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a b s t r a c t
Climate change and land-cover change will have major impacts on biodiversity persistence worldwide.
These two stressors are likely to interact, but how climate change will mediate the effects of land-cover
change remains poorly understood. Here we use an empirically-derived model of the interaction between
habitat loss and climate to predict the implications of this for biodiversity loss and conservation priorities
at a global scale. Risk analysis was used to estimate the risk of biodiversity loss due to alternative future
land-cover change scenarios and to quantify how climate change mediates this risk. We demonstrate that
the interaction of climate change with land-cover change could increase the impact of land-cover change
on birds and mammals by up to 43% and 24% respectively and alter the spatial distribution of threats.
Additionally, we show that the ranking of global biodiversity hotspots by threat depends critically on
the interaction between climate change and habitat loss. Our study suggests that the investment of conservation resources will likely change once the interaction between climate change and land-cover
change is taken into account. We argue that global conservation efforts must take this into account if
we are to develop cost-effective conservation policies and strategies under global change.
Ó 2015 Elsevier Ltd. All rights reserved.

1. Introduction
Over the past 400 years, human pressures including habitat
conversion, hunting, and alien species introductions have
increased species extinction rates to as much as 1000 times historical rates (Barnosky et al., 2011; Turvey, 2009), and one quarter of
the species assessed so far are at risk of extinction (Hoffmann et al.,
2010). In the 21st century, conservationists are becoming increasingly concerned about biodiversity disruption and loss as climate
change emerges as another major threat, with impacts at the
genetic, species, community and ecosystem levels (Foden et al.,
2013; Lawler et al., 2009; Paciﬁci et al., 2015; Pounds et al.,
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2006; Thomas et al., 2006). As climate change and land-cover
change impacts intensify and interact in the coming decades, the
threat to biodiversity may be ampliﬁed (Jetz et al., 2007; Sala
et al., 2000; Visconti et al., 2015). At present, our understanding
of the implications of these interactions for ecological systems
are limited, and have generally been based on broad assumptions
about what the interaction might look like, rather than empirical
data about interactions (Brook et al., 2008; Felton et al., 2009;
Oliver and Morecroft, 2014; Vinebrooke et al., 2004).
Climate change can interact with land-cover change by exacerbating the impact of habitat loss and fragmentation on biodiversity
through increasing the susceptibility of fragmented biological populations to stochastic extinction risk (de Chazal and Rounsevell,
2009; Jetz et al., 2007; Sala et al., 2000). Climate change can also
hinder the ability of species to cope with modiﬁed land-cover
(Opdam and Wascher, 2004). If climate change depresses population sizes or causes increased stochasticity in population dynamics,
for example as a consequence of increased incidents of extreme
events (Van De Pol et al., 2010), then habitat networks may require
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larger patches and improved connectivity to maintain populations
(Verboom et al., 2010). Loss and fragmentation of habitat may also
severely hinder the movement of species and their ability to cope
with climate change through tracking of suitable climatic conditions (Brook et al., 2009; Keith et al., 2008; Thomas et al., 2004).
Even relatively intact landscapes are at risk, particularly where
landscape heterogeneity is low, forcing species to move potentially
large distances to track suitable climatic conditions. Spatial heterogeneity may help buffer the impact for some species, however the
buffering will vary regionally (Dunlop et al., 2012). Population
responses to extreme climatic events, such as ﬁre and ﬂooding,
are also likely to be affected by habitat quality, area and heterogeneity (Cochrane and Laurance, 2008; Fischer et al., 2006).
Interactions between climate change and land-cover change may
therefore be widespread phenomena and have the potential to fundamentally alter the magnitude and spatial patterns of declines in
biodiversity (Jetz et al., 2007; Sala et al., 2000). However the degree
to which these interactions inﬂuence biodiversity is likely to vary
regionally (e.g. Cochrane and Laurance, 2008) and by taxon (e.g.
Jetz et al., 2007). Not all species will be negatively affected; some
will adapt and even beneﬁt from the changes (Warren et al.,
2001). But others are likely to suffer catastrophic declines without
effective conservation planning and intervention. It is therefore
imperative that we assess the consequences of these interactions
for declines in biodiversity and identify the implications for conservation priorities.
Here we quantify the degree to which interactions between climate change and land-cover change will drive the extent and patterns of biodiversity loss due to future land-cover change at the
global scale. We used a form of risk analysis (Dawson et al.,
2011; McCarthy et al., 2001; Turner et al., 2003) to estimate the
risk of biodiversity loss from habitat loss while accounting for its
interaction with climate change. Our approach allows us to quantify the effect of climate on the probability that habitat loss has a
negative effect on a species. This therefore captures the implications of the interaction between climate and habitat loss for species vulnerability to habitat loss. We applied this model globally
to map estimates of the risk of terrestrial birds and mammals to
future land-cover change across a range of future climate and
land-cover change projections. We also assessed the risk to global
biodiversity hotspots and demonstrate that conservation priorities
may depend critically on the interactions between climate and
land-cover change.

Fig. 1. Schematic representation of the steps taken to calculate the risk of
biodiversity loss from habitat loss. The dotted-line boxes indicate the division of
the analysis into the two separate components of ‘‘Risk’’ and ‘‘Vulnerability’’ taken
from Mantyka-Pringle et al. (2012).

2.1. Future climate projections
Climate projections were downloaded from the Climate Change,
Agriculture and Food Security (CCAFS) database (http://www.
ccafs-climate.org/) in 2012 by statistically downscaling the outputs
of three SRES (Special Report on Emissions Scenarios) climate scenarios for the fourth assessment report of the intergovernmental
panel on climate change (IPCC) (IPCC, 2007), A2A, A1B, and B1
(see Table 1 for a description of these scenarios). Based on the data
and model availability, three different climate models were
selected to downscale the data (delta method) for the period
2050s (1  1 km), MK3.0 (for A1B), HadCM3 (for A2A) and
CNRM-CM3 (for B1). For each climate scenario, ﬁve variables were

Table 1
Characteristics of the six scenarios used in our analysis. More speciﬁc details
regarding these scenarios can be found elsewhere (IPCC, 2007; Visconti et al., 2011).
Scenario

2. Materials and methods

Land-cover change (MEAa)
Order from Strength
Regionalized and fragmented world; reactive
approach to ecosystem management (reserves,
parks, national-level policies, conservation)
Global Orchestration
Integrated world; reactive approach to ecosystem
management (sustainable development, economic
growth, public goods)
TechnoGarden
Integrated world; proactive approach to ecosystem
management (green technology; eco-efﬁciency;
tradable ecological property rights)

We developed a model of the risk of species being impacted by
habitat loss as

Risk ¼ ½Exposure  Vulnerability  Hazard

ð1Þ

where Risk was an index of the expected number of species of terrestrial birds and mammals negatively impacted by habitat loss
from future land-cover change, Exposure was deﬁned as the number
of terrestrial birds and mammals that are exposed to the effect of
habitat loss, Hazard was deﬁned as the percent change in natural
vegetation through anthropogenic land-cover change, projected
for a range of land-cover change scenarios, and Vulnerability was
deﬁned as the probability that anthropogenic land-cover change
has a negative impact on bird or mammal species and it explicitly
incorporated how climate inﬂuences this probability (Fig. 1). We
estimated the dependence of Vulnerability on climate using an existing empirical model derived from a global meta-analysis of habitat
loss effects (Mantyka-Pringle et al., 2012). The Vulnerability model
was mapped for the entire globe and then projected under a range
of climate and land-cover change scenarios.

Main characteristics regarding environmental
sustainability

Climate change (SRESb)
SRES A2A

SRES A1B

SRES B1

a
b

Divided world; continuously increasing population;
regionally orientated economic growth that is more
fragmented and slower than other scenarios
Integrated world; population threshold of 9 billion;
rapid economic growth; rapid introduction of new
and more efﬁcient technologies; a balanced
emphasis on all energy sources
Convergent world; population threshold of 9
billion; rapid economic growth with reductions in
material intensity; introduction of clean & resource
efﬁcient technologies

MEA, Millennium Ecosystem Assessment (MEA, 2005).
SRES, Special Report on Emissions Scenarios (IPCC, 2007).
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obtained that correspond with those used in the meta-analysis
modelling the relationship between habitat loss effects, current climate (1950–2000) and climatic change (1977–2006 minus 1901–
1930) (Mantyka-Pringle et al., 2012). For mean maximum temperature of warmest month (mtwm), we used the variable mtwm
(BIO5) from CCAFS. For mean precipitation of driest month (podm),
we used the variable podm (BIO14) from CCAFS. For mean precipitation change (precdiff), we used the variable mean annual precipitation (BIO12) from CCAFS, and the mean annual precipitation and
the monthly average precipitation for the years 1901–1930
(0.5 degree) from the Climatic Research Unit (CRU) at the
University of East Anglia (Mitchell and Jones, 2005). For mean temperature change (tmxdiff), we used two variables from CCAFS,
annual mean temperature (BIO1) and mean diurnal range (BIO2)
(BIO1 + 0.5  BIO2), and the monthly average daily maximum temperature for the years 1901–1930 (0.5 degree) from CRU. We calculated the change in precipitation (precdiff) and temperature
(tmxdiff) over time for each grid cell, as the difference in mean values between the periods 2050s (from CCAFS) and 1901–1930 (from
CRU) (2050s minus 1901–1930). Time periods were chosen based
on the latest and earliest available years from CCAFS and CRU data
at the time of analysis (2012). A thirty year period was also chosen
as a period long enough to eliminate year-to year variation – consistent with Mantyka-Pringle et al. (2012). All Geographical
Information System (GIS) processing was undertaken using
ArcGIS version 10.0 (Environmental Systems Research Institute,
Redlands, CA, U.S.A.).
2.2. Hazard
We projected land-cover change using three global scenarios of
human development from the Millennium Ecosystem Assessment
(MEA) (MEA, 2005) (Table 1). These global scenarios were selected
to correspond with those of the IPCC climate scenarios used by the
MEA to ensure internal consistency because the emissions and
land-use change scenarios are coupled. For each scenario, we used
the GLOBIO/Hyde land-cover change model (Bartholomé and
Belward, 2005) and calculated land-cover change as the % change
in natural vegetation (not including any cultivated or built up areas
or any mosaic environments containing them) from 2000 to 2050
(11  11 km), Fig. A1.
2.3. Vulnerability
To calculate vulnerability to habitat loss, we used a published
model that identiﬁed relationships between the vulnerability of
species to habitat loss and current climate and climate change
(Mantyka-Pringle et al., 2012). This model was based on a metaanalysis of 168 studies on the effects of habitat loss and fragmentation (1779 individual data points for determining effect sizes;
1017 for birds and 166 for mammals). These were systematically
identiﬁed from the past 20 years to represent a range of taxa, landscapes, land-uses, geographical locations and climatic conditions.
The location of each study site was spatially mapped and overlayed
on high-resolution global climate data. Mixed-effects logistic-regression models were then used to model the relationship between
the habitat loss effects and climate, while accounting for variation
among studies, taxonomic groups, habitat and land-uses. The
model is relatively robust (see Goodness-of-ﬁt test in MantykaPringle et al., 2012), and quantiﬁes the amount by which climate
modiﬁes the effect of a given unit of habitat loss on species.
Current climate and climate change were both found to be important factors determining the negative effects of habitat loss on species presence, density and/or diversity. The most important
determinant of habitat loss and fragmentation effects, averaged
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across species and geographic regions, was current maximum temperature and mean precipitation change over the past 100 years.
Habitat loss and fragmentation effects were greatest in areas with
high maximum temperatures. Conversely, they were lowest in
areas where rainfall has increased over time.
Based on this model, we made global predictions based on the
model-averaged coefﬁcients using current climate and the three
future IPCC climate scenarios (IPCC, 2007) (Table 1). Vulnerability
was measured as the climate-mediated probability of a negative
habitat loss effect on species and calculated separately for mammals and birds as


exp a þ bxmtwm þ cxpodm þ dxprecdiff þ extmxdiff

V¼
1 þ exp a þ bxmtwm þ cxpodm þ dxprecdiff þ extmxdiff

ð2Þ

where a is the intercept (0.28), xmtwm is the current or projected
mean maximum temperature of warmest month, b is the marginal
coefﬁcient for mtwm + the random effect for mammals (=0.38) or
birds (=0.58) drawn from Mantyka-Pringle et al. (2012), xpodm is
the current or projected mean precipitation of driest month, c is
the marginal coefﬁcient for podm + the random effect for mammals
(=0.03) or birds (=0.02), xprecdiff is the past or projected mean precipitation change, d is the marginal coefﬁcient for precdiff + the random effect for mammals (=0.23) or birds (=0.19), xtmxdiff is the
past or projected mean temperature change, e is the marginal coefﬁcient for tmxdiff + the random effect for mammals (=0.04) or birds
(=0.08). Habitat amount (the proportion of the area covered by suitable habitat) was removed from the model because its coefﬁcient
average was essentially zero. Two other random effects, habitat
type and the response variable measured, were also excluded from
the model because we were interested in the average effects across
habitat types and studies. All datasets were standardized to have a
mean of zero and standard deviation of one prior to analysis.
2.4. Exposure
We used species richness of terrestrial birds and mammals as
an exposure indicator (a component of global biodiversity that is
exposed to land-cover and climate change). Global richness of
birds was compiled from species range maps (28  28 km) by
Birdlife International (http://www.birdlife.org/). Global richness
of mammals (10  10 km) was compiled from the distribution of
species’ suitable habitat, based on the habitat suitability models
described in Rondinini et al. (2011) (Fig. A2).
2.5. Risk
We used three IPCC and MEA scenario combinations
(A2A + Order from Strength, A1B + Global Orchestration, and
B1 + TechnoGarden) to calculate, in each grid cell, the risk of terrestrial mammals and birds from habitat loss using Eq. (1).
The scenario combinations represent a wide range of likely climatic and land-cover changes that could occur in the future, and
were selected to align with the MEA scenario assumptions regarding greenhouse emissions, population demography, and per-capita
consumption (MEA, 2005). All maps were resampled to the same
resolution as the species richness maps using the nearest neighbour method prior to analysis.
We mapped risk from future vegetation loss for each land-cover
change scenario both with (Ra) and without (Rb) the interaction in
the calculation of vulnerability (i.e. assuming climate changes
according to each scenario versus assuming climate does not
change). An estimate of the consequences of the interaction
between climate change and habitat loss for the risk of terrestrial
birds and mammals being impacted by land-cover change was
then calculated for each cell as

106

I¼

C.S. Mantyka-Pringle et al. / Biological Conservation 187 (2015) 103–111

100  ðRa  Rb Þ
Rb

ð3Þ

Finally, we performed a sensitivity analysis of our risk model, to
determine the relative importance of each climate variable. This
was done by mapping the change in risk while isolating each climate variable separately (i.e. assuming that the climate variable
changes according to each scenario whilst the other variables stay
the same) (Figs. A3–A5). We also quantiﬁed uncertainty in risk
based on the standard errors of the vulnerability model parameter
estimates (see Appendix B). Finally, risk maps, with (Ra) and without the interaction (Rb), were overlaid on top of global biodiversity
hotspots (shapeﬁle downloaded from http://sp10.conservation.
org/) (Myers et al., 2000) to calculate the mean risk of species
impacted per hotspot using zonal statistics. The mean risks were
then used to quantify the extent to which the interaction changes
the rank of each hotspot in terms of risk.

3. Results
Future climate change was predicted to exacerbate the risk of
terrestrial mammal and bird species being impacted from future
land-cover change in large parts of the globe, but effects were
highly spatially variable (Fig. 2). Under the Order from
Strength + A2A scenario, risk was exacerbated by 24% for mammals
and 43% for birds. Under the Global Orchestration + A1B scenario,
risk was exacerbated by 17% for mammals and 28% for birds.
Under the TechnoGarden + B1 scenario, risk was exacerbated by
9% for mammals and 28% for birds. The regions where the

interaction has the greatest impacts are in East and South Africa,
and Central America. However, areas throughout North and
South America, Caribbean, South and West Europe, West and
South Asia, East Asia, Australia, and parts of Southeast Asia and
North Europe are also predicted to be at increased risk from
land-cover change as a result of the interaction (Fig. 2). In contrast,
scattered areas throughout North America, Middle and West Africa,
East Europe, South and Central Asia, and Southeast Asia are predicted to have reduced risk from land-cover change as a result of
the interaction under all three scenario combinations (Fig. 2).
Risk for mammals and birds increases the most in areas where
temperature change is predicted to increase the most (Figs. A3–
A5). In contrast, risk declines most in areas where mean precipitation is expected to increase the most. Prediction uncertainties
showed that the conﬁdence interval size is highest in areas of high
habitat loss and lowest in areas of low habitat loss (Figs. A2–A6).
Future climate change exacerbates vulnerability to habitat loss
across large areas of the globe and is the primary driver of the
detrimental effect of the interaction between climate change and
habitat loss on the risk of species being impacted by land-cover
change (Fig. 3). Under high rates of climate change (A2A scenario),
vulnerability is exacerbated by 30% for mammals and 52% for birds
(Fig. 3a and d). Under moderate (A1B scenario) and low climate
change (B1 scenario), vulnerability increases by 15–17% for mammals and 30–34% for birds (Fig. 3b-c and e-f). Regions including
Central America, Caribbean, North America (particularly the western side), North and West Coast of South America, East Africa,
South and East Europe (particularly the eastern side), Central and
West Asia, East Asia, and Australia (particularly the eastern side)

Fig. 2. The effect of the interaction between climate change and habitat loss on the risk of species being impacted from future land-cover change for terrestrial mammals,
birds, and across biodiversity hotspots. Values represent the percent change in the number of species affected after considering the interaction with climate based on Eq. (3).
Land-cover and climate change scenarios are described in Table 1 (MEA, 2005; IPCC, 2007). Biodiversity hotspots were downloaded from http://sp10.conservation.org/ (Myers
et al., 2000). Global richness of birds and terrestrial mammals were compiled by Birdlife International (http://www.birdlife.org/) and Rondinini et al. (2011). Orange and dark
red indicate areas where the interaction between climate change and habitat loss increases risk due to future land-cover change, whereas light to dark green indicate areas
where the interaction between climate change and habitat loss either reduces or does not affect risk due to future land-cover change.

C.S. Mantyka-Pringle et al. / Biological Conservation 187 (2015) 103–111

107

Fig. 3. The difference in vulnerability to habitat loss under current versus future climatic conditions (measuring the impact of the interaction between climate change and
habitat loss on vulnerability) for terrestrial mammals and birds. Values are calculated for three different 2050 emission scenarios (IPCC, 2007). Red indicates areas where
vulnerability is predicted to increase as a result of the interaction, while blue indicates areas where vulnerability is predicted to decline as a result of the interaction.

are predicted to be most heavily impacted by the interaction
(Fig. 3). Small sections throughout Southeast Asia, Melanesia,
Middle and West Africa, North America, and South America are
predicted to show a decline in vulnerability due to the interaction
under all three scenarios (Fig. 3).
The interaction between climate and habitat loss is likely to
modify conservation priorities. When we rank biodiversity hotspots (Myers et al., 2000) according to their risk of species
impacted with (Ra) and without interactions (Rb), we discover that
15–32% of terrestrial biodiversity hotspots change by two or more
ranks for both birds and mammals (Tables 2 and 3; Fig. 2). For
example, for birds, the West African Forests, Cerrado and IndoBurma become less of a priority, whereas Mesoamerica,
Himalaya and the Madrean Pine-Oak Woodlands become more of
a priority (Table 2). For mammals, the West African Forests,
Indo-Burma and the Atlantic Forest become less of a priority in
terms of risk, whereas Mesoamerica, Madagascar and TumbesChoco-Magdalena become more of a priority (Table 3).
4. Discussions & conclusions
Interactions between stressors may be a critical driver of future
global change impacts on biodiversity. Here we have shown that
the interaction between climate and habitat loss on the risk of terrestrial mammal and bird species being impacted by land-cover
change has critical bearing on both impacts and conservation priorities. If temperatures continue to increase and rainfall continues to
decline, as projected in many areas across the globe (Stocker et al.,
2013), the impact of habitat loss could be much greater than originally projected. In general, under predictions of substantial climate
change (A2A scenario), the effect of the interaction between climate

and land-cover was higher than it was under lower (B1 scenario)
and moderate (A1B scenario) climate change scenarios for both
mammals and birds. However, although the effect of the interaction
for mammals increased successively with higher levels of climate
change, the effect for birds did not change from low to moderate climate change (B1 to A1B). This was due to the differences in the global distribution of mammals versus birds relative to the locations of
climate change and habitat loss. Mammal richness is patchier than
bird richness (Fig. A2), resulting in a greater change in vulnerability
between the TechnoGarden + B1 scenario and the Global
Orchestration + A1B scenario. Bird richness is higher in areas where
there is less of an increase in the interaction than compared to
mammals. Overall, birds were systematically more impacted by
the interaction because the effect of the interaction was larger than
for mammals (Mantyka-Pringle et al., 2012). However, this was
most apparent under the Order from Strength + A2A scenario and
the TechnoGarden + B1 scenario and less apparent under the
Global Orchestration + A1B scenario. Once again this occurs
because of differences in the locations of habitat loss and climate
change effects relative to the distribution of mammals and birds.
This points to complex spatial interactions between climate change
and land-cover change driving differences between birds and mammals. Nevertheless, overall trends were maintained across scenarios implying that general insights about interactions between
climate change and habitat loss are possible for understanding global change impacts.
A prerequisite for conservation planning is to identify areas of
high conservation value (i.e. high biodiversity or irreplaceability
value; Myers et al., 2000; Olson and Dinerstein, 1998) and those
subject to high threat or vulnerability (Mittermeier et al., 2004;
Rodrigues et al., 2004). Areas that combine both important
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Table 2
Biodiversity hotspots ranked according to the expected risk for terrestrial bird species under current climate and future land-cover (a) and future climate and future land-cover
(b). Lower numbers indicate higher risk. Bold indicates a difference in rankings between a and b of two or more places.
Hotspot region

Maputaland–Pondoland–Albany
Coastal Forests of Eastern Africa
Eastern Afromontane
West Africa Forests
Cape Floristic Region
Mesoamerica
Madrean Pine-Oak Woodlands
Horn of Africa
Cerrado
Madagascar
Indo-Burma
Irano-Anatolian
Caribbean Islands
Western Ghats and Sri Lanka
Himalaya
Atlantic Forest
Southwest Australia
Tumbes-Choco-Magdalena
Succulent Karoo
Mediterranean Basin
Tropical Andes
Wallacea
Sundaland
Philippines
California Floristic Province
New Zealand
Chilean Forests
Polynesia-Micronesia
Mountains of Southwest China
East Melanesian Islands
New Caledonia
Mountains of Central Asia
Japan
Caucasus
a

Order from strengtha

Global orchestrationa

TechnoGardena

a

b

a

b

a

b

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34

1
3
2
7
5
4
6
8
9
10
14
12
13
16
11
15
19
17
18
20
21
22
26
27
24
25
23
29
28
31
32
30
33
34

1
2
4
12
3
14
17
5
8
6
7
10
15
13
9
16
23
24
10
19
30
20
21
22
33
25
29
28
18
26
27
34
31
32

1
2
3
14
4
12
17
5
10
6
8
11
13
15
7
16
23
24
9
20
31
19
21
22
33
25
29
28
18
27
26
34
30
32

1
2
4
14
3
15
21
5
6
7
8
13
17
16
12
9
19
20
10
18
32
24
22
23
34
25
29
28
30
27
26
11
33
31

1
2
4
15
3
14
19
5
6
7
12
13
17
16
8
11
21
20
10
18
33
22
23
24
34
25
30
29
32
27
26
9
31
28

Scenario combinations are described in Materials and Methods. Rankings are based on the average risk across each biodiversity hotspot (Fig. 2).

biodiversity features and high current or future threats are considered conservation priorities. Our analysis suggests that these areas
may include East and South Africa, Central America, North and
South America, Caribbean, South and West Europe, West and
South Asia, East Asia, Australia, and parts of Southeast Asia and
North Europe. These areas are where temperatures will increase
the most and average rainfall will continue to decline. In comparison to other global assessments based on habitat suitability (e.g.
Jetz et al., 2007; Visconti et al., 2011), sharp contrasts exist in that
fewer regions are considered to be vulnerable and generally concentrated in Central Africa, Brazil, Central America or North
America. Yet, when climate stability is combined with vegetation
intactness, similar regions were found to be vulnerable in southwest Europe, India, China and Mongolia, eastern Australia, and
eastern South America (Watson et al., 2013). However, notable differences were found in southeast and central Europe, southeast
Asia, and central North America (Watson et al., 2013). These differences indicate that if you consider how vulnerability to habitat loss
is affected by climate, rather than considering the combined or
independent effects of climate change and habitat loss, very different results are obtained.
We show that the incorporation of the interaction between climate change and habitat loss into conservation assessments can
affect the ranking of priority areas. Between 15% and 32% of global
biodiversity hotspots (regions of exceptional biodiversity value)
change their ranking based on threat from land-cover change by
two or more ranks when the interaction between climate change
and habitat loss is incorporated. TechnoGarden + B1 and Order
from Strength + A2A scenarios provided the highest change in

rankings as a result of where the biodiversity hotspots overlapped
with predicted land clearing relative to climate change and the
species distributions. Thus, if we ignore the role of interactions
during the prioritization of conservation areas, we risk substantially under or overestimating threats in many regions and ultimately making conservation prioritization decisions that are
highly sub-optimal. New management strategies or prioritization
approaches may therefore be needed to cope with climate change
interactions in order to prevent further biodiversity loss. For
instance, habitat protection and restoration efforts can mitigate
the risk of biodiversity loss to climate change and habitat loss
interactions. Proactive approaches to ecosystem management such
as green technology, eco-efﬁciency, and tradable ecological property rights, and increasing the use of clean and resource efﬁcient
technologies can also mediate the interacting effect by minimizing
the damage on ecosystems. Although, protecting the weak may not
always be the best strategy for conservation planning in some
regions (Game et al., 2008), in the case of biodiversity hotspots,
we argue that investing in habitat protection and/or restoration
within highest-risk sites can ameliorate the impacts of climate
change on global biodiversity (Malcolm et al., 2006).
Areas identiﬁed as being strongly impacted by the interaction
between climate change and habitat loss should be a priority for
preventing further habitat loss. Preventing habitat loss will require
a multifaceted approach including land-use planning and regulation, introduction of incentive programs and managing human
population growth (ten Brink et al., 2010). Where these actions
are not socially or economically feasible, adopting alternative climate adaptation and biodiversity conservation approaches will
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Table 3
Biodiversity hotspots ranked according to the expected risk for terrestrial mammal species under current climate and future land-cover (a) and future climate and future landcover (b). Lower numbers indicate higher risk. Bold indicates a difference in rankings between a and b of two or more places.
Hotspot region

Maputaland–Pondoland–Albany
West Africa Forests
Coastal Forests of Eastern Africa
Eastern Afromontane
Mesoamerica
Cape Floristic Region
Madrean Pine-Oak Woodlands
Cerrado
Horn of Africa
Irano-Anatolian
Indo-Burma
Atlantic Forest
Madagascar
Tumbes-Choco-Magdalena
Western Ghats and Sri Lanka
Succulent Karoo
Himalaya
Mediterranean Basin
Caribbean Islands
Southwest Australia
Tropical Andes
Sundaland
California Floristic Province
Wallacea
Chilean Forests
Philippines
Mountains of Southwest China
Polynesia-Micronesia
East Melanesian Islands
New Zealand
New Caledonia
Mountains of Central Asia
Japan
Caucasus
a

Order from strengtha

Global orchestrationa

TechnoGardena

a

b

a

b

a

b

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34

1
7
4
3
2
5
6
8
9
10
11
14
13
12
17
16
15
19
18
21
20
25
22
24
23
27
26
28
31
30
32
29
33
34

1
11
2
4
12
3
16
6
5
10
9
14
7
22
15
8
13
19
18
24
31
20
34
21
29
23
17
28
26
25
27
33
30
32

1
13
2
4
9
3
17
7
5
11
10
14
6
22
15
8
12
19
16
24
31
21
34
20
29
23
18
27
28
26
25
33
30
32

1
10
2
4
13
3
21
5
6
9
12
7
11
17
16
8
15
18
19
23
33
20
34
22
29
24
32
25
27
26
28
14
31
30

1
15
3
4
11
2
19
5
6
10
14
8
9
17
18
7
13
16
20
23
33
21
34
22
30
24
32
28
25
26
27
12
31
29

Scenario combinations are described in Materials and Methods. Rankings are based on the average risk across each biodiversity hotspot (Fig. 2).

be necessary. For example, recent work indicates that incentivising
targeted habitat restoration could increase the resilience of some
ecosystems in the face of climate change by allowing species to
migrate with changing climate (Prober et al., 2012; Renton et al.,
2012). For communities that are unlikely to be able to migrate to
suitable environments elsewhere (e.g. alpine and freshwater communities), it may be possible to minimize interactions through the
protection or installation of climate refuges or buffer strips
(Mantyka-Pringle et al., 2014; Shoo et al., 2011) or by manipulating
vegetation structure, composition, or disturbance regimes (Hansen
et al., 2001). Other adaptation strategies may include translocating
vulnerable species to novel habitats (Schwartz and Martin, 2013),
altering ﬁre regimes, or mitigating other threats such as invasive
species, habitat fragmentation and pollution. Policy-makers and
planners should therefore optimize management actions as well
as protected area placement in areas where biodiversity and
endangered species are most at risk.
We considered future habitat loss only through the expansion
of agricultural land because other land-cover conversions were
not available as global maps (Bartholomé and Belward, 2005). In
addition, the focus of this study was on the interaction between climate change and land-cover change, so we did not consider the
interacting effects of other stressors (Crain et al., 2008) (e.g. hunting, poaching, illegal wildlife trading), or those between interacting
species (Bascompte et al., 2006) (e.g. competition, predation, parasitism, food chains). The next challenge will be to apply the Risk
model to a broader range of stressors, taxa, and global land-cover
changes. The global meta-analysis that we used to calculate

Vulnerability was based on a diversity of response variables, including species density (n = 266), species richness (n = 36), probability
of occurrence (n = 13) and species diversity (n = 6) (MantykaPringle et al., 2012). Ideally we would have used a model based
solely on species richness to match that of the exposure indicator
(global richness of birds and mammals). Nevertheless, our model
only requires information on the probability that each species is
affected by habitat loss, not an effect on species richness, and this
is represented by the expected probability of an impact on each
species. As with any predictive model, we assume that the present
relationship holds when extrapolated to future conditions outside
the period for which the model was ﬁtted. We also assumed that
all species in a given location would be equally inﬂuenced by or
have the same ability to adapt to land-cover change or climate
change (Hof et al., 2011) (e.g. through dispersal, behaviour, physiology) in determining impacts on biodiversity. However, the aim of
this study was to examine the extent to which interactions inﬂuence impacts and conservation priorities across species, rather
than saying something deﬁnitive about absolute impacts on individual species. Finally, we found highest uncertainty in areas of
high habitat loss (East and South Africa, Central America, South
Asia), but lowest uncertainty in the world’s tropical forests
(Amazon, Congo, Borneo). More research is therefore needed in
understanding the mechanistic drivers of interactions considered
here that can inform the prioritization of multiple conservation
actions. Future studies should also incorporate the impacts of
extreme events in the ‘Vulnerability model’ and determine which
species will be adversely affected, so that managers can plan for
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recovery or reduce the threat to threatened species (Ameca y
Juárez et al., 2014).
Taking a predictive approach based on an interaction effect that
was empirically derived is a major advance. Our results highlight
the need for more global biodiversity response studies to consider
climate change interactions if we are to develop and improve conservation policies and strategies. Should such predictions continue
to be reﬁned then there is every prospect that they can form the
basis of management decisions. For instance, funding schemes promoted by the United Nations Framework Convention on Climate
Change (UNFCCC) such as REDD + (reducing carbon emissions by
decreasing deforestation and forest degradation) may need to be
biased towards areas that are most negatively impacted by the
interaction between climate change and habitat loss. In these types
of problems, developing effective conservation strategies that are
explicit about interactions among stressors will be critical for conserving and maintaining biodiversity.
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