<> sustainability

Article

Construction of an Ecological Security Pattern Based on the
PLUS and MSPA Models: A Case Study of the Fuzhou
Metropolitan Area

Minggao Liu

check for
updates

Academic Editor: Maria Rosa Trovato

Received: 9 May 2025
Revised: 14 June 2025
Accepted: 17 June 2025
Published: 25 June 2025

Citation: Liu, M.; Wang, Q.; Liang,
G.; Liu,M.; Hu, X; Lin, S.; Wu, Z.
Construction of an Ecological Security
Pattern Based on the PLUS and MSPA
Models: A Case Study of the Fuzhou
Metropolitan Area. Sustainability 2025,
17,5830. https://doi.org/10.3390/
sul7135830

Copyright: © 2025 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ /creativecommons.org/
licenses /by /4.0/).

, Qun Wang, Guanmin Liang, Miaomiao Liu, Xisheng Hu, Sen Lin * and Zhilong Wu

College of Transportation and Civil Engineering, Fujian Agriculture and Forestry University, Fuzhou 350002,
China; 1iu18629441504@163.com (M.L.); qunwang98@outlook.com (Q.W.); 5221341014@fafu.edu.cn (G.L.);
mmliu@fafu.edu.cn (M.L.); xshu@fafu.edu.cn (X.H.); 000q141071@fafu.edu.cn (Z.W.)

* Correspondence: linsen1833@163.com

Abstract

Amidst the swift progression of urban expansion, transformations in land utilization have
become increasingly pronounced, posing significant threats to ecosystem coherence and
continuity. Establishing a well-designed ecological security pattern (ESP) framework proves
essential for preserving environmental equilibrium and enhancing species diversity. This
investigation centers on the Fuzhou urban agglomeration as its primary study zone, employ-
ing the patch-oriented land utilization simulation (PLUS) approach to forecast 2030 land
cover modifications under environmentally conscious conditions. By integrating morpho-
logical spatial configuration assessment (MSPA) with habitat linkage evaluation, critical
ecological hubs were pinpointed. Subsequent application of electrical circuit principles
alongside the minimal cumulative resistance (MCR) methodology enabled the identifi-
cation of vital ecological pathways and junctions, culminating in the development of a
comprehensive territorial ESP framework. Key findings reveal the subsequent outcomes:
(1) the main land use type in the Fuzhou metropolitan area is woodland, which accounts
for over 80% of its area, and under the ecological priority scenario for 2030, woodland
fragmentation was significantly improved; (2) ecological sources are mainly distributed in
the northwest, northeast, and central regions, with their total area proportion increasing
to 40.49% by 2030; (3) we constructed 35 ecological corridors and 42 ecological nodes, in-
cluding 14 key ecological pinch points, 9 potential ecological pinch points, and 4 ecological
barrier points; and (4) the final ESP formed the pattern of “three cores, three areas, multiple
corridors, and multiple sources,” providing strong support for ecological protection and
regional sustainable development in the Fuzhou metropolitan area. In this research, we
explore the coupled methods of land use simulation and ecological network construction,
offering insights for optimizing ESPs in other rapidly urbanizing areas.

Keywords: Fuzhou metropolitan area; land use simulation; ecological network; circuit
theory; ecological security pattern

1. Introduction

The accelerated expansion of urban areas has emerged as a defining characteristic of
contemporary societal progress. This phenomenon manifests through the swift transforma-
tion of rural landscapes into metropolitan zones, accompanied by significant demographic
shifts and infrastructure development. The process reflects fundamental changes in eco-
nomic structures and living patterns across multiple regions. Modern societies increasingly
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demonstrate this trend through concentrated population movements toward urban centers,
creating complex challenges for resource allocation and spatial planning. Such transforma-
tions occur alongside technological advancements and evolving employment opportunities
that reshape traditional community dynamics. The consequences of this widespread ur-
ban growth permeate various aspects of human existence, from environmental impacts
to cultural assimilation patterns [1]. With urban expansion, extensive land is used for
development and construction, resulting in a serious threat of the fragmentation of orig-
inal ecological space [2]. Habitat division significantly impacts species diversity while
simultaneously impairing ecosystem organization and operational capacity, leading to
diminished environmental benefits. The segmentation of natural areas influences biological
variety and interferes with ecological system dynamics, causing a reduction in nature’s
provisioning functions [3]. High-intensity development activities have changed land use
patterns, destroyed ecological land, and thus exacerbated the loss of biodiversity, the degra-
dation of ecosystem services, and the increase in environmental health risks [4]. These
problems not only affect ecological environments themselves but also pose a direct threat
to the sustainable development of regions [5]. Therefore, ensuring the structural stability
and functional safety of natural ecosystems has become one of the core challenges facing
the global community [6]. To address this, it is particularly urgent to construct ecological
security patterns (ESPs). These sustain ecosystem operations and benefits through strate-
gic spatial arrangements of natural components, efficiently linking fragmented wildlife
areas while improving terrain interconnectivity. This approach guarantees environmental
resilience and adaptability when confronting climate variations and anthropogenic disrup-
tions [7,8]. The construction of ESPs not only helps to enhance the resilience of regions’
ecosystems but also provides necessary guarantees for regional health and sustainable
development, facilitating the discovery of an improved equilibrium between economic
progress and environmental conservation [9,10]. Therefore, ESPs are crucial tools for
achieving integrated, resilient, and sustainable regional development.

An ESP refers to the potential structure formed by integrating key ecological elements
and their spatial connections in a landscape, aiming to create a sustainable design [11].
Creating an ecological security framework (ESF) aims to fulfill regional environmental
demands by preserving vital ecological areas within limited natural landscapes, supporting
both economic advancement and societal development. This approach ensures the protec-
tion of essential ecosystems while accommodating the needs of human progress within
defined geographical constraints. The strategy focuses on maintaining ecological integrity
through targeted conservation measures in areas facing spatial limitations [12]. ESPs are
rooted in landscape ecology and closely aligned with restoration ecology. The former iden-
tifies, connects, and protects key ecological elements, while the latter guides the recovery of
degraded habitats within the network. This management approach is regarded as a macro-
ecosystem management tool [13]. Currently, ESPs (ecological spatial plans) have emerged
as crucial territorial approaches for balancing environmental conservation with socioeco-
nomic progress [14]. The techniques employed in establishing ecological security patterns
(ESPs) continue to undergo refinement and creative advancement, though a reasonably
well-developed framework has already taken shape. This established approach follows the
sequence of identifying core ecological zones, analyzing landscape barriers, and designing
connectivity pathways [15]. Relevant studies have shown a diversified trend: Zhao et al.
evaluated ecological protection effectiveness in Hubei Province [16], Zhou et al. analyzed
the impact of policy by considering both ecosystem services and ecological resilience [17],
and Li et al. used this method to identify ecological protection areas [18], among others.
Identifying key ecological sources is a core step in constructing ESPs [19]. Integrating
habitat connectivity as a key factor for source identification alongside morphological spa-
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tial pattern analysis (MSPA) enhances the precision and logical foundation of ecological
source determination. This dual approach ensures more scientifically grounded selections
while maintaining methodological rigor in landscape conservation planning. The syner-
gistic application of these techniques addresses critical spatial configuration aspects that
single-method analyses might overlook [20]. The determination of resistance parameters
must correspond to the regional development characteristics. Satellite-derived nighttime
illumination serves as an indicator for anthropogenic interference intensity, which is subse-
quently applied to adjust the foundational resistance layer. This methodology enhances the
precision and logical consistency of ecological corridor modeling [21,22]. The development
of biological passageways primarily employs the minimum-resistance route (MRR) ap-
proach [23], the minimum cumulative resistance (MCR) model [24], the gravity model [25],
and circuit theory [26]. In this context, the MCR framework demonstrates superior capabil-
ity in integrating both environmental and anthropogenic stressors for resilience assessment.
Conversely, gravitational modeling and electrical circuit analogies provide solutions for
managing connectivity redundancy and spatial configuration fragmentation [27].
However, at present, existing studies mostly focus on qualitative descriptions or static
analyses, lacking dynamic simulation of land use change trends and drivers of urban
expansion, which limits the ability to predict and intervene in future ecological pattern
evolution [28]. Although this static protection strategy helps preserve existing ecological
patches to some extent, this challenge hinders the balanced progression of local ecological
systems, while overlooking comprehensive assessments regarding how land utilization
shifts influence forthcoming terrain configurations. The situation complicates efforts to
establish harmonious growth across interconnected environmental networks [29]. Common
models used in land use change studies include the cellular automata (CA) model [30], the
conversion of land use and its effects (CLUE-S) model [31], the future land use simulation
(FLUS) model [32], and the patch-based land use simulation (PLUS) model [33]. The PLUS
framework excels at detecting subtle variations in land surface patterns, rendering it highly
effective for environmental monitoring purposes. This methodology demonstrates superior
performance in identifying minute landscape transformations, which proves especially
valuable for ecosystem-related research initiatives. The system’s precision in tracking
terrain modifications positions it as an optimal solution for conservation studies requiring
detailed spatial analysis, and it enables the precise prediction of habitat fragmentation
and potential restoration areas. Therefore, compared to earlier models, this one offers
a more comprehensive and adaptive platform for ESP formation under rapid urbaniza-
tion. Therefore, considering land type changes during the ESP construction process can
facilitate more effective ecological planning. For example, Zhang et al. conducted spatial
optimization for Wuhan in 2035 based on the ESV-FLUS model [34], and Gao et al. used
the PLUS model for multi-scenario simulations based on the Wuhan metropolitan area [35].
In recent years, ecological civilization construction has become an important strategy for
national development [36]. As the province with the highest forest coverage rate in China,
ecological construction in Fujian is particularly crucial [37]. The Fuzhou metropolitan
area is centered around Fuzhou City and is symmetrically connected with the Xiamen—
Zhangzhou—-Quanzhou metropolitan area in the south and north of Fujian’s southwestern
region, possessing unique economic characteristics. With the economic development of the
northeastern Fujian region, issues such as forest fragmentation and the isolation of ecologi-
cal patches have become increasingly prominent [38]. However, there is limited research on
land type changes and ESPs in the Fuzhou metropolitan area. Therefore, in this study, we
select the Fuzhou metropolitan area as the research subject and construct its ESP. This holds
substantial value for preserving biological diversity across Fuzhou and neighboring urban
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centers, while simultaneously establishing a foundation for spatial ecological planning and
enhancing future ecological connectivity within the metropolitan region.

First, the PLUS framework was employed to project 2030 land use patterns under
an ecological conservation scenario, integrating historical data from 2000, 2010, and 2020
as baseline inputs for ESP development. Following this, critical ecological hubs were
pinpointed through MPSA methodology and habitat connectivity assessments. Applying
circuit theory principles alongside the MCR modeling approach enabled the identifica-
tion of wildlife corridors and strategic nodes across four distinct temporal phases. The
comprehensive ESP for Fuzhou’s metropolitan region was ultimately assembled through
spatial integration of these ecological cores, passageways, and junction points. We aim
to lay the ecological foundation for the coordinated and linked development of Fuzhou
and surrounding cities and promote the high-quality development of the Guangdong—
Fujian—Zhejiang coastal city cluster, while also providing scientific references for other
similar regions.

2. Study Area and Material

This investigation focuses on the Fuzhou metropolitan region as its primary case study,
given its status as a key economic hub within Fujian’s provincial boundaries. The area’s
dynamic commercial environment and significant contribution to regional development
make it an ideal location for detailed analysis, a model for regional integration develop-
ment, and located in northeastern Fujian, where the delicate ecosystem requires careful
conservation efforts, establishing this region as a crucial zone for environmental preserva-
tion. The Fuzhou metropolitan area consists of the region centered around Fuzhou City,
Fujian Province, closely linked with surrounding cities. The metropolitan area primarily
includes the entirety of Fuzhou City and Putian City, as well as the districts of Jiao, Fu'an,
Xiapu, and Gutian in Ningde City; the Yanping and Jianyang districts and parts of Jianou
City in Nanping City; and the Pingtan Comprehensive Experimental Zone (Figure 1). The
region has a land area of 26,000 square kilometers, with a total population of approximately
13 million in 2020 and a regional GDP of about CNY 1.5 trillion. These figures account for
21.5%, 33.5%, and 34.5% of the total values in Fujian Province, respectively.

it 4 Fuzhou metropolitan circle
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Figure 1. Geographical location of the Fuzhou metropolitan area.
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The data required for this study included administrative boundary data; the land uti-
lization metrics, including processed vegetation index (NDVI) datasets specific to Fujian’s
geographical region; natural environmental data; and socioeconomic data. The geographic
demarcation and vegetation index records for Fujian were acquired through Google’s Earth
Engine system, with greenness metrics specifically derived from mid-summer measure-
ments during relevant research periods. Terrain classification information originated from
China’s Land Cover Database, which processes satellite observations from the Landsat
program, with the years 2000, 2010, and 2020 selected, and they were divided into six cate-
gories. The dataset comprises geospatial variables such as topographic elevation, mean
yearly rainfall, mean annual air temperature, ground thermal readings (LST), and carbon
concentrations in soil organic matter (SOC). The socioeconomic data include population
density (POP), road network data, government locations, gross domestic product (GDP),
and nighttime light data (Table 1).

Table 1. Details of all data.

Data Year(s) Description Sources
Administrative region data 2020 Vector g?gile/ Esg}tlhliﬁgi?lee.googlc.com N
Land use data 2000, 2010, 2020 Raster, 30 m Zenodo(https:/ /zenodo.org/)
NDVI 2000, 2010, 2020 Raster, 30 m Google Earth Engine

(https:/ /earthengine.google.com/)

Resource and Environmental Science
Elevation 2010 Raster, 30 m Data Platform

(https:/ /www.resdc.cn/)

Resource and Environmental Science
Slope 2010 Raster, 30 m Data Platform

(https:/ /www.resdc.cn/)

Resource and Environmental Science
Soil type 2020 Raster, 1000 m Data Platform

Average annual precipitation

Average annual temperature
S0OC

GDP

POP

Primary roads
Railways

Government location

Nighttime light data

(https:/ /www.resdc.cn/)

Resource and Environmental Science
Data Platform

(https:/ /www.resdc.cn/)

Resource and Environmental Science
Data Platform

(https:/ /www.resdc.cn/)
ISRIC-World Soil Information
(https:/ /data.isric.org/)

Resource and Environmental Science
Data Platform

(https:/ /www.resdc.cn/)

Resource and Environmental Science
Data Platform

(https:/ /www.resdc.cn/)

2000, 2010, 2020 Raster, 1000 m

2000, 2010, 2020 Raster, 1000 m
2017 Raster, 250 m

2000, 2010, 2020 Raster, 1000 m

2000, 2010, 2020 Raster, 1000 m

OpenStreetMap
o Vector (https:/ /www.openstreetmap.org/)
OpenStreetMap
7 Vector (https:/ /www.openstreetmap.org/)
2023 Vector Baidu Maps Open Platform

(https:/ /map.baidu.com/)

Resource and Environmental Science
Data Platform

(https:/ /www.resdc.cn/)

2000, 2010, 2020 Raster, 30 m

All datasets underwent standardized processing within the ArcMap 10.8 environment,
where they were spatially clipped to match the research boundaries. The coordinate ref-
erence framework employed was WGS1984 World Mercator, with a standardized raster
resolution of 30 m square pixels. For this particular investigation, the CLCD dataset ne-
cessitated categorical restructuring. The initial land cover classifications were reorganized
into six distinct categories: cultivated areas, forested zones, pasture regions, aquatic bod-
ies, developed territories, and barren terrain. Utilizing the digital terrain representation,
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gradient information for the research zone was derived through the analytical functions
available in ArcMap version 10.8. Road network data were filtered to extract major roads
and railways. The investigation zone included administrative and public service sites, with
subsequent proximity measurements conducted using straight-line distance calculations.

3. Methodology

The research initially employed the PLUS framework to project 2030 land utilization
patterns under an ecologically focused scenario, drawing upon spatial data from 2000, 2010,
and 2020. Following this, the MSPA technique was applied to identify prospective ecological
core areas across four distinct temporal phases, with subsequent evaluation of their spatial
linkages. All resistance parameters then underwent normalization through standardized
processing, while the analytic hierarchy process methodology facilitated the weighting
distribution among various resistance elements, constructing ecological resistance (ER)
surfaces for the four periods. The analysis was enhanced through the incorporation of
nocturnal illumination datasets. Subsequently, ecological pathways and critical junctions
were identified utilizing the Linkage Mapper application. These fundamental components—
source areas, connecting routes, and strategic intersection points—were integrated to
establish a comprehensive ecological framework. This interconnected system subsequently
underwent thorough assessment procedures.

3.1. Simulation of Land Use Change

The PLUS framework represents a sophisticated land use transformation modeling sys-
tem engineered to deepen insights into land cover dynamics and their fundamental drivers,
while simultaneously refining the simulation of spatial pattern evolution. This computa-
tional framework comprises two primary functional components: a rule mining framework
based on the land expansion analysis strategy (LEAS) and a cellular automaton (CA) based
on multiple random seeds (CARS). LEAS is used to identify areas of change from land
use data at two time points and extract change rules through data mining methods. The
CARS algorithm produces randomized initialization values for terrain allocation through-
out computational iterations, enhancing the framework’s capacity to replicate authentic
geographical configurations. Additionally, the PLUS framework possesses scenario-based
predictive functionality for forthcoming terrain utilization arrangements, generates reliable
landscape patterns, provides important insights for exploring sustainable development
paths, and assists in planning future development goals.

First, land expansion was extracted using the PLUS tool, identifying land expansion
areas in the Fuzhou metropolitan area for the periods 2010-2020 and 2020-2030. Next,
ten driving factors were selected, including elevation, slope, annual average temperature,
annual average precipitation, SOC, GDP, population density, distance from primary roads,
distance from railways, and distance from governments (Figure 2). The LEAS module
was used to identify these driving factors, with the primary goal of analyzing land use
transition rules. Then, the transition matrix, land use demand, and neighborhood weight
settings were configured within the CARS module. The transfer matrix for ecological
conservation scenarios is set as follows (Table 2). Under the ecological priority scenario,
land use demand differs slightly from the natural development scenario. Based on regional
policies and development conditions, the transformation of forested areas, pastures, and
cultivated fields into urban development zones decreased by one-fifth, whereas the shift
from farmland and built-up areas to wooded regions rose by 10 percent. Aquatic zones
remain protected from conversion, with assigned importance scores spanning zero to
one—elevated figures denote stronger impacts on territorial growth. The weights were
adjusted according to the formula, resulting in the following values: arable land (1.0),
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grassland (0.6), woodland (0.1), water (0.5), construction land (0.8), and unused land
(0.6). Finally, The analysis incorporated land utilization records from 2000 and 2010 as
foundational datasets. Projections for 2020 land cover patterns were generated through
computational modeling under baseline development conditions. These predictive outputs
underwent rigorous evaluation against observed 2020 spatial data to verify model reliability.
Following successful calibration, subsequent simulations forecasted 2030 land distribution
patterns under environmental conservation constraints.

Elevation(m)

“ Xy 5y
&

Legend
. 1564

Slope(°®)

¥

Population density(pre sq km)

GDP(10‘yuan/km?) Distance from governments(m) Average annual precipitation(mm)
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. 500 - 1,000

S
f

Legend
297

960
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Legend
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Figure 2. Land use simulation drivers.

Table 2. Transfer matrix specific parameters.

Land Use Arable Construction Unused
Type Land Woodland Grassland Water Land Land
Arable land 1 0 0 0 0 0
Woodland 0 1 0 0 0 0
Grassland 0 0 1 0 0 0

Water 0 0 0 1 0 0
Construction 1 0 0 0 1 1

land

Unused

land 1 1 0 0 1 1

3.2. Determination of Ecological Sources

Ecological sources serve as fundamental elements within natural systems, functioning
as critical zones that sustain environmental equilibrium. These areas contribute signifi-
cantly to preserving biological diversity while fostering harmonious interactions between
human activities and the natural world. Through the integration of morphological spatial
pattern analysis (MSPA) with habitat linkage assessments, researchers can identify suitable
ecological source locations that align with study requirements.

MSPA is a spatial analysis technique based on raster data, which is used to analyze
landscape patterns and changes. It relies heavily on the basic principles of landscape
ecology, including the concepts of landscape patches, edges, and connections. This method
treats different patches or areas in a raster image as spatial units in an ecosystem, and
combines mathematical and morphological principles to analyze the spatial structure and
pattern between them. MSPA surpasses ecological sources selection by identifying eco-
logically meaningful core areas based on spatial morphology, enhancing accuracy and
connectivity in ecological networks. Ecosystem connectivity describes how effectively dis-
tinct regions within a natural environment remain linked. Enhanced connectivity between
habitats directly correlates with improved ecological resilience and species variety preser-
vation. The probability of connectivity index (PC), the integral index of connectivity (IIC),
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and the patch importance index (dPC) serve as crucial metrics for evaluating connection
intensity among originating regions. The detailed computational approach can be outlined

as follows: ; . .
Yr .oy oajaP.
PC:’lfAzll]” 1)
L
n n ﬂiﬂj
=1 Lj=1 Tl
1IC = % 2)
L
dPC — PC _IZ‘:((;YEWOUE (3)

where 1 represents the total number of patches in the area; 4; and a; denote the area of
patches i and j, respectively; Pi’;. represents the maximum product of all path probabilities
between patches i and j; Ay is the total area of the study region; PCjepope is the connectivity
index after the removal of a given landscape element; and nl;; denotes the number of
connections on the shortest path between patches i and j.

According to the spatial distribution of land use categories within the research zone,
forested areas exhibit extensive coverage, whereas cultivated fields and developed zones
maintain close spatial proximity. Following thorough evaluation, pasturelands, aquatic
features, and wooded regions were designated as primary study materials, while farmlands,
urbanized sections, and undeveloped territories served as contextual references. These
datasets were subsequently transformed into binary raster files in TIFF format.

Landscape configuration analysis was conducted on four temporal datasets using Gui-
dos Toolbox, employing specific configuration parameters: foreground linkage established
at “8”. Boundary zones represent transitional spaces separating central ecological patches
from predominant non-vegetated sectors, with their dimensional characteristics directly
influencing core habitat integrity. Drawing upon the existing literature and regional con-
ditions, the perimeter threshold was fixed at “10”. Transition metrics and textual outputs
were both activated.

The processed outputs categorized the landscape into seven distinct classifications:
central zones, isolated fragments, perforated sections, peripheral bands, connecting corri-
dors, circular formations, and protruding extensions. After assessing regional ecological
conditions, potential source locations were identified as core ecological zones exceeding
5 square kilometers in area.

Analyzing ecological source areas from 2000 to 2030, landscape connectivity assess-
ments were performed using Conefor 2.6. Distance parameters were established at 500 m,
1 km, 2 km, 4 km, 8 km, and 15 km intervals, maintaining a 50% linkage probability
threshold. Connectivity metrics were derived across these varying spatial scales, and the
connectivity index was used to determine the optimal threshold (Table 3). The study em-
ploys an 8000 m threshold with 50% connection likelihood as a key parameter. Using these
criteria, annual connectivity metrics for candidate ecological sources are computed. Areas
demonstrating dPC values exceeding 1 are identified as the primary ecological sources for
this research.

Table 3. Landscape connectivity at different distance thresholds.

Threshold 500 m 1000 m 2000 m 4000 m 8000 m 15,000 m

dlICavg 0.15 0.25 0.29 0.32 0.33 0.33
dPCavg 0.22 0.35 0.52 0.68 0.81 0.88
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3.3. Construction of Ecological Resistance Surface
3.3.1. Selection of Resistance Factors

Resistance factors represent the degree to which different types of terrain or landform
characteristics hinder the movement or diffusion of organisms. Properly selecting resistance
factors can more accurately reflect the ease or difficulty of organism movement around
corridors. Considering the regional conditions and existing research findings, eight key
parameters were identified as determining variables: altitude, vegetation index (NDVI),
gradient, land cover classification, MSPA spatial configuration, proximity to primary
transportation routes, land surface temperature, and soil organic carbon content.

3.3.2. Construction of Resistance Surface

The measurement units of the various resistance factors are not the same, so they
cannot be directly synthesized into a resistance surface and need to be unified. Common
methods for unification include the grading assignment method and the normalization
method. In this study, we use both methods for unification. The normalization method
involves transforming the original values of each resistance factor into a range between
0 and 1 using a formula, where higher values indicate higher resistance. The normalization
method can be further divided into direct normalization and inverse normalization. If
the resistance factor value is directly proportional to the resistance required for animal
movement, direct normalization is used; otherwise, inverse normalization is applied. The
specific formulas are as follows:

Direct normalization : (X — Xyin)/ (Xmax — Xomin) 4)

Inverse normalization : (X, — X))/ (Xmax — Xonin) (5)

where X represents the current value of different data; X, Ximax denote the minimum
and maximum values within the same data group, respectively.

The land use types and MSPA landscape patterns require the grading assignment
method, where each land use type is assigned a resistance value between 0 and 1 based on
the resistance needed for animal movement. Hierarchical analysis is then conducted using
the YAAHP software to determine the weight of each resistance factor in the composite
resistance surface. Determining the weights of each factor was carried out using the
multiple expert scoring method (Table 4).

Table 4. Weighting system for ecological resistance factors.

?::tls::nce Tiered Indicators 5:lsllls;tance Weight i:{aecs:s::nce Weight
Core; Islet 0 NDVI 0.194
Edge; Bridge 0.25 Elevation (m) 0.114

MSPA Branch; Loop 0.5 0.274 Slope (°) 0.093
Perforation 0.75 LST (°C) 0.058
Background 1 SOC (g/kg) 0.045
Woodland 0
Arable land 0.25

Land use type  Grassland; Unused land 0.5 0.162 Distance from 0.060
Water 0.75 the road (m) :
Construction land 1

3.3.3. Correction of the Resistance Surface

Resistance surface correction refers to the supplementation or improvement of resis-
tance surface data to enhance its accuracy and completeness, serving as a crucial step in
data processing and analysis [39]. This process aids in improving the quality and reliability
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of resistance surface data, thereby enhancing the accuracy and credibility of subsequent
analysis and model development. Nighttime light data serve as a comprehensive indicator
of human activity intensity. Therefore, this study employs the average nighttime light value
method for raster assignment of different land use types. Then, nighttime light data were
used to represent human activities and thereby adjust the ecological resistance surface. The

specific formula is as follows:

. TLIL

where R* represents the corrected raster resistance coefficient; TLI; denotes the nighttime
light intensity value of raster i; TLI, represents the average nighttime light intensity value
of land type a; and Ry is the base resistance value of raster i.

We have repaired the resistance surfaces of various periods. The figure below shows
the map of resistance value corrections for 2020 (Figure 3). The overall trend of the cor-
rected resistance value remains the same as the initial resistance value; however, regions
exhibiting elevated resistance measurements demonstrate stronger correlations with an-
thropogenic influences.

Night lights %
i Corrected resistance

M High
. Low

Figure 3. Comparison of ecological resistance restoration.

3.4. Construction of Ecological Security Pattern
3.4.1. Circuit Theory and MCR Model

The research employs Linkage Mapper software to identify ecological pathways and
critical connection points following principles of circuit theory. Linkage Mapper is a
specialized geographic information system (GIS) tool used for landscape connectivity
analysis and ecological corridor extraction, among other tasks. It provides a set of powerful
tools and algorithms that help researchers assess and quantify the connectivity of different
regions within the landscape, and identify potential ecological corridors. Circuit theory is a
commonly used spatial analysis method in landscape ecology, which views the landscape
as a conductive surface, where each grid cell has a value representing resistance, reflecting
the difficulty or resistance of moving through that area. This model assumes that ecological
processes are similar to the random walk of electrons on a conductive surface, where a 1A
current is injected from an ecological source, and the current flows through the network
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via various paths, ultimately reaching other ecological sources, determining the optimal
path, and extracting ecological corridors.

The MCR framework employs an expense trajectory evaluation methodology, with its
fundamental principle centered on identifying the route exhibiting minimal impedance
between origin and destination points. Impedance metrics are typically influenced by
variables including terrain characteristics, land utilization patterns, and anthropogenic
disturbances. The MCR model tends to generate a single optimal path or a small set of
paths, and is suitable for analyzing clear ecological connectivity needs. The basic formula
of the MCR model is as follows:

MCR = [ min} =" D x R @)

where MCR represents the minimum cumulative resistance value, f denotes the positive
correlation between minimal resistance and ecological activities, D;; represents the spatial
distance of a species from source j to landscape unit i, and R; denotes the resistance of
landscape i to the movement of a given species.

3.4.2. Extraction of Ecological Corridors

Ecological corridors are continuous, non-interfering pathways or channels that connect
different ecosystems, nature reserves, or important biological communities. Their purpose
is to provide safe migration and passageways for wildlife, facilitating species migration,
gene flow, and ecosystem connectivity. The creation and maintenance of ecological corri-
dors are crucial for maintaining biodiversity, preserving ecological balance, and addressing
biodiversity loss. This research employed the ArcGIS 10.8 software environment, utilizing
the Linkage Mapper extension to process ecological core area information alongside land-
scape permeability datasets from the period spanning 200, 2010, 2020, and 2030, with other
parameters set to default, for ecological corridor extraction.

3.4.3. Extraction of Ecological Pinch Points

Ecological bottlenecks represent critical zones within wildlife passageways character-
ized by exceptional species richness. These strategic locations serve as vital intersections
where diverse lifeforms concentrate along migratory routes. The identification of such
concentrated biodiversity hotspots helps conservationists prioritize protection efforts along
natural connectivity pathways, ecological sensitivity, or biological richness, and are key
nodes in the migration pathways of species. In ecological corridors, pinch points are typ-
ically junctions that connect different ecosystems or biological communities, serving as
important stopover points and habitats for species migration. In ecological corridor plan-
ning and management, pinch points are often considered important conservation targets,
and measures are needed to protect and maintain their ecological functions and integrity
to ensure the smooth progression of species migration and the healthy development of
ecosystems. Ecological pinch points were extracted using the Pinchpoint Mapper module
in the Linkage Mapper tool. After comparison at different scales, setting the corridor
threshold to 20,000 m aligned better with the study area, and operations were performed
for each year.

3.4.4. Ecological Network of Superposition Analysis

Within the framework of spatial organization for Fuzhou’s urban agglomeration, this
research integrates identified environmental assets, passageways, and strategic points to
establish the metropolitan ecological framework. Subsequently, analytical techniques for
network configuration assessment are employed to measure interconnection levels within
the studied ecological system. In this study, we selected the network closure index (), line
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point rate (f3), and network connectivity index (y) as comprehensive evaluation indicators
to verify whether the ecological network model constructed in this research is optimized
relative to the existing ecological network. The specific calculation formulas are as follows:

L-V+1
= w5 ®
=1 ©)
L
’Y:m (10)

where L represents the number of corridors; V represents the number of nodes. A higher
« index indicates more closed loops within the network, facilitating smoother internal
material and energy flow. A higher B index signifies that each node connects to more
corridors, indicating a more complex network structure. When the <y coefficient is large, it
indicates that the actual number of path connections between nodes is close to the possible
number of connections, thereby enhancing the network’s connectivity.

4. Results
4.1. Land Use Simulation Based on the PLUS Model

Land use modifications significantly influence biodiversity patterns and serve as
fundamental drivers in shaping ecological connectivity systems. Implementing the PLUS
framework achieved a comprehensive precision score of 0.92, with a Kappa agreement
metric reaching 0.79, demonstrating that the analytical outcomes satisfied rigorous accuracy
criteria for effectively projecting land cover transformations within the designated research
zone. The terrestrial surface configurations documented in 2000, 2010, and 2020 and the
simulated 2030 environment are shown below (Figure 4).

(a) 2000

Land use type
Arable land

x  (b)2010 y  (©2020 v (42030 N

0 30km n tan 3 o o - "0 30km
e —_

Figure 4. Land use in 2000, 2010, 2020, and 2030.

Regarding land use characteristics, the analysis yielded measurements of surface
coverage and percentage distribution for various land categories across multiple years,
along with information regarding shifts between different land utilization classifications
(Table 5, Figure 5). The primary land use type in the study area is woodland, which
is widely distributed, while construction land is chiefly concentrated in the central and
southern regions. Additionally, arable land is mainly found in the southeastern part,
which is related to the relatively flat topography of this region. From 2000 to 2020, the
most substantial growth in developed areas was observed within Fuzhou’s urban zone,
situated at the core of the research territory, with Putian’s southern districts showing
the second highest rate of spatial transformation, as well as that in Ningde City in the
northeast and Nanping City in the northwest. Overall, the growth patterns showed stronger
momentum in southern regions compared to northern territories, while eastern zones
demonstrated more significant development than western sectors. Agricultural acreage
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typically expanded in proximity to urbanized zones and developed areas, while water and
woodland slightly decreased. Meanwhile, the fragmentation of ecological land became
increasingly evident. An examination of land cover transformation patterns reveals distinct
conversion trends between 2000-2010 and 2010-2020. During the initial decade, agricultural
areas predominantly shifted into urban development zones and forested regions, whereas
forested territories primarily transitioned into built-up areas and farmland. The subsequent
decade witnessed different dynamics, with forested and aquatic ecosystems largely being
transformed into urbanized spaces and cultivated land, while agricultural plots mainly
changed into wooded areas and construction sites. These changes were closely associated
with urban development policies at the time.

Table 5. Area and proportion of different land types in 2000, 2010, 2020, and 2030.

Land Use 2000 2010 2020 2030
Type Area (km?) Ratio (%) Area (km?) Ratio (%) Area (km?) Ratio (%) Area (km?) Ratio (%)
Arableland 462675 14.03 4175.81 12.66 5069.99 15.37 3819.6 11.58
Woodland 26,517.48 80.40 26,616.14 80.71 25,481.04 7727 26,630.32 80.75
Grassland 18.19 0.06 17.01 0.05 7.99 0.02 6.12 0.02
Water 1019.12 3.09 1058.45 3.21 900.8 2.73 1058.45 3.21
l(;‘r’lr;trumon 784.64 2.38 1103.71 3.35 1513.92 459 1458.5 4.42
Unused land ~ 12.85 0.04 7.91 0.02 5.29 0.02 6.04 0.02

2030

2000

Woodland

Arable land

Unused land .
[Construction land
Grasssland

Water]

| Water
Construction landjjiij
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I Arable land

Woodland|

Figure 5. Transfer of different land types in 2000, 2010, 2020, and 2030.

Under the ecology-first scenario, the 2030 land use pattern showed a decline in arable
land area, though it was still within a reasonable range, while the areas of water and
woodland increased, leading to improved ecological fragmentation. Other land use types
remained largely unchanged, which is attributed to the strict farmland protection policies,
reforestation initiatives, and ecological restoration strategies for eco-city development
implemented by local governments in the study area. In terms of land use landscape
patterns, woodland dominated, covering approximately 80% of the total area. The second
largest land use type was arable land, accounting for 11.58% of the total area. Despite
the growth in developed areas, these zones represented merely 4.42% of the entire region.
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Water bodies maintained consistent coverage, comprising roughly 3% of the territory. Both
grassland and barren land constituted the most minor segments, with neither exceeding
0.1% of the overall space.

4.2. Identification of Ecological Sources

This research pinpointed crucial ecological zones during four distinct intervals, deter-
mining their respective spatial extents and percentage distributions (Table 6, Figure 6). The
ecological hotspots predominantly clustered across three zones: the northwestern sector,
northeast quadrant, and central belt of the research territory. Notably, the most expansive
ecological concentrations emerged within Nanping’s northwestern terrain, while the cover-
age was the smallest in the Putian area in the south. Within urban construction zones, the
availability of ecological resources diminished as construction zones expanded, disrupting
linkages between urbanized areas and surrounding green spaces. From 2000 to 2010, the
overall extent of these ecological zones showed minimal variation. While the quantity of
resource patches declined from 28 to 24 during this period, their combined surface area
actually grew by 930.32 square kilometers, primarily due to the aggregation of fragmented
green spaces in the central part of the study area into larger ecological sources. Notably,
from 2010 to 2020, the total area of ecological sources decreased by 3983.84 km?, while their
number increased to 40, indicating severe habitat fragmentation. This was particularly
evident in the southwestern part of Fuzhou and the northeastern part of Ningde. During
this period, the study area experienced rapid urban economic development, leading to
the conversion of woodlands and grasslands into arable and construction lands. Between
2020 and 2030, the total area of ecological sources increased by 4159.66 km?, while their
number decreased to 22, indicating significant improvements in habitat fragmentation and
noticeable ecological restoration effects. In summary, after excluding smaller sources and
considering landscape connectivity (dPC > 1), the research identified 22 distinct ecological
zones spanning 13,353.91 km?, representing 40.49% of the total surveyed territory. Forested
areas constituted the primary land cover type, with three principal concentrations located
in the northwestern, northeastern, and central sections. More extensive ecological zones
were particularly evident in the central and northwestern sectors, regions characterized by
exceptional biological diversity that proved crucial for establishing the area’s ecological
connectivity framework.

Table 6. Ecological source area and proportion in 2000, 2010, 2020, and 2030.

2000 Source 2010 Source 2020 Source 2030 Source

Area (km?) 12,247.77 13,178.09 9194.25 13,353.91
Ratio (%) 37.14 39.96 27.88 40.49
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Figure 6. Spatial distribution of ecological sources in 2000, 2010, 2020, and 2030.

4.3. Screening of Ecological Corridors

The adjusted impedance matrices for each time interval revealed elevated resistance
values predominantly concentrated in the southeastern quadrant of the study area. Post-
calibration analysis demonstrated a clear spatial pattern where maximum resistance thresh-
olds consistently occurred in the southeast portion of the geographic distribution. The
processed data exhibited regional variations with peak resistance measurements clustering
in the southeastern sector following surface optimization procedures, while other areas
exhibited relatively lower resistance. Fuzhou, Nanping, and Ningde exhibited relatively
strong connectivity, while biological migration and energy transfer were more challenging
in Putian and other cities. According to the results calculated using the Linkage Mapper
plugin, a comparative analysis of the four periods revealed that the numbers of ecological
corridors in 2000, 2010, 2020, and 2030 were 63, 53, 98, and 47, respectively, while the
number of inactive corridors in each year was 18, 16, 27, and 12, respectively, primarily
located in the central, northeastern, and northwestern regions of the study area. After
filtering, the number of corridors in each year was 45, 37, 71, and 35, respectively, with a
relatively dispersed spatial distribution (Figure 7).
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Figure 7. Spatial distribution of ecological corridors.

Although land use types in the study area underwent significant changes between
2000 and 2030, the overall locations and numbers of ecological corridors remained relatively
stable during this period, being largely consistent between 2000 and 2010. However, due to
ecological fragmentation in 2022, the quantity of wildlife passageways showed substantial
growth, resulting in additional newly formed connections appearing predominantly in the
central and northeast sectors of the research zone. We classified the corridors that were
shared by 2000 and 2010 as construction corridors and superimposed the screening to
identify 25 eligible corridors. These remained relatively stable over time and represented
important components of the ecological network in the study area. A comparative analysis
of the 2030 corridors with the construction corridors showed that there were 16 construction
corridors in 2030; 7 evolved from ones that were already present and were defined as
protected corridors, while the remaining 12 that did not previously exist were classified as
potential corridors.

4.4. Determination of Ecological Nodes

This investigation pinpointed 42 critical ecological zones, comprising 38 pressure-
sensitive locations and 4 obstruction sites, predominantly situated across the central and
northern sectors of the examined region. The distribution pattern reveals significant ecolog-
ical vulnerabilities concentrated in these geographical segments (Figure 8). Ecological pinch
points represent crucial junctions within wildlife corridors where concentrated movement
occurs, serving as indispensable elements for improving landscape connectivity. These
strategic locations facilitate essential ecological processes that cannot be easily replicated
elsewhere in the ecosystem network. Their significance lies in maintaining functional links
between fragmented habitats, ensuring the continuity of species movement and genetic
exchange across modified landscapes. The identification and preservation of these critical
passageways contribute substantially to biodiversity conservation efforts by enabling natu-
ral dispersal patterns. They are priority areas for ecological protection, mainly distributed
in the ecologically favorable areas of Nanping and Ningde cities. Based on flow density,
there are 14 key pinch points, 15 general pinch points, and 9 potential pinch points. The
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overall pinch points are arranged along the corridors. Through landscape enhancement
based on ecological protection, the types of landscape in the ecological network are en-
riched. Potential pinch points are mainly distributed in the northwest part of the study
area, particularly in Nanping City, where many potential ecological sources are located
around the corridors. Strengthening ecological construction through the establishment
of ecological protection zones and afforestation, such as planting young forests, can help
restore ecological connectivity. Key and general pinch points are evenly distributed around
the corridors, where animal movement is relatively high. Strengthening the protection of
these points is beneficial to the stability of animal migration between ecological sources.
Barrier points, on the other hand, are areas that hinder species movement between im-
portant ecological patches. These areas are generally located far from ecological sources
and are key areas that require ecological construction. Strengthening habitat restoration
between these barrier points can significantly improve landscape connectivity.

@ Key pinch point —— Protected corridor Ecological source raduation range
®  General pinch point — Potential corridor O=2Etihin
iy . . 2,500 - 8,000
Legend 4 Potential pinch point I Ecological source "
) ) - i 8,000 - 15,000 m
*  Barrier point 700 Potential ecological source 15,000~ 30,000 m
— Construction corridor [ Study area 30,000 - 70,5356 m

Figure 8. Spatial distribution of ecological nodes.
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4.5. Construction of an Ecological Security Pattern
4.5.1. Spatial Analysis of HQ and ER

Our investigation focused on examining the geographic dispersion patterns of HQ
and ER across the Fuzhou urban zone, aiming to deliver precise suggestions for enhancing
the ESP framework within the research area. Using ArcGIS 10.8 software, we constructed a
square grid system with 1 km dimensions to graphically represent the spatial arrangement
of HQ measurements and ER values (Figures 9 and 10). The spatial distribution of HQ is
uneven, with high-value areas located in northwestern Ningde and parts of central Fuzhou.
According to the HQ results in the figure, hotspot areas are mainly concentrated in the
densely vegetated mountainous regions of the northwest and center. The northern part of
Ningde and southeastern Fuzhou are identified as coldspot areas. The primary factor stems
from extensive tracts of farmland and developed zones, causing ecosystem segmentation.
Ecological resilience demonstrates a geographical tendency with elevated measurements in
northwestern sectors and diminished readings toward southeastern regions. This pattern
is attributed to the more developed economy in the southeastern region compared to
that in the northwestern mountainous areas. The swift growth of urban areas combined
with intensive anthropogenic interventions has resulted in diminished ecosystem service
capabilities. In southeastern Fuzhou, ecological resilience (ER) hotspots and habitat quality
(HQ) degradation zones are most densely clustered, reflecting pronounced landscape
fragmentation. These regions present substantial obstacles for wildlife movement and
dispersal. An inverse relationship exists between ER and HQ spatial patterns, mirroring
the ecological realities observed across the Fuzhou metropolitan region.

Legend "/(,

I Cold spot with 99% confidence ‘yﬂ < ‘

B Cold spot with 95% confidence & "Q ... & ¢
Cold spot with 90% confidence 2
Not significant L "“l- =
Hot spots with 99% confidence -‘,

B ot spots with 95 ce ¢

I Hot spots with 90% confidence

Figure 9. Spatial distribution of HQ (a); hotspot analysis of HQ (b).
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4.5.2. Ecological Network Evaluation

Figure 10. Spatial distribution of ER (a); hotspot analysis of ER (b).

Analysis of the network configuration (Table 7) reveals that the « parameter for the

in certain locations.

Table 7. Results of the ecological network index evaluation.

established ecological framework varies between 0.13 and 0.85, suggesting limited move-
ment of biological resources through critical junctions. The measured values demonstrate
suboptimal connectivity across essential transfer points within the system’s architecture,
while the circulation of ecological materials is slightly improved at general nodes. However,
the flow of ecological materials is significantly enhanced in potential nodes and protected
and potential corridors. The 3 coefficient spans between 1.14 and 2.11, demonstrating
significant ecological network intricacy and notable adaptability for habitat rehabilitation.
Meanwhile, the 'y parameter fluctuates from 0.44 up to 0.90, suggesting strong connectivity

Number of Number of

Corridors Nodes o Index B Index v Index
Constrgctlon corridors and 16 14 013 114 0.44
key points
Protected, poteptlal corridors 19 15 0.20 107 0.44
and general points
Protected, potential corridors 19 9 0.85 211 0.90

and potential points

4.5.3. Visualization of Overlay Analysis

Our research revealed the comprehensive spatial configuration of Fuzhou’s metropoli-

enhancing its aquatic—terrestrial habitat conditions.

tan region, exhibiting a distinctive structure composed of “three central hubs, three distinct
sectors, and numerous connecting pathways, and multiple sources” (Figure 11). The three
cores refer to the ecological hubs located in northern Nanping, central Ningde, and the
Fuzhou-Putian junction. These hubs radiate outward, connecting multiple ecological
sources and forming three ecological zones: The Nanping ecological region, Fuzhou-
Ningde conservation area, and Fuzhou-Putian environmental corridor form an intercon-
nected system. This intricate framework of crisscrossing pathways and diverse ecological
nodes rehabilitates the fractured environmental matrix within the research zone while
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Figure 11. Ecological security pattern of the Fuzhou metropolitan area.

5. Discussion
5.1. Advantages of the PLUS Model in Ecological Networks

The advantages of PLUS in ecological network construction lie primarily in its high-
precision prediction and dynamic adjustment capabilities. This model integrates various
natural and social factors, enabling land use simulation to accurately predict future land
use changes under different scenarios [40]. Using PLUS can generate precise landscape
patterns, providing scientific support for ESP construction. Furthermore, the model can
dynamically optimize ecological network construction strategies based on actual needs
and future development goals, ensuring adaptability to future changes and growth [41].

Amidst rapid urban expansion, alterations in land utilization patterns have emerged
as pivotal elements shaping the development and transformation of ecological connectivity
systems. Our research employed an innovative approach to ecological network model-
ing that combines land use prediction techniques, with the methodology fundamentally
comprising these sequential phases: (1) define the study area; (2) predict future land
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use changes; (3) identify ecological sources; (4) construct historical, current, and future
ecological networks; (5) select and classify ecological corridors; (6) delineate ecological
nodes based on corridor types; (7) construct the ESP. This method exhibited strong model
compatibility and broad indicator applicability, making it adaptable to ecological planning
needs in different regions. Given that many cities and regions worldwide are experiencing
rapid urbanization, this method has high generalizability and can serve as a reference for
ecological network construction at various scales.

Recent academic discourse has shifted significant attention toward evaluating the
capacity of existing ESP frameworks to adapt to forthcoming alterations in land utilization
patterns caused by urban expansion. As an illustration, in a study of Huaibei, China, Yu
etal. utilized the PLUS framework to project land cover distributions across multiple policy-
driven scenarios (including agricultural conservation and ecosystem prioritization) by the
year 2025. The simulation outcomes demonstrated that, compared to the CLUE-S model,
PLUS achieved higher simulation accuracy for woodland, water, and construction land
and provided a more precise assessment of the potential impacts of ecological protection
strategies [42]. Therefore, this study simulated land use changes in the Fuzhou metropolitan
area under the ecological priority scenario for 2030, providing a crucial basis for dynamically
constructing the ecological network pattern. The key to simulation under this scenario
is selecting appropriate ecological constraint indicators. This study employed the PLUS
model, restricting the conversion of ecological land to construction land and unused
land. Additionally, drawing on relevant studies, the weight of farmland was increased
to 1.0 to enhance its expansion intensity, while the weight of forest land was set at 0.1 to
minimize its changes, facilitating modern urban expansion while advancing environmental
sustainability initiatives.

The data visualization in Figure 4 reveals that land utilization patterns between 2020
and 2030 exhibited negligible modifications within the ecological priority framework. This
observation suggests Fuzhou’s urban expansion has decelerated significantly, transitioning
toward an era emphasizing sustainable growth and development excellence. Moreover,
during land use transitions, some construction land was converted into farmland, while
most farmland transitioned into forest land, assisting in reducing the environmental seg-
mentation resulting from urban development.

5.2. Reflections on Ecological Source Identification

MSPA has significant advantages in identifying ecological sources. It comprehensively
considers the degree of ecological fragmentation and patch connectivity’s impact on re-
gional ecosystems. By analyzing spatial landscape structures, MSPA can accurately identify
various ecological source types, including core, islet, perforation, edge, bridge, loop, and
background areas, thereby enhancing the scientific and precise construction of ecological
security patterns (ESPs). Especially for smaller core areas, MSPA optimizes edge effect
width to effectively mitigate its negative impacts and enhance the ecological stability of core
areas. Furthermore, by integrating landscape connectivity analysis, MSPA can set a maxi-
mum diffusion distance to accurately evaluate patch connectivity, ensuring that identified
ecological sources maintain effective ecological functionality in real-world conditions.

This research utilized morphological spatial pattern analysis (MSPA) alongside land-
scape linkage techniques to pinpoint ecological core zones, thoroughly evaluating habitat
fragmentation levels and examining how patch interconnections affect local ecological
networks. Through MSP, edge effects exhibit a significant nonlinear impact on the number
of core areas, as varying edge effect widths can alter the number identified. Smaller core
areas are particularly susceptible to edge effects; thus, selecting an appropriate width is
crucial for MSPA. According to relevant studies, the effective corridor width for wildlife
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such as black bears and gray wolves is typically 500 m, while the predation edge effect
for forest birds extends to approximately 600 m [43,44]. Therefore, this study adopted a
maximum edge effect width of 300 m to identify ecological sources, excluding smaller
sources to meet the migration needs of forest-dwelling wildlife. When selecting ecological
sources, we set the maximum diffusion distance to 20 km and applied landscape connectiv-
ity criteria for selection. For medium-to-large-scale areas, the diffusion distance should not
be excessively large, as this may result in corridor lengths exceeding the actual dispersal
capacity of certain species, thereby overestimating patch connectivity. Additionally, our
analysis examined how varying dPC measurements influenced both the overall size of
ecological source zones and the number of habitat fragments, ultimately selecting dPC > 1
as the screening threshold.

As shown in Figure 7, in the identified ecological sources, only certain areas of Ningde
City in the northeast and Nanping City in the northwest were designated as ecological
sources, while other areas outside the study region were not included. This does not
imply that these areas lack ecological resources; rather, the vast forested land connected
to surrounding large-scale forests provides high-quality habitats for wildlife, playing a
vital role in enhancing ecological network stability and connectivity. Therefore, future
ecological network studies should extend beyond the current study area’s boundaries and
consider larger-scale ecological network patterns, such as the construction of an ESP in the
Guangdong-Fujian—-Zhejiang coastal urban agglomeration.

5.3. Advantages of Circuit Theory in Corridor Identification

Circuit theory has significant advantages in identifying ecological corridors, particu-
larly in its precise evaluation of corridor connectivity and functionality. By conceptualizing
the landscape as a resistance network, circuit theory effectively simulates species migra-
tion paths and dispersal processes, thereby identifying key ecological corridors. This
approach quantifies the permeability and resistance of different pathways in the landscape,
determines optimal migration routes, and overcomes the subjectivity and limitations of
traditional corridor identification methods.

In this study, circuit theory principles facilitated the accurate pinpointing of crucial
wildlife passageways across the examined region. This analytical approach revealed es-
sential connectivity pathways that maintain ecological functionality within the designated
landscape. The methodology successfully determined strategic biological linkages nec-
essary for species movement and genetic exchange. Through electrical circuit analogies,
researchers mapped fundamental habitat connections that sustain biodiversity in the in-
vestigation zone. The technique provided reliable detection of vital landscape conduits
supporting ecological processes in the target environment, ensuring their effective connec-
tion to important ecological sources and enhancing the overall stability and connectivity of
the ecological network. Moreover, circuit theory is applicable to analyses at multiple scales,
accommodating ecological network planning needs from local to regional and even cross-
regional levels, providing robust theoretical support and practical guidance for ecological
corridor conservation and construction in the context of urbanization.

5.4. Optimization Recommendations

The ecological sources and corridors identified in this study should be incorporated
into regional ecological protection red lines and protected areas. Priority should be given to
protecting areas with high ecological flow, particularly in Nanping and Ningde, to ensure
that the connectivity of their core habitats is not disrupted, thus maintaining long-term eco-
logical resilience. Based on the spatial distribution of HQ and ER, combined with the ESP,
environmental rehabilitation efforts must be prioritized around key biological hubs within
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the Fuzhou-Putian region, accompanied by the establishment of specialized ecological off-
set policies. The restoration initiatives should concentrate on strategic locations exhibiting
significant biodiversity value, while concurrently developing customized compensation
frameworks to support conservation objectives. Implementing these measures requires
careful consideration of local ecosystem dynamics and the creation of adaptive incentive
structures for sustainable environmental management. According to the study’s findings,
although forested areas have increased compared to those in 2020, some regions, such as
the southeastern part of Fuzhou and the western part of Putian, are severely degraded.
These areas should strictly enforce afforestation policies to improve their fragmentation.
Protective boundaries must be created surrounding wildlife passageways, transformed into
conservation areas or nature trails, to not only protect the environment but also promote
public health and well-being.

5.5. Limitations and Future Research Directions

Amidst accelerating urban development, alterations in land utilization patterns ex-
ert significant impacts on ecosystems, representing a crucial area of investigation both
presently and in upcoming research. Consequently, our research incorporates the PLUS
framework, designed to facilitate detailed simulations of land cover changes, and com-
bined it with models required for ESP construction to carry out dynamic simulations,
thus constructing an ESP that aligns with the land use development trends of the Fuzhou
metropolitan area. However, this study still has certain limitations. Firstly, while the PLUS
framework effectively measured the influence of different drivers on land use transitions,
the factor selection process retained elements of arbitrariness, with insufficient attention
given to policy-related variables. Subsequent investigations might benefit from employing
multi-criteria optimization techniques that systematically incorporate diverse determi-
nants into the simulation framework, thereby improving the representation of nonlinear
and temporal dynamics in land use evolution. Additionally, constrained by the current
research parameters and model functionality, certain adjacent woodland zones beyond
the designated study perimeter were not incorporated as ecological nodes. Given that
extensive forest cover represents the dominant landscape feature in this region, expanding
the geographical boundaries in future analyses could significantly improve the coherence
of ecological connectivity assessments. Lastly, this study primarily focuses on research
methods and model applications, with limited discussion on ecological optimization. Subse-
quent research could build on this foundation to further delve into ecological optimization
evaluations to enhance the practical value of this research.

6. Conclusions

This research forecasts the 2030 land utilization scenario for Fuzhou’s metropolitan
region employing the PLUS framework, examining land use patterns across 2000, 2010, 2020,
and projected 2030 data. Building upon these findings, the investigation implements MSPA
methodology alongside circuit theory principles to establish and categorize ecological
connectivity pathways, ultimately constructing the ESP for the Fuzhou metropolitan area.

(1) The primary land type in the study area is woodland, which occupies about 80% of
the total area. From 2000 to 2020, ecological land decreased, with woodland mainly
converting to construction land and arable land; with the advancement of ecological
civilization construction, the proportion of woodland increased to 80.75% by 2030, and
fragmentation significantly improved, although the overall spatial pattern remains
largely the same as in 2020.

(2) The geographic arrangement of environmental hubs across the four timeframes ex-
hibits fundamental similarities. During 2000 and 2010, ecological hubs numbered
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28 and 24 correspondingly, demonstrating relative stability. By 2020, heightened
woodland fragmentation caused the quantity of environmental nodes to escalate to
40, though the total ecological coverage diminished. Projections for 2030 indicate a
reduction to 22 ecological centers, yet their spatial coverage expands significantly to
40.49% of the total area.

(38) The study identified 35 ecological corridors, including 16 construction corridors,
7 protected corridors, and 12 potential corridors. The research additionally pin-
pointed 42 environmental nodes, comprising 14 critical ecological pressure zones,
15 standard ecological constriction areas, 9 possible ecological bottleneck locations,
and 4 ecological obstruction sites. This classification system highlights varying de-
grees of environmental vulnerability across different landscape segments.

(4) Based on the ecological network of the Fuzhou metropolitan area, and combining the
spatial characteristics of HQ and ER, the study obtained an overall spatial pattern
of “three cores, three areas, multiple corridors, and multiple sources,” and proposed
ecological improvement strategies.
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