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ABSTRACT

Climate projections for continental Europe indicate drier summers, increased annual precipitation, and less snowy winters,
which are expected to cause shifts in species’ distributions. Yet, most regions/countries currently lack comprehensive climate-
driven biodiversity projections across taxonomic groups, challenging effective conservation efforts. To address this gap, our study
evaluated the potential effects of climate change on the biodiversity of an alpine country of Europe, Switzerland. We used a state-
of-the art species distribution modeling approach and species occurrence data that covered the climatic conditions encountered
across the full species' ranges to help limiting niche truncation. We quantified the relationship between baseline climate and
the spatial distribution of 7291 species from 12 main taxonomic groups and projected future climate suitability for three 30-year
periods and two greenhouse gas concentration scenarios (RCP4.5 and 8.5). Our results indicated important effects of projected
climate changes on species’ climate suitability, with responses varying by the taxonomic and conservation status group. The per-
centage of species facing major changes in climate suitability was higher under RCP8.5 (68%) compared to RCP4.5 (66%). By the
end of the century, decreases in climate suitability were projected for 3000 species under RCP8.5 and 1758 species under RCP4.5.
The most affected groups under RCP8.5 were molluscs, algae, and amphibians, while it was molluscs, birds, and vascular plants
under RCP4.5. Spatially, by 2070-2099, we projected an overall decrease in climate suitability for 39% of the cells in the study area
under RCP8.5 and 10% under RCP4.5, while projecting an increase for 50% of the cells under RCP8.5 and 73% under RCP4.5. The
most consistent geographical shifts were upward, southward, and eastward. We found that the coverage of high climate suitabil-
ity cells by protected areas was expected to increase. Our models and maps provide guidance for spatial conservation planning
by pointing out future climate-suitable areas for biodiversity.
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1 | Introduction

Climate change effects on ecosystems have been documented
across biomes and are poised to further escalate over the
course of the 21st century (IPCC 2023). Although current
biodiversity loss is primarily attributed to land and water re-
source exploitation, it is expected that climatic changes will
surpass them as the dominant drivers in the coming years
(Maxwell et al. 2016; IPBES 2019; Jaureguiberry et al. 2022).
Therefore, it is imperative to formulate evidence-based bio-
diversity conservation strategies that are robust under forth-
coming climate conditions (Lawler, Watson, and Game 2015;
IPBES 2019; Chauvier-Mendes et al. 2024). Developing such
strategies involves various challenges, including uncertain-
ties in climate change projections, a dynamic and non-linear
biodiversity response, and socio-economic trade-offs (Knutti
and Sedlacek 2013; Santangeli et al. 2016; Pecl et al. 2017),
but it is indispensable for ensuring the efficiency of result-
ing conservation initiatives (Groves et al. 2012; Reside, Butt,
and Adams 2017; Arneth et al. 2020). To maximize their
utility, biodiversity assessments should be conducted at spa-
tial scales aligned with the policy units, typically countries
(Jackson et al. 2016; Vihervaara et al. 2017; Carroll et al. 2023;
Kiilling et al. 2024). However, there is a limited number of
studies comprehensively addressing the range of fauna and
flora within target countries, and the research on the effects
of climate change on biodiversity is marked by taxonomic bias
(Lenoir and Svenning 2015; Feeley, Stroud, and Perez 2017;
Lenoir et al. 2020).

Species distribution models (SDMs) that incorporate climate
data offer valuable tools for predicting and mapping both cur-
rent and prospective species distributions within the context
of climate change scenarios (Elith and Leathwick 2009; Austin
and Van Niel 2011; Araujo and Peterson 2012). SDMs projec-
tions operate under the assumption that existing species dis-
tributions reflect their environmental preferences, which are
expected to persist into the future (Franklin 2010; Peterson
et al. 2011; Guisan, Thuiller, and Zimmermann 2017). Despite
their limited ability to account for mechanisms such as evo-
lutionary processes and their rare consideration of impacts
from other changing environmental variables like land use
and cover, climate-driven SDMs are useful for providing a
general assessment of how species may respond to future cli-
mate (Araujo and Peterson 2012; Guisan et al. 2013; Urban
et al. 2016; Araujo et al. 2019). Prior research using SDMs to
project the effects of climate change on biodiversity across
large geographical scales has consistently unveiled coherent
trends across taxonomic groups. Predominantly, these trends
manifest as range dislocation, losses, and contractions, with a
particular vulnerability at mountain tops (Midgley et al. 2002;
Thomas et al. 2004; Thuiller et al. 2005; Fitzpatrick et al. 2008;
Pompe et al. 2008; Cheung et al. 2009; Pereira, Navarro, and
Martins 2012; Telwala et al. 2013; Newbold 2018; Guisan
et al. 2019; Herrera-R et al. 2020). Moreover, results from
comparable studies have also shown that anticipated tempera-
ture increases are projected to speed up the occurrence of bi-
ological invasions (Bellard et al. 2013; Petitpierre et al. 2016;
Shrestha and Shrestha 2019). Yet it is unclear how these
large-scale trends apply to smaller, diverse, and topograph-
ically complex regions like alpine countries, recognized as

biodiversity hotspots (Antonelli et al. 2018; Hoorn, Perrigo,
and Antonelli 2018; Rahbek et al. 2019).

To accurately model species responses to climate and project
potential future distributions, the modeling data should ide-
ally cover the full spectrum of climate conditions in which
the species occurs globally (Sanchez-Fernandez, Lobo, and
Hernandez-Manrique 2011; Titeux et al. 2017; Scherrer
et al. 2021). When restricted geographic data are used for
SDM fitting, spatial niche truncation may arise, leading to
potentially biased estimates of the species-climate relation-
ship, resulting in inaccurate predictions, particularly when
the model is applied to different spatiotemporal contexts
(Barbet-Massin, Thuiller, and Jiguet 2010; Gallien et al. 2012;
Chevalier et al. 2021, 2022). This concern holds particular
relevance for local- and regional-scale SDM applications, be-
cause species often inhabit a broader range of bioclimatic con-
ditions than those represented within the study area. Recent
research has shed light on methods to address spatial niche
truncation problems in SDM contexts (Fournier et al. 2017;
Mateo et al. 2019; Bellamy et al. 2020; Goicolea et al. 2024),
and practical solutions have emerged to handle it. In partic-
ular, the Nested-Species Distribution Modeling (N-SDM)
software (Adde, Rey, Brun, et al. 2023), an end-to-end SDM
platform designed for high-performance computing cluster,
has been developed to enable the integration of two models
fitted with global-level (encompassing the full species range)
and regional-level (within the study area extent) data.

Switzerland is a highly diverse, topographically structured,
alpine country directly facing the consequences of climate
change, making it an ideal study area for climate-biodiversity
research in mountainous regions. In Switzerland, the 2013-
2022 decade recorded an average temperature 2.5°C higher
than the late pre-industrial 1871-1900 period, and projections
indicate that if global greenhouse gas concentrations continue
to rise, Switzerland can expect drier summers, increased an-
nual precipitation, more tropical days, and less snowy winters
(Bader et al. 2023). One of the primary consequences of these
changes for Swiss biodiversity are shifts in species’ distributions
(Pearman, Guisan, and Zimmermann 2011; Vittoz et al. 2013;
Vitasse et al. 2021; FOEN 2023). Tracking these shifts may be-
come increasingly challenging for several species whose habitats
are currently fragmented across intensively used landscapes,
with ecological discontinuities (FOEN 2023). Especially, cold-
adapted species are prone to be negatively affected, putting many
alpine species at risk (Engler et al. 2011; Dullinger et al. 2012;
Theodoridis et al. 2018). However, these changes may also be
advantageous for warm-tolerant species, with opportunities
to expand their ranges to higher elevations (Engler et al. 2009;
Vitasse et al. 2021; Gebert et al. 2022). For instance, Alpine plant
diversity has seen an increase due to the upward movement of
several species (Roth, Plattner, and Amrhein 2014), the average
altitudinal distribution of breeding birds in Switzerland rose
by 24m between 1990 and 2010 (Knaus et al. 2018), and many
aquatic insect species are also extending their range to higher
elevation (Gebert et al. 2022).

Switzerland currently lacks comprehensive climate-driven
biodiversity projections that account for niche truncation, pos-
ing a significant challenge for guiding effective conservation
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efforts. Our study addresses this gap by evaluating the po-
tential impact of climate change on all possible Swiss spe-
cies across many taxonomic groups for which sufficient data
were available, using a climate envelope modeling approach
and species occurrence data that covered the climatic condi-
tions encountered across species’ ranges. This comprehensive
evaluation, along with the consideration of niche truncation,
constitutes a significant advancement in the field of conser-
vation biology. First, we quantified the relationship between
the baseline climate (1981-2010) and the spatial distribution of
7291 species, covering almost all taxonomic groups. Second,
we projected future climate suitability for three 30-year future
periods (2020-2049, 2045-2074, and 2070-2099) using cli-
mate projections based on two scenarios of future greenhouse
gas concentrations. Finally, we evaluated percentage changes
in projected climate-suitable areas, examined geographical
shifts, and presented illustrative maps for main taxonomic
and Red List groups.

2 | Materials and Methods
2.1 | Study Area

Our core study area was Switzerland (projection extent), with
a total area of ~ 41,000km?. To encompass as much as possi-
ble of the climatic conditions encountered throughout the spe-
cies' ranges, we used an extended bounding box covering the
European continent and a portion of Northern Africa (ranging
from 32.60°N to 71.70°N, and from 28.56°W to 40.21°E) for ex-
tracting species and climate data (calibration extent). The pro-
jection and calibration extents were the same for all species,
chosen as a tradeoff to accommodate most climatic niches while
managing computational costs, which increase with the size of
the study area. Furthermore, including data from distant conti-
nents could introduce more uncertainty due to data consistency
issues and taxonomic divergences. Additionally, this extent bal-
anced spatial scale and model accuracy, avoiding niche trunca-
tion for widely distributed species while maintaining accuracy
for those confined to specific locations.

2.2 | Species Data

Two sets of species occurrence records for inside and outside
of Switzerland were used. For Switzerland, validated occur-
rence records for 21,290 species aggregated at 25-m reso-
lution for the 1980-2021 period were provided by the Swiss
Species Information Center InfoSpecies (www.infospecies.
ch) on August 23, 2021 (https://doi.org/10.15468/htjezm). To
avoid modeling issues related to low sample size (e.g., model
convergence, number of covariates, etc.) only species with
a minimum of 50 remaining records were retained for the
analyses, for a total of 7291 species (Appendix S1). Species
were classified into 12 main taxonomic groups: algae (n =10),
amphibians (n=18), arthropods (all but Ephemeroptera,
Plecoptera, Trichoptera, Odonata; EPTO) (n=1888), aquatic
arthropods (EPTO) (n =258), birds (n = 180), ferns and mosses
(n=553), fishes (n=34; note that these are less than one-
third of all fish species in Switzerland, with cold-adapted
and often endemic lake species being largely not included),

fungi (n=1679), mammals (n=73), molluscs (n=162), rep-
tiles (n=15), and vascular plants (n=2421). When available,
International Union for Conservation of Nature (IUCN) Red
List status for each species in Switzerland (Klaus, Cordillot,
and Kiinzle 2023) were provided by InfoSpecies, resulting in
seven groups: critically endangered (CR) (n=49), endangered
(EN) (n=226), vulnerable (VU) (n=668), near threatened
(NT) (n=688), least concern (LC) (n=3998), data deficient
(DD) (n=45), and not evaluated (NE) (n=1617). Occurrence
records for outside of Switzerland for all matching species and
the same 1980-2021 period were obtained from the Global
Biodiversity Information Facility (GBIF; https://www.gbif.
org/) on January 11, 2023 (https://doi.org/10.15468/dl.fktyas).
The extracted GBIF records were tested and filtered for co-
ordinate validity, which included identifying equal latitude/
longitude values, rounded coordinates, and zero values (Zizka
et al. 2019). Additionally, we filtered for spatial and tempo-
ral outliers by extracting occurrences only within the area
defined by a shapefile covering the target European domain
and specifying the same period as the Swiss data (1980-
2021). Further information on the processing of GBIF data
and matching with InfoSpecies species names is provided in
Appendix S2. Sampling bias correction was done by applying
a spatial filter approach consisting of thinning the two sets
of occurrence records. Spatial thinning of species occurrences
has been proven useful for reducing sampling biases by miti-
gating observation clusters (Boria et al. 2014; Aiello-Lammens
et al. 2015; Steen et al. 2020). We used level-specific minimal
distances between two observations for spatial thinning.
Inside Switzerland, we used a distance of 500m, while out-
side Switzerland, the distance was set at 1km. Ideally, these
values should be determined by the species’ biology, the envi-
ronmental heterogeneity of the area, and previous research on
the study system, including knowledge on sampling patterns
(Fourcade et al. 2014; Aiello-Lammens et al. 2015; Lamboley
and Fourcade 2024). However, such comprehensive informa-
tion was unavailable for the full spectrum of species consid-
ered. Here we opted for a tradeoff, considering the spatial
resolution of the covariate data (i.e., 25m inside Switzerland
and 30 arcseconds outside; see section 2.3 for details) and to be
conservative enough (i.e., rather large than small) to allow for
efficient spatial disaggregation. For each species and occur-
rence set, 10,000 background absences were randomly gener-
ated across the target areas to contrast the observations.

2.3 | Climate Data
2.3.1 | Baseline Climate (1981-2010)

We retrieved data for the 19 WorldClim bioclimatic variables
(https://www.worldclim.org/data/bioclim.html) over the
baseline period 1981-2010. This period was the effective stan-
dard 30-year normal for the current period at the time of our
analysis, as defined by the World Meteorological Organization
(WMO 2017). Normal periods are updated every 10years, en-
suring that they accurately represent the current climate of a
region despite ongoing climate change. The WorldClim bio-
climatic variables were specifically created to provide more
biologically meaningful indicators than raw temperature and
precipitation values and are widely used in ecological and
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SDM studies (Hijmans et al. 2005; Booth et al. 2014; Fick and
Hijmans 2017). As for species data, we used specific climate
data sources for inside and outside of Switzerland to benefit
from best-available products. For Switzerland, bioclimatic
variables were extracted from the CHclim25 dataset (10.5281/
zenodo.7871115) which gathers newly available Swiss-wide
climate layers downscaled at 25-m resolution. For outside of
Switzerland, we used 30-arcsecond CHELSA layers (Karger
et al. 2017). An analysis aimed at comparing the CHclim25
and CHELSA data with independent weather station data re-
vealed that CHclim25 was accurate at both low and high el-
evations, while CHELSA data could be less accurate at high
elevation, resulting in potentially higher differences between
the two datasets in these areas. Bioclimatic variable values
were extracted individually from the CHclim25 and CHELSA
databases at the location of InfoSpecies and GBIF species oc-
currence records, respectively, and then pooled together to
form a unique model matrix.

2.3.2 | Climate Projections (2020-2099)

Swiss-wide projections for the 19 bioclimatic variables aver-
aged for four coupled global and regional climate models (GCM-
RCM) (CLMCOM-CCLM4/HADGEM, DMI-HIRHAM/
ECEARTH, MPICSC-REMO2/MPIESM, and SMHI-RCA/
IPSL) and three future intervals (2020-2049, 2045-2074,
and 2070-2099) were retrieved from the CHclim25 data-
set (10.5281/zenodo.7871115). These four GCM-RCM were the
only ones available through CHclim25, as they were the sole
models provided by the CH2018 initiative EURO-CORDEX
simulation (Fischer et al. 2022), use as input for CHclim25, at
a finer resolution of 0.11° (EUR-11, approximately 12.5km),
compared to others available at a resolution of approximately
50km. The 12.5km resolution was the only one relevant for
achieving the 25-m downscaling target of CHclim25. To re-
duce the computational cost of the study, predictions from
GCM-RCM were averaged for each period and scenario. We
included two greenhouse gas concentration trajectories or
representative concentration pathways (RCPs) (van Vuuren
et al. 2011), RCP4.5 (“Low Carbon”), and RCP8.5 (“High
Carbon”). In RCP4.5, moderate emissions peak around the
2040s and then decline. RCP8.5 assumes that emissions will
continue to increase throughout the 21st century. No climate
projection data were retrieved for outside of Switzerland (i.e.,
biodiversity projections were only computed for Switzerland).

2.4 | Climate Suitability Models
2.4.1 | N-SDM Software

To reveal changes in biodiversity patterns in Switzerland
across time and climate change scenarios, we quantified the
response of each species to baseline climate conditions and
project potential changes in their climate-suitable areas. To
do so, we used the newly available N-SDM software (Adde,
Rey, Brun, et al. 2023). In brief, N-SDM is an end-to-end SDM
platform built around a spatially-nested framework intended
at facilitating the combination of a global model quantifying
the species response to the bioclimatic conditions that can

be found across its full distributional range, with a regional
model fitted with fine-scale habitat covariates. In this study,
since we only targeted bioclimatic conditions (i.e., global
level), N-SDM was run in a single-level mode (i.e., no local-
level). The N-SDM “settings.csv” file used to run N-SDM and
the ODMAP reporting protocol (Zurell et al. 2020) can be
found in Appendix S3 and S4, respectively.

2.4.2 | Covariate Selection

The covsel embedded covariate selection procedure (Adde, Rey,
Fopp, et al. 2023) included in N-SDM was used to select the best
subset of the 19 bioclimatic variables for modeling each species.
In short, covsel is a two-step selection procedure that combines
a collinearity-filtering algorithm with model-specific embedded
regularization techniques. We used covsel default values with
a Pearson correlation coefficient (Irl) threshold for identifying
collinear variable pairs corcut=0.7, a target number of variables
selected as the final modeling set n = ceiling(log,(number of
occurrences)), and n_ . =12. Covariate selection results were
summarized by reporting the selection frequency of the candi-
date variables.

2.4.3 | Model Fitting and Selection

The five modeling algorithms available in N-SDM—
Generalized Linear Model (GLM) (McCullagh and
Nelder 1989), Generalized Additive Model (GAM)
(Hastie 2017), Maxnet (MAX) (Phillips et al. 2017), Random
Forest (RF) (Breiman 2001), and light gradient boosted ma-
chine (GBM) (Ke et al. 2017) - were fitted using their default
N-SDM values for hyperparameter tuning. To account for
class imbalance, background pseudo-absences and occur-
rences were weighted equally in the models. Model accuracy
was evaluated using a split-sample approach repeated 100
times with 30% of the data kept for validation. For each model,
the best combination of hyperparameters was identified
using the average “Score” of three evaluation metrics includ-
ing the area under the curve' (AUC') (or Somers' D, such as
AUC'=AUCX2-1) (Somers 1962), the maximized True Skill
Statistic (maxTSS), and the Continuous Boyce Index (CBI)
(Hirzel et al. 2006). We graphically summarized the cross-
validated accuracy of the selected models using boxplots. In
addition, we reported the individual importance of the climate
variables in average for the five modeling algorithms.

2.4.4 | Spatial Projections

For each species, climate suitability values (ranging from 0
to 100) were projected for the baseline period and three fu-
ture intervals X two RCPs. Results from the five modeling
algorithms were individually mapped over a 25-m resolution
grid of 64,007,390 cells covering Switzerland and ensembled
together by averaging the five maps. To facilitate between
species comparisons, we computed binarized version of the
projection maps (suitable or nonsuitable cell) by using species-
specific thresholds maximizing the TSS value (maxTSS) of the
baseline models.
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2.5 | Climate Suitability Analyses
2.5.1 | Projected Spatial Changes

To facilitate the interpretation of projected species distributions,
we started by mapping average projected changes from baseline
for maximum temperature and total precipitation values for the
two RCPs and three future intervals. In addition, to further as-
sess the reliability of our projections, we performed a mobility-
oriented parity (MOP) analysis on the 19 bioclimatic covariates
(sensu Owens et al. 2013), enabling us to assess similarity be-
tween current climate conditions (calibration extent) and future
conditions (projection extent).

Then, to illustrate projected spatial changes in climate suitability
for each taxonomic and red list group, we mapped the average
and standard deviation (SD) of the differences between base-
line and future periods. To assess whether changes in climate
suitability values were associated with specific patterns in tem-
perature and precipitation, we computed bivariate scatter plots
and linear models with quadratic terms. These plots and models
explored the relationship between changes in habitat suitability
values and the two most important temperature and precipita-
tion variables identified from the variable importance analysis of
the models. To identify high climate suitability cells for the cur-
rent period and the end of the century, we isolated and mapped
the cells that fall within the top 30% of values from the average
maps for all species together and for threatened species (red list
groups VU, EN, and CR) individually. We investigated the tempo-
ral stability of the high climate suitability cells by computing the
proportion of overlapping cells between the baseline and future
periods for all species combined, as well as by main taxonomic
and red list groups. Finally, to assess the ability of the existing
network of protected areas (PAs) to incorporate high climate suit-
ability cells, we calculated the proportion of these cells within
the PAs, distinguishing between PAs with comprehensive pro-
tection and those with partial protection status. Comprehensive
protection involves legally binding measures that enforce strict
conservation regulations and minimal human impact, while par-
tial protection allows for regulated activities and sustainable use.
See Appendix S7 for details on PAs and protection status.

2.5.2 | Percentage Changes in Climate-Suitable Area

To quantify the magnitude of potential changes in climate suit-
ability and provide a clearer picture of how much suitable hab-
itat might increase or decrease in the future, we calculated for
each species the percentage change between projected and base-
line number of suitable cells over the entire study area. Results
were graphically summarized by taxonomic and red list groups
by using bar plots displaying for each group the percentage of
species projected to experience stable (< 10%), moderate (< 50%),
or major (>50%) changes in climate-suitable area. To assess
whether the climate-suitable area in the current period, the red
list group, and the taxonomic group had an effect on the class
of projected changes in future climate-suitable area, for each
period X scenario combination, we performed ordered (propor-
tional odds) logistic regressions (Venables and Ripley 2002). We
included quadratic terms for the predictor “climate-suitable area
of the current period”, which was the only continuous one (the

others were categorical). In addition, we computed the overall
proportion of cells affected by losses or gains (>10%) in climate
suitability. We explored the distribution of these losses or gains
at the Swiss level and by major biogeographic region (FSO 2018).

2.5.3 | Geographical Shifts

To better identify the extent and the direction of projected shifts
in climate-suitable cells, for each species, we quantified their av-
erage altitudinal, latitudinal, and longitudinal position. Results
were graphically summarized at the taxonomic and red list group
levels by using line plots displaying the average altitude, latitude,
and longitude projected for each interval and scenario. Statistical
significance of pairwise differences between periods were as-
sessed using Dunn tests (Dunn 1964), with the magnitude and
direction of changes assessed using the resulting Z score.

3 | Results
3.1 | Climate Change Projections

Average projected changes from the baseline maximum tem-
perature and total precipitation values for the three 30-year pe-
riods and two RCPs are mapped in Appendix S6: Figure S6.1.
Anincreasing warming gradient was evident from 2020-2049 to
2070-2099. Compared to baseline values, the greatest increases
in the maximum temperature, ~+4.5°C, were expected during
the 2070-2099 period under RCP8.5. Switzerland was also pro-
jected to experience increased annual precipitation, with the
greatest changes (~+30%) in the easternmost quarter for the
2070-2099 period under both RCPs. Decreased precipitation
(~—5%) was projected for the first two periods in the central
area of the country under RCP4.5. The MOP analysis revealed
that under projected future conditions a maximum of 0.007%
of the cells will experience non-analog climate compared to the
current conditions across the calibration extent. This maximum
was found under RCP8.5 for the 2070-2099 period.

3.2 | Climate Suitability Models

N-SDM was successfully run for all 7291 species. The mean +SD
cross-validated Score value was 0.89+0.04, indicating rather
high model performances. The mean number of climate covari-
ates included in the final models was 6.58 +£0.72. The models for
the 7291 species included 19 distinct climate covariates (all were
selected at least once). The average importance for the tempera-
ture and precipitation covariates was 0.60 £0.24 and 0.27 £ 0.12,
respectively. More details on model assessment and covariate se-
lection results are available in Appendix S5.

3.3 | Climate Suitability Projections
3.3.1 | Projected Spatial Changes
For all species combined and categorized by taxonomic and red

list groups, average and SD maps of projected climate suitability
values for the baseline and three prospective periods under the
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two RCPs can be found in Appendix S6: Zip S6.1 in both .tifand .
png formats (https://doi.org/10.6084/m9.figshare.25046312).
We illustrated with maps showing the difference between the
baseline and the 2070-2099 period for the 12 taxonomic groups
(Figure 1). Visual inspection of the maps suggested that the most
consistent change in climate suitability across groups was an in-
crease in the southern part of the country (i.e., the Alps). For
some groups (e.g., amphibians, birds, and fungi), this increase
was particularly noticeable in the East. Visual analyses under-
scored that projected changes in climate suitability were more
pronounced under the RCP8.5 scenario in comparison to the
RCP4.5.

Figure 2a shows the spatial distribution of high climate suitabil-
ity cells (top 30% of values) for the current period and the end of
the century, distinctively for all species and for threatened spe-
cies. Analogous figures displaying the results for each taxonomic
group are available in Appendix S6: Figures S6.2-S6.13. On av-
erage for all species, compared to the current period, our results
suggested that future high climate suitability cells were expected
to emerge or persist in high-altitude regions, particularly in the
south-east of the country (i.e., the Alps) and on the north-western
border of Switzerland (i.e., the Jura). In contrast, for all species,
high climate suitability cells currently located in low-elevation
areas, particularly in the south-west and north-north-east of the
country, were no longer included in the top 30%. For threatened
species, changes in high climate suitability cells were less evi-
dent, with fewer emerging in the southeastern part of the coun-
try and a large portion persisting in the southwestern quarter.

Analysis aimed at investigating the temporal stability of the
high climate suitability cells revealed that under RCP8.5, the

three taxonomic groups with the least overlap of cells with
high climate suitability between the baseline period and the
end-of-century were fungi (10.1% of the high climate suitability
cells), arthropods (EPTO) (15.8%), and arthropods (non-EPTO)
(19.8%). Under RCP4.5, the least overlap was also for fungi
(39.9%), arthropods (EPTO) (47.1%), and arthropods (non-EPTO)
(54.6%). Conversely, the three groups with the most overlap-
ping cells under RCP8.5 were fishes (71.6%), ferns and mosses
(54.2%), and birds (43.2%). Under RCP4.5, the groups with the
most overlap were fishes (86.5%), algae (79.0%), and amphibians
(76.1%). The same analyses done for red list groups showed that
under the RCP8.5 scenario, the three least stable groups were
NE (7.8% of the high climate suitability cells), LC (20.1%), and
DD (21.2%). The three most stable groups were EN (47.9%), CR
(46.7%), and NT (33.8%). Under the RCP4.5 scenario, the three
least stable groups were NE (40.2%), LC (50.4%), and DD (52.9%).
The three most stable groups were CR (75.4%), EN (73.5%), and
VU (64.0%).

From the perspective of the coverage of high climate suitabil-
ity cells by the current network of PAs (Figure 2b), our results
for both all species and threatened species indicated that PAs
should contain more high climate suitability cells under future
climate scenario. Currently, for all species, the proportion of
high climate suitability cells in the PA network was 5.5% and
12.4%, which increased to 12.5% and 20.0% by 2070-2099 under
RCP8.5 for PAs with comprehensive and partial protection
statuses, respectively. For threatened species, the current pro-
portion of high climate suitability cells in PAs was of 4.8% and
10.5%, which increased to 8.4% and 16.3% by 2070-2099 under
RCP8.5 for PAs with comprehensive and partial protection sta-
tuses, respectively.
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FIGURE1 | Projected average climate suitability changes between the baseline period (1981-2010) and 2070-2099 for the 12 taxonomic groups
under the low (RCP4.5) and high (RCP8.5) greenhouse gas scenarios in Switzerland. Arthropods*: All but Ephemeroptera, Plecoptera, Trichoptera,
Odonata (EPTO). Arthropods**: Aquatic arthropods (EPTO). See https://doi.org/10.6084/m9.figshare.25046312 for average and SD maps of
projected climate suitability values for the baseline and three prospective periods under the two RCPs for all species combined and categorized by the

taxonomic and red list groups. Climate suitability values are ranging between 0 and 100. The labels on the x and y-axes represent the coordinates in

meters (m) in the Swiss coordinate system CH1903+/LV95.
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FIGURE 2 | Spatial distribution of high climate suitability cells and coverage by protected areas (PAs). (a) Maps of high climate suitability cells
(in green) that fall within the top 30% of values from the average maps for all species together and for threatened species individually (red list groups
VU, EN, and CR) for the current period and the end of the century under RCP4.5 and 8.5. (b) Map of PAs in Switzerland, by protection status, and
bar plots showing the coverage of high climate suitability cells under current and future conditions for all species together and for threatened species

(red list groups VU, EN, and CR). See Appendix S6: Figures S6.2-S6.13 for the results for individual taxonomic groups. See Appendix S7 for more
details on PAs and conservation status. The labels on the x and y-axes of the maps represent the coordinates in meters (m) in the Swiss coordinate

system CH1903+/LV95.

Results from the bivariate analyses aimed at assessing
whether changes in climate suitability values were associ-
ated with specific patterns in temperature and precipitation
indicated statistically significant associations between the
two most important temperature and precipitation variables
identified from the variable importance analysis of the models
(BIO1: Annual mean temperature, BIO4: Temperature season-
ality, BIO12: Annual precipitation, and BIO18: Precipitation
of warmest quarter) and changes in climate suitability
(p<0.001). The bivariate plots revealed skewed and scattered
patterns, as illustrated in Appendix S6: Figure S6.14. For
temperature, identifiable patterns included minimal changes
in climate suitability at the coldest pixels, an increase at
mid-range temperatures, and a decrease at the warmest.
For precipitation, patterns displayed either an increase or a
decrease in climate suitability at the lowest precipitation
levels, with a trend towards fewer changes at higher precip-
itation levels.

3.3.2 | Percentage Changes in Climate-Suitable Area

The overall percentage of species projected to experience major
changes in climate-suitable area (>50% decrease or increase)
was higher under RCP8.5 (68.5%) than RCP4.5 (65.7%). On aver-
age for the two RCPs, this percentage increased over time with
values of 62.3% for 2020-2049, 65.8% for 2045-2074, and 71.1%
for 2070-2099.

3.3.2.1 | Negative Changes. Averaged across all species,
by the end of the century (2070-2099), we projected an overall
decrease (>10%) for 39.5% of the cells of the study area under
RCP8.5 and 9.6% under RCP4.5. Results stratified by main bio-
geographic regions (Appendix S6: Figure S6.15) showed that
the regions with the highest proportion of cells projected to
experience decreases in climate suitability under RCP8.5 were
the Plateau (87.1% of the cells) and the Jura (49.0%), and under
RCP4.5 the Plateau (21.4%) and the western Alps (15.5%).
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At the species level, we projected decreases in climate suit-
ability for 3000 species under RCP8.5 and 1758 under RCP4.5.
Among these species, 44 and 85 were projected to lose their
entire climate-suitable area (100%) under RCP4.5 and RCPS.5,
respectively. It included primarily arthropods (n=16 and 29),
vascular Plants (n =13 and 37), and molluscs (n =3 and 5), from
the LC (n=16 and 27), NE (n=10 and 22), and VU (n=2 and
14) red list groups. Relative to the current baseline, by the end
of the century (2070-2099) and under RCP8.5, the three groups
with the largest proportion of species forecasted to experience
decreases in climate-suitable area were molluscs (70.4%), algae
(60%), and amphibians (55.6%) (Figure 3). For RCP4.5, the three
groups with the largest proportion of species forecasted to ex-
perience decreases were molluscs (48.8%), birds (29.4%), and
vascular plants (28%) (Figure 3). Analogous figures for other
periods and stratifying the results by red list groups are avail-
able in Appendix S6: Figures S6.16-S6.21. By the end of the cen-
tury (2070-2099) and under RCP8.5, the red list groups with the
highest proportion of species projected to experience the great-
est losses in climate-suitable areas were EN (32.7%), NE (29.9%),

and VU (27.2%). Under RCP4.5 (2070-2099), these groups were
CR (22.4%), NE (16.3%), and VU (14.4%).

3.3.2.2 | Positive Changes. In contrast, averaged across
all species, by the end of the century (2070-2099), we projected
an overall increase (>10%) for 50.3% of the cells under RCP8.5
and 73.1% under RCP4.5. The regions with the highest propor-
tion of cells projected to experience an increase under RCP8.5
were the eastern Alps (80.5% of the cells) and the northern Alps
(72.3%) (Appendix S6: Figure S6.15). Similarly, under RCP4.5,
these regions were projected to experience gains for 92.7%
and 88.4% of their cells, respectively.

At the species level, we projected increases for 3878 species under
RCP8.5 and 5007 under RCP4.5. For RCP8.5, the three groups with
the largest proportion of species forecasted to experience increases
were reptiles (80.0%), ferns and mosses (69.8%), and fungi (68.1%)
(Figure 3). For RCP4.5, the three groups with the largest propor-
tion of species forecasted to experience increases were reptiles
(86.7%), fishes (82.4%), and ferns and mosses (81.2%) (Figure 3).
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FIGURE3 | Percentage changesin projected species’ climate suitability in Switzerland from baseline (1981-2010) values for the 2070-2099 period
under “low” (RCP4.5) and “high” (RCP8.5) greenhouse gas concentration trajectories by taxonomic group. Numbers on the right indicate the species
count by taxonomic group. Note that for fish species, these are less than one-third of all species in Switzerland, with cold-adapted and often endemic
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Figures S6.16-S6.21 for the results for all periods and red list groups.
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3.3.2.3 | Effects of Current Climate-Suitable Area,
Red List Group, and Taxonomic Group on Projected
Changes. The climate-suitable area in the current period was
significantly and consistently associated with the class of projected
change in future climate-suitable area (Appendix S6 Figure S6.22
and Table S6.1). This association revealed that species with a small

climate-suitable area in the current period were more likely to
experience substantial changes in the future (loss or gain of > 50%),
while those with a current climate-suitable area of intermediate
or large size were less prone to major changes. The red list group
had little effect on the class of projected changes, except for DD
and NT, which were both significantly associated with an increase
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FIGURE 4 | Projected geographical shifts in species’ climate-suitable area in Switzerland. Left: Average (a) elevation, (b) latitude, and (c)
longitude of species’ climate-suitable area for the baseline (1981-2010) and three 30-year future periods (2020-2049, 2045-2074, and 2070-2099)
under the “high” (RCP8.5) greenhouse gas concentration trajectory by taxonomic group. The black lines indicate the average values across all species.
Right: Magnitude and significance of changes from baseline period for the three future intervals. Statistical significance of pairwise differences
between periods were assessed using Dunn tests and the magnitude and direction of changes using the resulting Z score, with ***p <0.001; **p <0.01;
*p <0.05; none: Non-significant. See Appendix S6: Figures S6.23-S6.26 for the results for RCP4.5 and red list groups.
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in projected future climate-suitable area. Taxonomic groups had
varying effects: reptiles, ferns and mosses, fishes, and fungi were
significantly associated with an increase in projected future
climate-suitable area under RCP8.5 for the two periods 2045-2074
and 2070-2099. In contrast, arthropods (non-EPTO), molluscs,
and vascular plants were associated with a decrease under both
RCPs for the 2020-2049 period.

3.3.3 | Geographical Shifts

Figure 4 illustrates changes in average elevation, latitude, and
longitude of climate-suitable areas by taxonomic group under
the RCP8.5 scenario. Corresponding figure for the RCP4.5 sce-
nario can be found in Appendix S6: Figure S6.24.

Under both scenarios, projections indicated that the climate-
suitable area for all groups will shift to higher elevations during
the study period. Statistically significant shifts between the base-
line period (1981-2010) and the end of the century (2070-2099)
ranged from 314 + 504 m for fishes to 962+ 286 for fungi under
the RCP8.5 scenario (Figure 4a). Under RCP4.5, the upward el-
evation shifts were less prominent, with values of 97+ 188 and
498 +253 for these two groups, respectively.

Results revealed statistically significant decreases in average
latitude (indicating southward shifts) for all groups except algae,
amphibians, fishes, mammals, and reptiles under RCP8.5, when
comparing the baseline (1981-2010) to the end of the century
(2070-2099) (Figure 4b). Mean latitudinal shifts varied between
—3540+38,360m for vascular plants to —34,841+ 31,201 for
fungi. Statistically significant southward shifts were projected
under RCP4.5 only for ferns and mosses, fungi, mammals, and
vascular plants.

Conversely, a significant increase in average longitude (indicat-
ing eastward shifts) was projected for all groups except algae,
amphibians, fishes, and reptiles under RCP8.5 throughout the
study period (Figure 4c). These longitudinal shifts between the
baseline period (1981-2010) and the end of the century (2070-
2099) ranged from 16,831 +40,124 m for arthropods (EPTO) to
49,954+ 50,144 for fungi. Under RCP4.5, statistically signifi-
cant eastward shifts were projected only for fungi, vascular
plants, arthropods (non EPTO), birds, and molluscs.

For both RCPs, detailed figures stratifying the results by red
list groups can be found in Appendix S6: Figures S6.25-S6.26.
By the end of the century, under the RCP8.5 scenario, the red
list groups projected to experience the most significant eleva-
tional shifts included NE (810+410), LC (787 +364), and VU
(740 £437). The most substantial southward shifts were pro-
jected for LC (-20,575+32,554), DD (—18,002+41,429), and
VU (-10,544 +42,819), while the highest eastward shifts were
projected for LC (40,267 +46,143), NE (35,406 + 51,827), and DD
(29,442 +53,173).

4 | Discussion

With many areas projected to continue to become warmer
and changes in precipitation regime (Bader et al. 2023), and

assuming that species will conserve their current climatic
niche, future climate will likely shift the ranges of many species
in Switzerland. Our study, by including over 7000 individual
species from 12 major taxonomic groups, represents by far the
most comprehensive climate change-biodiversity assessment
available for Switzerland, providing insight into the changes
in biodiversity patterns across the century under two climate
change scenarios. Our results indicated that projected climate
changes could have important effects on species’ climate suit-
ability, with 41% of species projected to experience decreases
and 53% increases, on average for all future periods and sce-
narios, with different responses based on taxonomic groups.
The overall percentage of species projected to experience major
changes in climate suitability was higher under RCP8.5 (68.5%)
compared to RCP4.5 (65.7%). By the end of the century (2070-
2099), decreases in climate suitability were projected for 3000
species under RCP8.5 and 1758 species under RCP4.5. Spatially,
by 2070-2099, we projected an overall decrease in climate suit-
ability for 39% of the cells in the study area under RCP8.5 and
10% under RCP4.5, while projecting an increase for 50% of the
cells under RCP8.5 and 73% under RCP4.5. The most consis-
tent geographical shifts were upward, southward, and east-
ward, leading to an increase in high climate suitability cells
in high-altitude regions and a decline in low-elevation areas.
These trends are consistent with other observational and mod-
eling studies that focused on Switzerland (Vittoz et al. 2013;
Petitpierre et al. 2016; Vitasse et al. 2021; Gebert et al. 2022).
Changes in both latitude and longitude are likely to be asso-
ciated with altitudinal effects (Pearson's r of —0.53, p<0.001
between elevation and latitude, and 0.29, p<0.001 between
elevation and longitude), as the regions with the highest eleva-
tions in Switzerland are also in the south and east. Additional
potential explanations for the eastward shifts involve increased
levels of precipitation in the eastern region and the filling of
species' suitable areas that were vacant because of incomplete
post-glacial recolonization (Svenning and Skov 2007; Qian,
Badgley, and Fox 2009; Baselga et al. 2012).

Climate change has been shown to have clade-specific effects
given distinct climatic preferences, dispersal abilities, or adap-
tive capacity (Lavergne et al. 2010; Fei et al. 2017; Nogués-
Bravo et al. 2018). Here, assuming niche conservatism under
climate change, we also show distinct consequences. On av-
erage for the two RCPs, the three groups with the highest
proportion of species projected to experience decreases in
climate-suitable area were molluscs, arthropods, and vascu-
lar plants. This is a particularly concerning result, as most
of the species making up these groups are not very mobile,
or immobile, and should have difficulty keeping up with cli-
mate velocity, or the speed at which a species must migrate
to keep pace with climate change (Loarie et al. 2009). Even
more alarmingly, 44 (RCP4.5) and 85 (RCP8.5) species were
projected to lose their entire climatically suitable range in
Switzerland, including primarily arthropods, vascular plants,
and molluscs. In contrast, for several species, climate suitabil-
ity was projected to expand in high-elevation areas, but not
necessarily contract in the lowlands, resulting in increased
total suitable area. Reptiles, ferns and mosses, and fishes
where the three groups most affected in this way. However, it
is important to note that not all these groups were equally well
represented. While virtually all reptile species in Switzerland
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were covered, only about one-third of the fish species could be
included, resulting in less robust findings.

From an red list group perspective, we showed that the threat-
ened VU and EN categories were also those with the highest
number of species projected to experience losses. This finding is
concerning and can be viewed as an additional threat, given that
the consequences of climate change are often inadequately ac-
counted for in the current red list status (Keith et al. 2014; Trull,
Bohm, and Carr 2018; Foden et al. 2019). On average, for all
species together and specifically for threatened ones, an increas-
ing proportion of high climate suitability cells was projected to
fall within the PA network under both future climate scenarios.
This suggests that the PA network in Switzerland would remain
robust against projected changes in climate suitability. This
finding aligns with results from several similar recent studies
(Hoveka et al. 2022; Mi et al. 2023; Zhang et al. 2024). Swiss
PAs are mainly at higher altitudes, which are projected to be-
come more climate-suitable in the future, but individual species
may still face significant losses outside PAs, with some losing
both climate-suitable areas and PA coverage (Engler et al. 2011;
Vincent et al. 2019).

Predicting biodiversity responses to climate change for a de-
limited area such as a country can be challenging due to spatial
niche truncation (Barbet-Massin, Thuiller, and Jiguet 2010;
Gallien et al. 2012; Chevalier et al. 2022). In addition to being
pioneering for Switzerland in terms of the number and di-
versity of species considered, this study is also innovative in
its effort to integrate species occurrence data outside of the
core study area (i.e., across Europe). This was done to cover
the full range of bioclimatic conditions that the species en-
counters within its distribution range, and thus obtaining an
untruncated estimate of the response of the species to future
climate. The MOP analysis conducted in an attempt to eval-
uate the degree of non-analog climate conditions in future
projections revealed that this objective was successfully met,
with less than 0.01% of the cells of the Swiss projection ex-
tent identified to be non-analogous in the future compared to
the current conditions across the whole European calibration
extent. The seamless integration of European and Swiss spe-
cies and climate data was facilitated by the use of the N-SDM
modeling platform (Adde, Rey, Brun, et al. 2023). N-SDM was
specifically designed to tackle the niche truncation issue and
has the key advantage of being designed to be run on high-
performance computing structures, which is indispensable
for modeling so many species simultaneously in an acceptable
timeframe. Integrating data from species that extend beyond
the national framework could explain why we ended up with
a greater number of “winners” than “losers”, whereas the
opposite is generally the case in comparable studies (Guisan
and Theurillat 2001; Randin et al. 2010; Veldsquez-Tibata,
Salaman, and Graham 2013; Ferreira et al. 2016; Dyderski
et al. 2018). Indeed, most of the species evaluated in this study
have a current range that extends well beyond Switzerland
and may evolve in temperature conditions that are already
warmer than those projected for the end of the century in
Switzerland (as already shown for bird species; (Chevalier
et al. 2022)). Furthermore, it should be noted that our study fo-
cused only on species already present in Switzerland, but the
patterns predicted for the major taxonomic groups could differ

somewhat if we consider the arrival of new species for which
bioclimatic conditions across Switzerland could become favor-
able in the future (Lawler et al. 2009; Blois et al. 2013; Chan
et al. 2018).

Worldwide, an expanding number of species occurrence data
has recently become available, primarily due to the multiplica-
tion of community science initiatives (Dickinson, Zuckerberg,
and Bonter 2010; Amano, Lamming, and Sutherland 2016;
Pocock et al. 2017; Oliver et al. 2021). Despite the considerable
efforts of the Swiss biodiversity centers (www.infospecies.ch)
to collate and curate the numerous data received each year,
these data remain highly heterogeneous in terms of the sam-
pling protocol and are subject to imperfect detection due to
spatial-temporal variation among observers, in environmen-
tal conditions, and in species' behaviors. In order to limit the
potential issues related to these characteristics, we applied a
correction strategy consisting of performing a spatial disag-
gregation of the occurrence records, which is useful for get-
ting rid of observation clusters (Kramer-Schadt et al. 2013;
Vollering et al. 2019; Steen et al. 2020). The quality of the
input data will also influence on the reliability of the output
map, and this is difficult to control when so many species are
modeled at once. In particular, for species with few occur-
rence points, it could be difficult to discern whether a species
is rare or under-sampled. In order to avoid having to make
this distinction, we chose to focus on species for which a min-
imum of 50 occurrence points were available. This choice was
also motivated to use a method applicable to all species. In
particular, to model the rarest species, it would have been pos-
sible to use the ensembles of small models approach (Lomba
et al. 2010; Breiner et al. 2015, 2018), but this would have pre-
vented the comparability of the output maps. We acknowl-
edge that a major caveat of our study is that a critical part of
Switzerland's biodiversity—the under sampled or rare one—is
excluded from our study, and that a specific assessment for
these species is still necessary. For example, nearly all nar-
row endemic fish species, many limited to just one lake, were
excluded upon applying the spatial disaggregation and mini-
mum number of occurrence filters. Despite their significance
for biodiversity conservation, many of these rare species are
frequently excluded from SDM studies for modeling purposes
(Gaston 1998; Grenyer et al. 2006; Wiens and Zelinka 2024).
We emphasize the importance of interpreting our results with
the awareness that we did not cover the rarest species.

Climate-only SDMs depend on the assumption that patterns
in species’ distribution are at least partially determined by cli-
matic conditions and thus may be modeled using climate co-
variates (Heikkinen et al. 2006; Hijmans and Graham 2006;
Araujo and Peterson 2012). These models ignore multiple
other variables and mechanisms that could play key roles in
mediating species’ responses to climate, including land use
and cover, demographic shifts, species interactions, and evolu-
tion (Guisan et al. 2013). Furthermore, our analyses do not in-
corporate dispersal constraints (Soberon and Peterson 2005),
which depend on geographical and historical limitations.
Consequently, projected gains in climate-suitable areas will
not necessarily be reflected in terms of gains in distribution
areas, or even in habitat suitability. However, for species pro-
jected to lose most of their climate-suitable areas, we have
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information that their primary climate requirements are un-
likely to be fulfilled. Climate suitability is not the most de-
tailed information that could have theoretically been accessed
from our results and analyses of spatio-temporal beta diversity
patterns, including species turnover, taxonomic heterogeni-
zation or homogenization, would have been necessary for a
more comprehensive assessment of the future biodiversity sit-
uation. Considering the heterogeneity and the number of spe-
cies modeled in this study, along with the numerous sources
of uncertainties related to future projections, we believe that
remaining at this fairly coarse and aggregated level of analy-
sis has allowed us to draw more robust conclusions about the
targets we set. Since input climate data are the only covariates
feeding these models, their quality is important. In this study,
the use of N-SDM (Adde, Rey, Brun, et al. 2023), which al-
lows the combination of covariate data from different sources
and with varying spatial resolutions for the regional (i.e.,
Switzerland) and global (i.e., Europe) levels, made it possible to
take advantage of the best climate data available at each level.
In particular, for Switzerland, the use of the 25-m resolution
downscaled CHclim25 dataset (Broennimann 2021) allowed
us to capture locally relevant climatic processes. We recognize
that these climate data are only including air and not water
measurements, which is probably an important limitation for
the modeling of aquatic species, although relationships have
already been established between air and water temperatures
(Caissie 2006; Seekell and Pace 2011; Isaak et al. 2012).

5 | Conclusion

By using a modeling approach explicitly designed to account
for niche truncation, our study provides state-of-the-art pro-
jections for biodiversity in Switzerland, addressing the lack of
comprehensive climate-driven biodiversity data for guiding
effective conservation efforts. We alarmingly revealed that
about half of the ~7000 species evaluated could experience de-
crease in climate-suitable areas, and that several species could
even potentially lose their entire climatically-suitable range in
Switzerland by the end of the century. These estimates are likely
conservative, as we did not model species that are already rare
(i.e., for which less than 50 occurrence points were available).
Climate suitability layers made available along this study can
serve as biodiversity indicators to be evaluated alongside other
socioeconomic sectors of national importance such as energy,
agriculture, and tourism. Once these trade-offs are identified,
additional work will be necessary to assess the climate change
resilience of the national ecological infrastructure and plan ad-
aptation solutions.
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