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Abstract: Identifying protected areas most susceptible to climate change and deforestation represents
critical information for determining conservation investments. Development of effective landscape
interventions is required to ensure the preservation and protection of these areas essential to
ecosystem service provision, provide high biodiversity value, and serve a critical habitat connectivity
role. We identified vulnerable protected areas in the humid tropical forest biome using climate
metrics for 2050 and future deforestation risk for 2024 modeled from historical deforestation and
global drivers of deforestation. Results show distinct continental and regional patterns of combined
threats to protected areas. Eleven Mha (2%) of global humid tropical protected area was exposed to
the highest combined threats and should be prioritized for investments in landscape interventions
focused on adaptation to climate stressors. Global tropical protected area exposed to the lowest
deforestation risk but highest climate risks totaled 135 Mha (26%). Thirty-five percent of South
America’s protected area fell into this risk category and should be prioritized for increasing protected
area size and connectivity to facilitate species movement. Global humid tropical protected area
exposed to a combination of the lowest deforestation and lowest climate risks totaled 89 Mha (17%),
and were disproportionately located in Africa (34%) and Asia (17%), indicating opportunities for
low-risk conservation investments for improved connectivity to these potential climate refugia.
This type of biome-scale, protected area analysis, combining both climate change and deforestation
threats, is critical to informing policies and landscape interventions to maximize investments for
environmental conservation and increase ecosystem resilience to climate change.
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1. Introduction

Protected areas (PAs) represent a cornerstone strategy for preserving global biodiversity. PAs and
connective corridors have, to date, been established over approximately 15% of the global terrestrial
surface to provide refuge and to facilitate migrations and diversification of the gene pools among
secluded populations [1,2]. Protecting important ecosystems is also essential to preserve ecosystem
services and for climate change mitigation and adaptation strategies [3]. Furthermore, improving
habitat extent and connectivity, a barrier to species dispersal, is vital to improving the adaptive capacity
of species to climate change [4,5].

PAs have proven effective in reducing habitat destruction and deterring some illegal activities
including poaching, illegal logging, and cattle grazing [6]. However, the expansion and maintenance
of a robust protected area network that meets global conservation goals has been, and continues to
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be, challenging [1,7,8]. Chronic underfunding, shorter-term investments, lack of political support,
and limited local engagement contribute to the current trends of PA deterioration [9]. In addition,
there is an urgent need to assess the conservation outcomes of protected areas to design more effective
interventions and improve management of protected areas [10].

Climate change presents an additional challenge to the effectiveness of PAs because the global
protected area network accounts for the current distribution of species and habitats, not potential
future distributions. Static PAs may be ineffective when trying to protect biodiversity during a century
likely to be characterized by shifting species ranges, elevational migrations, and possibly extinctions
due to climate change [11–14]. Segurado et al. [15] estimated 6–11% of species will be pushed out
of reserved areas by mid 21st century. Loarie et al. [16] estimated only 8% of PAs have the climatic
heterogeneity required to accommodate species shifts in response to anticipated climate change over
the next 80 years.

A combination of restricted migration due to habitat reduction and fragmentation, and with the
projected rapid warming or drying are likely to render species more vulnerable than during previous
historical episodes of climate change [17,18]. Some projections of climate change impacts on species
estimate an average of 8–16% global extinction risk depending on the representative concentration
pathway [19]. Furthermore, two-thirds of Earth’s species are concentrated in the tropics, predominantly
in tropical forests [20] and these forests are under significant threat from agriculture conversion and
resource extraction. Only one quarter of the ~1990 extents of these humid tropical forests remain,
and they are reduced by an additional 5.5 million hectares each year [21]. While an estimated 23% of
tropical forests are under protection, deforestation continues to occur inside tropical PAs [22].

Solutions to protecting species from climate change are dependent on land use planning and
management; for example, protected area network expansion, protecting climate refugia, and
climate-change corridors [23–26]. Planning for PA expansion or corridors requires knowledge of both
climate risks and deforestation risks to strategically invest in effective land use planning for habitat
preservation or restoration. Researchers have employed a variety of modeling techniques to inform
the potential impacts of anthropogenic change on biodiversity [27]. Assessing biodiversity threats
from deforestation is based directly on observed data typically from satellite remote sensing [28–32].
Using observed rates of change with information on the driving forces of land cover change
allows for deforestation risk assessments or projections of future forest cover scenarios into the
near-future [33]. The biodiversity response to habitat change is well documented and the consequences
are severe. The uncertainty related to deforestation risk projections are tied to uncertainties in
changing geopolitical and socioeconomic factors that directly affect drivers of deforestation making
long-term forest cover projections (greater than 20 years) ineffective. Climate models are optimized
for longer-term future projections (50–100 years), however, projecting the impacts of climate change
on biodiversity is challenging given the uncertainties of how vulnerable or adaptable individual
species are to climate change [34,35]. Thus, many studies avoid specifying climate tolerance of species,
indirectly assessing climate change impacts on species by quantifying climate change on habitat or in
restricted habitats such as PAs [16,36–38].

In recent years, researchers have applied climate metrics applied to measure biodiversity
exposure to climate change risks [39]. For example, climate metrics measuring climate dissimilarity
(i.e., disappearing and novel climates) are global risk surfaces indicating areas of extreme climatic
regime shifts. Disappearing climates indicate areas where the late 20th century climate will cease to
exist and therefore species adapted to these climates will go extinct if unable to adapt to new climatic
conditions. These species cannot simply migrate to a new location because there are no future climate
regimes that meet their 20th century niche requirements [40]. Novel climates, similarly, are too different
from any 20th century climate to support the current species if the species are unable to adapt to the
new climate. Novel climates are particularly challenging for ecological forecasting because of the
uncertainty of species adaptability to these new climates that did not exist in the 20th century [39–42].
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Land use change and climate change are interlinked as human-induced forces disrupting
ecological processes and driving global change [43–45]. Yet to date, only a handful of studies have
addressed the combined impacts of future climate change and land cover change (e.g., [26,43,46,47]
despite the risk of extinction and negative economic and human well-being affects from these
stressors [18,48–50]. Evaluating the vulnerability of the protected area system to both climate change
and habitat loss is essential to inform the prioritization of conservation investments, adaptation and
mitigation strategies, and land use planning initiatives that aim to preserve biodiversity and promote
long-term resilience. These interventions are crucial towards achieving a range of international
initiatives and agreements including Reducing Emissions from Deforestation and Degradation
(REDD+), the Aichi biodiversity targets and the United Nations Sustainable Development Goals
(SDGs). In this study, we assessed the exposure of PAs in the humid tropical forest biome to both
deforestation risk derived from satellite monitoring and climate exposure metrics to compare how the
exposure of PAs varies among continents and regions to inform transboundary landscape management
solutions. Understanding the potential impacts of anthropogenic change on PAs is critical to informing
where and how to invest in biodiversity conservation.

2. Materials and Methods

2.1. Protected Areas

We used the World Database of Protected Areas (WDPA) [51] and selected PAs within the humid
tropical forest biome, based on the tropical/subtropical moist broadleaf forest class defined in the
Terrestrial Ecoregions of the World [52]. We defined forest as areas with greater than 10% tree cover in
2000 [30]. This threshold captures low-density dry forests, in addition to denser forests. PAs without
any forest cover meeting the definition were omitted from the analysis. We also omitted PAs located
outside the spatial extent of the climate data used in the analysis, as described below. This yielded
7672 remaining PAs of the 8161 total terrestrial PAs in the humid tropical forest biome.

2.2. Deforestation Risk

For exposure to anthropogenic land cover change, we used a potential deforestation risk layer
generated using historical deforestation (2000–2014) and a suite of potential deforestation drivers [53].
The historical deforestation was based-on 30-m global forest loss data from Hansen et al. [30] using
a forest definition of 10% tree cover [54] in 2000. The tree cover dataset, by definition, included
both natural and production forests. We used a set of potential drivers of deforestation (Table 1) as
explanatory variables to predict deforestation. First, we aggregated all deforestation and driver data to
1km due to the resolution of the majority of the deforestation driver datasets. Next, we tested these
variables for predicating deforestation and selected only variables with a significant relationship to
historical deforestation. We used a multi-layer perceptron model in TerrSet Land Change Modeler
software (https://clarklabs.org/terrset/) to generate a layer of future deforestation risk [33]. The layer
represented the modeled percent likelihood of potential deforestation, scaled from 0–1, by 2024.

Table 1. Driver variables used to generate potential deforestation risk.

Variable Source

Distance to railroads Vmap0 [55]
Distance to roads Vmap0 [55]
Distance to trails Vmap0 [55]

Distance to urban areas [56]
Elevation Global Multi-resolution Terrain Elevation Data [57]

Slope Derived from Elevation
Above Ground Biomass GeoCarbon [58]
Human Influence Index [59]

https://clarklabs.org/terrset/
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Table 1. Cont.

Variable Source

Crop suitability GLUES [60]
Irrigation area FAO [61]

Global Opportunity Cost [62]
Annual Precipitation Bioclim [63]

Annual Mean temperature Bioclim [63]
Protected Areas [51]

Ecoregion Biomes [52]

2.3. Climate Exposure

We analyzed the relative exposure to climate change using two climate metrics generated from
10-min, downscaled future climate projections. The two metrics were: (1) disappearing climate
risk and (2) novel climate risk [64]. We calculated both metrics for 2050 with a high emission
scenario, using the IPCC AR4 A2 scenario, similar to AR5 RCP8.5 [65]. The metrics represented
dissimilarity measurements of the squared Euclidean distance between seasonal (June–August and
December–February) temperature and precipitation variables in the 20th century climate and mid-
20th century climate [40,66]. The disappearing climate metric was a measure of dissimilarity between
a pixel’s late 20th century climate and its closest matching pixel in the global set of 21st-century
climates. The novel climate metric represented the dissimilarity between a pixel’s future climate and its
closest matching pixel in the global set of late 20th-century climates. We calculated mean disappearing
and mean novel climate metrics for each of the 7672 PAs. High disappearing risk for a PA indicated
that a PA’s current climate was very different from any climate that will exist anywhere globally in the
mid-21st century, therefore at risk for disappearing. High novel risk for a PA indicated that the future
climate was very different than any climates that existed in the 20th-century and therefore emerged as
new climates previously unknown in the 20th century.

2.4. Methods

We rescaled the disappearing and novel climate layers from 0 to 1 using the minimum for each
as the lower threshold and the 99th percentile as the upper threshold to remove outliers. We then
displayed the three outputs: deforestation risk, disappearing climate risk, and novel climate risk
as color display channels (red-green-blue). This allowed visual exploration of the spatial patterns
emerging over the global tropics when the three risk layers were combined. We analyzed the combined
risk by calculating the distribution of the mean deforestation risk, mean disappearing climate risk,
and mean novel climate risk for each PA using the original data values, not scaled from 0–1. The highest
risk PAs were considered the 75th percentile and the 25th percentile were considered the lowest risk
PAs (Table 2). We then identified PAs with the following combinations of risk: highest deforestation
risk and highest climate risk (either highest disappearing or highest novel); highest deforestation risk
and lowest climate risk; lowest deforestation risk and highest climate risk; and lowest deforestation
risk and lowest climate risk.

Table 2. Thresholds for humid tropical biome protected areas (Pas) with highest and lowest climate
and deforestation risks.

Risk Category Threshold Area (Mha) Percent of Total Area of PAs

Highest Deforestation Risk >0.41 29.0 6%
Lowest Deforestation Risk <0.07 312.5 61%

Highest Disappearing Climate Risk >2.00 62.3 12%
Lowest Disappearing Climate Risk <1.10 133.7 26%

Highest Novel Climate Risk >2.41 165.3 32%
Lowest Novel Climate Risk <1.18 74.9 15%
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3. Results & Discussion

3.1. Global Patterns

Our results indicated distinct patterns of relative risk for climate change and deforestation when
comparing the spatial variation of the combined threats of deforestation and climate risk for global
tropical forests (Figure 1). Areas exposed to the highest deforestation risk included the Atlantic Forests
in Brazil; the Yucatan peninsula in Mexico; northern Thailand, Laos, and Vietnam; Sumatra and coastal
Borneo; East Africa; and western Madagascar. The Brazilian Amazon had a very low deforestation risk
most likely driven by the reduction in deforestation in the Amazon in the latter half of the deforestation
time-period (2007–2014) [67,68]. Deforestation impacts PAs through reducing habitat for species of
concern, degrading ecosystem services, and decreasing the ecosystem resilience to climate change.
The highest risk deforestation areas that are also high-movement areas for species dispersal under
climate change should be prioritized for protection. Once such area indicated in our results was the
Atlantic Forest of Brazil due to the area’s past and projected future role for high levels of species
movements under climate change conditions [47].
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Figure 1. Global tropical forest risk combinations. This map shows the combined deforestation
and climate risks for all tropical forests with >10% forest cover in 2014. The data are displayed as
deforestation risk (red channel), disappearing climate risk (green channel), and novel climate risk
(blue channel), for (a) sub-Saharan Africa, (b) Madagascar, (c) Southeast Asia, (d) Asia-Pacific and
Australia, (e) North America, and (f) South America. Combinations of the gradient of values for all
three risks revealed spatially distinct patterns. Yellow indicates a combination of high deforestation,
high disappearing, and low novel climate risks; purple indicates a combination of high deforestation,
high novel climate, and low disappearing climate risks; and cyan is a combination of low deforestation
and high combined climate risks. Areas at high risk for both deforestation and climate change are
shown in white and areas with both low deforestation and climate change risks appear dark grey.
The global locator map depicts the humid tropical forest biome in dark gray.
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The climate exposure risks results revealed the highest risk areas for disappearing climates were in
higher altitude areas (e.g., Andes, eastern Sumatra, Papua New Guinea, central Mexico, and the eastern
forests in Madagascar). Novel climate risks were highest in lower elevation tropical areas (e.g., Amazon
basin; the Tabasco region in Mexico; southern Myanmar; the lowlands of Sumatra and New Guinea;
Liberia; Gabon; and the south-east coast of Madagascar). These findings were similar to other studies
that used climate dissimilarity measures [16,40]. Species in PAs exposed to the disappearing climate
risk in these higher elevation areas may be able to move up or down slope to find new habitat if habitat
remains intact. This will be challenging in areas with high deforestation risk (e.g., mountain forests in
Eastern Madagascar, Colombia Andes, and the highlands of Zambia and Angola; Figure 1). Another
challenge is species response to novel climate risk in vast lowland basins like the Amazon, where
despite conservation efforts to protect habitat and corridors, species migration may be outpaced by the
velocity of change [16]. Areas exposed to the highest risks of disappearing climate, novel climate, and
deforestation (e.g., southeast Amazon; southwest Cambodia; and Liberia and Coastal Cameroon) will
require intensified landscape interventions and planning for transboundary landscape connectivity.
Intensive measures beyond landscape management (e.g., assisted migration, rewilding, and ex-situ
conservation) [5] may be required in areas of highest climate risk and deforestation risk.

3.2. Protected Areas

The spatial distribution of humid tropical forest biome PAs in our analysis varied by continent,
although almost half of the PAs in the study were in Asia, when considering area of PAs, almost
three-quarters of the total area was located in South America (Table 3). Globally, 29 Mha (6%) of PAs
were exposed to a deforestation risk greater than 40% (the highest-risk threshold) (Figure 2). The low
proportion of PAs exposed to highest deforestation threat was expected because PAs historically have
lower deforestation rates than unprotected areas and PAs often are more remote and exposed to less
threats [9,69]. Further exploration with a lower threshold revealed that 132 Mha (26%) of PAs was
exposed to greater than 10% chance of deforestation. These results are more conservative than the
results of Jones et al. [70] indicating that 32.8% of global PAs are exposed to intense human pressure,
or “human footprint”. The human footprint score is not a measure of deforestation, but instead
pressure that may compromise ecosystem intactness and function. Our results suggested that in
most regions, PAs can continue to serve in their intended role as reserves for species threatened by
deforestation based on observed, historical deforestation rates and not solely proxy measures.

Table 3. Distribution of PAs across the humid tropical forest biome.

Continent Number of PAs Total Area (Mha) Percent of PA’s Percent by Area

Africa 1444 64.6 19% 13%
Asia 2079 70.8 27% 14%

Australia 370 4.4 5% 1%
North America 1290 26.2 17% 5%
South America 2489 347.0 32% 68%

Total 7672 513.0 100% 100%

The continent with the greatest total area of PA exposed to the highest deforestation risk was
South America, with a total of 8.8 Mha at risk. North America had the highest percent of area
under protection with high deforestation risk (27%) (Figure 2). In addition to the high biodiversity
value inherent in the PAs, these areas also represent high biomass value and ecosystem service
provision zones, thus investments will have the maximum impact on protecting threatened ecosystems
and mitigating climate change. Landscape interventions stemming from international policies
addressing climate mitigation such as REDD+ may be a viable option. REDD+ aims to reduce
deforestation and degradation by providing countries with a range of incentives and result-based
payments in exchange for emissions reductions. Many REDD+ investments focus on reducing
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forest dependency of local communities by providing alternative livelihoods to reduce deforestation
pressures [71]. Conservation investments that focus on improving livelihoods are important because
communities vulnerable to climate change rely more on forest products as a safety-net during times
of low agricultural production [72]. Other landscape interventions include improving management
effectiveness (i.e., “upgrading”) and increasing landscape connectivity (i.e., “upsize and interconnect”)
to enable species movement away from threats [9]. Restoring habitat is another intervention intended
to increase ecosystem resiliency to fire propagation [73]. Another key management tool is near
real-time monitoring of ecosystem threats utilizing community-based monitoring, remotely-sensed
data, or in-situ sensors. These systems enable PA managers with time-sensitive alerts on deforestation
threats of fires and illegal extractives to strategically patrol protected areas and enable rapid response
to prevent further ecosystem destruction (e.g., [74–77]).
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Figure 2. Distribution of PA risks. These two radar graphs show the area of PAs exposed to the highest
and lowest deforestation, disappearing climate, and novel climate risks. The figure shows (a) the total
area of PAs in Mha exposed to the highest and lowest risks by continent and (b) the percent area of PAs
per continent and humid tropics biome exposed to the highest and lowest risks.

When examining combined climate risks, 226 Mha (44%) were exposed to the highest risk of either
highest disappearing or highest novel risk; parsed into 62 Mha (12%) at highest risk of high disappearing
climates and 165 M ha (32%) at highest risk of novel climates. PAs at highest risk for disappearing climate
indicate areas where species may go extinct [40]. Forty-five percent of North America PA area was
exposed to the highest disappearing climate risk whereas 42% of South America PA area was exposed
to highest novel climate risk (Figure 2). Garcia et al. [39] and Williams et al. [40] both concluded that
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novel climates are more likely in the tropics and subtropics and our study indicated that the Amazon
basin may be a hotspot for novel climates. This may be because the area is already among the warmest
in the world, and also has relatively little seasonality and interannual climatic variability. Hence the
21st-century warming will quickly move the mean temperatures for this region beyond the background
range of interannual climates found here or anywhere else in the range of 20th-century climates [40,78].

Novel climates, while posing similar threats to species as disappearing climates, also cause greater
uncertainty for how species may reject or adapt to new climates [79]. While these two metrics of climate
exposure may indicate different biological conservation responses, landscape management responses
are similar as species in both highest-risk disappearing and novel areas may benefit from a reduction of
global emissions to mitigate climate change in addition to local forest conservation/climate adaptation
planning because intact, healthy ecosystems may increase species’ resilience to climate change [80].
Increasing landscape connectivity (upsize and interconnect) will assist species migrations to suitable
habitats. In addition to these practices applied to high deforestation risk areas, these PAs could benefit
from in-situ monitoring of species response to climate change [81]. Asia had a large proportion of PAs
with the lowest risks of disappearing climate (32%) and lowest novel climates (45%), and thus, may be
a suitable area for conservation investments increasing connectivity to allow species dispersal to these
climate refugia [23].

The intersection of PAs with the highest deforestation and highest combined climate risks revealed
11 Mha (2%) of the global tropical PAs with extreme exposure to the dual threats, and half of this area
was in South America (Figure 3a). The continent with the largest proportion of area affected was North
America (6%). These PAs should be immediately targeted for conservation investments. Although
traditional policies and mechanisms to reduce habitat loss may be effective, the additional climate
change risks to these PAs may require newly designed policy mechanisms and practices adapted to
unique climate stressors [5].

Sixteen Mha of global humid tropical PA was exposed to highest deforestation and lowest
combined climate risks. Forty percent of this area was in South America, but Africa accounted for
another 33% of the total area. (Figure 3b). These areas should be targeted for investments in traditional
landscape interventions to reduce deforestation and should be considered high priority sites for
lower-risk investments to upscale and interconnect ecosystems to promote species movement to these
potential climate refugia.

The area of global humid tropical PAs exposed to the lowest deforestation and highest combined
climate risks totaled 135 Mha (26%); an overwhelming 35% of this area was located in South America
(Figure 3c). Australia also reflected a high proportion of area in PAs with the lowest deforestation and
highest combined climate risk (22%). These PAs should be targeted for further ecosystem assessment
for climate change sensitivity. With decreased deforestation pressures, these PAs may be prioritized
for increasing the size or the connectivity of PAs to allow for migration of species sensitive to climate
change [47].

The area of global humid tropical forested PAs exposed to the combination of lowest deforestation
and lowest combined climate risk totaled 89 Mha (17%) and was mostly located in South America
(60%); however, it was proportionally highest in Africa (34%) and Asia (17%) (Figure 3d). These areas
may serve as low risk investments where management may be less costly and the areas may provide
climate refuge.
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Figure 3. PAs exposed to combined risks by continent. This quadrant of figures shows the distribution
of deforestation and combined climate risks by continent for: (a) highest deforestation and highest
combined climate risks; (b) highest deforestation and lowest combined climate risks; (c) lowest
deforestation and highest combined climate risks; and (d) lowest deforestation and lowest combined
climate risks. Combined climate risks included either novel or disappearing risk. The number in the
center of the pie charts indicates the total area affected of global humid tropical forest PAs. The number
next to each continent name in the pie chart indicates the combined deforestation and climate risk as
a percent of the total area of global humid tropical PAs affected. The bar charts show the proportion of
area of PAs per continent in each risk category.

3.3. Caveats

In this study, we did not indicate which PAs were at risk to biological diversity loss, rather
we compared the relative exposure of risk using climate metrics that represented “threats and
opportunities for biodiversity” under climate change [39]. The 25th and 75th percentiles indicated the
extremes of highest and lowest risks to PAs in the global set of humid tropical forested PAs. We also did
not assess the risk to biological diversity, as an individual species’ risk to climate change is determined
by its exposure, sensitivity and adaptive capacity based on historical information and some species
may be able to persist in a broader range of climate conditions than previously known [79]. We did
highlight areas exposed to the greatest threats of deforestation and climate change that require urgent
attention and we also indicated areas buffered from these combined threats, which may persist as
biological refuges into the future.
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4. Conclusions

This study focused on the impacts of climate change and forest change on PAs within the humid
tropical forest biome to inform PA investments. The effects of deforestation on biological diversity
in the humid tropics and elsewhere are widely documented and these threats can be managed by
identifying effective conservation and sustainable land management approaches.

Implementing policies to address climate change is less straightforward given the uncertainties
associated with efforts to mitigate future climate change and reduce deforestation loss; projections
of how species and ecosystems will adapt (or fail to adapt) to novel climates, and vulnerability of
ecosystems to disappearing climates. Therefore, it is essential when addressing climate change impacts
on biodiversity to address the immediate threat of habitat loss and improve and preserve ecosystem
resilience. For PAs at risk to both threats, a suite of investments should be implemented in the landscape
from improved management, upsizing and interconnecting PAs, habitat restoration, socio-economic
investments, capacity building, and adopting new technologies for improved monitoring.

The advantage of a biome-wide study is to both shift the focus of protected area management
from within a country’s boundary to the transboundary threats, and to guide international policies
and investments to consider the dual threats of both of climate change and land cover change.
The scale of this study can inform global investors where and how to maximize investments for
biodiversity conservation, climate mitigation, and preserving climate resilient ecosystems. Finer-scale
analyses based on regional and national-scale projections of deforestation are recommended to inform
investments for individual PAs. Considering the combined risks of PAs to both climate change and
habitat loss can be vital to for national-level spatial priority setting.
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