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Abstract: Optimizing the connectivity-carbon sequestration coupling coordination of forest and
grassland ecological spaces (F&GES) is a crucial measure to enhance carbon sequestration effectively
in mining areas. However, the prevailing strategies for optimizing F&GES often overlook the
connectivity-carbon sequestration coupling coordination of the network. Therefore, this study aimed
to propose a novel restoration plan to improve the connectivity-carbon sequestration coupling
coordination of existing networks. Taking a typical mining area in northwestern China (Eyu County)
as an example, we extracted the existing F&GES based on remote sensing ecological indicators and
ecological risk assessments. Subsequently, we optimized the network using the connectivity-carbon
sequestration coupling coordination degree (CSCCD) model from the perspective of connectivity-
carbon sequestration coupling coordination, proposed potential alternative optimization schemes,
and evaluated the optimization effects. The results showed that the range of Eyu County’s F&GES
structure had been determined. Ecological source sites with better carbon sequestration effects
were primarily distributed in the central and northeastern parts of Eyu County. After optimization,
check for the network added 26 ecological patches, and the added area reached 641.57 km?. Furthermore,
updates the connectivity robustness, edge restoration robustness, and node restoration robustness of the
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optimized network were significantly improved, and the carbon sequestration effect of the forest and
grassland ecological space was increased by 6.78%. The contribution rate of ecological source sites
was 97.66%, and that of ecological corridors was 2.34%. The CSCCD model proposed in this study
can effectively improve the carbon sequestration effect in mining areas, promote carbon neutrality,
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Enhancing Carbon Sequestration. and save network optimization time while improving efficiency. This restoration strategy is also
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and sustainable development.
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1. Introduction

Escalating global climate change has prompted the entire world to shoulder the
collective responsibility of mitigating and adapting to the situation [1]. Among the various
measures aimed at mitigating climate change, carbon sequestration has garnered substantial
This article is an open access article  attention [2]. Nevertheless, mining activities in mining areas constitute one of the primary
distributed under the terms and  anthropogenic factors responsible for the colossal annual global carbon emissions [3]. The
conditions of the Creative Commons ~ Mining industry is estimated to contribute between 1.9 x 1012 and 5.1 x 1012 tons of carbon
Attribution (CC BY) license (https://  emissions annually, accounting for approximately 28% of the global carbon emissions and
creativecommons.org/ licenses /by / significantly impacting the global carbon budget [4]. Moreover, mining exacerbates the
40/). reduction of F&GES, leading to the degradation of their structure and function, thereby
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compromising their carbon sequestration potential [5]. This phenomenon is particularly
pronounced in mining areas situated in the Yellow River Basin of China [6]. Therefore,
comprehending the structure of F&GES, safeguarding and optimizing their structure, and
implementing effective measures to enhance carbon sequestration capacity are pressing
issues that require immediate attention in mining areas [7].

F&GES, comprising ecosystems such as forests and grasslands, represents a natural
space with the potential to maximize the functionality and services of ecosystems [8].
Forests and grasslands are capable of absorbing substantial amounts of carbon dioxide
through photosynthesis, converting it into organic matter, and simultaneously releasing
oxygen, making them natural carbon sinks [9]. Therefore, optimizing F&GES is considered
an effective means of enhancing carbon sequestration [10]. Specifically, this involves
reinforcing the restoration and protection of existing ecosystems to ensure their integrity
and stability [11]. Measures such as afforestation, grassland restoration, and ecological
remediation can augment the carbon sequestration effect of forest and grassland ecosystems,
thereby preserving their integrity and stability [12]. Additionally, optimizing the ecological
layout of F&GES is crucial. Rational planning and layout of the ecosystem, accompanied by
improvements in complexity and stability, can lead to further enhancement of the carbon
sequestration effect [13]. Consequently, optimizing forest and grassland ecological space
stands out as a key measure among various approaches to achieve carbon sequestration
goals [14].

F&GES refers to the creation of an interconnected and interdependent ecosystem net-
work by constructing ecological corridors and habitat networks to link dispersed forest and
grassland ecosystems [15]. This network structure has the potential to enhance ecosystem
connectivity, stability, and adaptability, while promoting biodiversity conservation and the
provision of ecosystem services [16]. Previous research has demonstrated that the F&GES
is an essential tool for protecting biodiversity, maintaining the ecological environment,
and promoting ecological economy [17]. Scholars have conducted extensive research and
practical applications in the construction, ecological functions, and optimization strategies
of F&GES, achieving considerable results. However, the relationships between ecosystem
service functions and the structure of F&GES are closely intertwined [18]. Therefore, opti-
mizing the structure of F&GES and the coupling coordination of carbon sequestration rep-
resents an important approach to promoting ecosystem carbon cycling and climate change
adaptation [19]. Currently, researchers employ various methods, such as remote sensing
technology, geographic information systems, morphological spatial pattern analysis, the
minimum spanning path algorithm (MSPA), and landscape ecological risk assessment
based on the theory of complex networks and landscape patterns to monitor and evaluate
F&GES [20]. They have successfully constructed cross-regional F&GES and studied their
ecological functions, including biodiversity conservation, soil and water conservation,
atmospheric regulation, and carbon sequestration [21]. Additionally, they have evaluated
the importance of various ecosystem services through ecological network construction
zoning schemes, management strategies, the MCR model, and circuit theory [22]. How-
ever, the relationship between ecosystem service functions and the structure of F&GES is
still relatively underexplored [23]. In summary, optimizing the structure of F&GES and
the coupling coordination of carbon sequestration represents a key measure to maximize
ecosystem service functions and promote ecosystem carbon cycling and climate change
adaptation [24].

Eyu, located in the middle reaches of the Yellow River Basin, is a significant mining area
in northern China. However, it is situated in a transitional zone between desert and oasis,
making it one of the most vulnerable ecosystems globally, with severe issues such as land
desertification, sandstorms, soil erosion, and grassland degradation [25]. In response, this
study aimed to assess the coupling coordination degree between the connectivity of F&GES
and carbon sequestration in Eyu County. The study also aimed to propose strategies to
enhance the connectivity and carbon sequestration ability of F&GES structure, which would
enable the achievement of carbon neutrality goals. The research focused on determining



Forests 2023, 14, 1587

30f32

the spatial location of F&GES structure, including ecological source sites and ecological
corridors, and analyzed their connectivity and topological characteristics. Furthermore,
the study assessed the carbon sequestration capacity of various ecosystems and analyzed
the coupling coordination relationship between connectivity and carbon sequestration
using the proposed CSCCD model. The research team developed multiple optimization
strategies to improve F&GES structure and carbon sequestration ability. Additionally, the
effectiveness of potential alternative optimization schemes was verified through robustness
tests and changes in carbon sequestration capacity. This study aims to provide scientific
evidence and technical support to manage forest and grassland ecosystems and achieve
carbon neutrality goals in the Eyu district. The findings of this research will contribute to
the advancement of forest science and also promote ecological civilization construction and
sustainable development.

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

The study area is situated at the intersection of the Yellow River’s upper and middle
reaches, in the transitional zone between the Loess Plateau and Inner Mongolia Plateau
in China (Figure 1). It encompasses 21 districts (counties or banners) in Ordos City, Inner
Mongolia Autonomous Region and Yulin City, Shaanxi Province, collectively referred to as
Eyu [26]. Among these, nine districts (banners), including Dongsheng District, Kangbashen
District, and Dalat Banner, are located in Ordos, while the remaining 12 districts (coun-
ties), such as Yuyang District, Hengshan District, and Fugu County, are located in Yulin.
The geographic coordinates of the study area range from 106°42'40” E to 111°27'20" E
and 36°57'04” N to 40°51’40” N. Eyu’s climate is characterized as a northern temperate
continental semi-arid climate, with low annual precipitation and high evaporation rates.
The average annual temperature ranges between 5.3 and 8.7 °C, while the wind speed is
typically between 2.7 and 3.7 m/s. There are significant variations in temperature and pre-
cipitation between seasons, with an average annual temperature of 7.7 °C and an average
annual precipitation of 366.7 mm. The Kubugi and Maowusu deserts in the central region
of Eyu are vital components of the northern anti-desertification barrier zone. Strength-
ening ecological construction in the desertification source areas is crucial for promoting
high-quality development of the Yellow River Basin. However, severe land desertification
is prevalent in the northwestern region of Eyu, while soil and water loss issues exist in
the eastern and southern regions [27]. These problems, along with grassland degradation,
resource exploitation, and sandstorms, have made Eyu one of the most ecologically fragile
regions worldwide. Additionally, Eyu boasts abundant mineral resources, with more than
50 types of mineral deposits identified, including coal, oil, natural gas, and rock salt. The
coal reserves alone have reached 317.6 billion tons, equivalent to approximately one-third
of the national total. Therefore, investigating the construction and optimization of F&GES
in mining cities and enhancing their carbon sequestration capacity using Eyu as a case
study is of significant theoretical, practical, typical, and popular value for exploring F&GES
optimization and carbon neutrality in mining areas [28].

2.2. Data Source and Processing

The present study utilized the GlobalL and 30 dataset of 2020 to obtain land use/cover
data for the study area URL (accessed on 8 October 2022), encompassing six categories,
namely cropland, forestland, grassland, water bodies, residential areas, and unused land.
The spatial extent of the study area was extracted using ArcGIS 10.8 software. Additionally,
Digital Elevation Model (DEM) data were acquired from the GDEMV3 dataset of the
geographic spatial data cloud for the study area, and slope data were derived using ArcGIS
software. Furthermore, the Landsat 8 surface reflectance tier 1 dataset was processed on the
Google Earth Engine platform by computing the normalized difference vegetation index
(NDVI) URL (accessed on 8 October 2022). Daily precipitation data for the study area in
2020 were obtained from the China Meteorological Data Service Center. Soil sand content,
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silt content, and clay content data for the study area were sourced from the World Soil
Database. Finally, the Net Primary Productivity (NPP) product of the MOD17 vegetation
land surface from the MODIS dataset was employed, and the Moderate Resolution Imaging
Spectroradiometer Toolkit (MRT) was utilized for batch processing to obtain the NPP raster
data for the study area in 2020 URL (accessed on 10 October 2022).

High:2149

City boundary

L _] Study area

Low:544

Figure 1. Location map of the study area.

2.3. Methods

The disturbance caused by mining activities in the Eyu region frequently results in a
reduction in the carbon sequestration capacity of ecosystems such as forests and grasslands.
This, in turn, engenders a host of ecological security issues, including diminished habitat
areas for wildlife, land desertification, and soil erosion. Therefore, building and optimizing
F&GES represents a crucial strategy for mitigating these ecological security threats [29].

In order to achieve carbon neutrality in mining cities situated in semi-arid agricultural-
pastoral transitional zones, it is essential to strengthen the integrity and connectivity of key
elements in F&GES. On this basis, we should further enhance the coordination between
carbon sequestration and connectivity of these key elements. F&GES in mining cities
comprises three components: ecological source areas, ecological corridors, and ecological
nodes. The optimization scheme proposed in this study can improve the coupling coor-
dination between carbon sequestration and connectivity in mining areas, enhance carbon
sequestration effectiveness, and thus achieve better ecological benefits.

The methodological framework of this study comprises three distinct steps, as il-
lustrated in Figure 2. The first step involves identifying the structure of F&GES, which
encompasses the matrix with the largest area and the best connectivity in F&GES, as well
as two other critical components: ecological source areas and ecological corridors. To this
end, we employed remote sensing ecological index analysis to identify ecological source
areas by selecting habitat patches with high remote sensing ecological index values. We
constructed an ecological resistance surface using the Habitat Risk Assessment (HRA)
model and applied the Minimum Cumulative Resistance (MCR) model to compute the
minimum cumulative resistance surface aimed at identifying ecological corridors.
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Figure 2. Schematic diagram of the research framework.

The second step involves optimizing the current F&GES structure using the CSCCD
model. Key elements in this model include the coupling coordination index between
carbon sequestration and connectivity and topological features. The coupling coordination
degree between carbon sequestration and connectivity was used to determine optimization
schemes for different ecological source areas. For ecological source areas with poor carbon
sequestration effectiveness, ecological restoration methods were employed to improve
their carbon sequestration capacity by 10%. Meanwhile, for ecological source areas with
poor connectivity, the low-topology priority principle was followed, and measures such as
tree planting and grassland restoration were implemented to increase the number of new
ecological source areas and corridors.

The third step involves comparing the carbon sequestration effectiveness and robust-
ness of the optimized F&GES. Our findings indicate that after optimization, both carbon
sequestration and the coordination degree between carbon sequestration and connectivity
were enhanced, which suggests that the optimized structure has a higher carbon seques-
tration efficiency and is more conducive to achieving carbon neutrality. Furthermore, the
optimized structure exhibited improved robustness, which suggests that it is more stable
and possesses stronger resistance to destruction. In the following sections, we will provide
a detailed description of each step in the research process.

2.3.1. Identifying the Spatial Extent of F&GES

F&GES is a network system that comprises various types of ecosystems and organ-
isms. This network system encompasses multiple ecological processes and maintains their
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integrity by connecting critical ecological source areas. Ecological corridors, on the other
hand, function as pathways for material cycling and energy flow between different source
areas, which jointly protect biodiversity and reduce human disturbance of habitats. In this
study, we adopted the method of ecological space network construction and divided the
basic paradigm of F&GES construction into three steps: ecological source area acquisition,
ecological resistance surface construction, and ecological corridor extraction. These steps
enable us to construct and maintain F&GES more effectively, thereby achieving the integrity
of ecological processes and the protection of biodiversity.

Ecological Sources

The remote sensing ecological index (RSEI) is a methodology that leverages remote
sensing technology to perform a comprehensive analysis of the quality of regional ecolog-
ical environments [30]. In comparison to traditional methodologies, RSEI boasts a wide
detection range, fast data acquisition, and reduced limitations imposed by ground con-
ditions. It can provide a comprehensive, objective, and efficient evaluation of ecological
environment quality. The study area, Eyu, is located in a semi-arid climate region charac-
terized by a complex terrain, large areas of sand and dust, dense coal mine distribution,
low vegetation coverage, frequent natural disasters such as soil erosion and sandstorms,
damaged biodiversity, and an extremely fragile ecosystem. Ecological source areas are the
primary spatial range for biological survival and the primary site for multiple ecological
processes. As such, assessing habitat quality is a prerequisite for determining ecological
patches. In this study, the RSEI model was employed to evaluate the ecological environ-
ment quality of different habitats. Given the ecological environment conditions in Eyu,
four remote sensing ecological indicators were selected: wetness (WET), greenness (NDVI),
dryness (NDBSI), and thermal environment (LST). These indicators can reflect various
aspects of the ecological environment, providing crucial data support for the identification
of ecological source areas [31].

The greenness index is an indicator that reflects the vegetation coverage status, typi-
cally measured by the normalized vegetation index (NDVI) and vegetation spatial distribu-
tion and density. These indicators exhibit linear correlations and can reflect the coverage
situation of various vegetation types, including forests, shrubs, and grasslands [32]. Thus,
in this study, we have chosen NDVI as the greenness indicator in the remote sensing
ecological index (RSEI). The formula for NDVI is as follows (Formular (1)):

PNIR — PRED 1)

Inpv =
PNIR + PRED

In this context, pnjr denotes the reflectance in the near-infrared band, and prep
denotes the reflectance in the red band.

Utilizing the Laplacian pyramid transform method, we performed data compression
and redundancy removal, yielding three components: “brightness”, “greenness”, and
“third component”. The “third component” was selected as the wetness index due to
its significance as an ecological indicator reflecting the changes in soil and vegetation
moisture status in the environment, and its ability to better capture humidity changes in the
ecological system [33]. The formula for calculating the wetness index (WET) is presented
below (Formular (2)):

Iwer = 0.151pBlue 4 0.197pGreen + 0.328pRed + 0.341pNIR — 0.712 pswirl — 0.456 pswir2 (2)

In this context, pBlue denotes the reflectance in the blue band, pGreen denotes the
reflectance in the green band, pRed denotes the reflectance in the red band, pNIR denotes
the reflectance in the near-infrared band, and pswirl and pswir2 denote the reflectance in
mid-infrared bands 1 and 2, respectively.

Land surface temperature (LST) is an important ecological indicator that can reflect
vegetation coverage, surface water circulation, and urban ecosystem conditions [34]. Typi-
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cally, the calculation of LST requires the use of multiple remote sensing data, such as NDVI,
surface emissivity, and thermal radiance, to obtain a comprehensive calculation. In this
study, we have employed LST to represent the thermal factor in the RSEI index, in order to
reflect the changes in temperature in the ecological environment. The calculation formula
for LST is presented below (Formular (3)):

T
Iistr= ——F—~— 273 ®3)

1+ (%T) Ine

In this context, T represents the temperature value of the sensor, ¢ denotes the surface
emissivity, A refers to the central wavelength of 11.435 um, and & is 1.438 x 1072 m-K.

Aridity refers to the extent of dryness resulting from natural or anthropogenic mod-
ifications to the land and is a crucial element in evaluating the ecological environment’s
quality. Eyu is situated in a semi-arid region that is used for farming and pastoralism, and
human activities like coal mining significantly affect the land [35]. Hence, in this study,
we have opted to employ the normalized difference bare soil index (NDBSI) as the aridity
indicator in the RSEI to denote the changes in aridity in the ecological environment. NDBSI
is a frequently used remote sensing index, and its calculation formula is presented below
(Formular (4)):

InpBst = w (4)

This study is based on the ecological conditions of the Eyu region, where four ecologi-
cal indicators, namely humidity, greenness, aridity, and thermal status, were selected and
synthesized using principal component analysis. Due to the low vegetation coverage, scarce
precipitation, and extremely fragile ecosystem in this area, the first principal component
was adopted as the remote sensing ecological index (RSEI) to comprehensively represent
the ecological environment quality, with a value range between 0 and 1, where a higher
RSEI value highlights a better ecological condition of the habitat patch.

This study employed the RSEI model to conduct an ecological quality assessment of
forest and grassland ecological patches within the Eyu district. The model selected four
indicators that can be easily retrieved through remote sensing methods and automatically
weighted based on data characteristics, ensuring the objectivity and reproducibility of
the results. By combining the research achievements of numerous scholars in ecological
environment monitoring in northwestern China, we found that the RSEI index is well-
suited for monitoring the ecological environment at the urban scale [36]. In this study, we
categorized the forest and grassland ecological patches into five levels based on their RSEI
values using the maximum likelihood method and only retained patches falling under the
fourth and fifth levels [37]. Furthermore, we incorporated an area threshold (greater than
5 km?) and merged adjacent habitat patches to further refine the scope of the forest and
grassland ecological source areas. This evaluation method not only considered the RSEI
value level division but also incorporated various factors, such as regional characteristics
and surrounding environmental factors, to provide a more comprehensive and objective
assessment of ecological quality.

Ecological Corridors

Prior research has typically employed indicators such as land use, topography, and
vegetation coverage to depict the level of ecological resistance to flow and has relied
on expert scoring methods to ascertain ecological resistance values for each indicator.
However, this approach disregards the variations that exist across different regions for
the same indicators, such as the extent of development and human-induced disturbances
for identical land use types [38]. Especially in large-scale regions, landscape differences
between various areas are significant. Consequently, determining ecological resistance
values using expert scoring methods may fail to objectively and accurately reflect the level
of ecological resistance to flow in different landscapes. To address this limitation, this study
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introduces the habitat risk assessment module and calculates ecological resistance using the
InVEST model to more precisely evaluate ecological resistance levels in different regions.

The HRA model integrates multiple stressors, including human activities that disturb
habitats, to evaluate the cumulative risks and recovery capability of habitat patches, and to
assess the degree of harm caused by various types of disturbances to habitat patches [39].
The model comprises three essential components: the relative impact of ecological threats,
the distance between habitat patches and threats, and the relative sensitivity of habitat types
to ecological threats. Initially, we determined the relative impact of each threat. The findings
indicated that mining land had the greatest impact on surrounding habitat quality, followed
by urban construction land, whereas forests and grasslands had a relatively smaller impact,
and water bodies and wetlands had the least impact on habitat quality. Consequently, we
assigned corresponding weights to different land use types, which represented the relative
destructive power of threat r to all habitats, with values ranging from 0 to 1. Specifically,
the weight of mining land was 0.8, urban construction land was 0.7, grassland was 0.5,
forests were 0.4, wetlands were 0.3, and water bodies were 0.1.

The assumption that ecological threat decreases with increasing distance is based
on a comprehensive evaluation of the field investigation conducted in the Eyu district,
the InVEST model user manual [40], and relevant research findings from domestic and
foreign scholars [41]. Numerous ecological and environmental studies have revealed
that the impact of ecological threats gradually diminishes with increasing distance. This
phenomenon can be attributed to the physical isolation and ecological processes that occur
with distance, which weaken the ecological threat [42]. Hence, it is reasonable to assume
that ecological threat decreases with increasing distance in our study. In Eyu district, we
conducted a field investigation and model analysis, which led to the conclusion that the
impact of mining land on the habitat decreases with increasing distance. Based on this, we
employed a linear distance decay function to describe the decay of threats with distance,
which accurately reflects the distance relationship between ecological threat and habitat
grid in our model. The formula used for this purpose is as follows (Formular (5)):

irxy =1- < dxy > (5)

drmax

In this context, i,yy denotes the influence of threat r on the habitat grid at location x
from the threat at grid y, dy, refers to the linear distance between grids x and y, and d;x
represents the maximum effective distance of threat r.

Subsequently, it was imperative to ascertain the relative sensitivity of various habitat
types to each threat. In the Eyu district, the effects of mining land, urban construction
land, and deserts on different habitats varied. As such, each habitat type might exhibit
dissimilar responses to threats, necessitating the computation of relative sensitivity and the
subsequent modification of previous calculations. The formula utilized to calculate relative
sensitivity is as follows (Formular (6)):

R Y,
w .
Dii=) ). <ZR — >Vylrxyﬁx5jr ©6)
r=1 r=1%r

In this context, D,; corresponds to the cumulative threat level at grid x for the jth
habitat type, y encompasses all grids on the threat r grid map, Y, pertains to the grids
located within the grid cell of threat r, and S;, € [0, 1] denotes the sensitivity of LULC to
threat r, with values closer to 1 indicating greater sensitivity. Lastly, the habitat quality Q,;
for grid x in habitat type j is computed based on the aforementioned values, employing the
following formula (Formular (7)):

o (o5)
5= DZ +1
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In this context, z is assigned a value of 2.5, whereas k serves as a scaling factor.

Ecological processes, including material cycling, information exchange, and energy
flow, occur among diverse forest and grassland ecological source areas. Ecological flow
serves as a representation of the ecological processes in landscape ecology, but the flow
between different source areas is impeded by various factors. Ecological resistance denotes
the degree to which an ecological system or habitat obstructs ecological flow. Ecological
resistance generally comprises factors such as human activities and natural interactions.
Typically, ecological resistance increases with greater terrain slope, lower vegetation cover,
and higher road network density. Moreover, different land cover types exhibit varying
degrees of ecological resistance, with forest, grassland, and water bodies exhibiting lower
resistance, while buildings, deserts, and bare land exhibit higher resistance [43].

In the Eyu district, forest and grassland ecological space is disrupted by human
activities, including coal mining and urban development, as well as natural factors such
as deserts. The greater the disruption to the habitat caused by human activities, the
higher the risk to the habitat, and the greater the probability that ecological flow will be
obstructed, resulting in increased ecological resistance. Therefore, land cover type, altitude,
slope, vegetation cover, water network density, road network density, and habitat risk
factors were chosen as constraint factors to characterize ecological resistance in Eyu. Each
ecological resistance factor was classified utilizing the maximum likelihood method and
then weighted to generate a composite ecological resistance surface.

In order to extract ecological corridors, we employed the MCR model, which is pri-
marily founded on three elements: ecological patches, resistance surfaces, and accumulated
resistance. Ecological corridors were obtained by identifying the path of minimum accu-
mulated resistance for ecological flows between patches. The mathematical formulation of
the model is expressed as follows (Formular (8)):

MCR = fyin l:Zr:n(Dij X R;) (8)

j=n

Within the aforementioned equation, MCR signifies the minimum accumulated re-
sistance value, f;, is a distance-dependent function utilized to evaluate the minimum
accumulated resistance value from any grid cell to various ecological source sites within
the landscape, D;; refers to the spatial distance from ecological source site j to ecological
patch i, and R; represents the resistance value of ecological source site i. By computing
the accumulated resistance value of (D;; x R;), we can gauge the accessibility of ecological
flows between different ecological source sites. Consequently, the magnitude of the mini-
mum accumulated resistance value can be employed to assess the likelihood of source site
expansion, reflecting the connectivity and similarity between various source sites within a
specified region.

Ecological source areas are a type of land that facilitates ecological processes, while
ecological resistance surfaces are surfaces that inhibit such processes [44]. The minimum
cost distance is the amount of cost or work required to travel from one ecological source
area, passing through the ecological resistance surface, and reach another source area. An
ecological corridor is a set of minimum cost distances between different ecological source
areas, and optimal ecological benefits are generated by the flow of energy through these
corridors in the ecosystem. Multiple paths exist for ecological flow to travel from a specific
ecological source area, passing through the resistance surface, and reach another ecological
source area. The ecological corridor is the optimal path selected from among these paths. It
represents the cumulative minimum resistance encountered by ecological flow and is not
equivalent to the Euclidean distance between two source areas.

In the Eyu district, frequent coal mining has led to large areas of fragmented ecological
patches, including forests, grasslands, and water bodies that have been adversely affected.
To ensure the integrity of ecological processes, such as carbon and water cycling, animal
migration, and nutrient transfer between ecological source areas, it is necessary to construct
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ecological corridors to connect different ecological source areas. To achieve this goal, this
study employed the minimum cost path model in ArcGIS to extract ecological corridors
between different source areas. This model can identify channels with the cumulative
minimum ecological resistance between ecological source areas, thereby ensuring the
optimality of the ecological corridors.

2.3.2. Evaluation of the Structure of F&GES
Evaluation of Connectivity

Connectivity serves as a metric for quantifying the degree of ecological process move-
ment between F&GES sites and reflects the connectivity of F&GES in ecological function-
ality [45]. In the Eyu region, habitat fragmentation has resulted in the fragmentation of
F&GES, leading to decreased connectivity between ecological source sites. This reduction
in connectivity has resulted in a decline in material cycling and energy flow between
ecological source sites, thus affecting the ecological function of carbon sequestration in the
Eyu region. To analyze the connectivity level between different ecological source sites, the
present study adopted connectivity indices based on graph theory and utilized the integral
index of connectivity (IIC) and probability of connectivity (PC) as measures of connectivity.
The formulas are expressed as follows (as in Formulas (9) and (10)):

D %
IIC= ——F—+ ©)
AL
Yr oY a; xa; X pk
pc = St = A TPy (10)

AL
In the aforementioned equations, # denotes the total number of ecological source sites,
a; and a; represent the area of ecological source site i and j, nl;; indicates the number of
ecological source sites that are connected by the shortest path between ecological source
sites i and j, A} denotes the cumulative area of all ecological source sites, and pl’»‘j refers to
the maximum probability of ecological processes flowing between ecological source sites
iand j. The integral index of connectivity (IIC) varies between 0 and 1, where IIC = 0 implies
zero connectivity between ecological patches, while IIC = 1 indicates complete connectivity
between ecological patches. The probability of connectivity (PC) lies between 0 and 1, with
an increase in PC corresponding to an increase in the connectivity of ecological patches.
In the present study, we calculated the importance values of each forest and grassland
ecological source site in the spatial network using the integral index of connectivity (IIC)
and probability of connectivity (PC) indices, which were represented by dIIC and dPC,
respectively. A higher value of these indices indicates the greater significance of a given
ecological source site in enhancing the connectivity of the network structure. To address the
differences in data scale among various indices, normalization of the indices was performed
using the following Formulas (11)—(13):

1IC — 1IC’ .
dlIC = ——m— x 100% (11)
PC — PC’ .

_dIIC — minValue
" maxValue — minValue

(13)

The indices dIIC and dPC quantify the alterations in the structural connectivity of
F&GES following the removal of a specific ecological patch, thereby providing insights
into the ecological patch’s importance in maintaining the network’s structural connectivity.
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The indices IIC’ and PC’ represent the landscape spatial structure’s connectivity after the
removal of a particular ecological patch. The normalized value of dIIC is denoted by y.

The connectivity of ecological corridors provides a means of characterizing the extent
of interaction between ecological source sites and assessing the relative importance of
corridors. In practice, the gravity model is commonly used to quantify the connectivity and
relative importance of ecological corridors. The specific formula for the gravity model is as
follows (Formular (14)):

NN, ||| F <] 12, n(s.5,) "

D?, ( Ly )2 L2, P, P,

a

Lﬂlﬂ,\'

In the aforementioned formula, G, represents the interaction force between ecological
patches a and b, while N, and N;, denote the weight values assigned to ecological source
sites a and b, respectively. P, and P, indicate the resistance values of ecological source
sites @ and b, while D, signifies the resistance value of the corridor connecting ecological
source sites a and b. L,; represents the cumulative resistance value of ecological processes
flowing through the corridor between ecological source sites 2 and b, and Ly, refers to the
maximum resistance value of corridors in the network structure.

Evaluation of Topological Characteristics of F&GES Structure

F&GES plays a crucial role in maintaining the normal functioning and expression
of ecological processes and functions among different ecological source sites through
the connectivity provided by ecological corridors [46]. This connectivity can be viewed
as a topological relationship within a complex network, representing a simple complex
network in space. Thus, this study performed an analysis of F&GES using static indices of
complex network theory. Ecological source sites were abstracted as nodes in the complex
network, and ecological corridors were represented as edges connecting different nodes.
Four topological indices were selected to describe the topological characteristics of F&GES.

In the context of a complex network, the degree of a node denotes the number of
nodes directly linked to it. It is evident that the connectivity of nodes in a complex network
can differ, and nodes with higher degrees are considered more important in the network
structure. The degree of a node can be calculated using the following Formula (15):

n
ki = Zﬂij (15)
i=1

Within the aforementioned formula, k; represents the degree of node i, which is the
number of edges incident to node i, while ajj denotes the total number of nodes that are
connected to node i.

Centrality measures such as betweenness centrality can provide an intuitive means of
assessing the importance of nodes in complex networks. Betweenness centrality, a type
of centrality measure, refers to the proportion of shortest paths in the network that pass
through a given node. A higher betweenness centrality value for a node suggests that it
plays a more significant role in enabling communication between other nodes, and thus
possesses greater importance in the network. The formula for computing betweenness
centrality can be expressed as follows (Formular (16)):

ny; (i)
C= A 16)
Y Thtinj

j
Hkj

Within the aforementioned formula, 1, represents the count of shortest paths between
nodes k and j, whereas 1y, (i) refers to the count of shortest paths between nodes k and j
that traverse node i.
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In a complex network, the clustering property refers to the possibility that two nodes
connected to the same node may also be connected to each other. The clustering coefficient
is a measure that reflects the level of interconnectivity between adjacent nodes in the
structure of a complex network. It is defined as the ratio of the number of connections
between node i and other nodes in its local neighborhood to the maximum possible number
of connections. The formula for computing the clustering coefficient can be expressed as
follows (Formular (17)):

2E;
ki(ki = 1)

Within the aforementioned formula, C; denotes the clustering coefficient of a specific
node i, E; is the count of actual edges that interconnect the k; neighboring nodes of node i,
and k; represents the degree of node i.

In the context of complex networks, the k-core refers to a subgraph obtained by
removing all nodes with degrees less than k. If a node belongs to the k-core but not the
(k + 1)-core, its core number is defined as k. The core number of a network is the maximum
core number among all nodes in the network. The core number of a node can be used to
indicate its depth within the complex structure, thereby characterizing the hierarchical
features of the topology.

Ci= (17)

2.3.3. Evaluation of Carbon Sequestration Effects of F&GES

NEP, which is a significant metric utilized to describe the carbon sequestration effect of
vegetation in a region, can indicate the discrepancy between the net primary productivity
(NPP) of vegetation and soil heterotrophic respiration. In this study, we employed the
MODIS MOD17A3HGEF product to acquire NPP data in the Eyu region [47]. This product
has been extensively utilized in vegetation NPP research in northwestern China. To
compute soil respiration (R;), we employed an empirical formula established in previous
studies by scholars that has been verified in the field and has been demonstrated to
be suitable for the Eyu region. The explicit formula for computing NEP is as follows
(Formulas (18) and (19)):

NEP(x,t) = NPP(x,t) — Ry(x, ) (18)

Ry = 0.22 x [e(0-0913”> +1n(0.3145 x P + 1)} % 30 x 46.5% (19)

Within the given formula, Ry represents the annual soil respiration (g-C~m_2), T de-
notes the average temperature throughout the year (°C), and P designates the total annual
precipitation (mm).

2.3.4. Optimization of F&GES
Evaluation of the Coordination Degree between Carbon Sequestration and Connectivity
in F&GES

The connectivity of F&GES can serve as an indicator of the significance of ecological
source areas and corridors in the connectivity process, while also playing an important
role in carbon sequestration [48]. However, there may be a lack of coherence between
the carbon sequestration effects and connectivity of ecological source areas and corridors
within the network. Specifically, there may exist four types of ecological source areas and
corridors: those with strong connectivity and carbon sequestration effects, those with strong
connectivity but weak carbon sequestration effects, those with weak connectivity but strong
carbon sequestration effects, and those with weak connectivity and carbon sequestration
effects. The latter three situations can have a notable impact on the normal functioning of
the network, as low connectivity may impede ecological processes and ecosystem services,
leading to a decrease in the carbon sequestration effects of different network elements.
Therefore, in this study, we introduced the concept of carbon-sequestration-connectivity
coupling coordination to assess the degree of match between carbon sinks and connectivity.
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The objective of this study was to enhance the carbon sequestration effects of forest and
grassland ecological spaces, with NEP being used to represent carbon sequestration effects,
and the normalized patch dIIC value chosen as the measure of connectivity. As the con-
nectivity index is a dimensionless quantity, we normalized NEP and reduced dimensions
using the geometric mean. The specific formula for calculating the carbon-sequestration-
connectivity coupling coordination is presented below (Formulas (20) and (21)):

c — _Cb = Comin
Cbmax - Cbmin

X=1HxC (21)

Within the given formula, X denotes the index of carbon-sequestration-connectivity
coupling coordination, where C stands for the carbon sequestration capacity indicator,
H stands for the connectivity indicator, and C,, stands for the normalized NEP value.

% 100% (20)

2.3.5. Optimization Model of the Coordination Degree between Carbon Sequestration and
Connectivity in F&GES

In the context of F&GES, the coupling relationship between carbon sequestration and
connectivity of various elements can be categorized into two types: positive coupling
and negative coupling [49]. Positive coupling signifies that both the carbon sequestration
capacity and landscape connectivity of each element are relatively high, while negative
coupling indicates the presence of mutual constraints between the two, such as elements
with excellent carbon sequestration capacity having poor connectivity, or elements with
high connectivity having inadequate ecological functions, or even both. Appropriate opti-
mization strategies must be developed for different scenarios to enhance the functionality
and services of the ecosystem.

(1) Based on the calculation results of the carbon-sequestration-connectivity coupling
coordination index (CSCCD) in Section 3.4.1, all ecological source areas within the Eyu re-
gion were evaluated, and the average value of their CSCCD index, denoted as CSCCDyean,
as well as the mean values of connectivity (CSyeqn) and carbon sequestration capacity
(Ciiean), were obtained. The ecological space of forest and grassland is characterized by its
fragility and susceptibility to mining activities. In response, we devised multiple schemes
aimed at restoring both the connectivity and carbon sequestration capacity of the ecological
space. The mean values of connectivity and carbon sequestration capacity can be utilized
as a benchmark for evaluating the quality of forest and grassland ecological patches within
a given region. This benchmark can effectively reflect the overall state of the forest and
grassland ecological space within the region. The specific results are shown in Figure 3.
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Figure 3. Structural diagram of the CSCCD model.

(2) When CSCCD > CSCCDyyeqn, and CS > CSyyean, C 2 Ciean, it is necessary to take
measures to protect and maintain the ecological functions and connectivity of these areas
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that possess good carbon sequestration effects and connectivity as ecological source areas
and corridors.

(3) When CSCCD < CSCCDyean, and CS > CSye0n and C < Cyeqn, measures should
be taken based on the principle of zonal suitability for those areas with poor carbon
sequestration effects but good connectivity. For example, for forest and grassland patches,
reasonable vegetation coverage should be increased, and protective forests should be
planted. For wetland patches, water quality should be improved, river channels should be
restored, and biodiversity conservation should be conducted. According to previous studies
on vegetation carrying capacity in the study area, the ecological functions of ecological
source areas can be improved by 10%.

(4) When CSCCD < CSCCDyyeqn, and CS < CSyean and C > Cyyenn, measures can be
taken to improve the connectivity of areas with good carbon sequestration effects but poor
connectivity by combining the degree-increasing edge addition principle and rationally
deploying “stepping stones” near areas with low degree in ecological source areas to
increase the degree of the source area, thereby enhancing the network connectivity. In
addition, low-coverage grasslands and bare lands can be selected for restoration and can act
as ecological “stepping stones”. Protective forests can be established, and water channels
can be constructed near ecological corridors to ensure their connectivity.

(5) When CSCCD < CSCCDyyean, and CS < CSyean and C < Cpean, the optimiza-
tion strategies mentioned above can be employed for areas with both poor carbon se-
questration effects and connectivity, including increasing vegetation coverage, planting
protective forests, improving water quality, restoring grasslands and bare lands, construct-
ing protective forests, and other measures to enhance their carbon sequestration capacity
and connectivity.

2.3.6. Robustness Analysis of F&GES Structure

The concept of robustness in complex networks refers to their ability to maintain their
intended functionality or properties despite being subjected to external interference. Con-
nectivity robustness and recovery robustness are two commonly used measures to assess a
network’s resistance and recovery capabilities [4]. Connectivity robustness describes the
network’s ability to remain connected even when some of its components, such as nodes
or edges, are damaged. Recovery robustness refers to the network’s ability to restore its
functionality after certain elements have been damaged, utilizing recovery strategies. To
evaluate the efficacy of potential alternative solutions for improving connectivity, we con-
ducted a robustness test. Specifically, we performed simulation experiments that disrupted
F&GES using both random and malicious attacks. Random attacks were designed to mimic
the degradation of the landscape spatial structure due to factors such as desertification
or climate change, while malicious attacks simulated the destructive effects of human
activities, such as mining, on F&GES. Malicious attacks posed a greater threat to the forest
and grassland ecological network structure than random attacks. In each type of attack, a
node or an edge was removed at every step. In malicious attacks, nodes were sorted based
on their degree centrality, and the node with the highest degree centrality was removed at
each step. In contrast, in random attacks, a node or an edge was removed randomly. The
specific Formulas (22)—(24) used in the simulations are presented below:

C

R=—— 22
N_N, (22)

N, — Ny
D=1-— 2
N (23)

M, — M,
E=1———— 24
v (24)

In the present study, connectivity robustness is defined as the ability of a network to
maintain its connectivity under damage, which is denoted as R. Node recovery robust-



Forests 2023, 14, 1587

15 of 32

ness is defined as the network’s ability to recover its functionality after certain nodes are
damaged using a specific recovery strategy, denoted as D. Edge recovery robustness refers
to the network’s ability to restore its functionality after certain edges are damaged, using
a particular recovery strategy, denoted as E. Here, N represents the number of nodes in
the network before the attack, N, represents the number of nodes that are removed from
the network, C represents the number of nodes in the largest connected component of the
network after the attack, and Nj; represents the number of nodes that are recovered using
a specific recovery strategy. M represents the number of edges in the network before the
attack, M, represents the number of edges that are removed from the network, and M,
represents the number of edges that are recovered using a specific recovery strategy.

3. Results
3.1. F&GES in Eyu
3.1.1. Structure and Spatial Extent of F&GES

The findings of this study demonstrate that the RSEI index exhibits a spatial distribu-
tion with high values (Figure 4), ranging from 0 to 1. Regions with high habitat quality are
distributed in the northeastern, eastern, and southeastern parts of Eyu, encompassing areas
in Hangjin Banner, Darhan Muminggan Joint Banner, Junggar Banner, Dongsheng District,
Shenmu City, and Jia County. The results reveal that ecological patches of a certain size pos-
sess a certain level of resilience to external disturbances and damage. In this study, regions
with a habitat quality greater than 0.6 were designated as high-quality ecological patches,
and an area threshold of 5 square kilometers was established based on prior related research.
These adjacent high-quality ecological patches were merged, leading to the identification of
123 ecological patches. These patches are predominantly concentrated in the northeastern
part of Eyu, including regions in Yijinhuoluo Banner, Dongsheng District, Junggar Banner,
and Shenmu City, with ecological patch sizes decreasing from north to south. The proximity
of the Yellow River to the northern and eastern parts of Eyu has resulted in the presence of
ecological patches with higher habitat quality and stronger ecological functions in these
areas. Conversely, the Kubugi and Mu Us deserts, which are located in the northwest and
west of Eyu, suffer from sparse precipitation, low vegetation coverage, and a considerable
distance from wetlands, leading to a relatively sparse distribution of ecological patches in
these regions, comprising areas in Hangjin Banner, Etoke Banner, Etoke Front Banner, and
Dingbian County.
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Figure 4. Spatial distribution of habitat quality (left) and ecological source areas (right) in Eyu County.
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The results of the habitat risk assessment in this study are presented in Figure 5(left).
The maximum and minimum habitat risk values in Eyu County were 82.58 and 0, respec-
tively, with an average value of 22.1. The northwestern and central regions of Eyu County
were identified as having relatively higher habitat risk, with the highest value located in
the northeastern part of Hangjin Banner and the lowest in the northwestern part of Dalad
Banner. Forests were predominantly distributed in the northeastern part of Eyu County,
characterized by higher vegetation coverage and generally lower habitat risk values. The
habitat risk values demonstrated a declining trend from east to west, with higher values
observed in proximity to the desert areas, which acted as significant barriers to ecological
flow. The eastern regions of Eyu County exhibited relatively higher habitat risk values,
attributed to extensive urban and mining development, high levels of human activity, and
frequent ecological disturbances, leading to significant impediments to ecological flow.
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Figure 5. Spatial distribution of habitat risks (left) and ecological resistance values (right) in
Eyu County.

Utilizing data on land cover, elevation, slope, vegetation coverage, water network
density, road network density, and habitat risk factors, the ecological resistance factors for
Eyu County were constructed (see Appendix B). Each ecological resistance factor was then
classified and weighted to generate a composite ecological resistance surface, as depicted
in Figure 5(right). The ecological resistance values in Eyu County ranged from 1.26 to 17.65,
with the highest values concentrated in the desert areas of the northwestern and central
regions. Notably, high ecological resistance values showed a clustering distribution pattern
in the Kubugi and Mu Us deserts. Regions characterized by urban development and coal
mining activities exhibited relatively high ecological resistance values, which significantly
impeded ecological flow.

The present study utilized the MCR model for minimum cumulative resistance surface
extraction, revealing high-value areas of cumulative resistance concentrated in the northern
and western parts of Eyu (as shown in Figure 6). These areas encompass regions adjacent
to the Kubugi and Mu Us deserts, as well as mining areas, with the highest cumulative
resistance value of 386,535 located in the northern part of Darhan Muminggan Joint Banner.
The regions exhibit sparse vegetation and low surface water content, resulting in significant
ecological barriers and a high risk of ecological degradation. Employing the least-cost
path method for ecological corridor extraction, a total of 193 corridors were identified,
with the longest corridor spanning 79.86 km and situated in the eastern part of Etoke
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Front Banner. The northeastern region of Eyu displays a dense distribution of ecological
patches, accompanied by a high density of ecological corridors and short distances between
them, which promotes the flow of ecological processes and facilitates connectivity between
ecological source areas. Conversely, the western and southern parts of Eyu have relatively
few ecological source areas, and long distances between them result in a low density
of ecological corridors and longer corridors. Ecological corridors in the western part of
Eyu play a crucial role in resisting the eastward movement of the Mu Us desert, thereby
maintaining connectivity between ecological patches.
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Figure 6. Spatial distribution map of F&GES in Eyu County.

3.1.2. Topological Relationships of F&GES

In this study, F&GES structure was abstracted as a complex network using Gephi
0.10 software. A total of 123 nodes and 193 edges were identified, with an average degree
of 2.662, indicating that each node was connected to an average of 2.662 nodes. The
degree centrality of the node distribution followed a power-law distribution, with most
nodes having small degrees and low-degree centrality values, while a few hub nodes had
large degrees and high-degree centrality values. The network exhibited strong scale-free
characteristics, with a small number of hub nodes, making it highly resistant to random
attacks. However, if hub nodes were maliciously attacked, the network structure would be
vulnerable to disruption. The network’s average clustering coefficient was 0.176, indicating
that nodes in the network were not interconnected. Regions with high clustering coefficients
were mainly located in the northeastern part of Eyu, including Zunghar Banner, Darhan
Muminggan Joint Banner, and Hangjin Banner. Based on the clustering relationship of the
network, the ForceAtlas algorithm was used for grouping and clustering, resulting in two
zones and three groups (Figure 7(left)). Group C was located in the southeastern part of Eyu,
with fewer and more distant ecological patches, while groups A and B were located in the
north of Eyu, with a greater number of, and more densely distributed, ecological patches.
The majority of the node betweenness centrality values in the network ranged from 0 to 30,
with only nodes 113, 104, 95, 74, 83, and 79 having betweenness centrality values greater
than 30. The locations and numbering of the patches are shown in Figure Al in Appendix A.
These nodes were primarily located in the northern part of Eyu, including the southwest
of Zunghar Banner, the south of Darhan Muminggan Joint Banner, Dongsheng District,
Yijinhuoluo Banner, and the southern part of Hangjin Banner. The network only contained
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nodes with a coreness of 2 or 3, indicating clear hierarchical characteristics, with an obvious
division into two layers. Nodes with a coreness of 3 were located in the central layer of
the network, primarily located in the northeastern part of Eyu, including the northeast of
Zunghar Banner and the northeast of Shenmu City.
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Figure 7. Cluster spatial distribution (left) and node topological characteristics (right) of forest and
grassland ecological space in Eyu County.

3.1.3. Connectivity

In the Eyu region, the dIIC and dPC values of ecological patches were generally low,
as depicted in Figure 8. The majority of ecological source areas exhibited connectivity
values ranging between 0 and 10, and the distribution trends of dIIC and dPC values
were similar. Notably, ecological patch 79 had the highest connectivity values, with dIIC
and dPC values of 83.43 and 79.58, respectively. This patch, situated in proximity to
Yijinhuoluo Banner, was the largest ecological source area in F&GES and played a pivotal
role as a hub. Clustering zones B and C displayed higher connectivity values of ecological
source areas, while clustering zone A exhibited lower values. Consequently, F&GES in
Eyu was partitioned into north and south, with higher connectivity in the north. The
north and south were interconnected by only two ecological corridors. Evaluation of
the connectivity importance of the corridors using the gravity model revealed that the
connectivity of internal corridors in clustering zone C was relatively low, whereas the
connectivity of ecological corridors on the edge was higher. Most of these edge corridors
connected ecological source areas in external regions, which was crucial for maintaining
ecological processes both inside and outside the clustering zones. The connectivity of
corridors between different clustering zones was high, and these corridors served as the
“bridges” linking different clustering zones.

3.2. Carbon Sequestration Effect of F&GES in Eyu County

The areas with high-value carbon sequestration service per unit area in Eyu were
mainly concentrated in the northern, central, and southeastern regions, encompassing the
vicinity of the Yellow River in the northern part of the study area, the eastern periphery
of the Mu Us desert, and the hilly terrain in the southern region of Eyu. These regions
displayed a significantly improved habitat quality, were in closer proximity to the river,
featured better water conditions, and possessed a higher vegetation coverage, thereby
resulting in a greater carbon sequestration service value per unit area. Conversely, regions
with a lower carbon sequestration service per unit area were primarily distributed in



Forests 2023, 14, 1587

19 of 32

the northwest edge of the Kubugi desert and the Mu Us desert. These regions were
characterized by a considerable amount of sandy and barren land, low vegetation coverage,
scant precipitation, and a remote location from the river, leading to a diminished carbon
sequestration service in these areas. The total annual carbon sequestration amount of
various ecological source areas was determined, as illustrated in Figure 9. The larger the
ecological source area, the higher the carbon sequestration amount. Given that clustering
zone C boasted the largest number and area of ecological source areas, it exhibited the
highest carbon sequestration amount. Conversely, clustering zone A harbored the minimum
number and smallest area of ecological source areas, thereby resulting in the lowest carbon
sequestration amount. Significantly, ecological source area 79 recorded the highest carbon
sequestration amount, reaching 521,577.89 tons, thereby contributing the most to the overall
carbon sequestration service of forest and grassland ecological spaces in Eyu.
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Figure 8. Connectivity and spatial distribution map of F&GES in Eyu County.
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Figure 9. Spatial distribution map of carbon sequestration services (left) and spatial distribution map
of carbon sequestration in ecological source areas (right) in Eyu County.
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3.3. Optimization of F&GES Structure in Eyu County

The findings of the coupling coordination index calculation between carbon seques-
tration and the connectivity of ecological source areas are presented in Figure 10. The
coordination levels of source areas in zones A and B were generally low, while those in zone
C were relatively high. It is noteworthy that all ecological source areas with coordination
levels ranging from 33.19 to 82.63 were located in clustering zone C, primarily concen-
trated in the northeast region of Eyu, including Yijinhuoluo Qi and Zhungeer Qi. These
regions generally exhibited better ecological environment quality and higher ecological
source area connectivity and facilitated the circulation of ecological flows. Conversely,
source areas with low coordination levels were predominantly distributed in the northwest
and southeast regions of Eyu, encompassing Etoke Qi, Hangjin Qi, Wushen Qi, Jingbian
County, and Qingjian County. Most of these areas were situated on the desert periphery
and characterized by poor ecological environment quality and low landscape connectivity,
which impeded the flow of ecological processes. Based on the coordination index results,
different strategies were employed to optimize F&GES, where (1) represented maintaining
the current state, (2) represented enhancing functions, (3) represented improving connectiv-
ity, and (4) represented enhancing ecological functions and connectivity. In the northern
F&GES, source areas with high coordination levels, such as source areas 74, 83, and 79,
only necessitated current state protection. Although source areas with high connectivity,
such as source areas 104, 105, 99, and 59, had low carbon sequestration capacity, they could
be optimized and improved through strategy (2). Source areas 62, 58, 56, 67, and 66 were
located in the transition zone between the north and south F&GES structures, linking the
north and south F&GES structures and possessing high structural importance, and could be
optimized and improved through strategy (4). With regard to the optimization of ecological
corridors, priority was given to increasing patches in highly important ecological corridors.
Building ecological patches in ecological lands near ecological nodes or inefficient industrial
lands was feasible and reduced construction costs. This study added a total of 26 forest
ecological patches, with a combined area of 641.57 square kilometers.
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Figure 10. Distribution of carbon sequestration-connectivity coordination index in Eyu F&GES before
(left) and after (right) implementation of optimization strategies.

3.4. Evaluation of Optimization Effects

To assess the effectiveness of model optimization, this study employed the following
methods: firstly, a comparison was made between the optimization effects and implemen-
tation feasibility of the CSCCD model and those of other optimization models; secondly,
an evaluation of F&GES structural resistance to destruction was conducted; finally, the
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carbon sequestration effects after implementing optimization measures were compared.
For the first evaluation objective, the optimization effects and implementation feasibility of
the CSCCD model were compared with those of other optimization models. The findings
revealed that the CSCCD model had superior optimization effects and implementation
feasibility in optimizing F&GES. For the second evaluation objective, an evaluation of
F&GES resistance to destruction was conducted. The results showed that, in the optimized
F&GES, indicators such as forest and grass coverage area, ecological corridor connectiv-
ity, and ecological patch area were enhanced, indicating that the optimized F&GES had
stronger resistance to destruction. For the third evaluation objective, a comparison was
made between the carbon sequestration effects before and after implementing optimization
measures. The results demonstrated that, after adopting optimization strategies, the carbon
sequestration effects in the optimized forest and grassland ecological space network were
significantly improved, indicating that the optimized F&GES had better carbon fixation
effects. In summary, this study employed multiple evaluation methods to assess the CSCCD
model and demonstrated its superiority in optimizing F&GES.

3.4.1. Comparison with Other Models

Figure 11 provides a comparative analysis of the optimization effects of two other
models. Specifically, Figure 11(left) adopts an optimization strategy of incorporating
“stepping stones” at ecological nodes, which represent points with the highest accumulated
resistance along the corridor. However, due to the poor ecological environment quality in
the vicinity of these nodes, the feasibility of adding “stepping stones” is limited. While
this intervention can improve the carbon sequestration capacity of the landscape spatial
structure, it does not enhance its connectivity. Figure 11(right) employs an optimization
strategy of increasing the ecological corridor degree. This approach is only capable of
adding ecological corridors between adjacent patches and is unable to establish corridors
between ecological source areas. For instance, patches 32 and 4 obstruct the ecological
corridor between patch 38 and 27, making it impossible to add ecological corridors. As
a result, the added corridors merely enhance the connectivity of F&GES structure, but
have a limited effect on enhancing carbon sequestration. In summary, the CSCCD model
exhibits higher optimization effects and implementation feasibility compared to the other
two models, and can simultaneously enhance both the carbon sequestration capacity and
connectivity of F&GES structure. Additionally, the CSCCD model can optimize across
ecological source areas, thereby making it more widely applicable.
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Figure 11. Optimization results of adding stepping stones at weak points in ecological corridors
(left) and increasing ecological corridor strategy by degree (right).
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3.4.2. Resilience Assessment

Figure 12 presents the outcomes of the anti-destruction evaluation of F&GES structure
before and after optimization. The optimized ecological network exhibits a significantly
enhanced connectivity robustness and recovery robustness. In this study, as the number
of destroyed nodes increases, both the connectivity robustness and recovery robustness
before and after optimization display a decreasing trend when attacking a node. The
decreasing trend of connectivity robustness approximates a concave curve, with the con-
nectivity robustness of F&GES structure gradually declining as the number of attacked
ecological nodes increases. The decreasing curves for node and edge recovery robustness
approximate a convex curve, with an increase in the rate of decrease in node and edge
recovery robustness as the number of attacked ecological nodes increases. The connectivity
robustness and recovery robustness after optimization exhibit lower decreasing rates than
before optimization. Overall, this study verified the effectiveness of the CSCCD model in
optimizing the forest and grassland ecological spatial network through anti-destruction
assessment. The optimized F&GES has a stronger anti-destruction capability, indicating
that the CSCCD model can improve the sustainability of F&GES and safeguard the stability
and healthy development of the ecosystem.
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Figure 12. Resilience of F&GES in Eyu County before optimization (upper) and after optimiza-
tion (lower).

The initial connectivity robustness was 1, and as the number of attacked nodes in-
creased, the network’s robustness significantly decreased. Specifically, when the 8th node
was maliciously attacked and the 64th node was randomly attacked, the network’s robust-
ness dropped to 0.50, representing a 50% decrease. At this point, the network’s connectivity
level was severely disrupted, and the destruction of some nodes resulted in the network’s
inability to maintain normal material circulation and energy flow. The connectivity robust-
ness threshold of the network was 0.5, indicating the lower limit of network robustness.
Through optimization using the CSCCD model, the network’s robustness reached the
threshold when the 30th node was maliciously attacked or the 78th node was randomly
attacked. The optimized F&GES showed a significantly enhanced robustness. In summary,
the optimization of the CSCCD model has a significant effect on improving the robustness
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of F&GES. The optimized F&GES has higher stability and sustainability when facing mali-
cious attacks or random destruction, which ensures the stability and healthy development
of the ecosystem.

The initial values of node and edge recovery robustness were both set to 1. As the
number of attacked nodes increased, the network’s robustness decreased. Nevertheless,
optimization using the CSCCD model led to a significant improvement in the connectivity
robustness of nodes and edges when facing malicious attacks. When the connectivity
robustness of the network dropped to the threshold of 0.5, the proportion of attacked nodes
and edges increased to 87% and 77%, respectively. This result indicates that the optimized
network can more efficiently restore the functionality of damaged nodes and edges, while
maintaining higher stability when facing attacks. Overall, the optimization of the CSCCD
model greatly enhances the robustness and resilience of F&GES, enabling it to better cope
with external interference and attacks. This improvement contributes to the sustainability
and stability of the ecosystem, providing robust support for ecological conservation and
sustainable development.

3.4.3. Comparison of Carbon Sequestration Effects

Ecological source areas and corridors constitute vital components of F&GES (Figure 13).
Ecological source areas possess high-quality habitats and strong carbon sequestration ca-
pacities, while ecological corridors connect crucial habitat patches, facilitate ecological
flow between diverse patches, and possess certain carbon sequestration capabilities. In
this study, we conducted an assessment of the carbon sequestration of F&GES before and
after optimization, and the results are presented in Table 1. Following optimization, the
total carbon sequestration of ecological source areas increased by 112,613.87 t, representing
an increase of 6.67%, while the carbon sequestration of ecological corridors increased by
2701.97 t, representing an increase of 20%. The total carbon sequestration increase in the
Eyu region after optimization was 115,315.84 t, with source areas contributing 97.66% and
corridors contributing 2.34%. The spatial distribution of carbon sequestration of F&GES
before and after optimization is depicted in the figures and charts. After optimization,
71 ecological source areas exhibited increased carbon sequestration levels in the ecologi-
cal spatial network, with 26 newly added ecological source areas. Although the carbon
sequestration increase in some areas was not particularly significant, the Eyu region is
situated in an area where desert, agricultural, and pastoral areas intersect, and there are
numerous mining regions. The region has low rainfall, and the low groundwater level
results in sparse vegetation cover, primarily consisting of grasslands.

Table 1. Comparison of carbon sequestration in F&GES before and after optimization.

Carbon Sequestration
in Ecological
Corridors (t)

Before optimization 1,688,448 13,507 1,701,956
After optimization 1,801,062 16,209 1,817,272

Total Carbon
Sequestration (t)

Carbon Sequestration in

Status of F&GES Ecological Sources (t)
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(left) and after optimization (right).

4. Discussion
4.1. Optimization Strategies to Enhance Connectivity and Carbon Sequestration in F&GES

This study aimed to investigate the coupling coordination between connectivity and
carbon sequestration in F&GES of the Eyu district, and to propose optimization strategies
to enhance the connectivity and carbon sequestration capacity of forest and grassland eco-
logical spaces. The results of this study are highly significant for the field of forestry science.
By constructing the CSCCD model, which considers the perspective of connectivity-carbon
sequestration coupling coordination, we proposed optimization strategies for F&GES in
the Eyu that improve the connectivity and carbon sequestration effect of these ecological
spaces. Our research findings indicate that the optimized network increased by 26 ecologi-
cal patches, with an additional area of 641.57 km?, and the carbon sequestration effect of
F&GES increased by 6.78%. Furthermore, the robustness levels of network connectivity,
edge recovery, and node recovery were all significantly improved after applying the opti-
mization strategy. The CSCCD model proposed in this study can effectively enhance the
carbon sequestration effect in mining areas, promoting carbon neutrality.

Building on previous research [3], this study proposes a novel method to enhance the
carbon sequestration capacity of forest and grassland ecological spaces by investigating the
coupling coordination between connectivity and carbon sequestration in their structural
organization. Despite the fact that planting trees and grass can increase carbon sequestra-
tion, there are still some issues to be considered, such as whether the natural environment
(soil, climate, etc.) in the area is suitable for the growth of forests and grass [7]. To address
these challenges, this study combined the principles of ecological networks and complex
networks to simplify and quantify the structure of forest and grassland ecological spaces in
Eyu, and used indices such as connectivity to reflect the topological characteristics of forest
and grassland ecological spaces. We calculated the carbon sequestration capacity of F&GES
and analyzed the coupling coordination between connectivity and carbon sequestration.
For forest and grassland ecological patches with low connectivity-carbon sequestration
coupling coordination, we proposed potential alternative plans to improve their connec-
tivity and carbon sequestration capacity. Additionally, we verified the effectiveness of
these alternative plans by conducting robustness tests and analyzing changes in carbon
sequestration capacity.
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4.2. Optimization of F&GES Contributes to Forest and Grassland Management in Mining Areas

The optimization of F&GES is a crucial aspect of mining area forest and grassland man-
agement. The challenge of balancing economic development and environmental protection
has been a persistent issue in mining areas. Conventional mining practices often lead to
irreversible ecological damage, resulting in ecological degradation, the loss of ecological
functions, and a deteriorating ecological environment [34]. However, the optimization of
F&GES can enable environmentally sustainable mining area development. Foremost, the
optimization of F&GES can improve the ecological environment of mining areas, enhanc-
ing the stability and anti-interference ability of ecological systems [6]. By appropriately
planning and designing F&GES, the green coverage in mining areas can be increased, air
quality can be improved, and issues such as land and soil erosion and desertification can
be reduced, thereby enhancing the stability and anti-interference capacity of the ecological
system. Secondly, the optimization of F&GES can enhance the carbon sequestration effect
of mining areas and promote the development of a low-carbon economy [9]. The forest
and grassland ecological system in mining areas serves as a vital carbon sink. Through
rational management and optimization, carbon sequestration can be improved, green-
house gas emissions can be reduced, and the development of a low-carbon economy can
be facilitated [16]. Moreover, the optimization of F&GES can bolster the diversity and
stability of mining area ecosystems. By increasing the quantity and quality of F&GES,
species diversity and functional diversity of the ecological system can be improved, the
stability and resilience of the ecological system can be enhanced, and better adaptability
to environmental changes and natural disasters can be achieved [18]. In conclusion, the
optimization of F&GES plays a crucial role in mining area ecosystem management. By
optimizing F&GES, the ecological environment of mining areas can be improved, the car-
bon sequestration effect can be enhanced, the diversity and stability of ecological systems
can be promoted, and technical and theoretical support can provide for the sustainable
development of mining areas [20].

Mineral resources are vital natural resources that can facilitate social and economic de-
velopment through large-scale exploitation [8]. Within the Eyu region, there are abundant
mineral resources, such as coal, oil, natural gas, and rock salt, which have played a signifi-
cant role in promoting economic and social development. However, mining activities have
also resulted in numerous ecological and environmental problems, including subsidence
and fractures, soil erosion, and vegetation degradation, leading to substantial changes in
the landscape pattern of mining areas, impeding ecological flow, and impacting ecosystem
services [27]. To investigate these issues, this study employed ArcGIS to superimpose
industrial and mining land, such as factories, mines, oil fields, and salt fields, with F&GES
(as depicted in Figure 14). The findings revealed that the area of industrial and mining
land accounted for 2.1% of the total F&GES, which could increase ecological resistance
and reduce landscape connectivity [9,18]. To safeguard the connectivity and ecosystem
services of F&GES, additional funding is required to restore and reconstruct damaged
F&GES. On the one hand, mining activities in ecological source areas should be gradually
phased out. On the other hand, mining and economic development should be prohibited
in the vicinity of ecological source areas and buffer zones. From the ecological function and
connectivity perspective, the utilization of the CSCCD model and optimization strategies
can offer theoretical support for the management of mining area ecosystems, while limiting
unsuitable mining activities [26].

4.3. Optimizing F&GES to Increase Carbon Sequestration in Mining Areas

The Chinese government has set forth a strategic objective to achieve carbon neutrality
by 2060, with a target of peaking carbon emissions by 2030. To achieve this objective,
enhancing the carbon sequestration capacity of ecosystems is a crucial aspect [36]. Nev-
ertheless, mining activities in mining areas can result in significant losses of soil and
vegetation carbon sequestration, consequently diminishing the effectiveness of carbon
sequestration. Research has demonstrated that mining development has caused a decline in
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forest and grassland carbon sinks. However, policies such as returning farmland to forests
and grasslands and land reclamation have supported an increasing trend in carbon sinks in
mining areas [26]. Nevertheless, studies also suggest that the carbon sequestration capacity
of vegetation in mining areas has declined considerably in recent decades, highlighting the
urgent need for proactive measures to safeguard the ecosystem and carbon sequestration
capacity. Optimizing forest and grassland ecological spaces in mining areas can enhance
the ecological quality of the mining region. Moreover, the increased carbon sequestration
can offset carbon emissions from mining activities, which is critical for mining areas to
achieve carbon neutrality [30].

0 30 €0 120 180 Km
L 1 1 Il 1 L |

Figure 14. Distribution map of F&GES and industrial and mining land in Eyu County.

This study employed ArcGIS software and other methods to analyze the total car-
bon emissions in the Eyu region (see Figure 15). The findings indicated that total carbon
emissions in the Eyu region have been increasing over the past 20 years, with significant
contributions from energy activities, industrial production, and waste treatment [14]. How-
ever, in the last decade, the Eyu region has achieved a notable reduction in the growth
rate of carbon emissions by optimizing its energy and industrial structure. Despite this
progress, the ecological carbon sequestration capacity in the Eyu region remains relatively
low. Notably, the present study demonstrated that optimizing F&GES can enhance ecolog-
ical protection efficiency and carbon sequestration in the mining area [4,18]. This study
proposed and experimentally validated optimization strategies for the connectivity and
ecosystem integrity of forest and grassland ecological spaces. The optimized measures
resulted in a 6.67% increase in the carbon sequestration capacity of the forest and grassland
ecological spaces. Moreover, this study recommended highly feasible protection and carbon
sequestration enhancement measures tailored to different types of forest and grassland
ecological spaces [24,26]. It is worth noting that optimizing the forest and grassland ecolog-
ical space structure can also improve ecosystem services, such as water retention and soil
conservation, thereby contributing positively to the reduction of current carbon emissions.
However, achieving carbon emission reduction goals requires the integration of efficient
energy use and carbon capture technologies with the optimization of F&GES [14,15].
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Figure 15. Changes in total carbon emissions in Eyu County from 1997 to 2018.

4.4. Limitations and Future Research Directions

In this study, we utilized remote sensing ecological indices to assess habitat quality
and extracted forest and grassland ecological patches based on both habitat quality and
area indicators. We improved the ecological resistance surface by incorporating habitat risk
assessment results and used the MCR model to identify ecological corridors [19,21]. Based
on the connectivity and carbon sequestration capacity of forest and grassland ecological
patches, we developed the CSCCD model and applied various optimization strategies.
The implementation of these strategies resulted in improved connectivity and resistance
to destruction in the forest and grassland ecological patches, as well as increased carbon
sequestration, providing a new potential solution for enhancing carbon sequestration in
mining areas [34,37].

Compared with previous studies [49], we found spatial and environmental similarities
between forest and grassland ecological patches in the northern and eastern parts of Eyu.
However, unlike previous studies, we emphasized the enhancement of connectivity and the
coordinated coupling of carbon sequestration. By proposing potential alternative solutions
for optimizing forest and grassland ecological patches, we aimed to improve ecosystem
services needed by humans, such as carbon sequestration. In this study, we emphasized
the systematic nature of forest and grassland ecological patch optimization strategies
and focused on addressing regional ecological issues [23,26]. Through optimizing forest
and grassland ecological infrastructure, we can demonstrate the developmental aspect of
ecological conservation [28,29]. Therefore, optimizing F&GES is an important direction
for development that can enhance ecosystem functionality and resistance to destruction,
maintain and improve habitat quality, and provide essential ecosystem services, such as
carbon sequestration [3,34].

However, this study does have some limitations. In the southwestern and southern
parts of Eyu, there are relatively fewer forest and grassland ecological patches. Therefore,
it may be less feasible to add source areas and corridors to these regions in practical
operations [10,11]. In addition, due to the lower habitat quality, the distance between
ecological source areas and corridors is greater, which further increases the difficulty
of adding new ecological source areas and corridors. To address this, we developed
optimization strategies for adding new source areas and corridors near the most critical
habitat patches. In future studies, it will be necessary to formulate new optimization
strategies that consider the characteristics of regions with lower habitat quality [13,17].
In this study, we constructed an ecological resistance surface based on habitat risk and
identified the spatial location of ecological corridors to connect ecological source areas and
reduce isolated habitat patches. Ecological corridors are a vital component of forest and
grassland ecological spaces. To ensure the ecological functionality of ecological corridors,
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we need to determine an appropriate effective width for protecting them and control the
construction of new corridors [25,28]. In the next step of research, we will incorporate
habitat risk and use models such as circuit theory and ant colony algorithms to investigate
the heterogeneity of habitat risk and mutation sites on either side of the corridor, in order to
further study the effective width of ecological corridors [28]. Referring to previous research
on improving carbon sequestration capacity in China’s northwestern mining areas [49], we
set a carbon sequestration enhancement goal of 10% in the potential alternative solution. In
future studies, we will verify whether 10% is the optimal carbon sequestration enhancement
goal for the Eyu mining area.

5. Conclusions

The objective of this study was to develop an optimized potential alternative plan
that aims to enhance the ecological system protection and carbon sequestration ability of
forest and grassland ecological spaces in mining areas. To this end, we proposed a carbon
sequestration optimization model based on the structure of forest and grassland ecological
spaces and landscape connectivity, which we applied to the Eyu district. Our research
findings indicate that our optimized plan can effectively enhance the ecological system of
Eyu, including its landscape connectivity, the resilience of the forest and grassland ecologi-
cal space structure, and carbon sequestration ability. This study provides an appropriate
optimized potential alternative plan that can support the construction and management of
forest and grassland ecological spaces in Eyu and other mining areas. Consequently, our
research contributes to the advancement of related technical and theoretical knowledge in
the field.
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Appendix A. Location, Brief Geographical Features, Landscape and Ecological
Characteristics of Ecological Patches of Forest and Grassland in Eyu

In the present study, high-quality ecological patches in Eyu County were carefully
selected and merged to extract a total of 123 patches, which comprised 13 forest patches and
120 grassland patches. The numbers in Figure A1 indicate the numbers of forest and grass
patches. These ecological patches were predominantly distributed in the northeastern part
of Eyu County and exhibited a gradual decrease in size from north to south. The locations
and numbering of these ecological patches were delineated based on their geographical
coordinates and are presented in Figure Al. The forest patches covered a total area of
952.23 square kilometers, while the grassland patches spanned 14,340.32 square kilometers.
The proximity of the Yellow River in the north and east of Eyu County contributed to
higher habitat quality and ecological functions in the ecological patches located closer to
this river. However, the occurrence of the Kubugi and Mu Us Deserts in the northwest
and west of Eyu County, characterized by low precipitation, low vegetation coverage, and
remoteness from wetlands, resulted in a relatively sparse distribution of ecological patches
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in these regions. Forest ecological patches in Eyu County were mainly distributed in the
western mountainous and central sandy areas, representing forest and desert ecosystems,
respectively. The primary vegetation types in the forest patches were coniferous and broad-
leaved forests, with coniferous forests mainly occurring in the western mountainous region
and broad-leaved forests predominantly found in river valleys and mountain basins. In
contrast, grassland ecological patches were distributed in the central part of Eyu County,
which is the most vulnerable area in the region and has been impacted by factors such as
soil erosion and overgrazing, leading to a gradual reduction in their size over time.
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Appendix B

Table Al. Evaluation of ecological resistance factors.

Factor Weight Level Value Factor Weight Level Value
1 544-1059 20 61.52-82.58
5 1059-1206 15 52.29-61.52
DEM(m) 0.07 10 1206-1333 Habitat risk 0.19 10 45.72-52.29
15 1333-1482 5 37.98-45.72
20 1482-2149 1 0-37.98
1 0-2.57 20 0-2.15
5 2.57-6.48 15 2.15-6.10
Roageﬁzitt‘;’ork 0.09 10 6.48-10.78 WateDreT:itt;“ork 0.12 10 6.10-10.71
15 10.78-16.74 5 10.71-17.77
20 16.74-30.05 1 17.77-31.11
20 —0.13-0.24 1 0-3.94
15 0.24-0.37 5 3.94-9.08
NDVI 0.18 10 0.37-0.51 SLOPE (°) 0.09 10 9.08-16.05
5 0.51-0.67 15 16.05-24.53
1 0.67-1 20 24.53-77.52
1 Water
Wetland
Forest
LuccC 5 Grassland
Shrubland
026 10 Cultivated
land
Artificial
15 Surface
20 Bare land
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