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Abstract: The mining activities in arid regions have resulted in significant ecological environmental
issues, exacerbating the already challenging ecological conditions and leading to severe ecosystem
damage. Merely relying on natural recovery processes proves inadequate, thus necessitating the
implementation of artificial restoration measures to facilitate ecosystem recovery in these arid mining
regions. However, it is difficult to scientifically answer the questions of how artificial restoration
can be effectively combined with natural recovery, and to what extent can artificial assistance can
define the beginning of natural recovery in ecosystems. To address this issue, this study proposed a
stepwise ecological restoration model for arid mining regions. The model delineated the ecological
restoration process in arid mining regions into three phases: “artificial reconstruction”, “auxiliary
ecological restoration”, and “natural recovery”, and constructed an evaluation index system of the
stepwise ecological restoration process. Taking an example of a mining ecological restoration in Aksu,
Xinjiang, this study examined the evaluation effects of the stepwise ecological restoration model
on ecological restoration projects in arid mining regions. The research showed that adopting the
stepwise ecological restoration model in arid mining regions can achieve scientific and moderate
artificial restoration, better clarify ecological restoration goals, and facilitate the implementation of
ecological restoration projects.

Keywords: arid mining areas; ecological restoration; stepwise ecological restoration; evaluation system

1. Introduction

The extraction of resources in mining areas poses significant challenges to sustainable
environmental development and ecological equilibrium. Mining activities extensively re-
move the topsoil layer, causing damage to the terrain and resulting in soil impoverishment
and erosion, which in turn have adverse effects on vegetation growth [1,2]. Furthermore,
the occurrence of frequent geological disasters damages the ecological and geological envi-
ronment of mining areas, resulting in varying degrees of ecological damage and ecosystem
degradation. This phenomenon hampers the mining region’s capacity for self-recovery and
resilience against external disruptions, thereby posing challenges to the preservation of
ecological equilibrium [3]. Particularly in arid regions, these problems are exacerbated by
the harsh ecological conditions. Arid regions inherently possess fragile ecological environ-
ments; due to the shortage of water resources, low precipitation, and sparse vegetation, it is
difficult to form the basic conditions needed for the effective protection of surface soil and
water. The self-recovery time cycle of the arid mining region ecosystem can extend for sev-
eral centuries [4]. Ecological challenges are particularly prominent in arid mining regions,
rendering ecological restoration exceptionally arduous and demanding [5]. The restoration
of ecological systems in mining areas constitutes a pivotal element in the enhancement
of ecological functions within environmentally vulnerable regions. The circumstances
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surrounding ecological restoration in arid mining regions are grave, underscoring the
imperative to expedite the restoration process.

In accordance with the principle of “Green Mountains are gold mountains” and the
notion of “The life community of mountains, rivers, forests, farmlands, lakes, grasslands,
and deserts (MRFFLGD)” [6], the goals of ecological restoration in mining areas have
evolved beyond mere enhancements of ecological conditions to encompass the establish-
ment of self-sustaining ecosystems, progressive advancement towards a novel ecological
equilibrium, and the promotion of sustainable development within the local social economy.
The evolution of ecological restoration projects is necessary to move beyond simple land
reclamation and afforestation efforts towards a more comprehensive restoration of ecologi-
cal functions; it also emphasizes the overall enhancement of ecosystems that have suffered
damage or degradation [7,8]. The artificial restoration of mining ecosystems is extensively
employed as a rapid and efficient approach in response to the substantial human interfer-
ence experienced by these ecosystems. Nevertheless, upon the cessation of intervention, the
ecosystem may undergo a reversion to a degraded state. Under the concept of Nature-based
Solutions (NbS), ecological restoration emphasizes natural recovery as the main approach,
supplemented by artificial restoration [9]. However, the restoration of mining areas is a
complex and time-consuming process, making it difficult to achieve desired outcomes
mainly through natural recovery within a limited timeframe. The inclusion of artificial
restoration techniques has the potential to expedite the ecological restoration process in
mining areas [10]. Artificial restoration and natural recovery both play important roles in
the ecological restoration of mining areas, but there is controversy among different scholars
about their relationship, which also raises scientific questions about how and when artificial
restoration should be combined with natural recovery. Only by resolving the relationship
between the two can we better promote the ecological restoration process in arid mining
regions. One of the best solution methods may be to integrate artificial restoration with nat-
ural recovery in the ecological restoration process in arid mining regions. A new theoretical
model is therefore needed to support this concept.

In addition, the evaluation of mining areas’ environmental impact serves as the funda-
mental basis for implementing restoration and remediation efforts [11]. The effectiveness
of ecological restoration is the key to evaluating the overall quality of ecological restoration,
providing scientific guidance for decision-making and the subsequent management of
ecological restoration [12]. In order to achieve the sustainable development of mineral
resource development and ecological environment protection, it is necessary to conduct
a fair evaluation of the ecological environment in mining areas and establish a scientific
and sound evaluation system [13,14]. As a complex whole, the ecological system of mining
areas is interrelated and mutually influenced by evaluation indicators [15]. However, most
current research mainly focuses on selecting indicators from a limited number of ecological
elements to evaluate the effectiveness of ecosystem restoration [16]. These studies exhibit
a deficiency in addressing the holistic perspective in the context of ecological restoration,
resulting in the emergence of problems such as narrow-minded goals, inadequate intercon-
nectedness, and an absence of a comprehensive assessment of the mining area ecosystem as
an integrated entity [17,18]. Consequently, there is a pressing requirement for a methodical
and scholarly evaluation indicator system to tackle these challenges.

To fill the gap, this study established a stepwise ecological restoration model in arid
mining regions as a response to the aforementioned issues. The ecological restoration
process of arid mining regions was categorized into three stages: “artificial reconstruc-
tion”, “auxiliary ecological restoration”, and “natural recovery”. By adopting progressive
restoration and management methods for damaged ecosystems in arid mining regions,
scientific and moderate artificial intervention can be achieved to answer the question of
how artificial restoration can be combined with natural recovery. A progressive ecological
restoration evaluation system for this model was also constructed. Taking a mining area
in Aksu, Xinjiang as an example, the constraints in each stage of the ecological restoration
process in the mining area were comprehensively considered to evaluate the ecological
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restoration effect of each stage in order to solve the ecological problems that arise during the
restoration process of the mining area and improve the ecological restoration effect of arid
mining regions. The proposal of the stepwise ecological restoration model in arid mining
regions is expected to provide a reference for the evaluation and engineering acceptance of
ecological restoration in arid mining regions.

2. Stepwise Ecological Restoration Model in Arid Mining Regions

The stepwise ecological restoration strategy is a sequential and incremental restora-
tion and governance framework that adheres to ecological principles and considers the
historical context and present circumstances of regional ecological deterioration, while
also acknowledging social investment and technological limitations [19]. In contrast to
conventional one-time ecological restoration methods, stepwise ecological restoration en-
tails dividing the restoration process into distinct phases, with emphasis on the gradual
and systematic rehabilitation and management of impaired ecosystems. This approach
encompasses the examination of obstacles encountered at every phase, the gradual im-
plementation of diverse ecological restoration measures, the ongoing enhancement and
rehabilitation of the compromised ecosystem, and the formulation of the most appropriate
ecological restoration and governance strategies. Such an approach serves to mitigate
the expenses and hazards linked to ecological restoration, heighten the precision of issue
identification, expand the range of restoration techniques, and mitigate the likelihood of
failure associated with singular ecological restoration plans.

Owing to the multifarious and capricious nature of ecological processes, the condition
of an ecosystem undergoes perpetual fluctuations. When scholars engage in discourse per-
taining to the species composition or habitat quality within an ecosystem, they commonly
allude to the ecological circumstances at a particular juncture. In arid mining regions,
distinguished by severe ecological conditions, a plethora of ecological restoration obstacles
are encountered. These challenges manifest dissimilarly at different stages of restoration,
rendering the exclusive evaluation of the ultimate restoration outcome ill suited for the
intricacies inherent to arid mining region ecosystems. The challenges encountered during
the restoration process vary across different stages, and relying solely on the evaluation of
the final restoration outcome is inadequate to address the intricate nature of arid mining
region ecosystems. Furthermore, these difficulties pose a hindrance to the formulation of
the most appropriate restoration strategies and methodologies in such regions.

Therefore, this study proposed a new stepwise ecological restoration model in arid
mining regions, which aims to address the ecological problems and restoration challenges
in such regions. The model took into account the historical conditions and current eco-
logical degradation issues in arid mining regions. It divided the ecological restoration
process into three distinct stages, namely “artificial reconstruction”, “assisted ecological
restoration”, and “natural recovery” (Figure 1). The model involved breaking down the
ecological restoration process into segments, analyzing the key limiting factors at each
stage, setting clear restoration goals for each stage of ecological restoration engineering,
and scientifically implementing gradual restoration methods. The model enabled a more
effective combination of artificial restoration and natural recovery, promoting the self-
restoration of ecosystems, and contributing to achieving the sustainable development goals
of ecological restoration in arid mining regions.

2.1. Artificial Reconstruction

Artificial reconstruction pertains to the implementation of artificial remediation and
governance strategies within extensively impaired mining ecosystems, with the objective
of expeditiously reinstating topography and land productivity. Mining operations impose
substantial anthropogenic disturbances upon mining area ecosystems, leading to diverse
levels of impairment and disturbances to natural surroundings, encompassing geological
characteristics, hydrology, biodiversity, and soil. Mining operations have led to topsoil
stripping, severe damage to terrain and landforms, uneven surfaces, and the formation of
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large mining pits. The slope of a mining pit is steep, making it prone to geological disasters
such as collapse. Moreover, mining waste and household waste accumulate in the pits,
polluting groundwater resources, leading to sparse and barren vegetation, and serious soil
erosion problems. Especially in arid regions, rainfall is scarce, soil salinity is high, and salin-
ization is a serious problem. The magnitude of environmental degradation has surpassed
the inherent ability of the ecosystem to naturally regenerate. Consequently, the feasibility of
self-recovery through ecological functions is rendered unattainable, thereby necessitating
the implementation of artificial reconstruction methods to remediate extensively impaired
mining area environments.
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The initial phase of the stepwise ecological restoration model in arid mining regions
involves artificial reconstruction, which aims to address limiting factors, restore baseline
ecological conditions, and facilitate positive ecological succession [20]. Consequently, when
undertaking ecological system reconstruction in arid mining regions, it is imperative to
prioritize the modification of topography and landform, along with enhancing the physical
and chemical properties of the soil [21]. Through the implementation of landform reshaping
and soil reconstruction techniques, geological disasters can be effectively prevented and
controlled, thereby mitigating soil erosion and eliminating detrimental factors that impede
vegetation restoration and land productivity. Furthermore, the utilization of earth backfill,
fertilization, soil moisture-retaining agents, and soil conditioners is recommended to en-
hance soil structure and quality. These measures are intended to restore soil productivity
and fertility in mining areas, thereby creating a conducive soil environment for optimal
growth and development.
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2.2. Auxiliary Ecological Restoration

Auxiliary ecological restoration, guided by ecological principles, is a methodology
employed to restore extensively impaired ecosystems to their reference states, through a
combination of biological, physical, and chemical restoration measures. The arid mining
regions pose challenges to natural ecosystem recovery, primarily due to limited rainfall,
high evaporation rates, and the hindered growth of vegetation. Consequently, the self-
recovery of these ecosystems tends to be protracted. Auxiliary ecological restoration is
implemented as the second phase of the stepwise restoration model in arid mining regions,
following the artificial reconstruction that has effectively rectified the topography and
enhanced soil conditions to a generally favorable state for vegetation growth. This stage
capitalizes on the inherent recuperative potential of the impaired mining area ecosystem
and incorporates a combination of biological and non-biological intervention strategies to
expedite the restoration process [22].

The application of ecological principles for scientific plant selection and process man-
agement is crucial in the process of vegetation restoration in mining regions. This in-
volves artificially planting vegetation, introducing anticipated species to facilitate positive
ecosystem succession, enhancing biodiversity, improving ecosystem service functions and
resilience, promoting the natural restoration of damaged ecosystems, and expediting their
recovery cycles. In order to effectively rehabilitate various forms of degraded land, it is
imperative to carefully consider the choice of pioneer species and appropriately suited
species, as well as the arrangement of other vegetation. This is essential to guarantee the
long-term stability of the reconstructed plant communities [23]. In arid mining regions,
it is recommended to prioritize species that possess drought tolerance and adaptability
to nutrient-deficient environments and exhibit robust germination capabilities and rapid
growth. These key species, such as Haloxylon ammodendron, Calligonum mongolicum, and
Zygophyllum xanthoxylum, play a pivotal role in the restoration of vegetation, which can
accelerate and improve the efficiency of vegetation restoration.

2.3. Natural Recovery

Natural restoration is a phenomenon characterized by the sequential progression of
natural succession and restoration, wherein the ecosystem’s inherent self-regulatory and
self-organizational capacities are harnessed following the cessation of human interference
and the eradication of ecological coercive elements. Frequently, it denotes a governance
approach aimed at attaining ecological restoration objectives through non-invasive or
minimally invasive interventions [24]. Mildly degraded ecosystems, or heavily degraded
ecosystems that have undergone significant ecological restoration measures, can depend on
the inherent self-recovery capacity of the ecosystem to attain positive ecological succession.
Once a mining area ecosystem attains a certain level of species communities and substantial
enhancements in ecological conditions, it can naturally regenerate with the aid of its
self-recovery capabilities. At this juncture, the ecosystem has the potential to advance
towards self-renewal and positive succession, thereby enhancing ecological integrity and
the functionality of ecosystem services. A comprehensive and robust ecosystem should
exhibit ecological resilience, enabling it to promptly recover autonomously following
disturbances. Adhering to the principle of prioritizing natural restoration as the primary
approach, complemented by artificial restoration, aims to minimize the intervention and
disruption caused by human intervention, ultimately reducing restoration expenses while
maximizing the benefits of restoration. This approach aims to achieve a dynamic balance
in the mining area ecosystem.

During the third phase of the stepwise ecological restoration process in arid mining
areas, the management and protection of the natural recovery of the mining area ecosystem
are implemented through measures such as enclosures and the prohibition of grazing. This
stage encompasses the regulation of biological species’ composition and structure, as well
as the restoration of ecosystem functionality. This approach aims to enhance the ecological
environmental quality of the mining area, elevate its ecological landscape functionality, and
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ensure the long-term stability and sustainable development of the mining area ecosystem
by establishing a harmonious ecosystem that aligns with the surrounding landscape.

3. An Evaluation System of the Stepwise Ecological Restoration in Arid Mining Regions

The ecological environment of arid mining regions is subject to the influence of mul-
tiple factors and elements, necessitating the consideration of diverse indicators at each
stage of ecological restoration in mining regions. Moreover, the effective delineation of the
boundaries of various ecological issues poses a challenge, thereby impeding comprehensive
evaluation [25]. The restoration of land production capacity and the sustainable utilization
of abandoned land in mining areas have emerged as prominent development objectives
for mining countries worldwide. However, there is currently a lack of a standardized
restoration model and set of objectives [26]. To address this gap, it is crucial to establish
a comprehensive indicator system that can accurately identify key limiting factors. This
will enable a more scientific assessment of the effectiveness of restoration efforts in mining
regions and facilitate a smoother ecological restoration process [27]. The assessment of
ecological restoration in mining areas should encompass not only the impact of mining on
the surrounding environment, but also take into account a comprehensive range of factors,
including the structure, function, process, and services of the ecosystem. Additionally, it is
crucial to consider various aspects such as the environmental background of the mining
area and the challenges associated with restoring and governing the mining area [28].
Hence, in order to develop an assessment framework for evaluating the effectiveness of eco-
logical restoration in arid mining regions, it becomes imperative to partition the ecological
restoration goals of the mining site into distinct indicators capable of capturing the holistic
state of these objectives. It is crucial to carefully select pertinent evaluation factors and
establish evaluation criteria based on the restored or well-restored habitats surrounding
the mining area.

To achieve a reasonable evaluation of the ecological restoration effect in arid mining
areas, this study established a progressive evaluation system. The primary challenges in the
ecological restoration of a damaged ecosystem are the alterations or diminishment of bio-
logical species and their respective habitats [29]. In arid mining regions, mining operations
have resulted in detrimental effects on the soil environment, including severe erosion, land
resource depletion, and hindered recovery efforts. Additionally, the harsh climatic condi-
tions and water scarcity in these areas impose limitations on vegetation growth, rendering
the ecosystem more vulnerable and less adaptable to external fluctuations. Vegetation,
being a crucial constituent of arid ecosystems, serves as a perceptible manifestation of the
natural milieu and a comprehensive representation of the regional ecological environment.
The restoration of vegetation stands as a paramount approach in rehabilitating mining
areas [30], while also serving as a direct and pivotal indicator for assessing land degradation
attributes [31]. This article employed the concept of vegetation community succession and
limiting factors to propose a method for categorizing the restoration stage of arid mining
areas, with vegetation growth serving as a crucial criterion. The ecological restoration stage
was further delineated through the monitoring of vegetation growth.

Based on engineering cases analyses and literature studies [25,32–34], this study
selected four evaluation indicators, including soil physical and chemical properties, plant
community characteristics, ecological restoration management, and landscape pattern
benefits. It also selected the evaluation factor that best reflects the ecological restoration
effect from each indicator to construct an evaluation system, as shown in Table 1.

(1) Soil physical and chemical properties

As fundamental evaluation indicators, soil physical and chemical properties can reflect
the soil fertility and health status. The quality of soil’s physical and chemical properties
directly affects the growth of plants in mining areas, thereby affecting the effectiveness
of ecological restoration. They mainly play a leading role in the artificial reconstruction
stage and the auxiliary ecological restoration stage. In the artificial reconstruction stage,
monitoring the physical and chemical properties of soil in the mining area can provide the
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necessary basis for vegetation growth in the later stage. The selected factors include soil
particle size, soil thickness, soil moisture content, soil bulk density, soil fertility, soil pH,
and soil conductivity.

Table 1. The ecological restoration effect evaluation system for arid mining regions.

Evaluation System Primary Indicators Secondary Indicators

A stepwise ecological restoration
evaluation system for arid mining regions

Soil physical and chemical properties

Soil particle size
Soil thickness

Soil moisture content
Soil bulk density

Soil fertility
Soil pH

Soil conductivity

Plant community characteristics

Emergence rate
Plant height

Plant community coverage
Plant diversity indices

Ecological restoration management
Plant maintenance effect

Ecological restoration benefits
Disaster prevention degree

Landscape pattern benefits Landscape aesthetics
Landscape coordination degree

(2) Plant community characteristics

The plant community characteristics can accurately reflect the degree and benefits
of ecological restoration, directly characterize the quality of the ecological environment,
and play an important role in various stages of ecological restoration in mining areas.
The factors selected in this study include emergence rate, plant height, plant community
coverage, and plant diversity indices.

(3) Ecological restoration management

The effectiveness of plant management affects the natural recovery progress and
stability of the mining area ecosystem. At the same time, choosing the ecological restoration
benefits and disaster prevention degree is also an important manifestation of the ecological
restoration effect on and environmental transformation of the mining area in the first
two stages.

(4) Landscape pattern benefits

The transformation of the landscape in the mining area and the degree of landscape
coordination between the mining area and the surrounding ecological environment can
reflect the changes in the ecosystem service value of ecological restoration projects and
should also be an important reference for evaluating the restoration results in the natural
recovery stage. Therefore, landscape aesthetics and landscape coordination degree are
selected as evaluation factors.

As a result of the intricate and protracted process involved in the restoration of mining
areas, extant ecological restoration techniques may not invariably succeed in reinstating the
structure and functionality of impaired ecosystems to their pre-disturbance state. Conse-
quently, it becomes imperative to judiciously identify suitable reference ecosystems, taking
into account the distinct social, economic, and environmental circumstances of the afflicted
mining area, in order to establish appropriate restoration objectives for abandoned mining
areas with varying degrees of degradation. This study utilizes the “International Principles
and Standards for Ecological Restoration Practice (Second Edition)” in conjunction with the
“Ecological recovery wheel” [35] and establishes a novel assessment framework tailored
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for arid mining regions (Figure 2). The framework documents the alterations in ecosys-
tem characteristics at various stages in the mining areas, assesses the extent of ecological
restoration, and provides enhanced monitoring of the restoration process.
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4. A Case of the Stepwise Ecological Restoration

The ecological restoration case under consideration is situated in Xinjiang, a represen-
tative arid region in northwest China. The mining activities conducted in this area have led
to significant environmental issues, resulting in extensive harm to the ecological system of
the mining site and posing challenges for subsequent ecological restoration efforts. In 2021,
the Aksu region of Xinjiang initiated the comprehensive conservation and rehabilitation
initiative for the vital source region of the Tarim River (Aksu River Basin). One of the
objectives of this endeavor is to undertake ecological restoration activities in the abandoned
sand and gravel mines within the Aksu Prefecture, with the aim of mitigating geological
hazards and reinstating ecological functionalities.

The case was conducted in Jiamu Town, Wensu County, Aksu Prefecture (Figure 3).
These activities have resulted in significant ecological damage, persistent soil erosion, and
a diminished capacity for environmental self-recovery within the pit. The irregular shape
of the restoration area, characterized by steep walls and frequent collapses, exacerbates
the situation. Furthermore, the removal of a large portion of topsoil has adversely affected
surface vegetation, while the haphazard disposal of construction and household waste
has further compromised the integrity of the terrain and landforms. The restoration area
exhibits limited vegetation growth due to the detrimental effects of mining activities on the
original ecological environment. Consequently, a substantial portion of land has become
unusable and incapable of being developed in any capacity. This lack of coordination
with the surrounding environment poses a significant threat to nearby water conservancy
structures and negatively impacts the safety of agricultural activities in the surrounding
farmland. Moreover, this situation results in a significant waste of available land resources,
thereby constraining local planning, construction, and development efforts.

4.1. Artificial Reconstruction

In May 2022, we conducted a comprehensive on-site investigation to examine the
geological and ecological conditions of the mines in the restoration area. The investigation
elucidated the necessity of implementing ecological restoration and management measures,
commencing with “artificial reconstruction”, to address issues such as degraded soil texture
and extensive damage to the terrain and landforms within the pits.
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As a primary step, the removal and transportation of waste materials from the mining
pits in the restoration area were carried out. Subsequently, the incline of the mining pit was
adjusted to decrease the slope angle, thereby facilitating the integration of the restoration
area with the surrounding environment and mitigating the potential hazards of geological
disasters within the mining pit. Consequently, land leveling and soil enhancement measures
were implemented, aiming to augment soil content and optimize the ratio of soil particle
sizes (Figure 4). These interventions effectively addressed the issues of excessive gravel
content, insufficient fine soil content, and inadequate organic matter within the mining pit,
thereby establishing essential prerequisites for the growth of vegetation (Figure 5).

4.2. Auxiliary Ecological Restoration

Following the establishment of fundamental conditions for vegetation growth through
the process of “artificial reconstruction”, ecological restoration progressed to the phase
of “auxiliary ecological restoration”. The primary objective of this stage was to reinstate
the vegetation within the restoration area, facilitating the introduction of desired species
to foster a positive trajectory of ecosystem succession, encourage the natural recovery of
impaired ecosystems, and expedite the overall restoration cycle. In March 2023, vegetation
restoration work was carried out in the restoration area. We opted to employ Fructus
hippophae as the plant species for ecological restoration. Fructus hippophae exhibits not only
drought resistance and wind–sand resistance but also the ability to thrive in saline-alkali
soil. Moreover, its fruit holds significant economic value, contributing to the financial gains
of local farmers. To minimize human interference, measures such as drip irrigation belts and
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the establishment of fences were implemented after planting the seedlings. Additionally,
the restoration area was diligently maintained and managed to guarantee the survival of
plants and the efficacy of ecological restoration efforts. As of July 2023, the survival rate of
Fructus hippophae forests in the restoration area had exceeded 70% (Figure 6).
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4.3. Natural Recovery

With the ongoing enhancement of the ecological environment, the restoration area
has progressed towards a stage of “natural recovery”. As manual intervention decreases,
indigenous plant species such as Kali colinum, Haloeton glomeratus, and Alhagi camelorum
have emerged within the restoration area. The composition and community structure
of plants in the restoration area have experienced continuous improvement, resulting in
enhanced biodiversity, ecosystem integrity, and ecological service functions. Moreover, the
area’s self-recovery capacity and ecological resilience have been significantly strengthened.
The implementation of this project has restored and improved the ecological environment
of the mining area, effectively controlled soil erosion and desertification, and enhanced
ecosystem functions such as soil and water conservation (Figure 7).
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5. Discussion
5.1. Reflection on Ecological Restoration in Arid Mining Regions

The exploitation and utilization of mineral resources have been instrumental in fos-
tering economic growth. However, this practice has also resulted in significant ecological
degradation and environmental contamination, thereby impeding the progress of economic
and social development in arid regions [36]. The essential goal of ecological restoration in
mining areas is to restore the necessary ecological service functions of damaged ecosys-
tems [37]. In the ecological restoration of arid mining regions, it is necessary to consider
the degree of ecosystem degradation and the history and current situation of the mining
area [38]. The physical conditions of mining have experienced substantial alterations and
are ill suited for accommodating present and future ecosystems. Hence, the prioritization
of the “future” state of the ecosystem over the “historical” state should be emphasized in
the restoration of mining areas [39]. The restoration of mining areas is a continuous and
dynamic task, and ecological restoration in mining areas should focus on establishing an
ecosystem that can be maintained for a long time [40]. It is necessary to continuously moni-
tor, evaluate, and adjust according to the actual situation. When formulating ecological
restoration goals and evaluation standards for mines, environmental constraints must be
given priority consideration. The ecological restoration process in different regions and
types of mining areas faces different environmental problems and ecological complexity;
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therefore, it is necessary to develop restoration goals and evaluation standards that are in
line with local conditions [41,42]. It is crucial to avoid setting excessively high recovery
goals in arid mining regions to ensure the practicality and feasibility of recovery measures.

The stepwise ecological restoration model and progressive evaluation system proposed
in this study attempt to provide new ideas for future scientific research. Dividing ecological
restoration projects into different stages is conducive to clarifying more scientific and
achievable ecological restoration goals, thereby promoting the further development of
ecological restoration projects. This approach divided into stages can better manage and
supervise the implementation process of ecological restoration projects, making them more
targeted and effective. Meanwhile, in practical engineering applications, the evaluation
system should be adjusted according to the characteristics and changes of the specific
mining area restoration project. When selecting evaluation indicators, it is necessary to fully
consider the characteristics of the mining area ecosystem, the setting of restoration goals,
feasibility and operability, and other factors to ensure the accuracy and credibility of the
evaluation results. Only in this way can the effectiveness of ecological restoration projects
in mining areas be better reflected, providing scientific bases for the further improvement
and optimization of ecological restoration strategies.

5.2. The Problems Faced by Vegetation Restoration in Arid Mining Regions

The restoration of vegetation through natural succession alone is a long and chal-
lenging process, making it difficult to achieve the restoration of system structure and
function [43]. Vegetation reconstruction is the main means of ecological restoration in
mining areas, but it is constrained by many influencing factors [44,45] mainly manifested in
the high cost of vegetation restoration due to water scarcity in arid mining areas. Although
seed sowing is simple and feasible, the drought in these regions, coupled with their low
precipitation, high evaporation rate, and insufficient soil fertility, makes it difficult for seeds
to germinate, posing obstacles to growth [46]. This study conducted the transplantation
of Fructus hippophae seedlings into the mining area; while this can effectively contribute to
short-term restoration, its extensive adoption in arid mining regions is hindered by its high
cost and subsequent maintenance requirements [47]. During the entire process of estab-
lishing Fructus hippophae forests, irrigation was used to increase soil moisture content and
promote plant growth, undoubtedly increasing the cost of ecological restoration. Moreover,
the arid mining area has high soil salinity, and the application of irrigation can lead to the
migration and accumulation of soluble salts on the soil surface, thus forming saline-alkali
soil [48].

In addition, the selection of vegetation restoration is also the key to the success or
failure of ecological restoration in arid mining regions. For example, the adult plants of
Populus euphratica Oliv. exhibit a robust capacity to acclimate to aridity and salinity, whereas
their seedlings lack such advantages and necessitate adequate water for survival [14]. In
the absence of human intervention, the majority of species tend to experience a decline due
to environmental stresses or natural calamities [49]. Therefore, in the restoration of mining
areas, it is often necessary to choose local eugenic indigenous species to ensure ecological
benefits; how to select suitable indigenous species in fragile habitats and make reasonable
allocations are also important key points.

5.3. The Application of Gravel in Ecological Restoration in Arid Mining Regions

In the ecological restoration project of mining areas, this study believes that restoring
the gravel soil layer on the surface is also one of the effective restoration methods. In arid
mining regions, excessive emphasis on improving vegetation coverage often leads to high
reconstruction costs. And, irrigation is needed to ensure the survival and growth of plants,
making it difficult to widely apply in arid mining areas, which also leads to a contradiction
between high investment in environmental protection and low efficiency in vegetation
restoration. After mining, a large amount of coarse gravel is produced, which plays an
important role on the soil surface. The gravel layer on the soil surface can effectively
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prevent soil erosion, reduce the occurrence of wind erosion and sandstorms, and thus
protect the stability of the soil. The gravel layer also helps to increase soil permeability,
promote soil water infiltration and retention, reduce direct sunlight on the soil surface,
lower soil temperature, and thus slow down the water evaporation rate, which is beneficial
for maintaining soil moisture and fertility [50,51]. Therefore, in the absence of water sources
and funding, restoring the surface gravel soil layer in ecological restoration projects in
mining areas is also an effective restoration method, but the ratio of gravel particle size and
the application of gravel still needs further research.

6. Conclusions

This study proposed a new stepwise ecological restoration model suitable for arid
mining regions, dividing the ecological restoration process of arid mining areas into three
stages: “artificial reconstruction”, “auxiliary ecological restoration”, and “natural recovery”.
It is a specific practical exploration in the field of arid mining area restoration, adhering to
the basic principle of “natural restoration as the main focus and artificial restoration as the
auxiliary”. This study helps to address the controversial issues and uncertainties between
artificial restoration and natural recovery.

This study constructed a progressive evaluation system and took the ecological restora-
tion project in a mining area in Aksu, Xinjiang as an example, and analyzed the specific
application of the stepwise ecological restoration model in ecological restoration projects in
arid mining regions. The results indicated that adopting phased ecological restoration in
arid mining areas can achieve scientific and moderate artificial restoration, better clarify eco-
logical restoration goals, and facilitate the implementation of ecological restoration projects.

The stepwise ecological restoration model and progressive evaluation system em-
phasized gradual recovery and governance, achieving scientific and moderate manual
intervention. This study aims to improve the pertinence, operability, and effectiveness of
restoration work by fully utilizing the advantages of combining artificial restoration and
natural recovery. It also needs to be applied and confirmed in the ecological restoration
of arid mining regions. We hope that this study can provide a valuable reference and
foundation for scholars engaged in ecological restoration work in arid mining regions.

Author Contributions: Conceptualization, T.Z. and C.L.; methodology, T.Z. and C.L.; formal analysis,
T.Z., X.L. and X.Z.; investigation, T.Z., C.L., X.L. and X.Z.; writing—original draft preparation, T.Z.;
writing—review and editing, C.L.; supervision, X.L. and X.Z. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the “Key Issues and Key Technologies Research on Integrated
Protection and Restoration Project of Mountains, Waters, Forests, Farmlands, Lakes, Grasses, and
Sands in the Important Source Area of Tarim River (Aksu River Basin), Xinjiang”, with the grant
number AKSSSXM2022620, and the “Key Research and development projects of Xinjiang Uygur
Autonomous Region”, with the grant number 2022B03025-5.

Data Availability Statement: Data supporting reported results can be provided upon request.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Chi, M.; Zhang, D.; Zhao, Q.; Yu, W.; Liang, S. Determining the scale of coal mining in an ecologically fragile mining area under

the constraint of water resources carrying capacity. J. Environ. Manag. 2021, 279, 111621. [CrossRef]
2. Zhang, J.; Xi, F. Study on ecological restoration of abandoned mines in China. Acta Ecol. Sin. 2020, 40, 7921–7930.
3. Wu, X.; Lv, X.; Zhao, Y.; Sun, H.; Li, J. Ecological resilience assessment of an arid coal mining area using index of entropy and

linear weighted analysis: A case study of Shendong Coalfield, China. Ecol. Indic. 2020, 109, 105843.
4. Bian, Z.; Lei, S.; Jin, D.; Wang, L. Several basic scientific issues related to mined land remediation. J. China Coal Soc. 2018, 43,

190–197.
5. Xu, X.; Zhang, D. Comparing the long-term effects of artificial and natural vegetation restoration strategies: A case-study of Wuqi

and its adjacent counties in northern China. Land Degrad. Dev. 2021, 32, 3930–3945. [CrossRef]
6. Wu, G.; Zhao, M.; Wang, C. Research on the theoretical support system of ecological protection and restoration of full-array

ecosystems. Acta Ecol. Sin. 2019, 39, 8685–8691.

https://doi.org/10.1016/j.jenvman.2020.111621
https://doi.org/10.1002/ldr.4018


Sustainability 2024, 16, 2266 15 of 16

7. Asr, E.T.; Kakaie, R.; Ataei, M.; Mohammadi, M.R.T. A review of studies on sustainable development in mining life cycle. J. Clean.
Prod. 2019, 229, 213–231. [CrossRef]

8. Choi, Y.D. Theories for ecological restoration in changing environment: Toward ‘futuristic’restoration. Ecol. Res. 2004, 19, 75–81.
[CrossRef]

9. Dhyani, S.; Gupta, A.K.; Karki, M. Nature-Based Solutions for Resilient Ecosystems and Societie; Springer: Berlin/Heidelberg,
Germany, 2020.

10. Mylliemngap, W.; Barik, S. Plant diversity, net primary productivity and soil nutrient contents of a humid subtropical grassland
remained low even after 50 years of post-disturbance recovery from coal mining. Environ. Monit. Assess. 2019, 191, 697. [CrossRef]

11. Feng, Q.; Xia, C.; Yuan, W.; Chen, L.; Wang, Y.; Cao, S. Targeted control measures for improving the environment in a semiarid
region of China. J. Clean. Prod. 2019, 206, 477–482. [CrossRef]

12. Hancock, G.; Duque, J.M.; Willgoose, G. Mining rehabilitation–Using geomorphology to engineer ecologically sustainable
landscapes for highly disturbed lands. Ecol. Eng. 2020, 155, 105836. [CrossRef]

13. Maus, V.; Giljum, S.; Gutschlhofer, J.; da Silva, D.M.; Probst, M.; Gass, S.L.; Luckeneder, S.; Lieber, M.; McCallum, I. A global-scale
data set of mining areas. Sci. Data 2020, 7, 289. [CrossRef] [PubMed]

14. Xu, H.; Xu, F.; Lin, T. A systematic review and comprehensive analysis on ecological restoration of mining areas in the arid region
of China: Challenge, capability and reconsideration. Ecol. Indic. 2023, 154, 110630. [CrossRef]

15. Gorman, M.R.; Dzombak, D.A. A review of sustainable mining and resource management: Transitioning from the life cycle of the
mine to the life cycle of the mineral. Resour. Conserv. Recycl. 2018, 137, 281–291. [CrossRef]

16. Aytenew, M.; Bore, G. Effects of organic amendments on soil fertility and environmental quality: A review. Plant Sci. 2020, 8,
112–119. [CrossRef]

17. Lei, S.; Bian, Z.; Yang, Y. Discussion on the guided restoration for mine ecosystem. J. China Coal Soc. 2022, 47, 915–921.
18. Peng, S.; Bi, Y. Strategic consideration and core technology about environmental ecological restoration in coal mine areas in the

Yellow River basin of China. J. China Coal Soc. 2020, 45, 1211–1221.
19. Liu, J.; Cui, W.; Tian, Z.; Jia, J. Theory of stepwise ecological restoration. Chin. Sci. Bull. 2021, 66, 1014–1025. [CrossRef]
20. Raymond, C.M.; Frantzeskaki, N.; Kabisch, N.; Berry, P.; Breil, M.; Nita, M.R.; Geneletti, D.; Calfapietra, C. A framework

for assessing and implementing the co-benefits of nature-based solutions in urban areas. Environ. Sci. Policy 2017, 77, 15–24.
[CrossRef]

21. Li, P.; Wang, B.; Chen, P.; Zhang, Y.; Zhao, S. Vulnerability assessment of the eco-geo-environment of mining cities in arid and
semi-arid areas: A case study from Zhungeer, China. Ecol. Indic. 2023, 152, 110364. [CrossRef]

22. Nie, T.; Dong, G.; Jiang, X.; Lei, Y. Spatio-temporal changes and driving forces of vegetation coverage on the loess plateau of
Northern Shaanxi. Remote Sens. 2021, 13, 613. [CrossRef]

23. Mi, J.; Liu, R.; Zhang, S.; Hou, H.; Yang, Y.; Chen, F.; Zhang, L. Vegetation patterns on a landslide after five years of natural
restoration in the Loess Plateau mining area in China. Ecol. Eng. 2019, 136, 46–54. [CrossRef]

24. Bai, Z.; Shi, X.; Zhou, W.; Wang, J.; Zhao, Z.; Cao, Y. How does Artificiality Support and Guide the Natural Restoration of
Ecosystems. China Land Sci. 2020, 34, 1–9.

25. Carabassa, V.; Ortiz, O.; Alcañiz, J.M. RESTOQUARRY: Indicators for self-evaluation of ecological restoration in open-pit mines.
Ecol. Indic. 2019, 102, 437–445. [CrossRef]

26. Crouzeilles, R.; Ferreira, M.S.; Chazdon, R.L.; Lindenmayer, D.B.; Sansevero, J.B.B.; Monteriro, L.; Iribarrem, A.; Latawiec, A.E.;
Strassburg, B.B.N. Ecological restoration success is higher for natural regeneration than for active restoration in tropical forests.
Sci. Adv. 2017, 3, e1701345. [CrossRef]

27. Liu, J.; Clewell, A.F. Management of Ecological Rehabilitation Projects; Science Press: Beijing, China, 2017.
28. Felipe-Lucia, M.R.; Soliveres, S.; Penone, C.; Manning, P.; Boch, S.; Prati, D.; Ammer, C.; Schall, P.; Gossner, M.M.; Bauhus, J.; et al.

Multiple forest attributes underpin the supply of multiple ecosystem services. Nat. Commun. 2018, 9, 4839. [CrossRef]
29. Ahirwal, J.; Maiti, S.K. Development of Technosol properties and recovery of carbon stock after 16 years of revegetation on coal

mine degraded lands, India. Catena 2018, 166, 114–123. [CrossRef]
30. Neldner, V.J.; Ngugi, M.R. Establishment of woody species across 26 years of revegetation on a Queensland coal mine. Ecol.

Manag. Restor. 2017, 18, 75–78. [CrossRef]
31. Zhou, T.; Akiyama, T.; Horita, M.; Kharrazi, A.; Kraines, S.; Li, J.; Yoshikawa, K. The Impact of Ecological Restoration Projects in

Dry Lands: Data-based Assessment and Human Perceptions in the Lower Reaches of Heihe River Basin, China. Sustainability
2018, 10, 1471. [CrossRef]

32. Dominguez-Haydar, Y.; Velasquez, E.; Carmona, J.; Lavelle, P.; Chavez, L.F.; Jiménez, J.J. Evaluation of reclamation success in
an open-pit coal mine using integrated soil physical, chemical and biological quality indicators. Ecol. Indic. 2019, 103, 182–193.
[CrossRef]

33. Li, X.; Lei, S.; Liu, F.; Wang, W. Analysis of Plant and Soil Restoration Process and Degree of Refuse Dumps in Open-Pit Coal
Mining Areas. Int. J. Environ. Res. Public Health 2020, 17, 1975. [CrossRef]

34. Wulandari, D.; Saridi; Herika, D.; Agus, C.; Cheng, W.; Tawaraya, K. Soil chemical properties of opencast coal mining site in
Indonesia and its effect on plant growth. Ecol. Environ. Conserv. 2020, 26, 277–286.

35. Gann, G.D.; McDonald, T.; Walder, B.; Aronson, J.; Nelson, C.R.; Jonson, J.; Hallett, J.G.; Eisenberg, C.; Guariguata, M.R.; Liu, J.;
et al. International principles and standards for the practice of ecological restoration. Restor. Ecol. 2019, 27, S1–S46. [CrossRef]

https://doi.org/10.1016/j.jclepro.2019.05.029
https://doi.org/10.1111/j.1440-1703.2003.00594_19_1.x
https://doi.org/10.1007/s10661-019-7688-5
https://doi.org/10.1016/j.jclepro.2018.09.154
https://doi.org/10.1016/j.ecoleng.2020.105836
https://doi.org/10.1038/s41597-020-00624-w
https://www.ncbi.nlm.nih.gov/pubmed/32901028
https://doi.org/10.1016/j.ecolind.2023.110630
https://doi.org/10.1016/j.resconrec.2018.06.001
https://doi.org/10.11648/j.jps.20200805.12
https://doi.org/10.1360/TB-2020-1128
https://doi.org/10.1016/j.envsci.2017.07.008
https://doi.org/10.1016/j.ecolind.2023.110364
https://doi.org/10.3390/rs13040613
https://doi.org/10.1016/j.ecoleng.2019.05.022
https://doi.org/10.1016/j.ecolind.2019.03.001
https://doi.org/10.1126/sciadv.1701345
https://doi.org/10.1038/s41467-018-07082-4
https://doi.org/10.1016/j.catena.2018.03.026
https://doi.org/10.1111/emr.12243
https://doi.org/10.3390/su10051471
https://doi.org/10.1016/j.ecolind.2019.04.015
https://doi.org/10.3390/ijerph17061975
https://doi.org/10.1111/rec.13035


Sustainability 2024, 16, 2266 16 of 16

36. Hu, H.; Lian, X.; Cai, Y.; Zhang, K. Study on ecological environment damage and restoration for coal mining-subsided area in
loess hilly area of Shanxi Province. Coal Sci. Technol. 2020, 48, 70–79.

37. Liu, Y.; Lei, S.; Gong, C. Comparison of plant and microbial communities between an artificial restoration and a natural restoration
topsoil in coal mining subsidence area. Environ. Earth Sci. 2019, 78, 204. [CrossRef]

38. McDonald, T.; Justin, J.; Dixon, K.W. National standards for the practice of ecological restoration in Australia. Restor. Ecol. 2016, 1,
1–34. [CrossRef]

39. Hanberry, B.B.; Noss, R.F.; Safford, H.D.; Allison, S.K.; Dey, D.C. Restoration is preparation for the future. J. For. 2015, 113,
425–429. [CrossRef]

40. Ruiz-Jaen, M.C.; Mitchell Aide, T. Restoration success: How is it being measured? Restor. Ecol. 2005, 13, 569–577. [CrossRef]
41. Shi, Y.; Fan, X.; Ding, X.; Sun, M. An Assessment of Ecological Sensitivity and Landscape Pattern in Abandoned Mining Land.

Sustainability 2024, 16, 1105. [CrossRef]
42. Xu, W.; Wang, J.; Zhang, M.; Li, S. Construction of landscape ecological network based on landscape ecological risk assessment in

a large-scale opencast coal mine area. J. Clean. Prod. 2021, 286, 125523. [CrossRef]
43. Su, K.; Yu, Q.; Yue, D.; Zhang, Q.; Yang, L.; Liu, Z.; Niu, T.; Sun, X. Simulation of a forest-grass ecological network in a typical

desert oasis based on multiple scenes. Ecol. Model. 2019, 413, 108834. [CrossRef]
44. Xu, Q.; Xu, H.; Wei, Y.; Aili, A. Restoration Effects of Supplementary Planting Measures on the Abandoned Mining Areas in the

Altay Mountain, Northwest China. Sustainability 2023, 15, 14974. [CrossRef]
45. Zhu, Y.; Yang, X.; Baskin, C.C.; Baskin, J.M.; Dong, M.; Huang, Z. Effects of amount and frequency of precipitation and sand

burial on seed germination, seedling emergence and survival of the dune grass Leymus secalinus in semiarid China. Plant Soil
2014, 374, 399–409. [CrossRef]

46. Porensky, L.M.; Leger, E.A.; Davison, J.; Miller, W.W.; Goergen, E.M.; Espeland, E.K.; Carroll-Moore, E.M. Arid old-field
restoration: Native perennial grasses suppress weeds and erosion, but also suppress native shrubs. Agric. Ecosyst. Environ. 2014,
184, 135–144. [CrossRef]

47. Pérez, D.R.; González, F.; Ceballos, C.; Oneto, M.E.; Aronson, J. Direct seeding and outplantings in drylands of Argentinean
Patagonia: Estimated costs, and prospects for large-scale restoration and rehabilitation. Restor. Ecol. 2019, 27, 1105–1116.
[CrossRef]

48. Wang, B.; Li, C. Effects of humic acid on seed germination and seedling growth of haloxylon ammodendron under NaCl stress.
Bull. Soil Water Conserv. 2023, 43, 95–102.

49. Deng, Y.; Wang, Y.; Guo, Y.N.; Li, X.; Lu, Z.; Zhang, M.; Chen, R.; Wu, H.; Liu, Y. Effect of drought stress on the seed germination
and growth characteristics of switchgrass. Acta Ecol. Sin. 2022, 42, 9175–9185.

50. Huang, L.; Bao, W.; Hu, H.; Nkrumah, D.T.; Li, F. Rock fragment content alters spatiotemporal patterns of soil water content and
temperature: Evidence from a field experiment. Geoderma 2023, 438, 116613. [CrossRef]

51. Huang, L.; Hu, H.; Bao, W.; Hu, B.; Liu, J.; Li, F. Shifting soil nutrient stoichiometry with soil of variable rock fragment contents
and different vegetation types. Catena 2023, 220, 106717. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/s12665-019-8195-2
https://doi.org/10.1111/rec.12359
https://doi.org/10.5849/jof.15-014
https://doi.org/10.1111/j.1526-100X.2005.00072.x
https://doi.org/10.3390/su16031105
https://doi.org/10.1016/j.jclepro.2020.125523
https://doi.org/10.1016/j.ecolmodel.2019.108834
https://doi.org/10.3390/su152014974
https://doi.org/10.1007/s11104-013-1892-9
https://doi.org/10.1016/j.agee.2013.11.026
https://doi.org/10.1111/rec.12961
https://doi.org/10.1016/j.geoderma.2023.116613
https://doi.org/10.1016/j.catena.2022.106717

	Introduction 
	Stepwise Ecological Restoration Model in Arid Mining Regions 
	Artificial Reconstruction 
	Auxiliary Ecological Restoration 
	Natural Recovery 

	An Evaluation System of the Stepwise Ecological Restoration in Arid Mining Regions 
	A Case of the Stepwise Ecological Restoration 
	Artificial Reconstruction 
	Auxiliary Ecological Restoration 
	Natural Recovery 

	Discussion 
	Reflection on Ecological Restoration in Arid Mining Regions 
	The Problems Faced by Vegetation Restoration in Arid Mining Regions 
	The Application of Gravel in Ecological Restoration in Arid Mining Regions 

	Conclusions 
	References

