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Abstract: Maintaining and improving the connectivity of protected areas (PAs) is essential for
biodiversity conservation. The Post-2020 Global Biodiversity Framework (GBF) aims to expand the
coverage of well-connected PAs and other effective area-based conservation measures to 30% by
2030. We proposed a framework to evaluate the connectivity of PAs and developed strategies to
maintain and improve the connectivity of PAs based on PA connectivity indicators, and we applied
this framework to China’s terrestrial PAs. We considered that the concept of PA connectivity is at the
level of both PA patches and PA networks, including four aspects: intra-patch connectivity, inter-patch
connectivity, network connectivity, and PA–landscape connectivity. We found that among China’s
2153 terrestrial PA patches, only 427 had good intra-patch connectivity, and their total area accounted
for 11.28% of China’s land area. If inter-patch connectivity, network connectivity, and PA–landscape
connectivity were taken as the criteria to evaluate PA connectivity, respectively, then the coverage of
well-connected terrestrial PAs in China was only 4.07%, 8.30%, and 5.92%, respectively. Only seven
PA patches have good connectivity of all four aspects, covering only 2.69% of China’s land. The
intra-patch, inter-patch, network, and PA–landscape connectivity of China’s terrestrial PA network
reached 93.41%, 35.40%, 58.43%, and 8.58%, respectively. These conclusions indicated that there is
still a big gap between China’s PA connectivity and the Post-2020 GBF target, which urgently needs
to be improved. We identified PA patches and PA networks of ecological zones that need to improve
PA connectivity and identified improvement priorities for them. We also identified priority areas
for connectivity restoration in existing PAs, potential ecological corridors between PAs, and priority
areas for PA expansion to improve the connectivity of PAs in China. Application of our framework
elsewhere should help governments and policymakers reach ambitious biodiversity conservation
goals at national and global scales.

Keywords: biodiversity conservation; connectivity; protected areas; dispersal probability; least-cost
distance; ecological corridor

1. Introduction

Biodiversity loss and climate change are urgent and critical crises to which humanity
must respond [1–3]. Connectivity can facilitate a range shift and the climate resilience of
species [4,5]. Maintaining and improving connectivity is essential for achieving long-term
biodiversity outcomes in response to climate change [6–8]. Research has shown that habitat
connectivity is sensitive to climate change and may be lost more rapidly than habitat
area [9,10]. In summary, connectivity loss has a robust, lasting, and negative impact on
biodiversity and is, therefore, a major threat to biodiversity maintenance [11,12].

The establishment of protected areas (PAs) is a vital initiative for biodiversity con-
servation [13–16], and connectivity is necessary, and even of central importance, for the
effectiveness of PAs [17,18]. Both the Conservation for Biodiversity Aichi Targets [19] and
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the Post-2020 Global Biodiversity Framework (GBF), which is under discussion globally,
emphasize the importance of PA connectivity and set global PA connectivity targets. Aichi
Targets and the First Draft of the Post-2020 GBF call for 17% and 30%, respectively, of the
global land area to be conserved through well-connected PAs and other effective area-based
conservation measures (OECMs) [19,20].

Research on connectivity evaluation has led to the development of different connec-
tivity indicators [21,22]. The probability of connectivity (PC) is a widely used indicator
to evaluate the connectivity of PAs [23–25]. Based on PC, Saura et al. (2018) used the
ProtConn indicator and found that only 7.5% of global terrestrial land is covered by well-
connected PAs, whereas in case of China, the value is 8–12% [26]. Ward et al. (2020) used
the ConnIntact indicator and found that intact land structurally connected only 10% of the
terrestrial PAs globally [27]. Among the existing global PA connectivity assessment studies,
some focused on the connectivity of the PA network including intra-patch connectivity and
inter-patch connectivity [25,26,28], while others concentrated on the connectivity between
PA patches (inter-patch connectivity) [27,29]. It is necessary to integrate the connectiv-
ity at different levels and aspects into a unified framework to comprehensively describe
connectivity and propose systematic approaches to address it accordingly.

We considered that the concept of PA connectivity includes the intra-patch connectivity,
inter-patch connectivity, network connectivity, and PA–landscape connectivity of both PA
patches and PA networks (Figure 1) based on previous studies [23,27,30–32]. For a PA
network that includes several PA patches located in a landscape, we distinguish the above
concepts of connectivity according to the following definition. The intra-patch connectivity
of a PA patch means the connectivity within the PA patch. The inter-patch connectivity of a
PA patch means the connectivity between it and other PA patches within the PA network.
The network connectivity of a PA patch means its connectivity with the PA network that
includes its intra-patch connectivity and its inter-patch connectivity with other PA patches.
The PA–landscape connectivity of a PA patch means the connectivity between this PA patch
and the whole landscape. The intra-patch connectivity of the PA network includes the
connectivity within every PA patch of the PA network. The inter-patch connectivity of the
PA network includes the connectivity between every patch pairs within the PA network.
The network connectivity of the PA network includes the intra-patch connectivity of every
PA patch within the PA network and the inter-patch connectivity between every patch pair
within the PA network. The PA–landscape connectivity of the PA network includes the
connectivity between every PA patch and the whole landscape.

This study proposed a set of indicators to evaluate the PA connectivity of both PA
patches and PA networks based on dispersal probability and the PC indicator [23], and all
of these indicators range from 0 to 1. The probability of connectivity of intra PA patches
(PCintra) indicator measures intra-patch connectivity, the probability of connectivity of
inter PA patches (PCinter) indicator measures inter-patch connectivity, the probability of
connectivity with the PA network (PCnet) indicator measures network connectivity, and
the probability of connectivity with the whole landscape (PCland) indicator measures
PA–landscape connectivity. We established a PA connectivity evaluation and strategy
development framework based on these PA connectivity indicators (Figure 1).

The aim of this study is to provide a framework on PA connectivity evaluation and
improvement for post-2020 biodiversity conservation and illustrate how this framework
can be applied and guide the management of PAs, using China as an example. In the
methods section, we explain the calculation methods of different connectivity indictors
and how to determine the connectivity maintenance or improvement strategies according
to the connectivity evaluation results. In the results section, we show the calculation
results of the connectivity indicators of the PA networks and PA patches in China, the
connectivity strategy classification results of PAs based on connectivity indicators, and the
spatial priority area to improve PA connectivity in China.
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Figure 1. A framework for protected area (PA) connectivity evaluation and strategy development
based on connectivity indicators and conducted from four perspectives: intra-patch, inter-patch,
network and PA–landscape connectivity.

2. Materials and Methods
2.1. Protected Areas and Ecological Zones

The natural conservation geographical regionalization scheme of China [33], which
aims to guide China’s biodiversity conservation and establishment of the PA system, was
adopted in this study. This biogeographic regionalization scheme divides China’s land
into 38 terrestrial ecological zones. The South China Sea island tropical humid zone (VIII2),
which has no terrestrial PAs, was not included in the analysis. This study assumed that
PAs need to connect with PAs within the same ecological zone, and we evaluated PA
connectivity separately at the ecological zone scale.

We used data collected for various types of terrestrial PAs in China, including
819 polygons and 3163 points. The polygon data included data for 10 national parks,
which were mapped according to the national park pilot area plans released by the Chinese
government. Data for 252 national nature reserves and 377 local nature reserves were
extracted from information published by the Chinese government. The data were merged
with data on 180 PAs in China provided by the World Database on Protected Areas (WDPA)
for September 2020 (https://www.protectedplanet.net (accessed on 5 January 2021)). The
point data included scenic areas, forest parks, and geoparks, which we collected according
to information released by the Chinese government. Areas of high ecological integrity
within 2 km of the point data were used instead of the point data, as many studies have
shown that it is reasonable to use areas of high ecological integrity for connectivity analy-
sis [30,34–36]. In this study, global-scale, very low human impact areas [37] and China-scale
wilderness areas [38] were selected to form high ecological integrity areas. The polygon
data were merged with the high ecological integrity areas that replaced the point data. We

https://www.protectedplanet.net
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intersected the PA patches with ecological zones and obtained 2153 PA patches covering
14.68% of China’s land surface with a total area of 1,409,761 km2.

2.2. Resistance Surface

The resistance surface measures how difficult it is for an organism or ecological flow
to move successfully [36] or measures the relative cost of passing through a gridded
mapped surface [39]. Many studies create resistance surfaces based on the degree of
human modification, naturalness, or other similar indicators [30,39–41]. In this study, we
created a resistance surface based on the global land-scale human modification indicator,
HMc, which estimates the cumulative human modification of the land using 13 global
human stressor datasets with 2016 as the median year; the value is between 0 and 1 and
has a spatial resolution of 1 km [42]. The stressor datasets included human settlement
(population density, built-up areas), agriculture (cropland, livestock), transportation (major
roads, minor roads, two tracks, railroads), mining and energy production (mining, oil wells,
wind turbines), and electrical infrastructure (powerlines, nighttime lights) [42]. Despite
the uncertainties that global data might bring, this was the best available data on human
modification of China’s land. We performed an exponential transformation of HMc, similar
to Cao et al. (2020) [30], and we formed a resistance surface R between 1 and 1000 using the
following equation:

R = 1 + 999 ∗ eHMc − 1
e− 1

(1)

Finally, we removed areas covered by water bodies and glaciers extracted from land
use data of China from the resistance surface (Figure S1), assuming that terrestrial animals
do not pass over glaciers or through water bodies during dispersal. The land use data were
obtained from the Resources and Environmental Science Data Center, Chinese Academy of
Sciences (Beijing, China; http://www.resdc.cn/ (accessed on 16 June 2021)).

2.3. PA Connectivity Evaluation

For a PA network in a landscape that includes n PA patches, the area of PA patch i
was noted as ai(i = 1, 2 . . . ., n), the total area of the PA network was AN = ∑n

i=1 ai, and
the total area of the landscape was AL. We evaluated the connectivity of PAs by dispersal
probability, which can be estimated as a negative-exponential function of distance [32,43].

2.3.1. Intra-Patch Connectivity

As the distance an animal can disperse within a certain time duration is limited, the
intra-patch connectivity of a patch can be simplified as the probability of a successful
dispersal of a fixed distance from every point in a patch. We created a dispersal probability
surface (with a value of P) (Figure S2) from the resistance surface. When the resistance
surface is raster data with a cell side length D and a value R, for any cell on the raster
surface, the cost distance is R when animal dispersal in the cell moves a distance D, and the
dispersal probability P is as follows:

P = e−h∗R (2)

In the present study, R was between 1 and 1000, so we defined h as 1/1000, considering
that the dispersal probability is 1/e (0.3679) when R takes the maximum possible value of
1000, and e−1/1000 (0.9990) when the resistance is the minimum value of 1, which is very
close to 1.

The PCintra of PA patch i is defined as the probability of a successful dispersal of a
fixed distance from any point within this patch and can be calculated as the average value
of the dispersal probability surface within this patch:

PCintrai = average(P)(patchi) (3)

http://www.resdc.cn/
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The PCintra of the PA network is defined as the probability of a successful dispersal of
a fixed distance from any point within patches can be calculated as the average value of the
dispersal probability surface within the PA network:

PCintra = ∑n
i=1

ai

AN
∗ PCintrai (4)

After creating the dispersal probability surface, we used the partition statistics tool of
ArcGIS 10.2 to calculate the PCintra of the PAs.

2.3.2. Inter-Patch Connectivity

Dispersal probability pij characterizes the feasibility of a step between patches i and j,
where a step is defined as a direct movement of a disperser between two habitat patches
without passing by any other intermediate habitat patches [23]. We considered that an
animal that moves from one patch i to another patch j first needs to move from some
point A inside patch i to some point B on the edge of patch i; then, it moves successfully
from point B through the matrix, to some point C on the edge of patch j, and from C to
some point D inside patch j. The probability of successful dispersal from points A to B is
PCintrai, and the probability of successful dispersal from points B to C can be estimated as
a negative-exponential function of the inter-patch distance dij [32,43]. The probability of
successful dispersal from points C to D is PCintraj. Then, the probability of direct dispersal
between patches i and j is calculated as follows (k is a constant):

pij = PCintrai ∗ e−kdij ∗ PCintraj (5)

The value of p∗ij is the maximum product probability of all possible paths between
patches i and j (including single-step paths) [23]. For the case of indirect dispersal from
patch i through patch k to patch j, the probability is equal to the product of the probability
of success of each step of the animal’s movement:

p′ij = pi ∗ e−kdik ∗ pk ∗ e−kdkjpj (6)

The inter-patch distance dij can be estimated by the Euclidean distance or least-cost
distance [23,44]. Measuring the connectivity between patches based on Euclidean distance
does not reflect spatial heterogeneity, and this approach is considered unreasonable by
some researchers [45]. Therefore, the least-cost distance was used as the inter-patch distance
in this study. The Linkage Pathways Tool of Linkage Mapper Toolbox 2.0 (available at
http://www.circuitscape.org/linkagemapper (accessed on 4 March 2021)) was used to
calculate the least-cost distance between patches and obtain the least-cost paths (LCPs).
The median distance refers to the distance corresponding to a dispersal probability of
0.5 and can be used to define the factor k in the equation for calculating the dispersal
probability [25]. In the latest global PA network connectivity evaluation study, 10 km
was used as the median distance [28]. Thus, we multiplied 10 km by the average value
of the resistance surface of China (219.34) as the median cost distance, and then, we set
k = 0.000316.

The PCinterI of PA patch i is defined as the probability that an animal randomly
departs from any point within this patch and successfully disperses to any point in other
patches, and it can be calculated as follows:

PCinteri =
∑n

j 6=i ajp∗ij
∑n

j 6=i aj
=

∑n
j 6=i ajp∗ij

AN − ai
(7)

The PCinter of the PA network is defined as the probability that an animal randomly
departs from any point within the network and successfully disperses to any point located

http://www.circuitscape.org/linkagemapper
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in different patches from the departure point. The probability that the departure point falls
in patch i is ai/AN(i = 1, 2 . . . ., n); thus, the probability of successful dispersal is as follows:

PCinter = ∑n
i=1

ai

AN
∗ PCinteri (8)

After calculating PCintra for each PA patch and dij between patches, we calculated the
PCinter of each PA patch using the Conefor 2.6 software [46].

2.3.3. Network Connectivity

The PCneti of patch i is defined as the probability that an animal randomly departs
from any point within this patch and successfully disperses to any point in the network.
The probability that the destination point falls in patch j is aj/AN(j = 1, 2 . . . ., n); thus, the
probability of successful dispersal of an animal from patch i can be calculated as follows:

PCneti =
∑n

j=1 ajp∗ij
AN

= PCintrai ∗
ai

AN
+ PCinteri ∗

AN − ai

AN
(9)

The PCnet of the PA network is defined as the probability that an animal randomly
departs from any point in the network and successfully disperses to any point in the
network. The probability that the departure point falls in patch i is ai/AN(i = 1, 2 . . . ., n);
thus, the probability of successful dispersal was calculated as follows:

PCnet = ∑n
i=1

ai

AN
∗ PCneti (10)

The proportion of connectivity of intra PA patches (PROCintra) indicator and the
proportion of connectivity of inter PA patches (PROCinter) indicator describe the proportion
of network connectivity provided by intra-patch connectivity and inter-patch connectivity,
respectively.

The PROCintrai and PROCinteri of patch i can be calculated as follows:

PROCintrai =
aip∗ii

∑n
j=1 ajp∗ij

(11)

PROCinteri =
∑n

j=1,j 6=i ajp∗ij
∑n

j=1 ajp∗ij
= 1− PROCintrai (12)

The PROCintra and PROCinter of the PA network can be calculated as follows:

PROCintra =
∑n

i=1 ai ∗ PCneti ∗ PROCintrai

∑n
i=1 ai ∗ PCneti

(13)

PROCinter = ∑n
i=1 ai ∗ PCneti ∗ PROCinteri

∑n
i=1 ai ∗ PCneti

= 1− PROCintra (14)

2.3.4. PA–Landscape Connectivity

The PClandI of patch i is defined as the probability that an animal randomly departs
from any point within this patch and successfully disperses to any point in the landscape.
In this study, we assumed that when the destination point is out of the PA patches, the
animal could not disperse successfully. The probability that the destination point falls in
patch j is aj/AL(j = 1, 2 . . . ., n); thus, the probability of successful dispersal of an animal
from patch i can be calculated as follows:

PClandi =
∑n

j=1 ajp∗ij
AL

= PCneti ∗
AN

AL
(15)
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The PCland of the PA network is defined as the probability that an animal randomly
departs from any point in the PA network and successfully disperses to any point in the
landscape. The probability that the destination point falls in patch i is ai/AL(i = 1, 2 . . . ., n);
thus, the probability of successful dispersal was calculated as follows:

PCland = ∑n
i=1

ai

AN
∗ PClandi = PCnet ∗ AN

AL
(16)

2.3.5. PAs with Good Connectivity

According to the Post-2020 GBF objectives for PAs, it is necessary to define good
connectivity. For PA patches and PA networks, when the PCland indicator reaches 30%,
its PA–landscape connectivity is considered to be well; otherwise, its PA–landscape con-
nectivity is not well based on the Post-2020 GBF. Similarly, we considered whether the
PCintra, PCinter, and PCnet reach 90%, 50%, and 60% as the standards to judge whether
the intra-patch connectivity, inter-patch connectivity, and network connectivity are good.
There is a relative lack of research on the standards of good connectivity. There are two
main reasons why we decided on these standards. First, these indicators have a relative size
relationship; that is, for a PA patch, the value of PCintra is greater than the value of PCnet,
and the value of PCnet is greater than the value of PCinter, so they should be given different
standards. Second, 90%, 50%, and 60% are values that are easier for managers of PAs to
understand. We discussed the impact of standards on the coverage of well-connected PAs
in the discussion section.

2.4. Strategy Development for PA Connectivity
2.4.1. Strategy Classification of PA Connectivity Based on Indicators

We classified PA patches and PA networks into 16 categories based on whether the
four aspects of connectivity were good or not, and each category corresponded to a four-
letter string, although some may not actually exist. When a PA patch’s intra connectivity
was good, it was marked as category A; otherwise, it was marked as category B. We
classified inter-patch connectivity, network connectivity and PA–landscape connectivity
in the same way. We combined those letters in order of intra, inter, network and PA–
landscape to obtain a four-letter string. For example, PAs classified as AAAA had good
intra-patch, inter-patch, network and PA–landscape connectivity, and class ABBB only had
good intra-patch connectivity.

When the intra-patch, inter-patch, network or PA–landscape connectivity reaches
good, it should be maintained, and when it is not good, it should be improved. For
example, PAs classified as AAAA needed to maintain the four aspects of connectivity, and
class AAAB needed to maintain intra-patch, inter-patch and network connectivity and
improve PA–landscape connectivity.

There are four strategies to improve PA connectivity (Figure 1). The enhancement
of existing PAs through habitat restoration, construction of wildlife crossings, and other
methods is a strategy to improve the intra-patch connectivity, which then can improve inter-
patch, network and PA–landscape connectivity. The construction of ecological corridors is
a widely used effective measure to improve inter-patch connectivity [7,47,48], which then
can improve network and PA–landscape connectivity. Similar to ecological corridors, the
expansion of existing PAs and the establishment of new PAs can reduce the cost distance
between existing PA patches and thus improve inter-patch, network and PA–landscape
connectivity. These two methods can also improve PA–landscape connectivity by increasing
PA coverage.

2.4.2. Spatial Priority Area for PA Connectivity Improvement

Within existing PA patches requiring improved intra-patch connectivity, areas with a
dispersal probability of less than 90% (corresponding to the good intra-patch connectivity
standard) were identified as priority areas for enhancing existing PAs. We identified the
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LCPs between two PA patches that both needed to improve inter-patch connectivity as
priority ecological corridors. We considered high ecological integrity areas along these
LCPs as priority areas for the expansion of existing PAs and the establishment of new PAs
because of both high integrity and high connectivity contribution.

3. Results
3.1. Connectivity of PAs in China

Our result showed that the PCintra of China’s PA network was 93.41%, which indicated
that the connectivity within China’s PA network is good. However, the PCintra of the
2153 PA patches varied greatly from 99.90% to 43.17% (Figure 2a). A total of 427 patches had
good intra-patch connectivity, accounting for 11.28% of China’s land area. The intra-patch
connectivity of the PA network was not good in 22 of the 37 ecological zones (Table 1).
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Table 1. Connectivity indicators of ecological zones’ PA network.

No. Ecological Zone
PCintra
of PAs

(%)

PCinter
of PAs

(%)

PCnet
of PAs

(%)

PCland
of PAs

(%)

I1 Northern Daxing’anling cold-temperate semi-humid zone 96.33 65.06 67.17 10.18

I2 Southern Daxing’anling temperate semi-humid zone 92.11 20.59 23.16 3.32

I3 Xiaoxing’anling temperate semi-humid zone 91.28 49.57 50.87 8.63

I4 Northeast Plain temperate semi-humid zone 74.44 1.52 7.62 0.38

I5 Changbai Mountain temperate humid semi-humid zone 84.97 3.98 17.01 2.57

I6 Liaodong Peninsula warm-temperate semi-humid zone 77.20 2.21 6.20 0.31

II1 Yanshan Mountain warm-temperate semi-humid zone 77.64 1.26 7.78 0.36

II2 Haihe Plain warm-temperate semi-humid zone 59.36 0.09 12.87 0.33

II3 Shanxi Plateau warm-temperate semi-humid zone 82.92 2.51 8.48 0.24
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Table 1. Cont.

No. Ecological Zone
PCintra
of PAs

(%)

PCinter
of PAs

(%)

PCnet
of PAs

(%)

PCland
of PAs

(%)

II4 Northern Shaanxi and Longzhong Plateau warm-temperate semi-arid zone 81.11 4.07 14.31 0.41

II5 Southern Taihang and northern Qinling warm-temperate semi-humid zone 78.71 5.64 11.75 0.48

II6 Yellow and Huai River Plain warm-temperate semi-humid zone 55.20 0.01 10.60 0.29

II7 Shandong Peninsula warm-temperate semi-humid zone 64.65 0.10 9.22 0.16

III1 Middle and lower reaches of Yangtze River northern subtropical humid zone 69.97 0.49 8.84 0.38

III2 Middle and lower reaches of Yangtze River central subtropical humid zone 79.52 0.84 4.28 0.19

III3 Southeast China humid south subtropical zone 80.57 0.78 5.18 0.20

III4 Taiwan Island tropical subtropical humid zone 92.02 23.89 82.76 16.27

III5 Southeast China tropical humid zone 82.20 1.90 37.81 1.01

III6 Hainan Island tropical humid zone 84.57 21.78 73.35 12.19

IV1 Qinba Mountains northern subtropical humid zone 88.27 7.23 27.21 3.92

IV2 Sichuan basin and marginal mountains subtropical humid zone 88.25 30.58 48.33 5.68

IV3 Guizhou plateau and marginal mountains subtropical humid zone 79.79 2.57 6.56 0.24

IV4 Northern Transverse Mountains subtropical humid semi-humid zone 93.23 12.59 21.61 3.36

IV5 Southern Transverse Mountains central subtropical humid zone 81.58 9.18 15.38 1.60

IV6 Southwest China tropical subtropical humid zone 81.61 2.00 6.00 0.36

IV7 Eastern edge of the Himalayas tropical humid zone 93.56 33.41 79.35 6.59

V1 Xiliaohe River temperate semi-arid zone 81.07 4.50 16.99 1.48

V2 Eastern Inner Mongolia Plateau temperate semi-arid zone 90.28 6.20 17.50 2.78

V3 Ordos Plateau and surrounding mountains temperate semi-arid zone 83.97 14.15 21.96 2.42

V1 Western Inner Mongolia Plateau temperate arid zone 95.22 31.23 37.19 5.25

VI2 Northern Xinjiang temperate arid semi-arid zone 92.79 12.29 29.03 3.79

VI3 Southern Xinjiang temperate warm temperate arid zone 97.65 10.85 52.16 4.11

VII1 Kunlun Mountains alpine arid zone 99.68 32.30 87.34 39.65

VII2 Qaidam and Qilian Mountains alpine arid semi-arid zone 94.84 51.87 72.50 17.02

VII3 Qiangtang Plateau alpine arid zone 99.02 76.71 91.59 40.50

VII4 East Tibet and south Qinghai alpine semi-humid zone 95.20 48.74 81.37 27.88

VII5 Southern Tibetan alpine semi-humid semi-arid zone 93.29 13.45 55.92 9.17

VIII1 South China Sea islands tropical humid zone — — — —

The PCinter of China’s PA network was 35.40%, which was not good. The PCinter
of the PA patches varied from 94.50% to 0 (Figure 2b). A total of 116 patches had good
inter-patch connectivity, accounting for 4.07% of China’s land area. Only three ecological
zones’ PA network had good inter-patch connectivity (Table 1), including the Northern
Daxing’anling cold-temperate semi-humid zone, the Qaidam and Qilian Mountains alpine
arid semi-arid zone and the Qiangtang Plateau alpine arid zone (Ecological Zones I1, VII2
and VII3).

The PCnet of China’s PA network was 58.43% and very close to good. The PCnet of
the PA patches varied from 95.21% to 0 (Figure 2c). Only 90 PA patches had good network
connectivity, accounting for 8.30% of China’s land area. Eight ecological zones had good
network connectivity (Table 1).

The PCland of China′s PA network was 8.58%, which was not good. The PCland
of the PA patches varied from 42.28% to 0 (Figure 2d). Only nine PA patches had good
inter-patch connectivity, accounting for 5.92% of China’s land area. Two ecological zones
on the Qinghai-Tibet Plateau have good PA–landscape connectivity (Table 1), including the
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Qiangtang Plateau alpine arid zone and the Kunlun Mountains alpine arid zone (Ecological
Zones VII1 and VII3).

3.2. PA Connectivity Strategy Classification

Only seven PA patches located in Ecological Zones VII1 and VII4 were classified
as AAAA, accounting for 2.67% of China’s land area (Figure 3a). Two PA patches were
classified as ABAA and also located in Ecological Zones VII1 and VII4, accounting for
3.26% of China’s land area. A total of 72 PA patches were classified as AAAB, accounting
for 1.16% of China’s land area. These PA patches had good network connectivity and need
to be extended or have new PAs established around them to improve their PA–landscape
connectivity. Only 3, 5, 26, and 1 PA patches are classified as BAAB, ABAB, AABB, and
BBAB, respectively. A total of 315 PA patches were classified as ABBB, accounting for 2.89%
of China’s land area. A total of 1714 PA patches were classified as BBBB, accounting for
2.89% of China’s land area. These PA patches urgently needed to be improved in all aspects
of connectivity. The connectivity of large PA patches was not necessarily good, and in fact,
many large PA patches were classified as ABBB or BBBB (Figure 3b).
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Among the ecological zones, only the PA network of the Qiangtang Plateau alpine arid
zone (Ecological Zone VII3) was classified as AAAA. Ecological Zone VII1 was classified as
ABAA and should focus on improving inter-patch connectivity. Ecological Zones I1 and
VII2 were classified as AAAB and should focus on improving PA–landscape connectivity
by increasing PA coverage. Ecological Zones III4, IV7 and VII4 were classified as ABAB;
this suggested that they should improve both inter-patch connectivity and PA–landscape
connectivity. Ecological Zone III6 was classified as BBAB. Ecological Zones I2, I3, IV4,
V2, VI1, VI2, VI3, and VII5 were classified as ABBB. The other 21 ecological zones were
classified as BBBB and should urgently improve PA connectivity in multiple ways.

3.3. Spatial Priority Area to Improve PA Connectivity in China

A total of 17.24% of the area of existing PAs (243,060 km2) were priority areas for
connectivity enhancement to improve intra-patch connectivity (Figure 4). We identified
4344 potential priority ecological corridors between PAs (Figure 4). The priority area for
expanding existing PAs included 1253 patches with a total area of 1,123,240 km2, covering
11.70% of China’s land area (Figure 4). The priority area for establishing new PAs included
9284 patches with a total area of 712,087 km2, covering 7.41% of China’s land area (Figure 4).
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4. Discussion
4.1. Importance of Intra-Patch Connectivity

We suggested that the intra-patch connectivity should be regarded as important in
both the evaluation and the improvement of PA connectivity. Some connectivity evaluation
studies consider only inter-patch connectivity, ignoring the contribution of intra-patch con-
nectivity to the overall connectivity, which can lead to erroneous conclusions in connectivity
evaluations [31]. We calculated the PROCintra of China’s PA network as 74.69%, which in-
dicated that intra-patch connectivity contributed much more to network connectivity than
inter-patch connectivity in China. The PROCintra values of 467 PA patches were higher
than 75% and the PROCintra values of 213 patches were between 75% and 50% (Figure 5a).
The PROCintra values of the PA network of 30 ecological zones were higher than the



Land 2022, 11, 1670 12 of 17

PROCinter values (Figure 5b). We also found that there was no significant correlation
between the value of PCintra indicator and PCnet for both PA patches and PA networks
(Figure 5c,d). This indicated that the relationships between intra-patch, inter-patch, and
network connectivity are complex.
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Research on the connectivity performance of PA management is lacking, leading to
the assumption that PAs are effectively managed for connectivity in many studies [26].
Previous studies have generally assumed an excellent intra-patch connectivity (as a value
of 1) [28,44]. We found that such assumptions may significantly overestimate the network
connectivity of PAs. We calculated the PCnet and PCland indicator of each ecological
zone’s PA network assuming a PCintra of 1 for all PA patches (Table S1). Under this
assumption, the PCnet of China would increase from 58.43% to 62.11%, and the Pcnet of
Xiaoxing’anling temperate semi-humid zone (Ecological Zone I3) would increase from
50.87% to 71.07%. Clearly, overvalued network connectivity is not conducive to developing
targeted enhancement strategies.

Improving intra-patch connectivity may effectively improve the connectivity of the PA
network. For example, our findings showed that the Yellow and Huai River Plain warm-
temperate semi-humid zone (Ecological Zone II6) had the poorest intra-patch connectivity
of PAs in the ecological zones of China. If the PCintra of the PAs of this ecological zone
is improved from 55.20% to 1, then the PCnet would improve from 10.60% to 19.44%.
This result was consistent with previous studies suggesting that the connectivity within
core areas is important [31]. This suggested that decision makers of PAs with similar
circumstances should first begin to improve connectivity within PAs to ensure a high-
quality PA system.
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4.2. Evaluation of Connectivity at the Patch Scale

In the previous network connectivity analysis of PAs, some studies have discussed the
contribution of patches to the connectivity of a PA network [44,49,50]. In addition, others
have focused on mapping potential inter-patch dispersal routes [51]. The mapping studies
have identified areas that are important as potential dispersal routes by applying concepts
such as current density and betweenness centrality [40,52,53]. These studies have evaluated
how well the PA network formed by the patches is connected, but they have not directly
answered the question of how well connected the patches are. Therefore, the results might
not directly guide managers in making decisions for PA patches.

Based on the dispersal probability between patches [43], we tried to extend the con-
cept of PA connectivity from PA networks to PA patches. Our results showed that the
connectivity strategy category of a PA network may be inconsistent with the connectivity
strategy categories of PA patches within the network (Figure 3a,c). This indicated the need
for connectivity evaluation at the patch scale.

Our PA connectivity evaluation framework for both PA patches and PA networks
can support comparison and management decisions for the PA connectivity of countries,
ecological zones, and administrative regions. Using our framework, the manager respon-
sible for a PA can accurately assess the connectivity of the PA, apply a targeted approach
to secure external funding and coordinate with managers of other PAs and external local
governments. The manager of a region can clearly understand the connectivity of each PA
in the region and how to enhance the connectivity of the regional PAs through coordination
among the PAs.

4.3. Connectivity Indicators for Well-Connected PAs

It is important to identify connectivity’s own target with accompanying indicators to
guide global conservation efforts [54]. The four indicators we propose can be used as a
basis to evaluate whether the PAs are well-connected. The coverage of well-connected PAs
in a region or country can then be calculated to compare with the post-2020 biodiversity
conservation targets. In fact, the coverage of well-connected PAs depends on the coverage
of PAs and the indicator standard of good connectivity (Figure 6a). Future research can
further discuss which indicators to choose and how to determine the standard of good
connectivity. We believed that the combined use of these indicators would contribute to a
comprehensive understanding of PA connectivity.

The Post-2020 GBF requires 30% global land area coverage of well-connected PAs, and
according to this requirement, among the 37 ecological zones, only Ecological Zones VII1,
VII3 and VII4 had more than 30% PA coverage (Figure 6b). No matter which indicator
was chosen as a criterion for good connectivity, only these three ecological zones may
have over 30% coverage of well-connected PAs. Our results showed that 11 ecological
zones did not have PA patches with good intra-patch connectivity, 27 ecological zones
did not have PA patches with good inter-patch connectivity, 25 ecological zones did not
have PA patches with good network connectivity and 34 ecological zones did not have PA
patches with good PA–landscape connectivity (Figure 6c–f). Compared with the results
of connectivity indicators of the PA network, the coverage of well-connected PAs more
strongly indicated that the PA connectivity of these ecological zones urgently needs to be
improved. We suggest that specifying which indicator or series of indicators to use in the
Post 2020 GBF objectives is necessary to facilitate global awareness and begin initiatives to
improve connectivity. At the same time, we recommend that countries consider using the
series of indicators in our framework to describe PA connectivity to drive comprehensive
conservation and enhancement measures at all levels.
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Figure 6. (a) Relationship between the standards of connectivity indicators to determine good PA
connectivity and the well-connected PA coverage in China, including PCintra, PCinter, PCnet and
PCland. (b) The PA coverage of ecological zones in China. (c) The well-connected PA coverage of
ecological zones in China based on intra-patch connectivity. (d) The well-connected PA coverage
of ecological zones in China based on inter-patch connectivity. (e) The well-connected PA coverage
of ecological zones in China based on network connectivity. (f) The well-connected PA coverage of
ecological zones in China based on PA–landscape connectivity.

4.4. Limitations and Future Research

First, uncertainties exist in the creation of the resistance surface. Both the selection of
human modification data and the calculation method of transforming human modification
data into resistance surface would bring uncertainty to the resistance surface. This has
implications for the creation of dispersal probability surface and cost distances between PA
patches based on resistance surfaces and thus creates uncertainties in the PA connectivity
evaluation results. Many studies have discussed how to create resistance surfaces in connec-
tivity research [30,39,53], but there is not a high degree of consensus among researchers on
this question. Future research could focus on how to create resistance surfaces to evaluate
PA connectivity.

Second, we did not consider the effect of PAs’ shape and area on intra-patch connec-
tivity and led to uncertainty in the evaluation result of PAs’ intra-patch connectivity. A
more reasonable evaluation method of intra-patch connectivity, such as the use of least-cost
distance model or circuit model, is necessary in the future.
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Third, the selection of median cost distance will bring uncertainty to the evaluation of
connectivity between PAs. Some studies have analyzed the effect of median distance on
inter-patch connectivity when using Euclidean distance to evaluate inter-patch connectiv-
ity [25,26], but scholars have not reached a high level of consensus on this issue. Future
research should discuss how to determine the median cost distance when using least-cost
distance to evaluate inter-patch connectivity.

5. Conclusions

In this study, we have proposed a unified framework to evaluate and develop strategies
for PA connectivity, and the results can directly guide management decisions. This study
proposed a conceptual framework for the connectivity of PAs that includes intra-patch, inter-
patch, network and PA–landscape connectivity for both PA patches and PA networks, which
can be evaluated logically and consistently in this framework. This framework provides a
set of indicators for the post-2020 biodiversity conservation targets on well-connected PAs.
The proposed framework considers the differences in the intra-patch connectivity of PAs
and thus might provide a better evaluation of PAs’ inter-patch connectivity and network
connectivity. The framework also includes how to develop strategies and identify priority
areas to improve PA connectivity based on the evaluation results of PAs’ connectivity
indicators. This study shows that the connectivity of China’s PAs is not good and needs to
be improved. At the same time, the PA connectivity of the Qinghai-Tibet Plateau is relatively
good, and attention should be paid to maintaining the connectivity of existing PAs in this
region. The method proposed in this study can be used for the evaluation, improvement,
and spatial planning of the connectivity of PAs at regional, national, and global scales. Our
conceptual framework, indicators, and evaluation methods for connectivity can also be
widely used in landscape connectivity research.
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www.mdpi.com/article/10.3390/land11101670/s1, Figure S1: Resistance Surface of China; Figure S2:
Dispersal Probability Surface of PAs in China; Table S1: Connectivity indicators of ecoregions’ PA
network in China under the assumption that the intra-patch connectivity of PA patches is very good,
that is, the PCintra index of all the PA patches is 1.
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