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ARTICLE

Future climate change vulnerability of endemic
island mammals
Camille Leclerc1,2✉, Franck Courchamp 1 & Céline Bellard1

Despite their high vulnerability, insular ecosystems have been largely ignored in climate

change assessments, and when they are investigated, studies tend to focus on exposure to

threats instead of vulnerability. The present study examines climate change vulnerability of

islands, focusing on endemic mammals and by 2050 (RCPs 6.0 and 8.5), using trait-based

and quantitative-vulnerability frameworks that take into account exposure, sensitivity, and

adaptive capacity. Our results suggest that all islands and archipelagos show a certain level of

vulnerability to future climate change, that is typically more important in Pacific Ocean ones.

Among the drivers of vulnerability to climate change, exposure was rarely the main one and

did not explain the pattern of vulnerability. In addition, endemic mammals with long gen-

eration lengths and high dietary specializations are predicted to be the most vulnerable to

climate change. Our findings highlight the importance of exploring islands vulnerability to

identify the highest climate change impacts and to avoid the extinction of unique biodiversity.
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The main drivers of current biodiversity loss include agri-
cultural expansion, overexploitation, and introduction of
invasive alien species1, but several lines of research suggest

that climate change could become a prominent, if not the leading,
cause of extinction2–4. This is notably true for islands, which
represent <5% of the earth’s surface yet host unique species,
mostly with singular characteristics that make them particularly
prone to this threat5. Indeed, insular species are often insuffi-
ciently adapted to changing environments as a consequence of
their isolated evolution (i.e. insularity syndrome6,7) and the finite
nature of insular ecosystems. For instance, island conditions
drastically limit the potential of species’ responses to climatic
shifts by moving in latitudes or altitudes due to the restricted
areas of islands or migration to other landmasses, which is less
likely for continental species7. A critical issue is thus assessing
and understanding climate change impacts on insular species,
particularly endemic species because their richness exceeds the
one of mainland species by a factor of 9.5 and 8.1, respectively, for
plants and vertebrates5. To date, efforts to assess scenarios of
biodiversity changes in the context of future climate change rarely
focus on island ecosystems8,9. Moreover, past island-based
assessments of climate change impacts are limited to exposure
to threat10 and did not take into account the species character-
istics enabling them or not to cope with climate change, which
may have strong implications on the true vulnerability of species
to climate change. This clearly limits our ability to prioritize
conservation actions on islands.

Indeed, species’ ability to cope with climate change impacts will
depend on both internal and external factors such as their
exposure to threat and the traits that allow them—or not—to
cope with this exposure10,11. This ability (or lack thereof) to cope
with the adverse effects of climate change can be summarized by
their vulnerability to the threat. Since the Fourth Assessment of
the Intergovernmental Panel on Climate Change (IPCC) in 2007
and earlier developments for natural hazards, vulnerability has
been defined by three components—exposure, sensitivity, and
adaptive capacity12—which have been adapted and applied to
multiple biodiversity assessments10,11,13–15. Thus, even if the
species’ physical environment changes due to climate change (i.e.
exposure), its climate change vulnerability is influenced by its
ability to persist in situ (i.e. sensitivity) and adjust to the negative
impacts of climate change (i.e. adaptive capacity). While identi-
fying vulnerable species is essential, as it provides valuable
information on those with a high likelihood of persistence and
their location, this question remains largely ignored in the lit-
erature on islands ecology. Importantly, it can help develop
effective conservation strategies to prevent possible species
extirpation or extinction15. It can also allow us to identify the
areas where species are less vulnerable to climate change and
where climate refugia may be identified to protect species.

Since the adoption of the IPCC vulnerability definition, several
approaches focussing on different vulnerability components have
been developed to assess species vulnerability to climate
change8,9,15. The studies that do investigate climate change
impacts either used correlative approaches focussed only on the
exposure component to estimate species’ distributional changes
under climate change16–18 or combined them with mechan-
istic19–21 and trait-based approaches11,13, which are limited by
data availability and often restricted to particular taxa or regions.
Although the trait-based approach is currently the least fre-
quently used in the literature to assess species vulnerability to
climate change8,9, species trait data are increasingly available for
many taxa, which allows the application of such a method to
insular species. However, many traits suffer from a choice of
variable thresholds to establish vulnerability. For instance, for
traits with continuous values, there is often no ecological

threshold to separate high and low scores22. To prevent the use of
arbitrary thresholds, multicriteria decision analysis can be
applied23,24 for the quantitative measurement of vulnerability
according to their relative positive and negative ideal solutions in
a context of climate change.

By combining and adapting trait-based and quantitative vul-
nerability frameworks, we investigate here the vulnerability of 340
islands to climate change by 2050 based on 873 endemic mammal
species (Fig. 1). Our analyses focus on mammals, because severe
population declines following climate change have already been
reported for this taxa25. Regarding the climate change vulner-
ability components, exposure is described by a local climate
change metric while sensitivity and adaptive capacity are char-
acterized by several species and insular characteristics that have
been shown to be important response variables to climate change
(Table 1). Specifically, we identify the hotspots of islands and
archipelagos vulnerable to climate change. We then assess the
influence of the component among exposure, sensitivity, and
adaptive capacity on vulnerability to climate change to establish
the drivers of island and archipelago vulnerability. Finally, we
explore how species’ ecological traits are associated with climate
change vulnerability. Although our findings demonstrate that all
islands and archipelagos show a certain level of vulnerability to
future climate change, vulnerability hotspots are found in the
Pacific Ocean. The spatial pattern of climate change vulnerability
cannot be explained by exposure component alone, which is,
therefore, not a reliable proxy to assess island vulnerability. This
work reveals the importance of exploring climate change vul-
nerability at island scale in order to develop effective conservation
strategies to prevent possible extinction of unique biodiversity.

Results
Island and archipelago vulnerability to future climate change.
We observed a spatial variation of vulnerability values across
islands from 0.18 to 0.71 (Fig. 2a) and archipelagos from 0.25 (for
Tasmania) to 0.67 (for New Hebrides) (Fig. 2b). Highly vulner-
able islands (>0.5; 63% of all islands) were found in the Pacific
Ocean, while the lowest vulnerability values were found for the
islands of Japan, Tasmania, Sri Lanka, and Caribbean (Fig. 2a).
When averaging the vulnerability values of islands for each
archipelago, 6 of them (42%) were identified as highly vulnerable
(>0.5): New Hebrides, Bismarck Archipelago, New Caledonia,
Solomon Islands, Malay Archipelago, and Sulawesi (Fig. 2b). We
found no correlation between climate change vulnerability and
endemic species richness of islands and archipelagos (Supple-
mentary Fig. 1). By decomposing the three vulnerability com-
ponents, the level of exposure (mean ± s.d.: 0.25 ± 0.21) was lower
than sensitivity (0.50 ± 0.20) and adaptive capacity (0.40 ± 0.14;
Fig. 2c–e). We also found a significant positive relationship
between sensitivity and exposure (Fig. 2c) but no significant
relationship for the other two relationships at the archipelago
scale (Fig. 2d–e). Eight archipelagos, including the six identified
as highly vulnerable, were characterized by high sensitivity (>0.5)
and low adaptive capacity (<0.5) values. Conversely, and strik-
ingly, only two vulnerable archipelagos were identified as highly
exposed (>0.5): Bismarck Archipelago and New Hebrides.
Robustness analyses demonstrated that the spatial patterns of
vulnerability and its components were robust to the alternative
normalization methods and choice of representative concentra-
tion pathways (RCPs; Spearman’s rho > 0.8; Supplementary
Figs. 2 and 3). In addition, when one variable of a vulnerability
component was removed from the analyses, its values were close
to those observed with all variables, highlighting the robustness of
our results. Nevertheless, the distribution patterns of vulnerability
component values can differ when some of the variables are
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removed. For example, sensitivity values tend to increase when
dietary specialization or ecological redundancy are not con-
sidered, yet the archipelagos identified as highly or lowly sensitive
to climate change remain the same (Supplementary Figs. 4 and 5).

Association of climate change vulnerability and its compo-
nents. The spatial variation of vulnerability values among archi-
pelagos can be explained by different factors emphasized in the
principal component analysis (Fig. 3). The first principal com-
ponent explains 33.5% of the variance and is strongly associated
with increasing vulnerability (Pearson’s r= 0.98) and exposure
(Pearson’s r= 0.85) and decreasing adaptive capacity (Pearson’s

r=−0.73). The second principal component explains 18.7% of
the variability, with this axis mostly associated with sensitivity
(Fig. 3; Pearson’s r= 0.71; see Supplementary Fig. 6 and Sup-
plementary Table 1 for more details). Vulnerability is mostly
driven positively by exposure (Spearman’s rho= 0.85) and
negatively by adaptive capacity (Spearman’s rho=−0.71) and, to
a lesser extent, by sensitivity (Spearman’s rho= 0.41). We can
distinguish the different archipelagos and their vulnerability along
the two axes (Fig. 3). For example, Solomon Islands displays some
of the highest values for sensitivity compared to other archipe-
lagos. We also observed that archipelagos with the more con-
servative values of climate vulnerability (i.e. Japan, Sri Lanka,
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Fig. 1 Overview of the step-by-step analytical framework. See “Methods” section, Table 1, Supplementary Table 3, and Supplementary Fig. 11 for details.

Table 1 Characteristics of species and islands that describe sensitivity and adaptive capacity of climate change.

Sensitivity
Habitat/dietary specialization A more specialized species has a greater probability of negative responses in the face of climate change because of less

likely to proliferate into new suitable climatic areas39–42

Generation length Species with long generation lengths have a greater probability of negative responses in the face of climate change, as
long generation times offer less potential for genetic adaptation (as well as lesser demographic response to
conservation measures) compared to short generation times7,21,39

Ecological redundancy Islands of low ecological redundancies will particularly suffer from high rates of co-extinctions and loss of key functions
due to climate-change-driven disruptions of ecological interactions7

Adaptive capacity
Geographic isolation Geographic isolation acts as a very efficient dispersal filter, drastically limiting the potential of species’ responses to

ecological shifts due to climate change by migration to other landmasses7

Protected areas Promote community resilience to climate change and could provide suitable areas that promote colonization from and
towards unprotected areas37,65,66

Phylogenetic distinctiveness A more phylogenetically diverse species pool has a higher evolutionary potential to adapt and to persist in the face of
climate change69

Extinction rate Species that have evolved, and survived, in high disturbance environments should be more likely to persist in the face of
new disturbances like climate change34,71
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Tasmania, Madagascar, and West Indies), all have low values of
exposure and high values of adaptive capacity, but the associated
variables responsible for these differ (Fig. 3). For instance, in the
West Indies, the adaptive capacity is associated with geographic
isolation and extinction rate, while in Japan it is more associated
with phylogenetic distinctiveness. The second principal compo-
nent emphasizes that the vulnerability of West Indies and Solo-
mon Islands is mostly driven by high sensitivity, while the
opposite pattern is found for Japan.

Species’ ecological variables and climate change vulnerability.
Although sensitivity was an important factor for particular
archipelagos (e.g. Solomon Islands and West Indies), it was
generally not detected as the most important driver of vulner-
ability at the island scale. We thus tried to identify the ecological
traits associated with high vulnerability at the species level.
Among the four ecological traits of the sensitivity component,
two of them were significantly positively correlated to vulner-
ability values: dietary specialization and generation length
(Fig. 4a, b). This pattern can differ at the archipelago scale. For
example, West Indies showed a negative relationship for dietary
specialization (Spearman’s rank correlation: S= 244.11, rho=
−0.11, p= 0.75) and generation length (S= 246.00, rho=−0.12,
p= 0.73) (Supplementary Fig. 7). Conversely, no relationship was
found between vulnerability and ecological redundancy or habitat
specialization at the global scale (Fig. 4c, d). However, we found
different patterns depending on the archipelago considered. For
West Indies, vulnerability was negatively associated with

ecological redundancy and habitat specialization, while the
opposite was found for Japan (Supplementary Fig. 7).

Discussion
Our 2050 insular climate change vulnerability assessment
revealed a clear pattern of spatial heterogeneity in terms of island
and archipelago vulnerability. This pattern was not driven by
species richness (Supplementary Fig. 1), while this is a common
criterion to highlight the most important areas for biodiversity
and to allocate limited conservation resources effectively26.
Prioritization approaches based only on richness have already
shown to mislead on which areas to protect, which suggests that it
is important to include others factors such as vulnerability, both
at current27,28 and future time. Although insular vulnerability
values were heterogeneous, all islands and archipelagos were
predicted to be affected by future climate change. Therefore,
climate change will be an additional threat for insular ecosystems
that are already particularly threatened by current threats29.
Surprisingly, we found that exposure, which is overall homo-
geneous within the islands (Supplementary Fig. 8), is not a key
factor to explain future vulnerability to climate change. Indeed,
only two archipelagos (Bismarck Archipelago and New Hebrides)
were highly exposed to climate change, yet six archipelagos in the
Pacific Ocean were potentially highlighted as highly vulnerable:
Bismarck Archipelago, Malay Archipelago, New Caledonia, New
Hebrides, Solomon Islands, and Sulawesi. This finding is parti-
cularly important as it highlights the potential high sensitivity of
island faunas and their low adaptive capacity to explain
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vulnerability. On the one hand, Bismarck Archipelago, Malay
Archipelago, and Solomon Islands include the islands of Papua
New Guinea, which is already depicted as an important hotspot of
climate change risk for mammals30. Future climate change could
possibly disrupt and disaggregate extant species communities in
this region30. On the other hand, to our knowledge, New Cale-
donia, New Hebrides, and Sulawesi have never been identified as
vulnerable archipelagos to climate change based on mammals30

or other taxonomic groups11. However, no climate change effect
assessment has yet focussed on insular endemic species or the
vulnerability of these islands. In order to prevent their extinc-
tions, more attention should be paid in the future to this parti-
cular set of unique species showing to be at high vulnerability to
climate change. Archipelagos characterized by both low values of
exposure and high values of adaptive capacity such as West Indies
and Tasmania, though restricted to endemic mammals, provide
interesting insights that may allow us identify potential refugia of
endemic mammals in the future.

Island exposure was positively associated with vulnerability to
future climate change, but it was rarely the main driver. Our
study thus confirms that the classical approach of focussing only
on exposure can give a biased view of vulnerability to climate
change by ignoring the biological characteristics of species that
may significantly increase or reduce their vulnerability9,11. For
example, it has been shown that worldwide mammals predicted
to experience the greatest magnitudes of climate change across
their existing geographic distributions have in many cases rela-
tively broad tolerances to climate31. In our island context, we
obtained a different pattern where exposure is correlated to the
species’ sensitivity to climate change, which can be partly
explained by the focus on endemic mammals. Mammals are more
likely to be habitat/diet specialists and so less able to tolerate even
small changes of climate. Even so, the importance of historical
factors (e.g. phylogenetic distinctiveness, extinction rate) or spe-
cies’ ecological characteristics seem to be more important than
changing climate alone to define vulnerable islands/archipelagos.
In addition, archipelagos may have similar climate change vul-
nerability or even similar levels for the three components, yet
show important differences in terms of the variables driving
them. A first example is West Indies and Japan, with similar
values for adaptive capacity but with differences among variables
constituting the adaptive capacity component. Compared to
Japan, West Indies was characterized by a higher rate of species
extinctions, which is mostly driven by biological invasions, agri-/
aqua-culture, and overexploitation, not by climate change29.
However, it has been showed that these drivers of extinction
mostly targeted specialist species having high reproductive
speed32, just like climate change, which could render a part of the
remaining community more resilient to climate change. More-
over, even if documented extinctions of vertebrates mostly date
back to the 1500s, it was estimated that many species have suc-
cumbed within the past millennia due to human colonization33 or
possibly due to glacial–interglacial cycles34. By considering pre-
1500 extinctions, the resilience capacity of insular species to cli-
mate change could be better assessed. Another example is Bis-
marck Archipelago and Sulawesi, both identified as vulnerability
hotspots that have similar low capacity adaptive values but differ
in terms of their protected area (PA) coverage. Bismarck Archi-
pelago is characterized by a null PA coverage, while ~10% of
Sulawesi area is under protection. Even though PAs may not meet
the needs of species in the future, as was shown for the Azores
islands35, they could play a key role in the mitigation and/or
adaptation to climate change36. Indeed, PAs promote less-
disturbed ecosystems compared to ecosystems damaged by
human disturbances and thus may promote community resilience
to threats including climate change37. Overall, to truly assess the

vulnerability of a system, all the components and their related
variables need to be considered and explored.

Species’ ecological characteristics may significantly influence
their sensitivity and adaptive capacity as well as their vulnerability
to face climate change. In our case, species with a strong dietary
specialization and a long generation length were associated with
high vulnerability values. Thus our analyses revealed that the
species likely to first disappear from climate change in the most
vulnerable islands are diet-specialized species with long genera-
tion lengths. Such species extinctions due to climate change could
lead to a substantial trophic downgrading of island communities
and imply severe consequences for ecosystem processes that
depend on specific interactions38. These two variables have
already been identified as response factors to climate change39.
Indeed, species with a narrow diet have low ecological general-
ization and decreased food availability, meaning that they are less
likely to proliferate into new suitable climatic areas40–42. By
contrast, habitat specialization and the lack of ecological redun-
dancy of the insular species pools were not especially associated
with vulnerability to climate change, even though they were
previously identified as such23,39. However, those studies focus on
both continental and insular species; those traits might be iden-
tified because they are associated with continental species
response to climate change (as the number of continental species
is much higher than insular ones). We can question the similarity
of responses to climate change between island and continental
species. Generally, low ecological redundancy increases the vul-
nerability of a system to further change43. In our study, ecological
redundancy was generally low among islands. Indeed, island
ecosystems are often characterized by low species diversity,
resulting in low ecological redundancy within communities44.
Moreover, ecological redundancy was estimated using only
endemic mammal species while disregarding other native species,
which may artificially underestimate the true ecological redun-
dancy for island communities. Accordingly, the low variability in
terms of ecological redundancy in our study has not revealed a
pattern associated with vulnerability. However, the global pat-
terns differ at the archipelago scale. Investigating climate change
vulnerability at a different scale will therefore contribute to better
identifying the factors involved and thus guide conservation
responses.

The choice of traits may partly influence species vulnerability
and its components, as showed by robustness analyses, and could
explain the wide range of outputs across the different trait‐based
assessments8,22,45. In our case, when some variables of sensitivity
and adaptive capacity components (e.g. dietary specialization and
ecological redundancy; extinction rate and PAs) are not con-
sidered, vulnerability component values tend to increase, yet the
archipelagos identified as highly and lowly sensitive or char-
acterized by low and high adaptive capacity to climate change
remain the same (Supplementary Figs. 4 and 5). Previous studies
showed that excluding intrinsic traits that determine species
sensitivity and adaptive capacity can underestimate or over-
estimate vulnerability46,47. Further research is required to identify
relevant species traits in an island context22. Interestingly, some
of our results were congruent with previous studies by high-
lighting archipelagos that were already identified as hotspots of
climate change risk for mammals, for example, Bismarck Archi-
pelago, Malay Archipelago, and Solomon Islands, which include
the islands of Papua New Guinea11,30. In addition, large-scale
climate projections do not provide a fine enough resolution for
the island scale, which does not account for geographical and
climatic variations within high-elevated oceanic islands, for
example7. Indeed, many oceanic islands have highly structured
landscapes, which can generate numerous microclimatic condi-
tions used as refugia for species and thus reduce their extinction
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risk from climate change48,49. Thus we may have underestimated
the opportunities for species to escape from climate change via
the use of microclimatic conditions. However, large-scale climate
projections are necessary for the global analysis of island vul-
nerability to climate change. There is a need to develop appro-
priate climate data and models at the island scale to examine and
identify the microrefugia available for endemic species affected by
climate change. Last, for a global view of island vulnerability to
climate change, entire communities (i.e. not only endemic species
or species from a specific taxonomic group) should be considered,
as should other climatic components. Although temperature and
precipitation changes are highly relevant7, other climate change
factors such as rising sea levels50 or extreme climatic events51 can
highly impact insular biodiversity.

Our approach identified island and archipelago biodiversity
vulnerable to future climate change. Specifically, we highlighted
that appropriate conservation management strategies and actions
must be implemented as a priority for Bismarck Archipelago,
Malay Archipelago, New Caledonia, New Hebrides, Solomon
Islands, and Sulawesi, all highly vulnerable to future climate
change despite the fact that only two of them will be highly
exposed to climate change by 2050. Because indirect impacts
from human responses to climate change (e.g. altered agricultural
activities, different fishing efforts, human migration, or targeted
area protection) can influence the ability of species to cope,
adjust, or disperse away from climate impacts, we call for further
investigations to consider them in vulnerability assessments52,53.

Methods
Global geographic distribution of insular endemic mammals. We used occur-
rences of 873 mammal species, endemic to one (i.e. single-island endemics) or
many islands (i.e. multi-island endemics) based on distribution information taken
from the IUCN Red List54. By overlapping mammal occurrences with island data
from Weigelt et al.55, 340 islands from 14 archipelagos (Supplementary Table 2)
with climatic information (see next section) were considered: each island harbours
>5 species (mean ± s.d.: 15 ± 13 species; Supplementary Fig. 9).

Calculation of vulnerability components. To measure vulnerability, which is a
function of three components including exposure, sensitivity, and adaptive capacity
(Fig. 1), we proposed to adapt trait-based assessment frameworks11,14 by com-
bining them with a quantitative framework23.

Exposure is based on a measure of local climate change for each pixel. Following
Williams et al.56, to quantify local climate change, we calculated the standardized
Euclidean distances (SEDs) between current and future climates per grid point, as

follows: SEDij ¼
P6

k¼1
bki�akjð Þ2

s2kj
, where akj and bki are the current and future means

for climate variable k at grid points i and j and skj is the standard deviation of the
interannual variability across the 30-year climate window. Following the
methodology of Bellard et al.57, we chose six different climate variables to calculate
local climate change: annual mean temperature, maximum temperature of the
warmest month, minimum temperature of the coldest month, annual precipitation,
precipitation of the wettest month, and precipitation of the driest month. The
standardization values were temperature seasonality for temperature variables and
precipitation seasonality for precipitation variables. Standardizing each variable
placed all climate variables on a common scale58. Current climate data were
averaged from 1970 to 2000 at 30-s resolution (~1 km2) from the Worldclim
database59. Future climate projections for 2041–2060 (hereafter 2050) were
downloaded for five general circulation models from the Fifth Assessment Report
of the IPCC60: CCSM4 (Community Climate System Model, version 4),
HadGEM2-ES (Hadley Global Environment Model 2—Earth System), MIROC5
(Model for Interdisciplinary Research on Climate, version 5), MRI-CGCM3
(Meteorological Research Institute Coupled Global Climate Model, version 3), and
NorESM1-M (Norwegian Earth System Model 1—medium resolution), using two
RCPs: RCP 6.0 (assumed global average increase of 2.85 ± 0.62 °C in mean annual
temperatures) and RCP 8.5 (assumed global average increase of 4.02 ± 0.80 °C). All
islands considered in the study are represented by at least 10 grid points of climate
data (mean ± s.d.: 14,517 ± 85,973). Using this metric, we first calculated the SED
values between the current and future climate data for each grid point of a given
island and then computed the average value for each island (mean ± s.d./min–max:
11.33 ± 8.35/0.86–69.78 [RCP 6.0]; 13.89 ± 9.74/0.75–67.74 [RCP 8.5], based
on all islands). The higher the value, the higher the climate dissimilarities between
two periods, indicating a high exposure to climate change in the future56,61.
Because a species in a given island may find suitable climatic conditions in
nearby islands, we also calculated the SED values within a 100- and 500-km

buffer around each island (corresponding to the apparent long-distance dispersal
limitation of large and small mammals44), and as before, the average value was
obtained at the island scale.

For a given island, we characterized the sensitivity of climate change of all its
inhabiting endemic mammals based on four species attributes: habitat
specialization, dietary specialization, generation length, and ecological redundancy
(Table 1 and Supplementary Table 3), which we calculated as an average value for
each island. First, habitat and dietary specializations were defined as the number of
habitats and diets for each endemic mammal species. Habitat information was
extracted from the IUCN Habitat Classification Scheme54 and dietary data from
the EltonTraits database62. Habitat and dietary specialization among mammals has
been shown to be an important response factor to climate change, since a more
specialized species has a greater probability of negative responses39. Then
generation length is defined as the average age of parents of the current cohort,
reflecting the turnover rate of breeding individuals in a population. Such data were
extracted from the database of Pacifici et al.63. Long generation lengths have been
shown to be associated with a heightened extinction risk under climate change21,
especially among mammals, in which low reproductive rates (linked to long
generation lengths) showed a greater probability of negative responses to climate
change7,39. Last, ecological redundancy was calculated as the number of species
that shared similar combinations of ecological trait values64: here, main diet,
foraging niche, foraging period, habitat niche breadth, and body mass. Habitat
information was extracted from the IUCN Habitat Classification Scheme54 and the
other four variables data from the EltonTraits database62. All trait values were
transformed into categorical nature to identify ecological trait combinations and
thus grouped species sharing the same trait values into these entities64. It has been
shown that islands characterized by low redundancy values (i.e. different ecological
profiles supported by unique species) will suffer from high rates of co-extinctions
and loss of key functions, due to climate-change-driven disruptions of ecological
interactions7.

To characterize the adaptive capacity of mammals on each island, four
attributes were considered: geographic isolation of the island, percentage of PAs,
phylogenetic distinctiveness of the endemic mammal species, and extinction rate
on the island (Table 1 and Supplementary Table 3). First, geographic isolation was
based on the proportion of surrounding land mass, which is the sum of the
proportion of land mass within buffer distances of 100, 1000, and 10,000 km
around the island perimeter55. Geographic isolation may also influence species
adjustment to climate change, because an isolated island has fewer nearby potential
refuges where the species might find suitable conditions and thus escape from
climate change7. Geographic isolation was negatively correlated to other island
environmental variables such as elevation and area, factors also linked to potential
habitat availability for species to escape from climate change7. Then the ratio of
island area covered by PAs was also used to characterize the adaptive capacity of
islands. PA is also an indication of the preservation of the habitats and ecosystems
to perturbations, which contributes to mitigate the vulnerability to any threat and
also ensure habitats’ continuity and thus facilitate species range shifts in the face of
climate change. Indeed, protected ecosystems promote better community resilience
to climate change than ecosystems damaged by human disturbances37. Moreover,
PAs could provide suitable areas that promotes colonization from and towards
unprotected areas65,66. To estimate protection status, PA spatial information was
collected from the World Database on Protected Areas (available at http://
protectedplanet.net/; see Supplementary Methods for more details). Furthermore,
phylogenetic distinctiveness was defined as the average evolutionary isolation of
endemic mammal species within each island, which is based on the fair proportion
index that quantifies the number of relatives of each species and their phylogenetic
distance67. We used an updated phylogeny for mammals68 that was restricted to
the species considered in this study. We analysed species phylogenetic
distinctiveness based on the 1000 trees available68 with randomly resolved
polytomies to account for phylogenetic uncertainty. Such an index can be
informative about the evolutionary potential of species pools, and so adaptive
capacity in the context of climate change69. Indeed, more phylogenetically diverse
species pools may have a higher evolutionary potential to adapt environmental
perturbations such as climatic change70. Last, the extinction rate represents the
ratio between the number of vertebrate extinctions since the year 1500 CE and the
total species richness of vertebrates for each island54. The rate of species extinctions
per island represents the potential resistance of the species to perturbations. Species
that are more prone to extinctions because of intrinsic factors are more likely to
disappear rapidly after the initial exposure to perturbations, like climate change,
while extinction-resistant species are more likely to persist34,71. If the extinction
rate was already high for a given island, we followed the filter hypothesis71,
according to which species that are highly sensitive to extinction have already
disappeared, while the remaining species are more likely to resist to future climate
change.

For each vulnerability component (exposure, sensitivity, and adaptive capacity),
we tested for correlations between variables. No correlation was found (Spearman’s
r < |0.7 |; Supplementary Fig. 10). We conducted robustness analyses to test the
effects of selected variables. Specifically, we ran congruence analyses between
distribution data of vulnerability components using all variables and using all
combinations with one variable removed to test whether a given variable drove the
observed of exposure, sensitivity, and adaptability patterns at island scale. We also
investigated the robustness of vulnerability ranking among archipelagos.
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Standardization of island vulnerability to climate change. We standardized the
values of each individual variable of exposure, sensitivity, and adaptive capacity to a
0–1 range to create unit-less metrics (Fig. 1). We tested three types of transfor-
mations that are usually used for the 0–1 standardization72–74. First, we used a

basic standardization, a max–min linear rescaling xi�xmin
xmax�xmin

� �
. Second, we used a

natural-log transformation (In [x+ 1]) before max–min rescaling, thereby com-
pressing the upper end and expanding the lower end of the range. This process
minimizes the influence of extremely high values that could be spurious but
influential. Third, we used a cumulative distribution function to replace each value
with a score reflecting its percentile rank relative to all others. For any given level of
value, the cumulative distribution function approach resulted in a uniform number
of values, whereas the linear and log transformations resulted in a heterogeneous
number of values. After standardizing each variable, we calculated the sum of the
variables of each component (i.e. exposure, sensitivity, and adaptive capacity) and
re-standardized the obtained values of exposure, sensitivity, and adaptive capacity.

Quantification of island vulnerability to climate change. Finally, based on the
method of Parravicini et al.23, we calculated a measure of vulnerability for each
island. A multicriteria decision analysis was applied, specially the TOPSIS method
(Technique for Order Preference by Similarity to an Ideal Solution). This technique
ranks alternatives according to their relative distance to positive and negative ideal
solutions, which represent the conditions obtained when the criteria have extreme
values75. In our case, vulnerability was considered as a function of three criteria:
exposure and sensitivity, both expected to favour vulnerability, and adaptive
capacity, expected to reduce vulnerability (Fig. 1 and Supplementary Fig. 11).
Hence, the positive ideal solution (i.e. no vulnerability) corresponds to the con-
dition in which exposure and sensitivity to climate change are minimized and
adaptive capacity is maximized. Nevertheless, the negative ideal solution (i.e.
maximum vulnerability) corresponds to a condition of minimum adaptive capacity
and maximum exposure and sensitivity to climate change. Vulnerability for each
island was thus expressed as the relative distance to the positive and negative ideal
solutions, ranging from 0 to 1 to reflect low to high vulnerability (Supplementary
Fig. 11).

All analyses were performed using the R software (version 3.6.0)76.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
All data that support the analyses and findings of this study are public and listed
hereunder. Current and future global climate data are available at http://www.worldclim.
com/version2. Data about island geographic isolation and spatial distribution are
available at https://datadryad.org/stash/dataset/doi:10.5061/dryad.fv94v. Protected area
data are available at http://protectedplanet.net/. Species phylogeny is available at https://
megapast2future.github.io/PHYLACINE_1.2/. Species generation lengths are available at
https://datadryad.org/stash/dataset/doi:10.5061/dryad.gd0m3. Data about species habitat,
extinction status, and spatial distribution are available at https://www.iucnredlist.org/.
Species diet data are available at http://www.esapubs.org/archive/ecol/E095/178/
metadata.php. The two last data sources were also used to compute ecological
redundancy. Source data are provided with this paper.

Code availability
All code necessary to conduct climate change vulnerability assessment is available for
download at https://github.com/CamilleLeclerc/Vulnerability.
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44. Whittaker, R. J. & Fernańdez-Palacios, J. M. Island Biogeography: Ecology,
Evolution, and Conservation (Oxford University Press, Oxford, 2007).

45. Wheatley, C. J. et al. Climate change vulnerability for species—assessing the
assessments. Glob. Chang. Biol. 23, 3704–3715 (2017).

46. Butt, N. et al. Challenges in assessing the vulnerability of species to
climate change to inform conservation actions. Biol. Conserv. 199, 10–15
(2016).

47. Ofori, B. Y., Stow, A. J., Baumgartner, J. B. & Beaumont, L. J. Influence of
adaptive capacity on the outcome of climate change vulnerability assessment.
Sci. Rep. 7, 12979 (2017).

48. Suggitt, A. J. et al. Extinction risk from climate change is reduced by
microclimatic buffering. Nat. Clim. Chang. 8, 713–717 (2018).

49. Hannah, L. et al. Fine-grain modeling of species’ response to climate change:
holdouts, stepping-stones, and microrefugia. Trends Ecol. Evol. 29, 390–397
(2014).

50. Bellard, C., Leclerc, C. & Courchamp, F. Impact of sea level rise on the 10
insular biodiversity hotspots. Glob. Ecol. Biogeogr. 23, 203–212 (2014).

51. Ameca y Juárez, E. I., Mace, G. M., Cowlishaw, G., Cornforth, W. A. &
Pettorelli, N. Assessing exposure to extreme climatic events for terrestrial
mammals. Conserv. Lett. 6, 145–153 (2013).

52. Maxwell, S. L., Venter, O., Jones, K. R. & Watson, J. E. M. Integrating human
responses to climate change into conservation vulnerability assessments and
adaptation planning. Ann. NY Acad. Sci. 1355, 98–116 (2015).

53. Martin, T. G. & Watson, J. E. M. Intact ecosystems provide best defence
against climate change. Nat. Clim. Chang. 6, 122–124 (2016).

54. IUCN. The IUCN red list of threatened species (version 2018-2). http://www.
iucnredlist.org (2018).

55. Weigelt, P., Jetz, W. & Kreft, H. Bioclimatic and physical characterization of
the world’s islands. Proc. Natl Acad. Sci. USA 110, 15307–11532 (2013).

56. Williams, J. W., Jackson, S. T. & Kutzbach, J. E. Projected distributions of
novel and disappearing climates by 2100 AD. Proc. Natl Acad. Sci. USA 104,
5738–5742 (2007).

57. Bellard, C. et al. Vulnerability of biodiversity hotspots to global change. Glob.
Ecol. Biogeogr. 23, 1376–1386 (2014).

58. Veloz, S. D. et al. No-analog climates and shifting realized niches during the
late quaternary: implications for 21st-century predictions by species
distribution models. Glob. Chang. Biol. 18, 1698–1713 (2012).

59. Fick, S. E. & Hijmans, R. J. WorldClim 2: new 1-km spatial resolution climate
surfaces for global land areas. Int. J. Climatol. 37, 4302–4315 (2017).

60. Intergovernmental Panel on Climate Change. Climate change 2013: the
physical science basis. https://www.ipcc.ch/report/ar5/wg1/ (2013).

61. Veloz, S. et al. Identifying climatic analogs for Wisconsin under 21st-century
climate-change scenarios. Clim. Change 112, 1037–1058 (2012).

62. Wilman, H. et al. EltonTraits 1.0: species-level foraging attributes of the
world’s birds and mammals. Ecology 95, 2027–2027 (2014).

63. Pacifici, M. et al. Generation length for mammals. Nat. Conserv. 5, 89–94
(2013).

64. Leclerc, C., Villéger, S., Marino, C. & Bellard, C. Global changes threaten
functional and taxonomic diversity of insular species worldwide. Divers.
Distrib. 26, 402–414 (2020).

65. Thomas, C. D. et al. Protected areas facilitate species’ range expansions. Proc.
Natl Acad. Sci. USA 109, 14063–14068 (2012).

66. Mazaris, A. D. et al. Evaluating the connectivity of a protected areas’ network
under the prism of global change: the efficiency of the European Natura 2000
Network for four birds of prey. PLoS ONE 8, e59640 (2013).

67. Isaac, N. J. B., Turvey, S. T., Collen, B., Waterman, C. & Baillie, J. E. M.
Mammals on the edge: conservation priorities based on threat and phylogeny.
PLoS ONE 2, e296 (2007).

68. Faurby, S. et al. PHYLACINE 1.2: the phylogenetic atlas of mammal
macroecology. Ecology 99, 2626–2626 (2018).

69. Winter, M., Devictor, V. & Schweiger, O. Phylogenetic diversity and nature
conservation: where are we? Trends Ecol. Evol. 28, 199–204 (2013).

70. IPBES. Global assessment report on biodiversity and ecosystem services of the
Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem
Services. https://ipbes.net/global-assessment (2019).

71. Balmford, A. Extinction filters and current resilience: the significance of past
selection pressures for conservation biology. Trends Ecol. Evol. 11, 193–196
(1996).

72. Halpern, B. S. et al. A global map of human impact on marine ecosystems.
Science 319, 948–952 (2008).

73. Allan, J. D. et al. Joint analysis of stressors and ecosystem services to enhance
restoration effectiveness. Proc. Natl Acad. Sci. USA 110, 372–377 (2013).

74. Halpern, B. S. & Fujita, R. Assumptions, challenges, and future directions in
cumulative impact analysis. Ecosphere 4, art131 (2013).

75. Hwang, C.-L. & Yoon, K. Multiple Attribute Decision Making: Methods and
Applications, Vol. 186 (Springer-Verlag, New York, 1981).

76. R Development Core Team. R: A Language and Environment for Statistical
Computing (R Foundation for Statistical Computing, Vienna, 2008).

Acknowledgements
We are thankful to Boris Leroy for his valuable comments on the methodology, as well as
to Victoria Grace for her corrections of the English. This work was supported by grants
from the ANR (14-CE02-0021-01), the AXA Research Fund Chair for Invasion Biology,
and the Biodiversa Eranet AlienScenarios. More generally, this work has been funded by
our salaries as French agents and by the CNRS funding for young researcher.

Author contributions
C.L. and C.B. conceived the idea for this manuscript with input from F.C. C.L. collected
the data and performed the analysis. C.L. wrote the first draft, and all authors contributed
to writing the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41467-
020-18740-x.

Correspondence and requests for materials should be addressed to C.L.

Peer review information Nature Communications thanks Alison Boyer, Fabricio
Villalobos, and other anonymous reviewers for their contributions to the peer review of
this work. Peer review reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2020

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-18740-x ARTICLE

NATURE COMMUNICATIONS |         (2020) 11:4943 | https://doi.org/10.1038/s41467-020-18740-x | www.nature.com/naturecommunications 9

http://www.iucnredlist.org
http://www.iucnredlist.org
https://www.ipcc.ch/report/ar5/wg1/
https://ipbes.net/global-assessment
https://doi.org/10.1038/s41467-020-18740-x
https://doi.org/10.1038/s41467-020-18740-x
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Future climate change vulnerability of endemic island mammals
	Results
	Island and archipelago vulnerability to future climate change
	Association of climate change vulnerability and its components
	Species’ ecological variables and climate change vulnerability

	Discussion
	Methods
	Global geographic distribution of insular endemic mammals
	Calculation of vulnerability components
	Standardization of island vulnerability to climate change
	Quantification of island vulnerability to climate change

	Reporting summary
	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




