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ABSTRACT

This review synthesizes advances in simulating environmental stress effects and coordinating carbon storage opti-

mization within mining-driven land use evolution, with a focus on the Shaanxi Northern Mining Area Basin. Intensive

coal exploitation reshapes land use/land cover patterns through excavation, subsidence, waste dumping, and infrastructure

expansion, while simultaneously intensifying coupled stresses such as soil degradation, vegetation loss, hydrological

disruption, and erosion. We summarize how recent land system modeling has progressed from static suitability constraints

toward dynamic, spatially explicit frameworks that incorporate stress indicators and, increasingly, feedbacks between

environmental processes and land conversion. We then assess approaches for quantifying carbon storage under mining

disturbance, ranging from coefficient-based carbon accounting to ecosystem service and process-based models, emphasizing

uncertainty sources linked to land classification, carbon density heterogeneity, and scale mismatch. Building on these

foundations, we review coordinated optimization strategies that integrate carbon storage objectives with land demand and

environmental constraints through multi-objective and scenario-based methods. Such frameworks reveal context-dependent

trade-offs and synergies among mining development, reclamation, and ecological restoration, and carbon sequestration

potential, particularly under water-limited and erosion-prone conditions. Finally, we identify research priorities for min-

ing basins, including tighter coupling of stress, carbon, and land dynamics, improved representation of socio-economic

decision-making behavior, long-term monitoring and validation, and uncertainty-aware decision support. These directions

can strengthen low-carbon, resilient land use planning in ecologically fragile mining regions.
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1. Introduction

The rapid worldwide energy and mineral resource de-

mands have radically changed land systems, especially in

areas where intensive mining practices are predominant. The

change in land use and land cover (LULC) caused by mining

has turned out to be one of the most significant contributors

to the degradation of the ecosystem, distorting the surface

structure and hydrological processes, changing soil prop-

erties, and vegetation dynamics [1]. Such disturbances are

frequently enhanced in ecologically vulnerable areas like arid

and semi-arid regions, in which background environmental

stressors like water scarcity, soil erosion, and climate variabil-

ity tend to amplify the ecological effects of such disturbances.

The relationships between environmental stressors and the

mining-driven evolution of land use and the role of these

interactions on the functioning of the ecosystem, including

carbon storage, have thus emerged as a major scientific and

policy concern [2,3].

One of the most significant coal production bases in

China and a typical region ecologically in danger because of

mining is the Shaanxi Northern Mining Area Basin. The last

several decades have been characterized by massive land use

changes necessitated by coal production, related industrial

infrastructure development, and population agglomeration,

which include the increase in mining land use, industrial land

use, and construction land use, with coinciding breakdown

and deterioration of the grasslands, croplands, and forest

ecosystems. These modifications have been taking place

against the background of a geomorphology of loess, scarce

water sources, and great responsiveness to climatic and an-

thropogenic stress. Consequently, mining activities, envi-

ronmental stress, and land system development are highly

intertwined phenomena, and the basin has become the perfect

place to study them [4–6].

The stress of the environment in the mining zones is not

a phenomenon of one factor but the result of a combination

of various interacting factors. Mining, whether underground

or open pit, may cause land subsidence, cracks on the surface,

and damage to the soil structure, and water-intensive min-

ing activities may tend to worsen groundwater depletion and

break the surface hydrology. The decline of vegetation and

soil erosion increases the threat of erosion and desertification,

decreasing the resilience of the ecosystem. The combination

of these stressors affects land use paths, limiting the suitability

of land, modifying the interactions between human actions

and natural ecosystems, and transforming the spatial patterns

of land transformation. Conventional tests, which involve

only land use change or individual stresses of the environ-

ment, might thus fail to capture the overall and interactive

outcomes of mining-induced stress to regional ecologies [7,8].

Carbon storage is included among the ecosystem ser-

vices that have been influenced by the evolution of land use,

as it has become the focal point of climate regulation and the

development of carbon-neutrality and low-carbon agendas.

Carbon sinks. Land systems are carbon intermediaries and

depend on land cover type, land management practices, and

disturbance regimes to be carbon sinks or carbon sources.

The mining activities normally cause high amounts of car-

bon waste through the destruction of vegetation and soil

carbon and the degradation of the ecosystem in the long run.

Nonetheless, land recovery, ecological reconstruction, and

efficient planning of land use also provide a possibility of

increased carbon sequestration and some compensation for

the mining-related emissions. The factual quantification of

the carbon storage dynamics under a mining-induced change

of land use, particularly in conjunction with environmental

stress, is an important scientific difficulty [9,10].

Over the past few years, there have been developments

in spatial modeling, remote sensing, and integrated assess-

ment models that have facilitated complex simulations of

land use change and ecosystem activities. Land use evolu-

tion coupled with environmental stress indicators, including

water stress, soil erosion, and vegetation degradation, has

models that offer a way to examine how stress factors influ-

ence future land system paths. Meanwhile, the ecosystem

service models have been extensively used to approximate

spatially explicit carbon storage and its response to land use

changes. In spite of these methodological developments, cur-

rent studies usually deal with environmental stress simulation
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as well as carbon storage assessment on their own without

much integration between the two. In addition, much of the

analysis is descriptive and historical change as opposed to

exploring coordinated optimization paths as part of future

development and environmental limits.

An integrated optimization of land-use development for

carbon storage is a promising method of balancing the aims

of resource extraction, ecological protection, and mitigation

of the climate in the mining areas. Through the incorporation

of carbon storage goals into any land use simulation and opti-

mization model, there is a possibility of determining the spa-

tial arrangements and management approaches that would

reduce the level of ecological degradation and still allow

the required socio-economic activities. Such frameworks

may be better able to represent real-world constraints and

trade-offs when environmental stress effects are explicitly

included, demonstrating relationships between synergies and

conflicts between mining development, ecosystem resilience,

and carbon sequestration capacity. The latter is especially

significant in directing the sustainable management of land

and the formulation of policies that are ecologically sensitive

to delicate basins [11].

It is against this context that a comprehensive study of

simulations of the effects of environmental stress and the

systematized or orchestrated optimization of carbon storage

within the system of mining-induced land use evolution is

a timely and desirable undertaking. Based on the Shaanxi

Northern Mining Area Basin, this article is a synthesis of the

available literature on (i) the nature of mining-induced envi-

ronmental stress and land use change, (ii) modeling strategies

to simulate the effects of the stresses on land systems, (iii)

the strategies to estimate carbon storage under land use evo-

lution, and (iv) optimization strategies that combine carbon

storage goals under environmental constraints. Critical as-

sessment of existing methodologies, addressing the gap in

knowledge, and pointing to future research opportunities,

this review will contribute to the further development of inte-

grated land system science in mining areas and help to create

low-carbon and resilient land use pathways [12,13].

Finally, we should enhance our knowledge of the in-

teraction of environmental stress and mining processes to

determine the evolution of land use and the storage of carbon

in the environment to enable the regional sustainability of

northern Shaanxi and other resource-intensive basins with

similar problems in other parts of the world. The review

aims to provide a conceptual and methodological basis for

future research that can transcend fragmented analyses of

sustainable management of mining landscapes into decision-

oriented approaches of the latter.

2. Environmental Stress Factors and

LandUse EvolutionDriven byMin-

ing Activities

Mining operations essentially change land regimes

through the creation of robust and enduring anthropogenic

disruptions that interrelate with a set of natural environmental

limitations. The effects of these disturbances in ecologically

sensitive areas are not individual but rather lead to a cascade

of environmental stress reactions that have an impact on land

use evolution over time. The Shaanxi Northern Mining Area

Basin has reached the stage where intensive coal exploitation

has become a powerful force that can lead to the change of

the land system, and it is necessary to investigate the na-

ture of the mining-induced environmental stress and how it

influences land use dynamics [14].

2.1. Characteristics of Mining-Induced Envi-

ronmental Stress

In mining areas, there is environmental stress caused by

the direct disturbance of the land as well as the indirect eco-

logical feedback. Massive underground and open-pit mining

changes the surface morphology due to excavation, dumping,

and subsidence, consequently causing landscape fragmenta-

tion and a lack of land stability. These physical disturbances

interfere with the soil structure, increase the rate at which

soil erodes, and decrease the ability of the land to sustain

vegetation regeneration. Surface disturbance due to mining

can very quickly increase land degradation in loess-covered

regions whose inherent soils are prone to erosion [15].

Another characteristic feature of mining areas is hydro-

logical stress. The mining of coal can also require a signifi-

cant amount of groundwater drainage, leading to dwindling

water levels and changes in surface-groundwater interactions.

Decreased availability of soil moisture limits vegetation de-

velopment and agricultural yields, and variations in runoff

routes may exacerbate soil erosion and sediment movement.
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Mining-related water stress may greatly enhance ecological

vulnerability and the risk of land use in semi-arid basins,

where water resources already constrain the functioning of

the ecosystem [16].

Besides the physical and hydrological stress, mining

works cause long-term ecological stress due to vegetation

clearing, fragmentation of habitats, and pollution. Soil con-

tamination, dust emissions, and solid waste not only worsen

the quality of the land but also prevent natural succession.

These stress factors have synergistic effects and result in

cumulative effects beyond specific mining sites, affecting

the regional land systems [17–19]. Table 1 summarizes the key

environmental stress factors caused by mining activities and

their implications on land systems and carbon storage.

Table 1. Major environmental stress factors induced by mining activities, their primary sources, affected land system components, and

implications for land use evolution and carbon storage.

Environmental Stress

Factor
Primary Mining Source

Affected Land System

Components

Typical Land Use

Impacts

Implications for Carbon

Storage

Soil degradation
Excavation, dumping, and

subsidence
Soil structure, nutrients

Reduced land suitability

for agriculture and

restoration

Accelerated soil carbon

loss

Hydrological stress
Groundwater drainage,

water consumption

Groundwater, surface

runoff

Vegetation decline, land

abandonment

Suppressed biomass

carbon accumulation

Vegetation degradation
Land clearing, dust

deposition
Plant cover, productivity

Conversion to

low-ecological-function

land

Immediate aboveground

carbon loss

Land subsidence Underground mining Surface morphology
Fragmentation, formation

of subsidence land

Long-term carbon

recovery constraints

Pollution stress Waste piles, emissions Soil and vegetation quality
Persistent degraded land

use

Inhibited carbon

sequestration

2.2. Mining-Driven Land Use and Land Cover

Change Patterns

Long-term mining processes cause a significant spatial

and temporal change in land use and land cover patterns.

The mining land, industrial land, and related infrastructure

usually increase at the cost of natural and semi-natural land

covers, including grasslands, croplands, and woodlands. The

new types of land use that emerge due to subsidence zones

and the land left from mining have low productivity and a

high ecological threat. These transformations tend to be dis-

continuous and piecemeal in nature, redefining the landscape

structure and connectivity.

The evolution of land use in the Shaanxi Northern Min-

ing Area Basin is indicative of the severity of mining opera-

tions in the region as well as of the developmental policies

of the area. The coal economy has also been associated

with rapid industrialization and urbanization, which have

stimulated the growth of construction land and ecological

restoration programs, leading to localized recovery of vege-

tation in chosen areas. The co-presence of land degradation

and restoration forms a heterogeneous land use mosaic, with

one side of land use change coexisting with the other land

use change under alternative management regimes.

A temporal study of land use change indicates that

transitions caused by mining are, in most cases, irreversible

within the short to medium term. After land has been turned

into a mine or an industry, it becomes hard to recover its orig-

inal ecological condition, as there is continued degradation

of the soil, the hydrology, and continued disturbance. This

path dependency suggests that it is important to know the

dynamics of land systems over a long time and not just the

short-term rates of land use changes [20–22].

2.3. Interactions Between Environmental

Stress and Land Use Evolution

Environmental stress has a dual effect on the evolution

of land use in that it facilitates and limits land use change. On

the one hand, mining operations actively cause stress, which

affects the land quality and the resiliency of the ecosystem,

and thus leads to an increase in the rate of land conversion

to low-ecological-function use. Conversely, growing envi-

ronmental stress influences land use decision-making as it

restricts land use to agriculture, settlement, and ecological

regeneration.

As an example, soil erosion and water shortages de-

crease the viability of some of the more traditional land uses,

such as rain-fed agriculture, and some shift to industrial or

deserted land uses in regions of severe stress. On the other
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hand, policy-directed ecological restoration initiatives are

frequently geographically focused on regions where stress

levels have not been exceeded, strengthening unbalanced

land utilization development throughout the basin. Complex

non-linear interactions between environmental stress inten-

sity and land use transitions are developed through these

feedback mechanisms.

The mediation of stress and land use is also influenced

by socio-economic processes, such as the intensity of mining,

technological activities, and governance systems. Regions

more concentrated on environmental management and recla-

mation are characterized by a more balanced land use devel-

opment process, whereas regions characterized by large-scale

mining are characterized by a steady accumulation of stress

and environmental deterioration. Such interactions are very

important to understand when simulating the future land use

trajectories in mining regions [17,23].

2.4. Implications for Ecosystem Function and

Regional Sustainability

The interactive effects of environmental stress due

to mining and land use evolution have far-reaching conse-

quences on how an ecosystem operates. Degradation of plant

cover and soil fabric lowers primary productivity and under-

mines the land system’s provision of ecosystem services to

the environment, including carbon storage, water regulation,

and erosion control. As mining and construction land is taken

over by land use, ecosystem functions are more fragmented

and uneven in their spatial distribution [24].

Regarding the idea of sustainability at a regional level,

environmental accumulation in an unmanaged way can pre-

determine land systems in the direction of degradation, which

is hard to prevent. This not only endangers ecological secu-

rity but also compromises the socio-economic sustainability

of the mining areas in the long run. Environmental stress

as a key concern in land use evolution also offers grounds

for integrated approaches in modelling that involve linking

land use change to ecosystem service dynamics, as well as

optimization strategies. In this regard, the detailed knowl-

edge of environmental stressors and mining-induced land use

changes is a precondition for the modeling of the future and

providing coordinated land use plans that would help strike

a balance between resource exploitation and environmental

conservation and carbon sequestration [25,26]. The coupled

mechanisms linking mining activities, environmental stress

generation, and land use evolution are synthesized conceptu-

ally in Figure 1.

Figure 1. Conceptual framework illustrating interactions among mining activities, environmental stress factors, land use evolution, and

feedback mechanisms in mining-affected land systems.

3. Simulation Approaches for Envi-

ronmental Stress Effects on Land

Systems

Environmental stress effects simulation offers a funda-

mental methodology for the comprehension and prediction of

land use development in mining areas. Since the land system

change associated with mining is a result of the interaction

of human activity and biophysical constraints, the simula-

tion methods should be able to capture the anthropogenic

decision-making process as well as the environmental feed-

back process. In the last twenty years, the spectrum of mod-
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eling frameworks has been created to include the impacts

of environmental stress on land suitability, land conversion

processes, and spatial land use patterns to provide useful in-

formation regarding the dynamics of mining-impacted land-

scapes [27,28].

3.1. Conceptual Frameworks for Simulating

Environmental Stress

On the conceptual level, environmental stress is nor-

mally modeled as a constraining or adjusting variable in

land system models. The changes in the abilities of land

caused by stress to support certain activities are to decrease

the ecological appropriateness, increase the likelihood of

degradation, or limit resources. The causes of stress occur

in mining regions in a multi-faceted manner through various

channels, such as degradation of soil, disruption of hydrol-

ogy, and loss of vegetation, and in some cases, these are all

interdependent. Coupled human-environment systems are

thus increasingly highlighting simulation frameworks where

land use choices are dynamically responsive to changing

environmental factors [29,30].

Initial simulation research tended to model the envi-

ronmental variables as background constraints, which did

not change with time: climate, soil, and hydrological con-

ditions were held constant. Nevertheless, in mining areas,

environmental stress is a dynamic process that is coupled

with land use change, which involves models that can handle

feedback processes. Slightly more modern methods explic-

itly incorporate stressors in land use transition regulations,

such that environmental degradation or recovery can affect

the future likelihood of land conversion. Such a change to

dynamic stress representation has been recognized to make

land system simulations in disturbed landscapes far more

realistic [31].

3.2. Land Use Change Models Incorporating

Environmental Stress

Several models of land use change have been used to

simulate land evolution caused by mining under environmen-

tal stress conditions. The reasonwhy cellular automata-based

models have been extensively utilized is their capability to

capture the effects of the neighborhood and spatial interac-

tions, which are relevant especially in fragmented mining

landscapes. These models can be used to simulate the sup-

pression of the growth of ecologically sensitive land use

by environmental stress indices, with the encouragement

of the growth of mining or abandoned land by embedding

environmental stress indices in the transition rules.

The spatially explicit land allocation models also focus

on land suitability and competition between land use types.

In these models, the stress factors in the environment would

be converted to penalties on suitability that make a particular

land use less attractive in areas of stress. Such a strategy fits

well with the concept of examining spatial land use patterns

at the regional scales, as cumulative stress alters them. But it

can simplify the intricate feedback between the evolution of

stress and land management practices in cases where stress

is considered an exogenous factor instead of an endogenous

process [27,32].

Process-based models and hybrid models will aim to

curb this gap by connecting land use change and ecological

or hydrological sub-models. Such frameworks enable the

stress variables (soil moisture or the intensity of erosion)

to respond to the change in land use, with two-way feed-

back between land systems and environmental processes.

Such models may have a greater explanatory power, but they

also demand a large amount of data and calibration and can

therefore be problematic in data-sparse regions of mining.

Table 2 compares and contrasts representative simulation

models designed to characterize mining-induced land use

change due to environmental stress, and their advantages and

disadvantages [33–36].

3.3. Quantification and Spatialization of Envi-

ronmental Stress

The credible quantification and geometry of stress in-

dicators are what is required in the accurate simulation of

environmental stress effects. The stress measures that are

commonly applied are soil erosion intensity, water stress

indices, vegetation degradation indicators, and composite

ecological vulnerability indices. These indicators can be ob-

tained as the resulting product of remote sensing data, field

measurements, and model results, allowing the stress to be

mapped in space on a continuous basis.
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Table 2. Comparison of major land use simulation models incorporating environmental stress effects in mining regions.

Model Type Core Characteristics
Representation of

Environmental Stress
Strengths Limitations

Cellular automata–based

models

Grid-based, neighborhood

interactions

Stress embedded in

transition rules
Strong spatial dynamics Limited process realism

Land allocation models
Suitability- and

demand-driven

Stress as a suitability

constraint

Clear land competition

logic

Weak feedback

mechanisms

Process-based models
Biophysical process

simulation

Dynamic stress–process

coupling
High explanatory power

High data and calibration

demands

Hybrid models
Combined spatial and

process elements
Partial two-way feedbacks

Balanced realism and

scalability
Model complexity

In mining regions, remote sensing is especially useful as

ground-level surveillance can be restricted. Vegetation loss,

land subsidence proxies, and surface disturbance that can be

translated to stress gradients can be detected using time-series

satellite data. These spatial stress layers that are included in

land use simulation models are useful in constraining land

conversion in highly degraded regions, as well as in the de-

scription of heterogeneity in land system responses.

Irrespective of these developments, there are still un-

certainties in the quantification of stress. Various indicators

can serve as different measures of environmental stress, and

their relative significance in different land use systems and

spatial scales can differ. Besides, there are also stress limits

beyond which land use cannot be maintained; such limits are

usually hard to delimit. These ambiguities spread with the

simulations, and they have to be closely taken into account

when constructing the model output [37].

3.4. Integration of Socio-Economic Drivers and

Environmental Constraints

The credible quantification and geometry of stress in-

dicators are what is required in the accurate simulation of

environmental stress effects. The stress measures that are

commonly applied are soil erosion intensity, water stress

indices, vegetation degradation indicators, and composite

ecological vulnerability indices. These indicators can be ob-

tained as the resulting product of remote sensing data, field

measurements, and model results, allowing the stress to be

mapped in space continuously [38,39].

3.5. Limitations and Challenges in Stress-

Based Land System Simulation

Althoughmuch has been achieved, the simulationmeth-

ods that are currently used have a number of limitations when

they are used in mining areas. Agreement should be main-

tained due to a scale mismatch between land use decisions

and environmental processes, especially in cases where fine-

scale stress processes are combined with regional land use

models. Inadequacy of data and uncertainties further limit

model calibration and validation, particularly of groundwater

depletion and land subsidence processes at the subsurface.

Further, most of these models are based on recreation

of historical land use patterns as opposed to investigating

adaptive or optimized futures that are environmentally con-

strained. Consequently, they have limited ability to signal

sustainable land management and optimization that is carbon-

oriented. To avoid such challenges, more integrated systems

must be used that would integrate environmental stress sim-

ulation with land use optimization and ecosystem service

assessment [40,41].

In general, environmental stress methods have been

developed over the years as the method has shifted to being

more dynamic and integrated, compared to the conventional

constraint-based models. These advances give a methodolog-

ical approach to associating land use development caused

by mining with the outcome of ecosystem carbon storage,

which is explored in the following sections.

4. Carbon Storage Assessment under

Mining-Driven Land Use Change

The storage of carbon is a fundamental ecosystem ac-

tivity that indicates the ability of land systems to control

climate by sequestration and retention of carbon in vegeta-

tion and soils. Change in land use due to resource mining in

the mining regions creates powerful and sometimes sudden

effects on carbon processes, converting carbon sinks into net

carbon sources. To measure carbon storage in the context

of the evolution of land use due to mining, it is necessary to
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employ methods that will enable the measurement of both

the direct impact of the conversion of the land cover and the

indirect impact of environmental stress on the processes in

the ecosystem [13].

4.1. Linkages between Land Use Evolution and

Carbon Storage Dynamics

The change in land use and land cover essentially trans-

forms the structure and functioning of terrestrial ecosystems,

thus redefining the patterns of carbon storage. Turnover of

grassland, cropland, or forest to mining land or construction

land usually leads to instantaneous losses of aboveground

biomass carbon and soil organic carbon depletion over the

long term. The occurrence of these losses is usually increased

by soil disturbance, soil compaction, and soil erosion during

the mining process, which leads to a high level of carbon

mineralization and a decrease in carbon accumulation capac-

ity.

The development of land use in mining regions is often

fragmented and heterogeneous, resulting in a carbon storage

distribution that is spatially uneven. The carbon recovery

even after mining is discontinued may be limited by subsi-

dence areas, waste heaps, and barren mining areas, which

still have low soil fertility and little vegetation cover. On the

other hand, reclaimed or ecologically restored areas may re-

gain their carbon sequestration ability over time, depending

on the intensity of the restoration, the species composition,

and the environmental conditions. Consequently, the car-

bon storage processes in the mining areas show a balance

between gains of disturbance loss over time and gains of

management loss over time [42].

4.2. Methods and Models for Carbon Storage

Assessment

Various approaches have been developed to estimate

carbon storage in land use change, and the approaches have

different complexities, data requirements, and levels of spa-

tial resolution. Linear methods with land cover-specific car-

bon density coefficients are very common in studies at a

regional scale because of their simplicity and integration

ability with land use maps. These techniques approximate

carbon storage by averaging the carbon densities of various

land use types and summing them spatially to give a first-

order approximation of carbon stocks and their variations as

a result of changes in land use.

The process-based and ecosystem productivity models

provide a more in-depth insight into carbon dynamics since

they model the growth of vegetation, litter input, and soil car-

bon turnover. These kinds of models can model the impact of

environmental stress, such as water shortage or soil erosion,

on carbon flux. Nevertheless, they are frequently used in

mining areas with limited access to long-term ecological and

soil data and parameters to be used in disturbed land covers.

Explicit ecosystem service models. Spatially explicit

ecosystem service models have been applied more frequently

to evaluate carbon storage under land use change, including

models created within the Invest framework. These models

are a combination of land use maps and carbon pool data

to determine aboveground, belowground, soil, and dead or-

ganic matter carbon. They can be combined with geographic

information systems, and, therefore, carbon storage patterns

can be visualized, and the areas of high and low carbon in

mining landscapes can be noted. Although such models give

a reasonable tradeoff between complexity and geographical

detail, they usually presume constant carbon densities and

might not adequately represent dynamic behavior at times

of persistent environmental attack [43].

4.3. Carbon Pool Responses to Mining Distur-

bance and Environmental Stress

The various carbon pools do not react to the land use

change and environmental stress caused by mining in the

same manner. Carbon in the aboveground biomass is gener-

ally the most sensitive compartment and suffers fast loss after

vegetation clearance, and can be slowly regained through

reclamation. The carbon pools of the soil and below-ground

biomass have a higher inertia, but this may change dramati-

cally in the long term in the case of soil structure destruction

or increased soil erosion. These responses are mediated by

environmental stress. Water stress reduces net primary pro-

ductivity and growth of plants, as well as carbon input to

both biomass and soil pools, which is limiting. Erosion of

soil only removes the rich carbon topsoil, and thus, the loss

of carbon becomes irreversible and decreases the efficacy

of the restoration process. These stressors may inhibit the

buildup of carbon even in cases where land use shifts toward

ecological restoration in arid and semi-arid mining areas; this
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suggests that stress impact should be considered in carbon

evaluation [17,34].

Heterogeneity in carbon storage is further increased by

the intensity of stress, which is spatially different. Regions

with extensive subsidence or a long-lasting water shortage

tend to be low-carbon terrain, whereas regions with more or

less normal soil and hydrology can be used as small carbon

reservoirs. The spatial patterns are critical in determining

priority areas for carbon-oriented land management.

4.4. Uncertainty and Scale Issues in Carbon

Storage Estimation

The assessment of carbon storage in land systems that

are driven by mining faces various sources of uncertainty.

The variation in the carbon density values among types of

land use, the variation in model structure, as well as incon-

sistencies in the classification of land use, may all affect the

estimated carbon stock. The challenge of carbon accounting

is additional in mining areas since there are sudden land use

changes and the development of new land covers, including

reclaimed or partially restored lands.

There is also the problem of scale mismatch. Carbon

processes have fine temporal and spatial scales, whereas

land-use change analyses are typically performed at coarse-

resolution time scales. The loss or gain of carbon in both

localized and regional estimates can be hidden by the aggre-

gation of heterogeneous land parcels, and as a result, biased

estimates can be drawn. Furthermore, most of the assess-

ments concentrate on carbon storage snapshots, ignoring the

dynamic aspects of carbon storage through disturbance and

recovery events. The only way of dealing with such uncer-

tainties is to carefully choose the model, conduct sensitivity

analysis, and, in cases where feasible, reconcile the field ob-

servations with the remote sensing and model outputs. Clear

identification of uncertainty is especially essential where car-

bon storage evaluation is applied in making policy decisions

and land use optimization in mining areas. Table 3 provides

a summary of popular techniques for carbon storage evalua-

tion under mining-induced land use change, their data needs,

and the capability to indicate environmental stress [13,44,45].

Table 3. Methods for assessing carbon storage under mining-driven land use change and their capacity to represent environmental stress

effects.

Method Category Main Inputs Carbon Pools Considered
Ability to Reflect

Environmental Stress
Typical Application Scale

Carbon density coefficient

method

Land use maps, carbon

coefficients
Biomass, soil Low Regional

Ecosystem service models Land use, carbon pool data Biomass, soil, dead matter Moderate (indirect) Regional to basin

Process-based carbon

models

Climate, soil, vegetation

data
Full carbon cycle High Site to regional

Remote sensing–assisted

estimation

Vegetation indices, land

cover
Mainly biomass Moderate Regional

4.5. Implications for Carbon-Oriented Land

Management in Mining Regions

Evaluation of carbon storage during land use change un-

der mining offers very important information on the climatic

effects of resource extraction and how this effect can be miti-

gated by land management. Carbon storage evaluations aid in

the determination of areas of concern where carbon is lost to

ensure that these areas are priority zones for restoration and

for the distribution of scarce ecological resources. Combined

with land use simulation and environmental stress analysis,

these assessments provide a platform for the coordinated opti-

mization strategies of mining development to balance carbon

sequestration goals and mining development.

In a mining basin where the pressure to keep in line

with carbon neutrality requirements is ever rising, the in-

corporation of sound carbon storage evaluation in land use

planning is now a requirement rather than a choice. The

elucidation of the mechanisms, the spatial patterns, and the

uncertainty of the change in carbon storage is one of the

required steps in the design of sustainable pathways of land

use under continuous environmental pressure [46].

5. Coordinated Optimization of Land

Use and Carbon Storage under En-

vironmental Constraints

The concerted land use and carbon storage optimization

has become one of the decisive strategies to overcome the
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multitude and frequent contradictions of the goals existing in

mining areas. Compared to the traditional land use planning

methodology that relies on economic production or immedi-

ate land demand, coordinated optimization clearly attempts

to balance resource extraction, ecological preservation, and

mitigation of climate within the limitations of environmental

stress. Such optimization frameworks offer a way out of

increasingly unsustainable and fragile land system configu-

rations in mining-based landscapes where land degradation

and carbon loss go hand in hand [47–49].

5.1. Conceptual Basis of Coordinated Opti-

mization in Mining Regions

The key concept of coordinated optimization is the un-

derstanding of land use as a multifunctional system that is

able to provide economic, ecological, and social benefits

at the same time. Land is not only the bearer of industrial

activity in mining lands, but also a significant element of the

ecological security of the region and carbon control. The

coordinated optimization thus demands the combination of

various goals, such as the fulfillment of the land demand

for mining and the development thereof, the reduction of

the accretion of environmental stress, and maximizing or

stabilizing the carbon storage.

The environmental constraints are a major factor in

determining the possibility of the optimization effect. The

lack of water, soil erosion, and ecological fragility impose

certain limitations on some land use changes and lower the

efficiency of restoration actions. The introduction of these

limitations makes the optimization models go beyond ide-

alized land allocation scenarios and more towards realistic

trade-offs and thresholds. The method is especially applica-

ble to mining basins that are ecologically delicate, such that

over-exploitation of the environment can lead to permanent

and irreversible land degradation [50].

5.2. Multi-Objective Optimization Approaches

for Land Use and Carbon Storage

Multi-objective optimization methods are common to

balance between conflicting land system outcomes. These

strategies generally characterize the idea of carbon storage

as one of the primary goals, in addition to economic returns,

land use demands, or ecological risk reduction. Instead of

maximizing one outcome, optimization algorithms are used

to find land use configurations that will provide acceptable

trade-offs between objectives.

Carbon-oriented optimization used in mining areas

tends to focus on both the high-carbon land type preservation

and the optimal location of the land used in restoration to

increase the sequestration potential. The indicators of envi-

ronmental stress are imposed to penalize land conversions in

very degraded or water-stressed areas, and hence direct land

use towards more appropriate areas. The resulting patterns of

land use are likely to be characterized by a concentration of

mining activities in regions that are relatively less sensitive

to ecological factors and by the encouragement of vegetation

recovery in areas with high restoration potential.

Nevertheless, the results of optimization are very prone

to the options of goals, constraints, and weighting plans. Ex-

cessive focus on carbon storage can be inconsistent with

short-term economic concerns, and a lack of focus on envi-

ronmental stress can result in unrealistic land-use distribution.

Balanced optimization is not easily achieved, thus necessitat-

ing the competent design of models and the clear expression

of planning priorities [51].

5.3. Scenario-Based Optimization under Min-

ing and Restoration Pathways

Scenario analysis is typically employed to learn about

coordinated optimization along other development and man-

agement paths. Examples of these are normal expansion of

business-as-usual mining, reinforced ecological repair, and

policy-based low-carbon shifts. By comparing optimised

land use results under various conditions, researchers can

test the effect of alternative assumptions on mining inten-

sity, environmental regulation, and restoration investment in

carbon storage and the resilience of land systems [52].

In mining-based contexts, optimization can be aimed

at reducing carbon waste through reducing the spatial area

of mining land and reclamation in highly disturbed regions.

Restoration-oriented situations, on the other hand, usually

stress the growth of grassland or forest cover in moderately

stressed areas, which may help increase carbon sequestration

and also ecological stability. Such scenarios have the ability

to capture the diminishing returns of restoration in conditions

of extreme stress by the addition of environmental stress dy-

namics to such scenarios, giving a more subtle judgment of
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policy performance.

The time aspect of land system management is also

emphasized by scenario-based optimization. Short-term op-

timization can afford more of the losses of carbon to carry on

with economic development, whereas long-term optimiza-

tion gives preference to land use, which stabilizes or even

increases the storage of carbon with time. The trade-off is

especially applicable to areas in the mining industry that are

in a transition to post-mining development [53].

5.4. Trade-Offs and Synergies among Mining,

the Environment, and Carbon Objectives

The coordinated optimization indicates the existence

of trade-offs and synergies between mining activities on the

one hand and environmental protection on the other, and

carbon storage. The most apparent trade-offs are those in

which mining expansion occurs at the direct expense of high-

carbon land or where mining exerts stress on the environment

to the point of being beyond the recoverable levels. Even

optimal land use structures, even in these situations, might

not contain losses of carbon, which highlights the constraints

of technical responses in the absence of structural transfor-

mations in resource utilization [54,55].

Simultaneously, synergies may also arise when land re-

covery and ecological restoration are planned in accordance

with carbon goals. Reclaimed mining areas, with the right

vegetation planted on them, can be carbon-sequestration ca-

pable in a slower and gradual way, and gradually gain the

capacity, as well as decrease erosion and enhance the con-

nectivity of the landscapes. Frameworks of optimization

that take into consideration the stress on the environment

can be used to determine the most likely locations of such

synergies, and not to invest in a region where conditions

are extremely averse to the success of restoration. Realistic

land use planning requires that these trade-offs and syner-

gies be understood. Coordinated optimization focuses on

regional context-specific strategies based on the priorities

of environmental capacity and development, instead of the

global optimization of the final results. Table 4 summarizes

the main elements and purposes of coordinated land use and

carbon storage optimization systems in the mining areas [56].

Table 4. Core components, objectives, and expected outcomes of coordinated optimization frameworks for land use and carbon storage

in mining regions.

Optimization Component Typical Indicators Role of Environmental Stress Expected Optimization Outcome

Land use demand Mining land, construction land area Stress limits land suitability Spatially concentrated mining

Carbon storage objective Total ecosystem carbon
Stress reduces sequestration

efficiency
Protection of high-carbon land

Ecological constraints Erosion, water stress indices Hard constraints or penalties Avoidance of highly stressed zones

Scenario settings
Development and restoration

pathways
Stress evolution differs by scenario Policy-relevant land use patterns

5.5. Implications for Sustainable Land Use

Planning and Policy

There are significant implications for land use planning

and environmental regulation in mining areas regarding the

application of coordinated optimization frameworks. These

methods present quantitative evidence to support policy-

making concerning the balance between economic progress

and responsibility to the environment by explicitly relating

land use choices to carbon storage performance and environ-

mental limitations. They also provide a way of assessing the

possible capacity of land management to contribute to wider

climate mitigation objectives.

In the case of, e.g., parts of Shaanxi in the north, where

mining is still one of the pillars of the regional economy,

coordinated optimization can also be used to inform spa-

tial zoning, reclamation priorities, and the design of restora-

tion policy. Notably, these frameworks help to change a

reactive mitigation approach to proactive planning so that

decision-makers can predict future effects of land use de-

cisions in the face of environmental stress. Coordinated

optimization, therefore, is an important interface between

land system science and sustainable development practice in

mining-affected landscapes [57–60]. An integrated framework

combining environmental stress simulation, land use evolu-

tion modeling, carbon storage assessment, and coordinated

optimization is presented in Figure 2.
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Figure 2. Integrated framework for coordinated optimization of land use and carbon storage under environmental constraints in mining

regions.

6. Conclusions

This review highlights that mining-driven land use

evolution in the Shaanxi Northern Mining Area Basin is

fundamentally governed by the dynamic interplay between

environmental stress processes, land system transitions,

and carbon storage responses. A central insight emerg-

ing from this synthesis is the necessity of moving beyond

loosely coupled or sequential approaches toward fully in-

tegrated stress–carbon–land modeling frameworks capable

of capturing feedbacks among ecological degradation, land

use decisions, and carbon dynamics under mining disturb-

ance.

Despite notable progress, several methodological gaps

remain. First, uncertainty propagation across model com-

ponents, from environmental stress quantification to land

use simulation and carbon estimation, remains insufficiently

addressed, limiting the robustness of scenario-based deci-

sion support. Second, current models often lack a realistic

representation of multi-scale interactions, particularly the

mismatch between ecological processes and administrative

or planning units. Third, the role of socio-economic drivers

and policy interventions is frequently simplified, constrain-

ing the ability to simulate adaptive land use pathways under

evolving governance and market conditions.

Looking forward, future research should prioritize the

development of coupled, multi-scale modeling systems that

explicitly integrate environmental stress dynamics, land use

transitions, and carbon processes. Particular attention is

needed to improve uncertainty quantification, enhance data

assimilation using long-term monitoring and remote sensing,

and incorporate behaviorally informed socio-economic mod-

ules. In addition, critical unresolved questions include how

to balance mining development with ecological restoration

under water-limited conditions, how restoration trajectories

influence long-term carbon sequestration, and how policy

instruments can effectively coordinate land use and carbon

objectives.
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