carbon-to-nitrogenratio)*'* and the R pack-
age ‘hillR”7>'*®, Here we chose for all metrics Hill order (g) =1, that s, an
average sensitivity of diversity to species abundance (or occurrence
intensities). Itis generally known that phylogenetic diversity (PD) and
functional diversity (FD) are notindependent from taxonomic diversity
(TD)?'”, The residuals of two linear regressions of TD on PD and FD
(quadratic termsincluded) were therefore extracted to generate new
layers of relative phylogenetic and functional diversity (rPD and rFD,
respectively)'®>7°, See Supplementary Methods 5 for more details.

Uniqueness. Using the same dataresources as above, we calculated for
eachscenario the weighted taxonomic” (WE), phylogenetic® (PE) and
functional endemism (FE)” across the study area with the R package
‘phyloregion’”’. Relative phylogenetic and functional endemism (rPE
and rFE, respectively) were generated following the same procedure
andjustifications as for rPD and rFD. Phylogenetic’? (PR) and functional
rarity?® (FR) were also calculated using the R package ‘funrar™”. See
Supplementary Methods 6 for more details.

SCP

Zonation. Conservation prioritizations were run using the conserva-
tion planning software Zonation 4.0 (refs. 174,175). Zonation ranks
cells of a considered region from lowest (0) to highest (1) conservation
values, based on both the irreplaceability and complementarity of
input ecological features®®”°. Zonation computes the conservation
values of all conservation units (in this case, raster cells) based on the
distribution of all features, anditeratively removes cells with the lowest
conservation values until all are removed"®.

177 178

Unlike Marxan'”’ or Prioritzr'’®, Zonation is not intended for
target-based conservation planning>"*'®°, defined as protecting
the distribution of each biodiversity feature of interest (for example,
species, habitat, ecosystemservices) up to a specific percentage (user
configurable) at minimum cost. Instead, Zonation is most useful and
efficient when avery large set of biodiversity featuresis available, and
provides at once ranked priority areas over the whole study region as
outputs””°, To that end, how much each feature should be protected
istherefore not predefined by the user but anemergent property of the
prioritization process'®'. This allows Zonation to better implement a
complementary protection of biodiversity hotspots over the landscape
by prioritizing clear irreplaceable areas with unique feature assem-
blages">"7*'®! Finally, we chose Zonation because of its computational
efficiency, ability to process very large rasters at high resolution with-
outany memory issue,and permission of both binary and continuous
biodiversity features as input'’>7°7182,

Foreach currentand dispersal outcome, we ran multifaceted-based
prioritizations to maximize concurrently the representation of spe-
cies, and phylogenetic and functional distinctiveness. For this, our
aggregated species distributions were used as Zonation features, and
each species layer was weighted by the sum of its phylogenetic and
functional uniqueness (see ‘Uniqueness’ in Methods). While other
SCP studies have accounted for multifaceted diversity by using dif-
ferent methods”**'®*, we decided to use this novel and more intuitive
approach so that, on the one the hand, phylogenetic and functional
diversity and uniqueness aspects were concurrently included and,
onthe other hand, only one SCP map per current and future scenario
was kept. This decision allowed us to better integrate all facets of bio-
diversity under one conservation roof, while analysing each scenario
separately to evaluate the individual solution generated by each time-
line, CO, emission and dispersal type, and to determine how much
they diverge. Other methods, such as additional prioritization runs
on phylogenetic and functional branch distribution”'®*, would have
drastically increased the amount of SCP outputs,impeding conserva-
tion planning clarity.

In total, we ran 52 prioritization scenarios (see Supplementary
Table 9 for parameters), that is, for each current and dispersal sce-
nario outcome (n =13), accounting for two prioritization alloca-
tion approaches (‘optimal reserve selection’ and ‘reserve network
expansion’) and using the CAZ and ABF prioritization algorithms.
The ‘selection’ approach identifies the highest-priority areas on
the entire landscape without accounting for the current configura-
tion of PAs. The ‘expansion’ approach considers the current reserve
network of the Alps including PAs designated as IUCN I and Il and
Emerald-Natura 2000 categories. In this approach, areas outside of
PAs are ranked allowing for identification of the highest priorities
outside the current PA network that best complement protected
biodiversity. For the main regional and transnational conservation
strategies (Fig. 4), the ‘expansion’ approach was used together with
the CAZ algorithm, which assigns conservation values by maximizing
regional diversity and its complementarity, thatis, by minimizing the
extinction of features and protecting the worst-off ones (those with
very little distribution remaining). For the main local and national
conservation strategies (Fig. 3), the ‘expansion’ approach was used
together with the ABF algorithm, which assigns conservation values
by maximizing local diversity hotspots and their complementarity,
that is, by minimizing the extinction of local multifaceted richness.
In total, 52 SCP maps were generated (see Supplementary Table 10
for asummary).

Post-analyses. In line with the recent COP15 biodiversity framework of
the Convention on Biological Diversity, we chose the top 20% of the cur-
rent, 2050 and 2080 ‘reserve network expansion’ simulations (Fig.4), to
correctly project aconservation overlap that would extend the present
PAnetworkto~30% of the European Alps’ surface. For each percentage
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of expanding PAs over the study region, we calculated the cumula-
tive representation of species, phylogenetic and functional branch
occurrence intensities's, of their range and of species functional and
phylogenetic rarity (Extended Data Fig. 2 and see Supplementary
Methods 7 for more details). In addition, we defined ‘expanded PAs’ as
the 2- and 3-time overlap of the top 20% reserve expansion of current,
2050 and 2080 prioritizations (Fig. 4). The 95th elevation percentile
was calculated per species by extracting the values of adigital elevation
model with species observations (Fig. 2 and Supplementary Fig. 33).
Finally, the percentage of gains and losses (Fig. 2) was calculated for
each species based on their range, that is, the number of pixels of the
study region that the species occupies, as follows:

IRangeFuture - RangeCurrent |

x 100 (1
Ra ngeCurrent

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

All data, code and materials supporting the findings of this study are
available in the EnviDat repository (https://doi.org/10.16904/envi-
dat.371), which provides options to download single (via WGET and
singular FTP links) or allfiles (S3 access using the software Cyberduck
or any other S3 clients) used in this project.
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Extended Data Fig. 1| Methods workflow. It isimportant to note that,

overall, 42 future scenarios were employed to project and average our SDMs,

since VOLANTES-HERCULES was available only for the year 2041-2060. Blue
rectangles specify the input data, while green rectangles specify the model
outputs and their derivatives. TSS: True Skill Statistics, SCP: Systematic

Conservation planning, CAZ: Core-Area Zonation, ABF: Additive Benefit
Function, TD: Taxonomic Diversity, rPD: relative Phylogenetic Diversity, rFD:
relative Functional Diversity, WE: Weighted Endemism, rPE: relative Phylogenetic
Endemism, rFE: relative Functional Endemism, PR: Phylogenetic rarity, FR:
Functional Rarity. Silhouettes from the Noun Project.
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Extended Data Fig. 2| Reserve network cumulative expansion for Zonation
ABF and limited plant dispersal. First, second and third row depict the
functional, taxonomic, and phylogenetic dimension, respectively. Panels
describe the cumulated protection of plant multifaceted diversity and
uniqueness in function of the reserve network expansion (% of the study region)
foreach current and future conservation simulation. Yellow percentages display

the amount of feature loss between the current and 2080 prioritisation. Current
PAs of the European Alps cover ~18% of the study region and are displayed in
striped green. Results of expanding the reserve network by 20% are displayed
over the panelsinblue. It isimportant to notice that there is a strong expansion
overlap between 2050-SSP245 and 2050-SSP585, hence the difficulty to
sometimes decipher the five coloured curves. Silhouettes from the Noun Project.
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Extended DataFig. 3 | Latitudinal and elevation changes in species ranges pixels) to that of its future range, whereas elevation shifts were calculated by
by 2050 for SSP245 and limited plant dispersal. Heat maps represent, for subtracting the median elevation of its current range (values extracted from
each species elevation class, the density of its predicted spatial changesin a DEM over Europe - EU-DEM; https://www.eea.europa.eu/data-and-maps/data/
two-dimensional space. For each species, latitudinal shifts were calculated by eu-dem) to that of its future range. All species data points were then plotted and

subtracting the median latitude of its current range (Y coordinate of each 1x1-km summarized as a density heat maps.
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Extended Data Fig. 4 | Multifaceted diversity GAP analyses between different scenarios generated with the ABF Zonation algorithm); Z.CAZincludes IUCN

types of reserve network for current and one future scenario (2050, SSP245 categories I-1l, Emerald-Natura 2000 and CAZ expanded PAs. Kruskal-Wallis tests
and limited plant dispersal). Left ‘current’ panels depict the level of present were here applied for each panel (**p-value - O for all). All pairwise comparisons
protection of each network for taxonomic, weighted endemism, relative (two-sided) were run with post-hoc Dunn tests, Bonferroni correction
phylogenetic, functional diversity, and endemism, whereas right ‘future’ panels (adjustment for multiple comparisons) and displayed following a letter-based
depict the level of future protection. /[UCN.ILIlincludes IUCN categoriesI-Il and representation (*p-value <.05). For each panel, n =361300 cells examined over
Emerald-Natura2000; /UCN.LVIincludes IUCN categories I-VIand Emerald- fourindependent reserve network types. Boxplots indicate median (middle line),
Natura2000; Z.ABF includes IUCN categories I-11, Emerald-Natura 2000 and 25th and 75th percentile (box), and minimum and maximum (whiskers).

ABF expanded PAs (overlaps of the top 20% current and future conservation
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(maximizing diversity of the whole region) and the reserve expansion approach

Nature Ecology & Evolution


http://www.nature.com/natecolevol
https://thenounproject.com/

Article https://doi.org/10.1038/s41559-023-02287-3

Extended DataFig. 6 | Distribution of areas of conservationimportancein Percentages are expressed relative to the area of the study region. Convergences
the European Alps for SSP245, using Zonation CAZ and limited dispersal. between IUCN III-VIand the Zonation forecasts were found to reach 3% of the
Colour green, light blue and orange depict the current distribution of IUCN European Alps.

categories I-11, llI-Vland Zonation expansion forecasts respectively.
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Extended Data Fig. 7 | Example of spatial block split sampling for Soldanella
alpine. Following'®, its 8’755 observations (here highlighted in darker colours)
were evenly partitioned into 9 blocks of 5 folds spatially stratified (-2 blocks per
fold; numbers are indicated) using species observation coordinates, partitioning
around medoids (PAM) clustering and the R package cluster (function pam)'*>%.
This allowed the number of observations to be spatially and numerically
balanced within each independent fold. It isimportant to note that, even though
the number of blocks was set to 10, this number may slightly vary per species

]

L

conditional on the best balancing strategy of the PAM algorithm. Fold 1 (purple),
2(red), 3 (orange), 4 (blue) and 5 (green) here contains 1'755,1'538,1'536,1'976 and
1950 species observations respectively. Sampled quadrature points and Flora
Alpina presences/absences (here highlighted in lighter colours) were assigned
toeachindependent block using k-nearest neighbour classification and the R
package class (function knn)'*'®, For every species and models (PPM), the same
number of Flora Alpina presences/absences as quadrature points were sampled,
to ensure balanced repartitioning among folds.
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