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Abstract

To achieve a scientific evaluation of land ecological resilience in mining areas and pro-
mote the green transformation and sustainable development of the mining industry, this
study is based on the core concept of Nature-based Solutions (NbS), coupling the “Driving
force-Pressure-State-Impact—Response” (DPSIR) framework, and constructs an evalua-
tion system for mine land ecological resilience (MLER) focusing on sustainability. This
system covers multiple aspects, including natural ecology, socio-economics, and policy
management, comprising 21 secondary indicators that comprehensively respond to NbS’
fundamental principles of “nature-guided, multi-party collaboration, and long-term adap-
tation.” In terms of evaluation methodology, this study proposes a combined weighting
model that integrates AHP-CRITIC game theory with Vague sets. First, subjective ex-
pert experience and objective data variance are balanced through combined weighting.
Based on game theory, the optimal combination coefficients were determined (ot; = 0.624,
oy = 0.376) to reconcile subjective and objective preferences. Subsequently, the three-
dimensional interval structure of Vague sets is utilized to effectively accommodate fuzzy
information and data gaps. By characterizing the restoration process through interval
membership, the model enhances the representational capacity of the evaluation results
regarding complex ecological information. Empirical research conducted in the mining
areas of Gan Xian, Xing Guo, Yu Du, and Xun Wu in Jiangxi Province effectively identified
differences in resilience levels: the resilience of the Xing Guo mining area was classified as
I, Gan Xian and Yu Du as II, and Xun Wu as IV. These results are fundamentally consistent
with the AHP-Fuzzy Comprehensive Evaluation method, verifying the robustness and relia-
bility of the model. The NbS-guided evaluation system and model constructed in this study
provide scientific tools for identifying differences in the sustainability of MLER and key
constraints, promoting the transformation of restoration models from “engineering-driven”
to “nature-driven, long-term adaptation” in the context of NbS in China.

Keywords: sustainability of mine land; vague sets; NbS; game theory

1. Introduction

Mineral resources serve as a critical material foundation for national economic devel-
opment, and large-scale exploitation has strongly supported China’s process of industri-
alization and modernization [1-4]. However, with the ongoing high-intensity extraction
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of mineral resources, the resulting geological disasters, land degradation, groundwater
system imbalance, and environmental pollution in soil, water, and air have become in-
creasingly severe, posing significant threats to regional ecological stability and sustainable
development [5-8]. In this context, advancing MLER has become an urgent task in pro-
moting the green transformation of the mining industry [9,10]. The MLER refers to the
comprehensive ability to restore ecological functions and service values on lands damaged
by mining activities. Scientifically evaluating this capacity not only helps identify weak
links in the restoration process and optimize the design and implementation of restoration
projects but also serves as a key support for enhancing land spatial ecological resilience
and establishing a “safe, harmonious, and high-quality” land spatial pattern. Therefore,
constructing a scientifically sound evaluation model for MLER holds significant theoretical
and practical importance for advancing ecological civilization construction and achieving
high-quality regional development.

Currently, numerous scholars have explored diverse approaches to the evaluation of
MLER, establishing various distinct assessment methods. Based on their theoretical foun-
dations and technical pathways, the main research methods can be primarily categorized
into three classes: fuzzy uncertainty quantification, spatial technology integration, and
multi-attribute decision-making and system analysis. Methods such as intuitionistic fuzzy
sets theory and the VIKOR decision-making method [11], triangular fuzzy number-based
hierarchical analysis [12], and the Z-MARCOS-based compromise solution combined with
Z-number theory and alternative and sequential measurement-based reliable evaluation
models [13] fall under the fuzzy uncertainty quantification category, whose essence lies in
transforming qualitative judgments into quantitative analysis through fuzzy mathematical
theory. However, these methods generally exhibit a strong reliance on expert subjective
experience, and some models feature complex structures, posing operability challenges in
practical application. Methods like GIS and AHP methods [14] and the mobile window-
based remote sensing ecological index (MW-RSEI) performance evaluation model [15]
belong to the spatial technology integration category; leveraging Geographic Information
Systems (GIS) and Remote Sensing (RS) technology [16], they excel at integrating and ana-
lyzing multi-source spatiotemporal data to achieve the spatial visualization of assessment
results. Yet, this class of methods is highly dependent on data quality and integrity, and
in mining areas with a weak data foundation, the reliability of their evaluation results
may be compromised. This third category includes Multi-Attribute Decision-Making and
System Analysis methods, such as the combined evaluation approach integrating social
network analysis and gray relational analysis, landscape ecological network models con-
structed with the MCR model [17], methods utilizing gray DEMATEL and ANP technical
calculations [18] and principal component analysis [19], which focus on dissecting the
complex relationships and systemic structure among evaluation indicators. Nevertheless,
some methods are insufficient in characterizing the dynamic evolutionary process of the
ecosystem, or their core principles focus on specific dimensions, resulting in incomplete
coverage of the multidimensional connotation of resilience.

Compared to alternative evaluation methods, Vague sets theory offers distinct advan-
tages in expressing fuzziness and uncertainty through its “support-opposition-unknown”
three-dimensional interval structure [20]. This framework comprehensively incorporates
ambiguous and missing information during the evaluation process, effectively mitigating
subjective bias and ensuring the robustness of results even under conditions of data incom-
pleteness [21]. Given that MLER is not a single fixed value, Vague sets utilize interval-based
membership degrees to characterize the transitional states between different restoration
levels. This approach transcends the limitations of traditional discrete classification meth-
ods, making the evaluation results more consistent with the continuous developmental
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processes of ecosystems. Furthermore, the theory features a clear framework and relatively
concise computation, balancing theoretical depth with practical operability, and has been
successfully applied in numerous engineering contexts [22]. In light of this, this study
introduces Vague sets into MLER and constructs a corresponding model. The model first
employs the AHP and CRITIC methods to determine subjective weighting and objective
weighting, respectively, subsequently utilizing game theory to establish combined weight-
ing. Following this, Vague sets are used to calculate the membership degrees of each
indicator across various levels, leading to a scientific determination of the final grade. This
model not only provides a precise quantification of the complex states of mine land ecologi-
cal restoration but also identifies key bottlenecks, offering a scientific basis for developing
differentiated improvement strategies and promoting the stability of ecological functions
and sustainable resource utilization in mining regions.

2. Basic Theories
2.1. Vague Sets Theory

The Vague sets was proposed by Gau and Buehrer in 1993 as a mathematical tool
for dealing with fuzzy and uncertain information [23]. It is an extension of fuzzy sets
theory. Vague sets is defined on a domain X, where each element x € X has both a positive
membership function #(x) and a negative membership function f(x), representing the
minimum degree to which #(x) belongs to the set and the maximum degree to which x does
not belong to the set, respectively. These two functions satisfy the following condition:

Hx) + f(x) <1 ©)

where t(x) represents the minimum membership degree of x in the set, f(x) represents the
maximum degree to which x does not belong to the set, and 1 — #(x) — f(x) represents the
uncertainty of x in relation to the set.

A={(x [H(x), 1= f(x)])]x € X} (2)

Vague sets are an effective mathematical tool for processing uncertain information.
By introducing the concepts of true membership and false membership, they can more
precisely characterize fuzzy information, offering both practicality and flexibility. In the
context of MLER evaluation, there are often numerous fuzzy and uncertain qualitative
indicators. The dual membership structure of Vague sets allows for a detailed description
of such fuzzy characteristics and effectively avoids the absolutist tendencies in expert
judgment, thereby providing a more scientific data foundation for the evaluation process.
Based on the mature theoretical support of this method and its empirical effectiveness
in multiple fields [24-26], the use of Vague sets for MLER evaluation is both reasonably
applicable and reliable.

2.2. Theoretical Framework for MLER
2.2.1. NbS Theory

NDbS refer to actions that protect, sustainably use, and restore natural or modified
ecosystems in order to effectively and adaptively address the challenges faced by society
today, while also providing benefits for human well-being and biodiversity, as shown
in Figure 1. With the release of the global standards for NbS, its eight key principles
provide a standardized framework for related practices [27-29]. Among these, the indicator
system serves as a core component, integrating multidisciplinary knowledge and the
professional experiences of stakeholders, offering a systematic evaluation tool for mining
land ecological restoration capacity.
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Figure 1. NDS.
2.2.2. MLER

Currently, the definition and usage of the resilience concept in research literature
related to NbS align with Holling’s view of resilience [30]. Therefore, referencing the
resilience theory proposed by ecologist C. S. Holling, and integrating the evolutionary
stages of ecological resilience in mining ecosystems, this study defines MLER as follows: It
refers to the inherent capacity and dynamic process of a mining land ecosystem to absorb
disturbances and maintain its core ecological service functions after undergoing severe
disruptions caused by mineral resource extraction [31]. At the same time, when the system
state may change, it demonstrates the ability to adapt and reorganize, ultimately evolving
from a simpler state to a more complex and stable ecological state, either through natural
recovery or human-assisted restoration, as shown in Figure 2.
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Figure 2. MLER Mechanism.

2.2.3. Coupling Mechanism Analysis

There is a profound logical coupling between MLER and NbS. The core of this cou-
pling lies in the NbS framework, which promotes a shift in restoration models from single-
engineering interventions to a system governance paradigm driven by natural processes
and multi-element collaboration [32]. The NbS framework is oriented towards addressing
social challenges, prompting a shift in restoration objectives from traditional reclamation to
the overall enhancement of land system resilience [33]. Through “scale-based design,” it
achieves spatial coordination, and by leveraging “benefit trade-offs,” it optimizes resource
allocation, ensuring that restoration strategies align with regional ecological patterns while
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responding to development needs. It also relies on “inclusive governance” to build consen-
sus among various stakeholders, and with “adaptive management,” it enables dynamic
optimization, establishing an implementation mechanism with continuous learning and
self-adjusting capabilities. Ultimately, supported by “economic viability,” it reduces costs
and increases economic benefits through resource recycling [34], achieving a dual improve-
ment in “ecosystem net gain” and “resource utilization net benefit.” This pushes restoration
outcomes toward “mainstreaming and sustainability” at both institutional and market
levels. This coupling relationship transforms the NbS principles system into a practical
path for enhancing MLER, focusing not only on short-term restoration outcomes but also
on cultivating long-term system resilience and adaptability, thereby achieving the syner-
gistic advancement of ecological restoration, social benefits, and sustainable development.
Based on this coupling mechanism, to integrate the NbS concept into the evaluation of
ecological restoration outcomes, this paper proposes the corresponding evaluation process,
as shown in Figure 3. The process aims to overcome the limitations of traditional evaluation
models, which often emphasize engineering over nature, short-term effects over long-term
sustainability, and indicators over systems. It also seeks to facilitate the localization and
institutionalization of the NbS concept in China’s ecological restoration practices.

MLER Evaluation Indicators System
| pon—
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Figure 3. Technical Roadmap.

3. Evaluation Model Based on Vague Sets

3.1. Weight Calculation
3.1.1. AHP

AHP is a structured decision-making method that decomposes a decision problem
into more manageable parts and establishes a hierarchical structure between these parts for
qualitative and quantitative analysis [35,36]. The core principle of AHP is to break down
the decision problem into different levels, such as goals, criteria, and alternatives, and
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then determine the relative importance or priority of the elements at each level through
pairwise comparisons.

First, for factors at the same level, pairwise comparisons are made to assess their
relative importance. Using Saaty’s 1-9 fundamental scale [37], qualitative comparison
language is transformed into quantitative values, with the specific meanings shown
in Table 1.

Table 1. Comparison Judgment Values.

Standard Value Description

1 Two factors are equally important

3 One factor is slightly more important than the other

5 One factor is significantly more important than the other

7 One factor is strongly more important than the other

9 One factor is absolutely more important than the other
1,2,4,6,8 Represent the midpoint between the adjacent standard values

(1) Constructing the judgment matrix. Let there be m indicators. Based on the hier-
archical model, the judgment matrix Q is constructed according to the comparison scale
in Table 1.

Q= (gjt)mxm, (j=1,2,3...,k...,m) 3)

where gj; represents the relative importance of indicator j with respect to indicator k.

(2) Square root method for weight calculation. The characteristic root of the judgment
matrix Q is calculated by QW’ = Ay, W', where W’ is the eigenvalue vector. According to
mathematical theory, (Q) has a unique maximum eigenvalue, and W’ can be composed of
positive components. Since it is difficult to precisely calculate Amax and W’, the square root
method is commonly used to calculate their approximate values.

The product of the elements in each row of Q gives the vector D.

m
di = Taw (4)
j=1
Take the 7 root of D to obtain the vector P.

pi = {/d; ©)

wj = p]»/; pj (6)
]:

Normalize P to obtain W’.

Calculate the maximum eigenvalue of Q.

n (DW');
Amax = Z ' (7)
=1 j

Consistency test. The judgment matrix Q, based on personal experience and knowl-
edge, inevitably contains logical errors. To ensure that the judgment results align better
with the actual situation, the consistency ratio can be determined using Formula (8).

CI _ Amax —m

R=—,CIl=
C ,C p—

R (®)

where RI represents the Random Consistency Index, which is the average consistency
index derived from a large number of randomly generated reciprocal matrices. The value
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of RI depends on the matrix order, with specific values shown in Table 2. CI represents
the Consistency Index, which is used to quantify the deviation of the matrix from perfect
consistency. If (CR < 0.1), the consistency of Q is considered acceptable, and the calculated
W’ represents the subjective weights of the factors. Otherwise, Q must be adjusted to meet
the consistency test requirements.

Table 2. Ratio index scale.

n 1 2 3 4 5 6 7 8 9
RI 0.00 0.00 0.58 0.90 1.12 1.24 1.32 1.41 1.45

3.1.2. CRITIC Method

CRITIC method is a multi-criteria weighting method based on the objective character-
istics of data. The core advantage of this method is that it does not rely on expert subjective
judgment, but instead analyzes the data patterns of the indicators themselves, namely the
contrast strength and conflict degree, to objectively determine the weights of each indicator,
thus retaining the original information of the data to the greatest extent. The weighting
principle emphasizes that the indicator weights should reflect both information content
and independence, specifically quantified through two dimensions: contrast strength is
measured by the standard deviation of the indicator data, representing the indicator’s
ability to distinguish evaluation objects. The larger the standard deviation, the higher the
weight; conflict degree is measured by the correlation coefficient between the indicator
and other indicators, reflecting its information uniqueness. The lower the correlation, the
higher the conflict degree, and thus the weight is increased accordingly.

(1) Indicator preprocessing. Xi]- represents the real valueof thei(i=1,2,3.. ., n) evaluation
object for thej(j=1,2,3...,k, ..., m)indicator. According to Equations (9) and (10), data
with different units or scales are mapped to the interval [0, 1] to avoid the influence
of dimensionality.

For positive indicators:

xij — min (x])

max (x;) — min(x;)
For negative indicators:

max (x;) — ()

Xij = max(x]-) — min(x]-)

]

(10)

(2) Weight Calculation. The variance of each indicator can be calculated using

Equation (11).
1 n =S\2 = 1 n
i =\l (X = X)X = Y o X (11)
The correlation coefficient between indicators Xij and xj can be calculated using
Equation (12).
n - —
X (Xij — Xj) (Xie — Xi)
n — 2 n — 2
\/‘21 (Xij — X;) 421 (Xik — Xk)
i= i=
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Finally, the objective weightings can be calculated using Equation (13).

0j ¥ (1= r3j)
W = 1

a(a-m)

3.1.3. Game-Theoretic Combination Weighting Method

T=

(13)

]

It

Game theory, as a theory and method for studying phenomena with competitive
or conflictual nature, is widely applied in multi-criteria evaluation problems. In terms
of weight determination, the game-theoretic combination weighting method introduces
a competitive mechanism to seek an equilibrium state between the attributes, thereby
achieving a more rational weight distribution. The steps for calculating combination
weights based on game theory are as follows:

Assume there are s evaluation methods for the evaluation object. The set of basic
weight vectors wy = [wy, wyy, .. .,wts]T (t=1,2,3, ... 5), then the linear combination
weight of the s weighting methods is

s
W= Z arwy (14)
t=1

where the coefficient a; can be obtained using Equation (15).

wllU{ wlsz cee wlwsT a W1W{
w T T ... T T
zwl W WH WorwWg ar W Wy (15)
X =
wa’{ wag cte wag as wswg

Then the combined weight of the indicator is

S

b4
w=Y dun, o} = 1% (16)
t=1 Z |at|
t=1

3.2. Construction of Evaluation Matrix

Let the evaluation system have n evaluation objects, m evaluation indicators, and u
evaluation levels. The set of indicators for the system is Qj (G=1,2,...,m), and the set of
risk levelsis Vi, (h =1, 2, ..., r). The membership degree of indicator C;; for level r is Cjj;.
The evaluation matrix for the set of indicators and the set of risk levels is

Uil U212 v Uplr
Ugp1 U222t Up2r

u=| . ) . ) (17)
Uiml U2m2 - Unmr

Calculate the corresponding indicator weights for all indicators in the evaluation system.
Vi=W;el (18)

Specific calculation rules:
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Scalar multiplication operation
leA = [lta(x), I(1 — fa(x))] (19)
Multiplication operation
AeB = [t(x)A x t(x)B, (1 — f(x)A) x (1 — f(x)B)] (20)
Addition operation
AB = [min{1, #4(x) +tp(x)}, min{l, (1 fa(x)) + (1~ fp(x)}] (21)

In accordance with the above calculation principles, the evaluation results correspond-
ing to each indicator are presented as follows.

e = [min{l, iwithfjrh(x)}' min{l, iwi]’(l = fCijm (x))H (22)
=1 '

j=1

3.3. Comprehensive Evaluation

Let W be the weight vector, and U be the Vague sets evaluation vector. Then the Vague
sets fuzzy evaluation matrix is presented as follows.

E=WeU (23)

With E = (e1, €2, ..., er), &, = [ter(x), 1 — fer(x)] the final evaluation of the indicator
system can be obtained based on the maximum membership principle.

4. Case Study Application
4.1. Overview of the Study Area for MLER

Jiangxi Province, as a major base for non-ferrous metals and rare earth resources in
southern China, has a long history of mining and high-intensity resource exploitation. Its
mine land ecological restoration practices face common industry-wide challenges while
also accumulating differentiated governance experience, making it highly representative in
the field of national mining ecological restoration. To systematically verify the scientific
validity, rationality, and applicability of the mine land resilience evaluation framework
constructed in this study, the research team, considering the spatial layout of green mine
construction in Jiangxi Province, the distribution characteristics of mineral types, and
key ecological restoration areas, purposefully selected typical mining areas in Gan Xian,
Xing Guo, Yu Du, and Xun Wu as empirical case study sites, as shown in Figure 4.

4.2. Establishment of MLER Evaluation Indicator System
4.2.1. DPSIR Full-Dimensional Evaluation Indicator System

DPSIR model, proposed by the Organisation for Economic Co-operation and Develop-
ment (OECD) in 1993, is a system analysis tool based on causal relationships [38]. It aims to
integrate socio-economic activities and ecological environmental factors, providing a struc-
tured logical framework for revealing the interactions between human activities and the
natural environment. In the evaluation of MLER, the DPSIR framework forms a systematic
assessment path through its complete causal chain. It comprehensively covers the entire
process from developmental disturbances and ecological restoration to the sustainable
maintenance of the system, effectively avoiding the shortcomings of traditional evaluation
indicators in terms of logical coherence. This framework also possesses good dynamic

https://doi.org/10.3390/su18010164


https://doi.org/10.3390/su18010164

Sustainability 2026, 18, 164 10 of 26

adaptability, allowing for flexible adjustments to the evaluation content according to the
different stages of mining restoration, thus overcoming the issue of insufficient adaptability
of static indicators during long-term evolution.

£
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Figure 4. Geographical Location of the Study Area.

Based on these advantages, this study integrates the core concepts of NbS—such as
“nature-driven, multi-benefit synergy, and adaptive management”—and references rele-
vant research [39-43] and practical experiences in the field of mining ecological restoration.
Under the DPSIR framework, a comprehensive, reliable, and operable evaluation indicator
system for MLER has been constructed [44]. This system includes five dimensions: driv-
ing forces, pressures, state, impacts, and responses, with 21 s-level indicators, as shown
in Figure 5.

I v 2
mprove Driving Pr

?oévmeg O

P

] Responses e ——— Pressures

;“MLER Evaluation®,
\ Indicators System, /

‘ i Demand ‘ ’ Q Effect
I

D
O Ry-e

Figure 5. MLER Evaluation Indicator System.

4.2.2. MLER Indicator Connotation

The detailed content of each indicator is as follows:
D: Driving forces refer to the core factors that promote or hinder ecological restoration.
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D1 Policy Mechanism for Long-Term Promotion of NbS Restoration: Evaluates the
capacity of the policy system to continuously support ecological restoration, covering
system design, execution supervision, and feedback optimization.

D2 Rationality of Green Investment Structure: Evaluates the matching degree of eco-
logical restoration funding allocation with ecological needs and investment sustainability.

D3 Depth of Community Decision-Making Participation: Evaluates the breadth and
depth of community residents” involvement in the decision-making, implementation, and
supervision of ecological restoration.

D4 Natural Adaptability of Restoration Technology: Evaluates the degree of matching
between restoration technologies and the natural conditions of the target area, such as
terrain, climate, hydrology, and soil.

P: Pressures refer to the impact of human activities or natural factors on the ecosystem.

P1 Population Density (unit: 100 people/km?): Evaluates the population density per
unit area, reflecting the pressure of human activities on the ecosystem.

P2 Annual Average Temperature Level (unit: 10 °C): Categorizes the annual average
temperature, reflecting the impact of climatic conditions on the ecosystem.

P3 Effectiveness of Pollution Control: Evaluates the impact of pollution on ecosystem
structure and function, including pollution scope, intensity, and duration.

P4 Reduction in Mining Activity Interference: Evaluates the reduction in mining
activity interference on the ecosystem, including interference methods, intensity, scope,
and duration.

S: States refer to the current structural and functional conditions of the ecosystem.

S1 Integrity of Vegetation Community Structure: Evaluates the hierarchical structure,
species composition, and spatial arrangement of the vegetation community in relation to
native or climax communities.

S2 Annual Precipitation (unit: 1000 mm): Reflects regional precipitation conditions,
providing a basis for hydrological conditions and ecological water needs evaluation.

S3 Soil Fertility Level: Evaluates the physical, chemical, and biological conditions of
the soil, reflecting its ecological support capacity.

54 Adaptability of Hydrological Conditions: Evaluates the degree of matching between
regional water volume, quality, and spatial distribution with ecosystem types.

S5 Community Succession Stage Description: Evaluates the current succession stage
and development trend of the ecosystem, reflecting its maturity and stability.

I: Impacts refer to the effect of ecological changes on human well-being and
sustainable development.

I1 Landscape Connectivity Evaluation: Evaluates the degree of functional connectivity
between different ecological patches in the landscape, reflecting ecosystem integrity and
resistance to disturbances.

12 Reduction in Land Degradation Impact Area: Evaluates the extent and degree of
land function loss or degradation.

I3 Ecological Benefit Conversion Potential: Evaluates the potential for the ecosystem’s
service functions to be converted into economic and social value.

R: Responses refer to the restoration measures and their implementation effects on
ecological problems.

R1 Intensity of Restoration Funding Investment: Evaluates the scale and density of
ecological restoration funding investment, reflecting the intensity and sustainability of
restoration efforts.

R2 Effectiveness of Smart Monitoring Coverage: Evaluates the coverage and accuracy
of smart monitoring technology in the restoration area, reflecting the reliability of the
monitoring system.
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R3 Dynamic Adjustability of Restoration Measures: Evaluates the ability of restoration
plans to adaptively adjust based on monitoring results and environmental changes.

R4 GDP (unit: 100 billion yuan): Using regional annual GDP as a reference for eco-
nomic scale, comparing with ecological indicators, reflecting the level of coordinated
economic and ecological development.

R5 Stakeholder Collaboration Degree: Evaluates the degree and efficiency of col-
laboration among government, enterprises, communities, and other stakeholders in
ecological restoration.

4.2.3. MLER Grading Standards

Based on the references [45], MLER is classified into 5 levels, with the specific grading
standards as follows:

I: Deeply implement the NbS concept, with the ecosystem structure and function close
to the natural state and outstanding sustainability; the driving-response mechanism is
perfect, with optimal synergy of ecological, economic, and social benefits.

II: Effectively implement the NbS concept, with stable core ecological functions and
no major ecological weaknesses; the driving-response mechanism is sound, balancing
short-term restoration effects and long-term system resilience.

III: Essentially implement the basic requirements of NbS, with preliminary restoration
of ecological functions and no severe ecological risks; the driving-response mechanism is
basically formed, with room for local optimization.

IV: Insufficient implementation of the NbS concept, with damaged core ecological
functions and clear ecological weaknesses; the driving-response mechanism is incomplete,
with limited restoration effects and weak sustainability.

V: The NbS concept is not implemented, with severe ecosystem degradation, loss of
core functions, and significant ecological risks; the driving-response mechanism fails, and
restoration has no substantial effect.

Due to space limitations, only the grading standards for specific qualitative indicators
under Category D are presented, as shown in Table 3.

Table 3. Grading Standards for Category D Indicators.

Grading Standards

Indicator I 11 I v \Y%
[5.00, 4.00) [4.00, 3.00) [3.00, 2.00) [2.00, 1.00) [1.00, 0.00)
General policies
NbS sPec1f1c pol{cy Nb.S .supportl.ng mentlon. NbS, Scattered documents
covering the entire policies covering covering . . .
. . . mention restoration; No restoration
restoration cycle; core stages; implementation . . . .
D1 . . compliance policies; compliance
compliance compliance stage only; rectification rate rectification
rectification rectification compliance low 60%
rate 100%. rate 80%. rectification rate ° o
60-79%.
100% capital 80-99% capital 60-79% capital “60% capital ngétci C{’Jg‘lﬂiﬁy
matches ecological matches ecological matches ecological matcheso oc (E)lo ical  deman dPinsufficient
D2 demand; long-term demand; short-term demand; only & !

revenue mechanism
in place.

revenue mechanism
in place.

short-term
appropriations.

demand; no
revenue mechanism.

capital guarantee,

restoration difficult

to advance.
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Table 3. Cont.
Grading Standards
Indicator I II 111 v A"
[5.00, 4.00) [4.00, 3.00) [3.00, 2.00) [2.00, 1.00) [1.00, 0.00)
opimion adooptlon option ad(o)ptlon opinion adoption .. . no feedback
rate 100%; rate 80%; o opinion adoption .
.. . . rate 60-79%; vy channels; prohibited
D3 supervision linked to  supervision included - rate < 60% . .
. supervision at . from intervening
performance in performance no supervision. . .
key nodes. in supervision.
assessment. assessment.
Matches major
Y Generally matches .
natural conditions, . o Match degree with .
- major conditions, - o Match degree with
Completely matches minor . . . major conditions . o
o . - . incompatible with of . i ip major conditions
natural conditions; incompatibility with < 60%,; significant o
secondary . < 30%; unable to
no parameter secondary o\ technical . o
. . .. conditions; core e . adapt; risk > 30%;
D4 adjustment required; conditions; only . modification M
. . . stages require . . easily triggers
no adaptation risk; minor parameter o required; high
. modification; . ¢ secondary
allows for adjustment; low . adaptation risk; -
. o moderate adaptation environmental
natural succession. adaptation risk; . . ecosystem prone
risk; requires problems.

largely allows for

manual assistance.

to degradation.

natural succession.

4.3. Data Sources for the MLER

Data for the mine land resilience evaluation model are divided into
two categories—objective quantitative data and semi-quantitative indicator scores—to
ensure both authority and applicability. Meteorological data such as annual precipitation
and annual average temperature are derived from the latest annual meteorological bul-
letins released by the national meteorological authority and monitoring data from regional
meteorological stations. Socio-economic data, including population density and GDP, are
obtained from the most recent statistical yearbooks published by the statistical departments
of the municipalities where the study areas are located [46]. Indicators that are difficult to
quantify directly, such as soil health status and vegetation community structural integrity,
are scored by senior experts in ecological restoration, mine governance, and soil science.
Scoring is conducted through multiple rounds of the Delphi method, based on core NbS
criteria, industry technical standards, and on-site survey results, ultimately forming a
comprehensive dataset that combines objectivity with practical applicability. The final
mean scores for each indicator are presented in Figure 6.

4.4. Weight Calculation for the MLER Model

Combining the expert experience from Section 4.3 with Equations (3)-(8), the subjective
weights of the evaluation system are obtained. The CR value is presented in Table 4.
Based on the original data in Figure 6 and Equations (9)—(13), the objective weightings
are calculated. Finally, according to Equation (15), the combined weighting coefficients
are determined as o1 = 0.624, x; = 0.376. The combined weights for the entire evaluation
indicator system are then derived using Equation (16), with the specific results presented
in Table 5.
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Figure 6. MLER Evaluation Indicators Average.
Table 4. Indicator System CR.
Category CR
Dimension 0.042
D 0.056
P 0.047
S 0.053
I 0.092
R 0.037
Table 5. MLER Indicator Weight.
Dimension w’ w” W Secondary Indicators w’ \
D1 0.045 0.047 0.046
D2 0.035 0.049 0.040
D 0.178 0.198 0.186
D3 0.043 0.043 0.043
D4 0.055 0.059 0.057
P1 0.048 0.041 0.045
P2 0.046 0.059 0.051
P 0.199 0.193 0.197
P3 0.055 0.046 0.052
P4 0.050 0.047 0.049
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Table 5. Cont.
Dimension W w” W Secondary Indicators W w” w
S1 0.045 0.049 0.047
S2 0.043 0.045 0.044
S 0.236 0.233 0.235 S3 0.058 0.047 0.054
S4 0.047 0.054 0.050
S5 0.043 0.038 0.041
In 0.062 0.04 0.054
I 0.183 0.13 0.163 12 0.056 0.052 0.054
I3 0.065 0.038 0.055
R1 0.044 0.06 0.050
R2 0.042 0.05 0.045
R 0.204 0.246 0.220 R3 0.052 0.048 0.050
R4 0.030 0.038 0.033
R5 0.036 0.05 0.041

4.5. Construction of the Evaluation Matrix for MLER

After all indicator weights were determined, the Vague sets values for each indicator
were derived from the expert-assigned resilience levels provided in Section 4.3. Due to
space limitations, this paper takes the Gan Xian mining area as an example to illustrate the
detailed evaluation process.

For indicator D1, the opinions of 10 experts were as follows: five experts rated it
as I, two experts rated it as II, one expert rated it as III, one expert rated it as IV, and
one expert abstained.

According to the principles of Vague sets, the minimum membership degree and
opposition degree for Indicator D1 at each grade are calculated as follows. For I, the
minimum membership degree is tj(D1) = 0.5, the opposition degree is f{(D1) = 0.4, result-
ing in a maximum hesitancy degree is 1 — t;(D1) — f;(D1) = 0.1 and vague value was
[ti(D1),1 — £1(D1)] = [0.5, 0.6]. For II, the minimum membership degree was t;j(D1) = 0.2,
the opposition degree was fi(D1) = 0.7, resulting in a maximum hesitancy degree was
1 — ty(D1) — f(D1) = 0.1 and vague value was [t;;(D1), 1 — f;(D1)] = [0.2, 0.3]. For III, the
minimum membership degree was typ(D1) = 0.1, the opposition degree was fyj(D1) = 0.8,
resulting in a maximum hesitancy degree was 1 — tyj(D1) — fy1(D1) = 0.1 and vague value
was [ty(D1)1 — fi(D1)] = [0.1, 0.2]. For IV, the minimum membership degree was try(D1) =0.1,
the opposition degree was fiy(D1) = 0.8, resulting in a maximum hesitancy degree was
1 — try(D1) — fry(D1) = 0.1 and vague value was [try(D1)1 — fry(D1)] = [0.1, 0.2]. For V, the
minimum membership degree was ty(D1) = 0.0, the opposition degree was fy(D1) = 0.9,
resulting in a maximum hesitancy degree was 1 — ty(D1) — fy(D1) = 0.1 and vague value
was [ty(D1)1 — fy(D1) = 0.1] = [0.0, 0.1] The corresponding vague value for indicator D1
is {[0.50, 0.60], [0.20, 0.30], [0.10, 0.20], [0.10, 0.20], [0.00, 0.10]}. The vague value assigned
by the experts to all secondary indicators under the full evaluation model are presented
in Table 6.
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Table 6. Vague Value Evaluation Comments Assigned by Experts to Each Indicator.
Dimension  Secondary Indicators I II III Iv A%
D1 [0.50, 0.60] [0.20, 0.30] [0.10, 0.20] [0.10, 0.20] [0.00, 0.10]
D D2 [0.30, 0.50] [0.30, 0.50] [0.10, 0.30] [0.10, 0.30] [0.00, 0.20]
D3 [0.20, 0.40] [0.20, 0.40] [0.30, 0.50] [0.00, 0.20] [0.10, 0.30]
D4 [0.40, 0.50] [0.40, 0.50] [0.10, 0.20] [0.00, 0.10] [0.00, 0.10]
P1 [0.30, 0.40] [0.10, 0.20] [0.50, 0.60] [0.00, 0.10] [0.10, 0.20]
P P2 [0.00, 0.00] [0.50, 0.50] [0.50, 0.50] [0.00, 0.00] [0.00, 0.00]
P3 [0.40, 0.50] [0.40, 0.50] [0.10, 0.20] [0.00, 0.10] [0.00, 0.10]
P4 [0.40, 0.50] [0.20, 0.30] [0.10, 0.20] [0.00, 0.10] [0.10, 0.20]
51 [0.30, 0.30] [0.20, 0.20] [0.30, 0.30] [0.20, 0.20] [0.00, 0.00]
52 [0.20, 0.30] [0.40, 0.50] [0.10, 0.20] [0.00, 0.10] [0.20, 0.30]
S S3 [0.50, 0.50] [0.50, 0.50] [0.00, 0.00] [0.00, 0.00] [0.00, 0.00]
54 [0.30, 0.40] [0.50, 0.60] [0.10, 0.20] [0.00, 0.10] [0.00, 0.10]
S5 [0.00, 0.00] [1.00, 1.00] [0.00, 0.00] [0.00, 0.00] [0.00, 0.00]
In [0.50, 0.60] [0.20, 0.30] [0.10, 0.20] [0.10, 0.20] [0.00, 0.10]
I 12 [0.30, 0.30] [0.30, 0.30] [0.40, 0.40] [0.00, 0.00] [0.00, 0.00]
I3 [0.20, 0.20] [0.20, 0.20] [0.50, 0.50] [0.10, 0.10] [0.00, 0.00]
R1 [0.30, 0.40] [0.10, 0.20] [0.10, 0.20] [0.20, 0.30] [0.20, 0.30]
R2 [0.00, 0.00] [0.00, 0.00] [1.00, 1.00] [0.00, 0.00] [0.00, 0.00]
R R3 [0.20, 0.30] [0.50, 0.60] [0.10, 0.20] [0.10, 0.20] [0.00, 0.10]
R4 [0.10, 0.10] [0.50, 0.50] [0.30, 0.30] [0.10, 0.10] [0.00, 0.00]
R5 [0.20, 0.40] [0.00, 0.20] [0.60, 0.80] [0.00, 0.20] [0.00, 0.20]
4.6. Comprehensive Evaluation Results of the Mine Land Resilience Grading Model
According to Equation (19), the final Vague sets evaluation values for the assessed
objects are shown in Table 7. According to Equation (23) and the combined weights of the
five dimensions, the final Vague sets evaluation values for the assessed objects are shown
in Tables 6 and 8.
Table 7. Vague Sets Evaluation Values for Each Dimension.
MLER Level
Dimensions
I II III v \'
D [0.0664, 0.0933] [0.0526, 0.0795] [0.0272, 0.0541] [0.0086, 0.0355] [0.0043, 0.0312]
p [0.0539, 0.0685] [0.0606, 0.0752] [0.0581, 0.0727] [0.0000, 0.0146] [0.0094, 0.0240]
S [0.649, 0.0743] [0.1200, 0.1294] [0.0235, 0.0329] [0.0094, 0.0188] [0.0088, 0.0182]
I [0.0542, 0.0596] [0.0380, 0.0434] [0.0545, 0.0599] [0.0109, 0.0163] [0.0000, 0.0054]
R [0.0365, 0.0547] [0.0465, 0.0647] [0.0895, 0.1077] [0.0183, 0.0365] [0.0100, 0.0282]
Table 8. MLER Evaluation Levels.
MLER Level
Region Final Level
I II III v v
Gan Xian [0.2759,0.3504]  [0.3177,0.3922]  [0.2528,0.3273]  [0.0472,0.1217]  [0.0325, 0.1070] II
Xing Guo [0.3327,0.4285] [0.2733,0.3691]  [0.2566, 0.3524]  [0.0386, 0.1344]  [0.0040, 0.0998] I
Yu Du [0.1921,0.3159]  [0.2772,0.4010]  [0.2555,0.3793]  [0.1034, 0.2272]  [0.0490, 0.1728] II
Xun Wu [0.0384,0.1132]  [0.0816,0.1564]  [0.2869,0.3617]  [0.3451,0.4199]  [0.1742, 0.2490] v
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5. Results and Discussion
5.1. Weight Analysis

Based on the analysis of the subjective weights for MLER indicators calculated using
the AHP method in Figure 7, the weights for the five dimensions of the DPSIR model
(Driver, Pressure, State, Impact, and Response) are 0.178, 0.199, 0.236, 0.183, and 0.204, re-
spectively. The weight distribution across these dimensions exhibits significant imbalance,
with the State (S) and Impact (I) dimensions carrying notably higher weights than the other
three. This weight structure reflects a prioritization of the current ecosystem status and
its associated effects, which aligns with the common tendency in practical assessments to
emphasize existing ecological conditions. However, this allocation deviates somewhat from
the inherent logic of the DPSIR model, which underscores the foundational role of Drivers
(D) in triggering ecological processes and the feedback-regulation function of Response
(R) measures. In the current weighting system, the relatively lower weight of the Driver
dimension may lead to insufficient attention to critical drivers such as policy guidance
and resource investment. Similarly, the weaker weight of the Response dimension could
diminish the evaluative significance of key response elements, such as the implementation
effectiveness of restoration measures and long-term maintenance mechanisms. Conse-
quently, this may, to some extent, weaken the evaluation system’s effectiveness in guiding
systematic improvements.

DEEMP  SHEI R
Figure 7. Subjective Weighting.

By applying the CRITIC objective weighting method to calculate the evaluation in-
dicators for MLER, the resulting weights exhibit partial discrepancies compared to the
AHP subjective weights, fully demonstrating the driving role of the data’s inherent pat-
terns. As shown in Figure 8, the objective weights for the five DPSIR dimensions are 0.198,
0.193, 0.233, 0.130, and 0.246, respectively. Compared to the AHP subjective weights, the
CRITIC method assigns a higher weight to the Driver (D) dimension while significantly
reducing the weight of the Impact (I) dimension. This shift reflects the internal statistical
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laws derived from data variability and conflict, thereby strengthening the objective role of
driving factors within the evaluation system. Specifically, indicators such as R1 (Intensity
of restoration investment), P2 (Annual average temperature grade), and D4 (Natural adapt-
ability of restoration technology) exhibit higher weights. This reflects the sensitivity of mine
land ecological resilience to objective drivers and constraints, such as long-term financial
support, natural environmental limitations, and technological suitability. The introduction
of CRITIC weights effectively compensates for the AHP method’s limitations in focusing
on objectively sensitive factors. It provides a quantitative basis grounded in data variance
for the subsequent subjective-objective combined weighting, ultimately enhancing the
scientific rigor and balance of the evaluation system.

DI P SHE [ R

Figure 8. Objective weighting.

The evaluation weight system for MLER, developed through the game theory-based
combined weighting method, successfully integrates the subjective value judgments of
AHP with the objective information measurements of CRITIC. As shown in Figure 9,
this approach effectively overcomes the limitations inherent in using a single weighting
method. The system not only reconciles the discrepancies between subjective and objective
weights in dimensions such as Driver (D) and Response (R) and corrects the evaluation
bias in the Impact (I) dimension, but also accurately preserves the subjective-objective
consensus regarding the State (S) dimension as the core of the evaluation. Crucially, this
integrated method significantly enhances the weights of key indicators that are easily weak-
ened by single methods—such as Green investment structure (D2), Stakeholder synergy
(R5), and Community succession stage (S5)—thereby more comprehensively capturing
the complexity and multi-dimensional correlations within mine ecological restoration sys-
tems. The final weight distribution is more balanced and robust, avoiding the partiality
of subjective experience while overcoming the dependency on fluctuations in objective
data. This provides a more reliable quantitative foundation for scientific assessment
and decision-making.
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Figure 9. Combination Weighting.

5.2. MLER Evaluation Level Analysis

The evaluation grades of MLER in the four selected study areas exhibit distinct dif-
ferentiation, as shown in Figure 10. The Xing Guo mining area is classified as I, with
the highest interval membership degree of [0.3327, 0.4285]. Its ecosystem structure and
functions are close to their original states, characterized by deep implementation of NbS
concepts and well-established driver-response mechanisms. Both Gan Xian and Yu Du
mining areas are classified as II. Specifically, Gan Xian’s “II” interval of [0.3177, 0.3922] is
dominant and overlaps with the “I” interval, reflecting transitional characteristics toward
higher resilience. While Yu Du’s “II” interval has the widest coverage, its stability is slightly
compromised by constraints from local indicators. In contrast, the Xun Wu mining area
ranks highest in the “IV” category with an interval membership of [0.3451, 0.4199], while
its “I” and “II” intervals are extremely low, indicating impaired core ecological functions
and insufficient integration of NbS principles. The core root of this differentiation likely
lies in the varying implementation quality and systemic completeness of ecological restora-
tion efforts across the four regions. In Gan Xian, Xing Guo, and Yu Du, mine ecological
restoration has not only received sufficient investment in fundamental ecological elements
like soil and vegetation but has also prioritized long-term maintenance post-restoration.
Conversely, Xun Wu exhibits shortcomings in the scientific rigor and sustainability of
its restoration efforts, with inadequate focus on critical links such as soil remediation
depth and stable vegetation community reconstruction. This leads to a lack of numeri-
cal support for high-grade intervals and a relatively high proportion of membership in
lower-grade intervals.
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Figure 10. Evaluation Level Results in the Study Area.

5.3. Recommendations for Enhancing MLER

Drawing upon domestic and international research [47-50], to systematically enhance
MLER, it is essential to construct a comprehensive governance system characterized by
multi-stakeholder synergy and full-process integration. From the perspective of gover-
nance responsibility, the government should adopt NbS as the core orientation to establish
a closed-loop management mechanism encompassing policy formulation, technical stan-
dards, assessment supervision, and long-term incentives, specifically by issuing localized
technical guidelines that incorporate core indicators like green investment structure and
technology adaptability into mandatory requirements, refining cross-departmental supervi-
sion platforms to strengthen source control and pollution governance, and innovating green
financial tools alongside community incentive policies to provide comprehensive institu-
tional guarantees. As the primary entities responsible for restoration, Chinese enterprises
must focus on implementing core tasks such as scientifically allocating funds toward soil
and vegetation reconstruction, adopting low-cost and high-efficiency technologies suited to
local conditions, promoting eco-friendly mining and full-process pollution prevention, and
establishing dynamic optimization mechanisms through deepened collaboration with gov-
ernment, communities, and research institutions. Simultaneously, differentiated strategies
should be implemented based on restoration grades: Xing Guo should focus on systematic
maintenance to consolidate achievements; Gan Xian and Yu Du should prioritize optimiz-
ing vegetation structures and exploring diverse ecosystem service values like eco-tourism
to promote upgrading; and Xun Wu require strict control and centralized governance,
including suspending high-intensity mining and introducing rapid restoration technologies
to halt degradation and swiftly improve ecological quality. Through these concerted efforts,
the overall enhancement of MLER can be achieved, driving the synergistic development of
green mining transitions and regional ecological civilization, while providing a practice
paradigm with Chinese characteristics for global mine ecological restoration.
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6. Analysis of Models
6.1. Comparative Analysis of Combined Weight Methods

To ensure the scientific rigor and applicability of the game theory-based combined
weighting method in MLER, this study conducts a comparative analysis between its weight-
ing results and those obtained through the least squares method and the multiplicative
synthesis method. The results indicate that the game theory-based approach offers distinct
advantages, with specific comparisons illustrated in Figures 11 and 12. The weights de-
rived from the multiplicative synthesis method exhibit significant extreme differences; for
instance, D4 (Natural adaptability of restoration technology) reaches 0.068 while R4 (GDP)
is only 0.024. Such excessively high or low weights for certain indicators can easily lead to
an imbalance in the evaluation focus. Although the Least Squares Method shows smaller
fluctuations, it fails to sufficiently distinguish core indicators from secondary ones, as evi-
denced by the nearly identical weights assigned to S3 (Soil fertility level) and D3 (In-depth
community participation in decision-making). In contrast, the weights generated by the
game theory-based combination are concentrated within the range of 0.033-0.057, with an
extreme difference of only 0.024. This distribution avoids the “over-prominence” of indica-
tors like D4 (0.068) and 13 (0.061) seen in the multiplicative method, while also preventing
the “excessive weakening” of indicators like R4 (0.024) and D2 (0.036). Consequently,
the resulting weight distribution aligns more closely with the intrinsic characteristic of
“multi-element synergy” within mine ecological restoration systems. Therefore, the game
theory-based combined weighting method outperforms the least squares and multiplicative
synthesis methods in terms of core indicator identification, secondary factor regulation, and
systemic logical coordination. It demonstrates superior scientific validity and applicability,
providing a more reliable weight allocation methodology for the evaluation of mine land
ecological resilience.
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Figure 11. Least Squares Method.
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Figure 12. Multiplicative Synthesis Method.

6.2. Comparative Analysis of MLER Model

To verify the reliability of the Vague sets evaluation method, this study focuses on the
Gan Xian mining area, comparing the Vague sets model with the traditional AHP-fuzzy
comprehensive evaluation method. The results are shown in Table 9. The evaluation con-
clusions of the two methods are generally consistent, indicating that the Vague sets model
possesses good credibility. Further comparative analysis reveals that, in MLER evaluation,
the Vague sets method outperforms the AHP-fuzzy comprehensive evaluation method [51]
in terms of fuzzy information expression, boundary treatment, and multi-level classification
compatibility. The AHP-Fuzzy comprehensive represents the degree of support using a
single membership degree II (0.348), making it difficult to capture the uncertainty and ambi-
guity inherent in the evaluation process. It has limitations in representing the fuzzy nature
of complex systems like ecosystem restoration, as it lacks the dimensionality needed to
address such strong fuzzy objects. In terms of boundary treatment, the Vague sets method
has a significant advantage, as it can more accurately reflect the continuous transition
characteristics of ecosystem restoration capacity. In particular, in the grade classification
of the sample, there was an overlapping range (0.3177-0.3504) between the “I” interval
[0.2759, 0.3504] and the “II” interval [0.3177, 0.3922], which truly reflected the membership
attribution characteristics of the sample between adjacent grades. In contrast, the AHP-
Fuzzy comprehensive expressed the membership degree of each grade with discrete values,
ignored the continuity of grade boundaries, and was prone to causing misjudgment of
boundary samples. In conclusion, the Vague sets method, as an extension of fuzzy sets
theory, is well-suited to the evaluation needs of mining ecosystems as a “natural-socio-
economic” complex system. When handling indicators that include both quantitative
monitoring and qualitative judgment, it can balance the objectivity of the data with the
fuzziness of the judgments, overcoming the subjective bias introduced by linear weighting
and manually set membership functions in the AHP-Fuzzy comprehensive. The Vague
sets method excels over the traditional AHP-Fuzzy comprehensive evaluation method
in terms of information completeness, boundary continuity, and multi-level classification
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capability, making it more suitable for fuzzy comprehensive evaluation of complex systems
like MLER. It provides a more scientifically reliable model foundation for such research.

Table 9. Comparative Analysis of Model.

Evaluation MLER Level Final Level
Method I II II1 v \Y%
Vague sets [0.2759,0.3504]  [0.3177,0.3922]  [0.2528,0.3273]  [0.0472,0.1217]  [0.0325, 0.1070] I
CO‘:‘nIgi‘eli;yve 0.307 0.348 0.245 0.067 0.033 II

6.3. Limitations of Comprehensive Evaluation Model Based on Vague Sets

The comprehensive evaluation model based on Vague sets constructed in this study
effectively achieves the scientific quantification and practical assessment of MLER. How-
ever, several directions for deepening and refining the model remain regarding functional
expansion and multi-scenario applicability. In terms of characterizing dynamic processes
and non-linear relationships, since the model is built on static data, it can complete fun-
damental evaluations but struggles to accurately depict temporal ecological processes
and non-linear response mechanisms. Future research could explore the introduction of
time-series Vague sets models to characterize state evolution by dynamically adjusting
membership functions, or couple the model with machine learning methods such as neural
networks to better fit the complex non-linear relationships between indicators, thereby
enhancing the model’s ability to represent dynamic system behavior and abrupt response
changes. Furthermore, regarding cross-regional and cross-mineral applicability, the current
model’s construction and validation are primarily based on samples from non-ferrous
metal mining areas in the humid regions of Southern China. It has not yet systematically
covered mining areas with different climatic backgrounds and deposit types, such as coal
mines in arid regions or salt lake mines on high-altitude plateaus; thus, its universality and
robustness require broader validation. In practical applications, the evaluation indicator
system must undergo localized calibration and optimization based on regional physical
geographical conditions and baseline ecological characteristics. For instance, in arid and
semi-arid mining regions of Northern China, indicators such as “soil moisture retention
capacity” and “vegetation windbreak and sand-fixation efficiency” should be prioritized.
Conversely, in ecologically fragile areas like plateau salt lakes, emphasis must be placed on

i

key factors such as “soil salinization degree,” “groundwater depth and mineralization,”
and “restoration effectiveness of salt-tolerant plants.” These adjustments will ensure the

evaluation system possesses greater regional specificity and ecological relevance

7. Conclusions

This study, based on the Vague sets and the principles of NbS, constructs a MLER
evaluation model, and conducts an empirical study using four counties in Ganzhou City,
Jiangxi Province as case studies. The following conclusions are drawn:

(1) Guided by the NbS concept, a MLER evaluation indicator system is developed,
which integrates NbS criteria with the DPSIR framework. This system includes
21 secondary indicators across five dimensions—drivers, pressure, state, impact, and
response—breaking through the traditional limitation of focusing on short-term
restoration while neglecting long-term sustainability. It achieves a “restoration—social
adaptation—economic feasibility” sustainable goal, providing a targeted evaluation
tool for ecological restoration in mining areas.

(2) This research proposes a coupled evaluation model utilizing AHP-CRITIC game
theory-based combined weighting and Vague sets, with the sustainable philosophy
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of NDbS at its core. The combined weighting approach achieves a balance between
subjective and objective weights through game theory, while the Vague sets effectively
accommodate fuzzy information and data gaps within the evaluation process. By
characterizing the continuous transitional features between different restoration levels
through interval-based membership degrees, the Vague sets transcend the limitations
of traditional discrete classification. This provides a scientific tool for the quantitative
evaluation of the complex system that is mine ecological resilience.

(3) The empirical research in four mining areas of Jiangxi Province validates the effec-
tiveness of the NbS-guided evaluation model and reveals significant differences in
ecological restoration capacity across the areas. The results show that Xing Guo min-
ing areas have a “1” level of MLER, the Gan Xian and Yu Du mining areas have a “I”
level of MLER, while the Xun Wu mining area is rated as “IV,” providing a scientific
basis for the localization of the NbS concept and the formulation of differentiated
restoration strategies.

(4) This study verifies the applicability of the Vague sets in evaluating MLER, yet certain
limitations remain. First, as the model is constructed based on static data, it is chal-
lenging to accurately depict long-term dynamic processes, such as the accumulation
of soil fertility and vegetation succession. Second, the validation samples are con-
centrated in non-ferrous metal mining areas in the humid regions of Southern China,
meaning the model’s universality for coal mines in northern arid regions and salt
lake mines on high-altitude plateaus requires further improvement. Future research
should introduce time-series Vague sets to optimize dynamic characterization and
update the indicator system in alignment with regional ecological conditions, thereby
further expanding the application scenarios of the model.
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