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Abstract


Laterite is the predominant zonal soil in China’s southernmost tropical rainforest and monsoon forest regions, where typhoons are the primary source of precipitation. These storms pose significant risks of land and soil degradation due to heavy rainfall. In recent years, a substantial area of sloping land has been converted to agricultural use in these regions, predominantly for the cultivation of crops grown in laterite soil. These activities contribute to soil erosion, exacerbate environmental challenges, and hinder the pursuit of sustainable development. There is a paucity of research reports on the processes and mechanisms of runoff and sediment on sugarcane-cropped slopes in regions with laterite soil under heavy rainfall conditions. In this study, four different heavy rainfall scenarios of 75, 100, 125, and 150 mm/h were designed to assess the impact on sugarcane growth at four key stages and to measure the resulting effects on initial runoff time, surface runoff, and sediment yield from laterite soil slopes under controlled laboratory conditions. The results showed that the Horton model explained much of the variation in infiltration rate on the sugarcane-cropped laterite slopes. The cumulative sediment yield on the sugarcane-cropped laterite slopes followed a second-degree polynomial function. The initial runoff time, infiltration intensity, runoff intensity, and sediment yield were all linearly related to the leaf area index (LAI) and rainfall intensity on the sugarcane-cropped slope surface. The leaf area index exerted a greater influence on the initial runoff time and infiltration intensity than rainfall intensity. However, rainfall intensity exerted a greater influence on the runoff intensity and sediment yield than the leaf area index. Compared with the bare sloping land, the average sediment yield was reduced by 12.2, 33.1, 58.2, and 64.9% with the sugarcane growth stages of seedling, tillering, elongation, and maturity, respectively.
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1. Introduction


Soil erosion remains a serious threat to cultivated fields, resulting in crop yield reduction and environmental degradation [1,2,3,4,5,6]. The total soil erosion area of China in 2023 was about 262.76 × 104 km2, in which the water erosion area was about 107.14 × 104 km2, accounting for a percentage of 40.77% [7]. Sloping farmland is the main land type affected by water erosion, with an area of erosion 2–4 times greater than that of forest land and 4–7 times greater than that of grassland. The increasingly cultivated barren hillsides have posed great potential for sediment erosion in mountainous areas, such as the region with laterite soil which belongs to Nitisols in World Reference Base for Soil Resources (WRB) 2022 in South China, where sugarcane has become the second largest planted crop. This has exacerbated soil erosion and caused serious ecological problems.



The process of soil erosion is influenced by a multitude of factors, including the intensity of precipitation, the erodibility of the soil, the angle of the slope, the length of the slope, and the extent of vegetation coverage [8,9,10,11]. Under different rainfall types, runoff is mainly determined by the amount of rainfall, while soil erosion is mainly determined by the intensity of rainfall. Extreme rainfall events have been identified as significant drivers of soil erosion with the potential to impact agricultural productivity, ecosystem health, and infrastructure integrity. When precipitation levels exceed the soil’s capacity for infiltration, surface runoff is increased, resulting in the detachment and transport of soil particles. This process is further exacerbated in areas characterized by poor vegetation cover, steep slopes, or unstable soil structures. Additionally, the kinetic energy of raindrops during heavy rainfall contributes to the disruption of soil aggregates, increasing their susceptibility to erosion [12,13]. Especially in recent years, the increase in atmospheric carbon dioxide levels has led to global warming and thus even more frequent extreme rainfall events [14,15,16,17]. The threshold of extreme rainfall, frequently defined as the minimum intensity or cumulative precipitation required to trigger significant impacts such as flooding or soil erosion, is closely related to the return period of rainfall events. The return period, otherwise known as the recurrence interval, refers to the average time between occurrences of a rainfall event of a given magnitude [18]. It is a well-established fact that high-intensity rainfall events with long return periods (e.g., 100 years) typically exceed critical thresholds more frequently than moderate events with shorter return periods (e.g., 10 years) [2]. Defining the threshold for extreme rainfall is crucial for assessing its erodibility [2,18,19]. However, due to the diversity of geographical features around the world, extreme rainfall can vary greatly from region to region. In the region with laterite soil of southern China, typhoon heavy rain is the main form of rainfall, and its extreme rainfall threshold has not yet been defined. Laboratory rainfall experiment is effective for the study of soil erosion mechanisms in this area during heavy rain, which is widely used to explore the impacts of rainfall characteristics on runoff and soil erosion [20,21,22,23].



The nature of the soil is crucial in determining its erodibility, either positive or negative [24]. At present, loess (Calcaric Regosol), purple soil (Eutric Cambisol), black soil (Chernozem), and red soil (Ferralic Cambisol) have been widely investigated in soil erosion research [25,26,27,28,29]. Laterite soil with high hydraulic conductivity (typically 1 × 10−5 cm/s) is mainly distributed in the Leizhou Peninsula area in southern Guangdong, China [30,31]. The laterite soil of the Leizhou Peninsula has many dissolved macropores and micropores. The large number of micropores has a large specific surface area and a strong adsorption effect. Water can easily enter the soil through the macropores formed by dissolution, causing the soil to soften when it comes into contact with water, which leads to serious soil erosion. Therefore, there is an urgent need to enhance the understanding of the erosion patterns of laterite soils, which will help to effectively control soil erosion in these areas.



Vegetation plays an essential role in sediment yield mainly by increasing infiltration and reducing runoff, with various crops presenting different effects [32,33]. Many studies have focused on the impact of vegetation cover and reconstruction on soil erosion. Some studies have shown that vegetation cover and different spatial distributions have distinct effects on reducing runoff [34,35,36,37]. Much information has been gathered on the erosion processes under different vegetation types, mainly including grasslands, shrublands, vegetable fields, soybeans, corn, etc. [38,39,40,41,42]. For sugarcane, research on the control of soil erosion by sugarcane leaves as mulch showed that a sediment discharge rate of 10 tons/hectare of litter mulch was most effective in controlling sediment discharge rate and concentration [43]. However, due to the lack of reliable data on soil erosion throughout the whole reproductive period, it is difficult to understand the processes and mechanisms of soil erosion in an entire reproductive period of vegetation.



In this study, four heavy rainfall scenarios were designed to study the effects of the four growth stages of sugarcane on the initial runoff time, surface runoff, and sediment yield of laterite soil slopes. The objectives of the study were (1) to clarify the effects of different rainfall intensities and four growing seasons of sugarcane on initial runoff time, surface runoff, and sediment yield of laterite croplands; (2) to simulate the processes of water infiltration, runoff, and sediment yield of sugarcane on Laterite slopes using physical or empirical equations; and (3) to provide soil and crop parameters for developing soil erosion prediction models in the Laterite region and to propose guidance for soil and water conservation measures in this area.




2. Materials and Methods


2.1. Research Area


The simulated sugarcane is located in the Leizhou Peninsula (20°12′–21°35′ N, 109°31′–110°55′ E). The Leizhou Peninsula is situated at the southernmost extremity of the Chinese mainland, which is the third largest peninsula in China, covering an area of 13,225 km2 (Figure 1). The region falls in the tropical monsoon zone, where the annual average rainfall ranges from 1417 to 1804 mm. The summer and autumn seasons are characterized by typhoons and heavy precipitation. These regions are predominantly hilly areas that are susceptible to soil erosion and landslides [44].



The 2022 Chinese Statistical Yearbook reports that provinces of Guangdong, Guangxi, and Yunnan, i.e., China’s principal sugarcane-producing provinces, account for 96.36% of the country’s total sugarcane output [45]. The sugarcane production area is 1290 km2 on the Leizhou Peninsula, which accounts for approximately 90% of the total sugarcane production in Guangdong Province [46]. The test soil is laterite, which belongs to Nitisols in WRB (World Reference Base for Soil Resources) 2022, from the Leizhou Peninsula with the soil bulk density being 1.3 g/cm3. The size distribution of soil particles is as follows: 59.5% less than 0.005 mm, 68% less than 0.01 mm, 79% less than 0.05 mm, and none was greater than 2 mm. The soil color is reddish-brown, the texture is clay (light), the PH is 5.4, the organic carbon content is 3.5%, and the CEC (Cation exchange capacity) is 27 cmol/kg. The sugarcane in this region belongs to New Taiwan Sugar 22 (ROC 22). Local surveys of sugarcane plantations and soil erosion indicate that a slope of 10° is typical in this region.




2.2. Laboratory Experiments


The laboratory-simulated rainfall experiments were carried out in South China Agricultural University using a downspray portable simulated rainfall system, which demonstrated rainfall uniformity of over 80% (Figure 2a). The test soil tank was a portable steel tank with a slope of 10°, which was selected based on field surveys indicating that this slope angle is associated with a significant proportion of soil erosion in sugarcane-cultivated areas. This slope angle represents a common condition in regions where sugarcane is grown, making it a relevant and practical choice for studying erosion processes under controlled laboratory conditions [47]. The test soil tank was 2.0 m in length, 1.0 m in width, and 0.5 m in depth. In order to simulate water permeation in nature, hundreds of small circular holes were designed in the bottom of the soil bin with the diameter being 5 mm. A V-shaped steel channel was installed at the runoff outlet to collect the runoff (Figure 2b).



The present study determined the threshold of extreme rainfall based on the designed storm, with a frequency of 20%, 10%, 5%, 2%, and 1%. The mean 60 min rainfall and its variation coefficient in the region were retrieved from the Guangdong Province Heavy Rainfall Parameter Contour Map (by the Guangdong Hydrology Bureau, 2003) to obtain the flood modulus values for different design frequencies. Then, the mean 60 min rainfall was multiplied by the flood modulus values to give the maximum 60 min designed storm intensity for the corresponding frequency, with the results shown in Table 1. It can be seen that 20% to 1% of the maximum 60 min designed storm intensity was 76.9 to 161.7 mm/h. Consequently, the simulated rainfall intensities were designed to be 75, 100, 125, and 150 mm/h.



The experiments were divided into two categories, one for the simulated rainfall experiments on bare laterite slopes and one for the simulated rainfall experiments on sugarcane-cropped laterite slopes.



In the case of bare slope, a piece of gauze was positioned at the lowest bottom, followed by a sand layer and a soil layer, with their depth being 20 cm and 25 cm, respectively. To maintain a soil density of 1.3 g/cm3, the soil experienced processes of drying, crushing, and sieving with a sieve of 5 mm prior to each experiment. To ensure its uniformity, the soil was filled in layers with each 5 cm in depth, and the weight of each layer was preliminarily determined based on the bulk density. Prior to the initiation of each simulated rainfall event, a low rainfall intensity (25 mm/h) was employed to facilitate the hydration of the soil within the flume, continuing until the onset of runoff on the slope’s surface. Thereafter, the soil surface was covered in a plastic sheet and maintained in a state of undisturbed repose for a duration of 24 h, thereby enabling natural water infiltration and achieving, or approaching, the natural distribution of soil moisture. This procedural approach guaranteed that the initial volumetric soil moisture content preceding each rainfall event remained uniform, ranging between 18% and 21%.



To ensure that the rainfall intensity and uniformity met the experimental requirements, the rainfall intensity and uniformity needed to be calibrated before the experiment. During the calibration process, each rainfall event lasted for 10 min. Eight rain gauges were evenly distributed on the experimental soil flume, and the rainfall intensity was adjusted to the designed level by fine-tuning the water inlet valve. After the rainfall ended, the uniformity of rainfall intensity and the average rainfall intensity were calculated. Calibration was considered complete when the error between two adjacent rainfall intensities was within 5%, and the rainfall uniformity exceeded 80%.



Before the simulated rainfall began, the collection buckets were labeled and weighed. Timing started at the onset of rainfall, and the initial runoff time was recorded once runoff began on the slope surface. Each simulated rainfall event lasted for a total of 60 min [48]. As soon as runoff began, turbid water samples were taken by a five-liter bucket (weighing W1) in 1 min by an interval of 1 min throughout the experiment. The bucket containing the muddy water sample (W2) was weighed and then stood for 24 h to allow for the clarification of water and sediment. Subsequently, the upper clean water was drained, and the rest sediment stood for another 24 h, dried in an oven at 105 °C, and weighed (W3). The weight of the runoff (W4) was obtained by subtracting W1 and W3 from W2.



For the experiment on the sugarcane-cropped laterite slopes, based on actual local farming practices, sugarcane was planted in the test soil tank until all the experiments were completed, spacing 80 cm in rows and 25 cm in columns, respectively. For each experiment conducted on the sugarcane-cropped slope, the preparation process was consistent with that used for the bare soil. The soil was first pre-moistened with 25 mm of rainfall, and 24 h later, a rapid moisture meter was used to measure the soil moisture content. Once the volumetric soil moisture content ranged between 18% and 21%, the simulated rainfall experiment was initiated.



The growing period of sugarcane was divided into four periods based on actual agronomic techniques in the study area. The images of the plant canopy were captured by a CI-110 crop canopy digital image analyzer which was equipped with a fisheye lens and a charge-coupled device (CCD) image sensor (Figure 2c). However, its performance can be influenced by canopy heterogeneity, environmental conditions, and user error. By following the best practices, such as standardized protocols, proper calibration, and complementary methods, researchers can mitigate these limitations and obtain reliable data for their studies [49]. The crop leaf area index (LAI) was then calculated by the Plant Canopy Analysis System software [50].



It is essential to acknowledge the limitations of laboratory methods, such as differences between simulated and natural rainfall or field variability, which may affect result generalizability. These factors should be considered when applying them to real-world conditions.




2.3. Analysis Methods


The Horton equation is preferred over Green-Ampt, Philip, Kostiakov, and Lewis models for infiltration due to its simplicity and practical applicability. It requires fewer parameters and is easier to calibrate, making it suitable for scenarios with limited data. While the Green-Ampt and Philip models are more physically based, they demand detailed soil properties. The Kostiakov and Lewis models are empirical and less general. Horton’s balance of simplicity and accuracy makes it a versatile choice for many hydrological applications [51,52]. In this study, the water infiltration model Horton equation was applied to simulate the process of soil water infiltration on the sugarcane-cropped laterite slope, which can be expressed as


   i f  ( t ) =  i   f c    + (  i   f 0    −  i   f c    )  e  − β t    



(1)




where if(t) is the infiltration rate at t time(mm/h), ifc is the stable infiltration rate (mm/h), if0 is the initial infiltration rate, β is the coefficient, and t is the time of rainfall (min).



The initial infiltration was assumed to be equal to the efficient rainfall intensity that represented the real rainfall to the din, which is determined by


Ie = Icosα



(2)




where Ie is the efficient rainfall intensity (mm/h), I is the rainfall intensity(mm/h), and α is the slope gradient (°).



Since infiltration is initially equal to efficient rainfall intensity, Equation (1) can be changed to Equation (3)
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(3)




where if(t) is the infiltration rate at t time (mm/h), ifc is the stable infiltration rate (mm/h), Ie is the efficient rainfall intensity (mm/h), β is the coefficient, t is the time of rainfall (min), and tp is the initial runoff time (min).



The development model results were judged by the Nash–Sutcliffe efficiency of the model simulation results, with the equation expressed as


  N S E = 1 −     ∑        Y   p   −   Y   m       2        ∑        Y   p   −   Y   p m       2         



(4)




where NSE is the Nash–Sutcliffe efficiency, Yp is the measured value, Ym is the calculated value, and Ypm is the average value of the measured value. The value of NSE can be −∞~1, in which 1 represents the calculated value is equal to the measured value, 0 indicates that the calculated value shares the same accuracy with the average measured value, and a negative value means the average measured value is better than the calculated value. The closer the NSE value is to 1, the better the simulation effect is. In this study, NSE scores of 0.8 or above are classified as ‘Very Good’, 0.70 to 0.80 as ‘Good’, 0.45 to 0.70 as ‘Satisfactory’, and all lower values as ‘Not Satisfactory’ [53].





3. Results and Discussions


3.1. Effects of Initial Runoff Time


Compared to the bare slope, the initial runoff time on the sugarcane-cropped laterite slope was obviously delayed, which was intensified by the growth of the sugarcane (Table 2). In the case with a rainfall intensity of 75 mm/h, the initial runoff time on the bare slope was 1.83 min, while it was 2.93, 4.65, 6.45, and 7.22 min with sugarcane in the stages of seedling, tillering, elongation, and maturity, respectively, delayed by 1.1 to 5.39 min compared to that on the bare slope. Research conducted on both grassland and common bean subjects has demonstrated that the initial runoff time of cultivated land with vegetation is greater than that of bare land. Furthermore, this time is increased by the vegetation maturity [54,55].



This phenomenon may be attributed to several factors. Firstly, the presence of vegetation has been shown to attenuate rainfall, limit the occurrence of runoff, and regulate sediment production by redistributing rainfall into canopy interception, stem flow, and throughfall [56,57]. Secondly, the plant root system has been observed to alter soil properties such as increasing soil pore space, thereby increasing infiltration channels for water flow and enhancing soil infiltration capacity [58]. Thirdly, the vegetative root system has been shown to alter the surface roughness of the soil, slowing down runoff [59].




3.2. Infiltration Rate on Sugarcane-Cropped Slope


The time-serial infiltration rate demonstrated that the infiltration intensity on the sugarcane-cropped slope under four growth stages is higher than that on the bare slope, showing the significant improvement of sugarcane on the soil infiltration nature of the slope surface (Figure 3).



The infiltration rate on the bare soil slope rapidly attained equilibrium 5~10 min after the rainfall began. Nonetheless, on the sugarcane-cropped laterite slope, it reached a steady state in 10~15 min. Due to the high clay content and heavy texture of laterite, under heavy precipitation, the vertical infiltration rate of the wetting front may potentially be less than the horizontal diffusion rate, which could impede water infiltration. This observation aligns with the findings from previous studies, such as Li et al. [60], who investigated water movement in laterite under drip irrigation and reported similar trends in infiltration behavior. However, further research is needed to confirm this phenomenon under specific conditions. With a preliminary rainfall, the moisture content of surface soil quickly reached saturation, and thus the infiltration intensity rapidly decreased to reach a stable state. Moreover, the time for infiltration to stabilize on the sugarcane-cropped slope was prolonged with the growth of sugarcane. This may potentially be attributed to the fact that the root system of sugarcane could alter soil properties and increase the number of large pores, a phenomenon that might intensify with sugarcane growth, possibly leading to prolonged saturation of water content in the surface soil. This speculation is supported by the findings of Fang et al. [58], who demonstrated that the root systems of gramineous and leguminous forages significantly influence soil infiltration capacity and pore structure during root decomposition. However, further research is needed to confirm these effects specifically in sugarcane systems.



The Horton equation well represented the processes of soil water infiltration on the sugarcane-cropped laterite slope (Table 3). As demonstrated in the findings, the decision factor for the sugarcane-cropped slopes (above 0.941) surpassed that of the bare slopes (above 0.819). Previous studies also showed that the Horton model most accurately described the soil moisture infiltration process with broad bean mulching [61], while it performed less well in bare soil conditions [55].



The effects of sugarcane growth stage and rainfall intensity on infiltration rate are reported in Table 4. It can be seen that infiltration was significantly strengthened on the sugarcane-cropped slope and was enhanced along with the growth of sugarcane. Under a rainfall intensity of 75 mm/h, the infiltration intensity of the bare sloping land was 19.28 mm/h compared to 23.35, 25.30, 31.73, and 35.17 mm/h on the sugarcane-cropped slope in four stages of seedling, tillering, elongation, and maturity, increasing by 21.1, 31.2, 64.6 and 82.4%, respectively. This phenomenon may be attributed to the fact that sugarcane roots could improve soil permeability and enrich water infiltration channels. They might increase soil roughness, slow down flow velocity, extend infiltration time, and enhance infiltration rainfall amount. These effects could potentially be exacerbated by sugarcane growth, possibly leading to increased infiltration intensity and reduced runoff intensity. This speculation is supported by the findings of Fang et al. and Bahddou et al. [58,59].




3.3. Runoff Intensity Variation


The time-serial variations in runoff intensity on the sugarcane-cropped slope were usually more stable but smaller than that on the bare slope (Figure 4). Based on the data in Figure 4 and experimental observations, the runoff processes on the sugarcane-cropped slope could be delineated into three stages within the entire simulated rainfall process: (1) The initial infiltration stage: It commenced with the onset of precipitation and persisted until the inception of flow production when the rate of infiltration exceeded that of rainfall and the majority of precipitation transformed into infiltrated water. (2) The initial-flow production stage: It started from flow production and ended with flow stabilization, featuring a precipitous rise in runoff intensity from zero. This is due to the fact that the infiltration rate was decreasing, so the rainfall intensity was greater than that of infiltration and the runoff intensity continued to increase. (3) The stable-flow production stage, or the stable infiltration stage: The flow remained relatively stable during the simulated rainfall period, from the stabilization of flow production until the end of the rainfall event. This stage refers to the period from the onset of relatively stable infiltration to the end of the simulated rainfall event within the entire simulated rainfall process. Without external influences, the intensity of infiltration and runoff tended to reach a state of equilibrium.



The influences of sugarcane growth stage and rainfall intensity on runoff intensity are shown in Table 5. The runoff intensity was significantly weakened on the sugarcane-cropped slope, and this effect was intensified along with sugarcane growth. When the rainfall intensity was 75 mm/h, the runoff intensity was 54.58 mm/h on the bare sloping land, but it was 50.51, 48.56, 42.13, and 38.69 mm/h on the sugarcane-cropped slope during four stages of seedling, tillering, elongation, and maturity, decreasing by 7.5, 11.0, 22.8 and 29.1%, respectively.



This may have been due to the fact that sugarcane could have improved soil infiltration capability and infiltration, potentially leading to a decrease in runoff intensity [58]. Additionally, the sugarcane canopy might have intercepted rainwater, as suggested by Klimenko’s research, which indicated that the value of the complete interception of raindrops by the crown of a deciduous tree is dependent on the leaf area and rainfall intensity [62].




3.4. Sediment Yield


The sediment yield rate on the sugarcane-cropped slope was often delayed and mostly lower than that on bare land (Figure 5). Referring to the experimental observations, the time-serial changes in sediment yield could be roughly divided into four stages. The first stage is the no sediment yield stage. It lasted for a short period of 1.73–7.22 min, when no runoff and thus, no sediment was produced before the first runoff period. The greater the rainfall intensity was, the shorter the first stage duration was, and the higher the vegetation leaf area index was, the longer the first stage duration was.



The second stage was the stage of increasing sediment production capacity. It started from the beginning of runoff and lasted until the sediment production rate reached its maximum. The infiltration rate decreased rapidly under continuous rainfall, the runoff intensity increased with an accordingly stronger denuding ability, and thereby the sediment yield rate continuously increased to be close to saturation. The maximum sediment yield rates for rainfall intensities of 75, 100, 125, and 150 mm/h were 9.9, 18.0, 20.2, and 36.2 g/min, respectively. This was because the higher the rainfall intensity, the faster the flow rate, the stronger the water erosion, and the higher the sand content in the water. For a rainfall intensity of 150 mm/h, the maximum sediment yield rates are 41.4, 36.2, 25.7, 21.5, and 14.1 g/min, respectively, during four sugarcane growth stages. As the plant grew, its root system may have altered the soil properties, potentially increasing the soil pore space and facilitating water flow and infiltration. This speculation is supported by the findings of Fang et al. [1], who investigated the contribution of root and soil properties to soil infiltration capacity during root decomposition [58]. Meanwhile, the canopy distributed rainfall, further reducing runoff and runoff velocity, and also the sediment yield.



The third stage is the stage of reduced sediment yield. This stage started when the sediment yield reached its maximum value and ended when the sediment yield stabilized. It was observed that the decline in the sediment yield during this period was not a sudden drop from the highest to the lowest point, but rather a gradual fluctuation, with an initial increase followed by a subsequent decrease until it reached a stable level. When the sand production rate was highest, the sand content in flow was close to saturation.



The fourth stage is the relatively stable stage of sediment yield rate. From the end of the third stage to 60 min when rainfall stopped, the sediment content in the waterway diminished to a specific range. During the sugarcane elongation stage, the times for a stable state were 18, 22, 33, and 43 min for the rainfall intensities of 75, 100, 125, and 150 mm/h, with the corresponding stable sediment yield rates being 1.7–2.9 g/min, 3.3–5.2 g/min, 3.9–7.4 g/min, and 6.2–9.8 g/min, respectively. As the rainfall intensity increased, the flow erosion capacity increased and it took a longer time to reach a stable sediment yield rate. At a rainfall intensity of 150 mm/h, the stable sediment yield rates for bare land, seedling stage, tillering stage, elongation stage, and maturity stage were 14.4–18.7 g/min, 12.9–18.5 g/min, 10.7–13.8, 6.2–9.8 g/min, and 4.7–9.7 g/min, respectively. As the sugarcane grew, the stable sediment yield rate decreased. Local fluctuations existed prior to stabilization, e.g., the sediment yield rate fell to 15.1 g/min in 32 min and rose to 29.2 in 36 min under a rainfall intensity of 150 mm/h during the sugarcane seedling period. This phenomenon could be attributed to two aspects. Firstly, as the sediment yield rate declined, the sand content in flow decreased, which could have led to an increase in runoff stripping capacity. Secondly, under the rainfall intensity of 150 mm/h, fine gullies were observed to form and gradually become deeper and wider, potentially due to soil erosion processes. When the gully bank collapsed, it was observed to induce a pronounced increase in the sediment yield rate. These observations align with the findings of Yan et al. [61], who studied the effects of extreme rainfall events on soil erosion and hydrodynamic processes on karst slopes.



To provide further illustration of the sediment yield process on the sugarcane-cropped slope, a cumulative curve of time-serial sediment yield was plotted for different rainfall intensities and sugarcane at four fertility periods (Figure 6). The regression analysis presented the quadratic polynomial relationship between time and cumulative sediment yield on the sugarcane-cropped slope, with the fitting equation expressed as


   W s  ( t ) = a  t 2  + b t   ( t ≤ 60 )  



(5)




where Ws(t) is the cumulative sediment yield (g), t is the time (min), and a, b are the fitting coefficients. All the coefficients of determination exceeded 0.967, indicating that the quadratic polynomial model is an effective means for simulating the cumulative sand production process (Table 6, Figure 6).



As shown in Table 7, the presence of sugarcane vegetation had a notable impact on erosion reduction, with this effect being increasingly pronounced as the sugarcane matured. The mean sediment yield on the bare ground slope was 0.804 kg/(m2·h), but was 0.706, 0.538, 0.336, and 0.282 kg/(m2·h) for the slope cropped with sugarcane in the seedling, tillering, elongation, and maturity stages, presenting reductions of 12.2, 33.1, 58.2, and 64.9%, respectively. This is consistent with the previous studies of grass and shrub cover that reported that vegetation has a noticeable effect on erosion reduction [63,64].



The erosion-reducing effect of sugarcane could potentially be described in the following aspects: Firstly, it was possible that the redistribution of rainfall by sugarcane resulted in less rainfall reaching the ground compared to the bare slopes, thereby potentially reducing the direct impact of raindrop splashing on the slope surface. Secondly, the root system of sugarcane crops might have improved soil infiltration performance, potentially enhancing the amount of water infiltrating into the soil and reducing runoff, which could have led to decreased sediment production. Thirdly, sugarcane roots may have enhanced soil roughness and disturbed water flow, which could have slowed down the slope runoff rate, prolonged water infiltration time, and thus potentially reduced sediment production. These speculations are supported by the findings of Friesen et al. [65], who studied rainfall interception in tropical hardwood trees and sugarcane, as well as Fang et al. [58], who investigated the role of root systems in soil infiltration capacity, and Bahddou et al. [59], who examined the effects of surface roughness on runoff and soil loss. However, further research is needed to confirm these effects specifically in sugarcane systems.



In the context of water erosion, the process of sediment yield is driven by runoff intensity (Figure 7). The regression analysis presented the power relationship between runoff intensity and sediment yield on the sugarcane-cropped slope, with the fitting equation expressed as


Mss = 0.0001 IRs1.8468, R2 = 0.907, n = 16



(6)




where Mss is the sediment yield (kg/(m2·h)) and IRs is the runoff intensity (mm/h).




3.5. Development of Mathematical Models


3.5.1. Identification of Significant Independent Variables


The regression analysis presented a linear relationship between the leaf area index and initial runoff time on the sugarcane-cropped slope, with the fitting equation expressed as


tps = 1.1386LAI + 1.7112, R2 = 0.816, n = 16



(7)




where tps is the initial runoff time (min), and LAI is the leaf area index. The F-test for Equation (7) gave F = 67.71 > F0.01 (1, 14) = 8.86 (Table 8). This indicated that the leaf area index was significantly correlated with the initial runoff time on the sugarcane-cropped slope. Therefore, the leaf area index can be used to predict the sugarcane slope initial runoff time. However, the analysis of the rainfall intensity and initial runoff time showed that the F value was less than 8.86 and the R2 was only 0.091, so the initial runoff time cannot be simulated by a single factor, the rainfall intensity.



The binary regression analysis showed that the initial runoff time had a linear relationship to the leaf area index and rainfall intensity, with the fitting equation being


tps = 1.139LAI − 0.023I + 4.266, R2 = 0.977, n = 16



(8)




where tps is the sugarcane slope initial runoff time (min), LAI is the leaf area index, and I is the rainfall intensity (mm/h). The F-test for Equation (8) gave F = 320.77 > F0.01 (2, 13) = 6.7. This indicated that the leaf area index and rainfall intensity were highly fitted to the initial runoff time. Therefore, the leaf area index and rainfall intensity can be used to predict the sugarcane slope initial runoff time.



A corresponding regression analysis was performed for the infiltration rate, runoff intensity, and sediment yield, and the results showed that the F value of the leaf area index and rainfall intensity factors was greater than 6.7, indicating that the leaf area index and rainfall intensity was significantly fitted to the infiltration rate, runoff intensity, and sediment yield.



The t-test for the model of the initial runoff time gave tLAI = 23.289 > t0.0113 = 2.65, tI = 9.957 > t0.0113 = 2.65 (Table 9). This indicated that the leaf area index and rainfall intensity were highly fitted to the initial runoff time. The results of the t-test indicated that the beta value of the leaf area index was 0.910, while the beta value of rainfall intensity was −0.389 (Table 9). The absolute value of the beta coefficient for the leaf area index was greater than that for the rainfall intensity. Therefore, the leaf area index was a more important variable in predicting the initial runoff time on the sugarcane-cropped slope than the rainfall intensity.



Similarly, analysis was performed on the infiltration rate, runoff intensity, and sediment yield. All the t-test values were higher than 2.65, indicating that the leaf area index and rainfall intensity were highly fitted to the infiltration rate, runoff intensity, and sediment yield. The absolute value of the beta coefficient of the infiltration rate for the leaf area index was greater than that for the rainfall intensity. On the contrary, the absolute value of the beta coefficient of the runoff intensity and sediment yield for the leaf area index was smaller than that for the rainfall intensity, suggesting that the rainfall intensity was a more important variable in predicting the runoff intensity and sediment yield on the sugarcane-cropped slope than the leaf area index. In other words, the contribution rate of rainfall intensity to runoff intensity and sediment yield on the sugarcane-cropped slope was greater than that of the leaf area index.



The beta coefficient of runoff intensity and sediment yield was positive for I, while it was negative for LAI, meaning that the sediment yield increased with rainfall, but decreased with LAI. This result was consistent with the findings of Tamta, who analyzed Napier grass and declared that the runoff intensity and sediment yield are inversely proportional to leaf area index (LAI) and directly proportional to rainfall intensity [63].




3.5.2. Mathematical Models


The data of the initial runoff time, infiltration, runoff, and sediment yield were subjected to rigorous analysis using linear regression techniques, with special attention to the effects of different vegetation stages and rainfall intensity conditions. As the model developed, 75% of the data were used to train the model and the rest 25% were used to verify it. In this study, 12 data sets were used as training models, and 4 data sets were used to validate the models. The linear models for the initial runoff time, infiltration, runoff, and sediment yield are presented in Table 10, which yielded satisfactory results. Figure 8 describes the scatter plots between the observed and calculated values of initial runoff time, infiltration, runoff, and sediment yield during the training and simulation periods, respectively. During the training period, the coefficient of determination (R2) was high, being the highest at 0.986 and the lowest at 0.912. During the simulation period, the Nash–Sutcliffe efficiency (NSE) for all the cases was greater than 0.5, indicating that the developed model performed well in prediction. The NSE was the highest at 0.973 for initial runoff time and was the lowest at 0.538 for sediment yield. The simulation results for runoff intensity are better than those for sediment yield [40,63].






4. Conclusions


This study demonstrated that sugarcane cultivation on laterite slopes significantly delayed initial runoff, increased infiltration, and reduced both runoff and sediment yield compared to the bare slopes. Specifically, runoff intensity decreased by 7.5% to 31.9%, and sediment yield decreased by 12.2% to 64.9% across sugarcane growth stages, with mature sugarcane showing the most pronounced erosion control. Mathematical models incorporating leaf area index (LAI) and rainfall intensity effectively predicted hydrological processes, with high R2 values (0.912 to 0.986) and Nash–Sutcliffe efficiency (NSE > 0.5). These findings highlight sugarcane’s dual agro-ecological benefits in erosion-prone regions, offering practical tools for sustainable land management and erosion mitigation. For instance, promoting mature sugarcane stands in areas with high erosion risk could significantly reduce sediment loss and improve soil health. The developed models can also aid in designing more effective soil and water conservation measures.



However, it is important to acknowledge the limitations of this study. The experiments were conducted under controlled laboratory conditions, which may not fully replicate the complexities of field environments. Variability in natural rainfall patterns, soil properties, and sugarcane varieties could affect the generalizability of the results. Future research should explore the long-term sustainability of sugarcane’s erosion-reducing effects, particularly under varying climatic conditions and soil types. Investigating the impact of different planting densities, intercropping systems, and sugarcane varieties on erosion control could provide additional insights for optimizing agricultural practices. These findings contribute to addressing broader environmental and agricultural challenges, such as mitigating soil degradation in tropical regions, and highlight the potential for similar benefits in other crops or environments with similar conditions.
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Figure 1. Location and elevation of study area. 
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Figure 2. Laboratory experiment configuration: (a) structure diagram of the rainfall simulation system; (b) experimental soil tank; and (c) plant canopy with its analysis system. 
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Figure 3. Time-serial infiltration rates under different rainfall intensities on bare slope and sugarcane-cropped slope. 
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Figure 4. Time-serial runoff intensity under different rainfall intensities on bare slope and sugarcane-cropped slope. 
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Figure 5. Time-serial sediment yield rate under different rainfall intensities on bare slope and sugarcane-cropped slope. 
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Figure 6. Cumulative sediment yield variation with time. 
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Figure 7. Sediment yield variation with runoff intensity. 
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Figure 8. Measured and calculated initial runoff time, infiltration rate, runoff intensity, and sediment yield during training period (a,c,e,g) and simulation period (b,d,f,h) for MLR model. 






Figure 8. Measured and calculated initial runoff time, infiltration rate, runoff intensity, and sediment yield during training period (a,c,e,g) and simulation period (b,d,f,h) for MLR model.



[image: Agronomy 15 00596 g008]







 





Table 1. Maximum designed storm rainfall intensity in 60 min.
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Mean

	
Coefficient of Variation

	
Design Storm Rainfall Intensity (mm/h)




	
(mm)

	
1%

	
2%

	
5%

	
10%

	
20%






	
60

	
0.4

	
138.6

	
124.8

	
106.5

	
92.1

	
76.9




	
70

	
0.4

	
161.7

	
145.6

	
124.3

	
107.5

	
89.7











 





Table 2. Effects of sugarcane growth stage and rainfall intensity on runoff initiation.






Table 2. Effects of sugarcane growth stage and rainfall intensity on runoff initiation.





	
Rainfall

Intensity

(mm/h)

	
Initial Runoff Time

on Bare Slope (min)

	
Initial Runoff Time of Laterite Slope (min)




	
Grown Stages and LAI




	
Seedling

Stage

	
Tillering

Stage

	
Elongation

Stage

	
Mature

Stage




	
0.72

	
1.69

	
3.25

	
4.06






	
75

	
1.83 ± 0.11 a C

	
2.93 ± 0.40 a C

	
4.65 ± 0.71 a B

	
6.45 ± 0.62 a A

	
7.22 ± 0.77 a A




	
100

	
1.67 ± 0.13 a C

	
2.62 ± 0.18 ab C

	
4.28 ± 0.42 ab B

	
5.78 ± 0.72 ab A

	
6.63 ± 0.63 ab A




	
125

	
1.18 ± 0.11 b C

	
2.03 ± 0.17 bc C

	
3.70 ± 0.25 ab B

	
4.95 ± 0.45 ab A

	
5.78 ± 0.75 ab A




	
150

	
0.75 ± 0.16 c C

	
1.73 ± 0.16 c C

	
2.98 ± 0.52 b B

	
4.70 ± 0.40 b A

	
5.22 ± 0.56 b A








For each rainfall intensity, the values in one column with the same lower-case letter are not significantly different (p < 0.05, least significant difference). For each sugarcane growth stage on the bare slope, the values in one row with the same capital letter are not significantly different (p < 0.05, least significant difference). The values are mean ± S.E. of means.













 





Table 3. Regression analysis of infiltration rate and time on the sugarcane-cropped slope.
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Growth Stages and LAI

	
Rainfall Intensity

(mm/h)

	
ifc

	
β

	
R2






	
Bare slope

	
75

	
17.448

	
1.448

	
0.862




	
100

	
15.630

	
1.996

	
0.819




	
125

	
12.635

	
0.727

	
0.975




	
150

	
10.391

	
1.694

	
0.941




	
Seedling stage

LAI = 0.72

	
75

	
20.505

	
1.053

	
0.998




	
100

	
21.917

	
1.012

	
0.988




	
125

	
21.995

	
1.179

	
0.964




	
150

	
20.762

	
1.313

	
0.984




	
Tillering stage

LAI = 1.69

	
75

	
20.232

	
0.541

	
0.987




	
100

	
22.846

	
1.175

	
0.983




	
125

	
24.623

	
1.137

	
0.968




	
150

	
24.966

	
1.381

	
0.962




	
Elongation stage

LAI = 3.25

	
75

	
25.875

	
0.592

	
0.986




	
100

	
29.543

	
1.020

	
0.984




	
125

	
36.508

	
1.012

	
0.961




	
150

	
36.100

	
1.281

	
0.942




	
Mature stage

LAI = 4.06

	
75

	
29.429

	
0.765

	
0.989




	
100

	
33.904

	
0.761

	
0.970




	
125

	
39.205

	
1.133

	
0.941




	
150

	
45.839

	
0.873

	
0.982











 





Table 4. Effects of sugarcane growth stage and rainfall intensity on infiltration rate.






Table 4. Effects of sugarcane growth stage and rainfall intensity on infiltration rate.





	
Rainfall

Intensity

(mm/h)

	
Infiltration Rate

on Bare Slope

(mm/h)

	
Infiltration Rate on the Sugarcane-Cropped Slope (mm/h)




	
Growth Stages and LAI




	
Seedling

Stage

	
Tillering

Stage

	
Elongation

Stage

	
Mature

Stage




	
0.72

	
1.69

	
3.25

	
4.06






	
75

	
19.28 ± 3.11 a C

	
23.35 ± 3.63 a C

	
25.30 ± 2.45 a BC

	
31.73 ± 3.89 a AB

	
35.17 ± 1.80 a A




	
100

	
17.95 ± 2.35 a D

	
25.65 ± 4.20 a CD

	
28.50 ± 1.82 a BC

	
36.54 ± 1.26 a AB

	
41.61 ± 5.09 a A




	
125

	
15.99 ± 2.52 a C

	
25.77 ± 3.99 a BC

	
31.07 ± 7.76 a ABC

	
44.11 ± 9.77 a AB

	
47.63 ± 11.43 a A




	
150

	
12.16 ± 2.93 a C

	
24.75 ± 3.11 a BC

	
31.30 ± 3.65 a B

	
45.17 ± 6.60 a A

	
55.43 ± 8.60 a A








For each rainfall intensity, the values in one column with the same lower-case letter are not significantly (p < 0.05, least significant difference) different. For each sugarcane stage and bare slope, the values in one row with the same capital letter are not significantly (p < 0.05, least significant difference) different. The values are mean ± S.E. of means.













 





Table 5. Effects of sugarcane on runoff intensity.






Table 5. Effects of sugarcane on runoff intensity.





	
Rainfall Intensity

(mm/h)

	
Runoff Intensity

on Bare Slope

(mm/h)

	
Runoff Intensity on the Sugarcane-Cropped Slope (mm/h)




	
Growth Stages and LAI




	
Seedling

Stage

	
Tillering

Stage

	
Elongation

Stage

	
Mature

Stage




	
0.72

	
1.69

	
3.25

	
4.06






	
75

	
54.58 ± 3.11 d A

	
50.51 ± 3.63 d A

	
48.56 ± 2.45 d AB

	
42.13 ± 3.89 c BC

	
38.69 ± 1.80 c C




	
100

	
80.53 ± 2.35 c A

	
72.83 ± 4.20 c AB

	
69.98 ± 1.82 c BC

	
61.94 ± 1.26 b CD

	
56.87 ± 5.09 bc D




	
125

	
107.11 ± 2.52 b A

	
97.33 ± 3.99 b AB

	
92.03 ± 7.76 b ABC

	
78.99 ± 9.77 b BC

	
75.47 ± 11.43 ab C




	
150

	
135.56 ± 2.93 a A

	
122.97 ± 3.11 a AB

	
116.42 ± 3.65 a B

	
102.55 ± 6.60 a C

	
92.29 ± 8.60 a C








For each rainfall intensity, the values in one column with the same lower-case letter are not significantly (p < 0.05, least significant difference) different. For each sugarcane stage and bare slope, the values in one row with the same capital letter are not significantly (p < 0.05, least significant difference) different. The values are mean ± S.E. of means.













 





Table 6. Regression analysis of time and sediment rate on the sugarcane-cropped slope.






Table 6. Regression analysis of time and sediment rate on the sugarcane-cropped slope.





	
Growth Stages and

Leaf Area Index (LAI)

	
Rainfall Intensity (mm/h)

	
a

	
b

	
R2






	
Seedling stage

LAI = 0.72

	
75

	
−0.018

	
5.849

	
0.995




	
100

	
−0.049

	
11.392

	
0.996




	
125

	
−0.038

	
15.881

	
0.996




	
150

	
−0.098

	
26.228

	
0.997




	
Tillering stage

LAI = 1.69

	
75

	
−0.030

	
5.502

	
0.983




	
100

	
−0.029

	
8.215

	
0.991




	
125

	
−0.019

	
11.760

	
0.992




	
150

	
−0.056

	
18.723

	
0.992




	
Elongation stage

LAI = 3.25

	
75

	
−0.003

	
2.289

	
0.980




	
100

	
−0.006

	
4.553

	
0.986




	
125

	
0.001

	
6.521

	
0.989




	
150

	
−0.021

	
11.140

	
0.987




	
Mature stage

LAI = 4.06

	
75

	
0.005

	
1.605

	
0.967




	
100

	
0.002

	
3.324

	
0.982




	
125

	
0.002

	
5.715

	
0.987




	
150

	
0.002

	
7.815

	
0.988











 





Table 7. Effects of sugarcane growth stage and rainfall intensity on sediment yield.






Table 7. Effects of sugarcane growth stage and rainfall intensity on sediment yield.





	
Rainfall Intensity

(mm/h)

	
Sediment Yield on Bare Slope (kg/(m2·h))

	
Sediment Yield on the Sugarcane-Cropped Slope (kg/(m2·h))




	
Growth Stages and LAI




	
Seedling

Stage

	
Tillering

Stage

	
Elongation

Stage

	
Mature

Stage




	
0.72

	
1.69

	
3.25

	
4.06






	
75

	
0.320 ± 0.016 d A

	
0.284 ± 0.045 d A

	
0.222 ± 0.025 c B

	
0.124 ± 0.007 d C

	
0.109 ± 0.006 d C




	
100

	
0.587 ± 0.082 c A

	
0.513 ± 0.033 c AB

	
0.385 ± 0.085 c BC

	
0.248 ± 0.052 c CD

	
0.204 ± 0.006 c D




	
125

	
0.939 ± 0.035 b A

	
0.810 ± 0.027 b B

	
0.629 ± 0.054 b C

	
0.383 ± 0.015 b D

	
0.340 ± 0.048 b D




	
150

	
1.368 ± 0.160 a A

	
1.218 ± 0.071 a A

	
0.916 ± 0.105 a C

	
0.588 ± 0.066 a C

	
0.473 ± 0.045 a C




	
average

	
0.804

	
0.706

	
0.538

	
0.336

	
0.282








For each rainfall intensity, the values in one column with the same lower-case letter are not significantly (p < 0.05, least significant difference) different. For each sugarcane stage and bare slope, the values in one row with the same capital letter are not significantly (p < 0.05, least significant difference) different. The values are mean ± S.E. of means.













 





Table 8. Significant parameters for the model of the initial runoff time, infiltration rate, runoff intensity, and sediment yield.






Table 8. Significant parameters for the model of the initial runoff time, infiltration rate, runoff intensity, and sediment yield.





	Significant Parameters
	Mathematical Model
	R2
	F





	LAI
	tps = 1.139LAI + 1.711
	0.816
	67.714



	I
	tps = −0.023I + 7.033
	0.091
	2.499



	LAI, I
	tps = 1.139LAI−0.023I + 4.266
	0.977
	320.769



	LAI
	Iis = 6.109LAI + 19.723
	0.708
	37.325



	I
	Iis = 0.140I + 18.865
	0.115
	2.958



	LAI, I
	Iis = 6.109LAI + 0.140I + 4.02
	0.887
	59.609



	LAI
	IRs = −6.109LAI + 91.067
	0.036
	1.567



	I
	IRs = 0.845I−18.865
	0.878
	108.481



	LAI, I
	IRs = 0.845I−6.109LAI−4.02
	0.984
	470.965



	LAI
	Mss = −0.128LAI + 0.777
	0.268
	6.478



	I
	Mss = 0.008I−0.455
	0.563
	20.232



	LAI, I
	Mss = 0.008I−0.128LAI−0.143
	0.894
	64.486










 





Table 9. The t-test for the model of the initial runoff time, the infiltration rate, runoff intensity, and sediment yield.






Table 9. The t-test for the model of the initial runoff time, the infiltration rate, runoff intensity, and sediment yield.





	
Mathematical Model

	
t-Test




	
Variable

	
Standardized Coefficients

Beta

	
t






	
tps = 1.139LAI − 0.023I + 4.266, R2 = 0.977

	
LAI

	
0.91

	
23.289




	
I

	
−0.389

	
−9.957




	
Iis = 6.109LAI + 0.140I + 4.02, R2 = 0.887

	
LAI

	
0.853

	
9.806




	
I

	
0.418

	
4.803




	
IRs = −6.109LAI + 0.845I − 4.02, R2 = 0.984

	
LAI

	
−0.317

	
−9.806




	
I

	
0.941

	
29.082




	
Mss = −0.128LAI + 0.008I − 0.143, R2 = 0.894

	
LAI

	
−0.562

	
−6.702




	
I

	
0.769

	
9.168











 





Table 10. Developed mathematical model with LAI and the rainfall intensity.






Table 10. Developed mathematical model with LAI and the rainfall intensity.





	
Mathematical Model

	
Training Period

	
Simulation Period




	
NSE

	
NSE






	
initial runoff time

	
tps = 1.165LAI − 0.024I + 4.315, R2 = 0.973

	
0.978

	
0.973




	
infiltration rate

	
Iis = 5.111LAI + 0.165I + 4.101, R2 = 0.925

	
0.939

	
0.767




	
runoff intensity

	
IRs = −5.111LAI + 0.82I − 4.101, R2 = 0.986

	
0.989

	
0.768




	
sediment yield

	
Mss = −0.097LAI + 0.007I − 0.122, R2 = 0.912

	
0.924

	
0.538
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