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Abstract

:

Soil water infiltration is a key mechanism for meeting plant water demand and groundwater recharge cycles; however, unreasonable land use practices cause reduced infiltration capacity and greater soil erosion. To date, differences in the properties of aeolian sandy soil and Pisha sandstone soil under different utilization methods as well as in soil properties, aggregates, and infiltration among kind of soil types, remain poorly understood. In this work, 54 soil samples of cropland and grassland were selected to identify the unique characteristics of soil infiltration processes under transition from cropland to grassland and contributions of soil properties to soil infiltrability in the Loess Plateau of China. The results showed that converting cropland to grassland could enhance the stable infiltration capacity of shallow soils of aeolian sandy soil and loess soil by 43.6% and 35.7%, respectively. Compared with cropland, the root properties and soil aggregate formation of the three soil types increased during grassland use, with the largest increase in soil organic matter content (32.14%) and total porosities (6.4%). As determined by the ring knife method, the saturated infiltration capacity of Pisha sandstone soil was significantly lower than in aeolian sandy soil and loess soil (p < 0.5). Moreover, its saturated infiltration capacity of cropland was better than grassland. Spearman’s correlation analysis and structural equation modeling (SEM) revealed that soil infiltration capacity appeared to be the most influenced by soil organic matter, and aggregate structure. These results highlight that fifteen years of returning cropland to grassland is not enough to affect the infiltration ability of deep soil (≥20 cm), and this improvement requires longer term maintenance.
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1. Introduction


The Loess Plateau has been subjected to severe soil erosion and water loss, since the implementation of “returning cropland to forest” [1,2], the land use of the Loess Plateau has changed dramatically. However, the soil degradation of structural properties and decrease in infiltration capacity were caused by a change in unreasonable land use [3,4,5]. Previous studies have focused on the problems of restricted vegetation growth, dry soil layer formation, and increased soil erosion in the process of returning farmland to forest [6]. In the construction of forest and grass vegetation on the Loess Plateau, there has always been a problem of prioritizing trees over shrubs [7]. Creating a large area of tree forests results in soil moisture deficiency and insufficient and unbalanced fertility, which in turn affects tree growth, leading to a large area of artificial forests becoming “little old trees” [8,9,10]. Currently, strengthening the return of farmland to grassland, implementing artificial grass planting and closing the mountains to cultivate grassland have been regarded as ecological environment construction measures with less investment and quicker benefits [11]. Nevertheless, there is still a lack of research on the response of soil infiltration during the process of converting farmland to grassland [12]. Therefore, studies on how changes in land use impact soil infiltrability may be beneficial for the sustainable management of the ecological environment in the Loess Plateau region [13].



Many studies have shown that the soil water infiltration process is influenced both by plant root systems (mainly measured as root length density, root biomass, root surface area, and root volume) and soil properties (including soil texture, soil aggregate stability, soil porosity, bulk density, and soil organic matter) [14,15,16,17]. Pore structure between soil particles and aggregates also facilitates infiltration of soil moisture [18]. After studying the infiltration rate under different land use modes in the loess hilly area, it was found that the soil hydraulic properties of grasslands are better than those of agri-cultural land and forest land, specifically manifested as a decrease in soil bulk density, an increase in large aggregate (>0.25 mm) content, and aggregate stability [19,20]. Previous studies have begun to investigate the complex relationships between root characteristics and soil properties and their effects on infiltration in China’s Yangtze River Basin and Tibetan Plateau [21,22,23]. However, studies on how soil aggregate’s structure and porosity affect infiltration in different parent soils under different land use types remain poorly understood, and the contribution of changes in soil structure to hydraulic properties are often difficult to quantify [24]. Improvement of soil structure and increase in organic matter jointly promote soil in-filtration. The pore structure between soil particles and large aggregates can promote water infiltration. The research on the mechanism affecting soil infiltration is helpful to understand the relationship between soil infiltration capacity and vegetation restoration process, and then provide a scientific basis for the regulation of the policy of Grain for Green and grassland.



Soil texture influences the creation of specific-size aggregates, further stimulating larger aggregate sizes and inter-aggregate pores, which are crucial for the formation of inter-particle pore space [25,26]. Three soil types are mainly distributed in the water-wind erosion crisscross region of China’s Loess Plateau: aeolian sandy soil, loess soil and Pisha sandstone. Aeolian sandy soil has a loose texture, poor structure, water retention, and fertilizer retention [27]. Pisha sandstone is as hard as a stone when dry, but becomes soft as mud when wet [28]. Although the initial infiltration capacity of all three soil types is excellent [29], there are few studies on the differences in infiltration capacity of the three soil types after abandoned cropland [30]. At present, domestic research results on soil infiltration laws are relatively abundant, and the research areas are mostly concentrated in loess areas, purple soil areas, and sandy lands [31,32]. However, there are relatively few studies on the Pisha sandstone area. Especially, the influence mechanism of soil factors on the infiltration process is not yet clear [33]. Based on the above background, this study selects different parent soils under different land use types as the research object to study the soil infiltration process and its impact mechanism, in order to provide data support for the ecological restoration work in the wind erosion and water erosion transition zone.



The objectives of this study were to assess the changes in soil infiltrability in the water-wind erosion crisscross region of the Loess Plateau under cropland and grassland use, and to determine the key influencing factors for soil infiltrability changes based on soil properties and root system traits. Root morphological characteristics, soil physical properties and water infiltration were measured for three soil types under agricultural and grassland use. Specifically, we first investigated whether the different land uses affected soil physical properties and water infiltration. Then we examined the association between root traits, soil properties and infiltration rates. Finally, a conceptual pathway model (SEM) was proposed based on these results and previous studies. The proposed model (SEM) quantifies the specific contribution of soil properties to changes in soil infiltration capacity and provides a better understanding of the infiltration capacity response in different soils to different land use practices. This study proposed three hypotheses: (i) Converting cropland to grassland leads to better development of the soil’s basic properties and infiltrability in the water-wind erosion region. (ii) The infiltration capacity of the three soil types is inconsistent. (iii) Soil aggregates and soil organic matter are the two most important factors affecting soil infiltration.




2. Materials and Methods


2.1. Study Sites


The study was conducted in the Tragou sub-basin (39°34′~39°36′ N, 110°54′~111°10′ E) in Zhunger Banner, Ordos City, Inner Mongolia Autonomous Region, China. The watershed has a total area of 6.9 km2 and an elevation of 800~1150 m, which belongs to the typical transition belt subjected to both water and wind erosion. It belongs to a mid-temperate continental monsoon climate, with an annual mean temperature of 8.8 °C to 10 °C. The average annual precipitation is about 400 mm, which is concentrated from July to September, accounting for 70~80% of the annual precipitation [34]. The average wind speed is about 3 m/s throughout the year, and the annual average of nearly 30 windy days is the main cause of wind erosion [35]. The main soil types in the basin are loess soils (WRB soil classification system) of loess parent material (USDA soil texture category, Table S1); wind-sand soils, generated by alluvial and wind-sand parent materials; and Pisha sandstone weathered soils, with a staggered distribution of the three soil types [36]. The study area is mainly covered by agricultural arable land and abandoned natural grassland, such as Elymus dahuricus Turcz, Melilotus officinalis (L.) Lam, Caragana korshinskii Kom, Zea mays L., Stipa capillata L., and Lespedeza bicolor Turcz. All of them were abandoned or cultivated for approximately 15 years.




2.2. Measurements of Soil Properties


The experimental measurements were mainly conducted in June–July 2021. The study site was located in sunny sloped fields in the Trach Gully watershed. In this study, one agricultural plot and one grassland plot were selected for the windy sandy soil, the Pisha sandstone soil, and the loess soil (Figure 1), and the grassland is formed by abandoning cropland for more than 15 years. Basic information for each sample plot is shown in Table 1. Three sampling points were randomly and evenly selected at equal intervals (5 m) for each sample plot, and 54 soil samples were collected in three layers from 0–30 cm of topsoil (5 cm in the middle of each layer) at 10 cm each by utilizing a 100 cm3 ring knife.



Determination of bulk density (BD), saturated moisture content (SMC), and calculation of total soil porosities (TP) was conducted using the drying weighing method [3]. Soil organic matter (SOM) was measured by the K2Cr2O7-H2SO4 oxidation method [37]. The mechanical components of the soil was analyzed and determined using a Malvern laser particle size analyzer (MS 2000, Marvin, UK). A complete soil core sample was collected using a steel ring at three different soil layers: 0–10, 10–20, and 20–30 cm in depth. The plant roots were carefully separated from attached soil particles. Roots were washed and surface dried with absorbent paper. Finally, root images were taken by using the Epson Perfection V370 Photo Scanner (Seiko Epson Corporation, Nagano, Japan), preceded by the computer software Win-Rhizo, 2009, and the root diameter was measured (root length density, root area index) [38,39].




2.3. Measurements of Soil Aggregate Traits


The aggregates traits were determined using the wet-sieving method (DIK-2012 soil aggregate analyzer [40]. Take three random replicates from each plot to collect approximately 800 g of undisturbed soil ranging from 0 to 30 cm in layers every 10 cm by using an aluminum box. Take 500 g of air-dried soil samples, pass through sieve sets with apertures of 0.25, 0.5, 1, 2, and 5 mm, and sieve them for 12 min on Model 8411 Vibrating Sieve Apparatus (Shaoxing, China). Weigh to obtain the mass corresponding to each particle size aggregate. According to the mass percentages of each particle size obtained by dry sieving, 50 g of air-dried soil samples were prepared, then wet sieve for 60 s using an aggregate analyzer and water-stable aggregates of corresponding particle size were obtained. Finally, the percentage of water-stable aggregates was calculated by weighing the aggregates of each particle size after drying. Aggregate destruction rate (PAD), fractal dimension (D), aggregate mean weight diameter (MWD), and geometric mean diameter (GMD) were calculated as follows. Equations (1)–(6) were used as indicators for soil aggregates stability [41]:
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(6)




where wi is the percentage of the mass of the i-th level aggregate to the total mass of the aggregate. Wi is the mass of the i-th level water stable aggregate; WT is the total mass of aggregates of each particle size.      d i   ¯    is the average diameter of the i-level aggregate; dmax is the maximum particle size of water-stable aggregates;   W  ( d <     d i   ¯   )    is the aggregate mass with a particle size smaller than      d i   ¯   ;  W d>0.25 is the mass of aggregates with a particle size >0.25 mm; Md is the mass percentage of particle diameter >0.25 mm after dry sieving of the sample (%); Mw is the mass percentage of the particle diameter >0.25 mm after wet sieving of the sample; and    w   ( δ  ≤    d ¯   i  )     is the mass percentage of particles with particle size less than or equal to     d ¯   i   (%).




2.4. Measurements of Soil Infiltration Traits


The disc infiltration meter is widely used due to its ease of use and excellent suitability for a variety of soil infiltration applications [42,43,44]. The disc infiltration test of the sample plot in the study area was completed from 1–7 June 2021. The soil infiltration rate was measured following the method described by Zhu Liangjun et al. [45]. The soil porosities and infiltration rate of each sample were categorized and related calculations were done based on the measurement results [46,47,48]. Calculations for soil pore traits and disc infiltrability are as follows:


   f s   =    Δ h  D 2 2    Δ t   D  1 2    0.7 + 0.03 T      
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where fs is the infiltration rate at 10 °C water temperature (mm/min); Δh is the water level difference (mm) in a certain measurement period Δt; D1 is the effective diameter of the infiltration disc (cm); D2 is the diameter of the water storage pipe of the infiltrator (cm); Δt is the measurement period (min); T is the average water temperature during a certain measurement period (°C); γ is the equivalent pore (mm); σ is the water surface tension(g/s2, 74.2 at 10 °C); θ is the water-pore contact angle (°); ρ is the density of water (1.0 g/cm3); g is the acceleration due to gravity (9.8 m/s2); h is head pressure height(cm); N is the maximum number of effective pores per unit area (m2); μ is the viscosity coefficient of water (g/m·s); Km is the tensile conductance of the largest pore (difference between two adjacent head pressures, m/s); and rm is the minimum pore radius set (m); θm is the porosity (%).



The saturated hydraulic conductivity (SHC) determined by the ring knife method is the most commonly used index to reflect the vertical change of soil hydraulic properties [49]. The specific method was to randomly and evenly select 3 sampling points in different plots, using a 100 cm3 ring knife to divide the 0–30 cm surface layer of undisturbed soil into 3 layers of 10 cm per layer (take the middle 5 cm of each layer), and used the constant water head method to measure the saturated hydraulic conductivity of the soil [50]. Experiments ran from 14–25 June 2021.




2.5. Statistical Analysis


Duncan’s posthoc test was used to compare the differences in soil basic properties, root system traits, disc water infiltration rate, and saturated hydraulic conductivity of 0–30 cm soil profiles between different treatments. The relationship between water infiltration rate and disc infiltration time was fitted with the Kostiakov model. In this study, the water infiltration process was divided into two phases based on changes in soil infiltration rates. The initial infiltration stage was the first 10 min (AIR), and the stable infiltration stage was 10–30 min (SIR).



The direct and indirect effects of aggregates and the physical properties of soil on its infiltration capacity were evaluated using the partial least squares path model (SEM). For the SEM model to achieve a high level of statistical strength when other methods do not converge or offer acceptable solutions [27,51], it relies on a least squares regression with minimal sample size requirements. In this paper, Amos was applied to fit the SEM model, and the statistical analysis of the data was conducted using R 4.1.2, SPSS 22.0, and SPSS Amos 24 software.





3. Results


3.1. Soil Infiltration Rates under Different Land Use Patterns


3.1.1. Simulation Results of the Soil Infiltration Process


The Kostiakov model is one of the most commonly used models for studying infiltration. It uses empirical parameters to reflect the decreased degree of soil initial infiltration rate and steady infiltration rate over time, and better assess soil infiltration capacity comprehensively [52]. The grassland parameters (a, b) were higher than cropland parameters (a, b) (Table 2). This indicated returning cropland to grassland significantly improved the soil’s initial infiltration capacity (Figure 2). Compared with cropland, grassland had higher initial infiltration rates (AIR) and stable infiltration rates (SIR, Figure 3).



However, the difference between the loess soil infiltration rate under the two land use types was the smallest. Compared with cropland, grassland had a faster attenuation of aeolian sandy soil and loess soil, while Pisha sandstone soil was slower. San.g exhibited the two stages of the infiltration rate that was significantly higher than cropland (Figure 2 and Figure 3). Furthermore, during the subsequent stable infiltration phase, this difference between the two land use types gradually became smaller. These results confirmed the cultivated land conversion increased soil infiltration capacity. The effect of Pisha sandstone soil was the best, followed by aeolian sandy soil and loess soil (Figure 2 and Figure 3).




3.1.2. Changes in Soil-Saturated Hydraulic Conductivity


Compared with the double-ring method, the disc infiltration method (single-ring method) can cause major errors because of water-side infiltration, especially for Pisha sandstone soil infiltration with sheet structure [53]. To eliminate the error caused by lateral infiltration, ring knife sampling was conducted to measure the saturated infiltration rate on the three soil types.



The soil-saturated infiltration rate decreased rapidly with soil depth (Figure 4). The cropland saturated infiltration rate in the 0–10 cm soil layer was significantly higher than in grassland (p < 0.05). In contrast, the saturated infiltration rate had no significant difference between cropland and grassland of the three soil types in the 20–30 cm layer (p > 0.05). The infiltration capacity of aeolian sandy soil and loess soil grassland was significantly higher than that of cropland in the 10–20 cm soil layer (Figure 4). However, the SHC in san.g decreased which was significantly different among the measured disc infiltration meters. Specifically, excluding the influence of side infiltration, the infiltration capacity of Pisha sandstone soil in grassland was pronounced worse than that in cropland.



The SHC of sandy grassland was significantly better than that of cropland in the 0–20 cm layer (p < 0.05, Figure 4), which indicated that grassland vegetation may significantly improve the infiltration rate of aeolian sandy soil. In the 10–20 cm layer of loess soil, grassland was better than cropland, but there was no significant difference in the 20–30 cm layer (p > 0.05, Figure 4). Grassland had not yet reached this depth for the loess soil infiltration rate improvement. The infiltration capacity of San.f was higher than San.g. It demonstrated that even after removing lateral disc infiltration influence, the vertical void formation capacity of grassland root development cannot replace the tillage penetrating effect on the aquifer. As a whole, the saturation infiltration rate order had visibly shifted. Vertical infiltration rate was highest in loess soil, second in aeolian sandy soil, and lowest in Pisha sandstone soil.





3.2. Soil Properties under Different Land Uses


3.2.1. Physical Properties of Three Soil Types


The SOM, RLD, and RAI of grassland were significantly higher than those of cropland (p < 0.05, Table 3), while BD, SMC, and TP were lower than those of cropland. The performance of the aeolian sandy soil and Pisha sandstone soil grassland was worse than that of the cropland, except the BD, SMC, and TP of the Loe.g were all higher than those of Loe.f.



In addition, the soil organic matter (SOM) decreased with the soil layer depth of three soil types in the 0–30 cm soil layer. The RLD and RAI followed by loess soil > aeolian sand soil > Pisha sandstone soil (Table 3), and decreased rapidly with increasing soil depth. Different capital letters indicate significant differences (p < 0.05) between the different soil depths for the same land by ANOVA. Different lowercase letters indicate significant differences (p < 0.05) between the different land for the same soil depth.




3.2.2. Aggregate Structures of Three Soil Types


The micro-aggregates and macro-aggregates (>0.25 mm) of the content in 0–10 cm grassland were higher than those of cropland (Figure 5), which indicated that the soil aggregate structure of surface grassland was better than that of cropland. The micro- aggregate content increased rapidly by 10–30 cm in Loe.g (Figure 5). Therefore, the aggregate structure was worse than that of cropland. In contrast, the macro-aggregates and micro-aggregates content in San.g is also lower than San.f. Although the micro-aggregate content in Aeo.g was higher than that in Aeo.f, the aggregate content with other particle sizes was too low. Specifically, the soil aggregate structure of middle and lower grassland was lower than that of cropland.



The aggregate structure of aeolian soil hardly changed with soil depth. In the 0–10 cm soil layer, the macro-aggregate content (>5 mm) of the Loe.g was 35.70% and the micro- aggregate content was 46.16%. Therefore, the soil aggregate structure was the best among the three depths (Figure 5 and Figure S1). The macro-aggregates and micro-aggregates content in the Pisha sandstone soil still decreased with soil depth. The performance order of the soil aggregate structure followed by loess soil > Pisha sandstone soil > aeolian sandy soil (Figure 5 and Figure S1).





3.3. Relationships between Root Traits, Soil Properties, and Soil Infiltration Capacity


Root traits were significantly positively correlated with SHC (p < 0.01, Table 4), but not significantly positively correlated with AIR and SIR (p > 0.05, Table 4). GMD was not significantly positively correlated with SHC (p > 0.05, Table 4), but was significantly correlated with AIR and SIR (p < 0.05, Table 4). In soil texture, sand was significantly negatively correlated with MWD, GMD, AIR (MWD p < 0.01, GMD p < 0.01, AIR p < 0.05, Table 4), and SIR (p < 0.05, Table 4), but silt and clay were significantly positively correlated with MWD, GMD, AIR, and SIR (p < 0.05, p < 0.01, Table 4). But soil texture was not significantly correlated with SHC (p > 0.05, Table 4). Both aggregates and root systems were positively correlated, which was especially evident for RLD.




3.4. Path Modeling of the Effects of Soil Properties on Soil Water Infiltration


Because disc infiltration was affected by horizontal water infiltration [54], this study selected saturated indoor soil hydraulic conductivity to represent the soil vertical infiltration, and combined factors with good correlation in the correlation analysis results in Table 4 to establish a structural equation model (SEM) for analysis.



The model explained 65% of the variance in saturated hydraulic conductivity (SHC). SOM, TP, and MWD directly affected water infiltration. Soil porosity had a significant positive effect on saturated hydraulic conductivity (SHC, p < 0.05), and the contribution of organic matter to saturated hydraulic conductivity (SHC) was also dominated by direct effects (Figure 6a,b). Moreover, the cross-loading effects representing differentiation between different soil textures indicated that the direct contribution to saturated hydraulic conductivity (SHC) was not significant (standardized path coefficient of 0.23, p > 0.05); it still exhibited a significant effect on soil aggregates (p < 0.05, Figure 6).





4. Discussion


The overall change of infiltration curves law was consistent with some previous studies in the Loess Plateau hilly gully area and water-wind erosion crisscross region [55]. Land use can cause significant changes in soil texture, soil physical properties, and root morphological traits, which have been widely accepted to affect soil infiltration capacity via different pathways [56,57,58,59,60]. Our study found a positive impact on soil physical properties after a short period of returning cropland, such as the reduced soil bulk density, increased saturated water content, and root length density (Table 3, Figure 3 and Figure 4) in the 0–20 cm soil layer. Compared with cropland, the root length density (RLD) and root area index (RAI) of Aeo.g and Loe.g also increased significantly in the 0–20 cm soil layer (Table 3). Similarly, previous studies suggested that plant root density and complexity may improve soil physicochemical properties [10]. During the decomposition, plant roots form more preferred root channels in the upper soil layer than in the lower soil layer, thereby increasing soil porosities and organic matter in the surface soil and improving soil infiltration rates [21,61]. Moreover, our study revealed that root distribution was significantly correlated with soil infiltration (Figure 6). This may be due to the fact that root growth significantly increased soil organic matter, MWD, and soil porosities, which play important roles in regulating soil infiltration [27,30,62]. Long-term persistence in returning cropland to grassland affects soil properties, resulting in spatial variability in soil infiltration capacity.



The grassland infiltration rate was slightly higher than that of crop land, which may be due to the high content of aggregates >5 mm in the surface layer of loess soil grassland (0–10 cm soil layer) (Figure 5 and Figure S1, Table 4), the better characteristics of the plant root system, and the higher content of organic matter (Table 3)—which resulted in the best top layer of the soil agglomerates in the grassland and a low rate of damage to the top layer of the agglomerated structure under the combined effect (Figure S1). The D value of the loess soil grassland surface layer was significantly (p < 0.05) lower than that of several other sample plots (Figure S1, Table 4), indicating that the surface aggregate structure of the loess soil grassland was optimal, the aggregates were more stable, and the soil erosion resistance was also stronger [63]. In the second stage, there is no difference between grassland infiltration rate and cropland because the root length density and root surface area density of loess grassland were higher at 0–20 cm and slightly lower at 20–30 cm than in cropland. A large amount of alfalfa (Table 1) grew in the yellow cotton soil cropland, mycorrhizae were formed in the soil, and there were relatively thick root systems below 20 cm. Moreover, the 0.25–0.5 mm particle size aggregates in cropland were higher than those in grassland (Figure 5). Because the yellow cotton soil cropland was cultivated at a depth of about 30 cm before returning to cropland, the content of deep soil aggregates and mechanical composition was relatively balanced when returning to cropland, plant growth, and root system. It is also relatively more comprehensive during activities [64].The content of >5 mm aggregates and micro-aggregates in the loess soil layers and grassland surface soil is relatively high (Figure 5), and the gradient is “V” in size, which was consistent with Su Jing and Zhao Shiwei [65]. It was consistent with the research results of Cheng et al. [66] in the southern Ningxia area of the Loess Plateau. In loess soil, the stability of soil aggregates was better in each layer. The similar rate in the second stage may also be due to the existence of a soil layer in the loess capable of generating a certain degree of water repellency [67,68,69,70], resulting in a short-term obstruction to infiltration of the wetting front during this period.



Soil texture had an indirect impact on saturated hydraulic conductivity (SHC) through its effect on soil aggregates and soil organic matter, with the largest standardized indirect effect being 0.53 (Figure 6a,b) and the most important silt content (Figure 6c). Soil organic matter, MWD, and total soil porosities are the main direct factors affecting hydraulic conductivity (Figure 6a,b). The soil organic matter path coefficient indirectly affecting aggregates is 0.46 (Figure 6a), and aggregate MWD has a positive contribution to soil hydraulic conductivity (SHC) by indirectly increasing soil porosity (Figure 6a). SOM has direct and indirect effects on soil infiltration (Figure 6a,b), and the direct effects come from providing energy and nutrients to soil organisms [71,72,73,74]. Indirect effects can be attributed to its induction of macro-aggregate formation and increased aggregate stability [75,76,77,78,79,80]. Soil aggregates either positively or negatively affect soil infiltration [21,27]. The MWD of aggregates had an indirect positive contribution to soil water infiltration by increasing soil porosity (Figure 6a), some previous studies also supported this [27,81,82]. As the primary route for water infiltration, soil porosity had a positive impact on soil infiltrability, which is in line with previous research [83].



The loess soil ‘s saturated hydraulic conductivity (SHC) was higher than that of aeolian sandy soil and Pisha sandstone soil, which can be explained by the highest organic matter content, saturated water content, total porosity, root length density, and root area index of Loe.g (Table 3, [15,84], and the aggregates’ structure and stability of loess soil are relatively the best (Figure S1 and Figure 5, [85,86]. Three possible reasons for the low saturated hydraulic conductivity of the Pisha sandstone soil can be cited. First, the Pisha rock soil must undergo a long period of collapse and expand to fully absorb water [87]. The second is that the Pisha sandstone soil exhibited stratification phenomena. The pores between layers are more permeable to water, while the inner layers are tightly packed and impermeable [88]. It gets denser when it is wet. In addition, Pisha sandstone soil has a low capacity for vertical infiltration. We dug up the contaminated Pisha sandstone soil to see that when the field disc penetrated, water flowed through the surface soil, and then vertical infiltration was greatly reduced, and it turned out to penetrate along the soil layer gap. Since vertical gaps in grassland root development are not a good replacement for farming, vertical gaps created by farming methods may gradually decrease after abandonment [89]. As root system characteristics (root length density, root area index) rapidly decrease in the middle and lower layers of Pisha sandstone soil, the aggregate structure also deteriorates (Table 3 and Table 4, Figure 5) [3,85]. Different infiltration measurements reflect the mechanism difference between disc infiltration and ring knife technique. Therefore, both lateral infiltration and vertical infiltration of disc infiltration are mixed. It is necessary to wait for the Pisha sandstone soil to absorb and saturate. Its SHC was much lower than the disc infiltration rate because it also hinders vertical infiltration after lateral infiltration is removed.



Soil water conservation capacity and soil structure can be improved after 15 years of continuous conversion of cropland to grassland in the water-wind erosion crisscross region of the Loess Plateau, which is consistent with previous research conclusions [90]. According to the results of this research, crack flow and lateral flow can occur when water penetrates Pisha sandstone soil, and the lack of vertical infiltration capacity is a contributing factor to severe soil erosion in the area. Therefore, the water conductivity of Pisha sandstone soil decreases [21,91]. Most previous research has not taken into account quantifying the quantitative link between saturated hydraulic conductivity and vegetation properties, especially root characteristics [54,90,91], and further research in this area may be conducted.




5. Conclusions


In conclusion, our research results showed that the basic properties and infiltration capacity of the soil in the water-wind erosion criss-cross area of the Loess Plateau after cropland was converted to grassland for a period of time. The basic properties and infiltration capacity of the soil were improved, and the infiltration capacity of arsenic sandstone soil was only improved in the 0–10 cm surface layer. Loess soil had the highest increase in organic matter content (32.14%), the best aggregate structure, and the highest soil infiltration rate (43.6%). The organic matter in aeolian soil increased significantly in the three soil layers (p < 0.05), and the saturated hydraulic conductivity increased the most (33.7%). The reasons for the optimal infiltration rate and the worst saturated infiltration capacity of the arsenic sandstone soil disk were related to the loss of soil moisture in the horizontal direction and the insufficient vertical infiltration capacity. The research results helped to clarify that the improvement effect of grassland on the three types of soil in the water-wind erosion crisscross zone of the Loess Plateau was currently mainly in the shallow layer (within 20 cm), and the ability to restore deep soil infiltration remains to be studied. Secondly, improving the vertical infiltration performance of arsenic sandstone soil can play a positive role in local water and soil protection.
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Figure 1. Sampling sites of the land-use types in the water-wind erosion crisscross region. Aeo.f, aeolian sandy soil cropland; Aeo.g, aeolian sandy soil grassland; San.f, Pisha sand soil cropland; San.g, Pisha sand soil grassland; Loe.f, loess soil cropland; Loe.g, loess soil grassland. 
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Figure 2. Soil moisture infiltration process of three types of soils in cropland and grassland. Aeo.f, aeolian sandy soil cropland; Aeo.g, aeolian sandy soil grassland; Loe.f, loess soil cropland; Loe.g, loess soil grassland; San.f, Pisha sand soil cropland; San.g, Pisha sand soil grassland. 
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Figure 3. Comparison of initial infiltration rate AIR and steady infiltration rate SIR of three types of soil in cropland and grassland. Aeo.f, aeolian sandy soil cropland; Aeo.g, aeolian sandy soil grassland; Loe.f, loess soil cropland; Loe.g, loess soil grassland; San.f, Pisha sand soil cropland; San.g, Pisha sand soil grassland; AIR, initial infiltration state (0–10 min); SIR, steady infiltration state (10–30 min). 
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Figure 4. Comparison of saturated hydraulic conductivity (SHC) of three types of soil grassland and cropland; different lowercase letters indicate significant differences between different plots (p < 0.05). Aeo.f, aeolian sandy soil cropland; Aeo.g, aeolian sandy soil grassland; Loe.f, loess soil cropland; Loe.g, loess soil grassland; San.f, Pisha sand soil cropland; San.g, Pisha sand soil grassland. 
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Figure 5. Aggregate structure for various particle sizes across three different types of cropland and grassland. Aeo.f, aeolian sandy soil cropland; Aeo.g, aeolian sandy soil grassland; Loe.f, loess soil cropland; Loe.g, loess soil grassland; San.f, Pisha sand soil cropland; San.g, Pisha sand soil grassland. 
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Figure 6. Effects of soil texture (clay, silt, sand), soil organic matter, average weight diameter of soil aggregates, and soil porosity on SHC determined by the ring knife method: (a) SEM output: Numbers on arrows are normalized path coefficients; blue arrows are positive, and red arrows are negative. Bold and solid arrows indicate significant standardized path coefficients (significance level is *, p < 0.05, ** indicates p < 0.01, *** indicates p < 0.001), thin and dotted arrows indicate non-significant standardized path coefficients (p > 0.05). The percentage near the circle indicates the variance R2 explained by the model, and the goodness-of-fit for the model is 0.99; (b) Normalized path coefficients for the direct and total effects of soil texture, organic matter, MWD, and soil porosity on stable infiltration rates; (c) Path model cross-sectional effect of soil texture (clay, silt, sand) on the steady infiltration rate of soil moisture. 
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Table 1. Basic Information of Various Lands.






Table 1. Basic Information of Various Lands.





	Plots
	Community Component
	Slope (°)
	Coverage (%)
	Altitude (m)





	Aeo.f
	Zea mays L.
	0~5
	75~90
	1160



	Aeo.g
	Thymus mongolicus Ronn.

Melilotus officinalis (L.) Lam.

Artemisia sacrorum Ledeb. ex Hook.f.

Oxytropis bicolor Bunge

Caragana korshinskii Kom.
	0~5
	52~62
	1080



	San.f
	Zea mays L.
	0~5
	5~12
	1130



	San.g
	Thymus mongolicus Ronn.

Caragana korshinskii Kom.

Artemisia sacrorum Ledeb. ex Hook.f.

Stipa capillata L.

Lespedeza bicolor Turcz.
	0~5
	32~43
	1100



	Loe.f
	Medicago sativa L.
	0~5
	65~74
	1103



	Loe.g
	Elymus dahuricus Turcz.

Medicago sativa L.

Artemisia sacrorum Ledeb. ex Hook.f.

Scutellaria baicalensis Georgi
	0~5
	40~51
	1050










[image: Table] 





Table 2. Fitting parameters of soil infiltration model.
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Fitting Parameters

	

	
Aeo.f

	
Aeo.g

	
San.f

	
San.g

	
Loe.f

	
Loe.g






	
Kostiakov: f(t) = at−b

	
a

	
3.9857

	
5.1254

	
4.3413

	
9.1090

	
2.2813

	
3.2108




	
b

	
−0.2433

	
−0.3342

	
−0.2946

	
−0.2416

	
−0.3135

	
−0.3678




	
R2

	
0.8245

	
0.8517

	
0.7674

	
0.8064

	
0.7753

	
0.9141








Note: f(t) and t of the Kostiakov model are measured permeation rate and permeation time, respectively; a and b are empirical parameters without physical meaning. The value of a can reflect the initial infiltration rate of the soil, and the value of b indicates the degree of infiltration rate decrease with time. The value of R2 reflects the model determination coefficients for the three soil types of cropland and grassland. Aeo.f, aeolian sandy soil cropland; Aeo.g, aeolian sandy soil grassland; San.f, Pisha sand soil cropland; San.g, Pisha sand soil grassland; Loe.f, loess soil cropland; Loe.g, loess soil grassland.
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Table 3. Comparison of the mean value (mean ± standard deviation) of soil basic physical properties during the process of cropland returning to grassland.
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	Plots
	Depth (cm)
	BD (g/cm3)
	SOM (g·kg−1)
	WSA (%)
	SMC (%)
	TP (%)
	RLD (m/m3)
	RAI (m2/m3)





	Aeo.f
	0–10
	1.33 ± 0.09 b
	6.09 ± 0.51 Ad
	34.19 ± 1.70 Ae
	37.72 ± 1.96 Ab
	49.99 ± 3.41 a
	30.47 ± 3.4 Ad
	125.65 ± 10.30 Ad



	
	10–20
	1.36 ± 0.03 c
	3.13 ± 0.37 Bd
	29.15 ± 1.38 Bd
	36.04 ± 1.86 Aab
	48.69 ± 3.43 a
	25.52 ± 1.98 Bd
	59.75 ± 7.56 Bd



	
	20–30
	1.43 ± 0.03 cd
	2.88 ± 0.15 Cd
	32.35 ± 0.92 Ad
	32.13 ± 1.40 Ba
	45.97 ± 1.09 a
	21.75 ± 2.71 Cc
	36.03 ± 4.65 Cd



	Aeo.g
	0–10
	1.50 ± 0.09 Ca
	7.10 ± 0.15 Ac
	26.72 ± 0.79 BCf
	28.98 ± 1.93 Ac
	43.44 ± 1.52 Ab
	31.71 ± 5.93 Bd
	67.57 ± 7.56 Ce



	
	10–20
	1.58 ± 0.02 BCb
	4.86 ± 0.30 Bd
	25.06 ± 0.71 Ce
	25.69 ± 0.77 Bc
	40.50 ± 0.72 Bb
	39.68 ± 4.11 Ac
	128.15 ± 10.09 Ab



	
	20–30
	1.61 ± 0.02 Ab
	2.65 ± 0.12 Cc
	27.69 ± 1.14 Ae
	24.33 ± 0.79 Bbc
	39.19 ± 0.77 Bc
	31.95 ± 2.47 Ba
	78.18 ± 8.03 Ba



	San.f
	0–10
	1.32 ± 0.05 Bb
	7.15 ± 0.24 Ac
	39.20 ± 1.16 Bd
	38.23 ± 2.62 Ab
	50.29 ± 1.73 Aa
	8.81 ± 1.63 Ae
	17.11 ± 2.01 Af



	
	10–20
	1.71 ± 0.07 Aa
	3.98 ± 0.30 Bd
	52.50 ± 1.29 Ac
	21.53 ± 0.15 Bd
	35.56 ± 0.98 Bc
	1.88 ± 0.24 Bf
	4.15 ± 1.04 Bf



	
	20–30
	1.72 ± 0.08 Aa
	3.62 ± 0.39 Bc
	48.91 ± 3.31 Ac
	20.39 ± 2.86 Bcd
	30.41 ± 1.55 Cd
	1.71 ± 0.17 Be
	4.08 ± 1.01 Bf



	San.g
	0–10
	1.59 ± 0.08 Ca
	8.41 ± 0.38 Ab
	59.58 ± 0.44 Ba
	26.08 ± 1.50 Ac
	40.13 ± 1.84 Ab
	54.50 ± 6.06 Ac
	145.54 ± 15.92 Ac



	
	10–20
	1.75 ± 0.07 Aa
	4.28 ± 0.24 Bc
	67.26 ± 0.77 Aa
	20.45 ± 0.60 Bd
	34.51 ± 0.52 Bc
	10.71 ± 3.32 Be
	10.16 ± 2.31 Be



	
	20–30
	1.71 ± 0.05 BCa
	4.17 ± 0.30 Cb
	64.94 ± 2.37 Aa
	17.63 ± 0.87 Cd
	31.84 ± 0.91 Cd
	4.13 ± 0.91 Cd
	8.74 ± 1.05 Be



	Loe.f
	0–10
	1.32 ± 0.05 b
	9.59 ± 0.25 Aa
	56.50 ± 1.48 b
	38.34 ± 0.62 Ab
	50.31 ± 1.68 a
	74.75 ± 5.06 Ab
	146.54 ± 12.91 Ab



	
	10–20
	1.39 ± 0.04 c
	5.91 ± 0.30 Bb
	58.69 ± 2.69 b
	34.56 ± 2.23 BCb
	47.77 ± 1.59 a
	46.81 ± 5.53 Bb
	86.95 ± 18.31 Bc



	
	20–30
	1.41 ± 0.06 d
	5.86 ± 0.26 Cb
	59.61 ± 2.54 b
	32.20 ± 4.20 Ca
	45.91 ± 3.25 a
	20.13 ± 2.23 Cc
	41.24 ± 11.24 Cc



	Loe.g
	0–10
	1.24 ± 0.04 Cb
	10.06 ± 0.17 Aa
	53.84 ± 1.89 Ac
	43.19 ± 0.93 Aa
	53.28 ± 1.62 Aa
	89.65 ± 13.05 Aa
	202.18 ± 28.32 Aa



	
	10–20
	1.32 ± 0.01 Bc
	7.81 ± 0.36 Ba
	23.16 ± 1.27 Ce
	38.27 ± 0.23 Ba
	50.35 ± 0.15 Ba
	56.14 ± 8.87 Ba
	135.34 ± 22.13 Ba



	
	20–30
	1.51 ± 0.04 Ac
	5.37 ± 0.47 Ca
	28.76 ± 3.18 Bde
	28.20 ± 1.68 Cab
	42.50 ± 1.85 Cb
	27.66 ± 7.98 Cb
	63.29 ± 11.40 Cab
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Table 4. Pearson correlations for between soil texture, root morphological traits, soil properties and soil infiltration rates.
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	BD
	WSA
	SOM
	SMC
	TP
	Clay
	Silt
	Sand
	D
	GMD
	MWD
	PAD
	RLD
	RAI
	SHC
	AIR
	SIR





	BD
	1
	0.283
	−0.558 *
	−0.989 **
	−0.984 **
	−0.214
	−0.205
	0.297
	0.314
	−0.407
	−0.551 *
	−0.065
	−0.621 **
	−0.586 *
	−0.673 **
	−0.362
	−0.539 *



	WSA
	
	1
	0.254
	−0.253
	−0.303
	0.522 *
	0.608 **
	−0.488 *
	−0.449
	0.665 **
	0.519 *
	−0.891 **
	−0.036
	−0.159
	−0.164
	0.140
	0.038



	SOM
	
	
	1
	0.596 **
	0.567 *
	0.118
	0.248
	−0.241
	−0.480 *
	0.602 **
	0.594 **
	−0.157
	0.759 **
	0.694 **
	0.754 **
	0.030
	0.172



	SMC
	
	
	
	1
	0.983 **
	0.176
	0.178
	−0.270
	−0.373
	0.420
	0.560 *
	0.044
	0.648 **
	0.611 **
	0.386
	0.349
	0.504 *



	TP
	
	
	
	
	1
	0.158
	0.149
	−0.245
	−0.300
	0.388
	0.540 *
	0.083
	0.643 **
	0.612 **
	0.707 **
	0.309
	0.484 *



	Clay
	
	
	
	
	
	1
	0.959 **
	−0.975 **
	−0.261
	0.571 *
	0.559 *
	−0.610 **
	−0.026
	−0.199
	−0.042
	0.521 *
	0.484 *



	Slit
	
	
	
	
	
	
	1
	−0.974 **
	−0.355
	0.688 **
	0.648 **
	−0.615 **
	0.078
	−0.123
	0.032
	0.605 **
	0.563 *



	Sand
	
	
	
	
	
	
	
	1
	0.283
	−0.646 **
	−0.644 **
	0.536 *
	−0.100
	0.085
	−0.086
	−0.589 *
	−0.557 *



	D
	
	
	
	
	
	
	
	
	1
	−0.565 *
	−0.526 *
	0.453
	−0.427
	−0.372
	−0.198
	0.267
	0.238



	GMD
	
	
	
	
	
	
	
	
	
	1
	0.975 **
	−0.690 **
	0.541 *
	0.381
	0.466
	0.505 *
	0.569 *



	MWD
	
	
	
	
	
	
	
	
	
	
	1
	−0.603 **
	0.580 *
	0.429
	0.536 *
	0.517 *
	605 **



	PAD
	
	
	
	
	
	
	
	
	
	
	
	1
	0.000
	0.116
	0.096
	−0.230
	−0.188



	RLD
	
	
	
	
	
	
	
	
	
	
	
	
	1
	0.945 **
	0.928 **
	0.208
	0.358



	RAI
	
	
	
	
	
	
	
	
	
	
	
	
	
	1
	0.862 **
	0.093
	0.233



	SHC
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	1
	−0.104
	−0.332



	AIR
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	1
	0.918 **



	SIR
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	1







Note: Spearman correlations for root traits, soil physical properties and infiltration rates.BD: bulk density, WSA: water-stable Aggregates; SOM: organic matter, SMC: saturated soil moisture content, TP: total porosity; Sand: sand; Silt: silt; Clay: clay; D: fractal dimension; GMD: geometric mean diameter; MWD: aggregate mean weight diameter; PAD: Aggregate destruction rate; RLD: root length density, RAI: root surface area density; SHC: saturated hydraulic conductivity; AIR: initial infiltration state (0–10 min); SIR: steady infiltration state (10–30 min). The significance levels: * p < 0.05, ** p < 0.01.
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