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Abstract

Identifying sites that are both important for biodiversity and likely to be

heavily affected by anthropogenic pressures in the future is crucial to settle pri-

orities in the implementation of conservation measures, such as the designa-

tion of new protected areas. Although assessing the exposure of terrestrial Key

Biodiversity Areas to global change would support such identification, it has

never been performed to our knowledge. In addition, previous exposure assess-

ments have been limited to few metrics of climate change and have not consid-

ered other global change components. Here, we assess the extent to which

terrestrial (including inland water) Key Biodiversity Areas are exposed to

future climate change and land-use modifications in 29 countries of the Medi-

terranean region, and identify countries where additional protection efforts are

most needed. To this end, we calculated two local and two regional exposure

metrics using projections of climate and land-use for late 21st century under

four scenarios that were used in the sixth assessment report of the Intergovern-

mental Panel on Climate Change (SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5).

These four exposure metrics were subsequently combined into an exposure

index ranking sites from least to most exposed to climate and land-use

changes. We highlight that the most exposed non-protected Key Biodiversity

Areas are located in countries where the protection of this network is lowest

(i.e., high number and percentage of non-protected sites). We also found that

Key Biodiversity Areas were overall more exposed than the rest of the study

zone and that the sites most in need of conservation actions were similar

across future scenarios. Our study reinforces the pressing necessity to

strengthen and extend conservation measures in Mediterranean Key Biodiver-

sity Areas, especially in Middle-East and Maghreb countries whose Key Biodi-

versity Areas are both at risk to be strongly affected by anthropogenic

pressures and insufficiently protected.
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1 | INTRODUCTION

Human activities are threatening ecosystems and species
through different pressures (e.g., habitat destruction and
degradation, climate change) of spatially heterogeneous
intensity (Sanderson et al., 2002). As biodiversity is also
not evenly distributed in space at a global scale
(Gaston, 2000), examining the spatial overlap between bio-
diversity and its threats has allowed conservationists to
develop different approaches to identify areas to prioritize
for the allocation of conservation resources over the last
decades (Brooks et al., 2006). Reactive approaches of prior-
itization for instance, such as the biodiversity hotspot net-
work, integrate regions that are both important for
biodiversity conservation and heavily affected by ongoing
global change (Brooks et al., 2006; Myers et al., 2000).

It is also critical to identify sites of importance for bio-
diversity that are likely to be heavily affected by global
change in the next decades and support their prioritiza-
tion in the implementation of conservation measures
(Joppa & Pfaff, 2009). Anticipating the future location
and magnitude of anthropogenic threats by assessing the
exposure of sites of importance for biodiversity to global
change would enable such identification. Drawing on the
definition of exposure to climate change found in Daw-
son et al. (2011), we define here the exposure of a site as
the extent of changes in environmental conditions
(e.g., temperature, precipitation, habitat loss, and degra-
dation) likely to be experienced by the site and that
depends on the rate and magnitude of changes. This
approach can integrate multiple anthropogenic pressures
and also multiple metrics that can account for different
responses of species to climate change, that is, local adap-
tation and range shift (Garcia et al., 2014).

Land-use modifications are one of the most important
historical drivers of biodiversity loss and will continue to
be in the next decades (IPBES, 2019; Millennium
Ecosystem Assessment, 2005; Newbold, 2018; Newbold
et al., 2015; Sala, 2000). Including land-use changes when
assessing the future effects of global change on biodiver-
sity is thus critical. However, very few exposure assess-
ments are based on future land-use projections (but see
Wilson et al. [2014] and Holman et al. [2017]), in line
with previous literature reviews (de Chazal &
Rounsevell, 2009; Santos et al., 2021; Titeux et al., 2016),
whereas most studies have used future projections of cli-
mate (e.g., Hoffmann et al., 2019; Lapola et al., 2020;

Scriven et al., 2015). This trend may be a result of the
many limitations of future projections of land-use
(Harfoot et al., 2014; Titeux et al., 2016). Previous assess-
ments of exposure to climate change have also tended to
focus on a single exposure metric and have therefore not
considered the different responses of biodiversity to cli-
mate change (Garcia et al., 2014). This is of particular
concern for the identification of sites that could be
strongly affected by global change, since different global
change components and exposure metrics might be spa-
tially distributed in different ways in coming decades
(Garcia et al., 2014).

The exposure to anthropogenic threats might also
depend on the future socioeconomic trend of society and
greenhouse gas emissions (IPBES, 2016; IPCC, 2021).
Exposure assessments should hence consider a range of
plausible futures by using different exploratory scenarios,
such as the CMIP6 scenarios that cover a wide range of
socioeconomic and climatic conditions by the end of the
21st century (O'Neill et al., 2016). Yet many exposure
assessments used only two scenarios or less to date.

Key Biodiversity Areas (KBAs) are “sites contributing
significantly to the global persistence of biodiversity”where
conservation measures should be implemented (Eken
et al., 2004; IUCN, 2016; Margules & Pressey, 2000). They
are identified using threshold-based criteria of, inter alia,
vulnerability, and irreplaceability, that can be applied to
any ecosystem andmacroscopic species and are available in
a global database (BirdLife International, 2020). Protected
areas (PAs, see the definition in Dudley [2008]) are one of
the most important tools employed by current conservation
strategies. They can have better “conservation outcomes”
(e.g., population trends) than non-protected sites (Coetzee
et al., 2014; Gray et al., 2016) through reducing threats and
enhancing resilience to anthropogenic pressures
(Rodrigues & Cazalis, 2020). For instance, PAs play a criti-
cal role in climate change mitigation (see Thomas &
Gillingham, 2015 for a review) and can reduce habitat
destruction (Geldmann et al., 2013; Leberger et al., 2020).

Because of the key role of PAs in the context of global
change, the United Nations Convention on Biological
Diversity (CBD) set an objective of 17% of terrestrial land
surface area protected by 2020 (CBD, 2010). Unfortu-
nately, this target was not met in time as only 15% of ter-
restrial land surface areas was protected in 2020
(Stokstad, 2020). Moreover, criteria for designation often
included limited accessibility and low economical interest
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rather than particular importance for biodiversity per se
(Butchart et al., 2012; Joppa & Pfaff, 2009; Venter
et al., 2018). As a result, only 19.2% of terrestrial (including
inland water) KBAs are fully within PAs worldwide
(UNEP-WCMC & IUCN, 2021). New targets recently set
by the CBD advocate for countries to protect 30% of their
area by 2030 (CBD, 2020). These even more ambitious tar-
gets provide a major opportunity to ensure that the future
PAs network covers sites of importance for biodiversity,
and especially those that are at risk to be heavily affected
by global change in the next decades (Joppa & Pfaff, 2009).
Although their identification can be achieved by assessing
the exposure of KBAs, such assessment has never been
performed for terrestrial KBAs to our knowledge, as expo-
sure assessments mainly focused on PAs.

Identifying sites of importance for biodiversity for the
designation of new PAs is of particular interest in the Med-
iterranean region, where ecosystems have been affected by
human activities for thousands of years, leading for exam-
ple to the loss of more than 95% of its primary vegetation
(Myers et al., 2000). More recently, drivers of global
change have worsened with, for example, human popula-
tion growth, mass tourism development, overexploitation
of water resources, conflicts and overall weak governance
to conserve biodiversity (UNEP/MAP & Plan Bleu, 2020),
and this region has experienced climate warming 0.4�C
above the global average warming since preindustrial
period (MedECC, 2020). These drivers and pressures are
heterogeneously distributed, with environmental condi-
tions deteriorating more in the east and south of the
region, and are likely to worsen in the next decades, with
the potential intensification of land management (Malek
et al., 2018) and a severe aridification over the Sahara and
Iberian Peninsula (Drobinski et al., 2020). Nevertheless,
the Mediterranean basin remains a particularly important
biodiversity hotspot for plants (Myers et al., 2000), but also
for many other taxonomic groups, with very high species
richness and endemism rates (CEPF, 2017).

In this study, we evaluated for the first time the expo-
sure of terrestrial (including inland water) KBAs to future
climate change and land-use modifications. This exposure
assessment was performed on the Mediterranean region
(29 countries), where KBAs were comprehensively identi-
fied. Our primary goal was to identify countries where
KBAs are highly exposed and still lack a strong protection
status in order to support their prioritization in the desig-
nation of new PAs. To this end, we calculated two local
and two regional exposure metrics and three synthetic
exposure indices from late 21st century (2081–2100) projec-
tions of climate and land-use under four of the most recent
scenarios (O'Neill et al., 2016), which makes this exposure
assessment one of the most comprehensive to date. As
new land protection objectives are about to be set, the

results from this study can help guide the implementation
of conservation measures such as the designation of new
PAs in the Mediterranean region, where biodiversity is
among the most sensitive to land-use and climate changes
on the planet (Newbold et al., 2020).

2 | METHODS

2.1 | Study zone

This study was carried out on the administrative bound-
aries of 29 countries around the Mediterranean basin with-
out: overseas territories (e.g., overseas France, the Azores)
and large areas of “Desert and Xeric Shrublands” (Olson
et al., 2001), as well as small and isolated patches of
“Flooded Grasslands and Savannas” (Figure 1 and
Appendix S1). The definitive study zone covered
3,814,480 km2 and encompassed the Mediterranean basin
biodiversity hotspot (Myers et al., 2000). The study zone
was rasterized to a 15 arc-min resolution (approx. 770 km2

at the equator) to match land-use spatial resolution.

2.2 | Key Biodiversity Areas

KBAs boundaries were extracted from the World Database
of KBAs (BirdLife International, 2020). We used the term
“KBAs” to refer to sites with different statuses: KBAs
stricto sensu (Eken et al., 2004) as well as sites designated
as part of previous networks, that is, Important Bird and
Biodiversity Areas (IBA, BirdLife International, 2014) and
Alliance for Zero Extinction sites (AZE, Ricketts
et al., 2005). Many sites combined multiple statuses
(e.g., IBA and KBA, Appendix S2).

After excluding marine parts of KBAs, 2271 sites cov-
ering 18.9% of the study zone were selected (Figure 1). In
order to compare the exposure of KBAs with that of the
rest of the study zone, we defined as “KBA cell” any
study zone cell whose surface area covered by KBAs was
higher than 40%. This threshold was selected following
D'Amen et al. (2011), that is, by choosing a threshold that
resulted in a total surface area of KBA cells similar to the
initial total surface area of KBAs. Accordingly, we
defined 1111 KBA cells intersecting 902 KBAs (39.7% of
the study zone KBAs). All other study zone cells (6042
cells) were referred to as “non-KBA cells.”

2.3 | Protected Areas

PAs boundaries were extracted from the Mediterranean
Wetlands Observatory database. This database is the most
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up-to-date PAs database available for the study zone, as it
combines information from multiple international
sources such as the World Database of Protected Areas
(WDPA, UNEP-WCMC & IUCN, 2020), the Nationally
designated areas database (CDDA) and designated sites
under international agreements (e.g., the Ramsar Con-
vention, Natura 2000), complemented with systematic
national inventories. We selected the 7454 PAs of IUCN
category I–IV as these PAs have more restrictive manage-
ment than PAs of IUCN category V and VI
(Dudley, 2008) and are thus more likely to reduce the
exposure to global change.

These PAs covered 94,589 km2 (2.5% of the study
zone) and were mostly located in KBAs (66,965 km2,
70.8% of the PAs total surface area, 9.3% of the KBAs
total surface area). One-third of KBA cells (358 cells,
32.2%, hereafter referred to as “protected KBA cells,” as
opposed to “non-protected KBA cells”) overlapped PAs
(i.e., proportion of area covered by PAs greater than 0%),
although the proportion of protected KBA cells highly
differed between countries (Appendix S3). PAs coverage
of protected KBA cells was very low (mean = 18.7%,
median = 11.5%).

2.4 | Environmental data

To assess the differences between near-current (1970–
2000 period) and future (2081–2100 period) temperature
and precipitation conditions, we used seven bioclimatic
variables (Figure 2) previously used in similar studies
(e.g., Batllori et al., 2017; Carroll et al., 2017; Parks
et al., 2020) from the WorldClim 2.1 dataset (Fick &
Hijmans, 2017) and illustrating the annual trend, season-
ality and seasonal extremes: annual mean temperature,
maximum temperature of warmest month, minimum
temperature of coldest month, temperature annual range,

annual precipitation, precipitation of wettest quarter, and
precipitation of driest quarter. We used future projections
from the eight General Circulation Models (GCMs) avail-
able to date in the WorldClim 2.1 database (GCMs
description is provided in Appendix S4) under four sce-
narios (see below).

We assessed land-use modifications between the same
periods, using a yearly estimate of the proportion of
12 land-use categories at a 15 arc-min spatial resolution
(approx. 28 � 28 km at the equator) for year 1985 and
2090 (Figure 2 and Appendix S5) from the Land Use Har-
monization 2 dataset (Hurtt et al., 2020). This dataset was
developed to link historical land-use and future land-use
projections produced by Integrated Assessment Models
(IAMs, Harfoot et al., 2014). These land-use projections
were also developed to be used as input for modeling the
future climate projections that were described above
(Hurtt et al., 2020). To our knowledge, this is the only
dataset that provides future land-use projections both at
global scale and under the latest scenarios (see below).

Bioclimatic variables were mean-aggregated from
their original spatial resolution (5 arc-min) to land-use
data resolution. Both climate and land-use spatial data
were reprojected at a 634 km2 resolution (approx.
23 km � 28 km) using Lambert Azimuthal Equal Area
centered on the study zone.

2.5 | Future scenarios

We used the same four scenarios of the Coupled Model
Intercomparison Project phase 6 (CMIP6, Eyring
et al., 2016) for future projections of both climate and
land-use: SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5
(Appendix S6). Each scenario is the combination of a
socioeconomic component (Shared Socioeconomic Path-
way: SSP, O'Neill et al., 2014) and a radiative forcing level

FIGURE 1 Map of the study zone

with Key Biodiversity Areas and

protected areas.
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in 2100 (Representative Concentration Pathway: RCP:
2.6–8.5, van Vuuren et al., 2011).

The SSP1-2.6 scenario features a more sustainable
society and a low radiative forcing (warming between
1.3 and 2.4�C by 2100, IPCC, 2021). SSP2-4.5 describes
a world that does not “shift markedly from historical
patterns” combined with a medium level of radiative
forcing (warming between 2.1 and 3.5�C by 2100).

SSP3-7.0 is characterized by regional conflicts, the
absence of new climate policies and a high radiative
forcing (warming between 2.8 and 4.6�C by 2100).
Lastly, SSP5-8.5 is an unmitigated scenario that fea-
tures an important technological progress and fossil
fuel exploitation associated with a very high level of
radiative forcing (warming between 3.3 and 5.7�C
by 2100).

FIGURE 2 Description of all methodology steps performed using future projections from one of the eight General Circulation Models

(GCMs) and in one of the four scenarios.
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2.6 | Climate change analysis

To summarize the climatic differences between the near-
current period and future scenarios and address the cor-
relations between variables, we performed for each GCM
a Between-Class Analysis (BCA) on the seven bioclimatic
variables (Figure 2) using the ade4 package (Dray &
Dufour, 2007).

In order to evaluate the exposure of KBAs to climate
change, we then calculated two exposure metrics that are
complementary (Garcia et al., 2014) from the two axes of
the BCA for each study zone cell (Figure 2): the local cli-
mate change intensity and the climate velocity (Hamann
et al., 2015). The local climate change intensity is a local
measure of climate change (hereafter referred to as
“LC”), whereas the climate velocity is a regional measure
of climate change (hereafter referred to as “RC,” Garcia
et al., 2014). Indeed, LC was the Euclidian distance in the
two-dimensional climate space (defined by the axis 1 and
axis 2 of the BCA) between each cell's near-current and
future climates and thus describes the intensity of change
in temperature and precipitation conditions at a local
scale (in BCA units). On the other hand, RC was based
on forward velocity (Hamann et al., 2015), an analog-
based climate velocity that represents the relocation
speed of climatic conditions (Carroll et al., 2015; Hamann
et al., 2015). To compute RC in km year�1, we measured
the geographical distance between a near-current raster
cell (hereafter referred to as “source cell”) and its nearest
future climate analog (hereafter referred to as “destina-
tion cell”) using the geosphere package (Hijmans, 2019),
and divided it by the time period between near-current
and future data (i.e., 105 years). Further information on
the definition of analog climates is provided in
Appendix S7. When the source cell was a KBA cell, its
nearest future climate analog (i.e., the destination cell)
was referred to as “KBA refuge.”

2.7 | Land-use modifications analysis

We computed an artificialness index to synthesize the inten-
sity of anthropogenic land-use modifications between future
scenarios (year 2090) and near-current period (year 1985).
Artificialness is an antonym of “naturalness” that can be
considered as a conservation value and a priority for conser-
vation planning (Angermeier, 2000; Machado, 2004). We
first aggregated the 12 land-use categories into seven classes
(Figure 2 and Appendix S5) as several categories could not
be differentiated by their naturalness following the guide-
lines provided in Machado (2004): urban land, annual
crops, perennial crops, managed pastures, rangeland, sec-
ondary land, and primary land. We then assigned to each

class a naturalness coefficient ranging from 0 to 10 following
Machado (2004), subtracted it from 10 to compute the artifi-
cialness coefficient, and then computed the sum of each
land-use class proportion weighted by its artificialness coef-
ficient (Appendix S5).

In order to evaluate the exposure of KBAs to anthro-
pogenic land-use modifications, we calculated two com-
plementary exposure metrics from the artificialness index
(Figure 2): the local artificialness change intensity and
the artificialness change intensity caused by climate relo-
cation. If we apply the classification of climate change
measures of Garcia et al. (2014) to land-use changes mea-
sures, we can consider the local artificialness change
intensity as a local measure of artificialness change (here-
after referred to as “LA”) and the artificialness change
intensity caused by climate relocation as a regional mea-
sure of artificialness change (hereafter referred to as
“RA”). Indeed, LA describes the intensity of change in
artificialness at a local scale, as for raster cell i, it was cal-
culated as the difference between the artificialness index
of cell i for year 2090 and that for year 1985. On the other
hand, RA describes the difference in artificialness
between future and current locations with similar cli-
matic conditions. For raster cell i, it was calculated as the
difference between the artificialness index of the destina-
tion cell j for year 2090 and that of the source cell i for
year 1985.

2.8 | Combining exposure metrics

In order to assess the exposure to both climate change and
anthropogenic land-use modifications of a KBA cell com-
pared with other KBA cells within the same scenario, we
combined the exposure metrics into three complementary
composite indices at different spatial scales (Figure 2): the
local exposure index (LEI), the regional exposure index
(REI), and the exposure index (EI), which is the relative
exposure to climate and land-use changes at both local and
regional scales. The exposure index (EI) was computed as
the average rank between the four exposure metrics, LEI
from LC and LA, and REI from RC and RA, after classifying
each metric into 100 groups using percentiles as thresholds.

2.9 | Data analysis

We assessed the exposure of KBAs using exposure met-
rics and indices in order to identify the sites of impor-
tance for biodiversity that are likely to be the most
affected by climate change and land-use modifications,
and to prioritize them to be targeted by conservation
measures.
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For each scenario, we compared the exposure
between KBA cells and non-KBA cells, and between pro-
tected and non-protected KBA cells, using Wilcoxon rank
sum tests (Wilcoxon, 1992). We also compared
geographic patterns of exposure between scenarios and
between metrics using Kendall's rank correlation tests
(Kendall, 1948). Finally, we evaluated the difference
in KBA cells exposure between scenarios for each
exposure metric using Wilcoxon signed-rank tests
(Wilcoxon, 1992). National averages of exposure metrics
and indices were also compared between countries. Note
that we also evaluated the relationship between exposure
and elevation using data from the Shuttle Radar Topogra-
phy Mission (SRTM, Farr et al., 2007) and Kendall's rank
correlation tests (Kendall, 1948).

Statistical analyses were performed on the average
multi-model of a future scenario based on the eight
GCMs for all exposure metrics and indices except
LA. Statistical analyses and geoprocessing operations
were performed using R 3.6.2 (R Core Team, 2019) and
QGIS 3.4.15 (QGIS Development Team, 2020). Statistical
significance was set at p < 0.05.

3 | RESULTS

3.1 | Differences in exposure between
KBAs and non-KBAs

KBA cells were overall located at higher elevations than
non-KBA cells and had lower values of near-current arti-
ficialness index (Appendix S8). Differences between KBA
cells and non-KBA cells were found for all near-current
bioclimatic variables except for annual precipitation and
precipitation of driest quarter (Appendix S8).

KBA cells were overall more exposed than non-KBA
cells: they had higher values of exposure in 13 cases out
of 16 (LC, RC and RA in all scenarios, and LA in
SSP1-2.6, Figure 3, Appendix S8), whereas no differences
were found for the three last cases (LA in SSP2-4.5,
SSP3-7.0, and SSP5-8.5, Figure 3, Appendix S8).

3.2 | Differences in exposure between
metrics and indices

Maps of exposure metrics of KBA cells under each sce-
nario are provided in Appendix S9 and S10. The four
exposure metrics were overall very weakly correlated in
KBA cells (Mean absolute value of Kendall's Tau = 0.15,
Appendix S11) except for the two land-use modifications
exposure metrics (i.e., LA and RA) that had much more
similar geographic patterns (Kendall's Tau comprised

between 0.43 and 0.52, Appendix S9). On the other hand,
LEI and REI had a weak positive correlation (Kendall's
Tau comprised between 0.25 and 0.32, Appendix S9).
Few KBA cells (less than 5%, Appendix S12) featured
high values of LEI and low values of REI or vice versa.
Nevertheless, Turkish KBA cells had overall higher LEI
values than REI, whereas KBA cells in Maghreb coun-
tries (i.e., Algeria, Morocco, Tunisia, and Libya) and
mountainous areas had mostly higher values of REI than
LEI (Appendix S12 and S13).

3.3 | Differences in average exposure
between scenarios

The average values of climate change exposure metrics
(i.e., LC and RC) in KBA cells were very different
between scenarios and increased with the radiative forc-
ing level (Figure 3 and Appendix S14). KBA cells without
future climate analog were mostly located in north-
eastern Turkey and in the Alps and their number
increased with the radiative forcing level (Appendix S9)
although remaining very low (SSP1-2.6: n = 3, 0.27%;
SSP2-4.5: n = 7, 0.63%; SSP3-7.0: n = 21, 1.89%; SSP5-8.5:
n = 27, 2.43%).

Differences between scenarios were overall less pro-
nounced for land-use modifications exposure metrics
(i.e., LA and RA) in KBA cells than for climate change
exposure metrics and their values did not increase with
the radiative forcing level (Figure 3 and Appendix S14).
LA was highest in SSP2-4.5, driven by an important
decrease of primary land especially in Turkey, and lowest
in SSP5-8.5 due to an increase in secondary land and a
decrease in annual crops especially in north-west Africa
(Appendix S10 and S14). Values of RA were lower than
zero for most KBA cells in all scenarios (Figure 3), mean-
ing that KBA refuges had overall a projected future artifi-
cialness index lower than the near-current artificialness
index of KBA cells.

3.4 | Differences in geographic patterns
of exposure between scenarios

Overall, a given exposure metric or index had similar
geographic patterns in KBA cells regardless of the sce-
nario. Exposure of KBA cells in SSP2-4.5, SSP3-7.0, and
SSP5-8.5 were strongly and positively correlated for all
metrics and indices (Kendall's Tau comprised between
0.51 and 0.91, Figure 4, Appendix S9, S10, and S15).
Exposure in SSP1-2.6 was less correlated to the exposure
in SSP2-4.5, SSP3-7.0, and SSP5-8.5, but their geographic
patterns were still fairly similar (Mean Kendall's
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Tau = 0.45, Appendix S9, S10, and S15). The differences
in geographic patterns of EI between scenarios were
probably mainly driven by the two land-use modifica-
tions exposure metrics (LA and RA) and the regional
climate change exposure metric (RC), as patterns of LC
were extremely similar between scenarios (Mean
Kendall's correlation rank tau = 0.87, Appendix S15).

Under SSP5-8.5, the highest values of LC were
found in KBA cells of Balkan countries and Turkey,
while the highest values of RC were found in Maghreb
and Middle-East countries (Table 1). Middle-East coun-
tries had the highest values of LA (Table 1), mainly
driven by urbanization and a loss of primary land in
SSP5-8.5. Strongly negative values of LA were found in
Balkan countries, because of the conversion of pastures
and annual crops into secondary land, and in Morocco
in SSP5-8.5 (Table 1). Positive values of RA were only
found in Cyprus, Tunisia, and Turkey and lowest values
of RA were found in Balkan countries in SSP5-8.5
(Table 1).

Turkish KBA cells displayed the highest values of EI
in all scenarios except for SSP1-2.6 (Figure 4,
Appendix S13). KBA cells in other Middle-East countries,
such as in Egypt and Lebanon, and in the Alps were also
highly exposed in these three scenarios whereas the pat-
tern was less clear for SSP1-2.6 (Figure 4 and
Appendix S13). In contrast, KBA cells in some countries
of Western Europe (Portugal, Italy, and Spain) and the
Balkans (Bosnia and Herzegovina and Montenegro) had
overall low values of EI (Figure 4 and Appendix S13). We
also found a positive correlation between exposure met-
rics and elevation in all scenarios except for LA in
SSP1-2.6 (Appendix S16).

3.5 | Exposure of non-protected KBAs

Turkish non-protected KBA cells, which were highly abun-
dant, were the most exposed in three scenarios (SSP2-4.5,
SSP3-7.0, and SSP5-8.5, Figures 4 and 5). As a result, among

FIGURE 3 Comparison of local measure of climate change (LC; top left), regional measure of climate change (RC; top right), local

measure of artificialness (LA; bottom left), and regional measure of artificialness (RA; bottom right) between Key Biodiversity Area (KBA)

cells (in gray) and non-KBA cells (in white) under each scenario. Box widths are proportional to the number of observations (square root-

transformed) in the groups. Outliers are not displayed. *p < .05; **p < .01; ***p < .001.
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the 100 KBA cells with the highest EI, more than 96% of the
non-protected ones were located in Turkey in three scenar-
ios (SSP1-2.6: 40.7%, SSP2-4.5: 97.3%, SSP3-7.0: 100%, and
SSP5-8.5: 96.9%). Non-protected KBA cells in Tunisia, Egypt,
and Lebanon were also highly exposed (Figure 5).

Non-protected KBA cells were overall less exposed
than protected KBA cells in two scenarios (SSP1-2.6 and
SSP5-8.5) and no overall differences were found for
SSP2-4.5 and SSP3-7.0 (Appendix S18). However, these dif-
ferences highly varied between countries (Figure 5). For
instance, Maghreb countries such as Algeria, Morocco,
and Libya, which had a large number and proportion of

non-protected KBA cells, had overall higher values of EI
in non-protected KBA cells than in protected KBA cells
(Figure 5). In contrast, many countries from Western
Europe and the Balkans (e.g., Italy, France, Bulgaria,
North Macedonia, and Slovenia), which had a low number
and proportion of non-protected KBA cells, had overall
lower values of EI in non-protected KBA cells than in pro-
tected KBA cells (Figure 5). Furthermore, the exposure of
non-protected KBA cells in these countries was usually
low (Figure 5). Non-protected KBA cells of Spain, which
were the most abundant, were not highly exposed and
were less exposed than protected KBA cells.

FIGURE 4 Exposure index of non-protected Key Biodiversity Area (KBA) cells (left) and protected KBA cells (right) under each

scenario (see Appendix S17 for a representation of the exposure index variability between General Circulation Models [GCMs]).

VERNIEST ET AL. 9 of 17



4 | DISCUSSION

This first exposure assessment of terrestrial KBAs carried
out using an innovative framework combining future
projections of climate and land-use highlighted that Med-
iterranean KBAs were overall more exposed to climate
change and land-use modifications than sites of lesser
importance for biodiversity. We also found that geo-
graphic patterns of exposure were overall very similar
between future scenarios. Countries with the most
exposed non-protected KBAs were also those with the
lowest protection of KBAs, reinforcing the necessity to

strengthen the protection of this network of sites of
importance for biodiversity in these countries.

4.1 | Study significance and limitations

The higher exposure of KBAs compared with the rest of
the study zone can be partly explained by their lower arti-
ficialness index and by the positive correlation between
elevation and exposure metrics, as KBAs were located at
higher elevations on average. For RC, this correlation
could be due to its overestimation in areas with heteroge-
neous topography, resulting from the coarse spatial reso-
lution (Garcia et al., 2014; Heikkinen et al., 2020) of the
LUH2 dataset (Hurtt et al., 2020). However, the magni-
tude of RC and its higher values at high elevation are
consistent with literature (e.g., Carroll et al., 2015;
Hamann et al., 2015). Interpreting RC must also be done
with great caution as it could be appealing to consider
this metric as the pace required for organisms to track
the same climatic conditions. Indeed, climate velocity
does not account for dispersal capacity, nor for the differ-
ent conditions that must be crossed (i.e., climate, habitat,
and land-use) and might thus underestimate the speed of
species dispersal required to track climatic conditions
(Carroll et al., 2015; Parks et al., 2020). In our study, this
is especially true in North Africa, as the Mediterranean
Sea is a major constraint to the dispersion of many terres-
trial species.

Spatial patterns of KBAs exposure were very different
between the two climate change metrics (LC and RC), in
line with Garcia et al. (2014), and between land-use and
climate change exposure metrics. Although these find-
ings may seem rather straightforward, we believe that
they have important implications for biodiversity conser-
vation. They suggest a limited overlap of KBAs highly
exposed to climate change with KBAs highly exposed to
land-use modifications. They thus emphasize the impor-
tance of using future projections of both land-use and cli-
mate when assessing the future impacts of global change
on biodiversity (de Chazal & Rounsevell, 2009; Harfoot
et al., 2014; Titeux et al., 2016), and also highlight the
importance of accounting for both local and regional
metrics. However, it is important to bear in mind that
exposure metrics were given equal weight in the calcula-
tion of exposure indices (i.e., LEI, REI, and EI) although
the environmental changes they describe might not all
have the same level of impact on biodiversity.

As expected, but not yet shown with these scenar-
ios, the exposure of KBAs to climate change
increased with the radiative forcing level, reinforcing
the necessity to dramatically reduce our greenhouse
gas emissions.

TABLE 1 Country averages of local measure of climate change

(LC; in BCA units), regional measure of climate change (RC; in

km year�1), local measure of artificialness (LA; in artificialness

index), and regional measure of artificialness (RA; in artificialness

index) in Key Biodiversity Area (KBA) cells under the SSP5-8.5

scenario

Country LC RCa LA RAa

Albania 2.06 5.37 0.25 �0.72

Algeria 1.84 6.65 �0.33 �1.04

Bosnia and Herzegovina 2.00 4.66 �0.75 �2.57

Bulgaria 2.00 6.85 �0.18 �1.13

Croatia 1.96 2.85 �0.02 0.00

Cyprus 1.30 7.08 �0.04 0.81

Egypt 1.44 14.16 1.26 �0.01

France 1.82 3.99 0.09 �0.52

Greece 1.92 6.58 �0.12 �1.08

Israel 1.54 11.43 0.61 �1.01

Italy 1.85 5.82 �0.16 �0.82

Jordan 1.66 7.29 0.46 �1.10

Lebanon 1.61 7.81 0.71 �1.13

Libya 1.50 12.91 0.14 �0.46

Montenegro 2.06 6.06 �0.76 �1.84

Morocco 1.69 10.20 �0.83 �0.69

North Macedonia 2.11 4.90 �0.32 �1.62

Portugal 1.60 4.34 �0.01 �0.23

Serbia 2.06 6.01 �0.51 �1.61

Slovenia 1.91 1.89 �0.12 �0.13

Spain 1.90 6.02 �0.42 �0.97

Syria 1.79 5.10 0.14 �1.20

Tunisia 1.83 3.37 0.21 0.91

Turkey 1.99 6.12 0.36 0.12

Note: The five highest values are in bold. Country averages and standard

deviations for exposure indices (LEI, REI, and EI) and under other scenarios
(SSP1-2.6, SSP2-4.5, and SSP3-7.0) are provided in Appendix S13.
aKBA cells without a future climate analog were excluded.
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4.2 | Implications for spatial
prioritization

KBAs are defined as sites of importance for biodiversity
that must be targeted with conservation measures (Eken
et al., 2004; IUCN, 2016; Margules & Pressey, 2000).
Their higher exposure to climate change and land-use
modifications than the rest of the study zone reinforces
the necessity to implement conservation measures in
KBAs of the Mediterranean region. If we follow a reac-
tive approach of conservation planning, that is, if we
allocate conservation measures in priority to highly vul-
nerable sites of importance for biodiversity (Brooks
et al., 2006), KBAs that might face a very high level of
threat in the next decades should be given particular pri-
ority. In contrast, proactive approaches of conservation
planning, that is, approaches that prioritize sites of
importance for biodiversity with low vulnerability
(Brooks et al., 2006), would prioritize the less exposed
KBAs, such as those located in Spain, North Macedonia,
Portugal, and Bulgaria.

Whether we opt for a proactive or a reactive
approach, the similarities in spatial patterns of exposure
between future scenarios suggest that an appropriate allo-
cation of conservation resources according to one sce-
nario would still be appropriate in other scenarios,
regardless of the socio-economic and climatic evolution
of our society. Given that conservation resources are too
often inadequate to ensure effective conservation mea-
sures (Coad et al., 2019), the robustness of this pattern
across scenarios provides confidence to conservationists
in selecting sites to prioritize. We believe that this is
another incentive to implement conservation actions in
Mediterranean KBAs.

Protected KBAs were more exposed than non-
protected KBAs in two scenarios (SSP1-2.6 and SSP5-8.5).
Nevertheless, many non-protected KBAs were highly
exposed, probably because of the small number of pro-
tected KBAs compared to the number of non-protected
KBAs. Furthermore, non-protected KBAs that were most
exposed to climate change and land-use modifications
(either in absolute terms or in comparison with protected

FIGURE 5 Exposure index of non-protected Key Biodiversity Area (KBA) cells (x-axis) and difference of exposure index between non-

protected KBA cells and protected KBA cells (y-axis), averaged by country under each scenario. The bubble size represents the number of

non-protected KBA cells and the color represents the proportion of non-protected KBA cells. Countries without protected KBA cells (Bosnia

and Herzegovina, Egypt, Lebanon, and Tunisia) were assigned a value of 0 for the difference of exposure index between non-protected KBA

cells and protected KBA cells. Countries with only protected KBA cells (Cyprus and Israel) were not displayed.
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KBAs) were located in countries where KBAs are least
integrated into the PAs network (either in number or in
proportion). PAs are site-based conservation measures
that can mitigate the effects of climate change
(Thomas & Gillingham, 2015) and reduce natural habitat
loss (Geldmann et al., 2013; Leberger et al., 2020). There-
fore, we suggest adopting a reactive approach to make
the most of the effectiveness of PAs in lessening the
impacts of anthropogenic pressures, although we
acknowledge that protection measures may not always be
sufficient to reduce anthropogenic pressures to an appro-
priate level to accommodate important biodiversity. This
reinforces the call for the designation of new PAs in
KBAs of the Mediterranean region and especially in
Middle-East and Maghreb countries. This conservation
measure is all the more important and timely as KBAs
are still insufficiently protected (Butchart et al., 2012;
CBD, 2010; UNEP-WCMC & IUCN, 2021), new targets of
land protection are about to be set and will urge coun-
tries to expand their PAs networks for 2030 (CBD, 2020),
and Mediterranean biodiversity is very sensitive to land-
use modifications and climate change (Newbold
et al., 2020).

However, local and regional exposure metrics not
only can be interpreted differently (Garcia et al., 2014),
but are also unlikely to be influenced in the same way by
the designation of PAs in KBAs. Indeed, protecting KBAs
could prevent local land-use modifications (LA) and, to a
lesser extent, mitigate local climate change (LC) through
the reduction of interactions with other threats for
instance (Mantyka-pringle et al., 2012). In contrast, pro-
tecting KBAs would not reduce their regional exposure,
as it would not shorten their distance to KBA refuges
(and thus RC) nor affect the difference of artificialness
between KBAs and KBA refuges (RA). Values of RA were
also mostly negative, certainly due to the difference in
elevation (and therefore artificialness index) between
KBAs and KBA refuges. Although we believe that it is
crucial to consider the four exposure metrics that were
used in this study, more importance should be given to
local exposure metrics when identifying countries where
the protection of KBAs should be strengthened.

Although it is crucial to anticipate the relocation of
current climatic conditions of KBAs, we believe that
using this study to designate PAs in current KBAs would
be more effective and less hazardous than designating
PAs in sites that are expected to have future climatic con-
ditions analog to current KBAs (i.e., KBA refuges,
Heller & Zavaleta, 2009). Indeed, protecting KBA refuges
would not reduce the values of local exposure metrics
(LC and LA) as they are computed only from KBA cells
(Figure 2). Although it could assist the colonization of
some species (Lehikoinen et al., 2019; Thomas

et al., 2012), protecting KBA refuges would also not
shorten their distance to KBAs (and therefore RC).
Finally, the future location of current climatic conditions
of KBAs strongly differs between scenarios but also
between GCMs, and communities may never reach the
KBA refuge if it is too distant from the KBA. We thus rec-
ommend that new PAs be designated in highly exposed
non-protected KBAs first and foremost.

4.3 | Perspectives

We believe that this original framework could be applied
elsewhere to other networks of sites of importance for
biodiversity to help prioritizing sites for the implementa-
tion of conservation measures such as the designation of
new PAs or other land protection strategies. Other Effec-
tive area-based Conservation Measures (OECMs, IUCN-
WCPA Task Force on OECMs, 2019), for instance, might
offer an alternative to the designation of new PAs in
KBAs (Donald et al., 2019). However, although this
unprecedentedly comprehensive exposure assessment
can help identify Mediterranean countries where to des-
ignate new PAs, it has limited applications to in-country
identification of KBA sites to protect because of its spatial
resolution. This study should therefore be complemented
with additional analyses both at finer scale and account-
ing for other parameters (e.g., topography, land-cover,
edaphic conditions, Carroll et al., 2017) to support the
designation of new PAs in countries identified here as
priority.

Reactive approaches of conservation planning priori-
tize highly vulnerable sites of importance for biodiversity
for the allocation of conservation measures (Brooks
et al., 2006). Assessing the other dimensions of the vul-
nerability of organisms currently inhabiting KBAs, that
is, their sensitivity and adaptive capacity (IPCC, 2007),
and combining them with their exposure using a trait-
based vulnerability assessment (Pacifici et al., 2015)
would thus complement this study. It would also be
interesting to assess the vulnerability of species inhabit-
ing KBAs using a correlative vulnerability assessment
(Pacifici et al., 2015), for example, with species distribu-
tions models, and compare the results of the two
approaches. The latter approach would further enable for
an alternative identification of potential KBA refuges and
provide the foundation for designating new PAs in sites
that are projected to be of importance for some species in
the Mediterranean region (Araújo et al., 2004).

PAs contribute to biodiversity conservation but also
provide substantial social and economic benefits (Watson
et al., 2014) as nature supplies multiple ecosystem ser-
vices, for example, food provision, water filtration, air
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purification, carbon storage, recreation, and resilience to
extreme weather events. In Maghreb and Middle-East
countries, where economic constraints hamper adequate
financial support to PAs, quantifying these benefits could
help convince governments to increase funding for KBAs
protection (Emerton et al., 2006; Watson et al., 2014).
Non-conventional and innovative financial sources and
mechanisms, such as private and community funds
(e.g., NGOs, philanthropic foundations, and businesses),
development of nature sustainable tourism and involve-
ment of local communities in the management of their
natural heritage should also be further explored to ensure
sufficient and sustainable funding of PAs as well as their
long-term acceptance (Dharmaratne et al., 2000; Emerton
et al., 2006; Watson et al., 2014). In addition, European
countries should allocate a larger share of their interna-
tional development assistance to biodiversity conserva-
tion. Finally, governments should be urged to honor the
commitments to designate PAs they made by ratifying
international conventions, for example, the identification
of sites of international importance for waterbirds
through the Ramsar Convention (Popoff et al., 2021).
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Božič, L., Dakki, M., … Galewski, T. (2021). Gap analysis of the
Ramsar site network at 50: over 150 important Mediterranean
sites for wintering waterbirds omitted. Biodiversity and Conser-
vation, 30(11), 3067–3085. https://doi.org/10.1007/s10531-021-
02236-1

QGIS Development Team (2020). QGIS Geographic Information Sys-
tem. Open Source Geospatial Foundation Project. http://qgis.
osgeo.org

R Core Team. (2019). R: A language and environment for statistical
computing. R Foundation for Statistical Computing https://
www.R-project.org/

Ricketts, T. H., Dinerstein, E., Boucher, T., Brooks, T. M.,
Butchart, S. H. M., Hoffmann, M., Lamoreux, J. F.,
Morrison, J., Parr, M., Pilgrim, J. D., Rodrigues, A. S. L.,
Sechrest, W., Wallace, G. E., Berlin, K., Bielby, J.,
Burgess, N. D., Church, D. R., Cox, N., Knox, D., …
Wikramanayake, E. (2005). Pinpointing and preventing immi-
nent extinctions. Proceedings of the National Academy of

Sciences, 102(51), 18497–18501. https://doi.org/10.1073/pnas.
0509060102

Rodrigues, A. S. L., & Cazalis, V. (2020). The multifaceted challenge
of evaluating protected area effectiveness. Nature Communica-
tions, 11, 5147. https://doi.org/10.1038/s41467-020-18989-2

Sala, O. E. (2000). Global biodiversity scenarios for the year 2100.
Science, 287, 1770–1774. https://doi.org/10.1126/science.287.
5459.1770

Sanderson, E. W., Jaiteh, M., Levy, M. A., Redford, K. H.,
Wannebo, A. V., & Woolmer, G. (2002). The human foot-
print and the last of the wild. Bioscience, 52(10), 891–904.
https://doi.org/10.1641/0006-3568(2002)052[0891:THFATL]2.0.
CO;2

Santos, M. J., Smith, A. B., Dekker, S. C., Eppinga, M. B.,
Leitão, P. J., Moreno-Mateos, D., Morueta-Holme, N., &
Ruggeri, M. (2021). The role of land use and land cover change
in climate change vulnerability assessments of biodiversity: A
systematic review. Landscape Ecology, 36, 3367–3382. https://
doi.org/10.1007/s10980-021-01276-w

Scriven, S. A., Hodgson, J. A., McClean, C. J., & Hill, J. K. (2015).
Protected areas in Borneo may fail to conserve tropical forest
biodiversity under climate change. Biological Conservation, 184,
414–423. https://doi.org/10.1016/j.biocon.2015.02.018

Stokstad, E. (2020). Global efforts to protect biodiversity fall short.
Science, 369, 1418. https://doi.org/10.1126/science.369.6510.
1418

Thomas, C. D., & Gillingham, P. K. (2015). The performance of pro-
tected areas for biodiversity under climate change. Biological
Journal of the Linnean Society, 115(3), 718–730. https://doi.org/
10.1111/bij.12510

Thomas, C. D., Gillingham, P. K., Bradbury, R. B., Roy, D. B.,
Anderson, B. J., Baxter, J. M., Bourn, N. A. D., Crick, H. Q. P.,
Findon, R. A., Fox, R., Hodgson, J. A., Holt, A. R.,
Morecroft, M. D., O'Hanlon, N. J., Oliver, T. H., Pearce-
Higgins, J. W., Procter, D. A., Thomas, J. A., Walker, K. J., …
Hill, J. K. (2012). Protected areas facilitate species' range expan-
sions. Proceedings of the National Academy of Sciences, 109(35),
14063–14068. https://doi.org/10.1073/pnas.1210251109

Titeux, N., Henle, K., Mihoub, J.-B., Regos, A., Geijzendorffer, I. R.,
Cramer, W., Verburg, P. H., & Brotons, L. (2016). Biodiversity
scenarios neglect future land-use changes. Global Change Biol-
ogy, 22(7), 2505–2515. https://doi.org/10.1111/gcb.13272

UNEP/MAP & Plan Bleu (2020). State of the Environment and
Development in the Mediterranean. United Nations Environ-
ment Programme/Mediterranean Action Plan and Plan Bleu.
Nairobi.

UNEP-WCMC & IUCN (2021). Protected Planet Live Report 2020.
UNEP-WCMC and IUCN.

UNEP-WCMC & IUCN. (2020). Protected planet: The world data-
base on protected areas (WDPA), [December 2019 version].
UNEP-WCMC and IUCN. www.protectedplanet.net

van Vuuren, D. P., Edmonds, J., Kainuma, M., Riahi, K.,
Thomson, A., Hibbard, K., Hurtt, G. C., Kram, T., Krey, V.,
Lamarque, J.-F., Masui, T., Meinshausen, M., Nakicenovic, N.,
Smith, S. J., & Rose, S. K. (2011). The representative concentra-
tion pathways: An overview. Climatic Change, 109, 5–31.
https://doi.org/10.1007/s10584-011-0148-z

Venter, O., Magrach, A., Outram, N., Klein, C. J.,
Possingham, H. P., Di Marco, M., & Watson, J. E. M. (2018).

16 of 17 VERNIEST ET AL.

https://doi.org/10.1038/s41559-020-01303-0
https://doi.org/10.1038/s41559-020-01303-0
https://doi.org/10.1007/s10584-013-0905-2
https://doi.org/10.5194/gmd-9-3461-2016
https://doi.org/10.5194/gmd-9-3461-2016
https://doi.org/10.1641/0006-3568(2001)051%5B0933:TEOTWA%5D2.0.CO;2
https://doi.org/10.1641/0006-3568(2001)051%5B0933:TEOTWA%5D2.0.CO;2
https://doi.org/10.1038/nclimate2448
https://doi.org/10.1038/nclimate2448
https://doi.org/10.1111/gcb.15009
https://doi.org/10.1111/gcb.15009
https://doi.org/10.1007/s10531-021-02236-1
https://doi.org/10.1007/s10531-021-02236-1
http://qgis.osgeo.org
http://qgis.osgeo.org
https://www.r-project.org/
https://www.r-project.org/
https://doi.org/10.1073/pnas.0509060102
https://doi.org/10.1073/pnas.0509060102
https://doi.org/10.1038/s41467-020-18989-2
https://doi.org/10.1126/science.287.5459.1770
https://doi.org/10.1126/science.287.5459.1770
https://doi.org/10.1641/0006-3568(2002)052%5B0891:THFATL%5D2.0.CO;2
https://doi.org/10.1641/0006-3568(2002)052%5B0891:THFATL%5D2.0.CO;2
https://doi.org/10.1007/s10980-021-01276-w
https://doi.org/10.1007/s10980-021-01276-w
https://doi.org/10.1016/j.biocon.2015.02.018
https://doi.org/10.1126/science.369.6510.1418
https://doi.org/10.1126/science.369.6510.1418
https://doi.org/10.1111/bij.12510
https://doi.org/10.1111/bij.12510
https://doi.org/10.1073/pnas.1210251109
https://doi.org/10.1111/gcb.13272
http://www.protectedplanet.net
https://doi.org/10.1007/s10584-011-0148-z


Bias in protected-area location and its effects on long-term aspi-
rations of biodiversity conventions. Conservation Biology, 32(1),
127–134. https://doi.org/10.1111/cobi.12970

Watson, J. E. M., Dudley, N., Segan, D. B., & Hockings, M. (2014).
The performance and potential of protected areas. Nature, 515,
67–73. https://doi.org/10.1038/nature13947

Wilcoxon, F. (1992). Individual comparisons by ranking
methods. In S. Kotz & N. L. Johnson (Eds.), Breakthroughs
in Statistics. Springer Series in Statistics (Perspectives in
Statistics). Springer. https://doi.org/10.1007/978-1-4612-4380-
9_16

Wilson, T. S., Sleeter, B. M., Sleeter, R. R., & Soulard, C. E. (2014).
Land-use threats and protected areas: A scenario-based, land-
scape level approach. Land, 3, 362–389. https://doi.org/10.
3390/land3020362

SUPPORTING INFORMATION
Additional supporting information can be found online
in the Supporting Information section at the end of this
article.

How to cite this article: Verniest, F., Galewski,
T., Julliard, R., Guelmami, A., & Le Viol, I. (2022).
Coupling future climate and land-use projections
reveals where to strengthen the protection of
Mediterranean Key Biodiversity Areas.
Conservation Science and Practice, e12807. https://
doi.org/10.1111/csp2.12807

VERNIEST ET AL. 17 of 17

https://doi.org/10.1111/cobi.12970
https://doi.org/10.1038/nature13947
https://doi.org/10.1007/978-1-4612-4380-9_16
https://doi.org/10.1007/978-1-4612-4380-9_16
https://doi.org/10.3390/land3020362
https://doi.org/10.3390/land3020362
https://doi.org/10.1111/csp2.12807
https://doi.org/10.1111/csp2.12807

	Coupling future climate and land-use projections reveals where to strengthen the protection of Mediterranean Key Biodiversi...
	1  INTRODUCTION
	2  METHODS
	2.1  Study zone
	2.2  Key Biodiversity Areas
	2.3  Protected Areas
	2.4  Environmental data
	2.5  Future scenarios
	2.6  Climate change analysis
	2.7  Land-use modifications analysis
	2.8  Combining exposure metrics
	2.9  Data analysis

	3  RESULTS
	3.1  Differences in exposure between KBAs and non-KBAs
	3.2  Differences in exposure between metrics and indices
	3.3  Differences in average exposure between scenarios
	3.4  Differences in geographic patterns of exposure between scenarios
	3.5  Exposure of non-protected KBAs

	4  DISCUSSION
	4.1  Study significance and limitations
	4.2  Implications for spatial prioritization
	4.3  Perspectives

	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	REFERENCES


