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Abstract

:

In order to achieve water conservation and salt control in saline irrigation areas and improve the soil ecological environment of farmland in irrigation areas, this study carried out a field trial in 2020–2021 on edible sunflowers planted in saline subsurface farmland in the Hetao Irrigation District. Three irrigation level treatments and a control setup under subsurface drainage were compared. The control was with no drainage and local conventional irrigation levels (the spring irrigation amount is 240 mm and the bud stage irrigation amount is 90 mm, CK); and the three irrigation levels were conventional irrigation (the spring irrigation amount is 240 mm and the bud stage irrigation amount is 90 mm, W1), medium water (the spring irrigation amount is 120 mm and the bud stage irrigation amount is 90 mm, W2), and low water (the spring irrigation amount is 120 mm and there is no irrigation in the bud stage, W3). The results showed that soil desalinization was best in the conventional irrigation (W1) treatment and lowest in the low-water treatment (W3) under subsurface drainage. The desalinization rate was 13.54% higher in the subsurface drainage than in the undrained treatment with the same amount of irrigation water. Under subsurface drainage, the medium-water treatment (W2) increased the diversity of soil microorganisms and the relative abundance of dominant phyla such as Ascomycetes, Chlorobacterium, Acidobacterium, and Ascomycetes among soil bacteria and Ascomycetes and Tephritobacterium amongst fungi. The average sunflower yield in the treatments under subsurface drainage increased by 32.37% compared with the undrained treatment, and the medium-water treatment (W2) was the most favorable for protein and essential amino acid synthesis. Structural equation modeling indicated that desalinization rate, irrigation water utilization efficiency, bacterial Chao1 abundance and Shannon diversity, and fungal Chao1 abundance and Shannon diversity were the major influences on sunflower yield. Based on the entropy weight method TOPSIS model, 15 indicators such as soil desalinization rate, soil microbial diversity, water and nitrogen utilization rate, and sunflower yield and quality were evaluated comprehensively for each water treatment of subsurface drainage farmland. It was found that the irrigation volume under tile drainage of 210 mm (W2) had the highest comprehensive score, which could improve the soil microenvironment of the farmland while realizing water conservation and salt control in salty farmland, increase the production of high-quality crops, and be conducive to the sustainable development of agriculture; it was the optimal irrigation treatment for the comprehensive effect. The results of this study are of great significance for the realization of efficient water conservation and salt control and the protection of food security and ecological safety in the Hetao Irrigation District.
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1. Introduction


The Hetao Irrigation District is the main agricultural base for large-scale production of commercial grain and oil in China [1], but the area has a typical salinization irrigation area with an arid climate, little rainfall, and strong evaporation, and saline and alkaline arable land accounts for as much as 68.65% of the total arable land [2]. The increasing degree of soil salinization has led to low water and nitrogen utilization in irrigation areas [3], an imbalance in the microbial community structure [4], and a reduction in the yield and quality of sunflowers [5]. At present, there are a variety of methods for improving saline–alkali land, mainly including biological improvement, straw burying depth [6], and planting saline–alkali-tolerant crops [7], but the above methods cannot fundamentally achieve the effect of complete soil desalination. At present, the irrigation situation in the Hetao Irrigation District leads to serious salt accumulation. Therefore, drainage measures are the most critical step in the improvement in saline–alkali land. Subsurface drainage has the advantages of improving land utilization rates, facilitating mechanized farm operations, reducing water leaching, etc. It can effectively reduce groundwater level and prevent soil salt return [8], and it has been well applied in saline–alkali land improvement in all countries in the world [9]. It is a drainage and salt control measure more suitable for the Hetao irrigation area. At the same time, with the deepening of the irrigation district water-conservation renovation project and the continuous implementation of water rights conversion, water conservation requirements are becoming more and more important [10], and the development of water-saving agriculture has also become a priority for the development of the Hetao Irrigation District. Under the dual tasks of vigorously developing water-saving agriculture and saline–alkali land improvement, it is of great significance to safeguard food security and ecological safety in salinized irrigation areas by combining subsurface drainage with water-saving irrigation and formulating a suitable irrigation and drainage management system for water saving, salt control, and quality enhancement of crops with the concept of ecological priority and green development.



At present, there have been many reports on the improvement in the saline–alkali soil in the Hetao Irrigation District with subsurface drainage. Previous studies have shown that a drainage system with subsurface drainage can significantly improve the leaching and desalting effects. By comparing the influence of different subsurface drainage systems on the leaching and desalting improvement in saline soil, it was found that a drainage system with a narrow space between dark pipes had a better improvement effect. Drainage areas with hidden pipes can improve crop yield [11] and irrigation water production efficiency [12]. Previous studies on the effect of different border irrigation quotas on soil desalting showed that reducing the conventional irrigation amount by 10% combined with drainage technology was an appropriate irrigation model to achieve water saving [13] and salt control [14]. However, considering the influence of different irrigation quotas for underground drainage on farmland soil ecosystems at the same time, there are few reports to formulate appropriate irrigation models. Soil microorganisms are an evaluation index for stabilizing farmland soil ecosystems [15] and monitoring soil quality change [16]. Microbial quantity and diversity are of great significance for nutrient element cycling [17] and land quality improvement [18] in farmland ecosystems and can promote crop growth. However, the effects of different irrigation rates on the distribution of soil microbial communities in saline soils under tile drainage have rarely been reported. Furthermore, the direct effects of different irrigation rates on the soil environment and the indirect effects on soil microorganisms in subsurface drainage farmland are not clearly understood. In addition, few studies have evaluated the improvement effects of tile drainage projects from the perspective of the combined effect on soil microbial diversity and community structure. In this study, field experiments were carried out in the saline subsurface drainage farmland deployment area of the Hetao Irrigation District to determine the effects of water regulation under subsurface drainage on soil desalinization, soil microorganisms, and sunflower yield and quality. The results of this study are of great significance for the realization of high-efficiency water conservation and salinity control in the Hetao Irrigation District and for protecting food security and ecological safety.




2. Materials and Methods


2.1. Description of the Experimental Site


Field experiments were conducted from May through September 2020 and May through September 2021 in the subsurface drainage experimental area of Bayannur City Agricultural and Animal Husbandry Science Research Institute (107°16′ E, 38°52′ N) located in the Hetao Irrigation District, as shown in Figure 1. The terrain of the test area was flat, the drainage and irrigation facilities were perfect, the suction pipe was laid in the north–south direction with a total length of 500 m, the depth of burial at the extremity and last ends was 1.2~1.7 m, the spacing was 25 m, and the slope was 1%. The field test plot was laid out in an east–west direction of 24 m and a north–south direction of 6 m. There was a collector pipe through the middle, and the buried depth of subsurface drainage in the test area was between 1.45 m and 1.50 m. The suction pipe was a PVC single-arm corrugated pipe with a diameter of 80 mm, the collector pipe was a PVC hard plastic pipe with a diameter of 80 mm, and the subsurface drainage measures used in this area were part of a secondary drainage system. After considering the study area and the number of samples, we preferred a sampling method with an average relative estimation error of less than 5% for a sampling volume of 100 sampling units (100 m2), with the error for five-point sampling being smaller at about 3%.



The experimental site used a small automatic monitoring meteorological station with regular computerized collection of meteorological data, including air temperature, rainfall, relative humidity, hours of sunshine, and average wind speed. The test area had a typical temperate continental monsoon climate, rich in wind energy and sunshine resources, high evaporation, and high precipitation. The average annual sunshine was 3223 h, the average annual evaporation was 1937.9 mm, rainfall was less and more concentrated in July and August, the average annual precipitation was 138.8 mm, and the average frost-free period was shorter at about 130 days. The total rainfall during the crop reproductive period (May to September) in the experimental area was 146.1 mm and 81.2 mm in 2020 and 2021, respectively, and the multi-year average wind speed ranged from 2.5 to 3.3 m per second. The dynamic change in groundwater level in the experimental area was monitored by placing an automatic water level meter in the drench pipe. Figure 2 shows the relationship between precipitation and potential evapotranspiration (ET0) during the sunflower reproductive period in 2020–2021.



Soil texture was determined using a laser particle size analyzer and classified according to the soil texture description of the United States Department of Agriculture (USDA). The soil texture in the 0–40 cm layer of the experimental area with different drainage patterns was chalky sandy loam. Before the experiment, the 0–40 cm layer of soil was moderately saline, with Na+ (250 ± 22 mg·kg−1) as the dominant cation and HCO3− (193 ± 16 mg·kg−1) as the dominant anion. The basic physical and chemical properties of the soil are shown in Table 1.




2.2. Experimental Treatments and Design


Edible sunflower was selected as the test crop for the two-year experiment (HZ2399). In this experiment, three levels of irrigation were set up under the conditions of subsurface drainage. A spring irrigation amount of 240 mm and a bud stage irrigation amount of 90 mm were set as the local conventional irrigation level (330 mm, W1), the W1 treatment with 50% spring irrigation and 90 mm of irrigation at the bud stage was set as the medium-water treatment (210 mm, W2), the W1 treatment with 50% spring irrigation and no irrigation at the bud stage was set as the low-water treatment (120 mm, W3), and the local conventional irrigation level under undrained water was set as the control treatment (330 mm, CK). The same amount of nitrogen was applied to all treatments; diamine phosphate (18% N) was applied as the base fertilizer at 67.5 kg/hm2, and urea (46% N) was applied as the follow-up fertilizer at 210 kg/hm2.



Irrigation occurred on 10 May 2020 and 15 May 2021, and then on 15 July 2020 and 17 July 2021 during the bud stage. The irrigation method used was border irrigation with Yellow River water, and the amount of water was controlled by a water meter. The experimental plots were 24 m × 6 m in size, and 1 m deep plastic film was laid around the plots to prevent water, salt, and nutrients from seeping through. The experiment was conducted in a completely randomized block design with three replications per treatment and a total of 12 plots. Sunflower sowing dates were 28 May in 2020 and 29 May in 2021; planting mode was 1 membrane with 2 rows, plant spacing of 0.55 m, row spacing of 1 m, and a planting density of about 25,000 plants/hm2. Sunflower planting is done by hand mulching and spot seeding. Other field management measures, including local planting habits to maintain consistency; the full experimental design is shown in Table 2.




2.3. Research Method


The soil was sampled in layers from 0 to 40 cm depth using the soil auger method. Soil samples were air-dried and ground to pass through a 1 mm sieve, and the conductivity value of the soil leachate with a soil–water mass ratio of 1:5 was determined using a conductivity meter (DDS-307A, Shanghai LeiMagnet, Shanghai, China).



Soil samples were taken during the sunflower ripening period, 0~2 cm of topsoil was removed during sampling, gravel and plant residues and other debris were excluded, and soil samples were taken from the surface of the soil layer at depths of 0~20 cm and 20~40 cm in each treatment using a five-point sampling method; soil samples from the five points were mixed uniformly, placed in aseptic bags, and preserved at −80 °C for soil DNA extraction and bacterial 16S rDNA sequencing. Soil DNA was extracted using a soil DNA extraction kit (Omega Bio-Tek, Norcross, GA, USA). Integrity of the extracted DNA was determined using 1% agarose gel electrophoresis, and the purity and concentration of the DNA were determined using a NanoDrop 2000 UV spectrophotometer with primers 338F (5′-barcode+ACTCCTACGGGGAGGCAGCA-3′) and 806R (5′-GGACTACHVGGGGTWTCTAAT-3′) to amplify the V3-V4 region of the bacterial 16S rRNA gene. PCR products were detected by 2% agarose gel electrophoresis, and the target fragments were excised and recovered using the Axygen Gel Recovery Kit. Libraries were constructed using the TruSeq Nano DNA LT Library Prep Kit, quality-checked using the Agilent High Sensitivity DNA Kit on an Agilent Bioanalyzer machine, and analyzed using the Quant-iT PicoGreen dsDNA Assay Kit on a Promodent Bioanalyzer machine. The dsDNA Assay Kit was used to quantify libraries on Promega QuantiFluor. After libraries were qualified, they were subjected to bipartite 2 × 250 bp high-throughput sequencing using the Illumina MiSeq sequencing platform.



At sunflower maturity, each plot was harvested separately, and the seed weight, 100-seed weight, mu yield, and fruiting rate were measured. Sunflower seeds were picked at the positions of the 3rd and 4th circles on the outside of the disk, and the quality indices of the 50 kernels per plot were examined after hulling and mixing uniformly. Experiments were replicated three times, and average values were taken. The protein content of seed kernels was determined using kjeltecTM8100 (FOSS, Beijing, China). The crude fat content of seed kernels was determined using PE Clarus680 (Varian, Palo Alto, CA, USA), and the amino acid fraction was determined using an L-8900 amino acid analyzer.



The desalinization rate was defined as the reduction in soil conductivity as a percentage of the initial value and was calculated using the formula:


  ω =     S   0   −   S   t       S   0     × 100 %  



(1)




where   ω   represents the soil desalinization rate; S0 denotes the soil EC after the maturation period (mS/cm); and St indicates the soil EC before sowing (mS/cm).



The irrigation water use efficiency (kg/m3) was calculated using the formula:


          I W U E =   Y   I    



(2)




where Y represents the crop seed yield at maturity (kg/hm2) and I denotes the total irrigation water (m3/hm2).



The formula for calculating nitrogen fertilizer bias productivity (NPFP, kg/kg) was:


  N P F P =   Y     F   n      



(3)




where Fn represents the nitrogen application rate (kg/hm2).




2.4. Data Analysis


Microsoft Excel 2016 software was used for preliminary organization and analysis of the data; SPSS 26.0 was used for the analysis of variance and significance of difference; Mothur was used to calculate the Alpha diversity index of microbial communities (Shannon, Chao1 index); modeling and analysis of structural equation models were performed using AMOS software (IBM SPSS Amos 28) and plotted using Origin2021.





3. Results


3.1. Distribution Characteristics of Water and Salt in Cultivated Wasteland


The changes in soil EC from 0 to 40 cm in each treatment in 2020 and 2021 are shown in Figure 3. The two-year results showed that the soil salinity among treatments as a whole was W3 > CK > W2 > W1, and when the irrigation water volume was the same, the subsurface drainage reduced soil salinity compared with the no-drainage treatment. When analyzed from the perspective of two-year averages, at soil depths of 0–20 cm, the EC values of W1 and W2 were 91% and 85% lower than those of W3, respectively. At soil depths from 20 to 40 cm, the EC values of W1 and W2 were reduced by 29.7% and 26%, respectively, compared with W3. This indicated that, under the conditions of subsurface drainage, irrigation volume was negatively correlated with soil salinity content, and the higher the irrigation volume, the lower the soil salinity. As the fertility period progressed, the EC values of each treatment showed a fluctuating trend of repeated decreases and then increases, with an overall decreasing trend throughout the fertility period. The two reductions in soil salinity during the whole reproductive period occurred after irrigation with pressurized saline water and after irrigation at the bud stage, whereas in the W3 treatment, which was not irrigated at the bud stage, there was no tendency for reduced soil salinity, suggesting that irrigation significantly reduced the salinity of the surface soil. After irrigation, soil salinity rose again with the advancement of the fertility period. This was due to drought and little rainfall in the river-loop irrigation area, resulting in strong evaporation, groundwater salts, and increased capillary gathering in the soil surface that returned salts to the surface. This was coupled with the absence of bud stage irrigation during the whole fertility period, which was prevented due to the presence of surface soil salts and meant that surface salts continued to accumulate, elevating salinity.



The desalinization rate of 0–40 cm of soil for each treatment in 2020 and 2021 is shown in Figure 4. In 2020, the desalination rates of the W1 and W2 treatments were 64.23% and 30.91% higher, respectively, at soil depths of 0 to 20 cm than at soil depths of 20 to 40 cm; in 2021, the desalination rates of the W1 and W2 treatments were 37.55% and 5.38% higher, respectively, at soil depths of 0 to 20 cm than at soil depths of 20 to 40 cm. This indicated that the soil desalinization rate decreased with increased soil depth in the W1 and W2 treatments. The desalinization effect of soil in each treatment was W1 > W2 > CK > W3, but the difference between the two treatments, W1 and W2, was not significant (p-value > 0.05). The desalinization rate of W1 was 11.45%, 13.54%, and 12.79% higher than that of the other three treatments in the two years. The soil desalinization rate of W1 was 13.54% higher than that of CK with the same amount of irrigation water. The desalinization rate of each soil layer in the W2 treatment was greater than that of the corresponding soil layer in the W1 treatment in 2021, which indicated that the desalinization effect of the soil was not better than that of the larger irrigation volume under the conditions of subsurface drainage. Although the subsurface drainage had the effect of lowering the water table, the irrigation volume was too large, causing the water table of the soil to rise transiently, and the salts were transported upward with the water to form secondary salinity. The desalinization effect of the soil in the W3 treatment was the lowest, and salt accumulation became evident in 2021 because the irrigation volume was larger than that of the W2 treatment. This took place because the irrigation water volume was small and the soil salt washing was insufficient; hence, it could not wash the surface soil salt into the deeper soil layers, causing it to remain in the tillage layer. Moreover, after the treatment of saline water pressure, there was no more irrigation during the whole fertility period, which, together with the arid, low-rainfall, and strong-evaporation climatic conditions in the Hetao Irrigation District, led to the accumulation of soil salts at the surface layer during the fertility period and the formation of returning salts, thus making the salt accumulation phenomenon obvious. So, from the perspective of water saving and salt control, the W2 water treatment ensured the soil desalinization effect and also improved water saving. As a result, it achieved high efficiency in both water saving and salt control.




3.2. Effects of Water Regulation on Soil Microbial Diversity and Community Structure under Subsurface Drainage


Table 3 shows the diversity of soil bacteria and fungi for each moisture treatment under subsurface drainage conditions in 2020 and 2021. The Chao1 index and the Shannon index denote the community richness and diversity of microorganisms, respectively. In terms of bacteria, the Chao1 index of each treatment in 2020 and 2021 ranged from 4016.74 to 5113.60 and from 4095.49 to 5508.17, and the Shannon index of each treatment in 2020 and 2021 ranged from 10.06 to 10.68 and from 10.56 to 11.03, respectively. Shannon diversity indices generally showed that W2 > W1 > W3, although there were no significant differences in Shannon index between treatments (p-value > 0.05). From the perspective of yearly means, W2 showed 15.62% and 18.46% increases in the Chao1 index and 12.75% and 15.10% increases in the Shannon indices compared with W1 and W3.



For fungi, the Chao1 index of each treatment ranged from 298.61 to 674.94 and from 111.05 to 258.34 in 2020 and 2021, and the Shannon index of each treatment ranged from 2.61 to 5.78 and from 2.61 to 5.04 in 2020 and 2021, respectively. Overall, the fungal Chao1 index and Shannon diversity index of all treatments were generally W2 > W1 > W3. When analyzed from the perspective of two-year average values, W2 showed an increase in the Chao1 index of 9.49% and 57.91% and an increase in the Shannon index of 26.79% and 33.02% compared with W1 and W3, respectively. These results indicated that the medium-water treatment (W2) enriched the microbial community in the soil, which was conducive to the improvement in soil microbial diversity.



Soil bacterial community composition and abundance at the phylum level during sunflower ripening under different moisture regimes in 2020 and 2021 are shown in Figure 5A,B. The top ten phyla of soil bacteria distributed at the phylum level in 2020 and 2021 were as follows: Proteobacteria, Actinobacteria, Chloroflexi, Acidobacteria, Gemmatimonadetes, Firmicutes, Bacteroidetes, Rokubacteria, Planctomycetes, and Nitrospirae. Microbial statistics were analyzed only considering those phyla with an average relative abundance greater than 5% as the dominant phyla. The two-year averages showed that in the 0–20 cm soil layer, W2 showed an average increase of 2.47% and 6.43% in Ascomycetes, 3.29% and 3.2% in Chlorobacterium, and 4.63% and 3.11% in Acidobacterium, compared with W1 and W3, respectively. In the 20–40 cm soil layer, W2 showed an increase in relative abundance of 4.38% and 4.27% in Ascomycetes, 1.32% and 3.45% in Chlorobacterium, and 1.35% and 2.52% in Acidobacterium, compared with W1 and W3, respectively. In the soil layer from 0–20 cm, W3 showed an increase of 4.89% and 8.59% in the relative abundance of Actinobacterium compared with W1 and W2, respectively, and in the soil layer from 20 to 40 cm, W3 showed an increase of 6.05% and 6.75% compared with W1 and W2, respectively. In conclusion, the medium-water treatment (W2) favored the growth of Ascomycota, Chlorobacterium, and Acidobacterium in the soil, while the low-water treatment (W3) favored the growth of Actinobacteria.



Figure 5C shows that the top five phyla of soil fungi distributed at the phylum level in 2020 were as follows: Ascomycota, Mortierellomycota, Basidiomycota, Chytridiomycota, and Glomeromycota. In 2021, the top five phyla of soil fungi distributed at the phylum level were as follows: Ascomycota, Mortierellomycota, Basidiomycota, Blastocladiomycota, and Chytridiomycota. The dominant phyla in the soil in 2020 were Ascomycota (59.09–88.62%) and Mortierellomycota (1.26–15.85%). In the 0–20 cm soil layer, Mortierellomycota was the dominant phylum in W2, and the relative abundance of Mortierellomycota in W2 was higher than that in W1 (8.70%) and W3 (6.84%). In the 20–40 cm soil layer, the relative abundance of Aspergillus spp. in W2 was higher than in W1. Figure 5D shows that the dominant phyla in all soil layers in 2021 were Ascomycota (67.00~91.29%), Mortierellomycota (1.42~12.12%), and Basidiomycota (0.51~22.22%). In W2, the abundance of Ascomycota increased by 0.03~17.35% and that of Tephritobacterium by 0.6~7.31% compared with W1 and W3, respectively. In the W3 treatment, the relative abundance of Tephritobacterium significantly increased in the soil by 21.72% and 21.11% compared with W1 and W2 in the 20~40 cm soil layer.




3.3. Effect of Water Regulation on Yield Quality of Sunflower under Subsurface Drainage


3.3.1. Yield Indicators and Water and Nitrogen Use Efficiency in Sunflower


The yield and components of sunflower seeds in 2020 and 2021 are shown in Figure 6. The yield was analyzed, and the sunflower yield in 2020 and 2021 ranged from 3588.96 to 5279.44 kg/hm2 and from 3207.43 to 5529.44 kg/hm2. The two-year results showed that the W1 yield was significantly higher than in the W2, W3, and CK treatments (p-value < 0.05). In 2020, the production of W1 increased by 26.91%, 39.44% and 47.10% compared to W2, W3 and CK respectively. In 2021, the production of W1 increased by 13.31%, 36.63% and 45.2% compared to W2, W3 and CK respectively. The yield of W1, W2, and W3 was higher than that of the CK treatments by 47.1%, 15.9%, and 5.5% and 45.2%, 28.1%, and 6.2%, respectively, in the two-year period, but the difference between W3 and CK was not significant (p-value > 0.05), which indicated that subsurface drainage was more favorable for sunflower yield compared to no drainage. Under subsurface drainage, the irrigation treatments showed a trend of higher yield with higher irrigation volume, which indicated that increasing the irrigation volume under subsurface drainage helped to increase sunflower yield, while decreasing the irrigation volume resulted in sunflower yield reduction, and the stronger the reduction, the greater the effect on crop yield. The hundred-grain weight was significantly higher in the subsurface-drained treatment compared with the undrained treatment, with increases over CK of 20.14%, 19.20%, and 6.10% in 2020 and 19.75%, 16.07%, and 5.45% in 2021 in the W1, W2, and W3 treatments, respectively. The seed weight of sunflower seeds per disk ranged from 178.0 g to 233.0 g in 2020 and from 186.7 g to 258.6 g in 2021. Sunflower seed kernel fertility ranged from 76.1% to 82.2% in 2020 and from 70.14% to 81.4% in 2021. In 2021, the difference between the treatments (W1, W2, W3) and CK was significant (p-value < 0.05), and W1 was 15.7%, 39.0%, and 23.3% higher than W2, W3, and CK, respectively. Fruiting percentage was significantly higher in the subsurface-drained treatment than in the undrained treatment, with increases of 6.01%, 4.6%, and 0.9% in 2020 and 11.25%, 7.30%, and 1.74% in 2021 for all treatments compared with CK. Under subsurface drainage conditions, W1 was 1.5% and 5.2% higher than W2 and W3, respectively, in 2020, and 3.94% and 9.51% higher than W2 and W3, respectively, in 2021.



In conclusion, subsurface drainage was more favorable for increasing yield, 100-seed weight, seed weight per panicle, and fruiting rate of sunflower than the undrained treatment. Under subsurface drainage conditions, the irrigation treatments showed that a higher irrigation volume was most favorable for increasing yield, 100-seed weight, seed weight per panicle, and fruiting rate.



The irrigation water productivity and nitrogen fertilizer bias on productivity in 2020 and 2021 are shown in Figure 6C. The irrigation water productivity of the treatments in 2020 and 2021 ranged from 1.09 to 3.16 kg/m3 and from 0.97 to 2.71 kg/m3, respectively, and nitrogen fertilizer bias productivity ranged from 12.93 to 19.03 kg/kg and from 11.56 to 19.93 kg/kg, respectively. The two-year results showed that the treatment with the highest irrigation water productivity was W3, which increased by 1.56%, 1.18%, and 2.07% in 2020 and 1.71%, 0.39%, and 1.74% in 2021 compared with the W1, W2, and CK treatments, respectively. The treatment with the highest nitrogen fertilizer bias productivity was W1, which was higher than the W2, W3, and CK treatments by 4.04%, 5.39%, and 6.1% in 2020 and 2.34%, 8.23%, and 8.37% in 2021, respectively. At the same irrigation water volume, subsurface drainage increased irrigation water productivity and nitrogen fertilizer bias productivity compared with no drainage. Under subsurface drainage, the smaller the irrigation water volume was, the more favorable it was to increasing irrigation water productivity, and the larger the irrigation water volume was, the more favorable it was to increasing nitrogen fertilizer bias productivity.




3.3.2. Quality in Sunflower


The protein, crude fat, and essential amino acid content of sunflower seeds in 2020 and 2021 are shown in Figure 7. The treatment with the highest protein content in 2020 was CK, but the difference between CK and W2 was not significant (p-value > 0.05), while the difference between CK and W1 and W2 was significant (p-value < 0.05). In 2021, the protein content of the W1 and W2 treatments was higher than that of W3 and CK. The treatment with the highest crude fat content amongst the treatments was W3, although this was only significantly higher than W1 and not significantly different from the W2 and CK treatments. The treatment with the highest sum of essential amino acids was W2, and crude fat content increased by 4.4%, 6.9%, and 4% in 2020 and 6.8%, 9.2%, and 7.2% in 2021 compared with W1, W3, and CK, respectively. The crude fat content of all treatments under subsurface drainage conditions was W3 > W2 > W1, and W2 was the most favorable for protein synthesis amongst all treatments. This indicates that the higher water volume under subsurface drainage conditions was detrimental to the synthesis of crude fat, while normal- and medium-water conditions under subsurface drainage conditions were most favorable for protein synthesis. Low-water conditions affect protein synthesis, and medium-water conditions are most favorable for the synthesis of essential amino acids.




3.3.3. Correlation Analysis between Soil Microenvironment and Sunflower Yield


Water regulation under subsurface drainage had a significant effect on the soil microenvironment of the sunflower root zone. Improving the soil microenvironment is an important measure to promote crop growth and enhance crop yield and quality [19]. To investigate the relationship between the soil microenvironment and sunflower yield, soil microbial diversity, desalinization rate, irrigation water use efficiency, and sunflower yield were correlated using structural equation modeling. As can be seen from Figure 8, the desalinization rate was highly significantly and positively correlated with yield (p-value < 0.01) and significantly and positively correlated with Chao1 richness (p-value < 0.05). The irrigation water use efficiency was highly significantly and positively correlated with yield (p-value < 0.01). Bacterial Chao1 abundance and fungal Chao1 abundance were significantly and positively correlated with yield (p-value < 0.05), and bacterial Shannon diversity and fungal Shannon diversity were highly significantly and positively correlated with yield (p-value < 0.01). These results indicate that desalinization rate, irrigation water utilization efficiency, bacterial Chao1 abundance and Shannon diversity, and fungal Chao1 abundance and Shannon diversity were the main factors influencing sunflower yield.





3.4. Comprehensive Evaluation of Improvement Effect of Subsurface Drainage Farmland Based on Entropy Weight TOPSIS


In order to realize the comprehensive improvement effect of subsurface farmland, the soil desalinization rate was selected as the evaluation index of the desalinization effect. The soil microbial diversity and richness index and the number of dominant bacterial groups were selected as the evaluation index of ecological effect, and the biased productivity of nitrogen fertilizer and utilization efficiency of irrigation water were selected as the evaluation index of the effect of water conservation and nitrogen reduction. Sunflower yield, seed weight per disk, fruiting rate, 100-grain weight, crude fat, protein, and essential amino acid content were selected as indicators for evaluating the effect of high-quality yield enhancement. The entropy weighting method TOPSIS model was used to evaluate the above 15 indices comprehensively and determine the irrigation treatment with the best comprehensive improvement effect in the subsurface drainage farmland. In this paper, the TOPSIS model was combined with the entropy weight method for evaluating the comprehensive effect of the improvement in subsurface drainage farmland. The specific steps were as follows:



	(1)

	
Build an original matrix of n indicators for m treatments, where rij is the jth indicator of the ith treatment (i = 1, 2, …, m; j = 1, 2, …, n).









       R =       r   i j       m × n     



(4)







	(2)

	
Indicator normalization of the original matrix.









         Z   i j   =     r   i j        ∑  i = 1   n        r   i j     2          



(5)







	(3)

	
Calculate the information entropy of the jth metric.









    e   j   = −     ∑  i = 1   m      p   i j     ln  ⁡    p   i j           ln  ⁡  m      



(6)




where     p   i j     represents     Z   i j   /   ∑   i = 1    m      Z   i j      .



	(4)

	
Calculate the weights of the indicators using the entropy weighting method.









         ω   j   =   1 −   e   j     n −   ∑  j = 1   n      e   j             



(7)







	(5)

	
Determine positive and negative ideal solutions     Z   +     and     Z   −    .









     Z   +   = ( m a x {   Z   11   ,   Z   21   , …   Z   m 1   } , m a x {   Z   12   ,   Z   22   , …   Z   m 2   } , m a x {   Z   1 n   ,   Z   2 n   , …   Z   m n   } )  = (     Z   +     1   ,     Z   +     2   , …     Z   +     n   )   



(8)






       Z   −   = ( m i n {   Z   11   ,   Z   21   , …   Z   m 1   } , m i n {   Z   12   ,   Z   22   , …   Z   m 2   } , m i n {   Z   1 n   ,   Z   2 n   , …   Z   m n   } )  = (     Z   −     1   ,     Z   −     2   , …     Z   −     n   )   



(9)







	(6)

	
Calculate the distance of each evaluation treatment indicator value from the positive and negative ideal solutions.









       D     i   +     =    ∑  j = 1   n      ω   j   (   z   j   +   −   z   i j     )   2        



(10)






     D     i   −     =    ∑  j = 1   n      ω   j   (   z   j   −   −   z   i j     )   2        



(11)







	(7)

	
Calculate the degree of closeness Ci.









    C   i   =   D     i   −     / (   D     i   +     +   D     i   −     )  



(12)




where Ci is the closeness of each evaluation treatment to the optimal program 0 < Ci < 1; the closer the C value is to 1, the better the comprehensive evaluation is and the higher the comprehensive benefit.



The objective weights of the indicators obtained by the entropy weighting method are shown in Table 4.



The entropy weighting method and the TOPSIS model were applied to comprehensively evaluate the 15 indices of the three water control treatments under subsurface drainage, and the relative closeness C of each treatment was obtained (Table 5). The larger the relative closeness C value, the higher the comprehensive score of the treatment and the better the comprehensive effect. The ranking results of the C value of each treatment showed that W2 > W1 > W3, and W2 (210 mm of water volume) had the highest comprehensive score. This indicates that the irrigation volume of 210 mm under subsurface drainage conditions was the irrigation treatment with the best comprehensive effect, which achieved efficient water conservation and salt control, increased yield and quality, and improved the ecological environment of the irrigation area, which is conducive to the sustainable development of agriculture.





4. Discussion


4.1. Effect of Moisture Regulation on Desalinization Rate under Subsurface Drainage


The use of border irrigation and drenching together with subsurface drainage is an effective improvement method to solve the problem of soil salinization [20]. In the case of poor soil structure, subsurface drainage can deepen the desalinization layer, change the physical properties of the soil, and change the morphological characteristics of the salinity profile of mildly and moderately salinized soil from surface aggregation to desalinization [21]. It has been shown that the desalinization effect of subsurface drainage is better than that of no drainage [22], which is because the subsurface drainage accelerates the infiltration of soil water, and irrigation makes soil salts dissolve in the irrigation water, from where they migrate, with the water, to the subsurface drainage and are discharged out of the soil. We found that the average desalinization rate of the conventional irrigation treatment was greater than that of the medium-water treatment under the conditions provided by subsurface drainage, but the difference between the two treatments was not significant. Furthermore, the desalinization rate of the 0–20 cm soil layer in the W2 treatment was greater than that of the corresponding layer in the W1 treatment in both years, which indicated that, unexpectedly, a greater irrigation volume did not improve the desalinization effect of the soil under the conditions of subsurface drainage. Above a certain range, the increment in desalinization rate decreased because too much irrigation caused the soil water table to rise briefly, and the salts migrated upwards with the water to form secondary salinization. The W3 soil desalinization effect was the lowest, and, in 2021, there was an obvious salt accumulation phenomenon because the irrigation water volume was insufficient to wash salts from the soil surface to the deep soil, and so the salt remained in the tillage layer. Moreover, the treatment was no longer irrigated during the entire fertility period, which, coupled with the aridity, low rainfall, and strong evaporation in the river-loop irrigation area, led to the accumulation of soil salts on the surface layer during the fertility period and the formation of returning salts, making the phenomenon of salt accumulation more obvious.




4.2. Effect of Moisture Regulation on Microorganisms under Subsurface Drainage


Soil microbial diversity is an important indicator of soil ecological function [23], and the higher the diversity index of the soil microbial community, the better the stability of the soil ecological environment [24]. Previous studies have shown that subsurface drainage can significantly improve the desalinization effect of soil compared with no drainage. Therefore, to clarify the optimal amount of irrigation water under subsurface drainage conditions, it is necessary to further investigate the effect of water regulation on microbial diversity and community structure in such conditions. Water regulation under subsurface drainage affects microbial community structure and composition by altering soil physicochemical properties [25]. In this study, the relative abundance of Ascomycetes, Chlorobacterium, Acidobacterium, and Ascomycetes among soil bacteria and Ascomycetes and Tephritobacterium among fungi was increased by the treatment of water under the subsurface drainage. Methanobacteria are eutrophic anaerobic bacteria with nitrogen fixation, environmental adaptation, and disease resistance [26]. Chlorobacteria are autotrophic, beneficial anaerobic bacteria that can participate in soil lignin degradation [27]. Acidobacteria are suitable for living in acidic environments and can degrade plant residues [28]. Ascomycetes are mostly saprophytes, which are important decomposers in the soil and can degrade soil organic matter and promote nutrient cycling [29]. Fungi in the genus Aspergillus have a strong ability to decompose cellulose, which can promote the nutrient transformation cycle and maintain soil fertility [30]. In this study, we found that the treatment of water under subsurface drainage increased the relative abundance of dominant phyla such as Ascomycetes, Chlorobacterium, Acidobacterium, and Ascomycetes in the soil bacteria and Ascomycetes and Tephritobacterium in fungi, which indicated that the treatment increased the species and relative abundance of the beneficial bacterial flora in the soil, optimized the structure of the flora, and was more conducive to the promotion of stability in the soil ecological environment.




4.3. Effect of Water Regulation on Crop Yield Quality under Subsurface Drainage


Sunflower quality determines the edible value and economic benefits of the seeds [31], so the quality of sunflower kernels should be emphasized along with yield. The crude fat, protein, and amino acid contents are important indicators of sunflower quality. In this study, we found that the treatment with a water volume of 210 mm (W2) increased the content of several essential amino acids such as threonine, valine, isoleucine, leucine, phenylalanine, and lysine. It is worth noting that lysine has the effect of improving the utilization rate of proteins, balancing nutrition, and enhancing immune system function [32]. This indicates that the ratio and structure of essential amino acids in W2 meet the human body’s demand for amino acids and have the highest nutritional value. The present study showed that a higher irrigation volume under subsurface drainage helped to increase crop yield, 100-grain weight, seed weight per panicle, and fruiting rate, and a decrease in irrigation volume led to a reduction in crop yield, which was in good agreement with the study of Zhang [33] but not in agreement with the results of Darabnoush Tehrani [34]. Although the observation could be due to the fact that the present study was carried out under subsurface drainage, which accelerated the infiltration of soil water and thus reduced the soil water content, it may also be due to differences in the results produced by different levels of deficits in the reproductive stages of sunflower. In the present study, the water treatment favored the synthesis of proteins and essential amino acids in sunflower kernels. Sah et al. [35] also showed that a sufficient water deficit could accelerate the transportation of substances stored in nutrient organs to the kernels, thus increasing the nutrient content of the kernels. Moreover, an appropriate water deficit can encourage the plant root system to grow deeper, which, after rewatering, can then absorb more soil water and nutrients, thus increasing nutrient accumulation in the seed kernels [36]. It has been shown that subsurface drainage can ensure that nitrogen is not lost in large quantities [37], but it also helps in the dissolution of fertilizer into available nitrogen in the soil, where it can be absorbed and utilized by the crop more easily, thus promoting the synthesis of amino acids and proteins [38]. At the same time, subsurface drainage can improve soil aeration [39], reduce soil salinity [40], and provide suitable hydrothermal and nutrient environments for crop growth [41]; a water deficit can also significantly increase soil microbial diversity and the relative abundance of dominant flora [42].



In this study, we found that bacterial Chao1 abundance and Shannon diversity and fungal Shannon diversity and Chao1 abundance were the main factors influencing sunflower yield. This was because more nutrients were obtained from the degradation of organic matter by soil flora, resulting in higher soil fertility; thus, improved soil ecology was favorable to crop yield and quality. In this study, based on the entropy weighting method TOPSIS model, 15 indices, including soil desalinization rate, soil microbial diversity, water and nitrogen utilization rate, and sunflower yield and quality, were comprehensively evaluated under different water treatments within a subsurface drainage system, and we demonstrated that an irrigation water volume of 210 mm (W2) under subsurface drainage had the highest comprehensive score, making it the most effective and appropriate irrigation water volume. This shows that an irrigation volume of 210 mm under the conditions of subsurface drainage can realize the comprehensive improvement effect of efficient water conservation and salt control, higher yielding and better quality crops, and an improved ecological environment of the irrigation area.





5. Conclusions


Subsurface drainage could significantly improve soil desalinization, and the desalinization rate of subsurface drainage was increased by 13.54% compared with the undrained treatment for the same amount of irrigation water. The conventional irrigation treatment under subsurface drainage showed the best desalinization effect; the desalinization rate of the conventional irrigation treatment was increased by 11.45%, 13.54%, and 12.79%, respectively, compared with the other three treatments. Under subsurface drainage, the medium-water treatment increased the diversity of soil microorganisms and the relative abundance of dominant phyla such as Ascomycetes, Chlorobacteria, Acidobacteria, Ascomycetes, and Tephritobacteria. The low-water treatment increased the relative abundance of Actinobacteria in the soil.



For the same amount of irrigation water, compared with the undrained treatment, subsurface drainage increased sunflower 100-grain weight, seed weight per tray, and fruiting rate by 19.95%, 22.33%, and 8.63%, respectively, and also increased irrigation water productivity and fertilizer partial productivity. A higher irrigation volume under subsurface drainage helped increase sunflower yield, 100-grain weight, seed weight per tray, and fruiting rate. Based on the TOPSIS model of the entropy weight method, the comprehensive evaluation of 15 indicators in the subsurface farmland determined that the comprehensive score of the reclaimed water treatment under the subsurface drainage (with an irrigation amount of 210 mm) was the highest. This treatment not only realized efficient water saving and salt control but also improved the ecological environment of the farmland in the irrigation area, which was conducive to the sustainable development of agriculture and was the irrigation water treatment with the best comprehensive improvement effect.
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Figure 1. Location of the study area and distribution of sampling points. 
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Figure 2. Rainfall and potential evapotranspiration (ET0) during the fertility period of sunflowers from May through September 2020 and May through September 2021. (a) shows the relationship between precipitation and potential evapotranspiration evapotranspiration (ET0) during the reproductive period of sunflower in 2020. (b) shows the relationship between precipitation and potential evapotranspiration (ET0) during the reproductive period of sunflower in 2021. 
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Figure 3. Variation in characteristics of soil salinity in 2020 and 2021. 
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Figure 4. Desalting effect of 0–40 cm soil treated in 2020 and 2021 ((A): desalinization rate of 0–20 cm soil in each treatment in 2020; (B): desalinization rate of 20–40 cm soil in each treatment in 2020; (C): desalinization rate of 0–20 cm soil in each treatment in 2021; (D): desalinization rate of 20–40 cm soil in each treatment in 2021). Lowercase letters (a–d) in the figure indicate the significance present among the four treatments. 
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Figure 5. Relative abundance of soil bacteria and fungi at phylum level in 2020 and 2021 ((A): bacterial community structure in 2020; (B): bacterial community structure in 2021; (C): fungal community structure in 2020; (D): fungal community structure in 2021). 
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Figure 6. Effects of different treatments on yield and water and nitrogen use efficiency of sunflowers in 2020 and 2021. (A): Relationship between Hundred grains weight and yield in 2020 and 2021. (B): Relationship between sunflower seed weight per tray and sunflower fruiting rate in 2020 and 2021. (C): Relationship between irrigation water productivity and nitrogen fertilizer bias productivity, 2020 and 2021. Lowercase letters (a–c) in the figure indicate the significance present among the four treatments. 
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Figure 7. Effects of different treatments on sunflower protein, crude fat, and essential amino acid synthesis in 2020 and 2021. (A): Essential amino acid content of each treatment in 2020. (B): Content of essential amino acids by treatment in 2021. (C): Protein and crude fat content of sunflower by treatment in 2020 and 2021. 
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Figure 8. The relationships between soil microenvironment and sunflower yield, soil microbial diversity, desalinization rate, irrigation water use efficiency, and sunflower yield were correlated using structural equation modeling. (A): Modeling of bacterial diversity and sunflower using structural equation modeling. (B): Modeling of fungal diversity with sunflowers using structural equation modeling. (C): Direct, indirect, and total impact on yield for each pathway in (A). (D): Direct, indirect, and total impact of each pathway on yield in (B). * denotes significance p < 0.05, ** denotes significance p < 0.01, *** denotes significance p < 0.001. 
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Table 1. Soil physical properties in the experimental area.
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Soil Layer (cm)

	
Soil

Density

(g cm−3)

	
Hydrolytic

Nitrogen

(mg kg−1)

	
Quick-Acting Phosphorus

(mg kg−1)

	
Quick-Acting Potassium

(mg kg−1)

	
Organic Matter

(g kg−1)

	
Total Salt Content

(g kg−1)






	
Subsurface drainage area

	
0–20

	
2.63

	
53.27

	
10.29

	
155.2

	
10.19

	
6.59




	
20–40

	
2.65

	
31.65

	
2.69

	
80.31

	
5.18

	
5.46




	
Drainage-free area

	
0–20

	
2.64

	
48.44

	
13.45

	
111.86

	
9.58

	
6.57




	
20–40

	
2.68

	
40.99

	
3.14

	
66.28

	
5.04

	
5.64











 





Table 2. Test design table.
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Drainage Conditions

	
Treatment

	
Irrigation Quota

	
Number of Irrigation Times

	
Irrigation Norm

(mm)

	
Base

Fertilizer

(kg hm−2)

	
Topdressing

(kg hm−2)




	
Spring Irrigation

	
Bud Stage




	
(mm)






	
Subsurface drainage

	
W1

	
240

	
90

	
2

	
330

	
67.5

	
210




	
W2

	
120

	
90

	
2

	
210

	
67.5

	
210




	
W3

	
120

	
0

	
1

	
120

	
67.5

	
210




	
Drainage-free

	
CK

	
240

	
90

	
2

	
330

	
67.5

	
210











 





Table 3. Bacterial and fungal diversity and richness indices of soil under each water treatment in 2020–2021. Lowercase letters (a–c) in the table indicate the significance present among the four treatments.
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Treatment

	
Index

	
Chao1 Index

	
Shannon Index




	
Soil Layer/cm

	
2020

	
2021

	
2020

	
2021




	
0–20

	
20–40

	
0–20

	
20–40

	
0–20

	
20–40

	
0–20

	
20–40






	
W1

	
Bacterial

	
4667.25 ab

	
4660.12 a

	
4095.49 b

	
5131.44 b

	
10.34 a

	
10.64 a

	
10.76 a

	
10.73 a




	
W2

	
4897.46 a

	
5113.60 a

	
4629.27 a

	
5508.17 a

	
10.41 a

	
10.68 a

	
10.82 a

	
11.03 a




	
W3

	
4554.65 b

	
4016.74 b

	
4254.97 b

	
4721.30 c

	
10.06 a

	
10.56 a

	
10.77 a

	
10.56 a




	
W1

	
Fungal

	
428.15 a

	
602.02 a

	
191.45 a

	
230.23 a

	
2.61 c

	
5.03 ab

	
4.45 a

	
4.78 a




	
W2

	
448.52 a

	
674.94 a

	
207.94 a

	
258.34 a

	
5.78 a

	
5.66 a

	
4.91 a

	
5.04 a




	
W3

	
298.61 b

	
435.02 b

	
111.05 b

	
162.03 b

	
4.61 b

	
4.78 b

	
2.61 b

	
4.08 b











 





Table 4. Summary of weight results calculated using entropy method.
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	Targets
	Information Entropy (e)
	Information Utility Value (d)
	Weights (%)





	Yield
	0.547
	0.453
	6.495



	Essential amino acids
	0.516
	0.484
	6.942



	Protein
	0.56
	0.44
	6.302



	Seed weight per tray
	0.615
	0.385
	5.518



	100-grain weight
	0.627
	0.373
	5.344



	Fruiting rate
	0.607
	0.393
	5.629



	Besalinization rate
	0.63
	0.370
	5.310



	Fertilizer partial productivity
	0.588
	0.412
	5.910



	Irrigation water productivity
	0.544
	0.456
	6.539



	Number of predominant bacteria phyla
	0.545
	0.455
	6.526



	Fungal abundance
	0.603
	0.397
	5.691



	Fungal diversity
	0.342
	0.658
	9.434



	Bacterial diversity
	0.617
	0.383
	5.488



	Bacterial abundance
	0.201
	0.799
	11.452



	Crude fat content
	0.483
	0.517
	7.418










 





Table 5. TOPSIS evaluation results for each water treatment in subsurface farmland.
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	Index Value
	Positive Ideal Solution

Distance (D+)
	Negative Ideal Solution

Distance (D−)
	Composite Score Index (C)
	Ranking Order





	W2
	0.3358
	0.8305
	0.7120
	1



	W1
	0.6723
	0.6797
	0.5027
	2



	W3
	0.8979
	0.3145
	0.2594
	3
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