[image: image1]Dynamic change of soil aggregate stability and infiltration properties during crop growth under four tillage measures in Mollisols region of northeast China

		ORIGINAL RESEARCH
published: 18 April 2024
doi: 10.3389/feart.2024.1357467


[image: image2]
Dynamic change of soil aggregate stability and infiltration properties during crop growth under four tillage measures in Mollisols region of northeast China
Chong Xu, Wenli Liu*, Jianming Li*, Jinggui Wu, Yinuo Zhou and Rehanguli kader
College of Resources and Environment, Jilin Agricultural University, Changchun, China
Edited by:
Alex Hay-Man Ng, Guangdong University of Technology, China
Reviewed by:
Yuan Li, Lanzhou University, China
Milena Kercheva, Institute of soil science, agrotechnologies and plant protection “Nikola Poushkarov”, Bulgaria
* Correspondence: Wenli Liu, 850970632@qq.com; Jianming Li, ljmluck@126.com
Received: 18 December 2023
Accepted: 29 March 2024
Published: 18 April 2024
Citation: Xu C, Liu W, Li J, Wu J, Zhou Y and kader R (2024) Dynamic change of soil aggregate stability and infiltration properties during crop growth under four tillage measures in Mollisols region of northeast China. Front. Earth Sci. 12:1357467. doi: 10.3389/feart.2024.1357467

Introduction: Previous studies have proven that different tillage measures have significant different effects on soil structure, hydrology properties and soil erosion. However, few studies have clarified the dynamic changes in soil aggregate stability and infiltration properties during crop growth under four tillage measures.
Methods: Four field plots (150 m × 15 m) managed by four tillage methods including wide ridge tillage (DT), no-tillage (NT), contour ridge tillage (CT) and traditional tillage (CK) were built in 2021 to evaluate their effects on dynamic changes of soil structure and water conductivity during crop growth. Soybean was the seasonal crop. Soil bulk density, soil porosity, soil aggregate stability and soil infiltration characteristics were measured to assess dynamic changes in soil aggregate stability and infiltration from June to October 2022.
Results: The results showed that NT significantly increased soil bulk density by up to 21.62% compared with CK, while DT did not show significantly increase in soil bulk density. DT, NT and CT could greatly increase the capillary porosity and proportion of capillary porosity to total porosity. DT and NT also improved the stability of soil water-stable aggregates by 3.37% and 10.6%. In terms of soil infiltration properties, all three tillage methods increased the initial, stable and average infiltration rates by 8.4%–52.94%, of which the DT and NT showed the greatest improvement. The soil infiltration process of four tillage measures could be better fitted by Horton model than Kostiakov and Philip models. Soil saturated hydraulic conductivity (SHC) of CK exhibited a significant negative correlation with soil bulk density and capillary porosity, and showed a positive correlation with total porosity and geometric average diameter of water-stable aggregate (GMD), whereas the other three treatments only displayed a significant correlation with the stability of soil water-stable aggregate.
Conclusion: The results suggest that DT, NT and CT have potential to improve soil structure and infiltration capacity compared with CK, and contribute to preventing and controlling soil erosion in sloping farmland of Northeast China.
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1 INTRODUCTION
Mollisols (called Black soils) which are distributed primarily in the northeast region in China (Xing et al., 2005), renowned worldwide as among the most fertile soil types, are a prominent hallmark of our global agricultural landscape. The northeastern region of China harbors a sprawling expanse of Mollisols, a vital grain production hub responsible for an astonishing one-third of China’s total annual commodity grain output (Sun et al., 2020). Characterized by gently rolling hills with the unique topographic characteristics of gentle slope gradient and long slope length, the surface soil is loose while the subsoil is compact and impermeable, resulting in poor soil erosion resistance. Additionally, the area experiences concentrated summer rainfall, characterized by high precipitation rates (Chen et al., 2014). Unfortunately, due to prolonged unsustainable agricultural practices and suboptimal land management (Li et al., 2020), soil erosion has cast a dark shadow over this region. An alarming 85% of dryland farmland in the Mollisols region comprises sloping terrain with gradients exceeding 0.5°, a challenge exacerbated by sporadic intense summer rainfall and ridge farming practices along the slopes. Consequently, the Mollisols layer has undergone severe degradation, this manifests as a thin Mollisols layer, compact soil, and a decrease in soil organic matter content., leading to the perilous consequences of soil and water loss (SWL) (Wang et al., 2020). This looming threat jeopardizes both food and ecological security in the Mollisols region.
Studies have underscored a disconcerting 60% decline in organic matter content in Mollisols farmland due to prolonged unsustainable agricultural practices, resulting in a 20% decline in natural productivity in the hundred years of large-scale development of Mollisol in northeastern China and the organic matter content in surface soil continues to decline at an average annual rate of 5%. (Duan et al., 2011). Furthermore, the slope farmland within the Mollisols area experiences an annual thinning rate averaging 2–3 mm, culminating in the topsoil having a worryingly thin layer of only about 30 cm. Presently, the degradation of Mollisols can be predominantly attributed to SWL arising from ridge farming along slopes (Li et al., 2019). Implementing effective conservation measures for Mollisols has become an urgent and critical issue, encompassing the arrangement and composition of heterogeneous solid particles, aggregates, and pores, plays a pivotal role in soil erosion resistance (Nunes et al., 2020). Key indicators of soil erosion resistance, such as soil bulk density and soil aggregate stability, hinge on the properties of soil solid, liquid, and gas phases (Ivchenko et al., 2020). Soil pore characteristics mirror how soil structure regulates essential processes like nutrient supply, water retention, infiltration, and gas exchange. An ideal pore structure amplifies soil water infiltration while curtailing surface runoff, thus effectively mitigating soil erosion. Maintaining a rational soil structure is imperative for robust soil erosion prevention and control in Mollisols.
Conservation tillage practices have garnered widespread recognition as potent tools for controlling SWL and elevating soil fertility. These practices wield their impact by reshaping the microtopography of gently sloping farmland, augmenting ground cover, enhancing soil structure, and fortifying soil fertility (Madarász et al., 2021). They exert a conspicuous influence on water storage and soil retention, augmenting infiltration, mitigating drought-related crop setbacks, enhancing soil structure, and stabilizing crop yields (Lampurlanés et al., 2016; Dekemati et al., 2019). Studies have conclusively shown that tillage methods such as wide ridge tillage (Wang et al., 2019), straw mulching with no-tillage (Cunha et al., 1997; Jr and Dick, 2008) and contour ridge tillage (Hung et al., 2023) can effectively curtail surface runoff, enhance soil structure, and heighten water infiltration, thus diminishing soil erosion and safeguarding cultivated land.
Furthermore, antecedent research has ascertained that diverse tillage methods engender distinct effects on soil properties, reshaping the soil environment by altering soil structure, physical and chemical attributes, and hydraulic properties (Liu and Lei, 2019). However, in previous studies, researchers often focused on small-scale changes in tillage practices at the plot level to investigate the impact of tillage methods on soil, with meager comparative investigations into the water storage impacts of disparate tillage measures and the seasonally fluctuating shifts in soil structure stability and infiltration under varying tillage strategies at the field scale. In this experiment, we selected long and gentle sloping farmland and comprehensively evaluated four different tillage methods, namely, wide ridge tillage, no-tillage, contour ridge tillage, and traditional tillage, at the field scale. We studied the dynamic changes in soil aggregate stability and infiltration characteristics during the growing season under the large-scale implementation of these tillage methods. Thereby furnishing a solid theoretical foundation for the effective control of SWL and the preservation of land productivity.
2 MATERIALS AND METHODS
2.1 Study area
The research site is situated at the Hailun Soil and Water Conservation Monitoring and Research Station of the Chinese Academy of Sciences (47°21′N, 126°49′E) in Guangrong Village, Hailun City, Heilongjiang Province. The site lies at an elevation of 226 m and features a typical landform with a slope ranging from 1.5° to 7.0°. The gully density is 2.27 km/km2, and the soil erosion modulus exceeds 1,000 t/(km2·a). The local climate is classified as a temperate continental monsoon climate, with an average annual temperature of 1.5°C. Winters are cold and dry, while summers are hot and rainy with an average annual precipitation of 500 mm, with 70% of rainfall occurring between July and September. The average monthly precipitation in July and August can reach over 125 mm, with an average of around 14 days of rainfall. The site receives an average annual sunshine duration of 2,600–2,800 h and an average annual total radiation of 113 MJ/cm2. The annual effective accumulated temperature (≥10°C) is 2,450°C, and the water table is located at a buried depth of 90 m. The soil type is typical Mollisol (Ren et al., 2024)with discernible layers and an average thickness of the humus horizon is 30 cm. The topsoil organic matter content is 42.1 g/kg.
2.2 Experimental design
The research was conducted on the gently sloping cultivated land in Guangrong Village, Hailun City, where the planting mode is corn and soybean rotation with an annual harvest. The slope of this plots is 3°, 150 m long and 15 m wide. Soybean was the seasonal crop, planted on 10 May 2022. The study included four treatments: No-tillage (NT), Contour ridge tillage (CT), Wide ridge tillage (DT), and Traditional tillage (CK). All treatments were consistent except for tillage practices (Figure 1). No-tillage (NT), Planting along the slope, using a no-till seeder, no tillage was carried out except for sowing. After harvest in autumn, all the straw was directly mulched and returned to the field manually. Contour ridge tillage (CT), after being levelled by a 103-kW large-scale tractor, the ridges should be modified along the contour line. The slope of ridges should be less than 1° and the depth of ploughing layer should be more than 18 cm. Wide ridge tillage (DT), Ridge height is 15 cm, ridge spacing is 130 cm; Plant two rows of crop in each row. Traditional tillage (CK), Making ridges along the slopes, artificial weeding twice without herbicide at seedling stage, medium tillage and ridge setting twice, rotary tillage and ridge setting after autumn harvest, is a common tillage method for local farmers.
[image: Figure 1]FIGURE 1 | Schematic drawing of four farming practices, (A) Schematic drawing of CK, (B) Schematic drawing of CT, (C) Schematic drawing of DT.
The soil samples were collected five times every 30 days from the early June after the crop is planted, with a sampling depth of 0–10 cm. The 150 m slope was divided into three slopes from top to bottom every 50 m, and the sampling points were set at 25, 75 and 125 m in the middle of each slope. The soil samples were collected three times on each slope and appropriately away from the boundaries between processing, namely, there were 9 sites in each treatment. A three-point sampling method was used to take one undisturbed soil sample from each point for soil water stability aggregate test and two topsoil ring tool samples were taken for soil bulk density, porosity and infiltration characteristics test. Figure 2.
[image: Figure 2]FIGURE 2 | Plot diagram.
2.3 Parameter calculation
Soil bulk density, using ring knife method, one sample is taken every 30 days at each site for testing.
Water-stable aggregates, using wet sieve method, a 50-gram air-dried soil sample was distributed evenly onto the nested sieves to determine >5 mm, 2–5 mm, 1–2 mm, 0.5–1 mm, 0.25–0.5 mm, <0.25 mm water stability aggregate mass fraction. The nest was held at the highest point of the oscillating cylinder, and distilled water was added into each cylinder until the water was above the topmost sieve. Before wet-sieving, the soils were submerged into distilled water for 10 min. During the whole fractionating process, the stroke length in the vertical direction of 4 cm, the oscillation time of 10 min, and the frequency of 900 cycle/h always remained constant (Zhou et al., 2023). Calculate water stability mass fraction (WR0.25), average mass diameter of water-stable aggregate (MWD), geometric average diameter of water-stable aggregate (GMD), fractal dimension of water-stable aggregate (D), using the following Eqs (1)–(4).
[image: image]
[image: image]
[image: image]
Fractal dimension is calculated using the fractal dimension formula derived by Yang Peiling (Yang et al., 1993).
[image: image]
Where Mr>0.25 is the aggregate mass of size >0.25 mm; M is the sum of mass of soil aggregates of different sizes; Xi is the average diameter of a certain grade of aggregate (mm); Wi represents the percentage of aggregate mass of aggregate size in each layer; Mr<Xi is the mass of aggregates with diameter less than Xi; Xmax is the maximum diameter of the aggregate (mm).
Porosity, the soil porosity, soil capillary porosity and soil non-capillary porosity use the following Eqs (5, 6).
[image: image]
[image: image]
Where ρb is soil bulk density (g/cm3); ρa is soil particle density; Φ is the fieldcapacity (%) (measured by ring knife immersion method) (Nemes et al., 2011), f and f1 are the soil porosity (%) and soil capillary porosity (%), respectively.
Soil infiltration rate, the soil sample is immersed in the tank for a duration of 6 h. During immersion, it is important to ensure that the top edge of the ring knife aligns with the water surface. At the designated time, the ring knife was carefully removed, and its cover was lifted. An empty ring knife was then placed atop the soil-filled ring knife to hold water, with the water level maintained approximately 1 mm below the rim of the ring knife, resulting in a water layer of 5 cm in thickness. To prevent any leakage at the junction, it was sealed securely with adhesive tape. These two coupled ring knives were positioned on top of the funnel, while a beaker was positioned beneath the funnel to collect the percolated water. Following the completion of water addition, starting from the moment when the first drop of water was collected in the beaker beneath the funnel, at intervals of 1, 2, 3, 5, 10. Tn minutes (the specific interval depended on the infiltration rate), the beaker beneath the funnel was replaced, and the amount of percolated water, Q1, Q2, Q3. Qn, was measured using a graduated cylinder, ranging from 10 to 100 mL. The height of the water surface inside the hollow ring cutter must remain basically unchanged and the test time should be 90 min. Soil infiltration rate use the following Eqs (7), (8).
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Where υ represents the soil infiltration rate of soil samples at a certain moment (mm/min). Qn is the water yield at the n-th determination time (ml); c is the cross-sectional area (cm2); tn is the time interval of the n-th measurement (min).
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Where K is saturated water conductivity (permeability coefficient) (mm/min); Qn is the amount of seepage for n-th times (ml); c is the cross-sectional area of the ring cutter (cm2); h is the thickness of water layer (cm); L is the soil layer thickness (cm).
2.4 Infiltration model fitting
In order to assess the practicality of various infiltration models under different cultivation practices on Mollisol slopes, we selected three commonly used infiltration models: the Kostiakov infiltration model, the Philip infiltration model, and the Horton infiltration model, to simulate the soil water infiltration effects.
(1) Kostiakov Infiltration Model (Kostiakov, 1932; Dai et al., 2022), Kostiakov introduced one of the earliest empirical infiltration models. The Kostiakov formula is widely used due to its advantages of having few parameters and a simple structure. The infiltration model is expressed as Eq. (9).
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Where t represents the infiltration time (min); y is the infiltration rate (mm/min); a is the empirical infiltration coefficient, representing the infiltration rate when non-saturated soil reaches a relatively stable infiltration rate; b is the empirical infiltration exponent, reflecting the rate of decay of soil water infiltration capacity.
(2) Philip Infiltration Model (Philip, 1957; Jha et al., 2019), The infiltration model proposed by Philip suggests a power-law relationship between infiltration rate and infiltration time during the infiltration process. The infiltration model is expressed as Eq. (10).
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Where t represents the infiltration time (min); y is the infiltration rate (mm/min); s is the sorptivity (mm/min); A is the steady-state infiltration rate (mm/min).
(3) Horton Infiltration Model (Horton, 1940; Beven, 2021), Horton’s approach is widely used for simulating the infiltration process. This model not only includes the infiltration process but also incorporates infiltration characteristics. The infiltration model is expressed as Eq. (11).
[image: image]
Where t represents the infiltration time (min); y is the infiltration rate (mm/min); fc is the steady-state infiltration rate (mm/min); f1 is the initial infiltration rate (mm/min); k is the decay parameter, characterizing the degree of decrease in infiltration rate over time.
2.5 Data analysis
Excel 2016 was used for data collation and preliminary analysis. SPSS26.0 was used to analyze the significance of differences among the treatments and the correlation among the indicators, one-way ANOVA analysis was used to test the differences between groups at p < 0.05 significance levels, and LSD method was used to compare the differences at p < 0.05 significance levels. Origin 2022 was used for image drawing.
3 RESULTS
3.1 Influence of tillage measures on soil bulk density and soil porosity
Soil bulk density stands as a pivotal indicator of soil structure. Within this research, we conducted an examination of temporal change in soil bulk density (refer to Figure 3). The DT and CT exhibited a pattern of initial increase, subsequent decrease, followed by a subsequent increase. NT and CK, displayed a progressive upward trend over a period of the 150th day. Throughout the entire growth period, the bulk density of the NT consistently exceeded that of the other three treatments. Meanwhile, the DT showed higher bulk density than the CT and CK at 30th and 60th days, but it reached the minimum at 90th day. Subsequently, the soil bulk density started to increase, eventually surpassed that of the CT and CK at 150th day. Soil porosity emerges as a pivotal indicator of soil structure and function, with notable implications for soil aeration, water transport, and conservation. Figure 4 illustrates the impact of different tillage methods on soil porosity. Soil capillary porosity for each treatment initially increased and subsequently decreased, reaching its peak around 90th day, while total porosity exhibited a tendency to fluctuate and decrease. DT and NT led to an increase in soil bulk density compared to CK, with NT showing a significant increase of up to 21.62%, whereas DT displayed a statistically insignificant increase of up to 6.14%. Furthermore, DT, NT, and CT demonstrated extremely significant improvements in capillary porosity compared to CK, with the highest increases recorded as 37.35%, 60.36%, and 42.66%, respectively. The ratio of capillary porosity to total porosity increased from 50.42% in CK to 58.82% in DT, 58.42% in CT, and 75.85% in NT. Additionally, the ratio between capillary porosity and non-capillary porosity for each treatment also exhibited improvements. The average capillary porosity ratio of CK to NT was 1.07:1, while the ratios of DT, NT, and CT increased to 1.47:1, 3.58:1, and 1.50:1, respectively.
[image: Figure 3]FIGURE 3 | Influence of tillage measures on soil bulk density, different small letters indicate significant difference between different processes at the same time (p < 0.05).
[image: Figure 4]FIGURE 4 | Influence of tillage measures on soil porosity, different small letters indicate significant difference between different processes at the same time (p < 0.05).
3.2 Influences of tillage measures on water-stable soil aggregates
3.2.1 Size distribution of water-stable aggregates
Water-stable soil aggregates represent a vital, comprehensive metric for assessing soil quality, exerting a profound influence on soil structure and functionality (Gao et al., 2019). Figure 5 illustrates the variations in water-stable aggregate content. In this experiment, the water-stable aggregate content for all treatments was highest among aggregates with the sizes less than 0.25 mm. At 30th day mark, both DT and NT exhibited higher water-stable aggregate contents for aggregates >1 mm compared to the CK, with increases of 18.02% and 5.79%, respectively. Additionally, the CT showed a 15.09% increase in water-stable aggregates with the sizes ranging from 0.5 to 5 mm compared to CK. The CK had a higher content of water-stable aggregates with the aggregates sizes <0.5 mm compared to the DT, NT, and CT. At 60th day, the DT exhibited lower water-stable aggregate content for aggregates >0.25 mm compared to the CK. In contrast, the CT showed the opposite trend, with a higher content of water-stable aggregates >0.25 mm than the CK. At 60th day, the NT exhibited higher water-stable aggregates contents for aggregates in the size range of 1–2 mm and 0.25–0.5 mm compared to the CK. However, for other aggregates sizes, the water-stable aggregate content of the NT was lower than that of the CK. At 90th day, the DT showed a lower content of water-stable aggregates in the size range of >0.5 mm compared to the CK. Similarly, the CT exhibited a lower content of water-stable aggregates in the size range of >0.25 mm than the CK. Additionally, the NT had a reduced content of water-stable aggregates in the size range of 0.25–5 mm compared to the CK. At 120th day, the content of water-stable aggregates in the size range of >0.5 mm of DT and CT was higher than that of the CK. These two treatments showed increases of 18.11% and 26.36%, respectively, compared to CK. Additionally, the content of water-stable aggregates in the size range of >0.25 mm of the NT was higher than of the CK, representing a 12.43% increase of NT compared to CK. At 150th day, the content of water-stable aggregates in the size range of >0.5 mm of DT was higher than CK, accompanied by an increase of 5.32%. The content of water-stable aggregates in the size range of >0.25 mm of NT was higher than CK, accompanied by an increase of 6.86%. However, the CT at 150th day, only the content of water-stable aggregates in the size range of >5 mm was higher than the CK.
[image: Figure 5]FIGURE 5 | Effect of tillage measures on aggregate size distribution of water-stable aggregates. 30dDT refers to the water-stable aggregate distribution after 30 days under DT measure condition.
3.2.2 The water stability of soil aggregates
The content of water-stable aggregates exceeding 0.25 mm (WR0.25) exhibits a robust correlation with the erosive potential of unit rainfall and plays a pivotal role in influencing soil erosion dynamics (Liu et al., 2020). The trajectory of WR0.25 for each treatment over the 150-day observation period is presented in Table 1. DT initially demonstrated a declining trend, followed by a subsequent upturn, with the nadir occurring around the 60th day. In contrast, NT exhibited an upward trajectory from 30 to 60 days, followed by a decrease from 60 to 90 days. Similarly, CT also displayed an upward pattern from 30 to 60 days, followed by a decline from 60 to 90 days. However, CT registered an increase from 90 to 120 days, followed by a decrease at 120th day, while NT exhibited an upward trend after 90th day. CK, on the other hand, exhibited an initial ascent followed by a subsequent descent. Notably, WR0.25 values for DT, NT, and CT exceeded those of the CK at 30th day, 120th day, and 150th day, but were lower than the CK at 90th day. Furthermore, significant disparities were observed between NT and CT when compared to the CK at 120th day, as well as between DT and NT and the CK at 150th day. Specifically, DT, NT, and CT contributed to WR0.25 increases of 3.4%, 8.18%, and 7.29%, respectively, at 120th day, and 6.38%, 10.97%, and 3.03%, respectively, at 150th day. At 60th day, WR0.25 for DT was less than that of the CK, while NT and CT surpassed the CK in this regard.
TABLE 1 | Effects of tillage methods on the stability of soil aggregates. Some indicators are abbreviated as follows: Water stable aggregate content with diameter greater than 0.25 mm (WR0.25); Mean mass diameter (MWD); geometric mean diameter (GMD); fractal dimension (D), different small letters indicate significant difference between different processes at the same time (p < 0.05).
[image: Table 1]Average mass diameter of water-stable aggregate (MWD), geometric average diameter of water-stable aggregate (GMD) and fractal dimension of water-stable aggregate (D) are pivotal metrics for gauging the stability of soil aggregates (Dou et al., 2020; Xia et al., 2022). It is widely accepted that an increase in mean mass diameter and geometric mean diameter indices is associated with a decrease in the distribution and an improvement in the stability of soil aggregates, respectively (Mozaffari et al., 2021). Additionally, a lower fractal dimension signifies enhanced soil structure stability and resistance to erosion. The alterations in MWD, GMD, and D are presented in Table 1. MWD and GMD for DT, NT, and CK exhibited a dynamic pattern during the growth period, characterized by an initial decline, followed by an increase, subsequent decline, and ultimately, an increase. In contrast, CT exhibited an initial decrease, followed by an increase, reaching its lowest point at 90th day. The fractal dimension D of NT and CT exhibited a fluctuating pattern of initial decrease, subsequent increase, further decrease, and final increase. DT displayed a pattern of initial increase, followed by a decrease, and then another increase. CK, on the other hand, demonstrated a pattern of initial decrease followed by an increase, reaching its minimum value at 120th day. Beyond 120 days of cultivation, MWD and GMD for soil aggregates of the DT, NT, and CT all exceeded those of the CK. At 150th day, the MWD of DT, NT, and CT increased by 2.26%, 8.63%, and 6.87%, respectively, compared to the CK, and the GMD of these three treatments increased by 3.37%, 10.6%, and 0.48%, respectively, but these differences were not statistically significant. At 120th day, there is a significant increase in the MWD and GMD of soil aggregates in NT and CT compared to CK. At 30th day, both MWD and GMD of DT and NT surpassed those of the CK, while at 60th day, MWD and GMD of CT exceeded those of the CK. At 90th day, the MWD and GMD of the NT had also surpassed those of the CK. At 30th day, the fractal dimension of the DT, NT, and CT were all slightly lower than that of the CK, although these differences were not statistically significant. At 60th day, 120th day, and 150th day, D values of the NT and CT remained lower than those of the CK, with no statistically significant differences, while the DT exhibited higher D values compared to the CK. At 90th day, D values of all three treatments (DT, NT, and CT) were greater than those of the CK.
3.3 Effects of tillage measures on soil infiltration
3.3.1 Soil infiltration process
In this investigation, we investigated the fluctuations of soil infiltration rate across four treatments, as visually depicted in Figure 6. The findings reveal that all treatments initially experienced a rapid decline in infiltration rate during the early stages of infiltration. Subsequently, this rate of decline gradually tapered, ultimately reaching a plateau. At 30th day, the CK and CT displayed faster initial infiltration rates, whereas the infiltration rate of NT shows an upward trend, ultimately emerging as the treatment with the highest infiltration rate during the later phases of infiltration. At 60th day, 90th day, 120th day and 150th day, the DT and CT exhibited expedited infiltration rates at the initial stage, while the NT consistently maintained a superior infiltration rate during the later stages. At 60th day, 90th day, 120th day, and 150th day, NT exhibited the fastest infiltration rate among four treatments after 45 min of infiltration. At 30th day, NT exhibited the fastest infiltration rate among four treatments after 75 min of infiltration. It is noteworthy that the NT demonstrated the most gradual reduction of soil infiltration rate over the course of the study, while the DT showcased a steeper decline during the initial phase of infiltration.
[image: Figure 6]FIGURE 6 | Soil infiltration process under different tillage measures.
The fitting outcomes of three infiltration models for soil infiltration processes under four tillage measures are systematically presented in Table 2. Notably, the parameters ‘b' within the Kostiakov model and ‘k’ within the Horton model both serve as indicators of the rate at which soil water infiltration capacity diminishes. A higher ‘b’ value signifies a swifter decline of infiltration rate, whereas a lower ‘k’ value signifies a more precipitous descent of infiltration (Saito et al., 2016; Amami et al., 2021). It is noteworthy that the ‘b’ values associated with the CT consistently register lower values compared to the CK across the entire growth period. With the exception of the 30-day interval, the ‘b’ values pertaining to the DT are inferior to those of the CK during the remaining time periods. Furthermore, the ‘k’ values affiliated with the DT, CT, and NT all surpass those of the CK. Collectively, these findings point to the capacity of the DT, CT, and NT to, to some extent, amplify soil infiltration rates. Within the Philip model, the variable‘s' stands representative of sorptivity (Santra et al., 2021), with its numeric magnitude contingent on the initial infiltration rate, inextricably tied to soil permeability and infiltration capacity (Amami et al., 2021). Notably, for both the CT and DT, sorptivity exceeds that of the CK after 60 days, signifying an enhancement in soil permeability attributable to these two treatments. The coefficient of determination (R2) emerges as a valuable metric for assessing the goodness-of-fit between each infiltration model and the observed soil infiltration process curve. Elevated R2 values signal superior model performance, with the highest R2 values found in the Horton model, spanning a range from 0.785 to 0.963, averaging 0.896, and thus outstripping the other two models. In second place, the Kostiakov model boasts R2 values ranging from 0.679 to 0.891, with an average of 0.771. Conversely, the Philip model exhibits the lowest R2 values within the trio of models, oscillating between 0.179 and 0.825, with an average of 0.470. These results distinctly underscore the superiority of the Horton model in terms of simulation performance, rendering it the most fitting choice for modeling the observed infiltration process curve under this experimental context.
TABLE 2 | Soil infiltration process curve model fitting.
[image: Table 2]3.3.2 Soil infiltration rate and saturated water conductivity
Table 3 provides a comprehensive overview of the influence of various tillage methods on soil infiltration rates. Over the span of 150th day, the initial infiltration rates for DT, NT, and CT underwent an initial increase followed by a subsequent decline. Notably, DT achieved its zenith at approximately 90th day, NT at around 120th day, and CT at around 60th day, while CK experienced a consistent reduction throughout the testing period. Except for the 30-day time point, the initial infiltration rates observed of the DT, NT, and CT displayed marked increases of contrast to the CK. The improvements of the initial infiltration rates for DT, NT, and CT of comparison to CK were evident. At the 150th day, DT, NT and CT showcased substantial enhancements of approximately 32.43%, 37.03% and 29.46%. The average infiltration rate across the entire growth period was consistently superior for DT, NT, and CT compared to CK. In particular, the stable infiltration rate within the NT consistently outpaced that of the CK over the 150-day duration. Of the DT, the stable infiltration rate exceeded that of the CK after 90th day, mirroring a similar trend of the CT, where the stable infiltration rate surpassed that of the CK after the 60th day. The stable infiltration rate and average infiltration rate for DT and CT exhibited an initial increase followed by a subsequent decrease, with DT reaching its zenith at approximately 90th day and CT at around 60th day. Meanwhile, NT displayed a sustained upward trajectory within the 150-day period, while CK’s trend was characterized by a gradual decline. In contrast to CK, the stable infiltration rate for DT, NT, and CT exhibited remarkable improvements of 28.57%, 52.94%, and 27.73%, respectively, at the 150th day. Furthermore, the average infiltration rate showed noticeable enhancements of 21.37%, 37.58%, and 18.28%, respectively, at the same juncture. The saturated hydraulic conductivity for DT and CT displayed a diminishing pattern within the 150-day timeframe, while NT and CK exhibited an initial decline followed by an upswing. It is noteworthy that DT, NT, and CT exhibited slight but statistically insignificant improvements of comparison to CK, with increases of approximately 33.44%, 33.77%, and 64.36%, respectively, at the 150th day.
TABLE 3 | Effects of tillage measures on soil infiltration rate and saturated water conductivity, different small letters indicate significant difference between different processes at the same time (p < 0.05).
[image: Table 3]3.4 Correlation between soil structure and infiltration indices
The outcomes illustrated in Figure 7 unveil the interplay between various soil indices. Although the NT displayed a similar trend, the correlation in this case did not attain statistical significance, of the DT, a noteworthy negative correlation was observed between WR0.25 and capillary porosity, as well as fractal dimension D, while it exhibited a positive correlation with MWD, GMD, and saturated hydraulic conductivity. A significant negative correlation materialized between WR0.25 and stable infiltration rate and mean infiltration rate of NT. Both MWD and GMD of CT exhibited a substantial negative correlation with soil bulk density and capillary porosity, but exhibited positive correlations with total porosity. Furthermore, MWD demonstrated a positive association with WR0.25, while GMD displayed a positive correlation with saturated hydraulic conductivity. Fractal dimension exhibited a positive correlation with bulk density but a negative correlation with total porosity and WR0.25 of the CT. Both MWD and GMD of CK displayed significant negative correlations with soil bulk density and capillary porosity, but exhibited positive correlations with total porosity. Additionally, MWD demonstrated a negative correlation with initial infiltration rate, while GMD displayed a positive correlation with saturated hydraulic conductivity. The associations among soil infiltration indices exhibited variations across treatments. Of the DT, a substantial positive correlation surfaced between initial infiltration rate and capillary porosity, alongside a significant positive correlation between mean infiltration rate and stable infiltration rate. Within the NT, significant positive correlations were observed between initial infiltration rate and stable infiltration rate, as well as between mean infiltration rate and saturated hydraulic conductivity. Robust positive correlations emerged among initial infiltration rate, stable infiltration rate, and mean infiltration rate of CT and CK. Furthermore, initial infiltration rate of CT was positively correlated with soil bulk density and capillary porosity but negatively correlated with total porosity. Stable infiltration rate and saturated hydraulic conductivity of the CK exhibited significant negative correlations with soil bulk density and capillary porosity, while positively correlating with total porosity and initial infiltration rate.
[image: Figure 7]FIGURE 7 | Correlations between soil structure and infiltration indices. In this figure, some indicators are abbreviated as follows: Water stable aggregate content with diameter greater than 0.25 mm (WR0.25); Mean mass diameter (MWD); geometric mean diameter (GMD); fractal dimension (D); * indicates that there is a significant correlation between indicators. Subfigure (A–D) refer to DT, NT, CT and CK.
4 DISCUSSIONS
4.1 Effects of tillage methods on soil structure
Various tillage practices exert a significant influence on soil bulk density (Romaneckas et al., 2015). Soil bulk density exhibits continuous fluctuations throughout the entire growth period under the influence of different tillage measures. These fluctuations can be attributed to man-made disturbances such as mechanical tillage and compaction or the subsequent increase in soil bulk density following rainfall leaching (Moreira et al., 2020). It is worth noting that both DT and NT were observed to elevate soil bulk density, consequently enhancing soil erosion resistance. However, the resulting surge in soil bulk density and compaction may impede crop root development and impact various physiological activities within crops, ultimately leading to diminished crop yields. Interestingly, a study by (Ur et al., 2020). Reported that long-term reduced and no-tillage practices could potentially enhance crop yields to some extent, suggesting that the effects of tillage on soil structure may vary depending on the duration of the tillage practice, long-term no-tillage may reduce soil bulk density, but it is also possible that the impact of no-tillage on soil bulk density does not reach the threshold for affecting crop growth (Blanco-Canqui and Ruis, 2018). Consequently, further research is warranted to delve into the ramifications of tillage practices on soil bulk density and the corresponding crop yield responses to these alterations. While some studies have underscored the positive impacts of DT and NT on soil structure and erosion resistance, others, such as the study by (Zhang et al., 2021), have indicated that the alternating use of no-tillage and subsoiling can yield favorable outcomes for both soil structure and crop yields. Hence, adopting a rotational approach among various tillage measures may present a promising strategy for enhancing farmland soil quality. Soil pore structure stands as a pivotal factor reflective of soil structure, with soil pore distribution intricately affecting the migration and retention of soil water. This, in turn, exerts a substantial influence on the infiltration of rain or irrigation water (Kreiselmeier et al., 2019). The humaninduced impact on soil porosity is considerable, as mechanical tillage tends to increase total soil porosity while concurrently inflicting some damage upon capillary pores (Bonini et al., 2022). This damage results in a diminished proportion of capillary pores within the overall pore structure, potentially adverse to crop growth. Conversely, the implementation of DT, NT, and CT practices serves to reduce the overall soil porosity while simultaneously augmenting the fraction of soil capillary porosity. This nuanced shift of pore structure composition holds the potential to confer certain advantages for crop growth.
Soil aggregates are intricately linked to soil quality, with optimal soil quality necessitating both an appropriate size of soil aggregates and a requisite quantity of large-aggregates size soil aggregates. This combination ensures that the soil possesses a favorable pore structure, conducive to the growth and development of crops (Zhao and Hu, 2022). Regarding soil aggregate stability and the macroaggregate content, a general decreasing trend was observed at the 60 and 90th day marks. This decline can be attributed to the rainfall in July and August, which led to the fragmentation of soil macroaggregates, thereby diminishing soil aggregate stability. It is worth noting that the rainfall intensity in July was marginally lower than that in August. Consequently, at the 60th day point, the NT exhibited enhanced erosion resistance, with the decomposition of straw facilitating the transformation of microaggregates into macroaggregates. This transformation resulted in a slight upturn in aggregate stability and macroaggregate content within the NT. DT and NT also contributed to an incremental improvement in aggregate stability, aligning with the findings of (Lei et al., 2020). Li et al. also found that no-tillage primarily enhances soil aggregate stability by reducing disturbance, increasing the accumulation of surface organic matter, and mitigating fluctuations in soil moisture and temperature near the surface (Li et al., 2019). However, it is important to highlight that the current treatments employed in this experiment did not yield a statistically significant enhancement in soil aggregate stability. Several factors may have contributed to this outcome, including slope gradient, crop types, the duration of the experiment, and the rainfall patterns during the specific year. Both no-tillage and wide ridge tillage exhibit the potential to shield soil structure from damage, thereby sustaining soil aggregate stability. Prolonged tillage practices can maintain soil aggregate stability over more extended periods, magnifying the differences in soil aggregate stability observed in multiyear experiments. In this study, no-tillage emerged as the most favorable method for enhancing soil pore structure and soil aggregate stability, despite its associated drawback of soil compaction, which, in turn, had a negative impact on crop growth. Therefore, it is recommended to undertake long-term, location-specific research to comprehensively investigate the influence of tillage methods on crop yields.
4.2 Effects of tillage methods on soil infiltration characteristics
The soil infiltration rate plays a pivotal role in surface runoff and exerts a substantial influence on SWL in sloping farmland. Typically, the soil water infiltration process follows a pattern characterized by an initial rapid infiltration rate that subsequently diminishes, eventually stabilizing (Xin et al., 2019). The results from our experiment revealed that the NT, in comparison to CK, demonstrated an enhanced soil infiltration capacity, corroborating the findings of (Ranaivoson et al., 2017), who attributed this enhancement to straw mulching and no-tillage practices, which effectively mitigated surface runoff while bolstering soil structure. As observed in Chen et al.'s study (Chen et al., 2014), loose soil on ridge platforms exhibited a high infiltration rate, and consequently, expanding the ridge platform area, as achieved of DT, positively impacted soil infiltration, augmenting the infiltration rate. CT, by altering the ridge orientation of sloping farmland, curtailed surface runoff to some extent, consequently enhancing the soil infiltration rate. Moreover, both DT and CT moderately improved soil structure, further fortifying soil infiltration rates. Notably, the infiltration rates of the DT, NT, and CT all exhibited increases during the rainy season. This phenomenon can be attributed to crop roots penetrating the soil, creating pores that enhance water infiltration pathways and thus improving the soil infiltration capacity of sloping farmland (Carvalho et al., 2015). Additionally, the NT involved straw mulching, and the continuous decomposition of straw gradually improved soil structure, optimizing soil infiltration performance (Wilk et al., 2018). In contrast, the infiltration rate of the CK consistently decreased throughout the entire growth period. This decline could be attributed to the weaker erosion resistance of the CK, leading to rainfall-induced microaggregates blocking soil pores. Furthermore, high-intensity erosion disrupted soil structure, resulting in reduced soil porosity and, consequently, decreased soil infiltration rates. In contrast, the DT, NT, and CT exhibited stronger erosion resistance, thereby preventing soil structure degradation caused by erosion. Among the three infiltration models (Kostiakov, Philip, Horton), the Horton model exhibited reasonable fitting performance in this experiment, which diverged from the findings of Albalasmeh and Thomas (Thomas et al., 2020; Albalasmeh et al., 2022). The Kostiakov model proved to be the most suitable for fitting the infiltration process curve in this experiment, aligning with similarities observed in Thomas’s study (Thomas et al., 2020). Additionally, certain studies suggest that in healthy grasscovered lawn soils, the Horton model boasts the best predictive capability for measured and cumulative infiltration (Shukla et al., 2003). Discrepancies in model performance can be attributed to varying experimental conditions, such as soil texture, rainfall intensity, crop type, and tillage practices. Soil texture and rainfall intensity directly influence soil infiltration properties, while tillage practices significantly modify soil properties and infiltration characteristics. Consequently, the superiority of different infiltration models varies across different experiments. Research underscores that the performance of Kostiakov, Horton, and Philip models is highly contingent on the data collection location (Dashtaki et al., 2009), which is the primary factor contributing to these results in our experiment. Notably, the Philip model exhibited the poorest fit, suggesting that some of its underlying theoretical assumptions may not hold under these field conditions, rendering it unsuitable for this specific context.
4.3 Correlation between soil structure and infiltration characteristics
Schlüter’s research on the impact of soil compaction on porosity has demonstrated that higher soil compaction is associated with increased bulk density and reduced porosity (Schlüter and Vogel, 2017). However, it is noteworthy that capillary porosity increased with the rise in bulk density in our study. This phenomenon can be attributed to the shift in pore size from large to small as soil bulk density increased, as a result, the non-capillary porosity decreases, and a part of the non-capillary porosity is transformed into capillary porosity, which increases the capillary porosity. In this paper, with the increase of soil bulk density, total porosity decreases while capillary porosity increases, indicating that non-capillary porosity decreases with the increase of soil bulk density, thus supporting the above view. Nevertheless, it is plausible that there exists a threshold for this relationship, beyond which further increases in soil bulk density may lead to a negative correlation with capillary pores. The correlation between soil bulk density and aggregate stability displayed a negative trend, consistent with the findings of (Liu et al., 2022), However, in this study, the correlation between bulk density and aggregate stability of the DT and NT was not statistically significant, possibly due to the relatively short duration of the experiment. Under the 1-year treatment of altering tillage practices, certain physical properties of the soil did not undergo significant changes, such as soil aggregate stability, resulting in insignificant differences among treatments. This necessitates further research through long-term field experiments to make accurate assessments. Of the CK, a negative correlation was observed between soil infiltration rate and capillary porosity, while a positive correlation was observed with total porosity. While an increase in porosity can enhance infiltration, it is crucial to recognize that crop growth is highly dependent on capillary porosity (Chhina et al., 2019). Therefore, increasing the proportion of capillary porosity while simultaneously increasing total porosity is of paramount importance. Notably, the DT, NT, and CT all exhibited improvements in this regard, demonstrating a positive correlation between infiltration rate and capillary porosity. This suggests that while enhancing soil infiltration capacity, these treatments also improved soil capillary porosity. (Menon et al., 2020). Found that soil aggregate stability was positively correlated with all types of pores. However, in our study, capillary porosity exhibited a negative correlation with soil aggregate stability. This discrepancy may be attributed to differences in soil quality. Additionally, the experimental area in our study experienced severe SWL, leading to the loss of smaller aggregates of the soil. Consequently, soil water-stable aggregates exhibited a more stable trend due to the reduction in small aggregate content. Moreover, the decrease in small aggregate content resulted in an increase in total porosity but a decrease in capillary porosity.
5 CONCLUSION
Tillage practices, including no-tillage and wide ridge tillage, have been demonstrated to enhance soil porosity and improve soil bulk density compared to traditional tillage methods. Additionally, they can partially increase soil aggregate stability, thereby alleviating the detrimental impacts of slope erosion on soil structure. Among these practices, straw mulching and no-tillage exerted the most substantial influence on enhancing soil porosity and aggregate stability. It is possible to alleviate the damage to soil structure caused by precipitation during heavy erosion seasons at the field scale. However, it is important to note that in this experiment, soil bulk density exhibited a significant increase, which had certain adverse effects on crop growth. All three tillage practices had positive effects on soil infiltration, namely, no-tillage, contour ridge tillage, and wide ridge tillage, when compared to local traditional farming methods. These practices resulted in enhanced soil infiltration, so that fields can increase water infiltration and reduce surface runoff during the rainy season, and mitigated SWL at the field scale. Contour ridge tillage showed the potential to improve the initial infiltration rate, although its effect became less significant in the later stages of infiltration. On the other hand, straw mulching and no-tillage had the most pronounced impact on stable infiltration rates.
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