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ABSTRACT. Brazil has high soil loss rates due to its tropical and subtropical climate characteristics. In this
sense, soil use and management practices may minimize such losses. In this study, experimental plots were
monitored for eight years in southern Brazil during natural rainfall events. Treatments were as follows: I)
bare soil under conventional tillage, IT) barley-oat/ soybeans succession under conventional tillage, III) oat-
lupine-vetch/ maize succession under conventional tillage, IV) barley-oat/ soybeans succession under no-
tillage, and V) oat-lupine-vetch/ maize succession under no-tillage. Data on rainfall amount and erosivity
indices (EIso, El20, and El10) were subjected to regression analyses, evaluating the effects of climatic variables
on soil and water losses. We could also analyze crop species, conventional and no-tillage systems, and
winter and summer seasons. The highest soil and water losses occurred in treatments under conventional
tillage. In addition, soybeans treatments increased soil and water losses. Maize under no-tillage was the most
efficient practice, as it had soil losses (3.4 times) and water losses (1.5 times) lower than soybeans under
conventional tillage. Rainfall amounts and Els were better correlated with soil and water losses in conventional
tillage treatments. However, Elio could better explain the soil losses from the conservationist treatment.
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Introduction

Erosion is considered a major global threat to soil and water degradation (Borrelli et al., 2020), especially
in tropical regions, as it causes soil particles to detach and be transported more easily (Miranda, Scarpinella,
Silva, & Mauad, 2015). Research on water erosion has been often carried out in delimited plots, whose surface
runoff and soil losses are monitored after each rainfall event (Strohmeier, Laaha, Holzmann, & Klik, 2016;
Anache, Wendland, Oliveira, Flanagan, & Nearing, 2017; Yang et al., 2019). In Brazil, the first experimental
studies at a plot scale were conducted in the 1940s. However, since the peak of studies on soil erosion in the
2000s, field experiments have decreased by roughly 86% (Anache et al., 2017), and about 50% of experimental
studies have only two or fewer years of monitored data. Between 1990 and 2001, research in this field focused
primarily on the USA and Europe, then expanding to China and Australia, and finally reaching South America
and eastern and southern South Africa (Zhuang, Du, Zhang, Du, & Li, 2015).

Experimentation for several years is crucial due to climatic phenomena that have frequently occurred in
southern Brazil over the last years (Grimm, Almeida, Benetti, & Leite, 2020; Ndia Janior, Fraisse, Karrei,
Cerbaro, & Perondi, 2020). In recent years (15 to 20 years), the frequency of extreme events has increased,
with alternating periods of drought and flood. The phenomena known as El Nino and La Nina have intensified
in recent years. Between 2009 and 2010, a large volume of rainfall was observed, generating heavy flooding
and reductions in crop yields (Theisen, Vernetti Jr., & Silva, 2009). In the 2011-2012 crop season, according
to data from Empresa de Assisténcia Técnica e Extensao Rural [EMATER] (2012), crop yields in Rio Grande do
Sul (RS) were severely affected by the lack of water in the soil (Cunha et al., 2011). And more recently, in the
2021/2022 crop season, RS again experienced a severe drought, which was similar to that in the 2004-2005
crop season, which was considered the worst drought in RS according to meteorological records.
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Furthermore, since the beginning of the insertion of long-term experiments in Brazil, researchers have shown
that, in conventional tillage systems, soil loss is more significant than in minimum cultivation and no-tillage
systems (Chowaniak et al., 2020; Silva, Cassol, Levien, Eltz, & Schmidt, 2020). More residue on the soil surface
maintained by no-tillage practices in southern Brazil has had positive effects, controlling soil losses. In this way,
compared to a conventional system, no-tillage began to show efficiency in terms of reduction in soil and water
losses (Schick, Bertol, Batistela, & Junior, 2000; Cogo, Levien, & Schwarz, 2003; Bertol et al., 2008), improving soil
properties and increasing agricultural productivity through the use of cover crops and crop rotation practices
(Debarba & Amado 1997; Barcelos, Cassol, & Denardim, 1999; Amado, Bayer, Eltz, & Brum, 2001). Nonetheless,
soil loss-control efficiency has not been compared to runoff control efficiency (Merten, Aradjo, Biscaia, Barbosa,
& Conte, 2015; Chowaniak et al., 2020). Moreover, Deuschle, Minella, Horbe, Londero and Schneider (2019) argued
that the dynamics of soil and water losses in no-tillage depend on rainfall magnitude and intensity, as this system
is more vulnerable to runoff during high-magnitude and high-intensity events.

Lastly, field studies on soil water erosion are scarce in Brazil due to the cost and time to collect
representative data. Brazil ranked first in soybeans production in the world, with 154.6 million tons out of the
369.0 million tons produced worldwide (Empresa Brasileira de Pesquisa Agropecudria [EMBRAPA], 2023) in
the 2022/23 harvest. In addition, such data availability may provide subsidies to face the lack of conservation
practices or inadequate soil management, which has been observed in this study region (Didoné, Minella, &
Evrard, 2017; Didoné et al., 2014).

Based on that, an eight-year experiment (1978-1986) was performed under natural rainfall events in
experimental plots under the following treatments: i) bare soil under conventional tillage, ii) barley-oat/ soybeans
succession under conventional tillage, iii) oat-lupine-vetch/ maize succession under conventional tillage, iv)
barley-oat/ soybeans succession under no-tillage, and v) oat-lupine-vetch/ maize succession under no-tillage.

Material and methods

Study site

The experiment was conducted for eight years (1977 to 1985), monitoring one of the research centers of
the current Department of Agricultural Diagnosis and Research (DDPA), formerly known as the State
Foundation for Agricultural Research (FEPAGRO/ Floresta), part of the Department of Agriculture, Livestock,
and Irrigation (SEAPI). It is located in the district of Boca do Monte, in the municipality of Santa Maria
(Figure 1). Santa Maria is in the physiographic region of the central depression, in Rio Grande do Sul State,
southern Brazil (29°30'45" S, 54°48'15" W, and 95-135 m altitude; Figure 1).
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Figure 1. Location of the study area in the city of Santa Maria, Rio Grande do Sul State, Brazil.
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According to Koppen's classification, the region has a Cfa humid subtropical climate without droughts.
The average annual rainfall was 1578 mm, according to daily rainfall data provided by the National Institute of
Meteorology (INMET), considering the period 1962-2012. The soil was classified as a Ultisol with low natural
fertility, low organic matter content, and a sandy-clayey—loamy texture (IUSS Working Group WRB, 2015).

Experimental design and treatment characterization

The experiment was carried out with five treatments and two repetitions each, totaling ten experimental
plots (22.0 x 3.5 m), on a 9% slope terrain. The plots were delimited by galvanized sheets to a depth of about
10 cm on the sides and upper end, with a drainage collection system at the lower end, which consisted of a
gutter and two collection tanks. Coarser sediments were collected in the first tank (reservoir 1), while thinner
ones were in the second tank (reservoir 2).

The treatments comprised: i) bare soil under conventional tillage. The soil was tilled twice a year, as plots were
prepared with annual crops. Weeding was performed throughout the year using hoes or manually removing
spontaneous vegetation to keep the soil bare. The standard plot, bare soil under conventional tillage, was referred
to as SB; ii) oat-lupine-vetch/ maize succession under conventional tillage. In the first two years, oat-maize
succession under conventional tillage with one plowing and two harrowings towards the slope. After five years,
vetch (Vicia sativa) replaced white lupine as a winter crop. Crop substitutions during the experiment occurred due
to phytosanitary issues. Oat-lupine-vetch/ maize succession under conventional tillage was referred to as Maize
CT; iii) barley-oat/ soybeans succession under conventional tillage. The crops were harvested manually with a
sickle, and straw was spread over the plot before tilling. After two years (1980-1981), oat (Avena sativa) was
replaced with barley as a winter crop due to phytosanitary issues. Barley-oat/ soybeans succession under
conventional tillage was referred to as Soybeans CT; iv) oat-lupine-vetch/ maize succession under no-tillage. This
treatment followed the same cropping protocol as in treatment 2, and differed regarding minimum tillage at
sowing, characterizing direct sowing. Oat-lupine-vetch/ maize succession under no-tillage was referred to as Maize
NT; and v) barley-oat/ soybeans succession under no-tillage. It followed the same cropping protocol as in
treatment 3 and differed regarding minimum tillage at sowing, also characterizing direct sowing. Barley-oat/
soybeans succession under no-tillage was referred to as Soybeans NT.

Crop treatments

The soil was fertilized in October 1977 as recommended by the Soil Analysis Laboratory of the Department
of Agriculture (Eltz, Cassol, Guerra, & Abrao, 1984). It was tilled towards the slope and harrowed to
incorporate lime and corrective fertilizers. Another tilling was carried out with two more harrowings towards
the slope, followed by sowing maize and soybeans under a conventional tillage system.

In all treatments, weed was controlled using applications of paraquat and glyphosate herbicides before
crop sowing or whenever needed, along with manual weeding. The plots and freshly cut oat were harvested
manually. For oat, two cuts were made per cycle, with the green mass being cut and removed from plots to
simulate grazing. Grains from the remaining crops were crushed, and straw returned to the soil after being
manually chopped using a machete, being incorporated in conventional tillage treatments, and merely
distributed superficially in the no-tillage treatments.

Data collection and processing

Rainfall monitoring

Rainfall data were obtained using a pluviograph that was located at plots to calculate the amount,
intensity, and rainfall erosivity indices (Els, Elz, and Elyo), according to criteria proposed by Wischmeier
(1959) and later adapted for regions with tropical climate by Cabeda (1976).

Runoff and sediment monitoring

Surface drainage collection systems were installed at the lower ends of the plots and consisted of gutters
connected by PVC pipes to tank 1 (300-500 L capacity). When the collected volume reached the tank capacity,
the surplus finest material was transferred to tank 2 (400-600 L capacity). Tank 2 was connected to tank 1 by
a Geib-type flow divisor, which allowed the passage of 1/7, 1/9, or 1/11 of the total runoff, discarding the
remaining runoff. Runoff volume was measured by reading the water level in the tanks. Sediment samplings
were taken to quantify soil losses in each natural rainfall and erosive runoff event. The samples were taken to
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the laboratory for weighing, drying, and final quantification of solid mass (g). Subsequently, the remaining material
in tanks 1 and 2 (composed of suspended sediments) was homogenized again to sample the suspended sediments.
These samples were collected using 300-mL vials, placing two for each treatment per tank (1 and 2).

The vials were weighed, and Kal (SO4); was added to each one to precipitate sediments and determine
suspended sediment volumes. After 48h, the supernatant liquid was removed from the vials using a siphon
with a plastic hose, leaving about 1.0 cm of water covering the sediment. The vials were then taken to a
ventilated air-forced oven at 55 — 60°C until reaching a constant mass.

Some soil and water samples were collected in more than one rainfall event. Thus, rainfall and rainfall
erosivity data were aggregated. A total of 276 individual and aggregate rainfall events were analyzed, of which
139 refer to the winter period (June to November) and 137 to the summer period (December to May).

Data processing

Erosivity indices
Based on the rainfall intensity, we could calculate the kinetic energy (KE) of each individual and erosive
rainfall event according to Equation (1) of Foster, McCool, Renard and Moldenhauer (1981) for each rain
segment. The erosivity indices (Els, El, and Elijg) were calculated based on the method proposed by
Wischmeier and Smith, (1958). Els was used to calculate the maximum rainfall intensity for 30 consecutive
minutes. Likewise, Ely and EI;, were calculated using the maximum rainfall intensity in 20 and 10 minutes,
respectively (Equation 2) (Wischmeier & Smith, 1958).

KE = 11.87 + 8.73L0G;,l )

El3020,10 = I30,20,10 X KE @

where in: KE is the kinetic energy expressed in ] m2 mm!; I is the rain intensity of each segment in mm h!;
Elso, EIz, and Elyo are expressed in M] mm ha™! h''; and Iso, Iz, and I;o are the maximum intensities at 30, 20,
and 10 min., respectively (expressed in mm h).

Water determination

Where in: Qunofr is the runoff volume for each rainfall event (mm), and rainfall is the rainfall amount (mm).

Data analyses

Data between the years 1978-1986 were used. The first year (1977) was excluded since it was when all
experimental plots were tilled. Averages were grouped into periods referring to each agricultural year,
between tillage and sowing of winter/ spring crops (oat, barley, and vetch) and summer/ autumn crops
(soybeans and maize), and tillage for the next crops. The data were separated into winter/ spring periods
(called winter periods) and summer/autumn periods (called summer periods).

With the 8-year series of data, simple regression analyses were performed between (I) soil losses (t ha™)
and rainfall amount (mm), (II) soil losses and 30-min. rain erosivity index (Els, M] mm ha! h'!), (III) water
losses (mm) and rainfall amount (mm), and (IV) water losses (mm) and 30-min. rain erosivity index (Elso, M]
mm ha! h'!). These analyses were performed per (agricultural) season and divided into summer and winter
periods due to their climatic differences. Subsequently, simple regression analyses were also carried out
between (V) soil losses (t ha'!) and rainfall erosivity indices (EIso, Elz, and El;jo, M] mm ha™ h'!), and (VI) water
losses (mm) and rain erosivity indices (EIsy, Ely, and EI;o, M] mm ha™! h'!). The analyses (V) and (VI) were also
performed per (agricultural) season, but disregarding winter and summer differences, distinguishing the
treatment referred to as standard plot (BS) from those where maize and soybeans were included as summer
crops. This way, we could effectively analyze the effects of both crops on the results and of conventional and
no-tillage systems on the relationship between the different indices and soil and water losses.

Results and discussion

Rainfall analysis between 1978 and 1986

The annual average rainfall was 1,673.1 mm (Table 1), which is close to the historical average for Santa
Maria (1,722.0 mm). Erosivity indices (Elso, Elz, and El,o) are also detailed in Table 1, reflecting how total
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energy and peak intensity interact in a particular rainfall event. In total, 839 rainfall events occurred in the
8-year series, considering erosive and non-erosive rainfall, 421 in the winter, and 418 in the summer. Erosive
rainfall totaled 370, with 168 in the winter and 202 in the summer. Unsurprisingly, when comparing the three
indices, El;o generated the highest values per period (winter and summer). Within the eight years, the R factor
was 8,486.5 M] mm ha'h! (Table 1), oscillating between 8,000.0 and 10,000.0 MJ] mm ha! h'! year! for the
1980-2013 period (Almagro, Oliveira, Nearing, & Hagemann, 2017).

Table 1. Rainfall and energy of events (erosivity indices EIso, El2o, Elio, and maximum energy — E) between June 1978 and June 1986.

Rainfall Energy
Year/period Winter Summer Annual Elso Elxo Elo Maximum E
------------- mm--------=---- ------MJmm ha! h''----- MJ ha'!
78/79 772.4 429.9 1202.3 5768.4 6989.4 10742 26.6
79/80 846.3 672.3 1518.6 6402.5 7786.5 10888.7 19.3
80/81 560.0 594.8 1154.8 4240.9 5326.7 7207.8 16.2
81/82 502.1 1233.6 1735.7 10825.6 13141.8 16076.5 21.0
82/83 1183 1116.8 2299.8 12755.7 14440 16185.4 52.4
83/84 747.9 936.3 1684.2 9184.8 10508.3 14825.8 31.1
84/85 970.6 896.3 1866.9 8909.1 10679.6 13513.2 23.9
85/86 808.0 1114.3 1922.3 9804.7 11081 14614.8 26.6
Mean 798.8 874.3 1673.1 8486.5* 9994.2 13006.8 -
SD 202.4 266.0 355.4 2642.4 2899.9 2935.2 -
Ccv 25.3 30.4 21.2 31.1 29 22.6 -
Number of events 421 418 839 - - - -

SD = Standard deviation; CV = Coefficient of variation; E = energy. R factor of the USLE * = 8486.5 M] mm ha' h™'.

Figure 3 describes the monthly averages for rainfall and erosivity indices. The months with the highest
rainfall amounts may unnecessarily have the highest yearly erosivity. July had the highest volume of rainfall
(190 mm), while October, February, and April showed the highest erosivity indices (Elz, El, and Eo,
respectively) (Figure 2). In Rio Grande do Sul State, the most significant rainfall erosivity was found in periods
of low soil cover. In October (the month with the highest Els), the soil tillage and sowing of the main
commercial crops, such as maize and soybean, occurs (Panizzi, 2013).
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Figure 2. Average monthly rainfall distribution and Elso, El2, and EIiofrom June 1978 to June 1986.
Runoff

Effects of soil management and cover on runoff

Runoff decreases, on average, only 1.5 times from CT to NT treatments (Table 2). This result reveals that NT
treatments partially controlled runoff because the efficiency in reducing runoff was lower than in reducing soil
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loss, which was reduced by 3.4 and 2.8 times for maize and soybeans, respectively, from CT to NT treatments (Table
2). Table 2 shows the runoff coefficients — C (%), which were obtained as the ratio between runoff and rainfall.

Table 2. Runoff depth (mm) and runoff coefficient C (%).

Year BS Maize CT Soy CT Maize NT Soy NT
Runoff C Runoff C Runoff C Runoff C Runoff C
78/79 318.5 26.5 206.5 17.2 151.8 12.6 168.1 14 233.9 19.5
79/80 297.5 19.6 135.1 8.9 177.5 11.7 117.5 7.7 191.5 12.6
80/81 347.1 30.1 242.6 21 165.1 14.3 186.4 16.1 185.8 16.1
81/82 622.4 36.1 362.1 21 483.6 28.1 215.2 12.5 277.5 16.1
82/83 676.4 28.2 764.6 31.9 866.8 36.1 375.1 15.6 418.5 17.5
83/84 544.1 32.3 483.1 28.7 531.7 31.6 394.3 23.4 445.3 26.4
84/85 594.6 31.5 566.4 30 616.7 32.7 358.4 19 393 20.8
85/86 749.1 39.1 464.6 24.3 716.2 37.4 150.2 7.8 360 18.8
Mean 518.7 30.4 403.1 22.9 463.7 25.6 245.6 14.5 313.2 18.5
SD 163.4 - 195.4 - 255.7 - 104.6 - 97.3 -
CcvV 31.5 - 48.5 - 55.1 - 42.6 - 31.1 -

SD = Standard deviation; CV = Coefficient of variation; BS = Bare Soil. Maize CT = Oat-Lupine-Vetch/ Maize Conventional Tillage. Soybeans CT = Barley-
Oat/ Soybeans Conventional Tillage. Maize NT = Oat-Lupine-Vetch/ Maize No-Till. Soybeans NT = Barley-Oat/ Soybeans No-Till.

The highest C values were found in CT treatments, with the highest one under soybeans (25.6%) (Table 2).
When rainfall intensity increased, the effects of soil management decreased. Besides, other soil features,
including bulk density, had a more substantial influence. In a simulated rainfall trial with high intensity (120
mm h!), Lemos, Cassol, and Barros (2020) obtained a C value of 77% for maize under NT, which was about
1.71 times higher than that for CT.

Effects of rainfall amount and ElIs, on runoff

Table 3 displays the regression analyses between runoff and rainfall amount (PPT) and Els,. The analysis
for the summer period was best explained by BS by PPTR (R? = 0.72). The summer PPT also revealed a good
relationship with maize and soybeans under CT (Table 3), unlike NT, where winter rainfall amount was most
related to runoff for maize and soybeans (Table 3). This result might be due to soil management and rainfall
characteristics during winter. In other words, voluminous and prolonged rains, characteristic of the winter
period in Rio Grande do Sul State, added to low evapotranspiration and the presence of soil cover may have
kept soil moisture closer to saturation. Thus, rains of lower intensity, but that can be voluminous, generate
surface runoff in conservation systems.

Table 3. Equation fits from runoff regression analysis.

Summer runoff
Equation r

Winter runoff
Equation r

Annual runoff
Equation r

Regression analyses > 2 2

BS vs PPT 0.3476(R) - 34.451 0.52 0.2516(R) + 22.194 0.26 0.3818(R) - 44.307 0.72
Maize CT vs PPT 0.3653(R) - 107.66 0.57 0.4327(R) - 170.61 0.49 0.3165(R) - 55.945 0.71
Soybeans CT vs PPT 0.5146(R) - 201.72 0.72 0.5608(R) - 234.97 0.62 0.4917(R) - 185.37 0.82
Maize NT vs PPT 0.173(R) - 22.98 0.29 0.3231(R) - 125.43 0.45 0.1047(R) + 19.299 0.39
Soybeans NT vs PPT 0.2372(R) - 43.539 0.34 0.4043(R) - 151.15 0.54 0.1681(R) - 8.9731 0.34
BS vs Elz 0.038(Els0) + 95.145 0.54  0.0239(Elx) + 142.12 020  0.0473(Elx) + 48.697  0.77
Maize CT vs Elzo 0.0386(Elxo) + 33.918  0.55  0.0501(Elso) +4.9812  0.54  0.0342(Elx) +46.572  0.59
Soybeans CT vs Els 0.0533(Elso) + 2.7969  0.66  0.0605(ELso) + 7.6732  0.60  0.0583(Elx) - 52.524  0.81
Maize NT vs Els 0.0181(Elx) +44.986  0.27  0.0371(Elo) +6.6415 049  0.0141(Elso) + 39.253  0.49
Soybeans NT vs Elz 0.0268(Elx) +41.175  0.37  0.0459(EIs)) + 15.862  0.58  0.0273(Els) - 0.8743 0.62
BS vs Ely 0.0313(El) +99.877  0.50  0.0179(ELw)+152.78  0.13  0.0392(ELo)+52.026  0.75
Maize CT vs Elx 0.0315(Elxo) +40.619  0.50  0.0426(Elw) +7.4325  0.47  0.0282(Eln) +49.567  0.56
Soybeans CT vs Elx 0.0431(El) + 13.445  0.59  0.0505(Elz0) + 14.301 0.50  0.0479(El) - 45.961 0.77
Maize NT vs Elx 0.0145(Elo) + 49.458  0.24 .0324(El) + 5.4667 045  0.0121(ELo) +37.693  0.51
Soybeans NT vs Elz 0.0214(El) + 48.201  0.32 0.0404(ELo) + 13.06 0.54  0.0223(ELo)+2.5206  0.59
BS vs Elyo 0.0255(ELio) + 90.653  0.44  0.0124(ELio) + 157.51 0.08  0.0314(ElLi) +46.646  0.68
Maize CT vs El 0.0245(ELio) + 38.293  0.40  0.0322(ElLio) +4.9682 032  0.0225(ELio) +46.789  0.50
Soybeans CT vs El; 0.034(Elo) + 7.6473 0.49 0.036(ELi0) + 22.798 0.31 0.0394(EILo) - 59.761 0.73
Maize NT vs El o 0.0114(ELo) + 47.841 0.19 0.0259(ELo) - 4.0128  0.34  0.0103(Elio) +31.103  0.53
Soybeans NT vs Elio 0.018(ELo) + 37.525 0.31 0.0348(ElLio) - 11.936  0.48  0.0194(Ely) - 12.022 0.63

*BS = Bare Soil. Maize CT = Oats-Lupine-Vetch/ Maize Conventional Tillage. Soybeans CT = Barley-Oats/ Soybeans Conventional Tillage. Maize NT = Oats-
Lupine-Vetch/ Maize No-Till. Soybeans NT = Barley-Oats/ Soybeans No-Till.
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When runoff was related to Elso, the same results were found for CT concerning rainfall amount (Table 3).
However, the results are different for NT, as erosive rainfall occurring in the summer best explains its runoff
(Table 3). The coefficients of determination improved for rainfall amount and Els, when runoff was related to
Elz, both in NT and CT systems.

Elso best correlated with runoff in all CT and NT treatments (Table 3). In Jiangxi (China), Chen, Liang, Zhang,
and Zhang (2020) monitored 66 rainfall events in experimental plots and reported that soil and water losses
increased significantly as I5 increased in treatments with bare-soil, leveled, slope-direction, and mulched crops.

Nevertheless, the results were different when the winter and summer periods were evaluated separately
(Table 3). El;o was the best to explain runoff in NT treatments in the summer, matching the soil loss results
(Table 5, Figure 4). When comparing the KE effects of rainfall with I on the hydrological variables peak flow
and runoff depth during 81 rainfall events, KE explained these variables in a small rural catchment (Ramon,
Minella, Merten, Barros, & Canale, 2017).
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Soil losses

Effects of soil management and cover on soil losses

Table 4 lists the soil loss averages in agricultural years for each treatment. Bare soil (BS) had the highest
soil losses every year, with an annual average of 330.8 t ha"!, which was already expected due to tilling in this
treatment and the absence of protective cover crops. In conventional tillage (CT) treatments, soil losses were
also more significant than in no-tillage (NT) treatments. On average, soil losses decreased by 3.4 times from
Maize CT to Maize NT succession treatments (Table 4). As for soybeans succession, losses decreased by 2.8
times from CT to NT (Table 4). These results demonstrate the beneficial effects of conservation systems in
controlling soil erosion (Didoné et al., 2017; Le Gall et al., 2017) and corroborate the literature regarding their
efficiency for soil losses in subtropical climate regions (Bertol et al., 2008).

The highest averages of soil losses in NT occurred in the agricultural years 1983-1984, with 107.4 and
103.5 t ha'! for maize and soybeans, respectively (Table 4), five years after experiment installation
(considering 1977 as year zero). This fact can be explained by a liming operation incorporated with one
plowing and two harrowings in all experimental plots, according to recommendations so far known,
including limestone incorporation every five years (Eltz et al., 1984). However, the effects of conservation
systems could be evaluated, since soil losses were much lower in the 1982-1983 agricultural years than
in the following year, even with more significant rainfall volumes and erosivity among all study periods
(Tables 1 and 4).

In addition to the difference in soil losses, when comparing CT and NT, it is noteworthy that soil loss was
higher in treatments where soybeans were introduced as summer crops instead of maize (Table 4). This
outcome can be attributed to the different contributions and quality of residues added to the soil both for
winter and summer crops. Soybeans have a decomposition rate that exceeds that of grasses, which is
characteristic of leguminous species known for their low plant C/ N ratios (Rossi, Pereira, Gidcomo, Betta, &
Polidoro, 2013; Acosta, Amado, Silva, Santi, & Weber, 2014). This feature helps quickly reduce soil cover and
protection by soybeans residues, baring the soil and leaving it more susceptible to erosion. Notwithstanding,
maize crop residues are more persistent because of their higher carbon, cellulose, and hemicellulose contents,
which is typical of species of the Poaceae family (Redin et al., 2014), reducing decomposition rates (Watthier,
Peralta Antonio, Gomes, Rocha, & Santos, 2020).

Table 4. Annual soil losses in each treatment in t ha™..

Soil loss (t ha)

Year BS Maize CT Soybeans CT Maize NT Soybeans NT
78/79 108.6 11.5 11.7 9.6 11.5
79/80 243.8 17.7 11.2 4.1 5.8
80/81 248.1 62.5 46.5 14 12.7
81/82 408.4 50.3 49.5 12.6 22.3
82/83 527.6 165.8 105.1 8.7 9.7
83/84 386.2 138.2 143.4 107.4 103.5
84/85 449.3 95.2 95.8 13.2 40.1
85/86 274.7 45.2 137.6 1.1 6
Mean 330.8 73.3 75.1 214 26.5
SD 126.9 51.9 49.3 32.8 31
Ccv 38.4 70.9 65.7 153.5 117.2

SD = Standard deviation; CV = Coefficient of variation; BS = Bare Soil. Maize CT = Oat-Lupine-Vetch/ Maize Conventional Tillage. Soybeans CT = Barley-
Oat/ Soybeans Conventional Tillage. Maize NT = Oat-Lupine-Vetch/ Maize No-Till. Soybeans NT = Barley-Oat/ Soybeans No-Till.

Effects of rainfall amount and EI;, on soil losses

Table 5 demonstrates the soil losses in the different treatments and their relationship with rainfall
amounts (PPT) and EIs,. PPT and Els, could explain soil losses in BS. By isolating the individual effects of each
period (winter and summer), both rainfall depth and EIs, evidenced a more substantial relationship in the
summer, with r? values of 0.81 (BS x PPT) and 0.75 (BS x Els), respectively (Table 5). BS, unlike the others,
had no vegetation cover at any time of the year. This way, no physical barriers protected the soil against
raindrop impacts, breaking particles down and starting the erosion process faster (Carvalho, Eduardo,
Almeida, Santos, & Sobrinho, 2015; Panachuki, Bertol, Sobrinho, Oliveira, & Rodrigues, 2011).
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Table 5. Equation fits from regression analysis Soil loss.
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Regression analyses

Annual soil loss

Winter soil loss

Summer soil loss

Equation r2 Equation r? Equation r?

BS vs PPT 0.3337(R) - 115.5 0.70 0.3517(R) - 143.82 0.60 0.3084(R) - 79.487 0.81
Maize CT vs PPT 0.0732(R) - 32.354 0.32 0.147(R) - 81.674 0.57 0.0395(R) - 11.718 0.46
Soybeans CT vs PPT 0.0856(R) - 40.634 0.38 0.0905(R) - 44.857 0.46 0.0825(R) - 37.722 0.33
Maize NT vs PPT 0.004(R) + 0.665 0.07 0.0046(R) + 1.1141 0.09 0.0046(R) - 0.5661 0.10
Soybeans NT vs PPT 0.0101(R) - 2.9915 0.21 0.0032(R) + 3.0364 0.03 0.0143(R) - 7.211 0.35
BS vs EIz 0.036(EIs0) + 10.876 0.70 0.0391(EI30) +4.3359 0.61 0.0352(EI30) + 10.645 0.75
Maize CT vs Elzo 0.0075(EIs0) - 2.7238 0.29 0.0174(EIs0) - 22.16 0.67 0.005(EIz0) - 2.4365 0.51
Soybeans CT vs Elzo 0.0101(EIs0) - 11.703 0.45 0.0094(EI30) - 3.6625 0.41 0.0122(EIso) - 27.838 0.52
Maize NT vs Elzo 0.0005(EIs0) + 1.6369 0.12 0.0007(EIso0) + 2.3707 0.18 0.0008(EI30) - 0.5242 0.21
Soybeans NT vs Elzo 0.0013(EIs0) - 0.1158 0.30 0.0005(EI30) + 3.8035 0.09 0.0022(EI30) - 5.7955 0.56
BS vs Elzo 0.0308(EI20) +9.9103 0.70 0.0349(EI0) - 0.2277 0.59 0.0302(EI20) + 6.7037 0.78
Maize CT vs Elzo 0.0059(EI20) - 0.7792 0.25 0.0153(EI) - 23.784 0.62 0.0042(EI2) - 2.5922 0.52
Soybeans CT vs Elz 0.0083(EI20) - 10.566 0.41 0.0082(EI2o) - 4.5537 0.38 0.0098(EI2o) - 25.095 0.47
Maize NT vs Elzo 0.0005(EI20) + 1.4182 0.14 0.0007(EI20) + 2.0743 0.20 0.0007(EI20) - 0.9088 0.25
Soybeans NT vs Elz 0.0012(EI20) - 0.5306 0.34 0.0005(EI20) + 3.4591 0.11 0.0019(EI2) - 6.1866 0.60
BS vs Elio 0.0248(EI0) + 2.2003 0.60 0.028(EIo) - 10.454 0.45 0.0242(EI0) + 2.8836 0.70
Maize CT vs Elio 0.0039(EI0) + 3.6312 0.14 0.0109(EILo) - 19.955 0.37 0.0033(EI0) - 2.7487 0.45
Soybeans CT vs Elo 0.0067(Elo) - 12.45 0.36 0.0056(Elo) - 1.114 0.21 0.0085(EI0) - 30.913 0.49
Maize NT vs Elio 0.0004(EI0) + 1.0748 0.14 0.0006(EI10) + 1.4012 0.22 0.0006(EI0) - 1.2284 0.25
Soybeans NT vs El1o 0.001(EI) - 1.4224 0.35  0.0006(Elig) +2.6272  0.14  0.0016(ELg) - 6.9123  0.59

*BS = Bare Soil. Maize CT = Oats-Lupine-Vetch/ Maize Conventional Tillage. Soybeans CT = Barley-Oats/ Soybeans Conventional Tillage. Maize NT = Oats-
Lupine-Vetch/ Maize No-Till. Soybeans NT = Barley-Oats/ Soybeans No-Till.

Soil losses in CT, both under soybeans and maize crops, were better explained by PPT in the winter;
however, it could not explain soil losses in NT, which had a low r?, even when winter, summer, and agricultural
seasons were isolated (Table 5). When relating soil loss to Els, it better explained the dependent variable (soil
loss) in CT than did PPT, which explains the soil losses under NT (Table 5), mainly when isolating winter and
summer periods. In other words, erosive rainfall occurring in the summer, for both soybeans and maize, could
better explain these losses (Table 5). Notably, in treatments under CT, soil losses were better described by Elsg
in the winter for maize crops and in the summer for soybeans (Table 5).

Ramon et al. (2017) reported that I5, is limited in explaining sediment yields, while its concentration
(suspended sediments concentration) shows a better relationship with this variable (Is0) in a small rural
catchment in RS, Brazil. Nevertheless, the rainfall amount variable better-elucidated sediment yield
(Ramon et al., 2017).

Elso is globally recognized and used to relate rainfall energy with soil losses (Alewell, Borrelli, Meusburger,
& Panagos, 2019). Conversely, this study revealed that depending on soil use and management, El;, and Ely
are better suited to explain soil losses, as they are more related to the dependent and explanatory variables
(Table 5, Figure 3). Els was the best to explain soil losses in BS, as it was developed based on these plot
conditions (Table 5, Figure 4A). Between 2015 and 2018, the maximum rainfall intensity in 30 min (I50) was
considered the best indicator of soil losses in bare soil and runoff depth (Chen et al., 2020). Apart from BS, CT
treatments with vegetation cover (i.e., maize and soybeans - CT) also showed the best relationship between
soil losses and Els, (Figure 4B and C, respectively).

When the results of NT with maize (Figure 4B, Table 5) and soybeans (Figure 4C, Table 5) were
observed, El;, was the best explanation for soil losses. These findings corroborate (Stocking & Elwell,
1973), wherein, for plots with vegetation, EIs and EI;s were better correlated with soil losses than Els.
These results were also found when analyzing the periods (Table 5). We observed the same behavior: El o
during the winter better explained soil losses regardless of the crop for NT. However, the results were
different for the summer period, when EI,, was the best to explain NT treatments, in addition to the two
treatments under BS and Maize CT (Table 5). Evaluating the effects of different rainfall intensities (10,
20, 30, 40, 50, 60, and 90 min.) on soil losses in experimental plots with an average 18-23% slope and
soil covered by spontaneous vegetation, the maximum intensity in 20 min. was better related to soil
losses for 12 erosive rainfall events (Mohamadi & Kavian, 2015).
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Figure 4. Influence of erosivity indices on soil loss in BS plot (A) and NT and CT systems, evaluated with maize (B) and soybeans (C).

Conclusion

Conservation systems based on soil cover (disregarding crop rotation) and no-tillage have been efficient
in controlling soil losses over the years. This result is mainly based on studies in experimental plots with
natural and simulated rainfall. Nonetheless, the same efficiency was not observed in controlling runoff, as
demonstrated by our findings. In other words, soil loss decreases, on average, by 3.4 times from oat-lupine-
vetch/ maize succession under conventional tillage to the same succession under no-tillage. In the barley-
oat/ soybeans succession, losses decreased by 2.8 times from conventional to no-tillage. Runoff decreases, on
average, only by 1.5 times from conventional to no-tillage. When rainfall amount and erosivity index (Els)
were related to soil losses, both explained them for bare soil and treatments under conventional tillage, both
for summer and winter rainfall events. However, plots under no-tillage were better correlated with winter
rainfall, both in energy (Els) and volume (mm). Moreover, different soil management and cover types were
observed by evaluating rainfall energy through erosivity indices (EIs, El5, and El) under annual soil losses. That

Acta Scientiarum. Agronomy, v. 46, €63164, 2024



Soil loss and runoff in southern Brazil Page 11 of 13

is, Elo, as expected, is the variable that best describes soil losses for bare soil and conventional tillage. However,
Elo best explains soil losses in no-tillage systems. For runoff, less rainfall intensity is required for starting, showing
that Els, was the best related to an annual runoff under both conventional and no-tillage systems.
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