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Abstract

Context
The original ecosystems of mining cities are constantly being destroyed. Therefore, it becomes crucial to
restore and enhance the ecological environment of mining cities and improve the carbon sink capacity of
vegetation. However, there is a lack of relevant strategies to optimize.

Objectives
We explored the optimization strategies to enhance the ecological functionality and carbon sink of the
city and veri�ed the optimization effects.

Methods
We extracted the ecological spatial network of Xuzhou City, calculated the ecological functionality, carbon
sink and topological indicators of the sources, and correlated the topological indicators with the carbon
sink. We proposed an optimization strategy according to the results. Finally, we determine the effect of
optimization by the change of robustness and carbon sink.

Results
We abstracted the sources as nodes and found that the ecospatial network was divided into different
communities and nodes of the same community were adjacent to each other in geographic space. We
also found that the three types of node carbon sinks have a signi�cant positive correlation with the
betweenness centrality of nodes. By adding ecological corridors and stepping stones, the robustness of
the network and the ecological recovery ability can be improved. At the same time, the optimized carbon
sink increased by 377.6 tons.

Conclusions
By restoring and renewing ecological space, the carbon sink of mining cities can be effectively enhanced,
which provides theoretical and measure references for future ecological engineering of mining cities. In
addition, it is a remote sensing application to promote urban development and sustainability.

1. Introduction
Due to the excessive use of fossil energy and deforestation,the ecosystem has been damaged and
carbon dioxide emissions have increased dramatically (Tang et al.,2022).Excessive carbon dioxide
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emissions will lead to an increase in the earth's temperature and the formation of the greenhouse
effect,which in turn will cause glaciers to melt and sea levels to rise,seriously affecting the earth's
ecosystem and the daily lives of humans (Abelson Philip 1997).Therefore,understanding the current
status of carbon dioxide emissions and formulating effective strategies to improve them are the key
issues of current research.

China is the world's largest energy consumer and carbon emitter,accounting for more than a quarter of
global carbon dioxide emission(Shan et al. 2017).To address the problem of excessive carbon dioxide
emissions,China has set the goal of achieving peak carbon emissions and carbon neutrality in 2020,with
the aim of reaching peak carbon emissions by 2030 and carbon neutrality by 2060(Zhang et al.
2022).Peak carbon dioxide emissions refers to a point in time when carbon dioxide emissions stop
growing and reach a maximum,then gradually decrease(Zhou et al. 2022). Carbon neutrality refers to the
process of offsetting carbon dioxide or greenhouse gas emissions through afforestation,energy
conservation and emission reduction to achieve relative "zero emissions"(Tan et al. 2022, Wei et al. 2022).
Therefore,in order to achieve carbon neutrality,it is crucial to propose effective management strategies in
areas with high CO2 emissions and to restore and enhance ecosystems to improve the carbon sink
capacity of the region.

Cities are major energy-consuming areas,contributing 85% of China's CO2 emissions and playing a key
role in climate change (Li et al. 2022),while mining cities are not only high CO2-emitting areas but also
have suffered damage to their natural ecosystems due to resource extraction,with a sharp decline in
forests,grasslands and water resources,severe soil erosion,poor vegetation growth environment and poor
ecological quality.The carbon sequestration capacity of the region has been reduced(Jiao et al. 2021, Wu
et al. 2021). Therefore,carbon neutral strategies for mining cities require further attention and research in
order to promote local ecological sustainability and address global climate change.

Vegetation is the best vehicle for achieving carbon sequestration and is the main factor in�uencing urban
carbon sequestration(Qiu et al. 2020). Increasing the amount of vegetation or improving the growth
environment of vegetation can enhance the carbon sequestration capacity of plants (Chen et al.
2021).The amount and growth environment of vegetation are in�uenced by ecological elements and
processes such as soil microorganisms,fertility,temperature and humidity,energy cycles(Kong et al.
2022).These microscopic elements and processes are constrained by macroscopic spatial patterns.Good
ecosystems and landscape spaces can promote such ecological processes,enhance ecological elements
and achieve a virtuous material-energy cycle(Zhang et al. 2021, Wan et al. 2022).In mining cities where
ecosystems and landscape spaces are damaged,setting a certain number of ecological stepping stones
and building protective ecological corridors can improve the overall vegetation growth environment of the
area,promote energy and material circulation and thus strengthen the carbon absorption capacity of
vegetation (Luo et al. 2021, Wu et al. 2022).Therefore,restoring and renewing the ecosystem in mining
cities and realizing the reorganization of regional landscape spatial structure is an important way to
achieve carbon neutrality.
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Ecological spatial network is the result of combining ecological network with complex network(Fang et al.
2021).In the face of the challenge of continuous fragmentation of ecosystems and
landscapes,Ecological spatial network are a way to explore and restore landscape ecology from a macro
perspective.The method of applying complex network theory can abstract and quantify the ecosystem
and landscape space in the study area,while the topological indicators in the complex network can be
used to analyze the relationship between the elements in the network and propose practical optimization
solutions based on the values in the indicators(Guo et al. 2021).However,the current optimization
solutions for ecological networks are still based on theories,which cannot be quanti�ed or do not take
into account the spatial heterogeneity of different nodes in the landscape,thus making the relevant
methods impossible to implement in reality(Huang et al. 2021, Zhang et al. 2022).

This study aims to improve the local ecological environment and landscape space through the renewal
and restoration of urban ecological spatial networks in mining areas.Then restore and improve the
carbon sink capacity of vegetation.In this study,a SEEC optimization model is proposed,which combines
the connectivity and inherent properties of each patch in the landscape space,as well as the carbon sink
and network topology indicators of the patches to screen out the weak carbon sink nodes and weak
ecological function nodes and then different optimization schemes are propose.Finally,the results of the
model optimization are evaluated by comparing the optimized total carbon sink and the robustness of
the ecological spatial network.

2. Materials
2.1 Study area

Xuzhou City is located in the northern part of Jiangsu Province,China.It is a sub-center city of Jiangsu
Province.Xuzhou is located in latitude 33°43′ to 34°58′north and longitude 116°22′ to 118°40′ east,with a
temperate monsoon climate(Fig.1). The city covers an area of 11,258 square kilometers and the
topography is mainly plain,with a few hills and mountains in the central area.The terrain decreases from
northwest to southeast.Xuzhou City has su�cient light throughout the year,with 2,284 to 2,495 hours of
sunshine per year.The average annual temperature is 14°C and the average annual precipitation is 800 to
930 mm.Xuzhou City is rich in mineral resources and is an important coal producing area in China,with
more than 30 kinds of mineral resources such as coal,iron and limestone,etc.The mineral resources
reserves are large,including coal reserves of 6.9 billion tons,with an annual output of more than 25 million
tons, iron 83 million tons, limestone 25 billion tons,due to its rich natural resources,attracting a large
number of people to frequent mining,resulting in the destruction of large areas of urban surface,water
resources are polluted,vegetation is destroyed and the quality of ecological environment is poor.

On December 15,2021,Xuzhou Natural Resources and Planning Bureau issued "Certain Management
Regulations of Xuzhou City Mine Ecological Restoration Project",which clearly proposes to continue to
deepen the work of mine restoration,strengthen the supervision of ecological civilization construction and
environmental protection in mining areas and continue to promote the implementation of mine
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restoration projects.With ecological priority,systematic restoration,natural recovery,uni�ed
planning,prevention and control combined to achieve comprehensive management of Xuzhou's mining
areas.Integrate the development of mining areas with urban and rural areas to effectively improve the
ecological environment of mining areas and promote the transformation and development of resource-
depleted towns through concentrated and continuous ecological restoration.Taking Xuzhou city as an
example,it is of good theoretical signi�cance,practical signi�cance and typicality to study the
construction and restoration of landscape space in mining cities.

2.2 Data sources and processing

This study consists of multiple 2020 datasets used(Fig.2).(1) The boundary zoning of Xuzhou City was
obtained by downloading from the Resource and Environment Science and Data Center of the Chinese
Academy of Sciences (https://www.resdc.cn/).(2) The DEM and slope data were downloaded from the
Geographic Information Monitoring Cloud Platform (http://www.dsac.cn/), (3) Based on the Google Earth
Engine data analysis platform,equipped with the landsat8 dataset,the normalized NDVI index and MNDWI
index were calculated by pre-processing techniques such as �ltering cloud volume and mosaic.(4) Based
on the VIIRS Stray Light Corrected Nighttime Day/Night Band Composites Version 1 dataset in Google
Earth Engine,we obtained the nighttime light data of Xuzhou City.(5) The 2020 land use data were
obtained by downloading from GlobeLand30 (http://globeland30.org/).(6) Download the population
density data through WorldPop (https://www.worldpop.org/).(7) Download the water network and road
network data through OpenStreetMap (https://www.openstreetmap.org/) and obtain the water network
density data and road network data based on the nuclear density analysis module in ArcGIS.Obtain the
water network density data and road network density data.

3. Methods
The research method of this paper is divided into 3 parts(Fig. 3).The �rst part is to screen ecological
sources by landscape morphological spatial pattern analysis method (MSPA).The minimum cumulative
ecological resistance surface is calculated by modifying the minimum cumulative resistance model using
nighttime lighting data and energy factors,and combining eight ecological resistance factors,namely
DEM, SLOPE, NDVI, MNDWI, LUCC, Population density,Water Network Density and Road Network
Density.And the ecological corridor composed of the shortest paths of the minimum cumulative
resistance surface is obtained.The second part is the SEEC optimization model.The ecological function
and carbon sink capacity of the ecological sources are considered separately and the ecological nodes
that need to be improved are �nally selected. We propose optimization schemes for the characteristics of
different nodes,proposing strategies to increase corridors and stepping stones for nodes with low
ecological functionality,enhancing the values of topological indicators associated with them for nodes
with low carbon sinks. The third part is to verify the effect of optimization by calculating the carbon sink
and the robustness of the network before and after optimization. The increase of robustness indicates
that the network is more stable and the ecological capacity is improved,the increase of carbon sink
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indicates that the carbon sequestration capacity of the optimized network is improved and we hope to
achieve the purpose of improving carbon sink in this paper.

3.1 Construction of ecological space network

The Ecological spatial networks are an application of ecological network theory combined with complex
network theory to landscape ecology.The theory of ecological networks has been studied by several
scholars(Li and Zheng 2021, Zhang et al. 2021).However,these theories have not yet focused on the
topological properties of the constructed ecological networks.In contrast,ecological spatial networks
actually simplify and quantify the real spatial structure of the landscape for better research.Ecological
networks are composed of ecological nodes and ecological corridors.Ecological nodes are the abstract
expressions of ecological sources on the network and different nodes have different properties on the
network.Ecological corridors are an abstract representation of the �ow of matter and energy as well as
the transfer of information in a landscape space.The combination of ecological nodes and ecological
corridors can better re�ect the spatial characteristics of a region's landscape.

3.1.1Ecological sources identi�cation based on MSPA analysis

Morphological Spatial Pattern Analysis (MSPA) is a way of identifying important habitat patches within
the study area based on morphological algorithms(Wei et al. 2022).The target sites can be classi�ed
morphologically into Core,Bridge,Loop,edge,Islet,Branch,Perforation.In this study,the original land use
data of tree woodlands,grasslands,shrublands,lakes and wetlands were set as foreground,the arable
land,bare land and construction land were set as background through Guidos software.Considering the
large spatial scale of the landscape in the study area,small patches are too fragmented,so the eight-
neighbourhood method is used to extract the core areas larger than 4 km2 as ecological sources.The
ecological sources were classi�ed into three types according to their ecological functions and carbon sink
capacity:forests,shrubs and grasslands,wetlands and lakes.

3.1.2Ecological corridor construction based on modi�ed MCR model

The minimum cumulative resistance model (MCR) was �rst proposed by ecologist Knappen and applied
to the study of species migration process and has been widely used in species conservation and
landscape pattern analysis since then(Knaapen et al. 1992). The minimum cumulative cost resistance
model considers three main factors,namely "source","resistance"and "cumulative cost".By analyzing the
three factors,the cost or work done by the "source" to overcome the resistance and propagate outward is
portrayed(Li et al. 2015).However,we believe that the traditional MCR model ignores the in�uence of
different land use types on the landscape resistance values under different human development and
construction intensity and that the process of ecological energy �ow is impeded differently in different
locations.Therefore,the MCR model is modi�ed in this paper and the modi�ed minimum cumulative
ecological resistance surface is constructed by using the modi�ed MCR model with eight ecological
resistance factors of DEM, SLOPE, NDVI, MNDWI, LUCC, Population density, Water Network Density and
Road Network Density.
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VMCR = fmin

i=m,m=j

∑
i=1 , j=1

DijRiNjPj

1

where VMCR is the face value of the minimum ecological cumulative resistance of the modi�ed
ecological land.fmin is the minimum value of cumulative resistance of a land unit.Dij is the spatial
distance from ecological sources j to land unit i.Ri is the resistance coe�cient of the movement process
of land unit i.Nj is the radiation value of nighttime light data in ecological sources j.Pj is the energy
factor of ecological sources j,the larger the value indicates the greater the ecological energy of the
ecological source patch,where the energy factor Pj is calculated by the formula.

Pj = A jNj

2

Where A jis the area of the j ecological source land patch,Nj is the r normalized index of the j ecological
land patch,NDVI and MNDWI were selected as normalized indices in this study,so r was taken as 1 and 2.

In the ecological resistance factors,we consider that different topography,slope,water quality,vegetation
cover and other factors have different degrees of obstruction to ecological energy �ow,so each factor is
divided into 5 levels according to the natural breakpoint method in ArcGIS.Then we obtain the base
resistance as the weighted sum of the graded factors,where the weights are determined using the entropy
method(Table 1).

 

( )



Page 8/36

Table 1
Evaluation factors of ecological resistance.

Factor Weight Grade Value Factor Weight Grade Value

DEM/m 0.154 1 0-30.45 LUCC 0.144 1 Forest,Water,Wetland

3 30.45–
48.45

3 Shrubland,Grass

5 48.45–
77.52

5 Cultivated land

7 77.52-
125.97

7 Arti�cial surface

9 125.97–
353

9 Bare land

SLOPE/(°) 0.147 1 0-0.75 Population density 0.136 1 0-0.011

3 0.75–2.58 3 0.011–0.044

5 2.58–6.36 5 0.044–0.131

7 6.36–12.08 7 0.131–0.272

9 12.08–
32.41

9 0.272–0.570

MNDWI 0.104 1 -0.72 -0.34 Water Network
Density

0.103 1 0-0.02

3 -0.34 -0.26 3 0.02–0.07

5 -0.26 -0.05 5 0.07–0.10

7 -0.05 0.33 7 0.10–0.15

9 0.33 0.81 9 0.15–0.26

NDVI 0.108 1 -0.12-0.27 Road Network
Density

0.104 1 0-81.78

3 0.27–0.40 3 81.78-167.47

5 0.40–0.49 5 167.47-310.67

7 0.49–0.56 7 310.67-548.78

9 0.56–0.69 9 548.78–926.50

3.2Ecological stepping stones

Ecological stepping stones are an important concept in landscape ecology and are important nodes for
maintaining spatial connectivity in the landscape(Luo et al. 2020).In the context of rapid urban
development,the landscape space gradually tends to be fragmented.However,adding small ecological
patches as stepping stones between large ecological patches can enhance the ecological energy �ow
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and material information exchange.We add stepping stone patches between patches with poor ecological
functions and patches with long ecological corridors.At the same time,we believe that the stability of
stepping stone patches depends on the perimeter and area. In the same area,the more compact the shape
of the stepping stone patches,the closer they are to a circle,the more resistant they are to face
disturbance.Therefore,we use the patch shape index formula for screening stepping stones.When we
using a circle as a reference,the calculation formula is as follows:

LSI =
E

2√πA

3
Where E is the total length of all patch boundaries in the landscape and A is the total area of the
landscape.

3.3 Topological indicators of the ecological spatial network

Using complex network theory,ecological sources are abstracted as nodes of a network and ecological
corridors are abstracted as edges of a network,so that the landscape space is abstracted as an
undirected network(Su et al. 2019).A variety of topological indicators can be used to characterise the
ecological spatial network(Albert and Barabási 2002).In this paper,eight metrics are selected,of which
degree and mean path length are used to describe the basic characteristics of the ecological spatial
network and dIIC is used to express the connectivity of the nodes of the ecological spatial
network.Clustering coe�cients,Closeness Centrality,Betweenness centrality,Eigenvector centrality and
Modularity are used to establish the correlation between node topological indicators and carbon sinks.

3.3.1 Degree

The degree of a node is de�ned as the number of edges connected to that node.The greater the degree of
a node,the more important that node is in some sense.

3.3.2 Average path length

The distance between two nodes i and j in the network is de�ned as the number of edges on the shortest
path connecting these two nodes.The average path length of the network is de�ned as the average of the
distances between any two nodes.

3.3.3Clustering coe�cient

In your friend network,two of your friends may also become friends.This attribute is called the clustering
feature of the network and the clustering coe�cient is used to describe this attribute.The clustering
coe�cient is de�ned as the ratio of the number of edges E present between the k neighboring nodes of
node i and the total number of possible edges C.



Page 10/36

3.3.4 Closness centrality

Closness centrality is used to discover nodes that can e�ciently disseminate information through the
network.Proximity centrality is de�ned as the sum of the distances from node i to each of the other
nodes,and then the inverse of the obtained sum is found to determine the proximity centrality of the node.

3.3.5 Betweeness centrality

Any two nodes in the network have at least one shortest path that minimizes the number of edges
through which the path passes.The Betweenness Centrality of each node is the number of times these
shortest paths cross that node.

3.3.6 eigenvector centrality

The importance of a node depends on the number of its neighboring nodes and on the importance of its
neighboring nodes.The more important the neighboring nodes connected to it,the more important the
node is.

3.3.7 Modularity

Modularity is a measure of the strength of the structure of an network community.The modularity is
de�ned as the difference obtained by subtracting the proportion of edges in the network that connect
nodes inside the community from the expected value of the proportion of edges in the random network
that connect nodes inside the community structure.

3.3.7 dIIC

Integral Index of Connectivity(IIC)is used to characterize the degree of connectivity of the network.dIIC is
the node importance value of the reference Integral Index of Connectivity(Niculae et al. 2016).

3.4 Remote Sensing-based ecological index (RSEI)

The RSEI model is a new comprehensive ecological index which can be used to evaluate the ecological
quality of patches by coupling four natural factors: surface moisture (WET),dryness (NDBSI),heatiness
(LST) and greenness (NDVI) through the method of principal component analysis.This paper uses the
RSEI model index to evaluate the ecological quality level of patches(Xiong et al. 2021, Yuan et al. 2021).

3.5 SEEC optimization model

Ecological source is one of the most important elements in landscape space.In order to achieve carbon
neutrality through the restoration and renewal of ecological spatial networks,we have studied the
functionality and carbon sink capacity of ecological sources We believe that the functionality of
ecological sources includes the inherent properties of the source itself,that is,the quality of the source.At
the same time,the functionality of the ecological sources also includes the connectivity between the
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source and other source,that is,the value of the source site in the landscape space.Therefore,we cited the
RSEI index to evaluate the inherent attributes of the sources and the dIIC index to evaluate the
connectivity of the sources.By combining the two indicators,the functionality of ecological sources can
then be evaluated comprehensively.We evaluate the carbon sink capacity of ecological sources by
calculating the carbon sink of each source site by using the carbon sink formula.Through screening,we
obtained three types of ecological sources that need to be enhanced separately (1) sources with week
ecological functionality (2) sources with week carbon sink capacity (3) sources with both week ecological
functionality and carbon sink capacity.The remaining cases of ecological sources are considered to be in
good condition and can maintain the status quo.The �ow chart of the SEEC optimization model is shown
in Fig.4.

3.6 Veri�cation of robustness and carbon sink before and after optimization

3.6.1 Veri�cation of Robustness

When a network suffers an attack or failure,which is equivalent to removing a number of nodes or edges
from the network,this will cause the original network to suffer damage.If the network remains connected
after the removal of certain nodes,then the connectivity of the network is said to be robust to the removal
of these nodes.The robustness of the network is divided into two categories,recovery robustness and
connectivity robustness.After a node or edge of the network is damaged,the recovery property of the
network to the original nodes and edges is recovery robustness.The recovery robustness is further divided
into node recovery robustness and edge recovery robustness based on the point and edge elements in the
network.The ability of the network to maintain the connectivity of the nodes and energy transfer is
connectivity robustness.

D = 1 −
Nr − Nd

N

4

E = 1 −
Mr − Me

M

5

R =
C

N−Nr

6
Where D is the node recovery robustness,E is the edge recovery robustness,R is the connectivity
robustness of the network,N is the number of nodes in the network,Nr is the number of nodes removed,
Nd is the number of nodes recovered after removal,M is the number of edges in the network,Mr is the
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number of edges removed from the network and Me is the number of edges recovered after removal,C is
the maximum number of nodes in the connected subgraph of the network after removing some nodes.

The comparison of these three types of robustness optimization before and after can verify the
effectiveness of ecological spatial network optimization.

3.6.2 Veri�cation of carbon sinks

Forests,shrublands,grasslands,lakes,wetlands and other land use types can sequester carbon
dioxide(Pacala et al. 2001).Some studies have analysed carbon sinks at the county scale in China(Fang
et al. 2018).This paper determines the carbon sink coe�cients according to different land use types,and
�nally calculates the carbon sinks of different regions.

Ct =
n

∑
i=1

A iSi

7
Where Ct is the total amount of carbon sink.i is the land use type.A is the land area.S is the carbon sink
coe�cient.The carbon sink coe�cients are determined from existing domestic and international
literature,as shown in the table2. 

 
Table 2

Carbon sequestration coe�cient for different land use types.
Land use type Carbon sequestration coe�cient (t/hm2a) Literature sources

Forest 0.870 Fang et al. 2018

Shrubland 0.230 Zhang et al. 2020

Grassland 0.191 Zhang et al. 2018

Watershed 0.671 Zhang et al. 2020

4. Result
4.1 Construction and Analysis of Ecological Spatial Network in Xuzhou City

Ecological spatial network is the result of combining traditional ecological network with complex network
theory.We believe that ecological spatial network is a kind of network that re�ects the geographical
location relationship and topological properties of each ecological element in the landscape space.It
consists of ecological nodes and ecological corridors,where ecological nodes are the result of abstraction
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of ecological sources and ecological corridors are the result of abstraction of material and energy
�ows.In this study,ecological nodes are divided into forest patches,shrub and grassland patches,wetland
and lake patches.

4.1.1 Screening of ecological sources

We imported the foreground data and background data into Guidos and obtained seven types of patches
according to MSPA analysis,among which core patches and islets patches accounted for a large
area,22.4% and 47.4% of the total area,respectively.The core patch is a large ecological patch,which has
an important in�uence on the ecological environment and energy �ow.It is usually used as an ecological
source.Islet patches are mainly distributed among the core patches and its area is small and numerous
which is a more isolated patch type.Islet patches are usually considered as the best choice for ecological
stepping stones.Based on the actual situation of the study area,we selected core area patches with an
area larger than 0.4 as ecological sources.Finally,7 forest patches,16 shrub and grassland patches,58
wetland and lake patches were selected,for a total of 81 ecological sources(Fig.5).

4.1.2 Minimum cumulative ecological resistance surface analysis

We obtained the minimum cumulative ecological resistance surface after superimposing the resistance
values of the eight resistance factors by cost distance analysis (Fig.6).From the �gure,it can be seen that
the resistance values are lower in the central and eastern parts of the study area and higher in the south
and northwest,with the maximum value up to 2082515.75.The area is located in Feng County and Pei
County,with key rock salt mining areas in Feng County and key coal mining areas in Pei County.Due to the
long-term exploitation of natural resources,the ecological environment in this area is of poor quality and
the resistance values of NDVI,MNDWI,water network density and other factors are very high.Besides this
area is far away from the existing ecological source,which causes a large accumulation of resistance.

4.1.3 Xuzhou Ecological Spatial Network

Through the iterator tool of ArcGIS platform,the obtained ecological sources and cumulative ecological
resistance surfaces were used to generate ecological corridors in the study area through the cost-path
model,then a total of 151 ecological corridors were obtained.We combined the ecological corridors with
the screened ecological sources to jointly construct the ecological spatial network of Xuzhou
City(Fig.7).As can be seen from the �gure,the ecological sources are mainly located in the south-central
and southeastern areas of Xuzhou,while the sources in the northwest are more sparse.Overall,the
ecological sources in Xuzhou are small in area and fragmented in distribution.The majority of the sources
types are wetland and lake patches,which are more widely distributed.Forest patches,shrubs and
grassland patches are fewer in number and more concentrated in the central part of Xuzhou.Ecological
corridors are more dense in the central part of Xuzhou,with shorter corridor lengths,while those in the
north-western part of the city are sparser and longer,suggesting that ecological circulation is poor in the
north-western part of the city and that the initial ecological base of the area is poor and in need of
upgrading.
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The ID1 and ID2 of ecological corridors in ArcGIS were imported into the complex network visualization
software Gephi and obtained the abstract topological feature map and community topology map of
Xuzhou ecological spatial network(Fig.8).From the �gure,it can be seen that nodes 40,51,60,and 80 are
located in the central area of the network and play an important connecting role.The rest of the nodes are
scattered in the network and connected to each other to transmitting information.In the community
network,the Xuzhou ecological space network is divided into 7 communities according to the size of
modularity and according to the de�nition of modularity,the nodes in each community have strong
connectivity,the nodes are closely connected to each other,so they have strong resistance in the face of
attacks.As can be seen from the �gure,the seven node communities also have certain relationships in
geographic space.Nodes of the same community are adjacent to each other in spatial
location.Therefore,within a certain geographical range,the ecological nodes in the area possess strong
stability in the face of damage.The maximum value of modularity in the ecological spatial network of
Xuzhou is 6 and the community node is located in the southeast area of Xuzhou,indicating the strongest
stability in this area.The lowest value of modularity is 0,which is located in the northwest area of Xuzhou
city,indicating that the community nodes in this area are less stable and more vulnerable and they are
more likely to be destroyed when under attack.

From the MCR model and the community network structure,it can be seen that the ecological sources in
the northwestern part of Xuzhou city have a poor ecological base.The energy and material information
transfer and exchange in the area are more di�cult.When faced with ecological damage,their resistance
is poor and they are not easy for self-ecological restoration.In contrast,the central and south-central areas
of Xuzhou have a large number of sources and short ecological corridors,so that energy transfer is more
convenient and when faced with external damage,their resistance is stronger and conducive to ecological
self-restoration.

4.2 Analysis of the results of the various indicators

4.2.1 Analysis of results for network topology metrics

Degree,average path length and clustering coe�cient are the three most basic concepts in portraying the
statistical properties of complex network structures.The greater the degree of a node,the more
information is exchanged between the node and other nodes,and therefore the more important the node
is in the network.The average path length is the average of the distance between any two nodes,the larger
the average path length indicates the slower the information transfer between nodes,if the corridor length
between two nodes is greater than the average value then the corridor is considered longer and is not
conducive to information transfer.The clustering coe�cient indicates that the degree of aggregation of
the node is measured in the network and the larger the clustering coe�cient of the node indicates that it
has more similarity and less heterogeneity with similar elements.

As can be seen from the �gure 9,there are 7 nodes with degree greater than or equal to 7 in the
network,which are nodes 28,30,40,41,50,60,80,indicating that these nodes have an important role in the
network,where node 60 has the largest degree,reaching 9.The minimum value of node degree in the
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network is 1,which is nodes 3,25,51,indicating that these nodes have a smaller role in the network,while
the node degree The minimum value of 1 indicates that there is at least one node connected to each node
in the Xuzhou ecological spatial network and there are no isolated nodes.The average path length of
Xuzhou ecological spatial network is 5.492,62 ecological corridors are lower than this value,and the
remaining 90 ecological corridors are higher than this value,which indicates that the nodes connected by
these 90 ecological corridors have a slow information transfer rate,so some ecological corridors and
nodes should be screened and additional stepping stone sources should be installed to shorten the
spacing.Fifteen nodes in the Xuzhou ecological spatial network have a clustering coe�cient greater than
0.5,with nodes 13,74 and 77 reaching a clustering coe�cient of 1,indicating strong similarity between the
nodes connected to them while 13 nodes have a clustering coe�cient of 0,demonstrating greater
heterogeneity between the nodes connected to them.

Closeness centrality,Betweenness centrality and Eigenvector Centrality re�ect the relative importance of
each node in the network.They are the important indicators to characterize the structure of complex
networks.Closeness centrality indicates the spatial location of a node in the network,the greater the
Closeness centrality,the more important the node is in the center of the network.Betweenness centrality
refers to the number of shortest paths through the node.Larger Betweenness centrality indicates more
interaction between the node and other nodes,which facilitates the transfer of energy between
nodes.Eigenvector centrality means that the centrality of a node is a function of the centrality of
neighbouring nodes,which means that the more important the nodes connected to that node are,the more
important that node is.

As can be seen from the �gure 10,the Closeness centrality of the Xuzhou ecological network does not
vary greatly,with four nodes having values greater than 0.25,namely nodes 29,40,45 and 60,with node 40
having a maximum Closeness centrality of 0.27,indicating that this node is at the very centre of the
network.There are three nodes with a betweenness centrality greater than 1000,namely nodes 40,60 and
80,where node 40 has a maximum betweenness centrality of 1526.14,indicating that this node is
conducive to energy transfer.On the contrary,there are 6 nodes with zero betweenness centrality,namely
nodes 3,13,25,51,74 and 77,which are not conducive to the exchange of materials and energy.The
eigenvector centrality of the Xuzhou ecological spatial network is greater than 0.8 for six nodes,nodes
40,41,43,50,60 and 80,with node 60 reaching a maximum value of 1,indicating that the nodes connected
to this node are also more important.

Combining the analysis results of basic topological indicators and important topological indicators of
ecological space network,it is found that node 40 and node 60 are the most important nodes in the
network.Node 40 is the maximum node in closeness centrality and betweenness centrality.Node 60 is the
maximum node in degree and eigenvector centrality.Changing these two nodes will affect the topological
properties of the whole network. Meanwhile, we found that the values of clustering coe�cient and
betweenness centrality of nodes 3,25,36,and 51 are very low and increasing the values of their
topological indicators will strengthen the topological properties of the network.
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4.2.2 The results analysis of the coupling between RSEI and dIIC models

Coupling WET,NDBSI,LST,and NDVI,we obtained the results shown in Fig.11.We found that there are areas
with low RSEI values in the northwest,central,and east of Xuzhou City and these lower values are mainly
concentrated on the urban areas of each county,while the higher values of RSEI are distributed around the
urban areas.This indicates that with the development of human construction,the ecological environment
quality of the area has been reduced and the quality level of the source area is low.We also found that the
RSEI in non-urban areas of Feng County,Pei County and Jiawang County is still at a low value which is
due to the local coal mining,thus causing the destruction of the ecological environment,the original
landscape becomes fragmented and the ecological environment quality is at a low level.The quality of
the regional ecological sources are poor and the ecological background needs to be improved urgently.

We obtained the dIIC values of each source site by using conefor2.6 software and we found that the dIIC
values of nodes 47,80,81 were signi�cantly higher than those of other nodes.This indicates that the
connectivity of these nodes is higher and the ecological sources are functional.dIIC values are lower than
0.01 for a total of 14 nodes which indicates that these nodes are less connected and less capable of
material-energy transfer.

We coupled the RSEI with the dIIC(Fig.12) and normalized the indices.At the same time we classify all
nodes and extracting the nodes in the top 10% and the bottom 10% of the coupling values.We identify
them as ecologically functional strong nodes and ecologically functional weak nodes and the rest of the
nodes are considered as ecologically functional general nodes.Finally,8 nodes with strong functionality,8
nodes with weak functionality,and 65 nodes with general functionality were obtained.Among the
ecologically weak nodes,node 26 has low clustering coe�cient and eigenvector centrality and node 75
has low proximity centrality.To optimize them will increase their importance in the network and thus
enhance the stability of the network.Node 60 is more important in the network and its optimisation will
further enhance its role in the network.We have adopted a strategy of adding edges to poorly functioning
ecological nodes,linking fragmented sources and enhancing connectivity between nodes to improve the
functionality of ecological sources.Additional stepping stone patches are also added to shorten the
length of ecological corridors and further enhance the ecological background of the area.

4.2.3 Carbon sink correlation analysis

Through the formula,we obtained the carbon sinks of each ecological source and also identi�ed the
nodes in the top 10% of carbon sink values as strong carbon sinks and the nodes in the bottom 10% of
carbon sink values as weak carbon sinks.To further investigate the reasons affecting the amount of
carbon sinks,we conducted Pearson correlation coe�cient analysis between carbon sinks and various
topological indicators of complex networks (Fig.13).From the �gure,it can be seen that the carbon sinks
of forest nodes,shrub and grassland nodes and lake and wetland nodes showed highly signi�cant
positive correlation and signi�cant positive correlation with betweenness
centrality,respectively.Therefore,increasing the betweenness centrality of the nodes with weak carbon
sinks can enhance the carbon sink capacity of the nodes.
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4.3 Analysis of the effects of the SEEC optimisation model

We classi�ed the nodes and obtained 5 nodes with only weak ecological functionality(Nodes
15,24,30,60,75) 5 nodes with only weak carbon sinks (Nodes 6,12,21,33,52) and 3 nodes with poor
ecological functionality and low carbon sinks (Nodes 17,26,27).For the nodes with weak ecological
functionality,we have taken measures to increase the number of stepping stones and ecological
corridors.According to the previous study on the ecological community network in Xuzhou,the ecological
sources in close geographical proximity are highly modular,closely connected to each other and more
resistant to external damage.Therefore,we selected Islet patches with LSI greater than 1.95 around
ecologically functional weak nodes as ecological stepping stones through the patch shape index LSI and
added ecological corridors according to the MCR model.For nodes with low carbon sinks,we took the
measure of increasing their betweenness centricity to enhance their carbon sink capacity.The
Betweenness centricity is the number of shortest paths through the point,so we used the nodes with low
carbon sinks as bridges to build links with the surrounding nodes and constructed the shortest cost paths
according to the modi�ed MCR resistance values.For nodes with weak ecological functionality and low
carbon sinks,we also added stepping stones,ecological corridors and shortest paths.In the end,we
successfully added 16 new ecological stepping stones and 55 new shortest paths and ecological
corridors(Fig.14).The optimised ecological spatial network of Xuzhou is shown in the �gure,which clearly
shows that the nodes are more closely connected and the length of the ecological corridors has been
effectively reduced,further promoting the �ow of energy and the exchange of material information.

4.3.1 Robustness comparison analysis

The random and malicious attacks of the network can be used in the ecological spatial network to
simulate the ecological damage suffered by the landscape space,and the resistance to external damage
can be expressed by the robustness of the network.The change of the robustness of the ecological
spatial network in Xuzhou before and after optimization by random and malicious attacks(Fig.15).From
the �gure,it can be seen that the recovery robustness of nodes,the recovery robustness of edges and the
connection robustness are all enhanced to some extent,with the optimization effect of connection
robustness being the most obvious.With the increasing number of nodes subjected to random and
malicious attacks,the robustness of the network before and after optimization shows a decreasing
trend,but the stability of the network subjected to random attacks is signi�cantly stronger than that of the
network subjected to malicious attacks and the change of robustness of different types also shows a
difference.

In the recovery robustness of the nodes,the network robustness values before and after optimization are
�rst kept constant at 1,and then start to decline from slow to fast.The optimized network curve is more
convex than the pre-optimized network curve,which indicates that the optimized network declines more
slowly and the in�ection point of the decline is delayed.When the pre-optimized network is subjected to
random and malicious attacks,the robustness starts to fall below 1 at the 18th and 24th
nodes,respectively,and falls below 0.1 at the 79th and 77th nodes,the network eventually collapses.The
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robustness of the optimized network starts to fall below 1 at the 38th and 37th nodes and falls below 0.1
at the 96th and 94th nodes,respectively.When the attack reaches the last node,the robustness of the
optimized network can be maintained at 0.12 and 0.03 after random and malicious attacks,both of which
are better than the robustness of the pre-optimized network.

In the recovery robustness of the edges,the robustness values before and after optimization decreases
from 1.When subjected to random attacks,the robustness decreases from slow to fast but in the case of
malicious attacks,the robustness decreases at a more stable rate.In the random attack,it is also found
that the robustness of the optimized network decreases signi�cantly less than that of the pre-optimized
network.When the robustness falls below 0.1, the network starts to collapse and only three nodes of the
optimized network remain, while four nodes of the pre-optimized network are still below 0.1.When
subjected to malicious attacks,the rate of decline before and after optimization is approximately the
same,and there are 12 nodes with network robustness below 0.1 both before and after optimization,but
the number of nodes increases after optimization,so the optimized network is still more stable than the
network before optimization.

The initial robustness of the pre-optimised network was 0.98,while the initial robustness of the post-
optimised network reached 1.The robustness of the network decreased in waves after both random and
malicious attacks,but the post-optimised robustness decreased at a signi�cantly slower rate than the pre-
optimised network.The optimised network maintained a robustness of 1 after a random attack up to 30
nodes,and made several attempts to recover from subsequent attacks,eventually recovering to 0.67 at
node 91,and below 1 after a malicious attack starting at node 11,after which several attempts were made
to recover,most notably at node 54 (recovering to 0.37),node 74 (recovering to 0.35),and node 90
(recovery to 0.29).The pre-optimised network fell faster under random attacks,recovering to 0.18 by the
70th node.When subjected to a malicious attack,the robustness of the network falls rapidly to 0.5 at the
10th node and eventually recovers to 0.3 at the 71st node.Thus,the optimised network outperforms the
pre-optimised network both in terms of the rate of decline and in terms of robustness recovery.

The results of the node recovery robustness,edge recovery robustness and connection robustness show
that the optimization of the SEEC model can strengthen the ability of the Xuzhou ecological network to
resist external damage and improve the stability of the network.The analysis of the connection
robustness results shows that the optimised network can attempt to automatically recover robustness in
the face of ecological damage in order to maintain the smooth operation of the network and the
recovered robustness can reach a high value,which re�ects that the ecological resilience of the Xuzhou
ecological spatial network has been improved to a certain extent.

4.3.2 Carbon sink

In the current study,there are various ways to calculate carbon sink.This paper adopts the method of
estimating carbon sink through land use and the carbon sink value before and after the optimization of
ecological spatial network in Xuzhou City is obtained by the formula(Table.3). From the table,it can be
seen that the carbon sink of the ecological sources are improved by 352.04 tons and the carbon sink of
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the ecological corridor is improved by 25.56 tons.The carbon sink of the ecological sources are improved
by about 14 times of the ecological corridor and the improvement effect is more signi�cant.

Table 3.Changes in carbon sinks before and after optimization of Xuzhou's ecological spatial network.

Type Ecological Sources Carbon Sink t Ecological Corridor Carbon Sink t

Unoptimized 8562.82 491.05

Optimized 8914.86 516.61

5. Discussion
In this study,the ecological spatial network of Xuzhou City was rehabilitated and reconstructed to make
full use of the carbon sequestration capacity of plants to enhance the carbon sink level of the region.The
SEEC optimization model was proposed to address the characteristics of fragmented urban ecological
sources in mining areas and high carbon emissions.The results show that the optimized ecological
spatial network of Xuzhou City has increased the carbon sink by 377.6 tons compared with the original
one and the overall landscape space has become more stable and connected.

5.1 Innovations of this study

This study proposes a new way of thinking about carbon sink enhancement.Although carbon sinks can
be increased through afforestation,it is debatable whether the original land can be transformed by
afforestation and whether the soil conditions and climate conditions of the area are suitable for
vegetation growth(Cui et al. 2019, Huang et al. 2019). However, enhancing the landscape space of the
region, strengthening the environmental quality of the original ecological sources and improving the
growth environment of vegetation can more effectively promote the sequestration of carbon by
vegetation.Combining ecological network theory and complex network theory can simplify and quantify
the real complex landscape space and react the topological nature of ecological space through speci�c
values.Especially in mining cities,where the original ecological networks are damaged,it is very
meaningful to analyze the weak nodes through topological properties.Speci�c optimization solutions can
be proposed for these weak nodes and at the same time the optimized results can become visualized.We
screen out the nodes with poor ecological functions for enhancement,but it is not enough to just enhance
these nodes,because restoring nodes with poor ecological quality is limited to enhance the carbon sink,so
we should also enhance some nodes with low carbon sink to give full play to their ecological bene�ts and
the carbon sequestration capacity of plants to enhance their carbon sequestration capacity.We ensure the
optimization effect by verifying the robustness and the change of carbon sink.In the veri�cation of the
robustness,we simulate the human damage to the ecology by malicious and random attacks to make the
simulation process more close to the real scenario(Zhou and Liu 2014, Podobnik et al. 2015).

In this study,the Original MCR model is improved.We believe that the resistance of the Original MCR
model may ignores the in�uence of human and ecological elements,so it may not accurately re�ect the
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real situation(Zhang et al. 2019).The impact on the resistance is different under different intensity of
human activities and the large amount of construction and development in urban areas will make the
resistance value much larger than that in suburban areas,which will affect the evaluation of the
resistance value.At the same time,different states of ecological elements in the landscape space will also
have different effects on the resistance value,such as different vegetation growth and water bodies with
different water content will also have different effects on the resistance value.Therefore,this paper uses
nighttime lighting data to represent the intensity of human activities and NDVI,MNDWI to characterize
different states of vegetation and water bodies.The MCR model is modi�ed based on the effects of the
two factors to obtain a more realistic resistance situation.

We also re�ect on the screening process of ecological stepping stones.Current scholars have only
considered the in�uence of geospatial location of ecological stepping stones,connecting fragmented
sources through stepping stones and corridors,but have neglected the characteristics of stepping stone
patches themselves.When the stepping stone patches are disturbed by the outside world,the stepping
stones respond to the disturbance based on their own structure and composition.According to the
landscape shape index,the closer the stepping stone area is to a circle,the more compact its internal
structure is and the stronger its resistance to disturbance.Therefore,the stepping stone patches screened
based on the combination of geospatial location and morphological index have the ability to connect to
the source site and more stable characteristics.

5.2 Limitations and future perspective

The optimization of ecological spatial networks by adding ecological corridors through complex network
theory,the newly generated ecological corridors are derived by calculating the lowest cost
paths.However,in the real landscapes,these new ecological corridors may be impossible to construct.In
the original landscape,it may be impossible to carry out proper modi�cation and vegetation planting due
to special geographical and soil conditions or the actual cost of reconstructing new ecological corridors
may be signi�cant.Through the in�uence of these intrinsic and extrinsic constraints,it can lead to a high
resistance to the practical application of the new ecological corridors generated based on the complex
network theory.Besides,the carbon sequestration coe�cients in this study were obtained through
literature review,which will inevitably produce errors.We have tried to measure the carbon sink of Xuzhou
city using NPP index,but found that NPP can only measure the carbon sink size of vegetation and not the
carbon sink value of water bodies,especially since the ecological sources in Xuzhou city are mainly
dominated by water body patches.We hope that future researchers can propose more speci�c solutions
to this problem to make the estimation of carbon sinks more accurate.In the future,we will conduct
studies on different scales of the study area while seeking solution measures to explore the applicability
of optimized solutions.

5.3 Optimized ecological spatial network in relation with urban landscape

The purpose of this paper is to enhance the regional carbon sink,but in the process of achieving this
purpose we have a new thought,when the restoration of ecological spatial network,it will change the
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original urban land use and landscape spatial pattern,which is actually a kind of re-planning for urban
space.In a mining city,the original landscape space becomes fragmented with the mining of resources
and the broken source land is connected through ecological corridors to gradually realize the restoration
of ecological functions,which is actually a kind of beauti�cation process to improve the urban landscape
effect in terms of urban scale.Can the beauti�ed landscape further in�uence the mood of residents and
enhance their happiness? Can we create a healthy urban green space according to the simulated
ecological corridor and develop an urban slow-vehicle system? Can the ecological bene�ts be met while
further pursuing the aesthetics of the form?(Wang et al. 2017, Chen and Zhang 2018, Kim and Jin 2018)
We believes that this is another question worthy of consideration in the urban landscape design level and
it is also a question that needs to be addressed in the future to explore the appropriateness of human-
land relationship.

6. Conclusion
In this study,we extracted and obtained the ecological spatial network of Xuzhou city.In the same time,We
obtained the topological properties of each ecological source by combining complex network theory.We
also found that there is a connection between the community network and geospatial location.Eight
nodes with poor ecological quality were screened out by the results of coupling the RSEI and dIIC
models.Eight nodes with weak carbon sinks were screened out by calculating the carbon sinks.The
Pearson correlation coe�cient analysis revealed that the betweenness centricity of nodes showed highly
signi�cant(p < 0.01) and signi�cant(p < 0.05) positive correlations with forest nodes,shrub and grassland
nodes,ake and wetland nodes.Through the SEEC optimization model,16 ecological stepping stones and
55 ecological corridors were added.By comparing the robustness and carbon sink before and after
optimization,it is found that the robustness and carbon sink after optimization are improved,which
indicates that the optimized strategy is effective.

In some existing studies,some scholars only extracted ecological networks and some others only studied
the properties of ecological networks,but lacked measures and solutions to improve the actual
problems(Zhu et al. 2019, Zeng et al. 2021).This study selects Xuzhou city as a typical case and
proposes speci�c optimization strategies for the landscape space of Xuzhou city.In the context of rapid
urbanization and massive exploitation of coal resources in China,the enhancement and ecological
restoration strategies for carbon sinks in Xuzhou City can provide some reference for other mining cities
with poor ecological environment and high carbon emissions.
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Figures

Figure 1

Xuzhou City Geographical Location Analysis and Mine History Analysis.
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Figure 2

Elements of ecological spatial networks constructed based on datasets.
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Figure 3

Schematic diagram of the research framework.

Figure 4
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An optimization model for synergistic enhancement of ecological functions and carbon sinks.

Figure 5

MSPA analysis and Xuzhou Ecological Sources.



Page 29/36

Figure 6

Cumulative resistance surface distribution map.

Figure 7

Xuzhou Ecological Spatial Network.
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Figure 8

Ecospatial network topology (top left),community network (top right),geospatial and modularity
relationships (bottom).
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Figure 9

Basic topological indicators of ecological space network.
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Figure 10

Important topological indicators of ecological space network.
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Figure 11

RSEI Analysis.

Figure 12
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RSEI and dIIC coupling results.

Figure 13

Pearson correlation coe�cients of ecological node topology indicators and carbon sinks.
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Figure 14

Optimized Ecological Spatial Network of Xuzhou City.

Figure 15
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Variation of the robustness of unoptimized (top) and optimized (bottom) ecological spatial network.


