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The influences and quantifications of soil crust traits on the infiltration, hydrodynamic of runoff, and erosion rate of sheet erosion under the combined effects of raindrop impact and sheet flow scouring need further study. Loessial soil from the Loess Plateau was tested to produce different antecedent crusts under simulated rainfall intensities (0.5, 1.0, 1.5, 2.0, and 2.5 mm/min, typical storm intensity in the area), and then the effects of antecedent crusts on sheet erosion processes were quantified at a rainfall intensity of 1.5 mm/min. The results showed that the bulk density and hardness of antecedent crusts were higher than those of soil. Particle sizes of crusts were smaller than those of soil at light rain intensity but larger under heavy rain intensity. The bulk density, hardness, and particle size D50 of the antecedent crust were all positively correlated with rainfall intensity, being well described by linear equations (R2 > 0.87), while the thickness was negatively linearly correlated with rainfall intensity (R2 = 0.88). Although the existence of antecedent crusts could decrease the infiltration and increase the runoff, resulting in the high flow velocity and stream power, antecedent crusts could still effectively reduce sheet erosion. The reductions in the average infiltration rate and average erosion rate and the increases of average flow velocity and stream power all increased with the increment of bulk density of antecedent crust. Relationships could be all well described by linear positive correlations (R2 > 0.79). When the bulk density of crust was enhanced by 27∼29%, the flow velocity and stream power could be increased by 8∼29% and 15∼70%, and the sheet erosion could be reduced by 61∼73%. The existence of crust could effectively reduce sheet erosion. These results could help understand the mechanism of the erosion process in the presence of physical crusts.
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INTRODUCTION
Soil physical crusts are a thin dense layer, with high strength, low porosity, and poor water conductivity, formed on the soil surface under the actions of rainfall and runoff (Miralles-Mellado et al., 2011; Hu et al., 2012; Barreto et al., 2019; Hardie and Almajmaie, 2019). The formation of soil crust can not only reduce soil infiltration rate but also has an important influence on the soil erosion process (Assouline, 2004; Pi et al., 2020). Soil crust is a common phenomenon in arid and semi-arid regions (Chen et al., 2013; Assouline et al., 2015; Chamizo et al., 2017). Approximately 35% of the lands in semi-arid areas are agricultural lands, the soils of which often have low contents of organic matter and aggregates (Chen and Cai, 2013), easily resulting in the formation of crust at the soil surface under intensive agriculture practices and the impact of raindrops (Cerdà, 2000; Cantón et al., 2009; Vaezi and Bahrami, 2014; Carr et al., 2015; Vaezi et al., 2017). The semi-arid climatic conditions and widely distributed loess materials in the Loess Plateau provide extremely favorable conditions for the generation of soil crusts. Meanwhile, sheet erosion is the initial and most important stage of slope erosion processes in the loess region. Research studies on the coupling relationship between soil crust characteristics and erosion on loess slopes can deeply reveal the mechanism of the slope erosion process, promote further development of the slope erosion theory, and provide an important scientific basis for soil and water loss control.
There are many factors affecting soil crust development, among which the characteristics of soil and rains play leading roles. Under the influence of rainfall splashing, physical crusts form in two ways: reorganization of soil particles induced by the continuous impact of raindrops (Bullard et al., 2018) and translocation and deposition of soil particles induced by raindrop impact and runoff (Avecilla et al., 2015). The prerequisite for crust formation is rainfall, especially the intensity. Bu et al. (2009) indicated that the main driving force of crust development for loessial soil was raindrop hitting and wetting dispersion. The greater the rainfall intensity, the stronger the impact and compaction of raindrops, and the greater the hardness and the thickness of the crusts (Liu and Jiang, 1988). Vaezi et al. (2017) concluded linear response relationships of both thickness and bulk density of crust to rainfall intensity. Wu and Fan, (2002) concluded that there was an exponential relationship between rainfall intensity and crust hardness. Liu and Jiang, (1988) figured out that crust hardness increased with rainfall kinetic energy. During the reorganization, translocation, and deposition of soil particles in the rainfall process, the particles on the soil surface are selected (Sadeghi et al., 2017, 2018; Kiani-Harchegani et al., 2019), which leads to different particle sizes of crust. The effects of rainfall intensity on the particle sizes of crust are the complex results of rain splash and runoff induced by rainfall. Chen et al. (2022a) indicated that the percentage of sand in crust decreased by 27% and those of silt and clay increased by 7 and 7%, respectively, compared with soil. Numerous research studies on the bulk density and hardness of crust are conducted, but studies about crust particle size related to rainfall intensity are rare. Moreover, quantified equations describing the crust traits and rainfall intensity need further study.
The crust is recognized by lower porosity, greater bulk density, and stronger soil strength (Lu et al., 2017). These features can lead to decreased infiltration rates and increased runoff (Souza et al., 2014). Jiang et al. (2018) demonstrated that the hydraulic conductivity of crusted soil was lower, supporting that physical crusts could reduce the infiltrating capacity (Wei et al., 2015). Bartling et al. (2017) assumed that surface crust had 1/5 of the hydraulic conductivity of non-crusted soil. Badorreck et al. (2013) evaluated the morphology of soil physical crusts and infiltration patterns and concluded that the crust could strongly affect the surface hydraulic properties and infiltration. Moore (1984) showed that infiltration of soil with surface crusting could be reduced by 70%. Chen et al. (2011) showed that there was a relatively significant dynamic response of runoff to crusts. Under the same rainfall condition, the crusts with higher strength can produce more runoff. Carmi et al. (2018) also suggested that raindrop energy had a major effect on the infiltration and runoff generation for naturally crusted loess soil, and the decrease in the infiltration rate was the result of the mechanical impact of raindrops on the soil surface (Souza et al., 2014). Chen et al. (2007) and Chen et al. (2013) found that crust-breaking could increase infiltration and reduce runoff yield. To date, no single soil water model can account for the effects of soil crust formation on soil hydrology (Nciizah et al., 2015; Hardie and Almajmaie, 2019). Flow velocity is a basic parameter to describe the dynamic of flow. Moreover, the hydrodynamic, including shear stress, stream power, and unit stream power, is a significant parameter to predict erosion. In general, the variations of flow velocity and hydrodynamic are consistent with those of runoff. To date, the quantifications of effects of crusts on runoff hydrodynamic are rare.
The formation of crusts also plays an important role in various types of erosion (splash erosion, rill erosion, and sheet erosion, etc.). On the one hand, the decrease of infiltration caused by crust can increase runoff and enhance the effect of runoff on erosion, thus increasing erosion (Kidron, 2007; Ries and Hirt, 2008; Bullard et al., 2018). On the other hand, the crusts formed on the surface have a dense layer, which can enhance the density and shear strength of the soil surface, thus reducing the impact of raindrops and runoff and erosion. Crusts may act as a physical barrier protecting the soil surface from the energy of raindrops and from runoff velocity, as pointed out by Descroix et al. (2001), Lane et al. (1997), and Maïga-Yaleu et al. (2013). For splash erosion, the effects of crusts were abundantly confirmed (Assouline, 2004; Bu et al., 2014; Pi et al., 2020). For rill erosion, studies have found that the existence of crusts may increase runoff kinetic energy, which can easily lead to rill generation, resulting in the increase of slope sediment yield by several or tens of times (Cai et al., 1998). Chen et al. (Forthcoming 2022b) notably indicated that crusts formed by rainfall at 30 min had the greatest rill detachment reduction benefit. For sheet erosion, Rajot et al. (2003) suggested that the development of a sieving crust for soils with < 5% clay may reduce erosion under a high rainfall intensity (40 ∼ 80 mm/h). Chen et al. (2011) verified that the development of crusts had both promoting and inhibiting effects on erosion through the rainfall experiment. Ma et al. (2022) showed that the crust of sloping farmland promoted runoff and inhibited slope sediment yield, and the total sediment yield was increased by 19.28 times after breaking the crusts. In laboratory simulation tests, the interaction between soil crust and splash erosion has been intensively discussed by many scholars, but the influence of soil crust on sheet erosion under the combined effects of the raindrop impact and sheet flow scouring needs further quantification.
The occurrence and development of sheet erosion and the development and evolution of crusts affect each other, and occur simultaneously, so it is difficult to observe both simultaneously. Based on the experiments of observing the characteristics of the crust before rainfall, while observing the characteristics of runoff and sediment after rainfall, the objectives of this study were to 1) explore the response of various traits of antecedent crust correlated to the rainfall intensity, 2) analyze the effects of different antecedent crusts on erosion, infiltration, and hydrodynamic processes of runoff, and 3) select the best trait to describe the crust and quantify the variations of the traits of crusts on the variations of erosion, infiltration, and hydrodynamic.
MATERIALS AND METHODS
Soil Sampling and Properties
Experiments were conducted in Simulation Rainfall Hall of the State Key Laboratory of Soil Erosion and Dryland Farming on the Loess Plateau at the Institute of Soil and Water Conservation, the Chinese Academy of Science and Ministry of Water Resources, China. The tested soil was from Ansai County in the heartland of the Loess Plateau (a typically hilly and gully region). The area is a typical temperate semi-humid climate zone and a temperate semi-arid continental climate transition zone, with an annual precipitation of 505 mm and an annual mean temperature of 8.8°C. The soil was a silt loam (USDA) collected from 0 to 25 cm depth of the tillage layer, with particles < 0.001, 0.001–0.002, 0.002–0.01, 0.01–0.05, and 0.05–0.25 mm by 5.7, 2.8, 8.7, 53.6, and 29.2%, respectively.
Simulated Rainfall Test
Experimental plots were 1.2 m (length) × 0.4 m (width) × 0.25 m (depth), with adjustable gradients. A metal outlet at the lower end was set to collect runoff samples. The soil was packed to a depth of 20 cm in four 5-cm layers at a bulk density of 1.2 g/cm3 (same as that in the field cropland) and water content of 14% (a typical level during the flood season on the Loess Plateau when most erosion occurs). At the bottom, a depth of 5 cm natural sand was set to drain the infiltration water. Antecedent rainfalls were carried out to produce antecedent crusts at five rainfall intensities (0.5, 1.0, 1.5, 2.0, and 2.5 mm/min) and one slope gradient (5°). Blank control was carried out at a rainfall of 0.5 mm/min and a slope of 5°, the soil surface of which was covered by a 3-mm mesh screen. It could be approximately considered to produce no crust, as screens could eliminate raindrop kinetic energy and hitting effects on surface soil. All antecedent rainfalls stopped when the runoff occurred. The experiment design is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Experiment design.
Measurements
About 20 h after the antecedent rainfalls, when the soil water content decreased to 20%, crusts were collected for measuring traits, including bulk density, thickness, and hardness. Samples were taken from the upper, middle, and lower slopes of the experimental plot by the customized cutting ring (5 cm inner diameter and 5 cm height). The underlying attached soil of these samples was carefully removed using a thin blade to obtain crusting. The bulk density of these samples was derived by the method of coating a thin film (Fan and Li, 2001), the thickness was determined using a digital caliper, and particle size D50 was measured using the EyeTech Particle Size and Shape Analyzer. The hardness of the surface soil crust was measured using a GY-3 hardness tester in the remained area of the same positions (upper, middle, and lower) on the slope, and then the average value was obtained.
About 20 h after the same antecedent rainfalls, the plots without measuring the traits of antecedent crusts were ready for the simulated rainfall experiments (1.5 mm/min, 15°). The duration was 45 min. Runoff samples were collected 1 and 3 min after the onset of runoff and then every 3 min until the end of the experiment. Simultaneously, the runoff velocity was measured by the dying method (KMnO4 solution) at two locations for each time interval. The runoff volumes were measured using a graduated cylinder and then left to sit. The clear supernatant was decanted, and the sediments were oven-dried at 105°C for 12 h and weighed. The runoff rate was defined as runoff depth per unit area per unit time, while the erosion rate was defined as sediment weight per unit area per unit time. The infiltration rate was defined as rainfall intensity minus runoff rate. Stream power (ω, W·m−2) can be calculated by:
[image: image]
where γ is bulk density of water (N·m−3), R is the hydraulic radius (m), J is the hydraulic gradient (J = sin θ, θ is the slope, º), and V is flow velocity (m·s−1).
The effects of antecedent crust on erosion were quantified by the relative percentage changes of four parameters (infiltration, erosion rate, flow velocity, and stream power) according to the comparison between antecedent-crusted soil and soil without the crust.
All data were analyzed using SPSS by one-way ANOVA and the least significant difference (LSD) tests. Statistical parameter R2 was used to evaluate the performance of new equations.
RESULTS AND DISCUSSION
Characteristics of Antecedent Crusts
Table 1 shows the characteristics of crusts under various antecedent-rainfall intensities. The bulk densities of crusts were all significantly higher than those of soil, and (nonsignificantly) increased with rainfall intensity. The hardness of crusts was all significantly higher than that of soil and significantly increased with rainfall intensity. The thickness of crusts decreased with rainfall intensity, and the thickness of crusts caused by the heaviest and lightest rain intensity showed significant differences. The particle size D50 of crusts increased with rainfall intensity. Compared with soil, the particle sizes of crusts were smaller under light rain intensity but larger under heavy rain intensity Table 1.
TABLE 1 | Characteristics of antecedent crusts.
[image: Table 1]The regression analysis was conducted on the variations of soil crust characteristics with antecedent rainfall intensity, and the relationships are shown in Table 2. The bulk density, hardness, and particle size D50 of the antecedent crusts were all positively correlated with antecedent rainfall intensity, being well described by linear equations (R2 > 0.87). However, the thickness was negatively correlated with rainfall intensity in the linear equation (R2 = 0.88), as shown in Table 2.
TABLE 2 | Relationships of crust characteristics with antecedent rainfall intensity.
[image: Table 2]The studied soil was prone to form crusts due to the low aggregation (<1%). The crusts mainly resulted from the raindrop beating action and the deposition of entrained eroded soil particles suspended in runoff (Morin and Winkel, 1996), indicating that the rainfall intensity played an important role in the formation of crusts. Increasing rainfall intensity could increase the raindrop impact to induce greater soil compaction and sealing (Lu et al., 2016). Generally, the greater the rainfall intensity, the greater the kinetic energy of raindrops, the stronger the impact of raindrops on the soil surface, and the higher the characteristic values of the index such as bulk density and hardness of crust formation and development. The strength of crusts had been found to increase with cumulative rainfall (Freebairn et al., 1991; Fan et al., 2008; Feng et al., 2013; Nciizah and Wakindiki, 2014). Wu and Fan, (2002) concluded that there was an exponential relationship between rainfall intensity and crust hardness, which was different from the results in this study. Vaezi et al. (2017) also found a significantly positive relationship between crust thickness and rainfall intensity (T = 0.0044 I + 0.6008, R2 = 0.90) and between crust bulk density and rainfall intensity (B = 0.0054 I + 1.5072, R2 = 0.88), of which the equations were extremely similar with this study. For the thickness, the crust formed by antecedent rainfall was not fully developed, not getting enough runoff pressure and enough time to develop toward the depth. Therefore, it showed a negative correlation between the thickness and the antecedent rainfall intensity. However, seal thickness was strongly influenced by the rain amount impacting onto the soil surface, and the seal thickness and rate were well controlled by rainfall characteristics. Yan et al. (2015) indicated that the crust thickness linearly increased with increasing rainfall amounts. Armenise et al. (2018), Farres (1978) also observed that soil crust thickness increased with the cumulative rainfall. Feng et al. (2013) suggested a more suitable logarithmic relationship, which implied that crust development in response to rainfall was initially large and subsequently decreased with additional rainfall toward a given equilibrium.
Effects of Antecedent Crust on the Sheet Erosion Process
Infiltration and erosion rates
Under the same slope (15°) and the same rainfall intensity (1.5 mm/min), the infiltration rates (IR) and erosion rates of soil with and without antecedent crusts are shown in Figure 2.
[image: Figure 2]FIGURE 2 | Effects of antecedent crust on infiltration and sheet erosion rates. Notes: A-R means antecedent rainfall intensity.
The infiltration rates all decreased rapidly and then tended to be gradually stable with durations. The infiltration rate of the soil without antecedent crusts was significantly higher than that of the soil with antecedent crusts. The turning point of the infiltration rate was about at 10th min, after which the infiltration rate tended to be gradually stable. The infiltration rates decreased with antecedent rainfall intensities. The higher the antecedent crust bulk density, the denser the topsoil and the smaller the pores, which could dramatically reduce infiltration, resulting in infiltration reduction. The results supported the notion that soil physical crusts could reduce the infiltrating capacity, which was proposed in previous studies (Bradford and Huang, 1993; Robinson and Philliphs, 2001; Kidron, 2007; Assouline et al., 2015; Jiang et al., 2018).
In the rainfall durations, the erosion rate of soil without crusts was much higher than that of the soil with antecedent crusts. The erosion rate of soil without crusts rapidly increased in the early 25 min and then tended to be stable. The erosion rates of soil with antecedent crusts gradually increased in early 25 min and then tended to be stable. Raindrop impact increased with rainfall intensity, inducing greater sealing and soil compaction, which contributed to less infiltration and more runoff and soil loss (Han et al., 2016; Vaezi et al., 2017). The greater the antecedent rainfall intensity, the lower the erosion rate. It verified that the antecedent crusts could effectively reduce erosion, and the erosion resistance of antecedent crusts was positively correlated with antecedent rainfall intensity. Yan et al. (2015) invalidated that the effects of crust on soil loss were closely related to the penetration resistance and confirmed that the crust could significantly increase the soil resistance to erosion, especially under rainfall intensity > 0.5 mm/h.
Hydrodynamic
Flow velocity is the basic parameter to describe the dynamic of runoff. In addition, the hydrodynamic, including shear stress, stream power, and unit stream power, is a significant parameter to predict erosion. Either stream power or shear stress is usually recognized as the best predictor, so stream power was selected to describe the runoff hydrodynamic in this study. Under the same slope (15°) and the same rainfall intensity (1.5 mm/min), the flow velocity and stream power on the slopes of soil with and without antecedent crusts are shown in Figure 3.
[image: Figure 3]FIGURE 3 | Effect of antecedent crust on flow velocity and stream power. Notes: A-R means antecedent rainfall intensity.
The flow velocity all rapidly decreased in 10 or 15 min and then gradually tended to be stable with rainfall durations. The flow velocity on the soil surface without antecedent crusts was generally higher than that on the soil surface with antecedent crusts. The flow velocity under the heaviest rain intensity was always the maximum, and the velocity under the lightest rain intensity was always the minimum, but the velocity under three intermediate rainfall intensities changed irregularly. The traits of antecedent crusts were not constant, changing along with the rainfall process.
Raindrops can hit and damage crusts; however, crusts can also be developed by raindrop hit and runoff compaction (Chen et al., 1980; Onofiok and Singer, 1984). As a result, there is a destroyed—forming—destroyed evolution during the rainfall (Cai and Lu, 1996). This evolution leads to irregular changes. The effects of crusts on flow velocity were mainly reflected in the early period of rainfall. At the end of rainfall, the differences in flow velocities descended, showing that the influences of the antecedent crusts on flow velocity would gradually weaken and eliminate, which was mainly determined by the periodic development of crusts.
The stream power all rapidly increased in 10 or 15 min and then gradually tended to be stable with rainfall durations. The stream power for the soil without antecedent crusts was significantly lower than that for the soil with antecedent crusts. The stream power increased with antecedent rainfall intensity. The effects of crusts on stream power last for the entire rainfall process, not being confined to the early period of rainfall, which was different from the effects on flow velocity.
Quantify the Effects of Antecedent Crust on Erosion
Compared with bare soil, the bulk density of crusts showed a significant rise, while the particle size D50 did not. There was no concept of thickness for soil without crusts. Soil crusts are the dense layer of the soil surface with high density and low porosity, which can improve the soil resistance to erosion and protect the underlying soil from being hit by raindrops and scoured out by runoff. Therefore, the bulk density of antecedent crusts was selected to study their effects on sheet erosion.
The relationships between increments of bulk density of the antecedent crusts and the corresponding reductions of infiltration, erosion rate, flow velocity, and stream power are shown in Figure 4. The reductions of the average infiltration rate and average erosion rate both increased with the increment of bulk density of antecedent crusts. Relationships could be well described by linear positive correlations (R2 > 0.79). There was a positive correlation between the average flow velocity and the bulk density of the antecedent crusts. The existence of antecedent crusts could decrease the infiltration and increase the runoff, resulting in the high flow velocity and stream power. When the bulk density of crusts was enhanced by 27–29%, the flow velocity and stream power could be increased by 8–29% and 15–70%, respectively, and sheet erosion could be reduced by 61–73%, as shown in Figure 4.
[image: Figure 4]FIGURE 4 | Relationships between percent changes of bulk density of antecedent crust and infiltration, erosion rates, flow velocity, and stream power.
Surface crust is an important factor affecting infiltration of water into soil profiles (Nciizah et al., 2015). The compaction of the soil surface to form a thin dense layer limits further entry of runoff (Bajracharya and Lal, 1999). In this study, the thickness became thinner with antecedent rainfall intensity due to the raindrop compaction, and the denser layer could prevent more infiltration and produce more runoff. As a result, bulk density, thickness, and hardness of crusts had influences on infiltration, flow velocity, and stream power (hydrodynamic of runoff). However, some authors have argued that the thickness had more influence than other properties like strength. McIntyre (1958) showed that a crust of only 0.1 mm thick may reduce the IR by more than 10 times. Wakindiki and Ben-Hur, (2002) observed that the infiltration of 0.1-mm-thick crust was almost two times more than that of 0.2-mm-thick crust.
Soil erosion is related to the erosion force (rainfall and runoff, etc.), topography (slope and slope length, etc.), and the surface soil characteristics and conditions. Erosion is a balance of the positive action of runoff and the negative action of soil resistance. In this experiment, the formation of the crust is an important factor in soil erosion. Crust formation directly changed the surface soil conditions, including low porosity, high bulk density, and great hardness and strength, which was consistent with the results indicated by Miralles-Mellado et al. (2011), Feng et al. (2013), Yan et al. (2015), and Vaezi et al. (2017). The high bulk density or hardness of crust strengthened the surface resistance to erosion, which could effectively reduce erosion (Assouline et al., 2015; Chamizo et al., 2017; Faist et al., 2017). However, crust formation weakened the infiltration and increased the runoff/flow velocity/stream power, which theoretically could exacerbate erosion. These are two completely contradictory effects in this study. In general theory, less infiltration means more runoff and more erosion. However, it showed that the larger the bulk density of the antecedent crust, the smaller the average infiltration rates and the erosion rates. Therefore, it could be reasonably speculated that the existence of crust could increase runoff, but the effect of a runoff increase was far less than that of a soil resistance increase on erosion. Conclusively, the existence of crusts could still reduce erosion, which indicated that the crusts could effectively enhance soil resistance and weaken erosion.
CONCLUSION
The properties of antecedent crusts induced by different antecedent rainfall intensities and the effects of antecedent crusts on sheet erosion processes were quantified on a loessial slope. Compared with soil without crusts, the bulk density and hardness of antecedent crusts were higher, and the particle sizes were smaller under light rain intensity but larger under heavy rain intensity. The bulk density, hardness, and particle size D50 of the antecedent crusts were all positively correlated with antecedent rainfall intensity, being well described by linear equations (R2 > 0.87). However, the thickness was negatively correlated with rainfall intensity in the linear equation (R2 = 0.88). In the rainfall durations, both the infiltration rate and erosion rate of soil without crusts were much higher than those of the soil with antecedent crusts. The flow velocity and stream power of the soil without crusts were generally higher than those of the soil with antecedent crusts. Although the existence of antecedent crusts could decrease infiltration and increase runoff, resulting in the high flow velocity and stream power, antecedent crusts could still effectively reduce erosion. The reductions in the average infiltration rate and average erosion rate and the increase in average flow velocity and stream power all increased with the increment of bulk density of antecedent crust. Relationships could be all well described by linear positive correlations (R2 > 0.79). When the bulk density of crusts was enhanced by 27∼29%, the flow velocity and stream power could be increased by 8∼29% and 15∼70%, respectively, and the sheet erosion could be reduced by 61∼73%. The existence of crusts could effectively reduce sheet erosion.
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