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Abstract

:

Soil salinization is a major eco-environmental problem in irrigated agro-ecosystems. Understanding regional soil salinity spatial patterns and seasonal dynamics and their driving factors under changing environments is beneficial to managing soil salinity to maintain agricultural production in arid agricultural areas. To better investigate this topic, soil salinity was measured, ranging from topsoil to the depth of 1.8 m in an irrigation district with 68 sampling sites before and after the crop growing seasons of the dry year of 2017 and wet year of 2018. Soil texture, groundwater table depth, groundwater salinity, and crop type were monitored. The results indicated that an increase in soil salinity in the root zone (0–0.6 m) was accompanied by a decrease in soil salinity in the deep soil (0.6–1.8 m) through the crop growing season due to water movement from the deep layer to shallow layer, whereas the opposite trend was observed during the fallow seasons. During the dry year, the area with soil desalted was measured to be 19.89%, 14.42%, and 2.78% lower at depths of 0–0.6 m, 0.6–1.2 m, and 1.2–1.8 m than that during the wet year. The groundwater table depth in the crop growing season had the least impact on the change in root zone soil salinity (p > 0.05). Interactions between crop types and groundwater table depth had a significant effect on the change of soil salinity in the root zone during the growing season of the dry year, but were insignificant during the wet year. Crop types, groundwater table depth, and climate conditions determined the contribution of shallow groundwater to crop water consumption and, to a greater extent, soil salinity. Regression tree analysis showed that groundwater salinity and soil texture had a greater influence on soil salinity than groundwater table depth and land elevation. The effect of groundwater on soil salinity is strongly related to soil texture, and the salinity of fine-textured soil was 36–54% greater than that of coarse-textured soil due to large capillary action. Therefore, we suggest strengthening groundwater management in areas with fine-textured soil to relieve soil salinization, particularly during dry years.
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1. Introduction


Salt-affected soils cover 10% of terrestrial ecosystems [1] and are found in more than 100 countries with an annual growth rate of more than 2 Mha [2,3]. Soil salinization reduces soil and water quality, decreases biodiversity, and restricts agricultural productivity [4], which has been a serious eco-environmental problem in irrigated agro-ecosystems. Maintaining agricultural production in arid and semi-arid regions presents a great challenge due to increasing changes in climatic conditions [5,6]. Utilizing salt-affected lands in changing environments is important to feed the burgeoning global population [7]. Therefore, understanding the spatiotemporal dynamics of soil salinity and its impact factors during dry and wet years is critical for the effective management of soil salinity.



In arid irrigated agricultural regions, the spatial variation in soil salinity is driven by land-use types, groundwater table depth, groundwater salinity, the elevation of landform, land cultivation time, distance to drainage, etc. [8,9,10,11,12,13]. In recent decades, studies have focused on the relationships between the spatial distribution of soil salinity and environmental factors [9,14,15]. A salinity hazard map was developed by Searle and Baillie [16] based on topographic indices, soils, geology, climate, and vegetation. Evans and Caccetta [17] predicted areas at risk from dryland salinity using remote sensing data and landform data. Wang et al. [12] found that soil salinity significantly migrated from upstream to downstream in an inland river watershed. All the above-mentioned studies were conducted on natural broad-scale areas, including various land-use types. Spatial variations of environmental factors were strong in these studies, which was beneficial to model variations in soil salinity by environmental factors with or without a very slight impact of human activities [14]. However, regular irrigation results in lower soil salinity through leaching in croplands [11], making it unclear whether environmental factors alone could be used to predict soil salinity. In addition, studies on the seasonal dynamics of soil salinity have generally been conducted in lysimeters or experimental plots in the root zone, and only single crop types with a single factor or dual factors have been considered [18,19,20,21,22,23]. The interaction effects of multiple factors (e.g., meteorological conditions, groundwater table depths, crop types, and initial soil salinity conditions) on soil salinity dynamics were ignored because of the difficulty of the experimental design [24]. To the best of our knowledge, few studies have systematically reported the spatial pattern and temporal dynamics of regional soil salinity and its impact factors using multi-time monitoring data in dry and wet years. At the regional scale, continuous monitoring of soil salinity at multiple soil sampling sites across different seasons makes it possible to understand spatiotemporal patterns in salinity, their impact factors, and multi-factor effects on the seasonal dynamics of soil salinity, thereby providing support for regional salt management in irrigated croplands [25].



The Hetao Irrigation District, located in the upper reaches of the Yellow River basin, China, was selected as the case study area. The district is an arid agricultural region with a shallow water table, and more than 50% of the total irrigated cropland (5.7 × 109 m2) is saline-cultivated land [26]. The soil salinity of Hetao is serious and complicated due to extensive irrigation, poor drainage, special climate conditions, and flexible soil characteristics [11,27]. Numerous efforts have been made to better manage soil salinity in the Hetao Irrigation District. The spatial distribution and temporal dynamics of soil salinity have been monitored and evaluated, and driving factors and management strategies have also been proposed [4,28,29]. However, most previous studies have focused on the spatial distribution of regional soil salinity or the temporal dynamics of soil salinity at the field scale [4,25]. The impact of single factors such as groundwater table depth, groundwater salinity, crop type, and land type on soil salinity is well understood, while multi-factor interactions on soil salinity spatiotemporal dynamics are unclear.



Therefore, the objectives of this study were to: (1) analyze the spatiotemporal patterns of soil salinity in dry and wet years, (2) reveal the effects of environmental factors and their interactions on soil salinity spatial pattern variation and seasonal changes, and (3) propose regional soil salinity management strategies in irrigated agro-ecosystems. In order to implement these objectives, soil salinity observations in an irrigation district of Hetao with 68 sampling sites were conducted at the beginning and end of the crop growing season during the dry year of 2017 and the wet year of 2018. Groundwater table depth, groundwater salinity, crop types, and soil textures were monitored or surveyed at each sampling.




2. Materials and Methods


2.1. Study Area


The study area, Longsheng Irrigation District, is in the central region of the Hetao Irrigation District in the western region of Inner Mongolia, China (Figure 1). The region comprises 82 km2, with dimensions of 15.5 × 8.0 km2, with an arid, continental climate. The average annual precipitation at the Linhe Weather Station adjacent to the study area was 148.8 mm. The climate exhibits a strong seasonal trend, with 85% of the rain occurring from May to September. Based on the weather data obtained from the Linhe Weather Station, the cumulative precipitation was 100.5 mm in 2017 and 176.2 mm in 2018. During the crop growing season from May to September, the cumulative precipitation was 53.1 mm in 2017 and 156.6 mm in 2018. These two years were selected to represent the dry and wet years, respectively, according to hydrological frequency analysis. As shown in Figure 2, the groundwater table in this area is shallow, varying from 0.0 to 3.0 m during the year. According to field surveys, there exists loamy sand, sandy loam, silty clay, silt loam, and silt. Soil texture varies greatly in vertical layers. In recent years, maize, sunflower, spring wheat, and some other vegetables (e.g., processing tomato, seed melon, and pepper) were the main crops. The averaged irrigation water volume of maize, sunflower, and spring wheat were 441 mm, 348 mm, and 388 mm, respectively [30]. The salt concentration of the irrigation water was 0.54 g/L [11]. The salt mass balance analysis showed that the salt accumulation in the aquifer of the study area is 47.41 g/m2, accounting for 93.30% of the total salt accumulation at present [25].




2.2. Groundwater Observations and Soil Samplings


In the Longsheng study area, groundwater table depth, groundwater salinity, and soil salinity were monitored in 2017 and 2018. Groundwater table depth was measured at 23 groundwater observation wells (Figure 1) either every 4 h using automatic water level loggers (HOBO-U20, USA) or every 10 days manually. Measurements of soil salinity and groundwater salinity were conducted four times at 68 sampling sites from early May to late September of 2017 and 2018 (Figure 1), and these measurement times were denoted as Y1705, Y1709, Y1805, and Y1809. For each observation, the measurements of soil salinity were replicated twice at each sampling site. Soil samples were collected from the topsoil to a depth of 1.8 m, or until the groundwater table depth if it was shallower than 1.8 m, with an interval of 0.2 m. A total of 4582 soil samples were collected to measure soil salinity and soil water content. Soil salinity was determined by measuring the electrical conductivity of the soil-water solution mixed in a 1:5 (soil:water) ratio using an electrical conductivity meter (DDSJ-308F, China) [31]. The crop type at each soil sampling location was surveyed. The soil texture of each layer was also examined. The elevation of the landform was drawn from a digital elevation model (DEM) (https://earthexplorer.usgs.gov/?tdsourcetag=s_pctim_aiomsg accessed on 15 December 2021).




2.3. Statistical Analyses


The spatial distribution of mean soil salinity at the depths of 0–0.6 m, 0.6–1.2 m, 1.2–1.8 m, and 0–1.8 m was estimated using the ordinary kriging method [32]. Spherical and Gaussian models were employed to fit the empirical semivariograms, and models with the highest coefficient of determination (R2) and lowest residual sums of squares (RSS) were taken as the fitted models [33]. The same method was used for the spatial distribution of groundwater table depth (GWD), groundwater salinity (GWS), and soil water content (SWC).



A regression tree approach [34] was used to evaluate the relative importance of environmental factors on soil salinity, including GWD, GWS, SWC, and DEM. The mathematical expression of the regression tree model is as follows:


  f ( x ) =   ∑  m = 1  M    C m  I ( x ∈  R m  )    



(1)




where f(x) is the mean of the subset sample data; M is the number of regression tree model subsets; Cm is the response mean of the m-th subset data sample; Rm is the m-th subset; and I(x ∈ Rm) is an indicator function, where if x ∈ Rm, I is taken as one, otherwise, it is taken as zero. Trees were created using the ANOVA method [35].



The impact factors on the seasonal dynamics of soil salinity were statistically analyzed using a multi-way analysis of variance. Multiple comparisons were determined using the least significant difference test with p < 0.05.





3. Results


3.1. Soil Salinity Statistical Characteristics


The soil salinity at different depths for the four sampling times is plotted in Figure 3. In all box plots shown in Figure 3a, soil salinity in most soil layers for the four sampling times ranged from 0.1 dS/m to 1.2 dS/m, with most being 0.1 dS/m to 0.4 dS/m. Outliers were concentrated on the side with greater soil salinity, and the medians were closer to the lower quartile than to the upper quartile. The spatial means of soil salinity were much larger than the median for all four sampling times. As shown in Figure 3b, the mean soil salinity exhibited obvious seasonal variation characteristics. In early May (Y1705 and Y1805), soil salinity in the whole profile was approximately an inverted “C” type, in which soil salinity within the depth of 0.6–1.0 m exceeded those within 0–0.6 m and 1.0–1.8 m. Soil salinity within the depth of 0–0.4 m in Y1809 was less than that in Y1709, which is caused by the heavy precipitation during the crop growing season in 2018. Neglecting smaller soil salinity in 0–0.4 m in Y1809, soil salinity decreased from the topsoil to the depth of 1.8 m in late September (Y1709 and Y1809). The relationship between the spatial variability and the mean value of soil salinity in the study area is shown in Figure 3c. Both the standard deviation and variation coefficient of soil salinity increased exponentially with mean soil salinity, which differed from that of soil water content.




3.2. Spatiotemporal Patterns of Soil Salinity


The root zone (within the depth of 0–0.6 m) soil salinity was 0.32, 0.34, 0.29, and 0.30 dS/m in Y1705, Y1709, Y1805, and Y1809, respectively. The root zone soil salinity in late September of 2017 and 2018 increased by 0.02 dS/m and 0.01 dS/m compared to that in early May, showing that soil salt was accumulated in the crop growing season. Soil salinity in the root zone decreased by 14.7% from Y1709 to Y1805. This is consistent with the results reported by Sun et al. [23], where soil salinity decreased by 10.86 to 26.14% from late September to early May with 180 mm autumn irrigation in field plots. In Y1705, Y1709, Y1805, and Y1809, soil salinity from 0.6–1.2 m was 0.33, 0.28, 0.33, and 0.29 dS/m, respectively, where, during the crop growing season of the dry and wet year, the salinity decreased by 0.05 and 0.04 dS/m. The changes in soil salinity within the depth of 0–0.6 m and 0.6–1.2 m indicate that the heavy precipitation in wet years can help to leach more salt from the root zone to the soil layer of 0.6–1.2 m, and salt accumulation in the root zone is less during the wet year than that in the dry year. Soil salinity was measured to be 0.29, 0.26, 0.29, and 0.26 dS/m at a depth of 1.2–1.8 m, respectively. Soil salinity at a depth of 0.6–1.2 m and 1.2–1.8 m in early May was evidently larger than that in late September, and soil salinity in deep soil (within the depth of 0.6–1.8 m) was desalted in the crop growing season and accumulated in the fallow season. Overall, the changes in soil salinity in the root zone and deep soil showed opposing trends, which means increasing amounts of salt in the root zone are concurrent with decreasing amounts in the deep soil and vice-versa. The dry year accelerates soil salinity accumulation in the root zone, and heavy precipitation in wet years can leach more salt from the root zone to the subsoil.



The spatial distribution of soil salinity increments during the crop growing season in the dry year of 2017 and wet year of 2018 are plotted in Figure 4. The root zone soil salinity in the central and eastern parts of the study area increased in the dry year, while locations that experienced increasing salinity were concentrated in the northeast region during the wet year. The total land area with increasing root zone soil salinity during the crop growing season was measured as 45.34 km2 in the dry year of 2017, which was 25.25% larger than that of the wet year of 2018. The total land area with soil salinity decreasing at a depth of 0.6–1.2 m was 50.50 km2 in 2017 and 59.01 km2 in 2018, which accounted for 61.45% and 71.80% of the whole study area, respectively. Similarly, 80% of the study area was desalted within a depth of 1.2–1.8 m during the study timeline. The area with soil desalted at the depths of 0–0.6 m, 0.6–1.2 m, and 1.2–1.8 m during the dry year of 2017 were 19.89%, 14.42%, and 2.78% lower than that in the wet year of 2017, which indicates that heavy precipitation accelerated soil salinity desalting, but the effects of precipitation on soil salinity are weakened with increasing depth.




3.3. Impact Factors of Seasonal Dynamics for Soil Salinity in the Dry and Wet Year


Soil salinity in the root zone is a critical factor in determining agricultural productivity. Three factors, including crop type, root zone soil salinity at the beginning of the crop growing season, and an average groundwater table depth in the crop growing season, were analyzed for root zone soil salinity changes. The impacts of the three factors on changes in the root zone soil salinity are shown in Figure 5 and Table 1. The root zone soil salinity decreased after the crop growing season in the maize and spring wheat fields, whereas it increased in the fields of sunflower, processing tomato, seed melon, and other economic crops (Figure 5a). The change in the root zone soil salinity during the crop growing season was significantly influenced by crop type in the dry year of 2017 (p < 0.05), while it was not significant in the wet year of 2018 (p > 0.05), as listed in Table 1. The larger change ranges of soil salinity can be found at locations with larger root zone soil salinity at the beginning of the crop growing season, as shown in Figure 5b. The change in root zone soil salinity during the crop growing season showed a significant (p < 0.05) response to root zone soil salinity at the beginning of the crop growing season in both years, which indicates that the change in soil salinity is closely related to its value. The influence of the average groundwater table depth in the crop growing season on the changes in root zone soil salinity is shown in Figure 5c. The groundwater table depth in the crop growing season had the least impact on the change in root zone soil salinity (p > 0.05).



Crop types and groundwater table depth were observed to interact significantly with root zone soil salinity (p < 0.001 and p < 0.05, respectively) during the growing season of the dry year of 2017, as listed in Table 1. There was no significance in the interaction between root zone soil salinity at the beginning of the crop growing season and the groundwater table depth. In the wet year of 2018, only the interaction of crop type and root zone soil salinity at the beginning of the crop growing season had a significant effect on the change in root zone soil salinity. The impact of the interaction of all three factors was significantly different in the dry year of 2017 (p < 0.05) and not significant in the wet year of 2018 (p > 0.05). In general, the change in root zone soil salinity during the crop growing season is caused by the combined action of the root zone soil salinity at the beginning of the crop growing season, crop type, groundwater table depth, and climate conditions.




3.4. Effect of Environmental Factors on Regional Soil Salinity Spatial Pattern


The spatial pattern of soil salinity in an area is the result of a long-term balance between water and salt [11,17,36,37], which is relatively stable over time [33]. In this study, the influence of GWD, GWS, SWC, and DEM on the spatial pattern of soil salinity within the depths of 0–0.6 m, 0.6–1.2 m, 1.2–1.8 m, and 0–1.8 m was investigated. The spatial pattern of soil salinity and environmental factors, including GWD, GWS, and SWC were analyzed by the semivariogram models, which are listed in Table 2. The spatial distribution of soil salinity for the average values of the four sampling times is shown in Figure 6. It can be found that the soil salinity in the east, northeast, and southwest of the study area was higher than that in the middle and south. The spatial distributions of GWD, GWS, SWC, and DEM are shown in Figure 7. The annual averaged groundwater table depth in the east, northeast, southwest, and south of the study area was less than 1.5 m, and the groundwater table depth in the central area was deeper than 3.0 m. Most GWS values were less than 3.0 dS/m, and higher GWS values were found in the eastern portion of the study area. The averaged SWC in the whole profile over the four sampling times ranged from 0.14 g/g to 0.28 g/g, and the highest SWC values were obtained in the northeast of the study area. In this study, SWC was used to represent soil texture [38,39], and a high SWC indicates a high percentage of silt and clay particle size. The DEM values were between 1033 and 1039 m, and gradually decreased from the southwest to the northeast. Table 3 reports the correlation coefficients between soil salinity and the four environmental factors. The values of the correlation coefficient were high (maximum = 0.63 and minimum = 0.29) and statistically significant between soil salinity and GWS in all soil layers. The correlation between soil salinity and SWC was significant within the depth of 0.6–1.2 m, 1.2–1.8 m, and 0–1.8 m, while it was not significant within the depth of 0–0.6 m. There was no significant linear correlation between soil salinity and GWD or soil salinity and DEM. These results indicate that the effects of GWS and soil texture on soil salinity are dominant and significant, and outweigh the effects of GWD and DEM.



The regression tree exploratory tool was used to better understand the effect of GWD, GWS, SWC, and DEM, as well as their interactions on soil salinity. Figure 8 presents the regression trees for the soil salinity at the depths of 0–0.6 m, 0.6–1.2 m, 1.2–1.8 m, and 0–1.8 m, respectively. The regression tree demonstrated the thresholds for identifying various impact mechanisms of GWD, GWS, SWC, and DEM on total soil salinity variation. For example, when the SWC was less than 0.22 g/g, soil salinity variations within the depth of 0–0.6 m were explained by GWS. Otherwise, when the SWC was greater than 0.22 g/g, soil salinity was determined by GWS and GWD. The first splitting environmental variable controlling the soil salinity within the depth of 0–0.6 m was SWC, which indicates that soil texture has an important effect on the root zone soil salinity, followed by GWS and GWD. For the soil salinity within the depths of 0.6–1.2 m, 1.2–1.8 m, and 0–1.8 m, GWS was at the first level of the regression trees, and all the thresholds were 3.8 dS/m. The percentage of GWS values larger than 3.8 dS/m in the study was 10%, and the soil salinity means were the largest in all boxes, with values being 0.50, 0.46, and 0.46 dS/m for the depths of 0.6–1.2 m, 1.2–1.8 m, and 0–1.8 m, respectively (Figure 8b–d). This implies that higher soil salinity may be induced by the higher GWS in the study area. When GWS was less than 3.8 dS/m, the primary environmental factors affecting 0.6–1.2 m soil salinity were SWC and GWS, while SWC, GWD, and DEM affected the soil salinity at a depth of 1.2–1.8 m; DEM, SWC, and GWD determined the soil salinity for 0–1.8 m. Regression tree analysis clearly shows that the environmental factors have important effects on the spatial pattern of soil salinity, and that the environmental factors directly controlling soil salinity were GWS and soil texture in this study area.





4. Discussion


4.1. Differences in the Relation between Variability and Spatial Mean of Soil Water and Salinity


The relationship between standard deviation, variation coefficient, and mean value of soil salinity was obviously different from that of soil water content. The standard deviation of soil water content increased first and then decreased with the mean value, which was approximately a convex bell shape, and the variation coefficient of soil water showed an exponentially decreasing relationship with the mean value [40,41,42,43]. The inconsistency of the migration mechanism and impact factors between soil water content and soil salinity may determine the differences in the relationship between soil moisture, soil salinity, and their variability. The spatial variability of soil water content depends on the soil texture when the soil water content is large or close to the field capacity. However, when the soil water content decreases gradually due to leakage, evaporation, and transpiration, the heterogeneity of spatial location and vegetation distribution aggravates the variation in soil water content [44]. With the soil water content further reduced to the wilting coefficient, the variability was again determined by soil texture. When the soil salinity was uniformly washed to a small value by sufficient irrigation or rainfall in the entire region, the spatial homogeneity of the soil salinity was enhanced. The process of soil salt accumulation was not only affected by soil properties but also by other factors, such as groundwater conditions and crop types. The spatial variability of impact factors intensified soil salinity changes, resulting in enhanced heterogeneity of soil salinity. This study found that the spatial variation coefficient of soil salinity increased with the spatial mean at the regional scale, implying that soil salinity variation at the regional scale results from soil properties and other environmental factors.




4.2. Soil Salinity Balance Mechanism in a Whole Agricultural Year


The farmland soil salinity was dynamically balanced between the root zone and deep layer during the year. This soil salinity seasonal balance mechanism in different soil layers was also found by Walter et al. [45] in the topsoil and subsoil of peatlands, and by Lu et al. [28] for the entire agricultural year. The soil salinity balance is influenced by salt entering the soil from irrigation, precipitation, capillary rise, and the salt discharged from the soil, including leaching of irrigation and precipitation [11]. The groundwater table in most of this study area is shallow, and a large amount of salt migrates to the root zone owing to capillary action during the crop growing season, resulting in soil salinity accumulation in the root zone [11,46]. The contribution of groundwater to crops determines the root zone soil salinity conditions in shallow water table areas [11], which are affected by groundwater table depth, groundwater quality, irrigation frequency, and application depth, and crop types [47]. We found that the interaction between crop types and groundwater table depth had a significant effect on the change in root zone soil salinity in the dry year of 2017 but was not significant in the wet year of 2018 (Table 1). In addition, the increase in root zone soil salinity for each crop in the dry year of 2017 was larger than that in the wet year of 2018, as shown in Table 4. This implies that the contribution of shallow groundwater to crops is enhanced in dry years [48,49,50], resulting in increased salt accumulation in the root zone. Therefore, the root zone soil salinity in the dry year should be given more attention.



Autumn irrigation after harvest from October to November is a traditional irrigation custom to leach salt, which consumes more than 30% of the total irrigation water of the entire agricultural year [11], causing very shallow groundwater table depth. The seasonal changes in root zone soil salinity that accumulated salt in the crop growing season and desalted in the fallow season are determined by special irrigation practices in this study area. However, soil salinity in the deep soil layers (within the depth of 0.6–1.8 m) was increased in the fallow season, which indicates that excessive autumn irrigation cannot efficiently leach deep soil salt. This is because the leaching water cannot be discharged in time due to poor drainage management practices and a very flat topography with a 0.2‰ slope [51], which results in soil salinity accumulating in the deep soil. In addition, soil freezing and thawing after autumn irrigation in the fallow season can have a complex impact on soil salinity, the mechanism of which is not well understood. Overall, the seasonal changes in soil salinity are the result of the combined action of irrigation and drainage practices, hydrogeological conditions, and climate conditions. The soil salinity in the study area is basically stable, i.e., the salt in the unsaturated zone of the farmland has been in equilibrium for many years [11]. Salts introduced by irrigation first enter the aquifer through irrigation leaching and then redistribute through drainage and dry drainage [29].




4.3. The Driving Factors of Soil Salinity Spatial Variation


Both natural environments and human activities influence soil salinity variation, and the main driving factors may be different at various spatiotemporal scales [36,52,53]. Climate and topography affect soil salt accumulation on a global scale [54]. At a large regional scale, soil salinization is dependent on agro-hydrological processes, which are mainly related to geomorphology, hydrological geology, and landscape characteristics [37,52]. At the field scale, soil salinity variation is mainly determined by human activities and microtopography [4,9,55]. In this study, we found that cropland soil salinity was directly controlled by groundwater salinity and soil texture. Soil salinity values increased with GWS, which was consistent with the results of Zhou et al. [55] and Akramkhanov et al. [9]. The thresholds of SWC appearing at the first three levels of the regression trees were 0.22 and 0.25 g/g (Figure 8). The soil textures with SWC less than 0.22 g/g are mainly loamy sand or sandy loam, or have evidence of sand layers in the soil profile. The soil texture with SWC between 0.22 and 0.25 g/g is mainly silt loam, and SWC more than 0.25 g/g is silty clay and silt. Soil salinity value was 0.34 dS/m and 0.32 dS/m at a depth of 0–0.6 m and 0–1.8 m when SWC was more than 0.22 g/g, which was 36.00% and 54.17% higher than that of SWC less than 0.22 g/g, as shown in Figure 8a,d. Soil salinity values with SWC exceeding 0.25 g/g at a depth of 0.6–1.2 m and 1.2–1.8 m was 38.46% and 39.13% higher than that with SWC less than 0.25 g/g, respectively (Figure 8b,c). As shown in Figure 6 and Figure 7c, soil salinity of fine-textured with high SWC (e.g., silty clay, silt or soil with clay-interlayer) was higher in the northeastern part of the study area. This indicates that soil texture has an important influence on soil salinity and that the salinity of soil with coarse texture is lower than that of the finer ones. This can be explained by the fact that the capillary action of finer textured soil is greater than that of coarse-textured soil [9,50]. Alternately, fine soil texture can retain more water and salt than coarse-textured soil [44]. As shown in Figure 9, soil salinity in the profile with sand was lower, while soil salinity in the layer with clay or silt was obviously higher than that in other layers. The clay interlayer had the effect of reducing seepage and inhibiting evaporation, and the amount of water and salt stored on the interlayer, resulting in salt accumulation on the interlayer. The impact of heterogeneity of soil texture and structure on soil salinity is complex and is not only related to the location and thickness of the interlayer but is also affected by various factors such as evaporation intensity and groundwater table depth [56].



The reversed correlation between groundwater table depth and soil salinity implies that soil salinity would be higher when the groundwater table was shallower. However, GWD did not appear at the first or second levels of the regression trees, as anticipated. When SWC was more than 0.22 g/g, soil salinity was affected by groundwater (GWS and GWD), as shown in Figure 8a,b,d. This implies that the effect of groundwater on soil salinity is closely related to soil texture. For a given groundwater table depth, the hydraulic properties of the soil, which are related to soil texture, determine the capillary rise from the shallow groundwater table and affect soil salinity [11,47,50].



Environmental factors greatly impact regional soil salinity, and long-term soil salinity and impact factors, including precipitation, evapotranspiration, groundwater table depth, and groundwater salinity, need to be monitored in a changing environment. In addition, soil salinization is controlled by water supply, control systems, cropping practices, and field management [14]. Under the current irrigation and management conditions, local farmers have maintained salt balance in croplands in Hetao through their long-term practice and experience [4]. The effects of water management may have been dominant in cropland soil salinity and tended to outweigh the effects of environmental factors [9,53]. Therefore, long-term human activities, such as irrigation practices, field management, and cropping practices, should also be monitored to understand the effects of natural and human activities and their interactions on soil salinity spatiotemporal dynamics in croplands.





5. Conclusions


In this study, soil salinity observations at 68 sampling sites in the Longsheng study area, located in the Hetao Irrigation District of northern China, were carried out to study the spatiotemporal characteristics and corresponding impact factors of soil salinity in dry and wet years. The major conclusions drawn are as follows.



(1) The spatial variability of regional soil salinity increased with the mean value of soil salinity. The relationship between the standard deviation, variation coefficient, and mean value of soil salinity was obviously different from that of the soil water content, which was determined by the inconsistency in the migration mechanism and impact factors between soil water content and soil salinity.



(2) The increase in soil salinity in the root zone (0–0.6 m) was accompanied by a decrease in soil salinity in the deep soil (0.6–1.8 m) in the crop growing season, and the opposite trend was observed in the fallow season. Heavy precipitation accelerates soil desalting, but the effect of precipitation on soil salinity weakens with increasing depth.



(3) The change in root zone soil salinity during the crop growing season is influenced by the combined action of the root zone soil salinity at the beginning of the crop growing season, crop type, groundwater table depth, and climate conditions. In addition, more salt accumulated in the root zone during the crop growing season in the dry year owing to the consumption of shallow groundwater by crops.



(4) Variation in regional soil salinity is mainly controlled by soil texture, groundwater properties (including groundwater table depth and salinity), and their interactions. Groundwater table depth plays a crucial role in the spatial variation and seasonal dynamics of soil salinity, thus, strengthening groundwater management in areas with fine-textured soil (e.g., silty clay, silt, or soil with clay-interlayer) to relieve salt accumulation in the root zone is suggested.
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Figure 1. Location of Longsheng Irrigation District, groundwater observation wells, and soil salt sampling locations in the study area. 






Figure 1. Location of Longsheng Irrigation District, groundwater observation wells, and soil salt sampling locations in the study area.



[image: Agriculture 12 01243 g001]







[image: Agriculture 12 01243 g002 550] 





Figure 2. Precipitation and groundwater table depth in the study area during 2017 and 2018. 
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Figure 3. Soil salinity and its spatial variation at different depths for the four sampling times. (a) Box plots of soil salinity. The boxes indicate the 25th and 75th percentile (25–75%), and the whiskers indicate 1.5 times the interquartile range (IQR). The horizontal line within the box marks the median, and the solid black circle is the spatial mean. Outliers marked as rings are defined as data points more than 1.5 times the interquartile range away from the upper or lower quartile. (b) The spatial mean of soil salinity. (c) Relationship between the standard deviation, the variation coefficient, and the spatial mean of soil salinity. 
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Figure 4. Spatial distribution of soil salinity increment at depths of 0–0.6 m, 0.6–1.2 m, and 1.2–1.8 m in the crop growing season during the dry year of 2017 and wet year of 2018. 
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Figure 5. Relationship between the changes in root zone soil salinity in the crop growing season in the dry year of 2017 (Black boxplot) and wet year of 2018 (Blue boxplot) with (a) crop type, (b) root zone soil salinity at the beginning of the crop growing season, and (c) average groundwater table depth in the crop growing season. 
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Figure 6. Spatial distribution of mean soil salinity over the four sampling times. 
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Figure 7. Spatial distribution of environmental factors including (a) groundwater table depth (GWD), (b) groundwater salinity (GWS), (c) soil texture represented by soil water content (SWC), and (d) digital ground elevation model (DEM). 






Figure 7. Spatial distribution of environmental factors including (a) groundwater table depth (GWD), (b) groundwater salinity (GWS), (c) soil texture represented by soil water content (SWC), and (d) digital ground elevation model (DEM).



[image: Agriculture 12 01243 g007]







[image: Agriculture 12 01243 g008 550] 





Figure 8. Regression trees for soil salinity at depths of (a) 0–0.6 m, (b) 0.6–1.2 m, (c) 1.2–1.8 m, and (d) 0–1.8 m. The top number in the boxes is the mean soil salinity, and the bottom number denotes the percentage of soil salinity samples belonging to subsets in the total numbers. The environmental factors were groundwater table depth (GWD), groundwater salinity (GWS), soil texture represented by soil water content (SWC), and digital elevation model (DEM). 
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Figure 9. Soil salinity of typical soil profile. 
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Table 1. Multi-factor effects on the change of root zone soil salinity in the crop growing season by variance analysis.
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Factor

	
Dry Year of 2017

	
Wet Year of 2018




	
A

	
B

	
C

	
A

	
B

	
C






	
Single factor

	

	
3.14 *

	
20.86 ***

	
2.14

	
1.95

	
5.11 *

	
1.44




	
Dual-factor

	
A

	

	
2.63 *

	
5.49 ***

	

	
2.45 *

	
0.44




	
B

	

	

	
3.26

	

	

	
1.42




	
Multi-factor

	
A, B

	

	

	
3.19 *

	

	

	
0.63








Note: A is the crop type, B is the root zone soil salinity at the beginning of the crop growing season, and C is the groundwater table depth in the crop growing season. The items in the table are the F value, and *, and *** are significant differences at the level of 0.05, and 0.001, respectively.













[image: Table] 





Table 2. The semivariogram models of soil salinity and environmental factors.
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Model

	
C0

	
C0 + C1

	
R (m)

	
RSS

	
R2






	
Soil salinity

	
0–0.6 m

	
Spherical

	
0.000

	
0.189

	
2110

	
0.004

	
0.74




	
0.6–1.2 m

	
Spherical

	
0.057

	
0.202

	
8450

	
0.002

	
0.92




	
1.2–1.8 m

	
Spherical

	
0.074

	
0.150

	
6500

	
0.001

	
0.80




	
0–1.8 m

	
Spherical

	
0.012

	
0.147

	
3070

	
0.003

	
0.74




	
Environmental factors

	
GWD

	
Gaussian

	
0.001

	
0.556

	
2841

	
0.102

	
0.82




	
GWS

	
Gaussian

	
0.001

	
0.477

	
4330

	
0.029

	
0.91




	
SWC

	
Gaussian

	
0.000

	
0.001

	
1559

	
0.004

	
0.81








Note: C0 is nugget variance; C1 is structured variance; and R is the range.
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Table 3. Pearson’s correlation matrix between soil salinity and environmental variables.
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	Soil Salinity
	GWD
	GWS
	SWC
	DEM





	SS1
	−0.08
	0.29 *
	0.21
	−0.19



	SS2
	−0.23
	0.56 **
	0.42 **
	−0.14



	SS3
	−0.16
	0.63 **
	0.39 **
	−0.08



	SS4
	−0.16
	0.51 **
	0.35 **
	−0.16







Note: * and ** denote that correlation was significant at the 0.05 level and 0.01 level, respectively. The environmental variables were groundwater table depth (GWD), groundwater salinity (GWS), soil texture represented by soil water content (SWC), and the digital elevation model (DEM). SS1, SS2, SS3, and SS4 were soil salinity at the depths of 0–0.6 m, 0.6–1.2 m, 1.2–1.8 m, and 0–1.8 m.
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Table 4. Root zone soil salinity under different crop types in early May and its change in the crop growing season (dS/m).
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Crop Types

	
Dry Year of 2017

	
Wet Year of 2018




	
n *

	
Soil Salinity

	
Soil Salinity Changes

	
n

	
Soil Salinity

	
Soil Salinity Changes






	
Maize

	
36

	
0.273 ± 0.167 b

	
−0.002 ± 0.118 c

	
32

	
0.291 ± 0.140 b

	
−0.031 ± 0.116 a




	
Sunflower

	
11

	
0.467 ± 0.327 a

	
0.005 ± 0.350 bc

	
14

	
0.388 ± 0.176 a

	
0.083 ± 0.279 a




	
Spring wheat

	
5

	
0.468 ± 0.367 a

	
−0.099 ± 0.138 c

	
8

	
0.271 ± 0.151 b

	
−0.087 ± 0.146 a




	
Processing tomato

	
3

	
0.208 ± 0.036 b

	
0.229 ± 0.404 a

	
5

	
0.187 ± 0.030 b

	
0.063 ± 0.086 a




	
Seed melon

	
5

	
0.331 ± 0.331 b

	
0.142 ± 0.166 ab

	
3

	
0.224 ± 0.043 b

	
0.084 ± 0.046 a




	
Others

	
5

	
0.240 ± 0.240 b

	
0.054 ± 0.039 abc

	
5

	
0.241 ± 0.056 b

	
0.040 ± 0.062 a








* It should be noted that n is the number of soil sample. The different letters after the numbers in the same column, i.e., a, b and c, indicate that soil salinity and its changes under different crop types are significantly different at the level of 0.05.
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