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Abstract: Soil erosion is one of the major problems in the agricultural areas in the world, and straw
mulching is a conservation practice that may reduce soil runoff. How much straw mulching is
necessary to reduce soil runoff? The objectives of this study were to quantify and characterize the
runoff under different levels of oat straw mulching, as well as to analyze the cost of soil erosion. An
experiment was performed in a site with the soil recently tilled for peach orchard implementation. In
the ridges in the row of the peach orchard, plots were placed in order to quantify soil and nutrient
losses by surface runoff due to interril erosion on the dates 23 August 2015 and 13 March 2016,
considering the treatments were composed of different amounts of oat straw mulching (0, 1, 2, 4 and
8 Mg ha−1). The results showed that the use of oat straw mulching decreased soil runoff, especially
the doses ≥2 Mg ha−1, and the cost to replace the available nutrients P, K, Ca and Mg via mineral
fertilizer varies from US$ 75.4 (no mulching) to US$ 2.70 per hectare (8 Mg ha−1 oat straw mulching).

Keywords: water erosion; sediment; soil conservation; crop residue; vegetative practices of soil
conservation; cost of erosion

1. Introduction

Soil is the foundation for terrestrial life and the sustainability of humankind. However,
this natural resource has become increasingly threatened by excessive tillage, limited crop
rotations, poor irrigation management, and contaminants [1]. According to FAO [2], one-
third of the world’s soil resources have been degraded and the remaining topsoil could
become unproductive within 60 years if current rates of degradation continue. Agriculture
practices may harm the soil due to compaction, acidification, loss of soil organic matter,
and soil erosion. Those changes degrade soil physical properties, increase nutrient loss,
and reshape fields, ultimately impacting productivity and environmental outcomes [1].

Soil erosion from agricultural fields is estimated to be currently 10 to 20 times (no-
tillage) to more than 100 times (conventional tillage) higher than the soil formation rate,
and the current levels of global warming are associated with moderate risks from increased
soil erosion [3]. Using simulations carried out from 1901 to 1990, soil erosion at the global
scale has been increased during the last century, pointing out Brazil as the region with the
largest increase, with human activity being the greatest responsible determinant [4]. Yang
et al. [4] highlight that in the 2090s, climate change, mainly induced by rainfall increases, is
projected to increase soil erosion by around 9% globally, while land use would change about
5%. Higher global temperatures, as impact of climate changes, intensify the hydrological
cycle, resulting in more intense rainfall, which is an important driver of soil erosion [5].

Peach orchard production is of great socio-economic importance in southern Brazil,
mainly within the Rio Grande do Sul (RS) State, which is the greatest producer in Brazil,
accounting for 60.5% of the total Brazilian peach harvest, and it is mainly cultivated by small
farmers, with a total area cultivated of 12,468 hectares [6]. However, orchards represent
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one of the land-uses for which runoff rates and sediment losses may occur if soil and water
conservation practices are not adopted, especially in hill slopes.

Runoff and soil erosion have been reported worldwide and are usually associated
with (i) the location on hill slopes and disposition of rows along the slope, which makes
runoff and erosion stronger [7], (ii) maintenance of bare soil between rows by mechanical
or chemical weeding [8–10], and (iii) intense machinery traffic along fixed paths, which
promote soil compaction and reduce soil water holding capacity and water infiltration [11].

Runoff and soil erosion in peach orchards tend to be more intense in the first years
after plantation, which can be associated with deep and intensive tillage during orchard
installation, disaggregating the soil and exposing it to rainfall. A few studies have reported
higher runoff and soil erosion rates due to the orchards’ installation practices [9,12,13]. Deep
tillage is usually applied to incorporate fertilizer and lime and to improve the soil’s physical
condition prior to plantation; however, it can also decrease soil aggregate stability [14],
increase soil organic matter mineralization [15], and promote soil surface crusting [16], as
well as decrease water infiltration, which leads to soil erosion [17].

The physical processes of erosion and the control of those events have been studied
across a long time and have been established but soil erosion continues to be the greatest
threat to soil health and ecosystem services in many regions of the world, having some
controversial points that make the establishment of erosion control measures around the
world difficult [18].

The use of cover crops and/or mulching in orchards has the potential to reduce runoff
and soil erosion [19]. IPCC [3] references growing green manure and cover crops, crop
residue retention, reduced/zero tillage, and maintenance of soil covering through improved
grazing management as options to reduce vulnerability to soil erosion and nutrient loss.
Mulching and cover crops have been proven to be efficient practices to (1) protect the
soil from water droplet impact, (2) enhance aggregate stability, (3) improve soil water
infiltration, (4) interrupt runoff pathways, (5) improve nutrient cycling and soil water
storage, and (6) reduce soil temperature variation and water loss to evaporation [20,21].
Additionally, higher sediment losses and herbicide residues in runoff water were found in
bare soil under avocado (Persea americana Mill) hillside orchards [9].

Stark and Thorne [12] argued that peach orchards cannot be maintained over a long
time without adequate management practices to maintain soil organic matter and to control
soil erosion, suggesting the use of cover crops. A literature review by Wolstenholme et al. [8]
has also highlighted the benefits of using mulching in avocado orchards. They found that
using mulching and/or cover crops decreased tree stress, improved root growth and health,
and improved both fruit size and yield compared to avocado under bare soils. These
positive effects of mulching within orchards related in past studies were confirmed recently
by some other studies around the world [22–24]. However, there is still a gap in knowledge
about the effect of cover crop residue as mulch on the triggering of runoff and soil water
erosion in peach orchards in southern Brazil, as well as on the exact amount of mulching,
considering this involves costs to the farmers. Furthermore, little information exists about
the impact of runoff and soil erosion on environmental health (i.e., water contamination),
soil losses and their costs for peach farmers in that region.

Therefore, this study aimed to quantify and characterize (i) the runoff and soil ero-
sion under different levels of oat (Avena sativa) straw mulching in a commercial peach
orchard; (ii) the cost of soil erosion and runoff during the first year after the peach orchard’s
installation. We hypothesized that straw mulching would decrease the soil runoff and,
consequently, reduce nutrient losses and the production costs in the peach production
system in southern Brazil.

2. Materials and Methods
2.1. Experimental Area and Treatments

The experimental area is a 0.7 ha commercial peach orchard (variety “sensação”)
installed in 2015, with 21% slope located in Pelotas City, “Rio Grande do Sul” State, Brazil
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(Latitude 31◦34′11,76” S, Longitude 52◦30′16,51” W, 171 m altitude) (Figure 1). The climate
is subtropical humid (Cfa) according to the Köppen’s Climate Classification System. The
mean annual rainfall is 1367 mm at the Pelotas Agroclimatology Station, in the period
1971–2000 [25]. The mean annual temperature is 17.8 ◦C, January being the hottest month,
at 23.2 ◦C, and July being the coldest, at 12.3 ◦C (Figure 2).
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experimental area surrounded in a white color (d). Image of Google Earth dated 7 July 2015.
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Figure 2. Mean monthly temperature and rainfall of the period 1971–2000. Source: [25].

The soil type at the study region is dominated by Entisols, Mollisols, Ultisols, Incepti-
sols, Plinthic, Alfisols and Entisols [26] (respectively Neossolos, Chernossolos, Argissolos,
Cambissolos, Plintossolos, Planossolos and Gleissolos, accordingly with the Brazilian
System of Soil Classification [27]). At the experimental site, the soil was classified as Cam-
bissolo Háplico Tb Distrófico according to the Brazilian System of Soil Classification [27],
which corresponds to Inceptisol in Soil Taxonomy [26].
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The treatments were composed of different amounts of oat straw (Avena sativa)
mulching placed on plots with the soil being tilled. The plots were used to measure
the soil and nutrient losses by surface runoff.

The site was prepared for planting (peach orchard implementation) in June 2015. For
instance, the soil was tilled by plowing (approximately 30 cm deep) followed by harrowing.
The ridges in the row were made using the soil from the interrow. The height of the ridges
was approximately 0.40 m, having the interrow of the orchard as a reference. The distance
between plants in the row was 2.5 m, and in the interrow it was 5.0 m. The soil fertility
adjustment was realized in the peach orchard implementation.

On 9 July 2015 (i.e., around one month after orchard implementation), in order to
quantify soil and nutrient losses by surface runoff due to interril erosion, plots were placed
in the ridges (Figure 3). These plots were constructed using polyvinyl chloride (PVC),
with strips of 0.5 m length and 0.15 m height, forming a triangle delimiting an area of
0.11 m2, and were fitted using PVC pipe with a height of 0.25 m. The strips of the plots were
linked through slots, to facilitate assembly, disassembly, and transport of such material.
A polyethylene terephthalate (PET) bottle was cut in half and placed in the lower edge
of the plot to collect the soil loss by surface runoff. In the field, a hole was opened in the
ground for fixing the PET bottle, where its border remained close to the ground surface
and the PVC strips connected to the border of the PET bottle. The soil loss by runoff in
the delimited area (0.11 m2) was captured in the PET bottle with a capacity of nearly 1.5 L.
Plots larger than 0.11 m2 were not possible to be used because the area of the ridge was
smaller to support larger plots. Because of the plots’ size and configuration, only interril
erosion was possible to measure, as well as the impact and disaggregation of soil as part of
erosion process.
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Figure 3. Plots to assess the soil losses by surface runoff, installed in the ridge of the peach’s orchard
row on 23 August 2015, which was date of application of the treatments with different amounts of
oat straw (Avena sativa) mulching.

Overall, 15 triangular plots (0.11 m2) were constructed. The soil within each of
those plots was covered by different amounts of oat (Avena sativa) straw mulching, which
represents the treatments: 0 Mg ha−1, 1 Mg ha−1, 2 Mg ha−1, 4 Mg ha−1, 8 Mg ha−1 dry
biomass (Figure 4). Each treatment had three replicates. The plots were installed on 9 July
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2015 and received the treatments with oat straw mulching on 23 August 2015. When the
straw mulching of each treatment was totally or almost totally decomposed in the plots, it
was replaced along the experiment, avoiding the zero-straw mulching and being possible
to evaluate the period of soil cover and decomposition, considering the different amounts
of oat straw mulching. Thus, on 8 November 2015 the oat straw mulching was replaced in
the treatments 1 and 2 Mg ha−1 and, on 13 January 2016, a new replacement of oat straw
mulching was realized in all treatments (1 Mg ha−1, 2 Mg ha−1, 4 Mg ha−1, 8 Mg ha−1).
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Figure 4. Plots to assess the soil losses by surface runoff, installed in the ridge of the peach’s
orchard row, covered by different amounts of oat (Avena sativa) straw mulching, which represent the
treatments: 0 Mg ha−1 (a), 1 Mg ha−1 (b), 2 Mg ha−1 (c), 4 Mg ha−1 (d), 8 Mg ha−1 (e) dry biomass.
Pictures dated 23 August 2015 (application of the treatments).

The oat straw used as mulching in the plots was collected in a peach orchard next
to the studied area and forwarded to the laboratory to dry at a temperature of 65 ◦C
(standard method to quantify dry biomass of plants) and, afterwards, was placed in the
plots according to each treatment. In this same orchard, which was twelve years old, in
its interrow, oat straw used as mulching was sampled in four random points, in an area
of 1 m2 each one, in its senescence period, to verify the oat straw yield in a management
system where it has the objective to protect the soil. The average yield of oat straw was
3 Mg ha−1 (dry weight at a temperature of 65 ◦C). That twelve year-old orchard was chosen
because it is next to the studied area and frequently uses oat straw in its interrows.

2.2. Soil Characterization of the Ridges of the Peach Orchard’s Row

In order to characterize the soil in the ridges of peach orchard’s row (i.e., where the
plots for assessment of soil losses by surface runoff were placed), disturbed soil samples
were collected within 0 to 0.10 m, 0.10 to 0.20 m and 0.20 to 0.40 m depth. Those samples
were analyzed for particle size distribution, dispersible clay in water, particle density, and
soil fertility (i.e., pH and soil nutrients). Undisturbed soil samples were also collected in
the same depths in metal cylinders of 4.7 cm diameter and 3.0 cm height. These samples
were used to evaluate soil porosity, bulk density and saturated hydraulic conductivity.
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2.2.1. Soil Chemical Characterization

Disturbed soil samples were also analyzed for pH, organic matter (OM), phosphorus
(P), potassium (K), sulfur (S), calcium (Ca), magnesium (Mg), iron (Fe), copper (Cu), zinc
(Zn), manganese (Mn), sodium (Na), aluminum (Al) and potential acidity (H + Al), as
described by Tedesco et al. [28]. Soil pH was measured using a 1:1 soil-to-water ratio.
Through these determinations, the effective cation exchange capacity and that at pH 7.0
(respectively, CECeffective and CECpH7.0), base saturation (V) and aluminum saturation
(m) were calculated. The H + Al was determined for the SMP index, while the extractant
KCl 1 mol L−1 was used to determine Ca, Mg, Mn and Al, and the extractant Mehlich I
was used to determine P, K, Na, Zn and Cu. To determine organic matter we used moist
digestion.

2.2.2. Soil Physical Characterization

Particle size distribution analysis was performed by the pipette method [29]. The
dispersion of the soil samples followed the method described by Suzuki et al. [30], i.e., 20 g
of sample, 10 mL of 6% NaOH (chemical dispersant), 50 mL of distilled water and two nylon
spheres (each one weighing 3.04 g, diameter of 1.71 cm and density of 1.11 g cm−3) were
put in 100 mL glass bottles, which were shacked horizontally at 120 rpm for four hours.

Afterwards, the soil particles were separated into sand (diameter between 2 and
0.053 mm) by sieving, and silt (diameter between 0.053 and 0.002 mm) by calculus between
the difference of the sum of sand and clay (diameter < than 0.002 mm), which was de-
termined by pipette. The sand fractions were separated by sieving in very coarse sand
(2 to 1 mm), coarse sand (1 to 0.5 mm), medium sand (0.5 to 0.25 mm), fine sand (0.25 to
0.125 mm) and very fine sand (0.125 to 0.053 mm).

The results of the particle size distribution analysis were used for soil textural classifi-
cation, using the soil texture triangle available from the National Resource Conservation
Service/United States Department of Agriculture [31].

Dispersible clay in water was quantified following the same procedure used for total
clay evaluation but without using the chemical dispersant.

The calculus of the degree of flocculation (DF, %) followed the Equation (1):

DF = [(total clay-dispersible clay in water)/total clay] × 100 (1)

The particle density was determined by the volumetric balloon method, according to
Viana et al. [32].

2.2.3. Soil Porosity, Bulk Density, and Saturated Hydraulic Conductivity

The undisturbed soil samples were saturated through capillarity and balanced on a
tension table (at 6 kPa tension) to determine macroporosity (pores > than 50 µm). After that,
the samples were oven-dried (105 ◦C) to determine microporosity (pores < than 50 µm),
total porosity and bulk density [33].

Samples with a preserved soil structure were also used to quantify the saturated
hydraulic conductivity of the soil, using a permeameter of constant charge, as described
by Klute and Dirksen [34]. Before beginning recording the measurements, the samples re-
mained for some minutes with the water passing through the samples, to reach equilibrium
and constancy. Three measurements for each sample were realized and we calculated the
mean value.

Equation (2) below was used to calculate the saturated hydraulic conductivity:

KS = (V × L)/[A × t(h + L)] (2)

where: KS = saturated hydraulic conductivity, mm h−1; V = volume of water passed
through the soil sample, mm3; L = length of soil sample, mm; A = area of the transversal
section of the soil sample, mm2; t = time of lecture, hours; h = pressure potential (hydraulic
charge) in the top of the soil sample, mm.
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2.3. Soil and Nutrient Losses by Surface Runoff

In order to quantify the soil loss, the soil runoff plus water accumulated of rain in
the PET bottle fixed in the lower edge of each plot was taken after each one of the ten
rainfall events, sent to the laboratory and dried at 110 ◦C. Afterwards, the soil was broken
manually and passed through a sieve with 2 mm mesh to separate particles larger and
smaller than 2 mm. The total soil loss by surface runoff per hectare was quantified.

Soil runoff was collected 10 times between 23 August 2015 and 13 March 2016. A
composite sample of soil with diameter < than 2 mm for each treatment (0 Mg ha−1, 1 Mg
ha−1, 2 Mg ha−1, 4 Mg ha−1, 8 Mg ha−1 oat straw mulching dry biomass), collected in the
ten events, was used to determine the particle size distribution and soil fertility indicators
using the same procedures described above. Joining the soil of the 10 events of soil runoff to
make a composite sample was necessary due to small amount of soil runoff in each event.

By multiplying the total amount of soil (<2 mm) runoff along the period of evaluation
(data presented in Table 4, expressed in kg ha−1), and the nutrient concentration in that soil
(data presented in Table 6, expressed in kg dm−3) the available P, K, Ca, and Mg runoff in
one hectare (kg ha−1), was calculated.

The cost of soil erosion (from 23 August 2015 to 13 March 2016) was calculated as
the cost to replace the amount of soil nutrients (i.e., P, K, Ca and Mg) lost by runoff in
one hectare using commercial mineral fertilizers. Specifically, superphosphate triple (41%
P2O5) was considered for P, potassium chloride (50% K) for K, and dolomitic limestone
(32% CaO + 6% MgO) for Ca and Mg replacement. The information about each nutrient
concentration in the fertilizer was obtained in the Normative instruction number 39 of the
Ministry of State of Agriculture, Livestock and Supply of Brazil [35], and the fertilizer cost
was obtained using current market values (Pelotas City, Brazil).

The rainfall for the period of study was obtained from the monthly weather re-
port available at Agrometeorology Laboratory of the Embrapa Temperate Climate (Em-
brapa/”Laboratório de Agrometeorologia” [36]), with data collected in an automatic
weather meteorologic station installed in the Headquarters Weather Station of the Embrapa
Temperate Climate/Pelotas City/”Rio Grande do Sul” State, around 14 km away of the
experiment.

2.4. Data Analyses

The data were analyzed in terms of relative percentage; an analysis of variance and
the Tukey test of means were performed considering 5% significance.

3. Results and Discussion

The ridges of the peach orchard’s row where the plots to assess the soil losses by
surface runoff were installed present a high soil fertility (Table 1). These results reflect the
addition of high doses of chemical fertilizers before the orchard implementation, with high
and very high nutrients content in the soil [37].

The soil runoff is basically the surface layer and the knowledge of its nutrient concen-
tration is important to preview the possible environment impacts and economical losses
due to soil runoff.

Tables 2 and 3 show the physical characterization of the soil ridges of peach orchard’s
row where the plots to assess the soil losses by surface runoff were installed. Overall,
the soil had low average bulk density (1.12 Mg ha−1), high macro (0.26 m3 m−3), micro
(0.30 m3 m−3) and total (0.56 m3 m−3) porosity, and high saturated hydraulic conduc-
tivity (197 mm h−1). These results were expected and reflect the short-term loose and
disaggregated soil effect of tillage on those soil physical properties and processes. Within
this area, deep tillage was performed around 1 month before soil sampling to incorporate
fertilizer and to build the ridges where the peach plants were planted. In the short term,
tillage can improve soil physical qualities for plant growth, however, this practice can
also decrease aggregate stability [14] and promote soil surface crusting, which in turn can
reduce the water infiltration rate and promote soil erosion [17]. Indeed, the tilled soil in the
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experimental area had a high content of dispersible clay in water and a low flocculation
degree, suggesting a soil with high level of disaggregation (Table 2). Therefore, these
results confirm the high potential of new planted peach orchards for nutrient losses and
environmental degradation associated with runoff and interril soil erosion.

Table 1. Soil chemical characterization of the ridges of peach orchard’s row where the plots to assess
the soil losses by surface runoff were installed.

Soil Depth, m

Attribute Unit 0–0.10 0.10–0.20 0.20–0.40 Mean

SOM g kg−1 27.6 (medium) 26.2 (medium) 27.6 (medium) 27.1 (medium)
P-Melich mg dm−3 108.1 (very high) 155.6 (very high) 202.1 (very high) 155.3 (very high)
Exch. K mg dm−3 95.0 (high) 128.0 (very high) 143.0 (very high) 122.0 (very high)

Ca cmolc dm−3 7.8 (high) 7.9 (high) 7.4 (high) 7.7 (high)
Mg cmolc dm−3 2.9 (high) 3.0 (high) 2.7 (high) 2.9 (high)
Na mg dm−3 11.0 12.0 13.0 12.0
Al cmolc dm−3 0.0 0.0 0.0 0.0

H + Al cmolc dm−3 2.0 1.6 2.5 2.0
CECeffective cmolc dm−3 11.0 11.3 10.5 10.9

CECpH7.0 cmolc dm−3 13.0 (medium) 12.9 (medium) 13.0 (medium) 13.0 (medium)
pH water 6.4 (high) 6.4 (high) 6.0 (medium) 6.3 (high)

AlS % 0.0 (very low) 0.0 (very low) 0.0 (very low) 0.0 (very low)
BS % 85.0 (high) 87.0 (high) 81.0 (high) 84.0 (high)

SOM: soil organic matter; P: phosphorus; Exch. K: exchangeable potassium; Ca: calcium; Mg: magnesium; Na:
sodium; Al: aluminum; H + Al: potential acidity; CEC: cation exchange capacity; AlS: aluminum saturation; BS:
base saturation. In parentheses is the interpretation of the soil fertility [37].

Table 2. Soil physical and hydraulic characterization of the ridges of the peach orchard’s row where
the plots to assess the soil losses by surface runoff were installed.

Depth,
m

BD,
Mg m−3

TP,
m3 m−3

Macro,
m3 m−3

Micro,
m3 m−3

KS,
mm h−1

DCA,
%

DF,
%

PD
Mg m−3

0.00–0.10 1.05 0.593 0.259 0.333 142.71 8.94 31.65 2.56
0.10–0.20 1.12 0.538 0.276 0.262 300.58 8.42 31.54 2.52
0.20–0.40 1.20 0.548 0.231 0.318 148.86 8.92 29.04 2.54

Mean 1.12 0.560 0.255 0.304 197.38 8.76 30.74 2.54
BD: bulk density; TP: total porosity; Macro: macroporosity; Micro: microporosity; KS: saturated hydraulic
conductivity; DCA: dispersible clay of soil in water; DF: degree of flocculation; PD: particle density.

Table 3. Particle size distribution and textural classification of the ridges of the peach orchard’s row
where the plots to assess the soil losses by surface runoff were installed.

Depth, m

Sand
Textural

Classification
[31]

Total Very
Coarse Coarse Medium Fine Very

Fine Silt Clay

%

0–0.10 63.34 11.99 11.44 11.79 16.83 11.30 23.58 13.08 Sandy loam
0.10–0.20 64.10 13.16 11.74 11.31 17.58 10.31 23.60 12.30 Sandy loam
0.20–0.40 63.71 12.41 11.55 11.56 17.70 10.49 23.72 12.57 Sandy loam

Mean 63.72 12.52 11.58 11.55 17.37 10.70 23.63 12.65
Total sand: particles with diameter between 2 and 0.05 mm; very coarse sand: diameter between 2 and 1 mm;
coarse sand: diameter between 1 and 0.5 mm; medium sand: diameter between 0.5 and 0.25 mm; fine sand:
diameter between 0.25 and 0.125 mm; very fine sand: diameter between 0.125 and 0.053 mm; silt: diameter
between 0.053 and 0.002 mm; clay: diameter < than 0.002 mm.

The degree of flocculation is low (Table 2), and the sand content is a high sandy loam
textural class (Table 3), reinforcing the necessity of soil and water conservation practices
in that soil. Clay is an important agent of soil aggregation [38–44], therefore, the larger
the clay dispersible in water, the larger the possibility to occur water erosion, especially in
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the topsoil that is more susceptible to the rainfall drop and runoff. The increment of clay
dispersible in water decreases water infiltration or water conductivity [45,46] and favors
the runoff probably because it closes the pores of soil [47].

It is important to know the relation between the particle size distribution and other
soil physical attributes to understand the susceptibility of soil to erosion and sealing
of its surface. According to Resende et al. [48], besides particle size distribution [16],
other variables should be considered about water erosion: the depth [49], the slope [50–
52] and its length [53], the porosity, and others, because they help us to preview the
susceptibility to erosion, since water infiltration and storage are related to the variables
cited. For example, Suzuki et al. [54] verified that the runoff correlated positively with
coarse sand and saturated hydraulic conductivity of soil, while Keesstra et al. [10], using
multivariate analysis, observed that vegetation cover, soil moisture and organic matter
were negatively correlated with the bulk density, total runoff, runoff coefficient, sediment
yield and soil erosion.

Regarding the particle sizes of soil and erosion, sand particles are difficult to be
transported because of their size but they are easily detached from the soil mass; although
silt soils generally are well aggregated, the aggregates break down easily when wetted,
and the particles are easily detached and transported, and the clay particles are difficult to
detach but they are transported across larger distances when separated from the soil [38].

The soil runoff in the plots with no straw mulching was larger and differed signif-
icantly from the other treatments (Figure 5); besides, according to the increase in the
mulching, the soil runoff decreased at most times (Table 4 and Figure 5). This is because
the soil is exposed to the rainfall according to the decrease of mulching, which is more
susceptible to rainfall drops and splashes. Besides this, the topsoil was tilled to enhance
the orchard’s performance, breaking the soil aggregates and loosening it. Falling raindrops
and running water are the two major agents in water erosion, and both are related to the
energy necessary to detach and transport soil particles [38]. However, planting or mulching
at the soil’s surface intercepts raindrops and slows down runoff [38,49,51,55]. Other prac-
tices used together with straw mulching such as the disposal of branches from the yearly
pruning on the interrows, harvesting manually, and opting for using a compact tractor
contribute to avoiding soil compaction and probably soil erosion [56], as well as the use of
terracing [57–60], such as dry-stone wall or earth bank terraces [53], and keyline arrange-
ment [61,62].
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Table 4. Soil losses by surface runoff (particles with diameter < than 0.002 mm) (Mg ha−1) and
percentage of losses by surface runoff in relation to the treatment without mulching, and rainfall
accumulated up until the sampling date.

Sampling 1 Rainfall Treatment (Amount of Oat Straw Mulching, Mg ha−1)

Date Accumulated 0 1 2 4 8 Total

mm Mg ha−1

29 August 2015 110.5 0.86 (100%) 0.00 (0%) 0.00 (0%) 0.00 (0%) 0.00 (0%) 0.86
7 September 2015 28.9 0.27 (100%) 0.00 (0%) 0.00 (0%) 0.00 (0%) 0.00 (0%) 0.27
27 September 2015 284.0 11.53 (100%) 3.00 (26%) 1.35 (12%) 0.53 (5%) 1.03 (9%) 17.44

25 October 2015 299.2 18.73 (100%) 4.34 (23%) 2.29 (12%) 1.27 (7%) 0.94 (5%) 27.57
2 8 November 2015 42.4 0.00 0.00 0.00 0.00 0.00 0.00
14 November 2015 92.4 8.72 (100%) 2.19 (25%) 0.00 (0%) 0.00 (0%) 0.00 (0%) 10.91
8 December 2015 164.1 7.43 (100%) 2.97 (40%) 0.64 (9%) 0.89 (12%) 0.58 (8%) 12.51
2 13 January 2016 251.6 28.90 (100%) 7.12 (25%) 1.78 (6%) 4.86 (17%) 2.34 (8%) 45.00
16 February 2016 180.2 24.11 (100%) 4.81 (20%) 0.80 (3%) 0.00 (0%) 0.00 (0%) 29.72

13 March 2016 188.6 20.39 (100%) 1.83 (9%) 0.70 (3%) 0.00 (0%) 0.00 (0%) 22.92

Total 120.94 26.26 7.56 7.55 4.89
1 Source: “Laboratório de Agrometeorologia da Embrapa Clima Temperado” (Agrometeorology Laboratory of the
Embrapa Temperate Climate) [36]. 2 On 8 November 2015, the oat straw mulching was replaced in the treatments
1 and 2 Mg ha−1 and on 13 January 2016 a new replacement of oat straw mulching was realized in all treatments
(0 Mg ha−1, 1 Mg ha−1, 2 Mg ha−1, 4 Mg ha−1, 8 Mg ha−1 oat straw mulching dry biomass).

Those values of soil losses are high, because according to FAO [2], rates of tolerable
soil loss calculated using soil production rates range from 0.2 to 2.2 Mg ha−1 year−1 and
tolerable rates based on maintenance of crop production range from approximately 1 to
11 Mg ha−1 year−1, and these ranges reinforce the need for site-specific studies to evaluate
the different sensitivities of soils for the removal of surface soil through erosion.

These results agree with other studies, where the use of cover crops and/or mulching
in orchards has the potential to reduce runoff and soil erosion [10,19,63].

In a rainfall simulation experiment using organic mulching in an urban forestry
park, the runoff amount and runoff generation rate decreased by 28–83% and 21–83%,
respectively, when using 0.25 kg m−2 and 0.50 kg m−2 of mulching, compared to bare
soil [64]. Testing different mulching types of banana (Musa sp.) leaves, coconut (Co-
cos nucifera) leaves, and vetiver (Vetiveria zizanoides) and various amounts (0 Mg ha−1,
10 Mg ha−1, 20 Mg ha−1 and 40 Mg ha−1) in farm fields with an 8% slope after seeding
the plots with maize, the banana leaves at 10 Mg ha−1 and coconut leaves at 40 Mg ha−1

mitigated soil and nutrient erosion to, respectively, 28.9% and 57.3%, contributed to the me-
chanical barrier provided by the mulches, and also to the reduction of raindrops acting on
the soil aggregates [65]. The author [65] verified that mulching also contributed to increas-
ing the infiltration rate, lowering the temperature and, therefore, lowering evaporation.

On 8 November 2015 there was no soil runoff, even with rainfall before this date,
corresponding to 14 days after the sampling in October. On this same date (8 November)
the oat straw mulching was replaced in the treatments 1 and 2 Mg ha−1 because it was
totally or almost totally decomposed in the plots, avoiding the zero-straw mulching. The
larger soil runoff in the 4 Mg ha−1 mulching treatment compared to 2 Mg ha−1 mulching
treatment, on 8 December and after, may be associated with this replacement of mulching,
when the treatment with 4 Mg ha−1 mulching could be presenting less mulching than
the treatment with 2 Mg ha−1 because of its decomposition since the installation of the
experiment, considering the replacement of mulching on 8 November 2015 was realized
only in the treatments with 1 and 2 Mg ha−1.

On 13 January 2016 a new replacement of oat straw mulching was realized in all
treatments. The straw mulching replacement along the experiment was necessary to
maintain the same or almost the same cover density during the period, avoiding the
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zero-straw mulching, and to verify the biomass time of decomposition according to each
treatment.

Considering the application of mulching in the treatments on 23 August 2015, the
decomposition practically totaled 2 Mg ha−1 of oat straw mulching at around 80 days
(23 August 2015 to 8 November 2015), while the larger amounts of straw mulching
(4 and 8 Mg ha−1) would take more than 140 days (23 August 2015 to 13 January 2016) to
totally decompose, taking into account the conditions of the present study. The time of
decomposition of the straw mulching is important because the longer it spends on the soil
surface, the more soil protection against rainfall it provides. Besides, it was verified in the
field that the plots with mulching presented a smaller incidence of spontaneous plants,
especially at 4 and 8 Mg ha−1, which was practically null. That is an important finding.
In organic tree fruit fields, for example, the farmers have limited options for controlling
weeds and furnish nutrients at the appropriate time and adequate amount [66].

Although the soil runoff was statistically the same with straw mulching (1 to
8 Mg ha−1), from 2 Mg ha−1 straw mulching there was less soil runoff (Figure 5); it
is possible to indicate this value as minimum amount of mulching in the peach orchard or
any other condition of soil tilled to reduce soil erosion, but it is important to say that the
time spent on decomposition and soil exposure will be greater than with larger amounts of
mulching. This value (2 Mg ha−1) is smaller than the 3 Mg ha−1 value, representing the
average yield of oat straw mulching in its senescence (see Material and methods). In areas
where the spontaneous weed is used, it would be interesting to evaluate its straw mulching
yield if it is comparable to oat straw.

We verified soil runoff in all plots with different amounts of straw mulching, although
with different amounts along the period of study, either because of rainfall intensity (not
measured) or when the soil reached its capacity of infiltration. When the soil is exposed, it
is more susceptible to rainfall. Then, when mulching or cover crops are used, the rainfall
dropping onto the soil and topsoil compaction are decreased, and this reduces flooding
speed [49,51,55,67,68]. According to some authors [51,67,68], the speed of the covering of
plants is important, because the soil runoff is associated with the time of soil exposure, being
susceptible to erosion. Water loss through runoff in Aquic Argiudoll (Luvic Phaeozem) soil
was more related to the number of months in the year with the presence of crops than to
the soil physical properties related to porosity and water flow [69].

According to Bertoni and Lombardi Neto [70], in Brazil, the soil runoff in agricultural
areas is caused especially by water erosion, and this happens generally in the period of soil
being tilled to crops’ plantation, which is also the case in the present study; the tillage of
the soil and implementation of the orchard changed its physical characteristics, and the soil
was also exposed to rain and wind.

In general, there was an increase in accumulated rainfall that increased soil runoff
(Figure 6). The total rainfall is not the most important variable when soil erosion is
evaluated, the most relevant are the rainfall drop, the intensity (volume of rainfall during
a certain period), speed and specially volume, duration and time to return the rainfall
in the watershed [53,71]. Natural rainfalls larger than 70 mm resulted in similar runoff
coefficients in an Aquic Argiudoll (Luvic Phaeozem) soil with a 3.5% slope, in natural
plots under monocultures, rotation, pasture, and tilled soil without vegetation, while for
intermediate and small rainfalls the runoff coefficients were different [69]. The rainfall in
the “Rio Grande do Sul” State is well-distributed along the year, but its volume is different:
the mean rainfall in the south is between 1299 mm and 1500 mm, while in the north it
is between 1500 mm and 1800 mm [72]. The Pelotas mean annual rainfall is 1367 mm,
according to the Pelotas Agroclimatology Station, in the period 1971–2000 [25], lower than
the mean of the “Rio Grande do Sul” State.

According to Volk and Cogo [73], the main variables used to determine soil runoff are
the rainfall intensity and flooding associated with it [52], the particle size distribution [16]
and the degree of consolidation of the soil surface, the type of erosion (sheet, rill or gully),
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the soil cover [49,51,55], the microrelief or surface roughness resulting from soil tillage and
the size and stability of soil aggregates [55].
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Independent of rainfall intensity, the mulching prevented or reduced the runoff compared
to bare soil, and the larger the amount of mulching, the greater the soil protection. In this sense,
Suzuki et al. [54] verified less runoff under no tillage compared to conventional tillage.

The textural class of the soil runoff (Table 5) is the same one of the ridges of the peach
orchard’s row (Table 3). Comparing it with the soil depth 0–0.10 m of the ridges of peach
orchard’s row, the soil runoff has less clay, fine and very fine sand, and increases in the
other particle sizes. Statistically, coarse, medium and fine sand did not differ significantly
between treatments.

Table 5. 1 Particle size distribution of the soil runoff in the plots. 2 In parentheses is the percentage of
increment or decrease of the particle compared to the soil depth 0–0.10 m (data available in Table 3).

Sand
Textural

ClassificationTreatment Total Very
Coarse Coarse Medium Fine Very

Fine Silt Clay

%

0 Mg ha−1 64.07 c
(+0.73)

10.98 b
(−1.01)

14.78 a
(+3.34)

12.90 a
(+1.11)

14.70 a
(−2.13)

10.70 a
(−0.60)

28.29 a
(+4.71)

7.65 ab
(−5.43) Sandy Loam

1 Mg ha−1 67.32 bc
(+3.98)

18.58 ab
(+6.59)

15.97 a
(+4.53)

12.30 a
(+0.51)

12.77 a
(−4.06)

7.70 b
(−3.60)

24.04 bc
(+0.46)

8.65 a
(−4.43) Sandy Loam

2 Mg ha−1 70.13 ab
(+6.79)

15.40 ab
(+3.41)

15.53 a
(+4.09)

13.33 a
(+1.54)

15.47 a
(−1.36)

10.40 ab
(−0.90)

24.92 b
(+1.34)

4.95 c
(−8.13) Sandy Loam

4 Mg ha−1 73.73 a
(+10.39)

22.33 a
(+10.34)

16.20 a
(+4.76)

13.13 a
(+1.34)

13.80 a
(−3.03)

8.27 ab
(−3.03)

21.20 c
(−2.38)

5.07 c
(−8.01) Sandy Loam

8 Mg ha−1 67.53 bc
(+4.19)

15.47 ab
(+3.48)

14.87 a
(+3.43)

12.40 a
(+0.61)

14.60 a
(−2.23)

10.20 ab
(−1.10)

26.17 ab
(+2.59)

6.30 bc
(−6.78) Sandy Loam

Total sand: particles with diameter between 2 and 0.05 mm; very coarse sand: diameter between 2 and 1 mm;
coarse sand: diameter between 1 and 0.5 mm; medium sand: diameter between 0.5 and 0.25 mm; fine sand:
diameter between 0.25 and 0.125 mm; very fine sand: diameter between 0.125 and 0.053 mm; silt: diameter
between 0.053 and 0.002 mm; clay: diameter < than 0.002 mm. 1 Values obtained from a composite sample of
soil runoff in each sampling date. 2 Calculation considering particle size of the soil runoff–particle size of the soil
depth 0–0.10 m. Means followed by same letters in each column do not differ statistically from each other by the
Tukey’s test at 5% significance.

The soil runoff is basically composed of the topsoil of the ridges, generally with a
larger amount of organic matter and nutrients (Table 6). In general, comparing with the



Soil Syst. 2023, 7, 8 13 of 19

soil depth 0–0.10 m of the ridges of peach orchard’s row, the soil from runoff was more acid
and, consequently, with slightly higher Al concentration and Al saturation. In addition, Na
and K concentration was higher in the soil runoff than the 0–0.10 m depth.

Table 6. 1 Chemical characterization of the soil runoff in the plots. 2 In parentheses is the percentage
of increase or decrease of the chemical element compared to the soil depth 0–0.10 m (data available in
the Table 1) and the interpretation of the soil fertility [37].

Soil
Attribute Unit

Treatment (Amount of Oats Mulching)

0 Mg ha−1 1 Mg ha−1 2 Mg ha−1 4 Mg ha−1 8 Mg ha−1

SOM g kg−1 27.6 (0.00/medium) 2.90 (+0.14/medium) 2.49 (−0.27/low) 2.76 (0.00/medium) 2.90 (+0.14/medium)

P-Melich mg dm−3 70.7 (−37.4/very high) 27.3 (−80.8/high) 146.5 (+38.4/very high) 122.3 (+14.2/very high) 97.0 (−11.1/very high)

Exch. K mg dm−3 103 (+8/high) 133 (+38/very high) 141 (+46/very high) 154 (+59/very high) 171 (+76/very high)

Ca cmolc dm−3 8.5 (+0.7/high) 7.8 (0.0/high) 7.8 (0.0/high) 8.1 (+0.3/high) 7.0 (−0.8/high)

Mg cmolc dm−3 2.9 (0.0/high) 2.7 (−0.2/high) 2.7 (−0.2/high) 2.7 (−0.2/high) 2.4 (−0.5/high)

Na mg dm−3 32 (+21) 32 (+21) 43 (+32) 35 (+24) 35 (+24)

Al cmolc dm−3 0.1 (+0.1) 0.1 (+0.1) 0.1 (+0.1) 0.1 (+0.1) 0.1 (+0.1)

H+Al cmolc dm−3 2.0 (0.0) 2.5 (+0.5) 2.0 (0.0) 2.0 (0.0) 2.2 (+0.2)

CECeffective cmolc dm−3 11.9 (+0.9) 11.1 (+0.1) 11.1 (+0.1) 11.4 (+0.4) 10.1 (−0.9)

CECpH7.0 cmolc dm−3 13.8 (+0.8/medium) 13.5 (+0.5/medium) 13.0 (0.0/medium) 13.3 (+0.3/medium) 12.2 (−0.8/medium)

pH water 1:1 6.0 (−0.4/medium) 5.7 (−0.7/medium) 6.0 (−0.4/medium) 5.7 (−0.7/medium) 5.7 (−0.7/medium)

AlS % 0.8 (+0.8/very low) 0.9 (+0.9/very low) 0.9 (+0.9/very low) 0.9 (+0.9/very low) 1.0 (+1.0/low)

BS % 86 (+1/high) 81 (−4/high) 85 (0/high) 85 (0/high) 82 (−3/high)

SOM: soil organic matter; P: phosphorus; Exch. K: exchangeable potassium; Ca: calcium; Mg: magnesium; Na:
sodium; Al: aluminum; H + Al: potential acidity; CEC: cation exchange capacity; AlS: aluminum saturation; BS:
base saturation. 1 Values obtained from a composite sample of soil runoff in each sampling date. 2 Calculation
considering chemical element of the soil runoff–chemical element of the soil depth 0–0.10 m.

The other variables, such as base saturation and Ca, Mg and organic matter levels
(except 0 Mg ha−1) (Table 6), did not present larger differences than 0–0.10 m depth, and
may be associated with the lower clay content in the soil runoff (Table 5) compared to the
0–0.10 m depth (Table 3), since the reactivity and cation exchange capacity (CEC) of soil are
derived from the clay. Troeh and Thompson [39] cite that the sequence of attractive forces
between a cation and a micelle is the following one: Al3+ > Ca2+ > Mg2+ > K+ = NH4+ > Na+.

The soil surface has organic matter and nutrients, and in agricultural areas it has seeds,
fertilizers and agrochemicals as well, and depending on soil runoff, this material may be
carried to down in the relief, and may pollute and degrade soil and rivers, decrease the
soil capacity of yield and increase costs of production, because it may be necessary for the
addition of more fertilizers and interventions to stop soil erosion. Suzuki et al. [74] verified
high concentrations of nutrients in the soil runoff, with the prevalence of silt and clay, in
areas under annual crops. This has a strong relation with particle size due to CEC. The
cations are adsorbed to the negative charges of the soil, and control the availability of Ca,
Mg, K, Na, NH4 and Al [75].

Along with mulching increments, the available nutrients P, K, Ca and Mg decreased
in the soil runoff (Table 7). This was especially true for Ca; it presented expressive losses
in surface runoff, followed by Mg, which was associated with the larger amount of these
elements in the soil compared to P and K.

Table 7. Available nutrient losses in surface runoff according to their concentration in the soil runoff.

P K Ca Mg

Treatment kg ha−1

0 Mg ha−1 8.6 12.5 206.0 42.6
1 Mg ha−1 0.7 3.5 41.0 8.6
2 Mg ha−1 1.1 1.1 11.8 2.5
4 Mg ha−1 0.9 1.2 12.3 2.5
8 Mg ha−1 0.5 0.8 6.9 1.4

P: phosphorus; K: potassium; Ca: calcium; Mg: magnesium.
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The losses for erosion are variable but the total number of bases lost in eroded soils
may be almost the same number being exported by the harvested plants [39].

The cost to replace lost nutrients (Table 7) via mineral fertilizer (using respectively,
superphosphate triple-41% P2O5, potassium chloride-50% K, dolomitic limestone-32% CaO
+ 6% MgO) would be US$ 75.4 per hectare, considering the larger losses for no-mulching
(Table 8), and this cost would be reduced to US$ 2.70 per hectare for 8 Mg ha−1 oat straw
mulching. It is important to highlight that other costs, such as transport and application of
the fertilizer, fuel, depreciation, and others, were not considered in this cost, besides the
impacts to the environment.

Table 8. Amount of mineral fertilizer necessary to replace the available nutrients lost in surface runoff
and the cost of fertilizer, considering the treatments with larger (0 Mg ha−1 oat straw mulching) and
smaller (8 Mg ha−1 oat straw mulching) losses.

Treatment

Variables 0 Mg ha−1 8 Mg ha−1

Superphosphate triple (41% P2O5), kg ha−1 9 1
Potassium chloride (50% K), kg ha−1 21 1
Dolomitic limestone (32% CaO + 6 % MgO), kg ha−1 460 15

Cost of Superphosphate triple (US$ 240.00/ton), US$/ha 2.18 0.12
Cost of Potassium chloride (US$ 202.50/ton), US$/ha 4.19 0.28
Cost of Dolomitic limestone (US$ 150.00/ton), US$/ha 69.05 2.30
Total cost with mineral fertilizer, US$/ha 75.4 2.70

The cost of soil erosion varies according to its clay, organic matter, nutrient contents
and other characteristics of soil but, due to concentrations in the topsoil layer, a ton of
eroded soil may be more fertile and therefore more valuable than a ton of soil [38].

Other studies have showed the cost of soil erosion around the world. For example,
Bucur et al. [76] verified mean annual losses of 10.24 kg ha−1 N, 0.62 kg ha−1 P2O5,
1.38 kg ha−1 K2O, 0.66 kg ha−1 Ca2+, 0.19 kg ha−1 Mg2+ and 195.95 kg ha−1 humus in
a wheat–maize rotation, in a Cambic chernozem of Romania. Those values, however,
decreased with the increase in crop rotation (i.e., the inclusion of pea, wheat, alfalfa, and
perennial grasses into the cropping system), which protected the soil against erosion.

In vineyard fields in Spain, Martínez-Casasnovas and Ramos [77] verified that soil ero-
sion exported 14.9 kg ha−1 of N and 11.5 kg ha−1 of total P, which represented
6 and 26.1% of the annual intakes and 2.4 and 1.2% of the annual income from the sale
of the grapes, respectively. On the other hand, under the perennial crops of banana or
banana-coffee, Onesimus et al. [78] observed a soil loss of, respectively, 38.5, 6.6 and
0.87 Mg ha−1 year−1, with the replacement of NPK losses, caused by erosion, equaling a
cumulative cost of, respectively, US$ 16,663, 4404 and 442 ha−1 year−1, and the authors
also verified that the total cost of replacing nutrients was higher, US$ 15,451 ha−1 year−1,in
areas without conservation practices (terraces), than in areas with terraces, equaling US$
6,058 ha−1 year−1.

Asfaw et al. [79] cite for their study that subsidizing fertilizers for the least productive
farmers is a way to replace topsoil nutrients lost by soil erosion, but it does not provide
cost-effective targeting criteria, being that erosion control practices are more effective in
supporting this type of farmer.

The lack of information on erosion requires farmers to adopt soil conservation practices,
and not adopting such practices affects farmers and society, since the society will bear the
cost of repairing the off-site damage caused by soil erosion [80].

Our results come contribute information about water erosion and soil runoff using
conservation practices such as mulching in peach orchards. Especially in the implementa-
tion of the orchard, when the soil is tilled, the use of mulching is efficient in reducing soil
runoff by interril erosion and consequently the costs of fertilizers exported by runoff.



Soil Syst. 2023, 7, 8 15 of 19

4. Conclusions

The use of oat straw mulching was efficient to protect the soil from water erosion,
especially the doses ≥ 2 Mg ha−1, with considerably decreasing soil runoff by interril
erosion from peach orchard.

The straw mulching decomposition time is important to protect soil against rainfall.
Eighty days after its addition, 2 Mg ha−1 of oat straw mulching was totally decomposed.
Meanwhile, the decomposition of the largest added amounts of oat straw mulching (4 and
8 Mg ha−1) took more than 140 days. Furthermore, we visually verified in the field that the
plots with straw mulching presented a smaller incidence of spontaneous plants, and was
practically null at 4 and 8 Mg ha−1 straw mulching.

The textural class of the soil runoff is the same one of the ridges of peach orchard’s
row (sandy loam) but, with less clay and fine and very fine sand, and with increases in
silt, and medium–large–very large sand compared with the topsoil of the ridges of peach
orchard’s row.

Compared with the topsoil of the ridges of peach orchard’s row, the soil runoff is
enriched with Na and K, but with more acid and with slightly larger Al concentrations and
Al saturations.

With the incremental increase in straw mulching, the available nutrients P, K, Ca and
Mg decreased in the soil runoff by interril erosion, and the cost to replace these nutrients via
mineral fertilizer (using, respectively, superphosphate triple-41% P2O5, potassium chloride-
50% K, dolomitic limestone-32% CaO + 6% MgO) is US$ 75.4 per hectare, considering the
larger losses for no mulching, and this cost is reduced to US$ 2.70 per hectare for 8 Mg ha−1

oat straw mulching. We did not consider other costs such as transport and application of
the fertilizer, fuel, and depreciation, nor did we assess the impacts on the environment.
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