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Abstract: Many researchers have reported relationships of physical and chemical properties with
water erosion; however, little is known about microbiological properties in this context. Thus, the
aim of this study was to evaluate soil properties in relation to erosion in areas with different crop-
ping system practices under no-tillage in the Brazilian Cerrado. The experiment has been carried
out since 2014 in a Typic Haplustox under soybean (S) and maize (M) monoculture, maize/soybean
annual rotation (MS), maize/brachiaria/soybean/brachiaria rotation (MBSB), two of those treat-
ments with high input of fertilizer (MBSB-HI and MS-HI), and bare soil (BS). Soil losses were quan-
tified in erosion plots. The design was completely randomized. The greater vegetation cover crop,
provided by intercropping/succession with brachiaria, increased microbial biomass carbon. The
lack of vegetation cover affected the basal soil respiration and metabolic quotient. Basal soil respi-
ration proved to be inversely related to soil and water losses. Vegetation cover was a key factor
regulating water erosion. Penetration resistance and aggregate stability correlated with soil and wa-
ter losses. Thus, not only physical and chemical, but also biological properties are deeply affected
by erosion, aiding in early monitoring of water erosion. Soil quality improvement in ecologically
supported management contributes to mitigating erosion.

Keywords: soil erosion; microbial biomass; basal soil respiration; cover crop; no-tillage

1. Introduction

The sustainable use of environmental resources and their conservation is a current
issue that has attracted worldwide attention. Soils play a central role in this context, as
they are an important part of the water cycle and the basis for healthy food production.
Nonetheless, soil functions are threatened by land use changes combined with the inten-
sification of agricultural systems, which have proved to lead to soil degradation, reducing
its production capacity. High soil erosion rates and a decline in soil physical and chemical
quality are examples of harmful impacts that directly affect the food production capacity
necessary for a growing population [1,2]. However, there is a lack of information on the
relationship between soil microbiological properties and soil erosion processes.
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It is evident, therefore, that there is a need to quantify and assess the environmental
impacts resulting from land use changes to determine the real capacity of soil use, exploit-
ing production potential while mitigating degradation of natural resources. In this respect
soil conservation practices can be important tools for farmers to intensify land use while
avoiding acceleration of erosion processes. Otherwise, inadequate soil management can
promote erosion rates that deplete soil quality and, consequently, the production capacity
of the land [2-5].

The no-tillage system is a set of conservation practices already widely used in the
Brazilian Cerrado and with notable benefits in terms of soil and water conservation. Main-
taining crop stover on the soil surface reduces the impact of raindrops, preventing surface
sealing, favoring infiltration, and decreasing surface runoff, and consequently controlling
the removal of the soil surface layer by water erosion. Considering that the topsoil of the
soil layer is the richest in nutrients, organic carbon, and biodiversity, the no-tillage system,
when well-managed, acts as a provider of soil quality. An example of improvement of soil
physical, chemical, and biological quality is the increase in carbon stocks, which has great
importance for soil aggregation and porosity, as observed by Mota et al. [6], for the release
of nutrients, and for the maintenance and survival of microbiota.

Microbial properties can be considered good and quick-response indicators of soil
quality [7], although they are still little assessed in studies evaluating soil conservation
techniques. The metabolic activity of the microbiota can be detected before some signifi-
cant evidence of change in the soil physical and chemical properties. For that reason, the
activity of soil microorganisms is a sensitive indicator of soil quality [8-11] and may be
related to soil susceptibility to erosion processes. The relationship between soil erosion
and microbial properties is not yet well understood, although some efforts toward under-
standing have been made recently, such as the study of Qui et al. [12], which reported
negative impacts related to soil erosion on soil microbial communities.

In this context, we hypothesized that microbiological properties can aid in early mon-
itoring of the effects of water erosion, since they can be more sensitive and indicate
changes in soil quality more quickly. Therefore, the aim of this study was to relate micro-
biological properties with soil losses due to water erosion in areas under different crop-
ping practices in no-tillage systems in the Brazilian Cerrado. Different crop rotation sys-
tems were investigated, assessing overall soil quality but focusing on the relationship be-
tween biological quality and susceptibility to water erosion.

2. Materials and Methods

The experiment was conducted on the Brazilian Agricultural Research Corporation
(Embrapa) experimental farm in the municipality of Sete Lagoas in the central region of
the state of Minas Gerais, Brazil, at 19°28'30" S and 44°15'08” W and average elevation of
732 m. The soil in the experimental site was classified as Typic Haplustox [13], correspond-
ing to a Latossolo Vermelho distrdfico tipico [14], found in a landscape with an average slope
of 8%, characterized as gently sloping. The predominant climate in the region is humid
subtropical (Cwa) according to the Képpen classification, with an average annual temper-
ature of 20 °C and mean annual rainfall of 1416 mm [15], mainly concentrated from Octo-
ber to April (Figure 1). This region has a characteristic dry season with frequent occur-
rence of dry spells during the rainy season [16].

The treatments were set up in the 2014/2015 agricultural year in a total area of 4.4 ha
(Figure 2). Prior to the experiment setting up, the area had been used for maize and soy-
bean production under conventional soil tillage for more than two decades. The experi-
ment was prepared first by chisel plowing the soil to a depth of 25 cm to mitigate com-
paction. Dolomitic limestone and agricultural gypsum were applied and incorporated
into the soil profile with a moldboard plow and a disk plow. The experimental site was
then separated into stripes with terraces between them, creating a single large experi-
mental block, with each stripe corresponding to a treatment (Figure 2).
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Figure 1. Daily average temperature and monthly precipitation data during the monitoring period
(August 2018 to July 2019). The normal precipitation corresponds to the period from 1927 to 2013.
Adapted from Silva et al. [16].

The treatments differed by soil management practices such as different crop rotation
systems and different levels of fertilizer input. Monocultures of soybean (5S) and maize
(MM) were compared to rotation systems of maize-soybean (MS) and maize-Brachiaria-
soybean-Brachiaria (MBSB) and two additional treatments with a high level of fertilizer
input, designated MS-HI and MBSB-HI, while the other treatments were maintained with
a medium fertilizer input. The amounts of fertilizers applied were 148, 250, 250, 250, 415
and 415 kg ha™! of NPK 08-28-16 + 0.3% boron and 2.1% sulfur for the treatments SS, MM,
MS, MBSB, MBSB-HI, and MS-H], respectively. For the 2018/2019 crop season, maize was
grown in MS and MBSB treatments, and soybeans in MSSB-HI and MS-HIL

In the 2018/2019 crop season, the seeds of brachiaria (Urochloa brizantha syn. Brachiaria
brizantha) cv. BRS Piata were sown at different times according to the crop used in inter-
cropping, for treatments MBSB and MBSB-HI. Brachiaria seeds were mixed with fertilizers
and sown in maize rows, simultaneously with the maize sowing. However, when Brachi-
aria was intercropped with soybean, the grass seeds were sown when the soybean plants
reached the R5 growth stage, corresponding to the phenological stage of grain filling.

Figure 2. Aerial image of the experimental site in Sete Lagoas, central region of the state of Minas
Gerais, Brazil. SS = soybean monoculture, MM = maize monoculture, MS = maize/soybean annual
rotation, MBSB = maize/brachiaria/soybean/brachiaria rotation, BS = bare soil, and HI = high input
of fertilizers.



Water 2022, 14, 614

4 of 15

2.1. Erosion Assessment and Soil Sampling

In December 2018, three unitary erosion plots of 1 m? (0.5 m width x 2 m length) were
implemented for each treatment, arranged with their length in the direction of the slope.
Erosion plots were delimited by galvanized zinc sheet metal inserted 0.20 m into the soil
and kept 0.20 m above the soil surface. At the lower end of each plot, there was a 20 L
container for storing water and sediments from runoff and the transported soil particles.

From December 2018 to March 2019, samples were collected after rainfall events. The
runoff volume was fully measured. Meanwhile, for evaluation of soil loss, after homoge-
nizing the solution, we sampled 250 mL in each collecting container positioned at the
plots, to later quantify the sediments in the laboratory by the gravimetric method. The
slope of each plot was measured individually, ranging from 7% to 10%. For standardiza-
tion, the values of water and soil losses were corrected considering a slope of 9%, accord-
ing to Wishmeier and Smitsh [17].

Soil and plant residues were sampled within each erosion plot. The plant residues on
the surface were manually collected to quantify the soil cover rate. Soil samples were col-
lected in crop rows and in interrows at a 0-10 cm depth, for a total of 39 disturbed and 21
undisturbed soil samples. A separation between crop row and interrow was not made for
the bare soil plots, as this treatment remained without plants throughout the experiment.
Samples were taken when maize and soybean were at the grain maturation phase.

2.2. Soil Physical Quality Indicators

Soil penetration resistance was assessed under field conditions using a Stolf impact
penetrometer [18] within the erosion plots. Simultaneously, soil cores were collected at 0—
20 cm, 2040 cm, and 40-60 cm deep, to quantify the soil water content in a laboratory by
the gravimetric method.

The undisturbed soil samples were saturated for determination of total porosity. Mi-
croporosity was determined using Buchner funnel suction units for a matric potential of
-6 kPa, and macroporosity was calculated by the difference between total porosity and
microporosity [19,20]. Soil bulk density was determined after oven-drying the undis-
turbed samples at 105 °C [21].

For aggregate stability analysis, aggregates with diameters between 8 and 4.75 mm
were subjected to the wet-sieving method with Yoder-type equipment [22]. Particle size
analysis was performed by the pipette method [21].

2.3. Soil Chemical Quality Indicators

Particles of 2 mm were separated for soil fertility and organic matter analysis. The
following chemical attributes were evaluated: pH in water; phosphorus and potassium,
obtained by the Mehlich-1 method; calcium and magnesium, determined using the potas-
sium chloride (KCl) extractor; and organic matter content, estimated by dry combustion.
All analyses were performed using the protocols described in Teixeira et al. [23].

2.4. Soil Biological Quality Indicators

For analysis of microbial biomass carbon and soil basal respiration, particles smaller
than 1 mm were separated and kept under refrigeration. Basal soil respiration (BSR) was
estimated by incubation [24], using sodium hydroxide to capture the carbon dioxide re-
leased by the microorganisms. After 3 days, 0.5 M barium chloride was added to stop the
reaction with carbon dioxide from air. The reaction indicator used was phenolphthalein
and the titrant was 0.05 M hydrochloric acid.

Microbial biomass carbon (MBC) was quantified by the fumigation-extraction
method [25], dividing the samples into control and fumigated samples and incubating
them for 24 h with the addition of potassium sulfate and stirring them at 120 rpm for 30
min. The samples were then filtered to obtain the carbon extract, which was boiled for 5
min with potassium dichromate, sulfuric acid, and phosphoric acid. The indicator used
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for titration was diphenylamine with ammoniacal ferrous sulfate. The metabolic quotient
was determined according to Anderson and Domsch [26] as the ratio between BSR and
MBC.

The hydrolysis of fluorescein diacetate (FDA) was determined by the method pro-
posed by Dick, Breakwell, and Turco [27]. Sodium phosphate buffer solution was added
to the soil samples at pH 7.0 with fluorescein diacetate and incubated under rotation at
3840 rpm for 24 h at 35 °C. The reaction was stopped with acetone and samples were
stirred for 5 min. Then, the samples were filtered and read in a spectrophotometer at 490
nm. For the control samples, the same procedures were performed, except for addition of
fluorescein diacetate.

2.5. Data Analysis

Considering the study area formed by a large experimental block, a completely ran-
domized design was adopted, as recommended by Ferreira et al. [28] and successfully
used in previous studies of long-term field experiments [29,30] and also in the same ex-
periment in anterior studies [6,16,31]. Thus, for soil losses, water losses, penetration re-
sistance, total porosity, macroporosity, microporosity, and soil bulk density, the different
cropping systems (seven treatments) were evaluated. As for the other variables (i.e., chem-
ical and biological indicators), the same treatments were evaluated considering two dif-
ferent positions from the crop rows and interrows. Soil losses by erosion and water losses
by runoff were log-transformed due to heteroscedasticity. After checking the assump-
tions, analysis of variance (ANOVA) and Tukey’s test at 5% probability were performed.
Pearson’s correlation matrix and a principal component analysis (PCA) were performed
as an aid for understanding data variance and the relationships between the variables
evaluated.

3. Results
3.1. Soil Losses, Water Losses, and Soil Physical Indicators

Table 1 shows the soil losses (SL), water losses (WL), cover rate (CR), total porosity
(TP), macroporosity (Ma), microporosity (Mi), and bulk density (Bd) for the treatments
evaluated during the field experiment. The highest values of SL and WL were found for
the soybean monoculture (SS) and bare soil (BS), both showing similar losses. No differ-
ences were found for the soil physical properties shown in Table 1.

Table 1. Soil losses, water losses, cover rate, total porosity, macroporosity, microporosity, and bulk
density for each treatment evaluated.

Soil Manage- SL WL CR TP Ma Mi Bd

ment System Mg ha! mm Mgha! m*m? m’m?® m*m? gcm?
SS 20.364a 144.747a 1216cd 0.6127 0.196" 0.416™ 0.958

MM 1.025b 13290b 1.75bcd  0.593 0.18 0414  1.018

MS 0.630 c 11959b  1.5cd 0.589 0.171 0418  1.013

MBSB 0.156 d 7.032bc  355ab  0.589 0.156 0433  0.993

MBSB-HI 0.122d 3.893c¢  4.650a  0.599 0.184 0415  0.902

MS-HI 0.251d 16.006b 2.433bc  0.581 0.15 0432  1.038

BS 20.144a 120.442a 0.000d  0.606 0.192 0414  0.951

Means followed by different letters differ by Tukey’s test (p < 0.05). SS = soybean monoculture, MM
= maize monoculture, MS = maize/soybean annual rotation, MBSB = maize/brachiaria/soybean/bra-
chiaria rotation, BS = bare soil, HI = high input of fertilizers, and " = not significant. The samples
used for TP, Ma, Mi, and Bd were collected randomly in each treatment, without distinction between
Crop rows or interrows.

The in-field penetration resistance (PR) and the soil moisture at this evaluation mo-
ment are shown in Figure 3. Considering the top soil layer (0 to 10 cm), the most prone to
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water erosion, it is observed that the highest PR were in the SS and BS treatments, with
averages of 3.88 and 4.26 MPa, respectively. In contrast, the lowest PR was observed in
the MBSB-HI treatment (2.02 MPa), where the smallest losses of sediment and water were
also obtained. Soil moisture showed significant differences at the surface (0—20 cm depth)
and subsurface (20-40 cm depth) soil layers. These differences may restrict conclusions
about the mechanical impedance of PR itself, as PR is strongly affected by soil moisture;
the two are negatively correlated. However, maximum variation in the soil moisture range
among treatments is only 27.2-32.7% at the 0-20 cm depth. Although soil moisture affects
the PR, the BS showed greater PR at the 0-20 cm depth. Furthermore, MBSB-HI showed
lower PR than SS, even though it had higher soil moisture than SS.

) Soil penetration resistance (MPa)
2 3 4 5 6
0 T 1
c bc bc bc ab ab a
10 -
20 ~
T
<
<30 -
o
v
a
40 +
50 -
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60 -
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Figure 3. Soil penetration resistance (PR) for each treatment assessing 0—60 cm (A) and soil moisture
(B) for three different depths (0—20 cm, 20-40 cm, and 40-60 cm) at the time of evaluation of soil
penetration resistance. Means followed by different letters among treatments differ by Tukey’s test
(p < 0.05). SS = soybean monoculture, MM = maize monoculture, MS = maize/soybean annual rota-
tion, MBSB = maize/brachiaria/soybean/brachiaria rotation, BS = bare soil, HI = high input of ferti-
lizers, and " = not significant.
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3.2. Physical, Chemical, and Microbiological Indicators in Crop Rows

The soil physical, chemical, and microbiological indicators for the crop rows are
shown in Table 2. The treatments MBSB-HI and MBSB had higher MBC and FDA than the
other treatments. A high variance among replicates was found for BSR, which restricted
the evidence of differences between treatments. In general, regarding BSR, the MM treat-
ment had a higher basal respiration rate than the SS and BS treatments. MS-HI also
showed higher basal respiration than SS did. The MM and MS-HI treatments exhibited
high gCO», which is an ecosystem stress indicator. In addition, MM had lower MBC than
BS did and this was lower than all the treatments that used crop rotation. The FDA in MM
had the lowest value, but it did not differ from SS, MS-HI, and BS. The lowest concentra-
tion of phosphorus was observed in the MBSB treatment, differing from MS. We did not
find differences among the treatments for organic carbon, calcium, GMD, and MWD.

Table 2. Physical, chemical, and microbiological indicators evaluated in crop rows for each treat-
ment.

Soil Manage-
ment System

MBC BSR

qCO:2 FDA P Sb m K Mg Ca OoC GMD MWD

SS 272c¢d 194 c
196d 424a

MM

0.72bc 110c 2l.6ab 6.41ab 1.27ab 148 ab 1.36ab 4.68r 1.63ns 4.581s 4.75ns
219a 107c 451ab 558b 1.49a 153ab 0.89b 398 156 439 4.77

MS 311 bc 288 abc 0.93bc 127b 688a 6.58ab 0.71cd 154.6ab 1.49a 470 143 476 491
MBSB 361 ab 292 abc 0.81bc 137ab 20.6b 557b 1.18abc 66.6b 1.28ab 4.12 142 449 486
423 a 272abc 0.65c 147a 276ab 6.73ab 057d 124.7ab1.38ab 5.03 147 4.60 4.85
MS-HI  316bc 384ab 124ab 111c 221ab 7.60ab 0.70d 199.7a 139ab 571 175 4.68 4.90

BS 311bc 251 bc 0.82bc 113c¢ 29.1ab 858a 0.85bcd 70.3b 1.61a 483 1.63 464 4.85

MBSB-HI

Means followed by different letters differ by Tukey’s test (p < 0.05). SS = soybean monoculture, MM
= maize monoculture, MS = maize/soybean annual rotation, MBSB = maize/brachiaria/soybean/bra-
chiaria rotation, BS = bare soil, and HI = high input of fertilizers. MBC = microbial biomass carbon
(mg C kg dry soil™), BSR = basal soil respiration (mg C-COz kg of dry soil™ d?); gCO2 = metabolic
quotient (mg C-CO2 g MBC™ d!), FDA = fluorescein diacetate hydrolysis (mg F kg™ of dry soil d?),
P = phosphorus (mg dm=), Sb = sum of bases (cmolc dm=), m = aluminum saturation of soil (%), K
= potassium (mg dm=), Mg = magnesium (cmol. dm3), Ca = calcium (cmol. dm=3), OC = organic
carbon (dag kg™?), GMD = geometric mean diameter (mm), and MWD = mean weight diameter
(mm).

The correlation matrix between the variables observed in crop rows is shown in Fig-
ure 4 and the PCA is presented in Figure 5. According to Vieira (2018), the linear correla-
tion coefficient can have an inverse correlation (negative values) or direct correlation (pos-
itive values), and correlations can be classified as small (0 <r <0.25), weak (0.25 < r <0.50),
moderate (0.50 < r < 0.75), strong (0.75 < r < 1.00), or perfect (r =1.00).

SL correlated directly and strongly with WL and moderately with PR1o, and it mod-
erately and inversely correlated with CR, BSR, and SM, and weakly correlated with FDA.
The same correlations were observed for WL, indicating that these soil physical and mi-
crobiological properties are associated with soil and water losses. The soil vegetation
cover rate (CR), however, was positively correlated with MBC, FDA, and SM, and nega-
tively correlated with PRio. In both cases, the correlation was moderate.

MBC was strongly correlated with FDA; moderately correlated with 4CO2, Sb, and
m, and weakly correlated with Mg and MWD. gCO2 was negatively correlated with FDA
(moderate) and Mg (weak), although the FDA had a moderate correlation coefficient with
SM and Bd.

The soil chemical indicators, i.e., organic carbon, sum of bases, aluminum saturation
of soil, potassium, phosphorus, calcium, magnesium; other soil physical indicators, i.e.,
total porosity, macroporosity, microporosity, GMD, MWD, and bulk density; and some
microbiological indicators, MBC and gCO», do not show correlations with soil and water
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losses, indicating that they do not provide evidence of association with water erosion un-
der the conditions of our study.

The PCA reinforces, in general, that the BS and SS treatments were strong compo-
nents of the WL, SL, and PR variations, and inversely related to the soil cover rate.
Among the variables, the basal respiration rate was negatively correlated with soil and
water losses and was positively correlated with soil cover rate, providing useful insights
regarding the relationship between soil erosion and microbial activity.

SL
0.90 | WL
-0.65 | -0.62 CR
-0.23 | -0.24 0.54 MBC
0.68] -0.62 | 027 | 001 | BSR
036] -032 | 012 | 073 | 0.64 |7CO,
-0.46 | -0.45 0.72 0.79 -0.06 | -0.54 | FDA
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Figure 4. Pearson correlation matrix for variables sampled in crop rows. SL = soil losses, WL = water
losses, CR = cover rate, MBC = microbial biomass carbon, BSR = basal soil respiration, §CO2= meta-
bolic quotient, FDA = fluorescein diacetate hydrolysis, OC = soil organic carbon, Sb = sum of bases,
m = aluminum saturation of soil, K = potassium, P = phosphorus, Ca = calcium, Mg = magnesium,
MWD = mean weight diameter, GMD = geometric mean diameter, PRio = soil resistance to root pen-
etration at 10 cm depth, SM = soil moisture in situ, TP = total porosity, Ma= macroporosity, Mi =
microporosity, and Bd = bulk density. Values in bold print: significant at 5%.
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Figure 5. Principal component analysis for variables sampled in the crop rows. SL = soil losses, WL
= water losses, CR = cover rate, MBC = microbial biomass carbon, BSR = basal soil respiration, gCO2
= metabolic quotient, FDA = fluorescein diacetate hydrolysis, OC = soil organic carbon, Sb = sum of
bases, m = aluminum saturation of soil, K = potassium, P = phosphorus, Ca = calcium, Mg = magne-
sium, MWD = mean weight diameter, GMD = geometric mean diameter, PR1o = soil resistance to
root penetration at 10 cm depth, SM = soil moisture in situ, TP = total porosity, Ma= macroporosity,
Mi = microporosity, Bd = bulk density, SS = soybean monoculture, MM = maize monoculture, MS =
maize/soybean annual rotation, MBSB = maize/brachiaria/soybean/brachiaria rotation, BS = bare
soil, and HI = high input of fertilizers.
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3.3. Physical, Chemical, and Microbiological Indicators in Crop Interrows

The soil physical, chemical, and microbiological indicators observed at the crop in-
terrows are shown in Table 3. The MBSB-HI treatment, as per what occurred for crop
rows, had the highest MBC and the lowest gCO2 among the treatments. The FDA of MBSB-
HI had the lowest value among the treatments, being statistically equal to SS, MS, and BS,
differently to what was observed in the crop rows. The lowest MBC value, in this case,
was observed in the MS treatment, which also had high BSR and the highest gCO, indi-
cating possible agroecosystem stress. For the crop rows, however, this response was ob-
served for the MM treatment. In general, the values obtained for MBC, BSR, and qCO: for
the interrow were higher than the values for the crop row (Table 2), showing that vegeta-
tion cover is necessary to the agroecosystem’s balance. The MS-HI treatment did not show
significant differences regarding K and Ca in relation to the other treatments, except for
MM (for both elements) and MBSB (only for K). For Mg, however, only MBSB-HI and MS
differed from SS and MM. Organic carbon, GMD, and MWD did not show differences
among the treatments.

Table 3. Physical, chemical, and microbiological indicators evaluated in crop interrows for each
treatment.

Soil Manage- \/p SR 4cO: FDA P Sb m K Mg Ca OC GMD MWD

ment System
ss 395b 352c 0.90cd 1121c 21.5ab 6.71abc 0.70 bc 1233ab 1.37b 4.81ab 148 4390 478
MM  380b 480b 127bc 142.6a 263ab 649abc 195a 87.8b 122b 4.05b 1.80 466 4.90
MS  178d 483ab 27a 1185bc 5l.1a 550c 0.74bc 122.6ab 195a 532ab 173 458 4.84
MBSB  256cd 459b 1.83b 1261b 18.8b 7.59abc 1.01b 79.0b 150ab 456ab 153 471  4.89
MBSB-HI 498a 424b 085d 117.1c 186b 626bc 049c 1351ab 195a 598ab 180 476 4.92
MS-HI  389b 532a 137b 99.2d 229ab 827ab 058bc 199.1a 1.60ab 647a 146 476 4.93
BS  311bc 251c 0.82d 112.7c 29.1ab 858a 0.85bc 105.6ab 1.61ab 4.83ab 1.63 464 485

Means followed by different letters differ by Tukey’s test (p < 0.05). SS = soybean monoculture, MM
= maize monoculture, MS = maize/soybean annual rotation, MBSB = maize/brachiaria/soybean/bra-
chiaria rotation, BS = bare soil, and HI = high input of fertilizers. MBC = microbial biomass carbon
(mg C kg dry soil™!), BSR = basal soil respiration (mg C-CO: kg of dry soil™ d); gCOz = metabolic
quotient (mg C-CO2 g MBC™" d!), FDA = fluorescein diacetate hydrolysis (mg F kg™ of dry soil d7),
P = phosphorus (mg dm=), Sb = sum of bases (cmolc dm=), m = aluminum saturation of soil (%), K
= potassium (mg dm=), Mg = magnesium (cmol. dm=), Ca = calcium (cmol. dm=3), OC = organic
carbon (dag kg'), GMD = geometric mean diameter (mm),and MWD = mean weight diameter (mm).

The Pearson correlation matrix showing the correlation between the soil erosion in-
dicators and the soil physical, chemical, and microbiological properties evaluated in the
interrows is shown in Figure 6, and its PCA in Figure 7. In the interrows SL correlated
strongly and positively with WL, just as in the row, and these losses correlated moderately
and negatively with CR, resulting in the same linear correlation coefficient values for both.
In addition, soil and water losses were positively and moderately correlated with PRuo.

Both SL and WL showed a strong inverse correlation with BSR (Figure 6), stronger
than that observed for these indicators for the crop row data (Figure 4). Furthermore, SL
and WL were significantly inversely correlated with CR, gCO, GMD, MWD, and SM. CR
was not correlated with MBC, but had a strong positive correlation with BSR. BSR was
moderately correlated with PRy, and SM; and FDA was inversely correlated with K and
Ca.

The PCA (Figure 7) shows that soil and water losses were correlated with soil physi-
cal properties, positively correlated with PR and negatively correlated with GMD and
MWD. In addition, the BSR microbiological property was negatively correlated with SL
and WL, just as observed for data from the crop rows (Figure 5). In general, treatments
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with cover crops or crop rotation led to improved soil microbiological and chemical prop-
erties, whereas the BS and SS monoculture systems led to a loss of soil physical quality
(mainly PRuo).

SL
0.90 WL
-0.65 -0.62 CR
0.06 0.04 0.35 MBC
-0.87 -0.80 0.52 0.03 BSR
-0.50 -0.47 0.03 -0.80 0.48 qCO,
-0.24 -0.31 0.07 -0.10 0.11 0.12 FDA
-0.17 -0.26 0.11 0.05 0.08 0.07 0.30 ocC
0.30 0.22 -0.20 0.15 -0.32 -0.42 -0.32 -0.30 Sb
-0.13 -0.14 -0.18 -0.10 0.10 0.01 0.82 0.10 -0.10 m
-0.23 -0.15 0.22 0.33 0.44 -0.07 -0.64 -0.22 0.20 -0.42 K
-0.06 -0.10 -0.31 -0.57 0.04 0.63 0.04 0.27 -0.15 -0.09 -0.06 P
-0.17 -0.27 0.25 0.24 0.30 0.00 -0.61 0.27 0.11 -0.67 0.62 0.12 Ca
-0.22 -0.36 0.28 -0.10 0.13 0.31 -0.34 0.40 -0.29 -0.64 0.09 0.36 0.65 Mg
-0.46 -0.53 0.41 0.19 0.28 -0.05 0.01 0.04 0.25 0.06 0.14 -0.38 0.12 0.05 GMD
-0.47 -0.56 0.41 0.27 0.37 -0.07 0.06 0.05 0.18 0.13 0.18 -0.40 0.10 -0.01 097 | MWD
0.62 0.58 -0.75 -0.45 -0.60 -0.02 -0.20 0.00 0.26 -0.03 -0.27 0.27 -0.11 -0.04 -0.18 -0.27 PRy
-0.65 -0.67 0.71 0.27 0.58 0.02 0.00 -0.15 0.10 -0.13 0.29 -0.36 0.21 0.11 0.59 0.61 -0.52 SM
0.20 -0.45 -0.25 -0.09 -0.33 -0.21 -0.08 -0.04 0.02 -0.07 -0.12 -0.04 -0.18 -0.26 -0.20 -0.30 0.02 -0.43 TP
0.21 0.43 -0.30 0.12 -0.31 -0.22 -0.01 -0.03 -0.06 0.01 -0.21 -0.14 -0.22 -0.28 -0.04 -0.13 0.11 -0.33 0.89 Ma
-0.15 -0.28 0.27 -0.11 0.20 0.17 -0.07 0.00 0.14 -0.09 0.26 0.21 0.21 0.23 -0.17 -0.11 -0.19 0.11 -0.49 -0.84 Mi ‘
-0.13 -0.31 -0.12 -0.23 0.36 0.33 0.13 -0.26 0.11 0.29 0.12 0.22 -0.07 -0.11 -0.02 0.13 -0.01 0.10 -0.65 -0.65 0.46 ‘ Bd ‘
Figure 6. Pearson correlation matrix for variables sampled in crop interrows. SL = soil losses, WL =
water losses, CR = cover rate, MBC = microbial biomass carbon, BSR = basal soil respiration, qCO2
= metabolic quotient, FDA = fluorescein diacetate hydrolysis, Sb = sum of bases, m = aluminum
saturation of soil, Mg = magnesium, MWD = mean weight diameter, PR1o = soil resistance to root
penetration at 10 cm depth, SM = soil moisture in situ, and Bd = bulk density. Values in bold print:
significant at 5%.
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Figure 7. Principal component analysis for variables sampled in crop interrows. SL = soil losses, WL
= water losses, CR = cover rate, MBC = microbial biomass carbon, BSR = basal soil respiration, gCO2
= metabolic quotient, FDA = fluorescein diacetate hydrolysis, OC = soil organic carbon, Sb = sum of
bases, m = aluminum saturation of soil, K = potassium, P = phosphorus, Ca = calcium, Mg = magne-
sium, MWD =mean weight diameter, GMD = geometric mean diameter, PR1o= soil resistance to root
penetration at 10 cm depth, SM = soil moisture in situ, TP = total porosity, Ma= macroporosity, Mi =
microporosity, Bd = bulk density, SS = soybean monoculture, MM = maize monoculture, MS =
maize/soybean rotation, MBSB = maize/brachiaria/soybean/brachiaria rotation, BS = bare soil, and
HI = high input of fertilizers.
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4. Discussion

The high soil and water losses for the SS treatment indicate that soybean monoculture
is a system of low sustainability in the Cerrado and high susceptible to water erosion, and
it similar to a bare soil surface (like the BS treatment). Those conditions are explained by
the low production of biomass, thus not promoting enough covering to protect the soil
surface against the impact of raindrops. Soybean stover not only has low biomass produc-
tion compared to grasses (e.g., maize and brachiaria), it also has high nitrogen content,
i.e., a low C/N ratio, therefore being rapidly decomposed without providing permanent
protection to the soil surface [32]. Furthermore, the surface sealing due to the direct impact
of raindrop causes a reduction in soil water infiltration rates, increasing direct runoff and,
consequently, water and soil losses [33]. Conversely, treatments with more stover produc-
tion, e.g., due to inclusion of Urochloa sp. or due to maize biomass production [34], reduce
water and soil losses.

No differences were found for the soil physical properties shown in Table 1. There-
fore, the duration of our study was not sufficient to provide strong evidence of differences
in soil physical quality evaluated by porosity and static indicators, even though it showed
strong differences when evaluating dynamic attributes, such as soil and water losses, as
discussed above. In the same experimental area, Mota et al. [6] observed that porosity-
based indicators did not correlate with grain yield, but the pore size distribution indicator
and organic carbon were effective in distinguishing the cropping systems. Silva et al. [16],
in the same experimental area, observed that soil and water losses were negatively corre-
lated with crop yield and vegetation cover rate. Therefore, these findings and the absence
of differences in porosity-based indicators further reinforces the role of vegetation cover
as a key factor in controlling the erosive process. The soil aggregation indicators GMD
and MWD, the first representing the size of aggregates and the second the ratio of large
size aggregates, can provide evidence regarding soil resistance to water erosion [35-38],
since they can indicate the physical condition of the soil surface, providing insights re-
garding soil structural quality and infiltration capacity.

The soil physical indicator PR generated different insights. The lower PR observed in
the MBSB-HI treatment can be explained by the abundance of grass roots in the upper soil
layers and the time that had passed since the experiment was first set up (since the
2014/2015 crop year). This created so-called biopores through periodic renewal of the ag-
gressive root system of brachiaria grass [39,40]. These biopores contribute to soil structure
alleviation and improve soil porosity [41,42], which is crucial for water percolation in the
soil profile and reduction of direct runoff. However, it is noteworthy that PR is strongly
affected by soil moisture of the moment of its assessment, which showed significant dif-
ferences, though in a relatively small range. Thus, it is difficult to draw conclusions based
only on the results of PR, since treatments with lower soil moisture will have greater PR
and vice versa, even if there are no differences in the mechanical impediment itself [18].
Meanwhile, Moura et al. [31], in the same experimental area, found that the least limiting
water range indicator, which considers PR, distinguished the monoculture treatments (SS
and MM) from the diversified crop systems already early in 2015/2016. PR could also con-
tribute to these insights or predictions, since it may also encompass changes in soil struc-
ture due to biopores in diversified cropping systems, as already discussed.

Considering that the water supply is homogeneous throughout the area (only rain-
fed), the difference in in-field soil moisture can also provide useful insights about the dif-
ferences among the cropping systems. The reduced soil moisture in the SS and BS treat-
ments may be related to little or no stover over the soil surface (i.e., low cover rate), which
causes an increase in soil temperature and evaporation. Furthermore, the absence of pores
with diameters greater than that of the soil, coming from the stover, generates continuity
of upward movement of water from the soil to the atmosphere, resulting in higher water
loss by evaporation.

Soil and water losses also showed a negative correlation with in-field soil moisture.
Several studies have reported the effect of antecedent soil moisture content on soil losses
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by erosion [43-46]. Soil water infiltration decreases as the soil moisture content increases.
Thus, infiltration rate reduction leads to greater runoff and consequently greater soil loss.

The positive correlation between SL and WL highlights the direct impact of raindrops
on the soil, which break down aggregates and carry away soil particles, organic material,
and nutrients [47], and lead to surface sealing, reducing infiltration capacity and increas-
ing direct runoff. The more elevated the water losses by runoff and soil losses by erosion
transport, the greater the potential for decline in agricultural yield, and pollution of
aquatic ecosystems [48].

The strong inverse relationship of SL and WL with BSR is a result of reduction in the
richest organic layer of the soil. Organic compounds are a source of energy for microbial
biomass, and reducing their quantity will inevitably reduce decomposition and, conse-
quently, respiration [8,49]. The carryover of microorganisms previously attached to soil
particles may also be a factor contributing to reduction in BSR. The increased WL due to
surface sealing also contributes to BSR reduction, since there is less water infiltration and,
consequently, soil water storage [50]. These findings were not reported for tropical soils,
and could be relevant information for early diagnosis and monitoring of erosion pro-
cesses. Future studies can investigate this microbiological indicator and calibrate reference
values or relative indexes for on-farm management tools.

The higher MBC found in treatments with inclusion of brachiaria (MBSB-HI and
MBSB) may be associated with the role of the grass in thermal and water insulation [34],
which affects moisture, temperature, and plant residues on the soil surface. The higher
values of MBC in more diversified cropping systems, considering the use of intercropped
Urochloa sp., have already been reported by Araujo et al. [51], who found similar results,
especially in the soil surface layer (0-10 cm), corroborating our results.

The study of Hoffmann et al. [8] states that the soil organic matter, mainly by quan-
tifying the MBC, can reveal important data on the stock of soil organic components, which
are closely linked to soil quality. Candido et al. [52] also reported the importance of soil
organic carbon for increasing soil quality and reducing soil erosion. This confirms the im-
portant role played by organic carbon in the sustainability of agricultural systems, affect-
ing physical, chemical, and biological properties, with reflections on the stability of yield
on production systems [52]. Thus, the maintenance of conservation management systems
(e.g., no-tillage with intercropped brachiaria grass) is linked to the sustainability of pro-
duction systems and a better plant development, leading to improvements in the agroe-
cosystems and the environment itself.

Araujo et al. [51], working with maize in monoculture, also reported high gCO,
which indicates stress conditions of the soil microbial community, since a small microbial
mass has a high energy consumption to maintain metabolic activity. In our study, the
MBSB-HI and MBSB treatments had higher MBC and FDA compared to the other treat-
ments. Thus, the sensitivity of MBC to different land uses indicates that treatments includ-
ing brachiaria were more stable in terms of soil moisture and availability of organic matter
and nutrients, resulting in an increase in the microbial population and, consequently, in
metabolic activity. Therefore, gCO: combined with high BSR may indicate environmental
change due to higher energy consumption for soil organic matter decomposition.

Considering high BSR values, Odum [53] reported that respiration of the microbial
community can be the first sign of imbalance, since energy is directed towards cell mainte-
nance instead of growth and reproduction, leading to loss of C in the form of CO2. Fur-
thermore, Hoffmann et al. [8] highlighted that cropping systems with greater plant diver-
sity and less soil disturbance favor the MBC increase, possibly due to the greater offer of
soil organic matter, thus providing greater soil quality.

5. Conclusions

Monoculture grain cropping systems of soybeans and maize contrasted with diverse
cropping systems with soybean/maize rotation, intercropped brachiaria grass, and higher
fertilization, regarding soil quality and water erosion. The higher soil losses by erosion
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(SL) and water losses by runoff (WL) occurred for soybean monoculture (SS) and bare soil
treatment (BS), confirming the importance of maintaining crop stover over the soil surface
over time.

Soil penetration resistance (PR) was important for distinguishing cropping systems,
allowing recognition of better soil quality in cropping systems with intercropped grass.
PR and aggregate stability indicators (GMD and MWD) were correlated with SL and WL,
and this contributes to identifying erosion issues.

Cropping systems with intercropped brachiaria grass showed higher microbial bio-
mass carbon (MBC) and basal soil respiration (BSR). BSR was negatively correlated with
SL and WL, due to the removal of surface organic matter, which acts as source of energy
for the microbiota. Soil without surface organic matter can lead to surface sealing, which
reduces water infiltration and soil moisture, directly affecting microbiological communi-
ties and the erosion process. Therefore, higher BSR indicates lower soil and water losses
and, consequently, better soil quality. These results provide useful insights regarding the
close relationship between soil microbiological quality and intensity of the soil erosion
process in cropping systems. Thus, not only physical and chemical, but also biological
properties are deeply affected by erosion, aiding in early monitoring of water erosion. Soil
quality improvement in ecologically supported management contributes to mitigating
erosion.
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