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As two important greenhouse gases in the atmosphere, CO2 and N2O have been paid much attention to their environmental effects. As a large agricultural and population country in the world, agricultural soil is an important source of greenhouse gas emissions. In recent years, unreasonable agricultural measures will make the soil structure deteriorate and lead to the increase of saline-alkali cultivated land area. Therefore, the comprehensive utilization of saline-alkali land has practical significance for agricultural production and ecological environment safety in our country. In this study, the 11th Regiment of Alar City of the First Division of Xinjiang carried out field tests on saline-alkali cultivated land, and improved the saline-alkali cultivated land with desulfurized gypsum and aeolian sand. Six treatments were set up (blank treatment (CK) desulfurized gypsum 15 t/ha (LH), desulfurized gypsum 30 t/ha (LA), desulfurized gypsum 15 t/hamixed application (FL), Aeolian sand 15 t/ha (FH), and Aeolian sand 30 t/ha (FA)). The effects of different treatments on CO2 and N2O emission fluxes in cotton-pepper soil were observed. The results show that: (1) In the growth stage of cotton-pepper, compared with CK, soil moisture increased, and soil ammonium nitrogen decreased; The conductivity increases with the increase of desulphurized gypsum and the decrease of aeolian sand. The results showed that LA treatment had the best water retention effect and FA treatment had the best salt reduction effect. (2) Compared with CK, the cumulative CO2 emission fluxes of cotton soil under different treatments were CK > LH > FL > FH > LA > FA treatment, and those of pepper soil were CK > FL > LH > FH > FA > LA treatment. Among them, the inhibition effect of cumulative soil CO2 emission under LA and FA treatment reached a significant level. (3) Compared with CK, the cumulative N2O emission fluxes of LH, LA, FL, FH and FA treated soil in cotton field were CK > LA > LH > FH > FL > FA, and that of pepper soil was CK > FA > LH > LA > FL > FH. Among them, the inhibition effect of aeolian sand (FA and FH) on soil N2O cumulative emission reached a significant level. (4) Compared with CK, LH, LA, FL, FH and FA treatments reduced the comprehensive greenhouse effect of cotton field and pepper crops by inhibiting soil CO2 emission fluxes, among which FA treatment had the lowest comprehensive greenhouse effect. Therefore, the effects of different treatments on physicochemical properties and gas emissions of saline-alkali soil were comprehensively analyzed, and FA treatment had the best effect on inhibiting CO2 and N2O emissions and improving soil physicochemical properties.
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1 INTRODUCTION
Climate change is one of the serious challenges facing mankind, and with the increase in global temperature, the issue of climate change has become the biggest risk facing the whole world at present, in which greenhouse gas emissions caused by human activities are the main cause of climate change. As two important greenhouse gases, CO2 and N2O in the atmosphere contribute 80% to the greenhouse effect (Kiehl and Trenbeth, 1997). As a large agricultural and population country in the world, the greenhouse gas (GHG) emissions associated with agricultural activities in China are about 828 million tons of carbon dioxide equivalent (CO2-eq), which is about 7.9% of the total global GHG emissions, and N2O also contributes more than 300 million tons of CO2-eq (Zhang et al., 2023). China has about 3.6 × 107 ha of saline-alkali land, which has 4.88% of the available land area in the country (Li et al., 2014). Therefore, the study of GHG emissions from saline soils in agricultural fields is a topic that needs to be focused on.
The low nutrient content in saline soils, salinization of saline soils severely inhibits the accumulation of organic matter in saline soils, as well as poor soil structure and high soil salinity (Chen, 2023), which leads to reduced crop yields and seriously affects the development of agriculture. Among them, the application of soil conditioners can effectively improve saline and alkaline soils. As an important safeguard for agricultural production and one of the important measures to improve saline soils, different soil amendments can improve soil physical and chemical properties and soil structure while at the same time affecting GHG emissions. In agroecosystems, GHG emissions, soil physicochemical properties and crop yields can vary significantly depending on the amount and method of application (Shao et al., 2022). Zhang et al. (2019) showed that gypsum has the best effect on inhibiting greenhouse gas emissions. Li (2023); Wang (2020) and Xiang (2018) reported that soil greenhouse gas emissions were significantly suppressed with the application of FGD gypsum Jiang et al. (2023). The study indicated that as the amount of desulphurized gypsum applied increased, the rate of decrease in the percentage of sodium exchanged and the rate of increase in crop yield showed an increasing and then decreasing trend, while the rate of increase in the electrical conductivity of the soil leachate showed an increasing trend. As FGD gypsum itself is a kind of salt, long-term application or mismanagement may lead to an increase in the total salt content of the soil (Huang et al., 2011). Therefore, different alkaline soil improvement also requires strict control of FGD gypsum application. Sand mixing can improve soil structure, increase the effective porosity and permeability of soil (Zhang et al., 2019), accelerate water infiltration, increase water content and reduce soil salinity. Therefore, in this study, a field experiment was conducted to monitor the response of CO2 and N2O emissions from cotton-chilli soils in the extreme arid zone to different amounts of FGD and FGD gypsum applied, with the aim of selecting the most beneficial soil amendment for saline-alkaline soils by determining the CO2 and N2O emissions and the main influencing factors under different cropping modes, with a view to providing theoretical support for the sustainable development of agriculture in the region.
2 MATERIALS AND METHODS
2.1 Overview of the study area
The experiment was carried out in 2023 in the 11th regiment of Alar City, the first division of Xinjiang, the experimental field is located in the south of Tianshan Mountain, adjacent to the northern edge of the Taklamakan Desert, geographic location 40.38° N, 81.37° E. The land belongs to the extreme continental climate of the warm zone, the average temperature during the test period is 33°C, the average annual rainfall is 40.1–82.5 mm, and the basic physical and chemical properties of the soil are shown in Table 1.
TABLE 1 | Basic physical and chemical properties of soils.
[image: Table 1]2.2 Experimental design
In this study, plots without the application of amendments were used as controls, and FGD gypsum 15 t/ha (LH), FGD gypsum 30 t/ha (LA), FGD gypsum 15 t/ha and aeolian sand 15 t/ha mixed (FL), aeolian sand 15 t/ha (FH), aeolian sand 30 t/ha (FA), and the control (without the application of the amendment CK), with a total of six treatments, each with three replicates and a plot area of 18 m × 3.3 m. Before sowing the crops, the plots containing FGD gypsum (from Alar City Lantian Thermal Co., Ltd.) and aeolian sand (from the 11th Regiment of Alar City, the First Division of Xinjiang - the Gate of Taklamakan Desert) were rototilled using agricultural machinery, so that the soil conditioner in the single- and mixed-application treatments was uniformly distributed in the 0–30 cm soil layer.
2.3 The test crops were cotton and chilli pepper
They were planted with under-mulched drip irrigation, with a film width of 200 cm, and drip irrigation tapes were laid in 6 rows of 1 film and 3 tubes, with a wide spacing of 60 cm, a narrow spacing of 30 cm, and a plant spacing of 20 cm; the seeds were sown on 27th April 2023, and the harvest took place on 8th October 2023, and the planting of cotton and chilli was carried out in the same way. Diamine phosphate (220 kg/ha) and urea (60 kg/ha) were applied as the base fertilizer before sowing, and urea and compound fertilizer were added at the bud stage, bolling stage and fluffing stage of cotton. A total of 10 times of irrigation throughout the reproductive period, a single irrigation rate of 360 m3/ha Greenhouse gas sample collection and analysis.
2.3.1 Greenhouse gas emission flux capture
Soil CO2 and N2O gas emissions were collected continuously everyday before and after irrigation during the cotton bolling stage, and the gases were collected in situ using the static dark box method. The static chamber consisted of a top box (0.5 m × 0.5 m × 0.5 m) and a base (0.5 m × 0.5 m × 1.5 m). A thermometer slot is provided in the box to observe the temperature change in the box during sampling. A foam plate with a thickness of 2 cm is arranged outside the box to prevent the temperature in the box from rising too fast during sampling. The base was buried in the soil of each test plot in the field, with the soil surface flush with the top of the base, and the top of the base was equipped with a 5-cm-thick groove for placing the top box, which was filled with water and sealed with water to prevent the exchange of air between inside and outside of the sampling box when collecting gases (Figure 1). The collection time was from 11:00 to 14:00 p.m., and the gas was collected every 15 min for 45 min after hooding the box, and the collected gas was transferred to a 100 mL gas collection bag with a 50 mL syringe (Wei et al., 2021). After gas collection, the collected samples were brought back to the laboratory on the same day for analysis, and a gas chromatograph was used to determine the gas concentration in the gas sampling bag.
[image: Figure 1]FIGURE 1 | Static box device diagram.
2.3.2 Determination of greenhouse gas emission fluxes

(1) The GHG analyses were carried out using a gas chromatograph to determine the CO2 and N2O concentrations in the gas sampling bags. The gas emission formula is (Guo et al., 2022):
[image: image]
where F represents the emission flux of CO2 and N2O (mg/(m2·h)), ρ denotes the density of the gas in the standard state (g/L), h is the height of the box (m), T is the average temperature inside the box (°C); Δc is the gas concentration difference, Δt is the time difference (h), and Δc/Δt is the emission rate of CO2 and N2O gas concentrations during the collection time, which was calculated according to the linear regression equation.
(2) The cumulative emission fluxes of the greenhouse gases CO2 and N2O were calculated as follows (Guo et al., 2022):
[image: image]
where M is the cumulative emission flux of soil CO2 and N2O (kg/ha), F is the emission flux of soil CO2 and N2O (mg/(m2·h)), i is the number of sampling times, and t is the sampling time (d).
(3) On a 100-year scale, the warming potential effect of N2O is 298 times greater than that of CO2, the global warming potential (GWP) effects of the greenhouse gases CO2 and N2O are calculated as follows (Wang et al., 2019):
[image: image]
where GWP is the potential effect of greenhouse gas emissions from cotton fields on global warming (kg/ha), [image: image] are the cumulative emissions of soil CO2 and N2O, respectively (kg/ha).
2.4 Testing of soil indicators
Soil water content: the soil was taken at 0–60 cm using a tube soil extractor at depths of 0–10 cm, 10–20 cm, 20–40 cm and 40–60 cm, respectively, and the retrieved soil samples were placed in an aluminum box in a constant temperature oven at 105°C for 24 h, and weighed to obtain the soil water content. The soil electrical conductivity was determined using a 308-type conductivity meter to determine the conductivity value (EC1:5) of the soil extract samples. Soil ammonium nitrogen and nitrate nitrogen contents were determined using a Smartchem fully automatic intermittent analyzer to determine the ammonium nitrogen and nitrate nitrogen contents.
2.5 Statistical analyses
Excel 2023 was used for experimental data processing and correlation analysis in SPSS 26.0 software was used to deal with the relationship between soil CO2 and N2O emission fluxes as well as soil physicochemical properties of the two crops, cotton-pepper, under different soil improvement measures. Origin 2021 software was used for graphing.
3 RESULTS AND ANALYSES
3.1 Effect of application of FGD gypsum and aeolian sand to different crops on soil physicochemical properties
3.1.1 Effect of application of desulphurized gypsum and aeolian sand to different crops on soil moisture
Soil moisture is an important component of soil and is the main source of water absorption for plants. Suitable soil moisture is conducive to the reproduction and metabolism of soil microorganisms, the decomposition of soil organic matter and the release of nutrients, thus promoting plant growth. The effect of growing two crops, cotton and chilli pepper, under different amounts of FGD gypsum and aeolian sand on soil moisture at the 0–40 cm soil horizon is shown in Figure 2. Under the CK treatment, the soil moisture of cotton-chilli at the 0–10 cm and 20–40 cm soil horizons was increased by 4.88% and 21.42% compared to that of chilli. In 10–20 cm soil layer cotton soil moisture decreased by 4.47% compared to chilli. Under LH treatment, cotton soil moisture increased by 5.32% and 5.84% in 0–10 cm and 20–40 cm soil layers than chilli. In 10–20 cm soil layer cotton soil moisture decreased by 9.31% compared to chilli. Under LA treatment, cotton soil moisture in 10–20 cm soil layers was same as chilli and in 0–10 cm and 20–40 cm soil layer chilli soil moisture was 1.53% and 18.77% less than cotton. Under FL, FH and FA treatments, cotton soil moisture in the 0–10 cm, 10–20 cm and 20–40 cm soil layers was reduced by 11.03%–18.09%, 20.42%–24.46% and 3.54%–6.47%, respectively, compared to chilli.
[image: Figure 2]FIGURE 2 | Soil moisture in different soil layers of two crops.
In summary, the soil moisture of cotton field-pepper increased gradually with the increase of FGD gypsum and sand application. Under FGD gypsum treatments (LH and LA), cotton field soil moisture was greater than chilli soil moisture in the 0–10 cm and 20–40 cm soil horizons, and cotton field soil moisture was less than chilli soil moisture in the 10–20 cm soil horizons. Cotton soil moisture was less than chilli soil moisture in the 0–10 cm, 10–20 cm and 20–40 cm soil horizons under aeolian sand treatments (FL, FH and FA).
3.1.2 Effect of application of desulphurized gypsum and aeolian sand to different crops on soil conductivity
The effect of growing two crops, cotton and chilli pepper, under different amounts of FGD gypsum and aeolian sand on soil conductivity at 0–40 cm soil layer is shown in Figure 3. It can be seen from the figure that soil conductivity of cotton-soil at 0–10 cm soil layer increased by 5.98% in comparison to that of chilli under CK treatment. At 10–20 cm and 20–40 cm soil layers cotton soil conductivity decreased by 6.4% and 20.83% than chilli, respectively. Under LH and LA treatments, cotton soil conductivity increased by 42.88%–47.55%, 49.21%–65.52%, and 3.37%–6.36% in 0–10 cm, 10–20 cm and 20–40 cm soil layers, respectively, compared to chilli. Under FL treatment, soil conductivity varied from 16.34% to 18.15% in cotton and 19.64%–20.5% in chilli. In 0–10 cm soil layer chilli soil conductivity was reduced by 51.96% compared to cotton. In 10–20 cm and 20–40 cm soil layers cotton soil conductivity was reduced by 37.64% and 6.86% than chilli, respectively. Similarly, under FH and FA treatments, soil conductivity of cotton increased by 24.44%–45.54% and 10.78%–34.31% in 0–10 cm, 10–20 cm and 20–40 cm soil layers, respectively, compared to that of chilli.
[image: Figure 3]FIGURE 3 | Soil conductivity of two crops in different soil layers.
In summary, the soil conductivity gradually increased with the increase of FGD gypsum application, and the soil conductivity gradually decreased with the increase of sand application. It showed that the aeolian sand treatment had a salt-reducing effect, among which the aeolian sand 30 t/ha (FA) treatment had the best salt-reducing effect. In the 0–10 cm, 10–20 cm and 20–40 cm soil layers, the soil conductivity of cotton field was greater than that of chilli pepper in LH, LA, FH and FA treatments.
3.1.3 Effect of application of desulphurized gypsum and aeolian sand on soil nitrate nitrogen in different crops
Soil is an important source of nutrients for plants, and nitrate nitrogen and ammonium nitrogen are the two inorganic forms of nitrogen in soil that are easily absorbed and utilized by plants (Liu et al., 2023; Tong et al., 2024). The effect of planting two crops, cotton and chilli pepper, under different amounts of FGD gypsum and sand, on soil nitrate nitrogen at 0–40 cm is shown in Figure 4. After different amounts of FGD gypsum and sand were applied to the soil, the nitrate nitrogen content of the soil under each treatment of cotton was significantly different at 0–10, 10–20 and 20–40 cm. Compared with the CK treatment, the nitrate nitrogen content in the 0–10 cm soil layer was increased in the LH, LA and FL treatments, with growth rates of 33.79%, 45.51%, 32.49%, respectively. The soil nitrate nitrogen content in the 10–20 cm soil layer showed an increasing trend with the increase in the amount of FGD gypsum and sand application, and the nitrate nitrogen content in the LH, LA and FL treatments was increased, with growth rates of 2.01%, 11.94% and 8.71%, respectively. At 20–40 cm, LA and LH treatments increased nitrate nitrogen content with growth rates of 4.54% and 12.28%.
[image: Figure 4]FIGURE 4 | Soil nitrate nitrogen content in different soil layers of two crops.
There were significant differences in soil nitrate nitrogen content at 0–10, 10–20 and 20–40 cm under each treatment of chilli. Compared with the CK treatment, the nitrate nitrogen content at 0–10 cm and 10–20 cm soil layer showed an increasing trend with the decrease of FGD gypsum dosage and the increase of aeolian sand dosage, with the growth rate of 47.74%–93.22% and 0.35%–19.7%, respectively. At 20–40 cm, soil nitrate-nitrogen content showed an increasing trend with the decrease of FGD gypsum use and the increase of aeolian sand use, and the nitrate-nitrogen content of all treatments decreased compared with that of CK, with the rates of decrease of 15.37%, 18.65%, 34.49%, 39.26% and 30.75%, respectively.
3.1.4 Effect of application of desulphurized gypsum and aeolian sand on soil ammonium nitrogen in different crops
The effects of growing cotton and chilli crops with different amounts of FGD gypsum and sand were shown in Figure 5. Soil ammonium nitrogen content in the 0–40 cm soil layer was significantly different in the 0–10, 10–20, 20–40 and 40–60 cm soil layers in cotton treatments with different amounts of FGD gypsum and sand applied to the soil. The ammonium nitrogen content was reduced at 0–10 cm, 10–20 cm and 20–40 cm soil layers by 2.08%–30.5%, 6.94%–32.75% and 4.24%–37.31%, respectively, as compared to the CK treatment.
[image: Figure 5]FIGURE 5 | Soil ammonium nitrogen content in different soil layers of two crops.
Soil ammonium nitrogen content of chilli peppers decreased with the increase of FGD gypsum and aeolian sand application in 0–10 cm soil layer, and showed an increasing trend with the increase of FGD gypsum and aeolian sand application at 10–20 cm and 20–40 cm soil layer. Compared with the CK treatment, all treatments increased the ammonium nitrogen content at 10–20 cm and 20–40 cm, with growth rates ranging from 11.65% to 20.03%, 4.2% to 22.17%, respectively.
3.2 Impact of FGD gypsum and aeolian sand application on soil GHG emissions for different crops
3.2.1 Effect of application of desulphurized gypsum and aeolian sand on CO2 emission fluxes from cotton-pepper soils
Soil CO2 emission is the process by which soil emits CO2 due to metabolism, of which plant root respiration and soil microbial respiration are the most important components (Shi et al., 2010). The poor physicochemical properties of alkaline soils lead to a clayey texture and low water infiltration coefficient (Yin, 2011). Therefore, the application of different amendments to the soil had a positive effect on improving the soil structure and soil environment, which in turn altered the microbial activity in the soil and the physiological activity of the crop root system, thereby affecting the CO2 emission fluxes. The effects of different application rates of FGD gypsum and aeolian sand on CO2 emission fluxes of cotton-pepper soil are shown in Figures 6A, B. The soil CO2 emission fluxes of the two crops showed similar trends, with peaks on the first day after irrigation and fertilizer application, followed by a gradual decline. The average daily soil CO2 emission fluxes of LH, LA, FL, FH and FA treatments in cotton field ranged from 211.23 to 2319.79 mg/(m2 h), and the average daily CO2 emission fluxes of the treatments were reduced by 32.49%, 56.93%, 51.47%, 41.14%, and 65.55%, respectively, when compared with that of control CK. The average daily CO2 emission fluxes of soil in chilli LH, LA, FL, FH and FA treatments ranged from 186.95 to 2499.71 mg/(m2 h), respectively, and were reduced by 31.47%, 60.83%, 48.10%, 46.80%, and 66.01%, respectively, compared with the control CK.
[image: Figure 6]FIGURE 6 | (A) Changes in soil CO2 emission fluxes of cotton under different treatments (Note: a is soil CO2 emission flux from cotton fields). (B) Changes in soil CO2 emission fluxes of pepper under different treatments (Note: b is soil CO2 emission flux from chilli peppers).
This shows that both cotton and chilli crops significantly suppressed CO2 emissions in all treatments under different application rates of FGD and sand, indicating that both FGD and sand amendments have the property of suppressing CO2 emissions, and soil CO2 emission fluxes decreased with the increase of FGD and sand applications, and the overall performances of soil CO2 emission fluxes in all treatments of cotton-chilli were all The overall performance of soil CO2 emission fluxes of cotton field-pepper treatments was CK > LH > FH > FL > LA > FA in order.
3.2.2 Effect of application of desulphurized gypsum and aeolian sand on cumulative emission fluxes of CO2 from cotton-pepper soils
Cumulative soil CO2 emission fluxes were calculated for cotton-pepper at fertility stage. The following results were obtained from Figure 7. The cumulative CO2 emission fluxes of the cotton treatments ranged from 3528.21 to 8861.06 kg/ha. Compared with the CK treatment, the LH, LA, FL, FH and FA treatments decreased by 31.69%, 54.58%, 48.56%, 41.08% and 60.18%, respectively. The cumulative CO2 emission fluxes of chilli peppers ranged from 2909.63 to 7960.34 kg/ha. It was reduced by 36.02%, 59.2%, 42.56%, 44%, and 63.45% in LH, LA, FL, FH, and FA treatments, respectively, compared to CK treatment.
[image: Figure 7]FIGURE 7 | Changes in soil CO2 emission fluxes of pepper under different treatments (Note: b is soil CO2 emission flux from chilli peppers).
Comparison of cumulative CO2 emission fluxes of cotton and pepper among different treatments showed that the cumulative soil emission fluxes of cotton and pepper were CK > LH > FH > FL > LA > FA, and the cumulative soil CO2 emission fluxes of all treatments in cotton field were higher than those of pepper. Under the conditions of different amounts of FGD gypsum and sand accumulation, the cumulative soil CO2 emission fluxes of chilli treatments were 10.16%, 15.87%, 19.31%, −0.32%, 14.61% and 17.53% lower than those of cotton field, respectively.
In summary, the cumulative soil CO2 emission fluxes of the two crops, cotton and chilli pepper, gradually decreased with the increase of FGD gypsum and fenugreek application, which was mainly due to the fact that FGD gypsum and fenugreek were rich in trace elements and ions that inhibited the microbial activity of the soil, and affected the composition and content of organic matter in the soil, thus affecting the respiration of soil microorganisms and the decomposition of organic matter by soil microorganisms to reduce soil CO2 emission. By improving the physical and chemical properties of the soil and activating the soil nutrients or affecting the ratio of soil carbon and nitrogen, the composition and content of organic matter in the soil directly or indirectly affects the respiration of soil microorganisms and the decomposition of organic matter by soil microorganisms to reduce the emission of soil CO2.
3.2.3 Effect of application of desulphurized gypsum and aeolian sand on N2O emissions from cotton-pepper soils
Soil N2O is produced by nitrification and denitrification processes under aerobic and anaerobic conditions, and this process is closely related to crop root growth. The effects of different application rates of FGD gypsum and windblown sand on N2O emission fluxes from cotton-pepper soils are shown in Figures 8A, B. Soil N2O emission fluxes from the two crops followed similar trends, with peaks usually occurring on the first day after irrigation and fertilizer application, followed by a gradual decline thereafter. The average daily soil N2O emission fluxes of LH, LA, FL, FH and FA treatments in cotton field ranged from 0.0249 to 0.1980 mg/(m2·h), respectively, and the overall performance of soil N2O emission fluxes of the treatments was CK > LH > LA > FH > FL > FA in the order of CK > LH > LA > FH > FL > FA. Compared with the control CK, the average daily N2O emission fluxes of the treatments were reduced by 15.34%, 24.05%, 42.68%, 35.40%, and 42.94%, respectively. The average daily soil N2O emission fluxes of pepper LH, LA, FL, FH and FA treatments ranged from 0.024 to 0.13 mg/(m2 h), respectively, and the overall performance of soil N2O emission fluxes of the treatments were in the order of CK > LH > FA > LA > FL > FH. Compared with the control CK, the average daily N2O emission fluxes of the treatments were reduced by 29.84%, 42.98%, 45.5%, 57.79%, and 34.49%, respectively. This shows that both cotton and chilli crops significantly suppressed N2O emissions in all treatments under different application rates of FGD gypsum and aeolian sand, suggesting that both amendments, FGD gypsum and aeolian sand, have the property of suppressing N2O gas emissions, and that the flux of soil N2O emissions decreases with an increase in the application rate of FGD gypsum and aeolian sand.
[image: Figure 8]FIGURE 8 | (A) Changes in soil N2O emission fluxes of cotton under different treatments (Note: a is soil N2O emission flux from cotton fields). (B) Changes in soil N2O emission fluxes of pepper under different treatments (Note: b is soil N2O emission flux from chilli peppers).
3.2.4 Effect of application of desulphurized gypsum and aeolian sand on cumulative emission fluxes of N2O from cotton-pepper soils
Calculation of cumulative soil N2O emission fluxes in cotton-pepper at fertility stage. The following results were obtained from Figure 9, the cumulative N2O emission fluxes of the treatments in the cotton field ranged from 0.3467 to 0.6179 kg/ha. Compared with the CK treatment, the LH, LA, FL, FH and FA treatments showed a reduction of 25.42%, 19.61%, 38.5%, 36.88% and 43.89%, respectively. Therefore, the cumulative soil emission fluxes of the different amendments were as follows: CK > LA > LH > FH > FL > FA.The cumulative N2O emission fluxes of chilli pepper treatments were in the range of 0.1633–0.4144 kg/ha. Compared with the CK treatment, the LH, LA, FL, FH, and FA treatments decreased by 33.47%, 39.96%, 43.39%, 60.59%, and 35.55%. Therefore, the cumulative soil emission fluxes of different amelioration measures were shown as CK > FA > LH > LA > FL > FH. Comparison of the cumulative emission fluxes of N2O from cotton and chilli among different treatments showed that the cumulative emission fluxes of soil N2O from all treatments in cotton field were higher than those from all treatments in chilli. Under the conditions of applying different amounts of desulfurization gypsum and aeolian sand, the cumulative soil CO2 emission fluxes of pepper treatments were 32.93%, 40.17%, 49.91%, 38.26%, 58.13% and 22.96% lower than those of cotton fields, respectively.
[image: Figure 9]FIGURE 9 | Changes in cumulative emission fluxes of N2O from cotton field and pepper soil under different treatments.
In summary, the cumulative soil N2O emission fluxes of both crops, cotton and chilli pepper, decreased gradually with the increase of FGD gypsum and sand application, and the cumulative soil N2O emission fluxes of all treatments in the cotton field were higher than those of all treatments in the chilli field, and the effects of the different amelioration measures on the cumulative soil N2O emission fluxes were significant.
3.3 Analysis of factors affecting greenhouse gas emission fluxes from FGD gypsum application and aeolian sand cotton-pepper soils
The correlation coefficients of CO2 and N2O cumulative emission fluxes and soil physicochemical properties of cotton-pepper soils under different treatments are shown in Table 2. Cotton field soil CO2 cumulative emission fluxes were significantly negatively correlated with 0–10 cm and 10–20 cm soil moisture, 0–10 cm and 20–40 cm electrical conductivity. Cotton field soil N2O cumulative emission flux was significantly positively correlated with 0–10 cm, 10–20 cm and 20–40 cm soil moisture, soil nitrate nitrogen and ammonium nitrogen, and 0–10 cm and 10–20 cm soil conductivity. The cumulative CO2 emission flux of chilli soil was significantly negatively correlated with soil moisture, and positively correlated with soil ammonium nitrogen. Cumulative N2O emission flux of chilli soil was significantly negatively correlated with soil moisture, soil nitrate nitrogen and soil conductivity.
TABLE 2 | Correlation between cumulative soil CO2 and N2O emission fluxes and soil physicochemical properties under different crops.
[image: Table 2]3.4 Effect of FGD gypsum and aeolian sand application on the combined greenhouse effect of cotton-pepper soils
The net warming potential and GHG emission intensity of cotton fields with different application rates of FGD gypsum and aeolian sand are shown in Table 3, and the combined warming potential (GWP) of the treatments at the centennial scale is positive, indicating a warming effect. On this basis, the data in Table 3 were evaluated, and the GWP of cotton field LH, LA, FL, FH and FA treatments varied from 3631.53 to 9045.19 kg/ha; compared with the control CK treatment, the treatments applying the improvement measures all reduced the GWP of the cotton field, with a reduction of 31.56%, 53.87%, 48.35%, 41% and 59.85%, respectively. The different treatments GWP in descending order were CK > LH > FH > FL > LA > FA. Carbon dioxide was the main contributor to the integrated warming potential of cotton fields, and its contribution to GWP ranged from 96% to 98%, while the variation of N2O’s contribution to GWP ranged from 0.0068% to 0.0119%. The GWP of chilli LH, LA, FL, FH and FA treatments varied from 2989.23 to 8083.83 kg/ha; all the treatments applying the improvement measures reduced the GWP of the cotton field by 35.98%, 58.91%, 42.57%, 44.25% and 63.02%, respectively, compared to the control CK treatment. The GWP of different treatments in descending order was CK > LH > FL > FH >> LA > FA. Carbon dioxide was the main contributor to the integrated warming potential of cotton fields, and its contribution to GWP ranged from 97% to 99%, while the variation of N2O’s contribution to GWP ranged from 0.0036% to 0.0089%.
TABLE 3 | Comprehensive greenhouse effect of soil CO2 and N2O under different treatments.
[image: Table 3]4 DISCUSSION
As the most active component of the carbon and nitrogen cycle in terrestrial ecosystems, greenhouse gas emissions from agricultural soils will certainly have a large impact on the carbon and nitrogen cycle at the regional and global scales (Yan, 2023). There are many factors affecting the emission of greenhouse gases from soils, and soil moisture, as one of the main factors affecting CO2 emission from soils, mainly affects the production and emission of greenhouse gases by influencing the physicochemical properties of soils, permeability, microbial activity and the rate of greenhouse gases diffusion from soils to the atmosphere (Li et al., 2007). In this experiment, the correlation of soil moisture on CO2 and N2O emissions from farmland showed that soil CO2 emission fluxes were significantly negatively correlated with soil moisture and soil N2O emissions were significantly positively correlated with soil moisture under the two crop cropping modes of cotton-chilli, so soil moisture was a significant factor influencing CO2 and N2O emission fluxes in this experiment. In addition to soil moisture, conductivity, nitrate nitrogen, ammonium nitrogen, and changes in soil structure by different amendment measures affected GHG emissions. In this experiment, the treatments suppressed greenhouse gas emissions to varying degrees under the conditions of applying different amounts of FGD gypsum and aeolian sand, as opposed to no amendment measures. The cumulative soil CO2 emissions of cotton and pepper crops showed a decreasing trend with the increase of the amount of desulphurized gypsum and aeolian sand, which was because the application of desulphurized gypsum increased the soil Ca2+ content, and a large amount of Ca2+ reacted with the CO2 produced by soil respiration to generate calcium carbonate precipitation, thereby reducing the soil CO2 emissions (He et al., 2017). Researches from Li (2023) and Xu et al. (2023) also showed that the larger the FGD gypsum addition, the more obvious the CO2 reduction effect, which is consistent with the results of this study.
Nitrification and denitrification are processes required for the conversion of N2O (Sun, 2022). Nitrification is the conversion of ammonium to nitrate and partially to N2O by microorganisms in the soil under soil aeration conditions. Among the main factors affecting soil GHG emissions, conductivity is one of the main factors. In this experiment, the cumulative emission fluxes of N2O were significantly and positively correlated with the conductivity, indicating that, with the increase of the conductivity, the cumulative emission fluxes of N2O increased with the increase of the conductivity. However, there is a critical value between salinity and N2O cumulative emission flux, and Zeng (2015) showed that in alkaline soil, salinity in the range of 5.52 ds/m would inhibit the nitrification reaction rate. The upper limit of soil conductivity in this experiment was 2,989 μs/cm, and with the increase of FGD gypsum application and the decrease of windblown sand application, the cumulative N2O emission gradually increased,but would be lower than the control treatment CK, which was in agreement with the above results, and also in agreement with the experimental results of Wang (2020); Dou (2020), and Ceng (2015) that the addition of FGD gypsum had an inhibitory effect on the emission fluxes of N2O, but in agreement with the Zhang (2023) test results in soda alkali soils in Northeast China: the application of FGD gypsum significantly reduces CH4 and CO2 emission fluxes and increases N2O emissions. The reason for the increase in soil conductivity is due to the increase in the amount of FGD gypsum applied, which is a salt as a by-product, and the newly generated salt ions are not completely eliminated due to environmental factors or insufficient irrigation water, thus leading to an increase in soil conductivity (Xu, 2023). At the same time, the level of nitrate and ammonium nitrogen in the soil, as inorganic nitrogen, can reflect the nitrogen supply of the soil (Liu et al., 2001). The addition of FGD gypsum and aeolian sand to the soil produces corresponding changes in the physical structure of the soil, and with the increase in the amount of FGD gypsum and WDS applied, the soil bulk density decreases and the porosity increases, which is conducive to the absorption of nitrogen. In this experiment, with the increase of FGD gypsum application, NH4+ gradually decreased and NO3− gradually increased in cotton field soil, indicating that soil microorganisms converted ammonium salts into nitrates and promoted the aeolian nitrification process, whereas chilli pepper crop promoted the nitrification process in the aeolian sand treatment; with the increase of aeolian sand application, NH4+ gradually increased and NO3− gradually decreased in cotton field soil, indicating that the aeolian sand treatment inhibited the nitrification process of ammonia and oxygen in the aeolian sand treatment, Nitrification process was inhibited and nitrogen uptake was promoted. The correlation between NH4+, NO3− and N2O emissions showed that after the application of different improvement measures, the ammonium nitrogen content of cotton soil gradually increased and the nitrate nitrogen content of soil gradually decreased with the increase of the application of aeolian sand; and with the increase of FGD gypsum dosage, the ammonium nitrogen content of chilli soil gradually increased and the nitrate nitrogen content of soil gradually decreased, and the overall presentation of the cumulative emissions of soil N2O. It was significantly positively correlated with conductivity and nitrate nitrogen, and significantly negatively correlated with ammonium nitrogen, and the results of the study were similar to those of Sun (2014).
5 CONCLUSION
1) During the monitoring period, cotton and pepper were planted. Compared with CK, LA had the best water retention effect and FA had the best water retention and salt reduction effect. 2) Compared with CK, FA treatment significantly inhibited soil cumulative greenhouse gas emission fluxes, and reduced the comprehensive greenhouse effect of cotton fields and pepper crops by inhibiting soil CO2 emission fluxes. 3) Through comprehensive analysis, it is reasonable to apply FA treatment to saline-alkali soil, which can better achieve the effect of water preservation, salt reduction and emission reduction.
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