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Aeolian sandy soil and loess soil of the Mu Us Sandy Land are used as the research material in this study to investigate the effect of soil compounding on the improvement of aeolian sandy soil and to provide a feasible approach for sand prevention and sand control. In particular, loess soils were compounded at 0%, 20%, 40%, 60%, 80%, and 100% by volume percentage of the compounded soils. The improvement benefits of compounded soils on their textural properties, water-holding capacity, and fertilizer-retention capacity at different blending ratios were evaluated. The results showed that following the compounding of aeolian sandy and loess soils, with the increase of the loess proportion, the texture type of the compounded soil transforms from sandy soil to loamy sandy soil to sandy loam to loamy soil to powdery loam. Moreover, granular gradation was observed, the bulk density gradually decreased, the capillary porosity gradually increased, and the performance of water- and fertilizer-holding properties gradually increased and strengthened. The spatial variability of compounded soil bulk density, capillary porosity, and the water-holding and fertilizer-retention properties was almost entirely controlled by the proportion of loess soil. A theoretical basis is provided in this study for aeolian sandy soil improvement in the Mu Us Sandy Land that can be extended to similar areas, providing a feasible sand management approach.
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1 INTRODUCTION
Located in the arid–semi-arid transition zone in northwestern China, the Mu Us Sandy Land (He et al., 2020) has complex human–land relations (Li et al., 2018), with an extensive distribution of aeolian sandy soil and loess soils (Han J. et al., 2012). Land desertification and soil erosion are considered the “two evils” that seriously constrain the sustainable development of the region (Han J. C. et al., 2012). The sand control in this area mainly focuses on vegetation, engineering, and chemical measures, such as vegetation restoration, planting sand-control forests, setting up sand barriers, and the use of chemical sand-fixing agents (Villagra et al., 2009; Yang, 2015; Li et al., 2018; Ding, 2021). However, with the progress of sand-control technology, there is more of a demand for the development and management of aeolian sandy soil (June 2011). Research on the improvement of aeolian sandy soil has recently increased, with numerous improvement methods and improvement substrates being proposed (e.g., fly ash, desulfurization gypsum, other industrial by-products, various types of sludge, rotting mud, rhizobium, and other microbial amendments, green manure, polyacrylamide, and water-retention agents) (Chen et al., 2019; Simranjeet et al., 2020; Mulualem et al., 2021; Skrylnyk et al., 2021; Wang et al., 2021; Gao et al., 2022; Suo et al., 2022; Xerdiman et al., 2022; Bai et al., 2023; Li et al., 2023; Bai et al., 2024). However, many of the proposed approaches are associated with problems such as the incomplete amelioration effect or negative impacts (Chen et al., 2019).
Scholars have reported that the contents of soil particles and agglomerates have a direct effect on the erodibility of wind erosion (Skidmore and Powers, 1982) and that aeolian sandy soil is more susceptible to erosion due to the lack of the formation of inter-grain adhesion between powder and clay particles (Leys et al., 1996). Therefore, controlling the wind erosion of the soil and improving aeolian sandy soil are the most direct methods for increasing the amount of powder and clay particles and promoting the formation of agglomerates and other ineradicable components of organic matter in aeolian sandy soil. The aeolian sandy soil in the Mu Us Sandy Land is characterized by large particles, a coarse mechanical composition, loose structure, poor organic matter content, and the leakage of water and fertilizer (He et al., 2022; Zhang et al., 2024). Loessial soil has a dense structure and fine particles, with a high degree of cementation and poor aeration and permeability (Dong, 2016; Guo et al., 2023). Due to the complementary physical properties of aeolian sandy soil and loess soil for soil compounding, related research mainly focuses on improving the powder and clay content and water and fertilizer retention, providing theoretical approaches for soil modification. Based on this, the aeolian sandy soil in Mu Us Sandy Land is selected in this study as the research object to investigate the improvement of aeolian sandy soil and loessial soil. The aeolian sandy soil and loessial soil are compounded at different ratios to reveal the role of soil compounding in soil improvement. The aim of this study was to determine the improvement effect of different soil ratios on aeolian sandy soil. The results provide useful guidance for reclamation areas, sandy area agriculture, and forestry production. This work also has practical significance for the sandy areas in increasing land productivity and the income of individuals, as well as improving the effectiveness of ecological and economic constructions.
2 MATERIALS AND METHODS
2.1 Study area
The study area is located in the southeast of Ordos Plateau, Mu Us Sandy Land (37°30′–39°20′N, 107°20′–111°30′E), with a temperate continental monsoon climate. The study area is rich in sunshine resources, with annual sunshine of 2,800–3,000 h, total radiation of more than 608 kJ/cm2, and a frost-free period of 113–156 days. The average annual temperature is 6°C–9°C, and the annual precipitation is 250–400 mm, with a large annual variability. Most rainfall is concentrated in July–September and is typically heavy. The annual evapotranspiration is 2,200–2,600 mm. The winter season is affected by the Siberian Cold Air Corps of Mongolia, and the northwest monsoon prevails, with a dry and cold climate. In summer, the study area is affected by the warm air mass of India and Myanmar, forming the southeast monsoon. The average annual wind speed is 3.5 m/s, and the maximum wind speed is 25 m/s. The study area is a typical sandy and windy area with widespread sandy and aeolian sandy soil. The sample site is located in Nalin Taohe Town, Yijinholo Banner, Ordos City. The terrain is relatively flat, and the majority of the 0–200 cm soil layer is sandy and aeolian sandy soil with a coarse mechanical composition. The underlying loess is exposed on individual pieces of land and is thus suitable for research on soil improvement by compounding loessial and aeolian sandy soils.
2.2 Experimental design
The aeolian sandy and loessial soils were dried naturally, ground to a diameter of 0.5 cm or more, and sieved, and impurities were removed. The soils were fully mixed using loessial soil at the compounded soil volume percentages of 0%, 20%, 40%, 60%, 80%, and 100%.
2.2.1 Soil column filling
Referring to previous research (Paramasivam and Alva, 1997), the test soils at different compound ratios were loaded into the soil column containers, and the dry soil was weighed. The soil layer was oversprayed with distilled water once at each 5 cm soil layer. A layer of fiberglass mesh was temporarily laid on the surface layer during spraying. The amount of sprayed water was consistent in all soil columns. The soil columns were loaded sequentially until a height of 50 cm was reached. Each proportion of the compounded soil was filled into 60 soil columns, resulting in 360 filled columns. The soil columns were then divided into the control and fertilizer groups, and sequentially placed in the prefabricated greenhouse steel frame overhanging at the bottom. The columns were oversprayed once every 3 days with distilled water to ensure natural settlement. When the soil column settles to a height of less than 50 cm, continue to fill the corresponding proportion of compounded soil at any time and weigh the filled soil. The soil column settlement was essentially stable after 15 occurrences of water spraying, and sprinkling was terminated. After leaving the soil columns to rest for 20 days, nitrogen fertilizer (CO(NH2)2) in a powdered form was applied to the top layer of the soil column in the fertilizer group at a nitrogen-to-compounded soil (dry soil) mass ratio of 1.5 g/kg.
2.2.2 Soil column leaching
Following fertilizer application, overspraying was continued using sprinkles and distilled water every 3 days for a total of four sprinkles. After the soil column settled and was sprinkled with water, it was left to stand for 48 h. When the water in the soil column was stable and no water seeped out from the bottom, the control group was weighed. At the end of 20 days of standing, the control group was weighed again and recorded. The difference between the two weights was the amount of water lost by evaporation during the 20 days. Based on this, the maximum amount of water loss was determined. To ensure that each drench is overdosed, 300 mL of distilled water was added to the maximum water loss as the amount of water to be drenched in each drench.
2.2.3 Sampling
After the end of the last drenching, the soil column was left to stand for 48 h until the moisture in the soil column was stable and no moisture seeped out from the bottom. The bottom cover of the soil column was then opened and sampled every 10 cm with a ring knife. This was repeated three times for each compounded soil proportion. Sampling was performed every 3 days for 27 days, resulting in the sampling of 360 soil columns. The samples were used to test the nitrogen content, the water content of the blended soil, the bulk density, and the capillary porosity.
2.3 Sample determination
The samples were analyzed with reference to the Methods for the Determination of Physical Properties of Soils (Physical Research Laboratory, 1978) and the soil and agricultural chemistry analysis (Bao, 2000). The mechanical composition of the compounded soils was determined using a laser particle sizer (Mastersizer 3000, Malvern Panalytical, United Kingdom). The volumetric weight and moisture content were estimated using the ring-knife and oven-drying methods, respectively.
2.3.1 Water content of compounded soil
To determine the soil water content, the sample was placed in an aluminum box with a balance weight to obtain the total weight of the soil sample and the aluminum box before drying. Following this, the aluminum box was dried at a constant temperature and weighed to obtain the total weight of the soil sample and the aluminum box after drying. The water content of the soil, W, expressed as a percentage by weight (%), was then calculated as follows:
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where W1 is the dry weight of the aluminum box, W2 is the weight of the aluminum box and fresh soil before drying, and W3 is the weight of the aluminum box and dry soil sample after drying.
2.3.2 Bulk density of compounded soil
To calculate the bulk weight, the ring knife was filled with soil samples and directly baked at a constant temperature in an oven at 105°C  ±  2°C to a constant weight. The ring knife and soil were then weighed.
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2.3.3 Capillary porosity of compounded soils
For the soil capillary porosity, the ring knife was immersed in water for 24 h and weighed to a constant mass. The saturated ring-knife samples were placed in an aluminum box, separated by a filter paper, dried for 12 h to a constant mass, and then weighed. The capillary porosity was calculated as
[image: image]
2.4 Data processing and analysis
Geostatistical methods are considered the most effective approaches to study the spatial heterogeneity of soil properties. The semi-variance function is a basic geostatistical tool that describes the spatial variability structure of soil properties (Qi et al., 2010; Dong et al., 2010) and is calculated as
[image: image]
where γ(h) is the semi-variogram, h is the distance between two samples, N(h) is the logarithm of all pairs of observations spaced by h, Z(xi) denotes the observations at xi, and Z(xi + h) denotes the observations at xi + h (Li et al., 2010).
In general, the value of the semi-variance function increases with segmentation distance h until it reaches an approximately stable constant (C + C0) at a certain spacing (variable range). The value of the semi-variance function is the nugget value (C0) when h = 0. Semi-variance functions can take the form of spherical, Gaussian, exponential, and linear models (Wei et al., 2017).
Excel 2019 (Microsoft Corp.) was used to organize the data and perform descriptive statistics. The Kolmogorov–Smirnov normal distribution test was performed with SPSS19.0 (IBM, SPSS Inc.) on the compounded soil data. Pearson correlation analysis was employed for the correlation analysis of the water-holding and fertilizer conservation indexes of the compounded soil. Significant differences were evaluated between the water-holding and fertilizer conservation indexes using analysis of variance (ANOVA). GS+ 9.0 was used to construct the optimal semi-variance function model and determine the trait parameters of the compounded soil. Kriging spatial interpolation was used to create the spatial distribution maps of the relevant compounded soil properties in terms of water retention and fertility preservation using Surfer 11.0. Graphs were plotted using Origin 2022 (OriginLab Corporation).
3 RESULTS
3.1 Compounded soil machinery composition
Soils were classified according to the American System of Soil Classification: sand (0.05–2 mm), silt (0.002–0.05 mm), and clay (<0.002 mm). Figure 1 reveals that the wind–sand soil is mainly dominated by sand particles, accounting for 92.38% of the total, whereas powder and clay particles jointly account for just 7.62%. The soil texture is sandy. The loess soil is mainly dominated by powder particles, accounting for 58.17%. The sand and clay contents account for 26.02% and 15.81%, respectively, and the soil texture is a powdery loam. There is a large difference in the grain-level contents between the wind–sand soil and the loess soil, with the content much lower in the latter than in the former. Moreover, the powder and clay contents are much higher in the loess than in the wind–sand soil. After compounding the loess and wind–sand soil, with the increase of the loess proportion, the sand content in the compounded soil gradually decreased, and the content of clay and powder gradually increased. The compounded soil exhibited certain structural properties, with soil texture types including sandy soil, loamy sandy soil, sandy loam, loamy soil, and powdery loam. The different proportions of the compounded soil altered the wind–sand soil properties to improve the over-coarseness of the mechanical composition and the undesirable texture traits.
[image: Figure 1]FIGURE 1 | Mechanical composition and texture of compounded soils.
3.2 Compounded soil bulk density and capillary porosity
3.2.1 Characteristics and determinants of the spatial distribution curves of bulk density and the capillary porosity of compounded soil
Table 1 reports the Kolmogorov–Smirnov normality test on the observed bulk density and capillary porosity data at the 0–50 cm soil layer of the compounded soil. The thresholds were greater than 0.60, indicating that data are normally distributed and can be used for further data analysis. Descriptive statistical analysis of the compounded soil bulk density and capillary porosity determined the coefficients of variation of the two parameters to be weak (3.35% and 0.75%, respectively). The skewness of the bulk density and capillary porosity was less than 0, revealing that data were negatively skewed to the left side of the distribution. The positive kurtosis of bulk density indicates that there are more extreme values on both sides of the measured data, and the frequency distribution kurtosis is very flat. The negative kurtosis of capillary porosity indicates that there are less extreme values on both sides of the measured data, and the frequency distribution kurtosis is also very flat.
TABLE 1 | Descriptive statistical analysis of bulk density and capillary porosity in mixed soils.
[image: Table 1]The spatial variability functions of compounded soil bulk density and capillary porosity (Table 2) reveal that the semi-variance best-fit function models of bulk density and capillary porosity were all Gaussian theoretical models. In particular, the coefficients of determination were above 0.6, the abutment values were low, the nugget values were high, and the structural ratios were 99.90% and 94.50%, respectively (>75%). Moreover, the spatial variability was low due to random factors and a strong spatial autocorrelation was present, suggesting that the differences in compounded soil bulk density and capillary porosity were almost entirely controlled by structural factors (loess ratio).
TABLE 2 | Semi-variance function analysis of bulk density and capillary porosity in mixed soils.
[image: Table 2]3.2.2 Characterization of the spatial and temporal variability characteristics and determinants of the spatial distribution curves for bulk density and capillary porosity in compounded soil
To visually reflect the spatial distribution trends of bulk density and capillary porosity in different layers (between 0 and 50 cm) of compounded soil, the change pattern of the two parameters with the allotment proportion was plotted as a two-dimensional map based on the semi-variance function and kriging difference method (Figure 2).
[image: Figure 2]FIGURE 2 | Spatial interpolation of bulk density and capillary porosity in mixed soils. (A) Bulk density. (B) Capillary porosity.
The maximum compounded soil bulk density appears in the lower-right corner of the graph in Figure 2A, and the values decrease in a circular band from the lower-right corner to the upper-left corner. This indicates that the compounded soil capacity gradually increases with the soil depth and decreases as the loess ratio increases. The opposite is observed for the capillary porosity (Figure 2B), with the maximum appearing in the upper-left corner of the graph and decreasing in a circular band from the upper-left corner to the lower-right corner. This indicates that the capillary porosity of the compounded soil decreases gradually with the deepening of the soil layer and increases gradually with the loess ratio. The observed trends in the spatial distribution of the compounded soil bulk density and capillary porosity can be explained by several factors. For example, the particle composition and texture of the same soil, capillary porosity, and bulk density are negatively correlated: the larger the bulk density, the denser the soil, and the smaller the porosity; in contrast, the smaller the bulk density, the larger the porosity. This can result in opposite spatial distribution trends for the two parameters. Moreover, due to the gravity of the upper soil, the deeper the soil layer, the upper soil to the lower layer of the gravity compaction of the soil, the stronger the role of the lower soil, the denser the lower soil, the larger the bulk density, and the smaller the porosity. In contrast, the shallower the soil layer, the smaller the bulk density, and the larger the porosity. Adding loess to the sandy soil improves the soil granular gradation and the soil colloid content. The appropriate granular gradation and colloid content help the soil to form an effective pore and capillary structure such that the soil texture tends to be negligible. Note that although the soil bulk density is negatively correlated with the porosity, the capillary porosity is not directly correlated with the capacity in many cases, such as wind–sand soils, despite the greater amount of pores. However, due to the poor particle grading and loose structure, the effective capillary pore space is minimal. Textures with clayey soil, a dense structure, and predominantly small pores also have less effective capillary pores. In general, the capillary porosity of loamy soil is positively correlated with the total soil porosity, and the larger the total porosity, the larger the capillary porosity. The degree of undulation at the edge of the ring zone in Figures 2A, B reflects the heterogeneity in the spatial distribution of the soil bulkiness and capillary porosity. The more intense the undulation, the stronger the spatial variation of bulkiness and capillary porosity, and the more heterogeneous the distribution. The shallower the soil layer and the larger the proportion of loess, the larger the spatial variation of bulk density and capillary porosity. In addition, the deeper the soil layer and the smaller the proportion of loess, the larger the spatial variation of bulk density and capillary porosity. Therefore, choosing the appropriate proportion of soil mixing is conducive to the formation of a moderately loose and tight soil mixing tillage layer with uniform texture.
3.3 Water-holding properties of compounded soils
3.3.1 Characteristics and determinants of spatial curves of the water content of compounded soils
The Kolmogorov–Smirnov normality test was performed on the observed water content of different soil layers from 0 to 50 cm of the compounded soil (Table 3). The significance of all values was greater than 0.05, and the spatial variables of the five soil layers conformed to the normal distribution. Thus, the data could be used for the next step of data analysis. The coefficients of variation of soil water contents in each soil layer were 49.95%, 39.51%, 32.52%, 39.01%, and 25.01%, respectively, reaching the intensity variant. The coefficients of variation decreased with the soil layer depth, and all skewness values exceeded 0. This indicates that the measured data were skewed to the right side of the distribution. Moreover, the soil water content curves in all soil layers were highly positively skewed, except for the 40–50 cm layer. The greatest deviation was observed in the 10–20 cm soil layer. Except for the 10–20 cm soil layer, the kurtosis was negative, indicating that there were fewer extreme data points on both sides of the measured data, and the peaks of the frequency distributions were extremely flat.
TABLE 3 | Descriptive statistical analysis of water content in mixed soil.
[image: Table 3]Table 4 reports the spatial and temporal variability functions of water content in different soil layers of the compounded soil. The semi-variance optimal function models of the water content in the different soil layers were all linear theoretical models, with coefficients of determination exceeding 0.4. The water content of the 0–10 cm layer had the highest abutment value (52.35%), and the spatial variability induced by the stochastic factor was the largest. The structural ratios of the water content ranged within 90% ± 1.55% for all layers (>75%). The spatial variation caused by random factors was small, and strong spatial autocorrelation was observed. This indicates that the difference in the water content between different soil layers is almost completely controlled by structural factors (loess ratio).
TABLE 4 | Semi-variance function analysis of water content in mixed soil.
[image: Table 4]3.3.2 Spatiotemporal characteristics of water content in compounded soils
Figure 3 depicts the change trend of the soil water content with time and the proportion of soil allotment in each soil layer (0–50 cm) as a two-dimensional map based on the semi-variance function and kriging difference method.
[image: Figure 3]FIGURE 3 | Spatiotemporal interpolation of water content in mixed soils.
The water content generally follows the same spatial and temporal distribution trend in the different soil layers. The maximum value appears in the upper-left corner and decreases from the upper-left corner to the lower right in the form of a circular band. For the same soil preparation proportion, the water content gradually decreases with time and gradually increases with the depth of the soil layer. At a constant time point, the water content gradually increases with the loess proportion and soil layer depth. At a constant soil layer, the water content gradually increases with the loess proportion and gradually decreases with time. This trend in the soil moisture content shows that the soil moisture loss caused by evaporation increases with time. However, as the loess proportion increases, the soil moisture loss caused by evaporation gradually becomes smaller. The soil moisture loss caused by evaporation also gradually becomes smaller as the soil depth increases. Therefore, compounding different proportions of loess with aeolian sandy soil improved the water-holding and water-retention properties of the soil to different degrees. In addition, the water content of different blended soil ratios at the beginning of the evaporation test (day 0) indicated the total water storage capacity (maximum field water-holding capacity) at different ratios. The larger the water content, the greater the total and the magnitude of the soil water-storage capacity, reflecting the strength of the soil’s water-holding properties. Figure 3 shows that as the loess proportion of the compounded soil increases, the water content, total water-storage capacity, and water-holding performance are all enhanced.
The greater water-holding and water-retaining performance of the compounded soil following the compounding of loess and aeolian sandy soil can be explained by several factors. First, with the gradual increase of the loess proportion, the content of fine-grained powder and clay particles in the compounded soil gradually increases, and thus, the total specific surface area of soil particles gradually increases. This gradually improves the defects of aeolian sandy soil (coarse particle composition and small specific surface), which enhances the total soil particles’ holding performance. Second, the gradual increase of the loess proportion enhances the colloid content in the compounded soil and the mutual adhesion between soil particles, and gradually improves the poor inter-particle adhesion and loose structure of the aeolian sandy soil. Thus, the soil absorption and holding properties are enhanced. Third, by adding a suitable proportion of loess into the aeolian sandy soil, the new compounded soil particle gradation tends to be negligible. Agglomerate structures are easily formed, increasing the effective pore space and improving the ineffective pore defects of aeolian sandy soil. This enhances the soil absorption and holding properties. However, if the loess proportion is too high, due to the high clay and colloid content, the degree of inter-particle cementation is also too high. This may result in the formation of a dense compounded soil structure compared with the aeolian sandy soil. This bottleneck can be improved to a certain extent for the soil water-holding properties, yet the porosity is reduced. This weakens the soil permeability, which is detrimental to the growth and development of plants. Moreover, more soil moisture is absorbed and cemented in the soil, which cannot easily be absorbed and utilized by plants, or too much water cannot seep down and be retained on the soil surface for a long time, causing flooding hazards to plants. Therefore, despite the sub-optimal water-holding capacity, an appropriate proportion of loess and aeolian sandy soil for compounded soil is conducive to the formation of a suitable effective pore and capillary structure. This can allow the soil to maintain good permeability, which facilitates the soil water, gas, and fertilizer transport and distribution, and promotes plant growth and development.
The degree of undulation at the edge of the ring zone reflects the heterogeneity of the spatial and temporal distribution of the soil moisture content. The more intense the undulation, the greater the heterogeneity of the spatial and temporal changes, and the more inhomogeneous the distribution. As shown in Figure 3, the larger the loess proportion, the more intense the undulation of the ring zone edge, and the more heterogeneous the spatial and temporal distribution of soil moisture. This is because the addition of loess changes the particle composition homogeneity of the aeolian sandy soil. In particular, the larger the loess proportion, the stronger the effect of homogeneity changes in the particle composition of the aeolian sandy soil, which hinders the transport of soil moisture to different degrees.
3.4 Fertilizer-retention properties of compounded soils
3.4.1 Characteristics and determinants of the spatial profile of nitrogen content in compounded soils
Table 5 reports the Kolmogorov–Smirnov normality test for the observed series of nitrogen content in different soil layers (between 0 and 50 cm) of the compounded soil. The significance of all values was greater than 0.05, and the spatial variables of the five soil layers conformed to the normal distribution, allowing for further data analysis. The coefficients of variation of nitrogen content in each soil layer were 16.57%, 12.85%, 12.12%, 6.68%, and 6.25%. Medium and weak variability was observed in the 0–30 cm and 30–50 cm layers, and the coefficients of variation decreased with the soil layer depth. The skewness of the 0–10, 10–20, and 40–50 cm layers all exceeded 0, indicating that the measured data were distributed to the right. The skewness of the 20–40 cm layer was negative and close to 0, indicating that the measured data approached a symmetrical distribution. The kurtosis coefficient was positive, revealing the presence of extreme data on both sides of the measured data, and the kurtosis of the frequency distribution exhibited a sharp–moderate–flat change trend with the soil layer depth.
TABLE 5 | Descriptive statistical analysis of nitrogen content in mixed soils.
[image: Table 5]The spatial and temporal variation functions of nitrogen content in the different soil layers of the compounded soil (Table 6) reveal that the semi-variance optimal function models of the nitrogen content in different soil layers were all Gaussian theoretical models, with coefficients of determination above 0.70. The nitrogen content at the 20–30 cm soil layer exhibited the highest baseline value, and the spatial variability induced by random factors was the largest. The structural ratios of the nitrogen content of the different soil layers were above 0.97, and a strong autocorrelation was present. The spatial variation caused by random factors was limited, and there was a strong spatial autocorrelation, indicating that the differences in nitrogen content between soil layers were almost completely controlled by structural factors (loess ratio).
TABLE 6 | Semi-variance function analysis results of nitrogen content in mixed soils.
[image: Table 6]3.4.2 Characteristics of the spatiotemporal variation of nitrogen content in compounded soils
Figure 4 presents the change trend of nitrogen content in each soil layer (0–50 cm) with time and the soil allotment proportion as a two-dimensional map based on the semi-variance function and kriging difference method.
[image: Figure 4]FIGURE 4 | Spatiotemporal interpolation of N content in mixed soils.
Under four times of excessive irrigation and leaching, the spatiotemporal distribution trend of nitrogen content was approximately the same across the different soil layers, with a maximum in the upper-left corner and values decreasing from the upper-left corner to the lower-right corner in the form of a ring-shaped band. The degree of undulation at the edge of the ring band reflects the heterogeneity of the spatial and temporal distribution of quick-acting nitrogen content in the soil. The more intense the undulation, the greater the heterogeneity of spatial and temporal changes, and the more heterogeneous the distribution. Under the same allotment proportion, the nitrogen content gradually decreases with time and the drenching number, and it gradually increases with the soil layer depth. At a constant point in time, the nitrogen content gradually increases with the loess proportion and the soil depth. At the same soil layer depth, the nitrogen content gradually increases with the loess proportion and gradually decreases with time and an increasing drenching number. In the same soil depth, the nitrogen content gradually increases with the increase of the proportion of loess and decreases with time and an increase in leaching. The distribution characteristics of soil nitrogen content under leaching indicate that with the increase in leaching, the overall nitrogen loss is larger, yet with the increase in the loess proportion, the ability of the soil to resist leaching gradually increased, and the amount of nitrogen loss was gradually reduced. Moreover, for deeper soil layers, the effect on the soil by leaching gradually became smaller, and the amount of nitrogen loss was lower. Therefore, the compounding of loess and aeolian sandy soil at different proportions improved the fertilizer-retention performance of the soil to different degrees. This trend in the soil nitrogen content distribution may be attributed to the use of quick-acting nitrogen fertilizers. This type of fertilizer is easily lost by leaching, and its transport in the soil generally follows the same trend as soil moisture transport. In particular, as the leaching increases, more moisture is transported to the deeper soil, and the amount of quick-acting nitrogen transported to the deeper soil gradually increases. However, as the loess proportion in the compounded soil gradually increases, water transport is gradually reduced, the leaching effect gradually weakens, and the retention of quick-acting nitrogen in the compounded soil with a high proportion of loess increases while leaching decreases.
3.5 Correlation analyses of the indicators of compounded soil properties
Figure 5 presents the correlation analysis results of the compounded soil trait indexes. There was a significant correlation among the loess ratio, water content, bulk density, capillary porosity, clay, silt, sand content, and nitrogen content. In particular, the bulk density was negatively correlated with the loess ratio, water content, capillary porosity, clay grain, powder grain, and nitrogen. Moreover, the sand grain was also negatively correlated with the loess ratio, water content, capillary porosity, clay grain, powder grain, and nitrogen content. This indicates that the blending of aeolian sandy soil and loess had a significant effect on the composition of soil particles, bulk density, capillary porosity, and water- and fertilizer-holding properties, resulting in a decrease in the sand content and bulk density and enhancing the powder and clay particle contents, capillary porosity, and water- and fertilizer-holding properties. Although it was significant, the correlation between the nitrogen content of the compounded soil and the contents of sand, powder, and clay particles and the capillary porosity is not as strong as that among other indicators. This is because the soil’s fertilizer-holding capacity is related to not only the transport of soil water and the particle composition but also to the affinity of solutes and soil particles (e.g., the adsorption of soil particles of different sizes and properties, the distribution mechanism of solutes in the soil, the surface of solutes on the soil particles, and the exchange mechanism of various solute ions on the surface of soil particles) (Wang and Zhang, 1997; Bao, 2000). As a consequence, the soil water-holding capacity is enhanced.
[image: Figure 5]FIGURE 5 | Correlation analysis of character indexes in mixed soils.
4 DISCUSSION
4.1 Effect of soil compounding on the physical properties of aeolian sandy soil
The soil mechanical composition is often used to classify and evaluate the soil texture (Hillel, 1980). In this study, aeolian sandy soil and loess soil were compounded at varying proportions to form compounded soils with textural properties distinct from both soil types. As the loess proportion in the compounded soil increased, the content of clay and powder particles increased significantly, the content of sand particles decreased significantly, and the particle gradation was benign. This changed the particle composition and textural properties of the aeolian sandy soil, and the textural properties of the compounded soil gradually undergo a transformation from sandy soil to loamy sandy soil to sandy loam to loamy sandy loam to powdery loam. This is consistent with the findings of the previous research on the soil textural properties of compounded soils (Li, 2022) and on soil structure improvements via the planting of crops on degraded sandy grasslands (Rentao et al., 2018). The results indicate that the soil granular structure is enhanced and soil texture is effectively improved by adding loessial soil to aeolian sandy soil.
Soil bulk density and capillary porosity are a reflection of soil looseness and tightness, and are closely related to soil physicochemical properties, tillage, etc. They are important indicators of the soil fertility level (Duran-Bautista et al., 2020). This study revealed that the bulk density gradually decreased and the capillary porosity gradually increased with the increase of the loess proportion in the compounded soil. Moreover, the spatial variability of the bulk density and capillary porosity of the compounded soil was almost completely controlled by the loess proportion. However, the variability of the bulk density and the capillary porosity was weaker. This is consistent with the results of the previous research (Glab et al., 2018). Therefore, choosing the appropriate allotment proportion is conducive to the formation of a loosely packed and uniformly textured tillage layer of compounded soil.
4.2 Effect of soil compounding on water-holding and the fertility characteristics of aeolian sandy soil
Many scholars recognize the importance of soil compounding for the improvement of aeolian sandy soil as it helps in the accumulation of soil particles, the retention of water and fertilizers, and ultimately increases crop yields (Jie et al., 2019; Wang et al., 2022). In this study, the retention performance of water and the applied chemical nitrogen fertilizer gradually increased with the loess proportion in the compounded soil. This agrees with the previous work on soil water retention (Shun-Hua et al., 2010). We revealed that the spatial variability of the water-holding and fertilizer-retention properties of the composites was almost completely controlled by the loess ratio, and the water-holding properties reached a high variability. This is consistent with the trend of the water storage capacity of composites investigated by Cheng and Wei (2021) and Li (2022). The fertilizer-retention performance was moderately variable in the 0–30 cm soil layer and weakly variable in the 30–50 cm layer under non-full leaching. This shows that the addition of loess to aeolian sandy soil can make up for the shortcomings of aeolian sandy soil in terms of water and fertilizer leakage. Moreover, the water-holding and fertilizer-retaining properties are significantly improved in the 0–30 cm soil layer.
However, when improving the water- and fertilizer-holding capacity, several factors must be accounted for, such as the appropriate soil permeability and the effectiveness of water, fertilizer, and plant growth regulators for agriculture and forestry under different soil properties. Scholars have reported that a ratio of 1:2 for compounded soil particles is uniform in composition and moderate in distribution, with strong ventilation and permeability. This is in line with the appropriate conditions for crop growth (Guo et al., 2017; Sun and Han, 2018; He et al., 2020). Therefore, it is necessary to further explore the suitable ratio of compounded soil.
5 CONCLUSION
The experiment results of this study revealed an improvement in the properties of compounded soil at different compounded ratios. Aeolian sandy soils have a loose soil texture with no bonding between single particles and poor soil nutrients. Surface cementation was enhanced by the addition of loess soil, which has a denser structure and better water-holding capacity than aeolian sandy soil. After soil compounding, the textural properties gradually changed from sandy soil to powdery loam, which is more favorable for crop cultivation. There was a gradual decrease in bulk density and a gradual increase in capillary porosity and the retention of water and applied chemical nitrogen fertilizers. The spatial variability of the compounded soil bulk weight, capillary porosity, water-holding properties, and fertilizer-retention properties was almost entirely controlled by the loess proportion. Therefore, soil compounding at certain proportions can better ameliorate aeolian sandy soil.
This study adds to the foundation of research on aeolian sandy soil improvement. In terms of employing compound soil to improve the aeolian sandy soil in the Mu Us Sandy Land, the results provide data for scholars as a theoretical reference, as well as feasible measures for the management of the Mu Us Sandy Land, which can be promoted in similar areas. This study not only increases the area of agricultural land in the sandy area but also promotes the local agricultural economy, which is conducive to the improvement of the local ecological environment and the sustainable development of the agricultural economy.
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