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Abstract

Crop systems using cover crops affect soil physical, chemical, and biological attributes,
including aggregate formation. This work aims to evaluate winter cover crop species' effect
on soil total organic carbon, glomalin, and aggregation in areas with onion crops in a
no-tillage vegetable production system (NTVS) and conventional tillage system (CTS) for
eight years. The experiment treatments were: control, with natural vegetation(NV); black oats
(Avena strigosa); rye(Secale cereale);oilseed radish(Raphanus sativus);intercropped black
oats and oilseed radish; intercropped rye and oilseed radish; and a conventional tillage
systems area. A 33-year old adjacent secondary forest was evaluated as a reference for
undisturbed conditions. We assessed soil total organic carbon, total glomalin, and easily
extractable glomalin in three soil layers (0-5, 5-10, and 10-20 cm depth). Undisturbed
samples were used to quantify soil aggregate stability, aggregation indexes (weighted mean
diameter; geometric mean diameter), aggregate mass distribution (macroaggregates,
mesoaggregates), and macroaggregate carbon contents. The conventional tillage areas had the
lowest weighted mean soil aggregate diameter, geometric mean diameter, and
macroaggregate mass. Those areas also had the lowest bulk soil and aggregate organic carbon
contents and the lowest total and easily extractable glomalin. Winter cover crops' use resulted
in a 10% higher aggregate weighted mean diameter and geometric mean diameter. Areas with
cover crops had 13% higher organic carbon contents in aggregates and 17% higher
macroaggregate mass than conventional tillage areas. The highest values of total and easily
extracted glomalin occurred in plots with black oats. Winter cover crops, single or
intercropped, improved physical attributes of soils with onion crops under not-tillage
compared to conventional tillage areas.

Keywords: soil physical attributes, geometric mean diameter, bulk soil, aggregate stability,
chemical and biological attributes

1. Introduction

Onion (Allium cepa L) is an economically important vegetable in Brazil, especially its
southernmost states (Hammerschimidt et al., 2013). The Upper Itajai River Valley, in Santa
Catarina, has the highest number of producers, who grow approximately 20,000 hectares of
onion, more than 30% of the Brazilian production (EPAGRI/CEPA, 2019). Most of the crop
is grown under a conventional tillage system (CTS), with intensive soil mobilization,
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chemically-synthesized fertilizers, and pesticides, leading to environmental impacts, such as
erosion and nutrient leaching (Panachucki et al., 2011; Altieri et al., 2011).

Farmers in the Upper Itajai River Valley have been adopting the no-tillage vegetable
production system (NTVS) to minimize the CTS impacts. The NTVS restricts soil
mobilization to the planting rows, has a permanent cover with plants or their residues, and
balanced fertilization. Plants diversity is maintained through rotation (legume, grass,
cruciferous, and others) and the use of single or intercropped cover plants, aiming to improve
family farmers’ autonomy and promote sustainable rural development (Mafra et al., 2019).

Cover crop species improve soil physical and chemical attributes in onion fields (Loss et al.,
2017; Comin et al., 2018a; Santos et al., 2018; Ferreira et al., 2018) as well as soil biological
properties (Silva et al., 2014). They also lead to lower weed emergence, affecting onion yield
and quality (Vilanova et al., 2014; Oliveira et al., 2016; Comin et al., 2018b; Souza et al.,
2018). However, successive onion crops can affect soil characteristics, which requires
evaluating the long-term effects of soil management systems.

Plant growth and decomposition of their residues on soils affect soil water infiltration,
prevents erosive processes, lowers thermal amplitude, and increases nutrient cycling, organic
matter (SOM), cation exchange capacity (CEC), and the sum of bases (Loss et al., 2017;
Santos et al., 2018, Upton et al., 2019). Weed competition also tends to be lower because of
plant residues’ physical barrier (Comin et al., 2018a; Souza et al., 2018).

The residues of cover crops on the soil surface can prevent weed germination and emergence
by releasing allelopathic compounds or creating a physical barrier (Altieri et al., 2011). Cover
crops can reduce costs with weed management and prevent germination of dormant weeds
from the soil seed bank (Brennan & Smith, 2005). Souza et al. (2018) evaluated different
cover crops under NTVS and found a higher weed suppression with rye, barley, or black oats,
especially at the beginning of the onion cycle, when there is more competition by weeds. In
another work carried out in the same area of our study, the treatments with oilseed radish, rye,
or oilseed radish + rye had the highest cover crops yield, which resulted in lower weed dry
matter at the beginning of the onion crop cycle (Vilanova et al. 2014).

Cover crops affect both SOM accumulation and soil aggregation, responsible for soil
structure and SOM protection. Some studies relate those gains with cover crops' ability to
form a dense, fasciculate root system, with rapid establishment and exploration of the soil
profile at greater depths (Loss et al., 2017; Ferreira et al., 2018).

Cover crop roots can associate with Arbuscular Mycorrhizal Fungi (AMF), which are
responsible for another factor connected to soil aggregation: the production of glycoproteins
(glomalin) (Rillig et al., 2003). Glomalin is produced by AMF hyphae, acting as a cementing
agent (Wright et al., 1996) that assists in the formation and stabilization of soil aggregates
and the dynamics of carbon (C) and nitrogen (N) stocks in the soil (Nichols & Wright, 2005).

Wright et al. (1996) evaluated the correlation between glomalin fractions and aggregate
stability in crop areas and found negative impacts of soil tillage, with decreases in the
glomalin fractions and consequent decreases in soil C contents and aggregation indexes. A
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positive correlation between total glomalin and soil C has also been found, confirming this
glycoprotein's contribution to aggregate stability (Wright & Upadhyaya, 1998).

\ MacrOthi“k Journal of Agricultural Studies

This work aimed to evaluate the effect of different winter cover species on total organic
carbon (TOC), glomalin, and aggregation in soils with onion crops under NVTS and CTS for
eight years.

2. Method

The experiment was carried out in Ituporanga, Brasil (27224'52"S, 4936'9"W, 475 m altitude).
The region has a humid mesothermal subtropical climate (Cfa), according to the Kppen
classification, with a mean annual temperature of 17.6 C and a mean annual rainfall of 1,400
mm (Souza et al., 2013).

The soil is a Humic Inceptisol (Cambissolo HCmico, EMBRAPA, 2013). Mean air temperature,
rainfall, and irrigation doses during the study period are shown in Figure 1. The climate data
were obtained from the meteorological station located approximately 300 meters from the
experimental area.
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Figure 1. Mean air temperature and rainfall in the experiment area.

The area has a history of 20 years with crops in conventional tillage system (CTS), with
plowing and harrowing until 1996, when a minimum tillage system was implemented, with
onion crops in rotation with cover crops — black oats (Avena strigosa), velvet bean (Mucuna
aterima), millet (Pennisetum glaucum), sun hemp (Crotalaria juncea), and vetch (Vicia sativa).
This system was used from 1996 to 2007 when sweet potato was planted and grown in the area
for two years. In 2009, the experiment with onion in NTVS was implemented. The natural
vegetation in the area was desiccated in April 2009, and lime was applied to increase soil pH to
6.0.

134 http://jas.macrothink.org



ISSN 2166-0379

\\ Macrothi“k Journal of Agricultural Studies
A Ins'titu'te " 2021, \Vol. 9, No. 2

The treatments in NTVS were: control, using natural vegetation (NV); Avena strigosa (black
oats; BO), using 120 kg seeds ha?; Secale cereale (rye; RY), using 120 kg seeds
ha'l; Raphanus sativus (oilseed radish - OR), using 120 kg seeds ha™; black oats (60 kg seeds
ha') + oilseed radish (10 kg seeds ha?) (BO+OR); and rye (60 kg seeds ha?) + oilseed
radish (10 kg seeds ha') (RY+OR). An area with CTS was kept for comparison with the NTVS,
with onion crops grown in rotation with P. glaucum (millet) in the summer. The CTS consisted
of plowing, harrowing, and scarification. The CTS area had been used for approximately 40
years when the samples were collected. A secondary forest in regeneration for approximately
33 was evaluated as a reference for the soil under natural conditions.

The cover crops species were broadcast sowed, and a no-tillage seed drill was passed twice on
the soil surface to incorporate the seeds lightly into the soil. Soil fertilization, irrigation, and
cultural practices were not used in the experimental area during winter cover crops. The
amounts of cover crop seeds were based on the highest rates indicated by Monegat (1991) +
50%. The treatments were arranged in a randomized block design with four replications, and
each experimental unit had 25 m35>5 m).

Three cover crop biomass subsamples from each plot were collected using a 0.5>0.5 m (0.25m=
frame, 60, 80, and 120 days after cover crop sowing (DAS). The plant samples were dried in a
forced-air circulation oven at 65 <C until constant mass and weighed to estimate its dry matter
(DM) yield (Table 1). Subsequently, the biomass samples were returned to the study area.

Table 1. Winter soil cover crop dry matter (DM) and onion yield

Land use system Plant dry matter (Mg ha!) * Onion yield
Winter=2 Summers
Mg ha'
60 80 120 120
NV 0.45 0.65 141 1.97 16.4
BO 1.75 2.40 3.79 8.45 21.5
RY 1.82 2.22 4.13 9.03 21.7
OR 1.23 1.46 3.77 9.25 19.3
BO+OR 1.83 2.17 4.62 9.85 24.4
RY+OR 1.90 2.19 3.92 8.48 21.4
CcTSs? - - - 8.00 19.8

NV = natural vegetation; BO = black oats; RY = rye; OR = oilseed radish; CTS =
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conventional tillage system. (Y DM of winter and summer soil cover crops. DM of winter
soil cover crops at 60, 80, and 120 days after sowing. ) DM of summer velvet bean (Mucuna
aterrima) at 120 dias. ® DM of summer millet (Pennisetum glaucum) at 120 days.

Those procedures were repeated for eight years when disturbed, and undisturbed soil samples
were collected to determine aggregate stability, total organic carbon (TOC), and glomalin. A
40>40>40 cm trench was opened in each plot to collect soil samples in the 0-5, 5-10, and 10-20
cm layers, using a spade and a spatula.

Undisturbed samples were manually disaggregated following cracks or weak points and sieved
(8.00-mm and 4.00-mm mesh) to obtain the soil aggregates, according to Embrapa (1997).
Disturbed samples were air-dried and sieved (2.00-mm mesh) to quantify total organic carbon
contents. Twenty-five grams of the aggregates retained in the 4.00-mm mesh sieve were placed
in a set of sieves with decreasing mesh diameters of 2.00, 1.00, 0.50, 0.25, and 0.105 mm. The
aggregates placed on the 2.00 mm mesh sieve were moistened with a manual sprayer and
subjected to vertical wet sieving for 15 minutes in a Yoder device (Yoder, 1936). The material
retained in each sieve was placed in Petri dishes and dried at 105 <C until constant weight. The
mass of soil aggregates was used to calculate the soil aggregation indexes (geometric mean
diameter - GMD; and weighted mean diameter - WMD), according to Embrapa (1997). The
aggregate mass distribution was evaluated considering the mean diameter classes, according to
Costa Jr. et al. (2012): 8.00>0>2.0 mm (macroaggregates); 2.0>0 > 0.25 mm
(mesoaggregates); and @ <25mm (microaggregates). Part of the aggregates passed through the
8.00 mm mesh sieve and was retained in the 4.00 mm mesh sieve was macerated and sieved in
a 2.00 mm mesh sieve for TOC quantification. The TOC contents were determined in
aggregates (8.00>(>2.0 mm) and bulk soil (8<2.0 mm), according to Yeomans & Bremner
(1988).

Disturbed soil samples from the 0-10 cm layer, collected with an auger, were used to estimate
total glomalin (TG) and easily extractable glomalin (EEG) contents, as described by Bradford
(1976) and modified by Wright & Upadhyaya (1998). Each 1.0 g soil sample was placed in a
15-mL Falcon tube with 8.0 mL of sodium citrate (50 pmol), and the solution was autoclaved
at 121 <C for one hour. The supernatant was collected and measured, and the procedure was
repeated until the supernatant showed a light-yellow color. The EEG content was determined
after a single 1-hour autoclaving cycle.

The data were evaluated for normality and homogeneity using the Lilliefors and Cochran tests
and subjected to ANOVA. When there were significant effects, means were separated using the
Skott-Knott test at 5% probability. The TOC contents in the soil aggregates (8.00>0>2.0 mm)
and bulk soil (@<2.0 mm) were analyzed separately in each treatment, and when there were
significant differences, they were compared with the Fischer's LSD test at 5% probability.
Subsequently, the Pearson correlation analysis (p<0.05) was used for the attributes related to
soil aggregation and TOC and glomalin contents. Reference area (native forest) data were
expressed as a mean *confidence interval (mean =CI 95%). Statistical analyses were carried
out using the Sisvar 5.6 program. A principal component analysis (PCA) was carried out using
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the prcomp command of the ggfortify package, and the correlation of the variables with the
PCA axis was carried out using the package factoextra in the R 3.6 program.

\ MacrOthi“k Journal of Agricultural Studies

3. Results
3.1 Total Organic Carbon in Soil Aggregates and Bulk Soil

TOC contents in soil aggregates (8.00>0>2.0 mm) from the top layer (0-5 cm) were similar in
all treatments, with or without winter cover crops. However, in bulk soil (8<2.0 mm), the
lowest TOC contents occurred in the CTS treatment, while the highest TOC appeared in the
plots with OR and BO+OR. The use of black oats (BO), rye (RY), and oilseed radish (OR),
single or intercropped, resulted in a 25% increase in TOC in comparison with areas with CTS
(Table 2). In the 0-5 cm layer, TOC in aggregates was 17% higher in RY than in bulk soil
(Table 2). In the CTS area, TOC contents 13% higher in aggregates than in bulk soil.

In the 5-10 cm soil layer, the OR treatment had the highest aggregate TOC content (Table 2).
The bulk soil in the intercropped RY+OR had a 16% increase in TOC compared to all other
treatments. The bulk soil samples in the treatments with cover crops hand, on average, 20%
higher TOC than the CTS area. TOC in the OR plots was15% higher than in bulk soil. In the
5-10 cm soil layer, the OR treatment had the highest aggregate TOC content (Table 2). The
bulk soil in the intercropped RY+OR had a 16% increase in TOC than all other treatments. The
bulk soil samples in the treatments with cover crops hand, on average, 20% higher TOC than
the CTS area. TOC in the OR plots was15% higher than in bulk soil.

Table 2. Total organic carbon (kg ha?) in aggregates and bulk soil in the 0-5, 5-10, and 10-20
cm layers of soils under different management systems for onion crop

Total organic carbon (kg ha)

Treatments _ 0-5cm cv _ 5-10 cm cv _10-20 cm cv
Soil Bulk (%) Soil Bulk (%) Soil Bulk (%)
aggregate soil aggregate soil aggregate soil
NV 43.89a 43.02b 6.83  37.64b 36.24c  7.06 32.63b 32.94c 551
BO 40.73a 41.48b  6.16 34.17c 33.60c 6.85 30.20b 36.61a 1.63
RY 44.59a* 38.92c 6.24  36.77b 36.21c 497 32.39b 34.74b  3.33
OR 45.39a 4548a 3.39  43.83a* 39.90b 243 38.54a 39.10a 4.66
RY+OR 44.70a 43.09b 3.09  39.00b 4559a 7.95 32.29b 36.42a  3.49
BO+OR 42.71a 4570a 550  38.09b 40.82b 7.89 32.77b 33.68c  9.27
CTS 39.15a* 34.79d  6.22  40.09b* 35.84c 6.07 37.15a 33.75¢  7.96
CV (%) 5.37 5.56 5.95 6.90 4.89 6.70
Native Forest (Cl) 64.58*40.79 60.9443.53 52.84*41.99 60.16+1.51 51.19+1.17 47.6442.24

NV = natural vegetation; BO = black oats; RY = rye; OR = oilseed radish; CTS =
conventional tillage system; CV = Coefficient of variation; Cl = Confidence interval. Means
followed by the same letter in each column do not differ according to the Skott-Knott test at
5% probability. *Means of four replications in the rows comparing aggregates and bulk soil
showed significant effects by the LSD t test at 5% probability to compare TOC concentration
between aggregates and bulk soil. The results found for the forest area are expressed as

137 http://jas.macrothink.org



ISSN 2166-0379

\\ Macrothi“k Journal of Agricultural Studies
A Ins'titu'te " 2021, \Vol. 9, No. 2

means xconfidence interval (Mean £CI 95%).

In the 10-20 cm soil layer, the treatments with the highest TOC contents in soil aggregates were
OR and CTS. The highest TOC in the bulk soil occurred in the treatments BO, OR, and
RY+OR (Table 2). In the CTS area difference, TOC contents in aggregates were 10% higher
than in bulk soil.

Bulk soil TOC contents in the CTS area were, in general, lower than in the NTVS plots,
especially in the upper soil layer. TOC contents differed between aggregates and bulk soil in
the CTS area, in all soil layers. On the other hand, NTV TOC contents varied less between
aggregates and bulk soil (Table 2). The lowest TOC contents in CTS always occurred in the
bulk soil compared with TOC in aggregates. Ferreira et al. (2018) found higher TOC contents
in the bulk soil in CTS. That probably was due to the rupture of soil aggregates, which
accelerated the decomposition of SOM protected inside aggregates, leading to increases in the
SOM decomposition rate and lower TOC contents in the bulk soil.

The plots with cover crops had higher TOC in the upper soil layer than the CTS area, although
they were lower than in the reference native forest area. Changes in soil TOC contents and
aggregate stability result from residue accumulation and consequent increases in microbial
activity in the soil, which carry out biochemical processes that promote soil structure (Rillig &
Mummey, 2006).

The higher TOC contents in the treatments with OR, either single or intercropped with BO or
RY, can be attributed to the decomposition of plant residues on the soil, promoting a slow and
gradual release of nutrients (Crusciol et al., 2005; Doneda et al., 2012). Studies with cover
crops in the same area of the present study showed positive effects of OR on nutrient
accumulation and release (Souza et al., 2013; Oliveira et al., 2016) linked to rapid initial plant
growth and high dry matter yield (Table 1) (Lima et al., 2007). According to Comin et al.
(2018a), winter grasses (RY and BO) in rotation with millet for onion crops in the NTVS
increase soil TOC contents in the surface soil layer (0-5 cm), a behavior that occurred in the
present study (Table 2).

BO and RY species have intense tillering and deep, fasciculate root systems, which allow for
water and nutrient uptake in deeper soil layers (Souza et al., 2013; Oliveira et al., 2016). Those
grasses also have high dry matter production (Table 1), high lignin, and C to N and Ligninto N
ratios. Therefore, their residues remain longer on the soil surface, reducing the incidence of
natural vegetation and competition with onion plants (Oliveira et al., 2016).

The higher TOC contents in aggregates in the 10-20 cm layer of the CTS area can be due to
millet as a cover crop, which contributed to TOC contents similar to those in the NTVS
treatments. Millet has a slow decomposition rate due to its high C/N ratio at the flowering stage
(Kliemann et al., 2006) and its high biomass production, which reached 9.6 Mg ha-1 in the
flowering stage, and 14 Mg ha-1 100 days after sowing in the same experimental area (Oliveira
et al., 2002; Teixeira et al. 2005).

3.2 Aggregate Weighted Diameter (WMD), Geometric Diameter (GMD), and Mass
Distribution by Diameter Class
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TOC contents (Table 2) presented significant relation with the stability of soil aggregates
(Table 3 and Figure 2) due to the use of NTVS combined with cover crops, such as leguminous
and grass species, as also found by Loss et al. (2017) and Ferreira et al. (2018). Over the eight
years of the experiment, the treatments using cover crops in both NTVS and CTS added
different amounts of plant residues to the soil (Table 1).

\ MacrOthi“k Journal of Agricultural Studies

The use of BO or RY, either sole or intercropped with OR during the winter and velvet bean
during the summer, positively affected the soil aggregation. These species present a pivoting
root system that contributes to soil compression as their roots develop. The fasciculate and
dense root system of oilseed radish plants contributes to distributing root exudates in the soil
(Casali, 2012). However, the use of velvet bean during summer in all treatments produced high
dry matter yields, contributing to the addition of nutrients into the soil (Loss et al., 2015).

All treatments under NTVS using winter cover crops, and even that with natural vegetation
(NV), had WMD and GMD approximately 10% higher than those found in the CTS treatment,
and approximately 5% higher than those in the native forest, in the soil surface layer (0-5 cm)
(Table 3). These results confirm those found for water-stable aggregates in the same soil layer,
in which treatments using winter cover crops had the highest macroaggregate mass (g). The use
of cover crops increased the aggregate mass by 13%, on average, compared with the CTS, the
treatment with the lowest macroaggregate mass (g) in the 0-5 and 5-10 cm soil layers (Figure

2(@)).
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Figure 2. Mass distribution of water-stable macroaggregates (8.00>0>2.0 mm) (a),
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mesoaggregates (2.0>0>0.25 mm) (b), and microaggregates (&<0.25 mm) (c) in the 0-5, 5-0,
and 10-20 cm layers of soil with onion crop systems. NV = natural vegetation; BO = black
oats; RY = rye; OR = oilseed radish; CTS = conventional tillage system; CV = Coefficient of
variation; Cl = Confidence interval. Means followed by the same letter in the columns do not
differ according to the Skott-Knott test at 5% probability. The results for the forest area are
expressed as means xconfidence interval (Mean £CI 95%).

Soil TOC contents also affect the size and mass distribution of soil aggregates, significantly
affected by changes in the soil management system (Li et al., 2018). Different cover crop
species, such as rye, oats, and millet, can positively affect those changes. These species
produce large amounts of dry matter, have high nutrient cycling efficiency, and present dense,
fasciculate root systems that can explore deeper soil layers (Calegari, 2008; Lima Filho et
al., 2014). This dynamic was found in the treatments under NTVS, which had higher TOC
contents (Table 2), WMD, GMD, and macroaggregate mass in the soil surface layer (Table 3,
Figure 2(a)), compared with the CTS treatment, which had no winter cover crops.

Table 3. Aggregate weighted mean diameter (WMD) and geometric mean diameter (GMD)
from 0-5, 5-10, and 10-20 cm layers of soils under different management systems for onion
crops

WMD GMD
Treatments = —eemememeemememeeeeeee ]

0-5 5-10 10-20 0-5 5-10 10-20
NV 4.80a 4.58a 4.27b 4.23a 3.72b 3.13c
BO 4.85a 4.80a 4.79a 4.59a 4.45a 4.44a
RY 4.84a 4.74a 4.89%a 4.39% 4.20a 4.68a
OR 4.60a 4.66a 4.17b 4.20a 4.22a 2.85¢C
RY+OR 4.76a 4.41b 4.33b 3.98a 3.32b 2.88c
BO+OR 4.74a 4.65a 3.98b 4.15a 3.98a 2.95¢
CTS 4.46b 4.43b 4.41b 3.45b 3.19b 3.52b
CV (%) 2.74 3.20 4.33 8.40 9.21 6.70

Native Forest (Cl) 4.6240.06 4.6340.06 4.3940.15 3.80#0.21 3.80#0.17 3.0540.46
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NV = natural vegetation; BO = black oat; RY = rye; OR = oilseed radish; CTS = conventional
tillage system; CV = Coefficient of variation; ClI = Confidence interval. Means of followed
by the same letter in each column do not differ according to the Skott-Knott test at 5%
probability. The results found for the forest area are expressed as means xconfidence interval
(Mean £CI 95%).

The decomposition of the cover crops, either sole or intercropped, in areas for onion crops in
NTVS may also affect the release of exudates, known as polysaccharides, cementing
substances. These substances are responsible for stabilizing soil particles, which are also
interwoven with fungal hyphae and roots of cover crops and contribute to increases in the
activity of microorganisms in the soil, especially AMF (Rillig & Mummey, 2006). The soil
biota activity affects the soil structure and, consequently, increases the WMD and GMD
(Grimaldi et al., 2003; Tisdall & Oades, 1982).

The highest WMD and GMD in the 10-20 cm soil layer occurred in the BO and RY treatments,
with means 25% and 35% higher than those found in the CTS treatment and the native forest,
respectively (Table 3). Grasses such as black oats have shown relative higher root densities,
which can reach 0.76 m and result in a better root system distribution in the soil, favoring the
joint of soil mineral particles (clay, silt, and sand) and the formation of stable aggregates, as
found for rye, whose root system can reach 1.22 m (Weaver, 1926).

The soil management practices used in CTS resulted in the highest microaggregate mass
(2<0.25 mm) (Figure 2(c)) in the 0-5 cm soil layer, which was approximately 75% higher than
those in the treatments under NTVS with the use of winter cover crops. The NV treatment had
a higher microaggregate mass (<0.25 mm) in all soil layers. That can be attributed to the plant
species' root systems in this treatment, mainly in the soil surface layer, differing from those of
the black oats and rye. The macro-, meso-, and microaggregate masses of the treatments with
cover crops were similar, denoting the importance of cover crops to improve aggregation
conditions in soils with onion crops under NTVS, confirming the results of Loss et al. (2017).

The predominance of small-diameter aggregates in the CTS treatment (Figure 2) can be
attributed to soil tillage. Comparing the soil physical attributes in the same area of the present
study, Loss et al. (2017) found increases in soil aggregation indexes, higher in treatments under
NTVS relative to CTS after five years of NTVS implementation. Moreover, soil tillage
restricted to the planting rows in NTVS preserves the fungal hyphae and favors the formation
and distribution of soil macroaggregates, increasing nutrient availability and soil water
retention (Wright et al., 2003; Wright & Upadhyaya, 1998).

Treatments with intercrops of cover species also create a favorable environment for the
formation and maintenance of soil aggregates because of the different root systems (Loss et
al., 2017; Comin et al., 2018a; Ferreira et al., 2018), affecting WMD and GMD (Table 3), and
raising TOC contents (Table 2), besides the positive effects of their high dry matter yield
(Table 1). However, better soil aggregation results in the 10-20 cm layer were found in the
treatments with BO and RY grown in single crops, compared with those with these grasses
intercropped with OR. This result can be due to those plants' residues on the soil surface, which
protected the soil against raindrop impacts and, consequently, decreased soil, water, and
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nutrient loss by runoff (Busari et al., 2015). Oliveira et al. (2016) found that these species affect
nutrient cycling in the soil because their decomposition promotes a slow release of nutrients.

3.3 Total Glomalin (TG) and Easily Extractable Glomalin (EEG) Contents

In the soil surface layer (0-10 cm), the use of cover crops, singly (BO, RY, and OR) or
intercropped (BO+OR and RY+OR), and the natural vegetation (NV) affected the glomalin
fractions positively in soils with onion crops under NTVS. Glomalin values were always
higher in NTVS than in CTS and were similar to those found in the native forest area (Table 4).
Soil glomalin fractions depend on several factors, including the AMF occurrence, plant
community composition, soil properties, and soil management. Our results confirm the
positive correlation of these fractions with the highest soil TOC contents (Table 2, 0-5 cm),
aggregation indexes (Table 3, 0-5 cm), and macroaggregate mass (Figure 2 (a)).

Total glomalin (TG) represents the amount of total protein on the surface and inside aggregates
(Wright & Upadhyaya, 1998). TG varied in the treatments with cover crops from 209.43 to
245.39 g g-1 and was 84.08% higher than that found in the treatment CTS (125.88 g g-1).
The low TG and EEG found in the treatment NV can be related to the low amounts of biomass
from the cover crops in this treatment (Table 1), resulting in the lowest GMD and
macroaggregate mass.

The lowest TG and EEG in the CTS treatment can be related to environmental changes
promoted by this cropping system (Table 4). Soil management systems that use intensive
mechanization, agrochemicals, and genetically modified plant varieties disfavor the soil AMF
population (Moreira & Siqueira, 2006). The use of these practices in the CTS promotes soil
disaggregation and rupture of mycelia, exposing AMF propagules to oxidation, making them
unviable and decreasing the mycorrhizal colonization (Schneider et al., 2011).

EEG represents the most recently produced protein in the soil, more susceptible to
decomposition because it is predominantly on the aggregate surface (Wright & Upahyaya,
1998). The treatments with cover crops also presented higher EEG, which ranged from 65.91
g g-1 to 58.60 g g-1, and were 60% higher than EEG in the CTS treatment (EEG of 34.03 g

g-1).

The correlation between TG and EEG with soil physical attributes (WMD and GMD) was
significant (r>0.60). That indicates an effect of cover crops on soil surface layer TG (0-5 and
5-10 cm) and macroaggregate mass distribution (r=0.63 and r=0.63) in the 0-5 cm layer, and on
EEG in the 5-10 cm layer (r= 0.61 and r=0.62). TG and EEG's correlation with the
mesoaggregate mass in the 0-5 cm layer was also significant (r=0.63 and r=0.66). Our results
confirm those of Wright & Upadhyaya (1998), who found a high correlation between glomalin
contents and soil aggregate stability, confirming this protein's contribution to soil physical
quality.
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Information about factors controlling TG and EEG fractions is vital for defining management
strategies to improve soil structure and, consequently, increase crop yield and decrease
environmental impacts by agricultural production systems.

Table 4. Total glomalin (TG) and easily extractable glomalin (EEG) concentration in the
0-10 cm layer of soils under different onion crop systems

Treatments TG EEG
------------------- L
NV 209.43a 54.24a
BO 245.39 65.91a
RY 231.28a 58.91a
OR 230.93a 58.99a
BO+OR 241.90a 61.32a
RY+OR 231.46a 58.60a
CTS 125.880 34.03b
CV (%) 12.64 13.12
Native Forest (CI) 234.2143.15 64.1242.10

NV = natural vegetation; BO = black oats; RY = rye; OR = oilseed radish; CTS =
conventional tillage system; CV = Coefficient of variation; Cl = Confidence interval. Means
followed by the same letter in each column do not differ according to the Skott-Knott test at
5% probability. The results found for the forest area are expressed as means = confidence
interval (Mean £CI 95%).

3.4 Principal Component Analysis (PCA)

In the multivariate principal component analysis, 51.77% of the variance was explained by the
principal components PC1 and PC2 (Figure 3). The first component (PC1) explained 31.71%
of the variance in soil attributes. This component ranked the soil physical attributes with the
highest correlation with the principal components: WMD, GMD, macroaggregate mass,
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microaggregate mass (in all three evaluated layers), and TOC contents in soil aggregates in the
10-20 cm layer (TOC20AG).

The second component (PC2) explained 20.07% of the accumulated variance. PC2 highlighted
the soil TOC contents in the aggregate and bulk soil samples from the 0-5 and 5-10 cm soil
layers (TOC5, TOC10, and TOC5AG, TOC10AG) (Figure 3). PC2 also highlighted WMD and
GMD in the 10-20 cm layer (WMD20, GMD20), macroaggregate mass in the 10-20 cm layer
(Macro20), mesoaggregates in the 5-10 and 10-20 cm layers (Mesol0 and Meso20),
microaggregates in the 10-20 layer (Micro20), and the microbiological attributes total glomalin
(TG) and easily extractable glomalin (EEG) contents.

The ordination diagram produced by the PCA for the data collected from the different
treatments (Figure 3) showed three different groups and the formation of two groups related to
treatments in NTVS (NV, BO, RY, OR, and their intercrops) opposite to the CTS. The use of
cover crops showed positive effects on GMD20, WMD20, Micro5, Microl10, Micro20, and
Meso20, and TOC contents in aggregates and bulk soil, in all evaluated layers.

Meso5 was the nearest variable to CTS, with a strong correlation (0.29 in the PC2, Figure 3) in
the distancing of CTS from the other treatments. That indicates that the CTS treatment favored
the increase of mesoaggregates (Figure 2B); the highest mesoaggregate masses in the soil
surface layer occurred in this treatment. GMD5, GMD10, WMD5, Macro5, Macrol10, EEG,
TG, TOCS5, and TOC10 are opposite to the treatment CTS in the diagram, indicating that the
CTS affected these variables negatively. This result is confirmed in Table 2, where the
treatment CTS showed the lowest TOC contents; in Table 3, CTS was linked to the lowest
WMD and GMD. That also is shown in Figure 2a, where CTS had low macroaggregate mass,
and in Table 4, where it showed lower TG and EEG than the other treatments.

The BO and BO+OR treatments separated from the others because of WMD, GMD, Macro
(10-20 cm layer), Meso10, WMD10, and onion yield. This group was opposed to the other
treatments (NV, RY, OR, and RY+OR), separated by TOC contents, mesoaggregates, and
microaggregates (Figure 5). Those results point to the importance of cover crops for soil
physical, chemical, and biological attributes, which are important indicators of soil aggregate
formation, stability, and soil chemical attributes.

Our results confirm those by Loss et al. (2017), who found higher TOC contents in soil surface
layers, showing that onion crops in NTVS increase SOM contents and, consequently, soil
physical attributes. TOC remains protected inside macroaggregates by joining microaggregates.
In contrast, CTS management practices expose organic carbon to degradation processes due to
soil disaggregation into smaller structures (microaggregates) and even by dividing
microaggregates into dispersed particles. Those processes expose the organic carbon protected
from soil microorganisms' degradation (Tivet et al., 2013).
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Figure 3. Ordination diagram produced by principal component analysis for data collected
from different treatments with onion crops under NTVS and conventional tillage system
(CTS) for eight years. NV = natural vegetation; BO = black oats; RY = rye; OR = oilseed
radish; CTS = conventional tillage system; OY= Onion yield; DMCC: Dry matter of soil
cover crops; TOC5S = total organic carbon in the 0-5 cm soil layer; TOC10 = total organic
carbon in the 5-10 cm soil layer; TOC20 = total organic carbon in the 10-20 cm soil layer;
TOCbHac = total organic carbon in aggregates in the 0-5 cm soil layer ; TOC10ac = total
organic carbon in aggregates in the 5-10 cm soil layer ; TOC20ac = total organic carbon in
aggregates in the 10-20 cm soil layer ; WMD5 = weighted mean diameter in the 0-5 cm soil
layer; WMD10 = weighted mean diameter in the 5-10 cm soil layer; WMD20 = weighted
mean diameter in the 10-20 cm soil layer; GMD5 = weighted mean diameter in the 0-5 cm
soil layer; GMD10 = weighted mean diameter in the 5-10 cm soil layer; GMD20 = weighted
mean diameter in the 10-20 cm soil layer; Macro5 = soil macroaggregates in the 0-5 cm soil
layer; Macrol0 = soil macroaggregates in the 5-10 cm soil layer; Macro20 = soil
macroaggregates in the 10-20 cm soil layer; Meso5 = soil mesoaggregates in the 0-5 cm soil
layer; Mesol0 = soil mesoaggregates in the 5-10 cm soil layer; Meso20 = soil
mesoaggregates in the 10-20 cm soil layer; Micro5 = soil microaggregates in the 0-5 cm soil
layer; Microl0 = soil microaggregates in the 5-10 cm soil layer; Micro20 = soil
microaggregates in the 10-20 cm soil layer; TG = total glomalin concentration; EEG = easily
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extractable glomalin concentration.

Loss et al. (2015) evaluated onion crops in NTVS and CTS using PCA and found that NTVS
with different cover crops favored soil chemical, physical, and biological processes that affect
the formation and stability of soil aggregates, reflected in macroaggregate mass, WMD, and
GMD. Residues produced by the cover crops evaluated in the NTVS over the eight years of the
experiment showed a positive effect on soil attributes related to aggregation, TOC contents,
and onion yield in this system, which was 8% higher when compared to CTS (Table 1).

4. Conclusions

The use of different cover crops over eight years for onion crops under the vegetable crop
no-tillage system (NTVS) affected soil physical attributes, especially aggregation.

Black oats and rye used as cover crops, either sole or intercropped with oilseed radish,
increased aggregates' stability in the soil surface layer, while black oats and rye enhanced
macroaggregate formation in deeper soil layers.

Oilseed radish, sole or intercropped with black oats, increased soil total organic carbon, and
black oats increased the total glomalin by 84% and easily extractable glomalin contents by
60% in the soil surface layers, factors that are linked to soil aggregation.

A principal component analysis (PCA). PCA showed the adverse effects of tillage on soil
physical attributes and demonstrated that no-tillage areas with black oats, sole or intercropped
with oilseed radish, differed from the other cover crop treatments.
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