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INTRODUCTION

Abstract

Anthropogenic climate change, land use modifications, and alien species
invasions are major threats to global biodiversity. Protected areas (PAs) are
regarded as the cornerstone of biodiversity conservation, however, few studies
have quantified the vulnerability of PAs to these global change factors
together. Here, we overlay the risks of climate change, land use change, and
alien vertebrate establishment within boundaries of a total of 1020 PAs with
different administrative levels in China to quantify their vulnerabilities.
Our results show that 56.6% of PAs will face at least one stress factor, and
21 PAs are threatened under the highest risk with three stressors simulta-
neously. PAs designed for forest conservation in Southwest and South China
are most sensitive to the three global change factors. In addition, wildlife and
wetland PAs are predicted to mainly experience climate change and high land
use anthropogenetic modifications, and many wildlife PAs can also provide
suitable habitats for alien vertebrate establishment. Our study highlights the
urgent need for proactive conservation and management planning of Chinese
PAs by considering different global change factors together.

KEYWORDS
biodiversity conservation, biological invasion, climate change, global change, land use
change, protected areas

international biodiversity conservation (Maxwell et al.,
2020), but it has been shown that approximately one-

Our global biodiversity is rapidly declining in response
to accelerating anthropogenic global changes, such as
climate change, land use modification, and alien species
invasions (Johnson et al., 2017). Protected areas (PAs) are
regarded as the cornerstone of local, national, and

third of the world’s PAs are under intense human pres-
sures (Jones et al., 2018). Previous studies conducted at
the continental scale have identified the strategic role
of PAs in shielding native biodiversity by resisting
global change impacts such as the risks of alien species
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establishment under climate change (Gallardo et al.,
2017). Nevertheless, a comprehensive assessment of the
vulnerability of PAs to different global change processes
(i.e., climate change, land-use change, and biological
invasions) is still lacking, which is crucial for future
systematic conservation planning of PAs in the face of
accelerating global change.

Climate change driven by greenhouse gas emissions
has been regarded as one continuous major driver of
global ecological community reorganization. The effect of
climate change is not homogeneous across our planet, as
there are some particularly sensitive areas, such as tropi-
cal areas and high latitudes (Burrows et al., 2011; Dillon
et al., 2010). In addition, there may be climate debt for
some types of ecosystems, as the effect of climate change
is predicted to accumulate with time lags (Antdo et al.,
2020). Anthropogenetic habitat transformation is another
major driver causing rapid declines in global biodiversity
(Newbold et al., 2015). For instance, only one-fifth of
global original forest cover remains as self-sustaining nat-
ural ecosystems, and many ecoregions, such as grass-
lands, were extensively converted to agriculture and
pasture in the 20th century (WRI/UNDP, 1998). Many
remaining lands have also been converted from natural
habitats to smaller fragmented patches, which poses sig-
nificant threats to species distributions and ecosystem
functions (Fahrig, 2003). Furthermore, model projections
have predicted that habitat loss will continue to increase
(Powers & Jetz, 2019). Human-mediated alien species
invasions are regarded as one of the greatest threats to
biodiversity, economic development, and public health
(Blackburn et al., 2019; Diagne et al., 2021; Zhang et al.,
2022). Alien species introductions have steadily contin-
ued over the past 200years worldwide (Seebens
et al.,, 2017), and this trend is predicted to continue to
increase by 36% from 2005 to 2050 (Seebens et al., 2021).
Importantly, global ecosystems are commonly simulta-
neously exposed to combinations of these global change
factors (Comte et al., 2021). It is thus critically important
to evaluate their overall risks in PAs by combining differ-
ent stressors to facilitate the implementation of timely
and proactive conservation management strategies.

There are approximately 285,520 PAs covering approxi-
mately 15.8% of global land and 8.2% of marine areas
according to the UNEP World Conservation Monitoring
Centre (UNEP-WCMC) based on the November 2022 statis-
tics in the World Database on Protected Areas (available at:
www.protectedplanet.net). Traditionally, most PAs are
established with a specific purpose or certain assumptions to
conserve endangered species and distinctive ecosystems in
geographically fixed and isolated spaces. Unfortunately, PAs
are currently facing novel and significant threats from the
global change processes mentioned above, which have been

insufficiently appreciated and not fully incorporated into the
designations of most PAs (Barber et al., 2004). For instance,
climate change could influence the species conservation
effectiveness of PAs by reducing habitat suitability and
resulting in species range shifts (Hannah et al., 2007), which
would be particularly important throughout low-latitude
and tropical PAs (Bruno et al., 2018). Although PAs are gen-
erally established in remote areas with low levels of human
deforestation, such as wilderness areas and natural monu-
ments (Geldmann et al., 2014), natural habitat degradation
usually occurs under increasing pressure from industrial
development and local land use (Hernandez et al., 2015;
Tesfaw et al., 2018), and this pressure is coupled with future
climate change (Swingland et al., 2002). Concerns about the
potential impacts of invasive alien species on PAs began
150 years ago and have increased rapidly since the 1980s
(Foxcroft et al., 2017). A recent global study focusing on
alien animal invaders found that terrestrial PAs are facing
increasing risks from biological invasions (Liu et al., 2020).
Importantly, PAs usually face different climate and
anthropogenetic challenges simultaneously (Shrestha et al.,
2021). Therefore, a comprehensive PA system must respond
systematically to these global changes by considering the
potential impacts of different emerging stressors together. It
is thus necessary to evaluate the potential gaps in PAs in
response to ongoing global change and to make a sound sci-
entific basis for the future adjustment of PAs to address
these new environmental pressures.

Here, based on different administrative level PAs with
precise boundary information across China, we evaluate
their vulnerability in response to global change factors by
integrating the risks of future climate change, the projected
anthropogenic land use modification, and the habitat suit-
ability of 1421 alien vertebrate establishment under climate
change scenarios. Chinese PA networks have been quanti-
fied as having a high representativeness of ecoregion
coverage, high biodiversity, and natural vegetation types
(Wu et al., 2011), although their conservation efficacy under
predicted climate change, land use modification, and alien
vertebrate establishment remains unknown. Our present
study may not only help evaluate the overall vulnerability of
Chinese PAs to environmental challenges but also facilitate
the future adjustment of the PA boundaries to better prevent
threats from growing global changes in the Anthropocene.

MATERIALS AND METHODS
PAs used in the study
Spatial data on the distributions and boundaries of 1134 PAs

located in mainland China (Figure 1) were retrieved from
the National Earth System Science Data Center, National

85U8D| 7 SUOWIWOD BAIIE8ID 3|qedljdde sy Aq peusenob e sspie YO ‘8sn Jo se|n Joj Aeid1T 8uluQ A3|1/M UO (SUONIPUOD-pUe-SWLRIW0D" A8 | 1M ARe.q 1 BuljUO//:SA1IL) SUORIPUOD PUe SWe | 8y 88S *[£202/c0/GT] Uo ARig1TauluO AB|IM * UDJe'Z01@) Jequislu-<yi|0qqIus> - BN-INY IND BN-INYIND Aq TE8Z des/Z00T 0T/I0P/L0D A8 1M Aeid1 Ul [UO'S feuINO fess/:sdny woJj pepeojumoq ‘0 ‘Z8SS6E6T


http://www.protectedplanet.net

ECOLOGICAL APPLICATIONS | 30f13
Serial Province No. Area of
no. protected | protected
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FIGURE 1 Geographic distributions of protected areas (PAs) used in the present study. The top three provinces with the largest

=
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) l\
®
number of PAs are Sichuan, Jiangxi, and Heilongjiang, and the top three provinces with the largest areas are Tibet, Qinghai, and Xinjiang.

Science & Technology Infrastructure of China (http://  accessible. These PAs correspond to IUCN categories I,
www.geodata.cn) (DOI: 10.12041/geodata.25887445942 II, and IV, which include nature reserves, national
2057.verl.db), of which the precise PA boundaries were  parks, and species management areas with clear spatial
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boundary information. Based on the information from
the National Earth System Science Data Center, these
PAs can mainly be classified into three types: wetland
PAs, forest PAs, and wildlife PAs, depending on differ-
ent protected targets. We removed 114 marine and natu-
ral monument PAs or inland PAs with incomplete data.
We also excluded PAs in Taiwan (China), Hong Kong
(China), and Macao (China), where the precise spatial
distribution data are not available. A total of 1020 PAs
with different administrative levels were included for
further analyses. These PAs were the most unmodified
or slightly modified areas designated for protecting bio-
diversity and maintaining ecosystem functions. The
average area of these PAs was 1165.14 km? (ranging
from 0.02 to 298,000 km?) calculated based on a
Mollweide Equal Area projection. The top three prov-
inces with the largest number of PAs are Sichuan,
Jiangxi, and Heilongjiang, which account for 30% of the
total number of all PAs, and the top three provinces with
the largest areas of PAs are Tibet, Xinjiang, and Qinghai,
which account for 67.6% of the total area of all PAs. The
global change variables below were collected at a spatial
resolution of 30 arc-second (approximately 1 km?) to
calculate the average environmental changes in PAs
using ArcGIS version 10.6.

Global change factors
Climate change vulnerability

Our primary goal was to assess the degree to which
projected future climate change may occur in each
PA. To achieve this, we first collected present and future
data on a total of six climate variables, including mean
annual temperature (MAT), mean temperature of warmest
quarter (MTWQ), mean temperature of coldest quarter
(MTCQ), annual precipitation (AP), precipitation of driest
quarter (PDQ), and precipitation of wettest quarter (PWQ)
for current (1970-2000) and future (2050) periods from the
Climate Research Unit (available at http://www.cru.uea.
ac.uk/data). The current (1970-2000) period data were
compiled monthly average climate data for weather sta-
tions from a large number of global, regional, national,
and local sources (Fick & Hijmans, 2017). The future
(2050) data are predicted in the MIROC5 mode based on
RCP 8.5 scenarios, which have been widely used in global
climate change studies (Cohen et al., 2020). These climate
variables were chosen because they have been shown to
be critically important to the physiological requirements
of vertebrates (Aratjo et al., 2008; Barbet-Massin &
Jetz, 2015; Visconti et al., 2016). To reduce the multicol-
linearity among climate variables, a principal component

analysis (PCA) was performed, and the first two compo-
nents (i.e., PC1 and PC2) were extracted. The first two
components (PC1 + PC2) explained a total of 99.89% and
98.36% of the variance in the present and future climates,
respectively, indicating a good representation of the
climatic variables. To measure climate vulnerability, we
calculated the Euclidean distance between current and
future distributions in the two-dimensional climate space
(i.e., the PC1 and PC2 axes) (Shrestha et al., 2021). We
then calculated the average climate vulnerability per grid
for each PA in ArcGIS to account for the potential effect of
PA area on climate vulnerability assessment. To better
compare the magnitude of climate vulnerability for each
PA, we used minimum-maximum normalization to trans-
form the climate vulnerability values into 0-1. Values close
to 1 indicate higher climate vulnerability, while values
close to 0 indicate lower climate vulnerability (Shrestha
etal., 2021).

Anthropogenic land use modification

For the anthropogenetic land use modification, we
obtained data on the projected land use types in 2010 and
2050 at a spatial resolution of 1 km X 1 km under the
RCPS8.5 scenario (Quesada et al.,, 2018). This land use
dataset uses a grid-based spatially explicit cellular autom-
ata (CA) model with a global 30 m land cover map (2010)
as a base input after incorporating a variety of biogeo-
graphic and socioeconomic variables using an empirical
analysis to downscale coarse-resolution land use informa-
tion (specifically urban, crop, and pasture). The dataset
accounted for spatial heterogeneity from topography,
climate, soils, and socioeconomic variables (Li, Liu,
et al., 2016; Li, Yu, et al., 2016). We selected four anthro-
pogenic land use types, including cropland, grassland,
impervious land, and urban greenspace, to represent the
anthropogenic modified land use types during urbaniza-
tion and agricultural development (Brovkin et al., 2013;
Findell et al., 2017). Then, we performed PCA on the pro-
portion of anthropogenically modified land use types
along two different time dimensions and extracted the
first two components that explained 97.6% and 97.04% of
the variance for the present and future scenarios, respec-
tively. We next calculated the Euclidean distance
between the current and future distributions in two-
dimensional climate space (i.e., the PC1 and PC2 axes)
(Shrestha et al., 2021). Finally, we calculated the average
of land-use types that were changed to a more anthropo-
genically influenced type in the unit raster of PAs to
assess the extent to which potential land-use modification
may occur within each PA (Zhang et al., 2022). We used
minimum-maximum normalization to standardize the

85U8D| 7 SUOWIWOD BAIIE8ID 3|qedljdde sy Aq peusenob e sspie YO ‘8sn Jo se|n Joj Aeid1T 8uluQ A3|1/M UO (SUONIPUOD-pUe-SWLRIW0D" A8 | 1M ARe.q 1 BuljUO//:SA1IL) SUORIPUOD PUe SWe | 8y 88S *[£202/c0/GT] Uo ARig1TauluO AB|IM * UDJe'Z01@) Jequislu-<yi|0qqIus> - BN-INY IND BN-INYIND Aq TE8Z des/Z00T 0T/I0P/L0D A8 1M Aeid1 Ul [UO'S feuINO fess/:sdny woJj pepeojumoq ‘0 ‘Z8SS6E6T


http://www.cru.uea.ac.uk/data
http://www.cru.uea.ac.uk/data

ECOLOGICAL APPLICATIONS

| 50f13

mean anthropogenic land use change for each PA to 0-1.
Values close to 1 imply a higher risk of anthropogenetic
land use modification, while values close to 0 imply a
lower risk of modification.

Habitat suitability of alien vertebrate
establishment

Habitat suitability is regarded as a fundamental factor in
determining the risk of alien species establishment
(Pysek et al., 2010) and has been widely used to evaluate
the risk of alien species establishment in both current
and future climates (Bellard et al., 2013; Liu et al., 2019).
Using keywords in English ((“alien” OR “introduc” OR
“exotic” OR “non-native” OR “non native” OR “non-
indigenous” OR “invasive”) AND (“vertebrate*” OR
“mammal*” OR “reptile*” OR “amphibian*” OR “bird*”
OR “fish*’) AND (“China” OR “mainland China” OR
“China mainland”)) and Chinese ((“4M3&” OR “JEAR+”
OR “4MfAfZ” OR “AfZ™) AND (“HHEEIY)” OR “THF,
P OR “H2K” OR “FEfENY” OR “TEfTEN#” OR
“f1287 OR “B/KEIR”) AND (“tFE” OR “tEANE™),
we reviewed literatures using Web of Science (https://
www.webofscience.com/) and the Chinese Journal Full-
text Database (National Knowledge Infrastructure, CNKI:
https://www.cnki.net/), and extracted information of
alien vertebrates that have been introduced to mainland
China. In addition, we also checked all available open
datasets to obtain alien or invasive vertebrates reported
from mainland China. We obtained a total of 1421 alien
vertebrates (83 amphibians, 369 reptiles, 334 birds,
416 fishes, and 219 mammals) (Data is available at
Science Data Bank: https://www.scidb.cn/en). We
conducted a cross-check of synonyms for all the alien ver-
tebrates according to the taxonomy in the IUCN (https://
www.iucnredlist.org/). Species names were also checked
according to global open datasets for amphibians (The
AmphibiaWeb, https://amphibiaweb.org/), reptiles (the
reptile database, https://reptile-database.reptarium.cz/),
birds (Avibase, https://avibase.bsc-eoc.org/avibase.jsp;
Birdlife, https://www.birdlife.org/), and mammals
(Mammal Species of the World 3rd edition, https://www.
mammaldiversity.org/). We finally rechecked all the spe-
cies names collected from different source databases
according to “species-2000-China” (http://www.sp2000.
org.cn/) to exclude those species native to China.

To be consistent with the temporal scale of the other
two factors, we evaluated the alien vertebrate invasion
risk by constructing species distribution models (SDMs)
under current (1970-2000) and future (2050) periods in
each of the PAs. We first collected occurrence records of
each alien vertebrate from a number of online databases,

including the Global Biodiversity Information Facility
(GBIF, http://www.gbif.org/), Atlas of Living Australia
(ALA, http://www.ala.org.au/), Biodiversity Information
Serving Our Nation (BISON, https://bison.usgs.gov/),
iNaturalist (iNat, https://www.inaturalist.org/), eBird
(https://ebird.org/), Integrated Digitized Biocollections
(iDigBio, https://www.idigbio.org/), with reference to
Dyer et al’'s GAVIA database (Dyer et al., 2017),
Biancolini et al's DAMA database (Biancolini
et al,, 2021), and Zhang et al. (2022). Occurrence data
extraction was conducted with the scientific name of
each alien vertebrate using the spocc
(Chamberlain, 2021) and rgbif (Chamberlain et al., 2022;
Chamberlain & Boettiger, 2017) packages in R (R Core
Team, 2021). We then performed a data cleaning proce-
dure to remove clustered records and invalid or dupli-
cated records, and retained one record per 5 arc-minute
grid cells to account for the potential biases from the data
repositories (Kramer-Schadt et al., 2013). The species
occurrence data were collected from both their native
and invaded ranges considering the fact that alien
vertebrates may occupy new realized climatic niches in
invaded ranges (Broennimann et al., 2021; Cardador &
Blackburn, 2020; Liu et al., 2017). Present-day and future
climatic predictors at a resolution of 5 arc-minutes were
extracted from the WorldClim/CHELSA database
(WorldClim, https://worldclim.org/; CHELSA, https://
chelsa-climate.org/). Based on the ecological require-
ments of our study species, we selected different biocli-
matic predictors for the four taxonomic groups
(Appendix S1: Table S1). The water variable reflecting
the aquatic habitat of fish and terrestrial vertebrates’
requirement for reproduction and food was obtained
from the Global Lakes and Wetlands Database (GLWD,
http://www.wwfus.org/science/data.cfm). The future
water variable was not available yet and was thus
assumed to be constant with the current conditions
following previous studies (Li, Liu, et al., 2016; Li, Yu,
et al., 2016).

We constructed SDMs using the maximum entropy
algorithm (MaxEnt), which generally shows high predic-
tive performance and has been extensively applied in
macroecology and biogeography studies (Phillips et al.,
2006). We did not include more modeling techniques, as
a recent study suggested that there were no significant
advantages of using multiple model ensembles compared
with the single model approach (Hao et al., 2020). We
built a number of candidate models with different feature
classes and regularization multipliers, and selected the
optimal one with a low 10% omission rate and a high
AUC (area under the curve of the receiver operating
characteristic) value to optimize model complexity when
developing MaxEnt models (Radosavljevic & Anderson,
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2014). The predictive ability of the optimal model was
further evaluated using the continuous Boyce index
(Hirzel et al., 2006), which represents a robust index for
the presence-only model. The continuous habitat suitability
SDM projections were converted into species presence
(1) or absence (0) using 10% presence probability thresh-
old (Zhang et al., 2021). We then evaluated the habitat
suitability for establishment of each PA using the mean
of the predicted richness of established alien species
among grids in each of PA (Gallardo et al., 2017) consid-
ering the fact that there tended to be more established
alien species in larger PAs (Liu et al., 2020). We used
minimum-maximum normalization to standardize the
average number of predicted richness of established alien
vertebrate of each PA into 0-1. A value close to 1 indicates
high alien vertebrate establishment risk, while a value
close to 0 indicates low alien vertebrate establishment
risk. To maintain the consistency of data accuracy, we
resampled the predicted richness of established alien
vertebrate to a 30 arc-second accuracy.

Combining three global change factors to
calculate overall threats

We applied a three-level overlap analysis by assuming that a
PA will be under the highest threat from the three global
change factors when climate change, land use change, and
habitat suitability for establishment of alien vertebrate are all
predicted to be the highest in the future (Shrestha
et al., 2021). We first quantified the ranking of each PA for
each of the three global change factors by defining the PAs
with the highest risks as the 25% of PAs with the highest cli-
mate change, the highest predicted richness of established
alien vertebrates, and the highest proportion of
anthropogenetic land use modifications. We then defined PAs
with three-factor overlap as very high-risk, PAs with two-
factor overlap as high-risk, PAs with only one single factor as
medium-risk, and PAs with no high-risk factors as low-risk.

RESULTS

Risk assessment of different single global
change factors

Most of the PAs with the highest climate change threats
were located in Southwest, South, and Northeast China,
following by PAs in some regions such as North of
Xinjiang (Figure 2a). PAs with a very high risk of climate
change accounted for 7.7% of the total area of PAs, with
the top five provinces being Tibet, Sichuan, Yunnan,
Liaoning, and Shaanxi. Provinces of Sichuan, Yunnan,

Jiangxi, Guangdong, and Liaoning have the largest num-
ber of PAs with very high climate change risk. Forest PAs
are most vulnerable to climate change with the number
accounting for 29.5% of all the forest PAs, followed by
wildlife PAs (21.4%) and wetland PAs (20.7%) (Figure 2a).

PAs facing very high anthropogenic land use changes
were predicted in most regions, particularly in Southwest
China and Northeast China (Figure 2b). These PAs
accounted for 6.6% of the total area of the PAs. Among
them, Sichuan, Heilongjiang, Liaoning, Jiangxi, and
Yunnan ranked as the top five provinces with the highest
number of PAs sensitive to land use change, and the area
of PAs located in Inner Mongolia, Sichuan, Jilin, Liaoning,
and Heilongjiang ranked as the top five provinces with the
largest area of PAs facing very high land use anthropo-
genic changes. Wildlife PAs were most vulnerable to land
use change, with the number accounting for 26.4% of all
the wildlife PAs, followed by forest PAs and wetland PAs
accounting for 25.5% and 22.5% of the corresponding PAs
(Figure 2b).

Most PAs with a very high habitat suitability of alien
vertebrate establishment were located in Central, south-
ern, and southwestern China, and these PAs accounted
for 2.6% of the total area of all PAs (Figure 2c). Among
them, the number of PAs in Guangdong, Jiangxi,
Yunnan, Guangxi, and Hainan were ranked as the top
five provinces, and PAs located in Guangxi, Yunnan,
Hunan, Guangdong, and Hainan had the largest area
with very high habitat suitability of alien vertebrate
establishment. Forest PAs could provide the highest pro-
portion (35.6%) of PAs suitable for alien vertebrate estab-
lishment, followed by wildlife PAs (16.5%) (Figure 2c).

Overall threats of three global change
factors

Based on the spatial distributions of the PAs with a very
high risk of climate change, anthropogenic land use
change, and alien vertebrate establishment, we quantified
the overall risk of PAs to the three global change factors
together (Figure 3a). We found that 21 PAs, mainly in
Southwest and South China, were ranked as the most
vulnerable PAs, with three very high-risk factors
overlapping simultaneously. Nearly half of these PAs are
located in Yunnan Province, and most were forest PAs
(Figure 3). Additionally, 146 PAs were ranked as high-
risk PAs with two overlapping very high-risk factors, and
most were forest and wildlife PAs concentrating in South-
west, Central, and South China (Figure 3). Among them,
44 PAs with very high risks of climate change and
anthropogenic land use change (Figure 4a), which were
mainly concentrated in Southwest and Northeast China.
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FIGURE 2 Different global change vulnerabilities of protected areas (PAs) in China. (a) Classification of PAs based on the climate

change vulnerability. (b) Classification of PAs based on human-induced land use change vulnerability. (c) Classification of PAs based on
alien vertebrate establishment vulnerability. The top 25% of PAs with the highest risk are considered as very high-risk PAs, the top 25%-50%
PAs are considered as high-risk, the 50%-75% PAs are considered as medium-risk and the remaining 75%-100% PAs are considered as

low-risk.

There were 62 PAs had overlapping climate change and
habitat suitability for alien vertebrate establishment
(Figure 4b), and these PAs were mainly located in
Southwest and South China and Jiangxi Province. There
were 40 PAs with a very high habitat suitability for alien
vertebrate establishment and anthropogenic land use
change (Figure 4c), most of which were located in
Southwest, South, and Central China.

DISCUSSION

Our present study, to our knowledge, provides the first
quantitative evaluation of the threats posed by three

major global change factors (i.e., climate change, anthro-
pogenic land use change, and biological invasions)
together on PAs in China. We show that the vulnerable
(167 very high-risk and high risk) PAs accounted for
approximately 16.4% and 2.6% of the total number and
area of all PAs, which are facing high risks of climate
change, anthropogenic land-use change, and alien verte-
brate establishment together. These PAs require the most
stringent conservation measures to mitigate future poten-
tial global change impacts. We find that PAs in South-
west China will experience very high pressure from these
three global change factors from the perspectives of both
number and area. Previous studies have identified that
PAs in these regions are biodiversity conservation
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FIGURE 3 Classification of protected areas (PAs) in China based on three global change vulnerabilities, including climate change,
anthropogenetic land use change, and habitat suitability of alien vertebrate establishment. PAs in red represent those that are at a very high
risk for all three factors (very high risk, 21 PAs). PAs in orange represent those defined by two very high-risk factors (high risk, 146 PAs).
PAs in blue represent those defined by only one very high-risk factor (medium risk, 410 PAs). PAs that are outside of the high-risk hotspots
of these three factors were shown in green (low risk, 443 PAs).
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FIGURE 4 The overlap vulnerabilities of two global change factors. (a) Climate change and land use change. (b) Climate change and
habitat suitability of alien vertebrate establishment. (c) Land use change and habitat suitability of alien vertebrate establishment. Colors
indicate areas of very high vulnerability defined as the 25% of grid cells with (1) the highest climate change, (2) the highest anthropogenetic
degree of land use change, and (3) the highest habitat suitability of alien vertebrate establishment.

hotspots under historical climate variability and anthro-
pogenic pressures (Shrestha et al., 2021). Our present
study provides further evidence of their vulnerability
to future environmental changes. Considering that
Southwest China is well known for its high biodiver-
sity, we therefore suggest that PAs in this region
should be a key area of conservation concern to fight
the risks of different global change factors in the
Anthropocene.

Our results show that several different types of PAs
were generally vulnerable to the potential impacts of cli-
mate change. Climate change may thus pose an inevita-
ble threat to Chinese PAs by affecting the ecosystems
stability and wildlife survival through increasing temper-
atures, temperature and precipitation variability, and
extreme climate events (Gross et al., 2016; Hoffmann &
Beierkuhnlein, 2020). Climate change may also reshape
the geographical distributions of wildlife and the
resulting community structure and ecosystem functions
(Pecl et al., 2017). This is especially true for species living
close to their climatic tolerance and those that have low
adaptation abilities to climate change (Garcia et al., 2014;
Sinervo et al., 2010). PAs located at higher latitudes and
altitudes may act as refuges to support more native spe-
cies that disperse to these regions with climate change
(Berteaux et al., 2018; Steinbauer et al., 2018). Therefore,
sensitive PAs identified in our present study should be
given priority attention through targeted measures to
maintain their conservation effectiveness. We suggest
that it may be helpful to expand existing PAs and

establish new PAs in areas with less climate change
(Elsen et al., 2020; Hoffmann et al., 2019).

With the increasing human population and process of
urbanization, PAs are experiencing great pressure from
the transformation of natural vegetation to residential
zones and cropland (Martinuzzi et al., 2015). We find that
PAs in Northeast, Southwest, South, Central, East, and
North China have different degrees of sensitivity to
anthropogenic land use change. In addition to wildlife
and forest PAs, wetland PAs might be under great pres-
sure from anthropogenic land use change that may dis-
turb wildlife habitats. For instance, land use change may
isolate crucial wildlife dispersal habitat corridors and
reduce the ecological function of PAs to maintain biodi-
versity (DeFries et al., 2007). We suggest that it may be
useful to establish buffer zones where local human
populations can use PA resources and preserve migration
corridors to help wildlife avoid the negative effects of
habitat disturbances (Yang & Xia, 2008). Specifically, for
wetland PAs, we recommend that the government con-
sider proposing ecological recovery projects to resume
lakes and ponds that provide essential habitats and wild-
life food and water resources (HawKkins et al., 2003).

The issue of invasive alien species in PAs has been a
concern for a long time (Usher, 1988). Compared with
previous evaluations on the spatial patterns of alien spe-
cies establishment under current climatic conditions (Liu
et al., 2020; Shackleton et al., 2020), we still have a lim-
ited understanding of the future habitat suitability of
alien species establishment under climate change in PAs
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(Gallardo et al., 2017). Our present study supports a
recent global evaluation stating that many PAs indeed
may provide suitable habitats for alien vertebrate
establishment under current climates (Liu et al., 2020).
We provide further country-level insights that 36% of
Chinese PAs will provide suitable habitat for the estab-
lishment of at least 60 alien vertebrates under future
climate change, which is generally consistent with a conti-
nental study on the high risks of alien species establish-
ment in Europe (Gallardo et al., 2017). This is especially
true for forest and wildlife PAs in Southwest, Northwest,
and Central China, which generally have higher elevations
and latitudes, where has been predicted to increase habitat
suitability for alien species establishment under future
climate change (Bellard et al., 2013; Liu et al., 2011).

We acknowledge that our present study may still have
some limitations. For instance, the vulnerability of each
individual PA to global change factors may not only
depend on the degree to which climate change, land use
modification, and alien vertebrate establishment will
occur but also be related to the resistance of PAs to these
challenges (Dawson et al., 2011). The invasion risk
of alien species is not only influenced by habitat suitabil-
ity but is also closely associated with introduction
factors related with human activities (PysSek et al., 2010)
and propagule pressures important for establishment
(Lockwood et al., 2009), which are not yet available for
future scenario modeling. Finally, the risk of Chinese
PAs to global change may also be dependent on the exact
policies that the government may carry out in the future.
For example, in some regions, anthropogenic habitat dis-
turbances may even be reduced under government
intervention in the future (Zhang & Schwirzel, 2017).
However, it is impossible to incorporate the policy effect
into the predictive models, which needs more future stud-
ies when related information is available and can be quan-
tified in modeling. The Chinese government has been
paying close attention to the construction of national parks
based on historical nature reserve systems. Our present
study adds to previous research on the environmental
challenges of Chinese PAs under historical and traditional
environmental threats (Shrestha et al., 2021) and demon-
strates that conservation planning for PAs also needs to
incorporate future global change challenges by assessing
the vulnerability of PAs to predicted future environmental
changes. The map incorporating climate change, land use
change, and habitat suitability for alien vertebrate estab-
lishment within PAs here provides the first step to achieve
this goal by guiding spatial designation and zoning inside
PAs for stakeholders and policy-makers.

Based on our findings, we propose some management
suggestions to enhance the ability of Chinese PAs to cope
with the future climate change, anthropogenic land use

modification, and alien species invasion. In order to
effectively adapt to climate change, it is necessary to
establish an ecological corridor network among adjacent
PAs with similar environmental conditions to facilitate
dispersal of emigrants and arrival of colonists tracking
climate change (Hole et al., 2011). It is especially for
those small or isolated PAs that should be connected
together to form a large PA network system. In addition,
it is also needed to conduct specific evaluations on differ-
ent native species in PAs to identify those highly vulnera-
ble species for timely migration and ex situ conservation
into climate-change refugia (Chen et al.,, 2017; Zhu
et al., 2021). The anthropogenic land use change may fur-
ther impede the dispersal of species especially for those
taxa with weak dispersal abilities (Asamoah et al., 2021).
Therefore, we suggest that natural resource disturbances
should be avoided entirely in the core protection zones of
PAs and it needs rigorous scientific guidance to conduct
sustainable natural resource utilization in restricted areas
of PAs. Some restoration and rewilding projects warrant
future applications into the habitat recovery of those key
wildlife species that are sensitive to land-use change
(Pringle, 2017). Our results also show that there are some
PAs that may be particularly suitable for alien vertebrate
establishment. Because it is very difficult and often impos-
sible to completely eradicate established populations
(Blackburn et al., 2011; Simberloff et al., 2013), we recom-
mend that strict prevention measures be taken against
potential alien vertebrate introductions and establishment
by strengthening the early detection and quarantine man-
agement of alien propagules within and around PAs.
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