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Abstract: The construction of an ecological security pattern can effectively overcome the contradiction
between regional human exploitation and ecological protection in the coastal zone. Taking the
Xiangshan Bay (XSB) basin as an example, this study identified ecological source areas from three
aspects, namely ecosystem services’ importance, ecological sensitivity, and landscape connectivity,
and then constructed ecological resistance surfaces, identified ecological corridors, and constructed
an ecological security pattern. The results show that the natural reserves in the XSB basin were all
located in the identified primary ecological source areas, thus indicating the feasibility and reliability
of the “importance–connectivity–sensitivity” ecological source identification mechanism in this study.
The ecological corridor in the coastal wetland area accounts for about 40% of the total corridor
length, which is the link connecting other ecological sources, revealing the important role of coastal
wetlands in the coastal ecosystem. Through the ecological security pattern of the XSB basin and
field investigation, we put forward suggestions such as clearing Spartina alterniflora, restoring salt
marsh wetland vegetation, and strengthening follow-up monitoring for the restoration of coastal
wetlands. This study is expected to provide reference and guidance for the improvement of coastal
zone ecological protection and restoration.

Keywords: China; coastal wetland; ecological source; ecological corridor; ecological security pattern;
Xiangshan Bay basin

1. Introduction

In recent years, with the acceleration of global urbanization, the high intensity of land
development, and the rapidly changing land use have made the contradiction between
ecological protection and development of human society increasingly noticeable; especially
in coastal areas of biodiversity loss and soil erosion, the scarcity of water resources has be-
come more severe, and in this context, the construction of ecological security patterns have
become increasingly important in balancing economic development and environmental
protection [1–4].

The ecological security pattern is a spatial allocation scheme that optimizes the regional
ecological spatial pattern, which is one of the effective ways to maintain the integrity of
landscape pattern and regional ecological security [5,6]. In 1898, Ward and Win proposed
the urban planning concept of a “pastoral city,” pointing out that a ring of suburbs should
surround the city to reduce the area of urban expansion and alleviate the phenomenon
of ecological deterioration, which has been used in environmental planning around the
world until now [7]. In the late 1960s, McHarg proposed the “suitability” analysis method
based on the vertical ecological process. This method emphasizes the vertical process and
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connection of various elements in the landscape unit, which is the superposition of each
environmental element and human element. This method was still used to determine the
“ecological source” in the ecological security pattern in the following decades [8,9]. In 1995,
Forman proposed the landscape ecology research “patch–corridor–base” model, paying
attention to the horizontal ecological processes that were difficult to reflect in McHard’s
research. Forman’s research greatly promoted the study of landscape patterns, and since
then, the development of landscape ecology has deepened people’s understanding of
landscape processes [10]. Yu proposed the concept of ecological security pattern based on
Forman’s study of landscape patterns [11], and his research on Beijing’s ecological security
pattern in 2009 laid the foundation for the development of ecological security patterns in
the past decade [12]. The technical route of the “source–space connection–optimization
strategy” proposed by Yu has been constantly enriched and optimized. Related research
has also been carried out rapidly, and fruitful research results have been obtained from the
construction of the initial theoretical framework, the improvement of the index system, and
the realization of technical methods [6,13].

At present, relevant research mainly focuses on the identification and construction
of ecological security pattern and uses the rating of the ecosystem as an evaluation indi-
cator. The ecological security pattern construction method of Yu’s team has been widely
recognized and adopted, and its methodology framework is as follows. First, determine
the existing habitat (source) of species diffusion; second, establish the resistance surface
according to the difficulty of species diffusion and identify the ecological corridor according
to the resistance surface; finally, identify the ecological security pattern according to the
ecological corridor. Existing methods for determining ecological source areas mainly use
landscape connectivity [14], ecosystem services [15,16], ecological sensitivity [17], and other
indicators, among which the identification of ecological source areas is the most important
link in the construction of ecological security pattern. The resistance surface is mainly
based on the terrain and topography. Ecological corridors, or biological corridors, refer
to the spatial types of ecosystems with linear or ribbon-like layouts in the environment,
which can communicate and connect with the relatively isolated and dispersed ecological
units in the spatial distribution. They can meet the requirements of species diffusion,
migration, and exchange, and are an important part of the construction of the regional
ecological security pattern. Ecological corridors can be identified by the minimal cumula-
tive resistance (MCR) model [18], patch gravity model [19], and comprehensive evaluation
index system. Among them, the MCR model can best simulate the hindrance effect of the
landscape on the biological spatial movement process and better express the interaction
relationship between the landscape pattern and ecological process. It is widely used in
the construction of the ecological network and ecological security pattern [20,21]. In the
past decade, the directions of specific exploration and research on the ecological security
pattern have varied. In terms of the research scale, multiscale ecological security pattern
construction methods of different sizes have been formed. In addition, in terms of research
methods, a variety of ecological security pattern construction methods have gradually
emerged, such as supply and demand of ecosystem services [22], ecological protection red
line [23], ecological importance and sensitivity [24], and source–sink theory [25]. Generally,
the research on ecological security pattern is still in its initial stage, with a wide range
of research categories and various types, but the research on the mechanism is relatively
weak. It is necessary to form a widely recognized unified evaluation system integrated
with ecology and social economics [26]. The construction of the regional ecological security
pattern mode has continued to improve the index and method, and the validity of the index
system is one of the core issues of regional ecological security source recognition. Because
there is a lack of understanding of the connotation of ecological security and regional
ecological security problems of the specific differences, there are differences in different
research scheme selection indicators. Moreover, various indicators have advantages and
disadvantages; among them, habitat importance indicators are widely used, mainly focus-
ing on specific ecosystem services such as habitat quality, biodiversity conservation, water
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conservation, and carbon sequestration and oxygen release. However, when identifying the
source areas, the traditional methods only focus on the importance of ecological functions
or the risk of functional degradation and only consider the services of the ecosystem to
human beings in connotation, but they ignore the response of the ecosystem functions
and processes to human activities and changes in the natural environment and the spatial
organization structure of the ecosystem itself, resulting in a slightly weak basis for the
selection of the source areas [17].

Coastal zones make up just 4% of the earth’s total land area and 11% of the world’s
oceans, yet they contain more than a third of the world’s population and account for
90% of the catch from marine fisheries. However, human activities are now threatening
many of the world’s remaining marine ecosystems and the benefits they provide. Due to
coastal development, population growth, pollution, and other human activities, 50% of
salt marshes, 35% of mangroves, 30% of coral reefs, and 29% of seagrasses have already
been lost or degraded worldwide over several decades [27]. As a typical coastal zone
area, the XSB basin has a concentrated population and developed economy. The increase
of population and economic development have caused problems such as the decline of
regional ecosystem services, the occupation of ecological space, and the continuous threat
to biodiversity. It is urgent to solve the problem of coordinated development between
people and the environment by building an ecological security pattern. In combination
with the rich ecological resources in the XSB basin, this study extracted ecological sources
through the importance of ecosystem services and the ecological sensitivity and the land-
scape connectivity, identified ecological corridors through the minimum resistance model,
and comprehensively constructed ecological security pattern, so as to improve the con-
struction method of traditional ecological security pattern, with a view to providing a case
reference for the research on the construction of regional ecological security pattern. It also
provides reference and guidance for coastal zone ecological protection and improvement
of ecosystem services.

2. Research Area and Research Methods
2.1. Overview of the Study Area

This study selected Xiangshan Bay (XSB) as the research area. The XSB is located on
the southeast coast of China, between 121◦25′ E–122◦00′ E and 29◦23′ N–29◦49′ N; elevation
ranges from 0 to 831 m. (Figure 1). The XSB basin is located in the northern extension of
the Tiantai Mountain range, and also in the Cathaysian fold belt of the South China fold
system. The area from the west of Shiyan Port to Xidian is nearly east–west, and the area
from the northeast of Shiyan Port to Fodu Waterway belongs to the northeast syncline. The
attitude of the syncline lithology is roughly symmetrical, and the late Jurassic volcanic
rocks on the north and south sides are distributed symmetrically, which reflects that the
volcanic activity is controlled by the NE trending fault structure of the basement. Since
the Cenozoic era, the differential lifting activities between the fault blocks in the XSB basin
have been significant. The geomorphic types are mainly broken hills and low-lying plains
in front of mountains. Quaternary sediments are exposed in the intermountain plains and
coastal areas.

It is a semi-enclosed bay composed of three major parts: the Xiangshan narrow bay,
Niubi mountain waterway, and Fodu Waterway. The coastline of the XSB has a total length
of about 400 km and a unique geographical location. It is an important station on the
migration line of waterfowl from East Asia to Australia, an important forest ecological
source and water conservation area, and a national aquatic germplasm resource protection
zone for economic fish. As a typical coastal zone, the XSB basin has a coastal wetland
covering 133.21 km2, which accounts for 8.5% of the area of the XSB basin and provides
material production, environmental regulation, and rich biodiversity for the surrounding
residents. Thus, the coastal zone is an extremely important ecosystem in the XSB basin.
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Figure 1. Study area.

2.2. Data Sources and Software Usage

The data used in this study mainly include land-use data, meteorological data, the
digital elevation model (DEM), soil data, and the distribution of forest scenic spots. The
land-use data used in this paper were obtained from the Data Center for Resources and En-
vironmental Sciences, and Chinese Academy of Sciences, and they were divided into seven
categories (Figure 2). The meteorological data were obtained from the China greenhouse
data system, and the basic meteorological data of the XSB basin were obtained by using the
ArcGIS 10.2 software spatial interpolation tool for meteorological data. The forest scenic
vector data were derived from Google Earth software. The basic spatial unit of this study is
a 30 m resolution grid. The software and modules used in each single-factor evaluation are
shown in Table A1 of Appendix A.

Figure 2. Land-use types in the study area.
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2.3. Research Methods
2.3.1. Identification of the Ecological Source

The ecological source refers to the source point of interregional species diffusion, as
well as ecological function flow and transmission, which is an area that must be protected
to maintain regional ecological security and sustainable development [28]. In this study,
the ecological conservation importance classification of the XSB basin was obtained by
stacking the grid layer of ecological service importance, ecological sensitivity, and landscape
connectivity and then identifying the ecological source.

(1) Importance of ecological services:
According to the environmental characteristics of the XSB basin, the comprehensive

evaluation of ecosystem services was carried out from the three aspects of water conser-
vation, carbon fixation and oxygen release (NPP), and habitat quality, and the evaluation
results were modified by forest scenic area.

Among them, water conservation and habitat quality were measured by the water
yield and habitat quality modules of the integrated valuation of ecosystem services and
trade-offs (InVEST) model [29]. The carbon fixation and oxygen release were measured by
the NPP estimation plug-in of ENVI 5.3 software. The importance of the abovementioned
ecosystem service functions was classified into 5 levels and assigned values from 1 to 5.
The higher the value, the higher the ecosystem service level. For the forest scenic area
correction, we downloaded the vector data of the XSB basin forest scenic area, assigned
5 to the forest scenic area, and assigned 1 to other areas. The evaluation results of the
importance of ecological services were obtained by superposing the equal weights of the
classified ecosystem services. The importance classification was carried out by using the
natural breakpoint method, and the results are generally important, relatively important,
moderately important, highly important, and extremely important, marked as 1, 2, 3, 4,
and 5, respectively [30].

(a) Evaluation of water conservation function:
The meteorological data of 87 meteorological stations in five provinces on the east

coast of China in 2017 were collected by the China Greenhouse Data System, including
precipitation, real-time atmospheric pressure, air humidity, wind speed, and temperature.
The basic meteorological data of the XSB basin were obtained by using the Arcgis10.2
software spatial interpolation tool. Evapotranspiration data of the XSB basin were retrieved
by the surface energy balance principle (SEBS) model of ILWIS open 3.8.1.0 software. The
data on soil depth, soil texture, and soil organic matter content were obtained from the
national soil database, and the available water content of plants (PAWC) was calculated.
By referring to the reference value of the crop coefficient of FAO and the research results
of other scholars [31], we obtained the biophysical number table of each land-use type
(Table 1). Finally, the Water Yield module of the InVEST model was used to import all data
to calculate the water conservation data of the XSB basin [32].

Table 1. Biophysical parameters of each land-use type input into InVEST water production module.

Land Use Lucode Kc Root Depth (mm) LULC Veg

Cultivated land 1 0.65 2100 1
Woodland 2 1 7000 1
Grassland 3 0.65 2600 1

Water 4 1 10 0
Building land 5 0.001 10 0
Unused land 6 0.001 10 0

(b) Evaluation of carbon fixation and oxygen release (NPP):
Based on the meteorological interpolation data obtained in the process of water con-

servation calculation, the radiation data and vegetation type data in 2017 were collected,
and the NPP grid data of the XSB basin were calculated through the NPP inputs of ENVI
5.3 software (CASA model). The static parameters of the data required for the model
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are automatically configured by the software. The vegetation-type map, NDVI data, and
meteorological data were collected from the Internet.

(c) Habitat quality assessment:
The habitat quality was obtained by using the habitat quality module of the InVEST

model, in which cultivated land, rural residential areas, urban residential areas, roads, and
industrial land were regarded as threat sources. By setting the relative influence of each
threat source (the weight of a stress factor indicates the relative destructive power of a
stress factor to all habitats, from 0 to 1), we obtained the distance between the habitat grid
and the threat source, and the sensitivity level of the habitat to the threat source (Table 2).
For the weight of the stress factor and the distance between the context grid and the threat
source, we referred to other relevant studies [33–35]. The sensitivity of the threat source
(Table 3) was set according to the basic principles of biodiversity protection and the basic
theories of ecology and landscape science. For example, the sensitivity of natural lands,
such as forests and grasslands, is high, and the sensitivity of roads and industrial land is
low. The value is between 0 and 1. The closer the value is to 0, the smaller the sensitivity,
and vice versa. Habitat suitability is a habitat score given to each land type, with a range
of 0–1. The higher the score, the better the habitat suitability of the land type. The habitat
suitability of various habitats and the related parameters of their sensitivity to threat factors
were mainly based on the research results of other scholars [36]. The habitat quality map
was generated by the distance attenuation method and exponential attenuation method.

Table 2. Main threat sources affecting habitat quality.

Threat Source Maximum Impact Distance (km) Weight Recession Way

Cultivated land 0.5 0.5 Linear
Rural residential land 5 0.6 Exponential
Urban residential land 10 1 Exponential

Transport land 5 0.6 Exponential
Industrial land 8 0.7 Exponential

Table 3. Threat source sensitivity assignment.

Land Use Suitability of
Habitat Cultivated Land Rural

Residential Land
Urban

Residential Land Transport Land Industrial Land

Cultivated land 0.5 0.3 0.7 0.5 0.3 0.6
Woodland 1 0.3 0.6 0.7 0.5 0.7
Grassland 0.7 0.55 0.65 0.7 0.6 0.6

Water 0.8 0.5 0.6 0.8 0.8 0.8
Construction land 0 0 0 0 0 0

Other land 0.1 0.1 0.2 0.2 0.2 0.2

(d) Forest scenic area correction:
Vector data of forest scenic spots can be downloaded through Google Earth. The

data of forest scenic area were used as correction factors after the superposition of water
conservation, NPP, and habitat quality.

(2) Ecological sensitivity:
Ecological sensitivity assessment is a comprehensive assessment of the possibility and

degree of ecological imbalance and environmental problems when human activities inter-
fere in a certain area. It reflects the possible ecological consequences of human activities [37].
The higher the regional ecological sensitivity, the worse the stability of the ecosystem, and
the more easily ecological and environmental problems occur. After comprehensively
considering the availability of data, resolution accuracy, data reliability, and academic
recognition, we finally selected the normalized difference vegetation index (NDVI), ele-
vation, slope, and land-use type to build an index system. The corresponding range of
high, medium, and low sensitivity was divided for each impact factor. According to the
index weight determined by Wang’s research [38] combined with the actual situation of the
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research area, the sensitivity evaluation results of the abovementioned five categories of
factors were weighted (Table 4), and the ecological sensitivity evaluation map was formed.

Table 4. Ecological sensitivity index system.

Evaluation
Factor

Sensitivity Assignment
Weight

1 3 5 7 9

Land use Building land Unused land Cultivated land Woodland, grassland Wetland, water 0.32

NDVI 0–0.25 0.25–0.5 0.5–0.65 0.65–0.8 >0.8 0.28

DEM (m) ≤60 60–150 150–250 250–400 >400 0.2

Slope (◦) ≤5 5–15 15–25 25–35 >35 0.2

(3) Landscape connectivity:
Landscape connectivity is a measure of the continuity between landscape spatial

structural units. High landscape connectivity is conducive to the maintenance of ecological
processes and biodiversity. This study analyzed the landscape connectivity through the
morphological spatial pattern analysis method (MSPA); classified the landscape by using
guidos Toolbox 2.8; took ecological land such as forest land, wetland, grassland, and
water as the foreground; and took other non-ecological land as the background. After
obtaining the grid map, ArcGIS 10.2 software, the plug-in modules Conefor inputs, and
Conefor Sensinode 2.6 were used to calculate the landscape connectivity. The overall index
of connectivity (IIC) and the probability of connectivity (PC) were used to evaluate the
connectivity of the landscape in the study area [39]. On the basis of the connectivity index
calculation, the importance dIIC of each patch, that is, the importance of each landscape
patch to the overall connectivity, was calculated to characterize the patch connectivity
importance. In the calculation of the patch connectivity index, the threshold of patch
distance was set to 500 m, and the connectivity probability was set to 0.5. The calculation
formula is as follows:

dIIC = (IIC − IICremove)/IIC × 100% (1)

In the formula, dIIC represents the change of PC after a patch is removed, which is
used to measure the importance of the patch to maintain landscape connectivity. IICremove
is the overall index value of the remaining patches after removing a single patch, and
IIC is the overall connectivity index of the patches. As the radiation effect of fine patches
is limited, the 10 patches with the largest area (more than 20 km2) were selected as the
ecological source.

2.3.2. Resistance Surface Analysis

The resistance that species and ecological functions need to overcome in the process
of controlling and covering space is called ecological resistance. The larger the ecological
resistance value, the more difficult the spatial movement of species, and the more ecological
services and ecological functions that are lost in the flow process [40]. When a species
makes necessary spatial movement owing to its own habits or environmental changes, it
preferentially chooses the same or similar land-use type as its original habitat. Animals
and plants are sensitive, and in the process of covering large-scale space, they choose to
move in space within the patch. According to the main land-use types in the XSB basin, the
relative resistance coefficient values were assigned to seven patch types in different regions,
and the ecological resistance surface based on land-use types was obtained.

The setting of the resistance value based on land-use type only covers up the difference
in ecological resistance within the same land type. Therefore, elevation and slope were
selected as the other two factors, which were superimposed with the resistance surface
formed based on the land type to form a comprehensive resistance surface in the study
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area and more accurately represent the difference in regional ecological resistance. The
index system of resistance surface construction is based on the index weight determined by
combining the research of Wang (2020) and Wang (2021) with the actual situation of the
research area [38,41] (Table 5).

Table 5. Index system of resistance surface construction.

Resistance Factor Classification Resistance Value Weight

Land use

Woodland 1

0.5
Wetland, grassland

Water
10
30

Cultivated land 50
Other land 70

Building land 100

Slope

≤5 10

0.25
5–15 30

15–25 50
25–35 70
>35 100

DEM

≤48 10

0.25

48–121 20
121–205 40
205–302 60
302–421 80

>421 100

2.4. Construction of Ecological Security Pattern

An ecological corridor refers to the linear or ribbon ecological landscape connecting
the ecological source. It connects the ecological source; is the carrier of species spatial
movement and ecological function flow; is the key ecological land to ensuring the ecological
flow, material flow, and energy flow between regions; and reflects the connectivity and
accessibility of the source [42]. The MCR model was selected, and the low resistance
channel between the ecological source sites was extracted as the ecological corridor by
using the created ecological source sites and ecological resistance surfaces based on the
spatial analysis tool of ArcGIS 10.2. Through the identification of ecological sources and the
extraction of ecological corridors, the most basic ecological security network in the study
area was formed.

3. Results
3.1. Ecological Source

The distribution map of the ecosystem service generation area in the study area is
shown in Figure 3. The water yield decreases from the mountain forest land on both sides
to the coastal wetland ecosystem near the sea area in the bay, urban living areas, and other
areas with low vegetation coverage, which is closely related to the land-use type. The
capacity of carbon fixation and oxygen release is reflected by the net primary productivity
(NPP) of vegetation and decreases from the mountain forest land outside the bay to the
urban residential area and the coastal wetland in the bay. The habitat quality of the XSB
basin is relatively high on the whole. The forest ecosystems on both sides are the core of
the whole basin. From the forest ecosystem to the surrounding agricultural area and then
to the coastal wetland ecosystem, the habitat quality gradually decreases. The area with
the lowest habitat quality is the residential area, which has been completely transformed
into urban and rural residential areas by humans. The natural scenic spots, such as forest
and water ecosystems, are all areas with excellent ecological conditions. The grid layers
of the four ecological-service-importance evaluation results were superimposed to obtain
the spatial pattern of the ecological service importance of the XSB basin (Figure 4). The
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extremely important area covers an area of 555.54 km2, accounting for 35.25% of the total
area of the whole region. The highly important areas are mainly distributed in the area
of 485.40 km2, accounting for 30.80% of the total area of the whole region. They are all
distributed in the mountains, hills, rivers, lakes, reservoirs, and other areas with high
ecological service value.

Figure 3. Spatial distribution of ecological service-generating areas.

Figure 4. Spatial pattern of the importance of ecological services.

According to the ecological environment sensitivity evaluation method and index
system constructed in this study, the ecological sensitivity of the XSB basin was evaluated by
single-factor and comprehensive evaluation. The spatial pattern of the ecological sensitivity
of each index is shown in Figure 5. The sensitivity of the land-use type gradually decreases
from coastal wetlands on both sides of the bay to mountain forest land and then to urban
residential areas, which are closely related to the diverse land-use types in the study area.
NDVI sensitivity decreases from mountain forest land to coastal wetland in the bay, which
is related to vegetation coverage in different areas. The sensitive areas with high elevation
and slope are mainly distributed in mountainous and hilly areas. The grid layers of the four
ecological sensitivity evaluation results were superimposed to obtain the spatial pattern
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map of the ecological sensitivity of the XSB basin (Figure 6). The extremely sensitive area is
395.17 km2, accounting for 25.01% of the area of the study area, and the highly sensitive
area is 388.03 km2, accounting for 24.56% of the area of the study area. The two areas are
distributed in mountains, hills, rivers, lakes, and reservoirs. The land-use types are mostly
forest land and water, the vegetation coverage is high, and the water resources are rich and
fragile, making the areas vulnerable to damage caused by natural disasters or manmade
development. The slightly sensitive area is 318.62 km2, accounting for 20.17% of the study
area. It is mainly distributed in the coastal wetland area, which is more stable than the
forest ecosystem.

Figure 5. Evaluation results of ecological sensitivity indicators.

Figure 6. Spatial pattern of ecological sensitivity.

The assessment results of landscape connectivity are shown in Figure 7. The high-value
areas of connectivity are mainly distributed in the forest ecosystems on both sides of the
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XSB basin. The forest ecosystems on both sides of the XSB basin run through and connect
most of the study areas, so the connectivity is high. The low-value areas of connectivity
are mainly affected by human activities and their surrounding areas. The transformation
of the ecosystem landscape by human activities greatly reduces the connectivity of each
landscape patch. According to the arrangement of 30 ecological source patches in the
XSB basin in the order of area and landscape connectivity (Figure 8), it can be concluded
that the landscape connectivity of each patch in the study area is in direct proportion
to the area. With the reduction of the patch area, the landscape connectivity gradually
decreases to zero, indicating that although the number of patches removed is large, the area
is small and the distribution is discrete, so they have little impact on the overall pattern of
landscape connectivity.

Figure 7. Landscape connectivity of the XSB basin.

Figure 8. Patch area and landscape connectivity.

The landscape connectivity, ecological service importance evaluation map, and ecolog-
ical sensitivity evaluation grid map were superposed with equal weight to form a spatial
pattern of ecological protection importance (Figure 9a) to identify the ecological source.
According to the specific situation of the study area, the importance of ecological protection
in the study area is divided into four levels. The higher the level, the more important the
ecological protection. The two-level ecological source areas are distinguished to ensure the
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integrity of the ecological process. The ecological source areas are selected in the Level 4
and Level 3 areas of ecological protection importance. Among them, the Level 4 area of
ecological protection importance is the first level’s source area, with an area of 444.91 km2,
accounting for 28.16% of the total area. The Level 3 area is the second level’s source area,
with an area of 367.13 km2, accounting for 23.24% of the total area. According to the
two-level ecological source areas, 10 ecological source points are determined, of which 4
primary ecological source points are in the area of ecological protection importance Level 4,
and 6 secondary ecological source points are in the area of ecological protection importance
Levels 4 and 3 (Figure 9b). As far as the distribution characteristics of the XSB basin are
concerned, the ecological source areas are mainly distributed in the mountainous forest
land, the surrounding areas of the water source areas, and the coastal wetland areas. It
is worth mentioning that coastal wetlands are mainly distributed in secondary ecological
sources, which may be related to the degradation of coastal wetlands.

Figure 9. Spatial pattern of ecological protection importance (a) and Spatial distribution of ecological
sources (b).

3.2. Minimum Accumulated Resistance Surface

Based on the spatial difference of ecological resistance formed by XSB, as shown in
Figure 10, the ecological resistance values of most forest lands and other ecological areas
in the study area are small. Owing to the correction of elevation and slope, the resistance
values of mountain forest lands in different areas are different, which is more in line with
the actual situation. The area with the smallest resistance value is the forest land in the
low-lying area and the coastal wetland area, so the area is transformed into the area of
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human activities. The resistance value gradually increases and reaches the maximum value
in the residential area.

Figure 10. Spatial difference in ecological resistance.

3.3. Key Ecological Corridors and Ecological Security Pattern

This study took the XSB basin as the research area, extracted the ecological source
through two methods, comprehensively selected the best ecological source through field
investigation and data reference, identified the ecological corridor through the minimum re-
sistance model, and finally constructed the ecological security pattern of the XSB (Figure 11).
The results show that the primary ecological source area of the XSB basin is 444.91 km2, and
the secondary ecological source area is 367.13 km2, accounting for 28.16% and 23.24% of
the total study area, respectively. The primary ecological source area is mainly distributed
in the mountain forest land and water source area of the XSB basin, and the secondary
ecological source area is mainly distributed in the mountain forest land and water source
area and coastal wetland area. The total length of the ecological corridor is 550.91 km, and
there are multiple ecological corridors between the two source areas, which reflects the
randomness of species in the spatial movement. On the whole, the ecological corridors
between the ecological sources of the XSB basin are connected in two ways. The first way is
to connect the sources along the mountain plain and avoid the urban area. The second way
connects the sources through the coastal wetland. The ecological corridor in the north of
the XSB basin extends from the southwest to the northeast, connecting the YC mountain
scenic area, DS river water system, BL Forest Park, and DQ Lake Scenic Area in turn, as
well as four secondary sources of forest water. The ecological corridor in the south of the
XSB basin is centered on the primary source of the LLT Forest Park, connecting a secondary
source of forest water to the southwest and a secondary source of coastal wetland to the
northeast. The two ecological corridors in the north and south are connected by an ecologi-
cal corridor from the northwest to the southeast which runs through the two secondary
sources of coastal wetlands. Through the spatial layout optimization of ecological elements,
the ecological spatial optimization layout plan of the XSB basin is constructed and is mainly
composed of two-level ecological source points, three ecological belts, and four ecological
conservation areas (Figure 12).
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Figure 11. Ecological security pattern of the XSB basin.

Figure 12. Ecological space optimization layout scheme of the XSB basin.

4. Discussion
4.1. Analysis of Identification Mechanism of Ecological Source

At present, there are two methods for identifying the ecological source: the direct
identification method and the building comprehensive evaluation index system method.
The direct identification method usually selects natural scenic spots as the ecological source,
but there are strong subjective factors. The method for building a comprehensive evaluation
index system is usually based on factors including ecological suitability, ecological risk,
ecological importance, and ecological connectivity, of which the ecological importance
assessment based on ecosystem services is the most important and commonly used [43,44].
However, these methods focus on the functional attributes of the ecosystem [45], ignoring
the impact of landscape connectivity on ecological processes and ecological functions at
different scales [46,47]. Therefore, this study added landscape connectivity to identify the
ecological source. With landscape connectivity, the classification of the landscape in the
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study area was mainly based on the land type and the area of the connected patches. This
method could effectively identify the ecological source in the study area. According to the
research results of this paper, the removed fine patches had little impact on the connectivity
of the whole habitat, and, thus, they had little impact on the distribution of the ecological
source. This agrees with the research results of Wu and others. Through the combination of
landscape connectivity and other indicators to identify the ecological source in Shenzhen,
the research results show that, although the number of patches removed was large, the area
was small and the distribution was relatively discrete, so the impact on the overall pattern
of the ecological source was small [48]. In specific research, a certain perspective or a
combination of multiple perspectives is usually selected to determine the ecological source.
In this study, the importance of ecological services, ecological sensitivity, and landscape
connectivity were combined to identify the ecological source. In recent years, this approach
has been favored by many researchers in the identification of ecological sources [17,49].
According to the identification results of the ecological source of the XSB basin in this study,
the ecological source is mainly distributed in the mountain forest land and water source,
which agrees with the results of many scholars. Wu et al. identified the ecological source
of Shenzhen through the combination of landscape connectivity, biodiversity, and habitat
quality and constructed an ecological security pattern. The results show that the important
patches in the ecosystem were basically distributed in the mountains, and the ecological
source was mainly composed of forest land [50]. Peng et al. identified the ecological
source of Yunnan province based on the importance of ecological services, combined with
biodiversity and habitat quality, and constructed the ecological security pattern through
the minimum resistance model. The results show that the ecological security pattern of
Yunnan province was composed of ecological sources dominated by forest land, and radial
ecological corridors were distributed along mountains and forest belts [51]. Moreover, the
nature reserves in the XSB basin were located in the primary ecological source identified
in this study, and the coastal wetlands, one of the important ecosystems in XSB basin,
were located in the secondary source, which, to a large extent, indicates the feasibility and
reliability of this identification method.

4.2. The Important Role of Coastal Wetlands in the Ecological Security Pattern of the Coastal Areas

The ecological corridor can achieve the following ecological services: movement and
diffusion, lasting maintenance of species diversity, habitat connectivity, and gene exchange.
The aim is to maintain a healthy ecosystem. Therefore, the ecological corridor plays
a decisive role in the whole ecosystem [52]. The XSB basin has 133.21 km2 of tidal flats,
accounting for 8.5% of the area. It provides people with material production, environmental
regulation, and rich biodiversity and is an important ecosystem in the XSB basin. From
the identification results of ecological corridors in the XSB basin, the ecological corridors
connecting various ecological sources eventually converge in the coastal wetland area,
accounting for about 40% of the total corridor length. The coastland wetland area occupies
the most important position in biological migration and species exchange among ecological
sources and is the link connecting other ecological sources.

The coastal wetlands in the XSB basin play a key role in the ecological security pattern.
From the perspective of building the minimum resistance model, the ecological resistance
value of the coastal wetland area is the lowest, and the two ecological belts in the north
and south are connected by two ecological sources of the coastal wetland, so they occupy a
pivotal position in the distribution of ecological corridors. Zhan built an ecological security
pattern composed of coastal ecological corridors and landscape ecological corridors in
Weihai, Shandong province, China, by combining the importance of ecosystem services
and ecological sensitivity with the ecological red line. The coastal ecological corridors cover
the whole coastline of Weihai, providing an important guarantee for the biodiversity and
biological migration and diffusion of Weihai [53]. Similarly, Wu constructed the wetland
ecological network of the Yellow River Delta based on the minimum resistance model. By
comparing the ecological resistance values between different land-use types, she found
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that the natural wetland and water area were the best distribution areas of the ecological
corridor, while the human activity transformation area was rarely distributed [54]. All
of these results prove that the coastal wetland regional ecological corridor is the most
economical path for the spatial movement of biological species.

The coastal wetland in the XSB basin plays an important role in the ecological security
pattern, and from the perspective of coastal ecological service functions, the coastal wetland
is the ecosystem with the largest biomass and rich biodiversity, which is conducive to
biological migration and diffusion in the whole habitat. According to the survey data from
2006 to 2009, 158 species of intertidal organisms have been identified in the XSB, mostly
mollusks and crustaceans. The abundant intertidal organisms are secondary consumers in
the ecosystem, which shows not only the abundance of phytoplankton as primary produc-
ers and floating animals as primary consumers in coastal wetlands but also the existence of
other consumers at the top of the food chain [55]. The organisms in the coastal wetland
area not only can diffuse to the surrounding area through the coastal wetland but also
provide a habitat and food source for other migratory organisms. Comparing 1981 with
1990, the biomass in the intertidal zone of the XSB has decreased significantly, which is
because of the rapid increase in the population of coastal cities and towns. The rapid
development of the port industry and the vigorous development of marine aquaculture,
human factors, and natural factors such as Spartina invasion have caused damage to the
coastal wetland ecology to a certain extent. However, there is evidence that the construc-
tion of artificial wetlands and the restored coastal wetlands have greatly improved the
biodiversity of habitats. According to the statistics of many studies, the biodiversity of
wetlands after restoration has increased by 40% [56]. According to the survey, nine wetland
restoration projects have been carried out in the wetlands on both sides of an inner bay
in the XSB basin. Before and after the restoration, the number of birds increased from
886 of 37 species to 10,206 of 43 species. Zhang investigated the ecological environment
of the newly built artificial wetland in a coal mining subsidence area; carried out in situ
sampling and positioning research on the plant diversity, benthic invertebrate diversity,
and bird diversity of the newborn wetland; and concluded that there were 271 species
of newborn wild vascular plants, 138 species of birds, and 68 species of benthic inver-
tebrates, demonstrating a qualitative improvement in biodiversity [57]. A good coastal
wetland ecosystem plays a vital role in maintaining the biodiversity and ecological con-
nectivity of the whole ecosystem, and the migration and diffusion of organisms in the
coastal wetland area can only rely on the ecological corridor in this area to a large extent.
Therefore, strengthening the construction of an ecological corridor in the coastal wet area
is of great significance to the improvement of the biodiversity and ecological connectivity
of the whole XSB basin. In addition to providing rich aquatic products, coastal wetland
vegetation, especially mangroves, plays an important role in preventing coastal erosion.
Zahra Karimi studied the root soil of mangroves along the northern coastline of Qeshm
Island, Iran. The results show that mangrove roots can improve soil stability and play an
important role in preventing coastal erosion [58]. Coastal wetlands also play an important
role in purifying water quality, especially in the absorption, transformation, and retention of
nutrients such as nitrogen and phosphorus and heavy metals, which can effectively reduce
their concentration in water [59]. The two inner ports in XSB basin have more reclamation
and aquaculture, and the original vegetation communities have been destroyed, leading
to serious coastal zone erosion, while the areas with better vegetation communities have
almost no coastal erosion. Land-sourced domestic sewage, agricultural fertilizer, industrial
emissions, and other land-sourced pollutants in the XSB basin are usually combined with
sediments. They are degraded, stored, and transformed through the absorption of wetland
vegetation and the transformation of chemical and biological processes. The slow water
flow speed in the wetland is conducive to the sinking of sediments, and also to the storage
and transformation of pollutants combined with sediments. Many aquatic plants in coastal
wetlands can enrich heavy metals, thus participating in the process of metal detoxification,
which can effectively alleviate the outstanding contradiction between economic and social
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development and environmental protection. The coastal wetland ecosystem has a strong
ecological service function, which plays an important role in maintaining the stability of
the ecosystem in the XSB basin.

The wetland habitat has important ecological significance for other migratory organ-
isms; various wetlands distributed along the migration route are particularly important
energy supply sources for waterfowl migration, providing food and habitat for different
populations [60]. There are more than 870 species of waterfowl worldwide that rely on
wetlands for survival, most being seasonal migratory birds [61]. A series of available stop
point wetlands distributed along the migration route are the basis for ensuring the success
of waterfowl migration. They play the role of relay stations and food supply places in
the whole migration network, but they are often the bottleneck in the migration process
of many waterfowl populations [62]. The change in the wetland habitat, especially the
habitat change of important stopover wetlands of international significance, has a strong
impact on the number of waterfowl populations during migration [63]. The coastal wetland
in the XSB basin is an important station on the East Asia Australia waterfowl migration
line. According to a survey, in the autumn of 2020, there were 85 species in 59 genera,
36 families, and 12 orders of birds in a certain inner port of the XSB. In recent decades, with
the intensification of climate change and human activities, natural wetlands have been lost
on a large scale, and the coastal wetlands located on the migration route from East Asia to
Australia have, in particular, undergone tremendous changes [64]. By the end of the 20th
century, more than 50% of the wetlands in the world had disappeared, while China had
lost about 33% of the wetlands from 1978 to 2008, and the rest had also been degraded to
varying degrees under the interference of human activities [65]. The habitat loss or habitat
quality decline of many waterfowl located on the migration route has posed a serious threat
to the migratory population [66]. If the existing wetland ecosystem is further damaged, the
waterfowl population will lose the suitable wetland as a resting place or wintering place
during the migration process. As a result, the population will be unable to complete the
migration cycle and will eventually be extinct [67]. A good coastal wetland habitat is a
relay station for bird migration. For the XSB basin, the coastal wetland provides an ideal
place for birds foraging, migration, and species exchange between ecological patches and
plays a crucial role in the maintenance of bird biodiversity.

4.3. Coastal Wetland Degradation and Restoration Strategy

Coastal wetland degradation is a common problem faced by all countries in the world
and mainly stems from natural disasters and human factors; natural disasters include
typhoons, tsunamis, and biological invasions, and human factors include land reclamation,
aquaculture, land-based pollution, aquaculture pollution, coastal vegetation felling, or
destruction [68,69], which not only lead to the loss of coastal wetland ecosystem diversity
but also seriously weaken the coastal wetland ecosystem function. The restoration of
degraded coastal wetland ecosystems has therefore become a hot topic in international
ecological research. The restoration objects of coastal wetlands have gradually diversified,
covering all types of coastal wetland habitats, such as salt marshes, mangroves, coral
reefs, and seagrass beds. The restoration system has changed from a small scale, such as
a single habitat, community, or species, to a large scale, such as a region or country. A
large number of regional or large-scale coastal restoration projects dominated by developed
countries such as Europe have emerged [70,71]. Ecological restoration of coastal wetlands
in China has mainly focused on individual projects or local areas, and artificial restoration
technology of wetland vegetation and coral.

The global coastal wetland area is about 1.42 million square kilometers, and China’s
coastal wetland area is about 52,450 km2 [72,73]. The coastal wetland is a transitional
zone between the terrestrial ecosystem and the marine ecosystem. It is composed of a
continuous coastal area, intertidal zone, and water ecosystem, including the river network,
estuary, salt marsh, and beach. As it is affected by the interaction of sea and land, it is a
relatively fragile ecologically sensitive area. It is considered one of the most productive
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and biodiversity-rich ecosystems. It provides protection against storms and coastal erosion
and provides important ecosystem functional services such as aquatic products, water
purification, and biodiversity maintenance [74]. The XSB basin has 133.21 km2 of tidal
flats, accounting for 8.5% of the basin area. The coastal wetland provides people with
material production, environmental regulation, and rich biodiversity and is an extremely
important ecosystem in the XSB basin. According to the importance of ecological services
and ecological sensitivity, ecological services of coastal wetlands in the study area are
relatively important and moderately important, and the ecological sensitivity is slightly
sensitive, which is related to the degradation of coastal wetlands. Some scholars regard
coastal wetlands as potential ecologically sensitive areas, which shows that coastal wetland
ecosystems are vulnerable to damage and degradation. However, as a potential ecologically
sensitive area, it needs to be repaired to better serve its ecosystem service function [75].
According to remote-sensing interpretation and field investigation, the main problem of
coastal wetlands in the XSB basin is the invasion of Spartina alterniflora. In the 10-year
period from 2009 to 2019, Spartina alterniflora invaded in large quantities, increasing from
1058 hectares in 2009 to 2587 hectares in 2019, resulting in the decline of beach biodiversity
and the reduction of bird habitat. In addition, many coastal wetlands in the study area have
been reclaimed from the sea for aquaculture, which has led to the degradation of the coastal
wetland ecosystem, the change of hydrodynamic conditions in the bay, the discharge of
land-based pollution into the sea, and aquaculture pollution. According to the survey
results, the coastal wetland restoration in the study area is a salt marsh wetland restoration
type. There are many large-scale regional salt marsh ecological restoration projects in the
world, such as in Delaware Bay [76], San Francisco Bay [77], and Chesapeake Bay [78] in the
United States. Compared with international research, the research on salt marsh wetland
ecological restoration in China is still in its infancy, and it mainly focuses on the restoration
and reconstruction of the salt marsh wetland ecosystem, wetland pollution bioremediation
technology, wetland invasive species (especially Spartina alterniflora) removal, and preven-
tion and control technology. In view of the problems existing in the coastal wetlands in
the study area, cutting and flooding can be used to treat a large area of Spartina alterniflora,
and local dominant species such as Hibiscus hamabo and Bolboschoenoplectus mariqueter
can be cultivated. In addition, salt marsh wetland organisms need to be introduced to
complete the restoration and reconstruction of the salt marsh wetland ecosystem. Ac-
cording to the survey, after this method of treatment in Chongming Island, Shanghai, the
removal rate of Spartina alterniflora can reach more than 95%, and the biodiversity can
be greatly improved [79]. For aquaculture, the management department should restore
the original ecosystem in an orderly manner according to relevant plans. In addition, an
ecological restoration monitoring and effect evaluation system was established to evaluate
the governance effect and follow-up monitoring of the coastal wetland environment.

According to the results of the ecological security pattern of the XSB basin, the coastal
wetland ecosystem occupies a prominent position in the whole habitat and plays a link
role in biological migration and species exchange. However, the coastal wetland ecosystem
poses a great threat to the ecological security of the whole basin, owing to habitat degra-
dation. Our suggestions are to carry out salt marsh wetland restoration for the coastal
wetland ecosystem, strengthen the construction of green infrastructure in the ecological
corridor area, establish an ecological buffer for the coastal wetland area in the XSB basin,
and connect the ecological land and non-ecological land in the area to improve the eco-
logical connectivity of the coastal wetland ecosystem in the whole basin and improve the
environmental quality of nonecological land. This way, the coastal wetland ecosystem can
be built into a unique inner harbor ecological connectivity belt in the XSB basin.

4.4. Deficiencies and Prospects

As the case in this study is an attempt of a new method, there are still some short-
comings: For example, in terms of specific operation methods, when assessing the habitat
quality, only the range of the XSB basin is considered, and there will be deviation in the
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assessment of the threat to the patches at the edge of the study area. In subsequent studies,
the habitats at a certain distance from the periphery of the study area can be taken into
account. The time series of this study is short, but because there are many evaluation
indicators, it will be a huge project to evaluate all indicators according to the time series.
In addition, the universal applicability and rationality of this method need to be further
verified by more field work and case studies in the future.

5. Conclusions

In this study, the ecological source area of the XSB basin was identified by the method
of “importance–connectivity–sensitivity”, and the ecological corridor was identified by the
minimum resistance model to finally build an ecological security pattern.

The results show that the primary ecological source area of the XSB basin is 444.91 km2,
and the secondary ecological source area is 367.13 km2, accounting for 28.16% and 23.24%
of the total study area, respectively. The natural reserves in XSB basin were all located in
the identified primary ecological source areas, which indicates the feasibility and reliability
of the “importance–connectivity–sensitivity” ecological source identification mechanism
in this study. From the identification results of ecological corridors in the XSB basin,
the ecological corridors connecting various ecological sources eventually converge in the
coastal wetland area, accounting for about 40% of the total corridor length. The coastland
wetland area occupies the most important position in biological migration and species
exchange among ecological sources and is the link connecting other ecological sources.

However, according to the results of the construction of the ecological security pattern
and the field survey, the ecological services and ecological sensitivity of the coastal wetlands
in the XSB basin are reduced, and the habitat is degraded. This study proposes some restora-
tion strategies: cutting and flooding can be used to treat a large area of Spartina alterniflora,
and local dominant species such as Hibiscus hamabo and Bolboschoenoplectus mariqueter can
be cultivated. In addition, salt marsh wetland organisms need to be introduced to complete
the restoration and reconstruction of the salt marsh wetland ecosystem.
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Appendix A

Table A1. Software and modules used in each evaluation.

Comprehensive Evaluation Single-Factor Evaluation Software Module

Importance of ecological services

Water conservation
InVEST Water Yield

ILWIS open 3.8.1.0 SEBS model
Habitat quality InVEST Habitat Quality

Carbon fixation and oxygen
release ENVI 5.3 NPP Inputs

Forest Scenic Area Google Earth \
Ecological sensitivity NDVI ENVI 5.3 \

Landscape connectivity \
Guidos Toolbox 2.8

ArcGIS 10.2
Conefor Sensinode 2.6

\
Conefor Inputs

\
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