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Hidden hotspots of amphibian biodiversity in China
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Identifying and protecting hotspots of endemism and species richness is crucial
for mitigating the global biodiversity crisis. However, our understanding of spatial
diversity patterns is far from complete, which severely limits our ability to conserve
biodiversity hotspots. Here, we report a comprehensive analysis of amphibian spe-
cies diversity in China, one of the most species-rich countries on Earth. Our study
combines 20 y of field surveys with new molecular analyses of 521 described species
and also identifies 100 potential cryptic species. We identify 10 hotspots of amphib-
ian diversity in China, each with exceptional species richness and endemism and
with exceptional phylogenetic diversity and phylogenetic endemism (based on a new
time-calibrated, species-level phylogeny for Chinese amphibians). These 10 hotspots
encompass 59.6% of China’s described amphibian species, 49.0% of cryptic species,
and 55.6% of species endemic to China. Only four of these 10 hotspots correspond to
previously recognized biodiversity hotspots. The six new hotspots include the Nanling
Mountains and other mountain ranges in South China. Among the 186 species in the
six new hotspots, only 9.7% are well covered by protected areas and most (88.2%)
are exposed to high human impacts. Five of the six new hotspots are under very high
human pressure and are in urgent need of protection. We also find that patterns of
richness in cryptic species are significantly related to those in described species but
are not identical.
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Earth may be undergoing a major biodiversity crisis (1, 2). For example, recent reports
have shown catastrophic declines in animal populations since 1970 (3), with similar
declines in plants and fungi (4). To help stave off this biodiversity crisis, recent conferences
have emphasized the idea of protecting 30% of the planet’s surface area for conservation
by 2030 (5-8). Understanding spatial patterns of species richness is essential for targeting
locations that will maximize the protection of biodiversity.

One important approach for protecting biodiversity is to target hotspots that harbor
exceptional species richness and endemism (9). For example, the 25 global biodiversity
hotspots initially defined by Myers et al. (9) harbor 44% of Earth’s vascular plant species
and 35% of terrestrial vertebrate species but cover only 1.4% of Earth’s land surface. Thus,
these hotspots can protect considerable species richness in a relatively small area. Therefore,
there is an urgent need to identify and protect additional regions of high diversity and
endemism that can help preserve Earth’s biodiversity.

A substantial proportion of Earth’s plant and animal diversity occurs in China. China
is considered one of 17 megadiverse countries (10). China is estimated to harbor 15% of
the world’s vertebrate species and 12% of the plant species, in an area covering only ~6%
of Earth’s land surface (11, 12). Therefore, conservation in China is crucial for protecting
global biodiversity.

China includes four biodiversity hotspots traditionally recognized by Conservation
International (https://www.conservation.org/). Three of these span international bound-
aries, including the Himalayas, Mountains of Central Asia, and Indo-Burma hotspots.
By contrast, the Hengduan Mountains hotspot lies almost entirely (>98%) within China
(13), and is one of the most diverse temperate hotspots (14). The area encompassed by
these four hotspots in China is located largely in the western part of the country, near the
Qinghai-Xizang Plateau.

Recent studies have highlighted that conservation priorities in China might be taxo-
nomically and spatially biased (15, 16). In particular, most of the country’s protected areas
are located in the western portion (13). These protected areas seem to function moderately
well for mammals and birds but might not be suitable for other groups (15). Thus, there
is a pressing need to thoroughly evaluate spatial biodiversity patterns in other groups.
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An essential part of conserving
biodiversity is to find and protect
areas with high species richness
and endemism (hotspots). We
combine 20y of field surveys,
distributional data and new
molecular data to analyze
diversity patterns in Chinese
amphibians, one of the most
endangered groups of animals in
one of Earth’s most diverse
countries. We analyze 521
described species of Chinese
amphibians and identify 100
potential cryptic species. We find
10 hotspots of exceptional
biodiversity, six of which are new
relative to previously known
hotspots. These six new hotspots
are associated with mountain
ranges in southeastern China
and are mostly unprotected and
highly threatened by human
pressure. Protecting these six
new hotspots should be a high
conservation priority.
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Amphibians are crucial for protection of biodiversity in China.
Amphibians are the most endangered group of vertebrates globally
(17, 18), with 41% of species considered at risk of extinction (19).
Unfortunately, amphibians are generally less frequently and inten-
sively studied compared to mammals and birds (20). They are also
underrepresented in planning protected areas in China (16). Hu
etal. (21) performed an excellent analysis of spatial patterns in
phylogenetic and genetic diversity in Chinese land vertebrates.
However, they did not focus on amphibians nor on identifying
fine-scale areas for conservation (e.g., they suggested all of South
China and Southwest China as conservation priorities).

Conservation of amphibians (and many other groups) is also
complicated by the presence of many cryptic species (22, 23).
These cryptic species might go undetected and unprotected
because they are not morphologically distinguishable (24-27).
Cryptic species may also have smaller geographic ranges than
morphology-based species, making them more vulnerable to
extinction (28). However, to our knowledge, no studies have con-
ducted large-scale analyses that integrate morphologically cryptic
species in conservation planning.

Here, we present an analysis of China’s amphibian biodiversity.
We first describe spatial diversity patterns based on our own field
surveys, on published and new distributional and molecular data,
and on analyses of potential cryptic species identified with molec-
ular data. We then identify hotspots of amphibian biodiversity in
China, and use these results to help inform conservation planning
for China’s amphibians and other groups.

Results

Spatial Diversity Patterns and Hotspots. We collected distribution
data from 548 described amphibian species in China, accounting
for 98.4% (548/557) of all described Chinese amphibian species
by the end 0f 2020 (Dataset S1). Our molecular analyses identified
100 potential cryptic species (Datasets S1 and S2 and ST Appendix,
Resulrs). We integrated almost all of these species into a new
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large-scale, time-calibrated phylogeny that included 621 Chinese
amphibian species (Fig. 1), including 521 described species and
100 potential cryptic species. These 100 cryptic species were similar
in age to the described species (S7 Appendix, Fig. S1 and Results).
We estimated the distribution of 647 species (548 described and
99 cryptic) using new field surveys and a summary of published
distributional data. We then mapped the distribution of these
species among 567 grid cells of 1 x 1 degree size (~111 x 111
km?). Species richness (Fig. 24) and endemism (Fig. 2B) were
then mapped on these grid cells. Based on the new phylogeny
(Fig. 1), we also mapped spatial patterns in phylogenetic diversity
(Fig. 2C) and phylogenetic endemism (Fig. 2D). We also mapped
diversity patterns separately for each major amphibian clade
(anurans, caudates, caecilians; S/ Appendix, Fig. S2). A UPGMA
clustering analysis of these 567 grid cells identified eight large-
scale biogeographic regions (SI Appendix, Fig. S3 and Methods
and Results).

The 567 grid cells were first ranked based on their total species
richness (described species plus cryptic species). There were 29 cells
in the upper 95th percentile (Fig. 34) and the cell with the highest
richness was in the Nanling Mountains (SI Appendix, Fig. $4). We
grouped these 29 cells into 10 geographically distinct biodiversity
hotspots (Fig. 34) considering their affiliated biogeographic regions
(81 Appendix, Fig. S3A4), mountain ranges (Fig. 3B), and species
composition (SI Appendix, Fig. S5). Among these 10 hotspots (each
including multiple cells), the Southwest Yunnan Mountains and
Nanling Mountains had the highest and second-highest total rich-
ness, respectively (Fig. 3C). We also ranked grid cells of these 10
hotspots based on their endemism, phylogenetic diversity, and
phylogenetic endemism (S Appendix, Table S1). Among the 29
high-richness cells, 12 were in the upper 95th percentile across all
diversity metrics (87 Appendix, Table S1). These cells were located
in the Nanling Mountains, Eastern Hengduan Mountains, Hainan
Island, and Southwest Yunnan Mountains (S7 Appendix, Table S1).
Our results are mostly based on the 95th percentile, but alternative
hotspots based on 99th percentile and 90th percentile were also
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Fig. 1. Time-calibrated phylogeny of Chinese amphibians for estimating phylogenetic diversity and phylogenetic endemism. The yellow filled circles indicate
the potential cryptic species identified in this study. The phylogeny included 521 described Chinese amphibian species (93.5% of currently described species;
Dataset S1) and 100 potential cryptic species. The tree is available in newick format in Dataset S5. Photos courtesy of Chengi Lu, Peng Guo, Hui Zhao, Yufan

Wang, and Bao-Lin Zhang.
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Fig. 2. Diversity patterns in Chinese amphibians. Spatial patterns of (A) species richness, (B) weighted species endemism, (C) phylogenetic diversity, and (D)
phylogenetic endemism. The white grid cells lacked recorded amphibian species and were excluded from the analyses, and were mostly high-elevation and arid

regions. The gray lines indicate the provincial boundaries of China.

identified (S Appendix, Fig. S6 and Resulss). Using the 99th per-
centile, there were only four cells, which were in the Nanling
Mountains, Southwest Yunnan Mountains, and Eastern Hengduan
Mountains (S Appendix, Fig. S6A). Using the upper 90th percen-
tile instead (S/ Appendix, Fig. S6B) led to a large increase in the
number of high-diversity cells in South China (from 18 to 39) and
a smaller increase in western China (from 11 to 16).

Among the 10 hotspots recognized here, four overlapped with
three previously recognized hotspots (Fig. 34), including the
Himalayas (Eastern Himalayas here), Hengduan Mountains
(Eastern Hengduan Mountains here), and the Indo-Burma hot-
spot (mountains of Yunnan Province and Hainan Island). The
other six hotspots were newly found here (Fig. 34) and were
broadly distributed in southeastern China, and included the
Eastern Guizhou, Luoxiao, Nanling, Tianmu, Wuling, and Wuyi
mountain ranges. One grid cell in the Nanling Mountains (lon-
gitude 113.5 and latitude 23.5), partially overlapped (41.2%) with
the Indo-Burma hotspot. We classified it in the new Nanling
Mountains hotspot given that this is where the majority of the
grid cell is. Further, the Indo-Burma hotspot in this part of China
generally corresponds to lowlands, not highlands.

The 10 hotspots identified here represented 58.0% (381/657) of
all Chinese amphibian species (59.6% described plus 49.0% cryp-
tic) among only 5% of the grid cells (87 Appendix, Fig. S7). They

contained 55.6% of all endemic species and 43.0% of all narrowly
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endemic species (those restricted to a single grid cell; ST Appendix,
Fig. S$8). The six new hotspots contained 28.3% of Chinese
amphibians (87 Appendix, Fig. S9) including 34.1% of Chinese
endemics and 14.5% of narrow endemics. The described and cryptic
species both showed high richness in these 10 hotspots (S Appendix,
Fig. $10), and there was a significant relationship (# = 0.49;
P < 0.0001) between richness of described species and potential
cryptic species among all grid cells (S7 Appendix, Fig. S11).

The overall patterns for amphibians generally reflect those from
frogs (SI Appendix, Fig. S2), which make up most of Chinese
amphibian diversity. Salamanders also showed similar patterns
(SI Appendix, Fig. S2), with high richness in the newly defined
montane hotspots in South China (e.g., Nanling, Tianmu).
However, unlike frogs, salamanders had limited richness in grid
cells in Hainan and southwestern China (Yunnan Province) and
high richness in northeast China (Jilin Province) and northern
Taiwan. Caecilians have very limited richness, with only a few
species in the southernmost parts of China (S Appendix, Fig. S2).

We found a strong correlation between species richness and the
remaining indices, especially phylogenetic diversity (S/ Appendix,
Fig. S12). We performed additional analyses based on phyloge-
netic diversity standardized for richness. These analyses showed
high values in the Southwest Yunnan Mountains hotspot
(81 Appendix, Fig. S13), but many other grid cells with high values

had very low richness (e.g., grid cells with single species in
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Fig. 3. Hotspots of Chinese amphibian diversity. (A) The 29 highest-diversity grid cells (upper 95th percentile of species richness, square grid cells). We grouped
these 29 grid cells into 10 geographically distinct biodiversity hotspots (orange grid cells): Eastern Himalayas (EHI), Eastern Hengduan Mountains (EHM), Southwest
Yunnan Mountains (SYM), South-Central Hainan Mountains (SCHM), Nanling Mountains (NLM), Wuling Mountains (WLM), Eastern Guizhou Mountains (EGM),
Luoxiao Mountains (LXM), Wuyi Mountains (WYM), and Tianmu Mountains (TMM). Green regions indicate the four previously recognized global biodiversity
hotspots in China (Himalayas, Hengduan Mountains, Indo-Burma, and Mountains of Central Asia). Cells within these four globally recognized hotspots are
colored blue and referred to as “old hotspots”, whereas those outside are colored red and referred to as “new hotspots”. The gray lines indicate the provincial
boundaries of China. (B) Elevation map of China showing all hotspot grid cells. (C) Total species richness of each hotspot. Abbreviations of hotspots as above. (D)
Proportion of protected areas and human footprint index of each grid cell, including grid cells of new hotspots (red), old hotspots (blue), and nonhotspots (gray).

northern China). These were not emphasized as biodiversity hot-
spots here, since our primary emphasis is on species richness.
Average divergence times of species (S Appendix, Fig. S13) were
also largely unrelated to richness.

Conservation Effectiveness and Human Pressure. We assessed
the spatial overlap of each species’ geographic range with protected
areas, with conservation threats (human footprint index), and
with the hotspots found here (SI Appendix, Figs. S14-S17). By
overlaying the distribution range of each amphibian species and
a spatial layer of protected areas (S Appendix, Fig. S14), we
estimated that 14.1% of these amphibian species (93/657) were
completely included in current protected areas in China (100%
covered; SI Appendix, Fig. S15A), whereas 18.9% (124/657)
were entirely outside protected areas (not covered; SI Appendix,
Fig. S15A). The gap species (0 to 20% covered) accounted for
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50.8% of Chinese amphibians (334/657) and 78.0% of the species
in the six new hotspots (145/186; S Appendix, Fig. S15 A and B).
Among the 186 species in the six new hotspots, only 9.7% are
100% covered by protected areas (SI Appendix, Fig. S15B).
Increasing the scope of protected areas in these six new hotspots
could benefit 43.4% of all gap species (145/334) and 13.0%
(10/77) of partial gap species (20 to 90% covered; SI Appendix,
Fig. S15 A and B).

By overlaying the distribution range of each species and a spatial
layer describing human impacts (S Appendix, Fig. S16 and
Methods), we estimated that 77.8% of Chinese species (511/657)
occurred at least partly in high human-pressure areas (S Appendix,
Fig. S17A; part of their range overlapped with high-human pres-
sure areas). Among species that occurred largely in high-pressure
areas (>50% of their range), 26.1% (43/165) occurred in the new
hotspots (S Appendix, Fig. S17). Among the 186 species in the
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new hotspots, only 11.8% were completely outside of high-pressure
areas (SI Appendix, Fig. S17B; nonthreatened). The remaining
88.2% were at least partly exposed to high human impacts
(SI Appendix, Fig. S17B; partially threatened, threatened, and
severely threatened).

Opverall, these 10 hotspots were poorly protected areas and suf-
fered from high human pressure, except for the Eastern Himalayas
(Fig. 3D and SI Appendix, Table S2). Twenty-seven of the 29 hot-
spot grid cells (from nine hotspots) were classified as facing high
human pressure (human footprint index 6 to 11) or very high
(>12) human pressure (Fig. 3D and ST Appendix, Table S2). The
other two hotspot grid cells experience low and moderate pressure
(Eastern Himalayas [EHI] and Southwestern Yunnan Mountains
[SYM]), respectively.

Discussion

Based on a comprehensive analysis of Chinese amphibian species,
we identified 10 hotspots having exceptional species richness, ende-
mism, and phylogenetic diversity (Fig. 3). These hotspots encom-
pass 58.0% of all Chinese amphibian species and 49.0% of cryptic
species (SI Appendix, Fig. S7). Only four of these hotspots corre-
spond with previously known global biodiversity hotspots. The six
new hotspots occur in the mountains of southeastern China
and harbor 28.3% of Chinese amphibian species (S Appendix,
Figs. S7 and S8).

There is an urgent need for protection of these six new hotspots.
South China has recently experienced rapid economic growth and
severe loss of protected areas (15, 29, 30). Human pressure is
intense in these new hotspots (Fig. 3D). By contrast, the global
hotspots in western China (the Himalayas and Hengduan
Mountains) have generally been the focus of more conservation
efforts (13, 15). Yet, the Nanling Mountains in South China have
much higher amphibian richness than the Hengduan Mountains
(Fig. 3C). Previous assessments of Chinese biodiversity have high-
lighted the mismatch between the large protected areas in western
and northeastern China and the many biodiverse areas in South
China (15, 31). Our study specifically pinpoints the Nanling
Mountains and five other mountain ranges in South China as
high-priority areas for protection. These six new hotspots harbor
many Critically Endangered amphibian species (19), such as the
salamanders  Hynobius  maoershanensis  (Hynobiidae) and
Paramesotriton labiatus (Salamandridae) and the frog Leptobrachella
maoershanensis (Megophryidae). Besides amphibians, they also
contain numerous other rare and threatened animal and plant
species, such as the viper Protobothrops mangshanensis and the tree
Firmiana danxiaensis (32). The Nanling Mountains also have
exceptional species richness and phylogenetic diversity for angio-
sperm plants (33) and possibly many other taxa as well. The
endemic species in these mountain ranges might also be especially
vulnerable to climate change, given that the limited maximum
heights of these ranges reduce the potential for montane species
to disperse to cooler, higher elevations.

In summary, we identify six new hotspots of amphibian biodi-
versity in China. Many of these new hotspots have higher richness
and endemism than traditionally recognized global hotspots in
China (Fig. 3Cand SI Appendix, Fig. S4 and Table S1). They are
also relatively unprotected and are under high pressure from
human activities (Fig. 3D). Protecting these new hotspots is
imperative as Chinese amphibians are more imperiled (77.8%
threatened; ST Appendix, Fig. S17) than amphibians globally [41%
threatened; (34)]. More broadly, we present possibly the first
large-scale analysis of richness patterns in cryptic species. Our
results suggest that described species alone offer an incomplete
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picture of species richness but that spatial richness patterns are
broadly correlated between described and cryptic species.

Materials and Methods

Data Collection and Assembly. Chinese amphibians included 557 described
species by the end of 2020 (Dataset S1), belonging to 13 families and 62 genera
(35). Among these species, 340 are endemic to China. We also estimated the
number of potential cryptic species, using molecular data from 2,306 individuals
sampled through ourfieldwork by 2020 and three species-delimitation methods
(51 Appendix, Methods).

Data on species distributions were assembled from multiple sources, resulting
in the most comprehensive dataset on the distribution of Chinese amphibians
to date (548 described species, 99 cryptic species). Previous studies had more
limited sampling of Chinese amphibians (94 to 401 species), such as Meng etal.
(36), Chen etal.(37),and Hu etal.(21) Much of these data were from fieldwork by
the authors (from 2001 to 2020), with specimens now deposited in the Kunming
Institute of Zoology of the Chinese Academy of Sciences. Specimens were col-
lected throughout China, except for the grasslands of Inner Mongolia, extreme
high elevations of the Xizang Plateau, and the desert in Xinjiang (S/ Appendix,
Fig. S3 A and B). These arid areas generally lack suitable habitat for amphibians
(31,38). For each species, fieldwork was focused on sampling their full geographic
range and type localities. Tissue samples and GPS coordinates were taken from
each specimen.

We also incorporated additional sources of distribution data. These included
the Global Biodiversity Information Facility (GBIF) database, nearly all published
national, provincial, and local faunas, and published literature associated with the
taxonomy of Chinese amphibians. We cross-checked these locality data against
the approximate geographic range determined by our newly generated molec-
ular dataset (S/ Appendix, Methods) to ensure that the former occurred within
the latter. Species-distribution models were not used to generate range maps
given the possible overprediction of species ranges, as found for Neotropical
amphibians (39).

Atotal of 11,745 occurrences records from 647 Chinese amphibian species
were collected, including 548 described species and 99 cryptic species. We lacked
distribution data for 10 species (nine described and one cryptic) because they
lacked precise occurrence records. These 10 species were excluded from mapping
analyses.

Mapping Distribution Ranges. Distribution records were gridded using the
R package letsR (40) to calculate and visualize large-scale distribution patterns.
To minimize the effect of unequal sampling area, we excluded 44 grid cells with
<50% land area following Kreft and Jetz (41) and He et al. (42). Grid cells that
appeared to lack amphibians (see white areas in Fig. 2) were excluded (n = 290).
These included the high-elevation regions of the Qinghai-Xizang plateau and
the desert and grassland areas in northern China. This left 567 grid cells of 1 x 1
degree size (~111 x 111 km?). UPGMA analysis was performed on the included
grid cells to delimit large-scale biogeographic regions for Chinese amphibians
(SI Appendix, Methods). Standard maps from the Chinese government were
used (http://www.shsm.gov.cn). Species were considered narrowly endemic if
they were restricted to one grid cell.

We note that there are also some grid cells with low species richness in south-
ern China. The low richness of these cells may be related to a variety of factors,
including human impacts (urbanization and agriculture), lower sampling effort
in human-impacted areas, and lower species richness at low elevations (even
without human impacts). However, our goal was not explaining why some grid
cells have unusually low species richness, but rather on identifying grid cells with
exceptionally high richness. In China, these high-richness grid cells correspond to
montane regions, which appears to be a general pattern in amphibians (43-45).

Estimation of Diversity Metrics. We calculated the species richness of each
grid cell by summing the number of species in that cell. We estimated the cell's
weighted endemism (46) as the inverse of each species’ distribution range (rep-
resented by the number of grid cells that each species occupies) summed across
all species presentin that grid cell. Endemism, weighted endemism, phylogenetic
diversity, and phylogenetic endemism for each cell were calculated using the R
package phyloregion (47).
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To estimate phylogenetic diversity and phylogenetic endemism, we first
estimated a time-calibrated phylogeny that included most Chinese amphibian
species (93.5%; 521/557). We used concatenated sequences of 12 nuclear genes
(BDNF, C-MYC, CXCR4, H3A, NCX1, POMC, RAGT, RAG2, RHOD, SIA, SLC8A3, and
TYR) and 7 mitochondrial genes (12S rRNA, 16S rRNA, COI, CYTB, ND1,ND2, and
ND3).These genes were selected based on their use in large-scale phylogenetic
studies of amphibians (48-50). Most sequences were obtained from GenBank
following protocols detailed in those studies (stopping at the end of 2020).
When a species had multiple individuals with data on GenBank, we chose the
individual with the most genetic markers. The COI sequences of many cryptic
species identified in this study were newly generated (SI Appendix, Methods).
GenBank accession numbers are in Dataset S3. The molecular dataset included
521 described Chinese amphibian species and 100 cryptic species and 1,057
non-Chinese species. A total of 36 described Chinese amphibian species were
not included because we lacked tissue samples and data were unavailable on
GenBank. Detailed methods for estimating the time-calibrated phylogeny are
provided in SI Appendix, Methods. The maximum-likelihood tree and time-
calibrated phylogeny (both in newick format) are available in Datasets S4 and
S5, respectively.

We performed correlation analyses among species richness, species ende-
mism, phylogenetic diversity, and phylogenetic endemism using the R package
corrplot (51).To control for the potential confounding effects of richness on phy-
logenetic diversity, we calculated the standardized effective size of phylogenetic
diversity (52). We calculated standardized effective size of phylogenetic diver-
sity SES-PD using the R package phyloregion (47). The SES-PD is calculated by
dividing the difference between the observed PD and the mean value of 1,000
randomly generated PDs by the SD of the randomly generated PDs. We also calcu-
lated mean divergence times among species in grid cells (S/Appendix, Fig. S13).

Identifying Biodiversity Hotspots. Many studies have shown that selecting
the top 5% of land areas with the highest richness is optimal for identifying bio-
diversity hotspots (53-56). Accordingly, we ranked all cells based on their total
number of species and considered cells in the upper 95th percentile as hotspots
(top 29 of 567). We also compared these results to those using the upper 99th
and 90th percentiles (SI Appendix, Results and Fig. S6). We overlaid the grid
cells of hotspots identified here with a global hotspot layer (9, 57) to determine
whether these grid cells are located in previously recognized hotspots. Cells that
were notwithin previously recognized hotspots were considered new to this study.

Species Protection and Exposure to Human Pressure. \We assessed each Spe-
cies using two data types: i) the proportion of the geographic range of each spe-
cies thatis within a protected area; and ii) an estimate of human pressure within
each species’ geographic range. Following Rodrigues et al. (58), we overlaid the
distribution range of each species and the layer of protected areas in ArcGIS 10.2.
The distribution range of each species was represented by a minimum-convex
polygon generated by multiple GPS coordinates using ArcGIS 10.2. We used
the most comprehensive dataset of protected areas in China (15). This dataset
consisted of a vector layerin which the minimum distance that can be represented
is~125 m.This level of resolution is standard for large-scale geographic analyses
(15,59). Based on the percentage of each species' range that fell inside the pro-
tected areas, we classified species into four groups (60): i) unprotected: species’
range was completely outside protected areas; i) gap: maximum of 20% covered
by protected areas; iii) partial gap: 21 to 90% covered by protected areas; and iv)
well-covered: >90% covered by protected areas.

To quantify human threats to biodiversity (61), we used the human footprint
index raster layer (1 km? resolution) to represent human pressure (62). The human
footprint index is calculated based on data from remote sensing and from field
survey data for multiple variables, including the extent of built environments,
human population density, and the presence of railways and roads (62). Ahuman
footprintindex of 0 indicates no human pressure, 1 to 2 indicates low pressure,
3to 5 moderate pressure, 6 to 11 high pressure, and 12 to 50 very high pressure
(62). We then overlaid the distribution range of each species and the human

1. A.D.Barnosky et al., Has the Earth's sixth mass extinction already arrived? Nature 471, 51-57
(2011).

2. G.Ceballos, P.R. Ehrlich, P.H. Raven, Vertebrates on the brink as indicators of biological annihilation
and the sixth mass extinction. Proc. Natl. Acad. Sci. U.S.A. 117, 13596-13602 (2020).
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pressure layer. Based on the percentage of each species' range that fell inside
the high human pressure areas, we classified species into four groups: i) severely
threatened: species' range was completely inside the very high human pressure
areas (100%); ii) threatened: >50% in the very high-pressure areas; iii) partially
threatened: <50% and >0%, and iv) nonthreatened: completely outside the
very high-pressure areas.

Protected Areas and Human Pressure on Hotspots. T0 assess the conser-
vation status of hotspots identified here, we estimated the percentage of hot-
spots covered by protected areas by overlaying the 29 hotspot grid cells and
the protected areas in ArcGIS 10.2. To assess average human pressure within
each hotspot, we took the average values of the human footprint index across
all 1-km? grids within each 1 x 1 degree grid cell of the 29 hotspots grid cells,
using ArcGIS 10.2.

Data, Materials, and Software Availability. All R codes used in this study
have been stored on GitHub at https://github.com/Chelab-KIZ/Paper-codes/tree/
main/CJPA202401 (63), along with intermediate analysis files. All other data are
included in the manuscript and/or supporting information.
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