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Abstract

:

Chemometric analysis is often used as an effective indicator of the supply capacity of nutrients in soil–plant systems and their biogeochemical cycles. Understanding ecological stoichiometric characteristics of C, N and P in soils under various land uses is crucial to guide ecological restoration and agricultural cultivation in karst rocky desertification region. However, data on ecological stoichiometry at different land uses in karst areas is limited. This study aimed to evaluate the effects of different land uses on soil ecological stoichiometric ratios and further identify the factors that influence soil ecological stoichiometric ratios. The topsoil from forest, shrub and cultivated land (paddy field and dry land) both in a karst area and non-karst area (as a reference) of Mashan County was sampled to investigate the spatial variance of the ecological stoichiometric characteristics of C, N and P under different land uses. The results show that: (1) Land-use types significantly determined the spatial heterogeneity of soil ecological stoichiometry in karst areas. (2) Soil organic carbon (SOC) was not significantly different between shrubs in the karst area and forests in the non-karst area (p = 0.595), but there were virtual differences in total nitrogen (TN), total phosphorus (TP), C:N, C:P and N:P between shrubs in the karst area and forests in the non-karst area (p < 0.01). (3) The contents of SOC, TN, and C:P, N:P in the study area were all generally higher in forests than those in cultivated land, and the content of TP was lower in forests than cultivated land, while C:N in cultivated land was higher than in shrubs in karst areas, and C:N was higher in forests than in cultivated land in non-karst areas. (4) Available nitrogen (AvN) was the main factor influencing stoichiometry in shrubs in karst areas, while pH, AvN, available phosphorus and elevation were the main factors in forests in non-karst areas, indicating that these factors significantly affect the soil ecological stoichiometric ratio during land-use changes. This study helps to understand the variations in soil ecological stoichiometric ratios under land-use changes. It provides guidance for the sustainable management of revegetation in karst regions in southwest China.
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1. Introduction


Ecological stoichiometry is a cross-cutting science that focuses on the relative elemental (mainly organic carbon (C), nitrogen (N) and phosphorus (P)) composition and dynamic balance of ecologically interacting participants in an ecosystem [1,2]. As an important site for plant growth and development, soil not only provides the most basic elements (C, N, P) for plant growth [3,4], but its stoichiometric ratio is also an important indicator for evaluating soil nutrients and soil quality [5]. Among various elements, soil C, N and P are considered the most important components, because the soil C:N:P stoichiometric ratio can reflect and measure the supply of soil nutrients. Additionally, C:N:P stoichiometry is frequently employed as a potent indication of ecosystem trophic status and biogeochemical cycling [5,6]. Karst rocky desertification in the southwest of China accounts for more than 40% of the total area [7], and is characterized by a thin soil layer, slow soil formation, high risk of soil erosion and an extremely fragile ecosystem [8]. The karst area, along with loess, desert and cold desert, is listed as one of four environmentally fragile areas in China. Therefore, it is important to investigate the soil C, N and P and their stoichiometric characteristics, as well as the influencing factors for the sustainable development of agriculture in the karst areas of southwest China.



Soil quality in the karst regions of southwest China is influenced by various factors, such as parent material, topography, vegetation type, and human activities [9,10]. Numerous studies have shown that parent material and land-use type are important factors influencing the content and distribution of nutrients and soil physicochemical properties in karst areas [11,12]. The natural geography, vegetation cover, land-use and soil erosion in karst areas have changed the physicochemical properties and microbial characteristics of soils in karst areas, which makes the soils in karst areas show more spatial heterogeneity than in non-karst areas [5,7]. They significantly change the soil C, N and P contents, stoichiometric characteristics, and their spatial distribution [13,14,15]. Ecological stoichiometry of plants and soil can reflect the variations of nutrients in karst ecosystems. Plants obtain nutrients directly from the soil, while the withered plant material of plants is decomposed by microorganisms and dipped into the soil, and thus C, N and P within the ecosystem are interconverted between plants, microbes and soil [1,16]. High pH and high abundances of Mg and Ca are characteristics of the soil physicochemical features of the karst zone [3]. Microbial abundance and diversity not only decrease with pH [17], but also with soil depth and the type of land-use [18]. For example, the pH and Ca content of limestone are significantly higher than those of clastic rocks, which results in Ca combining with the unstable C in the soil to form stable C in the soil that is not easily decomposed by mineralization [11,19]. Additionally, differing vegetation covers or planting ages result in varying effects of land-use types on soil nutrients [20]. It has been found that forest areas in karst regions had high soil C, N and P stoichiometry values, whereas drylands had low values, depending on the type of land-use [21]. In karst regions of southwest China, Song et al. [5] and Lu et al. [22] studied the impacts of soil and microbial ecological stoichiometry on plant succession, and both studies demonstrated an increase in soil organic carbon, total nitrogen, C:P and N:P with vegetation succession. In his study of the SOC and TN contents of soils in natural succession, Contreras-Cisneros [23] discovered a declining tendency in soil SOC content with longer following periods. However, Abdallah [24,25] discovered no appreciable differences in SOC and TN in soils in Oregon, the USA, 13 years after Juniperus occidentalis trees were chopped as compared to uncut soils.



Various data analysis techniques have been used to study the factors affecting soil C, N, P and its stoichiometry. One-way analysis of variance (ANOVA) and least significant difference were used to investigate the effects of slope orientation, land-use type, and soil depth on soil organic carbon (SOC), total nitrogen (TN), total phosphorus (TP) and their stoichiometry in karst areas, leading to findings that there were no significant differences between land-use type and soil depth in SOC, TN, TP and their stoichiometry, which were mainly influenced by slope orientation [26]. Similarly, Yang [3] found that soil C:N, C:P and N:P were significantly higher in sloping soils than in basins in the southwest karst region by using ANOVA. By contrast, Zhang [27] and Gu [28] found that SOC, TN, TP and their stoichiometry were influenced by the soil-forming parent material, soil type, and land uses via ANOVA and kriging interpolation analysis. Other researchers have examined soil and microbial ecological stoichiometry in the karst region of southwest China at various stages of vegetation succession using one- and two-way ANOVA and Pearson correlation, as well as non-parametric tests. Their results show that SOC, TN, C:P and N:P increase with vegetation succession [5,22].



Furthermore, various methods were developed to evaluate the spatial patterns of nutrients and soil ecological stoichiometry. Due to the complexity and heterogeneity of soil systems, it is difficult to develop a general model or approach for analyzing soil ecological stoichiometry, such as Pearson correlation or linear connections [3,29,30]. However, the linear correlation between qualitative factors such as land-use type, soil type and soil stoichiometry does not explain the contribution of factor interactions to deriving the spatial variability of soil elements and their stoichiometry in the whole study area. Therefore, a method is needed that can objectively explain the connection of the dependent variables (e.g., SOC, TN, TP and their stoichiometry) from independent variables (e.g., land-use type, soil type, elevation and available phosphorus (AvP)). A geographical detector is a statistical method for detecting spatial variability and revealing factors affecting the dependent variables. The advantage of such methods is that they can detect both numerical and qualitative data; moreover, they can detect the interaction between two factors and their effect on the dependent variables (note: the interaction between two factors can be a multiplicative relationship, a superposition relationship, etc.) [31].



The mountain peak valley in Mashan County is a typical representative of karst landforms in the subtropical region of China, and there is a variety land-use types, which may affect the spatial distribution of soil ecological stoichiometry. Therefore, this study used factor detection and interaction detection in the geographical detector, as well as redundancy analysis, to spatially analyze the soil C, N and P stoichiometry in the karst area of Mashan County, Guangxi. It explored the response of soil C, N, P and their ecological stoichiometric characteristics to land-use using the geographical detector. The results of this study may provide a practical and theoretical basis for soil nutrient cycling and land management in fragile karst areas.




2. Materials and Methods


2.1. Study Area


The study area is located in the northern part of Mashan County, Nanning City, Guangxi Zhuang Autonomous Region (Figure 1), with the geographical coordinates of 23.73°~23.85° N, 108.09°~108.20° E. It has an area of 64 km2 and is characterized by a southern subtropical monsoon climate, with four distinct climatic seasons and an annual average temperature of 21.3 °C. The rainfall is unevenly distributed across all seasons, with hot and humid summers and dry spells in spring and autumn. This is a typical karst area with alternating soils in karst and non-karst areas. The stratigraphy and lithology in the karst area mainly comprise the Carboniferous Ma’ping formation (C2mp), which is dominated by chert and siliceous rocks. By contrast, the non-karst areas are dominated by sand shale, Quaternary laterite matrix, and alluvium. Its main land-use types are paddy field, dry land, shrubs, and forests; the soil type corresponding to paddy field is hydragric anthrosols, the soil types corresponding to dry land are ferralsols and leptosols, and the soil types corresponding to shrubs and forests are ferralsols and leptosols, respectively [32].




2.2. Sampling


According to the land-use map and geological background of the study area, four different land-use types of surface soil samples were sampled in this study, strictly in accordance with the relevant requirements of the Technical Specification for Soil Environment Monitoring (HJ/T166-2004) and associated technical requirements. Three to five subsamples were sampled at a radius of 20~50 m in checkerboard, “S” and “X” shapes to form an analyzing sample, resulting in 427 soil samples. The samples were laid out in representative sites, namely gentle slopes, flat dams between mountains, low-lying positions, etc. [33]. Debris, roots and other impurities were removed from the soil samples. Soil samples were dried under shade and then ground and passed through a 2 mm sieve for the determination of the soil’s physical and chemical properties (e.g., soil pH). Then, the samples were ground and passed through a 0.15 mm sieve for the determination of C, N, P and other elements.




2.3. Laboratory Analysis


The pH of the soil was determined by a DMP-2 mV/pH meter (QuarkLtd., Nanjing, China) and a water-to-soil ratio of 2.5:1. The content of SOC was determined using the K2Cr2O7-H2SO4 oxidation method; TN was determined using the semi-micro Kjeldahl method; TP was determined using the HClO4–H2SO4 digestion method followed by an Mo–Sb colorimetric assay [34,35]. Available nitrogen (AvN) was determined by a ferrous sulfate–zinc powder reduction and the alkaline solution–diffusion method. AvP was extracted using a hydrochloric acid-sulfuric acid-leaching agent or a sodium bicarbonate leaching agent [34]. Total potassium (TK) was determined using a NaOH melting method after dissolution using flame photometry [36]. Available potassium (AvK) was determined by ICP-AES with ammonium acetate leaching [36].




2.4. Data Analysis


This study used Excel 2016 for basic data processing. The data were processed for factor detection and cross-detection (geographical detector) analysis using the “GD” and “geodetector” packages in R. In both factor detection and cross-detection analysis, 10 factors (land-use type, soil type, parent material, AvN, AvK, AvP, TK, elevation, slope, pH) of SOC, TN, TP, C:N, C:P and N:P were selected, while 10 factors of SOC, TN, TP, C:N, C:P and N:P were selected to interpret and identify the relationship between the above 10 factors. An explanatory power of the independent variable X on attribute Y is represented by the q value (qv) [31]. A larger qv indicates a stronger explanatory power. The software of ArcGIS 10.1 was used for the kriging interpolation of soil C, N and P stoichiometry in the study area. Analysis of redundancy in four land-use types was carried out using Canoco5, and the redundancy factors were mainly AvN, AvP, AvK, TK, pH, elevation, slope and soil type, while parent material factors were used to explain the soil C, N, P and their stoichiometry. To examine the variations in soil C, N and P and their chemometric characteristics under different land-use types, the data were checked to see if they adhered to a normal distribution before performing one-way ANOVA in the SPSS software.





3. Results


3.1. Statistical Characteristics of Soil C, N and P Contents and Their Stoichiometry in the Study Area


Descriptive statistical analysis was performed on 427 soil samples, and the results are shown in Figure 2. The mean contents of SOC, TN and TP in the soil were 13.69, 1.50 and 0.80 g/kg, respectively, while the mean values of C:N, C:P and N:P were 10.57, 54.16 and 4.96, respectively. The coefficient of variation allows for the comparison of the degree of dispersion of data from different groups, which is important for measuring the degree of disparity in the data and the trend of change. The degree of variability in soil properties, according to the coefficient of variation, is divided into three categories in soil science: 0–15% for weak variability, 16–35% for moderate variability and greater than 36% for strong variability [37]. The variation coefficients for SOC, TN and TP in the study area were 37.09%, 30.17% and 43.17%, respectively. It can be seen that there is a moderate change in TN and a strong change in SOC and TP, with variation coefficients of 18.78%, 60.46% and 50.23% for C:N, C:P and N:P, respectively. Among the six coefficients of variation, it can be seen that C:P had the largest coefficient of variation, whereas C:N had the smallest coefficient of variation, indicating weak variation. From Figure 2 it can be seen that the mean contents of SOC, TN and TP were lower in non-karst areas than that in karst areas, while the mean values of C:N, C:P and N:P were higher than those in karst areas.



One-way ANOVA was conducted to investigate the responses of C, N and P contents and ecological stoichiometry to different land-use types (Table 1). SOC and TN in both non-karst and karst areas differed significantly not only between cultivated lands but also between cultivated land and forests. TP did differ significantly between cultivated land and forests in non-karst areas, while it differed in all three land-use types in karst areas.



The SOC contents did not differ significantly between shrubs in karst areas and forests in non-karst areas. Soil TN and TP contents were significantly different between shrubs in karst areas and forests in non-karst areas. There was a significant difference in C:N, C:P and N:P between shrubs in karst areas and forests in non-karst areas.




3.2. Spatial Distribution Characteristics of Soil C, N and P Stoichiometry in the Study Area


Kriging interpolation results of C, N, P, C:N, C:P and C:P in soils in the study area are shown in Figure 3. Based on the interpolation of soil C, N, P stoichiometric data, it can be seen that the spatial distributions of SOC and TN have approximately the same trend, and the areas with SOC and TN contents greater than 14.49 and 1.59 g/kg, respectively, show strips as well as some blocks along the forests; the main land-use types were forests, paddy field and shrubs areas. TP content greater than 1.01 g/kg was mainly distributed in dry land surrounded by shrubs and paddy field. The spatial distribution trends of C:N, C:P and N:P in soils were consistent, and the land-use types were forests and paddy field.




3.3. Factors Influencing Spatial Variation in Soil C, N and P Stoichiometry


3.3.1. Factor Detection Results of the Spatial Differentiation of Soil C, N and P and Their Stoichiometry


The different influencing factors and interactions among them on the spatial variation of soil C, N and P, and their stoichiometry in the study area were quantitatively analyzed using factor detection. Ten factors, including land-use types, soil type, AvN, AvP, AvK, pH, parent material, elevation, slope and TK, were selected using the geodetector method. The results of the geodetector factor detection of soil C, N and P and their stoichiometry in the non-karst and karst areas are shown in Figure 4, where all listed factors fit the significance test (p < 0.05). The results show that there were eight factors could explain SOC in non-karst areas; the top three main factors are land-use type, AvN, and soil type, indicating that land-use type, AvN and soil type are the main factors affecting SOC in non-karst areas. In the soil TN in non-karst areas, AvN, land-use type and soil type accounted for a relatively large qv. Similarly, there were eight main factors influencing soil TP, with the first three main factors being AvP, land-use type and pH, and soil type having the least qv. In karst areas, soil SOC had six explanatory factors, of which the first three main factors were AvN, land-use type and soil type, and the least explanatory power was that of AvK. In karst soils, both TN and TP had four explanatory factors, of which the main influencing factors in TN were AvN, land-use type and pH, and the main factors in TP were AvP, AvK and land-use type. The results show that influencing factors in non-karst areas were different from those in karst areas, but the main factors affecting the distribution of C, N and P in non-karst and karst soils were basically the same.



The results of soil C, N and P and their stoichiometry in the non-karst and karst areas according to geodetector factors are shown in Figure 5. The results show that there were four factors affecting soil C:N in non-karst areas, with the largest qv being soil type and the smallest being pH. There were nine factors affecting soil C:P, with the first three main factors being land-use type, AvP and elevation, and AvN having the smallest amount of explanation. The first three key factors—land-use type, AvP and elevation—were among the eight variables that determine the soil N:P. The factor of land-use type determines soil C:N in the karst areas. The first two main factors affecting soil C:P and N:P in non-karst and karst areas were the same, both being land-use type and AvP, and in soil C:P these two factors had greater qv in non-karst areas than in karst areas.



In general, the qv of the factors influencing soil C, N and P and their stoichiometry in the karst and non-karst areas were basically the same throughout the study area, with more explanatory factors in the non-karst areas than in the karst areas. The main influencing factors for karst and non-karst areas were land-use type and AvN and soil type, elevation and pH, respectively, indicating that these five factors were the main factors influencing the spatial heterogeneity of soil C, N and P and their stoichiometry in the study area.




3.3.2. Results of Interaction Detection of Spatial Variation in Soil C, N and P and Their Stoichiometry


The results of the interaction detection analysis in non-karst and karst areas are shown in Figure 6, which shows that mainly nonlinear enhancement and two-factor enhancement between the influencing factors in the non-karst areas suggest that the qv of factor interactions for SOC, TN and TP is greater than that of single factors. In both non-karst and karst soil SOC, the factor pairs interacting with land-use type and AvN were greater than 0.562, and were mainly bi-factorially enhanced and non-linearly enhanced. In non-karst areas, SOC was influenced by factor pairs of soil types in addition to factor pairs of land-use types and AvN. Additionally, AvN and pH factor pairs in karst areas had the largest qv. Soil TN in non-karst and karst areas was also influenced by land-use type factor pairs and AvN factor pairs, and soil TN in non-karst areas was also influenced by soil type factor pairs. Soil TN in non-karst and karst areas was also influenced by land-use type factor pairs and AvN factor pairs; similarly, soil TN in non-karst areas was also influenced by soil type factor pairs. The qv for pH factor pairs in soil TN in karst areas were higher than in non-karst areas. Soil TP in non-karst and karst areas was influenced by both land-use type factor pairs and AvP factor pairs.



Land-use type, soil type, AvN, AvP and pH dominated the interaction tests for soil C, N and P in non-karst and karst areas, while the qv of most soil type interaction factor pairs for SOC and TN were bigger in non-karst areas than those in karst areas, indicating that non-karst areas are much more likely influenced by soil type than karst areas. Land-use type had a greater impact on SOC in karst areas than in non-karst soils, while the opposite was true in soil TN.



The interaction detection of 10 factors affecting soil C, N and P and stoichiometry in non-karst areas using a geographical detector (Figure 7) revealed that in the non-karst zone soil, C:N did not have large qv although each interaction factor pair was mainly bi-factor and non-linearly enhanced. However, the qv of both the land-use type factor pair and the soil type factor pair were higher in the karst area soil C:N than in the non-karst area. Compared to soil C:P and N:P in karst areas, C:P and N:P in non-karst areas were more influenced by slope factor pairs, elevation factor pairs and parent material factor pairs. Soil C:P was more influenced by land-use type in karst areas than in non-karst areas, and the opposite was true in karst soil N:P and non-karst soil N:P.



The interaction of factors between karstic and non-karstic soils shows that land-use type, soil type, pH, elevation, AvN, etc. have an important influence on soil C, N and P and their ecological stoichiometry.




3.3.3. Influence of Soil Physicochemical Properties and the Soil Environment on the Spatial Partitioning of C, N and P Stoichiometry under Different Land-Use Practices


A redundant analysis of soil physicochemical properties, soil environment and soil stoichiometric ratios under different land-use practices was performed using Canoco5 software to better elaborate on and analyze the factors affecting soil C, N and P and soil stoichiometric ratios. Soil C, N, P, C:N, C:P and N:P were used as species factors, while parent materials, soil type, pH, elevation, slope, TK, AvP, AvP and AvN were used as environmental factors for the redundancy analysis.



Gauch [38] stated that if the cumulative explanation of environment–species relationships in the first three ranking axes is greater than 40%, the ranking results are valid. In this study, the minimum cumulative explanation of soil stoichiometric characteristics and environmental factors in the first two axes was 89.45%, indicating a good ranking. The first two axes can better explain the relationship between environmental factors and soil C, N and P and stoichiometry.



Soil C, N and P and their stoichiometric characteristics shown in Figure 8 in the dry land, paddy field and forests land within the non-karst area were explained by 37.07%, 47.14% and 47.18% in the Axis-1, respectively. The qv of the factors in descending order (p < 0.05) is as follows: AvP > elevation > parent material > soil type > AvN > AvK in dry land, AvP > AvN > TK > pH > AvK in paddy field, and pH > AvN > TK > elevation > parent material > AvK> AvP > in forests.



Soil C, N and P and their stoichiometric characteristics (shown in Figure 8) of dry land, paddy field and shrubs in the karst area had 42.92%, 46.83% and 31.89% explanation in the Axis-1, respectively. It can be seen that soil chemical properties and environmental factors had different magnitudes of influence on soil C, N and P and their stoichiometric characteristics: AvN > TK > AvP > elevation > AvK > pH in dry land, AvN was the only significant explanation for the percentage in paddy field, and AvN > AvP > AvK > pH in shrubs. In dry land, paddy fields and shrubs, AvN was highly significantly and positively correlated with SOC and TN. This was mainly related to the presence of 90% of the TN in soil organic matter, and TP showed a highly significant negative correlation with soil C:P and N:P.



AvN was significantly and positively correlated with SOC and TN in both karst and non-karst areas. In non-karst areas, cultivated soil C, N and P and their stoichiometry were negatively correlated with soil type, and forest soil type was negatively correlated with TP. In karstic drylands and scrub, pH was negatively correlated with soil C, N and P. Forests are more susceptible to pH and parent material, etc., than shrubs.






4. Discussion


4.1. Characteristics of Soil C, N and P Contents and Their Spatial Distribution under Different Land-Use Patterns


The contents of SOC, TN and TP and their stoichiometry all showed strong spatial heterogeneity in this study. SOC TN and TP were closely related to the type of land use. This is mainly due to the higher amount of litter returned to the forests soils, the strong root secretions, and the richness of microbial residues contained in them [39,40]. In addition, cultivated land reduces the input of organic matter into the ground and the regular tillage of cultivated land makes the soil more aerated and accelerates the decomposition of organic carbon by microorganisms [28,40]. It was proposed that soil TP decreases with the increased in soil development time [41]. The soil TP is gradually depleted during the continuous maturation of the cultivated land, while the continuous phosphorus producing weathering of rocks in the study area, as well as artificial fertilization and other measures, have resulted in the TP content in the cultivated land being no lower than the national average level. Previous research has shown that land-use can directly influence the spatial distribution of elements in soils, and the relative availability of C, N and P in soils changed as a result of excessive human intervention in soil [42].



Geographical detectors were an effective tool to assess the relationships between geographic phenomena and drivers [43] and are widely used in ecology, physical geography, and environmental science [44]. When geographical detectors analyze multiple influencing factors, the relative importance of each driver to the degree of influence of the dependent variable can be well-quantified. For example, Liu [45] found that the land-use type and soil type were determinants of SOC content and spatial differentiation based on a geodetector study. Du [46] used a geographical detector to quantify natural factors and human activity in the soil organic matter of blackland in Northeast China, and found that soil organic matter decreased with increasing temperature, population, soil erosion, elevation and topographic relief. In this study, the factor detector and interaction detector of the geodetector were selected to analyze the influencing factors and the interaction between the influencing factors that affect soil C, N and P and their stoichiometry. In general, soil C, N and P and their stoichiometry are mainly influenced by land-use type, AvN, soil type, AvP, parent materials and pH. The strong explanatory power of land-use type and AvN on SOC and TN indicates that land-use type, AvN, SOC, C:P and N:P content accumulation have a strong correlation, which is mainly because different land-use types produce changes in the physical and chemical properties of soil, surface vegetation, etc., which in turn affect soil C, N and P and stoichiometry [47]. Additionally, parent materials have a larger qv because the content of P and AvP in the soil depends on the type of parent materials [6], and enrichment of P in soil is due to inactivity of P in intense rock weathering [2]. Different soil types have different physicochemical properties (Supplementary Figure S1). For instance, Cao’s [48] research of leptosols in the karst region of Guizhou Province and ferralsols at the same latitude found that high SOC maintains the water and fertility retention capacity of leptosols. Numerous studies have found a significant relationship between the soil physicochemical properties (such as pH, cation exchange capacity (CEC), bulk density and sand content) and soil nutrients such as SOC, TN and TP. For instance, Li [49] and Luo [50] found a significant positive correlation between CEC and SOC, TN, AvN and AvP, which also has an important influence on soil C, N and P [11].



The average content of SOC in both dry land and paddy field in the karst area is slightly higher than the average contents of 11.3 ± 8.5 and 16.7 ± 7.5 g/kg in dry land and paddy field, respectively, in the second nationwide soil census [51]. This is mainly due to the higher content of calcium in the soil of karst areas, which makes the SOC more stable [3,48]. The average content of TN in dry land and paddy field in karst and non-karst areas was slightly higher than the national average contents of 1.1 ± 0.69 and 1.6 ± 0.62 g/kg in dry land and paddy field, respectively, recorded in the second soil census [51]. However, the average content of TN in the whole study area was 1.50 g/kg, which is slightly lower than that of 1.54 g/kg in the surface layer of soil in the second soil census [52]. The average content of TP in the study area was 0.80 g/kg, which was higher than the average content of TP in our soil of 0.56 g/kg [6]. When comparing shrub and forests, it was found that the SOC, TN and TP contents of shrubs were significantly higher than those of forests [53]. Previous studies showed that this is mainly related to the richness of Ca2+ and Mg2+ in the soils of karst areas [3,22,48], especially since the exchangeable Ca has a protective effect on the stability of SOC in the soil [11,54]. As SOC and TN are closely coupled in soils, higher Ca content not only facilitates N saturation but also reduces the decomposition of SOC and inhibits the uptake of soil nutrients by microorganisms [11,54]. This study is consistent with previous studies, finding that the content of Ca in soil in the karst area is higher than that in non-karst area, and Ca has a great influence on the accumulation of SOC (Figure 9).




4.2. Response of Soil C, N and P Stoichiometric Characteristics to Land-Use Change


Soil C:N:P can be a good parameter to measure the soil nutrient status during soil development [55]. The main factor for C:N was the type of land-use in this study. The C:N ratio was inversely related to its decomposition rate [56], largely because microorganisms in the soil not only require carbon for energy but also need access to nitrogen to compose their bodies [57]. The mean C:N values of soils in dry land and forests in non-karst areas of this study were 10.59 and 11.86, respectively, and these values were in the range of 10–12 for the mean C:N values of soils in China [58]. Meanwhile, the mean C:N value in paddy field was 12.08, slightly higher than the mean C:N value of soils in China. The mean C:N values of dry land and shrubs in the karst area were slightly lower than the Chinese soil C:N means, while the mean C:N values of paddy field and forests were within the range of the mean C:N values in China. The results of this study show that the C:N of karst forests was significantly smaller than that of non-karst forests, suggesting that SOC decomposes more rapidly in karst forests and that the structure of non-karst forests was relatively intact [53].



Soil C:P is not only an indicator of AvP, but also the potential of soil microorganisms to release P from mineralized organic matter or to sequester P from the external environment [42]. It has been suggested that when C:P < 200 in the soil [21], there is a transient increase in soil microbial C content, while net mineralization of microbial P occurs, resulting in an increase in soil TP content. The mean soil C:P values in the karst areas in our study area ranged from 29.07 to 64.59, and the soil C:P ratio varied widely among different land-use types, with the C:P ratio in forests being two times higher than that in dry land. The mean soil C:P values in non-karst areas ranged from 39.21 to 103.44, with the mean soil C:P values in both karst and non-karst areas being lower than the mean surface soil C:P values given by Li et al. [54] of 202.2. This indicates that the AvP in soils is relatively low and the mineralization rate of P is also relatively low; similar results were produced elsewhere [1,2]. The land-use types have great explanatory power for the C:P ratio, followed by parent materials, pH and AvP. The lower C:P in the study area, especially within the karst depression, is due to the fact that P released by mineralization in forest in karst areas is limited and the amount of phosphate available for uptake is insufficient, and the results of the study indicate that TP in karst areas is not readily converted to AvP [53].



The soil N:P ratio can be used not only as an indicator of N saturation but also as a specific indicator to respond to soil N and P limitations [27]. The N:P of 4.96 in the study area was much lower than 14, which indicates that the study area as a whole was severely deficient in N [59]. This result was mainly influenced by the interaction of these factors and land-use types: soil type, parent materials, elevation, slope, pH, TK, AvN, AvP and AvP. The mean values of N:P in karst shrubs and non-karst forests were 6.83 and 8.64, respectively, all slightly higher than that of global forests soils (6.60), indicating that there is an abundance of N in the forests in the study area, which also indicates that the effective N that can be absorbed and used by the forests is lower, reflecting that the growth of forests within karst areas is more susceptible to nitrogen limitation [21].





5. Conclusions


This study evaluated soil C, N, P and their stoichiometry under different land uses using geodetector methods. Among different land uses, significant differences were found in soil indicators and thus in soil stoichiometry, which supports that land-use types have significant effects on soil properties important to soil quality. The results indicate that the geodetector method could be used to characterize soil quality. The results of the factor detector and interaction detector analyses indicate that soil SOC, TN, TP and stoichiometry are mainly influenced by land-use type, AvN, soil type and the soil-forming parent material. We found significant differences in C, N and P and their stoichiometric characteristics of soils in karst and non-karst areas of the same land-use type in the study area. Overall, this study demonstrated that the geodetector method can effectively and precisely evaluate the impact of land-use on soil stoichiometry. In addition, our study is helpful in adopting a more suitable strategy and offering expanded guidance on the practice of ecological restoration and agricultural cultivation in fragile karst regions of southwest China.
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Figure 1. Study area. 






Figure 1. Study area.
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Figure 2. Statistical characteristics of soil C, N and P contents and their stoichiometry. The letters a, b, and c indicating a significant difference at the p < 0.05 level. 
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Figure 3. Spatial distribution of soil C, N and P contents and their stoichiometry. (a–f) indicate the distribution of SOC, TN, TP content and C:N, C:P, N:P ratio, respectively. 
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Figure 4. Analysis results of soil C, N and P influencing factors in non-karst and karst areas. 
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Figure 5. Results of the analysis of ecological stoichiometric factors of C, N and P in soils from non-karst and karst areas. 
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Figure 6. Interaction detection results of soil C, N and P factors in non-karst and karst areas. 
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Figure 7. Results of the interaction of C, N and P ecological stoichiometry factors in soils from non-karst and karst areas. 
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Figure 8. Dichotomous ranking of the redundancy analysis of soil C, N and P stoichiometric characteristics in relation to physicochemical/environmental factors in non-karst and karst areas. A1, A2, A3 are non-karst land-use types; B1, B2, B3 are karst land-use types. 
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Figure 9. Contents of Ca in different land-use types and the relationship between Ca and SOC. (A) The average content of Ca in karst and non-karst areas under different land-use types, and the error bar represents standard deviation. (B) The linear relationship between Ca and SOC in the study area. 
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Table 1. Soil C, N and P and their ecological stoichiometry characteristics (X ± SD) for the four land uses in the study area.
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Study Area

	
Land-Use Type

	
Soil Organic Carbon (g/kg)

	
Total Nitrogen (g/kg)

	
Total Phosphorus (g/kg)

	
C:N

	
C:P

	
N:P






	
Non-Karst

Area

	
Paddy field

(n = 56)

	
19.79 ± 4.35 a

	
1.91 ± 0.36 a

	
0.67 ± 0.21 a

	
12.08 ± 1.17 a

	
82.22 ± 26.70 a

	
6.77 ± 1.94 a




	
Dry land

(n = 140)

	
10.48 ± 3.36 b

	
1.15 ± 0.24 b

	
0.74 ± 0.22 a

	
10.59 ± 2.19 b

	
39.21 ± 17.90 b

	
3.63 ± 1.08 b




	
Forest

(n = 51)

	
13.97 ± 3.40 c

	
1.38 ± 0.27 c

	
0.38 ± 0.14 b

	
11.86 ± 2.19 a

	
103.44 ± 34.98 c

	
8.64 ± 2.17 c




	
Karst Area

	
Paddy field

(n = 27)

	
22.26 ± 3.33 d

	
2.20 ± 0.26 d

	
0.96 ± 0.24 c

	
11.77 ± 0.98 a

	
62.42 ± 15.21 d

	
5.29 ± 1.16 d




	
Dry land

(n = 107)

	
11.82 ± 2.87 e

	
1.48 ± 0.30 c

	
1.13 ± 0.33 d

	
9.28 ± 0.94 c

	
29.07 ± 10.69 e

	
3.11 ± 1.05 b




	
Shrub

(n = 46)

	
15.10 ± 3.80 c

	
1.87 ± 0.49 a

	
0.68 ± 0.28 a

	
9.52 ± 1.48 c

	
64.59 ± 20.99 d

	
6.83 ± 2.26 a








Lowercase letters in the same column indicate significant differences (p < 0.05).
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