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Abstract: Urban–rural fringes (URFs) are crucial for biodiversity yet often neglected in conservation
efforts. This study refines URF habitat evaluation and integrates it into a coordinated ecological
network (EN) and territorial planning framework. Using Qingpu District, Shanghai as a case study,
we defined its URF via k-means clustering of night-time light data and applied the InVEST model,
MSPA, Integrated Habitat Value, Patch Importance, and Betweenness Centrality analyses to identify
high-value URF habitats. Furthermore, we constructed the EN using circuit theory and evaluated
the impact of URF sources on network connectivity and construction costs. Our findings reveal that
integrating URF sources increased connectivity indices significantly (α by 127.18%, β by 47.00%, and γ

by 33.4%) and decreased construction costs (CR index by 0.07). Despite these benefits, under China’s
“Three Zones and Three Lines” policy, 78.18% of Qingpu’s URF sources remain unprotected, with
56.78% at risk of conversion to construction land. Our study proposes a comprehensive evaluation
system for URF habitats and strategic recommendations for their incorporation into regional ENs,
thus informing policy making and planning for more inclusive ecological conservation.

Keywords: habitat protection; ecological network; urban–rural fringe; stepping stones; cost-effectiveness;
territorial planning

1. Introduction

The urbanization process significantly impacts urban–rural fringes (URFs), resulting
in their continuous erosion by expanding urban areas. These URFs represent dynamically
changing transitional zones that blur and integrate into the surrounding urban and rural
landscapes [1]. URF habitats, subject to the influences of urban expansion and rural dy-
namics, exhibit significant species richness, support urban–rural ecological processes, and
offer a diverse array of ecosystem services [2–5]. However, despite their critical ecological
value, the prevailing over-exploitation, alongside the isolation caused by urbanization and
intensive agriculture [6], disrupts essential corridors for species dispersal between urban
and rural areas [7–9]. Addressing this, the protection of URF habitats emerges as a vital
strategy to restore urban–rural ecological process continuity and counteract the adverse
effects of urban expansion and agricultural intensification [10,11].

URF habitats, typically small, scattered, and diverse, include both remnants of natural
elements like woodlands, wetlands, rivers, and lakes, and semi-natural areas reliant on
human activities, such as low-intensity agriculture [5,11,12]. These habitats provide critical
refuges for species with short-dispersal distances [13,14] and serve as stepping stones for
those with long-distance dispersal capabilities [13,15–17]. However, conventional pro-
tection measures often overlook these habitats in favor of larger, more connected areas
or those supporting specific species, such as rare or endangered species [18–20]. This
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oversight renders URF habitats susceptible to challenges stemming from their modest
size, scattered distribution, intricate land ownership, and dynamics [11,21]. Policies like
China’s “Three Zones and Three Lines” exemplify this by favoring expansive farmlands
(potential for intensification) and isolated natural reserves, sidelining URF habitats de-
spite their ecological value, thus revealing a gap in China’s current territorial planning
framework [8,22,23].

This neglect extends to Ecological Networks (ENs), designed to enhance landscape
connectivity [24] and support land use and landscape planning [25,26] by integrating eco-
logical sources and corridors. Despite their potential, the widely employed methodology
“source identification, resistance surface design, and corridor extraction,” [27–29] struggles
to identify high-value URF habitats. Defining research areas by administrative or urban
development boundaries fragments these habitats, limiting their recognition [30,31]. Simi-
larly, prevalent ecological source identification tools—such as the Integrated Valuation of
Ecosystem Services and Tradeoffs (InVEST) model [24,32,33], Morphological Spatial Pat-
tern Analysis (MSPA) [34,35], and landscape connectivity assessments [36,37]—along with
associated metrics like habitat quality [38,39], patch size [34,35], and patch connectivity [40],
often overlook URF habitats in favor of larger, higher quality habitats [18,19]. Furthermore,
conventional metrics for designing resistance surfaces like land use, slope, elevation, and
the Normalized Difference Vegetation Index (NDVI) fail to accurately represent URFs’
complex environments, overlooking factors affecting species dispersal [24,41,42].

To address these gaps, our study in Qingpu District, Shanghai—where urban growth
conflicts with ecological conservation—aims to refine URF habitat evaluation and protection
within a coordinated EN construction and territorial planning framework. We identified
critical URF habitats for conservation, integrated them into an initial EN, assessed their
contribution to the cost-effectiveness of the optimized EN, and devised tiered protection
strategies aligned with China’s territorial planning policies. Our methodological advance-
ments include the following: (1) expanding the study area and employing the k-means
clustering algorithm to analyze the night-time light data for precise definition of Qingpu’s
URF to ensure its habitat integrity; (2) developing a comprehensive evaluation system for
identifying URF habitats with significant ecological value; and (3) incorporating resistance
factors tailored to the unique challenges of dynamic URF landscapes and their impact
on species dispersal. Our results highlight the crucial role of protecting URF habitats in
strengthening ENs, providing evidence-based guidance for crafting URF habitat protection
strategies within territorial planning frameworks.

2. Study Area and Data Source
2.1. Study Area

Qingpu District is in the west of Shanghai, downstream of Lake Taihu and upstream of
the Huangpu River (120◦53′–121◦17′ E, 30◦59′–31◦16′ N), boasting a high-quality ecological
space characterized by crisscrossing rivers and lakes and scattered forests. Given that
defining the study area through administrative or urban development boundaries may
lead to fragmentation of URF habitats across these boundaries, we expanded to include
Qingpu District and its five surrounding districts: Jiading, Jinshan, Minhang, Songjiang of
Shanghai City, and Kunshan of Suzhou City (Figure 1a). Qingpu District covers an area
of 668.49 km2, with an urbanization rate of 74.45% and a population of approximately
1.27 million. Since 2019, the launch of territorial planning for the Ecological Green Inte-
gration Demonstration Zone and Qinpu’s ”Three Zones and Three Lines” has triggered
conflicts between ecological protection and urban expansion.
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Figure 1. Overview of the study area: (a) the land use/land cover (LULC) map in 2020 and the loca-
tion of Qingpu District and its surrounding five districts; and (b) the comparison of habitat features 
in the LULC maps originated from four datasets. 

2.2. Data Source 
This study utilized multiple datasets from 2020, employing the ESA WorldCover 

data (https://esa-worldcover.org/en, accessed on 17 March 2023) with 10 m resolution as a 
base map. We compared this dataset with three other widely used land use/land cover 
(LULC) datasets (Figure 1b): CAS LUCC30 (http://www.resdc.cn/data.aspx?DA-
TAID=335, accessed on 26 March 2023), ESRI land cover (https://viewer.esa-world-
cover.org/worldcover, accessed on 27 March 2023), and FROM-GLC10 
(http://data.ess.tsinghua.edu.cn/from glc10_2017v01.html, accessed on 1 April 2023). Un-
like ESA WorldCover, these datasets failed to accurately depict the fragmented farmlands 
and forests, critical habitats within Qingpu’s URF. Moreover, to enhance the base map, 
several datasets were incorporated including pond, wetland, and dry land data from the 
CAS LUCC30 (http://www.resdc.cn/data.aspx?DATAID=335, accessed on 26 March 2023), 
river data from Amap (https://ditu.amap.com/, accessed on 30 March 2023), road and con-
struction land data from Open Street Map (https://www.openstreetmap.org/, accessed on 
9 April 2023), and forest data from the 2021–2035 territorial planning for the Ecological 
Green Integration Demonstration Zone 
(https://zrzyt.zj.gov.cn/art/2023/2/21/art_1289955_59014874.html, accessed on 11 April 
2023). The revised LULC map was categorized into 11 classes (Figure 1a), including forest, 
bush, grass, paddy field, dry land, lake, river, pond, wetland, construction land, and bare 
land. 

Figure 1. Overview of the study area: (a) the land use/land cover (LULC) map in 2020 and the
location of Qingpu District and its surrounding five districts; and (b) the comparison of habitat
features in the LULC maps originated from four datasets.

2.2. Data Source

This study utilized multiple datasets from 2020, employing the ESA WorldCover data
(https://esa-worldcover.org/en, accessed on 17 March 2023) with 10 m resolution as a base
map. We compared this dataset with three other widely used land use/land cover (LULC)
datasets (Figure 1b): CAS LUCC30 (http://www.resdc.cn/data.aspx?DATAID=335, ac-
cessed on 26 March 2023), ESRI land cover (https://viewer.esa-worldcover.org/worldcover,
accessed on 27 March 2023), and FROM-GLC10 (http://data.ess.tsinghua.edu.cn/fromglc1
0_2017v01.html, accessed on 1 April 2023). Unlike ESA WorldCover, these datasets failed
to accurately depict the fragmented farmlands and forests, critical habitats within Qingpu’s
URF. Moreover, to enhance the base map, several datasets were incorporated including
pond, wetland, and dry land data from the CAS LUCC30 (http://www.resdc.cn/data.aspx?
DATAID=335, accessed on 26 March 2023), river data from Amap (https://ditu.amap.com/,
accessed on 30 March 2023), road and construction land data from Open Street Map
(https://www.openstreetmap.org/, accessed on 9 April 2023), and forest data from the
2021–2035 territorial planning for the Ecological Green Integration Demonstration Zone
(https://zrzyt.zj.gov.cn/art/2023/2/21/art_1289955_59014874.html, accessed on 11 April
2023). The revised LULC map was categorized into 11 classes (Figure 1a), including forest,
bush, grass, paddy field, dry land, lake, river, pond, wetland, construction land, and bare
land.
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https://www.openstreetmap.org/
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Furthermore, we utilized NPP/VIIRS night-time light data provided by the Earth
Observation Group (https://eogdata.mines.edu/products/vnl/, accessed on 16 May 2023)
with an original resolution of 500 m, enhanced to 100 m through bilinear interpolation
resampling, and a 3 m resolution Normalized Difference Vegetation Index (NDVI), Digital
Elevation Model (DEM), and slope data supplied by the Institute of Mountain Hazards
and Environment, Chinese Academy of Sciences (http://english.imde.cas.cn/, accessed
on 24 March 2023). Leveraging Python web scraping, location data for 2802 polluting
factories were extracted from the Baidu Map API (http://lbsyun.baidu.com/, accessed on
12 April 2023). The dataset encompasses 18 types of factories, such as textile, material, steel,
electromechanical, machinery, mold, dyeing and printing, and chemical, among others.

3. Methods

Our methodological framework encompasses four phases, as illustrated in Figure 2.
Initially, we delineated the urban–rural fringe (URF) using k-means clustering of night-time
light data. Subsequently, we identified both high-value habitats within six districts and URF
habitats of significant ecological value in Qingpu district, employing the InVEST model
and MSPA alongside metrics such as Integrated Habitat Value (Q), Patch Importance Index
(dPC), and Betweenness Centrality Index (BC). In the third step, we created a resistance
surface incorporating eight types of resistance factors, refined further with night-time light
brightness data to accurately capture the heterogeneity of the URF. Finally, the initial and
optimized ecological networks (ENs) were formed using the circuit theory model and their
performance was accessed by evaluating network connectivity and the cost ratio.
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3.1. Delimiting the URF

The night-time light brightness index (DN) and variation index (DNFI) indicate the
intensity of human activity and correlates positively with a region’s urbanization level and
population density [43]. We extracted the DN and DNFI using the Spatial Analysis tool of
ArcGIS. The DNFI can be calculated using Equation (1):

DNFI = DNmax − DNmin, (1)

where DNFI represents the degree of change in light brightness, DNmax and DNmin, re-
spectively, represent the maximum and minimum values of night-time light brightness
within a 3 × 3-pixel adjacent area.

By delineating a rural–URF–urban profile line, we analyzed 175 sample points, cap-
turing the transitional fluctuation of brightness and variation (Appendix A, Figure A1).
This analysis revealed that rural areas exhibited low brightness and variation, urban areas
showed high brightness and low variation, while URFs displayed medium brightness and
high variation. Thus, the differentiation in night-time light characteristics proved crucial
for identifying URFs [44]. To precisely identify URFs through clustering results based on
these characteristics (Figure 3), we employed k-means clustering to maximize intra-group
similarity and minimize inter-group differences [45,46]. Consequently, this approach al-
lowed us to accurately delineate the total areas for rural, URF, and urban segments, which
were calculated as 1774.13 km2, 1333.59 km2, and 527.09 km2, constituting 48.81%, 36.69%,
and 14.50% of the study area, respectively (Appendix A, Table A1).

3.2. Identifying Ecological Sources
3.2.1. Identification of High-Value Habitats in Six Districts

(1) Habitat Quality Assessment Using the InVEST Model

Our study used the Habitat Quality module of the InVEST model to assess habitat
quality, which indicates an ecosystem’s ability to support organism survival and biodiver-
sity [47,48]. This module establishes habitat suitability parameters for various land uses
and quantifies the impact of anthropogenic threats on habitat degradation. Roads and con-
struction land are identified as the main threat factors. According to the InVEST model user
manual [49,50], we set the parameters for these threat factors (Table 1). Higher-grade roads
have a broader and more significant impact on habitat quality, with influence distances
decreasing from 3 to 0.5 and corresponding weights from 1 to 0.3 [49]. Similarly, the impact
of industrial, residential, and other construction land varies, reflected in the decreasing
influence distances and weights.

Table 1. Threat factors’ parameter table.

Threat Factors Influence
Distances/km Weights Decay

Road
Expressway 3 1 Linear
Main road 1 0.7 Linear

Secondary main road 0.5 0.3 Linear

Construction
land

Industrial land 10 0.8 Exponential
Residential land 5 0.6 Exponential

Other construction land 3 0.5 Exponential

We adjusted suitability values and sensitivity to threat factors (Table 2), scaled from 0
to 1, to reflect each LULC type’s ecological contribution, based on findings from existing
research [51,52]. For paddy fields, a primary habitat type for species in the study region,
we set higher habitat suitability at 0.6 and greater sensitivity to expressway and main roads
compared to dry land. The assessment results were classified into five levels using the
natural breaks method, with the top two levels designated as MSPA foreground [53–55].
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Table 2. Habitat suitability and its sensitivity to threat factors.

Land Use/Land Cover
Habitat

Suitability

Threat Factors

Road Construction Land

Expressway Main
Road

Secondary
Main Road

Industrial
Land

Residential
Land

Other
Construction

Land

Forest 1 0.5 0.3 0.1 1 0.2 0.2
Bush 0.7 0.6 0.5 0.3 1 0.2 0.2
Grass 0.5 0.8 0.7 0.5 1 0.2 0.2

Paddy field 0.6 0.6 0.5 0.1 1 0.2 0.1
Dry land 0.3 0.3 0.2 0.1 1 0.2 0.1

River 0.8 0.5 0.3 0.2 0.9 0.5 0.3
Lake 1 0.4 0.3 0.2 0.9 0.5 0.3
Pond 0.7 0.4 0.3 0.2 0.8 0.5 0.3

Wetland 0.9 0.6 0.4 0.3 0.9 0.5 0.3
Other Construction land 0 0 0 0 0 0 0

Bare land 0.1 0 0 0 0.3 0 0
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(2) Core Areas Extraction Using MSPA

MSPA, based on mathematical morphology principles, is a method for measuring and
segmenting image spatial patterns [56,57], capable of identifying seven non-overlapping
landscape types at the pixel level, namely core, islet, perforation, edge, bridge, loop, and
branch, among which core areas are a key indicator for identifying ecological sources [58].

In MSPA analysis, core areas’ size and number are significantly influenced by the
selection of edge width [59]. Thus, we analyzed the impact of different edge widths on
landscape segmentation. A 20 m edge width revealed extensive core area distribution
but lacked landscape type diversity, while a 60 m edge width fragmented the habitat
excessively. A balance was achieved with a 40 m edge width, enabling an optimal represen-
tation of landscape types and ensuring connectivity, which met this study’s requirements
(Appendix A, Figure A2).

This study established a 1.5 hm2 minimum area threshold for core areas after analyzing
how increasing thresholds affected the number of core patches. Beyond this threshold,
reductions in patch numbers became marginal. Patches under 1.5 hm2 constituted only
4.02% of total core area, justifying their exclusion to avoid fragmented patches.

(3) High-Value Habitat Identification through Patch Connectivity Analysis

Finally, core areas were assessed using the Patch Importance Index, specifically the
Potential Connectivity Index (PC) and the Patch Importance Index (dPC), to identify high-
value habitats. These indices measure a habitat’s contribution to ecosystem connectivity and
integrity [60–62]. Based on relevant research [24,63], we set an interconnection threshold
of 2500 m and a connectivity probability of 0.5. For patches with dPC values below 4,
reductions in patch numbers are marginal. Consequently, core patches with dPC values
over 4, which constitute only 1.16% of the total core area, were classified as high-value
habitats due to their scarcity.

PC =
∑n

i=1 ∑n
j=1 aiaj p*

ij

A2
L

, (2)

dPC(%) =
PC − PC′

PC
× 100, (3)

In the formulas, n represents the total number of patches within the study area; ai and
aj, respectively, denote the areas of patch i and patch j; AL is the total area of the study
patches; p*

ij is the maximum connectivity probability between patch i and patch j; PC is the
Potential Connectivity Index of the entire ecological network; and PC′ is the index value
after the removal of that patch.

3.2.2. Identification of High-Value URF Habitats in Qingpu District

(1) Core Areas Extraction Using MSPA

In the URF, farmlands, ponds, and scattered woodlands play a crucial role in bio-
diversity and ecosystem services provision [11,64]. However, the high- and moderately
high-quality habitats identified by the InVEST model within the URF are primarily rivers
and woodlands, with farmlands largely overlooked. To address this oversight, we in-
corporated Dong’s evaluation of Qingpu’s farmland quality, which considers ecological,
production, and recreational functions [65], into the MSPA foreground.

Given the influence of edge width on core area extraction, as discussed in Section 3.2.1,
we assessed MSPA results under various edge widths (Appendix A, Figure A3). With
a 30 m edge width, rivers primarily functioned as bridge areas, enhancing connectivity
between URF habitats. Core area patches in the highly urbanized eastern and northern
regions showed minimal fragmentation and maintained favorable shapes. Additionally,
we established a minimum area threshold of 0.4 hm2 for core area patches. Beyond this
threshold, the reduction in the number of core patches stabilized, with patches smaller than
0.4 hm2 contributing only 1.23% to the total core area.
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(2) High-Value URF Habitats Identification Based on a Comprehensive Evaluation System

To shelter high-value URF habitats from the core areas, we established a comprehen-
sive evaluation system. This system integrates key metrics such as Integrated Habitat Value
(Q), Patch Importance Index (dPC), and Betweenness Centrality Index (BC), reflecting the
dual principal functions of URF habitats.

The integrated habitat value (Q) (Appendix A, Figure A4d) for each patch was eval-
uated using three factors: ecosystem service value (Q1), NDVI (Q2), and habitat quality
(Q3). Q was obtained via a grid product operation, with Q1 as the base and Q2 and Q3 as
coefficients [24]. The Q can be calculated using Equation (4):

Q = Q1 × Q2 × Q3, (4)

Q1 quantifies the annual average value of various ecosystem services per unit area [66].
Our study calculated biodiversity support services provided by different LULC types using
the standard equivalence factors defined by Xie et al. (2015) [67] (Appendix A, Table A2,
Figure A4a). Q2, scaled from 0 to 1, evaluates vegetation dynamics including cover, growth,
biomass, and net primary productivity, serving as a key indicator for analyzing habitat
quality (Figure A4b) [68]. Q3, derived from the InVEST model, assesses habitat quality
by considering biodiversity threat factors. This value also ranges from 0 to 1, with higher
scores indicating better habitat quality (Figure A4c).

The dPC was utilized to assess the significance of patches to the EN connectivity,
while the BC quantifies the role of a specific patch in acting as a stepping stone for the
movement of species between neighboring patches [42,62–64]. The BC can be calculated
using Equation (5):

BC(k) = ∑i ∑j
p(i, k, j)
p(i, j)

(i ̸= k ̸= j), (5)

where i and j represent any two different patches in the network; p(i, j) is the total number
of shortest paths between patch i and patch j; and p(i, k, j) represents the number of the
shortest paths between patch i and patch j that pass-through patch k.

Using the natural breaks method, Q, dPC, and BC results were categorized into five
levels: low, moderately low, medium, moderately high, and high, with scores ranging from
1 to 5, respectively (Appendix A, Figure A5a–c). These scores for Q, dPC, and BC were then
equally weighted and summed to calculate the cumulative score for identifying high-value
URF habitats.

Given the complexity of URF habitats fulfilling both biodiversity maintenance and
network connectivity enhancement functions, habitats exhibiting either function were
deemed essential for ecological conservation. Thus, the criteria for selecting high-value
URF habitats were delineated as follows:

1⃝ Patches must be over 20 hm2 to qualify as high-quality habitats, necessary for local
species populations [69,70], and should exhibit high or moderately high Q values;

2⃝ Patches that significantly enhance connectivity should display high dPC or BC
values;

3⃝ Patches functioning as stepping stones should not surpass 20 hm2 and must exhibit
high or moderately high BC. According to relevant research [13,71], the sizes of stepping
stones range from 5 to 20 hm2.

Additionally, patches with cumulative scores above 10 were designated as important
ecological sources, while those with lower scores were classified as general (Appendix A,
Figure A5d). The score of 10 was chosen to balance the proportion of important ecological
sources with general ones, as high-value URF habitat scores range from 7 to 15.

3.3. Designing the Resistance Surface

This study selected resistance factors based on the dual influences of natural environ-
ments and human activities (Table 3), tailored to the characteristics of highly urbanized
areas, particularly URF areas. For natural environments, factors included LULC, MSPA
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landscape types, NDVI, distance to water bodies, slope, and elevation [27,72]. Specifically,
MSPA landscape types were incorporated to refine connectivity assessments: core areas and
bridge areas were allocated minimal resistance values of 5 and 10 to aid species migration,
while isolated landscape types such as loops, branches, and edges were assigned values up
to 100 [34,35].

Table 3. Evaluation system of the resistance surface.

Resistance Factors Classification Resistance
Values Weights

Land Use/Land Cover

Forest 1

0.25

Wetland 1
River 10
Lake 10
Pond 20
Bush 40
Grass 50

Paddy field 50
Dry land 70
Bare land 90

Construction
land 100

MSPA landscape types

Core 5

0.15

Bridge 10
Loop 20

Branch 30
Islet 50
Edge 60

Perforation 70

Normalized Difference
Vegetation Index

>0.7 1

0.10
0.5–0.7 20
0.3–0.5 60
0.1–0.3 80

<0.1 100

Distances to water

0–50 m 1

0.10
50–300 m 30
300–500 m 60

>500 m 100

Slope

<8◦ 1

0.05
8–15◦ 25
15–20 50
25–35◦ 75
>35◦ 100

Elevation

0–20 m 1

0.05
20–40 m 20
40–60 m 30
60–80 m 40
>80 m 50

Distances to
expressways

>2000 m 1

0.10

1600–2000 m 20
1200–1600 m 40
800–1200 m 60
400–800 m 80

0–400 m 100
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Table 3. Cont.

Resistance Factors Classification Resistance
Values Weights

Distances to
main roads

>1000 m 1
800–1000 m 20
600–800 m 40
400–600 m 60
200–400 m 80

0–200 m 100

Distances to
secondary main roads

>400 m 1
300–400 m 25
200–300 m 50
100–200 m 75

0–100 m 100

Distances to
industrial pollution

>1500 m 1

0.10
1000–1500 m 25
500–1000 m 50
100–500 m 75

<100 m 100

To address anthropogenic impacts on habitat quality, resistance factors included the
distance to graded roads and proximity to industrial pollution. Using Python, data on
polluting factories within the study area were processed to determine resistance values
based on proximity to these sources [73].

Furthermore, night-time light brightness, representing the intensity of human activities
were utilized to calibrate the resistance surface R0 generated by weighting the sum of the
eight resistance factors.

R* =
TLIi
TLIn

× R0, (6)

Formula: R∗ represents the calibrated resistance value; TLIi denotes the night-time
light brightness DN value of grid i; TLIn is the average night-time light brightness DN
value of land use type n; and R0 is the resistance value calculated using the resistance
surface evaluation system.

3.4. Constructing and Evaluating ENs

Circuit theory has been widely applied in recent years to simulate the movement
patterns of species dispersion [74]. The principle involves treating the grid as a conductive
surface, and by inputting ecological sources and resistance surfaces, simulating cumu-
lative electrical current values to represent the probability of species dispersing along a
specific path. This study utilized the circuit model to generate ecological corridors, thereby
constructing an EN.

Furthermore, we adopted indices including the network closure index (α), line–node
ratio index (β), network connectivity index (γ), and cost ratio index (CR) (Table 4) to
evaluate the initial and optimized ENs [17,75]. Comparing these indices between the
two ENs allows us to discern the impact of URF habitats on the cost-effectiveness of
ENs [54,76]. Here, L represents the number of corridors, V the number of sources, and C
the length of the corridors within the EN [77].
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Table 4. Evaluation indices for ecological networks.

Indexes Formulas Meanings

α α = L−V+1
2V−5

The α index calculates the ratio of the actual number of
loops to the maximum possible number of loops within the
EN, characterizing the degree to which loops are present for
species dispersal.

β β = L
V

The β index calculates the ratio of the number of corridors
to the number of source locations in the EN, measuring the
network’s connectivity.

γ γ = L
3(V−2)

The γ index calculates the ratio of the number of corridors
to the maximum possible number of corridors within the
EN, assessing the connectivity of source locations.

CR CR = 1 − L
C

The CR index describes the cost of corridor construction
within the EN.

4. Results
4.1. Results of EN Construction
4.1.1. The Initial EN

Employing the standard method, we identified the initial EN, comprising 14 high-
value ecological sources across the study area of six districts (Figure 4a), with sizes ranging
from 297.51 to 8276.39 hm2 (Appendix A, Table A3). In Qingpu District, ecological sources
covered a total of 8427.76 hm2, representing 27.40% of the district’s total area. The main
land use types within these sources are lakes (9694.64 hm2, 61.22%), rivers (2362.15 hm2,
14.92%), ponds (1916.94 hm2, 12.10%), and forests (1854.75 hm2, 11.71%), primarily located
in the western and central-southern rural areas (Appendix A, Table A3). Notably, no
habitats within the URF were classified as high value. Additionally, 18 rural corridors were
identified, with 15 located in the western rural areas. Only three corridors, A-H, H-J, and
H-L, cross the URF.

4.1.2. The Optimized EN

In addition to the initial EN, this study has developed an optimized method for
integrating high-value URF habitats into EN planning. Within the Qingpu’ URF, our
integrated habitat value assessment identified 22 high-value sources and subsequently
ranked their importance (Figure 4c). We classified 9 sources as important (40.91%) and
13 sources as general (59.09%), as outlined in Table 5. Among these 22 sources, 8, including
Sources 1, 2, 7, 11, 17, 18, 19, and 22, are characterized as high-quality habitats with
an average size of 83.07 hm2. Furthermore, eight sources (4, 6, 10, 12, 13, 14, 16, and
21), categorized as having high or moderately high BC value, serve as critical stepping
stones with sizes ranging from 0.67 hm2 to 16.87 hm2 (Table 5; Figure 4c). Notably, the
majority of these stepping stones are situated in the highly urbanized areas of northeast
Qingpu, facilitating connectivity between rural sources and high-quality URF habitats in
the northern and central regions of Qingpu.

Including both rural and URF sources, the optimized EN (Figure 4b) introduced
50 new corridors to the original 18, which includes 7 rural–urban corridors and 43 urban
corridors. These corridors, with lengths ranging from 0.11 to 23.67 km and totaling 278.76 km,
extend from the rural southwest to central urban areas, forming multiple closed-loop paths
around Qingpu New Town (Figure 4c).
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Table 5. Comprehensive evaluation and importance grading of the URF sources in Qingpu District.

Source
Types

Source
Numbers

Area
(hm2) Q dPC (%) BC Q Scores dPC

Scores
BC

Scores
Summed

Scores

Important
sources

1 131.27 1.56 8.02 0.037 5 5 5 15
2 66.04 1.06 4.69 0.022 4 5 4 13
3 669.97 0.63 7.00 0.026 2 5 4 11
4 16.87 0.52 3.62 0.031 2 5 4 11
5 101.90 0.96 2.59 0.022 3 4 4 11
6 4.43 1.07 0.00 0.035 4 1 5 10
7 28.39 1.17 0.82 0.012 4 3 3 10
8 144.89 0.65 2.06 0.023 2 4 4 10
9 492.43 0.42 4.65 0.014 2 5 3 10

General
sources

10 13.67 0.99 0.02 0.038 3 1 5 9
11 21.47 1.59 0.37 0.001 5 3 1 9
12 0.67 0.57 0.00 0.040 2 1 5 8
13 1.49 0.56 0.03 0.055 2 1 5 8
14 9.50 0.64 0.03 0.056 2 1 5 8
15 132.59 0.53 0.06 0.041 2 1 5 8
16 1.98 0.37 0.02 0.038 2 1 5 8
17 40.85 1.17 0.01 0.015 4 1 3 8
18 32.87 2.30 0.13 0.001 5 2 1 8
19 76.55 1.40 0.02 0.000 5 1 1 7
20 65.98 0.11 0.06 0.050 1 1 5 7
21 5.49 0.20 0.03 0.056 1 1 5 7
22 267.15 1.06 0.08 0.002 4 1 1 6

4.2. Evaluation of the Cost-Effectiveness of ENs

The structural changes in the initial and optimized ENs in six districts are detailed
in Table 6. The α and β indices of the optimized EN increased by 127.18% and 47.00%,
respectively, compared to the initial EN. This indicates more closed-loop paths have been
formed between urban and rural areas, resulting in a more intricate network structure.
Additionally, the γ index increased from 0.500 to 0.667, signifying enhanced connectivity
between ecological sources. The CR index also showed a slight reduction from 0.826 to
0.756, reflecting a lower construction cost per corridor.

Table 6. Comparison of the initial and optimized ecological network indices.

Indicator Initial EN Optimized EN Change Value

L 18 68 +50
V 14 36 +22
C 80.62 278.76 +198.14
α 0.217 0.493 +0.276
β 1.285 1.889 +0.604
γ 0.500 0.667 +0.167

CR 0.826 0.756 −0.070

5. Discussion
5.1. A Tailored Method for Identifying High-Value UFR Habitats

URF habitats are crucial for sustaining biodiversity and enhancing connectivity across
urban–rural gradients. However, urban expansion fragments these habitats, disrupts
ecological processes, isolates corridors [7,9,78], and increases risks of phenomena such as
urban heat islands and biodiversity loss [41]. These issues highlight the need for strategic
EN planning to mitigate urban expansion impacts and preserve URF habitat functions [10].
Despite their importance, current research often focuses on large-scale rural habitats in
rural settings [40,79], overlooking the unique challenges of identifying and evaluating URF
habitats [4,11].
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Only a few studies have discussed the ecological importance of URF habitats and
approaches for their identification, such as the cases in Xiamen city [41], Licheng District
in Jinan city [69], and Minhang District in Shanghai [29]. However, these studies have
limitations, including ignoring URF habitats’ integrity, neglecting small but high-value
habitats, and overlooking their function as stepping stones. These findings underscore the
need for a more nuanced approach to URF habitat evaluation that considers both size and
functional importance. In response to these challenges, our study developed a tailored
method for ensuring the integrity of and assessing high-value URF habitats, thereby making
a substantial contribution to EN research.

Accurate delineation of URF boundaries is essential for maintaining the integrity
of URF habitats. Traditional methods commonly use criteria such as the proportion of
construction land [41] or buffer zones of certain widths [69] to define URFs. However, these
methods often overlook the dynamic nature, mixed habitat composition, and land use
heterogeneity of URFs, disregarding their actual patterns. In contrast, night-time light data
effectively represent urbanization intensity and land use patterns [78,80,81]. Our study
demonstrated that differentiating night-time light characteristics, specifically medium
brightness and high variation, is crucial for identifying URFs, as evident in Figure A1 in
Appendix A. Using k-means clustering, we accurately delineated rural, URF, and urban
segments, ensuring a comprehensive and precise identification process.

To further address these challenges, our study introduced an integrated habitat value
index (Q) that evaluates URF habitat quality through ecological potential, vegetation cover-
age, and human disturbance intensity. Enhanced by integrating Betweenness Centrality
(BC) [42,82,83] with the Patch Importance Index (dPC), our approach improves connectivity
analysis and identifies critical habitats serving as stepping stones. This comprehensive
framework addresses previous study limitations by accommodating land use heterogeneity
and the specific ecological roles of URF habitats.

5.2. URF Habitat Protection through Coordinated EN Construction and Territorial Planning

URF habitats, often overlooked due to their abundance and fragmented nature, face
significant challenges in territorial protection [84,85]. However, the European Union’s inte-
gration of High Nature Value farmland conservation into its rural development assessment
framework has effectively protected High Nature Value farmlands and adjacent vegetation
within URFs [12,86]. Drawing inspiration from such international practices, this study
evaluated the effectiveness of China’s “Three Zones and Three Lines” territorial planning
in protecting URF habitats in Qingpu District. Alarmingly, only 21.82% of identified high-
value URF habitats are covered by the ecological and permanent basic farmland protection
red lines (Figure 5), highlighting a major gap in the legal safeguarding of URF habitats.

The analysis of future urban land use plans within urban development boundaries
indicates a significant trend towards converting URF habitats into construction land.
Specifically, 12 URF sources, constituting 56.78% of the total, which cover an area of
277.90 hm2, are slated for conversion (Figure 6b, marked in hatch brown). This conversion
predominantly occurs in Zhujiajiao Town and Zhaoxiang Town, identifying these locations
as high-risk areas for habitat loss (Figure 6a). Such conversion threatens the integrity of
associated corridors, with 37.21% of urban and 28.57% of urban–rural corridors at high risk
of interruption (Figure 7a). The disruption will significantly disrupt ecological connectivity
between the northern and central regions of Qingpu.

Notably, in Zhujiajiao Town, over half of the area of the critical habitats, such as sources
1, 2, 7, and 11, which consist of forests and paddy fields vital for local species, are slated
for urban development (Figure 6b). This jeopardizes critical urban corridors like 1–4, 1–7,
1–18, 2–5, 2–9, and 2–11 and significantly affects urban–rural corridors like 2-D and 11-D.
In Zhaoxiang Town, the near-total conversion of the stepping stone source 6 will disrupt
five urban corridors: 6–14, 6–15, 6–16, 6–17, and 6–21 (Figure 7b). Proactive measures are
necessary to mitigate these impacts. Restoring source 6 and its five connected corridors,
protecting sources 1 and 7 across development boundaries, and preserving sources 2 and 11
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adjacent to the high-quality source D are essential steps to sustain urban–rural connectivity
and maintain ecological stability.
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Figure 7. Impact of the urban development boundary on URF corridors: (a) high-risk areas for URF
corridor protection and (b) corridors in Zhujiajiao and Zhaoxiang towns at risk of disruption. In this
figure, A–N represent ecological sources across the study area of six districts, and 1–22 represent
ecological sources in the urban-rural fringe.

5.3. Limitations and Future Research Directions

This study encountered several limitations regarding the selection of indicators for
identifying high-value URF habitats, integrating URF habitat protection into statutory
planning, and targeting focal species in EN construction.
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(1) Indicator Selection

Our analysis primarily utilized habitat area, quality, and connectivity to identify high-
value URF habitats. However, future research should expand these criteria to include patch
shape complexity [87], dispersal capabilities of focal species [13,88], and the quality of
adjacent habitats, such as natural vegetation coverage and land use intensity [84]. These
expanded indicators are essential for a more comprehensive evaluation of URF habitat’s
integrity and ecological value;

(2) Integration into Territorial Planning

To effectively integrate URF habitat protection into China’s territorial planning, con-
ducting robustness analyses is recommended. These analyses are crucial for assessing the
impacts of URF habitat removal on the stability of ENs and provide a clear visualization
of the consequences of habitat encroachment, highlighting areas for urgent policy inter-
vention and management [82,89]. Furthermore, effective integration should also focus on
enhancing the connections between high-value URF habitats and the broader network of
high-value rural and urban habitats [11]. Future research should identify strategic locations
within the URF that could be transformed into ecological sources, significantly enhancing
the connectivity of the overall network and optimizing the regional ecological protection
pattern, thus facilitating a seamless integration of urban and rural environments [41,90,91].

(3) Species-Specific Focus

The general approach of our study led to broad threshold settings due to a lack of
species-specific focus. Concentrating on particular species would enable a more precise
analysis of LULC-based habitat quality assessment [42,83] and allow for consideration
of species-specific permeability when setting resistance values. This focus will align con-
servation efforts more closely with ecological needs, resulting in more effective habitat
management.

6. Conclusions

Aiming to protect URF habitats in the face of rapid urbanization, this study aimed to
integrate ecologically valuable URF habitats into EN construction and territorial planning
for coordinated protection. Employing Shanghai’s Qingpu District as a case study, we
devised a methodology to identify high-value URF habitats and connect them with large-
scale, high-quality habitats in rural settings within an EN, thereby enhancing species
movement across urban and rural environments. Our findings reveal that:

(1) The initial EN recognized only 14 sources and 18 corridors predominantly in
rural areas, with no URF habitats classified as high value. Overlooking the ecological
contributions of URF habitats has led to a lack of ecological sources and corridors in the
highly urbanized northeastern areas, significantly limiting species dispersal between urban
and rural areas;

(2) Our optimized approach highlighted the unique characteristics and ecological
value of URF habitats. We identified 22 URF sources and added 50 new urban and urban–
rural corridors, extending from the southwestern rural areas to the central urban regions.
This expansion created multiple closed-loop paths around Qingpu New Town, effectively
facilitating species dispersal and reconnecting disrupted ecological processes;

(3) The optimized EN demonstrated increased cost-effectiveness, significantly improv-
ing connectivity indices (α by 127.18%, β by 47.00%, and γ by 33.4%) while decreasing
construction costs (CR index by 0.07). These results highlight that integrating URF habitats
into the ecological conservation framework enhanced connectivity at a reduced cost;

(4) The existing “Three Zones and Three Lines” policy has failed to safeguard URF
habitats, endangering 56.78% of high-quality habitats and crucial stepping stones. This
failure threatens 37.21% of urban and 28.57% of urban–rural corridors, disrupting ecological
connectivity between northern and central Qingpu. Proactive measures are necessary to
restore source 1, 2, 6, 7, and 11 and their connected 13 corridors to sustain urban–rural
connectivity.
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In conclusion, this study highlights the significance of URF habitats within ENs and
advances EN construction methodologies. It delivers empirical support and offers policy
recommendations for safeguarding these habitats under Qingpu District’s territorial plan-
ning framework, serving as a pertinent model for regions undergoing similar urbanization.
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Figure A1. Transitional fluctuation of night-time light brightness and variation in a profile across
rural, urban–rural fringe, and urban areas.

Table A1. Clustering results of night-time light indices across rural, urban–rural fringe, and urban areas.

Clustering Results Urban Urban–Rural Fringe Rural

Cluster center of DN 39.01 21.30 5.75
Max DN 158.84 35.94 17.47
Min DN 13.37 4.80 0

Cluster center of DNFI 15.12 22.82 5.64
Max DNFI 56.87 119.12 24.56
Min DNFI 2.27 3.80 0

Number of Samples 53,049 132,931 177,501

Area (km2) 527.09 1333.59 1774.13

Percentage 14.50% 36.69% 48.81%
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Table A2. Biodiversity support service value per unit area for each Land Use/Land Cover.

Land Use/Land Cover Equivalent Value per Unit Area/1012 Yuan

Forest 2.60
Bush 1.57
Grass 1.27

Paddy field 0.21
Dry land 0.13

Lake 2.55
River 2.55
Pond 2.00

Wetland 7.87
Construction Land 0

Bare Land 0.02

Table A3. Land Use/Land Cover areas and percentages of 14 high-value habitats in six districts.

Source
Total Area

(hm2)

Area and Percentages of Each LULC (hm2)

Lake Pond River Bush Wetland Forest

A 8276.39 7125.07
(86.09%)

927.82
(11.21%)

87.64
(1.06%)

0.85
(0.01%)

2.04
(0.02%)

133.09
(1.61%)

B 956.46 172.67
(18.05%)

340.71
(35.62%)

2.8
(0.29%)

440.27
(46.03%)

C 306.84 163.43
(53.26%)

0.21
(0.07%)

143.2
(46.67%)

D 1022.20 84.77
(8.29%)

118.8
(11.62%)

116.1
(11.36%)

1.04
(0.1%)

0.22
(0.02%)

701.27
(68.6%)

E 353.68 214.78
(60.73%)

0.04
(0.01%)

0.2
(0.06%)

138.66
(39.2%)

F 353.01 292.63
(82.9%)

60.38
(17.1%)

G 676.46 651.01
(96.24%)

25.45
(3.76%)

H 425.39 179.87
(42.28%)

243.12
(57.15%)

2.4
(0.56%)

I 230.87 155.5
(67.35%)

75.37
(32.65%)

J 1556.10 1509.61
(97.01%)

36.24
(2.33%)

1.39
(0.09%)

0.09
(0.01%)

8.77
(0.56%)

K 580.87 223.95
(38.55%)

148.25
(25.52%)

83.47
(14.37%)

125.2
(21.55%)

L 183.30 94.77
(51.34%)

85.32
(46.22%)

4.5
(2.44%)

M 613.14 407.29
(66.15%)

199.64
(32.42%)

7.87
(1.28%)

0.23
(0.04%)

0.69
(0.11%)

N 297.51 249.18
(83.76%)

48.33
(16.24%)
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