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Abstract

Under the long-term effect of mineral resource exploitation, especially open-pit mining,
ecosystems are severely disturbed. Constructing and optimizing urban ecological net-
works influenced by open-pit mines based on mine—city coordination helps integrate eco-
logical restoration and the construction of urban ecological environments. We applied an
INVEST model to Fushun City to evaluate urban ecosystem services under the influence
of large open-pit mines. Twenty-one key patches important for maintaining landscape
connectivity were screened as the ecological sources in the network, from which ecologi-
cal resistance surfaces were constructed by combining the impacts of mines on the envi-
ronment. Minimum cumulative resistance (MCR) and gravity models were then used to
extract and classify ecological corridors favorable to species migration and diffusion.
Fushun City had large spatial differences in ecosystem service functions, with high-value
areas concentrated in the forest-rich Dongzhou District and the northern Shuncheng Dis-
trict. Under the influence of open-pit mining, the ecosystem service capacity of the region
south of the Hunhe River was poor and lacked ecological sources. Urban ecological resis-
tance surfaces reached a maximum in the open-pit mining area, and 210 ecological corri-
dors were estimated using the MCR model, of which 46 were important. Only two
corridors crossed the West and East open pit, forming two “ecological fracture surfaces.”
The Dongzhou and eastern Shuncheng districts had complex network structures and sta-
ble ecological environments. In contrast, the central and southern parts of Fushun City
lacked ecological corridors owing to the influence of mining pits and gangue mountains,
had simple network structures, and low connectivities with other sources. Combined with
Fushun City’s development plan, we propose that ecological network optimization should
add new ecological source sites, reconstruct and repair ecological corridors, and upgrade
ecological breakpoints. This study provides reference and basis for ecological network
research in mining cities influenced by open-pit mines.
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Introduction

Although mineral resources have contributed notable to China’s economic and regional develop-
ment, they have also harmed the ecological security of the region [1,2]. During mining, particu-
larly open-pit mining, vegetation, topsoil, and rock removal occupy and destroy land resources,
thereby rapidly aggravating the fragmentation degree of the mining landscape [3-5], reducing
regional habitat patch areas [6,7], and destroying the integrity of the mining ecosystem’s health
and its normal ecological processes [8], as well as negatively affecting the ecological processes of
whole cities. Large pits, gangue hills, and geological disasters that occur during long-term open-
pit coal mining have hindered or even blocked ecological flow and material circulation in cities
[9], which leads to increasingly prominent ecological safety problems in cities [10].

Transforming and developing coal-resource-exhausted cities, as well as constructing eco-
logical civilizations, have higher implications for protecting the ecological environment in
mining cities. The ecological restoration of a mine can play a role in governing the mine struc-
ture, improving the soil quality, restoring vegetation, and restoring/rebuilding the ecosystem
in the mining area [11]. However, after treating a single mining area, the focus should not only
be on its internal landscape effect and ecological functions, but also the relationships between
restoring the mine ecology and constructing and developing the ecological environment of
mining cities to provide ecological security for such cities. The ecological network is a system
that organically connects regional ecological resource patches and ecologically weak areas
through linear spatial corridors [12] that allow broken ecological patches to connect and form
a stable network structure. This structure has positive effects on optimizing landscape patterns
and energy flow exchanges [13]. Thus, constructing and optimizing ecological networks are
considered to be powerful measures for solving urban ecological environmental problems and
ensuring ecological security [14].

Previous studies grounded in landscape ecology theory have investigated the ecological
environment at various scales, thereby forming the fundamental research paradigm of ecologi-
cal networks: ecological source-ecological resistance surfaces—ecological corridors [7,15]. To
identify ecological source sites, previous studies have used the attributes of the patches them-
selves (e.g., nature reserves, large forested areas, and grasslands) [16-19] or have selected eco-
logical indicators, such as ecosystem service capacity [20,21] and ecological sensitivity [22,23]
or vulnerability [24]. However, these methods do not adequately consider the connectivity
between the patches. Combining ecosystem services with landscape connectivity can improve
source site selection [25-27]. To construct resistance surfaces, previous studies have consid-
ered natural conditions and the ecological environment (e.g., slope, elevation, vegetation
cover, and land use patterns) [18,28]. In addition, some researchers have considered urbaniza-
tion and human activity, both of which put stress on the ecological environment (e.g., popula-
tion density[29] and the amount of nighttime light [6,30]), when modifying ecological
resistance surfaces to increase the accuracies of the simulated spatial distributions of ecological
corridors [31]. However, in the past, the hotspots of ecological network research mainly
included urban areas [21,32], arid or semi-arid areas [33,34], agricultural and pastoral inter-
twined zones [17,35], and other areas with significant ecological characteristics. In contrast,
few studies have been conducted on resource cities with a high degree of industrialization and
a more serious ecological environment. Therefore, urban ecosystem development can be con-
sidered by superimposing the mine resistance surfaces [36]. The minimum cumulative resis-
tance (MCR) model can estimate the energy consumption of species migrating between
ecological sources and measure all possible species movement trends [27], which reflect the
interactions among landscape patterns and ecological processes [37].Thus, the MCR model
has been employed extensively to construct ecological corridors [38,39].
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In this study, we applied the InVEST model to the Fushun urban area to evaluate the eco-
system service capacity and determine the ecological source areas using the landscape connec-
tivity index. We then selected ecological corridor resistance factors from natural
characteristics, ecological resources, and economic and social aspects. The factor weights were
established using AHP to construct a comprehensive ecological resistance surface in Fushun
City under the influence of open-pit mining. The MCR model was then used to extract the
ecological corridors, which were classified using the gravity model. “Ecological breakpoints”
were identified at sites where the ecological corridors crossed mines, expressways, and first-
class highways. Combined with the planning of mining and mine rehabilitation in Fushun
City, the ecological network optimization strategy proposed here for Fushun City was devel-
oped to provide a scientific basis for the reconstruction and optimization of the city’s ecologi-
cal network. The method is universal and can be applied to other resource-oriented cities
affected by large open-pit mines.

Starting from the characteristics of damaged urban ecosystems, this study quantitatively
assesses the spatial differentiation characteristics of urban ecosystem service functions under
the influence of large-scale open-pit mines, and incorporates the quantified ecosystem service
functions into the identification and optimization of the ecological network, which is of great
significance as a reference for the overall protection of regional ecosystem structure under the
influence of large-scale open-pit mining and for the concrete solution of the problem of eco-
logical environment damage.

Materials and methods
Study area

Fushun is known as the “Coal Capital” and is located in northeastern Liaoning Province, border-
ing Shenyang to the west (41°14'10"-42°28"32" N, 123°39'42"-125°28 58" E). Fushun is located
in the middle temperate zone, has a temperate continental monsoon climate, and covers 11271.03
km®, with jurisdiction over four districts and three counties. The urban area is located on the allu-
vial plain of the Hun River and is surrounded by mountains on three sides. Fushun City has 34
kinds of mineral resources, including metals, non-metals, and coal, with a total of ~5.497 billion
tons and total reserves of ~4.332 billion tons. After centuries of mining, the West open-pit mine
has become the largest open-pit mine in Asia, which includes the West open-pit slope deforma-
tion area (7.03 km?), coal mining subsidence area (18.41 km?), and waste dumps (coal gangue
and other waste accumulation; 21.49 km?). Under the joint action of the East and West open-pit
mines, coal mining influence areas were formed in the urban areas of the Xinfu, Wanghua, and
Dongzhou districts of Fushun City (Fig 1). In recent years, Fushun City has conducted vigorous
mine management and ecological restoration and has used the comprehensive remediation and
integrated utilization of the West open-pit mine as a breakthrough to propel the growth of the
city. In this study, we constructed a potential ecological network for Fushun City, combined eco-
logical restoration of the mining area with urban ecological network development, and proposed
scientific recommendations for developing urban ecosystems in Fushun City.

Data sources

Remote sensing imagery of the Fushun urban area in 2022 acquired by the landsat 8 (http://
landsat.visibleearth.nasa.gov/) was used in this study, which has a resolution of 30 m x 30 m.
Land cover data for the Fushun urban area in 2022 (30 m x 30 m resolution) were obtained by
interpreting the remote sensing images. Digital elevation model data (30 m resolution) were
obtained from the Geospatial Data Cloud (https://www.gscloud.cn/), and normalized differ-
ence vegetation index data (30 m resolution) were obtained from the Google Earth Engine
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Fig 1. Remote sensing map of Fushun City, China.
https://doi.org/10.1371/journal.pone.0303016.9001

(https://earthengine.google.com/). Nighttime light data were obtained from the National Oce-
anic and Atmospheric Administration website. Fushun Municipal Boundary [40] and road
data (500 m resolution) were obtained from the Resource and Environment Science Data Cen-
ter of the Chinese Academy of Sciences (https://wwwresdc.cn/). Mining data were obtained
from various mining companies, field surveys, and remote sensing imagery.

Rainfall data for 2022 were obtained from the 1 km resolution China monthly precipitation
dataset for 1901-2022 published by the National Earth System Science Data Center (https://
www.geodata.cn/). Potential evapotranspiration data for 2022 were obtained from the 1 km
resolution China monthly potential evapotranspiration dataset for 1901-2022 published by
National Earth System Science Data Center (https://www.geodata.cn/). Soil texture data were
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obtained from the SoilGrids dataset, which is a global soil dataset published by the Interna-
tional Soil Reference and Information Center (https://files.isric.org/soilgrids/former/2017-03-
10/data). Soil depth data were obtained from the National Cryosphere Desert Data Center.
(http://www.ncdc.ac.cn/).

Research methods

Modeling urban ecosystem services influenced by open-pit mines. The habitat quality
module of the InVEST model evaluates the ability of the ecological environment to provide
suitable living conditions for species [41]. In this study, forests, grassland, and water bodies, all
of which have high ecological suitabilities, were used as ecological land, and areas with high
impacts from human activity (e.g., mines, construction land, cropland, and bare land) were
used as the threat sources [8,42]. The habitat quality was calculated as follows:

1z
D,

Q,; =H;(1 - (m)) (1)

where Q,; denotes the habitat quality corresponding to raster x in habitat type j, H; is the habi-
tat suitability of the habitat type, Dy; is the degree of habitat degradation in raster x, z is the
scale constant, and k is the half-saturation constant.

Sediment retention is a crucial regulatory function used to address soil erosion, which is
common in mining areas [8]. Sediment retention can be described as the ability of an ecosys-
tem to maintain the soil stability [43]. In this study, the capacity of soil for sand retention ser-
vices was calculated based on the modified universal soil loss equation algorithm using the
InVEST model’s sediment delivery ration module, which is calculated as follows:

R, x K, x LS,(1 — C, x P,)SDR,
SRI — 1 >< 1 X l( 1 >< l) 1 (2)
SDR

max

where SR; is the sediment retention in pixel i (tons/pixel), R; is the rainfall erosive force, K; is
the soil erodibility factor, C; is the vegetation cover management factor, P; is the soil and water
conservation factor, LS; is the slope-length erosion factor, SDR; is the sand transport ratio in
grid i, and SDR .« is the maximum theoretical sand transport ratio.

Water yield is a crucial water supply service that is essential for addressing water demand
and security [44]. In the context of large-scale open-pit coal mining, water-related studies are
essential for understanding water runoff and quality [8]. In this study, water supply services
were assessed using the InVEST model’s water yield module and were calculated as follows:

AET,
v, =(1-—") %P, (3)

X

AET, 1+ o,R,

X

Px - 1+wax]+(RLXJ)

(4)

where Yy is the actual evapotranspiration of the land cover type in raster x, AET; is the actual
average annual evapotranspiration of land use type j corresponding to raster x, Py is the aver-
age annual rainfall of raster x, PET,; is the potential evapotranspiration of raster x, w is the
effective water content of the vegetation, and R,; is the aridity index for the land cover type in
raster x [24,45].

Carbon storage and sequestration are important indicators of the scale and amount of pri-
mary productivity in an ecosystem [46]. The carbon storage and sequestration in the study
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area were calculated based on the distributions of different land-use types and the average car-
bon density as follows:

Ctutal = Csail + Cabuve + Cbelow + Cdead (5)

where Ciy, is the regional carbon stock; Cg, is the soil carbon stock; Cpeloy is the under-
ground carbon stock; and Cgye,q is the dead organic matter carbon stock.

The landscape connectivity index can quantify the degree of communication between spe-
cies and energy in ecological sources. Based on previous studies, the probability of connectivity
(PC) and patch importance (dPC) were selected to evaluate the connectivity of the ecological
source areas [47,48] as follows:

=1 j=1 L

(6)

PC—-PC,,...
dPC = —— e (7)
where PC is the possible connectivity index of the landscape and dPC assesses the importance
of ecological patches; n denotes the total number of patches; a; and a; denote the areas of
patches i and j, respectively; P} is the maximum species dispersal probability between patches i
and j; Ay is the total area of the landscape; and PC,.,0ve denotes the index of possible connec-
tivity in the landscape, excluding patch i.

Ecological sources are large habitat patches that play important roles in regional ecological
processes and functions and are crucial for material circulation within regional ecosystems.
Based on the habitat quality, sediment retention, water production, and carbon storage calcu-
lations, we set the weights of four types of ecosystem service functions. The correlations
among the indicators were comprehensively considered when determining the weights, and
the results of the four ecosystem service function indicators were normalized by range, divided
into 3 km x 3 km grids, and averaged for each grid. The raster calculator in ArcGIS (ver. 10.8)
was then used to investigate the ecosystem service functions in the region, which were classi-
fied into five levels (i.e., very important, important, average, not important, and very not
important) using the natural breakpoint method. The principal components were calculated
and the weights were determined using the principal component analysis method in the SPSS
(ver. 27.0) software package [49]. Very important and important patches were selected as alter-
native patches. Using areas of 7, 4, and 1 km? as thresholds, alternative patches were catego-
rized into super-large, large, medium, and small patches. Super-large patches were selected for
landscape connectivity analysis, which was performed using the confer software package.
Based on previous findings, the confer distance threshold was set to 2500 m and the patch con-
nectivity probability was set to 0.5 [27].

Ecological resistance surface construction. The ecological resistance surface refers to the
factors in an ecosystem (e.g., topographic features, impacts of human activity, and land cover
types) that produce resistance values to the flow of ecological substances among ecological
sources [50]. Constructing comprehensive resistance surfaces can better reflect trends and
potential ecological spatial processes [22]. Since Fushun is a coal-resource-exhausted city, the
influence of mines on the ecological resistance surface cannot be ignored. We selected nine
ecological resistance factors (Table 1) from three dimensions: natural endowment, ecological
resources, and economic society. Using the Yaahp software package, the relative weight of
each resistance element was calculated by comparing its relative importance to other factors.
The relative value of the resistance factor was set between 1 and 5. The raster calculator in
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Table 1. Ecological resistance factors and resistance coefficients used in this study.

Resistance classification

Natural talent

Ecological resources

Human development

Resistance factor

Distance to water body 0.11 <500

Weight Resistance coefficient
1 2 3 4 5
0.11 <10 (10,20] (20,30] (30,40] >40
0.06 (-13,125]; (125,200]; (200,350]; (350-500] >500
(-125,-13] (-200,-125] (-326,-200]
0.25 Forest Water body Grassland Cropland Artificial surfaces,
mines, bare land
0.08 >0.6 (0.5,0.6] (0.4,0.5] (0.2-0.4] <0.2
(500,1000] (1000,1500] (1500,2000] >2000
Distance to motorway 0.16 >2000 (1500,2000] (1000,1500] (500,1000] <500
Distance to highway 0.08 >800 (600,800] (400,600] (200,400] <200
Nighttime light index 0.05 <5 (5,15] (15,30] (30,60] >60

0.1 — — — — —

DEM: Digital elevation model; NDVI: Normalized difference vegetation index.

https://doi.org/10.1371/journal.pone.0303016.t001

ArcGIS was used to weight and sum each single-factor resistance surface to obtain a composite
resistance surface.

The different mining states of mineral resources have different degrees of resistance to bio-
diversity and biological migration near mines [51]. The cost of open-pit mining is lower than
that of underground mining; however, the scale and amount of waste material generated by
open-pit mining are both large, often occupying a large area of land resources. These condi-
tions can lead to surface ecological environmental deterioration, which can increase the ten-

dency for the land to become desertified. The impacts of mining, beneficiation, smelting, and

tailing discharge at metal mines are much higher than those at coal and building material

mines, and the ecological impacts of coal mining are larger than those of building material
mining [52,53]. In this study, we referred to previous research [36] and constructed the mine
resistance surface by investigating the mineral resources in the study area, analyzed the mining

boundaries by combining remote sensing imagery with relevant historical mining data and

consulting with mine ecological restoration experts, and assigned different ecological resis-

tance values to the different mine types in the study area (Table 2).

Potential ecological corridor extraction. Ecological corridors link connecting landscape
units in space and improve the overall landscape connectivity in a region by connecting scat-
tered ecological sources. Based on the constructed resistance surface, the MCR model was

Table 2. Ecological resistance factors and resistance coefficients used in this study.

Metal mines

Coal mines

Building material mines

Underground mining
Producing mines
(0-1000) = 5
(1000-1500) = 3
(>1500) = 1

(0-1000) =5
(1000-1500) = 3
(>1500) = 1
(0-1000) =5
(1000-2000) = 3
(>2000) =1

https://doi.org/10.1371/journal.pone.0303016.t002

Abandoned mines
(0-500) = 5
(500-1000) = 3
(>1000) = 1
(0-500) = 5
(500-1000) =3
(>1000) =1
(0-500) = 5
(500-1000) = 3
(>1000) =1

Open-pit mining
Producing mines
(0-3000) = 5
(3000-4000) = 3
(>4000) = 1
(0-2500) =5
(2500-3500) = 3
>3500 =1
(0-2000) =5
(2000-3000) = 3
(>3000) =1

Abandoned mines
(0-1000) = 5
(1000-2000) = 3
(>2000) = 1
(0-1000) = 5
(1000-2000) = 3
(>2000) =1
(0-800) =

(800- 1500) =
(>1500) = 1
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used to calculate the minimum resistance path between each ecological source point and the
target source point based on the resistance surface [41], as follows:

MGL:/iif@%xRJ (8)

j=n

where MCR denotes the minimum cumulative resistance value, [\, indicates that the mini-
mum cumulative resistance is proportional to the ecological process, £ denotes the cumulative
resistance value between units i and j, Dj; is the spatial distance of a species from i to j, and R; is
the resistance value of unit i.

The strengths of the interactions between the ecological sources were evaluated using grav-
ity models, which allowed us to judge the ecological corridors and refine the structure of the
ecological network [54], as follows:

_ NN, |:Pu><lln(sa):| |:Pb><lln(8h):| L2 In(S,)In(S,) 9)

G. =
@ Dgh (i) : Lszapb

L

max

where G,;, represents the gravitational value between source sites a and b; N, and N}, denote
the resistance values of the corridor between source sites a and b; P, and P, are the path cost
values between source sites a and b; L, is the path costal value between source sites a and b;
and L,,,, is the maximum cumulative resistance value of all corridors in the study area.

Key ecological node identification. Ecological nodes are nodes in the regional environ-
ment that are critical for the diffusion or migration of organisms. In general, an area with fre-
quent human activity and high traffic flow in the ecological corridor is called an “ecological
breakpoint” [55]. The presence of “ecological breakpoints” may lead to the isolation of origi-
nally intact habitats, which is unfavorable for biomigration or can threaten the survival of spe-
cies, and should be emphasized in natural landscapes. In this study, we combined maps of the
distributions of expressways, first-class highways, and mines to identify “ecological
breakpoints.”

Results
Ecological source selection

Using the InVEST model, the spatial distributions of the four types of ecosystem services in
Fushun City (i.e., habitat quality, sediment retention, water yield, and carbon storage) were
calculated (Fig 2A-2D). The spatial differentiation of habitat quality was obvious, and key
areas were distributed in the water areas of Duofang Reservoir and the Hunhe River basin, as
well as in the forested areas to the north and northeast of Fushun City. Forests can prevent sur-
face soil erosion and are involved in water storage and precipitation. Therefore, high-value
areas for sediment retention were located in woodland accumulation areas where the water
yield was also higher. Unlike the other ecosystem services, the soil organic carbon content of
cropland under anthropogenic activity was high.

The lowest ecosystem service levels were located in urban construction lands and areas
affected by large open-pit mines south of the Hunhe River. During open-pit mining, native
surface vegetation and topsoil are stripped away. The open pit and waste accumulations near
coal mines also cause the occasional spontaneous combustion of coal gangue, and the interiors
of the mine pit and shechang (gangue mountains) completely lose their biological productivi-
ties, such that the biodiversity, soil and water conservation, and carbon storage levels are
almost zero. The construction of roads and the residential land surrounding the mining area
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Table 3. Landscape connectivity values.
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Fig 2. Spatial distributions of ecosystem services determined using the InVEST model.

https://doi.org/10.1371/journal.pone.0303016.9002

also occupied and destroyed some of the land resources; thus, the overall ecological environ-
ment of the open-pit mining impact area has seriously deteriorated. Fig 2 shows that after the
recent ecological restoration of open-pit mines, the ecosystem services around the West open
pit and restored areas of the east and west shechang have improved, except for the sediment
retention capacity. Owing to the unstable geological conditions and steep terrain of the pits
and sheds, as well as the long ecological restoration period for soil and water conservation, this
effect requires 3-5 years to occur.

The principal component analysis indicated that the KMO value of the four ecosystem ser-
vice functions was 0.604, and the weights for habitat quality, sediment retention, water yield,
and carbon storage were 0.45, 0.24, 0.21, and 0.1, respectively (Table 3 and Fig 2E). Ecological
patches were categorized into super-large, large, medium, and small patches, and the numbers
and areas of the patches with different sizes were counted. The statistical results indicate that
the super-large patches accounted for 51.3% of the total area, large patches accounted for 4.7%,

Node Area/km? dPC Node Area/km?* dPC Node Area/km? dPC
1 79.46 39.70 8 24.18 5.78 15 10.20 4.76
2 50.59 28.58 9 15.81 0.51 16 8.95 9.33
3 48.94 22.94 10 13.31 17.57 17 8.28 3.87
4 41.59 23.39 11 13.03 12.56 18 8.21 3.34
5 35.36 42.12 12 10.91 13.78 19 8.01 3.33
6 34.08 14.77 13 10.55 5.08 20 7.86 7.09
7 34.00 21.82 14 10.47 3.89 21 7.09 2.05

dPC: Patch importance.

https://doi.org/10.1371/journal.pone.0303016.t003
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medium patches accounted for 14.5%, and small patches accounted for 29.5%. The landscape
fragmentation problem in Fushun City is therefore serious as a result of the influences of min-
ing and human activity. Twenty-one ecological source sites were selected, mainly located in
Dongzhou District and the northern Shuncheng District, with no ecological source sites in the
impact area of large open-pit mines.

Ecological resistance surface construction

ArcGIS was used to reclassify each resistance factor, assign grades and values, and weight and
stack the values to obtain the base ecological resistance surface, mine resistance surface and
integrated ecological resistance surfaces in Fushun City (Figs 3-5).

The ecological resistance surface in Fushun City was higher in the western, central, and
southern parts of the region, and lower in the northern and northeastern parts. The resistance
value reached a maximum in the East and West open-pit mines and the Shuncheng District
building material mining area. Large-scale coal mining not only led to changes in the original
land use type, but the deep excavation of the open-pit mines and the high accumulation of coal
gangue also produced mining area topography with large undulations, steep terrain, frequent
geological disasters, and highly sensitive habitats. In addition, as coal resources and waste must
be transported outward, the internal road network in the mining area was relatively rich, which
seriously affects the flow of species. Abandoned open-pit mines undergoing ecological manage-
ment and restoration, resource integration, and reuse are crucial for the ecological development
of the city. The resistance value of the urban construction area was only lower than those of
mines without ecological restoration, which can be attributed to a larger impervious surface
area that hinders ecological processes, such as species migration and material circulation [56].
The low resistance value areas were mainly located in the northern Shuncheng District and the
northern and southeastern Dongzhou District, which were less affected by human socioeco-
nomic impacts and had superior natural endowments and rich ecological resources.

Potential ecological corridor extraction

Based on the ecological sources and comprehensive ecological resistance surface, the cost ras-
ters between the ecological sources and destinations were calculated, and the minimum
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Fig 3. Base ecological resistance surface in Fushun City.

https://doi.org/10.1371/journal.pone.0303016.g003
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Fig 4. Mine resistance surface.

https://doi.org/10.1371/journal.pone.0303016.g004

cumulative resistance channel between each source was obtained, which identified 210 eco-
logical corridors. The interaction matrix between the source areas obtained from the gravity
model was used, and the mean value of the interaction size (48.24) was set as the threshold
value for classifying the ecological corridors. Ecological corridors with interaction sizes
greater than the mean value were considered to be important ecological corridors (46),
whereas those with values smaller than the mean were considered general ecological corri-
dors (Fig 6). Redundant ecological corridors that passed through the same source area were
eliminated.

The interaction matrix (Table 4) indicates that the interaction intensities between eco-
logical source sites No. 7 and No. 19, and between No. 7 and No. 5 were the highest (both
>700), followed by the interaction intensity between sites No. 12 and No. 26 (523.95). The
geographical space between ecological source sites Nos. 1 and 6 was very close; site No. 6 is
rich in forest resources, and site No. 1 is mainly the Dahuofang Reservoir, which is domi-
nated by watersheds. The interaction intensities among site Nos. 9 and 10, 11, 13, and 14
were greater than 10, but were separated from those of Nos. 3, 5, 7, 18, 19, and 21 by
large open-pit mines and the main urban area; thus, their interaction intensities were
very small (all <10). The lack of ecological sources and the high resistance values in the
open-pit mines and the surrounding area caused the number of ecological corridors to be
extremely low, and only two general ecological corridors passed through the open-pit min-
ing area.
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Fig 5. Integrated ecological resistance surfaces.

https://doi.org/10.1371/journal.pone.0303016.9005

Key ecological node identification

Based on the constructed ecological corridors, we identified “ecological breakpoints” by com-
bining the expressway, first-class highway, and mine distribution maps. The Middle-Liaoning
Ring and Shenyang-Jilin expressways pass through many important ecological corridors, and
a first-class highway passes through the city center, intersecting with many general ecological
corridors and with many important ecological corridors in the Dongzhou District, forming a
total of 37 “ecological breakpoints.” Fig 7 shows that the ecological corridor between site Nos.
9 and 21 passes through the West open-pit mine, and the ecological corridors from site No. 9
to Nos. 3 and 19 passes through the western part of the East open-pit mine, thereby forming
two “ecological fracture surfaces.”

Ecological network optimization

The central and southern parts of Fushun City lacked ecological sources and had few ecologi-
cal corridors. Considering the tight land resources in the city center and the wasted land
resources influenced by the large-scale open-pit mines, we added ecological sources in the
peripheral areas of the city center with high ecosystem service functions. The degree of frag-
mentation of cultivated land and the landscape near site No. 21 in the northern Shuncheng
District was high. Integrating these small land patches can improve the degree of cropland
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Fig 6. Ecological network in Fushun City.
https://doi.org/10.1371/journal.pone.0303016.g006

fragmentation and create a new ecological source. Continued ecological management in the
Xishechang District that connect it with the surrounding grasslands and plant grass with trees
will allow the Wanghua District to form another ecological source. In addition, ecological res-
toration work is ongoing at the West open-pit mine. If the West open-pit mine is transformed
into a large ecological park or a water storage power generation project, it can also become a
new ecological source.

Woodlands are suitable for species exchange and diffusion and can better protect species
diversity and provide temporary habitats for species movement as corridors. By connecting
landscapes, woodlands also have a certain ecological protection function. The study area can
directly use existing forested land to upgrade the general ecological corridors. In the central
urban area, various green belts and boulevards will be constructed to restore and upgrade eco-
logical corridors, thereby promoting the integrity of the urban ecological network.

The superimposition of ecological corridors and road networks produced 37 “ecological
breakpoints,” 18 of which were located in important corridors, indicating that important eco-
logical corridors were seriously divided by the road network and hindered the migration and
diffusion of species. The breakpoints should be restored and reconstructed, warning signs and
speed limits should be established, or special biological migration corridors should be con-
structed to mitigate these issues. The ecological corridors and mines were superimposed to

PLOS ONE | https://doi.org/10.1371/journal.pone.0303016  June 27, 2024 13/21


https://doi.org/10.1371/journal.pone.0303016.g006
https://doi.org/10.1371/journal.pone.0303016

Urban ecological networks and large open-pit mines

PLOS ONE

¥00¥910€0€0 au0d euinol/L2¢ L0 1/B1010p//:sdnY

0 1c
91’9 0 0T
SR c0ee 0 61
18°0% 6TV 61°1C 0 81
8L°C LS°6 178 {4 0 L1
i 9T 76'8¢ 089 T8l 0 91
SL'T 8¢'CI Ly'L 8C€T | 84991 91 0 ST
9'C 0¢'e LSS ¥6'C LT¢ 80°L 66'C 0 4!
SLT 99°¢ 099 e 19°¢ €L'8 STe| 1L78TC 0 €1
oL’S ¥8°81 8y'ee 168 0L°LE | S6€TS 1T°¢e 1L°L 176 0 41
6T°¢ 9LV 0L°6 80V (754 80¥1 1884 G89L | L6181 06°¢T 0 11
SL9 SS°0T £8°9¢ 89'8 ye o1 €6'SY 09'8 80°Cy 6¢'89 LS'6E | ¥8LTT 0 01
(424 w9C €87 0r'e (44 89'¢ €0'C €001 SOv1 LTV 98°CI ceel 0 6
¥1'9 20°06 0C°0¢ 66'11 99°6¢ §8'CC or'ey 1304 86V LTTY w9 el | 6T°¢ 0 8
§¢°0¢ 0T'6Z | €I'L8L w6'ey 0L°1¢ €8°L9 ST61 €Ul 8T°¢cl LE°G8 0c'el 11°¢s | 0C'8 1209 0 L
€L°9 L9°¢T ¥1°9¢ 006 65°0C | 96°¢LT 8971 99°61 89'GT | 04S¢l ¥0'Ly | S0'60C | 6.8 [£A 44 20°8S 0 9
06°CT | 88°¢0T | CTLTI €1'9¢ 66'6¢ yT8L 86'LT 08'8 0T°0T | 06°LCT 424! 9%9¢ | 0€9| 06F%0T | 0LLIL 7595 0 S
(454 0¥’ 11 LY'0T1 8L°G | 89%CC ¥8°0C | 98911 1S 8T'9 08'6¢ €18 8G°LT | L9€ ¥L0€ 19T 607 | IS€E 0 4
61°6S 96'1¢ 9%'8L| 0¥'8I¢ ST'6 9¢'LT 69'8 09 w69 96°CC (489 €9°0C | ¢¢’L 69%C | 90791 ST'IT| 69'1L 09°CI 0 €
€09 8T°0C 09°CC 6€°6 | 6665C (AR 74 0418 S¢e'8 5’6 | S0'T0C 457! 6S'1¢ | ¥6'V °6'87 §9'8S ¥¥9L| LT98| 0060C | ¥6'1C 0 C
¥09 LT°ET JAR 66°L 8T°CY 1L €09C PSSl 7681 | SOTIT 16T S¥'16 | L6L LSt L6°0V | 90FIV | OF'8% 1018 | 98LT | 6V'0LT !
1C 0T 61 8T LT 91 ST 4! €1 49 11 or 6 8 L 9 S 14 € 4

*$35110s [2130[053 YY) UIIM]IIq SANISUIJUT UOT)ILIUI JO XLNEN “F d[qe ],

14/21

PLOS ONE | https://doi.org/10.1371/journal.pone.0303016  June 27, 2024


https://doi.org/10.1371/journal.pone.0303016.t004
https://doi.org/10.1371/journal.pone.0303016

PLOS ONE

Urban ecological networks and large open-pit mines

4

AR
Lj ) [ ]Fushun Municipal Boundary
¢ },H B Ecological source
y P i f ® Ecological source point
{ \’ === Important ecological corridor
\, b . .
K / — General ecological corridor
. — First-class highwa
0 10 km o
sense Expressway
L |

[ IMine

Ecological Breakpoint

Fig 7. Ecological breakpoints in Fushun City.
https://doi.org/10.1371/journal.pone.0303016.9007

extract two “ecological fracture surfaces.” Although the West open-pit mine is undergoing eco-
logical management and restoration work, owing to the large area and depth of the mining pit,
the re-greening project will require a longer period of time for completion. Currently, the
southern, western, and northern sides of the West open-pit mine have achieved remarkable
results, and biological migration can use the re-greened locations as corridors. Compared with
the West open-pit mine, the East open-pit mining area is smaller, shallower, and was mined
for a shorter period of time. The current implementation of mining and governance, owing to
the expansion of the East open-pit mining work, will move the coal city road to the southern
reconstruction. During this process, the ecological corridor to the west of the East open-pit
mine will be affected. Therefore, the relationship between ecological environmental protection
and mine development and utilization should be properly assessed before beginning the recon-
struction and expansion project, and the construction of green mines should be achieved to
reduce any damage to ecological corridors or provide alternative solutions.

Discussion
Strengthening mine ecological restoration

The construction and optimization of urban ecological networks can improve urban ecosys-
tem protection and promote sustainable urban development. However, the ecosystems in
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mining cities are fragile, and large-scale open-pit mining of mineral resources has harmed the nat-
ural environment further [57]. A series of geological disasters and environmental problems,
including mined-out area breakdowns, surface cracks, landslides, and massive accumulations of
coal gangue, have occurred successively. Since they are affected by multiple factors, the construc-
tion of ecological networks in mining cities is therefore more difficult than those in other cities.

Strengthening the ecological restoration of open-pit mines is necessary for city develop-
ment, using the principle of “who mines, who manages, while mining, while managing.” With
respect to unmanaged open-pit mines, in accordance with the principle of “who manages, who
benefits,” geological disasters, land damage, vegetation destruction, and other ecological prob-
lems can be repaired through manual interventions to stabilize the geological environment,
reclaim the damaged land, restore and improve the ecosystem functions [58-60], and motivate
reconstruction and optimization of the ecological networks in mining cities.

Strengths and limitations

The InVEST model is a widely used tool in spatial planning [61], biodiversity conservation
[62], ecological compensation [63], and other environmental management decisions [64] at
various scales. Ecological sources are important patches that ensure regional ecological secu-
rity. The InVEST model based on GIS is based on spatial data to quantify multiple ecosystem
service functions in the study area and express them in the form of maps, which can realize the
spatialization and dynamization of quantitative assessments of ecosystem service functions
[65] and increase the scientificity of the source site selection from the perspective of the impor-
tance and integrity of ecological patch functions. In the study of ecosystem service functions of
mining cities, it can visualize the difference in ecosystem service functions between restored
and unrecovered areas of large-scale open-pit mines. The results of this paper are consistent
with previous studies that have indicated that mining leads to rapid ecological environmental
decline at mines; however, anthropogenic disturbances during the restoration of the mine eco-
logical environment can improve and accelerate recovery [36].

This paper adopts the research paradigm of “ecological source-ecological resistance face-
ecological corridor” to study the construction and optimization of urban ecological network
under the influence of large open-pit mines, but there are still some limitations, which will be
discussed and prospected below.

In the construction of resistance surface, this study selects 9 resistance factors from natural
talent, ecological resources, and human development to construct a comprehensive resistance
surface in Fushun city. However, the actual study of large open-pit mines is complex and the
impact of mining activities on the surrounding ecological environment is also very complex.
Moreover, resistance factor selection should be comprehensive and representative; however,
how to more rigorously select factors scientifically to reflect the special characteristics of large
open-pit mining areas and accurately simulate the ecological network of mining cities require
further in-depth study.

As for the extraction results of ecological corridors, this study simplified the corridors into
linear elements, and the width of ecological corridors obtained directly by using the MCR
model was the pixel width of 30 meters in the grid data, which could not meet the needs of spe-
cies migration. In fact, the different widths of corridors may have an impact on the ecological
mobility, and the degree of connectivity of the network and the heterogeneity of the landscape
in reality may also lead to changes in the shape and width of corridors [66]. Therefore, in the
next step of the research work, we can consider refining and analyzing the identification of
corridor width according to the actual situation of the study area and the results of previous
research [67], so as to increase the consideration of corridor restoration.
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This study mainly analyzes and discusses the single-year ecological flow of mining cities
under the influence of large open-pit mines, and there is not enough research on temporal
dynamics. Mineral mining in mining cities often lasts for more than a few decades, and the
large open-pit mines in this paper have been mined for a hundred years, but this study has not
studied the dynamic changes and dynamic relationships between ecological damage and eco-
logical restoration areas in mining cities. Currently, under the promotion of the management
policy of mining ecological environment protection and restoration, new trends of ecological
conditions will also occur in large open-pit mines. In the subsequent research, the dynamic
simulation and scenario assumptions of the ecological process in the study area can be con-
structed through the construction of a model to carry out the analysis of the temporal and spa-
tial evolution of ecological flow, with a view to measuring the relationship between ecological
environment destruction and restoration triggered by mining exploitation and clarifying the
best path for ecological restoration.

Conclusions

Fushun City exists in China’s large open-pit mine-concentrated area. Under the joint action of
urban construction and mining, the Fushun City’s ecological environment has suffered serious
damages and become increasingly sensitive. Therefore, the construction of a complete ecologi-
cal network planning system to restore the ecological balance of Fushun City is of practical sig-
nificance. This paper utilizes the InVEST model to assess the ecosystem service function of
Fushun City under the influence of large open-pit mines and determines the ecological sources
by combining with the landscape connectivity index. Then it constructs a comprehensive eco-
logical resistance surface in Fushun City, extracts ecological corridors in Fushun City using
the MCR model, and finally determines ecological breakpoints by combining the distribution
characteristics of the mines and the road network, so as to proffer suggestions for the optimiza-
tion of ecological network management in the Fushun city area.

The results show that, first, critical ecosystem service areas influenced by large open-pit
mines in Fushun City are located in the Dongzhou and northern Shuncheng districts, whereas
low-value areas are located in construction lands at the city center and the areas affected by
open-pit mining south of the Hunhe River. Second, based on a combination of ecosystem ser-
vice functions and landscape connectivity, 21 ecological sources were identified. Under the
influence of large open pit mining, the ecological sources in the study area were unevenly dis-
tributed, the internal connectivity of the landscape was weak, and the fragmentation degree
was high. Third, the ecological resistance surface in Fushun City generally shows the distribu-
tion characteristics of high in the center and west, and low in the surrounding area. High eco-
logical resistance value areas in Fushun City overlapped with mines and expressways. Fourth,
the MCR and gravity models identified 210 corridors, including 46 important ecological corri-
dors. The Dongzhou district contained a large number of important ecological corridors, the
ecological network structure was complex, and the connectivities between source areas were
strong. Few corridors were identified in the mining area, resulting in poor connectivity
between the southern and northern parts of Fushun City. Finally, two “ecological fracture sur-
faces” were extracted under the influences of the west and east open-pit mines. Thirty-seven
“ecological breakpoints” were extracted under the influence of the expressway and first-class
highway network, 18 of which were located in important ecological corridors.

Based on the findings, Fushun City should strengthen its source protection, strengthen its
broken landscape restoration and open-pit mine ecological environmental management/resto-
ration practices, add new ecological sources and corridors, improve the general ecological cor-
ridors, and restore and renovate “ecological breakpoints” and “ecological fracture surfaces” in
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the region. Enhancing the living environment of the city center and ecological restoration at
the mines south of the Hunhe River will improve the network stability and build a safer and
more stable ecological network.
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