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The stability of soil organic carbon (SOC) is crucial for the global carbon cycle and serves as a key indicator of soil quality and eco-system function. In Karst areas, SOC stability is influenced by unique geological conditions. Studying SOC stability in these regions is significant for understanding regional ecosystem functions and the role of SOC in mitigating global climate change. This review examines the fractions and stability of SOC in Karst areas, analyzing the impacts of key factors such as rocky desertification, land use changes, and vegetation restoration on SOC stability, along with their underlying mechanisms. It also discusses the current challenges and opportunities in SOC stability. This review aims to guide the development of effective ecological rehabilitation and management strategies for degraded ecosystems in Karst areas.
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1 Introduction

The ability of soil organic carbon (SOC) to resist disturbance by external factors and to recover to its original level under current conditions is referred to as SOC stability (Zhang et al., 2019). The stability of SOC depends on organic carbon fractions as well as internal and external factors. Given that SOC stability significantly affects SOC storage, it also influences the entire SOC cycle (Yang et al., 2020). Internal factors influencing SOC stability include the molecular structure, types, and relative proportions of organic matter, while external factors encompass soil aggregate formation and fragmentation, organic matter adsorption, soil biological activity and biodegradation, and hydrothermal conditions (Xu et al., 2018). Different fractions of organic carbon arise from various sources and respond to influencing factors through distinct underlying mechanisms. Therefore, the processes driving the decomposition and transformation of these carbon fractions collectively impact SOC stability.

The study of SOC stability is important for understanding the role of the SOC pool in ameliorating global climate change. Consequently, the research focus on SOC stability has increased with increasing attention on global climate change and the associated environmental issues (Li et al., 2024; Xu et al., 2024). The unique geology of Karst areas, characterized by shallow and discontinuous soil layers and significant heterogeneity, has contributed to the diversity of Karst ecosystems and habitat types (Peng and Dai, 2022). The intricate cave systems, fractured rock formations, and thin soil layers in Karst areas can serve as both sinks and sources of organic carbon. Understanding the characteristics of SOC stability within these geological contexts is essential for predicting the response of Karst ecosystems to climate change and for managing carbon sequestration in these sensitive environments. Enhancing the stability of SOC in Karst areas through scientific management and regulatory measures has become a significant research focus and challenge. Therefore, thisreview explores recent advances in SOC stability studies in Karst areas, emphasizing the factors regulating SOC stability and the underlying mechanisms. This review aims to guide the rational utilization of land resources and promote ecosystem restoration and conservation in Karst areas.



2 Mechanism of soil organic carbon stability

Since the mechanisms regulating SOC stability play a central role in the soil carbon cycle, they are also crucial for maintaining soil ecological balance and regulating the Earth’s climate. Various physical, chemical, and biological processes influence SOC stability.


2.1 Mechanisms under which physical factors influence SOC stability

Organic matter in soil is essential for soil aggregate formation, and the stability of these aggregates plays a key role in the physical regulation of SOC stability. The formation of aggregates creates spatial separation between soil microorganisms, enzymes, and organic carbon, thereby slowing down SOC decomposition (Jastrow, 1996; Six et al., 2004). Soil aggregates of different sizes have different effects on SOC stability (Kunmala et al., 2023). Large soil aggregates, specifically, facilitate the infiltration of new organic matter into aggregates (Bhattacharyya et al., 2021), However, this organic carbon can decompose readily because large soil aggregates provide favorable conditions for microbial survival and activity. Consequently, the rate of organic carbon decomposition in large aggregates significantly exceeds that in micro-aggregates (Bimüller et al., 2016). Limited air in soil micro-aggregates restricts soil microbial activity, leading to a higher prevalence of long-term deposition of SOC in these micro-aggregates (Yu et al., 2024).



2.2 Mechanisms under which chemical factors influence SOC stability

The stability of SOC is enhanced through the interaction between soil mineral particles and organic matter, which form organo-mineral complexes (Mastro et al., 2020). This process represents one of the main mechanisms regulating soil carbon sequestration. The cementation of organic carbon with clay silt decreases its decomposition rate, leading to SOC accumulation. Strong bonds occur between soil clay silt and specific organic acids, with the strength of these bonds regulated by mineral type, total electric charges, soil pH, and covalent bonding. The mechanisms by which SOC bonds to clay-silt minerals can be broadly categorized into two types: (1) cation adsorption to the clay layer and interlayer mineral sources; and (2) ion adsorption to the outer surface (Tournassat et al., 2004). Tisdall and Oades (1982) demonstrated that carbon from complexes formed through microbial degradation products, aromatic humus, amorphous iron-aluminum compounds, and aluminosilicates in clay accounts for 52–98% of soil carbon. The interaction between minerals, such as kaolinite and metal oxides, and organic carbon is particularly significant in soils with low organic matter (Li et al., 2023c). Han et al. (2016) proposed that the stability of organic carbon is enhanced through chemical bonding to amorphous oxides, due to the large specific surface area and high number of hydroxyl sites present on these oxides. Consequently, the influence of chemical processes on SOC stability is crucial for the sequestration of organic carbon in soil.



2.3 Mechanisms under which biochemical factors influence SOC stability

Biochemical factors contributing to SOC stability include the non-degradability of certain organic matter and the contribution of soil organisms to SOC stability. Complex, stabilized polymers formed during litter decomposition are resistant to microbial decomposition, and non-degradable fractions of litter, such as lignin, tannins, polyphenols, and waxes, can persist in the soil for long periods (Thevenot et al., 2010). Moreover, the storage of organic carbon by soil micro-and macro-organisms and their metabolites constitutes a portion of the SOC pool. These organic compounds, derived from soil organisms and difficult to degrade, gradually accumulate in the soil, forming an important part of the stability organic carbon (Lu et al., 2021). During the initial stages of litter decomposition, 68% of non-structural soluble organic matter interacts with microorganisms to form complex and stabilized SOC (Cotrufo et al., 2015). Nevertheless, previous studies have indicated that the biochemical stability of SOC is primarily observed in surface soil during the initial stages of organic carbon decomposition. In contrast, the chemical and physical processes contributing to SOC stability, as previously mentioned, play a dominant role in the later stages of organic carbon decomposition and deeper soil layers (Lützow et al., 2006; Rovira and Vallejo, 2007).




3 Stability of soil organic carbon in Karst areas


3.1 Representation of soil organic carbon stability

The pool of soil carbon reflects the balance between organic matter input and carbon loss (Mayer et al., 2020). The stability of SOC directly impacts soil carbon sequestration, and SOC fractions are typically used to quantitatively characterize the stability of SOC (Zhang et al., 2022). Carbon fractions are typically classified based on the three mechanisms regulating the persistence of organic carbon in soil, namely physical, chemical, and biological processes (Audette et al., 2021).

Physical processes include categorization by particle size, density, and aggregates, which act to preserve the chemical structure of SOC (Post and Kwon, 2000). Therefore, separated organic carbon fractions can reflect the structure, properties, and function of the original organic carbon, as well as its turnover characteristics. Particle size categorization is based on differences in surface areas and mineral compositions among soil particles of varying sizes, which in turn lead to differences in organic carbon content, composition, and chemical properties (Ma et al., 2024a). The quantity of organic carbon in silt and clay is positively related to SOC stability. During density categorization, organic carbon is separated into light-fraction organic carbon (LFOC) and heavy-fraction organic carbon (HFOC). LFOC is categorized as free organic matter with higher activity, resulting in a higher decomposition rate and shorter turnover time (Jia et al., 2020). HFOC comprises organic carbon that is combined with soil minerals, primarily humus. Since HFOC decomposes slowly due to the protection provided by soil minerals, it reflects the soil’s ability to retain organic carbon and represents the main organic carbon pool in soil (Guillaume et al., 2022). Aggregate categorization involves separating soil aggregates into different particle sizes using wet sieving. These aggregates play a crucial role in SOC conservation, where large aggregates primarily offer physical protection to organic carbon, while micro-aggregates provide chemical protection by forming organic-mineral complexes (Abrar et al., 2020; Qiao et al., 2023). Six et al. (2002) improved the original organic carbon aggregate separation method by combining density categorization with aggregate categorization. This approach led to the development of a comprehensive system for studying the variation and stability of organic carbon aggregates across different particle sizes.

Chemical categorization separates organic carbon fractions based on chemical stability. This is achieved using water, salt, and acid, relying on differences in hydrolysis, oxidation, and solubility among various chemical fractions. The most studied chemical fractions currently include dissolved organic carbon (DOC), readily oxidizable carbon (ROC), and hydrolyzable organic carbon (HOC) (Liu, 2019). Due to the rapid turnover and high biological activity of DOC (Guo et al., 2023), the content of this organic carbon fraction varies significantly within soil organic carbon. Therefore, studying DOC is crucial for understanding the accumulation and stability of SOC. The characteristics of ROC include high activity, instability, and a short turnover time in soil (Hurisso et al., 2016; He et al., 2024). The typical categorization of HOC into active and inert carbon pools facilitates the prediction of organic carbon mineralization (Zhao et al., 2021).

During biological categorization, SOC is separated into microbial biomass carbon (MBC) and potential mineralizable carbon (PMC). Although MBC constitutes a small proportion of total SOC, microorganisms serve as the driving force for material transformation in soil. Therefore, the metabolism of the microbial community plays an important role in promoting SOC decomposition and nutrient transformation (Das et al., 2023). MBC has a short turnover period and is considered the most active fraction in the SOC pool (Oren et al., 2018). The ratio of MBC to total organic carbon can act as an indicator of dynamic changes in the soil carbon pool (Insam and Domsch, 1988). Mineralization of carbon is associated with the microbial decomposition of organic matter, with the content of mineralizable carbon determined by measuring the released CO2 (Yang et al., 2019c). Since both PMC and MBC are part of the active SOC pool, they serve as indicators of soil microbial activity and soil fertility. Consequently, PMC and MBC are key components of the organic soil carbon cycle (Sainju et al., 2009).



3.2 Fractions and stability of soil organic carbon in Karst areas

The capacity of soil to store carbon is typically evaluated based on soil mineralogical properties, particularly the availability of mineral surfaces (Kang et al., 2024). Calcium-bound organic carbon and iron-aluminum-bound organic carbon in the soil are considered key pathways for the stabilization of SOC (Xu et al., 1999). An investigation by Yang et al. (2019a) into labile organic carbon, recalcitrant organic carbon, calcium-bound organic carbon, and iron-aluminum-bound organic carbon in soils from different bedrock lithologies revealed that higher contents of clay and calcium oxide in carbonate rocks contribute to stable organic carbon fractions. This stability exceeds that found in soils derived from siliceous rocks. The loss of SOC, mineral-protected organic carbon, and recalcitrant organic carbon fractions occurs concurrently with the evolution of calcareous soils. This can be attributed to the decreased capacity of stabilizing organic carbon due to adsorption of minerals through bridging of multivalent cations (Rasmussen et al., 2018; Yang et al., 2021).

Similarly, clay minerals and oxides, such as Fe2O3, play a key role in the stability of SOC (Eze et al., 2018). One of the main factors contributing to the high capacity of limestone-covered soils to store organic carbon is their elevated content of clay and fine silt (Valjavec et al., 2022). From the perspective of different soil structures and aggregate sizes, the contents of bulk soil organic carbon and aggregate organic carbon in Karst forests significantly exceed those found in other regions. In addition, microbial biomass and activity in micro-aggregates and mineral fractions far exceed those in large aggregates, reflecting higher biochemical stability (Wang et al., 2021). Particulate organic carbon (POC) has a high sensitivity index, effectively reflecting the dynamics of soil organic carbon. It influences the biochemical protection of SOC by impacting changes in the composition of bacteria and fungi in Karst areas (Lan, 2020).

Zhang et al. (2023a) showed that LFOC in calcareous soil is sensitive to vegetation restoration, whereas HFOC represents the most important and stable form of SOC storage. This stability increases with soil depth, consistent with the trend of SOC stability observed in non-Karst areas (Liu et al., 2023; Tang et al., 2023a). Huang et al. (2021b) identified differences in SOC variation patterns among four distinct topographic features of Karst, peak-cluster depression, plateau, canyon, and trough valley. They also found that SOC in Karst areas exceeds that in non-Karst areas. Soil of rocky desertification areas is typically stored in rocky soil surface, stone crevice, stone gully, stone cave, stone pit and soil surface. The highest carbon sequestration was found in soil of stone caves, but its proportion of mineral-associated organic carbon fraction in total organic carbon is lower than that in other Karst microhabitats; In contrast, soil surface showed a lower carbon sequestration capacity and highest proportion of mineral-associated organic carbon fractions (He et al., 2023). Compared to non-Karst areas (Zhao et al., 2023), Karst areas exhibit greater variations in SOC content, and relatively lower stability. This is primarily due to shallow soil layers, erosion, high habitat heterogeneity, and more complex factors influencing SOC stability (He et al., 2021; Lan et al., 2021).




4 Key factors influencing soil organic carbon stability in Karst areas


4.1 Degree of rocky desertification

The mechanisms involved in fixing organic carbon, ensuring its stability, and responding to influencing factors differ significantly among the various carbon fractions (Iqbal et al., 2009). Karst areas typically exhibit severe land degradation, with large expanses of exposed bedrock, leading to characteristic rocky desertification landscapes. The degree of rocky desertification can be categorized according to the rate of bedrock exposure and vegetation coverage, namely potential rocky desertification, slight rocky desertification, moderate rocky desertification, and severe rocky desertification (Tang et al., 2023b).

SOC is significantly affected by the degree of rocky desertification, with the greatest limitations on SOC observed under severe rocky desertification (Ma et al., 2020). Nevertheless, a study by Zheng et al. (2022) on the effects of bedrock exposure rate on SOC and its fractions showed that total organic carbon, MBC, and DOC in soil are maximized under severe rocky desertification, whereas LFOC decreased with the increase of bedrock exposure rate. These findings further confirm the diversity of habitats and the complexity of factors influencing SOC stability in Karst areas. Another study showed that a decrease in the degree of rocky desertification results in an increase in the number of aggregates with a diameter of 5–10 mm (Lu et al., 2023). The associated increase of organic carbon of these aggregates the main driver of the increase in total organic carbon.

The soil C:N ratio is less sensitive to the degree of rocky desertification, whereas the ratios of C:P and N:P increase with the degree of rocky desertification (Yang et al., 2019b). Further, both C:P and N:P ratios showed a strong correlation with soil free light organic carbon, occluded-particulate organic carbon, mineral-associated organic carbon and its proportion in total organic carbon. Soil microorganisms in ecosystems with rocky desertification exhibit different sensitivities to and mechanisms of coping with environmental degradation (Cheng et al., 2020). The abundance and diversity of soil bacteria and fungi generally decrease with the increasing degree of rocky desertification degree (Li et al., 2023a). While microorganisms can decompose and utilize some organic carbon, they also facilitate the formation of stable organic carbon (Gao et al., 2023). Therefore, the degree of rocky desertification further affects SOC stability by influencing soil stoichiometric ratios and microbial activity. In addition to altering the structure of soil microbiota, rocky desertification in Karst areas is often accompanied by changes in soil properties. Specifically, variations in Ca2+ and available P in the soil also impact carbon metabolism (Tang et al., 2019). The stability of SOC affected by soil erosion is primarily due to the displacement of soil organic matter (Nie et al., 2019). Overall, rocky desertification influences the fixation mechanisms and stability of different carbon fractions by altering soil microorganisms and physicochemical properties.



4.2 Land use

Since unsustainable land use is an important driver of rocky desertification, land use type has a significant effect on SOC stability. Factors influencing SOC are dependent on the diversity of geological conditions in Karst areas. For example, SOC in a Karst trough valley area is mainly affected by bedrock exposure, whereas land use is the key factor affecting SOC in a Karst plateau area (Huang et al., 2021b). Physicochemical properties of slope soil in Karst areas exhibit significant spatial differences among various land use types (Chen et al., 2024b), with both physical and chemical properties of soil significantly impacting SOC stability.


4.2.1 Agriculture

The rapid responses of labile organic carbon to changes in the soil environment have contributed to the significant impacts of land use changes on labile organic carbon in Karst areas (Yang et al., 2022). Since the proportion of different resistant organic carbon fractions in total organic carbon is directly or inversely proportional to SOC stability, it serves as a measure of SOC stability (He et al., 2023). A study by Chen et al. (2024a) on SOC stability based on the ratio of recalcitrant organic carbon and total organic carbon, found the lowest SOC stability in cultivated land. The soil pH was identified as a key factor influencing soil stability in Karst areas, as it affects the transformation of organic carbon by altering soil enzyme activity, and the abundance and diversity of microbial communities (Ma et al., 2024b). Paddy fields are regarded as a relatively crucial type of cultivated land for long-term soil carbon sequestration in the southwestern Karst areas. This is due to their higher contents of organic carbon in soil and aggregates compared to dry land and abandoned land, as well as a lower proportion of labile organic carbon to total organic carbon in paddy fields (Liao et al., 2015).

The 13C nuclear magnetic resonance spectroscopy is widely used to assess the composition of soil organic matter. Cui et al. (2023) conducted research on the soil of sugarcane field, corn field, pitaya field, etc., and found that the humic substances in Karst corn field has high stability, mainly due to the higher Alkyl C/O-alkyl C and Hydrophobic C/hydrophilic C ratios. Compared with other land use types such as grazing secondary forest, farmland often exhibits lower comprehensive quality of soil organic matter, but abandoned farmland has the highest ratio of Alkyl C/O-alkyl C (Chang et al., 2018).



4.2.2 Forest management

A study by Yu et al. (2023) demonstrated that land use can significantly change the distribution of aggregates of different sizes, thus affecting the stability and contents of organic carbon aggregates. The conversion of farmland to bamboo forest can improve the capacity of soil to sequester carbon and resist soil erosion. While an increase in soil aggregate stability can effectively increase the stability and carbon sequestration capacity of SOC (Chen et al., 2022), organic carbon fractions may directly or indirectly affect aggregate stability. Wei et al. (2022) showed that woodland type has a considerable effect on the stability of soil aggregates, with POC being the main organic carbon fraction regulating the porosity and stability of aggregates. Similarly, Wen et al. (2020) confirmed that changes in organic carbon in soil aggregates affect their formation and stability during organic fertilizer application. A study of forest management interventions in Guangxi has shown that, despite having no significant impact on soil mineral associated organic carbon, forest management significantly reduces the content of particulate organic carbon (Li et al., 2023b), which is detrimental to the sequestration of soil carbon in forest ecosystems. The formation of persistent particulate organic matter and mineral-associated organic matter in the SOC pool is directly driven by the decomposition of particulate organic matter, with microbial activity serving as the governing factor (Witzgall et al., 2021). Regardless, the establishment of sustainable land use planning and the strengthening of scientific management are particularly crucial for Karst areas.




4.3 Vegetation restoration


4.3.1 Restoration countermeasures

Ecological rehabilitation is regarded as a priority in the management of Karst areas, with vegetation restoration being particularly important due to its considerable influence on SOC stability. Indeed, the restoration of vegetation can lead to significant increases in SOC accumulation and the contents of MBC, ROC, and DOC, as well as their proportions in total organic carbon. Restored grassland has lower SOC compared to restored forests, shrubland, and vines, and the proportion of unstable organic carbon in restored grassland is higher (Wang et al., 2023), indicating the limitations of grassland rehabilitation for stabilizing SOC.

Vegetation type has a greater influence on labile organic carbon compared to total organic carbon and recalcitrant organic carbon (Song et al., 2022). An investigation by Bai et al. (2021) on different vegetation restoration measures for ecosystems with rocky desertification showed that total organic carbon, DOC, ROC, POC, and LFOC were maximized in Sabina chinensis plantations and under natural restoration, with POC being the dominant organic carbon fraction in soil. Lan et al. (2021) also found that POC has the highest sensitivity to vegetation restoration measures during the rehabilitation of Karst areas with rocky desertification, with its content dynamically reflecting trends in total SOC. Furthermore, cypress forests can significantly increase the proportion of recalcitrant organic carbon in the SOC pool over the long term (Zhang et al., 2023b).

Forests significantly increase aggregate stability and organic carbon fractions in soil (Lan et al., 2021). However, regeneration of natural vegetation is more effective in promoting the deposition of SOC in degraded ecosystems in Karst areas. Specifically, natural vegetation regeneration helps in sequestering unstable organic carbon in soil and maintaining microbiota stability (Cheng et al., 2023). Approximately 40% ~ 70% of the total organic carbon exists in the colloidal size fraction (Andersson et al., 2023). Vegetation restoration in Karst trough valley areas can increase the soil colloid content of particles larger than 2000 nm, where organic carbon is primarily distributed. In comparison to plantations, natural forests mainly enhance the content of organic carbon in soil colloids with particle sizes larger than 2000 nm (Zhang, 2023). Dissolved organic matter (DOM) serves as the material source for the physical protection mechanism of soil organic carbon. The activity of certain soil microorganisms, such as saprotrophic fungi, can significantly influence the colloidal properties of DOM (Gentile et al., 2024).



4.3.2 Restoration time

Vegetation succession acts as a key temporal factor impacting changes in SOC (Zhang et al., 2014). Zhang et al. (2023a) found that during succession in restored vegetation, both organic carbon and its fractions (LFOC and HFOC) increased. However, the proportion of LFOC in total organic carbon increased with succession, while the proportion of HFOC decreased. The formation of stable organic carbon, a gradual process, is the primary mechanism for long-term SOC storage.

The stability of SOC is mainly demonstrated by its resistance to decomposition, which is influenced by the proportions of different functional groups within the organic carbon (Huang et al., 2021a). The relative abundance of alkyl C increases (Hu et al., 2022) during vegetation restoration, with SOC stability proportional to the proportion of alkyl C. Aromatic C shows weak decomposability (Hall et al., 2020), whereas DOC in the soil is more easily lost in rocky desertification areas characterized by weak aromaticity and low humification (Wang et al., 2022). In addition, Hu et al. (2022) showed that the dominant functional groups during vegetation restoration are involved in the soil C cycle and play a key role in increasing the storage of stable SOC. Therefore, one of the mechanisms to enhance the stability of organic carbon is to alter the distribution of carbon functional groups in soil organic matter (Audette et al., 2021). Developing reasonable vegetation restoration plans and implementing scientific vegetation restoration techniques are key measures to enhance the stability of soil organic carbon in Karst areas (Figure 1).
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FIGURE 1
 Influencing factors of soil organic carbon stability in Karst areas.






5 Limitations and outlook

This review highlights the extensive research on SOC stability in Karst areas and influencing factors. To effectively enhance SOC stability and promote the restoration and sustainable development of ecosystems, it is essential to improve vegetation restoration projects, optimize land use patterns, and intensify scientific research and policy support. However, several aspects of SOC stability in Karst areas necessitate further investigation due to the complexity of SOC stability and the unique geological conditions. These include:

(1) Previous studies on physical, chemical, and biological methods to classify different fractions of organic carbon, indicate that no single method can comprehensively characterize trends in SOC stability or the underlying mechanisms. This is because of the high complexity of decomposition and conversion of organic carbon and the diversity of influencing factors. Therefore, integrating physical, chemical, and biological categorization is the most effective way to reveal the dynamics of the soil carbon pool. This approach requires continuous exploration of and improvements to novel organic carbon fraction classification methods.

(2) There are ongoing controversies regarding the protective mechanisms of soil organic carbon, necessitating further exploration and verification. Specifically, the interactions among these mechanisms and their contributions to the long-term storage of soil organic carbon in Karst areas are not yet well understood. Future studies should focus on the relationships between these stabilizing mechanisms and their relative importance across different soil types and environmental conditions. This focus will help develop more targeted strategies to enhance SOC stability.

(3) While soil erosion in areas with rocky desertification remains of concern, the high SOC contents in these areas suggest that erosion may not solely reduce the SOC pool. Future studies should investigate the evolution of SOC stability in both erosion and deposition zones at the watershed scale. Moreover, efforts should be made to understand the mechanisms responsible for organic carbon stabilization during soil erosion.

(4) The stability of SOC is crucial for soil quality, fertility, and pollutant degradation. Research on the interaction between SOC stability and pollutants, using methods like stable isotope techniques, pollutant adsorption–desorption experiments, and molecular biological methods, can offer new perspectives and strategies for soil pollution remediation and management. These approaches can enhance our understanding of how SOC stability influences pollutant behavior and persistence in soils, thereby contributing to more effective environmental management practices.

(5) Unsustainable farming practices significantly contribute to rocky desertification, highlighting the need to investigate the effects of control measures, management strategies, and the duration of management on SOC stability. The findings of these studies should translate into concrete policies and practical actions for soil management, land use planning, and ecological rehabilitation to ensure the stability and sustainable development of Karst ecosystems.

(6) Past studies have primarily focused on small temporal and spatial scales, which limits a comprehensive understanding of SOC stability in Karst areas. Future studies on SOC stability in Karst areas should be conducted at larger spatial and temporal scales by establishing time-series databases and utilizing remote sensing technologies. This approach will help reveal the long-term changes and spatial distribution patterns of SOC stability in Karst areas.
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