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Abstract: Integrating agricultural land uses is a suitable alternative for fostering economic
development and improving food security. However, the effects of long-term integrated systems on
soil erosion and water infiltration are still poorly understood. Here, we investigate the influence of
different agricultural land uses on soil erosion and water infiltration in an Oxisol site located in the
Brazilian Cerrado region. The experimental area consisted of continuous grazing under variable
stocking rates with regular fertilization (CG-RF), continuous cropping under no-till (CC-NT) and
no-till with 4-year subsoiling (CC-SS), rotation of one year cropping and three years livestock in the
livestock phase (C1-L3), rotation of four years cropping and four years livestock in the cropping phase
(CL-4C) and in the livestock phase (CL-4L), and integrated crop-livestock-forestry in the cropping
phase (CLF-C) and in the livestock phase (CLF-L). To evaluate water infiltration and soil loss, we
used a rainfall simulator with a constant rainfall intensity of 74.9 + 3.6 mm h™! in plots of 0.7 m?.
We carried out 72 rainfall simulations comprising four repetitions in each treatment under vegetation
and bare soil. Stable infiltration rate (SIR) ranged from 45.9 to 74.8 mm h~! and 19.4 to 70.8 mm h~!
under vegetation covers and bare soil, respectively. Our findings indicated that SIR values under
CLF-C were 60% greater than under CG-RE. We also found that soil loss rates under CLE-C were 50%
smaller than under CG-RF. The crop-livestock rotation period that presented better results of SIR and
soil loss was one year of cropping and three years of livestock (C1-L3). Overall, we noted that SIR
and soil loss values under CLF-C are similar to the Cerrado native vegetation. Therefore, our study
reveals the opportunity to increase agricultural production, improve food supply, and reduce soil
erosion with adequate soil and agricultural management.

Keywords: food demand; crop-livestock rotation; agroforestry

1. Introduction

The ever-increasing global population’s demand for food and energy has generated the intensified
use of farm machinery and heavier livestock stocking rates in several regions; for instance, the total
net import of staple crops in the world will probably increase by a ratio of 2.2 by 2050, considering a
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scenario of low population growth [1]. It has led to soil compaction and deterioration in soil physical
properties, particularly storage and supply of water [2]. In addition, climate change has challenged the
limits of sustainability in agriculture [3], contributing to arable land degradation and increasing food
insecurity. Therefore, it is necessary to develop soil management systems that endure severe storms and
droughts, allowing food production and environmental protection, as well as increasing production
in small areas. Suitable soil is one of the most essential resources determining food security [4], so
understanding and mitigating soil erosion are fundamental to soil productivity [5].

Crop residue management and no-till are considered sustainable crop production systems. The
use of crop residue began to spread in the United States of America during the 1930s and 1940s, while
in Brazil, that practice started in 1969 in the Rio Grande do Sul state and later in the Parana state in the
1970s [5]. The modern concept of soil and water conservation stems from maintaining soil cover using
crop residue, minimizing soil disturbance, and diversifying growing cultures such as agroforestry
systems. Concurrently, assessing soil and water losses is paramount for prioritization and formulation
of proper land management programs that aim at sustainable development. One of the eight soil and
water conservation principles states that long-term research and data collection and availability are key
to sustainably managing agricultural lands [6]. However, there have been few studies experimentally
addressing water and soil losses in long-term agroforestry systems along with continuous cropping
and grazing. The existing studies were carried out under recent agroforestry experiments but they did
not analyze environmental aspects integrating the three components (crop-livestock-forestry) [7].

Agroforestry contributes to maximizing the use of available land in an effective manner; moreover,
adopting soil and water conservation becomes fundamental in integrating crop, livestock, and forestry.
Crop-livestock-forestry integration has provided opportunities to mitigate poverty and improve
agricultural productivity in Central and East Africa [3]. Some researchers have argued that sustainable
crop yield intensification is balancing competition between land use for agriculture environmental
protection [8-10] even though the scarcity of palpable evidence has discouraged some farmers [11].
Additionally, technological improvements encourage expansion in agricultural frontiers and farmers
only migrate to intensive agricultural productions when they face land resources scarcity [12].

Cropland area expansion is projected in the 21st century [4], for instance, the new major agricultural
frontier located in the Brazilian Cerrado known as Matopiba [13]. This expansion area comprises the
states of Maranhao-MA, Tocantins-TO, Piaui-PI, and Bahia-BA (Matopiba), covering about 45 million
hectares. Matopiba is responsible for 10% and 15% of the Brazilian production of soybean and maize,
respectively. In this region, soybean area expanded 83% from 2005 to 2014 while the increase was
29% at the national level in the same period [14]. On one hand, cropland area expansion in Matopiba
could result in an annual rainfall decrease varying between 8 and 16 mm due to deforestation [13].
Furthermore, it is estimated that up to 5 million hectares will be degraded globally by soil erosion [3].
On the other hand, agroforestry production is increasing in the Cerrado [15,16], which is a global
biodiversity hotspot contributing 43% of Brazil’s surface water outside of the Amazon [17]. Thus, it is of
strategic importance to understand the impact of agricultural production on soil erosion rates [18] and
water balance [19]. Integrated agricultural production is a feasible option to increase food production
during times of irregular rain and reduced pasture availability [20], especially for the Cerrado with dry
winter and high temperatures in the summer.

The objective of this study was to investigate the influence of different land uses and soil
management systems on soil erosion and water infiltration in an Oxisol site located in the Brazilian
Cerrado. Our findings contribute to investigating agroforestry systems along with continuous
cropping and grazing, allowing sustainable intensification as an alternative to ensure food security in
possible scenarios.

2. Materials and Methods

We developed this investigation in the experimental site of the Embrapa, located in Campo
Grande, Mato Grosso do Sul (Figure 1). The Embrapa has been maintaining a long-term experiment in
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which crop-livestock integrated systems have been studied for 26 years. The experiment was initially
designed to compare agronomic and economic efficiencies of different management systems [21].
Currently, the focus has been on the sustainability of these agricultural land uses to contribute to global

food security.
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Figure 1. Location of the study sites in the Cerrado biome, where the letters indicate the agricultural

uses studied.

According to Koppen, the climate is rainy tropical (Aw) with an average temperature of 22 °C and
average precipitation of 1500 mm yr~!. The soil is classified as Oxisol (35% of clay at 0-20 cm depth),
and it is the main soil order in Brazil covering about 32% of the territory and 45% of the Brazilian
Cerrado [22]. Oxisols have high agricultural potential due to their physical conditions, which allow a
suitable soil structure for crop growth.
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2.1. Treatments and Experimental Design

The experimental area consisted of 14 ha degraded Brachiaria decumbens pasture, which was restored
in 1993 to four agricultural land uses with different management systems as continuous grazing (CG),
continuous cropping (CC), and crop-livestock rotation (CL). In 2009, integrated crop-livestock-forestry
systems (CLF) were established using Eucalyptus Urograndis (Figure 2). It is an interspecific hybrid
combining Eucalyptus grandis (rapid growing) and Eucalyptus urophylla (disease/climate tolerant).

Agricultural

***************************************

Crop-livestock

integration ElsC

Figure 2. Diagram of the 4 agricultural systems and their respective treatments. Continuous grazing
under variable stocking rate with regular fertilization (CG-RF); continuous cropping under no-tillage
without subsoiling (CC-NT) and with four-year subsoiling (CC-SS); a rotation of one year cropping
and three years livestock (C1-L3); a rotation of four years cropping and four years livestock in the
cropping phase (CL-4C) and in the livestock phase (CL-4L); and integrated crop-livestock—forestry in
the cropping phase (CLF-C) and in the livestock phase (CLF-L).

Each of the four agricultural systems is composed of treatments with different management
practices (Table 1). Also, we considered the Cerrado vegetation (cerrado sensu stricto) as another
treatment in our study for comparing native vegetation with the agricultural land uses. We carried out
the field experiments at the Embrapa from November 2017 to July 2018. The rainfall simulations were
completely randomized with four repetitions within each treatment; after each simulation, we cut the
vegetation and performed the test under bare soil (Figure 3). We designed rainfall simulations on
vegetation cover and on bare soil to evaluate the effect of both land use and agricultural management
along with soil conservation practices on water infiltration and soil loss. Results from bare soil plots
give reference values for soil erosion reduction in each treatment.
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Table 1. Four agricultural systems and eight treatments comprising different management practices.

Agricultural

Systems Description Treatments
. Brachiaria decumbens pasture under variable stocking Regular Nitrogen fer.t ilization ‘for. .
Continuous . . maintenance, according to periodic soil
- rate with a minimum of two steers per paddock (0.70 ~ CG-RF - . :
Grazing (CG) X . . chemical analysis. We carried out the
ha), increasing rate according to forage. .
measurements in February 2018 (summer).
No-tillage and without subsoiling. We
CC-NT carried out the measurements in July
Continuous Soybean is cultivated during the summer and 2018 (winter).
Crop (CC) Brachiaria spp during the fall-winter No-tillage with subsoiling every four years.

The last subsoiling was in November 2017.

€SS We carried out the measurements in July
2018 (winter).
Rotation of soybean cropping under no-till for one year The three-year livestock phase started in
. and Brachiaria brizantha cv. Piata pasture under variable ~ C1-L3  2018. We carried out the measurements in
Crop-Livestock . . AL .
. stocking rate with annual fertilization for three years. August 2018 (winter).
rotation (CL)
We carried out the measurements in
Rotation of soybean cropping under no-till with CL4L  April-June 2018 (fall) during the four-year
Brachiaria spp. and Cajanus cajan cv. BRS Mandarim as livestock phase, which started in 2018.

fall-winter crops for four years and Panicum maximum
cv. Massai pasture under continuous grazing and
variable stocking rate for four years.

We carried out the measurements in June
CL-4C 2018 (fall) during the four-year cropping
phase, which started in 2018.

The four-year livestock phase started in
2018. It consists of Panicunt maximuni cv.
CLF-L  Massai pasture under continuous grazing
Eucalyptus urograndis (28 X 4 m paired-row) is and variable stocking rate. We carried out
Integrated associated with a crop-livestock rotation system (CL). the measurements in April-June 2018 (fall).
Crop-Livestock- The CL management in this treatment is equivalent to
Forestry (CLF)  the abovementioned: a rotation of four years cropping
and four years livestock.

The four-year cropping phase started in
2018. It consists of soybean cropping under
no-till with Brachiaria spp. and Cajanus
cajan cv. BRS Mandarim as fall-winter
crops. We carried out the measurements in
June 2018 (fall).
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Figure 3. Water infiltration and soil loss tests performed in four agricultural systems with four repetitions
for treatment: continuous grazing, crop-livestock integration, crop-livestock-forestry integration.
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2.2. Data Collection

We carried out 72 rainfall simulations using a portable rainfall simulator [23]. It was equipped
with two parallel Veejet 80.150 flat spray nozzles that provide 2 mm raindrops at a height of 2.3 m with
a working pressure of 35.6 kPa. Additionally, we calibrated the equipment to apply a constant rainfall
intensity of 74.9 £ 3.6 mm h™! for 60 min after runoff onset [24]. The runoff collecting area was a plot
of 0.7 m? with 2 mm thick galvanized iron sheets.

During the simulations, the infiltration rate was obtained by the difference between the rainfall
intensity and surface runoff measured for one minute every 2 minutes. Additionally, the observed
infiltration was fitted to Horton’s model [25,26], which has been widely used for estimating water
infiltration rate from rainfall simulator data [27,28]. The equation’s parameters were evaluated by
fitting the experimental data using generalized reduced gradient method, a nonlinear regression:

f8) = fe+ (fo=fo)e™, 1)

where f(t) is the estimated instant infiltration rate (mm h™1); t is the infiltration time (min); and foand
fc are the observed initial and the stable infiltration rates (SIR) (mm h~1) with a decay constant of k. To
verify the error of the model’s adjustment, we performed the standard error of the regression (S).

For soil loss, we collected runoff samples every 6 minutes and stored them in one liter containers.
The total weight of each container was determined, and the runoff samples (water plus sediment) were
oven-dried at 70 °C for a necessary period to ensure total water evaporation and constant dry mass
weight. Thus, soil loss for each simulation was calculated as the total sediment load divided by the
plot area.

We performed pre-wetting in every rainfall simulation to ensure uniform humidity [29] at least 12 h
before each test; also, we measured the initial and final humidity in each rainfall simulation test. Slope
steepness of the experimental plots ranged from 1.8 to 4.9° (Table 2); however, it did not affect runoff
and sediment concentration in plots up to 1 m? in size [30] as soil erosion is transport-limited at that
plot size. Soil bulk density (BD) values were obtained for each treatment from the Embrapa laboratory.

Table 2. Mean physical properties values recorded for the experimental area located in the Embrapa,
Campo Grande, Brazil.

Treatments 0 (%) 05 (%) S (degrees) BD (g cm™3)
CG-RF 24 34 3.3 1.29
CC-NT 17 29 49 1.28
CC-SS 19 28 3.1 1.43
C1-L3 18 24 3.9 1.27
CL-4C 15 23 2.0 1.32
CL-4L 18 23 1.8 1.38
CLF-C 13 23 2.0 1.34
CLF-L 12 21 1.9 1.35

Cerrado 19 22 3.0 0.89

Note: S is slope steepness; 6i and 6f are initial and final gravimetric soil water content; BD is soil bulk density;
CG-RF is continuous grazing under variable stocking rate with regular fertilization; CC-NT is continuous cropping
under no-tillage without subsoiling; CC-SS is continuous cropping under no-tillage with four-year subsoiling; C1-L3
is a rotation of one year cropping and three years livestock in the livestock phase; CL-4C is a rotation of four years
cropping and four years livestock in the cropping phase; CL-4L is a rotation of four years cropping and four years
livestock in the livestock phase; CLF-C is an integration of crop-livestock-forestry in the cropping phase; CLF-L is an
integration of crop-livestock-forestry in the livestock phase.

2.3. Statistical Analysis

Cluster analysis was performed using Euclidean distance and the hierarchical single linkage
method (also known as nearest neighbor) to identify groups of treatments based on water infiltration
and soil erosion results. Additionally, we performed Scott-Knott test («x = 0.05) to compare the effect of
different land uses and soil management on water infiltration and soil erosion. Stable infiltration rate
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(SIR) and soil loss means from each treatment were divided into groups without overlapping by using
a probabilistic approach with an asymptotic x2 distribution. Both analyses were performed with the
statistical and computing environment R (Scott-Knott package) [31]. Hierarchical tests account for
possible statistical dependence since we have limited replication of all treatments.

3. Results

We noted a suitable model fit with most errors smaller than the standard deviation of the rainfall
intensity applied (Table 3). The highest errors of the regression (S) occurred for SIR smallest values.
Figure 4 shows the stable infiltration rate (SIR) and soil loss (SL), respectively in Figure 4A,B, considering
vegetation cover. It is shown in the 25th and 75th percentiles, the median with a line, the mean with a
rhombus, whiskers indicate the maximum and minimum values. We found the smallest water and
soil losses values when croplands replaced livestock lands (CL-4C and CLF-C), except CC-NT and
C1-L3 (Figure 4). We performed the rainfall simulations a few months after the transition from pasture
phase to the cropping phase, therefore, the grazing management under variable stocking rate indirectly
improved water infiltration and decreased soil loss. Conversely, greater water and soil losses were
recorded at the treatments that changed from cropping to livestock in the year we carried out the
simulations (CL-4L and CLF-L).

Table 3. Horton's equation and soil loss (SL) of each treatment with vegetation cover and on bare soil.

Treatments Horton’s Equation ?:;nhs_IlI){ sd (;\/Ise_a;nms_la) sd
Vegetation cover
Cerrado f(t) =71.6 + 2.5 x 7004 2.7 71.1a 35 33x10%*a 1.3x 1074
CG-RF f(t) =473 +18.1x 7014 9.2 459b 140 11x102%a  69x10™*
CC-NT f(t) =758 +52x¢ 017 1.0 733 a 07 49x10%a  28x107*
CC-sS f(t) = 69.0 +14.0 x ¢7012 9.8 55.8b 126 29x102%a  21x1073
C1-L3 f(t) =712 +7.9x 7021 1.2 71.1a 16  44x10%a  31x107°
CL4C f(t) =723 +2.1x¢e028 0.7 723a 09 27x107%*a 2.1x107°
CL-4L f(t) =59.7 +14.7 x e0-22 142 528b 234  47x10%a  45x107*
CLF-C f(t) =75.1+5.0x 7021 22 74.8 a 26 58x10*a 22x107%
CLF-L f(t) = 47.3 4-23.3 x 7006 6.4 49.0b 78  70x107°%b  46x107°
Bare soil
Cerrado f(t) = 69.8 +11.1 x =007 3.2 69.4a 41  84x10%a  61x107*
CG-RF f(t) =183 +48.7 x 014 9.4 19.4d 58  20x1072b 50x1073
CC-NT f(t) = 60.0 +13.1 x 7005 3.7 62.9b 4.1 70x1073 a 3.7x 1073
CC-SS f(t) = 41.7 4+ 30.7 x ¢7004 6.5 36.7 29  25x1072%b 1.7 x 1072
C1-13 f(t) =71.0 4+ 3.1 x ¢703% 0.5 70.8 a 04 70x1073%a 8.7 x 1073
CL4C f(t) =538 +15.5x 700 9.8 53.8b 184  40x1072%a 26x1073
CL-4L f(t) =33.7 +39.9 x ¢ 040t 115  326¢ 128 31x102b  1.9x1073
CLF-C f(t) =56.6 +15.3 x ¢ 0-0% 9.5 56.6 b 104 89x1073%a 9.7 x 1073
CLF-L f(t) =29.9 +39.2x 702 7.5 293¢ 6.6 24x1072b  1.1x1072

Note: Different letters indicate statistical different groups («x = 0.05). S is the standard error of the regression
and sd is the standard deviation. CC-NT is continuous cropping under no-tillage without subsoiling; CC-SS is
continuous cropping under no-tillage with four-year subsoiling; C1-L3 is a rotation of one year cropping and three
years livestock in the livestock phase; CL-4C is a rotation of four years cropping and four years livestock in the
cropping phase; CL-4L is a rotation of four years cropping and four years livestock in the livestock phase; CLE-C is
an integration of crop-livestock-forestry in the cropping phase; CLF-L is an integration of crop-livestock-forestry in
the livestock phase.

In terms of SIR considering all treatments under vegetation cover, we observed the best results in
CC-NT, C1-L3, CL-4C, and CLF-C; those treatments were similar to the native Cerrado vegetation.
On the other hand, SIR in the CG-RF, CC-SS, CL-4L, and CLF-L was lower than that found at the
Cerrado vegetation (Table 3). Moreover, soil loss in all the treatments was similar, except for the
CLF-L, where we found the highest soil loss values. The levels of similarity are represented using a
dendrogram based on cluster analysis and the k-nearest neighbor (Figure 5A). We observed similarity
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among CC-NT, C1-L3, CL-4C, CLF-C, and the Cerrado as well as among CG-RF, CC-SS, and CL-4L. We
also noted the highest dissimilarity of CLF-L regarding the other treatments.
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Figure 4. Box plot of stable infiltration rate (SIR) and soil loss (SL), respectively, in (A,B), for each
studied treatment. It is shown in the 25th and 75th percentiles, the median with a line, the mean with a
rhombus, whiskers indicate the maximum and minimum values. Different letters indicate statistical
different groups («x = 0.05). CG-RF is continuous grazing under variable stocking rate with regular
fertilization; CC-NT is continuous cropping under no-tillage without subsoiling; CC-SS is continuous
cropping under no-tillage with four-year subsoiling; C1-L3 is a rotation of one year cropping and
three years livestock in the livestock phase; CL-4C is a rotation of four years cropping and four years
livestock in the cropping phase; CL-4L is a rotation of four years cropping and four years livestock in
the livestock phase; CLF-C is an integration of crop-livestock-forestry in the cropping phase; CLF-L is
an integration of crop-livestock-forestry in the livestock phase.

CG-RF CL-4L
7.5 7.51

CC-ss CC-ss

C1-L3 ——— CG-RF
5.04 Cerrado| 5.0 C1-L3

CL-4C ": Cerrado

CN-NT CC-NT
2.51 2.5

CLF-C CLF-C

CLF-L cL-4C

2.0 1.5 1.0 05 0.0 20 1.5 1.0 0.5 0.0

Distance to K-Nearest Neighbor Distance to K-Nearest Neighbor

Figure 5. Dendrogram based on k-nearest neighbor considering SIR and soil loss (A) under vegetation
cover and (B) on bare soil: continuous grazing under variable stocking rate with regular fertilization
(CG-REF), continuous cropping under no-tillage without subsoiling (CC-NT) and with four-year
subsoiling (CC-SS), rotation of one year cropping and three years livestock in the livestock phase
(C1-L3), rotation of four years cropping and four years livestock in the cropping phase (CL-4C) and in
the livestock phase (CL-4L), integration of crop-livestock-forestry in the cropping phase (CLF-C) and in
the livestock phase (CLF-L).
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Considering bare soil plots, only C1-L3 presented SIR similar to the Cerrado (Table 3). In terms of
soil loss, we observed the lowest values for CC-NT, C1-L3, CL-4C, CLF-C, and the Cerrado. Based on
the cluster analysis, the group comprised of the Cerrado, C1-L3, CC-NT, CLF-C, and CL-4C is highly
dissimilar to the group of CLF-L, CL-4L, CC-SS, and CG-RF (Figure 5B). High similarity was found
between C1-L3 and the Cerrado and among CC-NT, CLF-C, and CL-4C.

Both statistical tests, cluster analysis, and Scott-Knott test presented results that corroborate each
other. Hierarchical tests accounts for statistical dependence (Figure 5), while Scott-Knott assumes
independence (Figure 4) as it is used with the application of ANOVA. It indicates low possibility
of extraneous variable such as geographic proximity or patterns in the soil characteristics affecting
our results.

4. Discussion

Soil and agricultural management affects water infiltration and soil erosion by modifying soil and
vegetation variables. Consequently, we observed different SIR (« = 0.05) among some agricultural land
uses. How land is managed may change the soil porosity, soil moisture, and organic matter content.
Different initial infiltration rates and time intervals required to obtain the constant infiltration are
shown in Table 3. These findings are paramount to managing agricultural land uses and controlling
soil erosion. We did not find soil bulk density (BD) playing an important role in the infiltration process
(Table 2). In fact, water infiltration may be negatively related to BD [32]. We hypothesised that the
organic matter content was more related to the results presented in Table 3 than the other soil variables
since it also affects soil macro porosity and, consequently, water infiltration [33]. A previous study
showed a decrease in organic matter content in land uses changing from pasture to cropland [32]; it
corroborates our findings of higher SIR in the treatments that changed to cropping phase from the
livestock phase, compared with those that changed from the cropping phase. Additionally, we also
noted high SIR and reduced soil loss in the cropping under no-till (CC-NT); however, we ran the
rainfall simulations during the fall-winter cropping, with Brachiaria grass as cover crop, and it may
have contributed to increasing SIR and reducing soil loss.

The two treatments regarding continuous cropping (CC) showed different SIR results. We found
that no-till practice without subsoiling (CC-NT) provided lower runoff and soil loss than no-till
practice with subsoiling (CC-SS). Cropping under NT with controlled machinery traffic improved water
infiltration into the soil and reduced soil erosion. An improvement in SIR by subsoiling is expected
as it reduces soil compaction. A study assessing water infiltration in an Oxisol found higher SIR in
treatments using only NT and NT with subsoiling [24]. We carried out the rainfall simulation about six
months after the last subsoiling; it may have affected our results, decreasing SIR at CC-SS. We suggest
comparing different subsoiling periods and simulation intervals in systems under only NT for better
decisions about the management of continuous cropping systems. Soil loss at CC-NT and CC-5S did
not statistically differ. Minimizing tillage can improve soil physical properties, particularly by reducing
soil bulk density, indirectly improving water infiltration [34], and reducing soil erosion. In addition,
crop residue increases SIR [24], becoming key in the crop growth stages [27]. Soil conservation practices
are of paramount importance to minimizing the agricultural footprint and increasing productivity.

We expected high SIR and low soil loss values for CG-RF as it received regular fertilization, which
provides more herbage mass and great canopy height. It reduces the cattle trampling effect on soil,
indirectly contributing to water infiltration into the soil. However, we found lower SIR and similar soil
loss for CG-RF compared with the treatments in group a (Figure 4). The Brachiaria decumbens grass may
have compromised water infiltration in this treatment since the other treatments in the livestock phase
had higher SIR and different grass species. Additionally, a study showed that that grass cover is more
effective in reducing soil erosion than surface flow [35], which corroborates our findings. It reveals
the importance of pasture renewal to prevent forage growth decline. Integrating crop and livestock
provides an opportunity to maintain productivity, increase SIR, and reduce soil loss since we observed
an improvement of 60% in SIR and a reduction of 50% in soil loss rates.
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The integrated crop-livestock-forestry in the cropping phase (CLF-C) presented SIR and soil loss
values similar to the cerrado. Particularly, the crop-livestock and crop-livestock—forestry systems
that were leaving the livestock phase and starting the cropping phase showed better performances
(Figure 4). Conversely, C1-L3 was the only treatment that migrated from the cropping phase and
presented higher SIR compared with the statistical group b. We hypothesize that the cropping period
was too short to provide a significant change in soil physical properties improved during the pasture
period. Negative effects on soil physical properties may occur depending on the cropping phase
length [36]. Therefore, the rotation period in C1-L3 was the most suitable for reducing runoff and
soil loss compared with the rotation period in the other crop-livestock and crop-livestock-forestry
treatments. Moreover, we noted that CLF-L was the only system that showed different SIR and soil
loss considering all treatments. The highest dissimilarity of CLF-L may be due to integrating soybean
cropping and Eucalyptus urograndis, since the management practices adopted were identical to the
other studied agroforestry systems in the present study. We suggest future research on assessing water
infiltration and soil erosion in agricultural production that integrates Eucalyptus spp. plantation with
crops, as there are few studies addressing this issue.

Crop-livestock rotation may be a sustainable alternative for increasing productivity as well
as introducing grassland and/or perennial forage phases into continuous cropping production as
an opportunity for diversifying the land use. This strategy reduces the use of herbicides during
the crop phase, mitigating the negative impacts of simplifying land use [37]. Specifically, Brazil
has approximately 2.8 million small-scale farms accounting for the country’s food production [38].
Therefore, farmers benefit from pasture—crop rotation due to improvements in the soil’s physical and
chemical properties [39]. Additionally, service crop management needs to become paramount for
maximizing crop water supply and improving agroecosystem resilience [40], particularly, with climate
change climate affecting the water cycle. Service crops are cover crops grown to provide ecosystem
services such as facilitating water infiltration and increasing soil water storage.

5. Conclusions

In this study, we assessed the effects of the different agricultural land uses on soil erosion and water
infiltration in an Oxisol site located in the Brazilian Cerrado. We carried out 72 rainfall simulations
with a rainfall intensity of 74.9 + 3.6 mm h~! under the following treatments: continuous grazing
under variable stocking rate with regular fertilization (CG-RF), continuous cropping under no-till
without subsoiling (CC-NT) and with subsoiling every four years (CC-SS); rotation of one year
cropping and three years livestock in the livestock phase (C1-L3), rotation of four years cropping and
four years livestock in the cropping phase (CL-4C) and in the livestock phase (CL-4L), integrated
crop-livestock-forestry in the cropping phase (CLF-C) and in the livestock phase (CLF-L).

Our findings indicate that with adequate agricultural management, integrated agriculture systems
improve water infiltration into the soil and reduce soil erosion, especially rotating crop-livestock with
a feasible rotation period for each phase. Crop-livestock and crop-livestock-forestry systems with
a four-year rotation period presented the highest SIR and lowest soil loss values after the livestock
phase and the beginning of the cropping phase (CLF-C). As those crop-livestock systems that finished
the cropping and started the livestock phase (CL-4L and CLF-L) did not perform well, our findings
suggest that the best rotation period was one year of cropping and 3 years of pasture (C1-L3) since it
considerably increased water infiltration and showed soil loss similar to the cerrado native vegetation,
compared with CL-4L and CLF-L. Thereby, pasturelands do not contribute to land degradation if
soil conservation practices are adopted as presented in this study. In addition, integrating different
agricultural land uses is an opportunity for increasing productivity by intensification and diversifying
agricultural production.

We presented here quantitative aspects of variables related to land degradation; nonetheless, a
study on water and sediment quality will bring a more complete perspective to the sustainability
of integrating different land uses and soil management. Soil modelling would also contribute to a
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mechanistic understanding once large-scale sampling is logistically difficult. Furthermore, larger plots
for natural rainfall experiments are the next step to understand the annual variability of runoff and soil
erosion; economic factors may also be considered in future research. Long-term research on those land
uses under natural rainfall contributes to future studies on modelling soil erosion such as the soil cover
and management factor of the universal soil loss equation and its revised versions.
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