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Soil secondary salinization in the Yellow River Diversion Irrigation Area of Northwest China seriously threatens local agricultural production. Drip irrigation technology is one of the largest contributors to low-yielding saline-alkali land; however, research on the high spatio-temporal scale variability of soil moisture and salinity in drip irrigation is still lacking. Herein, four treatments, CK (flood irrigation, 900 mm), W1 (small volume drip irrigation, 360 mm), W2 (medium volume drip irrigation, 450 mm), and W3 (large volume drip irrigation, 540 mm), were set up to investigate the characteristics and laws of soil moisture and salinity under different irrigation methods. The results showed that the soil moisture of drip irrigation was 5.02%–17.88% (W1), 7.36%–21.06% (W2), and 13.79%–27.88% (W3) higher than that of flood irrigation, resulting in a vertical distribution of soil moisture being low at the top and high at the bottom. Under drip irrigation, the soil salinity formed a desalination zone centered on the drip emitter and this zone gradually expanded to deeper soil with continuous drip irrigation, gradually transforming the soil from surface aggregation type to the bottom accumulation type. The desalination rates of W1, W2, and W3 were 18.46%, 20.84%, and 22.94%, respectively, whereas the salt leaching rate of CK was slower and the salt distribution was not uniform; therefore, the desalination rate was only 5.32%. By precisely controlling the irrigation water volume and flow, drip irrigation significantly reduced surface evaporation and subsurface leakage of water and improved water use efficiency, thus increasing grain yield. Compared with flood irrigation, the yield increase rates of W1, W2, and W3 were 6.6%, 16.18%, and 18.32%, respectively. Therefore, drip irrigation with an appropriate irrigation volume in the saline land in northern Ningxia can improve water saving, salt suppression, and maize yield.
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1 INTRODUCTION
Soil salinization is a major global environmental problem with severe negative impacts on crop planting and sustainable agricultural development in arid and semi-arid regions (Chhabra, 2004; Ashraf, 2007). In saline-alkali areas with high groundwater tables, the movement of water and salt to the surface caused by capillary upwelling and high evaporation is the main cause of salinization (Northey et al., 2006). The Yellow River Diversion Irrigation Agricultural Area is located in the semi-arid region of Northwest China. People have diverted water from the Yellow River for hundreds of years allowing the Yellow River Basin in ancient China to achieve prosperity in agriculture and the development of civilization under climatic conditions with an average annual precipitation of only 200 mm (Wang et al., 1993; Xiong et al., 1996). However, excessive irrigation leads to the accumulation of salt in groundwater and secondary salinization, and insufficient fertilization leads to a decrease in water and fertilizer use efficiency and fertilizer use efficiency, resulting in agricultural non-point source pollution (Liu et al., 2014; Wang et al., 2014). At present, hundreds of years of irrigation by the Yellow River have raised the groundwater table, and the dry and high evaporation climate conditions in this region have further exacerbated the local soil salinization process, seriously threatening normal agricultural production (Wang et al., 1993; Xiong et al., 1996).
The essence of saline soil improvement measures is to regulate the movement of soil water and salt, to promote the downward leaching of soil salt, and to prevent salt from migrating upward to the surface with the soil solution due to transpiration (Guan et al., 2019; Stavi et al., 2021; Gu et al., 2022). The traditional water-saving measure is to remove soil salt by flooding before sowing, but this method wastes valuable water resources and increases the risk of environmental pollution (Pimentel et al., 2004). Drip irrigation can accurately control the amount of water and nutrients applied to the soil, ensuring adequate levels of water, nutrients and aeration in the soil-root zone (Burt and Isbell, 2005; Rajak et al., 2006). Drip irrigation also removes excess salt from the root zone through small area irrigation and slow infiltration, forming a desalination zone with sufficient water and less salt near the emitter, creating a suitable low-salinity microenvironment for the normal growth of plants (Burt and Isbell, 2005). It has become a key irrigation technology in the promotion of water conservation, salt suppression, and productivity improvement in saline-alkali land (Stavi et al., 2021) and is one of the most effective methods for developing low-yield salinized farmland, being widely used in salinized farmlands globally. Nevertheless, improper drip irrigation methods can cause in many problems, particularly in highly saline soils (Darwish et al., 2005). Therefore, when designing a drip irrigation system for planting crops in saline-alkali soils, the amount and timing of drip irrigation must be carefully optimized.
Proper management and evaluation of drip irrigation requires a good understanding of salt movement patterns and crop water consumption. However, the mechanism of this water-salt transport is not well understood, especially because research on the strong variability of soil moisture and salinity at the spatial and temporal levels is lacking. Therefore, it is an urgent need to study the distribution characteristics and laws of soil moisture and salinity under different irrigation methods. To improve the theory of water-salt movement and drip irrigation regulation, and realize the sustainable development and utilization of saline soil by drip irrigation technology, this study carried out field experiments on salinized soils of different degrees in the Yellow River Irrigation Area of Ningxia. This study mainly focused on: 1) the spatial and temporal dynamic transport of soil water and salt under drip irrigation, 2) plant responses to different drip irrigation systems, and 3) clarifying the desalination mechanism under drip irrigation scheduling.
2 METHODS AND MATERIALS
2.1 Site description
The experiment was carried out in the Saline Land Water-saving and Salt-control Technology Demonstration Area (38°84′N, 106°57′E, 1,100 m), in Pingluo County, Ningxia Hui Autonomous Region, Northwest China. The whole region has a temperate continental semi-arid climate, with an annual average temperature of 9.5 °C, a minimum temperature of −22.6 °C, and a maximum temperature of 37.8 °C. The annual sunshine hours were 2,900 h, and the frost-free period was 180 days. The mean annual precipitation and potential evaporation (PE) were 180 mm and 1900 mm, respectively. The soil type was saline-irrigated silt with a medium loam texture. The physical and chemical properties of the initial soil are listed in Table 1. Before the experiment, the groundwater had an average depth of 1.4 m, a pH of 8.4, and an electrical conductivity (EC) of 15 dS m-1.
TABLE 1 | Basic physical and chemical properties of the initial soil.
[image: Table 1]2.2 Experimental design
The experiment was conducted from April 2022 to September 2022, and the test crop was silage maize (Zea mays L.) of variety Dajingjiu 26. The planting method was set in wide (60 cm) and narrow (40 cm) with a planting density of 22 × 50 cm (Figure 1). Based on the local traditional irrigation quota and fertilization habits, four treatments were set up: 1) CK (traditional flood irrigation, 900 mm of irrigation during the growth season), 2) W1 (360 mm of drip irrigation during the growth season), 3) W2 (450 mm of drip irrigation throughout the growing season), and 4) W3 (540 mm of drip irrigation throughout the growing season). Each treatment was repeated three times, and a total of 12 plots (randomly arranged) were set up with an area of 20 × 20 m2.
[image: Figure 1]FIGURE 1 | Planting pattern and soil sampling positions in the field experiment. (A), Cross-section view of plot; (B), Top view of the plot details.
2.3 Fertilization management and irrigation scheduling
The flood irrigation treatment (CK) used urea, superphosphate, and potassium sulfate as fertilizers. The amounts of N, P, and K were 400 kg N ha-1, 200 kg P2O5 ha-1, and 225 kg K2O ha-1, respectively, of which 65% N was used as base fertilizer and 35% as topdressing. Rotary tillage was carried out at a depth of 20–25 cm immediately after the application of base fertilizer. The remaining urea was top dressed twice during the maize growth period as required. The drip irrigation treatments (W1, W2, and W3) used water-soluble fertilizer (24-12-14) specialized for maize drip irrigation. There were 10 times of irrigation in the maize growing season, including 7 times of drip irrigation fertilization. The total fertilization amount was the same as that of CK, and the specific fertilization and irrigation were shown in Table 2.
TABLE 2 | Irrigation and fertilization during growing seasons of maize (Zea mays L.).
[image: Table 2]Irrigation water was pumped from an irrigation canal connected to the Yellow River with a pH, EC, and SARe of 7.5, 0.8 dS m-1, and 1.87 mmol L-1, respectively. The drip irrigation system was composed of a solenoid valve, pressure meter, flow meter, screen filter, fertilizer tank, and drip lines. Each treatment (three plots) was independently installed using a drip irrigation field control system to control the irrigation quota. Drip irrigation pipes were arranged in narrow rows, with one pipe for every two rows of maize (Figure 1). The distance between the drip irrigation emitters was 20cm, and the flow rate of the emitters was 1.27 L h-1. As in the local high-yielding maize fields, field management included weeding and insecticide control.
2.4 Soil sample collection and analysis
The entire experimental period was divided into Stage A (end of April to end of May), Stage B (end of May to end of June), Stage C (end of June to end of July), and Stage D (end of July to early September) during the maize growing season to collect the soil samples. For each sample, sites near the drip emitter were randomly selected in each plot, and soil samples were collected using an auger with a diameter of 4.0 cm in and a height of 15 cm. Samples were collected at distances of 0, 10, 20, 30, 40, and 50 cm from the emitters, and at sampling depths of 10, 20, 30, 40, 50, 60, 70, 80, 90, and 100 cm (Figure 1). Sixty soil samples were obtained from each sampling site. The distribution of soil sampling points for the flood irrigation treatment was similar that of the drip irrigation treatments, with 60 soil samples were randomly selected from each plot. After removing the surface organic impurities and fine roots from fresh samples, the soil water content was determined using the oven-drying method. The remaining soil subsamples were air-dried and sieved through a 1 mm sieve, and then three replicates were mixed into one sample to make a saturated soil slurry extract using the standard method (Robbins and Wiegand, 1990). The pH and ECe were measured using a conductivity meter (DDS-12A, REX) and a pH meter (PHS-3C, REX), respectively. Na+, Ca2+ and Mg2+ were measured using an inductively coupled plasma optical emission spectrometer (Optima 5300DV), and SARe (sodium adsorption ratio) was calculated as follows:
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where the concentration of each cation is in mmol L-1.
The soil desalination rate (SDR) was used to characterize the desalination process under different treatments:
[image: image]
Where SDR is the soil desalination rate (%), S0 is the initial soil ECe (dS m-1), Si is the soil ECe for each soil layer at different stages (dS m-1).
2.5 Plant sample collection and analysis
At the mature stage of maize, three maize plants were randomly selected from each plot to measure their plant height and stem diameter. In this way, nine maize plants are collected from each treatment, and a total of 36 maize plants are collected. After on-site measurement, the whole plant shall be sampled and transported back to the laboratory immediately, dried to constant weight at 70°C, measured the weight of dry matter and 1,000 grains on the ground, and then calculated the grain yield. Based on the aboveground dry matter mass and grain yield, the nutritional quality index of silage maize was calculated using the following formula:
[image: image]
Where N is the nutritional quality index of silage maize (%), Y is the grain yield (kg ha−1), and M is the aboveground dry matter mass per unit area (kg ha−1). The water use efficiency in the maize growth season was calculated according to the following equation (Zhang et al., 2019):
[image: image]
Where WUE is the water use efficiency (kg ha−1 mm−1), Y is the grain yield (kg ha−1), and ET is the maize evapotranspiration during the growth period (mm) calculated by the soil water balance equation (Zhang et al., 2019) as:
[image: image]
Where ET is the maize evapotranspiration during the growth period (mm), I is the amount of irrigation (mm), P is the total precipitation (mm) collected by the field rain gauge. ΔS is the change in soil water storage (mm) estimated using the space-weighted mean method, G is the contribution of groundwater (mm), R is the surface runoff (mm), L is the underground leakage (mm) calculated by soil leakage water monitor, and E is the evaporation of surface water (mm) monitored by the micro-Lysimeter evaporator. Because the terrain of the test area was flat and the average depth of maize roots was much greater than the average depth of groundwater, G and R were ignored in this study.
2.6 Statistical analyses
All data were recorded and classified in Microsoft Office Excel 2016, and analysis of variance (ANOVA) was performed using IBM SPSS Statistics ver.19.0 (IBM Co., Armonk, NY, United States). Tukey’s honestly significant difference (HSD) test was used to determine significant differences between the means at p ≤ 0.05. Figures were created using Origin 2022 (Origin Lab Co., Northampton, MA, United States).
3 RESULTS
3.1 Soil moisture dynamic movement
Changes in the spatial distribution of soil moisture with sampling time are shown in Figure 2. The soil moisture distribution changed significantly with the irrigation measures, indicating that irrigation changed the soil moisture infiltration characteristics. In Stage A, the wetted area under the drip emitters of the drip irrigation treatments (W1, W2, and W3) expanded both horizontally and vertically, and the water content of the 0–40 cm soil layer under W1, W2, and W3 increased by 3.78%–27.09%, 3.17%–37.79%, and 6.86%–44.87%, respectively, compared with CK. At the end of Stages B, C, and D, the soil wet zone continued to expand horizontally and vertically, and the soil water content in the 0–100 cm soil layer increased by 3.13%–6.36%, 3.28%–8.51%, and 5.01%–9.35%, respectively, compared with Stage A. The soil water content in the 0–20 cm soil layer of the drip irrigation treatment was significantly higher than that of CK, and the W1, W2, and W3 treatments were 5.02%–17.88%, 7.36%–21.06%, and 13.79%–27.88% higher than that of CK, respectively. Overall, irrigation increased soil moisture, resulting in a vertical distribution of soil moisture being low at the top and high at the bottom. The water content of the shallow soil in the flood irrigation treatment was significantly lower than that in the drip irrigation treatment. This is because the frequent side flow of irrigation water causes strong surface evaporation, indicating that drip irrigation has a better effect on maintaining surface soil moisture.
[image: Figure 2]FIGURE 2 | Spatial distribution of soil water (mass water content). (A), Stage A, end of April to end of May; (B), Stage B, end of May to end of June; (C), Stage C, end of June to end of July; (D), Stage D, end of July to early September.
3.2 Soil salinity dynamic movement
The spatial distribution of ECe at different stages is shown in Figure 3, demonstrating the trend in soil salinity during the growing season. Soil moisture movement controls the redistribution of soil salts. Owing to the small amount of irrigation at Stage A, the soil salinity in the 0–40 cm soil layer of each treatment did not change much during this period. Nevertheless, starting from Stage B, the soil salinity decreased sharply to lower levels in all treatments; in particular, the ECe of the 0–20 cm soil layer in the W3 treatment decreased by 5.68% compared with other treatments. In Stage C, compared with the CK, the desalination zone gradually appeared 0–40 cm below the drip emitters in the drip irrigation treatments, and the soil salts gradually leached to the deep layer. At the end of Stage D, with continuous irrigation, the soil desalination zone continued to expand, and its lower boundary edge further moved from to 30–50 cm to 70–90 cm. There was a clear decreasing trend in soil salinity in the 0–100 cm soil layer under the drip irrigation treatments. Compared with CK, the ECe of 0–40 cm soil layer in W1, W2, and W3 decreased by 23.53%–32.57%, 26.49%–35.64%, and 26.30%–36.86%, respectively. In general, with the prolongation of the maize growth period, the soil salts gradually leached down with soil water infiltration under the drip irrigation treatments and gradually formed a desalination zone centered on the drip emitters. In contrast, the soil salt leaching rate of CK was lower, and the salt distribution was uneven.
[image: Figure 3]FIGURE 3 | Spatial distribution of soil salinity (electrical conductivity of saturated extract). (A), Stage A, end of April to end of May; (B), Stage B, end of May to end of June; (C), Stage C, end of June to end of July; (D), Stage D, end of July to early September.
3.3 Soil pH and sodium adsorption ratio
Table 3 shows the trends in soil pH and SARe at the later stage of the field trial (end of Stage D). Except for the 10–20 cm soil layer, the drip irrigation treatments significantly reduced the soil pH value of each soil layer by 0.72%–2.13%, 0.83%–3.33%, and 0.81%–3.39% in W1, W2, and W3, respectively, compared with CK. When irrigation water removed salts from the surface soil, the pH of the 0–40 cm soil layer was significantly higher than that of the 40–80 cm soil layer. Similar to the soil ECe, it showed the vertical distribution characteristics of low salt content in the upper soil layer and high salt content in the lower soil layer as a whole, and the deep soil layer SARe was significantly higher than that of the shallow soil. The soil SARe values of the drip irrigation treatments were significantly lower than those of CK by 1.4%–6.63% (W1), 1.63%–7.02% (W2), and 1.43%–7.02% (W3). Consequently, the effect of salt washing of drip irrigation was positive, but the difference between the drip irrigation treatments was insignificant.
TABLE 3 | Soil pH and sodium adsorption ratio of different soil layers.
[image: Table 3]3.4 Soil desalination
As illustrated in Table 4, there were significant differences in soil salinity and desalination rate in the different soil layers of each treatment. At the start of the field experiment, there were no significant differences in soil salinity between the treatments. At the later stage of the field experiment, there was a significant difference in the soil salts among the treatments. In the 0–10 cm, 10–20 cm, 20–30 cm and 40–50 cm soil layers, the soil salinity of the drip irrigation treatments was significantly lower than CK, but the difference was not significant between the drip irrigation treatments. As the soil layer deepened, the difference in soil salinity between treatments gradually decreased. Overall, the soil salinity of CK showed a trend of high up and low down, while that of the drip irrigation treatments showed the reverse trend. Compared with the drip irrigation treatments, the overall desalination efficiency of CK was lower, and the desalination rate of each soil layer was unevenly distributed, with an average of only 5.32%. The desalination rates of W1, W2, and W3 were 18.46%, 20.84%, and 22.94%, respectively. The drip irrigation treatments significantly reduced soil salinity in the tillage layer (0–40 cm), and the desalination rates were 32.45% (W1), 35.01% (W2), and 36.23% (W3), respectively. Notably, with the deepening of the soil layer, the soil became denser, the porosity decreased, and the soil desalination rate gradually decreased. Especially in the 90–100 cm soil layer, the soil desalination rate became negative, and the soil salinity tended to increase.
TABLE 4 | Soil salinity and desalination rate of different soil layers.
[image: Table 4]3.5 Crop water consumption
As shown in Table 5, the soil water storage (ΔS) varied from 36.59 to 45.59 mm throughout the growing season, and there was no significant difference among the treatments. Compared with the flood irrigation treatment, the drip irrigation treatments produced uniform infiltration flow and reduced underground leakage (L) by precisely controlling the volume and flow of irrigation water. Due to the frequent flow of surface irrigation water caused by large amounts of flood irrigation, the surface evaporation (E) of CK was significantly higher than that of the drip irrigation treatments by 57.64%–68.29%, while there was no significant difference between the drip irrigation treatments. It can be seen that underground leakage and surface evaporation of CK accounted for 35.8% of irrigation water and rainfall, significantly higher than W1 (32.61%), W2 (28.73%), and W3 (23.88%). Compared with traditional flood irrigation, drip irrigation significantly improved the water use efficiency of maize. The water use efficiency of W1 and W2 was the highest, reaching 23.88–25.68 kg ha-1 mm-1, followed by W3, and CK was the lowest at only 15.98 kg ha-1 mm-1.
TABLE 5 | Maize (Zea mays L.) evapotranspiration components and water use efficiency.
[image: Table 5]3.6 Crop growth and yield
It can be seen from Table 6 that different treatments had no significant effect on maize plant height, stem diameter, and aboveground biomass, but the drip irrigation treatments significantly increased maize grain yield, with a general trend of W3≥W2≥W1≥CK. Compared with CK, the grain yield increase rates of W1,W2, and W3 were 6.6%, 16.18%, and 18.32%, respectively, indicating that drip irrigation significantly increased maize grain yield, and the yield increase effect was better with the increase of irrigation quota. According to the calculation of the nutritional quality index from maize grain yield and aboveground biomass, the drip irrigation treatments significantly improved the nutritional quality of silage maize, and the nutritional quality indices of W2 and W3 were 10.73%–12.31%, and 11.30%–14.97% higher than that of CK, respectively. Thus, under the condition of high-frequency water-fertilizer drip irrigation, the water and fertilizer supply can better meet the water and fertilizer needs of maize growth, improving the grain yield and nutritional quality of silage maize.
TABLE 6 | Maize (Zea mays L.) growth indicators in different treatments.
[image: Table 6]4 DISCUSSION
4.1 Soil desalination process
Irrigation schedules play an important role in controlling the soil moisture and salinity in irrigated arid areas (Ren et al., 2019). Many studies have been carried out in arid and semi-arid areas on the technology of combining drip irrigation with water and fertilizer to form a water-saving irrigation technology system (Zheng et al., 2016; Wang et al., 2018; Hou et al., 2019). In this study, the water content of the soil layers changed significantly with time under different irrigation patterns and gradually increased with increasing soil depth, demonstrating that the irrigation measures significantly improved the soil water infiltration performance. Compared with traditional flood irrigation, drip irrigation of medium and large volumes significantly increased the soil water content of shallow (0–20 cm) and deep (70–100 cm) soils, indicating that high-frequency drip irrigation replenished the water loss of shallow soils due to high evaporation and transpiration in arid and semi-arid areas, thus maintaining the surface soil moisture at a high level (Dong et al., 2021). Therefore, the large amount of low-frequency irrigation water treated by flood irrigation and the high-frequency uniform irrigation water treated by drip irrigation may be the main reason for the difference in soil water content between the two treatments. The uniform and stable infiltration of irrigation water under drip irrigation increased the water content of deep soil and maintained the high content of soil water under the high evaporation climate environment. However, in the traditional flood irrigation treatment, owing to the large amount of irrigation water used simultaneously, the irrigation water tended to accumulate on the soil surface, which made the irrigation water prone to uneven underground leakage, which was not conducive to water infiltration and lead to uneven distribution of soil water (Figure 2). In addition, flood irrigation treatment resulted in evaporation loss of a large amount of water, increased evapotranspiration of farmland, reduced water use efficiency (Table 5) and wasted valuable water resources.
Soil water movement drives the diffusion of soil salinity, whereas ECe reflects the total amount of soil ions, which decreases with the leaching of soil salts by drip irrigation (Qi et al., 2018; Su et al., 2022). Consistent with previous research (Dong et al., 2022), our study observed a significant decrease in soil salinity under drip irrigation as the irrigation intervention continued from stages A to D (Figure 3). This is because the soil salts were dissolved by the infiltrating water during the drip irrigation process, and the high-frequency underground leachate diffused downward smoothly, gradually forming a desalination zone centered on the drip emitter. This finding is consistent with those of other studies showing that soil salts accumulate around the desalination zone under drip irrigation conditions (Burt and Isbell, 2005). One interesting finding is that with the infiltration of water, soil salinity gradually migrated to deeper soil layers, and the characteristics of soil salinity gradually changed from a surface aggregation pattern to a bottom accumulation pattern (Figure 3; Table 5), forming the vertical distribution characteristics of the upper lower and lower higher as a whole. A possible explanation for this might be that the blocked downward movement of salts was caused by the compacted and reduced porosity of the deep soil, and the close distance to the groundwater table, where the salts in groundwater can easily enter the soil through capillary action (Shah et al., 2011; Sun et al., 2022). Another important finding was the uneven distribution of water and soil salinity across soil layers under flood irrigation treatment, which indicating that under the flood irrigation condition, the irrigation water was easy to accumulate on the surface, and cannot form uniform underground seepage in the soil, resulting in the uneven distribution of salt in the soil, and ultimately reducing the soil desalination efficiency.
During the desalination process, the soil pH value decreased significantly in the 0–50 cm soil layer (Table 3), indicating that irrigation measures reduced shallow soil alkalinization. In contrast to earlier findings (Dong et al., 2021), drip irrigation could increase the soil pH within a certain range by moving the soil salts. These differences may be partly explained by the fact that the change in pH was not only the result of an exchange reaction between H+ and Na+, but also that the transport of soil moisture in the irrigated soil can change the multi-ion composition of the soil, thus affecting the change of soil pH; the specific reasons for this need to be further studied. In this study, with the extension of the maize growing season, the soil SARe decreased gradually (Table 3), which was similar to the distribution of soil ECe. Previous studies have interpreted this phenomenon as that under saline water conditions, because Na+ has a lower charge and smaller hydration radius than Ca2+ and Mg2+, it is less likely to be adsorbed by soil colloids and migrate downwards during drip irrigation (Zhao et al., 2019), so Na+ leaches more than Mg2+ and Ca2+ (White, 2005). Therefore, in the process of soil desalination in this study, more Na+ was leached and less Mg2+ and Ca2+ were washed away during the soil desalination process, resulting in a lower SARe calculated with Na+ as the numerator and Mg2+ and Ca2+ as the denominators. Furthermore, the SARe of each soil layer in the drip irrigation treatments was significantly lower than that in the flood irrigation treatment, indicating that the steady and continuous infiltration flow of drip irrigation accelerated the leaching of soil ions and significantly inhibited the process of soil salinization.
4.2 Plant responses
Water plays an indispensable role in plant growth, and improving water use efficiency in arid regions is an effective way to increase productivity (Qu et al., 2020). This study found that the surface evaporation of CK was nearly four times that of W1 (Table 5), indicating that the surface evaporation of traditional flood irrigation was greatly increased by frequent horizontal flow because of the large amount of irrigation water spread on the farmland at one time. It is worth noting that the amount of underground leakage under flood irrigation was significantly higher than that under drip irrigation. The reason may be that the terrain of this area was flat, and there was no surface runoff during irrigation. Therefore, a large amount of flood irrigation water accumulated on the surface, causing uneven infiltration, damaging the soil structure, and forming gaps and tunnels connected with groundwater in many places, thus increasing the underground leakage flow. These gaps and tunnels were likely responsible for salts that had leached into the groundwater returning to the surface with transpiration at the end of the maize growth season, causing soil re-salinization (Li et al., 2021). However, under the drip irrigation treatment, the irrigation water conducted a small amount of high frequency drip irrigation on the soil, without surface water accumulation, maintaining the soil structure, so the underground seepage flow was low. Overall, nearly half (41.57%) of the total input water was lost from the farmland ecosystem in the diffuse irrigation treatment, which was significantly higher than that in the drip irrigation treatments, significantly reducing the water use efficiency. Similar to other studies in the dry and saline inland areas of Northwest China (Wang et al., 2012), this study found that drip irrigation treatments reduced deep leakage and surface evaporation, and improved the water use efficiency of farmland by uniformly distributing water and precisely controlling water volume.
In this experiment, maize varieties were used as silage. Plant height and stem diameter are the key characteristics of maize growth, and the quality of aboveground dry matter mass is an important indicator of maize silage yield (Rüegg et al., 1998), and the nutritional quality of silage maize depends on the proportion of grain yield and aboveground dry matter mass (Lima et al., 2022). This study found that there were no significant differences in plant height, stem diameter and aboveground dry matter mass between irrigation modes (Table 4); however, compared with the traditional flood irrigation, the drip irrigation treatments significantly increased the grain yield and improved the nutritional quality and economic value of silage maize. With the increase in irrigation amount, the yield increase effect of drip irrigation treatments was greater than that of the flood irrigation treatment. In addition, the water use efficiency of maize differed significantly between irrigation modes, with the highest water use efficiency achieved by small-volume drip irrigation, followed by medium-volume drip irrigation, large-volume drip irrigation, and flood irrigation treatment. In summary, the irrigation frequency, fertilizer ratio and application amount of irrigation water under the drip irrigation treatment were consistent with the law of fertilizer and water demand of maize (Fan et al., 2020). Drip irrigation treatments could provide sufficient nutrients and water for the middle and later stages of maize growth, promote the nutrient absorption of maize roots, reduce the evapotranspiration of farmland water, improve the water use efficiency of maize, thus improve the yield of maize and nutritional quality. In this test, it was found that the medium and large water drip irrigation treatment was the best in terms of soil water content, salt content and maize yield. Compared with the traditional flood irrigation treatment, the soil water content under the medium and large water drip irrigation treatment was increased by 14%–21% (Figure 2), the soil salt was reduced by 21%–23% (Table 4), and the grain yield was increased by 17%–18% (Table 6). Therefore, the initial recommended irrigation water in Yellow River basin was 450–540 mm.
5 CONCLUSION
Drip irrigation significantly improves the infiltration performance of soil water. Through uniform infiltration of irrigation water and precise water and fertilizer control, soil salts were smoothly infiltrated into deeper soil, gradually forming a desalination zone centered on the drip emitter, which gradually changed the soil salinity characteristics from the surface aggregation mode to the bottom aggregation mode, thus significantly reducing surface evaporation and underground leakage, and improving water utilization efficiency and yield. In contrast, flood irrigation led to an uneven distribution of soil water and salt, poor desalination, and a significantly lower water use efficiency and yield than drip irrigation. Therefore, using drip irrigation with an appropriate irrigation volume in the Yellow River irrigated regions can achieve the goal of water saving and salt control, whilst effectively improving land productivity. However, our study was limited by the short duration of the research, which is only 1 year. Soil improvement in saline-alkali land is a long-term process. In the future, long-term and continuous drip irrigation is required to observe its long-term impact on soil structure, water, salinity and plant growth.
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Soil layer (cm) Treatment

w2
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50-60 17.91bcA 17.04cB 17.30bB 17.04bB
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Note: Different lowercase letters in the same column indicate significant differences between different soil layers, and different capital letters in the same row indicate significant differences
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70-80 084 7452 2464 1.56 226 8.46 2036
80-90 132 7148 2920 158 224 8.63 2054
90-100 175 65.64 3261 155 214 8.47 1992
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Soil depth (cm) Treatment

W2
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Soil salinity at end of growth (g kg") 8.86abcA 6.39cB. 625cdB 6.32 B
SDR (%) 14.37% 37.39% 40.01% 39.16%
10-20 Initial soil salinity (g kg") 9.91abA 9.93abA 9.87bA 9.94abA
Soil salinity at end of growth (g kg") 9.42abA. 6.48¢B. 6.26cdB 6.29¢B
SDR (%) 4.82% 34.69% 36.57% 36.70%
20-30 [ Initial soil salinity (g kg") 9.45¢dA. 9.42cA 9.5bcA 9.42bcA
Soil salinity at end of growth (g kg") 9.450bA 6.15¢B. 5.86dB 5.73dB
SDR (%) ~0.05% 34.60% [ 38.30% 39.17%
30-40 Initial soil salinity (g kg") 9.51bcdA 9.56bcA 9.41bcA 9.58bcA
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SDR (%) ~3.60% 23.11% 25.17% 29.91%
40-50 Initial soil salinity (g kg") 9.63bcA 9.64bcA [ 9.59bA 9.65bcA
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SDR (%) 1.59% 25.55% 23.72% 25.78%
50-60 Initial soil salinity (g kg") 9.13dA 9.2cA 8.99cdA 9.2cA
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SDR (%) 11.87% 16.99% 23.47% 22.71%
60-70 [ Initial soil salinity (g kg") 8.54eA 8.56dA [ 85deA 8.55dA.
Soil salinity at end of growth (g kg") 8.18bcdA 7.62abAB 7.37abB 7.01abB
SDR (%) 4.15% 10.99% 13.20% 17.97%
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80-90 [ Initial soil salinity (g kg") 8.12efA 8.09deA. [ 8.17efA 8.09deA
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90-100 Initial soil salinity (g kg") 7.34gA 7.27fA 749gA 7.26fA
Soil salinity at end of growth (g kg") 7.23deA 7.71abA 7.61abA 7.48 aA
SDR (%) 1.51% | ~6.08% -1.59% -3.01%
Average soil desalination rate (%) 5.32% 18.46% 20.84% 22.94%

Note: Different lowercase letters in the same column indicate significant differences between different soil layers, and different capital letters in the same row indicate significant differences
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Note: I the irrigation amount, P is the precipitation during the maize growing season, AS s the change in soil water storage in the 0-100 cm soil layer, L is the underground leakage, £ s the
evaporation of surface water, ET is the maize evapotranspiration during the growth period, and WUE is the water use efficiency. Different lowercase letters in the same column indicate
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