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Abstract

Climate change is predicted to drive geographical range shifts that will result in changes
in species diversity and functional composition and have potential repercussions for
ecosystem functioning. However, the effect of these changes on species composition and
functional diversity (FD) remains unclear, especially for mammals, specifically bats. We
used species distribution models and a comprehensive ecological and morphometrical trait
database to estimate how projected future climate and land-use changes could influence
the distribution, composition, and FD of the European bat community. Future bat assem-
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blages were predicted to undergo substantial shifts in geographic range and trait structure.
Range suitability decreased substantially in southern Europe and increased in northern lat-
itudes. Our findings highlight the potential for climate change to drive shifts in bat FD,
which has implications for ecosystem function and resilience at a continental scale. It is
important to incorporate FD in conservation strategies. These efforts should target species
with key functional traits predicted to be lost and areas expected to experience losses in FD.
Conservation strategies should include habitat and roost protection, enhancing landscape
connectivity, and international monitoring to preserve bat populations and their ecosystem
services.
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INTRODUCTION

Climate change is a key and growing threat to biodiversity
(IPCC, 2022) that is driving substantial shifts in patterns of
species distribution and diversity worldwide (Chen et al., 2011;
Parmesan & Yohe, 2003; Walther et al., 2002). Under future cli-
mate change scenarios, the geographic range for many species is
predicted to expand or contract in size or shift along latitudinal
and elevational gradients (Dullinger et al., 2012; Rebelo et al.,
2010; Thomas et al., 2004). The variation in species-specific
responses to climate change can lead to the emergence of new
species assemblages differing in compositions and functions
from those observed today (Williams & Jackson, 2007). Such
changes can influence biotic interactions (Blois et al., 2013),
alter ecosystem processes (Loreau et al., 2001), and possibly
trigger trophic cascades (Mäntylä et al., 2011). The impacts of
climate change on species distributions will be exacerbated by
ongoing anthropogenic land-use change in the form of habi-
tat loss and fragmentation, which is already responsible for an
extensive decline in wildlife abundance and functional diversity
(FD) across the globe (Brodie et al., 2021; Maxwell et al., 2016).
Such land-use changes are also likely to impair species’ ability to
shift their ranges in response to future climate change (Robillard
et al., 2015).

Species distributional changes have consequences at the com-
munity level. Competition may emerge when newly arriving
species use the same limited resources that local species rely
on (e.g., Tannerfeldt et al., 2002). If generalist species colonize
areas that have become climatically suitable for them, they may
displace local, more habitat specialists, as seen in small mam-
mal assemblages at high elevations (Clavel et al., 2011; Rowe
et al., 2010). Thus, climate-change-induced distributional shifts
can lead to a simplification of communities as opportunistic
species expand to new areas, and specialist species may expe-
rience range contractions and ultimately disappear (McKinney
& Lockwood, 1999). These changes could have further reper-
cussions on ecosystem functions due to shifts in functional
composition (Thuiller et al., 2006). Replacing local species with
functionally different species (Rosenfeld, 2002) can have sub-
stantial and potentially unpredictable impacts on community
structure and ecosystem functioning. Furthermore, climate-
change-induced range shifts in mammals can lead to an increase

in cross-species transmission of pathogens, which can affect
population viability (Carlson et al., 2022). Hence, understanding
and assessing such changes in range, assemblage structure, and
FD is an important step toward developing effective conserva-
tion strategies, particularly in regions where ecosystem functions
are likely to be affected by climate change (McCarthy et al., 2011;
Roy et al., 2015).

Bats offer an important case study for community-level
responses to climate change due to their high diversity, dis-
tinct ecological roles, and sensitivity to environmental changes.
Bats, accounting for 20% of mammalian species, are widely dis-
tributed and play key ecological roles, such as insect suppression
(Jones et al., 2009; Kunz et al., 2011). Bats are thought to be par-
ticularly sensitive to climate change, especially to temperature
increases and extreme events, because their high body surface-
to-volume ratios due to large wing and tail membranes mean
they are prone to dehydration (Korine et al., 2016). Changing
temperatures can affect various aspects of bat physiology and
ecology, from torpor duration and intensity to reproduction
requirements and food availability, which can lead to demo-
graphic and spatial responses to climate change (reviewed in
Festa et al. [2022] and Sherwin et al. [2013]). Conversely, due
to their flight ability, some bat species have a greater capac-
ity for long-distance dispersal (Hutterer et al., 2005) relative to
small terrestrial mammals (e.g., rodents and shrews) and conse-
quently higher range shift potential in the face of climate change,
assuming the availability of habitats.

Numerous studies have demonstrated the impact of climate
change on the distribution, activity, survival, and reproductive
success of bats. Yet, impacts at the community and functional
level have not been explored (Festa et al., 2022). To address
this knowledge gap, we predicted how projected future climate
and land-use changes may influence the distribution, composi-
tion, and FD of the European bat community. To this end, we
collected a unique data set of more than 14,000 observations
through a cross-European collaborative network and employed
ensemble forecasting to predict the future range suitability
for 37 European bat species. We integrated these predictions
with species traits to estimate future trajectories in community
composition and FD. We hypothesized that climatic suitability
increases in northern Europe and decreases in southern Europe,
resulting in a shift in patterns of species richness, and that shifts
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in climatic suitability across Europe lead to changes in commu-
nity composition and FD in northern and southern latitudes. We
predicted that gains in species richness in northern Europe will
result in more pronounced changes in community composition
and FD than range losses in southern Europe because there are
fewer species in northern Europe.

METHODS

Study area

The study area encompassed Europe and the North African
and Middle Eastern regions bordering the Mediterranean Sea
(Appendix S1). We extended the study area to North Africa
and the Middle East to include the southern range limits of
the distribution of some European bat species (e.g., Pipistrellus

kuhlii, Rhinolophus mehelyi, Barbastella barbastellus) and hence cap-
ture their full range of climatic tolerances. This area covered the
geographic range of the most common European species and
the European near-endemic bat species (Hackländer & Zachos,
2020). We included only European bat species because of a lack
of information on non-European species for assessing changes
in FD.

Bat species occurrence data

We collected a comprehensive data set of unpublished loca-
tion records from bat experts from across Europe through
the ClimBats COST Action network (CA18107). We obtained
data from 66 data providers for 29 countries, including loca-
tion records from 1980. We supplemented our data set with
location records extracted from the literature for North Africa
(Appendix S2) and the EUROBATS data set (www.eurobats.
org). We did not use GBIF records because of concerns about
their accuracy with cryptic species identification and their asso-
ciated spatial bias (Beck et al., 2014). This approach ensured our
data set was robust and reliable and avoided potential pitfalls
associated with commonly used databases.

We removed duplicate records and thinned the records of
each species to 40 km with the R package spThin (Aiello-
Lammens et al., 2015) to reduce spatial clustering. This value
resulted in the best balance between retaining a sufficient num-
ber of records and reducing clustering in more densely sampled
countries. The final data set included 14,638 location records of
37 bat species. Species presence data ranged between 62 loca-
tions for Plecotus kolombatovici and 929 for Pipistrellus pipistrellus

(average 393.05 location records [SD 234.58]) (Appendix S3).
These data are available from Dryad https://doi.org/10.5061/
dryad.2z34tmpx6.

Environmental variables

We selected 8 environmental variables that are ecologically
meaningful for bats and likely to limit their distribution, based

TABLE 1 Environmental variables used for European bat species
distribution modeling.

Variable abbreviation Description

CHELSA Bio04 Temperature seasonality

CHELSA Bio05 Maximum temperature of warmest month

CHELSA Bio12 Annual precipitation

CHELSA Bio15 Precipitation seasonality

CHELSA bio18 Precipitation of warmest quarter

Globio forested Land cover—forest

Globio urban Land cover—urban

DEM ruggedness Topographic ruggedness index

on knowledge of the ecology of European bats (Table 1).
We combined climatic, land cover, and topographic variables.
We initially included 6 bioclimatic variables downloaded from
CHELSA-Climate (Karger et al., 2017) at a 30-arc-second res-
olution (∼1 km), 2 land cover variables, proportion of forested
and urban area derived from the 300-m-resolution Globio4 map
(Schipper et al., 2020), and one topographic variable, which
was calculated from the Copernicus Digital Elevation Model
data set at a 30-m resolution (topographic ruggedness index)
(Appendix S4). We used the R package raster (Hijmans et al.,
2015) to upscale variables to approximately 5 km, correspond-
ing to the average home range of bat species (Stebbings &
Griffith, 1986), and thus include the area likely used by the
bat around each location record. We removed intercorrelated
variables with variation inflation factor >10 and Spearman cor-
relation rho >|0.7|. The final data set included 5 bioclimatic
variables, 2 land cover variables, and one topographic variable
(Table 1).

To forecast species distribution under future scenarios, we
used projected climatic data for 2041–2060 based on the RCP
4.5 (representative concentration pathway) and RCP 8.5 sce-
narios (medium- and high-emission scenarios) (IPCC, 2022)
and 3 general circulation models (HadGEM2, IPSL-CM5A, and
MPI-ESM) (www.chelsa-climate.org) chosen because of their
European focus (IPCC, 2013). Future land cover projections
were based on the Globio4 model and the SSP3 and SSP5 sce-
narios (Schipper et al., 2020). We focused on the results of the
high-emission scenarios (RCP 8.5 and SSP5) to highlight the
consequences of inaction on climate change.

Modeling procedure

We generated species distribution models (SDMs) to predict the
impact of climate change on the ranges of 37 bat species across
the study area. For each species, occurrence records were split
into 70% training and 30% testing data. For each species range,
we generated 10,000 random background points with the dismo
package (Hijmans et al., 2017). Following best practices (Araújo
et al., 2019), SDMs were fitted using an ensemble approach with
4 different algorithms: generalized additive models (McCullagh
& Nelder, 1989), boosted regression trees (Elith et al., 2008),

http://www.eurobats.org
http://www.eurobats.org
https://doi.org/10.5061/dryad.2z34tmpx6
https://doi.org/10.5061/dryad.2z34tmpx6
http://www.chelsa-climate.org
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artificial neural networks (Lek & Guégan, 1999), and maximum
entropy (Phillips et al., 2006). We used the R package biomod2
4.1.2 (Thuiller et al., 2016) to generate the models. We adjusted
the model parameters of each algorithm for each species with
SDMtune (Vignali et al., 2020) to improve model performance
(Merow et al., 2013) (Appendix S5).

We used the true skill statistics (TSS) and the area under the
curve (AUC) of the receiver operating characteristic to evaluate
model performance. We employed random cross-validation to
estimate the binary threshold for predictions and then assessed
the model’s performance with geographic block cross-validation
with the R package blockCV (Valavi et al., 2019). We combined
the models generated from different algorithms into an ensem-
ble model by averaging their outputs, weighing each model’s
contribution based on its AUC and TSS scores, and exclud-
ing models with low discrimination ability (AUC < 0.75 and
TSS < 0.5). Final individual models were then run with all
location records. Continuous predictions of the single mod-
els were then converted to binary presence–absence maps with
the approach that maximizes the sum of model sensitivity and
specificity (Liu et al., 2013).

We projected our models to 2041–2060 with the RCP 8.5
and RCP 4.5 emission scenarios and the 3 General Circulation
Models (GCMs). We combined the outputs of models gener-
ated with the mean of the 3 GCMs. We calculated the extent of
changes in range suitability between present and future condi-
tions in biomod2 by overlapping the binary present and future
model output maps for each bat species and calculating actual
and percent changes in predicted range size (number of cells).
Subsequently, the binary maps for each bat species were added
to produce species richness maps, which we used to calculate
changes in diversity under future climate change at each raster
cell.

We ran a multivariate environmental similarity surfaces
(MESS) analysis, as recommended by Elith et al. (2010), across
the whole of Europe and North Africa to determine whether
our study area was predicted to be in nonanalog condition. The
MESS plots showed that all variables were within the range
present in the training (current) data across Europe, with the
exception of Bio4 in parts of Ukraine and Russia and Bio5 in
the Sahara (Appendix S6). Neither of these areas was included
in our projected models and subsequent analyses.

Community-level and FD analyses

To determine how climate change will affect bat community
composition, we calculated beta diversity with the Jaccard dis-
similarity index between present and future predictions at a
50-km resolution. To compute the Jaccard dissimilarity index,
we used the predicted presence and relative occupancy of
species within each grid cell. The relative occupancy of species
was calculated based on the proportion of the 50-km cell
predicted to be occupied by the species. We partitioned beta
diversity into community turnover and nestedness in the beta-
part R package 1.6 (Baselga & Orme, 2012). This partition

allows us to discriminate between community changes due to
species substitutions (turnover) and community changes due to
the loss of existing species (nestedness).

To assess the effects of climate change on FD, we assembled
morphological and ecological trait data from a comprehensive
data set for European bat traits (EuroBaTrait 1) (Froidevaux
et al., 2023) that provides information on key dimensions of
the bat niche and ecological attributes. We initially selected 13
key traits that are important for characterizing bats and have
good coverage across the studied species. After removing highly
correlated traits, the following 10 traits were retained: home
range (area used to satisfy daily needs, representing movement
behavior), estimated extent of occurrence (range size, represent-
ing extinction risk due to restricted geographic distribution),
upper elevation limit, dietary diversity, dietary specialization
index (range from specialists to generalists), body mass (influ-
encing metabolic rate, energy demand, and diet), aspect ratio
index (measure of wing morphology, relates to movement and
dispersal behavior), echolocation call peak frequency (relates to
foraging behavior and habitat use), foraging habitat selection,
and thermal index (average temperatures across the species’
range) (trait descriptions and how they were measured are in
Appendix S7). These traits relate to species foraging and move-
ment ability, environmental tolerance, and energy demand and
consumption and therefore represent how a given organism
affects the community structure and species interaction net-
work, with potential consequences for ecosystem functioning
(Thévenin et al., 2022).

Because 10 of the 13 functional traits had missing data for
some species (mean = 9.7 species, range 2–21, correspond-
ing to a mean = 26.2%, range 5.4–56.7% of the total), we
filled data gaps through imputation with missForest imputation
(Stekhoven & Bühlmann, 2012; Stewart et al., 2023). missForest
uses a random forest approach to impute missing values and
effectively captures complex relationships among continuous
and categorical variables. Previous comparative analyses have
demonstrated good imputation performance (Penone et al.,
2014). We included phylogenetic eigenvectors in the imputa-
tion by conducting a principal components analysis (PCA) on
pairwise phylogenetic distances among species. The first 10
phylogenetic eigenvectors were used as predictor variables in
the missForest imputation procedure, following Penone et al.
(2014), alongside functional traits. Errors were assessed using
the normalized root mean squared error (NRMSE):

NRMSE = 100 × RMSE∕range of the original variable. (1)

The imputation resulted in relatively low errors, which were
deemed acceptable for the purpose of our analyses. The average
NRMSE for the imputed values was 19.7% (range 14.4–25.1%).

Then, we used the predicted species presence and relative
occupancy per 50-km cell to calculate FD for the 2 time peri-
ods with the FD R package 1.0 (Laliberté et al., 2014). We used
the functional dispersion metric, which represents the average
distance of individual species to the weighted centroid of all
species within a multidimensional trait space (Laliberte & Leg-
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endre, 2010). As for beta diversity, the weighting of functional
dispersion was obtained using the predicted relative occupancy
of species per grid cell with the SDM binary outputs.

We calculated the difference between present and future esti-
mates of the FD metrics. To assess geographic patterns of trait
distributions and predict their changes over time, we also esti-
mated the community-weighted mean (CWM) of each trait value
per cell and measured its difference between the 2 time steps.
The CWM is measured as the mean trait value for all species
in the community, weighted by species relative abundance (in
this case, their relative occupancy per 50-km grid cell). We then
explored each trait visually to identify changes in each trait.

To estimate the contribution of individual species’ range
changes to the predicted change in functional dispersion, we fit-
ted a random forest model. We used the predicted change in
species occupancy per cell as a predictor variable and the pre-
dicted change in functional dispersion as the response variable.
We fitted 1000 random trees and varied the number of vari-
ables randomly sampled as candidates at each split between 6
and 20. We selected 12 as the value resulting in the minimum
error estimate.

RESULTS

Species distribution model performance and
current patterns of range suitability

The average performance of the 4 algorithms was good (0.8)
to excellent (>0.9), as indicated by the relatively high cross-
validation data mean AUC scores (full model: AUC = 0.905
[SD 0.037], range 0.831–0.971; Area Under the Curve cross-
validation (AUCcv) = 0.871 [0.016], range 0.798–0.9559) and
TSS scores (full model: 0.720 [0.985], range 0.578–0.931; TSS
cross-validation 0.593 [0.037], range 0.383–0.819). Although
the contribution of predictor variables in the model varied
among species, overall, climatic variables contributed the most
to the models of all bat species. The maximum temperature
of the warmest month (BIO05) had the highest contribution
(Appendix S8).

Future projections

Under future conditions (RCP 8.5), most European bat species
were projected to experience range losses due to climate change
(Figure 1). Projected range changes were more moderate under
the moderate-emission scenario (RCP 4.5) but followed very
similar patterns (Appendix S9). Of the 37 modeled bat species,
7 were predicted to experience severe range contractions of
>30% by 2050. The greatest losses of range were predicted for
Myotis dasycneme (∼70%), followed by R. mehelyi (∼50%). Only
one of the 37 European bat species, Pipistrellus nathusii, was pre-
dicted to experience range gains of approximately 21% under
future climate change scenarios. Nyctalus noctula, Plecotus auri-

tus, and Plecotus austriacus were predicted overall to experience
small net changes in the extent of their range under climate

change. Nonetheless, under climate change, the ranges of all 4
species were predicted to shift to higher latitudes. These range
shifts were characterized by southern European range reduc-
tions and northern European gains. The ranges of the remaining
5 species, Eptesicus isabellinus, Myotis capaccinii, Myotis crypticus,
Tadarida teniotis, and Plecotus macrobullaris, were predicted to con-
tract by 30–45% (Figure 1; see https://doi.org/10.5061/dryad.
2z34tmpx6 for details).

Community turnover, species richness, and FD

Models for all 37 European bat species predicted range losses
primarily in southern Europe, where the greatest number of
species is currently found (up to 33 modeled species), and gains
in northern latitudes. These shifts in geographical distributions
altered patterns of diversity and community composition across
Europe. Our models predicted an increase in species richness
in Ireland, western Britain, and central and northern Europe.
Many parts of southern Europe, such as the Iberian Peninsula,
were predicted to experience a high negative turnover for the
modeled species (Figure 2). Considerable losses in geographic
range were predicted in southern Spain and the Mediterranean
islands for some species, such as E. isabellinus, P. pipistrellus, and
Pipistrellus pygmaeus.

Functional diversity followed a spatial pattern similar to
that of community turnover; FD changes (gains and losses)
were heterogeneous. Models projected large increases in FD in
northern latitudes, especially in Norway, northern Sweden, and
Finland (Figure 3). These increases aligned closely with sub-
stantial range shifts of, for example, Myotis brandtii and Myotis

mystacinus to these higher latitudes (Figure 4). In contrast, cer-
tain areas in southern Sweden and Finland were predicted to
experience a reduction in FD, despite an increase in species rich-
ness (Figure 2). These changes were primarily attributed to the
loss of morphologically distinct species, such as Eptesicus nilssonii

(Figure 4). In contrast, Eastern Europe, eastern England, and
parts of southern Spain were predicted to face decreases in FD
for the modeled species (Figure 3). These decreases were asso-
ciated with range losses of Vespertilio murinus, N. noctula, and M.

mystacinus (Figure 4).
The best-supported model for the contribution of individ-

ual species range changes to the predicted change in functional
dispersion explained 64.83% of the variance. The most impor-
tant species driving the change in functional dispersion were E.

nilssonii and M. brandtii, followed by M. daubentonii, Rhinolophus

hipposideros, V. murinus, N. noctula, P. kuhlii, M. dasycneme, and E.

serotinus. Myotis mystacinus also contributed, but to a lesser extent
(Appendix S10).

Maps of changes in each functional trait showed that the
increase in FD across Fennoscandia was driven primarily by
dietary traits, whereby diet diversity increased, while diet spe-
cialization decreased. We found an opposite trend in Eastern
Europe, eastern Britain, Italy, and southern Spain, where the
same dietary diversity trait decreased, resulting in a reduced
FD (Figure 5). For the Fennoscandian region, the FD increase
was also closely associated with body mass and thermal index

https://doi.org/10.5061/dryad.2z34tmpx6
https://doi.org/10.5061/dryad.2z34tmpx6
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FIGURE 1 (a) Percent range change of each European bat species in the future under RCP (representative concentration pathway) 8.5 scenario for 2050 (0%,
stable distribution; <0%, contracted distribution) and binary overlap map between current and future (2050) model predictions for (b) Pipistrellus nathusii (predicted
to experience range gains) and (c) Myotis dasycneme (predicted to experience the greatest range losses).

traits. In contrast, in Spain and Italy, the thermal index trait
appeared to be associated with the observed decrease in FD.
However, in Finland, the decline in FD was closely associ-
ated with a reduction in species associated with boreal forests.
Finally, in Eastern Europe, the predicted decrease in FD was
predominantly linked to aspect ratio and body mass traits
(Figure 5).

DISCUSSION

We assessed the potential impacts of climate change on the dis-
tribution, composition, and FD of bats at a continental scale.
Our results predicted substantial shifts in range and FD across
Europe, with notable range contractions for most bat species.
Range contractions were predicted to occur in southern Europe,

as European bats experience an overall shift in climatic suitabil-
ity toward higher latitudes. These changes align with broader
biodiversity trends and climate change predictions (Bilgin et al.,
2012; Maclean & Wilson, 2011; Maiorano et al., 2011; Parme-
san & Yohe, 2003; Rebelo et al., 2010). However, ours is the
first study to relate such shifts to changes in composition and
FD.

Predicted changes in species’ range

Climate change is predicted to lead to the extinction of up
to 10% of all European nonvolant mammals within the next
century, with as many as 25% predicted to become critically
endangered (Levinsky et al., 2007). A similar fate could affect
bats in Europe because two thirds of the species we analyzed are
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FIGURE 2 Modeled patterns of species richness of 37 European bats under (a) current and (b) future (RCP [representative concentration pathway] 8.5
scenario for 2050) climactic conditions.

FIGURE 3 Predicted functional diversity (FD) and community turnover of 37 bat species across Europe currently and in 2050 under RCP (representative
concentration pathway) 8.5 emissions scenario: (a) changes in functional diversity (Fdis) across 10 traits (values, absolute values; negative values, decrease in Fdis;
positive values, increase in Fdis) and (b) community turnover (dark blue, no observed change in assemblage composition; yellow, change in assemblage composition).

already classified as endangered, vulnerable, or near threatened
(IUCN, 2022). In our study, the predicted range losses for 33
out of 37 bat species by 2050 could cause population declines,
increasing their vulnerability to loss of genetic diversity and evo-
lutionary potential (Willi et al., 2006). Our predictions may be
optimistic, given that bats may not be able to track their climatic
niche at the pace of ongoing climate change due to their slow

population growth rates, high philopatry, and long lifespans
(Devictor et al., 2008). Even minor losses of habitat can lead
to the extinction of local populations (McCarty, 2001), particu-
larly when the species’ ability to colonize and establish in new
suitable areas is limited by dispersal barriers (García-Mudarra
et al., 2009; Razgour, 2015), competition between species (Hall
et al., 2016; Razgour et al., 2018; Salinas-Ramos et al., 2020,
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FIGURE 4 Predicted change in the distribution of the 10 species that contribute most to change in functional dispersion in order of their contribution (−1,
100% loss in 50 × 50-km cells; +1, 100% gain in 50 × 50-km cells).

2021; Smeraldo et al., 2021), food availability (Krauel et al.,
2015), roost requirements (Loeb & Winters, 2013), or habitat
fragmentation (Frey-Ehrenbold et al., 2013).

We found that most Mediterranean bat species were pre-
dicted to experience extensive range reductions. This is
consistent with the findings of Rebelo et al. (2010) but con-
trasts with evidence of range expansion of some Mediterranean
heat-tolerant species, such as P. kuhlii, over the last 2 decades
(Ancillotto et al., 2016). However, despite the overall predicted
∼10% reduction in P. kuhlii’s range, range losses were predicted
in southern Europe (especially Iberian and Italian Peninsulas)
and parts of North Africa, whereas range was predicted to
increase in more northern latitudes. This is in line with the
trend observed over the past few decades, whereby P. kuhlii

has been expanding its range into central and Eastern Europe
(Sachanowicz et al., 2006). In contrast, range losses in south-
ern Europe have not been recorded yet, possibly because they
are more challenging to confirm than range expansions. Pre-
dicted range losses in southern Europe are of particular concern
because the Iberian, Italian, and Balkan Peninsulas have sup-
ported bat populations over thousands of years, while more
northern parts of Europe were covered by ice sheets and arctic
tundra during Pleistocene glaciation events (e.g., B. barbastellus

[Rebelo et al., 2012] and the Myotis nattereri species complex
[Salicini et al., 2013]). As a result, bat populations in southern
Europe tend to have higher levels of genetic diversity (e.g., Raz-
gour et al., 2013) and, in turn, greater evolutionary potential and
ability to adapt and respond to environmental change and dis-
eases (Hoban et al., 2022). Mediterranean species, such as R.

mehelyi, T. teniotis, M. capaccinii, and E. isabellinus, were predicted
to experience the largest range contractions, 25–50%. This con-
traction poses a severe threat to their ability to respond to global
change and consequently to their survival. Considering that R.

mehelyi is already listed as endangered on the International Union
for Conservation of Nature Red List (Russo & Cistrone, 2023a),
climate change poses additional stress to this species, increasing
the likelihood of extirpation and extinction. This is a concern
also for other Mediterranean species classified as vulnerable, M.

capaccinii (Russo & Cistrone, 2023b) and Rhinolophus blasii (Russo
& Cistrone, 2023c).

The predicted impact of climate change extended beyond
Mediterranean species, significantly affecting those in northern
latitudes as well (Jetz et al., 2007; Kerr & Packer, 1998; Sala
et al., 2000; Virkkala et al., 2008). Temperature increases are
expected to be more pronounced in high latitudes (Meehl et al.,
2007), potentially leading to the loss of suitable climatic condi-
tions. This is evident in our projections of ∼70% (range across
models: 57–70%) range reduction, the highest projected in our
study, for M. dasycneme, a species found in northern and central
Europe that is classified as vulnerable (Russo & Cistrone, 2023).
A similar trend is predicted for E. nilssonii (18% range loss; range
across models 13–21%). In contrast, M. brandtii and M. mystaci-

nus were predicted to expand their ranges to northern latitudes
despite a decrease in their overall ranges.

The predicted northward range expansion of some bat
species may be limited by short summer nights, although we did
not model this. In Fennoscandia, photoperiods change dramati-
cally throughout the summer and extend to continuous daylight
or brief periods of white nights that are still very bright (Speak-
man et al., 2000). Myotis mystacinus and M. brandtii are highly
sensitive to light, emerging later than other bat species and
avoiding flying in open spaces (Jones & Rydell, 1994; Spoelstra
et al., 2017; Suominen et al., 2023). Adverse weather conditions
at northern latitudes and short summer nights can cause a mis-
match between energy expenditure and foraging opportunities,
which can constraint the northern range expansion of many bat
species (Fjelldal et al., 2023).

Not all European bat species were predicted to experience
range losses under climate change. Some species were predicted
to either maintain their current ranges or experience range
expansions. The diverse responses of bat species to climate
change can be attributed to a variety of factors, including eco-
logical flexibility and differences in diet, roosting requirements,
and physiological and reproductive strategies, which are likely to
influence their resilience to changing climatic conditions (Loeb
& Winters, 2013; Sherwin et al., 2013). The only species pre-
dicted to experience a substantial range increase was P. nathusii,
a highly adaptive species (Lundy et al., 2010). This species has
moved into novel habitats as a result of increasing temperatures,
shifting its range in response to recent climate change at a Euro-
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FIGURE 5 Predicted changes in modeled European bat species: (a) dietary specialization (dark blue, generalist species; yellow, specialist species), (b) diet
diversity, (c) body mass, and (d) boreal forest foraging habitat (yellow, no association with boreal forest; dark blue, association with boreal forest; values in legends,
absolute values for each range).

pean scale (Blomberg, Vasko, Salonen, et al., 2021; Lundy et al.,
2010). Because P. nathusii is a long-distance migrant (Fleming
et al., 2003), it can more easily reach new climatically suitable
areas across Europe. Our results highlight the importance of
considering species’ ecological and physiological traits to better
understand the variability in their sensitivity to climate change.

Changes in patterns of species richness

Our models predicted noticeable changes in patterns of bat
species richness across Europe under climate change. Currently,
areas with high bat species richness are predominantly found in
southern Europe, particularly around the Mediterranean basin.
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Our models predicted a decrease in species richness in these
areas by 2050 and a corresponding increase in more northern
latitudes. Similar trends were projected in previous modeling
studies for other European mammals (Levinsky et al., 2007)
and birds (Austin & Rehfisch, 2005; Huntley et al., 2008). We
modeled only species that currently occur in Europe, so species
losses in southern Europe could be compensated for by species
expanding their ranges from North Africa and the Middle East.
The future range contractions and expansions predicted here
and the possible arrival of new species not currently occur-
ring in Europe will create novel species assemblages, which
could contribute to high spatiotemporal species turnover in
future communities, resulting in new biotic interactions, such as
competition (Blois et al., 2013) or host–parasite/host–pathogen
interactions (Carlson et al., 2022).

The observed northward shifts in European Odonata and
Lepidoptera due to warming (Hickling et al., 2005; Parmesan
et al., 1999) suggest a potential increase in invertebrate diver-
sity, which can support the predicted increased diversity and
northward range shifts of insectivorous bats. This parallel trend
underscores the interconnectedness of species range shifts in
response to climate change. Nevertheless, the global decline in
insect abundance and diversity (Forister et al., 2019) represents
a significant ecological challenge for bat species, one that affects
their primary food resources irrespective of their geographic
distribution.

Changes in FD

The impact of climate change on patterns of FD has been
understudied, especially in mammals (Thuiller et al., 2004). The
predicted shifts in the distribution of suitable conditions for
species under climate change are likely to drive changes in com-
munity structure and functional dynamics of bat populations
across Europe, leading to functional changes (Salinas-Ramos
et al., 2020). We predicted an increased functional dispersion in
Northern Europe, apart from southern Finland, and decreases
in Eastern Europe and parts of southern Spain. In line with
our predictions, these trends were predominantly driven by a
noticeable community turnover in northern and eastern parts
of Europe, an increase in species richness in northern latitudes,
and a decrease in southern Europe.

Predicted changes in range were responsible for functional
dispersion change in E. nilssonii, M. brandtii, and N. noctula

in Scandinavia; in M. brandtii, V. murinus, N. noctula, and M.

dasycneme in Eastern Europe; and in P. kuhlii, M. brandtii, and
R. hipposideros in northern Central Europe and the United
Kingdom. Biodiversity is often linked to enhanced ecosystem
functioning due to its presumed positive relationship with FD
(Hooper et al., 2005). However, the relationship between species
and FD can vary among ecosystems and functions different
species perform (Cadotte et al., 2011; Liira & Jürjendal, 2023).
As such, an increase in species diversity does not necessar-
ily lead to improved ecosystem services and functioning. The
trend of increasing species richness alongside a decrease in func-
tional dispersion that we found in southern Finland and the

eastern part of Europe suggests that although new functional
types may be moving northward, the bulk of species arriv-
ing in those areas may be functionally similar or redundant.
In contrast, species lost from these areas, such as E. nilssonii,
M. brandtii, and N. noctula, represent the loss of unique traits,
including larger body size and association with boreal forests.
This implies that the functional advantages of increased biodi-
versity from expanding bat species in Europe may be limited,
as has been seen in fish and bird communities (Barbet-Massin
& Jetz, 2015; Pawluk et al., 2022). Functional redundancy
(i.e., the similarity in functional traits among species [Walker,
1992]) is vital for ecosystem stability and resilience (Biggs et al.,
2020). Acting as a buffer against the loss of species diversity,
it helps maintain FD and is akin to an insurance policy for
ecosystems (Gallagher et al., 2013; Gladstone-Gallagher et al.,
2019). This redundancy supports ecosystem resilience under
changing climates (Kahmen et al., 2005) and suggests that an
increase in species diversity, coupled with stable or reduced
functional dispersion, can lead to robust and resilient ecosystem
services.

Of the functional traits we included in our analyses, our
models predicted changes in the dietary traits of European
bat species, which has implications for their ecological roles.
In Fennoscandia, we predicted an increase in dietary diversity
and niche breadth, coupled with a reduction in diet special-
ization. Contrasting trends were predicted for Eastern Europe,
the eastern United Kingdom, Italy, and southern Spain. These
changes in dietary traits and trait structures, driven by climate
change, not only signify ecological shifts but also reflect poten-
tial impacts on ecosystem functioning (Schneider et al., 2016)
and eventual predator–prey mismatch that could affect species
survival (Thackeray et al., 2016).

The decline in bat FD in southern Finland can be attributed
to the decline in species associated with boreal forests and
species with more specialist diets. Climate change will change
the tree species composition in southern Finland. Broadleaved
deciduous tree species will replace Norway spruce, which will
change the properties of forest habitats (Kellomäki et al., 2005).
This poses a direct threat to bat species that rely on these forests
for roosting, foraging, and breeding and could lead to a decline
in their populations in these regions. Our functional analysis
predicted that this community will be replaced by a commu-
nity of bats with traits that are better matched to the new forest
environment.

In Fennoscandia, the observed increase in FD among bats
is attributed to, for example, large body mass. Such traits are
generally associated with enhanced adaptability to varying cli-
matic conditions (Pacifici et al., 2017). In contrast, Eastern
Europe was predicted to see an increase in bats with small body
mass, suggesting a potential reduction in adaptability to climate
change (Mundinger et al., 2021; Salinas-Ramos et al., 2021).
However, this observation in Eastern Europe should be inter-
preted with caution due to the lower density of records in some
countries in this region. Nonetheless, these contrasting trends
tend to reflect how different regions may experience varied
impacts of climate change on bat physiology and, consequently,
their ecological roles.
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The overall predicted decrease in FD among bats is likely to
have far-reaching negative consequences for other species and
their associated ecosystem services. This is a critical concern.
Because bats play a pivotal role in maintaining ecological bal-
ance through their functions, such as pest control (Kunz et al.,
2011), their decline could lead to cascading ecological effects
(Frick et al., 2020; Schmitt et al., 2021). This could also affect
agriculture productivity, influence forest ecosystem functioning,
and further increase reliance on chemical pesticides that harm
the environment and threaten human health (Frank, 2024; Rani
et al., 2021). The predicted impacts of the loss or gain of mor-
phologically distinct species, such as E. nilssonii and R. mehelyi,
in southern Finland and southern Spain, respectively, illustrate
the functional importance of these species in their ecosystems.
The decrease in FD of the local bat community may result in
decreased diversity of the impacts of bats on ecosystems, includ-
ing reduced top-down effects on different insect taxa because
of a less diverse diet, and more restricted influence of bats
on fewer habitat types. Moreover, a lower FD could lead to
lower resilience to environmental change (Elmqvist et al., 2003).
Given these potential consequences, it is important to under-
stand which functional traits make bats particularly sensitive to
climate change and how bat communities can be managed to
retain key functions.

Conservation implications

Our findings underscore the urgent need for proactive and
adaptive conservation strategies and coordinated international
monitoring efforts to track bat responses to climate change
at the continental scale. The results are being used to inform
the development of a continental-scale monitoring network to
track bat responses to climate change. The predicted northward
shift in suitable conditions, coupled with the risks faced by
species in southern Europe, presents a complex challenge that
requires a multifaceted approach to conservation. Conservation
efforts should focus on protecting and enhancing habitats and
roosts in newly suitable areas and current ranges. Artificial
roost creation may be needed in new areas that are climatically
suitable, such as Fennoscandia, where underground natural
roosts are limited (Blomberg, Vasko, Meierhofer, et al., 2021).
In addition, there is a need for landscape-scale management
strategies to increase landscape connectivity to facilitate range
shifts under climate change by providing green corridors and
reducing barriers to movement. Management strategies should
take into account the complex interplay of ecological, climatic,
and geographic factors that affect each species. We demon-
strate the need to consider FD in conservation by targeting
species with key functional traits, such as large body size and
high dietary diversity, which are predicted to be lost in areas
with high predicted losses in FD under climate change, such
as southern Spain and parts of eastern Europe. This holis-
tic approach is key not only for preserving bat populations
but also for maintaining the critical ecosystem services bats
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