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Abstract

:

The world’s natural wetlands, which have important ecological functions, are being lost at an alarming rate. The erosion and deposition of soil on wetlands is a major cause of wetland conversion to agriculture. An urgent problem to be solved is how to slow down the erosion and deposition of wetlands resulting from land use. Land use patterns affect soil properties, thereby affecting soil aggregate stability and erodibility. Evaluating the effects of land use patterns on soil aggregate stability and erodibility in small watersheds of wetland ecosystems of karst plateau is of great importance. Thus, we compared the soil properties, aggregate stability indicators and soil erodibility of shrubland, grassland, artificial forest land and sloping farmland for evaluating the impact of various land use patterns on soil aggregate stability and erodibility in typical karst plateau wetland ecosystems. Our results showed that the mass fraction of soil aggregates > 0.25 mm was the main component in the four land uses, with greater variation in aggregates > 5 mm; overall, MWD, GMD and WSA0.25 were higher in grassland and shrubland than in sloping farmland and artificial forest land, while K values, PAD and SCAI showed the opposite trend. Correlation analysis showed that effective soil nutrients had a positive effect on soil aggregate stability. In conclusion, the stability of soil aggregates and resistance to soil erosion were strongest under the influence of shrubland. Our study showed that shrubland can better improve soil aggregate stability and erosion resistance, which may provide a guide for protecting and restoring karst plateau wetland ecosystems.
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1. Introduction


Wetlands are one of the most important ecological systems and habitats for many organisms on Earth. Wetlands around the world are being lost at an alarming rate due to global climatic change, soil erosion and human activities (such as agriculture and lake reclamation). Over the last three centuries, about 3.4 million square kilometres (2% of the Earth’s land area) of wetlands have been lost, mainly to rice and marshland [1]. Soil loss is the most widespread land degradation process worldwide [2,3] and is one of the key drivers of wetland agriculturalization. Caohai is not only one of the world’s top ten plateau wetlands, but also one of the few natural freshwater plateau lakes in a similar latitude on Earth. It is an important natural resource with unique characteristics and global importance [4,5]. However, human activities and changes in land use have exacerbated soil erosion, seriously threatening Caohai’s ecological stability in recent years. The stability and erodibility of soil aggregates are important for the prediction of soil water loss and soil erosion [6,7]. Therefore, studying the stability of soil aggregates is crucial to protect productive capacity and minimise soil erosion and environment pollution caused by soil deterioration [8,9,10].



Land use pattern is an important determinant of soil quality, as land use changes soil structure, nutrient and microbial properties over time [11,12]. As one of the physical properties of soil, soil aggregate stability is an essential indicator for evaluating soil quality and a measure of soil degradation under land use change [6]. Research has indicated that land use patterns affect the soil aggregate stability [7,13]. For example, grassland and forest have higher soil aggregate stability than agricultural land and bare land [7,14,15].



Studies conducted in recent decades have also mainly explored the impacts on soil aggregates of restoration of vegetation, soil type and tillage type, and they have produced results [9,13,16,17,18]. For example, natural shrub aggregates exhibited the best stability, according to Dou et al. (2020) [13] investigated the influence of various vegetation restoration techniques on the stability of soil aggregates in the Loess Plain. Furthermore, soil aggregate stability and related nutrient dynamics have also been studied [19,20,21]. However, previous studies have failed to consider widely applicable indicators for the assessment of soil aggregate stability [18,22], and the stability of soil aggregation under various land use patterns in small watersheds of karst wetland ecosystems is still unknown.



Furthermore, soil erodibility describes the difficulty of eroding the soil and indicates the soil’s susceptibility to erosion and migration caused by external erosion [23]. Studies have shown that the main drivers of soil erodibility variation with land use pattern are soil and plant characteristics [24]. Wang et al. (2019) [24] and Chen et al. (2023) [25] evaluated soil erosion variation with land use pattern in typical small watersheds in the Loess Plateau and Northeast China, respectively. The results showed that shrubland and the horizontal forest belt had the lowest soil erodibility. The soil erodibility of fenced grassland was shown to be low by Zhou et al. (2022) [18]. USLE, EPIC, RUSLE2 and other models are often used for karst soil erodibility studies to evaluate erodibility of large and medium basins [10,26]. Thus, differences in land use patterns in different regions and resulting vegetation and climate changes often result in non-universality of erodibility of soil aggregates [25]. Due to the effect of region, land use pattern, slope and other environmental variables, most researchers have studied soil aggregate stability and erodibility in different regions and land use patterns, with slightly different results [17]. Moreover, reports on soil aggregates in karst areas have not combined various land use patterns to comprehensively evaluate soil aggregate stability and erodibility, especially in karst plateau wetland ecosystems.



Global wetland area worldwide has decreased dramatically in recent years due to climatic change and the rapid expansion of agriculture, which has negatively impacted the function of wetland ecosystems [27]. Caohai Lake is a typical Chinese subtropical karst plateau wetland ecosystem, and its ecological milieu is highly representative in terms of its vulnerability, typicality, significance and biodiversity [28] and has also faced serious threats to its ecological environment. On the one hand, the surface around the Caohai Lake basin is exposed and precipitation in Caohai more concentrated, and high surface runoff and strong soil erosion cause the accumulation of large amounts of sediment to be carried into the lake [29]. On the other hand, change in land use patterns/ human activities have created environmental problems like soil erosion in recent decades, seriously threatening the sustainability of wetland ecosystems themselves and their ecological services [30,31]. Soil erosion is a primary contributor to land degradation, and land use patterns are an important factor influencing the intensity of soil erosion and its spatial distribution [3,32]. Therefore, studying the stability and erodibility of soil aggregates is crucial for comprehending the impact of land use patterns on soil erosion in the region to help maintain the stability of the ecosystem and improve its service function. However, the understanding of the effects of various land use patterns on soil aggregate stability and soil erodibility remains limited. How do land use patterns in the surrounding sub-basins of the Caohai ecosystem change soil aggregate stability and soil erodibility? What land use patterns are most effective in improving soil aggregate structure? Therefore, it is necessary to evaluate the spatial changes in soil aggregate stability and erodibility under different land uses to help determine appropriate land use patterns to reduce soil erosion and land degradation, thereby maintaining the stability of the ecosystem and enhancing its service functions.



We selected four land use types for their effect on soil aggregate stability and erodibility in small watersheds of a typical karst plateau wetland ecosystem. The study aimed to do as follows: (1) analyse the effects of different land use patterns on the distribution of soil aggregate components and the water stability of aggregates; (2) explore the response of soil erodibility to different land use patterns and evaluate which land use pattern is most effective in improving soil erosion resistance. These results may provide a basis for further evaluation of the protection and restoration of karst plateau wetland ecosystems.




2. Materials and Methods


2.1. Study Area


The research region is located in the Shahe small watershed (E 104°17′–104°18′, N 26°50′–26°51′) near the Caohai Wetland Conservation Area in Caohai Town, Weining Yi, Miao and Hui Autonomous County, Guizhou Province, China. The watershed has a land area of about 1.12 km2, a length from north to south of 1243 m, a width from east to west of 1109 m, a maximum elevation of 2311 m, a minimum elevation of 2182 m and a relative altitude of 125 m. The average annual temperature is 10.6 °C, the average annual rainfall is 950 mm and the average annual sunshine is 1805.4 h. The study area belongs to a karst and denuded hilly terrain, with a steamed-bun-shaped hilltop extending from east to west, and sandstone and dolomite as bedrock. Yellow soil (classified in the FAO Taxonomy as Haplic Acrisol) is the soil type. The main land use patterns in the study area are artificial forest land (AFL), shrubland (SL), sloping farmland (SF), and grassland (GL). Sloping farmland and grassland are the two main areas of economic value in the region. Artificial forest land has Yunnan Pine (Pinus Yunnanensis) and Huashan Pine (Pinus armandii Franch) as the main vegetation. In shrubland, firethorn (Pyracantha fortuneana) and huckleberry (E. pungens), are dominant, with a plant height of about 2.2 m and a vegetation cover of 46%. AFL and SL slopes are mainly 5–15°, and some AFL and SL slopes reach 15–25°. Sloping farmland has an average slope of 5–10°, 77% of which is prone to soil erosion, with maize (Zea mays) and potatoes (Solanum tuberosum) as the main crops. Grassland, with an average slope of 5–10°, with ryegrass (Lolium perenne L.) and alfalfa (Medicago sativa) as the main crops, is the main pasture for sheep farms. AFL and SL have a limited community structure, low vegetation cover, poor vegetation growth, thin soil layers and serious soil sandification.




2.2. Soil Sampling and Treatments


2.2.1. Experimental Design and Field Sampling


Sampling plots were set up in the Shahe small watershed of the Caohai wetland on the Guizhou karst plateau (Figure 1 and Table S1). We adopted the grid method for sampling site distribution, that is, two adjacent sampling sites were separated by 100 m. Sampling was carried out using the ‘S’ method, taking five 0–20 cm soil samples within a 10 m radius of the grid site and mixing these five samples into one mixed sample representing the plot. The GPS was used to record the specific geographical data of the sampling plots and to determine the specific location of the sampling sites. A total of 70 sampling plots (15 GL, 20 SL, 22 SF and 13 AFL) were collected in plastic baggies and taken to the laboratory. The soil samples for the determination of soil physicochemical properties were ground and sieved through 2 mm and 0.25 mm sieves to remove roots and stones.



The undisturbed soil was brought back to the laboratory in an aluminium box, cleaned of roots and stones, and dried. We then weighed 500 g of the soil samples and obtained 5 mm soil aggregates by dry sieving. According to the proportion of each aggregate size, 50 g mixed soil samples containing different aggregate components were matched, and water stable aggregates of different sizes were obtained by the wet sieving method [18,33].



Natural soil water content (SWC) was determined by the drying method. Soil bulk density (BD) values were determined by cutting ring water immersion. Soil pH was measured by extraction of liquid from a soil–water mixture (ratio of 1:5) [34]. Soil organic carbon (SOC) content was determined by oxidation with potassium dichromate under external heating. Total nitrogen (TN) was measured by the Kjeldahl method [35], and the available nitrogen (AN) was determined by the Conway method. The total phosphorus (TP) was measured by Mo-Sb colourimetric method, and the available phosphorus (AP) was extracted with 0.5 mol·L−1 NaHCO3 (pH = 8.5) and then determined by colourimetric analysis.




2.2.2. Calculation of Soil Index


Mean weight diameter (MWD), geometric mean diameter (GMD), fractal dimension (D values), the specific gravity of large water stable aggregates proportion (WSA0.25), percentage of aggregate destruction (PAD) and SOC cementing agent index (SCAI) [36] were calculated using the following equations:


  MWD =   ∑    i = 1    n         x  ‾    i     y   i     /   ∑    i = 1    n     y   i    



(1)






  GMD = exp     ∑    i = 1    n     y   i   ln     x  ‾    i   /   ∑    i = 1    n     y   i      



(2)




where xi is the ith aggregate particle size mean diameter, and yi is the ith aggregate particle size weight.


   ( 3 - D ) log      d   i   /   d   max     = log     W      δ <    d   i       /   W   0      



(3)




where W(δ < di) is the cumulative mass of soil particle diameters of less than di, and W0 is the sum of the masses of all soil particles.


  PAD =   W −   W   ′     W   ×  100 %   



(4)




where W and W0 are the dry and wet sieved content, respectively, of >0.25 mm aggregates.


    WSA   0.25   =     M    r > 0.25        M   T     ×  100 %   



(5)




where Mr is the content of each aggregate (g), and MT is the total content of the aggregates.


  SCAI =   MWD   SOC    



(6)







SOC is soil organic carbon content (%), MWD is the mean weight diameter (mm).



The soil erodibility value (KShirazi), calculated using the Shirazi formula, correlated strongly with the measured K value in different soil erosion areas in China; the estimated level of soil erodibility (K) in a karst plateau [9,18] were calculated as follows:


    K   Shirazi   =  7.954   ×    0.0017 + 0.0494 × exp   − 0.5 ×       logGMD + 1.675   0.6986       2        



(7)






    K = − 0.00911 +  0.55066 K    Shirazi    



(8)









2.3. Statistical Analysis


To test the significance of SOC, TN, TP, AN, SWC, BD, pH under various land use patterns or between various slope positions, a one-way ANOVA with LSD test was used with a p-value threshold of less than 0.05 [26]; Pearson correlation test was used to obtain the correlation between the soil agglomerate fraction, MWD, GMD and K value and soil properties, and the significant indicators under various land use patterns were selected for principal component analysis (PCA) to calculate the overall soil agglomerate stability score (F value) [18].





3. Results


3.1. Basic Physical and Chemical Properties of Soil in Different Land Use Patterns


The basic physical and chemical characteristics of the soils of four land use patterns are shown in Table 1. Overall, results indicated no significant variations in SOC, TN and AN among the four different land use patterns. For TP and AP, SF and AFL were significantly higher than GL and SL. Furthermore, there were no significant variations (p < 0.05) in SWC, BD and pH for different slope locations for the different land use patterns. Within the AFL, however, there were slight differences in TP, SWC and pH between slope locations. The results indicated that slope, except for SOC and AP, had a relatively minor influence on physical and chemical properties.




3.2. Distribution of Soil Water Stable Aggregate Fractions in Soils


The distribution of soil water stable fractions differentiated by land use is given in Figure 2. Overall, the proportion of soil aggregate mass of the various land use patterns was mostly concentrated in >0.25 mm. In >0.25 mm, the change of >5 mm was greater, and the maximum value of SL appeared (46.66%), while the change of 5–2 mm, 2–1 mm and 0.5–0.25 mm was relatively stable. For 1–0.5 mm and 0.5–0.25 mm, SF and AFL were significantly higher than GL and SL. For <0.25 mm, SF > AFL > GL > SL. Generally, SL and GL had a greater proportion of large soil aggregates than SF and AFL.




3.3. The Water Stability of Soil Aggregates under Different Land Uses


The water stability of soil aggregates under four vegetation restoration treatments is shown in Figure 3. Overall, for MWD and GMD, GL and SL were significantly higher than SF and AFL (p < 0.05). On the contrary, for PAD, SF and AFL are significantly higher than GL and SL (p < 0.05). For PAD, indicating a stable trend of soil aggregates, there was a descending trend from the upper slope to the lower slope. For D, there was no significant variation in D between different slope positions of four different land use patterns (p < 0.05). For WSA0.25, the upper slope was lower than the middle slope and the lower slope. The overall level of SL was higher. However, for SCAI, SL was lowest for WSA0.25. In general, except for the SCAI, there was no significant differences in other indices for each slope position of each land use pattern (p < 0.05).




3.4. The Comparison of the Soil Erodibility


The comparison of soil erodibility is shown in Figure 4. Overall, the k-values varied from 0.144 to 0.190; GL and SL had considerably lower k-values than SF and AFL did (p < 0.05), and there was no significant variation in different slope positions of each land use pattern. The erosion resistance of different land use patterns was GL > SL > AFL ≈ SF. This indicated that the erosion from cultivated land to soil was greater.




3.5. Correlation between Soil Properties and Soil Water Stable Aggregate Fraction


According to the correlation analysis (Figure 5), overall, BD was significantly positively correlated with >5 mm, MWD, GMD and SCAI, and significantly negative correlated with 2–1 mm, 1–0.5 mm, 0.5–0.25 mm and K. PH had a positive correlation with >5 mm, 5–2 mm, MWD, GMD and WSA0.25 and had a negative correlation with 0.5–1 mm, 0.25–0.5 mm, PAD and K. AP was positively correlated with 2–1 mm, 1–0.5 mm, PAD and K and had a negative correlation with >5 mm, MWD, GMD, WSA0.25 and SCAI. AN was significantly positively correlated with MWD, GMD and WSA0.25 and significantly negatively correlated with <0.25 mm, PAD and K. TN, TP and SOC were significantly negatively correlated with SCAI (p < 0.05).




3.6. Comprehensive Evaluation of Soil Aggregate Stability


The four PCAs explained 72.511% of the total variance, satisfying the principal component (PC) requirement (Table 2). The factor loading matrix data for each index were divided by the square root of the PC eigenvalues to calculate the coefficients for the two PCs. The obtained coefficients were multiplied by the normalised data to obtain the formula for each PC as follows:


F1 = −0.134X1 − 0.019X2 + 0.033X3 − 0.047X4 + 0.066X5 + 0.019X6 − 0.042X7 − 0.013X8 + 0.244X9 + 0.236X10 + 0.189X11 − 0.004X12 − 0.245X13 + 0.196X14










F2 = 0.21X1 + 0.029X2 + 0.204X3 + 0.338X4 + 0.212X5 + 0.245X6 + 0.06X7 + 0.087X8 + 0.01X9 + 0.031X10 + 0.012X11 + 0.056X12 + 0.012X13 − 0.237X14










F3 = 0.548X1 + 0.397X2 + 0.176X3 + 0.188X4 − 0.092X5 − 0.034X6 − 0.282X7 − 0.269X8 − 0.043X9 − 0.019X10 − 0.015X11 + 0.012X12 + 0.054X13 − 0.17X14










F4 = 0.003X1 + 0.059X2 − 0.105X3 + 0.077X4 + 0.031X5 + 0.061X6 + 0.12X7 + 0.017X8 + 0.158X9 + 0.179X10 − 0.195X11 + 0.825X12 + 0.177X13 + 0.085X14











The combined PC score for resistance to soil erosion (composite score) was calculated by dividing the contribution of each PC by the total contribution of PCs 1 to 4 as weights, giving the following equation:


F = 0.395F1 + 0.314F2 + 0.173F3 + 0.118F4











The comprehensive evaluation of soil aggregate stability and soil erosion resistance are shown in Figure 6. Our results showed that for the upper slope and the low slope, SL got the greatest comprehensive score, and SF had the lowest comprehensive score (Figure 6a,c). For the medium slope, SL had the highest comprehensive score, and AFL had the lowest comprehensive score (Figure 6b). Overall, SL > GL > AFL > SF in the comprehensive score of all land use patterns (Figure 6d).





4. Discussion


4.1. Influence of Different Land Use Patterns on the Particle Size Distribution of Aggregates


The distribution of soil aggregate sizes responds rapidly to land use changes and may act as an indication of soil quality [37]. The results we obtained indicate that the distribution of soil aggregate mass percentage is mainly concentrated in >0.25 mm for water stable aggregates of all land use patterns. This result was also reported by Xiao et al. (2017) and Liao et al. (2016) [38,39], who also conducted their studies in karst areas. Different land use patterns could cause changes in soil agglomerate dynamics, and Gelaw et al. (2015) [40] reported that after conversion of agricultural land to Faidherbia albida plantations, the proportion of soil macroaggregates at 0–20 cm soil depth increased by 68.2%, while a percentage of microaggregates decreased by 48.0%, indicating that macroaggregates and microaggregates have different sensitivities to land use pattern. Dou et al. (2020) and Zhou et al. (2022) [9,18] found that soil aggregates < 0.25 mm were dominant. This differs from the results presented here, which may be attributed to variations in soil texture, vegetation type and soil depth across the Loess Plateau. The magnitude of change in aggregates of 5–2 mm, 2–1 mm and 0.5–0.25 mm is relatively stable compared to >5 mm, due to changes in land use that generally result in the destruction or formation of soil aggregates [41], while vulnerability to water erosion is more likely to destroy soil aggregates of >5 mm [9,42]. For <0.25 mm, we found that SF was more degraded than other land types, with a mass fraction of microaggregates as high as 37.21%. This may be attributed to the greater disturbance of the overlying vegetation on sloping land, which is degraded by severe water erosion and the ease with which large aggregates are broken down into smaller aggregates, which is in agreement with the findings of this and early research [9,43].



In addition, GL and SL have more large soil aggregates compared to SF and AFL. This result could be explained by the fact that a large number of Lolium perenne L., Medicago sativa, Coriaria nepalensis and other plants are planted in SL and GL, and their above-ground biomass is higher, resulting in more roots or litter, thus promoting the formation of large aggregates. Sheng et al. (2019) [41] also showed that in grasslands, the continuous input of plant residues promotes the aggregation of soil particles, leading to the formation of microaggregates into large aggregates, thereby increasing large aggregates and decreasing small aggregates. In other words, an increase in the mass fraction of large aggregates leads to a corresponding increase in aggregate stability, which facilitates the maintenance and accumulation of nutrients such as soil SOC; conversely, an increase in soil organic carbon promotes the formation of macroaggregates.




4.2. Response of the Stability of Soil Aggregates to Different Land Use Patterns


Land use affects soil aggregate particle size distribution and stability [44]. The stability of soil aggregates is significant for the stability of soil aggregates under land use change and is an index for assessing soil quality [45]. The WSA0.25, MWD and GMD are key indices for evaluating the stability of soil aggregates. The higher their values, the better the stability [9,46]. In our study, WSA0.25, MWD and GMD of soil aggregates were greater in SL and GL than in SF and AFL, especially in SL. Pyracantha fortuneana and Coriaria nepalensis, both of which have dense root systems. The stability of large aggregates may be protected by their strong soil and water conserving capacity. In addition to other soil and environmental factors, the kind of land use or land cover have a significant impact on soil aggregate stability [17]. Liu et al. (2020) [26] indicated that soil aggregate stability could respond rapidly to changes in land use, and results also showed that soil aggregate stability was significantly lower in karst farmland than in abandoned farmland and primary vegetation. Additionally, earlier studies have also indicated that cultivated land has substantially less soil aggregate stability than other land uses [14]. Tilled soils are more prone to water erosion than shrubland and grassland, leading to a significant reduction in the stability of soil aggregates, whereas no-tillage can enhance macroaggregate stability [47]. Therefore, in comparison to tilled land, SL can protect soil aggregate integrity and improve soil aggregate stability.



Fractal dimension (D), as well as being one measure of soil stability, is also be used as a substitute indication to describe the processes leading to desertification [48]. PAD is a crucial indication of aggregate stability and measures the degree of dispersion between soil aggregates under water erosion. Soil aggregates have a decreasing value as they become more stable. And SCAI was used to show the relationship between SOC content and soil aggregate stability [36]. The lower the value of SCAI, the higher the stability of the soil aggregates. The results showed that the PAD of SL and GL are lower, but there was no significant difference in D between the different land use patterns. SL and GL crops can improve soil water stability and reduce aggregate degradation. The change trend of SCAI shows that SL surface soil organic matter is higher, and organic carbon has a greater consolidating effect on soil aggregates [36], which promotes the formation of large aggregates. In addition, except for SCAI, there is no significant difference in each index of different slope positions. The effect of slope position is small, probably because the elevation of different slope positions of each land use pattern is not large in the study area.




4.3. Effects of the Pattern of Land Use on the Soil Erodibility


Soil erodibility K-value can reflect soil physical structure stability and is also an important parameter to evaluate soil conservation effect [9,24,49]. The soil is less prone to erosion, the lower the K value. Our results show that the erosion resistance of the different land use patterns is in the order GL > SL > AFL ≈ SF. This is in line with those of previous studies [9,24], which indicate that the soil erosion degree of scrubland is lighter for all land use patterns. In karst areas, the EPIC model is often used to assess soil erodibility. For example, Luo et al. (2022) [50] utilised the EPIC model to evaluate soil erodibility in karst areas, with an evaluation range of 0.0436–0.0520. The K value of vegetable fields and terraces is the highest, while that of natural mixed forests is the lowest. The limitation of this method, however, is that it does not take into account the permeability of the soil associated with large aggregates [26]. In addition, calcium in calcareous soils could have a serious impact on aggregate formation and soil structure and hence, on soil erosion [26,51].



Research has shown that soil erodibility is influenced not only by soil properties [52] but also by land use patterns and soil management practices [45]. Globally, soil erosion is lower in scrubland and higher in cropland [53], with the worst soil erosion occurring on bare land [54]. According to Wang et al. (2019) [9], agricultural land has significantly greater soil erodibility than forest, grassland, arbour forest and shrub land. On the one hand, the increase in vegetation also increased soil resistance, resulting in a significant decrease in the ability of surface runoff to strip soil [55]. On the other hand, the increase in aboveground biomass after the conversion of sloping farmland to land covered with different vegetation increased organic matter, improved soil fertilities and promoted the formation of new and richer aggregates [56,57], which increased the stability of soil aggregates and thereby increased soil resistance to erosion. Therefore, improving the stability of soil aggregates and reducing soil susceptibility to erosion can be achieved through vegetation measures [58].




4.4. Correlation between Soil Aggregate Stability Index and Soil Properties


Soil aggregate stability and soil erodibility are significant indications of soil degradation [6,59]. In this work, we noted that the negative correlation between BD and K-factor indicates that increasing soil bulk density reduces soil macropores, which in turn reduces the production of large aggregates. BD had a negative effect on the percentage of soil aggregates < 2 mm. To some extent, BD inhibits plant root growth and reduces soil microbial activity, thereby limiting aggregate formation [18] and reducing soil permeability and erosion resistance. The negative correlation between AP and >5 mm indicates that the larger the particle size of soil aggregates, the smaller the specific surface area and the weaker the adsorption capacity of nutrients available in the soil [60]. SOC, TN and TP had significantly negative correlations with SCAI. This indicates that increased soil stability leads to higher C, N and P nutrient contents, lower organic matter decomposition rates and higher amounts of organic matter that are kept in the soil, all of which are favourable for the buildup of soil organic matter. Organic matter is a crucial binder for forming soil water-stable macroaggregates, which can promote macroaggregate formation [18]. Therefore, the destruction of aggregates is reduced, which plays a role in forming and protecting aggregates, resulting in reduced soil erodibility. In addition, increasing the proportion of large aggregation in soils has been identified as a key breakthrough for improving soil fertility and soil environmental quality [61].




4.5. The Limit of Study


In this study, the effects of four land use patterns on the stability and erodibility of soil aggregates in a typical karst plateau wetland ecosystem were evaluated. This study adds to our understanding of soil aggregate stability and erodibility under different land use patterns in karst plateau wetland ecosystems. Before drawing conclusions, however, some limitations should be highlighted. Firstly, research should be further extended to other depths [9,18,26], as this study is limited to the surface layer of soil. Second, the results of our research show that, under four land use patterns, the physical and chemical characteristics of the soil and the stability of the aggregates at the three slope locations did not significantly differ from one another. This might be because there was no significant difference in soil properties in geospatial locations, as the elevation of the slope positions in the study area was not very different. Finally, small catchment sampling is limited. In future studies, more sampling plots should be considered, more samples should be extended and more land use patterns should be combined to obtain accurate, reliable information on soil aggregate stability and erodibility.





5. Conclusions


The effects of different types of land use on the stability and erodibility of soil aggregates were studied in a typical wetland ecosystem of the Guizhou karst plateau. The results indicated that soil aggregates were predominantly large aggregates > 0.25 mm; soil aggregate stability was highest under SL, followed by GL and lowest under SF. Furthermore, under different slopes of the same land use, there was no obvious difference in the stability of soil aggregates. Overall, land use significantly affects soil aggregate stability and erodibility, particularly for SL. This study helps to better understand the stability of soil aggregates under various land use types in the karst plateau wetland ecosystem and to develop control strategies for soil erosion and improve soil qualities.
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Figure 1. The location of the study area. Note: The numbers in the figure represent the sampling point numbers. 
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Figure 2. The percentage of soil water stable aggregate fractions under different land use patterns. Subfigures (a–d) represent the percentage of soil water stable aggregate fractions with different slopes in SF, GL, AFL, and SL, respectively. Subfigure (e), the percentage of soil water stable aggregate fractions with different land use patterns. Note: US, upper slope; MS, middle slope; LS, lower slope. AFL, artificial forest land; SL, shrubland; SF, sloping farmland; GL, grassland. Different lowercase letters indicate significant differences between different water stable aggregate fractions at the 0.05 level (p < 0.05). 
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Figure 3. The soil stability indexes under different land patterns. Subfigures (a–f): MWD, GMD, WSA0.25, D, PAD, and SCAI in different slopes and land patterns, respectively. Note: US, upper slope; MS, middle slope; LS, lower slope. AFL, artificial forest land; SL, shrubland; SF, sloping farmland; GL, grassland. Uppercase letters (A, B, C…) show significant differences across land use patterns on the same slope (p < 0.05), lowercase letters (a, b, c…) indicate show significant differences across between slope positions on the same land use pattern (p < 0.05). 
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Figure 4. Soil erodibility (K value) under various land use patterns. Note: US, upper slope; MS, middle slope; LS, lower slope. AFL, artificial forest land; SL, shrubland; SF, sloping farmland; GL, grassland. Uppercase letters (A, B, C…) show significant differences across land use patterns on the same slope (p < 0.05), lowercase letters (a, b, c…) indicate show significant differences across between slope positions on the same land use pattern (p < 0.05). 
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Figure 5. The correlations between soil properties and soil water stable aggregate fractions, soil stability indexes and K values. Note: the mean correlation coefficients shown by *, **, and *** are significant at the 0.05, 0.01 and 0.001 levels, respectively. SWC, soil water content; BD, soil bulk density; pH, soil pH; SOC, soil organic carbon; TN, total nitrogen; TP, total phosphorus; AN, available nitrogen; AP, available phosphorus; W > 5 mm, % of water stable aggregates > 5 mm; W5-2 mm, % of water stable aggregates 5–2 mm; W2-1 mm, % of water stable aggregates 2–1 mm; W1-5 mm, % of water stable aggregates 1–0.5 mm; W0.5-0.25 mm, % of water stable aggregates 0.5–0.25 mm; W < 0.25 mm, % of water stable aggregates < 0.25 mm; GMD, geometric mean diameter; MWD, mean weight diameter; PAD, percentage of aggregate destruction; D, fractal dimension; WR0.25, WSA0.25 > 0.25 mm aggregate specific gravity; SCAI, SOC cementing agent index; K, soil erodibility. 
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Figure 6. Comprehensive scores of different land patterns. Subfigures (a–c) show comprehensive scores for upper, middle, and lower slopes, respectively, and (d) shows scores for different land patterns. Note: US, upper slope; MS, middle slope; LS, lower slope. AFL, artificial forest land; SL, shrubland; SF, sloping farmland; GL, grassland. 
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Table 1. Basic soil properties of different land patterns.
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Types

	
Slope

	
SOC (g kg−1)

	
TN (g kg−1)

	
TP (mg kg−1)

	
AN (g kg−1)

	
AP (mg kg−1)

	
SWC (%)

	
BD (g cm−3)

	
pH




	
Position






	
Sloping farmland

	
US

	
23.56 ± 5.16 Aa

	
0.28 ± 0.02 ABa

	
0.52 ± 0.06 Aa

	
112.63 ± 11.80 ABa

	
14.05 ± 3.01 ABa

	
17.23 ± 1.13 Aa

	
1.38 ± 0.06 Cb

	
7.17 ± 0.34 Aa




	
MS

	
17.74 ± 2.88 Aab

	
0.28 ± 0.02 Aa

	
0.37 ± 0.06 ABa

	
106.76 ± 12.38 Aa

	
9.18 ± 2.20 Ab

	
19.17 ± 1.17 Aa

	
1.63 ± 0.07 Aa

	
6.77 ± 0.34 Aa




	
LS

	
22.45 ± 1.85 Aa

	
0.30 ± 0.03 Aa

	
0.45 ± 0.05 Aa

	
111.49 ± 6.11 Aa

	
13.21 ± 2.16 Aa

	
15.77 ± 1.87 Aa

	
1.53 ± 0.05 Cab

	
7.05 ± 0.43 Aa




	
Grassland

	
US

	
25.10 ± 4.10 Aa

	
0.32 ± 0.02 Aa

	
0.52 ± 0.08 Aa

	
126.70 ± 14.93 Aa

	
9.36 ± 1.73 ABa

	
17.07 ± 1.09 Aa

	
1.73 ± 0.07 ABa

	
7.35 ± 0.26 Aa




	
MS

	
19.07 ± 4.59 Aab

	
0.29 ± 0.03 Aa

	
0.53 ± 0.12 Aa

	
142.98 ± 9.55 Aa

	
9.51 ± 2.67 Aa

	
17.30 ± 0.97 Aa

	
1.79 ± 0.04 Aa

	
7.27 ± 0.22 Aa




	
LS

	
20.68 ± 3.45 Aa

	
0.24 ± 0.01 Aa

	
0.33 ± 0.03 Ba

	
95.69 ± 6.95 Ab

	
4.68 ± 1.10 Bb

	
19.72 ± 1.87 Aa

	
1.92 ± 0.04 Aa

	
7.58 ± 0.11 Aa




	
Artificial forest land

	
US

	
19.44 ± 4.69 Aab

	
0.23 ± 0.03 Ba

	
0.21 ± 0.02 Bb

	
77.76 ± 16.49 Ba

	
2.77 ± 1.79 Ba

	
19.31 ± 1.23 Aab

	
1.84 ± 0.06 Da

	
7.72 ± 0.10 Aa




	
MS

	
13.12 ± 4.61 Ab

	
0.24 ± 0.04 Aa

	
0.25 ± 0.02 Bab

	
83.11 ± 21.56 Ba

	
1.87 ± 0.98 Ba

	
15.39 ± 2.17 Ab

	
1.63 ± 0.13 Aa

	
6.33 ± 0.43 Ab




	
LS

	
24.48 ± 9.35 Aa

	
0.23 ± 0.07 Aa

	
0.29 ± 0.03 Ba

	
83.92 ± 19.63 Aa

	
2.57 ± 0.69 Ba

	
20.91 ± 1.17 Aa

	
1.80 ± 0.05 ABa

	
6.96 ± 0.53 Aab




	
Shrubland

	
US

	
22.23 ± 5.17 Aa

	
0.27 ± 0.03 ABa

	
0.29 ± 0.03 Ba

	
109.63 ± 12.53 ABa

	
4.03 ± 0.89 Ba

	
17.66 ± 2.18 Aa

	
1.63 ± 0.07 Ba

	
7.56 ± 0.15 Aa




	
MS

	
26.30 ± 7.72 Aa

	
0.28 ± 0.03 Aa

	
0.28 ± 0.03 Ba

	
126.54 ± 28.56 Aa

	
2.378 ± 0.43 Ba

	
19.76 ± 1.87 Aa

	
1.70 ± 0.06 Aa

	
6.78 ± 0.47 Aa




	
LS

	
22.61 ± 6.59 Aa

	
0.28 ± 0.03 Aa

	
0.27 ± 0.02 Ba

	
106.54 ± 21.63 Aa

	
2.94 ± 0.88 Ba

	
18.65 ± 1.55 Aa

	
1.73 ± 0.04 Ba

	
7.25 ± 0.33 Aa








Note: Uppercase letters (A, B, C…) show significant differences across land use patterns on the same slope (p < 0.05), whereas lowercase letters (a, b, c…) indicate significant differences between slope positions (p < 0.05). US, upper slope; MS, middle slope; LS, lower slope. Soil organic carbon (SOC), total nitrogen (TN), total phosphorus (TP), available nitrogen (AN), available phosphorus (AP), and soil water content (SWC). Soil bulk density (BD) and soil pH (pH).













 





Table 2. Loading matrix and standardized coefficients based on PC analysis.






Table 2. Loading matrix and standardized coefficients based on PC analysis.





	
Indexes

	
PCs

	
Coefficient Matrix




	

	
PC1

	
PC2

	
PC3

	
PC4

	
1

	
2

	
3

	
4






	
X1

	
0.096

	
−0.124

	
0.662

	
0.239

	
−0.134

	
0.210

	
0.548

	
0.003




	
X2

	
0.365

	
−0.502

	
0.385

	
0.191

	
−0.019

	
0.029

	
0.397

	
0.059




	
X3

	
0.369

	
0.470

	
0.291

	
−0.004

	
0.033

	
0.204

	
0.179

	
−0.105




	
X4

	
0.081

	
0.795

	
0.301

	
0.24

	
−0.047

	
0.338

	
0.188

	
0.077




	
X5

	
0.208

	
0.826

	
−0.039

	
0.061

	
0.066

	
0.212

	
−0.092

	
0.031




	
X6

	
0.089

	
0.827

	
0.033

	
0.123

	
0.019

	
0.245

	
−0.034

	
0.061




	
X7

	
−0.467

	
0.534

	
−0.293

	
0.066

	
−0.042

	
0.060

	
−0.282

	
0.120




	
X8

	
−0.331

	
0.656

	
−0.235

	
−0.036

	
−0.013

	
0.087

	
−0.269

	
0.017




	
X9

	
0.947

	
0.079

	
−0.172

	
0.136

	
0.244

	
0.010

	
−0.043

	
0.158




	
X10

	
0.945

	
0.100

	
−0.146

	
0.172

	
0.236

	
0.031

	
−0.019

	
0.179




	
X11

	
0.754

	
0.193

	
0.014

	
−0.229

	
0.189

	
0.012

	
−0.015

	
−0.195




	
X12

	
0.010

	
−0.215

	
−0.300

	
0.906

	
−0.004

	
0.056

	
0.012

	
0.825




	
X13

	
−0.933

	
−0.174

	
0.056

	
0.234

	
−0.245

	
0.012

	
0.054

	
0.177




	
X14

	
0.564

	
−0.527

	
−0.352

	
−0.046

	
0.196

	
−0.237

	
−0.17

	
0.085




	
Eigenvalue

	
2.697

	
2.938

	
0.205

	
2.053

	

	

	

	




	
Variance (%)

	
39.500

	
31.387

	
17.319

	
11.794

	

	

	

	




	
Cumulative

variance (%)

	
28.642

	
51.401

	
63.958

	
72.511

	

	

	

	








Note: PC, Principal component; X1, RWC; X2, BD; X3, pH; X4, SOC; X5, AN; X6, TN; X7, AP; X8, TP; X9, MWD; X10, GMD; X11, WSA0.25; X12, D; X13, PAD; X14, SCAI.
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