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Global scale assessment of the human-induced
extinction crisis of terrestrial carnivores

Erik Joaquin Torres-Romero"**, Timothy M. Eppley>*, William J. Ripple>®,
Thomas M. Newsome’, Miha Krofel®, Neil H. Carter’, Andrés Ordiz'’, Tadeu G. de Oliveira'’,
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Human impacts on carnivores are a persistent conservation challenge worldwide. We present a global analysis
showing the overlap of conservation lands and the cumulative impact of humans on the distribution ranges of
257 terrestrial carnivore species. Our findings reveal that 64% of carnivore ranges overlap with areas characterized
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by high human pressures. We found that Indigenous peoples’ lands emerge as crucial for carnivore population
viability, potentially safeguarding 26% of carnivore ranges globally, while protected and wilderness areas cover
roughly 10 and 16% of carnivore ranges, respectively. These three areas combined cover 35% of the global range
of carnivores. Reducing human pressure on conservation lands and managing them to protect carnivores are
therefore critical, yet challenging. The extent of carnivore ranges outside these areas underscores the necessity to
expand the network of conservation lands, which are a pivotal component of global conservation planning,

alongside broader proactive species-specific conservation measures.

INTRODUCTION
Human impact threatens wildlife populations and is hastening the
extirpation of numerous species (I, 2). The gravity of this biodiver-
sity crisis is underscored by alarming statistics, with extinction rates
currently estimated to be 100 to 1000 times higher than Holocene
background rates, a trajectory that may persist into the future (3, 4).
To illustrate the global challenge, among the 5400 vertebrate genera
(excluding teleost fishes) comprising 34,600 known species, 73 gen-
era (1.4%) have become extinct since 1500 CE, while it would have
presumably taken approximately 18,000 years in the absence of hu-
man beings (5). The loss of wildlife is propelling us toward a critical
juncture in the coexistence of human development and the preser-
vation of ecosystem services provided by biodiversity (2, 6, 7).
Mammals currently grapple with a severe extinction crisis, with
approximately a quarter of existing species at risk of extinction (8).
Within this imperiled cohort, carnivore species stand out as one of
the most diverse and widely distributed mammalian orders, inhabit-
ing every continent and habitat type (9, 10). The order Carnivora
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presents an exceptional range of body sizes, from the least weasel
(Mustela nivalis) weighing around 50 g to the male polar bear (Ursus
maritimus) tipping the scales at >300 kg of body mass (11, 12). These
species play a pivotal role in shaping the structure and function of
diverse ecosystems, often carrying local cultural significance (12-
15). However, this taxonomic group is particularly vulnerable to ex-
tinction, facing diverse threats from human activities [e.g., (16, 17)],
such as habitat loss due to deforestation and agricultural expansion
[e.g., (18)], pressure from invasive and exotic species [e.g., (19)], and
direct mortality resulting from legal hunting, poaching, trade, and
retaliation arising from conflicts over domestic livestock (20-22). Es-
pecially vulnerable are the large carnivores (body mass > 15 kg) due
to their large spatial requirements, increased sensitivity to human
presence, disproportionally higher levels of human-caused mortali-
ty, and lower adaptability to such mortality linked with their apex
trophic position during evolution (12, 15, 23).

Looking forward, the capacity of most carnivores to persist
seems to be critically reduced by projections of increasing anthro-
pogenic pressures on natural habitats, including the ongoing reduc-
tion of conservation lands worldwide (14, 24-27). Conservation
lands, i.e., areas of land managed and preserved for the protection
and conservation of biodiversity, geological features, and cultural
heritage, play a pivotal role in sustaining life on Earth (28, 29). Yet,
as natural habitats undergo fragmentation and transformation into
human-modified landscapes, they become less suitable for carni-
vore population viability (25, 30, 31), as local populations diminish
into smaller and isolated units. This phenomenon also heightens
carnivore vulnerability to threats such as hunting, poaching, perse-
cution, vehicle collisions, and human-wildlife conflicts (29).

Efforts to address pervasive habitat loss and transformation in-
clude establishing conservation lands. For example, there are
~250,000 terrestrial protected areas (PAs) covering 22 million km?
(32), which are formally protected and designated for their natural,
ecological, and associated cultural values, as defined by the Interna-
tional Union for Conservation of Nature (IUCN). In addition to the
PAs, species protection is also bolstered by lands managed or owned
by Indigenous people, which constitute the majority of recognized
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terrestrial conservation lands, protected habitats, and ecologically
intact landscapes globally (33). Presently, Indigenous peoples’ lands
(IPLs) cover at least ~38 million km? in 87 countries or politically
distinct areas across all inhabited continents, representing more
than a quarter of the world’s land surface, and intersect with ~40%
of all terrestrial protected areas and ecologically intact landscapes
(33). Furthermore, approximately 30.1 million km?, equivalent to
23.2% of terrestrial areas worldwide, are currently classified as “wil-
derness areas or wildlands” [henceforth, wilderness areas (WAs)]
characterized by ecologically intact landscapes devoid of human
pressures, with the majority located in North America, North Asia,
North Africa, and the Australian continent (34). Although conser-
vation lands play a pivotal role in sustaining life on Earth, persistent
species loss suggests that these lands alone may be insufficient for
safeguarding mammals such as carnivores amidst increasing human
pressures (27, 29). Therefore, there is a pressing need to assess how
the geographic ranges of the world’s carnivores overlap with human
pressures and conservation lands to identify and address gaps in
spatial conservation planning. Currently, the extent of terrestrial
carnivore overlap with conservation lands and human pressures has
not been comprehensively assessed at a global scale, or has been lim-
ited to a small number of species (27, 35-38). This has hampered
our understanding of which terrestrial carnivore species or taxo-
nomic groups are most at risk of ongoing decline due to human
pressures, as well as which conservation lands are best positioned to
be managed for terrestrial carnivore protection.

We conducted a comprehensive global assessment to investigate
the overlap between IPLs (33), PAs (39), and WAs (34) within the dis-
tribution ranges of terrestrial carnivore species worldwide. We also
analyzed the combined extent of these three conservation land layers
(i.e., IPLs, PAs, and WA, hereafter referred to as “combined protected
areas”) within the distribution ranges of all extant terrestrial carnivore
species. This overlap may highlight areas of particular importance for
regional conservation and/or serve as larger core habitats for carni-
vore species. This assessment used data from the recently published
database on the distribution ranges of 257 terrestrial carnivore species
(40). In addition, we examined the composition of carnivore com-
munities under different intensities of anthropogenic pressure, i.e.,
from low (coolspots) to high (hotspots) intensity of human impacts,
by using the recently updated Human Footprint dataset (41). This
layer integrates eight distinct types of human pressures, making it the
most comprehensive and highest-resolution globally consistent data-
set of anthropogenic threats (41), and serves as a valuable tool for
monitoring environmental and biodiversity changes. This can offer
important insights into macroecological patterns to guide conserva-
tion efforts (42). Thus, the Human Footprint encompasses many of
the primary drivers of population decline and extinction risk within
the ranges of species that are particularly vulnerable to collapse when
their habitat is reduced or fragmented (14, 27, 37, 43).

MATERIALS AND METHODS

Species distribution data

We collected data on the geographical range of all extant carnivore species
from the IUCN Red List (http://iucnredlist.org, accessed June 2024),
encompassing 297 carnivore taxa (40). These species are classified into
16 families within the Carnivora order: Mustelidae (64 species), Fe-
lidae (39), Canidae (38), Herpestidae (35), Viverridae (33), Phocidae
(19), Otariidae (16), Procyonidae (14), Mephitidae (12), Eupleridae
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(10), Ursidae (8), Hyaenidae (4), Prionodontidae (2), Ailuridae
(1), Nandiniidae (1), and Odobenidae (1). Each species was catego-
rized based on the “Red List” classification system (if applicable): Not
Evaluated, Data Deficient (DD), Least Concern (LC), Near Threatened
(NT), Vulnerable (VU), Endangered (EN), Critically Endangered (CR),
Extinct in the Wild, and Extinct (EX) (40). Information on population
trends (i.e., declining, stable, increasing, or unknown) was also com-
piled from the IUCN (40). Our analyses excluded EX species and
the marine pinniped families of Phocidae, Otariidae, and Odobeni-
dae, resulting in a dataset relevant to 257 terrestrial carnivore taxa.

Global Human Footprint dataset

We acquired spatial data on human pressures from the recently up-
dated global human footprint maps by Mu et al. (41). This layer cap-
tures the annual dynamics of the global Human Footprint, using
eight variables to comprehensively cover various aspects of human
pressures on the natural environment at a 1-km? resolution world-
wide. These eight variables serve as proxies of diverse human pres-
sures on nature for the year 2018, the most recent year available, each
of them contributing insight from different aspects: (a) built environ-
ments, (b) human population density, (c) electric infrastructure, (d)
croplands, (e) pasture lands, (f) roads, (g) railways, and (h) navigable
waterways. Each footprint layer is scaled between 1 and 10 based on
its estimated impact on the environment, where these scores are ac-
cumulated in each pixel to provide a total score out of 50 (41). Con-
sequently, this layer currently stands as the most comprehensive global
human pressure dataset available, capturing the greatest number of
human modification indices, which may drive population decline in
species and explain extinction risk in biodiversity (44, 45).

Analyzing human pressure in species distributions
We overlaid the ranges of each species onto the Human Footprint
map for 2018, using an equal area World Mollweide projection in
ArcGIS 10.1 (46). This overlapping approach generated a dataset
where each species had an area of its range composed of individual
Human Footprint index values [ranging from low (coolspots) to
high (hotspots) pressures, as described below]. Therefore, following
Di Marco et al. (47) and Watson et al. (34), we established a thresh-
old criterion by setting the human footprint score > 4 to identify
areas under intense human pressure, whereas a threshold of <4
identified low human pressure across ecosystems and biodiversity
(25, 48, 49). A score > 4 implies a substantial intensity of human
activity in the ecosystems, rendering it no longer considered a natu-
ral environment (25, 34, 47). Recent analyses have reported that be-
yond this >4 threshold, animal species are critically threatened by
habitat loss or fragmentation and are at a high risk of extinction (49).
We also considered five disturbance levels to determine the vary-
ing degrees of threat to carnivore ranges, classified according to the
human footprint values (42). This classification method is as follows:
a “no human disturbance” area has a human footprint of 0; a “low
disturbance” area has a human footprint of 1 to 2; a “moderate dis-
turbance” area has a human footprint of 3 to 5; a “high disturbance”
area has a human footprint of 6 to 11; and a “very high disturbance”
area has a human footprint of 12 to 50 (42). Therefore, a higher level
of human footprint intensity indicates more intense human activi-
ties, implying that carnivore ranges will be more affected by human
activities; “low” signifies a low intensity of the human footprint,
where only negligible human activities can be observed. A region
with a moderate-intensity human footprint is often considered an
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area where more adaptable carnivores can thrive within human-
modified landscapes (14, 27). The human footprint at this level
mostly includes scattered rural settlements, pastures, cultivated land,
and a moderate density of transportation facilities.

Analyzing conservation lands overlap with

species distributions

The importance of PAs, IPLs, and WAs as a potential refuge habitat
was evaluated. These three types of conservation lands have been
considered of crucial importance in safeguarding biodiversity and
maintaining natural ecological and biological processes within a
landscape as they may contribute to defining biodiversity-related
patterns and processes, such as preventing species population de-
clines and the overarching extinction crisis (14, 27, 33, 36, 38, 43).
The three major spatial layers considered were as follows:

1) PAs: These are lands formally protected and designated for their
natural, ecological, and associated cultural values, as defined by the
TUCN (39). We included all 10 distinct PA categories (39): ITa—Strict
Nature Reserve: Areas strictly designated to protect biodiversity and
ecosystems, often with minimal human intervention, primarily for
scientific research and monitoring; Ib—Wilderness Area: Areas that
are mostly unmodified by human activity, aiming to protect their
long-term ecological integrity and maintain their natural condition.
They allow for low-impact recreation: II—National Park: Areas that
prioritize conservation while allowing for substantial human recre-
ation, such as tourism, provided it does not compromise ecological
values; III—Natural Monument or Feature: Areas focused on protect-
ing specific natural features or monuments, which may be land-
forms, sea mounts, geological features, or living features; IV—Habitat/
Species Management Area: Areas where active management is required
to protect particular species or habitats, often involving direct inter-
vention or habitat manipulation; V—Protected Landscape/Seascape:
Areas where the interaction between people and nature has shaped
the landscape or seascape, emphasizing the integration of sustainable
human practices to maintain the area’s character and ecological value;
VI—Protected Area with Sustainable Use of Natural Resources: Areas
that emphasize the sustainable use of natural resources while also
aiming to conserve ecosystems and habitats. Human activities are al-
lowed, provided they do not degrade the natural environment and,
last, Not Applicable, Not Reported, and Not Assigned: Categories
used when specific IUCN management objectives are not available or
defined for a particular protected area.

2) IPLs: This category includes terrestrial lands and spatial terri-
tories managed or owned by Indigenous nations or peoples. IPLs
constitute an important portion of recognized terrestrial conserva-
tion land, habitat protection, and ecologically intact landscapes
worldwide (33).

3) WAs: This layer identifies pristine areas where natural ecolog-
ical and biological processes operate with minimal anthropogenic
pressures and disturbances, such as large-scale landscape transfor-
mation, industrial activity, or infrastructure development (34). The
latter differs from the “Ib—Wilderness Area-IUCN” classification, as
“WAs” are based on recent human footprint data rather than formal
designations (34, 41). Each of these three conservation categories—
IPLs, PAs, and WAs—has specific guidelines and objectives tailored
to their level of protection and the type of human interaction allowed
within the area (33, 34, 39).

To assess the effectiveness of conservation lands in protecting spe-
cies, we calculated the spatial overlap between each carnivore species’
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distribution and each type of conservation land globally. All spatial
data were analyzed using a Mollweide equal area projection in ArcGIS
10.1 (46). Specifically, we used a one-way analysis of variance to test
for significant differences between the range sizes of species protected
(i.e., inside) and those not protected (i.e., outside) by each type of con-
servation lands (i.e., IPLs, PAs, and WAs), and also tested for both
human pressure categories [i.e., low (coolspots) to high (hotspots)].

RESULTS

Global hotspots and coolspots of human impacts on
carnivore species

Hotspots of human impact on threatened and near-threatened carni-
vore species reveal critical regions predominantly in Southeastern Asia,
the Sahel, portions of Eastern Africa, Northern India, and Southeastern
South America (Fig. 1A). Families such as Canidae, Eupleridae, Felidae,

Species
at low risk
0

NOOBWN =

Fig. 1. Characteristics and distribution of the global carnivore hotspots and
coolspots. (A) Global hotspots of high-risk human impact on threatened and near-
threatened carnivore species. (B) Global coolspots of low-risk human impact on
threatened and near-threatened carnivore species. Color ranges indicate the num-
ber of species in a grid cell affected by low to high human impacts on average range
size >40%. Maps use a 50 km-by-50 km grid and a Mollweide equal area projection.
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Herpestidae, Mustelidae, and Viverridae exhibited high vulnerability
to human impact, underscoring their varying range sizes and sensitivi-
ties to threatening processes, despite co-inhabiting the same locations
(Fig. 2). There is notable spatial heterogeneity in the intensity of threats
for these families, particularly among the Neotropical, Afrotropical, and
Indo-Malay regions (Fig. 2).

Coolspots, characterized by carnivore populations under lower
human pressure, are mostly narrowly distributed, often encompass-
ing areas with high topographic relief such as mountain ranges in
México (i.e., the Sierra Madre Oriental and Occidental), parts of
the Andes, the Amazon basin, parts of Eastern Africa, and parts
of southeast and central Asia, including the Tibetan plateau, the
Himalayas, and surrounding mountain ranges (referred to as High
Asia) (Fig. 1B). These regions stand out as globally dominant with
low human risk, with the Amazon rainforest emerging as the over-
whelmingly predominant global coolspot, despite its ongoing habitat

loss and fragmentation [e.g., (50)]. In addition, our findings high-
light that, depending on the different sensitivities of carnivore spe-
cies to human threats, coolspots for some species can also be risky
hotspots for others. An example of this situation is represented by the
Tibetan plateau, the Himalayas, Borneo, and Sumatra. These Asian
regions, even if characterized by high species richness, also repre-
sent risky hotspots for those species more sensitive to anthropogenic
threats. That is, while some carnivore species will be considerably
affected by human presence and activities in certain regions, other
sympatric species may be less affected.

Species distribution of carnivore species within global
conservation lands

We found that within the global carnivore range of approximately
1575 million km?, IPLs cover 26%, while PAs and WAs cover 10 and
16%, respectively. Overall, 35% of the global carnivore range overlaps

Canidae
at high risk

Mustelida

at high risk
' 0

.

S WN 2

Herpestidae
at high risk
I o

1
. >

Fig. 2. Distribution of the global carnivore hotspots by families. Global hotspots of human impacts for threatened and near-threatened species within families such
as Canidae, Eupleridae, Felidae, Herpestidae, Mustelidae, and Viverridae. Color ranges indicate the number of species in a grid cell affected by high human impact on total

range size. Maps use a 50 km-by-50 km grid and a Mollweide equal area projection.
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with a combination of all three conservation lands (i.e., combined
protected areas: IPLs, PAs, and WAs). We found that 77 species (30%
of all carnivores) had a minimal overlap (<20%) of their range situ-
ated on IPLs (Fig. 3A). We also found that 206 species (80%) exhib-
ited minimal overlap (<20%) within PAs, while 113 species (44%)
demonstrated minimal overlap (<20%) in WAs. Our findings also
indicate that only 16 species (6%) exhibit substantial overlap (i.e., 60
to 80%) within IPLs. Similarly, two species (1%) show this level of
overlap (i.e., 60 to 80%) with PAs, while four species (2%) overlap
(i.e., 60 to 80%) with WAs (Fig. 3A). For instance, the Bornean ferret
badger (Melogale everetti), classified as Endangered by the IUCN, is
the sole species that completely overlaps (100% range) with IPLs.
The Hose’s civet (Diplogale hosei), classified as VU, overlaps with

Our analysis also revealed distinct range overlap patterns among
the carnivore families. Specifically, the following families exhibited a
substantial overlap (20 to 40%) within IPLs: Canidae with 11 species
(31%), Felidae with 18 species (46%), Herpestidae with 16 species
(44%), and Mustelidae with 23 species (37%) (Fig. 3B). On the other
hand, we observed that most species have low overlap with PAs and
WAs. Specifically, Herpestidae (30 species, 86%), Mustelidae (53
species, 84%), Canidae (30 species, 83%), Felidae (30 species, 77%),
and Viverridae (28 species, 85%) each showed <20% of range over-
lap with PAs (Fig. 3C). As for WAs, Canidae with 17 species (47%),
Felidae with 24 species (62%), Herpestidae with 14 species (40%),
and Mustelidae with 31 species (49%) all exhibited <20% average
range overlap (Fig. 3D).

97% within IPLs; the Tonkin weasel (Mustela tonkinensis), classified

as DD, shares 95% overlap within IPLs; and the Borneo bay cat
(Catopuma badia), classified as Endangered, overlaps by 91% within
IPLs. Furthermore, Grandidier’s vontsira (Galidictis grandidieri),
also classified as Endangered, exhibits a 78% overlap within PAs. The
African wild dog (Lycaon pictus), also Endangered, shows a 62%
overlap within PAs. In addition, both the Tonkin weasel and the east-
ern mountain coati (Nasuella meridensis), also classified as Endan-
gered, share a 60% overlap within PAs (see Fig. 3A). Overall, our
results indicate significant differences (analysis of variance, P < 0.05)
in the distribution range sizes of carnivore species across the three
global conservation lands (IPLs, PAs, and WAs), depending on
whether the ranges were protected (inside) or nonprotected (out-
side). Specifically, species exhibited a larger proportion of their geo-

graphical ranges outside of conservation lands.

Distribution of carnivore species from low to high

human pressures

We found that 64% of carnivore species are associated with regions
experiencing high human pressure, while 36% exhibit range over-
laps with areas characterized by low human pressure (Fig. 4A). Ac-
cording to the classification of the IUCN Red List, both threatened
(i.e., VU, Endangered, and CR) and nonthreatened (i.e., LC and NT)
species have a similar proportion of their distribution ranges ex-
posed to high human pressure (Fig. 4B). All carnivore families clas-
sified as threatened or near-threatened, such as Canidae, Eupleridae,
Felidae, Mustelidae, and Viverridae, are exposed to elevated anthro-
pogenic pressures, which are particularly intense for these groups
(Fig. 4C). When categorizing the carnivore species by their popula-
tion trend (i.e., unknown, increasing, stable, and decreasing), all
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Fig. 3. Overview of range overlaps between conservation lands and carnivore species. (A) Overlap percentages between carnivore species distribution ranges and
each of the three categories of conservation lands: IPLs, PAs, and WAs. Overlap percentages between carnivore species families within (B) IPLs, (C) PAs, and (D) WAs.
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Fig. 4. Overview of range overlaps between human pressures and carnivore species. (A) The percent area of worldwide carnivore species distribution ranges that
overlap with low to high human footprint, as well as the percentage of species whose range overlaps with their IUCN conservation category and their IUCN population
trend. (B) Percent of carnivore species, grouped following their IUCN conservation categories (DD = Data Deficient, LC = Least Concern, NT = Near Threatened,
VU = Vulnerable, EN = Endangered, and CR = Critically Endangered), whose ranges overlap with different percentages of human impact. (C) Percent of carnivore species
families ranges overlap with different percentages of human impact. (D) Percent of carnivore species, grouped following their IUCN population trend (Unknown, Increas-
ing, Stable, and Decreasing) whose ranges overlap with different percentages of human impact. Source of IUCN data IUCN Red List (https://iucnredlist.org/).

categories have relatively similar overlap with areas characterized by
partial to complete high human pressure. The highest risk is associ-
ated with populations categorized as decreasing, followed by popu-
lations showing stable, unknown, and increasing trends (Fig. 4D).
Opverall, our analysis at a global scale showed significant differences
(analysis of variance, P < 0.05) in the geographic range sizes be-
tween low-impact (coolspots) and high-impact (hotspots) areas.
Specifically, carnivore species inhabiting high-impact lands exhib-
ited a larger proportion of overlap in their geographical ranges com-
pared to those in low-impact areas.

Last, when considering the five disturbance levels of human foot-
print, our results reveal consistent patterns among carnivore species
globally, as well as those grouped according to their IUCN popula-
tion trend and IUCN conservation categories (DD, LC, NT, VU, EN,
and CR), and grouped by families (Fig. 5, A to D). Specifically, the
cumulative distribution of human footprint values within species’
geographic ranges indicates that beyond the threshold of human
footprint of >4, terrestrial carnivore species tend to have a wider
range and are considerably more vulnerable, thus increasing the risk
of extinction (Fig. 5, A to D).

Geographical distribution of conservation lands worldwide

Our results indicate that global conservation lands (i.e., IPLs, PAs,
and WAs, collectively referred to as combined protected areas) cover
approximately 60 million km?. Of this, approximately 38 million
km? corresponds to IPLs, 16 million km? to PAs, and 30 million km?
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to WAs. The East Palearctic and Nearctic regions contain the largest
conservation land areas, each covering approximately 12 million
km? (including IPLs, PAs, and WAs), followed by the Afrotropic and
West Palearctic regions, with approximately 11 and 8 million km?,
respectively. The Neotropic and Australasia regions have similar
coverage, with about 7.5 and 6 million km? while the Indo-Malay
region accounts for only 3 million km? (see Table 1 and Fig. 6). In
contrast, we found that the overlap between PAs and WAs is mini-
mal in the Indo-Malay region, covering only 0.2% of the area, while
the highest overlap occurs in the Neotropic region at 7%. A similar
pattern was observed for PAs and IPLs, with only 0.4% overlap in
the Afrotropic and Nearctic regions, whereas the Neotropic region
has 8.5% of its area shared between these conservation land types.
The highest percentage of overlap between WAs and IPLs was found
in the East Palearctic (27.5%) and Australasia (17%) regions (see
Table 1 and Fig. 6).

DISCUSSION

Our findings provide a comprehensive global-scale assessment of
the worldwide spatial juxtaposition among terrestrial carnivores,
conservation areas, and anthropogenic pressures. This evaluation
holds particular significance given the precedence of vertebrate
studies emphasizing the pivotal role of conservation lands in biodi-
versity preservation (27, 35-37, 43, 48). Our findings provide valu-
able insights into landscape conservation planning for species with
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Fig. 5. Dispersal plot displaying the distribution range of global carnivore species across the human footprint gradient. (A) Cumulative extent of human footprint
values within 257 carnivore species ranges. (B) Carnivore species grouped according to their IUCN population trend (Unknown, Increasing, Stable, and Decreasing).
(C) Carnivore species grouped according to their IUCN conservation categories (DD = Data Deficient, LC = Least Concern, NT = Near Threatened, VU = Vulnerable,
EN = Endangered, and CR = Critically Endangered). (D) Carnivore species families whose ranges overlap with different intensities of human impact indices. The lines
represent the average change in the overlap between carnivore species ranges in million square kilometers and human footprint values. Please note that the dashed line
represents the threshold criterion by setting the human footprint score > 4 to identify areas under intense human pressure, whereas a threshold of <4 identifies low hu-
man pressure across carnivore ranges.

Table 1. Global estimates of conservation land area coverage and terrestrial lands. Estimated distributional coverage (in million square kilometers) for each
conservation land type, i.e., IPLs, PAs, and WAs, across biogeographical regions. Note: The intersection (N) represents the area shared between two conservation
land types (e.g., PAs N WAs). Percentages (%) indicate the proportion of each region covered by conservation lands and the extent of overlap. Values may be
approximate due to contested boundaries between conservation areas and terrestrial lands.

PAs, WAs, and
Regions Land PAs WAs IPLs PAs N WAs PAs N IPLs WAs N IPLs IPLs pooled
Afrotropic 25 3(12%) 3(12%) 8.5 (34%) 0.26 (1%) 0.1(0.4%) 17 (6.8%) 1.1 (44.4%)
Australasia 93 2(21.5% 2(21.5% 0.55(59%) 16 (17.2%) o
85 1011.7%) 0.1(1.1%) 025(29%) 007 (0.8%)
Nearctic 3 313%) 9.3 (404%) 0.1(04%) 115(6%) 1211 (526%)
Neotropic 20 43(215%) 3(15%) 17(85%) 129(64%) 75375%)
East Palearctic 204 149%) 73(357%) 0.16(0.7%) 56(274%  121(593%)
West Palearctic 00 266%) 44(146%) 4.8(15.9%) 1.18 (3.9%) 031(1%) 216(71%)  82(72%)

extensive spatial requirements as well as for carnivores with small
home ranges. This necessitates political and financial commitments
for ambitious conservation strategies spanning local, regional, and
continental scales, as well as connectivity strategies across the planet
(29,51, 52). Notably, areas designated as protected or with conserva-
tion status have proven instrumental for iconic species and other
large mammals (14, 27, 36, 51). Our study underscores the pivotal
role of these designated lands in global biodiversity conservation.
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IPLs, PAs, and WAs emerge as arguably the most critical compo-
nents of global conservation planning efforts, especially for carni-
vore populations and other vertebrates worldwide (37, 43, 53).
Conservation lands collectively cover crucial regions for safe-
guarding biodiversity worldwide (14, 34, 36, 54). The significance of
protected habitats in buffering animal populations against anthro-
pogenic pressures is well documented, providing essential resources
such as food, suitable resting/sleeping locations, and breeding
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Fig. 6. Global biogeographical regions (BR) overlap with human footprint distributions, IPLs, PAs, and WAs. (A) Map showing the distribution of human disturbance
levels worldwide, where levels are categorized as follows: (1) no human disturbance, (2) low human disturbance, (3) moderate human disturbance, (4) high human distur-
bance, and (5) very high human disturbance, according to Venter et al. (42). (B) Map of the distribution of human disturbance levels alongside IPLs. (C) Map of the distribu-
tion of human disturbance levels in relation to PAs. (D) Map of the distribution of human disturbance levels along with WAs. For this spatial analysis, PAs were not divided
into their different categories; instead, all categories from | to VI, as well as those marked as not applicable, not assigned, or not reported, were considered as a single
group. Note that the resolution may be approximate due to contested boundaries between IPLs, PAs, and WAs. The abbreviations for biogeographical regions are as fol-
lows: Afrotropical (AT), Australasian (AU), Nearctic (NA), Neotropical (NT), Indo-Malayan (IM), West Palearctic (WP), and East Palearctic (EP).

opportunities (35, 36, 38, 43, 48). For instance, global primate spe-
cies research, distributed across 91 countries primarily in the Neo-
tropic, Afrotropic, and Indo-Malayan realms, revealed that IPLs
contribute to 30% of the primate range, hosting 71% of primate spe-
cies (36). Similarly, O’Bryan et al. (35) emphasized the substantial
impact of IPLs on terrestrial mammals, reporting that 473 (47%)
threatened species occurred on IPLs, with 26% having more than
50% of their habitat on these lands. Consistent with these findings,
Torres-Romero et al. (38) highlighted the critical role of PAs and
IPLs, constituting 30% of essential landscapes for jaguars (Panthera
onca) across their range.

Our results reveal that IPLs (26%), PAs (10%), and WAs (16%)
cover equal to or less than a quarter of the potential habitats of the
world’s carnivores. Despite this, all three types of conservation land
collectively account for 35% of carnivore ranges, playing a vital role in
maintaining relatively intact landscapes for these species. However, in
recent decades, anthropogenic pressure on global conservation lands
and otherwise intact forest habitats has accelerated (18, 25, 55). The
year 2019, for instance, witnessed devastating bushfires, affecting ap-
proximately 308,048 km? of the Amazon Basin, nearly 70% more than
the previous year and affecting large portions of Brazil, Venezuela,
Bolivia, and Colombia (56). Likewise, the 2019/2020 megafires in
Australia burnt approximately 97,000 km” of vegetation across southern
and eastern Australia, of which a large proportion was forests and
woodlands (28). This is in addition to heightened pressures linked to
both local and global economic demands, driving the expansion of
agricultural and livestock activities, also inside PAs, and leading to
deforestation and substantial biodiversity loss (57-60). Global forest
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loss is attributed mostly to deforestation through permanent land use
change for commodity production, followed by forestry and shifting
agriculture (61). There is an urgent need for comprehensive conserva-
tion strategies to address the escalating threat of the ongoing mass
extinction. Projections of population growth suggest that Asia will
remain one of the most densely populated continents until the mid-
21st century, with African countries surpassing Asian populations by
the end of the century (62). The adverse impacts of human population
growth are magnified by concurrent infrastructure development, es-
pecially the expansion of roadways and the subsequent increase in
traffic volume, which can result in both direct mortality and limit spe-
cies movement (63, 64). This demographic shift accentuates the in-
creasing significance of understanding and mitigating human impacts
on carnivore species, particularly those with small and restricted
ranges or population sizes <1000 individuals, which are inherently
more vulnerable and facing imminent extinction (65).

While our findings raise notable concerns, a glimmer of hope
remains [see (66)]. The threats identified are not insurmountable,
and the potential for mitigation exists through in situ conservation
actions [e.g., (67-69)]. Addressing these challenges mandates the
expansion of conservation lands, emphasizing the urgent need for a
decree to allocate additional territories for conservation purposes
(70), alongside supporting the mainstream adoption of area-based
conservation to achieve the 30 X 30 target of conserving at least 30%
of Earth’s surface by 2030, thereby helping to mitigate the unprece-
dented rate of biodiversity loss threatening ecosystem function and
the vital contributions of nature to human life (7I). Furthermore,
recognizing and promoting effective management practices within
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diverse societies over their territories is pivotal (72). One promising
strategy involves advocating for the establishment of voluntary con-
servation areas, even within partially anthropized systems, as dem-
onstrated by designated conservation areas in México (73). In light
of these considerations, comprehensive continental, regional, and
local carnivore conservation planning becomes essential. This plan-
ning should integrate the diverse human biomes used by these spe-
cies to facilitate dispersal and connectivity between protected and
nonprotected areas to sustain the permanent presence of carnivores
within the human-modified matrix (27, 38, 50, 74).

Focusing conservation efforts on the identified hotspots and
coolspots of human pressure can lead to a tailored approach toward
conserving areas with exceptionally high threatened carnivore spe-
cies richness characterized by species-specific threats. Proactively se-
curing coolspots as refugia and preventing initial human impacts in
these areas can considerably enhance conservation outcomes (75, 76).
This strategic approach not only may benefit the targeted species but
also could contribute to the overall long-term persistence of many
other animal and plant species—an imperative need in the face of the
rapidly accelerating human-driven extinction crisis. Therefore, as we
navigate this era of heightened extinction risk, safeguarding areas free
from threatening processes, even those extensively transformed by
anthropogenic activities, and understanding interspecific interac-
tions hold substantial value for the persistence of carnivore popula-
tions in the 21st century. This is particularly true if coexistence
frameworks are adopted or implemented (26, 27, 72).

A crucial consideration in interpreting our findings is the lim-
itation inherent in the human footprint data because such data do
not encompass all direct pressures affecting biodiversity, such as
climate change, pollution, infectious diseases, overexploitation,
invasive species, hunting, trapping, and illegal killings (25). This
renders our assessment a conservative estimate of the true pres-
sure faced by carnivore species, implying that the actual impact
on many species may be more severe than depicted in our maps
(Figs. 1 and 2). Nevertheless, certain indirect pressures, including
overexploitation through hunting, poaching, pollution, human
disturbance, utility lines, and invasive species, are indirectly cap-
tured through proxies like human population density and acces-
sibility created by roads and navigable river networks within the
Human Footprint dataset (76-79).

While acknowledging the conservative nature of our results, it is
noteworthy that several carnivore species exhibit resilience within
anthropogenic landscapes, such as agricultural and managed forest-
ry lands, provided it does not detrimentally affect their prey popula-
tions or result in intense persecution of carnivores [e.g., (14, 24, 27)].
Large carnivore persistence in human-modified landscapes, such as
those that currently characterize Europe, illustrates that carnivores
may even thrive outside protected areas, but they may largely depend
on connectivity between areas with low human pressure and intact
wilderness zones (80). For example, brown bears (Ursus arctos) in
Norway rely on females traveling from wilderness areas in Sweden
(81), and the distribution of the Eurasian lynx (Lynx lynx) is closely
associated with protected areas in central Europe (82). Furthermore,
effectively preventing human-carnivore conflicts is crucial for the
persistence of large carnivores (83) and can support their recovery
even in human-modified landscapes (84). At a global scale, the abun-
dance and distribution of large carnivores are positively correlated
with the presence of protected areas (85), though their surroundings
often act as population sinks (86). This phenomenon is likely due to
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habitat degradation, disturbance, lower prey availability, or higher
poaching rates outside protected areas (82).

Conserving large carnivores within protected areas is not an easy
task (87). In northern Sweden, for instance, where the main prey of
large carnivores is semi-domestic reindeer (Rangifer tarandus) owned
by the Indigenous Sami community, illegal poaching of brown bears,
Eurasian lynx, and wolverines (Gulo gulo) was higher inside the na-
tional parks than in surrounding, unprotected areas (88). This case
illustrates that some PAs have diminished conservation value, even
becoming “paper parks” (53). Aside from large carnivores, a consid-
erable portion of the world’s threatened or NT carnivore species are
smaller bodied and often encounter distinct challenges. These chal-
lenges include negative top-down impacts of larger carnivores, which
can sometimes exceed carrying capacity, especially in smaller fenced
reserves (89).

Among the most threatened small carnivores are the Eupleridae
of Madagascar, which also represent one of the least studied carni-
vore families worldwide (14, 90). Euplerids exhibit the highest range
overlap between species ranges and protected areas among all carni-
vore families. However, management efforts to protect biodiversity
within PAs in Madagascar are highly variable, despite their critical
importance for effective long-term species conservation (91, 92).
Like most carnivores, euplerids are adversely affected by habitat deg-
radation and fragmentation, the presence of nonnative/exotic carni-
vores (e.g., feral dogs and cats), disease, hunting, and retaliatory
killings, even within PAs (93). Their populations have been observed
to decline rapidly as human encroachment drives the colonization of
exotic carnivores (94).

We observed variations in the exposure of carnivore ranges to dif-
ferent proportions of intense human-modified land-use types (Figs. 3
to 5). This aligns with a growing body of evidence suggesting that
some large carnivores strategically select sites with higher prey bio-
mass, potentially intensifying human-carnivore conflicts due to dep-
redations on livestock and pets, especially in the absence of natural
prey and suitable habitat (95-97). It is important to recognize that
species residing in more human-modified habitats may experience
lower population density, smaller home ranges, altered reproductive
rates, and substantial behavioral changes compared to their counter-
parts in more natural habitats (12, 98). Furthermore, the illegal kill-
ing of large carnivores is a major issue both inside and outside of
protected areas, often stemming from inadequate law enforcement
(82, 88). Reducing human-caused mortality, which affects many large
carnivores globally (27, 86), is therefore an essential conservation
strategy. Effective law enforcement supports the expansion of large
carnivore conservation efforts even in areas with high human densi-
ties (99). Other strategies focus on spatial and/or temporal separation
of carnivores from humans and their property (e.g., livestock) to pre-
vent conflicts [see (100)]. Zoning areas for specific purposes can help
prevent conflicts and support conservation (101, 102), though this
approach may not always be feasible or affordable (103). In some ar-
eas, implementing livestock depredation compensation systems may
be a more effective conservation measure (104). Ultimately, the feasi-
bility and implementation of various actions must be tailored to dif-
ferent ecosystems, species, and social contexts (100).

Involving local human communities in the conservation and
management of carnivores is highly desirable. This seems particu-
larly relevant in IPLs, where a notable overlap with carnivore occur-
rences has been observed. In some areas, Indigenous communities
contribute to monitoring large carnivores. For instance, in Kenya,
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Maasai warriors assist in counting African lions (Panthera leo), help
prevent livestock depredation, and discourage local lion killings,
which benefits both lion conservation and community engagement
(105). Similarly, in Sweden, cooperation between scientists and
Sami reindeer herders has facilitated the assessment of the econom-
ic feasibility of various measures to prevent or compensate for carni-
vore depredation on reindeer (103). These examples demonstrate
that combining scientific approaches with Indigenous knowledge
can be effective for biodiversity conservation (106).

We acknowledge that other important factors, beyond the per-
centage of protected land, are crucial for the conservation of some
carnivore species [see (107, 108)]. These factors include the level of
land protection, habitat quality, its specific characteristics, the spe-
cies’ natural history traits (e.g., generalist or specialist), and inter-
specific intraguild relationships and their dynamics. Such factors
can meaningfully affect species occurrence, population size, and the
effectiveness of conservation efforts (90, 109-111). For example, the
savanna tiger cat (Leopardus tigrinus) exemplifies this issue. Its pop-
ulations are declining due to rapid habitat loss and fragmentation
from agricultural expansion within the core of its range, compound-
ed by disease transmission from domestic and feral carnivores. This
species consistently shows very low population densities, particu-
larly within protected areas, owing to the prevalent negative impacts
within these areas. Consequently, the species’ protection often ex-
tends beyond protected areas, into regions where wilderness areas
or wildlands no longer exist. Combined with its habitat-specific
needs and low autosomal heterozygosity, this places the species in a
highly vulnerable position (109, 111) and necessitates targeted con-
servation efforts.

For species affected by dominant interspecific predators, such as
the ocelot (Leopardus pardalis), a felid of the Neotropics that typically
does not attain viable populations inside protected areas, conserva-
tion efforts should largely focus on nonprotected areas (110, 112). Ef-
fective conservation of small- to medium-sized cats on nonprotected
private lands is therefore crucial. For example, the savanna tiger-cat’s
range is predominantly located in Brazil, with its core habitats situ-
ated within the rapidly diminishing savanna formations of the coun-
try’s agricultural frontier. Consequently, conservation planning for
this species requires specific planning. This includes public policy
that mandates landowners to designate 35% of each property as un-
touched, integrating these areas into protected land and wilderness
areas. Such measures would enhance connectivity among remaining
areas in both forested and nonforested environments. The implemen-
tation of Brazil's “Rural Environmental Registry” will be pivotal in
this endeavor (111).

Last, it is important to note that datasets such as the IUCN Red List,
PAs, IPLs, and WAs, along with human footprint data, are continually
evolving and being refined as additional information about species and
human impacts becomes available (32-34, 41-43, 113, 114). Further-
more, the data on IPLs in this study is known to not fully reflect the
most accurate information regarding Indigenous self-determination in
conservation (115). Addressing those inaccuracies in the data is im-
portant for future research on this topic. Enhancing the degree to
which Indigenous peoples exercise self-determination in conservation
can lead to more durable strategies for conserving carnivores and other
wildlife. Overall, empirical tests have generally demonstrated reason-
able concordance with some errors [e.g., (41, 113, 116)]. While unidi-
rectional errors could potentially introduce bias, specific reasons for
such bias have not been identified, nor have they been noted in the
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literature. Over the past several decades, IUCN data, along with global
anthropogenic and landscape data, have been instrumental in estab-
lishing conservation and sustainable development standards. The on-
going refinement and updating of ITUCN and other datasets will
therefore make this type of work even more powerful and impactful.

The global distribution patterns of carnivore species across con-
servation lands reveal varying proportions, with IPLs being custodi-
ans of 26% of their range, PAs accounting for 10%, and WAs
encompassing 16%, while these three types collectively safeguard 35%
of the world’s carnivore range. Although our results did not show a
clear connection between species’ conservation status and the pro-
portion of their ranges within these conservation lands, these lands
will play a pivotal role in the future global conservation of carnivore
species. For example, they may serve as sources for carnivores ex-
panding into less-protected areas (27, 80). Urgent and enhanced sup-
port for conservation lands is still imperative to sustain carnivore
populations, ensuring the persistence of habitats and species on a
global scale (14, 27, 72, 117). Current trends in the loss of natural
habitats pose a serious threat to these species, risking local, regional,
or even global extinction, particularly when conservation lands con-
tain only a small proportion of their protected populations (22, 33, 34).
Given the escalating human influence on the planet, time and space
are rapidly diminishing for carnivore species, necessitating prioritized
actions against intense human pressures. Our analyses suggest that
36% of global carnivore species overlap with areas characterized by
low human pressure, while 64% are linked to regions experiencing
high human pressure. Among these high-pressure regions, species
classified as threatened or near-threatened by the IUCN—particularly
within the families Canidae, Eupleridae, Felidae, Herpestidae, Mus-
telidae, and Viverridae—exhibit high vulnerability to human impact.
This vulnerability is largely determined by the proportion of their
habitat exposed to increasing human pressures, which elevates their
extinction risk worldwide. Our analytical framework enables the
mapping of diverse intensities of human impacts, presenting an origi-
nal approach for delineating various levels of human influence in con-
junction with conservation areas on species distributions at a global
scale. This conceptual advancement in cumulative pressure mapping
on world carnivore species can apply to any scale or taxa. Looking
forward, the long-term survival of more than half of Earth’s carnivore
diversity demands a coordinated approach that encompasses efforts
to protect biodiversity beyond conservation lands. An ambitious and
strategic program is essential for establishing and managing an ex-
panded protected-area system, enhancing the number and connectiv-
ity between protected and unprotected areas. Such initiatives should
aim to facilitate the movement of carnivore species while concurrent-
ly safeguarding other endangered species and enriching the function-
ing of extensive ecological communities or entire ecosystems, where
large carnivores can serve as apex predators, keystone species, and
connectivity umbrellas [e.g., (21, 27, 118)]. This integrated strategy is
crucial for securing the enduring existence of Earth’s diverse carni-
vore populations in the face of unprecedented human pressures.
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