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Abstract

:

Carbon and nitrogen are among the most important biogenic elements in terrestrial ecosystems, and carbon and nitrogen stable isotopes (δ13C and δ15N) are often used to indicate the sources of carbon and nitrogen elements and turnover processes, and the study of C and N isotopes coupling can provide more precise indications. To this end, this study was conducted to investigate the effects of different land use types on soil organic carbon (SOC), soil organic nitrogen (SON) and the coupling relationship of C-N isotopes, as well as to reveal the seasonal variation characteristics of soil C and N. The results showed that SOC and SON contents of forest land were significantly higher than those of agricultural land and grassland. The soil C/N was significantly higher in the dry season than in the rainy season (p < 0.01), indicating that the decomposition rate of soil organic matter (SOM) was faster in the rainy season, which was not conducive to the accumulation of soil C. Soil δ13C and δ15N coupling showed seasonal characteristics: soil δ13C and δ15N did not have a good linear relationship in the rainy season, but showed a significant positive correlation in the dry season (r2 = 0.75, p < 0.05), indicating that there are differences in the soil C-N isotope fractionation coupling under the influence of climatic factors. This study provides a reference for regional land resource management as well as carbon and nitrogen cycle studies in karst areas.
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1. Introduction


The karst region in Southern China has fragmented land and limited arable land resources [1]. The increasing population and the rising standard of living of the people have led to an increasing demand for food [2], and due to the population carrying capacity limitation of the ecosystem, one of the major measures to solve the demand problem is to reclaim forest land to expand agricultural land. However, the conversion of forest land to agricultural land must be accompanied by a reduction in soil nutrient levels, such as carbon, nitrogen and phosphorus [3]. SOC, SON and their stable isotopic compositions (δ13C and δ15N) are important material forms in the material cycle of terrestrial ecosystems and are also one of the factors that cause climate change that cannot be ignored [4,5]. δ13C and δ15N can also indicate terrestrial ecosystem carbon and nitrogen cycling [6,7]. Understanding the biochemical cycles of these two elements and their coupling is of great scientific importance for regional agricultural development and land use management.



Understanding the spatial and temporal changes in SOC and SON, as well as those of their stable isotopes can contribute to an in-depth understanding of the environmental changes and regional carbon sinks [8,9,10]. However, most of the previous literature focused on the changes in single processes of SOC and total nitrogen (TN) under land use change [11,12,13]. However, the biogeochemical cycling of C and N elements in terrestrial ecosystems often interacts with each other. The seldom simultaneous inclusion of both in the study has led to a very limited understanding of their coupling and the fractional coupling of stable isotopes. Moreover, the changes of C and N during land use change are not completely uniform due to the influence of vegetation type, climatic conditions and microbial activity [14]. For example, Rumpel and Kogel-Knabner [15] showed that the SOC and SON in forest soils were significantly higher than in agricultural land and grazing land, while Yang Gao et al. [16] studied orchards and farmland in subtropical China soils and found that C and N density and storage were significantly higher than those in forest land. Tesfaye [17] suggested that land use type and soil depth are important influencing factors in the transformation of SOC and SON, while the spatial and temporal changes in SOC and SON with land use changes in karst areas and the interrelationship with their stable isotopes deserve attention.



From the 1980s to the present, stable isotope techniques have been widely used in the field of soil cycle research, mainly to study the contribution of soil carbon to terrestrial carbon sinks and its turnover process [18], and soil C and N cycling processes [19]. Meanwhile, these techniques can also be used to predict soil carbon and nitrogen dynamics in the context of future land use change and climate change and to assess the decomposition rate of organic carbon [20,21,22]. Previous studies have shown that differences in climatic conditions, topography and soil parent material allow for differences in the feedback of land use changes on SOC and SON dynamics [23,24]. In addition, fractionation of 13C by soil microorganisms during soil organic matter decomposition can interfere with the accurate indication of SOC sources [25], and similarly, excessive use of synthetic N fertilizers (15N depletion) in agricultural land leads to multiple forms of N loss, thus making the soil transformation process different from the enrichment of heavier 15N in the residual substrate [26]. It has been shown that soil transformation processes are different from the enrichment of heavier 15N in the residual matrix, and that land use changes lead to alternating soil C and N sources and their transformation processes, and it is difficult to explain the fate of soil C and N with a single C and N stable isotope study method. In previous studies, the coupling of δ13C and δ15N in soil profiles has been used to show the conversion rate of SOM in C3 forests; however, whether the coupling of δ13C and δ15N can provide more accurate indications of elemental sources and their conversion processes under land use changes needs further validation.



The karst region in Southern China is the largest area; and has the most strongly developed karst area, and it has the most prominent human land conflict among the global karst concentration distribution areas [27,28]. The ecological environment is fragile, and the binary three-dimensional spatial structure above and below the ground makes it characteristic of rapid surface water loss [29], and coupled with unreasonable human reclamation leads to a large loss of nitrogen from the soil, leaving the soil nitrogen in an unsaturated state for a long time, this has led to the nitrogen limitation of plant growth [30]. However, in karst areas with climate change and frequent extreme weather, coupled with the increase in regional population and the continuous improvement of people’s living standards (leading to a shortage of unit land supply), a large amount of native forest land has been reclaimed for cultivation to meet the growing demand of people, and the conversion of forest land into cultivated land has caused changes in the ecological environment, resulting in an imbalance in the carbon and nitrogen ecological stoichiometry of its ecosystem, and breaking the long-established adaptations and the inherent constant coupling relationships between different elemental biochemical cycles. Thus, those biological, chemical and physical reflective processes associated with the carbon and nitrogen cycles have been changed accordingly [8]. To this end, the main objectives of this study were to understand the relationships of soil C-N stable isotope coupling and its seasonal characteristics in karst areas, to investigate the coupling between δ13C and δ15N in soil profiles under land use changes in small karst watersheds in Southern China, to understand the intrinsic correlation between the content of SOC and SON and their stable isotope (δ13C, δ15N) composition, and to determine the soil δ13C and δ15N seasonal characteristics in the rainy and dry seasons. We propose the hypothesis that: soil δ13C and δ15N values differ significantly in seasonal variation; climate factors can influence the soil δ13C and δ15N coupling relationships. This study can provide a reference for the study of soil carbon sinks in karst regions and land resource management in the context of global warming.




2. Materials and Methods


2.1. Overview of the Study Area


The study area is located in the Heichong sub-basin of Qiandongnan Prefecture, Southern China (108°01′36″~108°10′52″ E, 27°04′51″~27°13′56″ N), where dolomitic carbonate rocks are widely distributed and belong to the typical dolomite karst landscape, and the karst landscape area accounts for 82% of the total area of the region. Most of its areas are between 500–1200 m in elevation, with an average elevation of 912 m. The area has complex geological and geomorphological development, and it is the world’s most completely preserved karst of this type in the world. According to the meteorological monitoring from 2020 to 2021, the annual precipitation in the region ranges from 1060 to 1200 mm, with an uneven distribution of rainfall seasons, which are mainly concentrated in the period from April-September (rainy season), with rainfall in the rainy season accounting for 75% of the total rainfall for the year and a temperate climate with an average annual humidity of 80%. The average annual sunshine duration is 1200 h, the maximum temperature is 38.4 °C, the minimum temperature is 7.6 °C, and the average annual temperature is 16 °C, which is typical of a temperate monsoon climate in the central subtropics. The bedrock type of the entire study area is the dolomite of Cambrian-Shilengshui formation, and the thicknesses of the soil layers vary greatly (the depth of the soil profiles between different land types range from 5 to 110 cm). The area is mainly coniferous forests dominated by horsetail pine and mixed coniferous and broad forests dominated by Polygonace and Magnoliidae.




2.2. Sample Collection and Processing


Six dominant crop soil profiles were sampled in July 2020 (rainy season) and January 2021 (dry season) in the selected sub-watersheds, namely, forest land (FL), peach (PC), paddy land (PL), tobacco field (TF), maize field (MF) and grassland (GL), in which the forests, paddy, peach and tobacco were primarily C3 plants and the maize and grassland were mainly C4 plants. Three sampling points of similar elevation were selected for each land type in the small karst watershed and each sampling point was evenly arranged along the diagonal in a 10 m × 3 m sample square. Five samples were collected from each sample site in the 0–20 cm and 20–40 cm soil layers along the “S” curve for each layer, and two layers were collected from each sample site (0–20 cm for the soil surface layer, 20–40 cm for sub-layer). From each layer, we collected five samples mixed into one sample, and put them in self-sealing bags for preservation. In total, we collected 72 soil profile samples. The specific sampling point information is shown in Table 1. Soil samples were collected twice, and the first sample was taken in July to mark each sampling point for the sample collection in the rainy season. The collected soil samples were dried outdoors in a cool place, and the grains of debris, plant roots and plant foliage were removed, ground and passed through a 60 mesh sieve (0.25 mm). The finely ground soil samples were soaked in a beaker with 1 mol·L−1 HCl for 24 h at room temperature to remove carbonates from the samples, and washed with deionized water to neutral. Similarly, the inorganic nitrogen (largely NH4+) was removed from the soil samples by soaking with 2 mol·L−1 KCl for 24 h, washing them to neutrality, and then drying them in an oven at 60 °C. Then, the samples were ground again and stored for subsequent analysis [31].



For the determination of the stable isotopes, 2–5 mg samples were weighed for δ13C and 9–11 mg samples were weighed for δ15N, respectively, using a one-millionth balance (WXTS3DU, Mettler Toledo, Zurich, Switzerland), and both were determined using an elemental analysis-stable isotope ratio mass spectrometer (EA IsoLink + Delta V Advantage, Thermo Fisher, Waltham, MA, USA) to determine the amount of δ13CSOC and δ15NSON in the samples, with a test accuracy of ≤0.1‰. The weighed soil samples were wrapped in tin cups, and one standard sample and one parallel sample were put in 15 samples for calibration during the measurement process, with an error of the sample duplication of <0.05‰. The reference standards were selected as V-PDB (δ13C = 1.124‰) and N2-AIR, and the isotopic ratios of the δ13CSOC and δ15NSON in the samples were calculated according to the international standard formula [32].


  δ  C     13  =        C     13  /  C     12      s a m p l e   /      C     13  /  C     12      V P D B   − 1   × 1000 ‰  



(1)






  δ  N     15  =        N     15  /  N     14      s a m p l e   /      N     15  /  N     14      a i r   − 1   × 1000 ‰  



(2)




In Formula (1), (13C/12C) sample represents the C isotope ratio in the sample, (13C/12C)VPDB represents the C isotope ratio of the international standard VPDB (Vienna PeeDee Belemnite. In Formula (2), (15N/14N) sample represents the N isotope ratio in the sample, (15N/14N)air represents the N isotope ratio of N2 in the atmosphere. Each sample was run in duplicate. The overall accuracy of δ13C and δ15N measurements were ±0.2‰ and ±0.25‰, respectively.




2.3. Statistical Analysis


The normality of all parameter sets was tested with a K–S test, and the significance (p < 0.05) of the SOC, SON, δ13C, δ15N and C/N in the different land use types was analyzed by one-way ANOVA and the least significant difference (LSD). A Pearson correlation analysis was used to test the correlation between the indicators. A linear regression analysis was used to understand the relationship between δ13C and δ15N of the organic matter in the soil corresponding to C3 plants and C4 plants, and the box-plot test was used to remove the outliers, plot the best-fit line, and determine the equations, r coefficients and p-values. All data were statistically analyzed using IBM SPSS 25, and the data were edited and visualized using Excel 2019 and Origin 2018.





3. Results


3.1. Seasonal Variation of SOC, SON, and C/N in the Soil Profiles of the Different Land Types


In the soil layer profiles of the six different land types, the average variation in SOC content (0–40 cm) in the rainy and dry seasons ranged from 0.32% to 11.19% and from 0.49% to 7.67%, respectively (Figure 1a,b). The maximum values of the SOC contents came from the forest soil profiles, and the organic carbon content of the forest profiles was significantly higher than that of the other five land types (p < 0.05). The SOC contents of the paddy fields were significantly higher than those of the grassland and roasted tobacco fields (p < 0.05), while the SOC contents of the remaining land types were not significantly different. In terms of seasonal variation, there was no significant difference in SOC content among land types (p > 0.05). In the rainy season, the maximum SOC content of all land types, with the exception of the peach and paddy fields, was found in the soil surface layer (0–20 cm), while the SOC contents of the forest and roasted tobacco soils showed the maximum value in the 20–40 cm soil layer in the dry season.



The SON contents of all of the soil profile samples ranged from 0.14% to 0.63% and from 0.05% to 0.44% in the dry and rainy seasons, respectively (Figure 1c,d), similarly, the maximum SON content occurred in the arboreal forest soil profile. The mean values of SON contents in the six land types of soil samples in the dry season were arboreal FL > PL > MF > TF > PC > GL, while in the rainy season, the mean values of soil SON contents were FL > PL > MF > PC > GL > TF. Analysis by a paired-sample t-test showed that, unlike organic carbon, SON contents were significantly different due to seasonal variation (p < 0.05). Specifically, in the rainy season, the soil organic N contents of the tree woodland and paddy land samples were significantly higher than those of the maize, peach and tobacco fields and grassland, and there was no significant difference between the SON contents of the forest land and the paddy land. In the dry season, there was no significant difference in the SON contents of the forest land and tobacco field. The correlation analysis showed that SOC and SON were highly significantly and positively correlated with soil C/N (p < 0.01), indicating a strong coupling relationship between SOC and SON in karst areas.



The magnitude of soil C/N affects the microbial activity in the soil, which in turn affects the rate of organic matter decomposition. The soil C/N also responds to the coupling relationship between soil C and N and is an important indicator for evaluating the level of soil quality [9,10]. The C/N of all soil samples ranged from 1.29 to 23.37 and from 7.69 to 30.34 in the rainy and dry seasons, respectively, with significant differences (p < 0.05) in the seasonal variation of soil C/N, which was significantly higher in the dry season than in the rainy season. In addition, except for forest and grassland, the mean soil C/N values of several agricultural land types in the rainy and dry seasons were 4.64 and 10.57, respectively, which were lower than those of the soil C/N ratios of global ecosystems (14.3) and grassland ecosystems (13.8). This indicates that the rates of SOM decomposition and soil mineralization in the southwest karst region are higher than the global level.



The pH of all soil samples ranged from 6.75 to 7.63 and from 6.05 to 7.86 in the rainy and dry seasons, respectively. In the correlation analysis of SOC, SON, soil C/N and soil pH, it was found that SOC and SON contents did not decrease with increasing soil pH at all times, but they showed the following significant differences due to seasonal changes: there was a significant negative correlation between SOC, SON and soil pH in the rainy season, such that the lower the organic carbon and organic nitrogen content, the higher their corresponding soil pH. In addition, there was a significant positive correlation between the SOC, SON, soil C/N and soil pH for all of the samples in the dry season (Table 2).




3.2. Seasonal Distribution Characteristics of Stable Isotopes δ13C and δ15N in the SOM of Different Land Types


The δ13C values in the soils of all the land types in this study were more negative in the rainy season than in the dry season, and the mean values varied from −26.2‰ to −13.5‰ and form −26.06‰ to −20.84‰, respectively (Figure 2a,b). In the rainy season, the δ13C values in the SOM of the forest land were significantly higher than those of other land use types, with the exception of grassland, whose soil δ13C values were significantly higher than those of peach and paddy land, while the δ13C values of soils in the rest of the land use types were not significantly different. In the dry season, the δ13C values of forest land soils were significantly higher than those of the maize field and peach and paddy land, and the δ13C values of the grassland and roasted tobacco soils were significantly higher than those of the paddy lands, while there were no significant differences among the remaining land use types. In terms of seasonal variation, there were no significant differences in the soil δ13C values among the land types (p > 0.05), and the most negative soil δ13C values occurred in the surface layer of soil (0–20 cm) from the paddy lands in both the rainy and dry seasons. Soil δ13C values showed a significant positive correlation with SOC (p < 0.01) and a significant positive correlation with soil C/N in all land use types. In contrast, previous studies differed in that soil δ13C values showed significant positive correlations with SON only in the dry season, and no significant correlations were found between soil δ13C values and SON in the rainy season (Table 2).



The mean δ15N values in soils varied in the rainy and dry seasons in the atmosphere of 4.28‰ to 8.45‰ and 4.79‰ to 8.01‰, respectively, and the maximum δ15N values were found in the soil surface layer of maize fields, while forests and paddy lands had relatively negative δ15N values in the rainy season (Figure 2c,d). In general, there was no significant difference in seasonal variation of soil δ15N values. The correlation of soil δ15N with soil δ13C and SON showed seasonal differences, as follows: there was no significant correlation between soil δ15N and δ13C in the rainy season, and there was a highly significant negative correlation with SON (p < 0.01). However, the soil δ15N had a highly significantly positive correlation with δ13C in the dry season, and did not reach significance levels with SOC, SON, soil C/N and soil pH.





4. Discussion


4.1. Effect of Land Use Type on SOC and SON


Previous studies have shown that the SOC content in native forests is significantly higher than that in other land use types [3,33,34]. This is consistent with the results of this study, where the organic matter content and soil fertility of native woodlands were significantly higher than those of grasslands and agricultural lands, and the effect of different land uses on SOM content is largely dependent on the type of vegetation function [35,36,37]. Differences in plant biomass exist between different land use types, and plant biomass decreases when native forest land is converted to agricultural land [34]. Differences in plant biomass directly affect the input of SOM through plant roots and its secretions, as well as the plant apoplast [38]. In the karst region of Southern China, there are fewer land resources suitable for cultivation, and for this reason, deforestation and long-term cultivation have become the main solutions to the limited arable land in the karst region. The long-term tillage of agricultural land destabilizes soil aggregates and reduces soil microbial populations, thus accelerating the rate of organic matter decomposition [39,40].



The differences in organic matter input and decomposition reflect the effects of different land use types on soil SOC and SON contents, and the conversion of native forest to agricultural land or grassland significantly reduces organic carbon stocks [41,42]. The results of this study are consistent with previous results that found that the native forests in the karst areas have higher SOC and SON contents than those of grassland and agricultural land (Figure 1), which is mainly due to the shallow soil layer in karst areas, whose top soil is the main area for agricultural cultivation, plant roots and soil microbial activities, in addition to the main area where land use type affects the SOM content [43]. Moreover, Shibing belongs to a typical central subtropical monsoon climate with active soil microorganisms, which is more conducive to plant biomass accumulation than dry and cold areas, providing a large amount of organic substrate for surface soil microbial metabolism (National Soil Survey Office (NSSO, 1998)). In addition, the use of organic fertilizers and the return of organic materials, such as rice straw, to the field can improve the soil’s physicochemical properties and significantly increase SOC and SON contents [44]. The results of the present study were similar in that the soil layers of paddy fields had more SOC and SON contents than those of other agricultural land and grassland during the rainy season (Figure 1), which may be due to the long-term use of organic pig manure and the enhanced conservation of SOC through the return of rice straw to the field, as was seen in this study area, resulting in more effective carbon.




4.2. Intrinsic Correlation of Soil Ecological Stoichiometry (SOC, SON, C\N and pH) with δ13C and δ15N


Soil C/N is an important parameter reflecting soil C and N balance and mineralization, as well as the coupling relationship between soil C and N [45]. The soil C/N in this study area is significantly higher in the dry season than in the rainy season, in general, a higher soil C/N causes the biological activity of microorganisms in the soil to be limited by the soil N and the fractionation of δ15N during mineralization is thus attenuated [46]. On the contrary, the biological activity of microorganisms under low soil C/N conditions is limited by soil C, and it enhances the decomposition of soil N during mineralization [47]. This indicates that the rate of SOM decomposition is greater in the rainy season than in the dry season (foe tillage as well as the crop growing season) in this study area and that the dry season favors soil C accumulation. Previous studies have shown that soil δ15N is significantly negatively correlated with C/N and significantly positively correlated with pH [48]. Previous studies have also shown a weak correlation between soil δ15N and C/N and a positive correlation with pH, and although this was statistically significant, it has a low correlation coefficient [49]. The present study showed that soil δ15N was negatively correlated with C/N in the rainy season and positively correlated in the dry season, and similarly, δ15N was positively correlated with pH in the rainy season and negatively correlated in the dry season, but they did not reach significance levels (Table 2). Which has some similarity with previous studies, indicating that either the soil δ15N fractionation in this study area was affected by the soil pH, or was also disturbed by other main control factors, and thus needs to be further investigated.



The fractionation of δ13CSOC during the microbial decomposition of organic residues is the main cause of soil δ13C enrichment, and so δ13CSOC during land use change provides an effective method for assessing organic matter turnover, as well as the rate of soil microbial decomposition [50,51]. This is due to the faster decomposition of soil SOC at a lower soil C/N, the high release of 12CO2 and the enrichment of 13C from the remaining soil C pool [52,53]. The results of this study showed a significant positive correlation between soil δ13C and C/N in the rainy season (r2 of 0.45), and no significant correlation in the dry season (p > 0.05). The results of this study are somewhat different from those of Wang, G. and Yu, Y. et al, who studied a negative correlation between the soil C/N ratio and δ13C in plantation forests in karst areas [49,52]. The reason for this may be that the different local microclimates in the study area make the vegetation species, as well as the number of vegetation in their areas different, which leads to a large difference in the environmental adaptation strategies of vegetation, as well as the way of resource utilization. Soil C/N was significantly higher in the dry season than in the rainy season. The strong correlation between soil δ13C and soil C/N may be influenced by other environmental factors and cannot be used as the only basis for judgment.




4.3. Seasonal Characteristics of C and N Isotope Fractionation Coupling in Soil Organic Matter


In the southern karst region, a single δ13C cannot reflect the migration and transformation processes of SOM due to the shallow soil layer that is susceptible to bedrock, as well as rotational crop cultivation. Similarly, the influence of land use changes and fertilizer applications lead to changes in the soil δ15N fractionation, and thus a single δ15N value cannot reflect the migration and transformation processes of the soil N in karst areas [33]. In general, δ13C and δ15N of SOM increase with the increasing depths of the soil layers in the absence of land use changes and fertilization [19,54]. The organic matter decomposition time is longer in deeper soil layers, compared to that of the soil surface layer, which facilitates the accumulation of large amounts of soil 13C [55]. However, in this study, it was found that the soil δ13C and δ15N did not exactly increase with the increase in soil layers in both the rainy and dry seasons, and it partly showed a relative enrichment of the soil surface layer than the deeper layers, such that the soil δ15N showed the most obvious performance (Figure 2c,d), which may have been due to the conversion from native forest to arable land and the application of chemical fertilizers on the one hand, and the anthropogenic disturbance to break the soil carbon and nitrogen. On the other hand, in the study area, people distributed rice straw (C4 plants) and corn stalks (C3 plants) to the fields after the autumn harvest and planting rotation patterns were completed, and the C3 and C4 planting rotation and fielding treatments made the soil organic carbon δ13C levels in the agricultural land rise a result of mixing the old carbon from the initial planting crop and the new carbon from the later crop rotation [49,56], which led to the soil profile’s δ13C and δ15N values being irregularly distributed.



15N-depleted NO3− loss is an important influencing factor of deep soil δ15N values. This is because the SON in soil produces NH4+ through mineralization and, subsequently, NH4+ is nitrated to NO3− by nitrifying bacteria, while microorganisms preferentially fix 15N during both mineralization and nitrification, making both the produced NH4+ and NO3− depleted 15N [57,58]. In this study, the controlled native forest δ15N was significantly higher than that of grasslands, paddy lands and maize fields only in the rainy season, and it showed no significant difference from other land use types in the dry season. This indicates that the soil NO3− loss through leaching caused by heavy rainfall is greater in the wet season, compared to the dry season, which also implies that 15N-depleted inorganic N is more likely to be stored in the soil system in the dry season, making soil δ15N values higher in the dry season than in the wet season. In addition, because of the strong natural correlation between carbon and nitrogen [59], considering only the correlation between soil C and soil N is not conducive to better revealing the interrelationship between carbon and nitrogen and their stable isotopes during land use changes. For this reason, this paper used the soil C/N ratio and its stable isotope change rate (K) to express the coupling relationship, and it found that, except for native forests and maize fields, the change rates of soil δ13C and δ15N from the rainy season to the dry season in other land types were not consistent and changed in opposite directions, and the change rates of soil C/N were relatively stable (Figure 3), indicating that soil SOC and SON have a better coupling relationship. Some studies have shown that soil SOC and SON are significantly and positively correlated with soil temperature and rainfall, and their changes are more sensitive to rainfall and temperature [60,61]. In this study, it was also found that soil δ13C and δ15N had a good linear relationship overall in the dry season regardless of the tree woodland or other land types (Figure 4), while δ13C and δ15N did not have a significant linear relationship in the rainy season (p > 0.05). The reasons for this were that in the dry season, soil moisture content is low and water loss is reduced, and so the soil δ13C and δ15N showed a numerical relationship. The second reason is that the rainy season is a period of peak crop growth, and the soil mineralization process is strong in the rainy season due to anthropogenic fertilization or the degradation of apoplastic matter (the results of this paper showed that soil C/N was higher in the dry season than in the rainy season), resulting in negative δ13C and δ15N. In addition, organic C and organic N showed highly significant positive correlations in both seasons, which was inconsistent with the coupling of δ13C and δ15N. It is possible that during the rainy season, nutrients were relatively abundant, resulting in the desynchronization of C and N utilization efficiency by plants, but the exact reasons for this need to be analyzed in depth.





5. Conclusions


The conversion of forest land into agricultural land, such as paddy land and maize field changes the differences in organic matter input and decomposition, resulting in a significant decrease in SOC and SON. Soil C/N and pH had a strong correlation with SOC and SON, the correlation between pH and soil δ15N was not significant, and the effect of soil pH on soil δ15N fractionation was interfered by other factors with uncertainty. In addition, the results of this study suggest that the correlation between soil C/N and soil δ13C may be influenced by environmental factors, and the use of δ13C to assess the decomposition rate and turnover of SOM has limitations. SOC and SON have a good coupling relationship in both rainy and dry seasons, while the isotopic fractionation coupling of soil δ13C and δ15N has seasonal characteristics, specifically in the rainy season, δ13C and δ15N change inconsistently and the coupling relationship is not obvious, while in the dry season there is a good linear coupling relationship. In summary, the coupling relationship of SOC and SON and C-N isotopic fractionation coupling are not consistent, and the C-N isotopic fractionation coupling is influenced by the climate shadow. How the isotope fractionation responds to climate factors needs further understanding of the degree of influence of different rainfall gradients and temperature on isotope fractionation coupling.
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Figure 1. Average contents of SOC and SON in the 0–20 cm and 20–40 cm soil layers of the six land use types in the rainy and dry seasons. (a) SOCrain, rainfed soil organic carbon; (b) SOCdry, dry-season soil organic carbon; (c) SONrain, rainfed soil organic nitrogen; (d) SONdry, dry-season soil organic nitrogen. Forest land: FL; peach: PC; paddy land: PL; tobacco field: TF; maize field: MF; and grassland: GL. Different lowercase letters indicate significant differences in SOC content (SON) between land types in the same soil layer at the p < 0.05 level. 
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Figure 2. Mean values of δ13C and δ15N for the 0–20 cm and 20–40 cm soil layers of the six land use types in the rainy and dry seasons. (a) δ13Crain, δ13C value of rainy season soil; (b) δ15Nrain, δ15N value of rainy season soil; (c) δ13Cdry, δ13C value of dry season soil; (d) δ15Ndry, δ15N value of dry season soil. Different lowercase letters indicate significant differences in δ13C values (δ15N values) of different land types in the same soil layer at the p < 0.05 level, while ns indicates no significant differences. 
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Figure 3. Rates of change of soil δ13C, δ15N and C/N for six land use types from the rainy season to the dry season. KC/N, Kδ13C, Kδ15N are the rates of change of the soil C/N, δ13C and δ15N, respectively. 
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Figure 4. Relationship between δ13C and δ15N values of 0–40 cm soils of six land use types in the dry season. In contrast, the linear relationship between δ13C and δ15N of soils in the rainy season is not credible (p > 0.05), and therefore the best-fit curve between them is not shown. 
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Table 1. General description of the sampling points at Shibing, China.
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Sampling ID

	
Sampling Sites

	
Altitude

	
Soil Texture

	
Land-Use Type

	
Vegetation

	
Disturbance History




	
Sand (%)

	
Silt (%)

	
Clay (%)






	
FL1

	
27°09′25″ N, 108°08′40″ E

	
1063

	
52.92

	
33.66

	
13.42

	
Forest

	
Pinus massoniana

	
More than 100 years

without disturbance.




	
FL2

	
27°09′44″ N, 108°07′43″ E

	
1064

	
50.75

	
33.75

	
15.50

	
Forest

	
Cunninghamia lanceolata, Podocarpus macrophyllus

	
Same as above




	
FL2

	
27°08′54″ N, 108°07′33″ E

	
1058

	
51.56

	
34.08

	
14.36

	
Forest

	
Cinnamomum camphora (L.), Cyclobalanopsis glauca

	
Same as above




	
PC1

	
27°08′49″ N, 108°07′28″ E

	
998

	
21.22

	
40.39

	
38.39

	
Peach orchard

	
Peach tree

	
The planting period is 7–8 years, the land was abandoned before planting.




	
PC2

	
27°09′37″ N, 108°07′40″ E

	
982

	
26.15

	
39.28

	
34.57

	
Peach orchard

	
Peach tree

	
Same as above




	
PC3

	
27°09′57″ N, 108°07′32″ E

	
976

	
25.72

	
35.32

	
38.96

	
Peach orchard

	
Peach tree

	
The planting period is 10 years, the land was abandoned before planting.




	
PL1

	
27°08′53″ N, 108°07′45″ E

	
984

	
18.37

	
38.08

	
43.55

	
Paddy land

	
Oryza sativa L.

	
Rice is planted in the rainy season, drained and fallow in the dry season, the length of continuous planting is about 30 years.




	
PL2

	
27°09′10″ N, 108°07′55″ E

	
981

	
19.25

	
39.93

	
40.82

	
Paddy land

	
Oryza sativa L.

	
Same as above




	
PL3

	
27°06′52″ N, 108°07′47″ E

	
985

	
19.30

	
38.56

	
42.14

	
Paddy land

	
Oryza sativa L.

	
Same as above




	
TF1

	
27°08′55″ N, 108°07′28″ E

	
987

	
26.95

	
37.96

	
35.09

	
Tobacco field

	
Nicotiana tabacun L.

	
Corn and roasted tobacco are planted in rotation for more than a decade, urea and compound fertilizer are mainly applied in the cultivation process.




	
TF2

	
27°08′54″ N, 108°07′27″ E

	
984

	
27.13

	
38.53

	
34.34

	
Tobacco field

	
Nicotiana tabacun L.

	
Same as above




	
TF3

	
27°08′48″ N, 108°07′26″ E

	
981

	
27.44

	
37.24

	
35.32

	
Tobacco field

	
Nicotiana tabacun L.

	
Same as above




	
MF1

	
27°08′53″ N, 108°07′45″ E

	
997

	
27.85

	
37.58

	
34.57

	
Maize field

	
Zea mays L.

	
Same as above




	
MF2

	
27°09′34″ N, 108°07′43″ E

	
991

	
26.92

	
38.71

	
34.37

	
Maize field

	
Zea mays L.

	
Same as above




	
MF3

	
27°08′54″ N, 108°07′35″ E

	
989

	
28.31

	
38.06

	
33.63

	
Maize field

	
Zea mays L.

	
Same as above




	
GL1

	
27°08′53″ N, 108°07′28″ E

	
1018

	
27.14

	
37.65

	
35.21

	
Grass land

	
Weeds (Mainly C4 plant)

	
Natural recovery of corn land for 4–5 years after abandonment.




	
GL2

	
27°08′11″ N, 108°07′33″ E

	
1010

	
27.04

	
37.12

	
35.84

	
Grass land

	
Weeds

	
Same as above




	
GL3

	
27°09′51″ N, 108°07′47″ E

	
1008

	
27.11

	
38.43

	
34.46

	
Grass land

	
Weeds

	
Natural recovery of corn land for 5 years after abandonment.
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Table 2. Correlation analysis of the soil traits in the karst areas in the dry and rainy seasons.
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	Index
	SOCrain
	SOCdry
	SONrain
	SONdry
	δ13Crain
	δ13Cdry
	δ15Nrain
	δ15Ndry
	C/Nrain
	C/Ndry
	pHrain





	SOCdry
	0.719 **
	1
	
	
	
	
	
	
	
	
	



	SONrain
	0.769 **
	0.640 **
	1
	
	
	
	
	
	
	
	



	SONdry
	0.739 **
	0.903 **
	0.623 **
	1
	
	
	
	
	
	
	



	δ13Crain
	0.626 **
	0.436 *
	0.306
	0.361 *
	1
	
	
	
	
	
	



	δ13Cdry
	0.354 *
	0.576 **
	0.113
	0.558 **
	0.349
	1
	
	
	
	
	



	δ15Nrain
	−0.337
	−0.271
	−0.496 **
	−0.316
	0.087
	0.021
	1
	
	
	
	



	δ15Ndry
	0.034
	0.083
	−0.036
	0.084
	0.179
	0.597 **
	0.165
	1
	
	
	



	C/Nrain
	0.972 **
	0.657 **
	0.648 **
	0.684 **
	0.668 **
	0.338
	−0.337
	0.014
	1
	
	



	C/Ndry
	0.623 **
	0.845 **
	0.575 **
	0.573 **
	0.469 **
	0.34
	−0.242
	0.035
	0.578 **
	1
	



	pHrain
	−0.361 *
	−0.312
	−0.388 *
	−0.328
	−0.047
	0.129
	0.175
	0.274
	−0.34
	−0.244
	1



	pHdry
	0.517 **
	0.439 *
	0.421 *
	0.364 *
	0.209
	−0.021
	−0.232
	−0.106
	0.480 **
	0.537 **
	0.02







* indicates a significant correlation (p < 0.05); ** indicates an extremely significant correlation (p < 0.01).
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