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Abstract

:

Soil organic carbon (SOC) mineralization (conversion of carbonaceous material to carbon dioxide) plays a central role in global carbon cycle. However, the effects of SOC mineralization under different saline–alkali stress conditions are poorly understood. In order to understand the carbon mineralization processes, four paddy fields with different saline and alkali degrees were chosen as the experimental samples and the soil CO2 emission fluxes at nine different time steps of the whole simulation experiment were observed. The physical and chemical properties of soils of four field conditions were compared for the dynamic changes of CO2 flux in the progress of paddy field cultivation simulations. The results showed that the first three fields (P1, P2, and P3) were weakly alkaline soils and the last one (P4) was strongly alkaline soil. The SOC content of each plot was significantly different and there was a near-surface enrichment, which was significantly negatively correlated with the degree of alkalization. The accumulation process of the SOC mineralization during the incubation time was consistent with the first-order kinetic model. In the initial stage of mineralization, the amount of CO2 released massively, and then the release intensity decreased rapidly. The mineralization rate decreased slowly with time and finally reached a minimum at the end of the incubation period. This study indicates that the SOC mineralization process is affected by a variety of factors. The main factors influencing SOC mineralization in the saline–alkaline soils are the exchangeable sodium percentage (ESP), followed by enzyme activities. Salinization of the soils inhibits the rate of soil carbon cycle, which has a greater impact on the carbon sequestration than on the carbon source process. The intensity and completeness of the SOC mineralization reactions increase with increasing SOC contents and decrease with increasing ESP levels.
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1. Introduction


The process of CO2 exchange between soil and atmosphere is affected by soil conditions, environment, and land management [1]. Different soil temperatures, moistures, pH, and soil textures cause CO2 flux to exhibit different characteristics for different soil systems in the carbon cycle [2,3]. In the situation of global climate changes, some extreme weather conditions or natural disasters (such as rainstorms, droughts, floods, etc.) can exacerbate the formation and proportion of saline–alkali lands and increase the threat of the salinization and alkalinization of soils in arid or semi-arid areas [4,5,6] which can cause the destruction of ecological main function areas [7,8]. Land management, such as farming, fertilization, land use, and agricultural expansion is also one of the main driving factors of the CO2 increase, which in turn leads to an increase in saline–alkali soil areas [2,9]. It is estimated that the degree of soil salinization in the world would be further aggravated and deteriorated, and the impacted scope or area would be further expanded. Therefore, soil salinization is becoming a major environmental threat affecting soil structures and functions [10].



In the global carbon cycle, soil respiration is the main form of carbon flux exchange between the soil and atmosphere [11]. Soil organic carbon (SOC) accounts for about 50% of the total terrestrial carbon pool (depth of 1 m) [12]. A small change of SOC can lead to a large variation of atmospheric CO2 concentrations, and its important role in the global carbon cycle cannot be ignored [13,14]. SOC also plays an important role in the soil quality of the agro-ecosystem [15], and in maintaining crop productivity and yield stability [16]. Some studies have shown that increasing land use and human activities have reduced the carbon pool of the agricultural land by about 133 Pg carbon [10]. Understanding the factors affecting SOC and the main indicators of soil quality is one of the key issues for soil sustainable agriculture. A major process affecting SOC is its mineralization process, which has a large impact on the terrestrial sources of CO2 fluxes in the atmosphere [17]. The SOC mineralization essentially is a biochemical process in which microbes utilize and degrade soil organic matter and carbon flow out of the soil [18]. From the point of view of biochemical reactions, the reaction process is generally considered to consist of two stages [19]. First, microbes secrete extracellular enzymes to convert insoluble SOC polymers into compounds that can be absorbed by microbial cells. In the second step, carbon (C) is released as CO2 and the assimilated compounds react through the oxidative metabolism processes. A series of reactions are carried out under the catalysis of the required enzyme and coenzyme factors and under suitable pH conditions. The mechanism of redox reactions [20] is affected by the chemical composition of the SOC, soil temperature, soil moisture and texture, etc. [21,22].



In the exchange between atmosphere and soil, the contribution of CO2 released from the alkaline soil is mainly from carbonate [23], and the saline–alkali soil is one of the important carbon sources because of low carbon input [9]. The variety and content of salt in soils make the physical properties and chemical components of saline–alkali soil very complex and variable [24]. The CO2 flux is influenced by both biological and physicochemical processes, and the carbon cycle process in saline–alkali soil is different from that in the not saline–alkali soil [25]. During the past decade, many studies have investigated the effects of the saline–alkali stress on soils and crops [25,26,27,28]. Zhang et al. concluded that moderate to high concentrations of salt significantly reduced the absorption of CO2 in soil land and affected the accumulation density of organic matters [9]. In addition, the toxicity of the alkaline stress (high pH soil produced by NaHCO3 and Na2CO3) to grassland plants such as Chinese wildrye (Aneurolepidium chinense) and Kochia sieversiana was more serious than the salinization stress [29,30]. Soil salinity and alkalinity are harmful to the growth of wetland plants. However, most of the previous studies have focused on the effects of saline stresses. There have been only a few studies regarding the soil carbon cycle and paddy ecosystem under salinization and alkalization stresses, and little attention has been devoted to field research and control experiments. This study focuses on characterizing the carbon mineralization process in saline–alkali soil. Four sample plots with different saline–alkali extents are selected as our research fields. The first-order dynamic mathematical model is utilized to simulate the process of carbon mineralization. The monitoring data from the field tests are compared with those of laboratory incubations to obtain the fitting parameters of the model.



The area of saline–alkali lands is approximately one million km2 in China, while there is 23.33 thousand km2 in the Songnen Plain of the western Jilin Province, which is one of the three most concentrated saline–alkali land areas in the world, and where the Qianguo Irrigation District with typical saline-alkali characteristics was selected as the research object. NaHCO3, CaCO3, and other soda salts are used as the main inorganic sources in this region [21,31]. The district is located in the northwest of Jilin Province in Northeast China, in the hinterland of the Songnen Plain, and there have been a large number of paddy fields transformed from saline–alkali lands in this region. However, the response of carbon mineralization to soils with different salinization and alkalinization degrees were poorly understood. The objectives of this study include the following: (1) To evaluate the impact of the soil salinization and alkalinization on the SOC contents, (2) analyze the SOC mineralization process and its dynamic simulation processes under different saline–alkaline stresses, and (3) assess whether and how the soil salinization and alkalization impact on the global carbon source or carbon sequestration processes.




2. Materials and Methods


2.1. Study Sites and Sampling Design


The study area, Qianguo County, was located in western Jilin Province (43°22′ to 46°18′ N, 121°38′ to 126°11′ E) (Figure 1) of Northeast China, where the climate is semi-arid and sub-humid continental monsoon with four distinct seasons. The annual mean temperature is about 4.5 °C, the lowest temperature is in January (the extreme minimum temperature −36.1 °C), and the highest temperature is in July (the extreme maximum temperature 37 °C). Annual precipitation is between 400 mm and 500 mm [32].



Four plots (P1, P2, P3, and P4) with different saline–alkali stresses were selected after pre-experiments and initial data analysis of the project (Table 1). Representative plots were distributed in different parts of the Qianguo County. According to the primary study, the development period, the fertilization rate, and the soil management mode are diverse. The profile soil (0 to 20 cm and 20 to 40 cm) was randomly collected by mixed sampling method at each sample site. Each soil sample was about 3 kg by weight and placed in a prepared plastic sampling bag. The soil properties are shown in Table 1. The surface soil (0 to 20 cm deep) and the bottom soil (20 to 40 cm deep) were collected on 27 September 2017 and the mineralization characteristics of different soil layers were studied. The vertical 40 cm deep soil was directly related to rice growth. The collected soil samples were mixed together after the visible animal and plant residues were removed. One part was immediately stored in a 4 °C refrigerator freezer for incubation experiments, and another part of the soil samples was naturally dried at room temperature, and then milled and sifted to measure the physicochemical properties of the soils.




2.2. Soil Analysis


Soil samples were air dried after animal and plant residues and stones were removed, and then sieved by 2 mm for soil properties (except for bulk density) and enzymes analysis, as well as sieved by 0.149 mm for the SOC assay.



2.2.1. Measurement of Soil Alkalinity


The alkalinity of soil is expressed by the saturation of Na+, which refers to the percentage of exchangeable Na+ adsorbed on soil colloids as a percentage of cationic exchange capacity. The exchangeable Na+ was measured by atomic emission spectrometry (TAS-990 atomic absorption spectrophotometer) and the cation exchange capacity (CEC) was measured by EDTA-ammonium acetate exchange method. The exchangeable sodium percentage (ESP) formula for calculating soil alkalinity is as follows:


ESP = Na+/CEC × 100%












2.2.2. Measurements of Other Indicators


The soil pH value was measured by the pH meter (Shanghai Yiliang Scientific Instruments Co., Ltd., PHS-3C type, Shangai, China) (dry soil: deionized water, 1:2.5, mass concentration). Soil salinity was measured by the conductance method. Water holding capacity (WHC) was measured by the cutting ring method. Electrical conductivity (EC) was measured by the conductometer (Shanghai Yiliang Scientific Instruments Co., Ltd., DDSJ-308 type, Shangai, China) (dry soil: deionized water, 1:2.5, mass concentration), and the SOC was determined by the total organic carbon analyzer (Shimadzu TOC-V, SSM-5000A, Kyoto, Japan), and total nitrogen (TN) was determined by Kjeldahl distillation with the nitrogen determination instrument (Shanghai Yiliang Scientific Instruments Co., Ltd., KDN-04C, Shangai, China).





2.3. Experimental Design


The basic physicochemical properties of soils were measured and cultivated on 15 November 2017. Soil samples were collected from four saline paddy fields (P1, P2, P3, and P4) with different salinization extents in western Jilin Province. The samples were obtained using 0 to 20 cm and 20 to 40 cm stratified sampling below the surface. Before the incubation experiment was carried out, the fresh soil samples stored in the refrigerator at 4 °C were taken out, and the soil moisture contents and the soil WHC in the field were measured in order to calculate the soil moisture contents and the weighing quality of each treatment. Each soil sample was treated with 3 parallel treatments and a blank control experiment was set in order to eliminate error. Each incubation bottle selected a wide mouth plastic incubation bottle with a good 1000 mL seal. Weighing 20.0 gr of soil (dry weight) was adjusted to 60% of WHC in the field. It was laid flat on the bottom of the incubation bottle, and a spare space was reserved in the middle of the bottom to hold a small 25 ml beaker. There was 10 mL 0.1 mol·L−1 NaOH solution in the small beaker (Figure 2). The blank control bottle was the same as the experiment beaker but without any soil in it. The preincubation time was one week, the total length of the incubation cycle was set at 70 days, the first 14 days were monitored every two days, then every other week, and when monitored after 35 days, the frequency of monitoring changed to once a month. During the incubation experiment, the absorbent cup was changed periodically to obtain the CO2 mineralization flux within a certain period of time, and the weighing method was used to ensure that the soil moisture was kept at 60% of the field WHC. All the incubation bottles were weighed at each measurement, and when the initial value was lower, the moisture was replenished according to the difference value.



The method of the assay of soil enzyme is not quantitative determination of enzyme content in soil, but according to the functions of enzyme-catalytic chemical reactions, the commonly used biochemical method was used to characterize enzyme activities [33]. The types of enzymes in the soil can be classified as redox enzymes, transferases, hydrolases, and lysozyme, etc. Among them, hydrolase and oxidoreductase have been widely studied. In this study, amylase, invertase, catalase, and polyphenol oxidase, which are the most direct enzymes neutralizing the natural carbon cycle, were tested and analyzed to monitor the changes of soil enzymes in soil. The relationships among those enzyme activities and soil organic carbon content and soil organic carbon mineralization were also analyzed.




2.4. Modeling Methods


The mineralization process of all treated SOC was simulated with a first-order dynamic model [34]. The formula is as follows:


Ct = C0 × (1 − e−kt)








where Ct (g kg−1) represents the accumulated mineralization amount of soil organic carbon after t days (d) or the days of incubation, C0 is the equation to simulate the potential value of soil mineralization (g kg−1), and k is the turnover rate constant of organic carbon pool (d−1). The half cycle period is T1/2 = ln2/k. The formula for calculating the mineralization rate of soil organic carbon is as follows:


CO2 (g/kg) d = CO2 (g/kg)/t








where CO2 (g kg−1) represents the amount of organic carbon mineralization during the incubation period B (g kg−1).



The formula for calculating the SOC mineralization amount is as follows:


CO2 (g/kg) = CHCl × (V0 − V1) × 22/0.03








where CHCl is the concentration of hydrochloric acid (mol·L−1), V0 is the volume of blank titration (mL), and V1 is the volume of consumed hydrochloric acid (mL).




2.5. Calculations and Statistical Analysis


Single factor analysis of variance (ANOVA) and multiple comparisons were conducted to analyze the differences between different soil layers (significant level, p < 0.05). The Pearson correlation coefficient matrix was used for correlation analysis, and the first-order kinetic equation was used for data fitting and parameter estimation.





3. Results


3.1. Characteristics of the SOC and Soil Alkalinity


Referring to the International Alkali Soil Partition Standard [9], soil with ESP between 5% to 20% is defined as alkaline soil (5% to 10% for mildly alkaline soil, 10% to 15% for moderately alkaline soil, and 15% to 20% for heavily alkaline soil). The P1, P2, and P3 samples were weakly alkaline soils, while the P4 sample was strongly alkaline soil with ESP showing P4 > P3 > P2 > P1. The vertical distribution of ESP showed that ESP in a deeper layer was higher than that in the surface layer, i.e., 20 to 40 cm was higher than that in the surface layer (Figure 3).



As shown in Figure 4, the overall average SOC content in the four samples was 14.74 g kg−1, while the maximum and minimum values of P1 and P4 samples were 22.36 g kg−1 and 9.24 g kg−1, respectively. The SOC content of each sample in the 0 to 20 cm soil layer was higher than that in the 20 to 40 cm soil layer, which showed a certain surface enrichment phenomenon. The trend of the SOC content among four samples was P1 > P2 > P3 > P4. In the P1 and P2 samples, the SOC content in the upper layer was close to that in the lower layer, and it was significantly higher than that in the other two samples, which could be caused by the relatively average mechanical composition and better heat transfer performance of the upper-layer soil. The soil quality conditions of these two samples were relatively good. The Pearson correlation analysis showed that there was a significant negative correlation between the SOC content and salinization (Figure 4). In the 0 to 20 cm soil layer, the SOC contents of P1, P2, and P3 samples were 1.55, 1.47, and 1.31 times higher than that of the P4 sample, respectively. In the 20 to 40 cm soil layer, the organic carbon contents of P1, P2, and P3 samples were 2.09, 2.02, and 1.5 times higher than that of the P4 sample, respectively. Univariate analysis of variance (ANOVA) showed that alkalinity had a higher effect on the SOC content in deep soil than that in surface soil. The differences of the SOC content between different soil samples and different depth samples mainly depend on the differences of alkalinity.




3.2. SOC Mineralization Rate


The results of 70 days incubation monitoring experiments showed that the mineralization rate of the SOC in all treatments was approximately the same with the incubation time, and the release rate of CO2 showed a tendency of first increasing and then decreasing (Figure 5), which was consistent with the previous findings [35,36]. According to the decreasing rate of the SOC, the mineralization rate can be divided into three stages. In Stage I of incubation (one to seven days), the content of CO2 production was high, and from the first day it became rapid decline, but overall at a higher level. In Stage II of incubation (7 to 35 days), the microbial activity was in a stable dynamic equilibrium under suitable temperatures and nutrient conditions. Figure 5 shows that the CO2 production rate fluctuates slightly at this stage, but it is basically at a relatively stable level. On the fourth and 35th day, the CO2 production rate was 0.03 to 0. 12 g kg−1 d and 0.02 to 0.13 g kg−1 d, respectively. In Stage III (the 35th to 70th day), the rate of CO2 production decreased significantly, and the mineralization rate of each sample gradually decreased at the later stage of incubation, and finally reached the lowest point on the 70th day, which was around 7.54 to 10.79 times of the initial value.



As the extent and level of soil salinization were different, obviously, the SOC mineralization rate also shows its own characteristics respectively. On the whole, the higher the degree of soil salinization was, the lower the SOC mineralization rate. Although there were some fluctuations in different incubation stages, the average SOC mineralization rate was generally P1 > P2 > P3 > P4. The content of clay also affected the carbon mineralization rate, i.e., the higher the clay content, the faster the mineralization rate, which was consistent with the results of Muller et al. [37]. Figure 5 shows that the SOC mineralization rates of each stage of the four samples were higher than that of the bottom layer. The initial (the first day of the incubation period) CO2 release rates of 0 ot 20 cm were P2 (2.123 g kg−1 d) > P1 (1.639 g kg−1 d) > P3 (1.514 g kg−1 d) > P4 (1.162 g kg−1 d), which was consistent with the trend of C/N (Table 2). However, at the end of the incubation experiment, the SOC mineralization rate was P1 (0.162 g kg−1 d) > P2 (0.160 g kg−1 d) > P3 (0.158 g kg−1 d) > P4 (0.125 g kg−1 d), which was consistent with the trend of the SOC contents (Table 2).




3.3. SOC Mineralization and Kinetic Equation Simulation


In all the soil incubation experiments with different salinity, the accumulative release of CO2 followed the first-order kinetic model: Ct = C0 (1 − e−kt) with time, the curve was fitted well, and the R2 value ranged from 0.98 to 0.99. The results of the processing fitting parameters are shown in Table 3.




3.4. Accumulated SOC Mineralization Amount


The accumulated SOC mineralization amount refers to the total CO2 release (CO2-C) of soils from the beginning of incubation to a certain time point. The accumulated trend of CO2-C in each sample is approximately the same (Figure 6). The slope of mineralization accumulation is initially large, then gradually decreases, and finally tends to be gentle after a period of time. The CO2-C increased with the increase of incubation time, the intensity increased in the early stage, and the accumulation rate was faster and reached the same rate. At the 35th day, the CO2-C accounted for 81.97% to 83.83% of the whole incubation stage. At the end of the incubation period, the accumulation of CO2 tended to be gentle and approached the end point of accumulation. By the end of culture (70 days), the accumulated SOC mineralization amount in the four samples reached 3.52, 3.28, 3.12, and 2.66 g kg−1, respectively, taking the surface soil as an example. The total CO2-C of all the samples was P1 > P2 > P3 > P4, and the total CO2-C in the surface layer was significantly higher than that in the bottom layer, except for P4 (Table 2 and Figure 6). In the 0 to 20 cm soil layer, there was a significant difference in the total CO2-C between the P4 sample and the other three samples (p < 0.05), that is, P4 was lower than that in P1 0.87, P2 0.62, and P3 0.46 g kg−1, respectively. There was no significant difference in soil CO2-C among the P1, P2 and P3 samples (Table 3). In the soil layer of 20 to 40 cm, there was no significant difference in CO2-C among the four samples, and the total CO2-C was no longer consistent with the change of the SOC content (Table 3 and Figure 7). At the end of incubation period, CO2-C were significantly different in all ESP samples (p < 0.05), and highly negatively correlated with ESP (r = −0.838) (Table 3 and Table 4). With the increase of the extent of salinization and alkalinity, the soil accumulated mineralization amount tended to decrease, and the higher the extent of soil salinization was, the more disadvantageous it was with the SOC mineralization and decomposition.




3.5. Mineralization Potential of SOC


The accumulated SOC mineralization amount represents the amount of CO2 produced by mineralization, while the SOC mineralization potential represents the amount of CO2 released by the mineralization process under ideal conditions. The analysis of variance showed that the result of C0 of every sample was significantly different (p < 0.05) (Table 3), and the P4 sample was significantly lower than the other three. Compared with the same soil layer in different samples, the C0 value was P1 > P2 > P3 > P4. For the same sample but different soil layers, the C0 values in the 0 to 20 cm soil layer were higher than that of the 20 to 40 cm soil layer, Ct/C0 was 0.822 to 0.917, and the result was (Ct/C0) 0 to 20 cm < (Ct/C0) 20 to 40 cm except P4 (Table 3). This indicated that the soil active organic carbon components mainly existed in the surface layer, the mineralizable part of the soil did not completely react, and the complete extent of mineralization in the surface soil was higher than that in the bottom layer. According to the Pearson correlation analysis, C0 was significantly positively correlated with the SOC content and negatively correlated with alkalinity. As shown in Figure 7, the variation trend of C0 and the SOC content are basically the same, which indirectly indicates that the saline–alkali of soil affects its organic carbon content, and thus affects the SOC mineralization potential.




3.6. Soil Enzyme Activities


For the values of amylase, invertase, catalase, and polyphenol oxidase activities, the results were 1.32 to 1.94, 3.21 to 11.09, 2.09 to 2.53, and 0.12 to 0.21 (mg g−1), respectively, in the topsoil; and 1.00 to 1.10,1.76 to 6.63, 0.77 to 2.33, and 0.23 to 0.45 (mg g−1), respectively, in the subsoil (Figure 8). The polyphenol oxidase activities, in the topsoil were less than those of the subsoil in most plots. In the meantime, the difference of polyphenol oxidase activities between soil layers was not as significant as the other three enzymes.





4. Discussion


4.1. Soil Enzyme Activities


The change of the SOC content is affected by climate conditions and soil background nutrients in the study area. Organic carbon mainly comes from residues of plants, animals, microbial, and root exudates, and its content varies in the dynamic process of continuous decomposition and formation [38]. The characteristics of the SOC content in paddy fields in the Qianguo Irrigation area showed obvious surface enrichment characteristics, which are consistent with the results of Jobbagy et al. [39]. They found that the SOC reserves corresponded to 615 Gt carbon at the surface to 0.2 m deep and 2344 Gt carbon at depths up to 3 m [39]. For paddy field soils, root system development is relatively short and dense, organic matter return amount and soil root exudates are relatively concentrated in the surface layer, which is the main source of organic carbon content. In the deeper soil profile, the decrease of substrate required for microbial activity slows down its activity and material cycle, and the SOC content is reduced [40]. The effect of salinization in the profile is also a factor affecting the vertical distribution of the SOC content. The higher the salinization degree is, the lower the corresponding organic carbon content. On the one hand, with different effects of salinization, the physicochemical properties of the soil undergo a series of changes, showing texture consolidation and poor permeability of the soil, which hinder the extension and growth of the root system and thus reduce root exudates. On the other hand, because the SOC content is strongly dependent on root biomass, it is understood that the adverse effects of soil salinization on plant health is the result of a lower SOC content [9]. In medium to high salinity soils, changes in salinity also affect soil properties and material cycles, such as plant growth, organic matter accumulation, and SOC accumulation density. The alkaline soil environment destroyed the living environment of microorganisms, inhibited life activities, affected the decomposition and humification of plants, animal residues and litters, and reduced the recovery of organic matters in soil. For the study area of the west Jilin Province, its special saline–alkali property may be the main reason for the low SOC content.




4.2. Effects of Soil Salinization on SOC Mineralization Characteristics


The SOC mineralization process, driven by enzymes and microorganisms, is the key process of the soil carbon cycle [38]. In the first stage of the incubation, the SOC mineralization was more intense, due to the high content of active organic substances such as carbohydrate and protein in the soil at the early stage of mineralization after preincubation, which provided abundant carbon sources and nutrients for soil microbes. The microbial activity was at a higher level and the decomposition rate was faster. Promoting microbial activity or changing microbial communities enhances the SOC mineralization and affect the SOC stability through symbiosis [41]. In Stage II, the microbial activity was in a stable dynamic equilibrium state under the suitable temperature and nutrient condition. At the end of incubation, the reduction organic matter and available carbon sources limited the microbial activity with the prolongation of culture time, and the SOC mineralization rate showed a decreasing trend [9,42,43]. During the seven to ten days in the incubation stage, all treatments had a short period of accelerated mineralization rate, which could have been due to the strong mineralization reaction in the early stage, causing the intensity of available nutrients and water consumption in the soil to be high. On the seventh day, the soil moisture content increased suddenly after adding water to adjust the moisture content in the experimental bottle, and the microbial activity showed a transient active state. This phenomenon also appeared in the experiments of Zimmerman et al., and the accelerated release of CO2 in the early stage of incubation was due to soil rewetting [44]. The changes of the soil moisture content increased soil microbial biomass and its activity, thus promoting SOC mineralization [39,41].



In this study, in the 0 to 20 cm soil layer, the SOC accumulation mineralization, mineralization reaction complete degree, and average mineralization reaction intensity were higher than those in the 20 to 40 cm soil layer. The soil surface layer is dominated by the active carbon fraction, which is relatively low in years and circulates faster, while the bottom soil is dominated by the old slow cycle inert carbon, which is commonly referred to as the passive SOC component. The SOC decomposition in the deep soil would be greatly reduce [39]. Moreover, the low substrate content, weak microbial activity, and slow SOC conversion in the bottom layer are mostly due to the scarcity of fresh carbon (plant litter and exudates). The same results were obtained by previous similar experiments [40,45]. In addition, in the 20 to 40 cm soil layer, the kinetic fitting parameter R2 values were higher than those of the 0 to 20 cm soil layer by the first-order dynamics simulation. Under the conditions of the same temperature, water content, and soil quality, the correlation coefficient of Pearson was analyzed and compared. The results showed that the effects of pH and EC in soil environment on the mineralization reaction are much smaller than those on organic carbon content and soil alkalinity. In saline–alkaline soil, on the one hand, soluble ions are mainly HCO3− and CO32− [46], and the electrolysis and hydration reaction occur continuously, which promote the pH alkalinity of the soil microsystem. Under this condition, the enzyme activity is inhibited [47], the activity and process of microorganism are weakened, and the rate of mineralization reaction and accumulation process are slowed down. On the other hand, HCO3− and CO32− in soil microsystems continue to occur in the process of ionization and water summation [48,49], which forces the energy originally used in the carbon cycle process to be transferred partly for ion reactions, and decreases in energy also directly limit the mineralizability of the soil [50]. The effect of CH4 and other gas flux on carbon concentrations was not considered in this experiment due to the climatic conditions of the study area. The results can provide the data support and theoretical basis for understanding the carbon sink/source and the carbon cycle mechanism of the paddy fields in saline–alkali areas.




4.3. Evaluation of First-Order Dynamics of the SOC Mineralization Process


The SOC mineralization process is also the process of decomposition. The stronger the mineralization ability is, the greater the loss of carbon [51]. According to the results, with the increasing soil salinity, the SOC mineralization amount and the rate become lower. Did this result indicate that saline–alkaline soil was beneficial to the sequestration of SOC? Obviously not. First, the content of organic carbon in the strongly saline–alkaline soil was much lower than that in the weakly saline–alkaline soil, and the SOC content was the main influencing factor of soil organic carbon mineralization with a positive correlation. In this study, we evaluated the carbon sequestration capacity of soils with different saline–alkali degrees by the mineralized amount per unit of SOC [52,53]. As shown in Table 3 and Table 4, in this study, the Ct/SOC values were significantly different among different plots and were positively correlated with the alkalinity. The Ct/SOC of soils in various plots showed P2 < P1 < P3 < P4, and the surface and deep soils also showed this pattern. The SOC content might not always be consistent with carbon sequestration ability, and the stronger the saline–alkali soil was, the easier it produced carbon source, but the more unfavorable it was to carbon sequestration. We also found that the characteristics of the P4 plot were a low organic carbon content and a low total amount of CO2 released by the SOC mineralization, but its C0/SOC was relatively high. This indicated that the utilization of organic carbon in the soil was very high, but its total CO2-C was very low because of its serious salinization and alkalinity, and the utilization of organic matter was restricted. In Table 4, according to the correlation coefficient of alkalinity with C0 and C0/SOC, it can be concluded that the effect of soil salinization and alkalinity on carbon sequestration was greater than that of the carbon source process.



Correlation analysis showed that the turnover rate constant (k) of organic carbon pool was correlated with the physicochemical properties of the soil, the characteristic value and parameter of carbon mineralization, which was consistent with those results by Quan et al. and Trinsoutrot et al. [54,55]. The k value was affected by soil type, nutrient content, particle composition, and pH value, and was also related to soil parent material and the effect of long-term fertilization on k value was not significant [55]. There were significant differences in the k value between different plots (p < 0.05) (Table 4). The organic carbon turnover rate constant k was highly positively correlated with ESP, moderately positively correlated with EC and C0/SOC, and negatively correlated with total organic carbon (TOC), pH value (Table 4). The degree of salinization is the main factor affecting the turnover rate of organic carbon pool, followed by C0/SOC (soil carbon sequestration capacity).




4.4. Effects of Soil Enzyme Activities on the SOC Content and Mineralization


The formation and mineralization of soil organic carbon are impacted by almost all enzyme activities. Many studies have shown that soil enzyme activities were related to the changes of natural organic carbon contents in different terrestrial ecosystems. Therefore, they play an important role in the soil carbon cycles [56,57]. Some hydrolases can catalyze the hydrolysis of polysaccharides, release monosaccharides, provide available carbon and energy support for life activities such as microorganisms, and thus affect plants growth [58,59,60]. Soil oxidoreductase can catalyze the redox reaction in soils and participate in soil carbon cycles. In this paper, two hydrolytic enzymes, amylase and sucrase, and two oxidoreductase, catalase and polyphenol oxidase, which are closely related to soil carbon cycles, were selected to study the effects of their activities on soil organic carbon.



Soil amylase, a catalyst for the primary decomposition of starch organic matter in soil, can catalyze starch decomposition into oligosaccharides, which is conducive to the uptake of nutrients and energy by living organisms such as soil microorganisms. When the soil microbial biomass increased, it promoted the decomposition of some organic litters, thus increased the content of organic carbon in soils. The substrate catalyzed by soil sucrase was sucrose polysaccharide, and its catalytic decomposition products were glucose and fructose. Soil invertase was also involved in the synthesis and transformation of soil carbon, which was related to soil humification and soluble organic matter. As an important kind of enzyme in soil, hydrolase can characterize the microbial biomass and activities related to the carbon transformation and play a key role in soil carbon changes. Because paddy soils are flooded for a long period of time, which leads to the accumulation of hydrogen peroxide, a large amount of catalase is needed to catalyze the decomposition of hydrogen peroxide to reduce the toxicity. This effect is helpful to the accumulation of soil organic carbon [61]. Because of the low activities of polyphenol oxidase in the paddy fields, its effect on soil organic carbon was not significant.





5. Conclusions


On the basis of the four sample experiments of this study, the variations of salinization and alkalinity degrees show obviously different impacts on the mineralization process of organic carbon. The higher the degree of salinization and alkalinity, the weaker the mineralization and decomposition of SOC. The ability of soil carbon sequestration, the turnover rate of organic carbon pool, and the potential of the SOC mineralization are all weakened by saline–alkali stress. The following conclusions are made:




	1.

	
The SOC content of the surface layer in the paddy fields in Qianguo irrigation area is higher than that of the bottom layer, showing the phenomenon of surface enrichment. The higher the degree of soil alkalinity, the lower the SOC content, and the greater the effect on the SOC content in the bottom layer.




	2.

	
In the 70-day mineralization incubation experiment, the rate of CO2 release from the soil in the irrigated area show a tendency of first high and then reduced. The results of the incubation simulations are consistent with the first-order kinetic equation (Ct = C0 (1 − e−kt)).




	3.

	
For enzyme activities, amylase, and invertase are significantly positively correlated with the SOC content, and the difference of polyphenol oxidase activities between different soil layers is not as significant as the other enzymes.




	4.

	
The soil salinization and alkalinity is unfavorable to the SOC mineralization, and the extent of influence is related to the effects of saline–alkali, which is an important factor affecting the turnover of organic carbon pool, and the influence on the carbon sink is greater than that on the carbon source process.
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Figure 1. Location of the study area. 
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Figure 2. The incubation experiment bottle. The incubation experiment bottle is composed of an incubation bottle and a lye absorption measuring cup. The bottom of the incubation bottle is paved with 20.0 g of soils, and the alkali absorption cup is placed above the soils with 10 mL 0.1 mol·L−1 NaOH solution in it. 
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Figure 3. Soil exchangeable sodium percentage (ESP) distribution characteristics. 
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Figure 4. Soil organic carbon (SOC) distribution characteristics. 
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Figure 5. The characteristics of the SOC mineralization rate. (a) 0 to 20 cm soil; (b) 20 to 40 cm soil. 
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Figure 6. Cumulative SOC mineralization and its kinetic simulations in different cultivation times. 
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Figure 7. The comparison of the SOC content and total CO2-C in different treatments. 
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Figure 8. Soil enzyme activities in different sites. The data are mean values of three parallel samples (n = 3). The bars represent the standard deviation of mean values. 
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Table 1. Soil properties of sampling sites.






Table 1. Soil properties of sampling sites.





	Paddy Fields
	Longitude
	Latitude
	Sampling Texture
	Clay (%)
	Silt (%)
	Sand (%)





	P1
	124°43′03″ E
	45°00′19″ N
	Loam
	14.07
	40.18
	45.75



	P2
	124°40′41″ E
	45°00′25″ N
	Black soil
	13.96
	39.92
	46.12



	P3
	124°41′40″ E
	45°00′23″ N
	Silt sandy loam
	10.75
	67.33
	21.92



	P4
	124°42′27″ E
	45°00′05″ N
	Sandy loam
	4.58
	31.30
	64.12
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Table 2. Soil physicochemical properties.
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Paddy Fields

	
Soil Depth

	
pH

	
EC (us·cm−1)

	
ESP (%)

	
TN (g·kg−1)

	
C/N

	
WHC (%)

	
SOC (g·kg−1)

	
CEC (cmol kg−1)






	
P1

	
0–20 cm

	
7.74

	
392.67

	
7.16

	
0.54

	
40.22

	
43.20

	
21.76

	
16.36




	
20–40 cm

	
8.26

	
219.33

	
8.00

	
0.48

	
39.81

	
39.10

	
19.31

	
17.42




	
P2

	
0–20 cm

	
8.79

	
202.27

	
7.22

	
0.49

	
42.54

	
44.20

	
20.63

	
18.21




	
20–40 cm

	
9.09

	
184.80

	
8.41

	
0.47

	
39.91

	
38.70

	
18.64

	
19.03




	
P3

	
0–20 cm

	
8.84

	
231.00

	
7.45

	
0.46

	
40.04

	
43.50

	
18.30

	
16.02




	
20–40 cm

	
9.16

	
190.90

	
10.02

	
0.42

	
32.93

	
39.70

	
13.83

	
16.68




	
P4

	
0–20 cm

	
9.19

	
361.67

	
15.06

	
0.45

	
31.27

	
37.50

	
14.01

	
14.02




	
20–40 cm

	
9.41

	
263.00

	
16.57

	
0.39

	
23.57

	
35.20

	
9.24

	
16.15
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Table 3. Parameter values of the first-order kinetic simulation of the SOC mineralization in 0 to 20 cm and 20 to 40 cm soils and C0/SOC.






Table 3. Parameter values of the first-order kinetic simulation of the SOC mineralization in 0 to 20 cm and 20 to 40 cm soils and C0/SOC.





	
Samples

	
Ct/g kg−1

	
C0/g kg−1

	
k/d−1

	
T1/2

	
R2

	
Ct/SOC

	
Ct/C0




	
Treatment






	
P1

	
0–20 cm

	
3.523 a

	
4.211 a

	
0.028 c

	
4.254 b,c

	
0.9844

	
0.194 c,d

	
0.837




	
20–40 cm

	
2.653 c

	
3.030 c

	
0.032 b

	
4.139 d

	
0.9911

	
0.191 f

	
0.876




	
P2

	
0–20 cm

	
3.281 a,b

	
3.932 b

	
0.028 c

	
4.278 b

	
0.9827

	
0.208 d

	
0.835




	
20–40 cm

	
2.23 d,e

	
2.434 e

	
0.037 a

	
4.044 e

	
0.9903

	
0.222 g

	
0.917




	
P3

	
0–20 cm

	
3.117 b

	
3.812 b

	
0.026 d

	
4.335 a

	
0.9839

	
0.157 c

	
0.818




	
20–40 cm

	
2.190 e

	
2.448 e

	
0.037 a

	
4.309 a,b

	
0.9846

	
0.295 e

	
0.895




	
P4

	
0–20 cm

	
2.657 c

	
3.116 c

	
0.030 b,c

	
4.205 b,c

	
0.9884

	
0.131 b

	
0.853




	
20–40 cm

	
2.446 d

	
2.974 d

	
0.027 c,d

	
3.987 e

	
0.9887

	
0.177 a

	
0.822








Notes: The different lowercase letters indicate significant differences among treatments (p < 0.05).
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Table 4. Correlation analysis of soil chemical properties and mineralization characteristic values.
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	Indicators
	SOC
	EC
	pH
	ESP
	CO2-C
	C0
	C0/soc
	k





	EC
	0.569
	
	
	
	
	
	
	



	pH
	0.786
	−0.788
	
	
	
	
	
	



	ESP
	−0.945
	0.470
	−0.118
	
	
	
	
	



	CO2-C
	0.927
	−0.062
	−0.565
	−0.838
	
	
	
	



	C0
	0.952 *
	−0.139
	−0.495
	−0.895
	0.993 *
	
	
	



	C0/SOC
	−0.985 *
	0.544
	0.076
	0.975 *
	−0.860
	−0.904
	
	



	k
	−0.678
	0.706
	−0.331
	0.857
	−0.435
	−0.538
	0.792
	



	W
	0.696
	−0.049
	−0.386
	−0.850
	0.724
	0.781
	−0.721
	−0.725







Note: * p < 0.05.
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