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Protected areas (PAs) are cornerstones of biodiversity conservation,
harbouring key mammal species such as apex predators that areimportant

in maintaining trophic cascades and contribute to ecosystemresilience.
However, whether PAs have preserved historical wildlife assemblages
remains poorly quantified, mainly due to alack of comparable data from
historical and current periods. Here we used comprehensive data from
historical investigations during the 1950s and 1970s, as well as current
surveys based on 8,300 camera traps between 2008 and 2021 across 85
PAsin China, to assess range contractions of 82 large- and medium-bodied
mammals. We found that carnivores disappeared from 59.4% of their
historical sites, arate much higher than that observed in ungulates (37.2%).
Moreover, while 52.9% of PAs retained more than 70% of their ungulate
species, over 70% of PAs lost over half of their carnivore species, with PAsin
southern Chinabeing range contraction hotspots, particularly for carnivore
species withlarger body sizes and shorter generation lengths. Our findings
reveal widespread range contraction of carnivores in China’s PAs compared
with historical periods, driven primarily by legacy effects of large-scale
anthropogenic disturbances and human-wildlife conflict, necessitating
initiatives to maintain and restore historical assemblages of carnivores
alongside habitat protection.

Species range contraction, the shrinkage of a species’ geographic
distribution over time, is a critical issue in the biodiversity crisis"”.
Range contractionis particularly severe for large-bodied species: many
large carnivore and herbivore species have lost over 90% and 80% of
their historical ranges*?, and more than 70% of large terrestrial mam-
mals have retreated from over 50% of their past range*. Consequently,
less than 21% of Earth’s land areas still support large mammal species
(>20 kg) that were historically present’, mainly in protected areas (PAs)°.
To achieve the Kunming-Montreal Global Biodiversity Framework’s
target of reducing the extinction risk of threatened species, it is criti-
cal to identify high-risk species and regions that require immediate
conservation efforts.

PAs are generally assumed to provide extensive natural habi-
tats with limited human disturbances for numerous threatened spe-
cies’. They play a key role in alleviating wildlife range contractions
and preserving historical species assemblages®®, both of which are
fundamental for maintaining community structure and ecosystem
function within PAs®. Unfortunately, many PAs are still suffering from
both historical and ongoing habitat degradation and overexploita-
tion®. Current PAs are insufficient to support the long-term survival
of half of terrestrialmammals'®, leading to wildlife retreat even within
well-protected habitats", a phenomenon known as ‘empty forests™
Consequently, wildlife retreat within PAs, particularly the loss of large
apex consumers, can trigger trophic downgrading®, disrupt nutrient
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Fig. 1| Phylogenetic distribution of species range contraction in China’s PAs.
a, The observed number of historical records (grey) and current records (colour)
and the proportion of range contraction (gradient colours) are represented by
bar lengths at branch tips of the phylogenies. n = 56 species (those with more
than five historical records to ensure the accuracy of geographical range changes
per species). This phylogeny was randomly drawn from 100 phylogenetic

trees from Upham et al.®*. b, Histogram showing the number of species in each
proportion interval of range contraction. ¢, Box plots showing the distribution
of observed species range contraction within carnivores and ungulates. The
black line inside each box represents the median, the top and bottom of each
box represent the 75th and 25th percentiles, respectively, and the whiskers
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extend to 1.5 times the interquartile range. Significant difference was evaluated
using a two-sided Wilcoxon rank-sum test (**P = 0.007).d, Mean regression
coefficients (points) and 95% Cls (error bars) for predicting the proportion

of species range contraction in PGLS models. Filled dots indicate statistical
significance determined by a two-sided ¢-test (P < 0.05). The Pvalues of predictor
variables were 0.039 for body mass, 0.940 for litter size, 0.040 for generation
length, 0.399 for diet diversity, 0.638 for habitat breadth, 0.052 for climate

niche breadth, 0.352 for range size and 0.001 for taxonomic order. Multiple
comparisons were not performed in data analyses. Credit: animal silhouettesina
and b from PhyloPic under a Creative Commons license CCO 1.0.

cycling' and ultimately reduce ecosystem resilience®. Yet, empirical
evidence on whether PAs effectively preserve historical species assem-
blages remains scarce, primarily dueto alack of comparable datafrom
historical and current periods®.

Chinahas aPA networkincluding over 2,700 nature reserves, occu-
pying approximately 15% of the country’s land surface'. These PAs have
conducted intensive surveys of wildlife species inthe historical periods
before and during the establishment of the PAs, mainly between the
1950s and 1970s. While these PAs are successful in forest recovery and
ecosystem restoration”, many species in these PAs have disappeared
due to historical hunting and habitat degradation’®. There is thus an
urgent need to assess the extent to which current PAs effectively pre-
serve historical wildlife assemblages™. For example, in Xishuangbanna’s
tropicalforests,17% (9 of 52) of large- and medium-bodied mammal spe-
cies were extirpated from four PAs by the end 0f 2022". Even within the
distribution range of the giant panda, which has perhapsreceived the

highest conservation priority, PAs have hardly prevented the popula-
tion collapse of sympatric large carnivore species such asleopards and
dholes™. Recently, China has set up a national-scale camera trapping
monitoring network spanning hundreds of PAs?®, serving as a promis-
ing platform in biodiversity monitoring, particularly for large- and
medium-bodied terrestrial mammals. Although some studies have
assessed the range contraction of species in China on the basis of
camera trap data”**, most of them are either case studies®** or local
and regional studies that cover specific ecosystem types™". The lack
of a nationwide assessment limits our understanding of the patterns
anddrivers of species range contraction across China’s PAs and hinders
our ability to predict and reduce the risk of trophic downgrading or
ecological marginalization.

Tofill this gap, we compiled a dataset of 8,300 camera traps span-
ning over 1.8 million trap days in 85 PAs during 2008-2021 (current),
and compared historical survey data collected mostly between the
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Fig. 2| Geographic patterns of species loss in PAs. a-c, Maps showing the
magnitude of species loss (one minus the ratio between the current and historical
species richness) per PA (n = 85) for carnivores (a), ungulates (b) and all species
(c). The histograms show the number of PAs within each interval of magnitude of
species loss. d, Mean regression coefficients (points) and 95% Cls (error bars) for
predicting the magnitude of species loss in LMMs. HFP, human footprint. Filled
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dotsindicate statistical significance determined by a two-sided ¢-test (P < 0.05;
see Supplementary Table 1for specific Pvalues). Multiple comparisons were not
performed in data analyses. Basemaps ina-c from the Resource and Environment
Science Data Center of the Chinese Academy of Sciences (http://www.resdc.cn)”
(approval number GS(2019)1686). Credit: animal silhouettes ina, band d from
PhyloPic under a Creative Commons license CCO 1.0.

1950s and 1970s (historical) in the corresponding PAs, to assess the
patterns and determinants of range contractions for carnivores and
ungulates. We performed phylogenetic signal analyses and phyloge-
netic generalized least squares (PGLS) models to test whether range
contractions were phylogenetically clustered and associated with spe-
cies’life-history and ecological traits. Geographically, we fitted linear
mixed-effects models (LMMs) to evaluate the potential drivers shaping
the magnitude of range contractions per PA. We also projected the risk
of range contraction per species using PGLS to identify the high-risk
species and mapped hotspots of species with higher extirpation risk.
By addressing theseissues, this study presents an assessment of range
contraction forlarge-and medium-bodied terrestrialmammals across
China’s PAs and provides valuable insights into the restoration of his-
torical faunal assemblages.

Results

Overview of species range contraction

The mean proportion of range contraction per species across China’s
PAs was 52.3% compared with the historical surveys (+28.9% s.d.;
lower quartile, 27.2%; upper quartile, 77.6%), suggesting that large-
and medium-bodied mammal species disappeared from over half of

their pastrangesin less than a century (Fig. 1a). Carnivores showed a
pronounced degree of range contraction, disappearing from 59.4%
(+30.0%s.d.) of the PAs where they were historically recorded. Thir-
teen carnivore species lost 280% of their historical sites (Fig. 1a).
Carnivore species such as the large-spotted civet (Viverra megaspila)
and the Corsac fox (Vulpes corsac) were among the most extreme
cases, withno currentrecordsin our camera trap dataset (Fig. 1aand
Supplementary Figs.1and 2), followed by clouded leopard (Neofelis
nebulosa, 97.7%), tiger (Panthera tigris, 94.7%), steppe polecat (Mus-
tela eversmanii, 94.1%), large Indian civet (Viverra zibetha, 92.7%) and
dhole (Cuon alpinus, 91.4%) (Supplementary Figs.1-5). In contrast,
ungulates disappeared from an average of 37.2% (+19.8% s.d.) of the
PAs they previously inhabited (Fig.1a and Supplementary Figs. 6-8),
suggesting that the PA network was more efficient in conserv-
ing ungulates than carnivores (Wilcoxon rank-sum test, P < 0.01;
Fig.1b,c). For example, four ungulates, including Chinese serow
(Capricornis milneedwardsii), Reeves’ muntjac (Muntiacus reevesi),
red deer (Cervus elaphus), and takin (Budorcas taxicolor), main-
tained at least 80% of the PAs they previously inhabited (Fig. 1a).
The wild boar (Sus scrofa) was an exception; it did not experience
any range contraction.
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Fig. 3| Conservation priority in taxonomy and space. a, Box plots showing the
degree of range contraction in PAs per species within each family. The black line
inside each box represents the median, the top and bottom of each box represent
the 75th and 25th percentiles, respectively, and the whiskers extend to 1.5 times
theinterquartile range. The shaded areas show the range contraction of the

top 25% of species at high risk for carnivores (orange) and ungulates (blue).
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b,c, Maps showing the number of top 25% high-risk species per PA for carnivores
(b) and ungulates (c). Basemaps in b and ¢ from the Resource and Environment
Science Data Center of the Chinese Academy of Sciences (http://www.resdc.cn)”
(approval number GS(2019)1686). Credit: animal silhouettes in a from PhyloPic
under a Creative Commons license CC0O 1.0.

Only 52.9% (n = 46) of PAs retained more than half of their histori-
calspeciesrichness (Supplementary Fig. 9a). The number of carnivore
species historically recorded in each PA ranged from 7 to 29 species
(mean16species per PA), but on average, less than half (47.8%; mean 7.5
species) of the carnivores remaininthe present-day PAs. Atotal of 70.6%
of PAs (n = 60) have lost over half of their historical carnivore species,
among which five PAs retained less than 30% (Supplementary Fig. 9b).
In contrast, 17 PAs did not lose any ungulate species that were previ-
ously present, and 45 PAs (52.9%) retained more than 70% of their
historical ungulate species (Supplementary Fig. 9c).

Taxonomic variations in species range contraction

Our phylogenetic analysis revealed a strong and significant phylo-
genetic signal in range contraction among species (Pagel’s 1= 0.597,
P<0.05;Fig.1a), suggesting that the degree of range contractionis not
randomly distributed across the phylogenetic tree. Instead, closely
related species are likely to have experienced similar degrees of range
contraction. For example, the viverrids, canids (for example, foxes,
dholes and wolves) and felids (for example, tigers and leopards) on
average had higher proportions of range contraction, whereas the

Asian linsangs and bears persisted in most of the PAs where they were
previously present (Fig. 1a).

After we corrected for phylogenetic effects, the extent of spe-
cies range contraction was significantly associated with body mass
(B=12.8;95% confidence interval (CI), (1.0, 24.6)), generation length
(B =-11.8; 95% Cl, (-23.1, -0.5)) and taxonomic order (5 =-33.2; 95%
Cl, (-54.3, -12.3); Fig. 1d). These results not only reconfirm the large
variation in range contraction between carnivores and ungulates but
alsoindicate that species with larger body size and shorter generation
lengths have experienced more pronounced range contraction. Onthe
basis of China’s national key protected species lists, we found that range
contractions were greater for Class I protected species than for unpro-
tected species, butsimilar to those of Class Il (Supplementary Fig. 10),
suggesting that the species experiencing the greatest contractions are
also those under the strictest legal protection.

Geographic patterns of species range contraction

The magnitude of species loss per PA revealed that southern China
exhibited a pronounced reduction in species range for both carni-
vores and ungulates (Fig. 2a-c), whereas the Tibetan Plateau and the
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northwestern arid regions showed lower levels of range contraction
(Fig.2a-c). The LMMsidentified climate principal component 1(PC1)
as a significant positive predictor for both carnivores (8=2.50; 95%
Cl, (1.50,3.50); P < 0.001) and ungulates (8=1.92;95% Cl, (0.20, 3.64);
P=0.029; Fig.2d and Supplementary Table1), indicating that regions
characterized by higher temperature and precipitation are associated
withgreater species losses. However, mean human footprint index, PA
area and PA level did not show significant associations with species
losses per PA (P> 0.05; Fig. 2d).

Some different patterns and drivers of species loss emerged
between carnivores and ungulates (Fig. 2a,b). For carnivores, species
loss was highly evident in southeastern China, while PAsin northwest-
ern China, particularly in western Sichuan and the Hexi Corridor, dis-
played relatively low range contraction (Fig. 2a). The Hu Line (8 = 12.62;
95%Cl, (4.34,20.91); P= 0.003), which divides Chinainto distinct eco-
logical zones, was identified as a significant predictor of carnivore
speciesloss. Forungulates, the degree of species loss was significantly
associated withelevationrange (8 = 6.35;95%Cl, (0.26,12.43); P< 0.05)
and human footprint change (8 = 6.04; 95% Cl, (0.52,11.56); P < 0.05),
but there were no strong geographic gradients (Fig. 2b). Such range
contractions have left the PAs where carnivores persist increasingly
isolated bothin geographic space and in climate niches, a pattern not
observed forungulates (Supplementary Fig.11). These results suggest
that contractions in carnivore ranges were primarily driven by the
legacy of large-scale anthropogenic disturbances (for example, those
associated with the eastern side of the Hu Line), whereas ungulates
were more susceptible tolocal-scale humandisturbance (for example,
increases in human footprint within PAs).

Conservation priority across taxa and space

Theidentification of high-risk species and regions provides abiogeo-
graphical context for conservation prioritizationin China. PGLS models
based ontenfold blocked cross-validation yielded predictions of range
contractions for 26 species that were notincluded in our training data-
set due to few records in historical surveys. The combined dataset of
observed (n=56) and predicted (n = 26) values identified 12 carnivores
and 9 ungulates as species at high risk of range contraction (Fig. 3a).
The top 25% of high-risk carnivore species lost 91.3% of their historical
sites on average, with viverrids, canids and felids exhibiting the most
pronounced range contraction (Fig. 3a). By contrast, the ungulate
species at high risk were scattered among families and lost 59.7% of
their historical sites on average. When we translated these taxonomic
prioritiesinto aspatial context, we found that the number of high-risk
species varied across China (Fig.3b,c). PAsin southern Chinawere home
to a disproportionate share of high-risk carnivore species (Fig. 3b),
and those in western China were shelters for high-risk ungulates such
as the Tibetan gazelle (Procapra picticaudata) and white-lipped deer
(Przewalskium albirostris; Fig. 3c).

Discussion
By comparing comprehensive data from historical and current sur-
veys, we documented widespread range contractions of large- and
medium-bodied mammal species in China’s PAs, with only half of PAs
retaining more than 50% of their historical species richness in the past
century. Carnivores have been disproportionately impacted, disappear-
ing fromnearly 60% of their historical ranges within PAs. In contrast to
the widely accepted assumption that PAs effectively preserve historical
wildlife communities®, our study exposes critical gaps of PAs in protect-
ingapex predators and highlights an urgent need to restore food webs.
Current PAs have partial success in preserving mammal assem-
blages, as ungulates still inhabit over 60% of PAs where they historically
existed. Among these, 20% of PAs retain all of their previous ungulate
species, and more than half of PAs still support over 70% of their his-
torical ungulate communities, suggesting the effectiveness of PAs in
preserving historical herbivore species. For example, the recovery of

the Tibetan antelope (Pantholops hodgsonii) inHoh Xil Nature Reserve
isaniconicanti-poaching achievement of the PA system”. Similarly, the
well-protected herbivore populationsin the Serengeti (Tanzania) and
Yellowstone (USA) demonstrate the crucial role of PAs in preserving
wildlife owing to strict anti-poaching laws, community engagement
and habitat restoration®. This is because ungulates, as generalist feed-
ers, have ahigher degree of adaptability to disturbances, and they can
expand their range and increase dramatically inabundancein PAs due
to the extirpation of apex predators.

However, carnivores have disappeared from nearly 60% of the
PAs they once occupied. This finding reflects a global conservation
paradox: despite PA expansions, current PA systems and conservation
strategies are insufficient to protect carnivore species”’. Even in the
Giant Panda National Park, one of China’s most famous and strict PAs,
carnivores such as leopards and dholes have lost over 80% of their
historical ranges". Similarly, although well-managed PAs are crucial for
animal conservation®, rapid defaunation within PAs remains common
in Africa®. This inter-continental evidence reveals awidespread retreat
of carnivores in PAs". Notably, some PAs in China have successfully
restored populations of flagship species through intensive meas-
ures, including Amur tigers® and Amur leopards in northern China®.
However, the success of suchumbrella-species-focused conservation
strategies does not necessarily translate into the protection of his-
torical species assemblages?-?, highlighting the critical gap between
species-level recovery and ecosystem-level conservation.

Carnivores, as apex predators, need large PAs owing to their
requirements for large habitats and abundant food resources®, and
they are particularly vulnerable to habitat loss and fragmentation®.
For example, tigers (Panthera tigris) require extensive home ranges,
from approximately 70-300 km?in tropical regions®* to 400-780 km?*
in the Russian Far East®. Unfortunately, many PAs, especially those
in southern China with dense human populations, are too small and
fragmented to support the long-term survival of carnivore species™.
In addition, large carnivores have a long history of conflicts with
humans, which amplifies their extinction risks, and historical over-
exploitation is probably an important driver of carnivore retreat®.
During the mid-twentieth century, China’s campaigns against large
carnivores precipitated population collapses that persist today due to
the time-lagged effect of hunting and habitat loss*®, known as extinction
debt. Moreover, the low population densities, lack of potential mates,
andslow reproductive output further reduce populationrecovery from
disturbances owing to Allee effects, resulting in local extirpations™.

Unexpectedly, small carnivores with shorter generation lengths,
such as viverrids and mongooses, also exhibited high range contrac-
tions. This finding contradicts the assumption that species with shorter
generation times are moreresilient to disturbance owing to rapid popu-
lation recovery. This anomaly probably stems from historical policy
gaps, asmany large carnivore species have been listed as nationally key
protected wildlife in Chinasince 1989, and poaching of large mammals
is now rare*’. In contrast, many small carnivores receive inadequate
legal protection, and they are stillimpacted by anthropogenic threats
such as snares in PAs*.. In addition, free-ranging dogs pose hidden
threats to small carnivoresin PAs by increasing therisk of local extinc-
tion through predation, competition and disease transmission*’. These
anthropogenic pressures contribute disproportionately to population
declines and range contractions of small carnivores.

Although forest cover and plant diversity in China’s PAs have
recovered rapidly owing to National Forest Protection Programs
implemented in 2000V, the phenomenon of ‘empty forests’ is widely
reported®. Asaresult, range contractions of carnivores have disrupted
food webs, hampered nutrient cycling, reduced regional biodiversity
and degraded ecosystem services" ™, For example, the local extinc-
tion of wolves resulted in hyperabundant ungulate populations that
suppressed the growth and recruitment of aspens, which caused veg-
etation degradation and soil erosion in Yellowstone National Park**.
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Inaddition, the range contraction of carnivores canlead to ecological
marginalization, aphenomenon where species retreat towards ecologi-
cally harsh areas at the edges of their historic niches*. For example,
clouded leopards were widespread across southern China in history
but now survive only in border regions between China and Southeast
Asia, aregion outside their ideal climate conditions*. Similarly, empiri-
cal evidence has supported the ecological marginalization of many
of China’s endangered species, such as the giant panda (Ailuropoda
melanoleuca*®) and the Asiatic golden cat (Catopuma temminckii®).
This spatial mismatch between contemporary ranges and historic niche
optima risks local extinctions owing to environmental fluctuations,
demographic stochasticity and edge effects®.

To achieve the Kunming-Montreal Global Biodiversity Frame-
work’s target of reducing the extinction risk of threatened species,
conservation strategies should focus not only on vegetation cover
but also on maintaining and restoring carnivores in their historical
ranges*. Specifically, carnivore species conservation needs to tackle
thelong-standing challenge from human activities such asillegal hunt-
ingand wildlife trade'®, and hidden threats such as free-range dogs and
snares*’. Immediate funding and conservation efforts are also needed
to connect the fragmented landscapes through wildlife corridorsand
totightly conserve remnant populationsin existing PAs. Europe’s suc-
cessfulrecovery of wolves, bearsand lynximplies that beyondrelying
onisolated PAs, carnivores can be integrated into multifunctional
landscapes through legal coexistence frameworks, compensation
schemes for human-wildlife conflicts and greater social tolerance*.
Theseactions cannot only restore food webs and prevent empty-forest
syndrome®but also reduce extinction risk from ecological marginali-
zation. By aligning these efforts with policy innovations, we hope that
China’s PAs can evolve as dynamic, functional ecosystems rather than
isolated biodiversity museums for safeguarding the long-term survival
oflarge-bodied mammals.

We acknowledge several potential limitations in our analyses.
First, we considered historical species occurrencein PAs as abaseline,
yet some records of large-bodied carnivores (for example, tigers and
leopards) were sourced from specimens, which might have already
been extirpated long before the PA’s establishment. Our results thus
may underestimate the effectiveness of PAs in mitigating biodiversity
loss. Second, camera trap surveys in China’s PAs are predominantly
conducted in forest ecosystems*’, with greater sampling effort in the
southeastern parts of China and sparser coverage in the northwest
(Supplementary Fig.12). This spatial variation in sampling effort may
increase the risk of false absences (that is, undetected presences)
for species with naturally low detection probabilities (for example,
clouded leopards and dholes) in under-sampled areas, potentially
inflating the observed range contractions for these species. Further-
more, this could resultinan underestimated evaluation of the magni-
tude of range contractions of arid and alpine species in northwestern
China. Finally, our study focused on large- and medium-bodied mam-
mals and did not include small-bodied species with low detectabil-
ity. For example, certain otters® and pangolins®® have experienced
significant range contractions in China’s PAs, but since they are more
likely to be captured by trail-based or targeted camera trapping rather
thanthe systematic grid-based designs typically used for biodiversity
inventories®, they were notincludedin our study. Future studies should
enhance long-term wildlife monitoring by integrating environmental
DNA, bioacoustics and unmanned aerial vehicles to better quantify how
speciesdistribution changesin response to anthropogenic pressures.

Thisstudy has demonstrated thatlarge- and medium-bodied mam-
mals have experienced widespread and substantial range contractions
despite the establishment of extensive PAs across Chinainrecent dec-
ades. While PAs have succeeded in preserving ungulate species, they
are less effective in protecting carnivore species, particularly those
withlarger body sizes and shorter generation lengths. Therefore, even
well-established PA networks such as those in Chinamay inadequately

protect and recover apex predators and their associated ecosystem
functions. To avoid trophic downgrading and ecological marginaliza-
tion, thereis an urgent need to maintain and restore historical assem-
blages of carnivores alongside habitat protection.

Methods

Species records

Toevaluate the magnitude of species range contraction, we compared
presence-absence data from historical and current surveys in PAs.
Historical species lists were extracted from survey reports created
during the establishment of the PAs, representing the most baseline
faunal composition typically dating back to the 1950s-1970s". His-
torical survey data were integrated from multi-sourced evidence,
including systematic faunal investigations, specimen collections,
expert interviews and historical hunting records. We considered a
species to be historically present in a PA if the species was included
in historical species lists. Current survey data were collected during
2008-2021, primarily from national-scale camera trap biodiversity
monitoring programmes®’. Camera trapping provides the mostreliable
updates on species distributions in China, particularly for large- and
medium-bodied mammals®.

We systematically searched for publications on species checklists
of PAs in China using the China National Knowledge Infrastructure
(https://www.cnki.net/), Wanfang Data (https://www.wanfangdata.
com.cn/) and the Weipu Chinese journals database (http://www.
cqvip.com/) in October 2023. For historical surveys, we employed
search terms including ‘protected area’, ‘nature reserve’, ‘wildlife’,
‘fauna’,‘mammal’, ‘vertebrate’, ‘inventory’, ‘survey’ and ‘China’. We also
searched the Web of Science and Google Scholar using these keywords
in English. To maximize the inclusion of historical data, we compiled
species checklists from Chinese nature reserve investigation reports*
and the China Nature Reserve Platform (http://www.zrbhq.cn/). For
camera trap surveys, we used terms such as ‘camera trap’, ‘infrared
triggered camera’, ‘automatic camera’, ‘nature reserve’, ‘protected
area’, ‘wildlife’, ‘mammal’, ‘vertebrate’ and ‘China’. We supplemented
our database with species records from cameratrap reviews in China®>*!
and our own fieldwork. We extracted species checklists from camera
trap studies meeting the following criteria: (1) full checklists of species
recorded during the surveys werereported, (2) data were sampled for
atleast 1,800 trap days (a minimum of 10 cameras for at least 180 days
and nights) and (3) cameras were positioned 0.3-1 m off the ground
to detect ground-dwelling species. To ensure valid comparisons, we
excluded PAs that had species checklists available in only one tem-
poral dataset, either historical records or camera trap surveys. This
resultedinanational-scale dataset from over 8,300 cameratrapsin 85
PAs (covering approximately 9.11% of sites and 22.61% of the areas of
China’s PAs; Supplementary Table 2 and Supplementary Fig. 12), col-
lectively sampling over 1.8 million camera-trap-days during 2008-2021
(Supplementary Fig.13 and Supplementary Datal).

We included only carnivores and ungulates in our analyses due
to their large and medium body sizes (Supplementary Fig. 14), which
allow for reliable detection and identification in historical surveys and
cameratrap surveysacross China. We standardized species taxonomy
using the most recent mammal species checklist of China®. Notably,
some species recently recognized as distinct were historically con-
sidered subspecies of the same species. For example, a phylogenetic
study differentiated takins into the Himalayan takin (Budorcas taxi-
color) and the Chinese takin (Budorcas taxicolor) using a high-quality
chromosome-level genome™. Similarly, red pandas were divided into
the Himalayan (Ailurus fulgens) and the Chinese red pandas (Ailu-
rus styani)*. To reconcile taxonomic differences, we merged some
recently identified speciesinto previously recognized species groups
(Supplementary Table 3). We excluded Chinese river deer (Hydropotes
inermis), Pére David’s deer (Elaphurus davidianus) and three otter
species (Lutralutra, Aonyx cinerea and Lutrogale perspicillata) as they
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generally inhabit wetland environments and are scarcely detected in
cameratrap surveys. We also excluded 14 species with accidental occur-
rences owing to marginal distribution and/or suspicious historical
records (forexample, Muntiacus gongshanensis, Melursus ursinus and
Vulpes bengalensis; Supplementary Table 4). The final datasetincluded
82 mammal species (48 carnivores and 34 ungulates).

Species-level analyses

We used one minus the ratio of current records to historical records
within PAs for each species to quantify species range contraction.
This metric captures the actual proportion of species range contrac-
tion, although there may be biases for species in western China due
to uneven spatial sampling (Supplementary Fig. 12). We excluded
species with fewer than five historical records to ensure the accu-
racy of geographical range changes per species. This resulted in 56
mammal species for species-level analyses, including 38 carnivores
(Supplementary Figs.1-5) and 18 ungulates (Supplementary Figs. 6-8).

To assess whether closely related species exhibit similar degrees
of distribution range contraction due to shared traits or evolutionary
history, we calculated Pagel’s A estimates of phylogenetic signal and
tested forits significance using the phylosig functionin the R package
phytools (v.1.5.1)*. Pagel's Aranges from 0 to 1, with aA of O indicating
no phylogenetic influence on species range contraction and a1 of 1
indicating astronginfluence of shared evolutionary history. For groups
with ahighphylogeneticsignal, protecting one species mightindirectly
benefit its close relatives, while for groups with a lower signal, amore
species-specific approach might be necessary. We also tested the dif-
ference in species range contraction between nationally protected
species (Class I/Il) and unprotected species on the basis of national key
protected species lists of China (https://www.forestry.gov.cn/main/3
457/20210205/122612568723707.html).

To explore the drivers of range contraction, we considered key
life-history and ecological traits (that is, body mass, litter size, genera-
tionlength, diet diversity, habitat breadth, climate niche breadth and
range size) hypothesized to affect extinction risk in Chinese terrestrial
mammals. Body mass for each mammal species was obtained from
the PHYLACINE v.1.2 database™. Litter size and generation length for
each species were derived from Etard et al.”®, with updates from other
literature sources. For species lacking litter size information (n=7),
we used the mean litter size values of the genus as a surrogate. Diet
diversity was calculated using the Shannonindex on the proportions of
tendiet categories extracted from the EltonTraits database®, including
invertebrates, vertebrates (endotherms, herpetofaunal species and/or
fish), scavenged foods, fruits, nectar, seeds, other plant materials and
unknown elements. Habitat breadth for each species was measured as
the number of suitable habitats using the IUCN Habitat Classification
Scheme and was obtained from Ding et al.*°. Climate niche breadth
was measured following the method proposed by G6mez-Rodriguez
et al.’. Briefly, we quantified the range of climatic variables by over-
laying the geographic distribution maps of different species with two
variables: mean annual temperature (BIO1) and mean annual precipi-
tation (BIO12). The climatic range for each species was normalized by
comparingittotherangeacrossall speciesin our dataset. For aspecific
species i out of a total of j species, the standardized range (StRg) was
calculated by StRg; = [Rg; - min(Rg;:Rg;)]/[max(Rg;:Rg;) - min(Rg;:Rg)].
The climatic niche breadth for each species was derived by multiplying
the standardized ranges of BIO1and BIO12 (ref. 61), and thus this index
varies from 0 to1, with higher valuesindicating abroader climatic niche
space. Range size was measured using the polygon-based geographic
range from the [IUCN Red List database (http://www.iucnredlist.org).

To disentangle the relative roles of species traits in triggering
distribution range contraction, we performed PGLS models under
a Brownian motion model of evolution using the R package caper
(v.1.0.2)®%. The predictor variables included body mass, litter size,
generation length, diet diversity, habitat breadth, climate niche

width, range size and subgroup (ungulate or carnivore). Body mass
and range size were log-transformed, and all predictor variables were
standardized (with a mean of 0 and an s.d. of 1) to allow comparisons
between model coefficients. All continuous variables were checked
for multicollinearity using pairwise Pearson correlation (r), and only
one pair (body mass and generation length) was marginally above the
commonly used threshold of |r| = 0.7 (Supplementary Fig.15). We also
assessed collinearity using variance inflation factors (VIFs) inthe global
models and found that all VIFs were lower than 4. In addition, we used
aninformation-theoretic approach to determine the optimal models
and predictors that were not affected by collinearity; thus, all of the
predictors wereincludedin the analyses. We checked for normality and
homoscedasticity of residuals by visual inspection of the diagnostic
plots (Supplementary Fig. 16) and did not find substantial deviations
from the model assumptions.

For each analysis, we built a full model consisting of all predic-
tor variables and used a multimodel approach based on the Akaike
information criterion corrected for small sample sizes (AICc) in the
R package MuMIn (v.1.47.5)%, We ran 255 models (28 - 1) for all pos-
sible combinations of eight predictors and subset the set of most
likely models with AAICc < 4. The statistical estimates of each variable
were assessed by model averaging using the weights of the models
that included the respective variables. To control for phylogenetic
uncertainty, we extracted aset of 100 random phylogenetic trees from
Uphametal.®* andincluded each phylogeny ina PGLS model. The over-
all effect size estimates of each predictor variable were summarized
across these 100 models. The significance of predictor variables was
considered if the 95% Cl for the coefficient did not overlap with zero.

PA-level analyses
We considered several location-level factors that potentially affect the
magnitude of species losses among different PAs, including climate
(temperature and precipitation), topography (elevation and elevation
range), protection status (area and level) and human impact (human
footprint and human population distribution). Climate data, including
19 bioclimatic variables, were obtained from the WorldClim database®.
Duetothe high correlation among bioclimatic variables across China,
we conducted a principal component analysis to reduce the dimen-
sionality of the data and minimize collinearity. We included the first
two ordination axes (thatis, PC1and PC2) as predictors because these
two axes explained 82.0% of the variation (Supplementary Table 5).
The elevation data were derived from the ETOPO Global Relief Model
from the National Centres for Environmental Information (https://
www.ngdc.noaa.gov/), and the elevation range was measured as the
difference between the maximum and minimum elevations. The area
and protection level of each PA were derived from the Nature Reserve
Checklist of China (v.2017; https://www.mee.gov.cn/). Human footprint
data were derived from Mu et al.®® and were generated using human
pressure variables including built environments, human population
density, nighttime light, agricultural land uses and transportation
infrastructure®. Due to negligible annual variations in human footprint
per PA (Supplementary Fig.17), we averaged the annual layers between
2000 and 2018 torepresent the anthropogenic pressures experienced
by each PA. Apart from the mean value reflecting the absolute level of
human footprint, we alsoincluded changes in human footprint during
2000 and 2018 in each PA to capture the degree of human pressure
changes. The Hu Line (also called the Heihe-Tengchong Line)—anorth-
east-southwest-oriented boundary dividing China into eastern and
western parts on the basis of population density—was used as abinary
predictor to explore the large-scale effect of human pressure on species
loss. Each PAwas assigned to either the eastern or western part of China
on the basis of the midpoint of its latitudinal and longitudinal range.
Toexplore the potential drivers shaping the magnitude of species
losses per PA, we fitted LMMs with a Gaussian error structure using the
Rpackage nlme (v.3.1-162)"". The response variable was measured as one
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minus the ratio between the current and historical species richness of
eachPA.Weincluded randomintercepts for zoogeographical realmand
for sampling efforts (that is, total camera-trap-days per PA). All other
location-specific factors (that is, climate, area, level, elevation, eleva-
tionrange, human footprintand the Hu Line) were treated as fixed pre-
dictors. We built separate models for carnivores, ungulates and both.
Collinearity among continuous predictors was tested using pairwise
Pearson correlation and VIFs. Given a high Pearson correlation between
elevation and elevation range (|r| = 0.76; Supplementary Fig. 18) and
the highest VIF for elevation (VIF = 9.9) in the full model, we excluded
elevation to ensure that collinearity among variables was always low
(Irl < 0.7and VIFs < 4). To assess the residual diagnostics of the statisti-
cal models, we evaluated the relationship of residuals to theoretical
quantiles and predicted values. These model diagnostics confirmed
that the Gaussian distributional assumption for the response variable
was appropriate (Supplementary Fig. 19).

Toaccount for potential spatial autocorrelation, we incorporated
thelatitude and longitude of each PAintoacorrelation structure within
our full LMMs. Wefitted these models using four correlation structures
inthe nlme package®’: spherical (corSpher), rational quadratic (corRa-
tio), Gaussian (corGaus) and exponential (corExp). We used AICc scores
to compare each LMM with and without a spatial correlation structure
andselected the model with the lowest AICc value as the best-fit model.
In all comparisons, the models with no structure consistently had the
lowest AICc values (Supplementary Table 6), indicating that spatial
autocorrelation did not significantly improve the model fit. The spatial
correlation structure thus was notincluded in further analyses. For the
LMMs, we used a model averaging approach to assess the statistical
estimates of each variable. Model-averaging analysis was performed
using the dredge and model.avg functions in the MuMIn package®.

Identifying conservation priority

We ranked the degree of distribution range contraction per species
separately for carnivores and ungulates and identified conservation
priorities by focusing on the top 25% of species with high-risk distribu-
tion range contraction. To estimate the degree of range contraction for
species not included in the training database (n =26; that is, species
with fewer thanfive recordsin historical surveys), we used PGLS models
based on a set of predictors selected by the best model with the low-
est AAICc. To enhance the reliability of predictions, we used a tenfold
blocking cross-validation approach that accounts for phylogenetic
structure®®, This method divides our species dataset into ten clusters
on the basis of evolutionary relationships among species, ensuring
that species within the same cluster are more closely related to each
other than to those in other clusters. For each round of validation, we
designated nine of these clusters as the training dataset to fit the PGLS
models and extracted predicted values from the optimal models. By
aggregating the results fromallten rounds across 100 random phyloge-
netic trees (thatis, 1,000 repetitions), we obtained an overall measure
of predictionand identified species in the top 25% of range contraction.
Finally, we mapped the number of potential priority species (top 25%
high-risk species) in each PA to highlight conservation priority areas.

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

Data availability
The species records from historical and current surveys that support
the findings of this study are available in Supplementary Data 1.

Code availability

All the computational analyses were performed in R v.4.3.0 (ref. 69).
The code to run the analyses is available via Figshare at https://doi.
org/10.6084/m9.figshare.28694552 (ref. 70).
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