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Gaps and weaknesses in the global protected area
network for safeguarding at-risk species
Yiwen Zeng1†*, Rebecca A. Senior2†*, Christopher L. Crawford1, David S. Wilcove1,3*

Protected areas are essential to biodiversity conservation. Creating new parks can protect larger populations
andmore species, yet strengthening existing parks, particularly those vulnerable to harmful human activities, is
a critical but underappreciated step for safeguarding at-risk species. Here, we model the area of habitat that
terrestrial mammals, amphibians, and birds have within park networks and their vulnerability to current down-
grading, downsizing, or degazettement events and future land-use change. We find that roughly 70% of species
analyzed have scant representation in parks, or occur within parks that are affected by shifts in formal legal
protections or are vulnerable to increased human pressures. Our results also show that expanding and strength-
ening park networks across just 1% of the world’s land area could preserve irreplaceable habitats of 1191
species that are particularly vulnerable to extinction.
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INTRODUCTION
Human activities such as logging and agriculture continue to alter
the world’s natural environments and show few signs of abating (1).
As a result, an increasing number of species are likely to face extinc-
tion, with current assessments placing between 13 and 41% of ter-
restrial vertebrates at risk (amounting tomore than 7400 species) (2,
3). Despite setbacks in global commitments to biodiversity conser-
vation, there has been a growing recognition across private and
public sectors of the need to expand current conservation efforts
to stem the tide of species loss (4).

One of the most effective and widely implemented strategies to
conserve biodiversity is through the creation of protected areas
(often referred to as parks). By establishing boundaries and restrict-
ing most anthropogenic disturbances within key areas, whether
through legislative or other effective means, ecosystem processes
and connectivity can be maintained, redounding to the benefit of
species within them (5–8). Currently, ~17% of theworld’s terrestrial
area is recognized by the United Nations Environment Programme
(UNEP) and the International Union for Conservation of Nature
(IUCN) as having some form of protected status (5, 7, 9). This in-
cludes areas that are classified as protected areas as well as other ef-
fective area-based conservation measures, which can include lands
managed by indigenous groups or local communities (7, 10). This
achievement, while in line with the Aichi Biodiversity Target 11 for
2020, still leaves more than a thousand terrestrial vertebrate species
lacking protected area coverage (5, 7, 9). Promisingly, as awareness
of the need to expand conservation efforts continues to grow, more
countries such as the United States, China, and Germany, are com-
mitting to expand protected areas to 30% of terrestrial environ-
ments by 2030 (7, 11).

Yet, increasing the amount of nominally protected land is not
enough if those parks do not successfully exclude harmful human

activities (12, 13). Weaknesses in current protected area networks
can stem from insufficient enforcement, lack of political backing,
and suboptimal park placements, which limit their ability to
support species populations in the long term (13–16). Parks can
also become less effective at safeguarding species when they experi-
ence official downgrading, downsizing, or degazettement (often
termed PADDD), which occurs when a government decides to
roll back the legal protections governing a park, thereby diminish-
ing the degree or extent of protection afforded to it (17, 18). Such
decisions can stem from funding shortfalls and competing interests,
but importantly, they reflect a level of recognition among policy-
makers of increasing human activities in parks (or a desire and mo-
tivation to facilitate these activities) and a willingness to adjust legal
definitions to reflect existing or planned land uses (17, 18). These
legal changes can translate to the loss or degradation of habitats.
More than 278 million hectares of parks are known to have been
cumulatively subject to PADDD events as of 2021 (17–19).

With the inclusion of protected area targets within the
Kunming-Montreal Global Biodiversity Framework, many studies
have investigated and discussed the benefits of achieving expanded
targets for park coverage (7, 20, 21). Similarly, studies have also
identified gaps in park placement and their impact on population
viability (13, 15, 22). However, studies identifying species with hab-
itats that currently lack sufficient protection in parks or that are dis-
proportionately found in parks affected by PADDD are scarce, even
though such knowledge is essential to averting future extinction
events (23). Here, we identify species that (i) currently lack formal
protection in parks; (ii) are protected by parks that are vulnerable to
PADDD events; and (iii) are protected by parks that are projected to
experience to future land-use change. We also identify (iv) the
habitat locations of all the above types of species and the areas
that would benefit those species if parks were expanded or restored
or if management of existing parks were improved. Our objective is
to broaden the current (deserved) focus on global park expansion to
also include the strategic buttressing of existing protected areas (12).

Specifically, we focus on 4946 terrestrial vertebrate species that
are likely to benefit from efforts to expand and strengthen protected
areas. We define these as terrestrial mammals, amphibians, and
birds that both require natural ecosystems and have already
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experienced a degree of anthropogenic stress in these habitats (such
as habitat degradation or conversion; seeMaterials andMethods for
details). We determined the location and amount of suitable habitat
(also known as area of habitat) remaining for each species bymatch-
ing the habitat classifications, standards, and spatially explicit range
data in the IUCN database to an optimized 2015 map of habitat
types (3, 24, 25). We then further refined area of habitat maps
based on species’ recorded elevational ranges and elevation maps
(26). We also updated these area of habitat maps to 2019 by exclud-
ing anthropogenic land cover changes that occurred between 2015
and 2019 (27). We calculated the proportion of suitable habitat for
each species that is contained within parks, strictly focusing on
parks that are formally protected as documented in the World Da-
tabase on Protected Areas (9). We cross-referenced these parks with
a database of detected PADDD events (from PADDDtracker.org
Version 2.1) to identify those that are likely affected by human pres-
sures, differentiating between species affected by downgrading,
downsizing, or degazettement events, as well as the reversal of
PADDD events (17, 18). We then identified species that have yet
to be affected by detected PADDD events but may be vulnerable
to land-use change in the future because of their dependence on
parks that are predicted to experience future cropland and urban
expansion (28). Last, we mapped the suitable habitats of these iden-
tified species across 238 countries worldwide and assessed the con-
servation benefits of expanding, restoring, and reinforcing parks
within each country.

RESULTS AND DISCUSSION
Species that lack protection in parks
Overall, we find that 1463 species (30%) of the terrestrial mammals,
amphibians, and birds we assessed have less than 10% of their suit-
able habitat safeguarded by existing parks (Fig. 1 and table S1).
These species, which we hereby describe as lacking protection in
parks, consist of 329 mammals, 651 amphibians, and 483 birds
(Fig. 1 and table S1). Among them are 184 Critically Endangered
species, 391 Endangered species, 363 Vulnerable species, 296
Near-Threatened species, and 199 Least Concern species, according
to assessments by the IUCN Red List (Fig. 1 and table S1). Overall, a
substantially greater proportion of threatened species (i.e., classified
by the IUCN Red List as Critically Endangered, Endangered, or
Vulnerable) were found to be unrepresented in parks (Critically En-
dangered, 32%; Endangered, 31%; Vulnerable, 31%) compared to
species that are classified as Least Concern (23%) (table S1). This
link between threat status and lack of protected area coverage is es-
pecially pronounced when considering the area of habitat that each
species has remaining.

Specifically, we find that species excluded from parks and with
limited remaining habitat tend to be at greater risk of extinction
than species with larger amounts of remaining habitat (Fig. 1).
This likely stems from the fact that species lacking habitat protection
are particularly vulnerable to land-use changes (e.g., deforestation
and agricultural expansion) as well as stochastic events (e.g., wild-
fires and hurricanes) when insufficient habitat is present (29, 30).
We find that more than 80% of species with limited area of habitat
(i.e., <2000 km2 of suitable habitat remaining) that lack protected
area coverage (i.e., <10% of their habitat contained in parks) are
classified as threatened (table S1).

Broadly speaking, we find that the habitats of highly range-re-
stricted species tend to fall entirely within or outside parks as com-
pared to species with greater amounts of habitat (as shown in Fig. 1),
suggesting that increasing park coverage could benefit a larger
number of species with limited range sizes (23). Our analyses high-
light a transition from unimodal to bimodal patterns of percent
habitat protection as area of habitat decreases, wherein a larger
number of species is more likely to have an intermediate degree
of protected area coverage, with the number of species exhibiting
either very high or very low protected area coverage peaking at
smaller areas of habitat (Fig. 1) (31). This trend is especially pro-
nounced for species with less than 10 km2 of suitable habitat re-
maining, with 195 species in this category having less than 10% of
their habitats in parks and 121 species having more 90% of their
habitats in parks; in comparison, only 61 species had 10 to 90%
of their habitat in parks (table S1).

Expanding the global network of protected areas to ensure ade-
quate representation of small-ranged species that currently lack
habitat protection could greatly mitigate further threats from
land-use change for species that are already at high risk of extinction
(29, 30). Moreover, because these species are limited in terms of the
area of habitat, the total amount of land that would need to be pro-
tected to safeguard them is small in absolute terms. For instance,
protecting an additional 330 km2 of natural landscapes within In-
donesia would safeguard the suitable habitats of 53 species that cur-
rently lack protected area coverage and have limited area of habitat
(49 of which are threatened) (table S2). This is less than 0.02% of
Indonesia’s total land area and is well within the various commit-
ments Indonesia has made to expand conservation areas within its
borders (32).

Species occurring in parks with recorded PADDD events
Our findings indicate that 70% of the at-risk terrestrial mammals,
birds, and amphibians assessed have more than 10% of their habi-
tats protected, but inclusion within protected areas confers limited
benefits to species if those parks are poorly protected and managed.
Studies have identified continued habitat loss and degradation
within protected areas, albeit at a lower rate than in unprotected
areas (8, 33). Parks can lose formal protections through downgrad-
ing, downsizing, or degazettement (PADDD events) for many
reasons ranging from local land claims to infrastructure expansion
to mining. These PADDD events may not necessarily result in neg-
ative biodiversity impacts, as in the case of legal changes made to
enhance conservation efficiency of park networks (17, 18).
However, most PADDD events are associated with extractive activ-
ities (17, 18). This can lead to reductions in species’ habitat quality
or quantity, which is likely to affect a growing number of species,
especially considering the increasing number of PADDD events
since the 1960s (17–19, 34).

We find that 2308 species (47%) have at least 100 hectares of their
habitat falling within parks with documented PADDD events (Fig. 2
and table S1). Among these species, those with smaller areas of
habitat tend to be more dependent on parks with at least one
PADDD event recorded (Fig. 2). Concerningly, 182 species have
>50% of their available habitat falling within parks that have expe-
rienced PADDD events, and 87% of these species have limited areas
of habitat remaining (<2000 km2) inside or outside parks (table S1).

The negative trend between species’ areas of habitat and the pro-
portions of their habitats with recorded PADDD events is more
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pronounced for species that are at greater risk of extinction—as in-
dicated by an increasing magnitude of slope as threat level increases
(from Least Concern to Critically Endangered; Fig. 2). This could
stem from the fact that PADDD indicates a continued expansion
of human pressures that inform the classification of species as
threatened, especially those species with small area of habitat.

Downgrading, downsizing, and degazettement events could also
affect species to different degrees given the spatial distribution (and
clustering) of those events, as well as the extent to which these roll-
backs weaken, constrict, or remove formal legal protections (17, 18).
We find that 107 species are likely affected by a reduction in the
number (or magnitude) of legal restrictions afforded to parks in
downgrading events (Fig. 2). These 107 species have more than
half of their available habitats contained within parks with at least
one recorded downgrading event. In this same way, we find that 35
species are vulnerable to the reduction in spatial extent of parks
through downsizing events, and 5 species are at risk because of
the complete loss of protections arising from degazettement
events (Fig. 2). We also find that 40 species are likely affected by
more than one type of event and have more than half of their

available habitats within parks that have experienced a combination
of downgrading, downsizing, and degazettement events (Fig. 2).

Our data do not allow us to calculate the amount of species
habitat in parks that has been affected by PADDD events. This is
especially important for downsizing events because our data do
not distinguish which sections of protected areas were excised; in
contrast, degazettement and downgrading events are likely to
affect the entire park (17). While there is a link between PADDD
events and impacts to species habitats, shifts in legal protection
do not necessarily lead to population declines of species (17, 19,
34). Nonetheless, the fact remains that these species are highly de-
pendent on vulnerable parks. In other words, the parks they inhabit
are analogous to leaky arks. Patching these leaky arks would require
reversing the impacts of PADDD events through legal measures and
through habitat restoration (17).

Already, many enacted PADDD events have been reversed in
areas such as Colombia and Peru because of changes in national-
level laws (17). These reversals could mean a substantial reduction
in pressure for 102 species that are reliant on these leaky arks for
survival (i.e., species for which >50% of their available habitat
occurs within parks that experience reversals) (Fig. 2). That said,

Fig. 1. Relationship between the area of suitable habitat available to 4946 species of mammals, birds, and amphibians and the proportion of their habitat that
is safeguarded by parks. The relationship is depicted as mulitple hexbin plots (a representatoin of a three-dimensional histogram) that are (A) separated by taxa and (B)
separated by threat status according to the IUCN Red List. The greater intensity of color indicates a greater number of species that have a specific area of habitat and
protected area coverage.
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reversals do not guarantee a reduction in species impacts if they are
not coupled with restoration of the original habitats or ecological
processes (17).

Species protected by parks but especially vulnerable to
extinction
Looking ahead, limiting the number of species affected by leaky arks
by ensuring that parks are adequately protected will be critical to
preventing future extinctions (17). We find that 407 species (8%)
have not yet been affected by PADDD events (as documented by
our data sources) but are indeed reliant on parks, with more than
90% of their remaining habitat occurring within park boundaries
(table S1). Among these species, 104 would be extremely vulnerable
to future land-use change because they have <10 km2 of habitat re-
maining globally (table S1).

While many parks are likely to remain effective at excluding
harmful human activities, myriad factors could lead to increased
vulnerability in the future (17, 35). For instance, if we use well-
known modeled projections of future cropland and urban

expansion to identify which parks have a high risk of experiencing
future land-use change within their borders (see Materials and
Methods for more details), we find that 42 species are particularly
at risk over the next 30 years (table S1). These 42 species represent
terrestrial vertebrates that have <10 km2 of habitat remaining, of
which >90% occurs within parks predicted to be eroded by more
than 50% because of cropland and urban expansion under four sce-
narios of projected socioeconomic global changes (i.e., Shared So-
cioeconomic Pathways 1, 2, 3, and 5) (28). Most of these 42 species
are already threatened, with species such as Balebreviceps hillmani
(Bale Mountains tree frog) continuing to face extinction due to
ongoing habitat deterioration despite its supposed complete protec-
tion in national parks (3, 36). These results highlight the importance
of strengthening parks (e.g., restoring and reinforcing existing
parks) as global efforts toward protected area expansion gain trac-
tion (12, 17).

Fig. 2. A majority of the species assessed have habitats that occur in parks affected by PADDD events. (A) Relationship between the area of habitat available to
species (affected by PADDD) and the percent of area of habitat contained in parks affected by PADDD events and (B) the number of species that are vulnerable to PADDD
events (defined as having > 50% of available habitats in affected parks). Size of hexagon reflects the number of species associated with the area of habitat and parks
affected by PADDD events.
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Geography of arks: Where to create new parks, and restore
and reinforce existing parks
In summary, roughly 70% of the species we analyzed either have no
apparent representation in parks, occur in parks that have experi-
enced PADDD events, or would be especially vulnerable to extinc-
tion from future land-use change. Our identification of where these
species occur can aid conservation planning, particularly when
these species are at risk because they lack suitable habitat. We

map the distributions of a subset of species we consider to be espe-
cially in need of attention. These include: (i) 816 species that would
benefit greatly from the creation of new parks because they have
≤10% of their habitat currently within parks, and they are
habitat-limited, which we define as having <2000 km2 of habitat re-
maining; (ii) 163 species that would benefit from habitat restoration
and improved management within parks because they are habitat-
limited and have ≥50% of their habitat in parks affected by PADDD

Fig. 3. Geographic distribution of habitat-limited species (area of habitat < 2000 km2) that could benefit from reinforcing existing parks, restoring existing
parks, or creating new parks. (A) Species protected by parks but are vulnerable to future land-use change. (B) Species contained within parks with recorded PADDD
events. (C) Species that currently lack protection in parks. Colors within hexagons denotes the number of habitat-limited species within each location.
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events; and (iii) 212 species that are highly dependent on continued
park protection because they are habitat-limited and have ≥90% of
their habitat in parks, yet are predicted to lose ≥50% of their habitat
under all four scenarios of future cropland and urban expansion. In
all three cases, we apply a threshold of 2000 km2 to the area of
habitat. This matches the area of occupancy threshold used by
IUCN to classify a species as Vulnerable (provided that associated
subcriteria are also met) (3). Given that area of occupancy repre-
sents a subset of locations within a species’ area of habitat, species
with <2000 km2 of habitat remaining are likely to meet a key crite-
rion to be classified as threatened (3, 25).

We find that the greatest concentration of species that would
benefit from the creation of new parks occur in biodiversity hot
spots such as the Mesoamerican, Chocó-Darién, and West
African forests (Fig. 3). These areas represent a subset of the biodi-
versity hot spots identified by Myers et al. (37) (Fig. 3).

Our analysis suggests that restoration of habitats in protected
areas around the Tropical Andes, Eastern Afromontane, and
Indo-Burma region would benefit large numbers of species that
we have identified as being especially vulnerable to PADDD
events (Fig. 3) (17). Last, reinforcing management of parks and pre-
venting future cropland and urban expansion within their bound-
aries, for instance by ensuring continued funding and staffing,
would limit the risk to rare, park-dependent species in these same
regions as well as in Madagascar (Fig. 3) (4). However, these con-
servation interventionsmust be informed by the needs of local com-
munities as well (7, 38).

We find that the 816 species that are habitat-limited and current-
ly unrepresented in parks, occupy a total of 7.1 million hectares of
natural landscapes (measured as the total area of habitat across all
species) (Fig. 3 and table S2); the 163 species that are habitat-limited
and heavily dependent on parks vulnerable to PADDD events
occupy a total of 5.9 million hectares; and the 212 species that are

Fig. 4. Relationship between total area of habitat of species within a country that could benefit from strategic strengthening and expanding of park networks
in reference to the gross domestic product (GDP) per capita based on purchasing power parity (PPP). (A) Strengthening of existing parks includes both the res-
toration of parks affected by PADDD events and reinforcing of existing parks vulnerable to future cropland and urban expansion and (B) expanding park networks refers
to the creation of new protected areas. Size of each circle indicates the number of species within each country that could benefit from the conservation intervention, and
the outline of circles and country text color indicate the type of intervention. Circle interiors are colored by region.
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habitat-limited and highly dependent on habitats in parks that are
vulnerable to future land-use change occur across 3.6 million hect-
ares (Fig. 3 and table S2). In total, this represents 1191 species oc-
cupying <1% of global land area whose future extinction risk could
be greatly reduced by strategically creating new parks and strength-
ening existing ones (table S2). Such optimized placement of conser-
vation interventions would be spatially efficient and could reduce
costs and some of the other barriers to meeting global targets
(15). Our estimate, however, does not account for important on-
the-ground considerations such as impacts to local land rights
and economic conditions, as well as the potential for the creation
or restoration of parks in one location to raise pressures on parks
elsewhere (7, 39).

Our study uses data from World Database on Protected Areas,
which mainly features formally recognized protected areas (9). It
has a tendency to leave out community-managed lands, such as
the many that exist in Indonesia, Mexico, and Canada, that can
provide substantial safeguards to biodiversity apart from park des-
ignation (40–42). This dataset also has gaps that stem from discrep-
ancies between global databases and national-level inventories,
which might include areas that permit a degree of human use
while also providing suitable habitat to some species (7, 43). A
more inclusive consideration of what qualifies as protected areas
would likely lead to fewer species requiring conservation interven-
tions (7, 40, 41, 43). Conducting downscaled analyses that focus on a
single country or region would allow researchers to use more
diverse and inclusive datasets that account for such alternative con-
servation governance systems (41, 43). Nevertheless, our results
show that a relatively large number of at-risk species could benefit
from prioritizing conservation interventions over a small amount of
land. This focus remains key tominimizing trade-offs andmaximiz-
ing the limited funding available for the establishment and mainte-
nance of protected areas (4, 11, 38, 44).

We do not prescribe a minimum or maximum threshold of pro-
tected area coverage that is adequate for species survival, instead
using arbitrary thresholds of 10 and 90% of species’ habitats to
delimit species that would benefit greatly from expansion of parks
and from better protection of existing parks, respectively. However,
more conservative or relaxed thresholds can also be applied. For
example, applying a 5 and 95% threshold, respectively, would
have resulted in 704 species that would benefit from creating new
parks and 195 species that would benefit from reinforcing existing
parks; a 15 and 85% threshold would have resulted in 923 species
that would benefit from creating new parks and 286 species that
would benefit from reinforcing existing parks (tables S1 and S2
and fig. S1). Similarly, if we reduced the area of habitat threshold
for habitat-limited species to 500 km2, matching the area of occu-
pancy threshold used by IUCN to classify a species as Endangered,
we find that 617 habitat-limited species would benefit from creating
new parks, 125 habitat-limited species would benefit from restoring
existing parks, and 208 habitat-limited species would benefit from
reinforcing existing parks (tables S1 and S2) (3). Regardless of the
threshold used, we feel that a focus on these three groups of species
provides tangible, valuable guidance for targeting areas for protec-
tion, restoration, or reinforcement. Countries with the largest
number of species in these categories are largely located throughout
the tropics (Figs. 3 and 4). By aggregating priority species and sites
to their associated political borders (i.e., countries/territories), we
find that potential biodiversity conservation benefits are

concentrated in less affluent countries (Fig. 4). This is especially
pronounced if we consider the area required to achieve this
benefit and the global share that falls within individual countries.
For example, the expansion of parks in Peru, Philippines, and Mad-
agascar could safeguard an additional 60, 15, and 18 species from
our list, respectively, but doing so requires establishment of parks
covering up to 1.6, 0.6, and 0.3 million hectares (Fig. 4 and table
S2). This amounts to ~35% of the global total identified in our
study, falling within just three countries each of whose gross domes-
tic product per capita (purchasing power parity) does not exceed
$12,000. Similarly, 60% of the parks identified as urgently requiring
restoration fall within Colombia, Australia, and Peru, and 45% of
the parks requiring vigilance to prevent future species loss due to
land-use change fall within Madagascar, Venezuela, and Australia
(Fig. 4 and table S2). These results point to the tremendous conser-
vation burdens potentially being placed upon a small number of
countries with high levels of biodiversity, most of which likely
have limited financial resources to expand and strengthen their
network of protected areas (45, 46). This issue was a source of con-
tention at the 15th Conference of Parties to the UN Convention on
Biological Diversity, which led to a number of delegates from devel-
oping countries walking out of negotiations. To meet some of these
funding shortfalls, it has been suggested that richer nations should
redirect US$ 10 billion in aid per year to support biodiversity con-
servation in developing countries across the world (4, 11). Our
results highlight the need to divert a larger proportion of conserva-
tion funds and foreign assistance to the countries with the greatest
conservation burdens, particularly those less able to meet such re-
quirements domestically.

Besides these twin considerations of expanding and strengthen-
ing protected area networks, there are many other goals associated
with area-based conservation. For example, enhancing connectivity
between patches of protected areas is important to maintain resil-
ience to multiple threats, including climate change (47, 48). In ad-
dition, it has been argued that species with very small ranges should
have virtually all of their remaining habitat protected and that only
species that exceed >250,000 km2 should require as little as 10% of
their habitat to be safeguarded (23).

Ultimately, we find that while the global burden of establishing,
restoring, and reinforcing protected areas for the most at-risk
species tends to fall within a small number of less affluent countries,
the total area required to rapidly increase biodiversity conservation
benefits is, in absolute terms, relatively small. This highlights the
potential utility of a more nuanced understanding of where individ-
ual species’ habitats occur and the current conservation interven-
tions that exist for them. Given the urgent need to implement
conservation measures to conserve species and the need to
balance socioeconomic constraints, such an approach is vital to
finding a balanced solution to the global biodiversity crisis.

MATERIALS AND METHODS
Calculating available habitat of focal species
We createdmaps of the available suitable habitats for 4946 species of
terrestrial mammals, amphibians, and birds following Brooks et al.
(25). These species were selected from among the terrestrial
mammals, amphibians, and bird species assessed by the IUCN
Red List of Threatened Species (3) to reflect species that require
the maintenance of natural landscapes and conditions within
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their range to use it as habitat. Hence, we limited the species ana-
lyzed to those that (i) are unable to use anthropogenic habitats (i.e.,
artificial habitats or habitats dominated by introduced vegetation)
and (ii) have been recorded as having experienced anthropogenic
stresses to their habitat or ecosystem. These data were directly ob-
tained from the habitat classification scheme (Version 3.1) in the
IUCN Red List of Threatened Species and followed the Level 2
habitat classification (e.g. 1.5 Subtropical/tropical dry forest; 3.6
Subtropical/tropical moist shrubland) (3).

Using the Level 2 habitat classification allows us to match a
species quantified range to the areas of suitable habitats within its
range boundaries (3, 24, 49). The range boundaries (polygons) of
the 4946 species were obtained from IUCN (mammals and amphib-
ians) and BirdLife International (3, 49). These polygons, which we
limited to extant and native ranges, were then used to mask the 2015
map of Level 2 terrestrial habitat types characterized by Jung et al.
(24). In addition, we also limited a species’ area of habitat to its suit-
able elevational range, based on species’ elevational preferences
listed IUCN and a recent elevation map (3, 26). Last, we updated
the area of habitat of each species to 2019 by excluding any areas
that experienced an expansion of anthropogenic land cover (i.e.,
cropland and built-up areas) between 2015 and 2019 (27).

Protected area coverage and downgrading, downsizing, or
degazettement events
We assessed current protected area coverage based on spatially ex-
plicit data from the World Database of Protected Areas (9). This in-
cludes all areas recognized as protected areas (in all categories) as
well as other effective area-based conservation measures, according
to the standards of UNEP and IUCN, and represents the most com-
prehensive database of terrestrial protected areas available on a
global level (9). We cross-referenced these protected areas identities
to parks that have affected by downgrading, downsizing, or dega-
zettement events (often referred to as PADDD events) recorded
in PADDDtracker.org (Version 2.1) (50). Location and extents of
degazettement events were obtained from PADDDtracker.org
when degazettement led to removal from the protected area data-
base. Specifically, parks can be affected by a single downgrading,
downsizing, or degazettement events or multiple events (same or
combination of event types). Parks can also experience enacted
and proposed PADDD events, and some parks also experience
PADDD reversals (17). Using these two sources of data, we calcu-
lated the proportion of each species’ area of suitable habitat that
occurs (i) within protected areas and (ii) within protected areas pre-
viously affected by PADDD events. We further classify this into the
proportion of each species’ area of suitable habitat that occurs in
parks affected by (ii-a) downgrading, (ii-b) downsizing, or (ii-c) de-
gazettement events alone, or (ii-d) the combination of multiple
types of events, as well as (ii-e) parks that have experienced rever-
sals. This includes parks that experience multiple events within its
boundaries. To account for potential time lags, we also assume that
proposed PADDD events would carry the same degree of risk to
species vulnerability as enacted PADDD events and assess the com-
bined risk of both in this study.

Future expansion of human activities into protected areas
We estimated the potential for future human activities, namely,
cropland and urban expansion, to encroach into existing protected
areas by using data from the Land-Use Harmonization (LUH2)

project (28). Here, we focused on four specific shared socio-eco-
nomic pathways (SSPs) that reflect different scenarios of future
global socioeconomic development and the degree of associated
land-use change. Briefly, we considered the following: SSP1,
which represents a sustainability narrative, where there is a strong
degree of land-use change regulation; SSP2, which represents a
middle-of-the-road narrative, with a medium degree of land-use
change regulation; SSP3, regional-rivalry and rocky-road narrative,
with limited degree of land-use change regulation; and SSP5, fossil-
fueled development narrative, where there remains a medium level
of land-use change regulation (28). We used the summed total of
cropland and urban expansion predicted to occur by 2050 in each
1-km grid cell as an indicator the degree of increased human pres-
sures likely to be faced by protected area in those grid cells. This
allows us to estimate the relative increase in human pressures on
protected areas that would in turn threaten species that depend
on these protected areas for the maintenance of natural habitats.

Categorizing species based on risk
With these modeled results, we were able to calculate the following:
(i) the area of suitable habitat available to each species, (ii) the pro-
portion of species habitat currently contained within protected
areas, (iii) the proportion of species habitat currently in protected
areas affected by PADDD events collectively, and (iv) the propor-
tion of species habitat in protected areas that could be affected by
expanding human pressures in the future.

With the above information, we categorized species into three
groups. These were (i) species that currently lack protection in
parks, (ii) species protected by parks but affected by PADDD
events, and (iii) species protected by parks that are at risk of expe-
riencing future land use change. Species that have less habitat are
assessed to be at greater risk of extinction, and this provides us
with a means of identifying a subset of habitat-limited species
that will likely benefit from area-based conservation interventions.
We define habitat-limited species as those with <2000 km2 of total
area of habitat remaining (iv).

1) Species that currently lack protection in parks:We categorized
habitat-limited species with ≤10% of this habitat currently in pro-
tected areas that would benefit from the creation of new protect-
ed areas.

2) Species protected by parks, but affected by PADDD events:
We categorized habitat-limited species with ≥50% of habitat in
parks affected by PADDD events that would benefit from the resto-
ration of parks.

3) Species protected by parks that are at risk of experiencing
future land-use change: We categorized habitat-limited species
with ≥90% of their habitat in parks that are not currently affected
by PADDD yet are predicted to lose ≥50% of habitat in parks under
all four scenarios of future cropland and urban expansion that will
most benefit from the prevention of future human encroachments
into protected areas.

In addition, we conducted uncertainty analyses on the protected
area coverage and the habitat-limited species area thresholds. For
example, we find that more stringent protected area coverage
thresholds of 5 and 95% will result in a 14 and 17% decrease in
number of species that would benefit from the creation of new pro-
tected areas and the prevention of future human encroachments
into protected areas, respectively (fig. S1). In addition, defining
habitat-limited species with an area of habitat threshold of 500
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km2 would reduce the number of species benefiting from new parks
by 24%, the number of species benefiting from restored parks by
25% and the number of species benefiting from avoided future
human encroachments by 17% (fig. S1).

Mapping the benefits of conservation interventions
We modeled the number of species and area of habitats that would
benefit from each of the three conservation interventions across the
world. First, we aggregated the species richness maps to a 1° hexag-
onal grid for illustrative purposes. Next, we calculated the number
of species within the boundaries of 238 countries/territories and the
total (overlapping) area of habitat of all these species within each
country. We then assessed the relationship between a country’s af-
fluence or economic output, measured by gross domestic product
per capita (in purchasing power parity) (51), and the total area of
habitat of occupied by the species within each country that (i) cur-
rently lack protection in parks; (ii) are protected by parks but affect-
ed by PADDD events; (iii) are protected by parks but prone to
extinction.

All raster resolutions were formed at 1-km resolution following
the native resolution of Jung et al. (24). Coarser resolutions (i.e.,
LUH2 maps) were resampled to a 1-km resolution. All analyses
was performed in R version 3.6.0 (52), using the package “terra”
for processing and calculations of raster layers (53), “sf” for shape-
files (54), and “fasterize” for the rasterization algorithm (55). Map
visualizations were formed in QGIS (56).

Supplementary Materials
This PDF file includes:
Fig. S1
Legends for tables S1 and S2

Other Supplementary Material for this
manuscript includes the following:
Tables S1 and S2
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