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Abstract

:

Rainfall simulators are important pieces of equipment to investigate hydrological processes and soil erosion. Here, we investigated the operational characteristics, the rainfall characteristics, and the soil erosion process under collecting plots and rainfall patterns using the InfiAsper simulator. We evaluated the standard plot of the simulator in a rectangular shape (1.0 × 0.7 m), as well as a circular plot (0.8 m diameter), and four precipitation patterns, characterized as advanced (AV), intermediate (IN), delayed (DL), and constant (CT). In the laboratory, uniformity and water consumption tests were carried out for shutter-disk rotations from 138 to 804 rpm, and in the field, simulated rains were applied on a Dystric Acrisol. Rains with different patterns were simulated and presented a uniformity coefficient above 83% for the circular plot and 78.2% for the rectangular plot. The soil erosion varied as a function of the precipitation patterns and, to a lesser extent, according to the shape of the experimental plot. However, runoff and soil loss in AV were 2.1 and 3.5 times greater when using a circular plot. Concerning IN and DL, the length of the rectangular plot may have influenced the formation of small furrows throughout most of the simulated rainfall event, providing greater runoff (13.1 mm) and soil loss (13.6 g m−2). The results obtained are promising, but plots with different shapes associated with rainfall patterns simulated by InfiAsper must be evaluated in other classes and soil use and cover conditions.
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1. Introduction


Rainfall simulators are devices designed for sprinkling water similarly to natural rainfall to facilitate studies on water erosion, surface runoff, and water infiltration into the soil [1,2,3,4]. These pieces of equipment have been used to evaluate the erosion process under laboratory conditions [5] and in the experimental field [6,7,8]. Concerning studies on natural rainfall, they have advantages such as the ability to reproduce rainfall events with similar characteristics, the possibility of varying the diameter and kinetic energy of the drops [9], and reducing the time and costs involved in conducting research [10].



The choice of a rainfall simulator must be made according to some aspects, such as portability, simplicity of operation, uniform rainfall distribution, easy handling and speed of operation, water consumption, and the relationship between simulated and natural rainfall kinetic energy [11,12]. Despite the aforementioned advantages and applications, not all simulators allow for the variation of precipitation intensity (PI) during rain applications [13], a natural characteristic of rainfall events [14]. The variation of PI throughout the event allows the reproduction of different rainfall patterns, which are characterized according to the occurrence of peak precipitation in relation to the duration of the rain, which may influence the soil erosion process [15].



The InfiAsper simulator [16] meets the requirements mentioned above and has been used in various soil and water management and conservation studies carried out in Brazil [17,18,19]. The equipment is classified as a rotating disk [20] and was developed to apply rainfall with constant PI, ranging from 20 to 150 mm h−1 and with uniformity greater than 75%, using an experimental plot of 0.70 m2. To overcome the limitation of applying rainfall with constant intensity, allowing the simulation of different precipitation patterns, Macedo et al. [21] developed a new control panel for the InfiAsper, making it possible to vary the intensity of the rainfall during applications by regulating the shutter-disc rotation, thus reproducing the natural soil loss process more efficiently [22].



Water distribution uniformity is crucial for rainfall simulators [23] and is often evaluated by the Christiansen Uniformity Coefficient (CU) [24]. Several authors recommend reference values for CU in studies with simulated rainfall, although even the uniformity of natural rainfall is very variable due to the complexity of the micro-physical variables involved [25]. Using the new control panel, Macedo et al. [21] evaluated the InfiAsper operating with different rainfall patterns and achieved uniformities varying from 76.9% to 79.4%, and the relationship between simulated and natural kinetic energy was predominantly greater than 80% for different rainfall patterns.



Increasing simulated rainfall uniformity provides better results in studies related to water erosion, which depends on the shape and size of the experimental plot [26] responsible for conditioning the surface runoff. Experimental plots of different areas and shapes used in rainfall simulators are reported in the literature. Amore et al. [27] highlights that it is important to consider the effect of the experimental plot in the soil erosion estimation, in addition to other variables such as soil tillage and management and soil type. For instance, Iserloh et al. [11] evaluated the rainfall characteristics of 13 rainfall simulators, of which 8 had circular plots, 4 rectangular, and 1 trapezoidal, with an area ranging from 0.159 to 1.0 m2. The authors concluded that the effects of experimental plot designs on runoff and soil erosion processes should be evaluated, especially under simulated rainfall. To the best of our knowledge, there are no studies evaluating the effects of experimental plot designs and considering rainfall with the same characteristics (intensity, duration, and kinetic energy). Therefore, the main objective of this study is to evaluate the effect of the shape and area of an experimental plot on rainfall distribution and soil erosion processes. To do this, we used rainfall patterns obtained by the InfiAsper simulator using rectangular 0.70 m² (RP) and circular plots (CP) of 0.50 m², for which consumption (CW), water use efficiency (WUE), and the rain uniformity coefficient (CU) were evaluated for different operating conditions of the rain simulator.




2. Materials and Methods


2.1. Rainfall Simulator Description


We used the InfiAsper rainfall simulator [16] (Figure 1), operating with a 1.0 hp motor pump. The rainfall is controlled via a control panel that activates the motor pump and controls the shutter-disc rotation using a frequency inverter. The simulator operates with two Veejet 80.150 nozzles parallel to each other, positioned 2.3 m from the ground surface. The mean diameter of drops applied by the simulator is around 2.0 mm, considering the different pressure settings. In this study, the opening of the shutter disc was maintained at 56 mm and the water pressure at 27.6 kPa, values defined from previous evaluations. We used the new control panel that allows the precipitation intensity (PI) to be varied and the rainfall to be programmed based on pre-defined patterns proposed by [21].



Figure 2a shows the usual rectangular runoff collection plot of the InfiAsper, with an area of 0.7 m2 (1.0 × 0.7 m). Here, we proposed a circular experimental plot (Figure 2b), defined according to the simulator’s spraying shape. Due to its operational characteristics, the area wetted by the InfiAsper has a smaller dimension in the transverse direction to the runoff, with just over 0.80 m. Therefore, the circular plot was built with 0.80 m and 0.5 m2 of diameter and area, respectively. Galvanized steel sheets were used to construct plots of both shapes with a height of 0.25 m. These plots were driven into the ground and positioned about 0.02 m above the soil surface.




2.2. Experimental Procedure


We divided this study into two experimental steps: laboratory and field. First, in the laboratory, we evaluated both the uniformity using the CU (Equation (1)) and the PI in tests with disk rotations of 138, 264, 420, 684, and 804 rpm and a duration of 5 min.


  CU = 1 −     ∑   i = 1  n     X i  −     X ¯        n    X ¯      



(1)




where:



Xi—rainfall depth in each collector (mm);



   X ¯   —mean rainfall depth (mm);



n—number of collecting bottles.



The water consumption (WC) of the InfiAsper at different disc rotations was also evaluated by collecting and measuring the water volume applied. From there, we obtained the efficiency of the equipment (WUE), which was obtained from the ratio between the volume collected in the plots and the WC.



For each simulated rainfall test, totaling 5 repetitions per rotation, the applied water was collected in plastic containers, 50 cm2 in area, distributed inside the plot, using a graduated cylinder measuring 1.0 mm to measure the volume. Ninety-two collectors were used in the rectangular plot and 81 in the circular plot, allowing the calculation of uniformity and the spatial distribution of rainfall. Based on these results, models relating PI with rotation were adjusted for rectangular and circular plots, enabling the operation of InfiAsper with instantaneous variations of PI during tests with simulated rainfall. Flanagan et al. [15] classified rainfall patterns according to the moment of occurrence of the precipitation peak in relation to the rainfall duration. In the Advanced (AV), Intermediate (IN), and Delayed (DL) patterns, the PI peak occurs in the initial, middle, and final third of the rainfall, respectively, and may influence the erosion process due to the water content in the surface layer of the soil.



From the calibration curves, the AV, IN, and DL patterns were programmed for each plot, considering a mean PI of 45 mm h−1 and a duration of 40 min, with PI varying from 30 to 110 mm h−1, according to the methodology presented by [21]. In addition, tests with constant (CT) precipitation intensity were also performed. Therefore, the kinetic energy varied from 11.20 to 41.08 J m−2 min−1, according to the computational routine presented by [16].



The rainfalls were simulated using the information from each pattern, which was constantly recorded (every minute) in a txt file on a microSD card that was later accessed by the InfiAsper control panel. The rainfall uniformity and spatial distribution with the different patterns were also evaluated for the two collecting experimental plots using the same methodology mentioned above.



After the laboratory tests, the second step was carried out in the field, where soil loss and surface runoff were evaluated in a ploughed and harrowed area of an ARGISSOLO VERMELHO-AMARELOS Distrófico (Dystric Acrisol according to the World Reference Base for Soil Resources) [28] with a loamy sand texture (0.0–0.34 m). This area had been uncultivated for at least 2 years, and Table 1 shows its granulometric composition and the soil physical attributes in the different horizons. Soil organic carbon was evaluated in the 0.0–0.18 m layer, indicating 20.82 g kg−1.



A randomized block design was adopted in a 2 × 4 factorial scheme (2 plot shapes × 4 rainfall patterns), resulting in a total of eight treatments with four replications. The treatments corresponded to the surface-runoff collecting plots (rectangular and circular) and to the four rainfall patterns (CT, AV, IN, and DL), totaling 32 experimental plots.



The area had a mean slope of 0.09 m m−1, and once installed, the plots were pre-wet and close to the surface using a watering can, aiming to standardize the soil moisture in the respective experimental units and reduce the time between the beginning of the precipitation and the surface runoff [10]. Then, the InfiAsper simulator was installed and positioned to apply rainfall, maintaining a height of 2.3 m from the nozzles to the ground surface. The metallic structure of the rainfall simulator permits the adjustment of rods to maintain the obturator disc in a horizontal position, while the runoff collector outlet is positioned in the direction of the slope (see Figure 1).



Surface runoff and soil loss were assessed by collecting the runoff volume from each plot. Samples were collected at one-minute intervals from the start of the runoff, and the water volume was quantified using a 1000-mL measuring cylinder. Soil loss was estimated by determining the sediment runoff weight per sample after drying the material in an oven at 60 °C.




2.3. Statistical Analysis


The data were submitted to the Shapiro–Wilk test to check the normality of the residuals, followed by an analysis of variance (ANOVA). Tukey’s test was then applied at 5% probability to compare the mean values. The statistical analysis was carried out using the SISVAR 5.7 software [30].





3. Results


3.1. Precipitation Intensity, Water Use Efficiency, and the Uniformity Coefficient


Changes in the rotation of the rainfall simulator’s motor affect the volume of water passing through the disk apertures. Therefore, the increase in disk rotation provides a reduction in the WC of the InfiAsper simulator and, consequently, in PI. However, we noted a higher range of PI values in the circular than in the rectangular plots (Table 2). The circular plot provided an increase in the uniformity coefficient of the simulated rainfall by the InfiAsper in relation to the rectangular plot. For the different rotations, CU ranged from 90.3% to 75.8% in the circular plot and from 82.5% to 67.5% in the rectangular plot, reaching the highest values at 420 rpm for the circular plot and 264 rpm for the rectangular plot.




3.2. Characterization of the Rainfall Patterns


From the PI and rotation data shown in Table 2, calibration curves were generated for each shape of the studied plot (Figure 3), which are considered essential for obtaining precipitation patterns. The simulated rainfall under different patterns was programmed according to Figure 4, with a duration of 40 min, a total depth of 30 mm, and a PI peak of 110 mm h−1 for each rainfall event. The disk rotation values were inserted in a text file for each minute and recorded on a micro-SD memory card [21]. The electronic system on the simulator’s control panel read this information and acted on the motor frequency inverter, changing the disc rotation and, consequently, the PI.




3.3. Spatial Distribution of the Precipitation Intensity


The spatial distribution of PI varied between experimental plots (Figure 5 and Figure 6). However, we did not find a significant difference between the rainfall patterns evaluated, indicating the quality of the calibration performed (Figure 3) and the satisfactory functioning of the new InfiAsper control panel proposed by [21].



In general, we found good uniformity for all the patterns in both shapes of plots, confirming the potential of using the InfiAsper simulator in water erosion studies (Table 3).




3.4. Water and Soil Losses


The runoff and soil loss mean values varied as a function of the precipitation patterns and, to a lesser extent, according to the shape of the experimental plot (Table 4). For the AV pattern, the runoff depth in the circular plot was greater than that in the rectangular plot, while the opposite was noted for the DL pattern; a similar runoff depth was observed in both types of plots for the IN and CT patterns. Within each of the circular plots, the greatest values occurred with the AV and IN patterns, differing from CT, which showed the least runoff. For the rectangular plot, the IN and DL patterns showed the greatest runoff, differing from AV and CT, which presented less runoff. In the delayed pattern (DL), when the PI peak occurred after 33 min, the greater length of the rectangular plot may have favored the formation of small furrows throughout the simulated rainfall event (Figure 7), providing greater runoff (14.1 mm) and soil loss (14.1 g m−2).





4. Discussion


4.1. Precipitation Intensity, Water Use Efficiency, and the Uniformity Coefficient


In experimental research planning, knowing the WC of the rainfall simulator is important information. This helps the operator determine the required volume of water to simulate rain in the field, which is dependent on the PI and test duration.



Overall, the circular plot had a higher precipitation intensity (PI) as the InfiAsper water jet’s wetting area tended to form a circular spray pattern. As mentioned earlier, the InfiAsper simulator features two conical nozzles, and as a result of the disk rotation, more water is deposited in the center of the plot, particularly at lower rotation speeds. WUE is impacted by both WC and PI. The rectangular plot generated a higher WUE due to its larger longitudinal dimension, while the circular plot, with a smaller area, received less rainfall depth, leading to a lower WUE for the plot.



Iserloh et al. [11] evaluated 13 rainfall simulators and found a range from 0.49 to 3.24 L min−1 and from 4.2% to 49.3% for WC and WUE, respectively. From the equipment evaluated by the authors, the simulators from Almeria (AL) and Valencia (VA), with circular collecting plots and an area of 0.283 and 0.246 m2, showed the greatest water use efficiency, of 49.3% and 42.95%, respectively, with a water consumption of 0.49 L min−1 for a PI of 51 mm h−1. These results differ from those found in the present study, possibly due to the differences in the types of spray nozzles (Veejet 80.150—InfiAsper, Hardi 4680–10E—Almeria, Hardi 1553 12—Valencia), experimental plots, and rainfall intensity.



Among the 13 simulators evaluated by [11], the CU ranged from 60.6% to 97.8%, with the highest coefficient obtained for the simulator developed at the University of Zaragoza. However, its circular collecting plot has an area of only 0.212 m2, favoring greater uniformity of rainfall. In studies to determine the runoff and loss of sediment in different types of soil, the CU of the rainfall applied by a simulator developed by [31,32] was 97.8% at a rainfall intensity of 52.5 mm h−1 in a circular collecting plot with an area of 0.21 m² [33]. Table 2 shows that CU reached 90.3% for a PI of 75.7 mm h−1, using a circular plot with an area greater than that used by the aforementioned authors. Therefore, the shape and area of the plot are related to the better uniformity of the simulated rainfall.




4.2. Characterization of the Rainfall Patterns


Knowing the relationship between the shutter disk rotation and the respective PI value, the rainfall pattern can be configured with different combinations of intensity, duration, and depth. It is worth mentioning that InfiAsper was developed to simulate rainfall with constant PI [16]. The peak PI occurring throughout the rainfall is characteristic of the pattern, as described by [15]. Considering the constant pattern, the PI was kept at 45 mm h−1 to provide the same rainfall depth as those with the other patterns.




4.3. Spatial Distribution of the Precipitation Intensity


The patterns were designed to ensure that all simulated rainfall had similar characteristics (Figure 4). Thus, most of the rainfall events had a PI of less than 50 mm h−1, but with less variation between collectors in the circular plot (Figure 5), suggesting better results for uniformity than the rectangular plot (Table 3). According to [34], this variability may be due to the design of the collecting plot and the characteristics of the rainfall simulator.




4.4. Water and Soil Losses


Overall, portable simulators have runoff collection plots with previously predefined sizes and shapes based on the operational characteristics of the equipment. Therefore, it is not common to carry out studies comparing experimental plots for the same type of rainfall simulator.



Higher CU values were obtained in the circular plot, but this difference did not provide expressive differences in runoff and soil loss, except for simulated rainfall with the advanced pattern (AV). Due to the smaller longitudinal dimension of the circular plot and the occurrence of the PI peak (110.0 mm h−1) a few minutes after the onset of rain (Figure 4), water accumulation at the outlet was greater and faster [35]. Furthermore, the smaller area of the circular plot (0.5 m2) may also have favored higher runoff, particularly for the IN and AV patterns. Neumann et al. [36] reported that the plot shape plays a significant role in discussions related to surface runoff and soil loss as it can potentially affect the interface between the soil surface and the collecting funnel. For instance, they found a surface runoff 30% higher in experimental plots with 1.0 m² than 8.0 m², considering the same IP.



Although the mean precipitation intensity of 45 mm h−1 applied is the same for the different rainfall patterns, the peak intensity influences runoff and the soil erosion process. On the other hand, the constant pattern (CT) provided the lowest water and soil losses (Table 4), decreasing runoff by 49.6% (rectangular plot) and soil loss by 73.0% (circular plot), a value close to that obtained by [37]. Unfortunately, most simulators do not allow PI variation during rainfall application [13], making it impossible to apply rainfall that can more realistically reproduce the natural process of soil loss [22].



The greater soil loss and surface runoff provided by the AV pattern in a circular plot may also be related to the physical characteristics and the granulometric composition of the soil in the experimental area: an Acrisol with the presence of a textured B horizon (Bt), where the greatest accumulation of clay can be found (520 g kg−1 at a depth of 51–92 cm) (Table 1). The Bt horizon acts to limit water infiltration and drainage, favoring surface runoff and soil loss [38]. In addition, the high bulk density (1.64 g cm−3) and low porosity (31.1%) in the surface horizon of this Acrisol may be the result of the superficial sealing of the soil particles, especially the fine sand, which causes dispersion and clogging of the pores, reducing water infiltration into the soil and, consequently, increasing the surface runoff.



In the rectangular plot, runoff and soil loss were higher in the IN and DL patterns, reaching, respectively, an average of 1.9 and 1.7 times greater than the values obtained in the AV pattern. A similar effect was obtained by [10] using the same rainfall simulator, but in soil with a higher clay content in the surface layers. In general, simulated rainfall under the DL pattern tends to provide higher rates of runoff and soil loss, mainly due to the prolonged period of moisture that the soil is exposed to before the peak rainfall intensity [39]. However, the results obtained with simulated rainfall cannot be easily compared due to the significant differences that exist between the rainfall simulators, such as plot size and shape, type of nozzles, as well as the size and height of the raindrops [40]. In addition, soil characteristics are also paramount in understanding the erosion process. Alavinia et al. [41] conducted an evaluation of the impact of rainfall patterns on soil erosion using a rectangular, small-scale plot filled with sandy-textured soils. The authors observed greater runoff and soil loss in the “Decreasing” and “Increasing-decreasing” patterns, which is similar to the effect observed in the circular plot in our study.



We used a rainfall simulator that meets all the criteria related to the uniformity of distribution, average diameter, terminal velocity, and kinetic energy of drops that are consistent with natural rainfall, as described by [21]. While we acknowledge that our findings enhance our knowledge of surface runoff and soil erosion processes by using rainfall simulators, we cannot consider them conclusive. It is crucial to perform future studies of precipitation patterns in experimental plots with varied shapes and sizes in different soil classes and conditions of land use and land cover.





5. Conclusions


In this study, we evaluate the operational characteristics of the InfiAsper rainfall simulator for different shapes of the experimental plot and its influence on soil and water loss under rainfall patterns. Rectangular experimental plots of 0.70 m2 (1.0 × 0.7 m) and circular plots of 0.50 m2 were evaluated in laboratory and field tests. The use of a circular plot provided greater uniformity in relation to a rectangular plot and greater PI with shutter-disk rotations below 700 rpm. From the calibration curves, rains with different patterns simulated by InfiAsper presented a uniformity coefficient above 83% for the circular plot and 78.2% for the rectangular plot. The soil erosion varied as a function of the precipitation patterns and, to a lesser extent, according to the shape of the experimental plot. However, in the advanced pattern, runoff and soil loss were 2.1 and 3.5 times greater when using a circular plot. The greater longitudinal length of the rectangular plot favored the formation of small furrows throughout the simulated rainfall with IN and DL, providing higher average values of runoff (13.1 mm) and soil loss (13.6 g m−2). Regardless of the plot format, the CT pattern provided the lowest runoff and soil loss. Despite the greater uniformity measured in the circular plot, rainfall-simulated tests must be carried out by InfiAsper in other soil classes and conditions of use and cover under different shapes associated with rainfall patterns.
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Figure 1. Description of the components of the InfiAsper rainfall simulator (Legend: metallic structure (1); water application unit (2); control panel (3); water reservoir (4); water pump (5); and runoff collector (6)). 
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Figure 2. Rectangular (a) and circular (b) plots used in the study. 






Figure 2. Rectangular (a) and circular (b) plots used in the study.



[image: Soilsystems 07 00087 g002]







[image: Soilsystems 07 00087 g003] 





Figure 3. Calibration curve obtained in tests of five minutes duration in circular (cp) and rectangular (rp) experimental plots. 
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Figure 4. Rainfall patterns obtained with the rainfall simulator calibrated for tests lasting 40 min have a peak PI of 110 mm h−1 and a rainfall depth of 30 mm. 
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Figure 5. Spatial distribution of the PI of rainfall applied by the InfiAsper simulator for the advanced (a), intermediate (b), delayed (c), and constant (d) (mm h−1) patterns in the circular plot. 
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Figure 6. Spatial distribution of the PI of rainfall applied by the InfiAsper simulator for the advanced (a), intermediate (b), delayed (c), and constant (d) (mm h−1) patterns in the rectangular InfiAsper plot. 
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Figure 7. Experimental plots after 40 min of simulated rainfall. 
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Table 1. Physical attributes and granulometric composition of a Dystric Acrisol in the different horizons.
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Horizon *

	
PD

	
BD

	
TP

	
Ks

	
Sand

	
Silt

	
Clay




	
Coarse

	
Fine

	
Total




	
(g cm−3)

	
(%)

	
(m h−1)

	
(%)






	
Ap (0.0–0.18 m)

	
2.38

	
1.64

	
31.10

	
0.0358

	
66

	
17

	
83

	
4

	
13




	
A (0.18–0.34 m)

	
2.42

	
1.57

	
35.17

	
0.0629

	
64

	
17

	
81

	
8

	
11




	
AB (0.34–0.41 m)

	
2.29

	
1.58

	
31.23

	
0.0489

	
56

	
16

	
72

	
8

	
20




	
BA (0.41–0.51 m)

	
2.26

	
1.72

	
24.17

	
0.0671

	
42

	
11

	
53

	
9

	
38




	
Bt1 (0.51–0.92 m)

	
2.06

	
1.45

	
29.86

	
0.0782

	
28

	
4

	
32

	
16

	
52








* The soil horizon/layer names’ are in accordance with the Brazilian Soil Classification System [29]. PD—particle density; BD—bulk density; TP—total porosity; Ks—hydraulic conductivity of the saturated soil; Coarse sand (0.2 to 2.0 mm); fine sand (0.05 to 0.2 mm); total sand (2–0.05 mm); silt (0.05–0.002 mm); clay (<0.002 mm).













 





Table 2. Water consumption (WC), precipitation intensity (PI), water use efficiency (WUE), and uniformity coefficient of the simulated rainfall (CU) in the circular plot and rectangular InfiAsper plot.
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Rotation

(rpm)

	
WC

(L min−1)

	
Circular Plot

	
Rectangular Plot




	
PI

(mm h−1)

	
WUE

(%)

	
CU

(%)

	
PI

(mm h−1)

	
WUE

(%)

	
CU

(%)






	
138

	
2.24

	
146.4

	
54.4

	
84.9

	
114.9

	
59.5

	
81.2




	
264

	
1.61

	
99.5

	
51.6

	
89.3

	
80.8

	
58.4

	
82.5




	
420

	
1.19

	
75.7

	
53.0

	
90.3

	
62.1

	
60.6

	
81.0




	
684

	
0.58

	
34.3

	
49.3

	
83.0

	
35.4

	
71.0

	
72.2




	
804

	
0.50

	
26.7

	
44.3

	
75.8

	
28.2

	
65.1

	
67.5











 





Table 3. Uniformity coefficients (%) for the different collecting plots and rainfall patterns.
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Plots

	
Rainfall Patterns




	
Advanced

	
Intermediate

	
Delayed

	
Constant






	
Rectangular

	
78.2

	
79.0

	
78.5

	
77.7




	
Circular

	
83.5

	
83.8

	
83.5

	
81.7











 





Table 4. Runoff depth and soil loss in the circular and rectangular plots for different rainfall patterns lasting 40 min.
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Rainfall Patterns

	
Runoff Depth (mm)

	
Soil Loss (g m−2)




	
Circular Plot

	
Rectangular Plot

	
Circular Plot

	
Rectangular Plot






	
Advanced

	
14.4 ± 0.7 aA

	
6.7 ± 3.5 bB

	
27.2 ± 7.2 aA

	
7.8 ± 3.9 bAB




	
Intermediate

	
14.3 ± 2.0 aA

	
12.0 ± 1.1 aA

	
16.8 ± 0.9 aAB

	
13.1 ± 3.0 aA




	
Delayed

	
10.4 ± 2.7 bAB

	
14.1 ± 2.4 aA

	
10.6 ± 1.2 aBC

	
14.1 ± 7.5 aA




	
Constant

	
7.8 ± 2.0 aB

	
7.1 ± 2.4 aB

	
7.2 ± 2.3 aC

	
5.7 ± 1.2 aB




	
CV (%)

	
20.67

	
32.12








CV—coefficient of variation. Lowercase letters compare mean values for runoff depth and soil loss between different plots within the same rainfall pattern. Uppercase letters compare mean values within the same plot for different rainfall patterns. Mean values followed by the same letter do not differ by Tukey’s test at a level of 5%.
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