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Abstract: The accelerated development of urban agglomerations in China has resulted
in the significant regional expansion of infrastructure and urban spaces, which has led
to the fragmentation of habitats and the degradation of ecosystem function. Ecological
networks have been shown to reconnect isolated habitat patches within urban agglomera-
tions by identifying ecological sources and constructing corridors, which could enhance
regional ecological security. Nature reserves, as critical areas for the protection of key
species and ecosystems, play a vital role in this process. Investigating the influence of
nature reserves on the ecological networks of urban agglomerations helps to integrate
regional ecological resources, optimize ecological network structures, and enhance cross-
departmental coordination in nature reserve management and ecological environment
protection. Using the urban agglomeration in the middle reaches of the Yangtze River as a
case study, this research analyzes the impact of nature reserves on the ecological network of
urban agglomerations. Initially, ecological source patches are identified using the “Quality-
Morphology-Connectivity” evaluation model. Different types of nature reserves are then
superimposed to create four distinct source schemes. Subsequently, a resistance surface
is constructed through a comprehensive evaluation method to assess ecological barriers.
Then, ecological corridors are generated using circuit theory tools. Finally, a comparison of
the effectiveness of the four ecological networks is conducted using 12 landscape pattern
metrics. The results indicate several key points. Firstly, the inclusion of nature reserves
is shown to supplement ecological sources and increase corridor numbers, thereby en-
hancing the optimization effect of the urban agglomerations’ ecological network threefold.
Secondly, the impact of nature reserves on the ecological network is closely related to
the spatial scale of patches, and patch scale consistency should be considered to prevent
network functionality loss. Thirdly, establishing a cross-departmental and cross-regional
collaborative management mechanism is recommended to organically integrate nature
reserves with ecological networks. These results provide a data-driven foundation for the
optimization of ecological networks in urban agglomerations and inform effective manage-
ment strategies for nature reserves, to promote the construction of ecological civilization in
urban agglomerations.

Keywords: ecological protection; ecological network; nature reserve; urban agglomeration;
circuit theory

Land 2025, 14, 1054

https://doi.org/10.3390/land 14051054


https://doi.org/10.3390/land14051054
https://doi.org/10.3390/land14051054
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/land
https://www.mdpi.com
https://orcid.org/0000-0002-6186-6233
https://orcid.org/0000-0003-3363-8855
https://doi.org/10.3390/land14051054
https://www.mdpi.com/article/10.3390/land14051054?type=check_update&version=1

Land 2025, 14, 1054

2 of 24

1. Introduction

For half a century, the rapid urbanization in China has significantly altered regional
landscape patterns, leading to the reduction in and isolation of natural habitats [1,2]. Sub-
urban natural areas have become fragmented into biogeographic islands of varying sizes,
hindering the migration and gene exchange of local species and exacerbating landscape
fragmentation within urban agglomerations [3-5]. This issue has attracted increasing atten-
tion from scholars around the world, particularly on strategies to improve the connectivity
of natural habitats within urban environments [6,7].

One common strategy to improve landscape connectivity is the construction of regional
ecological networks [8-10]. This approach views natural habitats as ecological sources and
aims to create ecological corridors that simulate the migration processes of organisms, thus
promoting ecological flows [11]. Most of the research in this field is grounded in theories
such as ecology, island biogeography, and landscape ecology [12-14]. Over time, this
body of work has integrated additional concepts, including the dynamics of source-sink
and heterogeneous populations [15,16], culminating in a foundational research paradigm
encompassing “ecological source identification, resistance surface modeling, ecological
corridor construction, and ecological node analysis” [17,18]. In this paradigm, the identi-
fication methods of ecological sources can be divided into two categories: one is directly
selected from urban green spaces and nature reserves in the study area [19]; the other is a
multi-factor evaluation method based on remote sensing data, and among them, ecosystem
services and land cover change have attracted more attention [20,21], and InVEST, MSPA,
and graph theory analysis tools have been widely used [22]. The methodological evolution
of connectivity pathway design has progressed from the Least-Cost Path (LCP) [23] to
advanced analytical frameworks integrating innovations like the Minimum Cumulative
Resistance (MCR) method and circuit-theoretic connectivity algorithms, establishing new
paradigms for landscape conservation planning [24-26].

The identification of ecological sources is crucial for the effective construction of eco-
logical networks [27,28]. The location and size of these sources determine the distribution
of ecological corridors and establish the spatial framework of the network [29]. In addi-
tion, habitat quality within these ecological sources significantly influences the overall
effectiveness of network protection efforts [30]. Therefore, optimizing ecological source
schemes has become an essential aspect of improving ecological networks [31]. Research by
Williams et al. suggests that the direct selection of ecological sources from existing nature
reserves can leverage established management systems and technical services to effectively
protect key species [32]. However, this approach often encounters challenges related to
the insufficient scale and connectivity of these reserves [33]. In contrast, ecological source
identification methods based on remote sensing data can uncover potential ecological
sources from natural habitats, thereby expanding protection efforts. Yet, these methods
may struggle to address the specific conservation needs of certain species [34]. Recent
studies, such as those conducted by Wang Haiyun [35], have sought to merge these two
methodologies by incorporating nature reserve patches identified through remote sensing
to optimize ecological source schemes [36,37]. Within this integrated framework, analyzing
the roles of nature reserves with varying hierarchical classifications and spatial extents in
ecological connectivity networks enables the refined identification of priority conservation
hubs for biodiversity networks [38—40].

Over the past 40 years, the rapid pace of urbanization in China has resulted in signifi-
cant ecological degradation [41-44], with evident trends of the shrinking and fragmentation
of natural habitats [45-48]. Research by Chen Wanxu et al. predicts that by 2030, urban
agglomerations will continue to expand, placing additional pressure on surrounding nat-
ural habitats [49]. Under the 14th Five-Year Plan, China aims to improve its 19 existing
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urban agglomerations to establish a cohesive national urban landscape over the next
decade [50]. Since 2012, China has strategically embedded eco-civilization initiatives into
its national governance framework to reconcile socio-economic progress with ecological
preservation [51]. A central policy mechanism involves establishing multispecies migration
corridors and biodiversity networks, prioritized as critical interventions for maintaining
regional ecological integrity [52]. At the regional level, urban agglomerations have emerged
as key sites for implementing ecological protection policies [53]. The research on ecological
networks in urban agglomerations is rapidly expanding. However, extant studies primarily
concentrate on network construction and optimization methods. There is a paucity of
research into the mechanisms by which various nature reserves function within these net-
works. This oversight fails to consider the management differences among different types
of ecological sources, making it difficult to integrate with current management systems and
guide the practical implementation of ecological networks.

The urban agglomeration in the middle reaches of the Yangtze River! is located in the
‘key ecological areas of the Yangtze River, Sichuan and Yunnan’ [55], with a high level of
socio-economic development. It is also one of the regions with the richest biodiversity in
China, and is the hub connecting the important ecological areas in the upper and lower
reaches of the Yangtze River [56]. Moreover, as a pivotal area for China’s urbanization
development and the “Rise of Central China” strategy, the region’s transportation network
is expanding [57], underscoring the importance of its landscape connectivity for the ecologi-
cal protection of the entire Yangtze River basin [58]. In the urban agglomerations of Wuhan,
Chang-Zhu-Tan, and Poyang Lake, the formation of a circular structure serves to separate
urban centers from the surrounding mountainous areas. The expansion of agricultural
land has had a substantial impact on the area of crucial habitats, including Dongting Lake
and Poyang Lake [59]. The ecosystem services of these urban agglomerations are under
considerable pressure from human activities, with approximately 280 terrestrial species
in the basin facing extinction threats [60]. The construction and optimization of ecological
networks have been demonstrated to enhance the ecosystem service capabilities of such
agglomerations, improve habitat connectivity, and strengthen regional ecological security.
A pivotal challenge confronting ecological networks in this region pertains to the effective
integration of diverse nature reserves and wild habitats, with the intention to establish
continuous ecological corridors within and beyond urban agglomerations.

The present study focuses on the urban agglomeration in the middle reaches of the
Yangtze River. Using remote sensing imagery and open source data, we identify ecological
sources and overlay different types of nature reserves to create four ecological source
schemes. A quantitative and comparative analysis is then conducted of the impact of
these schemes on the ecological network. The objective of this study is to establish a data
foundation and to provide practical guidance for the optimization of urban ecological
networks and the management of nature reserves. The study addresses three key issues.
Firstly, it compares schemes with and without nature reserves to understand their impact
on the structure and function of the urban agglomeration’s ecological network. Secondly, it
determines the most effective reserve patch selection method by contrasting different opti-
mization schemes. Thirdly, it proposes management collaboration strategies for integrating
nature reserves with urban ecological networks based on reserve management discussions.

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

The MRYR is in the central region of China, encompassing parts of Hubei, Hunan,
and Jiangxi provinces. The elevation in the region varies from 20 m to 3105 m, with an
annual average precipitation ranging from 700 to 2000 mm. The climate type is subtropical
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monsoon. The terrain in the urban agglomeration is dominated by mountains and plains.
The main plains are the Jianghan Plain, Dongting Lake Plain, and Poyang Lake Plain, and
the mountains mainly include Luoxiao Mountains, Mufu Mountains, and Mount Lu in
the middle, Mount Wugong and Wuyishan in the east, Xiling Gorge in the northwest,
and Wuling Mountains and Mount Heng in the southwest (see Figure 1). Major rivers in
this region include the Yangtze, Han River, Xiang River, and Gan River, and major lakes
include the Dongting Lake and Poyang Lake. In 2024, within the urban agglomeration,
there are approximately 14 nationally protected aquatic wildlife species [61], 98 terrestrial
endangered animal species [60], and at least 17 nationally protected bird species [62].

Figure 1. Location map of the study area. (Latitudes 26°2'34.98” to 32°38'14.73" N, longitudes
110°15'2.69"” to 118°28'55.71" E).

Significant waterways in this area include the Yangtze River, Han River, Xiang River,
and Gan River, with major lakes such as Dongting Lake and Poyang Lake serving as critical
ecological features. The urban agglomeration contains 46 nature reserves, among which
17 are designated as national nature reserves. These reserves play a vital role in conserving
species associated with the middle subtropical broad-leaved forests, wetland ecosystems,
and various forest flora and fauna.

For this study, the boundaries of the research area align with the administrative limits
of the MRYR, which comprises 31 prefecture-level cities and 2 county-level cities. This
region has a permanent population of approximately 130 million [63] and covers an area
of about 317,000 square kilometers [54]. Historically, the MRYR has been recognized as a
traditional agricultural zone, but it has also evolved into a hub of modern manufacturing.
As of 2022, land designated for construction within this urban agglomeration accounted for
4% of the total area, supported by an extensive railway network spanning 10,000 km [54].

2.2. Data Sources

The dataset utilized in this research comprises two distinct formats: raster and vector
data. Specifically, raster datasets derived through remote sensing interpretation encompass
digital elevation data (DEM), vegetation cover data (NDVI), and land use classification
data (LULC). The vector data mainly include patch data of administrative boundaries,
traffic lines, water areas, and nature reserves, and the data are obtained from open source
websites. A synthesis of the dataset characteristics is compiled in Table 1.
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All data are projected and clipped to the study area using ArcGIS Pro 3.0. The NDVI
data are converted from monthly to annual data using a process of raster mosaicking. Land
use classification encompasses nine distinct categories: agricultural land, forest, shrubland,
grassland, water bodies, glaciers, bare rock, built-up areas, and wetlands. It should be noted
that glaciers are not present in the study area. The national nature reserve dataset comprises
entries such as reserve name, level, area, establishment time, protected species, region, and
managing department. Within the designated study area, 46 reserve patches are identified
and categorized into five distinct types: forest ecosystems, wetland ecosystems, wildlife,
wild plants, and geological relics. Due to the minimal size of the single geological relic
reserve, it is excluded from the analysis, resulting in 45 selected reserve patches. The total
area encompassed by these reserves is 11,497.69 km?, including 17 national, 7 provincial,
and 21 county-level reserves.

Table 1. List of research data.

Data Data Type Data Content Data Time Data Accuracy Data Sources
GDEM v3 30 Resolution October Geospatial Data Cloud
DEM Raster elevation data 2022 30 m (https:/ /www.gscloud.cn,
’ accessed on 23 April 2025)
MODIST Monthly data of January to EARTHDATA (https:
NDVI Raster satellite NDVI(MOD13Q1061) December 250 m / /search.earthdata.nasa.gov,
T 2022 accessed on 23 April 2025)
January to Google Earth Engine (https://
LULC Raster China Land Cover Dataset [64]. December 30 m code.earthengine.google.com/,
2022 accessed on 23 April 2025)
Municipal and county .
Administrative administrative region data of October Baidu Maps .
Boundar Vector Hubei, Hunan, and Jiangxi 2024 i (https:/ /map baidu.com,
y - ’ & accessed on 23 April 2025)
provinces.
Data of railway, expressway, Baidu Maps
L expressway, trunk road, October . .
Traffic Line Vector - (https:/ /map.baidu.com,
secondary trunk road, and 2024 .
accessed on 23 April 2025)
urban branch route.
. Baidu Maps
Water Area Vector aDri;ar:sf;;\‘/ISer/siirffiz lakes, ;)Ocztzber - (https:/ /map.baidu.com,
' accessed on 23 April 2025)
National, provincial, and October Baidu Maps
Nature Reserve Vector county-level nature reserve 2024 - (https:/ /map.baidu.com,
patch data. accessed on 23 April 2025)

2.3. Methods

The methodological framework of this study is centered on the “source areas-resistance
surfaces-corridors-nodes” model to summarize the impact of nature reserves on the ecolog-
ical network of urban agglomerations through comparative analysis (see Figure 2). When
selecting ecological sources, land use classification data are used to evaluate habitat quality,
landscape morphology, and connectivity levels through the InVEST, MSPA, and CONE-
FOR tools, respectively. Four source-region schemes are then developed by overlaying
different types of nature reserves. For the construction of the ecological resistance surface,
seven resistance factors are evaluated individually and then combined through weighted
superposition to produce a comprehensive resistance surface. The ecological network is
constructed based on both the ecological sources and the resistance surface. Using circuit
theory tools, ecological corridors, pinch points, and barrier points are identified; together
with the ecological source patches, these elements formed the ecological network. Finally,
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a network evaluation index system based on landscape pattern indices is developed to
compare the scale, shape, connectivity, and functional stability of the four ecological net-
works. The optimal configuration is identified through a weighted scoring method, and
the influence of nature reserves on the ecological network of urban agglomerations is
interpreted accordingly.

Figure 2. Framework of this study.

2.3.1. Screening of Ecological Sources Based on ‘Quality-Morphology-Connectivity”’

Ecological source areas serve as critical points for ecological flow within landscapes.
The number, size, and spatial distribution of these sources significantly influence the
structure of the ecological network. To assess the potential impact of nature reserve grade
and size on conservation effectiveness, we develop four ecological source schemes:

Scheme A, which includes no natural reserves;

Scheme B, which includes only national natural reserves;

Scheme C, which includes only the larger area of the natural reserves;

Scheme D, which includes all the natural reserves.

Among them, the source patch of scheme A is screened by the”Quality-Morphology-
Connectivity” evaluation model, and the other schemes are formed by superimposing
different types of nature reserve patches based on scheme A.

The assessment process involves three key evaluations:

1.  Habitat Quality Assessment: The Quality assessment element is completed through
the InVEST’s Habitat Quality assessment module. Based on habitat patches including
water systems, forest land, grassland, and the farmland, the threat sources are defined
as construction land, highways, and railways. A semi-saturation parameter is taken as
0.4 is used, and habitat suitability is set according to the relevant studies in the same
region [65] (see Tables 2 and 3). These parameters are used for screening high-quality
habitat patches.

2. Morphological Evaluation: Morphological evaluation is conducted using Morphologi-
cal Spatial Pattern Analysis (MSPA). The land use data are converted into binary raster
format in Guidos Toolbox, with forests, grasslands, and water bodies designated as
the foreground, and other land types assigned to the background, thereby identifying
seven distinct landscape patterns. Core areas, which are typically forests, grasslands,
and wetlands, serve as primary habitat patches and are considered to be suitable
ecological sources. Loop zones have been demonstrated to facilitate species migration
by connecting patches within the same core area (). Perforation zones, characterized
by their transition from green to non-green landscapes, are surrounded by core areas.
Edge zones are defined as the peripheral areas that extend beyond the confines of
core patches. Bridge zones, located between core patches, facilitate connectivity and
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function as potential ecological corridors. The function of branch zones is to establish
connections between core patches and other foreground patches, except for islets. Islet
zones are defined as small, standalone patches that are insufficient to be designated
as core areas. In this study, core patches that intersect with high-quality habitats and
that have a surface area of >170 km? are selected as ecological sources for scheme A.
Connectivity Analysis: Connectivity is analyzed using Conefor 2.6. The Integral Index
of Connectivity (IIC) and the Probability of Connectivity (PC) are two key graph
theory metrics. The IIC is indicative of the overall landscape connectivity through
the consideration of topological relationships between patches. In contrast, the PC
is indicative of species migration probability over varying distances. Typically, the
IIC value stabilizes with increasing distance thresholds, and the minimum distance
threshold that stabilizes the IIC value is considered the optimal distance. Preliminary
tests indicate IIC stability beyond 600 km. To ascertain the optimal distance, thresholds
are tested from 100 km to 600 km in 50 km increments. The nodes and links that
are located at this optimal distance subsequently form the basis of the corridor. The
source patches are then assigned to one of three importance levels, designated as
“very important”, “moderately important”, or “general”, based on their dPC values.
The calculation methods for IIC, PC, and dPC are outlined in [66,67]:

non g
zgl jgl 1+n]l,]
IIC = 5 1)
L
non
Z Z aia]pz]
i=1j=1
PC = . )
AL

In Formulas (1) and (2), both IIC and PC are constrained to a 0-1 normalized scale,
where metric values demonstrate a direct proportionality to network connectivity and
vice versa; 1 refers to the totality of patches in the landscape; a; and a; represent the
areas of patches i and j, respectively; nl;; represents the number of pathways in the
shortest topological distance between patches i and j; Ay is the total area of all patches;
and pl’-‘]- refers to the maximum product probability of all paths between patches i and
j [68,69].

PC — PCremove
PC

In Equation (3), dPC represents the importance of a particular patch to landscape

dPC = 100% 3)

connectivity, which is determined by the change in the PC value before and after the
removal of the patch. A higher value of dPC indicates that the patch is more important
to network connectivity. PCyemove denotes the level of connectivity after the removal
of the patch.

Table 2. Threat source factors.

Maximum Threat

Threat Type Weight Distance Attenuation Type
Cultivated Land 0.3 1 km Linear

Railroad 0.5 4 km Exponential

Road 0.5 3 km Exponential
Rural Settlements 0.7 6 km Exponential

Urban Area 1 10 km Exponential
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Table 3. Sensitivity factors.

Rural Set- Urban

Name Habitat Cultivated Railroad Road
tlements  Area

Farmland 0.3 0 0.5 0.5 0.6 0.7
Forest 1 0.5 0.7 0.6 0.6 0.8
Shrub 0.8 0.45 0.6 0.6 0.6 0.6
Grass 0.6 04 0.5 0.5 0.4 0.7
Water 1 0.75 0.75 0.75 0.75 1
Barren 0 0 0 0 0 0
Built 0 0 0 0 0 0
Wetland 0.5 04 0.5 0.3 0.4 1

2.3.2. Construction of Resistance Surface Based on Comprehensive Evaluation Method

The resistance surface reflects the obstacles encountered by ecological flows as they
traverse various landscape elements. In this study, we construct the resistance surface using
a comprehensive evaluation method that considers seven resistance factors: elevation,
slope, land use and land cover, vegetation coverage, distance to water areas, distance
to traffic lines, and distance to the built-up areas. Elevation and slope serve as positive
indicators, while vegetation coverage is treated as a negative indicator due to its correlation
with habitat quality. The distances to water areas, traffic lines, and built-up areas are also
treated as negative indicators due to their hindrance to biological migration. We determine
the weights for each factor using the entropy weight method (see Table 4).

Table 4. Resistance indicators and resistance level.

Factors Factor Type Factor Classification Resistance Level Weight

Elevation +

—104-144.38 m
144.38-373.65 m
373.65-708 m
708-1156.99 m
1156.99-2332 m

0.15

Slope +

00_40
4°-10.01°
10.01°-17.02°
17.02°-5.78°
25.78°-63.83°

0.18

Land Use and Land Cover —

Woodland, sparse woodland, shrub land, grassland 0.11
Naked rock, bare land

Paddy fields, dry fields

Rivers, lakes, beaches, pits and reservoirs

Urban land, rural residential areas, industry and

transportation

O U1 WPk | ONJULWRF|[WOVN]OWwe-

Vegetation Cover —

0.64-1
0.51-0.64
0.36-0.51
0.14-0.36
0-0.14

0.11

O g U1 W -
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Table 4. Cont.

Factors Factor Type Factor Classification Resistance Level Weight

Distance to Water Areas —

9-25 km
5.77-9 km
3.43-5.77 km
1.47-3.43 km
0-1.47 km

0.14

Distance to Traffic Lines -

8-19.41 km
4.8-8 km
2.74-4.8 km
1.14-2.74 km
0-1.14 km

0.15

Distance to Built-up Areas —

9.15-23.82 km
5.32-9.15 km
2.9-5.32 km
1.2-2.9 km
0-1.2 km

0.16

O U1 WRFR|[OJUIWRF|[ONJO W

“,

+” means positive factors,

u_n

means negative factors.

2.3.3. Modeling of Ecological Network Grounded in Circuit Theory Principles

Ecological corridors serve as pathways for ecological flow between adjacent source
patches, typically characterized by areas of lowest resistance. Ecological pinch points repre-
sent critical areas of high ecological flow, while barrier points are zones where migration is
obstructed due to natural processes or human activities.

In this study, we identify ecological corridors and pinch points using circuit theory [20].
These terms are defined as follows:

1.  Anecological corridor is a channel for ecological flow between adjacent source patches,
which is usually connected by the area with the lowest resistance.

2. Ecological pinch points are the areas with the largest ecological flow in the landscape
and the most important key areas of connectivity in the ecological network.

Circuit theory was originally developed for analyzing electrical circuits. McRae
adapted this theory for ecological studies [26], positing that the random walk characteristics
of both electrons and organisms can be modeled similarly. The study employed the Linkage
Mapper toolbox in ArcGIS in conjunction with the CircuitScape 4.0.7 tool to collectively
compute ecological corridors and pinch points. The Centrality Mapper module was utilized
to analyze the centrality of ecological corridors. This method regards each source patch
as a node, each corridor as a resistance, and distributes the resistance value according to
the weighted distance of the minimum cost resistance. The higher the resistance value,
the greater the importance of the corridor in maintaining the connectivity of the whole
network. The corridors are classified into three categories according to their centrality.
The ecological pinch point analysis is a process that involves the calculation of current
density within designated corridors. The purpose of this analysis is to reflect the strength
of ecological flow in various sections. The Pinch Point Mapper tool is utilized to identify
pinch points, with the corridor width set at a threshold of 2 km as informed by the studies
of Paul Beier [70] and Adam T. Ford [71].

2.3.4. Evaluation of Ecological Networks Based on Landscape Pattern Metrics

To evaluate the effectiveness of ecological networks, it is essential to consider both
the networks themselves and the manner in which they are integrated into the regional
landscape. Landscape pattern indices have been shown to effectively reflect the spatial
patterns and characteristics of various landscape elements, and can assess the performance
of ecological networks [13,18]. The present study considers four dimensions—volume,
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shape, connectivity, and functional stability—utilizing 12 landscape pattern metrics (see
Table 5). The calculation methods for these metrics are outlined in references to evaluate
the generated ecological networks. The calculation methods for each metric are detailed in
the references [72-74].

Volume evaluation is a process that examines the impact of network size on regional
landscape patterns. These include total patch area, patch density, and core area size.
Shape evaluation is the process of analyzing the influence of patch shapes of ecological
sources and corridors on the landscape. This is achieved through edge density, fractal
dimension, and landscape shape index. Connectivity evaluation, which is distinct from
network construction connectivity analysis, assesses the impact on patch aggregation and
inter-patch connectivity within the study area. This is achieved using the aggregation index,
landscape connectivity, and cohesion index. The evaluation of functional stability utilizes
the effective mesh size, Shannon evenness index, and Shannon diversity index to reflect the
network’s contribution to habitat diversity and resilience.

Table 5. Metrics selected to evaluate ecological networks.

Groups Metrics Type Description
Volume TA N The total patch area, which is the sum of the areas of all patches within a
landscape.
The core area of a patch refers to the area within the patch that is not
CORE +
affected by edge effects.
PD —  Patch density is an indicator of landscape complexity.
Edge density, which represents the length of edges between
Shape ED - - s
heterogeneous landscape patches per unit area within a landscape.
The fractal dimension, which refers to the non-integer dimension of the
PAFRAC - ; .
irregular geometric shape of a landscape.
LSI B The landscape shape index, which is used to describe the shape
characteristics of a landscape or patch.
Connectivity Al N Landscape aggregation reflects the degree of concentration of patches of
the same type within a landscape.
CONNECT N Landscape connectivity, which reflects the proportion of spatial
connections between patches within a specific distance threshold.
COHESION N Patch col.lesmn. isa measure.that describes the degree of partial
aggregation within patches in a landscape.
Functional Stability SHEI N The Sharmon Evenr}ess Index, which describes the uniformity of relative
species abundance in an ecosystem.
SHDI N The Shannon diversity index, used to compare species diversity across
different habitats or at different time points within the same habitat.
The effective mesh size, which indicates the equivalent grid size of the
MESH + L . . .
remaining continuous habitat after landscape fragmentation.
“+” means positive factors, “—"” means negative factors.

Initially, the independence of these indices is tested using the chi-square test in SPSS
29.0, given the discrete nature of the data. In the subsequent phase of the study, ecolog-
ical sources and corridors are mapped onto the study area’s land type map. After this,
landscape-level calculations are conducted using FRAGSTATS 4.2. In light of the findings,
the entropy weight method is employed to calculate the weight of each index. Finally,
a weighted sum is performed to derive a comprehensive evaluation score for the four
ecological networks, thereby determining the most effective optimization scheme.
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3. Results

3.1. Ecological Source Patches
3.1.1. Screening of High-Quality Habitat Patches

The InVEST Habitat Quality assessment module is employed to evaluate patches of
water systems, woodlands, and grasslands. Based on the natural breaks method, habitat
quality scores are categorized into three levels: low-quality (0-0.38), medium-quality
(0.39-0.72), and high-quality (0.73-1) (see Figure 3a). There are 170,819.2 km? low-quality
patches, 62,015.25 km? medium-quality patches, and 82,444.89 km? high-quality patches,
accounting for 54.2%, 19.67%, and 26.15% of the total area, respectively. From the spatial
distribution, the low-quality patches mainly correspond to the cultivated land and urban
and rural construction land in the study area, while the medium-quality patches mainly
correspond to the grassland, rivers, lakes, and beaches in the shallow mountains; the high-
quality patches mainly correspond to woodlands and grasslands in mountainous areas.

Figure 3. Screening of ecological source. (a) Analysis of habitat quality through InVEST. (b) Analysis
of morphology through MSPA.

3.1.2. Core Area Patches Screening

Landscape morphological analysis conducted using Guidos Toolbox identifies four
types of background patches and seven types of foreground patches (see Figure 3b). The
total area of the four background patch types is 161,359.97 km?, accounting for 51.18% of
the study area. Among the foreground types, the core area patches are the most extensive,
measuring approximately 99,805.79 km?, which is 31.6% of the total area. These “core”
patches are predominantly located in mountainous regions and along riverbanks. The edge
and perforation areas measure 17,461.18 km? and 7084.34 km?, respectively, comprising
5.54% and 2.25% of the total area. The bridge areas, which connect core and background
patches, cover 9298.78 km?, accounting for 2.95%. The islet and branch patches measure
6695.15 km? and 8057.18 km?, representing 2.12% and 2.56% of the total area, respectively,
while loop areas amount to 5481.21 km?, or 1.74% of the total.

The high-quality habitat patches generated by InVEST are then intersected with the
core patches obtained from MSPA. Patches with an intersecting area of at least 170 km? are
selected as ecological sources for scheme A, resulting in a total of 50 patches. In the second
scheme, national-level protected areas are incorporated into the first scheme. This process
results in 62 source patches being identified, of which eight are classified as independent
ecological sources. In the modified version of the scheme C, protected areas with an area
of >170 km? are incorporated into the existing scheme A. This modification results in
the inclusion of 57 source patches, encompassing six protected areas that were classified
as independent sources. In the context of scheme D, all protected areas are included in
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addition to those encompassed by scheme A. This results in the generation of 82 source
patches, of which 33 are found to be protected areas that exist independently (see Figure 4).
The results suggest that reliance on quality and morphological assessments alone may
result in the under-identification of critical ecological functional zones within the region,
such as those around Dongting Lake and Poyang Lake. The incorporation of protected area
patches has been demonstrated to facilitate the partial recovery of unrecognized ecological
zones. Furthermore, the presence of numerous county-level protected areas, functioning
as independent source patches, is shown to effectively mitigate the occurrence of gaps in
ecological source identification.

Figure 4. Four schemes of ecological sources. (a) Source patches of scheme A. (b) Source patches of
scheme B. (c) Source patches of scheme C. (d) Source patches of scheme D.

3.1.3. Patch Connectivity Analysis

In Conefor 2.6, the AL parameter is set as the total patch area for each scheme, with
a “corresponding probability” of 0.5 used to calculate the IIC and PC values at distance
thresholds ranging from 100 km to 600 km. Results indicate that PC values increase
steadily with distance, while IIC values stabilize after reaching a distance of 200 km (see
Figure 5). Consequently, the nodes and connections measured at a distance of 200 km are
used as the basis for corridor construction. The dPC values of each scheme are divided
into three categories: dPC > 15 for the most important source patches, 15 > dPC > 5 for
relatively important source patches, and dPC < 5 for general source patches. Comparing
the importance of source patches among the four schemes reveals that the inclusion of
protected area patches significantly alters the spatial pattern of important patches. The
distribution of important source patches is determined by high-level or large protected area
patches, while small protected areas could only serve as general ecological source patches.

Figure 5. Connectivity test of ecological sources. (a) The IIC values of the four schemes; (b) The PC
values of the four schemes.
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3.2. Comprehensive Resistance Surface

The seven resistance factors are evaluated using ArcGIS, and each factor is reclassified
into five resistance levels via the natural breaks method. The evaluation results for elevation
(see Figure 6a) and slope (see Figure 6b) indicate that resistance is primarily concentrated
in the Luoxiao Mountains, Mufu Mountains, and Mount Lu regions, as well as the moun-
tainous areas surrounding the Xiling Gorge, Wuling Mountains, and Wuyi Mountains,
with minimal resistance observed in the plains. Conversely, the land use and land cover
analysis reveal that resistance is lower in mountainous regions and higher in plains due
to human activities (see Figure 6¢). The resistance distribution for the vegetation cover
factor (see Figure 6d) is inversely correlated with NDVI values, indicating that densely
forested mountainous areas experience lower resistance compared to plains with significant
human activity.

Figure 6. Construction of comprehensive resistance surface. (a) Elevation. (b) Slope. (c) Land use
and land cover. (d) Vegetation cover. (e) Distance to built-up areas. (f) Distance to traffic lines.
(g) Distance to water areas. (h) The comprehensive resistance surface.

Resistance related to distance from built-up areas (see Figure 6e) and traffic lines (see
Figure 6f) exhibits an urban-mountain polarization trend. The distance to water areas (see
Figure 6g) reveals high resistance concentrations in the plains, while mountainous regions
maintain relatively low resistance. The comprehensive resistance surface is generated
through the weighted superposition of these seven factors (see Figure 6h), highlighting the
influences of elevation, built-up areas, and traffic lines. The distribution characteristics of
high-resistance values are oriented by elevation and human activity, while low-resistance
areas are primarily located along the banks of the Yangtze, Han, Xiang, and Xin Rivers, as
well as around Dongting Lake and Poyang Lake.

3.3. Ecological Corridors

Using the Linkage Pathways module in ArcGIS, ecological source patches, resistance
surface grids, and connectivity data from Conefor are integrated to calculate ecological
corridors for the four schemes, setting the distance threshold at 200 km (see Figure 7).
To assess corridor importance, the current centrality of the corridors was analyzed using
Centrality Mapper, with the results normalized and classified into three levels. An analysis
of the attribute data for corridors across the different schemes indicates that, as the size of
the source patches increases, the total number of corridors gradually rises; however, the
importance of these corridors does not necessarily improve correspondingly (see Table 6).
Of the four schemes under consideration, scheme A demonstrates the lowest levels across
all corridor indicators. In scheme B, which incorporates a greater number of source patches
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than scheme C, the number of corridors produced is equivalent to that of scheme C. A
notable observation is that scheme C, despite utilizing a smaller number of source patches,
results in the generation of corridors that exhibited a higher level of quality. While scheme
D yields the highest number of corridors, these arepredominantly of lower importance
levels, and the number of high-grade corridors is even less than that of scheme A, where
no protected areas are incorporated. This finding indicates that the incorporation of all
protected areas primarily results in an augmentation of the spatial coverage of the ecological
network, without necessarily ensuring an enhancement in its overall integrity or quality.

In terms of spatial distribution, ecological corridors are primarily concentrated in the
Yangtze River, Han River, and Xiang River basins, as well as around Dongting Lake and
Poyang Lake. There are relatively fewer corridors in the eastern Jianghan Plain and the
southwestern Poyang Lake Plain. The overall spatial pattern of the ecological network
is focused along a northeast-southwest axis, with dense corridor distribution along the
Wauling Mountains-Dongting Lake-Mufu Mountains-Luoxiao Mountains-Poyang Lake-
Dabie Mountains corridor. High-grade ecological corridors are predominantly located in
peripheral mountainous areas of the urban cluster, characterized by lower corridor density;
conversely, areas with dense corridor networks mainly consist of medium-grade and low-
grade corridors. Among the four schemes, scheme D exhibits the most comprehensive
corridor coverage and the highest network density.

Figure 7. Ecological corridors of the four schemes. (a) Corridors of scheme A. (b) Corridors of scheme
B. (c¢) Corridors of scheme C. (d) Corridors of scheme D.

Table 6. Amount and length of ecological corridors.

Corridor Level 1 Level 2 Level 3 Corridors Longest Shortest Corridor Corridor

Scheme . . . Total 7 . Length Length
Amount Corridor Corridor Corridor Corridor Corridor #

Length Median Average

A 103 7 38 58 458699 km  184.95 km 0.35 km 21.09 km 44.53 km

B 115 7 40 68 4589.15km  184.95 km 0.35 km 24.67 km 39.91 km

C 115 9 42 64 460849 km  184.96 km 0.35 km 20.95 km 40.07 km

D 177 4 28 145 710593 km  151.94 km 0.35 km 27.03 km 40.15 km

3.4. Ecological Pinch Points

The Pinch Point Mapper module is utilized to calculate the current density between
source patches, with a corridor width threshold of 2 km established based on pertinent
literature [70,71]. The resulting current density values are then subjected to a process of
normalization and categorization into three distinct levels, utilizing the Jenks natural breaks
classification method. This classification ranges from low to high levels of current density.
As the quantile differences among the schemes are found to be less than 1%, a uniform
quantile cutoff of 0.26 and 0.57 is adopted for level division, with values exceeding 0.57
designated as ecological pinch points (see Figure 8).

In the context of the four schemes under consideration, scheme A comprises 35 pinch
points, thus encompassing an area of 517.44 km?; scheme B involves 18 pinch points, with a
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cumulative area of 113.75 km?; scheme C encompassed 21 pinch points, resulting in a total
area of 39.06 km?; and scheme D consists of 22 pinch points, covering an area of 32 km?.
The incorporation of protected area patches does not result in an escalation in the number
or extent of ecological pinch points; instead, a downward trend is observed. Furthermore,
as the extent of protected areas increases, the area of ecological pinch points decreases.
The observed increase in corridor numbers with more protected areas suggests that the
reduction in pinch points may be attributed to the dispersal effect brought about by the
proliferation of corridors. This finding indicates that the network’s vulnerability is reduced,
and the pathways for population migration become more diverse.

In terms of spatial distribution, ecological pinch points predominantly occur along
medium- and high-grade corridors. Across the four schemes, the Dabie Mountains, Wuyi
Mountains, and Wuling Mountains are the regions with the highest concentration of pinch
points. These areas are critical habitats for key wildlife species such as the South China tiger
and clouded leopard. On a local scale, the addition of protected areas directly influences
the positioning of ecological pinch points by altering corridor configurations, whereas,
from a broader perspective, certain vital ecological zones consistently exhibit high current
densities and thus require focused conservation efforts.

Figure 8. Pinch point areas of the four schemes. (a) Pinch areas of scheme A. (b) Pinch areas of
scheme B. (c) Pinch areas of scheme C. (d) Pinch areas of scheme D.

3.5. Evaluation of the Four Ecological Networks

A total of 12 landscape pattern metrics are selected within FRAGSTATS to evaluate
the constructed ecological network from four perspectives. The results are summarized
in Table 7. The measured metrics are standardized, grouped, and aggregated through
weighted summation to derive the evaluation scores for each scheme.

In terms of volume assessment, ecological networks that incorporate protected areas,
owing to the increased number of source patches and corridors, exhibit a significantly
larger scale impact on regional landscape patterns. Compared to scheme A, the other
schemes show an 86% increase in total patch area, a 22-23% increase in core area, and a
48% reduction in the density of negative indicators (patch density). This indicates that
adding protected area patches markedly optimizes the ecological network in terms of
landscape volume.

Shape evaluation reflects the influence of different network designs on patch shape
and landscape structure. These indices are predominantly negative metrics; lower scores
indicate less fragmented landscapes. The results demonstrate that, relative to scheme A,
schemes with protected areas reduce edge density by 46-52% and decrease landscape shape
indices by 27-34%. However, changes in fractal dimension are minimal: schemes B and D
show decreases of 2-3 %o, while scheme C exhibits a slight increase of 1%.. Given the minor
magnitude of these variations and their low weighting, they do not significantly affect
the overall optimization outcome. The inclusion of protected areas effectively reduces the
complexity of landscape shape, thereby potentially slowing fragmentation.
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Connectivity assessment aims to evaluate how different schemes influence patch ag-
gregation and inter-patch connectivity within the study area. The results indicate a 14-16%
improvement in patch aggregation. However, other metrics show variable trends: schemes
B and C experience increases in connectivity and patch linkage, whereas scheme D exhibits
declines in both, with scores even falling below scheme A. After weighted summation,
scheme B’s connectivity level matches that of scheme A, with minor improvements ob-
served in the other two schemes. This suggests that larger protected patches have a greater
role in enhancing network connectivity, whereas an excess of smaller protected patches
may weaken overall connectivity.

Table 7. Landscape metrics calculated by FRAGSTATS.

Groups Weight-G Metrics Weight-M Scheme A Scheme B Scheme C Scheme D
Volume 0.5245 TA 0.049112 30,554,293.75 58,845,712.50 58,845,712.50 58,845,712.50
CORE 0.393226 320,611.41 7,533,046.94  7,822,474.49  7,491,505.26
PD 0.082117 0.61 0.33 0.31 0.32
Shape 0.1085 ED 0.084848 18.43 9.91 8.63 9.67
PAFRAC 0.000002 1.58 1.58 1.58 1.57
LSI 0.023693 261.63 191.00 172.30 186.52
Connectivity 0.0037 Al 0.002864 76.91 87.64 88.86 87.94
CONNECT  0.000867 0.60 0.60 0.64 0.60
COHESION  0.000003 99.20 99.27 99.58 99.09
Functional = 0.3632 SHEI 0.00009 0.64 0.63 0.60 0.64
Stability SHDI 0.001888 1.42 1.45 1.30 1.47
MESH 0.360442 485,434.44 7,620,133.47 8,101,104.44 7,545,200.25

Functional stability assessment reflects the contribution of the ecological network
to habitat diversity and resilience. The results show that networks containing protected
areas increase the effective grid by 14-16%, but Shannon’s diversity index decreases by
1-8%. Variations in the Shannon diversity index reveal that schemes B and D achieve
approximately a 3% increase, whereas scheme C experiences an 8% decline. This indicates
that incorporating protected areas can effectively enhance landscape stability but may
lead to localized biodiversity losses. Since the effective grid index carries a substantially
higher weight compared to the other indices, the overall scores favor networks with
protected areas.

The comprehensive evaluation score is obtained through the weighted integration of
all indices (see Table 8). The results demonstrate that ecological networks with protected
areas significantly outperform those without in optimizing regional landscape patterns.
However, increasing the number of protected patches does not necessarily translate into
better outcomes; for example, scheme D, which includes the most protected patches, shows
less improvement in volume and stability compared to other schemes. Additionally, se-
lecting only national-level protected areas does not guarantee the best results; for instance,
scheme B exhibits no gains in connectivity and ranks lower overall than scheme C. Scheme
C, which achieves significant improvements across volume, shape, connectivity, and sta-
bility, attains the highest comprehensive score. These findings suggest that when adding
protected patches, greater emphasis should be placed on patch size. It is advisable to ensure
that the minimal protected area of added patches is not smaller than that of the original
source patches, thereby maintaining consistency in spatial scale and promoting effective
network optimization.
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Table 8. Ecological networks evaluation.

Schemes Volume Shape Connectivity Functional Stability Final Score

Scheme A 0.0450  0.0409 0.0009 0.0081 0.0310
Scheme B 0.1588  0.0235 0.0009 0.1164 0.1281
Scheme C  0.1631  0.0212 0.0010 0.1236 0.1327
Scheme D  0.1577  0.0229 0.0010 0.1152 0.1270

4. Discussion

4.1. The Influence of Spatial Scale on the Integration Effectiveness of Nature Reserves within Urban
Agglomeration Ecological Networks

As a critical strategy for conserving key species and ecosystems, nature reserves are
widely implemented globally. It is generally recognized that integrating nature reserves
with ecological networks can effectively expand ecological connectivity and enhance ecosys-
tem services. However, the specific manifestations of such optimization, the degree of
improvement, and the criteria for selecting reserve patches to achieve optimal outcomes
remain insufficiently demonstrated.

In this study, we first generated an initial ecological source scheme based on habitat
quality analysis and spatial pattern analysis of landscape morphology. Subsequently, three
different source schemes were developed: one including only national-level protected
areas, another including protected areas with an area larger than 170 km?, and a third
incorporating all protected areas. For each scheme, corresponding ecological networks
were constructed, and their attributes and performance were evaluated.

The results indicate that integrating protected areas into the urban agglomeration
ecological network significantly improves the network’s coverage, corridor quantity, and
overall functional efficacy, aligning with the general expectations. However, the optimiza-
tion effects are not necessarily proportional to the protected area level or total area. Among
the three schemes, Scheme C—characterized by relatively consistent spatial scales among
patches—achieved the overall best optimization performance. This suggests that the im-
pact of nature reserves on the ecological network is closely linked to spatial scale, and that
excessive disparity in patch sizes may hinder the desired enhancement.

From a landscape ecology perspective, patches of differing spatial scales serve dis-
tinct functions within ecological networks. Large protected patches primarily act as core
sources, providing habitats for multiple species and connecting major regional corridors.
Conversely, small protected patches play a crucial role in local connectivity and can serve
as stepping stones for species migration. Given the scale-dependent nature of ecological
processes, excessive heterogeneity in patch size can weaken network connectivity and
stability. Therefore, when integrating nature reserves into regional ecological networks, it is
essential to consider the consistency of patch spatial scales to ensure the overall functional
integrity and effectiveness of the ecological network.

4.2. The Urgent Need for Improvement in Habitat Quality Within Nature Reserves

The influence of nature reserves on regional ecological networks is closely linked
not only to spatial scale but also to their intrinsic habitat quality. If a protected area
faces ongoing habitat degradation, its capacity to positively contribute to the broader
ecological network is severely limited. In the present study, the two major ecological
regions—Dongting Lake and Poyang Lake—originally served as vital wetland habitats
along the middle Yangtze River, supporting rare species such as finless porpoises, black
storks, and Pere David’s deer. However, from 1982 to 2018, extensive activities such as
lake enclosure for agriculture and net cage aquaculture led to substantial reductions in
water surface area and a significant decline in ecosystem service functions [75]. After
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evaluation using InVEST and MSPA, only tiny patches remained within these regions,
and only when combined with protected areas could their sizes meet the requirements for
ecological sources within the urban agglomeration.

The situation of Dongting Lake and Poyang Lake is not unique. Currently, the habitat
quality within China’s protected areas faces a dual threat of fragmentation and functional
decline. Intense human activities remain the primary cause of habitat degradation in many
protected zones. For instance, in the Qinling Mountains panda habitat, traditional distur-
bances such as logging and hunting have been largely eliminated due to relocation and
conservation campaigns. Nevertheless, new threats have emerged from urban development
activities, including energy extraction, mining, and forest tourism, which have introduced
new pressures within protected areas [76]. Habitat degradation within protected zones not
only adversely affects the resident species but may also create weak links in the regional
ecological network, thereby undermining its overall functionality. Consequently, improv-
ing habitat quality within protected areas is crucial for optimizing ecological networks in
urban agglomerations. This effort should not be hindered by administrative boundaries
or isolated management systems; rather, integrated strategies are essential to ensure the
resilience and effectiveness of the regional ecological network.

The influence of nature reserve grade manifests primarily in the quantity of high-level
sources and corridors. Incorporating national reserves is sufficient to identify the most
critical sources and corridors within the urban agglomeration; however, the protective
benefits associated with higher-grade reserves are less evident in the overall network
structure. The location of reserves predominantly affects the local positioning of corridors,
pinch points, and barrier points. While small-scale reserves can influence local network
patterns due to their proximity, they do not significantly alter the broader spatial structure
established by larger sources and high-grade corridors. Therefore, integrating larger nature
reserves into the ecological source areas is crucial for optimizing the ecological network,
reinforcing the notion that the area attribute of nature reserves plays a vital role in enhancing
the connectivity and effectiveness of urban agglomeration ecological networks.

4.3. Establishing Cross-Regional and Cross-Departmental Collaborative Management Mechanisms
for Nature Reserves and Ecological Networks

The effective coordination between nature reserves and ecological networks neces-
sitates the development of cross-regional and cross-sectoral collaboration mechanisms.
Currently, the management systems of nature reserves are significantly influenced by
administrative compartmentalization. Different types of reserves often fall under var-
ious government departments such as forestry, agriculture, environmental protection,
and natural resources, which pose substantial challenges for interdepartmental and in-
tergovernmental coordination. To facilitate the effective integration of nature reserves
within ecological networks, it is recommended to establish dedicated ecological network
management and coordination agencies that can unify resources and data across depart-
ments, develop standardized planning frameworks, and implement cohesive management
strategies. Additionally, establishing ecological compensation mechanisms can help align
the interests of protected areas and surrounding communities, thereby reducing human
disturbances to the ecological network.

In 2022, the Kunming-Montreal Global Biodiversity Framework adopted at COP15 set
the 30 x 30 biodiversity conservation target, aiming to protect at least 30% of the Earth’s
land and sea areas by 2030. For China, this implies that the area of various protected regions
must increase by approximately 60% over the next decade, highlighting ongoing conflicts
between development and conservation. As Isaac Eckert’s research indicates, achieving
the 30 x 30 goal requires not only expanding protected area coverage but also establishing
cross-regional conservation cooperation mechanisms [77]. Integrating protected areas with
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regional ecological networks can enhance connectivity and improve overall network efficacy.
The implementation of regional ecological conservation strategies thus fundamentally
relies on establishing and strengthening cross-regional and cross-sectoral management
collaboration mechanisms.

4.4. Limitations and Future Directions

This study has several limitations that warrant consideration. First, due to the con-
straints of the experimental equipment, the accuracy of the raster data employed was
uniformly adjusted to a resolution of 250 m. While this resolution reflects the overall
ecological resistance distribution within the study area, it may not adequately capture finer
landscape details, which could influence the ecological network’s effectiveness.

Second, the construction of ecological networks encompasses multiple dimensions,
including functional, structural, and integrative orientations [78]. This study primarily
focused on enhancing landscape connectivity from a structural perspective, emphasizing
the structural implications of nature reserves on ecological networks. Future research
should delve deeper into the functional aspects of ecological networks to provide a more
holistic understanding of their dynamics.

Lastly, this study is limited to the MRYR as a case study, and the results may not
be universally applicable. Further experimental validation is needed to assess whether
the observed effects of nature reserves on ecological networks are consistent across other
urban agglomerations. Expanding this research to include diverse geographic and eco-
logical contexts will enhance our understanding of the role of nature reserves in urban
ecological networks.

Additionally, this study also identifies the broader environmental benefits of ecological
networks, particularly in mitigating urban heat island (UHI) effects. Increasing the size
of ecological corridors and green infrastructure provides a crucial cooling function by
facilitating air flow, increasing evapotranspiration, and reducing surface temperatures.

Future research will consider utilizing remote sensing thermal data to understand
temperature variations across different ecological corridors and source patches, and biodi-
versity indicators (e.g., bird, mammal, or amphibian migration patterns) [79] will be used
to refine ecological corridors. In addition, more emphasis will be placed on the research
of collaborative management strategies [80] in ecological environment management to
address the challenges of cross-regional planning and conflicts among stakeholders, which
will contribute to the continuous optimization of the ecological network.

5. Conclusions

The synergistic development of nature reserves and urban agglomeration ecological
networks enhances landscape connectivity within urban clusters, representing a vital strat-
egy to mitigate ecological pressures resulting from rapid urbanization. This study focuses
on the middle Yangtze River urban agglomeration, employing a “Quality-Morphology-
Connectivity” evaluation approach to design four ecological source schemes. Using circuit
theory tools, corresponding ecological networks were constructed, and their performance
was compared through a landscape index evaluation system to analyze the influence of
nature reserves on the regional ecological network. The key findings are as follows:

(1) The inclusion of nature reserves can supplement ecological sources, increase corri-
dor quantity, and enhance the ecological network’s positive impacts on regional landscape
structure and function. For example, scheme C demonstrated significant improvements
across size, morphology, connectivity, and functional stability, achieving the highest overall
score. This indicates that the rational integration of protected patches effectively improves
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Notes

1

network connectivity and stability, providing broader space for species migration and
gene flow.

(2) The impact of nature reserves on the urban agglomeration’s ecological network
is closely related to the spatial scale of patches. The study found that schemes with
more consistent patch sizes, such as scheme C, yielded optimal optimization results. This
underscores the importance of considering spatial scale uniformity when constructing
ecological networks, as excessive disparities in patch size may impair network function.

(3) Establishing cross-sectoral and cross-scale collaborative management mechanisms
is critical for organically integrating nature reserves with ecological networks. Current
management systems are hindered by administrative compartmentalization, with different
types of reserves managed by multiple departments, complicating interdepartmental
coordination. To address this, it is recommended to establish interdepartmental ecological
network management and coordination agencies that can unify resources and data, and
develop standardized planning and management strategies. Furthermore, aligning efforts
with the 30 x 30 biodiversity conservation target, along with international cooperation and
funding, can enhance protected area capacities and improve network connectivity.

In summary, this research provides a scientific basis for constructing ecological net-
works within urban agglomerations, emphasizing the importance of incorporating nature
reserves into regional ecological planning. The findings offer valuable insights for ecologi-
cal protection planning and protected area management, especially regarding optimized
spatial layout, enhanced network functions, and promoting cross-regional collaboration.
Future studies should further explore the interaction mechanisms between nature reserves
and ecological networks across different scales and regions, aiming to contribute to global
ecological conservation and sustainable development efforts.
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The middle reaches of the Yangtze River Urban Agglomeration is located in the central region of China, spanning Hubei, Hunan,

and Jiangxi provinces [54]. It is a super large urban agglomeration formed by the Wuhan urban agglomeration, the Greater

Changsha Metropolitan Region ring, and the Poyang Lake urban agglomeration. The construction of the urban agglomeration

was approved by the State Council in March 2015.

The setting of the semi-saturation parameter is as follows: According to the IN'VEST User Manual, in the habitat quality analysis,

the semi-saturation parameter should initially be set to 0.5 for an initial calculation. This yields two results: “Habitat Quality

Evaluation” and “Habitat Degradation Evaluation”. The rational value of the semi-saturation parameter is then determined as

half of the maximum score obtained from the “Habitat Degradation Evaluation”. In this experiment, the maximum score for the

habitat degradation evaluation was 0.83, and thus, half of this value, approximately 0.4, was adopted as the semi-saturation

parameter.
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