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Single farming systems (SFS) such as monocultures may negatively affect soil structural
quality. This study tested the hypothesis that integrated farming systems (IFS), i.e., the
combination of cropping and forestry and/or livestock farming, improves soil structural
quality, root development and soil organic carbon. An experimental area was set up in
2012 at the Canguiri experimental farm belonging to the Federal University of Parana,
Southem Brazil. The soils are predominantly Ferralsols. The experimental treatments
representing different farming systems, organized in a random block design with three
replicates, were: Forestry (F), Conventional Crop Production (C), Livestock (L), and integrated
Crop-Forestry (CF), Crop-Livestock (CL), Livestock-Forestry (LF), and Crop-Livestock-
Forestry (CLF). In situ measurements and sampling were carried out in the 0-0.3 m layer
during summer 2019/20, and included soil penetration resistance (PR), soil structural quality
based on visual evaluation of soil structure (Sqyess scores), root length (RL), root volume (RV)
and soil organic carbon content (SOC). Sail structural quality, penetration resistance, root
length and volume, and SOC varied between farming systems, but no significant differences
were found between single (C, L, F) and integrated farming systems (CF, CL, LF, CLF). The
single system Forestry (F) and the integrated systems including forestry (LF, CF, CLF) tended
to have higher Savess scores, i.e. poorer soil structural quality, and higher PR, which we
associate with the generally drier soil conditions that are due to higher soil water uptake and
higher interception and reduce the frequency of wetting-drying cycles. Roots were
concentrated in the shallow soil layer (0-0.1m depth), and this was especialy
pronounced in the Crop (C) single farming system. Based on the measured values, our
results suggest an acceptable soil structural quality in all farming systems. Our data revealed
strong, significant relationships between sail structural quality, penetration resistance, root
growth and SOC, demonstrating that improvements in soil structure results in lower soil
penetration resistance, higher root volumes and higher SOC, and vice versa. Soil PR was
positively correlated with Savess (R = 0.84), indicating that better soil structural quality
resulted in lower soil mechanical resistance. This, in turn, increased root length and volume,
which increases carbon input to soil and therefore increases SOC in the long run.
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1 INTRODUCTION

The Sustainable Development Goals (SDGs) proposed by the
United Nations (UN) aim to achieve a better quality of life in a
sustainable way for all. To achieve the SDGs, it is necessary to
adopt soil management to improve the health of agroecosystems
(Keesstra et al., 2016). In Brazil, agriculture has been intensified
through the use of a set of technologies since the green revolution
in the 1950s. Considerable effort has been done to develop
genuinely sustainable approaches to agriculture, including crop
breeding for sustainability (Meena et al.,, 2020; Brooker et al.,
2021). Agricultural practices with techniques that combine food
production with little impact on other ecosystem functions
ensure soil conservation and agricultural sustainability
(Rahman et al., 2017).

No-tillage have been widely adopted in Brazil, and it is often
combined with other conservation practices such as crop rotation
(Derpsch, 2021; FEBRAPDP, 2021). No-tillage has become an
important practice to achieve sustainable agricultural production
systems, especially when it is practiced in combination with crop
rotation and permanent crop residues on the soil surface
(Derpsch et al., 2010; Bonetti et al., 2015; Bonetti et al., 2018).
Currently, in Brazil, no-tillage is practiced on more than 33
million hectares (SIDRA/IBGE, 2021), which is about one
sixth of the total global area under no-tillage (Kassam, et al.,
2020). The “planting green technique” refers to no-till planting of
primary crops into standing cover crops (Duiker et al., 2017). Few
studies have reported on the use of no-tillage under the “planting
green technique,” probably because this is a relatively new
practice that is still under evaluation (Duiker et al., 2017), but
has shown several benefits, e.g. greater amounts of mulch in the
crop that reduce weed pressure.

Although single farming systems are most common in
Brazilian farms, integrated farming systems are becoming
more and more popular in Brazil. They are referred as
agricultural systems that integrate livestock, forestry, and crop
production (Soni et al., 2014), aiming at producing various
products such as meat, milk, wool, grains, and biomass, and
adopting mixed-farming, crop rotation and intercropping
production systems (Moraes et al., 2014). These systems have
been adopted both by small and large farms in Brazil (Bendahan
etal, 2018). Despite the challenges for its (re-)integration in some
regions (Schut et al., 2021), such systems have several benefits
(Sharma et al., 2019). No-tillage is one of the pillars of integrated
farming systems, being adopted in more than 65% of these
systems (Valani et al, 2020), but few studies have analyzed
soil and water conservation under integrated farming systems
(Moraes et al., 2014).

Integrated farming systems have been adopted in the following
configurations:  integrated  crop-livestock-forestry ~ (CLF),
integrated  crop-forestry (CF), crop-livestock (CL), and
livestock-forestry (LF). According to Zhang et al. (2019), the
adoption of crop-livestock has a positive effect on soil quality,
mainly due to the incorporation of organic matter. They indicated
that moderate grazing stimulates the regrowth of forage plants
and root growth leading to the formation of macro aggregates,
thus improving soil structure, infiltration, and water availability.

Soil Structural Quality and Roots

Soil compaction caused by animal trampling can be controlled or
minimized through adequate animal stocking (Bonetti et al,
2018).

Soil structure affects root penetration, the amount of available
water to plants, and other key soil properties and processes.
According to Flavio Neto et al, 2015, degraded soils can be
recovered using Brachiaria (syn. Urochloa spp) as forage grass in
integrated farming systems. Soil structure can be evaluated
through different approaches including visual methods. The
visual evaluation of soil structure (VESS) method has been
frequently used to assess soil structural quality (Pulido-
Moncada et al, 2014; Tormena et al., 2016; Cherubin et al,
2017; Tuchtenhagen et al.,, 2018; Franco et al., 2019; Paiva et al,,
20205 Celik et al., 2020; Mutuku et al., 2021). The VESS method is
applied globally, as it is an easy method that allows soil structure
assessment directly on-farm. The VESS is a semi-quantitative
method, and includes several aspects of structure and rooting to
infer about the soil structural quality through assigned scores
(Guimariaes et al, 2017). Another important aspect of soil
structure is the soil penetration resistance. Colombi et al.
(2018) demonstrated that the interactive effects between soil
penetration resistance, root architecture, and plant water
uptake determine water accessibility by roots and ultimately
affect crop yield. Popoya et al. (2016) noticed an increase in
root tortuosity and reduced root elongation due to an increase in
soil penetration resistance, which has been recently confirmed by
Moraes and Gusmao (2021). The assessment of soil structural
quality and root properties in integrated farming systems is
needed to evaluate its adoption as a sustainability strategy for
agricultural production.

In our study, integrated and single pesticide-free farming
systems were evaluated in terms of soil structural quality and
root growth. The aims of our study were: 1) to measure soil
penetration resistance and VESS as indicators of soil structural
quality; 2) to determine root properties and soil organic carbon
down to 0.30 m depth, and; 3) to explore relationships between
soil organic carbon, root growth properties and soil structural
quality measured by VESS and penetrometer resistance.

2 MATERIAL AND METHODS

2.1 Experimental Area

The study was carried out at the Agricultural Technological
Innovation Center (NITA) at the Canguiri experimental farm,
belonging to the Federal University of Parand (UFPR), Pinhais
municipality, Parana state, Southern Brazil (25°24'03" S,
49°07'10" W). The regional climate is humid-temperate (Cfb),
with a mean annual rainfall and temperature of 1,602 mm and
17°C, respectively (Alvares et al., 2013). Rainfall and temperature
data during the study period are presented in Supplementary
Figure S1. The soils are identified as Ferralsols, with minor
occurrence of Cambisols (WRB/FAO), differing mainly by the
B horizon depth, or “Latossolo Vermelho and Cambissolo
Héplico” according to Brazilian soil classification system
(EMBRAPA, 2018). Soil texture is clayey with an average of
519 gkg ™' clay, 112 gkg ™" silt, and 369 gkg ™' sand.
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Block I

Block I

FIGURE 1 | The experimental area at the Canguiri farm of the Federal
University of Parand. Treatments: C, conventional crop production; L,
livestock; F, forestry; CF, integrated crop-forestry; CL, crop-livestock; LF,
livestock-forestry; CLF, crop-livestock-forestry.

The NITA is located in an environmental preservation area
(Figure 1) according to Brasil (2000), on the banks of the river
Irai, which supplies water to the city of Curitiba and the metropolitan
region. Therefore, the area must be managed pesticide free. Until
2011, the area was also used for training and testing of agricultural
machinery traffic, which led to soil physical degradation (soil loss by
erosion and compacted patches), as shown in Supplementary Figure
S2. Before the implementation of the experimental area in 2012,
maize (Zea mays) was grown under conventional tillage. The soil was
chisel ploughed down to 0.40 m depth and subsequently harrowed
(<0.20 m). After that, the experimental area received between 8 and
10 ton ha™" sewage sludge treated by the N-VIRO® process for acidity
correction as described by Kruchelski et al. (2021). Then, the area was
cultivated with black oat (Avena strigosa) as a cover crop, which was
fertilized with 100 kg ha™! of P,Os. Soil chemical attributes evaluated
in 2013 were: soil organic carbon (SOC) = 20 gkg ', pH = 5.2,a CEC
of 13 cmol, kg™' and 60% for base saturation.

The experiment was established in 2012 in a randomized block
design with three replicates, with three single farming systems
(SFS), namely Forestry (F), Crop (C), Livestock (L), and four
integrated farming systems (IFS) treatments including Crop-
Forestry (CF), Crop-Livestock (CL), Livestock-Forestry (LF),
and Crop-Livestock-Forestry (CLF). The plots varied in size
between 0.2 and 1ha™! (areas without livestock) and >1ha™
for areas with livestock (Figure 1).

Soil fertilization has been done on the whole area by
broadcasting 180kgha™ N of urea; 45kgha™ of P,0s
(natural phosphate) and 120kgha™ of K,O (potassium
chloride. Sowing has been done by a no-tillage seeder using
the “planting green” technique without herbicides for
desiccation, in all systems except in Forestry. In treatment C,
crop succession has been carried out using black oat as a cover

Soil Structural Quality and Roots

crop and maize as a cash crop. For L, black oat is cropped for the
winter pasture and guinea grass cv. aries [Megathyrsus maximus
(Jacq.) B. K. Simon and S. W. L. Jacobs cv. aries] as a summer
pasture. Grazing is by animals, predominantly of Angus breed,
since 2015, for around 10 months per year. There are three fixed
test animals per plot and a variable number of regulatory animals,
with an average of 1.6 animal unity (AU) per hectare (AU ha™).
In system F, eucalyptus (Eucalyptus benthamii) was planted in
2013, with seedlings of seminal origin, using fertilization of 16 g
of N pit™!, 40 g of K,O pit™}, and 40 g of P,Os pit™, under a
spatial arrangement of 3m x 2 m, with a final density of 1,667
trees ha™'. The CLF, CF, and LF systems are in an alley-cropping
spatial design with the seedlings planted at single rows, following
the contour lines, at 14 m x 2 m spacing, obtaining 357 trees ha™
and occupying about 14.3% of the area of the integrated systems.
Details about forest component can be found in Kruchelski et al.
(2021). In LF, the animal component followed the stocking rate
adjustments described in system L, while the CF treatment had in
the first 3 years black oats cultivated in winter, and sunflower
(Helianthus annuus) varieties Aguara 4 and Aguara and maize
hybrids 2B655HX, 30F53VYHR-early and P2866H-super early
in summer. From 2015/2016 onwards, only maize is cultivated in
the summer. The CL started with the pasture components, until
the winter of 2015, but without grazing, and from then on,
grazing with animals was started until the summer of 2016.
Then, the first crop cycle was established, with black oats as a
cover crop in winter, followed by maize in the summer of 2017, as
described in treatment C, in a ley farming arrangement. The CLF
integrated system followed the same arrangement as the LF.

In treatments with crops, between 2017 and 2019/2020, maize
was harvested for the evaluation of yield. The machines used for the
mechanized operations were: a New Holland tractor, model TL
75E 4 x 4 (~3,880 kg mass); a New Holland harvester, model TC
59 (~10,300 kg mass) for the harvest in 2016/17 crop season. The
implements used were a Marchesan Tatu seeder (~2,595 kg mass),
a Baldan mower (~1,000 kg mass) used to control weeds, and a
Marchesan Tatu fertilizer and limestone distributor (800 kg mass).

2.2 Soil and Roots Sampling, and in situ

Measurements
Soil and root sampling were performed randomly at four
locations within each plot, in summer 2019/20, a period with
expected high amounts of plant roots for C-cash crop and
L-pasture. Four undisturbed soil core samples were taken with
a cup auger (Ratuchne et al., 2017) in the 0.0-0.10, 0.10-0.20, and
0.20-0.30 m layers depth, totaling 252 samples (4 samples x 3 soil
layers x 7 farming systems x 3 experimental blocks). Disturbed
soil samples were taken to determine soil water content, soil
texture, and total soil organic carbon (SOC). Three soil
penetration resistance (PR) measurements were taken near the
sampling points at soil moisture close to field capacity, using a
Falker  electronic penetrometer down to 0.30 m depth and a
mean PR value was calculated for each studied layer.

The visual evaluation of the soil structure was carried out following
the method proposed by Ball et al. (2007) and Guimardes et al. (2011).
The scores identified in each soil layer were weighted and paired
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within the three depth layers (0-0.1, 0.1-0.2 and 0.2-0.3 m depth) to
proceed with the correlation’s studies. Structural quality (Sqvgss)
reflect values between “good” structural quality (Sql) and “poor”
structural quality (Sq5).

2.3 Soil and Roots Laboratory

Measurements

Undisturbed soil samples were manually disaggregated in a
plastic tray, and washed by water into a set of sieves with 2.0,
1.0, and 0.5 mm of mesh size. This procedure was standardized in
10 replication and, after washing, the roots were placed in 50 ml
pots containing 70% alcohol and stored at a temperature of 2°C®.
Subsequently, the roots were scanned using the WinRhizo
software, to obtain the following properties: root length (RL),
and root volume (RV). After being scanned, the roots were
weighed and taken to the oven between 45 and 65°C until
reaching constant weight. Then, the dry mass of roots (RDM)
was obtained. For soil texture, the Bouyoucos hydrometer
method was used (Gee and Or, 2002), and for SOC the
colorimetric method according to Quaggio and van Raij, 1979.

2.4 Statistical Analysis

All data were submitted to the test of homogeneity of variance
(Bartlett) and normality (Shapiro-Wilk). Those data that did not
reach the normality assumptions were submitted to the BoxCox
transformation (Box and Cox, 1964). Then, the data were
submitted to analysis of variance (ANOVA) and the means
were compared by Tukey test (p < 0.05). To quantify the
correlation between the studied properties, the root properties,
SOC, PR, and VESS were submitted to Spearman correlation (p <
0.05). Regression analyses were performed to determine the
relationships between properties. Statistical analyzes were
performed in the R” software environment (Team R. Core, 2020).

3 RESULTS

The Sqygss scores and PR varied between the studied farming
systems, but most differences were not statistically significant

Soil Structural Quality and Roots

(Table 1). For both PR and VESS, forestry (F) had the highest
mean values, with PR = 2.2 MPa and Sq = 3.1, respectively. Sqygss
of F was statistically different from Crop (C). The integrated
farming systems showed no significant difference in structural
quality (Sqvgss = 2.7; 2.4; 2.5; and 2.8, for LF, CL, CF, and CLF,
respectively) compared with SFS (Sqygss = 2.2; 2.5; and 3.1, for C,
L, and F, respectively). SOC was around 40 gkg™' at 0-0.30 m
depth, with no statistical difference (p > 0.05) between farming
systems.

Average values of root length, root volume and root dry matter
are shown in Table 2. Root length (but not root volume) was
statistically different between farming systems, for 0-0.10 and
0.10-0.20 m layers. Root length was significantly lower in CF than
in Crop at the 0-0.10 m of depth, while for the 0.10-0.20 m layer,
root length in Forestry was lower than in L. No significant
differences were found among the other treatments, in both
soil layers. In the 0.20-0.30 m layer, no significant differences
among farming systems were found for root properties. Roots
were mostly concentrated at the 0-0.10 m depth, and root lengths
and root volumes decreased with depth, as shown in Table 2.

The root properties (root length, root volume) and SOC were
negatively correlated (Spearman) with Sqygss (rs = —0.57, —0.62,
and —0.62, respectively), and PR (r; = —0.64, —0.63, and -0.63,
respectively). A positive relationship between Sqygss and PR (rg =
0.81) was found. Root properties and SOC was more strongly
related to soil penetration resistance than Sqygss. Figure 2 shows
a nonlinear relationship between root properties and SOC, and
between Sqvgss and PR. Our data show that for values of Sqvgss
between 3.0 and 4.0 (i.e., moderate to poor soil structural quality),
root lengths and root volumes were low, with values of RL < 5m
and RV < 0.35 cm®, respectively (Figures 2A,C). Root length and
volume were low for PR values between 1.7 and 2.2 MPa (Figures
2B,D). Based on the regression curves (Figures 2A-D), it was
possible to estimate the influence of soil penetration resistance on
root properties. PR values around 4 MPa were associated with a
reduction in root length and root volume of around 75%.
Similarly, at 75% reduction in root length and volume,
respectively, was associated with values of Sqygss larger
than 3. In addition, there is a negative relationship between
SOC for both SQVESS and PR (Figures 2E,F).

TABLE 1 | Mean values of soil penetration resistance (PR), soil structural quality scores from visual evaluation of soil structure (VESS), and total organic carbon content (SOC)

for different farming systems, at 0-0.30 m depth.

Crop Livestock Forestry

LF CL CF CLF

VESS 22¢ 2.5 abc 31a
PR (MPa) 1.2b 1.3b 22a
SOC (g kg™") 4113Ns 43.58 41.38

2.7 abc 2.4 abc 2.5 abc 2.8 ab
15b 12b 1.6Db 15b
42.36 39.83 38.75 44.95

NS: Not significant; Means followed by the same letters in the same row do not significantly diiffer based on Tukey test (p < 0.05). LF, Integrated livestock-forestry; CL, crop-livestock; CF,

crop-forestry; CLF, crop-livestock-forestry.
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4 DISCUSSION

4.1 Soil Structural Quality Based on Visual

Evaluation of Soil Structure

Soil structural quality presented distinct Sqygss between farming
systems. Farming system Forestry (F) had rounded and sub-angular
aggregates with few visible pores and only a few fine roots compared
to the other systems, which resulted in the highest Sqygss (Sq = 3.1).
For the single farming systems, C and L had small and rounded
aggregates, which resulted in lower Sqygss; however, with exception
of F, the soil structural quality for single farming systems was not
significantly different than for integrated farming systems. Despite
the statistical differences found, all studied farming systems had
acceptable soil structure, with Sqygss < 3 (Guimardes et al., 2011),
except for the F system with Sqygss = 3.1 indicating moderate soil
structural quality (Ball et al., 2017). The higher Sqygss and higher soil
penetration resistance for forestry treatment might be explained by
drier soil conditions at the 0-0.25m of depth (~0.27 kgkg™)
compared to the other treatments (~0.35kgkg'). Acoording to
Madani et al. (2018), evapotranspiration is higher in forests than
grassland. In addition, rainfall data at the period of sampling
(Supplementary Figure S1) indicates higher interception by trees
compared with grassland, leading to a lower soil water content. Drier
soil is characterized by higher soil cohesion, and this increases soil
penetration resistance and decreases root development.

Several studies indicate that both systems, i.e., single and
integrated farming systems, may provide suitable physical
quality for plant development. Tuchtenhagen et al. (2018)
found values for Sqygss of 2.5, 1.9, and 3.1, respectively, for
cropping under no-tillage, native grassland, and crop-livestock,
which is close to the scores found in our study. These authors
mentioned that undisturbed soil surface, vegetation cover, and
crop residues resulting from crop successions increased root
biomass and SOC atin the surface layers, contributing to the
improvement in soil structure. In our study, no-tillage, the
management with low machinery traffic intensity, adequate
animal trampling (<2 AU), proper fertilization, and large
amounts of residues provided by winter and summer grasses
had positive effects on soil structure. According to Carvalho et al.
(2018) and Salton et al. (2014), proper pasture management
encourages pasture regrowth and greater root growth,
increasing inputs of organic matter into the soil. We highlight
that root exudates stimulate the activity of soil microorganisms,
leading to the formation of biopores that are important for air and
water fluxes and preferentially used by new roots.

Single farming system F had the highest Sqygss, indicating
moderate soil structural quality (Ball et al., 2017). Soil structural
quality in this system could be improved by small changes in the
management, e.g. by using plants with strong root systems
(Guimardes et al., 2011). Introduction of intercropping species
that can meet such conditions, with strong root systems, may be
an option, such as pinto peanut (Arachis pintoi). However,
eucalyptus must be at least 2 years old to avoid competition
between species. When Sqygss approaches 4.0, it may be a
warning sign that calls for a direct intervention with changes
in management (Ball et al., 2007, 2017). In our case, high scores
may be due to previous soil management in the studied area,
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FIGURE 2 | Relationship between root properties (root length and root volume), and total organic carbon (SOC), respectively, with soil quality (Sqvess) from visual
evaluation of soil structure and soil penetration resistance (PR).

which had a history of excessive machinery traffic and
disturbance (Dominschek et al., 2018; Supplementary Figure
§2). Our results suggest that soil structure is recovering more
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FIGURE 3 | Relationship between soil penetration resistance (PR) and
soil structural quality score (Savess) based on visual evaluation of soil
structure.

slowly in F, probably due to a lack of grasses in the F system, and
because less water arrives on the soil surface due to interception
from trees (Supplementary Figure S1). The Sqygss results
obtained in C (Sq = 2.2), CL (Sq = 2.4), and CLF (Sq = 2.8)
are close to the results found by Demétrio et al., 2022 that indicate
that no-tillage system and cattle trampling increase Sqvgss when
compared to native forest (Sq = 1.53). For L, and LF, Sqygss were
2.5, and 2.7, respectively (Table 1), indicating that despite cattle
trampling causing some negative alterations to soil structure,
these IFS maintained adequate soil structural quality for plant
development. According to Abdalla et al. (2018), the grass root
system under low trampling pressure and rotational grazing is
stimulated by compensatory growth due to herbivores, increasing
new root growth and carbon input into the soil.

4.2 Soil Resistance to Soil Penetration

Resistance in the Farming Systems

The highest mean value of PR was found in the F system
(2.2 MPa), which corroborates with the Sqygss results. All
integrated systems as well as C and L presented mean values
of PR that are non-limiting for root plants. According to Morais
etal. (2020) and Rosseti and Centurion (2017), PR values between
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2.0 and 3.0 MPa do not cause a decrease in crop yield under no-
tillage. Thus, our findings indicate that these farming systems
preserve soil structural quality that is adequate for root
development and yield. The efficiency of IFS in recovering soil
structure has been reported by Polania-Hincapié et al. (2021).
Besides having found high PR values (3.8 MPa) in silvopasture
farming system on a degraded Ferralsol, they observed soil
structural improvements in comparison with its initial state.
Similarly, Flavio Neto et al., 2015 reported that degraded soils
can be recovered by pastures in IFS. We measured an increase in
PR with soil depth. The increase was especially pronounced in the
F system, which we attribute to the generally drier soil conditions
(Supplementary Figure S1) and less heterogeneity of plant
species cultivated. Consequently, roots are less exposed to
ideal soil water conditions, affecting both plant growth and
development as well as soil resilience.

4.3 Soil Organic Carbon

The SOC was >39 gkg ' for all farming systems at the depth of
0-0.30 m. SOC >20 gkg " is considered very high for Parana state,
Brazil (Pauletti and Motta, 2019). According to Wiesmeier et al.
(2019), climate is the major factor driving soil organic carbon
storage at regional to global scales, while at regional or sub-regional
scale, other factors such as vegetation, microorganisms/fauna,
parent material, texture, and land-use and soil management
play a role too. The experimental area is in a temperate
summer climate (Cfb, second Koppen classification), the soil
has a clayey texture, and management is pesticide free with
minimum soil disturbance, and crop diversity is high in
integrated farming systems. The combination of these factors
likely results in enhanced soil organic carbon (Salton et al,
2014). Moreover, pesticide-free farming systems affect positively
the biological functions of microorganisms and chemical processes
(Meena et al., 2020). Data of SOC found in our study (Table 1)
show that SOC has increased since the beginning of the experiment
in 2013, where mean values did not surpass 30 gkg ' at a depth of
0-0.20 m (Dominschek et al, 2018). Our data suggest that all
farming systems studied, which include specific and conservative
management practices, favored positively SOC content, with
positive impacts on soil structural quality. No-tillage is
considered a key practice for soil carbon sequestration, and for
preventing structural and physical soil degradation (Calonego
et al, 2017; Vizioli et al.,, 2021), and when adopted in IFS, no-
tillage could minimize the risk of soil and environmental
degradation (Ray et al., 2020).

4.4 Root Properties

Root length, root volume, and root dry matter are presented in
Table 2, indicating that roots were concentrated in the surface layer
(0-0.10 m). Although non-significant, root dry matter was higher
in the CLF system, probably due to Eucalyptus root morphology,
being thicker than grasses, and due to the combination of crop and
livestock. The C and L systems had a greater volume of roots down
to 0.20 m of depth, while F and the integrated systems had smaller
amounts of roots at this depth. In the L farming system, there is an
influence of cattle that stimulate regrowth and root growth as they
feed (Bonetti et al., 2018), and deposit feces and urine, increasing
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SOC and keeping the soil more biologically active. For C, the
specific management with reduced machinery traffic and
fertilization provides a suitable environment for root
development, which was detected by the highest root length
mean value, which was also the only root parameter that
indicated significant differences between farming systems. Our
data indicate good management strategy of all farming systems,
considering the fact that root length can be related with soil
hydraulic properties (Shi et al., 2021), contributing to better soil
water storage capacity and water and gas fluxes capacity. Vanhees
et al. (2021), studying maize roots in compacted and non-
compacted soils, showed that the ability of roots to grow to
depth through compacted soil is not dependent on the amount
of roots but on the favorable conditions provided by biopores. The
production of roots in cropping systems stimulates biological soil
activity, which positively affects soil structure and soil physical
quality (Gamboa et al., 2020). Fine roots of the grasses have been
shown to provide improvements to soil hydraulic properties,
aggregate stability, and soil porosity (Hao et al, 2020; Chen
et al.,, 2021; Shi et al., 2021).

4.5 Relationships Between Soil Structure,

Root Properties and Soil Organic Carbon
Root length, root volume, and SOC are linked to soil structural
quality, as shown in Figure 2, as well as by Spearman correlations
(rs). The negative relationship between soil structural quality and
SOC has been reported by several authors (Pulido-Moncada et al.,
2014; Tuchtenhagen et al., 2018; Cherubin et al., 2019; Mutuku et
la., 2021). Likewise, positive correlation between Sqygss and PR
have been reported (Castioni et al., 2018; Cherubin et al., 2019).
Here, we demonstrate how soil structure, root growth and soil
organic carbon are linked. Based on the regression models found
in this study, root length and root volume were reduced by about
75% for Sqvgss = 4 and PR = 3 MPa, compared with soil that had
Sqvess = 1 and PR = 0.5 MPa. These results corroborate with
critical values for root development indicated in the literature
(Taylor et al., 1966; Ehlers et al., 1983; Bengough et al., 2011;
Colombi et al., 2018). Values of Sqygss > 3.0 indicate soil
structural degradation, which require improvements of the
current soil management practices.

Previous studies suggest that biopores are important as they
can facilitate root growth (Cavalieri et al., 2009; Vanhees et al.,
2021). A strong decrease in root length and volume under the
highest PR values were found. This soils were associated with
lower levels of soil organic carbon, evidencing the importance of
carbon inputs from roots into the soil. Coblinski et al. (2019)
studied the same experimental area, and showed that soil bulk
density, porosity, soil water availability, as well SOC influence soil
structural quality. According to Colombi et al. (2018),
interactions between root architecture, plant water uptake, soil
moisture, and soil penetration resistance are little studied. Our
data of Sqygss and PR were obtained in moist soil, at a water
content close to field capacity, but PR increases when soil dries,
especially so in compacted soil, which reduces root development.
Colombi et al. (2018) mention that water limiting crop yields may
result from limiting water accessibility by roots (and not limited
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water availability), which is largely caused by high soil
penetration resistance that decreases root growth and
ultimately crop productivity. We observed that the pesticide-
free management along with adequate fertilizer use have provided
sufficient root development for the species grown at our site. This
is supported by the satisfactory yields in the different systems as
shown by Kruchelski et al. (2021). Moreover, Dominschek et al.
(2021) indicated that the management applied in the
experimental area is an economically viable and efficient non-
chemical strategy to manage weeds and produce grains. Forage
yield and beef production also presented good results (Campos,
2019; Cavalieri-Polizeli et al., 2021).

A positive relationship between PR and VESS (Figure 3) was
also observed in other studies (Cherubin et al., 2017; Castioni et al.,
2018; Tuchtenhagen et al., 2018; Celik et al., 2020). Soil structural
quality is classified as firm for values of 3.0 < Sqygss < 4.0, which
corresponded to values of 1.76 < PR < 2.40 MPa (close to field
capacity). However, PR is dependent on soil moisture, which can
vary within days, weeks and seasons, and consequently, vary the
conditions for root growth and development. However, critical PR
values, such as more than 3.5 MPa, probably might be easily found,
when soil remains dry for a considerable period. Ehlers et al. (1983)
estimated that relative elongation rate of oats roots ceases at 4.9
MPa, which is very close to our finding (4.5 MPa) where root
length was reduced by 75% The strong correlation between VESS
and PR suggests that VESS can be used to detect possible harmful
conditions related to critical PR values for root growth.

The negative correlations between root properties and PR,
Sqvess, and SOC, clearly show the importance of roots for soil
structural quality. However, the results obtained in this study
confirmed only partially the hypothesis that IFS promotes better
soil structural quality compared to SFS. Management systems
that favor improvement and conservation of soil physical
properties are key for the environmental sustainability of
agricultural production (Tuchtenhagen et al, 2018). Not all
the studied integrated farming systems showed better
performance for roots, for example, crop-forestry (CF) was
less effective to stimulate root growth. Ray et al. (2020)
pointed out that the adoption of IFS instead of SES could
enhance farm productivity, crop diversity, employment
opportunity, and annual income for overall improvement of
livelihood through efficient utilization of natural resources.
However, the results for CF indicate that it is not enough just
to integrate systems, but that the choice of crops and management
have an influence on the success of such cropping strategies.

5 CONCLUSION

In general, both single farming systems (SFS) and integrated
farming systems (IFS) presented adequate soil structural quality.
The single Forestry system and integrated systems including
forestry tended to have poorer soil structural quality and
higher soil penetration resistance, but still adequate, which was
associated with the generally drier soil conditions. Thus, our data
could not support the hypothesis that integrated farming systems
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promote soil structural quality. However, the similarity between
SES (C and L) and IFS in providing good soil structural quality is
probably due to the specific conditions of the study (pesticide-free
in combination with mineral fertilizers, and no-till using the
planting green technique). We found strong relationships
between scores of soil structural quality (Sqygss), soil
mechanical resistance (PR), SOC and root properties. Root
length and volume were reduced by about 75% for Sqygss = 4
and PR = 4 MPa. These data demonstrate the positive feedbacks
between soil structure, root growth and soil carbon input.
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