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Abstract: Wetlands play a crucial role in maintaining biodiversity and ecological balance. Preserving
the ecological security of wetlands is critically important for regional environmental protection and
sustainable development. However, in the core area of the Wuhan metropolitan circle, which is
rapidly urbanizing, its wetlands are more susceptible to external natural environmental risks, such as
changes in temperature and rainfall, as well as risks to human activity, such as social and economic
activities, urban expansion, land use changes, and population growth. Meanwhile, the internal
vulnerability of wetlands in terms of their spatial extent, structure, and functions also exacerbates
ecological risks. These factors collectively influence the formation and development of wetland
ecological risks. This study aims to comprehensively assess wetland ecological risks in the core area
of the Wuhan metropolitan circle by combining external hazards and internal vulnerabilities and
to construct and optimize the wetlands’ ecological security pattern. We used the MSPA method
to identify potential ecological sources. Additionally, the MCR model was employed to integrate
ecological risk assessment results into the resistance surface, identify potential ecological corridors
and nodes, construct the wetland ecological security pattern for the urban circle, and propose specific
optimization strategies. In total, 31 primary and 106 secondary ecological sources were selected,
along with 20 primary and 42 secondary ecological nodes. Furthermore, 10 major ecological corridors
were constructed. Considering the landscape characteristics of the wetlands in the core area of the
Wuhan metropolitan circle, the southern Yangtze River region will center around the Liangzi Lake
group to establish a crucial corridor network, promoting overall wetland restoration and connectivity.
Meanwhile, the northern Yangtze River region will form a chain-like distribution along the river,
creating diverse ecosystems. This study provides a theoretical foundation for constructing and
optimizing the ecological security pattern of wetlands, laying a solid groundwork for promoting
regional wetland conservation and sustainable development.

Keywords: wetland ecological risk; wetland ecological security pattern; MSPA; MCR model; Wuhan
metropolitan core area

1. Introduction

Nature plays a crucial role in promoting human well-being, with wetlands standing
out as particularly valuable ecosystems due to their unique position at the interface of land
and water [1]. Wetlands are essential for providing various ecosystem services that benefit
humans, such as water regulation, pollutant purification, climate change mitigation, and
habitat provision for numerous species [2]. Despite their significance, wetlands are increas-
ingly threatened by land use changes, which have the potential to jeopardize their ability
to maintain regional ecosystem balance and provide essential services [3]. It is important to
emphasize that wetlands serve as ecological infrastructure supporting sustainable urban
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development. However, the frequent occurrence of extreme weather events driven by
global climate change and the unchecked expansion of human activities continue to disrupt
the natural structure and functions of wetlands [4].

Coupled with the over-exploitation of wetland resources and pollution caused by
rapid urbanization, the self-recovery capacity of wetlands has been further weakened [5].
The combination of these external hazards and internal vulnerability means that wetland
ecosystems are under unprecedented pressure, facing serious challenges of degradation
and increased ecological risks. Therefore, the spatial and temporal distribution of wetland
changes [6]. The sustainable utilization of wetland resources [7], wetland management [8],
Wetland ecosystem services [9], ecological risk assessment [10], and other aspects are
receiving extensive attention from experts and scholars.

Ecological risk is used to describe the potential for damage to ecosystems and their
components as a result of uncertain events and disasters that may have adverse effects on
ecosystems [11]. Ecological risk assessment is mainly used to quantify the adverse effects of
one or more internal or external factors on ecosystems [12], which has been widely used to
assess impacts on wetlands at global, national, and regional scales [13]. Wetland ecosystems
are under threat from a variety of sources, including not only external pressures from the
natural environment and human social activities but also the inherent vulnerability of
the wetlands themselves. Specifically, wetlands are not only facing the external natural
environmental disturbances of temperature and precipitation but also suffering from the
profound impacts of human activities. At the same time, the spatial extent, spatial structure,
and ecological functions of wetland ecosystems also pose inherent threats, which further
exacerbate wetland ecological risks. Therefore, in order to more effectively understand
and manage wetland ecological risks, we must comprehensively consider the interactions
between the intrinsic characteristics of wetlands and external disturbances and formulate
comprehensive protection and management strategies to maintain the stability and sustain-
ability of wetland ecosystems [14]. Therefore, there is an urgent need for ecological risk
assessment of wetlands to systematically reveal the multifaceted risk disturbances faced
by the complex system of wetlands and its interaction process with ecological risks. Such
assessment provides an important basis for developing effective strategies to optimize the
ecological security pattern of wetlands.

The use of wetland ecological risk assessment provides a scientific basis for the early
warning, prevention, and control of ecological security by exploring wetland disturbances
from multiple perspectives and measuring the risk of damage to wetlands. Evaluating
the spatial distribution of ecological risks to wetlands can reveal the challenges faced by
wetlands, recognize the state of wetlands, and understand the chain reactions that these
factors may have on the surrounding environment and human activities [15]. Constructing
an ecological security pattern based on this is crucial for formulating regional ecological
security strategies, implementing targeted protection measures, ensuring ecological security,
and promoting sustainable development.

Since 1990, scholars at home and abroad have conducted preliminary explorations
of ecological risk and ecological security patterns, and the concept of ESP has gradually
emerged and attracted widespread attention. Currently, there are three main methods for
wetland ecological risk evaluation: the single indicator method primarily uses indicators
such as land use change [16], climate change [17], and landscape pattern indices [18]. Cheng
validated model measurements based on the PSR framework and the fuzzy evaluation
method. The analysis considered uncertainties related to the number of indicators, thresh-
olds, and index weights, leading to the development of an ecological security evaluation
model [19]. The fuzzy comprehensive evaluation method applied fuzzification to ecological
risk evaluation indexes and results, enhancing operability and repeatability [20]. However,
this method complicates the evaluation process. More scholars are using the multi-level and
multi-indicator comprehensive evaluation method. For instance, Duan et al. constructed
an ecological risk assessment framework by quantifying the external hazard index and
internal vulnerability index [21]. Li used the product of external hazards and the internal
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vulnerability of wetlands to quantify the ecological risk in the Beijing–Tianjin–Hebei urban
agglomeration [22]. This method is more scientific and provides a more profound insight
into the potential risks to the ecosystem.

Scholars have conducted a lot of research in qualitative and quantitative pattern
planning analysis, static pattern optimization [23], and dynamic grid simulation [24]. ESP
is widely defined as a specific paradigm consisting of ecologically significant ecological
components, patches, and corridors of ecosystems [25]. In urban planning practice, the
construction of ESPs plays a pivotal role in fostering a harmonious coexistence between the
rapid urbanization of urban areas and the conservation of the natural environment [26].
Currently, ESP research focuses on the identification and construction of ESPs, and adopts
the basic construction paradigm of “ecological source-ecological corridor-ecological node”
with the ecosystem rating as the evaluation index [27]. Ecological sources are critical
habitat patches. Most existing studies have selected urbanized areas, nature reserves,
or large-scale concentrated and continuous forests and grasslands as sources, with less
attention paid to wetlands as an important ecosystem [28]. The ecological resistance
surface is the degree of disturbance to species as they move between different landscape
units or habitats [29]. Resistance surfaces are a key element in constructing the ecological
resistance surface system. It is primarily established by integrating natural conditions
such as land use type, climate environment, and the impact of human activities [30].
Ecological corridors are the transmission channels of ecological flows, processes, and
functions in a region, and the methods of extracting ecological corridors mainly use MCR
and circuit theory [31]. Based on the least resistance model and spatial interaction force
model, important potential ecological corridors are simulated and extracted to establish
channels for biological and energy flows [32]. The establishment of ecological strategic
nodes at the points of intersection between significant corridors with varying levels of
resistance serves to create transit points for the migration of biological organisms and the
transfer of energy [33]. In recent years, MCR has become the main method for identifying
ecological corridors, and the accurate setting of resistance surfaces is crucial for precisely
identifying corridors and constructing ecological security patterns.

From the perspective of research subjects, current studies primarily focus on individ-
ual cities and ecological functional areas, with less emphasis on urban agglomerations as a
whole. In terms of wetland ecological risk evaluation, research typically addresses aspects
such as the natural environment, human activities, and ecosystem structure and function.
Regarding the development of ecological safety patterns, there is a general approach to
identifying source areas and constructing safety patterns based on ecological sensitivity
evaluations. However, there is a notable lack of research on optimizing ecological safety
pattern construction through ecological risk assessments. On this basis, this study em-
ployed a multi-level and multi-indicator comprehensive evaluation method, revealing the
sources and characteristics of wetland ecological risks from the dual perspectives of internal
vulnerability and external hazard. Wetland ecological risk evaluation is incorporated into
the construction of the ecological resistance surface, and specific weights are determined to
visualize the vulnerability and protection needs of wetland ecosystems in different regions.
In this way, the configuration of essential ecological components is meticulously devised,
thereby ensuring the optimal organization of the ecological security pattern. This method
provides a scientific basis for constructing and optimizing the wetland ecological security
pattern, improving the relevance and effectiveness of wetland protection.

Wuhan Metropolitan Core Area, the core area for wetland conservation in the Yangtze
River Basin, has widely distributed and diverse types of wetland resources. According to
data provided by the National Forestry and Grassland Administration [34], Wuhan and
its surrounding areas have 165 rivers, 166 lakes, 10 wetland parks, and 5 nature reserves,
with a wetland area of 162,000 hectares, accounting for 18.9% of the city’s total land area.
Additionally, there are 63,500 hectares of small-scale wetlands, which constitute 7.41% of the
city’s land area. Due to its unique geographic location, it plays a crucial role in maintaining
the ecological balance of the entire basin [35]. As defined by The Convention on Wetlands,
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wetlands in the Wuhan metropolitan core area include inland wetlands and artificial
wetlands [36]. River canals, lakes, marshes, and beaches are widely distributed as inland
wetlands in the region. This includes 12 major rivers, namely the Yangtze, Han, Tongshun,
Fu, Xie, Daoshui, Jushui, Sha, Bashui, Xishui, Qihe, and Yuanshanhe. Additionally, there
are 7 large lake groups, primarily consisting of the Dong Lake, Tangxun Lake, Liangzi
Lake, Baon Lake, Huama Lake, Daye Lake, and Wang Lake, along with thousands of
smaller wetlands [37]. Artificial wetlands, on the other hand, are formed as a result of
people’s transformation of land and water resources to meet the needs of agricultural
production and urban flood control. At the same time, rapid economic development in the
Wuhan metropolitan core area has subjected its wetland resources to internal and external
pressures. Rapid urban expansion and frequent human activities have brought about
serious impacts on wetlands, disturbing wetland structure and function, and dramatically
increasing ecological risks [38]. In this study, we define wetland ecological risk as the
external hazards wetlands face and their internal vulnerabilities when confronted with
these disturbances. Therefore, it is necessary to consider both internal vulnerabilities and
external hazards to develop a wetland ecological risk assessment system. By utilizing the
results of wetland ecological risk evaluation, we construct an ecological resistance surface
for the study area and, on this basis, develop an ecological security pattern. This provides a
reference for optimizing the ecological security pattern of wetlands.

The comprehensive wetland ecological risk assessment system constructed can accu-
rately quantify the ecological risk level of different wetlands in the Wuhan metropolitan
core area, and this method provides the scientific basis and technical support for the
construction of a wetland ecological security pattern and improves the targeting and ef-
fectiveness of wetland protection. Based on the identification and assessment of wetland
ecological risks, the construction of a reasonable wetland ecological safety pattern is a key
measure to ensure the stability and sustainability of wetland ecosystems in the Wuhan
metropolitan core area, which can effectively reduce the probability of occurrence and the
degree of impact of ecological risks in the future. By comprehensively assessing the ecolog-
ical risk of wetlands, optimizing the construction of a scientific and reasonable wetland
ecological security pattern, and strengthening ecological protection measures, the stability
and resistance of wetland ecosystems can be improved, and scientific evidence and decision
support can be provided for the protection and management of wetlands in the Wuhan
metropolitan core area. In turn, it will enhance the regional ecological security level and
promote the ecological protection and sustainable development of wetlands in the Yangtze
River Basin.

There are three specific objectives: (1) to comprehensively evaluate the ecological risk
of wetlands in the Wuhan metropolitan core area by systematically considering the dual
dimensions of internal vulnerability and external hazard; (2) to integrate ecological risk into
the construction of the ecological security pattern and develop a wetland ecological security
pattern that aligns with the characteristics of the urbanization process and landscape pattern
in the Wuhan metropolitan core area; and (3) based on the results of the ecological risk
assessment and the constructed wetland ecological security pattern, to propose strategies
aimed at optimizing the ecological spatial layout and enhancing the resilience of wetland
ecosystems.



Land 2024, 13, 1407 5 of 26

2. Materials and Methods

The study area (Figure 1) is dominated by the core area of the Wuhan metropolitan
area, which was successfully designated as the seventh national metropolitan area in 2022.
This designation encompasses four cities, Wuhan, Ezhou, Huangshi, and Huanggang,
which collectively account for 68% of the area of the Wuhan metropolitan area [39].
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Figure 1. The location of Wuhan Metropolitan Core Area and the distribution of the wetlands.

Wetlands, as an ecological interface between water bodies and land, are a valuable
asset of national and natural resources. According to the Ramsar Convention on Wetlands,
wetlands include coastal, inland and artificial wetlands, while wetlands in the Wuhan
metropolitan core area include inland and artificial wetlands. Firstly, the diverse topogra-
phy and hydrological conditions in the Wuhan metropolitan core area provide favorable
conditions for the formation of inland wetlands. As inland wetlands, rivers, lakes, marshes
and beaches are widely distributed in the region, they play important ecological roles in
climate regulation, soil and water conservation, and other aspects. Secondly, the artificial
wetlands in the Wuhan metropolitan core area are formed due to the transformation of land
and water resources by people to meet the needs of agricultural production and urban flood
control in the long term. Artificial wetlands cover wetlands of paddy fields and reservoir
pits and ponds, which provide strong support for local socio-economic development.
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The total wetland area exceeds 13,000 km2, which has fostered a comprehensive and
diverse wetland ecological environment. This environment is characterized by intercon-
nected rivers and harbors, as well as lakes and reservoirs that are intermingled. As a
result of socio-economic development and urban expansion, the wetlands in the Wuhan
metropolitan core area are experiencing a range of ecological and environmental challenges.
The acceleration of urbanization, the enclosure of lakes, and the over-exploitation of wet-
land resources have resulted in a significant reduction in wetland areas within the Jianghan
Plain. This has led to an increase in water pollution, a threat to the ecological quality of
some wetlands, and a considerable decline in biodiversity. Furthermore, the government
and relevant departments lack the capacity to effectively manage and conduct scientific
research on typical regional wetlands. Additionally, the current management of wetland
ecological protection and construction is inadequate. In recent years, the state has enacted
the Yangtze River Protection Law and the Wetland Protection Law, with the objective of
strengthening the protection of wetland ecosystems in the Yangtze River basin and facilitat-
ing the implementation of the Yangtze River protection strategy. It is of great significance to
examine the ecological risks posed by wetlands within the Wuhan metropolitan core area
and to develop an appropriate ecological security strategy for these wetlands. This will help
to safeguard the regional ecological environment and facilitate sustainable development.

2.1. Data Sources

The study employed a range of data types, including fundamental geographic in-
formation, climate data, land use data, and so forth. The geographic information data,
which included vector boundaries and other relevant information, were obtained from
the National Geographic Information Resource Catalog Service System (https://www.
webmap.cn/). The digital elevation model (DEM) data were obtained from the Geospa-
tial Data Cloud Platform (http://www.gscloud.cn/). The primary source of climate and
land use data for this paper is the Resource and Environment Science and Data Cen-
ter of the Institute of Geographic Sciences and Resources, Chinese Academy of Sciences
(http://www.resdc.cn). The population density data were obtained from the WorldPop
dataset (https://www.worldpop.org/). The standardized precipitation–evapotranspiration
index (SPEI) data were obtained from the National Ecosystem Data Bank’s High-resolution
SPEI Dataset (https://ecodb.scidb.cn/). The nighttime light data were obtained from the
National Centers for Environmental Information’s Earth Observation Group, which is
based on the NPP-VIIRS synthetic data (https://eogdata.mines.edu/). To synthesize the
floating algae index (FAI), 2020 Landsat8 imagery (Path/Row: 123/039) was employed.
All multispectral imagery underwent a series of preprocessing operations, including radio-
metric correction, atmospheric correction, de-clouding, mosaicking, and mean synthesis
(https://www.usgs.gov).

2.2. Research Framework

As illustrated in Figure 2, the framework of this study is primarily comprised of three
distinct phases. Firstly, the spatial distribution of ecological risk is quantified through a
comprehensive evaluation of five types of factors, comprising a total of 16 indicators, which
are assessed in both external and internal aspects. In the second step, the ecological sources
are identified, and the spatial distribution of ecological risks of wetlands is integrated into
the resistance surface construction process. Potential ecological corridors and ecological
nodes are extracted, and the ecological security pattern of wetlands is constructed. In the
third part, the spatial distribution of ecological risks and indicators at all levels is considered,
and specific wetland ecological spatial protection and optimization strategies are proposed.
This is achieved by combining the wetland ecological security pattern construction and
optimization objectives.

https://www.webmap.cn/
https://www.webmap.cn/
http://www.gscloud.cn/
http://www.resdc.cn
https://www.worldpop.org/
https://ecodb.scidb.cn/
https://eogdata.mines.edu/
https://www.usgs.gov
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2.3. Research Methods
2.3.1. Wetland Ecological Risk Assessment System

The two main aspects considered in this study’s wetland ecological risk assessment
are the external risks that wetlands inevitably face and the ecological effects that arise
after these pressures impact them, specifically focusing on external hazards and internal
vulnerabilities. The greater the exposure of a wetland to external hazards, the higher the
ecological risk. Wetlands with lower vulnerability have lower ecological risk. Therefore,
this study assesses wetland ecological risk by measuring both external hazards and internal
vulnerability. The wetland ecological risk assessment framework is based on the ecological
risk assessment model proposed by the US Environmental Protection Agency in 1992 [40].
This model primarily evaluates ecological risk through exposure and ecological effects.
Exposure represents the stress exerted on ecosystems by external hazards, while ecological
effects represent the ecosystem’s vulnerability after being impacted by external factors.
External hazards include natural and social factors and are assessed using seven indicators.
Internal vulnerability includes the wetland’s spatial scope, spatial structure, and ecological
functions, comprising nine indicators. In sum, a total of 16 parameters included in these
two indexes are analyzed in detail. Each is normalized to a value between 0 and 1 after
processing. The Analytic Hierarchy Process (AHP) is employed to determine the weights
of these indicators (Table 1). By calculating the weighted sum of the external hazard index
and the internal vulnerability index, their product is used to reflect the overall wetland
ecological risk.
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Table 1. Wetland ecological risk assessment indicators.

Composite Index Objective Level Criterion Level Indicator Layer +/−

Wetland Ecological
Risk

External hazard

Natural Factors (0.176)
Temperature (0.022) Positive

SPEI (0.047) Negative

Rainfall (0.107) Negative

Social Factors (0.824)

Nighttime light intensity (0.061) Positive

Distance from construction site (0.201) Positive

Land use intensity (0.273) Positive

Population density (0.149) Positive

FAI (0.14) Positive

Internalvulnerability

Wetland Spatial Extent
(0.102) Wetland patch size (0.102) Negative

Wetland Spatial
Structure (0.341)

Wetland patch density (0.064) Negative

Landscape spreading index (0.035) Negative

Landscape separation index (0.068) Positive

Landscape shannon diversity index
(0.174) Negative

Wetland Ecological
Function (0.557)

Supply services (0.145) Negative

Regulating service (0.126) Negative

Supporting services (0.247) Negative

Cultural services (0.039) Negative

(1) External Hazard Indicators and Calculation Methods

Natural Factors:
The state of wetlands can be significantly impacted by changes in natural factors.

Climate change, including high temperatures, drought, and heavy rainfall, represents
a primary driver of wetland destruction and degradation. Such alterations can exert a
direct impact on the hydrological status and ecological milieu of wetlands, in addition
to an indirect influence on their ecological functions and values [41]. Accordingly, this
study employs three indicators, temperature, SPEI, and rainfall, to elucidate the influence
of natural factors on wetlands. The temperature, SPEI, and rainfall values were derived
through the calculation of annual average values.

Social Factors:
Due to the accelerated urbanization process in the Wuhan metropolitan area, human

activities have significantly impacted wetlands. Thus, we have selected the nighttime light
intensity, distance from construction site, land use intensity, and population density to
measure the impact of societal and human activities on wetlands.

The nighttime light intensity is a key parameter for assessing human socio-economic
activities, offering insights into the long-term urban development and changes in human
activity interference in the Wuhan metropolitan core area. The data are of significant value
in the evaluation of regional urbanization processes and ecological risk and are derived
from the NPP-VIIRS composite nighttime light dataset [42]. The distance from construction
site effectively reflects the degree of urban development disturbance on wetland ecological
spaces and is calculated based on land use data [43].

Land use intensity has a notable impact on wetland ecosystems, directly reflecting
societal demand and utilization of wetland resources [44]. The land use intensity calculation
formula is as follows:

L =
n

∑
i=1

Ai
A

× Gi × 100%
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where L represents the land use intensity index; Ai represents the area of the ith land use
type; A represents the total area; and Gi represents the intensity level of the ith land use
type. The land use intensity levels for various land use types are shown in Table 2.

Table 2. Land use intensity classification.

Land Use Types Land Use Intensity (LUI)

Beach
1Marsh

Unused Land
Woodland

2
Grassland

River and Canal
Lakes

Reservoirs and Ponds 3
Paddy fields

4Dry land
Building land 5

Population density is an important factor contributing to the risk of wetlands, and the
increase in human density will lead to more human activities and urban construction, which
in turn will cause the spatial and ecological environment of wetlands to be affected [45],
so this paper calculates the population density based on the rasterized population spatial
distribution data from Worldpop.

In this paper, the floating algae index is used to reflect the water quality of wetland
water bodies through the degree of cyanobacterial blooms and the degree of eutrophication.
The FAI index is calculated based on Landsat multispectral images, and the specific formula
is as follows [46]:

FAI = Rre(λNIR)− R′
re(λNIR)

R′
re(λNIR) = Rre(λRed) + [Rre(λSWIR)− Rre(λRed)] · λNIR−λRed

λSWIR−λRed

In the formula, the bands of the TM images are λRED = 660 nm, λNIR = 839 nm, and
λSWIR = 1678 nm, and the bands of the TM images are λRED = 655 nm, λNIR = 865 nm, and
λSWIR = 1609 nm. Rre(λNIR) is the near-infrared reflectance, and R′

re(λNIR) is the interpo-
lated reflectance, which is the reflectance information obtained by linear interpolation in
the near-infrared band for the red and segmental infrared bands.

(2) Internal Vulnerability Indicators and Calculation Methods

Wetland Spatial Extent:
The size of a wetland patch is a direct reflection of the condition of the wetland

ecosystem. Larger wetland patches are associated with greater complexity, stability, and
resilience in the face of disturbances. Consequently, the dimensions of wetland patch size
serve as an effective gauge for gauging the vulnerability of the wetland itself [47].

Wetland Spatial Structure:
The patch density of a wetland is defined as the number of wetland patches per unit

area. As the density of wetland patches increases, the degree of habitat fragmentation
rises, thereby increasing the ecological risk of the wetland [48]. The patch density index is
calculated using the following formula:

PD = N/A

where N represents the number of wetland landscape patches and A is the total wetland
landscape area.
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The landscape spreading degree index is a visual representation of the degree of
aggregation or expansion trend of different landscape patch types [49]. A high spreading
degree indicates a high level of connectivity between wetland patches, which is associated
with a low ecological risk. In contrast, a low spreading degree is indicative of a more
dispersed pattern of wetland patches, which are more vulnerable to disturbance and
consequently have a higher ecological risk. The calculation formula is as follows:

CONTAG =

1 +
∑m

i=1 ∑m
k=1

[(
Li

gik
∑m

k=1 gik

)
ln
(

Li
gik

∑m
k=1 gik

)]
2 ln m

× 100

where CONTAG represents the landscape sprawl index; Li reflects the proportion of patch
area in the overall landscape; gik represents the number of patch types and neighboring
patches between them; and m represents the total number of landscape types.

The landscape separation index is a parameter used to measure the degree of separa-
tion between the distribution of different landscape types or patches within a region [50].
When the value is larger, it represents that wetland landscapes are more dispersed in
terms of geographical distribution. Wetlands are subjected to a higher degree of distur-
bance, which results in an increased risk to the ecological balance of these ecosystems. The
expression for the degree of landscape separation is as follows:

Ni =
1
2
×

√
ni
A

× A
Ai

where Ni represents the wetland landscape separation, A is the total area of the landscape,
Ai represents the area of the i-th landscape type, and ni indicates the number of patches.

The Shannon Diversity Index (SHDI) is a measure of the diversity and complexity
of landscape elements [51]. A high SHDI value is indicative of a balanced distribution of
wetlands, a high degree of heterogeneity and structural complexity, and a greater resilience
to ecological risks. The Shannon diversity index is calculated using the following formula:

SHDI = −∑m
i=1(Pi × lnPi)

where SHDI is the landscape Shannon diversity index, Pi is the percentage of the i-th
landscape type, and m represents the total number of landscape types.

Wetland Ecological Function:
We quantify the service values of ecosystem supply, regulation, support, and cultural

services using the equivalent method to reflect the value of ecosystem services. This is
based on the conversion table of ecosystem service values per unit area in China, compiled
by previous research results [52], and we adjust the economic value of the unit conversion
factors according to the actual conditions of the study area (Table 3). The calculation
formula is as follows:

Ea =
1
7

n

∑
i=1

mi piqi
M

In the formula, Ea is the equivalent factor value of the a-th year (yuan/hm2), i is the
type of grain; mi, pi, qi, respectively, are the average price of the i-th grain (yuan/kg),
grain yield (kg/m2), and grain sown area (hm2); and M is the total grain area (hm2). The
reference scale is according to the wetland ecosystem service value of wetland area.



Land 2024, 13, 1407 11 of 26

Table 3. Modified ecosystem service equivalence scale.

Level 1 Level 2

Paddy Fields Wetlands Water Bodies

Arid
Lands

Paddy
Fields Wetlands Water

Systems
Glacial Snow

Packs

Supply Service
Food Production 0.85 1.36 0.51 0.8 0

Raw material production 0.4 0.09 0.5 0.23 0
Water supply 0.02 −2.63 2.59 8.29 2.16

Regulating
Services

Gas regulation 0.67 1.11 1.9 0.77 0.18
Climate regulation 0.36 0.57 3.6 2.29 0.54

Environment purification 0.1 0.17 3.6 5.55 0.16
Hydrological regulation 0.27 2.72 24.23 102.24 7.13

Supporting
Services

Soil conservation 1.03 0.01 2.31 0.93 0
Nutrient cycling maintenance 0.12 0.19 0.18 0.07 0

Biodiversity maintenance 0.13 0.21 7.87 2.55 0.01
Cultural Services Landscape aesthetics 0.06 0.09 4.73 1.89 0.09

2.3.2. Construction and Optimization of Wetland Ecological Security Pattern Integrating
Wetland Ecological Risk

The construction and optimization of wetland ecological security patterns is a crucial
strategy for enhancing the ecological integrity and functionality of regional wetlands, which
are vital ecological resources within the Wuhan metropolitan area. The “source-corridor-
pattern” paradigm is the fundamental approach for developing a regional ecological
security paradigm [53]. This approach includes extracting ecological sources, identifying
ecological nodes, and constructing ecological corridors.

This section first establishes the ecological security planning outline for the Wuhan
metropolitan core area, determining future ecological land use, construction land use plan-
ning, and ecological security development objectives. Secondly, the MSPA morphological
method is used to identify and extract key wetland ecological sources. Subsequently, wet-
land ecological risks are incorporated into the resistance surface construction process. Using
MCR modeling, the minimum cumulative resistance paths on ecological resistance surfaces
are identified as ecological corridors. This method is then employed for constructing and
optimizing the wetland ecological network within the Wuhan metropolitan core area.

(1) Selection of Ecological Source Areas

An ecological source area is defined as an area exhibiting high ecosystem service value
and a complete ecological pattern, in addition to demonstrating a robust ability to withstand
disturbance and maintain stability. Currently, there are two main approaches to identifying
ecological source areas. One method is based on patch feature structures and involves using
the MSPA morphological analysis to select regions that have relatively complete structures
as ecological source areas. The second approach considers the functionality of these
ecological sources, including ecological function evaluation methods. Wetland core areas
chosen through the MSPA method possess more stable structures and larger areas, thereby
offering higher ecosystem services and resistance to disturbance. The MSPA morphological
method was employed to categorize the wetlands within the Wuhan metropolitan core
area into distinct landscape element types, including core area and isolated island, among
others. Combined with the actual situation of wetlands in the Wuhan metropolitan core
area, wetlands with strong anti-disturbance ability, such as lakes with large areas and water
conservation and runoff storage functions, were identified as ecological source areas. The
first and second levels of ecological sources were screened as important ecological sources
by combining with the integral index of connectivity (IIC), the probability of connectivity
(PC), and the delta values for probability of connectivity (dPC).
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(2) Resistance Surface Construction

The migration of organisms among ecological patches, energy flow, and material
cycling are key ecological processes that are often constrained by resistance factors at the
spatial level. The use of scientifically established ecological resistance surfaces provides
an important basis for identifying and extracting ecological corridors [54]. The risk posed
by wetlands to ecological processes and energy flow represents a significant challenge.
Accordingly, this study considers wetland ecological risk to be the primary resistance factor,
which is of paramount importance for optimizing the configuration of ecological corridors
and ensuring the robust functioning of ecosystems. We identified wetland ecological risk,
elevation, slope, and land cover as resistance factors, taking into account the actual situation
and relevant research progress. These factors are then divided into resistance levels and
values. AHP hierarchical analysis is applied to determine the weights of the resistance
factors (Table 4), and a consistency test is conducted to ensure the reliability of the results.
The consistency test yields a value of CR = 0.0036, which is less than 0.1, indicating that the
results are consistent.

Table 4. Wetland resistance factor indicators and resistance classification criteria.

Resistance Factor Weight Level of Resistance Value of Resistance

Wetland Ecological Risk 0.5591

Low Risk 1
Relatively Low Risk 200

Medium Risk 500
Relatively High Risk 800

High Risk 1000

Elevation 0.1445

<150 m 100
150–300 m 200
300–600 m 500

600–1000 m 800
>1000m 1000

Slope 0.1493

<6 degrees 100
6–12 degrees 200
12–18 degrees 400
18–24 degrees 600
>24 degrees 1000

Land coverage 0.1471

Wetlands 1
Cropland 300
Woodland 50
Grassland 100

Construction Land 1000
Unused land 800

(3) Ecological Corridor and Ecological Node Construction

Ecological corridors, as the lowest resistance channel between two neighboring ecolog-
ical sources, play a key role in promoting material circulation and energy flow and are the
core element to enhancing the stability and integrity of the regional wetland spatial struc-
ture. We combined the results of resistance surface construction based on the minimum
resistance model to accurately calculate the minimum resistance between the ecological
sources of the wetland in the study area and extract the ecological corridor [55]. The basic
formula is as follows.

MCR = f min
i=m

∑
j=n

Dij × Ri

where MCR represents the sum of the minimum resistance experienced from an ecological
source to another ecological source. f represents the positive correlation between the
minimum cumulative resistance model and the ecological process, which is an unknown
monotonically increasing function. Dij represents the actual distance that the target unit
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has to traverse in space from ecological source i to another source j. Ri reflects the resistance
that ecological source i encounters as it disperses in a particular direction in space [56].

3. Results
3.1. Wetland Ecological Risk Evaluation Results
3.1.1. Spatial Distribution of External Hazard

We characterize the spatial variability in the risk of external hazards by combining
two categories of external disturbances, natural factors and social factors (Figure 3a). A
combination of natural factors and human activities has led to greater threats to wetland
ecosystems in these areas. The combination of higher temperatures and SPEI in the central
urban area and the central plain area, which are separated by the northern and southern
mountains, has the potential to impact the natural environment in the wetlands due to the
heat island effect and the relatively low rainfall. In terms of human activities, the expansion
of human activities, the higher population density, the expansion of construction areas, and
the higher land use intensity have resulted in increased disturbance in the central urban
area of Wuhan, the areas along the Yangtze River, and the suburban areas of Wuhan such
as Dongxihu District, Caidian District, and the new urban areas to Ezhou and Huangshi. In
terms of human activities, there has been an increase in population density, an expansion
of built-up areas, and an increase in the intensity of land use. These have led to increased
disturbance in the central urban area of Wuhan, the areas along the Yangtze River, the
suburban areas of Wuhan such as Dongxihu District, Caidian District, as well as the new
urban areas to Ezhou and Huangshi. It is evident that there is a clear spatial differentiation
in the risk of external disturbance. The central area of the city and the rapidly urbanizing
and expanding area are the areas with the highest incidence of risk of external disturbance.
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3.1.2. Spatial Distribution of Internal Vulnerability

In this study, the spatial differentiation of the inherent risk of wetlands in the study
area was analyzed through the three aspects of wetland spatial extent, spatial structure and
ecological function (Figure 3b). Urbanization has significantly eroded the wetland area,
especially in Wuhan and its riverine areas, leading to the degradation of wetland ecosys-
tems in these areas with obviously high risks. Under the combined influence of natural
conditions like geography and climate, especially in areas with dense river networks, the
density of wetland patches is significantly higher. This phenomenon is more pronounced
in the Huangshi and Huanggang regions near the Yangtze River and its tributaries, where
the density of wetland patches is higher. In contrast, in Wuhan’s main urban area and
its surrounding development zones, such as Hanyang and Wuchang districts, rapid ur-
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banization has fragmented wetlands into smaller patches, resulting in higher landscape
fragmentation and poorer ecological continuity. The landscape diversity of wetlands is
better in the Liangzi Lake cluster in Ezhou and the Daye Lake area in Huangshi, which are
rich in types of natural lakes and riverine wetlands with strong ecological functions and
lower risks. Due to excessive urbanization and industrialization in Wuhan New City and
Ezhou District, the four ecological functions of wetlands, namely provisioning, regulating,
supporting and cultural, have obviously been degraded, and the high risk is concentrated
in these rapidly urbanizing areas. On the other hand, in the areas where wetland restora-
tion is actively pursued, such as Luhu Lake and Jingyin Lake, the ecological functions of
wetlands have been effectively restored and the risk is low. Overall, wetland ecosystems
in the Wuhan metropolitan core area show obvious spatial differentiation characteristics
in different regions. Urban development brings multi-level challenges to wetland areas,
spatial structure and ecological functions.

3.1.3. Spatial Distribution of Wetland Ecological Risk

The composite index of wetland ecological risk demonstrates considerable regional
disparities in its spatial distribution (Figure 4), directly reflecting the impact of urbanization
processes, the intensity of agricultural activities, and the efficacy of conservation measures.
In particular, high-risk areas are predominantly situated within the central urban zones of
Wuhan and its proximate suburbs, including Dongxihu District and Caidian District, as
well as the riparian zones of Ezhou and Huangshi. The increasing risk in these regions is
primarily attributable to the reduction in wetland areas resulting from urban expansion,
the degradation of ecological functions, and the environmental pressures associated with
the outward expansion of industrial and residential zones.
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The relatively high-risk areas are primarily situated in the transitional zones between
urban fringes and agricultural development zones, such as the areas extending from the
outskirts of Wuhan towards Huangshi and Huanggang. In these regions, the increasing
fragmentation of wetland patches and the degradation of ecological functions are intensified
by the effects of urbanization. In these areas, the implementation of ecological restoration
measures has reduced ecological risks to a certain extent. However, there are still ecological
risks that cannot be ignored because of the friction and interlacing between industrial and
agricultural activities and the penetration of cities into the suburbs.

Medium- and low-risk areas are predominantly situated in the mountainous regions
to the north and south, as well as in well-protected wetlands such as Chenhu Lake and
portions of the Liangzi Lake group, where extensive wetland restoration initiatives have
been implemented. These areas are characterized by the maintenance of intact ecological
structures, with the associated ecological services, including provisioning, regulation,
support, and cultural services, being well preserved and reinforced. Furthermore, the
effective implementation of wetland conservation measures in areas such as Chenhu Lake
and parts of the Liangzi Lake group has demonstrated high resilience, thereby exemplifying
successful regional ecological risk management.

In urban built-up areas, high-risk areas for ecological damage overlap with the central
areas of major cities such as Wuhan, which demonstrates the significant pressures on wet-
lands brought about by urbanization. The implementation of effective wetland protection
and management measures in surrounding lower-risk areas has resulted in notable benefits.
The peripheral high-risk zones, particularly those with intensive agricultural activities such
as aquaculture and cropland, are subjected to heightened environmental pressures due
to the concentration of human activities, thereby forming an expansion zone of regional
ecological risk. Regions with moderate composite risk, such as transitional zones from the
Wuhan–Ezhou–Huangshi plains to the mountainous areas, exhibit a more complex risk
pattern influenced by both urbanization impacts and the regulatory functions of natural
landscapes.

The spatial distribution of wetland ecological risk in the study area exhibits a circu-
lar risk gradient pattern, with urban centers situated within the core high-risk area and
remote mountainous regions located in the edge low-risk area. This pattern is undergoing
a transformation concurrent with the simultaneous advancement of urban expansion and
agricultural production activities. Various natural and anthropogenic factors are inter-
twined, thus determining the multidimensional spatial structure of the wetland ecological
risk index.

3.2. Construction of Wetland Ecological Security Pattern in the Wuhan Metropolitan Core Area
3.2.1. Wetland Ecological Source in the Wuhan Metropolitan Core Area

As illustrated in Figure 5, the core area in the west and south of the study area is of
a larger size and plays an important role in stabilizing the ecological security pattern. In
contrast, the core area in the northeast is relatively small and fragmented, which is not
conducive to articulating the ecological sources.

Following the screening process, 668 ecological source sites were identified, encom-
passing an area of over 1,000,000 m2. The role of each ecological source area in landscape
connectivity was evaluated in detail through the calculation of IIC, PC, and dPC. Based
on these indices, the study conducted a ranking of the ecological source sites and ulti-
mately identified 137 sites with a “dPC” value greater than 0.1, comprising 31 Class I sites
and 106 Class II sites (Figure 6). The most significant ecological source sites are situated
primarily along the main stem of the Yangtze River and in the surrounding lakes.
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3.2.2. Construction of Wetland Ecological Resistance Surface in the Wuhan Metropolitan
Core Area

Figure 7 illustrates the spatial distribution of wetland ecological risk and the factors
affecting resistance. By combining the resistance factor and its corresponding weight, we
can construct the ecological resistance surface of the wetland in the study area. The spatial
differentiation of the ecological resistance value is notable. Areas with high resistance values
are mainly located in urban built-up zones. The areas exhibiting lower resistance values are
situated in proximity to the lakes and wetlands, situated at a considerable distance from
the urban settlements. In contrast, the hilly regions display moderate resistance values.
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3.2.3. Construction and Optimization of the Wetland Ecological Security Pattern in the
Wuhan Metropolitan Core Area

As illustrated in Figure 8, the study identified a total of 10 major ecological corridors,
in addition to 20 primary and 42 secondary ecological nodes. An ecological security pattern
is formed, in which a vast wetland corridor of the Yangtze River mainstem extends to the
surrounding mountains and plains.

In the region situated to the south of the Yangtze River main stream, the Liangzi Lake
Group represents the central ecological node. This node gives rise to several significant
regional wetland ecological corridors, which are linked to the Yangtze River main stream.
One such corridor is the “Yangtze River Main Stream-Dong Lake/Tangxun Lake/Wang
Lake/Daye-Lu Lake/Liangzi Lake Group”. This corridor connects the core city, the devel-
opment area wetland, and the urban and rural wetland. The development area wetlands,
urban and rural area wetlands, and countryside area wetlands are being promoted for
implementation of wetland ecological restoration and construction projects along the routes,
to improve the integrity of wetland ecosystems in urban and rural areas.
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The spatial structure of wetlands in the region north of the Yangtze River main stream
is relatively uniform, exhibiting a chain-like distribution and generally forming an ecolog-
ical spatial pattern of distribution along the banks of rivers such as the Tongshun River,
Fu River, Ju River, and Bashui River. In the northern region, from south to north, from
the plains to the mountains, wetland ecological corridors are distributed along the rivers,
encompassing a variety of wetland types, including paddy fields and lakes, reservoirs and
ponds. These diverse wetland ecosystems are interdependent and constitute a rich and
varied wetland ecosystem.

3.2.4. Wetland Optimization Strategies Guided by Ecological Risks and Security Patterns of
Wetlands in the Wuhan Metropolitan Core Area

In order to reduce the ecological risk of wetlands in the Wuhan metropolitan core area
and to achieve a comprehensive optimization of the safety pattern, we propose specific
strategies and optimization schemes for different regions, taking into account the spatial
differentiation status of wetland ecological risk and the constructed ecological safety pattern.
This is carried out so as to provide a reference path for the ecological protection and
optimization of wetlands in the Wuhan metropolitan core area.

The Wuhan Dong Lake, situated at the heart of Wuhan city, is confronted with the
challenge of urban expansion. To ensure the effective protection and management of this
vital wetland resource, it is essential to comprehensively undertake wetland ecological
restoration and assessment work, and to enhance the restoration standard system of the
Dong Lake wetland. Concurrently, a risk management apparatus is constituted to guarantee
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the expeditious readjustment of wetland restoration strategies. Secondly, in accordance with
the findings of the regional wetland risk assessment, a hierarchical management system
should be put in place. In areas identified as low-risk, future construction and development
should be strictly controlled, and a wetland buffer zone established. In areas identified as
high-risk, there is a need to reinforce the management of sewage treatment and rainwater
collection and filtration. Ultimately, the protection and construction of key elements such as
the wetland water environment and wetland plants should be strengthened. The stability
and self-regulation capacity of wetland ecosystems should be improved to ensure their
healthy and sustainable development.

The new city area of Wuhan is replete with lakes and wetlands, which collectively
constitute a unique ecological skeleton. This includes prominent bodies of water such
as Liangzi Lake, Yanxi Lake, Wusi Lake, and Honglian Lake. As a consequence of the
expansion of the new city, the ecological risk associated with wetlands in these areas
has become increasingly evident. This risk displays a distinctive pattern of distribution,
exhibiting a north-to-south gradient of increasing and then decreasing prevalence. In order
to address these challenges, the initial step for the wetlands of Wuhan New City is to
delineate the red line of wetland protection and control areas, implement a systematic
governance structure to ensure the effective control of wetland ecological space usage, and
reinforce the conservation of wetlands in rivers and lakes. Secondly, the construction of
north–south ecological corridors is recommended to enhance the connectivity between
the Liangzi Lake cluster and other important wetlands in the north, including Yanxi Lake,
Yandong Lake, and those situated along the Yangtze River. This can be achieved through
the establishment of large ecological corridors in the Guanggu area and the center of the
new city, with the aim of enhancing the wetland integrity of the entire region. Moreover, it
is imperative to reinforce the regulation of agricultural production and domestic sewage in
rural areas to facilitate the ecological restoration of surrounding wetlands.

Liangzi Lake and Chen Lake, as the primary wetland resources in the Wuhan metropoli-
tan core area, are of vital importance for maintaining ecosystem stability and serve as crucial
ecological security barriers in the region. To safeguard the wetland ecosystems in these
two regions, it is imperative to reinforce the administration of the nature reserves, imple-
ment real-time monitoring, and persist in advancing the wetland ecological restoration
initiatives and compensation mechanisms. This will facilitate the comprehensive protection
of wetland resources and enhance ecological functions and biodiversity. Concurrently,
there is a need to strengthen the management of the water environment in lakes, paddy
fields, and river wetlands. For the wetlands in these areas, strictly controlling emissions
from pollution sources and exploring green industrial development models is crucial to
improving the water quality of wetlands.

The ecological status of Wang Lake, which is the largest lake in the downstream main
stream of the Fushui River, is of great consequence. In the past, Wang Lake and its sur-
rounding lakes were severely polluted by aquaculture fertilizers, resulting in significant
contamination of sediments and water bodies and a notable decline in water quality. The
implementation of the policy of retiring Wang Lake in Yangxin, coupled with the deepening
of pollution prevention and control measures, has led to a notable improvement in the
water quality and water environment of the Wang Lake wetland. The objective of this
study is to protect the Wang Lake wetland through the implementation of an integrated
management strategy that addresses both external and internal sources of pollution. This
encompasses the implementation of a no-farming policy within the nature reserve, the re-
mediation of agricultural surface pollution, the restoration of wetland vegetation, and other
ecological environment restoration projects. Concurrently, the study actively advocates for
the advancement of ecological agricultural development models and the implementation
of scientific dredging techniques for rivers, lakes, reservoirs, and ponds, with the objective
of establishing a long-term mechanism for wetland protection. In addition, a watershed
management experimental base has been established and the core and buffer zones of the
wetland nature reserve have been delineated. It is also working on the construction of a
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lakeshore ecological belt to restore the ecological resilience of the wetland ecosystem. These
measures are designed to enhance the resilience of critical wetlands such as Wang Lake and
wetland-type nature reserves while also bolstering the protection of rare and endangered
wildlife habitats.

The Huanggang Bailian River Reservoir Area is situated at the core of the Yangtze
River’s main stream basin, specifically in the middle reaches of the Xishui River in the
Wu Rivers Area of East Hubei. As a significant water source, the adaptive protection
and management strategy for the Bailian River Reservoir Area is of particular importance.
First and foremost, the key to addressing this issue lies in strengthening the prevention
and control of various pollution sources. This encompasses agricultural surface pollution,
aquaculture activities, and sewage treatment in neighboring towns. The threat of pollutants
to the wetland ecosystem can be effectively mitigated through the implementation of
rigorous emission standards, the promotion of environmentally sustainable agricultural
technologies, and the enhancement of sewage treatment facilities.

4. Discussion
4.1. Analysis of the Framework for Constructing the Ecological Security Pattern Considering the
Ecological Risk of Wetlands

Ecological risk assessment from the perspective of external hazard and intrinsic vulner-
ability has been widely applied to various ecological systems. For coupled natural–societal
systems, social and cultural factors are often fully considered [57]. However, traditional
methods for the ecological risk assessment of natural ecosystems often overlook factors
related to social and human activities when applied to wetland ecosystems in the Wuhan
metropolitan core area. This limitation hampers the comprehensive reflection of the spatial
distribution of wetland ecological risk [58].

Thus, this study evaluates the ecological risks of wetlands in the Wuhan metropolitan
core area in terms of two aspects: external hazard and intrinsic vulnerability. We selected
factors from both natural elements and human activities as external disturbances and
reflected wetland vulnerability through aspects such as area, structure, and function.
This approach clarifies the social and ecological dimensions of wetland ecological risk
assessment in metropolitan core areas [59].

Furthermore, aiming to optimize the spatial configuration of wetlands, we integrated
the wetland ecological risk assessment into the construction of an ecological security
pattern for the Wuhan metropolitan core area, fully considering ecological risks during
the resistance surface construction. The ecological security pattern developed using this
method offers higher practicality and feasibility for proposing specific strategies and actual
planning and construction. This approach is significantly meaningful for improving the
overall ecological environment quality of the region and responding to urban expansion in
the Wuhan metropolitan core area [60].

We propose specific strategies for optimizing the ecological security pattern in terms
of various aspects. In terms of the overall pattern of wetlands, we focus on wetland
connectivity and stability; in terms of critical paths and nodes, we combine the results
of ecological risk assessment and ecological security pattern and propose corresponding
ecological space optimization strategies for typical wetland patches in the study area.
In this way, the ecological function of wetlands at key nodes will be improved, and the
sustainable development of wetland ecology in the Wuhan metropolitan core area will be
maintained [61].

4.2. Discussion and Analysis of Ecological Risks of Wetlands in the Wuhan Metropolitan Core Area

The wetland ecological risks in the study area exhibit significant spatial differentiation,
reflecting the intrinsic properties of wetland ecosystems and their susceptibility to urban
development and agricultural activities. From the perspective of the spatial risk pattern,
urban construction and the development of agricultural core areas significantly impact these
ecosystems. Urban development zones along the Yangtze River and adjacent agricultural
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areas exhibit higher risks, highlighting the wetlands’ insufficient adaptive capacity to
ecological risks. There is a gradient from low to high risk extending from the mountainous
ecological functional areas on the north and south sides towards the urban development
zones along the Yangtze River. This observation aligns with previous research indicating
that urban expansion and production activities are key factors in deteriorating wetland
ecological environments.

High-risk areas within the wetlands of the study area are mainly concentrated around
rivers, lakes, and wetlands, especially those near urban water bodies, where frequent
human activities lead to significant declines in environmental quality [62]. Additionally,
the spatial structure of wetland landscapes is closely associated with road construction and
urban sprawl. These human activities cause wetland landscapes to become fragmented,
particularly in urban conglomerations where high-risk areas gradually extend toward
suburban and rural regions. This finding indicates that urbanization severely threatens the
connectivity of wetland systems, affecting their stability and functionality [63].

Although some areas within the central urban zones show lower risk levels due to
the implementation of wetland ecological protection measures, the overall pressure of
urbanization remains widespread. This evidence corroborates the multifaceted impact
of human activities on wetland ecological environments, reflecting the characteristics of
wetland ecosystems in response to different types of risks. It underscores the necessity of
strengthening wetland protection and management amidst urbanization processes [64].

4.3. Discussion on the Optimization Strategy of the Wetland Ecological Security Pattern in the
Wuhan Metropolitan Core Area

The optimization of the ecological security pattern of wetlands in the core area of
metropolitan regions represents a pivotal step in addressing the inherent conflict between
urbanization and ecological conservation. In the Wuhan metropolitan core area, wetlands
are subjected to various pressures, including urban expansion, industrial pollution, and
agricultural development. In 2024, China placed greater emphasis on wetland protection
strategies for the Yangtze River Economic Belt, striving to integrate wetland resources. As a
pivotal socio-economic development zone within the Yangtze River Basin, the conservation
and administration of wetlands within the Wuhan metropolitan core area represent pivotal
elements of regional ecological security. It plays an increasingly important role in ecological
progress [65].

To effectively address these challenges, it is essential to conduct systematic wetland
ecological risk assessments and implement feasible optimization strategies. This study
synthesizes the findings of wetland ecological risk assessments to develop an ecological
security pattern for wetlands. By integrating these results with the plan for the construction
of an ecological security pattern, we provide targeted optimization strategies for the re-
gional wetland ecological space. The objective of these efforts is to manage ecological risks
and enhance the levels of wetland protection. The primary objectives of the proposed man-
agement measures for optimizing wetland ecological spaces are to maintain the integrity of
wetland spatial patterns and to restore wetland ecological environments.

The strategies and optimization plans proposed in this study are based on compre-
hensive research into the spatial differentiation of wetland ecological risks. The objective
of constructing an ecological security pattern is to enhance the ecological functions of
wetlands within the metropolitan area while mitigating the impact of urban development
on wetland ecosystems. Specifically, for the Wuhan East Lake area, it is proposed that
wetland ecological restoration and assessment work be implemented and that periodic
risk management mechanisms be established. These measures not only help to safeguard
the ecological service functions of wetlands but are also key measures for maintaining
biodiversity. They are more in line with the characteristics of wetlands and represent
progress in fine-tuning the management of ecological space, which will be conducive to
future ecological protection and restoration efforts [66].
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In addition to the protection and restoration of wetland ecosystems, the proper inte-
gration of wetland conservation needs into urban planning and development is necessary
to optimize the ecological security pattern of wetlands. The implementation of measures
such as the delineation of red lines for wetland protection and the designation of control
zones, as exemplified by the Wuhan New City area, can effectively manage and control
wetland use, thereby preventing illegal occupation and overdevelopment. Moreover, the
construction of a north–south ecological corridor through the Guanggu area serves to en-
hance connectivity between wetlands, thereby supporting overall urban ecosystem stability.
In the case of wetlands that have already been degraded, such as the Huangshi Wanghu
area, the implementation of comprehensive management and ecological restoration projects
is of the utmost importance for the achievement of wetland ecological security [67].

Furthermore, the establishment of long-term wetland management mechanisms, such
as the definition and control of nature reserves in Wang Lake, is of paramount importance
for the maintenance of wetland ecosystem health. The success of these management
measures hinges on the cooperation and support of local governments, communities,
and non-governmental organizations to ensure effective implementation and continuous
supervision. In optimizing the ecological security pattern of wetlands in the metropolitan
core area, a number of challenges emerge. To ensure the feasibility and effectiveness
of building an ecological security model, it is essential to consider the demands of the
various stakeholders and to focus on the complex adaptations of the political mechanisms
involved [68].

5. Conclusions

This study takes wetlands in the Wuhan metropolitan core area as the research object
and clarifies the spatial distribution pattern of its ecological risk, which is a method to
establish an ecological risk assessment system for wetlands by comprehensively evaluating
the external disturbing factors and intrinsic vulnerability. Using the MSPA morphological
method to identify the ecological source, the wetland ecological risk is integrated into the
resistance surface to construct and determine the ecological corridors and nodes. Incorpo-
rating the spatial differentiation of ecological risk into the constructed ecological security
pattern and proposing specific wetland ecological spatial optimization strategies can ensure
the ecological functions of wetlands in metropolitan areas, improve the wetland ecological
environment, and build a safe and sustainable wetland ecological space.

The conclusions of this study are as follows:

(1) The overall wetland ecological risk assessment of wetlands in the Wuhan metropolitan
core area found that the spatial distribution of ecological risk exhibits a ring-shaped
risk gradient pattern centered on Wuhan and other large cities. The high-risk areas
are mainly distributed in the central urban area and surrounding areas of Wuhan,
the higher-risk areas are mainly the transition zone between the urban fringe and the
agricultural development zone, and the medium- and low-risk areas are concentrated
in the mountainous areas in the north and south of the region, as well as some
well-protected wetland areas.

(2) The ecological network of wetlands in the Wuhan metropolitan core area as a whole
shows the spatial structure of the wetland corridor of the Yangtze River mainstem
spreading to the surrounding mountains and plains, with 137 ecological sources
selected, 10 major ecological corridors constructed, and 62 ecological nodes needing
to be protected.

(3) We combine the results of ecological risk assessment with the wetland ecological
security pattern construction plan to develop an integrated management assessment
framework, providing targeted optimization strategies for regional wetland ecological
spaces. This promotes cross-regional coordination and cooperation, enhances wetland
protection levels, and drives ecologically sustainable development.
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Integrating the ecological risk evaluation of wetlands in the Wuhan metropolitan
core area into the construction of ecological security pattern evaluation system helps to
enrich the theoretical study of ecological risk and ESP, optimize the way ESP construction
is carried out, and broaden new research ideas. This study helps to identify the influencing
factors and distribution characteristics of wetland ecological risk in the Wuhan metropolitan
core area, which is of practical significance for optimizing the regional wetland spatial
structure and promoting the efficient development of wetland protection. This study
understands the spatial distribution characteristics of wetland ecological risk in the Wuhan
metropolitan core area, constructs an ecological safety pattern based on them, and discusses
the development strategy of the ecological safety pattern in the study area. However,
it is necessary to compare the wetland ecological risk evaluations of similar or different
development areas horizontally for an in-depth and extensive empirical analysis.
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