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Abstract: The Ecological Protection Redline (EPR) is an innovative measure implemented in China to
maintain the structural stability and functional security of the ecosystem. By prohibiting large-scale
urban and industrial construction activities, EPR is regarded as the “lifeline” to ensure national
ecological security. It is of great practical significance to scientifically evaluate the protection ef-
fect of EPR and identify the protection vacancies. However, current research has focused only
on the protection effects of the EPR on ecosystem services (ESs), and the protection effect of the
EPR on ecological connectivity remains poorly understood. Based on an evaluation of ES impor-
tance, the circuit model, and hotspot analysis, this paper identified the ecological security pattern
in Guangdong–Hong Kong–Macao Greater Bay Area (GBA), analyzed the role of EPR in maintain-
ing ES and ecological connectivity, and identified protection gaps. The results were as follows:
(1) The ecological sources were mainly distributed in mountainous areas of the GBA. The ecologi-
cal sources and ecological corridors constitute a circular ecological shelter surrounding the urban
agglomeration of the GBA. (2) The EPR effectively protected water conservation, soil conservation,
and biodiversity maintenance services, but the protection efficiency of carbon sequestration service
and ecological connectivity were low. In particularly, EPR failed to continuously protect regional
large-scale ecological corridors and some important stepping stones. (3) The protection gaps of
carbon sequestration service and ecological connectivity in the study area reached 1099.80 km2 and
2175.77 km2, respectively, mainly distributed in Qingyuan, Yunfu, and Huizhou. In future EPR ad-
justments, important areas for carbon sequestration service and ecological connectivity maintenance
should be included. This study provides a comprehensive understanding of the protection effects of
EPR on ecological structure and function, and it has produced significant insights into improvements
of the EPR policy. In addition, this paper proposes that the scope of resistance surface should be
extended, which would improve the rationality of the ecological corridor simulation.

Keywords: ecological protection redline policy; ecological security pattern; ecological service;
ecological connectivity; circuit model

1. Introduction

Rapid urbanization has introduced serious problems, such as fragmentation of land-
scapes and biodiversity loss, which have directly affected regional landscape patterns and
sustainable development [1]. Under the threats to ecological security caused by rapid
urbanization, the Chinese government proposed carrying out delineation of the EPR in
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2013, and in 2015, the EPR policy was incorporated into the newly revised “Environmental
Protection Law”. In 2018, the designation of the EPR was initially completed, and detailed
adjustments are currently in progress, which are expected to be implemented within the
next two years. EPR refers to protected areas designated by the government, including
areas that provide important ecosystem services, and ecologically sensitive or fragile areas.
By prohibiting large-scale urban and industrial construction activities, EPR is regarded as
the “lifeline” to ensure national ecological security [2]. Therefore, it is of great practical
significance to study whether the EPR designated by the government truly guarantees the
structural stability and functional safety of the ecosystem, and to identify whether there
are protection vacancies.

Ecosystem services (ESs) are the benefits that human beings directly or indirectly
receive from the ecosystem [3], which can reflect the ecosystem functions. Ecological
connectivity refers to the degree to which the landscape facilitates or impedes movement
among source patches, which is a vital element of ecological structure and crucial to
ecological processes [4]. Current research focusing on the protective effects of EPR on
one or more ESs (values) showed that EPR has protected ESs effectively [2,5–7]. However,
these studies did not consider the effect of the EPR in maintaining ecological connectivity.
With the deepening of the understanding of habitat fragmentation, the evaluation and
optimization of ecological connectivity have attracted more and more attention. The
effects and impacts of measures, projects, and policies on ecological connectivity have been
studied, by using the methods of ecological corridor simulation model, landscape index,
and morphological spatial pattern analysis (MSPA). Research showed that a wind power
project resulted in an increase in the length of the ecological corridors and a decrease in
corridor patency and landscape connectivity [8]. Hydrological connectivity was cut off due
to an ecological restoration project [9], and the impact could be mitigated by optimizing the
landscape configuration [10]. The protection effect of the basic ecological control line policy
on ecological connectivity was analyzed by simulating ecological flow [11]. However, the
protective effect of EPR on ecological connectivity remains unknown.

The ecological security pattern (ESP) can be used to evaluate the protective effects of
the EPR on the structure and function of the ecosystem by evaluating whether the EPR
protects key high-value ES areas (ecological sources) and important areas for connectivity
(ecological corridors). Based on the optimization and allocation of key elements such as
nodes, patches, and corridors, the ESP can maintain the integrity of landscape patterns
and the continuity of ecological processes, thereby efficiently guaranteeing ecological se-
curity within a limited land area [12–15]. To date, research on ESP has developed the
research paradigm of “source identification–resistance surface construction–corridor iden-
tification” [16,17]. Ecological source identification has evolved from the simple selection of
natural reserves, natural scenic areas, and habitats for key species [18,19] to quantitatively
evaluating the importance of various ecosystem services, ecological sensitivity, stability,
connectivity, and so on [20,21]. The resistance surface reflects the migration difficulty
among the ecological sources in different habitats [22,23]. Studies have shown that the pro-
tection of the surrounding landscape of the protected area is very important for promoting
ecological processes [24]. However, current research has not considered the heterogeneity
of the outer landscape when constructing the resistance surfaces, so the identified ecolog-
ical corridors were all located in the study area, which must be improved in future ESP
research. In terms of corridor simulations, as the shortcomings of the minimum cumulative
resistance model (MCR) (which ignores the characteristics of the random walks of species)
are increasingly recognized, the circuit theory model has gradually become the mainstream
method for corridor simulations, improving the rationality of corridor simulation.

The Guangdong–Hong Kong–Macao Greater Bay Area (GBA) is the emerging fourth-
largest bay area in the world. It is one of the areas with the fastest economic development
and urbanization in China. From 2000 to 2020, construction land in the GBA has increased
from 4435.45 to 8090.32 km2, triggering problems such as fragmentation of landscapes
and degradation of ecological lands [25,26]. As the most stringent policy in China, EPR
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should assume the role of maintaining and improving the structural stability and functional
safety of the ecosystem, especially in urban agglomeration areas with fragmented habitats.
Unlike previous studies, the present study considered the connectivity of the surrounding
landscape of the study area and extended the resistance surface to construct ESP, aiming to
assess whether the EPR of the study area effectively protects the ecological structure and
functions. In detail, this study was intended to: (1) identify ecological sources, ecological
corridors, and regional ESP to provide a yardstick for assessment of EPR’s protection effect;
(2) assess the extent to which the EPR policy maintains regional ecosystem services and
ecological connectivity; and (3) identify whether there are other important areas that are
not included in the EPR, including ecological sources that play key roles in maintaining
ecosystem services and ecological corridors that are fundamental in the protection of
connectivity, in order to provide a reference for implementing and adjusting the EPR policy.

2. Study Area and Data Sources
2.1. Study Area

The GBA (21◦34′–24◦34′N and 111◦21′–115◦23′E) is located on the southeast coast of
China and includes the Hong Kong and Macau Special Administrative Regions, as well as
Guangzhou, Shenzhen, Foshan, Dongguan, Zhuhai, Zhongshan, Jiangmen, Zhaoqing, and
Huizhou, with a total land area of 56,000 km2. The topography of the GBA is generally high
in the north and low in the south, with elevations ranging from−5 to 1595 m. The landform
of the GBA includes delta plains, alluvial plains, low mountains, hills, and valleys, with
a dense river network. The GBA is influenced by a tropical and subtropical monsoon
climate, with good hydrothermal conditions. The average annual temperature in the GBA
is 21.8 ◦C, annual relative humidity is 75–85%, and average annual rainfall is 1789.3 mm.
Due to the southeast coastal typhoon, the rainfall gradually increases from northwest to
southeast in the area.

The main research area of this paper is the Guangdong–Hong Kong–Macao Greater
Bay Area. Since natural ecological processes can be connected through the internal corridors
of the study area or through areas outside the study area, the resistance surface range had
to be extended [27]. Therefore, this paper used the GBA as its research area for source
identification and the 50 km buffer zone of the GBA as the study area for resistance surface
construction and the identification of protection vacancy (Figure 1).
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2.2. Data Sources

The data used in this article include: (1) 2020 land use data, obtained from the Re-
source and Environmental Science Data Center of the Chinese Academy of Sciences, having
a spatial resolution of 100 m and providing 6 first-level categories and 22 secondary cate-
gories; (2) multi-year cumulative annual rainfall and rainfall erosivity data, provided by
the China National Earth System Science Data Center; (3) multi-year potential evapotran-
spiration raster data, obtained from the National Aeronautics and Space Administration
MOD16A2 data; (4) multi-year vegetation net primary productivity data, obtained from
NASA mod17A3 products; (5) soil texture data, obtained from the Data Center of Sci-
ence in Cold and Arid Regions China Soil Data Set; (6) elevation data, obtained from the
Geospatial Data Cloud; (7) the scope of the EPR in Guangdong Province, obtained from the
Department of Ecological Environment of Guangdong Province (the version submitted to
the State Council in 2018); (8) nature reserve data of Hong Kong, including country parks,
areas with special scientific value, nature conservation areas, and restricted areas, obtained
from the “Hong Kong Biodiversity Strategy and Action Plan 2016–2021” (the ecological
reserve in Macao was vectorized by using a map); (9) night-light data, obtained from the
International Organization for Earth Observation.

3. Methodology

The overall technical roadmap of this study can be seen in Figure 2, which outlines
three primary steps. The first step was to build an ecological security pattern, which was
mainly realized by evaluating the importance of ES, constructing resistance surfaces, and
employing the circuit theory method. The second step was to evaluate the protection effect
of the EPR, by evaluating the protection contribution (proportion) and protection efficiency
(ES and ecological flow per unit area) of the EPR to ES and ecological flow. The third
step was to identify protection vacancies by identifying the hotspots of ES and ecological
flow loss, as well as the key area for maintaining the patency of the large-scale corridors.
In addition, suggestions for ecological protection of the GBA and the adjustment and
implementation of the EPR were proposed.
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3.1. Construction of Ecological Security Patterns
3.1.1. Identification of Ecological Sources

Ecological sources are key ecological patches that promote ecological processes and
provide ecosystem services [28,29]. Four ecosystem services were selected for ecological
source identification: water conservation, soil conservation, biodiversity maintenance,
and carbon sequestration [30]. By using the natural break method, the ESs were divided
into five levels, and the areas with the top 20% ESs were then superimposed to form the
ecological sources [30].

Here, the water balance method was used to calculate the importance of water conser-
vation service. The calculation formula is as follows [31]:

Yx = Px × (1− AETx

Px
)− Dx (1)

where Yx represents the annual water conservation on cell x, the scale of one cell in this
study was 100 m, Px represents the annual precipitation on cell x, AETx represents the
actual annual evapotranspiration of grid cell x, and Dxj represents the surface runoff,
which is obtained by multiplying the annual precipitation in cell x and the surface runoff
coefficient of the corresponding ecosystem type.

The soil conservation module in the InVEST model was used to calculate the impor-
tance of water conservation service [31,32] according to the following equation:

Ax = Rx × Kx × LSx × (1− Cx × Px) (2)

where Ax is the amount of soil conservation, Rx is the rainfall erosivity, Kx is the soil
erodibility, LSx is the slope length factor, Cx is the vegetation coverage factor, and Px is the
soil conservation measure factor.

The habitat quality module in the InVEST model was used to calculate the importance
of biodiversity maintenance service according to the following equation [31]:

Qx,j = Hj ×
(

1−
Dx,j

Dx,j + k

)
(3)

where Qx,j is the habitat quality of grid x in land use and land cover j, Hj is the habitat
suitability of habitat type j, Dx,j is the habitat stress of habitat type j grid x level, and k is
the half-saturation constant.

Since the carbon storage module in the InVEST model cannot describe the spatial
differences of carbon sequestration service caused by meteorological factors (e.g., tempera-
ture, precipitation, and sunlight conditions) under the same land type, we used the average
value of the vegetation net primary productivity (NPP) over many years in the study area
to evaluate carbon sequestration service.

3.1.2. Construction of the Resistance Surface

In the process of species migration and diffusion, a certain amount of “resistance”
needs to be traversed. By setting the minimum resistance value for diffusion from the
ecological source to other landscape units, the accessibility and connectivity of each land-
scape unit to the ecological source can be evaluated [33]. The resistance surface reflects the
degree of hindrance of species migration in the landscape, which is mainly affected by the
heterogeneity of the landscape [22,34]. Based on the land-use type, we used night light data,
terrain data, and distance from construction land to revise the resistance surface [27,35].
The revised resistance value is as follows:

R′i = Ri × (1 +
NLi

(NLmax − NLmin)
)× Si × Di (4)
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where R′i is the revised resistance value, Ri is the resistance value of the land-use type
to which grid i belongs, NLi is the night light index of grid i, NLmax and NLmin are the
maximum and minimum night light indexes of the study area, Si is the slope resistance
coefficient of grid i, and Di is the distance resistance coefficient of grid i. The resistance
values and resistance coefficients are shown in the supplementary data.

3.1.3. Identification of Potential Ecological Corridors

Ecological corridors are connected carriers for the flow of matter and energies between
ecological sources, which can enhance the connection and protection functions and provide
an indispensable channel for species migration [16,36,37]. The circuit model was used to
identify the ecological corridors in this paper. In the circuit model, the ecological sources
were regarded as circuit nodes, and non-ecological land as resistors with different resistance
values; the random flow of electrons in circuits was used to simulate the migration and
diffusion processes of species in the landscape [38]. In this model, the current reflects
the net migration probability of the wanderer through the corresponding node or path
before reaching the target habitat [39]. Therefore, the ecological corridors identified by the
circuit model are areas where the ecological processes are more likely to be realized, rather
than the only channels with the least resistance. In circuit theory, the relationship between
voltage, resistance, and current is expressed by Ohm’s law:

I =
V

Re f f
(5)

where I is the current passing through the conductor, V is the voltage measured across the
conductor, and Re f f is the effective resistance of the conductor. In this study, the pairwise
mode of the Circuitscape tool was used to calculate the current density. In the calculation,
one of the ecological sources is arbitrarily connected to 1 A of power, and the other sources
are grounded (set as the species that remain at the source and do not continue to spread).
The resistance was then calculated iteratively for all the paired sources, and the current
density map was generated after the calculation.

3.2. EPR’s Protective Effect on ES and Ecological Connectivity

The protection contribution of the EPR policy was studied by analyzing the protec-
tion rate of ES and the ecological flow (current) maintained in the EPR, and the protec-
tion efficiency of the EPR was analyzed by comparing the ES and ecological flow per
unit area in the ecological source, the ecological corridor, and the EPR [7]. These works
were realized by using the Overlap and Zonal statistics tools in ArcGIS 10.5. Under the
one-country-two-systems policy, Hong Kong and Macau have not implemented the EPR
policy, but they have also established similar policies. Hong Kong has established relatively
strict regulations on protected areas (country parks, areas with special scientific value,
natural conservation areas, and restricted areas), while Macau has implemented limited
open management of the Cotai Nature Reserve, which we thus consider as EPR areas for
research purposes.

3.3. Identification of Ecological Protection Vacancies

The ecological security pattern provides an ideal ecological protection model. Indeed,
only areas delineated within the EPR have strict development restrictions, while areas
outside the EPR are at risk of occupation and interference. However, bringing all ecological
sources and ecological corridors into the EPR would significantly increase the scope of the
EPR, which is not in line with the principle of realizing the optimal ecological protection
effect within the minimum ecological land. Therefore, it is necessary to identify the most
important areas outside the EPR for ES and ecological connectivity maintenance. In this
study, the protection vacancies for ES maintenance were identified as the ES loss hotspots
caused by the occupation of the area outside the EPR, and the vacancies for ecological
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connectivity protection were identified as areas with ecological flow loss hotspots and
important areas for maintaining the patency of the large-scale corridors [30].

Hotspot analysis has been widely used in socio-economic and ecological environmen-
tal assessments [40,41]. In this study, hotspot analysis was used to identify high-value
clusters of ES and ecological flow losses. The ArcGIS platform provides a hotspot analysis
tool based on the Getis-Ord G∗i statistical index (Z score). When the Z score is a significantly
positive number, the area is a high-value clustering area; if the Z score is a significantly
negative number, the area is a low-value clustering area. When the Z score is 0, the spatial
clustering feature is not significant. The calculation formula is as follows [42]:

G∗i =
∑n

j=1 wijxij − X ∑n
j=1 wij

s

√ [(
n ∑n

j=1 w2
ij−∑n

j=1 wij

)2
]

n−1

(6)

X =
∑n

j=1 xj

n
(7)

S =

√
∑n

j=1 x2
j

n− 1
−
(
X
)2 (8)

where G∗i represents the Z score, xj is the attribute value of patch j, wij is the spatial weight
matrix between patch i and patch j, X represents the average value of all xj, S represents
the value of all xj (standard deviation), and n is the total number of patches.

4. Results
4.1. Construction of Ecological Security Patterns
4.1.1. Identification of Ecological Sources

The importance of ES and ecological sources in the GBA is shown in Figure 3. The
most important water conservation service areas covered 9135.9 km2, accounting for about
16.5%, which were primarily distributed in Jiangmen, Zhongshan, Zhuhai, and Hong
Kong. The most important areas for soil conservation, carbon sequestration, and biodi-
versity maintenance are spatially heterogeneous, covering an area of 6504.3, 12,644.3, and
5964.7 km2, respectively, and are mainly located in the mountainous regions of Huizhou,
Zhaoqing, Jiangmen, Guangzhou, and Hong Kong City. After combining the areas with
the most important ESs, small patches below 28.1 km2 were deleted (based on the principle
that patches of important ecological sources in highly urbanized areas, such as Baiyun
Mountain in Guangzhou City, Daling Mountain in Dongguan City, and Yangtai Mountain
in Shenzhen, among which the smallest is 28.1 km2, should be retained). Finally, a total
number of 50 ecological sources were obtained, with a total area of 18,289.1 km2, accounting
for 33.1% of the total study area, mainly distributed in the mountainous areas of the GBA.

4.1.2. Identification of Ecological Corridors

This paper compared the simulation results of ecological corridors based on different
scopes of resistance surfaces, which are 10, 50, and 200 km buffer out of the GBA. The
simulation results were basically the same when the resistance surfaces were constructed
with extensions of 50 and 200 km, but they were different when the extensions were 10 and
50 km (Figure 4). For example, when the extension was 10 km, the high-current areas at
the junction of Guangzhou and Qingyuan were identified as an ecological corridor, while
the circular ecological corridor in Qingyuan was not identified. Therefore, the 50 km buffer
zone of the GBA was used to simulate the ecological corridors.
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Using the natural break method [30], the current density was divided into five cate-
gories (Figure 5a). Results showed that the areas with the highest current density (≥1.95)
covered an area of 23,314.88 km2, including 526 corridor patches, with areas ranging from
1.1 to 16,787.6 km2. Together, these ecological sources and ecological corridors form an eco-
logical shelter for the metropolitan area around the GBA (Figure 5b), which is in line with
the ecological security patterns of “two screens, one belt, one network” and “one screen,
one belt, two corridors, and multiple cores”, respectively, proposed by “Main Functional
Zoning of Guangdong Province” (2012) and the “Integrated Planning of the Ecological
Security System in the Pearl River Delta Region” (2014–2020)” (2014) for Guangdong
Province and the Pearl River Delta.
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4.2. The Protection Effect of the EPR on Ecosystem Services and Ecological Connectivity
4.2.1. Protection Effect on Ecosystem Services

The EPR covered an area of 9381.4 km2, accounting for only 17.0% of the GBA, and it
protected 23.4% of water conservation service, 41.6% of soil conservation service, 25.6% of
carbon sequestration service, and 26.2% of biodiversity maintenance service of the study
area. The average water conservation, soil conservation, and biodiversity maintenance
services in the EPR were 2.4%, 14.9%, and 4.6% higher than in the ecological source areas,
respectively, while the average carbon sequestration service in the EPR were 4.6% lower
than that in ecological sources. These results indicated that the EPR effectively protected
the water conservation, soil conservation, and biodiversity maintenance services. However,
the protection efficiency of the carbon sequestration service was low.

4.2.2. Protection Effect on Ecological Connectivity

It can be seen from Figure 6a that areas with high current in Shenzhen, Dongguan,
Qingyuan, and Jiangmen were protected by EPR: however, there were still protection gaps
in Qingyuan, Yunfu, and Heyuan. If the ecological corridors outside the EPR were con-
verted to construction land, it would cause 68.6% of the ecological flow losses. Figure 6b,c
shows that the circular ecological corridor surrounding the urban agglomeration and Lian-
hua Mountain corridor, which had the largest total current and the highest transmission
effect, have not been protected continuously. If the unprotected areas are occupied in the
future, they may become stepping stones, and the corridor patency and transmission effect
will be affected. At the same time, the stepping stones in Shenzhen, Zhongshan, Jiangmen,
Guangzhou, and other places, which have high current density and high transmission
efficiency, have not been protected by EPR either (Figure 6d). As an important transit
station for species migration, stepping stones, if being occupied, will lead to the inhibition
of species migration [43].

In the 50 km buffer zone area of the GBA, the EPR accounts for 17.4% and protects
25.9% of the ecological flow. The average current density within the EPR is 1.88, which
is higher than the average current density of the study area (1.27) but lower than that of
potential ecological corridors (3.62), indicating that the EPR is less effective in protecting
ecological connectivity.

4.3. Vacancies in Ecological Protection
4.3.1. Vacancies in Carbon Sequestration Service Protection

The hotspot analysis of carbon sequestration service loss is shown in Figure 7a. The
hotspots of NPP loss (confidence interval ≥90%) were mainly located in Huizhou and
Zhaoqing, with an area of 1099.80 km2. If these areas are included in the scope of the EPR,
the area of EPR will increase by 11.7%, and the carbon sequestration service will increase
by 15.1%.

4.3.2. Vacancies in Ecological Connectivity Protection

In order to ensure that the large-scale ecological corridors are continuously protected
as much as possible and that the vacancies are not too large (more than 20% of the desig-
nated EPR), the threshold of hotspot analysis was adjusted, and the ecological flow loss
hotspots with a significance of more than 75% were regarded as protection vacancies, which
were mainly distributed in Qingyuan, Yunfu, Huizhou, Jiangmen, Heyuan, and other cities
(Figure 7b). If these gaps are included in the EPR, a large number of stepping stones in
urbanized areas will be protected, and the continuity of the circular corridor and Lianhua
Mountain corridor will be significantly improved. However, there are still some discontinu-
ous nodes, which will break the corridor if they are occupied. Therefore, the relatively high
current value areas around these potential break points were identified as protection gaps
by using the Overlap toolbox in ArcGIS, including 30 patches in 14 locations (Figure 7c).
The total area of the ecological connectivity protection vacancies finally identified was
2175.77 km2. After such areas are included in the EPR, the area of the EPR will increase
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by 23.2%, the ecological flow will increase by 38.1%, the continuity of the circular corridor
and Lianhua Mountain corridor will be improved, and important stepping stones will
be protected.
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Figure 6. Spatial relationship between EPR and ecological corridors within 50 km buffer
zone of the GBA. (a) EPR and current simulation results. (b) EPR and total current of each
corridor. (c) EPR and average current of each corridor. (d) Stepping stones not protected
by EPR.
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5. Discussion
5.1. Comparison with Similar Studies

Bai et al. [2] studied the changes of ESs and ecological connectivity indexes in the
future under the EPR policy scenario, the original ecological protection policy scenario and
the original urbanization development scenario. The results showed that compared with
other scenarios, the implementation of the EPR policy will significantly improve carbon
sequestration, water retention, water purification, soil conservation, and biodiversity
maintenance service, and bring about the improvement of ecological connectivity. Research
showed that EPR policy can effectively slow down the decline of ESV by comparing the
ecosystem service value of EPR areas and non-EPR areas [5]. Consistent with the above
research, this study also showed that EPR policy has high protection efficiency for water
conservation, soil conservation, and biodiversity maintain service. However, this paper
showed that the protection efficiency of EPR on carbon sequestration service and ecological
connectivity was low; this means that some areas with high carbon sequestration and
ecological flow were still not included in the EPR, which seems inconsistent with the above
research. The main reason is that the focus of the above research was whether the EPR policy
is effective, and the focus of this paper was the protection efficiency of EPR, and whether
there were protection vacancies. Therefore, the two conclusions are not contradictory.
Research showed that the basic ecological control line policy in Shenzhen failed to fully
protect important stepping stones [30], which is consistent with the conclusion of this study,
even if the scope of the EPR and the basic ecological control line do not completely overlap.

5.2. Analysis and Suggestions on EPR Protection Effect
5.2.1. Protection Effect on ES

The results of this study showed that the EPR has a good effect on the protection of
ESs such as water conservation, soil conservation, and biodiversity conservation. However,
the protection efficiency of carbon sequestration service was low. Ecosystem carbon sinks
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are the most cost-effective ways to sequester carbon, so important areas of carbon sink
should be included in the EPR to strengthen protection. The protection vacancies for carbon
sequestration service outside the EPR covered 1099.8 km2, mainly distributed in woodland
areas of Huizhou and Zhaoqing. In the future, the development activities of these areas
should be strictly limited to prevent them from being occupied. At the same time, forestry
management should be carried out, thereby maximizing the carbon sequestration effect of
the ecosystem and enhancing carbon sinks.

5.2.2. Protection Effect on Ecological Connectivity

The demarcation of the EPR is based on the idea of block protection. Related research
has shown that block protection plays an important role in the protection of large areas of
ecological land, but due to the lack of important connecting channels, material circulation
and energy flow are blocked, and the ecological protection effects are poor [16]. This
study showed that some areas in Qingyuan should be strictly protected if the ecological
connectivity of ecological sources in Guangzhou and Zhaoqing is to be ensured. It also
showed that the protection of ecological corridors should adhere to the principle of integrity,
and the government should break the restrictions of administrative regions and implement
coordinated protection of ecological corridors. More importantly, we should pay more
attention to the intra-corridor heterogeneity [11]. On one hand, we should strengthen the
repairment and reduce human interference of potential break points in the circular corridor
and Lianhua Mountain corridor, in order to maintain the patency of large-scale ecological
corridors; on the other hand, although the stepping stones are small and discontinuous,
they can still be connected by overcoming ecological resistance [23,43], which is the only
way to maintain ecological connectivity in highly urbanized areas. Therefore, in the future,
important stepping stones in Shenzhen, Dongguan, Zhongshan, and other places should
be strictly protected.

5.3. Suggestions for Future Adjustments and Implementation of the EPR

Besides the protection of ESs, ecological connectivity should be considered as an
important factor to fully guarantee the integrity and continuity of regional ecological
processes in the future adjusting of the EPR. According to the “Administrative Measures
for the Ecological Protection Redline “(draft for comments), the construction of “necessary
and unavoidable” linear infrastructures are still allowed in the areas located outside the
core area of natural reserve and within the EPR. However, linear infrastructure has a great
impact on biological migration [44], and the core areas of natural reserve in the current
EPR do not completely cover important biodiversity areas. Therefore, it is suggested that
linear infrastructure construction be prohibited for areas with biodiversity protection as
the dominant function in the EPR.

5.4. Limitations and Future Prospects

Since the EPR has not been implemented, this paper did not evaluate the protection
effects of EPR in different periods. Future research can study the actual protection effects
of the EPR on ES and ecological connectivity after the implementation of EPR or employ
land-use prediction models to simulate the loss of ESs and ecological connectivity caused
by land-use conversion in different development scenarios under the background of the
EPR protection, which would be more in line with the actual urbanization process.

The evaluation of ecological connectivity in this paper was based on the simulation of
ecological corridors. Similar to many existing studies, due to lack of observational data,
the ecological corridor simulation results were not able to be validated. In the future, the
empirical research of ecological corridor should be strengthened. This study proposed that
the resistance surface be extended in future ESP research, but the specific extension range
needs to be further studied—investigating, for example, whether the closer the study area
is to the circle, the smaller the extension required, or whether this problem can be solved
by taking the natural landscape boundary as the study area.
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6. Conclusions

This study analyzed the protection effects of EPR on ES and ecological connectivity in
the GBA, and we also identified the protection vacancies there. Results indicated that the
EPR effectively protects regional ecosystem functions, especially water conservation, soil
conservation, and biodiversity maintenance services. However, the protection efficiency of
carbon sequestration service and ecological connectivity are low, and protection vacancies
still exist. In the future, regions with significant carbon sequestration service and ecological
connectivity should be included in the EPR. Based on previous research, the present
study evaluated the protection effects of ecological connectivity, identified vacancies in
the EPR, and provided a comprehensive understanding of the protection effect of the EPR
on ecological structure and function, producing significant insights into improvements of
the EPR policy. Meanwhile, this paper proposed the scope of resistance surface should be
extended because it has an important impact on corridor simulation, which improves the
rationality of ecological corridor simulation.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/rs13245171/s1, Resistance values and resistance coefficients used in this paper were shown
in supplementary materials.
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