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Abstract

:

Soil salinization is a global problem, which threatens agricultural productivity and sustainability, especially in arid and semi-arid regions. Soil salinity and moisture are important factors affecting agricultural production in arid regions. However, few studies have considered the influence of topographic factors on the spatial distribution patterns of soil salinity and moisture. This research aims to explore the spatial distribution characteristics and its influencing factors of soil salinity and moisture in the oasis farmland of arid areas. In this paper, GIS and geostatistics methods were applied to analyze the spatial distribution characteristics and variability of soil salinity and moisture, and then the corresponding proxy variables were used to quantitatively study the influence factors by using the geographical detector model. The results showed the coefficients of the variation of soil salinity and moisture to be 71.25% and 31.89%, respectively. There was moderate spatial autocorrelation of soil salinity and moisture. Soil salinity in the southwest was higher than in the northeast, and soil moisture in the northwest and southeast were lower than in the center and the northeast edge. The main influencing factors were available phosphorus, roughness of terrain, alkaline nitrogen, available potassium, and elevation. Combined action of topographic factors and soil nutrients has a major influence on the spatial distribution of soil salinity and moisture. Therefore, developing a suitable fertilizer regime under different topographic conditions could be an effective way to promote the sustainability of oasis agriculture in arid areas.
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1. Introduction


Salinization is a worldwide problem and is particularly acute in semi-arid areas. The area of salinized soil in the world is about 9.55 × 10 8 hm2, among which the salinized soil area accounts for about 3.78% of the total area in China [1,2], most of which is distributed in arid and semi-arid areas of China [3]. The stability of an oasis ecological environment is related to the survival of humans, social stability, and sustainable development of the economy in the whole arid area. However, the problem of soil salinization and secondary soil salinization caused by the rapid development of oasis irrigation agriculture not only restricts sustainable development of oasis agriculture but also affects the overall stability of the oasis ecological environment [4,5]. Therefore, it is of great practical significance to explore possibilities for preventing and controlling soil salinization for the maintenance of oasis agricultural production and regional stability.



The spatial heterogeneity of soil salinity and moisture is an important factor affecting agricultural production, and the distribution of both impacts the spatial distribution of soil salinization to a certain extent [6,7]. Therefore, exploring the spatial distribution pattern and its driving factors of soil salinity and moisture can provide a basis reference for improving soil salinization, increasing agricultural production, and maintaining regional stability.



In the arid and semi-arid areas of northwest China, the largest salinization area is in Xinjiang, where the area of saline-alkali soil accounts for about a third of the total area of cultivated land [8,9]. Qapqal Xibe Autonomous County is a typical agricultural irrigation area in Ili River Valley, China. Its terrain is a multi-stage ladder from the south to the north that is narrow in the east, wide in the west, high in the south, and low in the north. In recent years, the high degree of soil and water exploitation in the agricultural irrigation area of the Ili River Valley, coupled with the complex and diverse topography, has led to increased soil salinization. Therefore, it is urgently necessary to understand and master the degree and distribution of soil salinization in the region to promote the sustainable development of agriculture. The spatial distribution of soil salinity and moisture is affected by multiple factors [10,11]. Moreover, the driving factors of soil salinity and moisture interact with each other, as the interaction of topography and climate can cause the variation of soil salinity and moisture to a certain extent, especially in arid areas [12]. However, it is unclear how driving factors interact with each other. Few studies have explored the effect of the interaction between multiple factors on the spatial distribution of soil salinity and moisture. The geographical detector model is a research method that can quantitatively detect the main driving factors and the interaction between different driving factors by analyzing the difference between the intra and inter layer variance in the spatial heterogeneity of research objects [13,14]. Consequently, the geographical detector model can be used to fill this gap. Therefore, we hypothesized that topographical factors and soil nutrient factors were the major driving factors in the oasis farmland of arid areas, and detected the differences in dominant drivers by using a geographical detector model.



The objectives of this paper are the following: (1) to explore the spatial distribution characteristics of soil salinity and moisture; (2) to identify the influential factors of spatial variation of soil salinity and moisture; and (3) to determine the interaction between factors affecting the spatial distribution of soil salinity and moisture in a typical agricultural irrigation area of the oasis in an arid area. Finally, we provide a reference for comprehensively mastering the degree and distribution of salinization, the prevention of salinization, and the stable agricultural production and sustainable development of oasis agriculture.



The remainder of this study is organized as follows. Section 2 presents a literature review of the soil salinity and moisture. Section 3 describes the study areas, sample collection, and analysis methods, and presents the methods used in this paper. Section 4 analyzes the spatial variability of soil salinity and moisture and identifies the main factors influencing the spatial distribution of soil salinity and moisture. Section 5 discusses the main results of our research. Section 6 presents the conclusions of this study.




2. Literature Review


In recent years, the research on spatial variability of soil salinity and moisture has made great progress. The existing body of research on soil salinity and moisture suggests that the spatial variability of soil salinity and moisture is mostly the combined result of natural and human factors [15,16,17], and is closely related to many external factors such as distance from the river, groundwater, topography, irrigation modes, and environment [18,19,20,21,22,23,24]. Cemek, et al. [6] examined the spatial variability of soil properties affecting salinity and alkalinity on the Bafra plain of northern Turkey and found that 1) the spatial variability of soil properties in different soil layers is different, and 2) the spatial dependence of soil properties was mainly caused by external factors such as groundwater, drainage, irrigation system, and microtopography. Bhunia et al. [25] applied a geostatistical model to analyze the spatial variability of soil properties in lateritic soils of West Bengal, India. They pointed out that land management has a certain impact on soil quality and the geostatistics model is a very effective method to explore the spatial variability of soil properties. Qi et al. [26] found that different tillage and mulching modes had significant effects on the spatial distribution of soil salinity and moisture under drip irrigation.



In areas with relatively consistent climate and parent material, topography is an important condition that indirectly causes the redistribution of material and energy in soil, and different topography conditions significantly impact on the spatial variability of soil properties [21,27,28,29]. Zhang et al. [30] indicated that topography plays an important role in the spatial distribution pattern of saline-alkali soil on the regional scale, and further point out that topography has a great influence on the distribution pattern of salt on the surface (0–20 cm) and middle (20–60 cm) layers. Zhao et al. [31] analyzed the seasonal changes of soil nutrients by using classical statistics and geostatistics methods and indicated that topography, vegetation, and human disturbance were the main factors causing the differences of soil nutrient patterns in the Mun River Basin. Canto´n et al. [32] explored the relationship between the spatial distribution of ground cover and topographic attributes in the Tabemas badlands of SE Spain and pointed out that slope and concave slopes have a significant correlation with vegetation coverage. Yang et al. [33] found that the influence of micro-topography on the spatial distribution of soil salinity is different in dry years and wet years. Although many studies explored the spatial distribution pattern of soil salinity and moisture [34,35], there are still relatively few studies on the influence of topographic factors on spatial distribution patterns in the oasis farmlands of arid areas.



Additionally, there are some differences in the spatial variation of soil salinity and moisture in different scales [36,37]. Ma, et al. [38] indicated that the variation of soil salinity is controlled by topographic, climatic, and hydrological factors at the scale. Ren, et al. [39] explored the correlation between soil salinity with groundwater, topography, irrigation, and other factors with three scales. The results showed that the soil salinity distribution was obviously affected by micro-topography and the field irrigation at the field scale, while it was main affected by topography and groundwater depth at the regional scale. Zhang, et al. [8] showed that soil salinity was more influenced by human factors on a small spatiotemporal scale, but natural factors such as topography, groundwater and climate conditions had greater influence on large spatiotemporal scales. Overall, the spatial distribution of soil salinity and moisture and the mechanisms responsible for the distribution are different in different regions and scales.




3. Materials and Methods


3.1. Study Area


Qapqal Xibe Autonomous County is situated in the inclined plain area at the north foot of Wu Sun Mountain in the west of the central Tian Shan Mountains, in the Ili valley basin of the western part of Xinjiang, China. The area produces high-quality grain, cotton, oil, and special agricultural products in Xinjiang, China [40] (Figure 1). The geographical coordinates are 43°17′–43°57′ N, 80°31′–81°43′ E. The study area has a typical continental temperate semi-arid climate, with an average annual temperature of 7.9 °C and annual average precipitation of 206 mm. Furthermore, precipitation levels are higher in the south and east than in the north and west. The terrain in the south is higher than in the north, and slopes from southeast to northwest. The elevation ranges from 640 to 670 m and is highest in the southeast, and lowest in the northwest. The zonal soil is mainly composed of sierozem. There are abundant land resources in the county, and the irrigated area is about 9.26 × 104 hm2. In recent years, to improve the utilization rate of soil and water resources in the Ili River Basin, a large number of land resources have been reclaimed and the effective soil layer is thin in this county. Therefore, it is faced with the risk of soil erosion and salinization caused by agricultural irrigation after reclamation.




3.2. Sample Collection and Analysis Methods


In October 2015, we investigated the surface soil of 14 villages and towns in a typical agricultural and irrigation area of Qapqal Xibe Autonomous County (Figure 1). The county has been planting corn, rice, wheat, and other crops all year-round. At present, the planting pattern of "corn as the main crop, rice as the auxiliary" has been formed in the country. Therefore, based on the characteristics of perennial crop species, topography, soil types, and fertility, we selected 4–5 representative strip fields in each township. Sampling of the same field was performed according to an S-shaped line. Five samples were taken from each field, and the soil samples at each point were mixed into one sample using the quartering method. The dry weight of the soil samples was about 1 kg, and 72 samples were collected. We used a sampling interval of about 1–2 km and a sampling depth of 0–20 cm. All soil samples were collected under uniform climatic conditions.



The soil samples were taken back to the laboratory, impurities were removed, then it was dried naturally, ground, and passed through a 2 mm sieve. A 1:5 soil water mass ratio extract was prepared to determine the content of soil salt. Soil moisture content was determined by the oven-drying method [41].




3.3. Methodology


3.3.1. Geostatistical Analysis


Geostatistical methods were used to explore the spatial variability of the soil salinity and moisture. The semivariance function is a basic geostatistical tool and is a key function for studying soil variability. The function includes several important parameters such as nugget (C0), sill (C0 + C1), nugget effect C0/(C0 + C1) and range (A0). It can be used to reveal the spatial correlation of soil properties [42]. The estimation formula is given by


  γ  ( h )  =  1  2 N  ( h )      ∑   i = 1   N  ( h )       [  Z  (   χ i   )  − Z  (   χ i  + h  )   ]   2  ,  



(1)




where γ (h) is the semi-variance of the samples, h is the distance between two sampling points (also known as the lag distance), N (h) is the number of paired data points at a distance interval h, and Z (χi) and Z (χi + h) are the observed values of the sampling point of Z at the spatial position χi and χi + h, respectively.



Generally speaking, C0 represents the variation caused by random factors, (C0 + C1) represents the total variation of the system, C0/(C0 + C1) reflects the spatial dependence of soil properties, which is an important indicator to measure the spatial variation of regionalized random variables [43]. When C0/(C0 + C1) < 25%, there is a strong spatial correlation, which is caused by structural factors. When 25% < C0/(C0 + C1) < 75% there is medium spatial correlation, which is caused by both structural and random factors. When C0/(C0 + C1) > 75% the spatial correlation is much weaker, which is mostly caused by random factors. A nugget effect to 1 means that there is constant variation on the whole scale [42]. A0 indicates the size of the spatial autocorrelation range of soil properties. Kriging interpolation is a method of unbiased optimal estimation for the value of a regionalized variable in the area without sampling by using the structural characteristics of the original data and semivariance of the regionalized variable [43]. Therefore, we adopted the kriging interpolation to analyze the spatial distribution pattern of soil salinity and moisture.




3.3.2. Geographical Detector


Extraction of Model Factors


Considering data availability of data and calculation feasibility, we selected ten exploratory variables to detect the spatial variation of soil salinity and moisture, including roughness of terrain (Rt, X1), elevation (Ele, X2), horizontal curvature (Hc, X3), slope (Slo, X4), aspect (Asp, X5), profile curvature (Pc, X6), organic matter (SOM, X7), alkaline nitrogen (AN, X8), available phosphorus (AP, X9), and available potassium(AK, X10) (Table 1). All exploratory variables were classified by the natural breaks classification method in ArcGIS 10.2.



In particular, based on previous research results [32,44,45], topographical factors were extracted from DEM data with a resolution of 30 m by using the Spatial Analysis Tools in ArcGIS 10.2. In this study, we extracted 6 representative topographic factors to reflect the topographic features of the study area. Elevation can be directly extracted from DEM data, and roughness of terrain, horizontal curvature, slope, aspect and profile curvature are realized by the 3D Analysis calculation tool in ArcGIS 10.2 [46,47,48] (Table 2).



The organic matter content in the soil was determined by the potassium dichromate volumetric method. The alkaline nitrogen soil content was determined by the alkali-hydrolysed diffusion method. The available phosphorus in the soil was extracted using 0.5mol·L-1 sodium bicarbonate with the anti-colorimetric method and tested with a UV-2550 spectrophotometer. The available potassium in the soil was determined by the ammonium acetate extraction-flame photometer method [41].




Geographical Detector Model


The geographical detector model is a research tool for analyzing spatial heterogeneity [13,14]. In this study, this model is used to quantitatively analyze the driving factors of the spatial distribution of soil salinity and moisture in the study areas, and determine the interaction between each factor. The principle of the geographical detector is given by


  q = 1 −     ∑   h = 1  L    ∑   i = 1    N h      (  Y  h i   −   Y ¯  h  )  2      ∑   i = 1  N    (  Y i  −  Y ¯  )  2    = 1 −     ∑   h = 1  L   N h   σ h 2    N  σ 2    = 1 −   S S W   S S T   ,  



(2)






  SST =   ∑  i N    (  Y i  −  Y ¯  )  2  =    N σ   2  ,  



(3)






  SSW =   ∑   h = 1  L    ∑  i   N h      (  Y  h i   −   Y ¯  h  )  2  =   ∑   h = 1  L   N h   σ h 2  ,  



(4)




where q (q∈ [0, 1]) represents the size of the driving force; h = 1, …, L is the layer of the explanatory variable X; Nh and N are the number of samples in the layer h and the total region, respectively; Yi and Yhi denote the value of unit i in the population and the layer h, respectively; and      σ   h 2    and    σ 2    are the variance in the h layer and the variance in the region, respectively. SST is the total sum of squares and SSW is the within sum of squares. A larger q value indicates stronger spatial heterogeneity or greater randomness in the spatial distribution. When q = 0, there is no spatial heterogeneity of the study objects. When q = 1, there is perfect spatial heterogeneity [49].






3.4. Data Analysis and Processing


The basic statistical characteristics of the experimental data such as mean, maximum, minimum, standard deviation, coefficient variation were analyzed by SPSS 19.0, and the Kolmogorov-Smirnov test was used to test the normal distribution of the experimental data. The software of GS + 9.0 was used to convert the logarithm of the experimental data that did not conform to the normal distribution, and the semivariance function was used for calculation and optimization. According to the fitting model and its parameters, ArcGIS 10.2 software was used to conduct kriging interpolation analysis. From this analysis, the spatial interpolation distribution map of soil salinity and moisture can be obtained, and further evaluation of the interpolation results was performed by cross-checking. Finally, the driving factors of the spatial distribution of soil salinity and moisture were investigated by using the geographic detector model. In summary, the whole flow of this study can be given in Figure 2.





4. Results


4.1. Statistical Characteristics of Soil Salinity and Moisture


As shown in Table 3, soil salinity ranged from 0.0137% to 0.4407%, with an average value of 0.1345%, indicating that the slightly salinized soil is rather widely distributed. Soil moisture ranged from 0.2547% to 1.1980%, and the mean value was 0.6082%. The calculation of the variation function requires that the data follow the normal distribution [42]. Therefore, the K-S method is used to test whether the data are normally distributed. Soil salinity obeyed the lognormal distribution, while soil moisture obeyed the normal distribution. Both soil salinity and moisture met the basic requirements of geostatistical analysis. The Coefficient variation (CV) can reflect the degree of dispersion of random variables. A CV < 10% generally denotes weak variability, while 10% < CV < 100% denotes moderate variability, and CV > 100% denotes strong variability [50]. The variation coefficients of soil salinity and moisture were 71.25% and 31.89%, respectively, demonstrating that both conditions exhibit medium variation, Nevertheless, the variation in the degree of soil salinity was significantly higher than that of soil moisture.




4.2. Spatial Variability of Soil Salinity and Moisture


The semivariance function was used to analyze the spatial variability of soil salinity and moisture (Table 4). The optimal theoretical model chosen for soil salinity and moisture were the spherical and Gaussian models, respectively. The nugget effects of soil salinity and moisture in the study area were 40.97% and 41.61%, respectively. We found a moderate degree of spatial autocorrelation for both soil salinity and moisture, indicating that the spatial variability of both conditions was affected by structural factors (topography, soil types, parent material, climate, etc.) and random factors (irrigation, fertilization, farming methods, planting crops and cropping system, etc.) working together. The distances for the spatial variability of soil salinity and moisture were 1010 m and 2390 m, respectively. Thus, the variability in distance of soil salinity is relatively smaller. In summary, the spatial variability of soil salinity and moisture was similar.




4.3. Spatial Pattern of Soil Salinity and Moisture


According to the theoretical model determined by the semivariance analysis and the existing observation data, the kriging interpolation method was used to conduct spatial interpolation for unsampled points, and obtain the spatial distribution pattern of soil salinity and moisture (Figure 3). The accuracy of the interpolation map was evaluated using the cross-validation method [51] (Table 5). The ME and MSE values of soil salinity and moisture were all close to zero, the values of RMSE and ASE were close to one, and the RMSSE was about 1.2061 and 1.0901, respectively. These results indicate that the accuracy of the spatial interpolation map is relatively high. As shown in Figure 3, the soil salinity in the southwest is higher than in the northeast, and the high content center is concentrated in the south of the study area, while the soils with lower salinity are mainly distributed in the north and at the eastern edge. The degree of spatial variation in the central south is relatively large, which is related to the following: the soil is mainly composed of sierozem; the cultivated land being distributed in the middle-upper and middle-lower parts of the proluvial-alluvial plain, and the piedmont alluvial diluvial fan being in the upper part; the large topographic relief; the outdated agricultural irrigation methods, such as flood irrigation and well irrigation methods and so on. The soil moisture was relatively higher in the center and at the north eastern edge of the study area, and relatively lower in the northwest and southeast. There was a closed high-value center in the middle, which is closely related to the perennial cultivation of paddy and wheat in the study area. Overall, there is a similar relationship between soil salinity and moisture, but it is not obvious.




4.4. The Driving Factors of the Spatial Distribution of Soil Salinity and Moisture


The driving factors of the spatial distribution characteristics of soil salinity and moisture were analyzed by the geographical detector model, and the q value of the driving factors was calculated (Figure 4). Available phosphorus (0.230) had the greatest influence on the spatial distribution of soil salinity, which is mostly related to the fact that phosphate fertilizer can increase the total salt content. Organic matter (0.164) and roughness of terrain (0.162) were the second and third most important factors, respectively, indicating that organic matter and roughness of terrain affect the spatial distribution of soil salinity to a certain extent in farmland. The q values of alkaline nitrogen and aspect were both 0.145, which demonstrates that these are important influencing factors. The q values of the other factors range from 0.017 to 0.133; these factors have relatively weak explanatory power on the spatial distribution of soil salinity. Alkaline nitrogen (0.265) exerted a significant influence on the spatial distribution of soil moisture. This occurs because the content of alkaline nitrogen in the soil varies greatly under different water conditions. Available phosphorus (0.263) was the second most important factor, followed by available potassium (0.162) and elevation (0.154). Thus, the available phosphorus, available potassium and elevation have a certain impact on the spatial distribution of soil moisture, and the amount of fertilization and the position directly affect the spatial distribution of soil moisture. The q values of other factors range from 0.012 to 0.121; these factors have relatively weak explanatory power on the spatial distribution of soil moisture.



In conclusion, the q values of the driving factors on the spatial distribution of soil salinity and moisture ranged from 0.017 to 0.230, and 0.012 to 0.265, respectively. These results indicate that the explanatory power of the influencing factors was relatively weak on the spatial distribution of soil salinity and moisture on the whole. The reason for this may be that the study area is a typical farmland irrigation area, which is greatly disturbed by human factors, thus reducing the impact of soil properties and terrain factors.




4.5. The Interaction of Driving Factors


Studying the interaction between influencing factors is important for understanding the degree to which the dependent variable is affected when two factors act at the same time. The interaction effect can be divided into five types: weaken, nonlinear (e.g., q(X1∩X2) ＜ Min[q(X1), q(X2)]); weaken, uni- (e.g., Min[q(X1), q (X2)] ＜ q (X1∩X2) ＜ Max[q( X1), q(X2)]); enhance, bi-( e.g., q(X1∩X2) ＞ Max[q(X1), q(X2)]); independent (e.g., [q(X1∩X2) = q(X1) + q(X2)]); and enhance, nonlinear (e.g., [q(X1∩X2) ＞ q(X1) + q(X2)]). Hence, interactive detection was carried out on the driving factors of the spatial distribution of soil salinity and moisture in the agricultural irrigation area of Ili River Valley, China (Figure 5, Table 6). The results showed that all factor interactions were enhanced, nonlinear. In terms of soil salinity, the interactions of aspect with available potassium (X5∩X10, 0.874), roughness of terrain with available potassium (X1∩X10, 0.851) and alkaline nitrogen with available phosphorus (X8∩X9, 0.823) have relatively stronger explanatory power for the spatial distribution of soil salinity. According to the analysis described in Section 4.4., the explanatory power of available potassium (0.133) for soil salinity is relatively weak in factor detection. However, the interaction of available potassium with aspect and roughness of terrain showed strong explanatory power, indicating that available potassium can be reflected only when it meets a certain aspect and roughness of terrain. The interactions of organic matter with available potassium (X7∩X10, 0.938), organic matter with alkaline nitrogen (X7∩X8, 0.820) and roughness of terrain with available phosphorus (X1∩X9, 0.780) have the strongest explanatory power for the spatial distribution of soil moisture. Similarly, the explanatory power of organic matter (0.102) for soil moisture is relatively weak in the factor detection in the analysis described in Section 4.4., but its interaction with available potassium and alkaline nitrogen showed strong explanatory power, indicating that organic matter is influential only when certain levels of available phosphorus and alkaline nitrogen are present.



In addition, the interaction of horizontal curvature with organic matter (X3∩X7, 0.656), profile curvature with alkaline nitrogen (X3∩X8, 0.644), profile curvature with available potassium (X3∩X10, 0.579) have relatively strong explanatory power on the spatial distribution of soil salinity. However, the driving effect of horizontal curvature (0.034) on soil salinity is not obvious in factor detection. At the same time, the interaction of elevation with alkaline nitrogen (X2 ∩ X8, 0.736), roughness of terrain with alkaline nitrogen (X1 ∩ X8, 0.708), aspect with available phosphorus (X5∩X9, 0.649), and aspect with alkaline nitrogen (X5∩X8, 0.611) have relatively strong explanatory power on the spatial distribution of soil moisture. However, the driving effect of aspect (0.079) on soil moisture is not obvious in factor detection. Overall, we conclude that topographic factors and soil nutrients together affect the spatial distribution of soil salinity and moisture.





5. Discussion


Soil salinity and moisture are important factors affecting agricultural production in arid areas [52]. Understanding and mastering the spatial distribution of soil salinity and moisture can provide basic information for preventing and controlling soil salinization and lead to scientific agricultural management [53]. Therefore, in order to clearly understand the spatial distribution characteristics of soil salinity and moisture and their influencing factors, we applied GIS and geostatistics methods to explore the spatial variability of soil salinity and moisture in typical agricultural irrigation areas of the Ili River valley, China, and identified the driving factors of soil salinity and moisture by using the geographical detector model.



In this study, the results show that soil salinity ranged from 0.0137% to 0.4407%. This implies that the soil in the study area was mainly lightly salinized and that areas with moderate and strong salinized soil and non-salinized soil are less prevalent in the study area. From the spatial distribution pattern of soil salinity, soil salinity in the southwest is higher than in the northeast, and a high content center is concentrated in the south of the study area. Combined with the actual situation of the study area, we can explain this phenomenon based on the following factors. On the one hand, the topography of the study area slopes from high in the south to low in the north, with multi-stage steps. Thus, the thickness of the effective soil layer is greatest in the central north [54]. On the other hand, the study area is affected by alluvial-proluvial and formed fan-shaped land of different sizes as a result, but the southern part of the study area is located at the junction of the inclined plain and the alluvial plain, which makes the groundwater on the north and south sides stagnant and blocked, and the water level rises, concentrating the salt on the surface. Moreover, the various irrigation methods, such as well irrigation and flood irrigation, make the soil salinity in the area relatively high. These results were consistent with the results reported by Wang et al. [55]. In addition, Liu et al. [40] indicated that the soil salinity in the study area is also affected by the distance from the river, and water diversion irrigation is the main source of salt accumulation in this region. Therefore, the spatial distribution pattern of soil salinity is significantly affected by topography and irrigation mode.



There are significant differences in the influence of different factors on the spatial variability of soil properties. Available phosphorus had the strongest explanatory power for the spatial distribution of soil salinity, while available potassium had weaker explanatory power. However, when available potassium interacts with aspect and roughness of terrain, it played a dominant role in the spatial distribution of soil salinity. This is related to the concave topography which facilitates the accumulation of salt. The undulation of the terrain causes more salt to be redistributed horizontally and vertically, thus allowing the salt to easily accumulate on the surface. At the same time, roughness of terrain had weaker explanatory power. However, when roughness of terrain interacts with alkaline nitrogen and available phosphorus presented strong explanatory power in the spatial distribution of soil moisture. This implies that the combined action of topographic factors and soil nutrients has a major influence on the spatial distribution of soil salinity and moisture.



Topography is an important factor that greatly affects soil moisture [29,56]. In this study, topographical factors were not well correlated with soil moisture and the role of single topographic factor on the spatial heterogeneity of soil moisture presented weaker. The reason for this may be that the study area is a typical farmland irrigation area, which is greatly disturbed by human factors and mainly distributed the light and moderate salinized soils, thus reducing the impact of terrain factors. It may also because the contribution of a single factor on soil salinity and moisture is inconsistent in different regions [36]. However, interactions with soil nutrients presented strong explanatory power in the spatial distribution of soil moisture. Previous studies have also demonstrated that topographical factors had a major influence on the redistribution of soil nutrients [48,57]. Therefore, an effective way to improve the degree of soil salinization in the oasis farmland of arid area is to make a suitable fertilization system under different topography conditions.



There are also several aspects that we should consider in follow-up studies. Firstly, although topographic factors can explain the spatial variability of soil properties to a certain extent, some studies have shown that that soil properties may also be affected by other environmental factors [58], and there may exist mutual constraints among various factors [11,59]. Therefore, when exploring the degree to which other factors influence the spatial variability of soil salinity and moisture, the interaction between factors needs to be studied further. Secondly, spatial variation of soil properties is scale specific, so the factors that affect soil properties at different scales are different [36,38]. Therefore, the relationship between spatial variability of soil salinity and moisture and topographic factors in large-scale regions should be further studied and considered in the future. Finally, geographical detectors identified the power of determinant of factors, but the direction of influence direction could not be determined. Hence, the comparative analysis of the drivers of soil salinity and moisture by geographical detector model and other models should be considered in future research. Additionally, our study has been conducted only in the oasis farmland of arid areas as the current results could not be extended to other regions, which is a limitation of this study. Therefore, we anticipate that our research might promote and inspire further studies regarding soil salinity and moisture, and its influencing factors in the oasis farmland of arid areas.




6. Conclusions


This paper analyzed the spatial variability of soil salinity and moisture in the cultivated layer of Qapqal Xibe Autonomous County, in the typical agricultural irrigation area of the Ili River valley, China. Then explored the main driving factors of the spatial distribution of soil salinity and moisture using the geographic detector model. The main conclusions are as follows.




	(1)

	
The average value of soil salinity and soil moisture were 0.1345% and 0.6082%, respectively, and mainly lightly salinized soil was distributed in the study area. The coefficient of variation of soil salinity and water content was 71.25% and 31.89%, respectively, which corresponds to moderate levels of variation. There were moderate spatial auto-correlation of both soil salinity and moisture, which were mainly affected by structural (topography, soil types, parent material, climate, etc.) and random (irrigation, fertilization, farming methods, planting crops, and cropping system, etc.) factors.




	(2)

	
Spatially, in terms of spatial distribution, soil salinity in the southwest was higher than in the northeast, and the high content center was concentrated in the south of the study area. Soil moisture was relatively high in the middle and along the north eastern edge, while soils in the northwest and southeast have relatively low moisture.




	(3)

	
Available phosphorus, organic matter and roughness of terrain were the main driving factors of the spatial distribution of soil salinity. Alkaline nitrogen, available phosphorus, available potassium and elevation were the main driving factors of the spatial distribution of soil moisture. The interaction of available potassium with aspect and roughness of terrain played a dominant role in the spatial distribution of soil salinity, and the effect of available potassium depended on the aspect and roughness of terrain. The interaction of organic matter with available potassium and alkaline nitrogen played a leading role in the spatial distribution of soil moisture, and the explanatory power of organic matter was only strong when interacting with available potassium and alkaline nitrogen under certain conditions. Therefore, combined action of topographic factors and soil nutrients has a major influence on the spatial distribution of soil salinity and moisture.




	(4)

	
Our results obtained this study indicate that an effective way to improve the degree of soil salinization is to make a suitable fertilization system under different topography conditions. First of all, we suggest that popularizing water-saving irrigation technology, controlling irrigation quota, digging drainage ditch, implementing the paddy-wheat rotation, and changing the backward situation of flood irrigation in the areas with a high salt salinity content. Secondly, in the region with high slope and low altitude, the amount of specific soil nutrient elements should be appropriately increased to improve soil fertility. Finally, when it comes to nutrient management, managers need to consider the impact of topographic factors and soil nutrient on the distribution of soil salinity and moisture, expand the scope of scientific research, training and promotion, then scientifically guide farmers to carry out rational fertilization and improve crop yield. Additionally, some measures such as improvement of irrigation and drainage system, rational exploitation and utilization of groundwater, and water-saving irrigation can also effectively improve soil salinization.
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Figure 1. Location of the study area and the distribution of sampling sites. 
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Figure 2. The whole flow chart of the method. 






Figure 2. The whole flow chart of the method.



[image: Sustainability 11 07142 g002]







[image: Sustainability 11 07142 g003 550] 





Figure 3. Spatial distribution of soil salinity and moisture. 
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Figure 4. Power of determinants of the spatial distribution of soil salinity and soil moisture. 
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Figure 5. Interaction relationship of each factor on soil salinity and soil moisture. 
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Table 1. Description of the selected driving factors and statistical characteristics.
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	Indicator
	Mean
	Standard

Deviation
	Variance
	Maximum
	Minimum
	Coefficient Variation/%





	Rt (X1)
	22.13
	38.46
	1479.33
	158.00
	2.00
	173.79



	Ele (X2)
	843.50
	433.70
	188116.00
	2400.00
	575.00
	51.42



	Hc (X3)
	192.10
	116.90
	13675.20
	359.30
	1.60
	60.85



	Asp (X4)
	89.99
	0.01
	0.0002
	90.00
	89.94
	0.01



	Slo (X5)
	174.60
	161.30
	26001.60
	357.50
	−1.00
	92.38



	Pc (X6)
	60.89
	30.07
	904.40
	88.31
	4.53
	49.38



	SOM/(%) (X7)
	2.24
	0.46
	0.21
	3.35
	1.54
	20.42



	AN/(mg·kg−1) (X8)
	134.00
	51.61
	2663.74
	243.94
	49.90
	38.51



	AP/(mg·kg−1) (X9)
	10.84
	11.18
	125.09
	51.99
	2.02
	103.14



	AK/(mg·kg−1) (X10)
	264.00
	99.00
	9793.40
	478.80
	66.60
	37.50
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Table 2. The description of topographical factors.
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	Variable
	Description
	Formula
	References





	Roughness of terrain (Rt)/m
	The difference between the maximum and minimum values of the DEM grid. neighbourhood, represents the range of change in the surface elevation.
	   Rt =   Max  n  − M i  n n      a
	[46]



	Horizontal curvature (Hc)/m-1
	A curvature of a normal section of the land surface, indicates that bending and variation of land surfaces along the horizontal direction.
	   Hc = −    p 2  γ − 2 p q s +  q 2  t    (   p 2  +  q 2   )    1 +  p 2  +  q 2          b
	[47]



	Slope

(Slo)/°
	An angle between a tangent plane and a horizontal one at a given point on the land surface, indicates the degree of inclination of the local surface slope.
	   Slo = arctan      ( p )   2  +    ( q )   2        b
	[47,48]



	Aspect

(Asp)/°
	Indicates that there is deviation of a surface from a horizontal plane.
	Asp∈ [0°, 360°]
	[47,48]



	Profile curvature

(Pc)/m-1
	A curvature of a normal section of the land surface by a plane, measures the rate of change in ground elevation along the direction of maximum slope.
	   Pc = −    p 2  γ + 2 p q s +  q 2  t    (   p 2  +  q 2   )       (  1 +  p 2  +  q 2   )   3          b
	[47]







Note: a Maxn, Minn indicates the maximum value and the minimum value of DEM raster neighbourhood, respectively; b   p =   δ z   δ x   ,   q =   δ z   δ y   ,   γ =    δ 2  z   δ  x 2    ,   t =    δ 2  z   δ  y 2    ,   s =    δ 2  z   δ x δ y   ,   x ,   y   ,   z   expressed the distance difference in horizontal and vertical directions, respectively.
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