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ARTICLE INFO ABSTRACT

Keywords: Anthropogenic climate change is challenging biodiversity conservation worldwide. Climate change metrics
Climate change velocity derived from future climate predictions help to assess potential impacts of climate change on biodiversity. Here
Europe

we calculated future climate change velocities across biogeographical regions of terrestrial Europe and the
Natura 2000 protected area network, the largest protected area network on Earth. We applied climate projections
for the year 2070, considering two emission scenarios, six global climate models and a fine spatial resolution.
Areas with very high climate change velocity were identified as climate change hotspots, while areas with very
low velocity were recognized as coldspots. We further revealed where and to what extent climate change hot-
spots and coldspots coincide with Natura 2000 sites. We found that climate change velocities are projected
highest in the Continental and Boreal regions, and lowest in the Mediterranean and Anatolian regions. However,
the Alpine region will likely contain largest areal proportions of climate change hotspots, while areal proportions
of coldspots are projected largest in the Mediterranean region. High mountain regions such as the Alps show a
high proportion of Natura 2000 sites that coincide with climate change hotspots. Both, hotspots and coldspots,
are geographically associated with areas of topographic diversity. Low topographical diversity indicates high
climate change exposure. The impact of hotspots increases with spatial isolation. Oceanic climate buffers climate
change exposure in contrast to continental climate. However, continental regions of Europe tend to exhibit less
spatial isolation. We recommend conservation action in climate change hotspots and coldspots to simultaneously
protect the most climate-exposed biodiversity as well as climate change refugia. Climate change hotspots and
coldspots overlapping with Natura 2000 sites should be considered priority conservation sites because new
protected areas are hard to realize in densely populated landscapes of Europe. This study directs European
conservation management and policy towards meeting international conservation goals in a climate-smart way.

Natura 2000

Protected area management
Biogeographical regions
Biodiversity conservation
Spatial prioritization

1. Introduction

Anthropogenic climate change poses a key challenge to biodiversity
conservation (Dawson et al., 2011). Predicting climate change impacts
on biodiversity is required to guide climate-proof conservation. Re-
sponses of species to climate change are of central interest in the con-
servation context. Species may tolerate climate change, may adapt to
novel climate by physiological alterations or behavioural modifications,
migrate to track suitable climate, or go extinct (Williams and Jackson,
2007). Changes of species diversity result in alterations of other com-
ponents of biodiversity such as genetic diversity, ecosystem functioning
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and services (Mascaro et al., 2012; Scheffers et al., 2016; Walther,
2010). The uncertainties of climate change projections, along with the
broad spectrum of biotic responses, increase the difficulty of climate-
smart conservation planning.

Conservation objectives must be prioritized because conservation
resources such as time, workforce and funds are limited (Laurance et al.,
2012). Protected areas are such priority conservation objectives. The
geography of protected areas is mainly based on the occurrence of
threatened biodiversity and human land use, but locating protected
areas often ignores threats from climate change (Hoffmann, 2021a).
Climate change can make habitats inside protected areas unsuitable for
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species of conservation focus (Thomas and Gillingham, 2015). Whether
species populations can adapt to these future conditions within the
limits of protected areas is dependent on their life cycles, adaptive ca-
pacity, dispersal ability and biotic interactions (Williams et al., 2008). It
is expected that protected areas may not retain the species diversity they
were meant to protect (Holsinger et al., 2019; Velazco et al., 2019).
Protected areas may lose species diversity (Aratjo, Alagador et al., 2011;
Fuentes-Castillo et al., 2019). Furthermore, protected areas are spatially
fixed. Options for adding new protected sites or for relocating existing
sites are limited in human-dominated landscapes. Consequently,
developing climate-smart management for existing protected area net-
works should be a primary task of conservationists (Hole et al., 2011).
Gaining insight into the climate change exposure of protected area
networks is a vital first step to facilitate and prioritize climate-proof
conservation management.

The European Union’s (EU) Natura 2000 network is one of the most
important protected area networks on Earth (Gaston et al., 2008). The
Natura 2000 network is a transnational and spatially coherent protected
area network which spans across all EU member states (EEA, 2019). It is
based on the EU’s Birds Directive 2009/147/EC (1979) and Habitats
Directive 92/43/EEC (1992). The formation of the Natura 2000 network
is to overcome political boundaries and aims at protecting the most
characteristic, valuable, rare and threatened species and habitats across
Europe. Natura 2000 sites are expected to safeguard species and habitats
in the long term. However, the dynamic impacts of climate change were
barely included in the planning of the Natura 2000 network (European
Commission, 2013). Hence, the Natura 2000 network is prone to missing
its conservation objectives due to climate change impacts (Aradjo et al.,
2011; Mazaris et al., 2013; Nila, Beierkuhnlein et al., 2019; van Teef-
felen et al., 2015). To ensure the enduring effectiveness of this conti-
nental protected area network, conservation management must adapt to
potential climate change impacts.

Here we inform about potential climate change impacts on terrestrial
Europe and the Natura 2000 network. While there are several global
studies on predicted climate change in protected areas (Elsen et al.,
2020a; Hoffmann and Beierkuhnlein, 2020; Hoffmann et al., 2019;
Loarie et al., 2009), only few analyses explicitly applied climate change
metrics to terrestrial Europe and the Natura 2000 network (Aratjo et al.,
2011; Nila et al., 2019). Patterns of climate change velocities across
Europe and its Natura 2000 network have not been addressed so far,
although climate change velocity is an essential metric for conservation
under global warming (Brito-Morales et al., 2018; Garcia et al., 2014).

We consequently map climate change hotspots and coldspots that are
characterized by extremely high and low climate change velocity,
repsectively. We hypothesize that climate change velocities will be low
in coastal and mountainous regions and high in continental lowland
regions of Europe. Global warming is expected to be faster over land
than over sea due to the contrast in heat capacity (Sutton et al., 2007).
The oceanic influence leads to a smaller magnitude of temperature in-
crease. Coastal areas with oceanic climate can buffer temperature in-
crease. Climate in oceanic regions is likely to change slower than climate
in continental regions (Compo and Sardeshmukh, 2009). Furthermore,
climate change velocity is expected to be low in mountain ranges where
considerable elevational gradients, i.e., climatic gradients, occur within
small spatial extent (Carroll et al., 2017; Dobrowski and Parks, 2016).
Hence, geographical distances between current and future climate an-
alogs are mostly short, leading to low climate change velocities. In
contrast, we expect climate change velocity to be high in areas with less
pronounced elevational gradients, i.e., in lowland regions. Since it is
important to know how the current Natura 2000 sites will perform under
climate change compared to non-protected areas, we also assessed
whether predicted climate change velocities are higher inside or outside
Natura 2000 sites. This assessment was done for every biogeographical
region in Europe.

Moreover, we highlight climate change hotspots and coldspots
within the Natura 2000 network. We suggest considering climate change
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hotspots and coldspots within Natura 2000 network as priority conser-
vation sites. In climate change hotspots, species are assumed to be more
climate-threatened because their time to adapt to changing climate
conditions is shorter and the migration or dispersal distance to analog
climates is longer. Climate change coldspots are considered climate
change refugia with more time to respond to changing climate condi-
tions. Such coldspots are providing more promising options for migra-
tion or dispersal because of higher similarity between current conditions
and future climate analogs. This study is aiming to provide a spatial
assessment of climate change velocity that can play a key role in guiding
climate-smart biodiversity conservation at the continental scale of
Europe.

2. Methods
2.1. Study region

Climate change velocity was calculated for terrestrial Europe
including the Natura 2000 network. Natura 2000 is the largest protected
area network worldwide (Orlikowska et al., 2016). This study focused
on the Natura 2000 Special Protection Areas (SPA) and Special Areas of
Conservation (SAC) designated under the Birds Directive 2009/147/EC
(1979) and Habitats Directive 92/43/EEC (1992), respectively. The site
data was obtained from the European Environment Agency (EEA, 2019)
(Fig. 1a). It consists of 6045 SPAs and 20,027 SACs within 27 EU
member states and the United Kingdom. The network covers approxi-
mately 1.3 million km2, i.e., ca. 18% of the EU land area (Fig. 1a). Aichi
Target 11 of the Convention of Biological Diversity aimed at a global
terrestrial protected area coverage of 17% by 2020.

To present the geographic variation of climate change velocity, we
sub-divided the study extent into biogeographical regions following the
standard classification of European biogeographical regions (Cervellini
et al., 2018). In contrast to individual countries, they help to abstract
and summarize findings in an ecological way. An integrated review
study on Natura 2000 by Orlikowska et al. (2016) suggested empha-
sizing biodiversity conservation actions inside individual biogeograph-
ical regions, which can address conservation efforts for similar biotas
and help with implementing research results into more effective con-
servation practices. Accordingly, the climate change velocities both in-
side and outside the Natura 2000 network were compared among eleven
terrestrial biogeographical regions across Europe in this study (Fig. 1b).
We note that the names of biogeographical regions used in the classifi-
cation can be misleading as they can be associated with climate zones (e.
g. Atlantic), biomes (e.g. Boreal) and cultural regions (e.g. Anatolian).
The term “Alpine” can refer to an elevational zone, the Alps specifically,
or high mountain ranges in general. However, this biogeographical
classification is an official product of the European Environmental
Agency and thus well-known to European conservationists and policy-
makers.

2.2. Climate data

The workflow of our methodological approach can be seen in Fig. 2.
We used current climate data for the years 1970-2000 from WorldClim
version 2.0 (Fick and Hijmans, 2017) and projected climate data for the
years 2061-2080 (i.e., for 2070 on average) from WorldClim version 1.4
(Hijmans et al., 2005). The climate data consisted of 19 bioclimatic
variables at a 2.5 arc minutes resolution (approx. 5 km). We selected
future climate data sets from a medium emission scenario (RCP 4.5) and
a high emission scenario (RCP 8.5). Both RCPs span a range of likely
future climate scenarios. The future climate data sets were taken from
six global climate models (GCMs): CNRM-CM5, HadGEM2-AO,
INMCM4, MIROC5, MPI-ESM-LR, IPSL-CM5A-LR. We used the combi-
nation of the current climate data set and one of the six future climate
data sets to build a principal component analysis (PCA); i.e., six PCAs in
total, one PCA for each GCM. We built the PCAs to reduce each set of 19
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Fig. 1. Terrestrial Natura 2000 sites and biogeographical regions in Europe. a) Terrestrial Natura 2000 sites adapted from (EEA, 2019). Grey area represents confined
Europe, i.e., countries including Natura 2000 sites. b) Map of biogeographical regions in Europe (Cervellini et al., 2018).
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Current and future climate data
Scenarios RCP 4.5 and 8.5 for 2070

6 General Circulation Models (GCMs)
19 'bioclimatic’ variables

* 2.5 arc minutes resolution

Model sensitivity analysis using different

of climate change velocity across 6 GCMs

Mapping climate change hotspots and

coldspots
RCP 45

Fig. 2. Workflow of the methodological approach. We used current climate data and future climate prediction to calculate current and future climate analogs.
Forward and backward climate change velocities were computed based on the displacement of current and future climate analogs. A bivariate classification of
backward and forward climate change velocities was taken to define climate change hotspots and coldspots, which were later overlaid by Natura 2000 sites.

bioclimatic variables to five independent bioclimatic variables. The first
five components of each PCA explained more than 90% of the climatic
variability (Appendix I).

The future climate data could largely vary among different GCMs
(Knutti et al., 2013) and continents (Bring et al., 2019). The selected
GCMs focus on the European climate system. Also, the independence of
the GCM was considered, to ensure that there was low similarity among
the selected GCMs (Knutti et al., 2013). Multiple GCMs reflect a variety
of projections, i.e., potential variation in predicted climate change. In-
dividual results from each of the selected GCMs are given in the Ap-
pendix (Appendix II and III).

2.3. Forward and backward climate change velocity

Climate change velocity can be calculated in various ways (Garcia
Molinos et al., 2019). The climate velocity metric by Hamann et al.
(2015) was especially developed for species conservation. It is used in
this study because it allows calculating forward and backward climate

change velocities, two complementary measures reflecting the velocity
which species need to migrate or disperse to track their climate niche
(Carroll et al., 2015, 2017; Hamann et al., 2015). The velocity metric is
based on geographical distances between locations of current climate
classes and their future analogs (Hamann et al., 2015).

The forward climate change velocity is calculated by the minimum
distance between a grid cell’s current climate class and the nearest cell
with the same climate class under future conditions (Hamann et al.,
2015). From an ecological perspective, forward climate change velocity
refers to the minimum distance an organism must migrate or disperse to
track constant climate conditions in future. The search for analogous or
non-analog climates, respectively, is still a methodological challenge
due to the complexity of climate traits (Li et al. 2018b). Accordingly, in
this context, forward velocity assesses the conservation status of species
and populations under climate change. The backward climate change
velocity uses the future climate class of a grid cell as a baseline and
reflects the minimum distance to the nearest cell with the same climate
class under present conditions. In other words, backward velocity refers
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to the minimum distance that a climatically adapted organism would
have to migrate or disperse to colonize the given location holding
analogous climate in future. Backward velocity thus represents the dif-
ficulty of species in colonizing newly suitable habitat via migration or
dispersal. Forward and backward velocity provide complementary in-
formation for climate-smart conservation planning. Forward velocity
assesses the climate-induced extinction risk of local species and pop-
ulations, while backward velocity estimates the risk of localities to
receive fewer colonizing species in future, which potentially decreases
biodiversity, ecosystem functioning and services. The velocity values are
equal to the minimum distance divided by the time, which is 80 years in
this study. The unit of the velocity metric is thereby km/yr.

The climate change velocity metrics are based on distances between
grid cells with analogous climate classes under present and future
climate conditions. Accordingly, a climate class was assigned to each
grid cell in terrestrial Europe. The climate classes were defined by
dividing the PCA climate space, which was built on 19 bioclimatic
variables from all 5,379,939 grid cells of terrestrial Europe. Each PC axes
was divided into bins. The unique combinations of bins along the five
PCs constitute the climate classes. The value of climatic velocity is,
however, sensitive to the delimitation of climate classes, i.e., the bin
width to construct climate classes along the five PC axes in the PCA.
Thus, a sensitivity analysis was carried out to decide on the PC bin
width. The sensitivity is not affected by different GCMs or RCPs (Carroll
et al., 2018). Accordingly, we conducted the sensitivity analysis for one
GCM and one RCP (INMCM4 and RCP 8.5) to reduce computation time.
To select a bin width that balances overestimation (i.e., too narrow
climate classes) and underestimation of predicted climate change (i.e.,
too wide climate classes), we evaluated the sensitivity of the relation-
ships between the number of bins along the first PC, which is equivalent
to the bin width, and the number of resulting climate classes across
Europe; between the number of bins along the first PC and the propor-
tion of climate classes without future analogs; and, between the number
of bins along the first PC and the median distance between current and
future climate analogs (Appendix IV). Subsequently, we selected a
moderate amount of climate classes (i.e., a moderate bin width) to
calculate climate change velocity. We applied five bins on the first PCA
axis which mean a bin width of 4.6 PCA units that result in 82 climate
classes across Europe. We found this an appropriate bin width to opti-
mize the information content of the resulting velocity maps by balancing
loss of velocity information because of extremely broad bins versus
exaggerated velocity information because of extremely narrow bins. The
forward and backward climate change velocities were calculated using
the R code from Carroll et al. (2015), adapted from Hamann et al.
(2015).

0<B<0.5
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2.4. Statistical analyses of differences between climate change velocity
inside and outside the Natura 2000 network per biogeographical region

Since it is important to know how the current Natura 2000 sites will
perform under climate change compared to other land use areas, we
assessed whether predicted climate change velocities are higher inside
or outside Natura 2000 sites per biogeographical region. We used Least
Significant Difference (LSD) test with p values adjusted by the Bonfer-
roni method to test for significant differences between climate change
velocity values inside and outside the Natura 2000 network.

2.5. Climate change velocity-based hotspots, coldspots and priority
conservation sites

A bivariate choropleth approach was applied to classify the degree of
climate change exposure by a combination of forward and backward
climate change velocity (Fig. 3). We used the highest and lowest degree
of climate change exposure to identify grid cells of climate change
hotspots and coldspots, respectively.

Forward climatic velocity and backward climatic velocity were each
assigned to three classes. The maximum velocity value is about 50 km/
yr. The grid cell size roughly equals 5 km x 5 km. According to the grid
cell size, a climatic velocity value of 0.5 km/yr can be interpreted as a
climate displacement of approx. 10 years, and a climatic velocity value
of 5 km/yr can be interpreted as a climate displacement of approx. 1
year. 0.5 km/yr and 5 km/yr were used as the demarcations in classi-
fying each climate change velocity distribution into three quantiles.

The red category that has the highest forward velocity and highest
backward velocity marks climate change hotspots. Climate change
hotspots correspond to grid cells with both a mean forward velocity
value and a mean backward velocity value higher than 5 km/yr. In these
grid cells, the climate displacement could be completed in less than 1
year, which means a species could lose its climatic habitat within a year.
Climate change coldspots correspond to grid cells with both a mean
forward velocity value and a mean backward velocity value lower than
0.5 km/yr. In these grid cells, the climate displacement could be
completed in about 10 years, which means a species could lose its cli-
matic habitat in 10 years.

We characterize areas with extremely high forward and backward
climate change velocities (>5 km/yr) as climate change hotspots, and
areas with extremely low forward and backward climate change veloc-
ities (less than 0.5 km/yr) as climate change coldspots (Fig. 3). In
climate change hotspots, species are assumed to be more climate-
threatened because their time to adapt to changing climate conditions
is shorter and the migration or dispersal distance to analog climates is
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Fig. 3. Bivariate choropleth colour chart of forward and backward climate change velocity. F: forward velocity in km/yr, B: backward velocity in km/yr. The red
category involves the highest forward velocity and highest backward velocity values and marks climate change hotspots. The blue category involves the lowest
forward velocity and lowest backward velocity values and marks climate change coldspots.
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longer. In climate change coldspots, current and future climate analogs migration or dispersal distance to sites with analog climates are shorter.

are closer than in hotspots. Hence, species are assumed to be less Accordingly, both, climate change hotspots and coldspots, can be

threatened by climate change because there is more time for their considered important sites for species conservation. We therefore sug-

populations to respond to changing climate conditions. Furthermore, the gest considering climate change hotspots and coldspots within Natura
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Fig. 4. Mean (al-4) and standard deviation (b1-4) of forward and backward climate change velocity values across six GCMs for the year 2070 under RCP 4.5 and
RCP 8.5.
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2000 network as priority conservation sites now and in future. under RCP 8.5 compared to RCP 4.5, in both forward velocity and

backward velocity (Fig. 4). High forward velocity values are widely

3. Results present in inland Europe, where the Boreal and the Continental

biogeographical regions are located. High forward velocity values also

3.1. Forward and backward climate change velocity occur in the Arctic region, the east coast of the Black Sea, and particu-
larly in high-elevation areas of the Alpine region.

The area with high mean velocity values across the six GCMs is larger Coastal areas and the Mediterranean region show lower forward
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Fig. 5. Mean climate change velocity values across six GCMs for the year 2070 inside and outside Natura 2000 sites per biogeographical region under RCP 8.5. a)
Forward climate change velocity, b) Backward climate change velocity. Letters above boxplots indicate significant differences from Least Significant Difference (LSD)
tests; p values were adjusted using Bonferroni method. The limits of the boxes show the lower and upper quartiles, i.e., the interquartile range. The horizontal black
line within boxes shows the median. The whiskers extend to the lowest and highest values within 1.5 times the interquartile range. The black dots indicate outliers
beyond the whiskers. “Confined Europe” stands for countries with Natura 2000 sites.
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velocity values. High backward velocity values are mainly distributed in
the Continental and Boreal regions of Europe, which is consistent with
the distribution of high forward velocity values. In contrast to forward
velocity values, backward velocity values are relatively high in the
Iberian Peninsula and relatively low in large parts of the Alpine region.
Climatic velocities of individual GCMs and RCP scenarios are given in
the Appendix (Appendix II and III).

Areas with high mean values generally coincide with areas of high
standard deviation (SD) values, i.e., with high variation or uncertainty
among climate models (Fig. 4). The area with lower variation of velocity
values across the six GCMs is larger under RCP 4.5 compared to RCP 8.5,
in both forward velocity and backward velocity. Lowest SD values are

[ cClimate change coldspots within Natura 2000
Il Climate change coldspots

Biogeographical regions

Ecological Indicators 138 (2022) 108829

mainly found at the margins of Europe, in the Mediterranean, Anatolian,
Atlantic, Boreal and Arctic regions. Intermediate SD values are mainly
located at inland Europe, in the Continental and Boreal regions. Patches
of highest SD values can be found all over Europe, particularly in the
Artic, Alpine and Mediterranean regions. Spatial patterns of the SD of
forward and backward velocity do not coincide all over Europe such as
seen in the Artic, Alpine and Mediterranean regions.

3.2. Climate change velocity inside and outside the Natura 2000 network
per biogeographical region

The highest median forward velocity values occur in the Continental

a) RCP 4.5

Climate change hotspots within Natura 2000
Il Climate change hotspots

Terrestrial Natura 2000 sites

Fig. 6. Climate change exposure of terrestrial Europe based on mean forward and backward climate change velocity across six GCMs for the year 2070 under a) RCP
4.5 and b) RCP 8.5. The red category involves the highest forward and backward velocity values and marks climate change hotspots. The blue category involves the
lowest forward and backward velocity values and marks climate change coldspots. The terrestrial Natura 2000 network is marked in yellow, climate change hotspots
within the Natura 2000 network in orange and climate change coldspots within the Natura 2000 network in green. Grey lines indicate biogeographical regions.
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region, followed by the Boreal, Black Sea, Steppic, Arctic, Pannonian,
Alpine, Macaronesia, Atlantic, Anatolian and Mediterranean region
(Fig. 5a). The highest single forward velocity value across Europe is
approaching 50 km/yr and found in the Alpine region. The LSD tests
indicate that there is no significant difference between forward velocity
values inside and outside the Natura 2000 network in the Atlantic and
Black Sea region. In other biogeographical regions, the forward velocity
values inside Natura 2000 are notably higher than of outside Natura
2000.

The highest median backward velocity values occur in the Boreal
region, followed, by the Arctic, Pannonian, Steppic, Continental,
Atlantic, Mediterranean, Black Sea, Alpine, Anatolian, and Macaronesia
region (Fig. 5b). The backward velocity values are overall lower than the
forward velocity values. The highest single backward velocity value is
approaching 30 km/yr and found in the Mediterranean region. Ac-
cording to the LSD test, there is no significant difference between
backward velocities inside and outside the Natura 2000 network in the
Macaronesia region and the Steppic region. In the Atlantic region, the
backward velocity values inside Natura 2000 are significantly lower
than outside Natura 2000. This difference is also notable in other
biogeographical regions besides the Black Sea region, where the back-
ward velocity value inside Natura 2000 is significantly higher than
outside Natura 2000. The forward and backward velocity values per
biogeographical region for RCP 4.5 can be found in the Appendix (Ap-
pendix V).

3.3. Climate change velocity-based hotspots, coldspots and priority
conservation sites

Areas with velocity values higher than 5 km/yr in both backward and
forward velocity (red category) were identified as climate change hot-
spots (Fig. 6). Such hotspots are mainly located in the Boreal, Black Sea,
Continental and Alpine regions. More grid cells were identified as hot-
spots than coldspots, and more hotpots were calculated under RCP 8.5
(Fig. 6b) than under RCP 4.5 (Fig. 6a), notably in the Boreal region. Cells
with coldspots (blue) are more frequent under RCP 4.5 and spread across
the Mediterranean, Alpine, Anatolian and Atlantic regions, often in mid-
elevation zones and close to the coast. The bivariate choropleth colour
map of forward and backward climate velocity can be found in the
Appendix (Appendix VI).

Climate change hotspots (marked in red in Figs. 6, 7 and 8) and
coldspots (blue) partly overlap with the Natura 2000 network (yellow)
and thus form the climate-based priority conservation sites (orange and
green, respectively). More climate change hotspots and less coldspots
are forecasted under RCP 8.5 than RCP 4.5 (Figs. 6 and 7). 2.0% (RCP
4.5) to 6.5% (RCP 8.5) of confined Europe’s land area (i.e., countries
with Natura 2000 sites) are projected to become climate change hotspots
(Fig. 7). Only 1.9% (RCP 4.5) to 0.6% (RCP 8.5) of confined Europe will
likely remain climate change coldspots. While Natura 2000 sites cover
more than 17% (Aichi Target 11) of confined Europe (18.5%), only a
minor proportion of Natura 2000 sites are considered priority conser-
vation sites according to projected climate change hotspots and cold-
spots. 0.9% (RCP 4.5) to 2.1% (RCP 8.5) of confined Europe is covered
by Natura 2000 sites that are predicted to become climate change hot-
spots. 0.2% (RCP 4.5) to 0.1% (RCP 8.5) of confined Europe is covered
by Natura 2000 sites that are predicted to become climate change
coldspots.

In the Atlantic, Boreal and Continental region of confined Europe
(countries with Natura 2000 sites), Natura 2000 sites do not yet cover
17% (Aichi Target 11) of land area (Fig. 8). Across RCP scenarios
(Fig. 8), the Alpine, Continental, Mediterranean and Pannonian regions
hold largest proportions of climate change hotspots, whereas biogeo-
graphical regions adjacent to the sea (Mediterranean, Atlantic, Maca-
ronesia, Continental) hold highest proportions of climate change
coldspots. Under RCP 8.5 (Fig. 8b), the proportion of hotspots in the
Alpine region is larger than 17%. However, a relatively large proportion
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of predicted hotspots in the Alpine region is already covered by Natura
2000 sites. In contrast, the coverage of coldspots by Natura 2000 sites is
very low in each biogeographical region. Under RCP 4.5 (Fig. 8a), no
hotspots are predicted for the Macaronesia, Pannonian and Steppic re-
gions; and no coldspots for the Black Sea, Boreal, Pannonian and Steppic
regions. Under RCP 8.5 (Fig. 8b), hotspots are predicted for each
biogeographical region; and no coldspots for the Black Sea, Boreal,
Macaronesia, Pannonian and Steppic regions. The land area proportions
considering entire terrestrial Europe including countries without Natura
2000 sites are shown in the Appendix (Appendix VII).

4. Discussion
4.1. Forward and backward climate change velocity

Our hypothesis assuming high climate change velocity for the con-
tinental lowland regions of Europe and low values for the coastal and
mountain regions can be largely confirmed. In terms of forward climate
change velocity, the Continental and Boreal regions in lowland Europe
showed on average highest values. Interestingly, we also calculated high
forward velocity values for high-elevation parts of the Alpine region.
The findings for the Alpine region contradict our hypothesis but are
likely generated by the most extreme climatic conditions of the highest-
elevation zones. We consequently suppose that the nearest analogous
future climates of high-elevation areas are located in other potentially
even higher-elevation areas that are very distant. High forward velocity
expresses climate change exposure of present biodiversity at a given
location because present organisms would have to emigrate or disperse
long distances to reach analogous climate habitat in future. Hence, a
considerable proportion of inland Europe could be prone to local ex-
tinctions due to rapid climate change. In contrast, regions with low
forward velocity values are found in coastal areas of the Mediterranean,
Anatolian, Atlantic and Macaronesia regions. In these areas, the oceanic
influence might buffer climatic changes (Sutton et al., 2007). However,
the coastal biodiversity might suffer from other impacts of climate
change such as the sea-level rise and extreme weather events (Ameca y
Juarez et al., 2013; Harter et al., 2015; Walls et al., 2019).

In terms of backward climate change velocity, values are relatively
low in the Macaronesia, Anatolian, Alpine, Black Sea, Mediterranean
and Atlantic regions, what we also expected. Low backward velocity
values in coastal regions can be explained by the oceanic buffer effect as
well. In regions with elevational gradients such as the Alpine region, low
backward velocity is probably because analogous current climates can
be found at nearby downslope locations, except low-elevation valley
bottoms (Carroll et al., 2015, 2017). In contrast, large areas of lowland
Europe such as in the Boreal, Arctic, Pannonian, Steppic and Continental
regions have high backward velocity values, which is in line with the
spatial pattern of forward velocity. High backward velocity reflects the
climate change exposure of potentially immigrating species at a given
location in future, because immigrating species would have to migrate
long distances from their current climate habitat. Consequently, loca-
tions with high backward velocity are potentially threatened because
species are insufficiently adapted to the locations’ future climate, which
could affect ecosystem functioning and services (Carroll et al., 2015,
2017; Hamann et al., 2015).

Surprisingly, we found several areas with high forward velocities but
low backward velocities and vice-versa, such as on the Iberian Penin-
sula. Such contrasting patterns of forward and backward velocity indi-
cate that current climates will locally disappear (i.e., high forward
velocity) or locally novel climates will occur in future (i.e., high back-
ward velocity). Thus, such areas seem to be located at the extremes of
the region’s climate space.

4.2. Climate change velocity inside and outside the Natura 2000 network

Although Natura 2000 sites were established without considering the
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Fig. 7. Mean proportions of land area of confined Europe (i.e., countries with Natura 2000 sites) covered by climate change hotspots, coldspots, Natura 2000 sites,
and priority conservation sites (i.e., hotspots and coldspots within the Natura 2000 network) across six GCMs under emission scenarios RCP 4.5 and RCP 8.5 for the
year 2070; a) for entire confined Europe, b) for each biogeographical region under RCP 4.5 and c) for each biogeographical region under RCP 8.5.
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dynamic impacts of climate change on biodiversity, they are expected to
safeguard species and habitats in the long term. As we showed, climate
change velocity was found higher inside Natura 2000 sites in more than
half of the biogeographical regions. In Natura 2000 sites of these
biogeographical regions, we recommend monitoring climate change
impacts and to extend the network by climate change refugia. Natura
2000 is the largest protected area network on Earth, but not safe from
climate change. Nevertheless, the Natura 2000 network is only one part
of the EU’s protected area estate (Hoffmann et al., 2018). There are more
established protected areas that we did not consider here but could serve
as complements to the Natura 2000 network to effectively safeguard
biodiversity under climate change in Europe.

4.3. Climate change velocity-based hotspots, coldspots and priority
conservation sites

By combining forward and backward velocity, we could identify
areas holding both high forward and backward velocity values, i.e.,
climate change hotspots. In terms of proportion land area, hotspots
predominantly cover the Alpine region, followed by the Continental
region, which only partly conforms to our hypothesis stating high ve-
locities in lowlands. The reason for hotspots in Alpine regions might be
that particularly geographically isolated high-elevation parts of the
Alpine region were identified as climate change hotspots, where climate
analogs can only be found in very distant and even higher elevation
mountains. High forward and backward velocity at a given location
means severe climate change threat to present and potentially
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colonizing species, which will likely decrease local biodiversity,
ecosystem functioning and services (Carroll et al., 2015, 2017; Hamann
et al., 2015).

In terms of proportion land area, climate change coldspots, i.e., areas
of lowest forward and backward velocity, are mostly covering biogeo-
graphical regions adjacent to the sea (Mediterranean, Atlantic, Maca-
ronesia), which is in line with our hypothesis. Coldspots can be rather
small patches scattered across topographically complex areas such as in
the Mediterranean, Alpine, Anatolian, and Atlantic region. In the Alpine
region, climate velocity coldspots are found in the mid-elevation zones.
In contrast to the low and high-elevation zones, in the mid-elevation
zone, current and future analogous climate can be found downslope
and upslope, respectively. Coldspots are considered as climatic refugia,
i.e., areas where current and future analogs are close by. In coldspots,
less changes in local biodiversity, ecosystem functioning, and services
are expected (Carroll et al., 2015, 2017; Hamann et al., 2015).

Consequently, areas that are more geographically isolated, with
lower topographic complexity, and with more extreme climate condi-
tions seem to be more exposed to climate change. Areas less geograph-
ically isolated, with higher topographic complexity and intermediate
climate conditions seem to be less exposed to climate change. Low cli-
matic diversity — that means low topographical complexity — and high
geographical isolation indicate high climate change exposure (Lawrence
et al.,, 2021). The oceanic influence might also buffer climate change
exposure. These results are in line with comparable studies on the ge-
ography of climate change in Europe (De Castro et al., 2007; Ohlemdiller
et al., 2006) and North America (Belote et al., 2018; Carroll et al., 2015;
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Dobrowski and Parks, 2016; Haight and Hammill, 2020).

Topographic complexity is associated with climate diversity, which
decreases climate change velocity. Therefore, the velocity of climate
change is higher in flat terrain than in mountain areas (Carroll et al.,
2015, 2017; Dobrowski and Parks, 2016; Hamann et al., 2015; Loarie
et al., 2009). Yet, topographical resistance for migrating species can be
less in flat terrain. In steep terrain, temperature and precipitation
change within a short distance. Accordingly, species may find analogous
future climate within a short distance in mountain ranges. However,
unlike in flat terrain where the climate trajectory tends to be a straight
line (Euclidean distance), in mountainous terrain, species might need to
move over or around mountains to reach their analogous future climate
niche. The actual length of climate trajectories and thus climate change
exposure may thus be underestimated in mountain regions (Dobrowski
and Parks, 2016). However, potential movement trajectories under
climate change depend not only on climate trajectories and topography,
but also on land use and cover (Carroll et al., 2018; Costanza and Ter-
ando, 2019). In mountain regions, for instance, species migrating up-
wards from foothills and lower montane zones may even find larger
habitat area that is less pressured by humans (Elsen et al., 2020b). Po-
tential migration paths due to climate change, topography and land use
change has not been investigated in terrestrial Europe and the Natura
2000 network yet.

Climate change coldspots suggest locations in which current biodi-
versity and ecosystem functioning will likely persist under climate
change. Climate velocity hotspots suggest locations where enormous
alterations of biodiversity are expected such as population declines,
local extinctions, novel biotic interactions, and communities (Ordonez
et al., 2016). Novel communities are generated, because organisms vary
in their ability to react to climate change through adaptation, migration,
and dispersal (Williams and Jackson, 2007). Novel communities, their
functioning and services are barely predictable (Hobbs et al., 2006;
Scheffers et al., 2016). Physiological, morphological, and behavioural
changes of individuals and demographic changes of populations are
likely if individuals do not migrate from hotspots (Penuelas et al., 2013).
Organisms that have low adaptation capacity and live close to their
climatic tolerance limits will be most affected by climate change (Garcia
et al., 2014). Under climate change, species richness and functioning of
ecosystems can also increase (Kueffer and Kaiser-Bunbury, 2014; Mas-
caro et al., 2012).

Particularly in the Alpine region, many Natura 2000 sites overlap
with climate change hotspots. In all other regions, the proportion area of
Natura 2000 sites overlapping with hotspots is much lower and far from
the Aichi 17% target. The deficiency of hotspots not included in the
Natura 2000 network suggests biogeographical regions where conser-
vation action is required, since biodiversity in hotspots will be prone to
highest climate change velocities. The coverage of coldspots by Natura
2000 sites is even lower than for hotspots in each biogeographical re-
gion. However, establishing new protected areas at climate change
coldspots is also important because these sites will likely act as climate
refugia where species can find relatively constant climate conditions
over time. Identifying conservation priority areas such as climate change
refugia and hotspots are analogous strategies with a common purpose, to
help guide climate-smart conservation planning. It is not trivial to
decide whether climate change hotspots or coldspots should receive
conservation priority. This decision is context dependent. The local
climate change vulnerability of biodiversity is not only determined by
climate change exposure. The adaptive capacity, ecological importance,
resistance, and resilience of biodiversity varies, also between locations
(Dawson et al.,, 2011; Li et al., 2018a). Climate change velocity is
therefore a complement, but not a substitute for biodiversity vulnera-
bility assessments. Climate-induced changes interact with other threats
to biodiversity, e.g., habitat degradation and fragmentation (Lawrence
et al., 2021b), or the spread of invasive species (Schulze et al., 2018).
These threats can accumulate (Bowler et al., 2019). Subsequently,
vulnerability assessments were developed to estimate climate change
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threat of specific biodiversity components (Foden et al., 2019). How-
ever, this specificity comes at the expense of limited generality, since
only a limited amount of biodiversity components can be considered by
such metrics.

Given the spatial and temporal complexity of biotic and abiotic
factors determining vulnerability of biodiversity to climate change,
management recommendations for individual protected areas cannot be
given in this study. Climate-smart management plans should be devel-
oped in the context of individual protected areas because the climate
predictions, their uncertainties, ecosystem intactness, conservation tar-
gets, the conservation capacity of land, the management resources
available and the risks of management actions differ between protected
areas (Hoffmann, 2021b). Conservation management is more difficult in
climate velocity hotspots, all other factors being equal. Climate-smart
management responses can vary from low intensity interventions, e.g.,
monitoring, to high intensity applications, e.g., assisted migration and
restoration (Dawson et al., 2011; Gillson et al., 2013). Another climate-
smart management approach is to enhance habitat connectivity to foster
migration and dispersal under climate change (Heller and Zavaleta,
2009). Reducing human pressures and expanding protected area is al-
ways beneficial to biodiversity preservation. If climate change hotspots
and coldspots are already protected, existing management plans can be
adapted according to our findings about climate change velocity.

4.4. Limitations and further considerations

Climate change velocity is a fundamental climate change metric
(Brito-Morales et al., 2018; Garcia et al., 2014). However, there are
many more facets of climate change that are not reflected by climate
change velocity, e.g., changes in climate extremes, seasonality, and area.
To reveal the entire spectrum of potential climate change impact, future
studies are required that consider multiple dimensions of climate
change.

To represent complementary future climate change scenarios, the
forward and backward climatic velocities were calculated for an inter-
mediate and extreme RCP including projected climate data from six
GCMs (Knutti et al., 2013). The standard deviation of the six GCMs is an
indicator of the variation among climate models, which can be consid-
ered as the uncertainty of climate predictions. The predictive perfor-
mance of GCMs varies in space (Bring et al., 2019). The WorldClim
climate data quality decreases in regions with less climate stations such
as remote mountain ranges (Hijmans et al., 2005). In our analysis, areas
with high mean velocity values generally coincide with areas of high
standard deviation values, i.e., with variation or uncertainty among
climate models. Lowest variation among GCMs can be found at the
margins of Europe, in the Mediterranean, Anatolian, Atlantic, Boreal
and Arctic regions. Increasing variation can be located at inland Europe,
in the Continental and Boreal regions. High variation can be found all
over Europe, but particularly in the Artic, Alpine and Mediterranean
regions.

User choices have been made throughout the climate velocity
calculation process, including the threshold settings to create climate
classes. While the relative patterns of climate change velocity do not
change by different thresholds (Carroll et al., 2015; Hamann et al.,
2015), the absolute climate change velocity values will change. There-
fore, the absolute velocity values should not be taken for granted when
comparing them to migration and dispersal rates of species. Through our
sensitivity analysis we tried to balance over- and underestimation of
climate change velocity. Our results thus represent intermediate velocity
values.

Individual climate variables offer limited information about climatic
changes in general. Hence, multiple climate variables were used in the
climate velocity calculation. The application of a PCA to generate in-
dependent climate variables is to avoid collinearity between climate
variables. However, the impacts of individual climate variables were not
resolved although it would be useful to know which thermal and
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hydrological variables will change.

The nearest-neighbour search algorithm makes isolated islands,
peninsulas and border areas holding higher velocity values, because
isolated areas have less grid cells — and therefore analogous climate — in
close vicinity (Hamann et al., 2015). To compensate this bias on the
Eastern boarders of terrestrial Europe, we calculated climate change
velocity for terrestrial Europe but focus on confined Europe, i.e., coun-
tries containing Natura 2000 sites.

We selected a recently revised classification of European biogeo-
graphical regions (Cervellini et al., 2018) as operational units for sum-
marising predicted climatic changes. It should be mentioned that there
are many other map products on biogeographical regions that can differ
to a significant degree. While we used a map product that was originally
provided by the European Environmental Agency, other biogeograph-
ical delimitations could potentially result in different biogeographical
regions being most or least affected by projected climatic changes.

5. Conclusion

This study was set out to analyze the geographical distribution of
climate change velocity across terrestrial Europe and the Natura 2000
network. Our straightforward approach makes this study easy to un-
derstand for conservationists and stakeholders. The study is aimed to-
ward guiding conservation planning. A substantial proportion of
terrestrial Europe and the Natura 2000 network is exposed to severe
climate change. The geographical locations of identified priority con-
servation sites can serve as a guidance for future conservation action at
the continental scale of Europe.

Enduring efforts are needed to make conservation management and
protected areas climate-proof. Climate-smart conservation management
is required that does not only account for predicted climate change
exposure, but also for potential climate change impacts on the various
components of biodiversity, from genetic diversity to ecosystem ser-
vices. Moreover, these plans are urgently needed for local conservation
management worldwide. Most importantly, conservation action must be
taken, but since resources for nature conservation are limited, the focus
on priority sites can serve as a first orientation.
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