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Karst landforms are widely distributed in southern China. The terrain and soil properties in karst basins are complex, which results in high spatial heterogeneity of the ecological environment and soil organic matter (SOM) in karst watersheds. To investigate the spatial distribution characteristics of SOM in different land uses in the karst plateau basin, a total of 3,816 soil samples were taken from 568 soil profiles. The soil animals and different soil properties were recorded, and the concentration of SOM was tested using the potassium dichromate method in the laboratory. Then, the changes in the SOM content associated with soil animals and the soil properties associated with the different land use types were analyzed. The results showed a large discrepancy in SOM in the karst plateau basin. The average values of SOM in different soil layers were between 9.23 g kg−1 and 59.39 g kg−1. The SOM decreased in the following order: forestland > grassland > barren land > cultivated land > garden land. The SOM in soil in which soil animals are present is generally greater than that in the absence of soil animals, and the SOM partially increases with soil species diversity. Agrotis segetum is the main soil animal species that positively affects the distribution of organic matter in the surface soil layer. The SOM in soil with the phylum Annelida is much greater than that in soils with other animals, and earthworms are the main contributor. The structure of soil animal species is complex, and the change trend of SOM is stable. The major positive factors affecting soil animal diversity are soil thickness, soil humidity and soil structure, and rock outcrops are the main negative factor. In summary, good land use can increase animal diversity and abundance in soil, which promotes soil organic matter accumulation. Moreover, microtopography is an important factor that influences soil organic matter accumulation in karst basins and further affects the restructuring of the spatial distribution of soil organic matter.
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1 INTRODUCTION
Soil organic matter (SOM) refers to all the carbonaceous organic matter existing in soil, including the residual organic matter of plants and animals, microorganisms, and humus (Jurgensen et al., 1997; Kaiser et al., 2002; Di et al., 2015; Zhang J. et al., 2023). It is an important resource used in many processes, including carbon cycling in terrestrial ecosystems (Mcdonagh et al., 2001; Six et al., 2007). Because the main component of SOM is carbon, SOM is crucial for the global carbon cycle (Caspersen et al., 2000; Schime et al., 2000; Zhang X. et al.f, 2023). There are some interactions between the processes of carbon cycling and climate change (Ding et al., 2002; West and Post, 2002; Li et al., 2024). According to the transition relationship between SOM and soil organic carbon, the global SOM reserve in the 0–100 cm soil layer is approximately 2,517 Pg (Weissert et al., 2016; Wang et al., 2022). This indicates that the global SOM reserve is a large carbon reservoir. Small changes in SOM may lead to great changes in atmospheric CO2, further resulting in global climate change (Lin and Zhang, 2012; Bieluczyk et al., 2023; Wang et al., 2023). SOM is an important part of the terrestrial carbon pool that affects the carbon balance (Pouyat et al., 2002; Freitas et al., 2022). In addition, SOM is an essential factor in agricultural productivity and soil fertility. SOM can improve the physical structure and chemical composition of soil. It is not only a main index of soil quality but also the basis of sustainable development (Wang et al., 2005; Smith et al., 2013). It is beneficial to soil aggregate formation and can promote plant nutrient absorption from soil (Di et al., 2015; Poffenbarger et al., 2020; Street et al., 2020; Li et al., 2024). In summary, the reserves and spatial heterogeneity of SOM directly impact the carbon cycle in terrestrial ecosystems, plant growth, soil fertility maintenance, and agricultural output and quality (Niu et al., 2015; Wang et al., 2022). Therefore, research on SOM has become a popular field worldwide (Cheshire, 1987; Li et al., 2019; Zhang et al., 2019).
Although SOM reserves are essential in terrestrial ecosystems, they are not constant in soil but constitute a long-term dynamic balance system of input and output (Yan et al., 2011; Aaltonen et al., 2019; Zhou et al., 2024). There is high spatial distribution heterogeneity of SOM because the exchange processes between SOM and other materials in different ecosystems are complex, and SOM is influenced by multivariate factors (Huang et al., 2018). The influence of multifactor coupling on SOM is complex, which leads to the key factors being different in various areas (Huang et al., 2018; Wang et al., 2022). Therefore, many scholars have studied SOM from different perspectives and in different ways. For example, Li et al. researched the relationships between SOM and soil pH and soil bulk density (SBD), and the results showed that there was a negative correlation between these indices; the higher the soil pH and soil bulk density are, the lower the SOM concentration is (Li D. C. et al., 2020). In another instance, Zhang et al. researched the spatiotemporal variation mechanism of SOM in farmland by different abandoned tillage practices and noted that the decreasing order of SOM under different abandoned tillage practices is season abandonment > adjustment abandonment > annual ring abandonment > long-term abandonment > long-term cultivation (Zhang T. Y. et al., 2020). The conversion of natural pasture to dryland farming results in a notable decrease in SOM. This decrease in SOM is quantified as a reduction of 24.7% at the first site and 44.2% at the second site within the top 30 cm of soil (Haghighi et al., 2010). These results indicate that land use patterns and soil properties are important factors affecting SOM and that fertilizer and green manure inputs to soil and straw return to farmland can promote SOM accumulation (Zhang W. J. et al., 2012; Zhang et al., 2015; Qaswar et al., 2019). In addition, Shen et al. noted a positive correlation between SOM and the species and number of soil animals (Shen et al., 2009). Zhang et al. suggested that land use change greatly impacts soil animal diversity. He noted that forestland supports a more diverse and complex soil animal community than farmland or grassland, and the composition and number of these soil animals vary across different sampling plots (Zhang J. E. et al., 2011). SOM is highly heterogeneous in soil, and the SOM process and its impacts are complex.
Karst basins are a typical landform type in karst mountainous areas, and farmland, forestland, barren land, etc., are widely distributed in karst basins. The special ecosystem of karst landforms is different from that of nonkarst regions (Zhang et al., 2016). Because soil erosion in karst areas is severe, karst areas exhibit low stability, poor self-regulation, and low environmental capacity (Yang et al., 2010; Zhang X. B. et al., 2011). Therefore, the microenvironments and land use types of karst landforms are more complex than those of other landforms (Wang et al., 2022). The soil quality of different land uses in karst basins varies greatly, which can directly affect agricultural yield and carbon sequestration. These factors result in high spatial distribution heterogeneity of SOM in karst areas, and SOM is impacted by major factors in different karst regions (Huang et al., 2018; Zhang et al., 2019). SOM is an important index of soil quality, fertility, and carbon balance (Freitas et al., 2022; Wang et al., 2023). We ask the following question: What is the mechanism of the relationships among soil animals, land use, and SOM in karst basins? This main issue is not clearly understood for karst basins in general or, more specifically, for the South China Karst.
In summary, SOM is critical for global carbon circulation; changes in SOM can influence the carbon balance, which partially responds to soil structure and fertility. However, no researchers have reported on the response of SOM to soil animals in karst basin areas with different land uses. Therefore, the distribution characteristics of soil animals in karst plateau basin soils were analyzed, and the coupling mechanisms among land use, soil animals, and SOM were further investigated. The aim of this study was to provide a reference for carbon sequestration management and land use, thereby promoting soil quality and production in karst areas.
2 MATERIALS AND METHODS
2.1 Study region
The research region was set in Puding County, which is a typical plateau basin in the central region of the South China Karst with geographic coordinates of 105°27′49″–105°58′51″E and 26°26′36″–26°31′42″N. It is in the belt of the translation zone between the Sichuan Basin and the Yun-Gui Plateau and extends to the Hunan Hills. The elevation is approximately 800–1900 m. The topography of the southern and northern regions is greater than that of the central region, and its karst landform characteristics are abundant, widely distributed, distinctly discrepant, and seriously rocky desertification. Severe soil erosion has occurred due to the karst landform development and the number of underground rivers. The region is a subtropical region with a humid monsoon climate, and this region is affected by the quasistationary Guiyang–Kunming front. The average annual temperature is 15.1°C, the average annual sunshine duration is 1,164.9 h, and the average annual rainfall reaches 1,378.2 mm. The research area is one of three major core rainfall regions in Guizhou Province, and it belongs to the Yangzi River ecosystem. The survey and statistics revealed three types of soils, Leptosols, Ferralsols, and Anthrosols, in the area of interest (IUSS Working Group WRB, 2014). The vegetation mostly includes walnut, Quercus glauca, pine trees, strawberry trees, plum trees, and Chinese pear. The land use mostly includes paddy fields, dry land, forestland, sloped farmland, and grassland. The major crops and grasses are sweet potato, paddy rice, corn, pepper, soybean, and foxtail grass. The soil animals mostly include ants (Formicidae, Arthropoda, and Hymenoptera), earthworms (Lumbricus and Annelida), centipedes (Chilopoda and Arthropoda), crickets (Gryllidae and Arthropoda), and spiders (Araneae and Arthropoda).
2.2 Sampling design
To research the relationship between SOM and soil animals in different land uses, samples containing traces of soil animal activity were collected from different locations. The number of soil animal species was counted in an approximate square with a length of approximately 1.7 m and a depth of 0–20 cm, and the sampling sites were in the center of each sampling grid. The sampling site was sampled at a depth of 100 cm according to the design, and the soil profile of each sampling site was divided into 12 layers (0–5 cm, 5–10 cm, 10–15 cm, 15–20 cm, 20–30 cm, 30–40 cm, 40–50 cm, 50–60 cm, 60–70 cm, 70–80 cm, 80–90 cm, and 90–100 cm). Other information, such as soil thickness, rock outcrop, soil animal, SBD, soil moisture, soil structure, soil genus, soil color, slope position, slope gradient, and vegetation, was also recorded.
2.3 Soil sample collection and test
In fact, the soil thicknesses of many sampling sites were less than 100 cm. Therefore, the number of collected soil samples was lower than the theoretical sample number. Finally, a total of 3,816 soil samples were taken from 568 soil profiles. The soil samples were taken to the laboratory, air-dried at room temperature, ground, and sieved to remove the gravel fraction (>2 mm). The resulting materials were ground into powders and saved for SOM analysis. The SOM concentration in the soil samples was determined using the potassium dichromate method with K2Cr2O7 oxidation at 170°C–180°C, followed by titration with Fe3O4 (Wang et al., 2010; Zhang et al., 2019). The soil thickness at each site was measured by inserting an iron rod with a length of either 60 cm or 120 cm. The SBD was determined via the cutting ring method (Huang et al., 2018; Zhang et al., 2019; Wang et al., 2022), and the soil moisture was tested via the oven method (Sharaya and Van, 2022). The rock outcrop rate at each sampling site was assessed via the line-transect method, and the line length was set to 10 m (Zhang et al., 2019; Wang et al., 2022).
2.4 Calculations and statistical analysis
The SBD (g∙cm−3) was tested in the field by the cylindrical core method. The formula is as follows (Huang et al., 2018; Wang et al., 2022):
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where M1 is the weight of the cutting ring (g), M2 is the weight of the cutting ring with dry soil (g), and V is the volume of the cutting ring (cm3).
The species diversity index of the local environment was determined via the following formula (Zeng et al., 2018):
[image: image]
where D is the species diversity index, S is the species number of soil animals, and A is the area of the sampling site (m2).
Factor analysis was carried out via principal component analysis (PCA) and redundancy analysis (RDA). PCA analyzes the similarity and diversity among factors and distinguishes the significant impact factors from all samples. RDA is an important method of constrained ordination that can sort species and environmental factor datasets and sort the environmental factors under constrained species (Wang et al., 2020).
The data were managed and organized using Microsoft Excel 2003 (Microsoft, Redmond, WA, USA). Statistical analysis was performed with IBM SPSS 18.0 and Origin 8.6 software.
3 RESULTS AND ANALYSIS
3.1 Descriptive statistics of the major soil properties
The soil properties are more complex in karst mountainous areas, and there is high spatial heterogeneity in the major soil properties, such as soil thickness, SBD, rock outcrop, and soil moisture, which are important factors that affect SOM in karst areas (Zhang W. et al., 2012; Zhang et al., 2019). According to the information in Table 1, the average values of soil thickness, SBD, rock outcrop, and moisture content were 61.70 cm, 1.17 g cm−3, 16%, and 23%, respectively, and their coefficients of variation were 0.53, 0.18, 1.38, and 0.57, respectively. The changes in soil thickness, rock outcrop, and soil moisture content were highly variable, and the SBD was moderately variable (Shang et al., 2018). The skewness of both the soil thickness and the SBD was lower than 0, which indicated that the skewness exhibited a certain degree of left-sided bias. This result showed that the soil thickness and SBD were generally lower than the average values, which indicated that the soil layer in a typical karst basin was thinner and nonuniform and that there was high spatial heterogeneity in the soil thickness and SBD in the karst basin.
TABLE 1 | Descriptive statistics of the major soil properties in the karst basin.
[image: Table 1]The skewness values of the rock outcrops and moisture content were greater than 0, which indicated that the rock outcrops and moisture content had a degree of right-sided bias and that there was high rock desertification in the karst basins. Moreover, the kurtosis values of the soil thickness, SBD, rock outcrop cover, and moisture content were lower than 0, and the peak distributions were gradual. This indicated that the spatial distributions of soil thickness, SBD, rock outcrop cover, and moisture content were diverse.
There was a greater discrepancy in the soil properties among the land use types (Figure 1). The soil thickness under the different land uses ranged between 37.48 and 77.06 cm, and the soil thickness decreased in the following order: cultivated land > garden land > forestland > barren land > grassland. The soil layer thickness of cultivated land and garden land was much greater than that of the other land uses. The coefficient of variation of soil thickness in all land use types reached high levels, with forests and grasslands having the highest values and being similar (Figure 1A). The average SBD values for all land uses were between 1.10 g cm−3 and 1.26 g cm−3, and the SBD values decreased in the following order: garden land > cultivated land > forestland > barren land > grassland. Moreover, the differences in SBD among the land use types were greater. The coefficient of variation of SBD in cultivated land and forestland was low, while that in garden land was moderately variable. However, the values for grassland and barren land reached highly variable levels, and the value for barren land was the greatest (Figure 1B).
[image: Figure 1]FIGURE 1 | Information characteristics on soil properties in different land uses: (A) soil thickness, (B) SBD, (C) rock outcrop, and (D) soil moisture.
The rock outcrop rate under the different land uses ranged between 0.09 and 0.37, and its coefficient of variation ranged between 0.02 and 0.25. The spatial distribution characteristics of rock outcrops and their coefficients of variation for all land use types were similar, and their descending order was barren land > grassland > forestland > garden land > cultivated land. The distribution of rock outcrops among different land uses followed a regular gradient pattern. In addition, the coefficient of variation of rock outcrops in cultivated land and garden land was low; however, those values in forestland, grassland, and barren land had a high degree of variation (Figure 1C).
The average soil moisture content under the different land uses ranged from 16.33% to 31.57%, and the moisture content decreased in the following order: cultivated land > garden land > barren land > grassland > forestland. The distribution characteristics of soil moisture under the different land use types revealed a type of “V.” There were few differences in the soil moisture content among garden land, grassland, and barren land. The descending order of the coefficient of variation for different land uses was barren land > forestland > grassland > garden land > cultivated land. The coefficient of variation for cultivated land was low, but that for garden land, forestland, and grassland varied moderately. The coefficient of variation for barren land was significantly greater than that for other land uses (Figure 1D).
3.2 Statistics on the number of soil animals in the sampled spots
The number of soil animals in the sampling sites was counted, and the sites were divided into different levels of species, order, class, and phylum. There were many different soil animals in the soil samples, such as ground beetles, Agrotis segetum, caterpillars, ants, cicadas, crickets, Coccinella septempunctata, spiders, centipedes, frogs, and earthworms. Among them, Agrotis segetum and its caterpillars can be classified as Lepidoptera, and other soil animals belong to the Blattaria, Hymenoptera, Hemiptera, Orthoptera, Coleoptera, Araneae, Chilopoda, Anura, and Haplotaxida orders. These animal orders can be divided into five animal classes: Insecta, Arachnida, Myriapoda, Amphibian, and Clitellata and further divided into three animal phyla, Arthropoda, Chordata, and Annelida (Table 2).
TABLE 2 | The statistics of soil animals in the karst basin.
[image: Table 2]At the species level, the top two soil animal species were ants and earthworms, and their numbers were far greater than those of other soil animal species. Their accumulation proportion was 89.5%, and the number of ants was more than double that of earthworms. This indicated that ants and earthworms were the dominant species in the study area and were widely distributed in the karst plateau basin. At the order level, the top two soil animals were Hymenoptera and Haplotaxida, and the distribution characteristics among all the soil animal orders were similar to the trend at the species level. However, there were few differences in number among the other soil animal orders. At the class level, the top two most abundant were Insecta and Clitellata, and their accumulation proportion reached 96.3%. At the phylum level, the abundance of Arthropoda was close to three times greater than that of Annelida, and Annelida was far more abundant than Chordata, and their percentages were 72.5%, 26.7%, and 0.9%, respectively. This indicated that the major soil animal phyla Arthropoda and Annelida were widely distributed in the karst basin, and there were fewer Chordata. This may be because the mass of Chordata is much larger than that of other soil animals, and Chordata occupy more places in the food chain; for example, ants are a food source for frogs.
3.3 The spatial distribution characteristics of SOM in different land uses
There was a greater discrepancy in the SOM in each soil layer among the different land use types, and their spatial distribution characteristics are shown in Table 3. The average SOM concentration in all soil layers under the different land use types ranged between 8.98 g kg−1 and 69.25 g kg−1. In the 0–5 cm, 5–10 cm, 10–15 cm, and 15–20 cm soil layers, the SOM distributions in the different land use types were similar and exhibited a pattern of forestland > grassland > barren land > cultivated land > garden land. The differences between barren land and grassland and between cultivated land and garden land were small, and the SOM content in forestland was significantly greater than that in the other land types. In the 20–30 cm and 30–40 cm soil layers, the SOM concentration decreased in the following order: barren land > grassland > forestland > cultivated land > garden land. The values in barren land, grassland, and forestland were similar, and the discrepancy in the SOM content between cultivated land and garden land was small. In the 40–50 cm soil layer, the SOM concentration decreased in the following order: barren land > forestland > grassland > cultivated land > garden land. In the 50–60 cm, 60–70 cm, and 80–90 cm soil layers, the spatial distribution characteristics of the SOM concentration under the different land use types exhibited the following pattern: grassland > barren land > forestland > garden land > cultivated land. In the 70–80 cm soil layer, the descending order was grassland > forestland > barren land > cultivated land > garden land. However, the distribution of SOM in the 90–100 cm soil layer decreased in the following order: grassland > forestland > garden land > barren land > cultivated land.
TABLE 3 | The soil organic matter content characteristics in different land uses (g·kg−1).
[image: Table 3]In addition, in the vertical direction, the discrepancy in the SOM concentration from the surface soil layer to the subsurface soil among the different land use types was great. The descending order was forestland > barren land > grassland > cultivated land > garden land, and their ranges were 58.19 g kg−1, 54.62 g kg−1, 52.19 g kg−1, 34.84 g kg−1, and 33.97 g kg−1, respectively. In the 0–5 cm to 50–60 cm soil layers, the SOM concentration declined quickly; however, its decrease from the 60–100 cm soil layers was relatively slow. Moreover, the differences in SOM among the soil layers with different land use types were highly variable, and the coefficient of variation ranged from 0.39 to 0.85. In summary, the distribution regularity of the SOM concentration in the upper soil layers was distinctly better than that in the subsoil, and the depth of 60 cm could be considered the boundary of the distribution characteristics of the SOM in the upper soil layers and subsoil layers.
3.4 The spatial distribution characteristics of SOM in response to soil animals
Information on the spatial distribution characteristics of SOM under coupled soil conditions is listed in Figure 2. The SOM concentrations in the samples with soil animals were generally greater than those in the soil without soil animals, and the SOM gradually decreased with increasing soil thickness. There was less difference between the SOM concentrations of soil samples containing animals and those with no animals in the upper soil layer, but this difference gradually increased with soil thickness. In addition, there was a distribution pattern of SOM in the vertical direction in which the SOM rapidly decreased in the soil layer from the surface to 50 cm, and the decrease rate of SOM in the 50 cm–100 cm layer was relatively slower and more stable. Furthermore, the coefficients of SOM variation in different soil layers were highly variable; these changes in non-animal-soil samples were generally greater than those in animal-soil samples, and this difference gradually increased in the subsoil layer (Figure 2A). There was no significant regular distribution of SOM in soils with different soil animals, but there was a larger discrepancy in SOM in soils with different soil animals in the 0 cm–60 cm soil layers, and this difference in the 60 cm–100 cm subsoil layer was relatively slight (Figure 2B).
[image: Figure 2]FIGURE 2 | Distribution characteristics of SOM under the coupling of soil animals: (A) Spatial distribution of SOM with soil animals and no soil animals, (B) SOM distribution with different soil animals, (C) different soil phylum effects on SOM, and (D) the spatial distribution characteristics of SOM response to the species diversity index.
To further analyze the differences in SOM in soils with different soil animals, the soil animals were classified into three different soil phyla: Arthropoda, Chordata, and Annelida. In the upper soil layers from 0 cm to 20 cm, the descending order of SOM concentration in soils with different soil animal phyla was Annelida > Chordata > Arthropoda, and the SOM in soils with Annelida was significantly greater than that in soils with Chordata and Arthropoda. In the subsoil layer from 20 cm to 100 cm, the descending order of SOM concentration in soils with different animal phyla was Annelida > Arthropoda > Chordata. Obviously, the SOM concentration in each soil layer under the coupling of the Annelida animal phylum was the highest, and it was significantly greater than that under the coupling of the other two animal phyla. In addition, there was a slight difference in the SOM in the different soil layers with the animal phyla Chordata and Arthropoda (Figure 2C). This indicated that Annelida animals could promote SOM sequestration in soil more than other soil animals, which could improve soil quality in nature. The species diversity was calculated by Eq. 2. To better understand how species diversity affects SOM, the relationship between the average value of SOM in the 0 cm–20 cm soil layer and the change in the species diversity index was analyzed. The results showed that the SOM concentration gradually increased with increasing species diversity index, and there was a significant increase in the value of SOM when the species diversity index was between 1 and 3. When the species diversity index was between 3 and 5, the difference in SOM decreased. The variation coefficient of SOM at different levels of the species diversity index indicated moderate variation, and these values were between 0.16 and 0.26. The change in the SOM concentration gradually decreased with increasing species diversity index. Thus, when the species diversity index was relatively lower, the SOM concentration was lower, but there was a larger discrepancy in the SOM. When the species diversity index gradually increased, not only was the SOM concentration higher but also the difference in SOM was slight. This indicated that species diversity could promote SOM sequestration and maintain stable soil fertility (Figure 2D).
3.5 The spatial distribution characteristics of SOM in response to soil thickness
To analyze the distribution characteristics of SOM at different soil thickness levels, the SOM concentrations in each soil layer in the upper and bottom soil layers under different soil thicknesses were compared. Because the soil animals were mainly distributed in the 20-cm soil layer, the soil thickness at most sampling sites was less than 30 cm. Therefore, comparisons were conducted for the 5 cm, 10 cm, and 20 cm soil layers and in the subsoil (Figure 3). The SOM in the topsoil layer of 5 cm at different soil thicknesses gradually decreased with increasing soil thickness, and the SOM concentration ranged between 37.01 g kg−1 and 89.93 g kg−1. The maximum value was 2.43 times greater than the minimum, which indicated that there was a greater discrepancy in the SOM in the topsoil layer among the different soil thickness levels. In addition, the change in SOM in the topsoil layer at each soil thickness level was highly variable except at the 80 cm and 100 cm soil thickness levels. The change trend of SOM at different soil thickness levels fit an exponential function curve (y = 95.03e−0.084x, R2 = 0.9807) (Figure 3A). In the 10 cm soil layer, the SOM concentration gradually decreased with increasing soil thickness. However, the average SOM concentration at the 10 cm soil thickness level was much greater than that at the other soil thickness levels, and the largest value of SOM was 2.11 times the lowest value. There was little difference in SOM at different soil thicknesses from 20 cm to 100 cm, and the SOM concentration at different soil thickness levels fit a power function curve (y = 66.59x−0.288, R2 = 0.9328). Only the coefficient of variation of SOM at a soil thickness level of 10 cm indicated high variation; those at soil thickness levels of 20 cm, 30 cm, 40 cm, and 50 cm indicated moderate variation, and the change in SOM at soil thickness levels from 60 cm to 100 cm indicated low variation (Figure 3B).
[image: Figure 3]FIGURE 3 | The soil thickness effects of the SOM concentration: (A) the SOM in the 5 cm surface soil layer at different soil thicknesses, (B) the SOM in the 10 cm upper soil layer at different soil thicknesses, (C) the SOM in the 20 cm upper soil layer at different soil thicknesses, and (D) the SOM in the subsoil layer at different soil thicknesses.
The distribution characteristics of the average concentration of SOM in the upper 20 cm soil layer at different soil thickness levels from 20 cm to 100 cm were similar to those in the 10 cm soil layer (Figure 3C). As the soil thickness increased, the SOM concentration decreased, and the change in SOM also decreased. The change trend of SOM at different soil thicknesses fit a polynomial function curve (y = 0.3216x2 − 6.233x + 62.502, R2 = 0.9525). Moreover, all the changes in SOM at different soil thickness levels exhibited low and moderate variations, which indicated that when the soil thickness was greater, the SOM was more stable. There was a significant regular distribution of SOM in the bottom soil layer at different soil thickness levels. The SOM concentration gradually decreased with increasing soil thickness, and the change trend of SOM at different soil thickness levels fit a polynomial function curve (y = 0.7889x2 − 17.21x + 103.76, R2 = 0.9963). The SOM concentration in the bottom soil layer at the different soil thickness levels ranged between 9.05 g kg−1 and 89.93 g kg−1, and the maximum was approximately 10 times the minimum. In addition, the degree of change in the SOM concentration in the bottom soil layer gradually increased with increasing soil thickness, and all the coefficients of variation were highly variable (Figure 3D). This indicated a high discrepancy in SOM in the bottom soil layer at different soil thickness levels.
In summary, the soil thickness greatly influenced the SOM, and this influencing mechanism can be summarized as follows: The SOM concentration in each soil layer at the different soil thicknesses gradually decreased with increasing soil thickness, and the change in SOM in the upper soil layer gradually decreased with increasing soil thickness. However, the change in SOM in the bottom soil layer differed from that in the upper soil layer, which gradually increased with increasing soil thickness.
3.6 The spatial distribution characteristics of SOM in response to SBD and rock outcrops
The relationships between SOM and SBD and between SOM and rock outcrops were analyzed, and the results are shown in Figure 4. The large discrepancies in the SBD and rock outcrops were important properties of the soil in karst basins, and there were important factors that affected the SOM to varying degrees. The SOM and SBD were negatively correlated (r = −0.332, p < 0.01, n = 2,728), which indicated that the higher the SBD was, the lower the SOM (Figure 4A). Moreover, the SBD quickly increased with soil thickness in the upper 0–40 cm soil layer, there was a slight difference in the SBD in the 40–60 cm soil layer, and then the SBD gradually decreased with increasing soil thickness in the 60–100 cm soil layer. In addition, the change trend of the SBD from the surface soil layer to the bottom soil layer fit a polynomial curve (y = 1.065 + 0.1078x − 0.0109x2 − 1.2817x3, R2 = 0.9849), which revealed that the effects of the SBD on the SOM mainly occurred in the upper 0–40 cm of the soil layer, and this influence in the subsoil layer was relatively lower. Furthermore, there was a large change in the SBD in the upper soil layer, and this change was relatively lower in the subsoil layer. All the coefficients of variation of the SBD in the different soil layers exhibited low variation, except for that in the 0–5 cm soil layer (Figure 4B).
[image: Figure 4]FIGURE 4 | The SBD and rock outcrop affected the SOM concentration: (A) the relationship between SBD and SOM, (B) the spatial distribution of SBD in the vertical direction, (C) the relationship between SOM and rock outcrop, and (D) rocky desertification affected SOM in different soil layers.
Rock outcrops could partially promote SOM accumulation, and the relationships between the SBD and rock outcrops were positively correlated (r = 0.194, p < 0.01, n = 1,243) (Figure 4C). To further analyze the effects of rock outcrops on different soil layers, the rock outcrops were divided into different rocky desertification areas according to the rock outcrop rate, after which the changes in SOM among the different rocky desertification areas in the different soil layers were analyzed. The results showed that the SOM gradually decreased with increasing rocky desertification in the upper soil layers of 0–40 cm, and there was little change in the SOM at different rocky desertification degrees in the middle soil layer of 40–60 cm. In contrast, the SOM gradually increased with increasing rocky desertification degree, but the average value of SOM in the bottom soil layer was lower than that in the upper soil layer (Figure 4D). This indicated that lower rocky desertification mainly affected the SOM in the upper soil layer, and higher rocky desertification had a greater effect on the SOM in the subsoil layer.
3.7 The spatial distribution characteristics of SOM responded to other soil properties
Soil moisture, soil structure, soil genus, and soil color are additional important soil characteristics in karst basins. To analyze the relationship between these soil properties and SOM, the average SOM concentration in the upper 0–20 cm layer was determined under the coupling of different soil properties, and the information is listed in Figure 5. To analyze the response of the SOM concentration to soil moisture more clearly, the soil moisture was divided into five categories according to the soil moisture content, which ranged from 5.67% to 43.25%. The soil moisture had a greater effect on the SOM concentration, and there was a larger discrepancy in the SOM content at the different soil humidity levels. The lowest value of SOM occurred at a soil moisture level of 1, and the maximum value of SOM occurred at a soil moisture level of 3. The SOM concentration was between 28.56 g kg−1 and 48.29 g kg−1, and the largest value was 1.69 times the minimum value. There was a slight difference in the SOM content at levels 2 and 5, and the SOM content at level 3 was much greater than that at the other soil moisture levels. The change trend of the SOM value coupled with the soil moisture level fit a polynomial curve (y = 9.73 + 20.43x − 3.23x2, R2 = 0.63). This revealed that the effect of soil moisture on SOM mainly exists in moderately humid soil, and this influence in dry soil and wetter soil is relatively less. Furthermore, all the changes in SOM at different degrees of soil moisture were highly variable, which indicated that there was a large discrepancy in SOM with the change in soil moisture (Figure 5A). There was a significant change in the SOM in the different soil structures, and the SOM gradually increased with decreasing soil structure. The content of SOM in the different soil structures ranged between 41.27 g kg−1 and 47.01 g kg−1, and its coefficient of variation ranged between 0.45 and 0.55. The SOM concentrations in the block structure and granular structure were relatively lower, and the difference in SOM in the two soil structures was also smaller. The SOM content in the soil structure of the silt and clay fraction was the highest, and its change was the lowest (Figure 5B). Thus, the smaller the soil structure was, the more easily the accumulation of SOM was promoted, and the SOM accumulation was relatively stable.
[image: Figure 5]FIGURE 5 | The relationship between SOM and soil properties: (A) the relationship between SOM and soil moisture, (B) the relationship between SOM and soil structures, (C) the relationship between SOM and soil genus, and (D) the relationship between SOM and soil color.
The descending order of SOM in the upper soil layer at 0–20 cm in the different soil types was Black Lithomorphic Isohumisols (Black Lithomorphic) > Cab Udi Orthic Entisols (Cab Udi) > Cab Medium Fertility Orthic Anthrosols (Cab Medium) > Fec Hydragric Anthrosols (Fec Hydragric) > Cab Low Fertility Orthic Anthrosols (Cab Low) > Cab High Fertility Orthic Anthrosols (Cab High) > Xan Udic Fernalisols (Xan Udic), and their average values were 29.67 g kg−1, 36.75 g kg−1, 37.67 g kg−1, 38.85 g kg−1, 41.32 g kg−1, 46.86 g kg−1, and 60.64 g kg−1, respectively. The SOM gradually increased from Cab High to Cab Udi, and there were smaller differences in the SOM values among them. Moreover, the SOM values in Black Lithomorphic soil were greater than those in the other soils, and the values in Xan Udic soil were lower than those in the other soil types. In addition, there was a regular distribution of the coefficient of variation for SOM changes in different soil types, which was similar to the change trend of SOM content in different soil types. In general, the higher the SOM content was, the greater the coefficient of variation in the different soil types. The changes in SOM in the Xan Udic, Cab High, and Fec Hydragric soils exhibited moderate variation, and those in the Black Lithomorphic, Cab Udi, Cab Medium, and Cab High soils exhibited high variation (Figure 5C). This indicated that the SOM in calcareous soil was generally greater than that in other soils. The descending order of SOM in the different soil colors was black > brown > gray > yellow > red, and the SOM content ranged between 27.67 g kg−1 and 51.32 g kg−1. The concentration of SOM in the different soil colors could be divided into three different levels. The SOM content in the black soil was the highest, the SOM content in the brown and gray soils was the second highest, and the SOM content in the yellow and red soils was the third highest. There were smaller differences in SOM at the second level, and these differences at the third level were similar. Furthermore, there was a greater discrepancy in SOM at different levels, and the change presented a significant ladder. The coefficient of variation of SOM in different soil colors gradually decreased with decreasing SOM content, but all the coefficients of variation were highly variable (Figure 5D). Obviously, the SOM in dark-colored soil was generally greater than that in bright-colored soil, and the degree of change in SOM in dark-colored soil was also relatively greater.
4 DISCUSSION
4.1 Coupling mechanism between soil properties and soil animals in the karst plateau basin
According to the information in Figure 2, which indicates that the relationship between SOM and soil animals is positively correlated, the number of soil animals and the species of soil animals can partially promote the accumulation of organic matter in soil. The many soil animal species in karst basins can be divided into different animal orders, classes, and phyla; this information is listed in Table 2. There is a larger discrepancy in the spatial distribution characteristics of soil animals in karst basins, which results in the spatial heterogeneity of soil animals in karst basins being more complex. Because the ecological environment in karst regions is more fragmented, the coupling mechanism between soil animals and different soil properties is more complex. Therefore, to research the relationship between SOM and soil animals, the spatial distribution characteristics of soil animals impacted by different soil properties must be investigated. The relationships between the soil animals and soil properties are listed in Figure 6.
[image: Figure 6]FIGURE 6 | The relationship between soil animals and soil properties: (A) the relationship between soil animals and soil thickness, (B) the relationship between soil animals and SBD, (C) the relationship between soil animals and rocky desertification, (D) the relationship between soil animals and soil humidity, (E) the relationship between soil animals and soil structures, (F) the relationship between soil animals and soil types, and (G) the relationship between soil animals and soil color.
Soil thickness is an important soil property; it is a site where energy and matter are stored and translated, which is the basis of sustainable development (Keesstra et al., 2018; Visser et al., 2019). The soil layer in the center of the intersection of the lithosphere, biosphere, hydrosphere, and atmosphere is an important reservoir of organic matter (Hobley et al., 2014). Moreover, the soil layer is an important habitat for organisms, and changes in the soil environment may influence species structure and number. Soil thickness significantly impacts soil animals; the thicker the soil is, the more soil animal species there are. In addition, thicker soil can promote the structural stability of living soil because the coefficient of variation of species diversity tends to gradually decrease with increasing soil thickness. Then, the species diversity gradually increased with soil thickness, and the change fit a polynomial formula curve (y = 2.6760.16x − 0.02x2 − 0.95x3, R2 = 0.861) (Figure 6A). The main range of SBD values in the karst basin was between 0.8 and 1.6, and the SBD in this range was 94.59%. The relationship between soil animals and SBD fits a polynomial formula curve (y = 0.93x2 + 1.95x + 2.19, R2 = 0.786). The species diversity index gradually increased with increasing SBD before the top site, and then, the species index gradually decreased with increasing SBD (Figure 6B). This indicated that a moderate range of SBD is an advantage for soil animal survival, and both too-high and too-low SBDs are not good environments for organisms living in soil. This can further influence the spatial distribution characteristics of SOM.
There was a significant regular distribution of soil species diversity under the impact of rocky desertification, which showed that the species diversity index increased from low rocky desertification to low–moderate rocky desertification, after which the species diversity in the soil quickly decreased with increasing rocky desertification. This trend in soil species diversity was coupled with the change in rocky desertification, which fit a curve of the Gauss formula (y = 2.67+(2.02·sqrt (PI/2))·e(−2((x−1.64)/2.02)^2), R2 = 0.998). In addition, the change in species diversity in soil gradually increased with rocky desertification in general, and the coefficients of variation of the species diversity index at low and low–moderate levels of rocky desertification were relatively lower than those at other degrees of rocky desertification. However, all the degrees of change in soil species diversity at different levels of rocky desertification were highly variable (Figure 6C), which indicated that low and moderate levels of rocky desertification could promote soil living, and there was a large discrepancy in the number of animal species in the soil.
The main soil dry humidity conditions in the karst basin include moderate, slightly wet, and slightly dry conditions, and drier soil is relatively less abundant. At first, the soil species diversity gradually increased with soil humidity until the soil humidity level was slightly wet, and then the species diversity quickly decreased with increasing soil humidity. The change trend of soil species diversity under the coupling of soil dry humidity fits a polynomial formula curve (y = 2.73 – 0.66x + 0.59x2 − 0.09x3, R2 = 0.9997). Furthermore, the coefficient of variation of soil species diversity in the karst basin gradually decreased with soil humidity in general, but all the changes in species diversity at different soil humidities exhibited high variation (Figure 6D). This indicated that moderate and slight degrees of soil humidity are beneficial to soil life, and drier and wetter levels of soil humidity are not favorable sites for different soil animals. In addition, the main soil animals in wetter soil were Annelida, such as earthworms. The soil species diversity index in the granular structure of the soil in the karst basin was the largest, followed by that in the block structure, and the soil species diversity in the granular structure was significantly greater than that in the other soil structures. The regular distribution of soil species diversity from a larger structure to a smaller structure of soil fit a polynomial formula curve (y = 2.71 + 0.48x − 0.12x2, R2 = 0.998), and the coefficient of variation of soil species diversity in the granular structure was the highest (Figure 6E). This revealed that the granular structure of soil is an advantage for the survival of living organisms in soil, and there is a large discrepancy in soil species diversity among different soil structures.
The difference in soil species diversity among the different soil types was not large, and the species diversity indices among the different soil types ranged between 2.99 and 3.46. The descending order of species diversity in the different soil types was Cab Medium > Black Lithomorphic > Xan Udic > Cab Udi > Cab High > Cab Low > Fec Hydragric. According to the order of the different soil types, the relationships between the soil types and the species diversity indices of the soil animals fit a polynomial curve (y = 2.75 + 0.28x − 0.06x2 + 0.04x3, R2 = 0.978). In summary, the species diversity in calcareous soil was greater than that in loamy soil, and all the changes in species diversity exhibited high variation among the different soil types (Figure 6F). This indicated that there is no significant regular distribution of soil animals in different soil types, and there is a slight trend that the soil animals in black limestone soil and yellow limestone are relatively more prevalent than in other soils. There was a great difference in species diversity among the different soil colors, and the species diversity indices under the different soil colors ranged between 2.34 and 3.95. The largest species diversity index value was in red soil, the lowest was in gray soil, and the change trend fit a polynomial curve (y = 5.27 – 1.79x + 0.55x2 − 0.06x3, R2 = 0.987). The trend of the coefficient of variation of species diversity in different soil colors was the opposite of the change in species diversity in different soil colors; the species diversity in red soil was the highest, but the change was the lowest, and the opposite was the case in gray soil (Figure 6G). In summary, the qualities of soils with bright colors can promote soil life more than the qualities of soils of other colors. The abundance of organisms in gray soil is lower, which may be the result of gray soil having properties similar to those of limestone bedrock.
4.2 Relationships among SOM, soil animals, and land use in the karst plateau basin
Because of the main distribution of soil animals in surface soil layers (Li X. D. et al., 2020), the relationships among SOM, soil animals, and land use changes are discussed mainly for the 0–20 cm soil layer. According to the information from Tables 2, 3 and Figures 1, 2, the distribution characteristics of SOM in different land uses showed a regular stepwise decrease. Among them, forestland was at the first level, significantly higher than other land uses, followed by grassland and barren land, and cultivated land and garden land were at the third level. This was because the SOM concentrations in the soil samples containing animals are generally greater than those in the soil without soil animals (Figure 2A). Moreover, the soil animal diversity of forestland, barren land, and grassland is generally greater than that of garden land and cultivated land. The diversity forestland and cultivated land are significantly greater and less than those of other land uses, respectively (Figure 7A). This result is similar to that of Lu et al.’s research, which showed a significant correlation between soil animals and SOM (p < 0.01), and the SOM concentration increases with the increasing number of soil animal species (Lu et al., 2016). In addition, the microtopography of stone basins, stone grooves, stone crevices, etc., is widely distributed in barren land grasslands, and humus is generally intercepted in these microtopographies (Huang et al., 2018; Wang et al., 2022). In forestland, there is an abundant SOM resource, and the surface soil is not washed by rainfall because of the buffering effect of tree crowns (Wang et al., 2022). According to Figure 2B, the SOM concentrations in the 0–20 cm layer of soil with Agrotis segetum are greater than those in the soil with other soil animals (Figure 7B). Moreover, the average numbers of Agrotis segetum in barren land and grassland are much greater than those in other land uses. The SOM concentrations in cultivated land and garden land are lower than those in other land uses, but their earthworm numbers are generally high (Figure 7C). This is because earthworms positively or negatively affect SOM. They can promote the accumulation and decomposition of humus and SOM (Crowther et al., 2014; Kang and Wu, 2021). Although earthworms are considered major soil animals that affect SOM conversion, it is unclear how much and how quickly they can protect SOM content (Shan et al., 2013; Tu et al., 2020). In addition, cultivated land, including paddy fields and dry land, is more disturbed by productive activities, resulting in easier loss of SOM (Wang et al., 2022; Gao et al., 2023). According to the relationships between land use types, soil animals can be summarized as two loop lines, Line A and Line B, in the karst basin area. Among these factors, land use is crucial in the cyclical process. In line A, land use affects the soil animal species and subsequently affects the SOM distribution. In line B, the distribution characteristics of SOM in the different land use types greatly differ in all the soil layers, which further affects the spatial distribution of the number of soil animals in the different soil layers (Figure 7D). For these reasons, the SOM concentrations in those land use types are greater than those in other land use types. However, the SOM concentrations in cultivated land and garden land are relatively low, but the distribution of SOM is more uniform. In summary, the coupling mechanism among land use, soil animals, and SOM in karst areas is complex, and there are multiple relationships among them. Their relationships show not only positive promotion but also negative restraint. A good land type may increase the number and abundance of soil animal species and SOM. However, microtopography, such as stone grooves and stone crevices, can affect the restructuring of the spatial distribution of SOM in karst basin areas (Huang et al., 2018; Zhang et al., 2019).
[image: Figure 7]FIGURE 7 | The relationship between SOM, soil animals, and land use: (A) the relationship between soil animals and land use; (B, C) the relationship between Agrotis segetum and land use and earthworms and land use; (D) the relationship cycle of land use, soil animals, and soil organic matter in karst.
4.3 Major factors impacting soil animals in the karst plateau basin
Figures 2, 3, 6 show the complexity of the relationships between SOM, soil animals, and different influencing factors. The distribution characteristics of each impact factor in the karst plateau basin are also complex, which means the multiple factors influencing the SOM in the karst plateau basin are complicated (Zhang et al., 2019; Wang et al., 2022). To more accurately analyze the response model of factors that affect soil animals, the key factors in karst plateau basins should be discussed (Huang et al., 2018; Zhang et al., 2019). The dimensions of the multiple factors were reduced using PCA via SPSS software (Table 4).
TABLE 4 | Principal component analysis (PCA) of environmental factors via the maximum variance method.
[image: Table 4]The first three principal components represented 82.063% of the correlation between different factors. The contribution rates of the first, second, and third principal components were 49.778%, 17.162%, and 15.123%, respectively. Among those impact factors, soil thickness and soil humidity had high positive loads on the first principal axis, and soil structure and SBD had high positive loads on the second principal axis; however, the rock outcrop and soil type had high negative loads on the third principal axis. These factors were critical on each principal axis, which revealed two positive alliance models—soil thickness-soil humidity and soil structure-SBD—and a negative alliance of rock outcrop-soil type that has a greater influence on soil animals in the karst plateau basin. According to the RDA results, the major positive impact factors of soil animal diversity mostly include soil thickness, soil humidity, and soil form, and the negative impact factor is rock outcrops (Figure 8A). The dominant species of soil animals in the study area are ants and earthworms. Among them, soil form positively influences ants, and soil humidity positively affects earthworms (Figure 8B). These results were consistent with those of Han et al. and Ye et al., who reported that the soil animal community positively responds to soil humidity, and the relationship between SOM and soil animals exhibits a significant positive correlation (Han et al., 2017; Ye et al., 2019). Zhang et al. noted that soil moisture has a significant control effect on earthworm reproduction (Zhang X. H. et al., 2020). In summary, the soil animal community was positively influenced by soil thickness, soil humidity, and soil form and negatively influenced by rock outcrop cover. In addition, the dominant species affecting the spatial distribution of SOM are ants and earthworms, which are impacted to a greater degree by soil form and soil humidity, respectively.
[image: Figure 8]FIGURE 8 | The key impact factors of soil animals: (A) soil animal diversity in response to different factors in all samples and (B) the dominant species response to different factors.
4.4 Reliability of SOM assessment under the influence of soil animals in the karst plateau basin
Soil animals are an important component of the soil ecological system and affect the translation of nutrients and energy in soil. Soil animals are often treated as mini-pulverizers of litterfall that can impact the conversion of SOM and the formation of humus. The comprehensive interaction between soil animals and soil microorganisms can stimulate the activity of soil enzymes and promote the decomposition of soil humus (Dong et al., 2016). The activities of soil animals can improve soil air permeability, soil structure, and soil fertility. For example, ants and earthworms burrow, nest, and obtain food in soil and can mix different soil layers that increase soil porosity, reduce SBD, improve soil aggregation, and promote soil nutrient cycling (Mbau et al., 2015). In addition, soil animal feces and exudation can increase the effectiveness of soil nutrients, influencing the spatial distribution characteristics of SOM in profiled soil and simultaneously impacting soil properties in direct and indirect ways (Frouz et al., 2008; Dong et al., 2016). Figure 7 shows that soil properties promote an increase in soil animals, which indicates a synergistic effect between soil animals and soil properties. The soil thickness, SBD, rock outcrop, soil structure, and soil humidity are particularly important factors affecting soil animals, and there is a significant regular distribution between soil animals under the coupling of these soil properties. There is a significant correlation between soil animals and soil properties in karst basins, and the interaction is similar to the findings of Frouz et al. (2008) and Mbau et al. (2015). Moreover, based on Figure 2, the organic matter in soil with soil animals was generally greater than that in soil with no soil animals, and the coupling mechanism was consistent with the work by Dong et al. (2016). In addition, soil properties are impacted by the synergism between different soil animals and other factors in general, and different soil animals affect SOM in different ways (Wright and Covich, 2005). The organic matter in soil with earthworms (phylum Annelida) is much greater than that in soil with other soil animals (Figure 2C), which is consistent with the results of Kisand and Tanmmert (2000), Scullion and Malik (2000), and Bradford et al. (2002). Furthermore, soil species diversity can partially promote soil quality, and the higher the species diversity index is, the better the soil structure (Figure 6E), which is consistent with the results of Berg and Mcclaugherty (2013). According to the information in Figure 3D, species diversity is a major factor promoting SOM; the higher the species diversity index is, the greater the SOM value, and the regular relationship between species diversity and SOM is consistent with studies by BjΦrnlund and Christensen (2005), and Wang et al., (2009).
In summary, there is a significant correlation between soil animals, soil properties and SOM, and soil animals not only impact different soil properties but also influence SOM. Moreover, the soil thickness, SBD, rock outcrop, soil humidity, and soil aggregates are important soil properties in karst basins (Huang et al., 2018; Li et al., 2019; Zhang et al., 2019), and the regular relationships between soil animals and SOM in karst basins are obvious. Thus, soil animal distribution characteristics are important factors that affect SOM in karst basins, and the mechanism of SOM distribution under the coupling of soil animals is partially reliable.
5 CONCLUSION
The average concentration of soil organic matter (SOM) in the Puding Basin varies between 9.23 g kg−1 and 59.39 g kg−1 across the different land uses and is ranked in descending order as follows: forestland, grassland, barren land, cultivated land, and garden land. The SOM distribution in the upper soil layers is more pronounced than that in the subsoil layers, with a notable change at a depth of approximately 60 cm. Soils containing soil animals generally have higher SOM concentrations than those without. Higher SOM levels are associated with greater species diversity, and both diversity and SOM decrease with increasing soil depth. Large variability in SOM was observed under the influence of different soil animal phyla. Soils with Annelida, particularly earthworms, exhibited higher SOM concentrations than did the other soils. Soils with Agrotis segetum also have elevated SOM levels. Annelida greatly improved soil quality, fertility, and nutrient availability in karst basins. The major species influencing the SOM distribution were Agrotis segetum, which affects surface layers, and earthworms, which facilitate deeper organic matter penetration. Earthworms thrive at relatively high soil humidity and thickness but are negatively impacted by rock outcrops. The spatial distribution of soil animals is positively influenced by interactions between soil thickness, humidity, structure, and bulk density and is negatively influenced by rock outcrops and soil types. Soil animal diversity is mostly affected by soil thickness, humidity, and structure. Land use type is also crucial in influencing SOM distribution; beneficial land use increases soil animal diversity and abundance, promoting SOM accumulation. Microtopography greatly impacts SOM in karst basins by altering its spatial distribution. Overall, land use and soil animals are critical factors affecting SOM, with complex relationships influenced by spatial heterogeneity in karst environments. Therefore, more accurate methods are needed to assess SOM in these areas for further study.
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