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Abstract

The objective of this study was to evaluate the changes in soil carbon (C) as well as its fractions of
physical (particulate organic carbon associated with minerals), chemical (fulvic and humic acids and
humins), and oxidizable (F1, F2, F3, and F4) forms of an Oxisol under no-tillage systems (SPD) under
different successions and crop rotations in the Cerrado area. In order to do this, the areas of consolidated
SPD (10 to 20 years) under the same soil and climatic conditions were selected in Montividiu (GO),
with soybean-corn succession (SSM), soybean-millet succession (SSMt), soybean-millet-bean-cotton
rotation (RSMFA), crop-livestock integration (ILP), and a native cerrado (CE) area used as a control
treatment In each area, samples were collected at depths of 0.0-0.05, 0.05-0.10, 0.10-0.20, and 0.20-
0.40 m, respectively. The no-tillage system with crop rotation, followed by no-tillage system with
crop-livestock integration, were the ones that presented the greatest potential to increase total carbon
content in soil, presenting higher C contents of the granulometric, humic, and oxidizable fractions of
the soil organic matter (SOM), compared with the other areas of no-tillage systems with succession of
the respective evaluated crops. The no-tillage areas with corn and soybean/millet succession systems
showed a similar pattern in soil C accumulation, as well as in the compartments of SOM evaluated.
Key words: Soil carbon. Humic substance. Physical fractionation. Cerrado.

Resumo

O objetivo deste estudo foi avaliar as alteragdes no carbono do solo, bem como, suas fragdes fisicas
(carbono organico particulado e associado aos minerais), quimicas (acido fulvico, humico ¢ humina),
e oxidaveis (F1, F2, F3 e F4) de um Latossolo Vermelho em areas de sistema de plantio direto (SPD)
sob diferentes sucessdes e rotagdes de culturas no cerrado goiano. Para isso, em Montividiu (GO)
foram selecionadas areas de SPD consolidado (10 a 20 anos) sob mesmas condi¢des edafoclimaticas
com: sucessdo soja-milho (SSM), sucess@o soja-milheto (SSMt), rotagdo soja-milho-milheto-feijao-
algodao (RSMFA), integragao lavoura-pecuaria (ILP) e uma area de cerrado nativo (CE) utilizada como
referéncia. Em cada uma das areas, foram coletadas amostras nas profundidades de 0,0-0,05; 0,05-
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0,10; 0,10-0,20; 0,20-0,40 m. O sistema de plantio direto com rotagdo de culturas seguido do sistema
de plantio direto com integra¢do lavoura-pecudria foram aqueles que apresentaram maior potencial
de aumento do carbono total do solo, apresentando maiores teores de C das fracdes granulométricas,
htimicas e oxidaveis da MOS (matéria organica do solo) em relagdo as demais areas de sistema de
plantio direto com sucessdo de culturas avaliadas. As areas de sistema de plantio direto com sucessao
soja/milho e soja/milheto exibiram padrdo semelhante no actimulo de C do solo, bem como, nos

compartimentos da MOS avaliados.

Palavras-chave: Carbono do solo. Substancia humicas. Fracionamento fisico. Cerrado.

Introduction

Use of the no-tillage system (NTS) has increased
in the Cerrado as an alternative measure to minimize
the negative impacts on soil caused by different
cropping systems, since keeping the plant residues
on the surface, crop rotation (CR), and minimal
soil disturbance (only in the sowing pit), which are
basic principles in NTS, can change the soil organic
matter quantity and quality, enhancing soil fertility
and physical features (ROZANE et al., 2010;
GUARESCHI et al., 2012a,b).

It should be noted that a cropping system refers
to management practices associated with a specific
plant species, with the aim of producing it through
a logical and orderly combination of activities and
operations (HIRAKURI et al., 2012). For example,
in the NTS, there are management practices that
are common, but the decision of adopting (or not
adopting) some of them (mainly selection of the
crop sequence) leads to variations in this system.
However, in the cerrado regions, crop rotation (CR),
one of the basic principles of NTS, has been replaced
by crop succession (CS), mainly due to the limited
number of crops that are economically viable for the
autumn/winter season (CARNEIRO et al., 2013).
The predominating CSs in the NTS areas in these
regions are soybean or corn in summer followed
by corn, sorghum, millet, or fallow in autumn
(BRESSAN et al., 2013; CAETANO et al., 2013).

Studies have shown that, in some situations,
the NTS with soybean/safrinha corn succession
provides inadequate and insufficient soil coverage
(MARIA et al., 2012; CARNEIRO et al., 2013;
CECCON et al., 2013), which, over time, results in

lower soil carbon content compared to NTS with CR
(CAMPOS et al., 2011; FRANCHINI et al., 2011).

However, when assessing NTS areas with
soybean/safrinha corn succession, increases in total
carbon (MARCELO et al., 2009; SIQUEIRA NETO
et al., 2010; GUARESCHI et al., 2012a; ROSSET
et al., 2016; SEBEN JUNIOR et al., 2016), humic
acid, humin, mineral-associated carbon contents
(GUARESCHI et al., 2013b; GAZOLLA et al.,
2015; ROSSET et al.,, 2016), and oxidizable
fractions (GUARESCHI et al., 2013a; ROSSET
et al., 2016) were observed depending on the time
NTS was been adopted, compared to other NTS
variations. These contrasting results, i.e., increase
or decrease in soil organic matter (SOM) in the NTS
with or without CR, highlight the need to compare
areas of consolidated NTS with CS and CR in the
Goias Cerrado in order to clarify the changes these
management strategies induce in the chemical and
physical properties of the soil as well as in SOM
dynamics.

Soybean/millet succession is another type of
management practice suggested as a good alternative
for the NTS in the cerrado region (BRESSAN et
al., 2013; CAETANO et al., 2013). Soybean/millet
succession has yielded dry mass (straw) above the
minimum quantity (10 Mg ha™') required to adopt the
NTS in the cerrado (BRANCALIAO et al., 2007;
BRANCALIAO; MORAES, 2008; CARNEIRO et
al., 2013), thus increasing the organic matter content
in Oxisols (PEREIRA et al., 2010; BRESSAN et al.,
2013) and/or maintaining a carbon content similar
to that found in the native cerrado depending on the
time the NTS was applied to Entisols (CAETANO
etal., 2013). In addition to increasing SOM content,

Semina: Ciéncias Agrdrias, Londrina, v. 39, n. 2, p. 533-548, mar./abr. 2018



Compartments of organic matter in an Oxisol under different types of no-tillage systems

Brancalido and Moraes (2008) highlight the fact
that this type of succession promotes greater carbon
increase in the organic matter fractions that are less
stable (humic and fulvic acids). Research results
demonstrating the dynamics of the granulometric
and oxidizable fractions in this type of succession
in a NTS in comparison to other forms of soil
management or conservation in the cerrado are
scarce. These results show that the soybean/millet
succession can provide several benefits to the soil,
but studies assessing its efficiency in comparison to
other types of CS and CR in cerrado Oxisols are
scarce.

Another mode of NTS that has been developed
in the cerrado over the past few years is the crop-
livestock integration (CLI) system. Regarding
soil carbon, studies have shown that CLI tends to
increase its stock, sometimes even matching and/
or exceeding the values found in areas of native
cerrado vegetation (CE) and NTS without grazing
(SOUZA etal.,2009; LOSS etal., 2012; GAZOLLA
etal., 2013; ROSSET et al., 2016; BIELUCZYK et
al., 2017). Among the reasons for this increase, one
that stands out is the association of several factors
acting together, including high dry mass production
by the aerial parts and roots of Brachiaria grasses,
the contribution of bovine waste, deposition of
residues from annual crops, and the fertilization
employed (SOUZA et al., 2009; LOSS et al., 2012;
BIELUCZYK et al., 2017). However, according to
Souza et al. (2009), the intensity of grazing applied
in CLI must be optimized because highly intensive
grazing may reduce the C and N stocks due to
degradation of the organic matter.

The research results of the humic fractions have
also been contradictory, i.e., some studies show that
adoption of CLI leads to increased formation of
recalcitrant substances (humin and/or humic acids)
compared to NTS without CLI (LOSS, 2011; ROSSI
et al., 2011; SILVA et al., 2011; BEZERRA et al.,
2013; GAZOLLA et al., 2015), while other studies
report an inverse result with the humic factions
having lower C content in CLI areas in comparison

to NTS (ROSSET et al., 2016). This effect may
result from several factors, among which the main
ones are the time of time the systems have been
applied for and different edaphoclimatic conditions.

Ambiguity is also found in the results of
granulometric fractionation of SOM, with similar
fractions being found for areas with CLI and NTS
without CLI (BIELUCZYK et al., 2017), but
also high particulate organic carbon (POC and/or
mineral-associated organic carbon (OCma) contents
in areas with CLI compared to NTS without CLI
(LOSS, 2011; ROSSI et al., 2012; GAZOLLA et al.,
2015).

Regarding the oxidizable fraction of SOM,
which is relevant to differentiate soil quality, it has
been shown that CLI areas provide a better balance
in carbon accumulation in the labile and recalcitrant
SOM fractions (ROSSET etal., 2016; BIELUCZYK
et al., 2017). However, the number of studies that
compare the dynamics of these fractions in cerrado
areas with consolidated NTS with and without CLI
is limited.

Considering the discussion above, it is clear that
there is a need to identify and use cropping systems
that provide good soil coverage, with high economic
return, in order to improve and/or maintain soil
quality and crop productivity. In literature, it is
also clear that, when assessed alone, NTS with CR,
soybean/safrinha corn or soybean/millet CS, and
CLI potentially increase SOM content and therefore
might change some physical and chemical attributes
of the soil. However, due to the lack of studies, it
is important to assess these management strategies
all together under consolidated NTS in the cerrado
so that their long-term efficiency can be evaluated
considering both soil carbon and the chemical and
physical fractions of SOM.

In this context, the aim of this study was to assess
the changes in soil carbon as well as its physical
(particulate organic carbon (OCp) and mineral-
associated organic carbon (OCma)), chemical
(humic acid, fulvic acid, and humin), and oxidizable
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(F1, F2, F3, and F4) fractions of an Oxisol in
areas with consolidated NTS with soybean/corn
(SCS), soybean/millet
(SMS), soybean/corn/millet/beans/cotton rotation
(SCMBCR), and crop-livestock integration (CLI),
along with a native cerrado (CE) area used as a

succession succession

reference.

Material and Methods

Soil samples were collected in two rural regions
in the municipality of Montividiu-GO (17°27'52.2"
S; 51°10'33.1” W; altitude 890 m). The region has
a rainy tropical climate; Aw type in the Koppen
climate classification. It has two distinct seasons-the
rainy season (October to April) and the dry season
(May to September). The average temperature is
22°C, and the average annual rainfall is 1740 mm.
The soils in the areas studied were classified as
typical Latossolo Vermelho Distroférrico (Oxisol).

Four farming areas were selected: NTS with
soybean/safrinha corn succession (SCS); NTS
with soybean/millet succession (SMS); NTS with
soybean/corn/brachiaria grass succession (SCBS)
in integrated crop-livestock management; and NTS
with  soybean/corn/millet/beans/cotton  rotation
(SCMBCR). Samples were also collected from a
cerrado area adjacent to the farming areas.

The native cerrado area was used as a reference
because it is a system that has not been subjected
to anthropic action. The cerrado area analyzed is
located within the Fazenda Vargem Grande reserve
(17°21'85.4" S; 51°28'59.9" W; altitude 859 m). The
SCS area (17°08'59.8" S; 51°11'23.4"” W; altitude
885 m) is located in Fazenda Estreito Ponte de
Pedra; it was opened in 1981 with cerrado removal
and it has been cultivated under NTS with soybean
in summer and safrinha corn for 16 years. The SMS
area (17°1828.6" S; 51°15'21.8"” W; altitude 853 m)
is also located in Fazenda Estreito Ponte de Pedra,
and has a history of 33 years of cultivation, with
the NTS being adopted in 1998 after conventional
system of soybean planting in summer. This area

was cultivated under NTS with soybean in summer
and safrinha corn until 2004, and with SMS since
then.

The SCBS and SCMBCR areas are located in
Fazenda Vargem Grande, owned by Agropecuaria
Peeters (17°21'85.4" S; 51°28'59.9" W, altitude
859 m). The NTS area with SCBS was cultivated
with soybean in summer, safrinha corn intercalated
with brachiaria grass, and with grazing. Finally,
the SCMBCR area started to be used in 1975, with
cerrado removal and forage cultivation for 10 years.
Subsequently, conventional cultivation of soybean
and corn was carried out for 10 years, and for 19
years now it has been cultivated under NTS with the
following crop rotation: soybean/corn/millet/beans/
cotton. The sequence of this CR underwent slight
variation over the years according to the economic
viability of each crop.

AIINTS areas assessed are considered to be in the
system consolidation phase (10 to 20 years). In all
of them, before the NTS was initiated, the soil under
conventional system was prepared as follows: 1)
first, scarification and/or subsoiling were performed
at 35 to 40 cm depth to facilitate deep plowing;
and 2) next, a heavy harrow was used (36" discs);
then 3) soil preparation was finalized by using an
intermediate harrow. After this initial preparation,
minimal soil disturbance was implemented (only
in the sowing line/pit). The basic fertilization of
the main crops in the agricultural systems was the
following: 1) SCS-a) soybean (summer): potassium
chloride at 165 kg ha' applied prior to sowing,
and 09-43-00 formulation (N-P-K) at 186 kg ha!
applied in the sowing groove; b) safrinha corn: 07-
28-14 formulation applied at 450 kg ha™! at planting,
and urea applied at 100 kg ha'! by top dressing at
25 days after emergence (DAE); 2) SMS-a) soybean
(summer): potassium chloride applied at 165 kg ha'!
prior to sowing, and 09-43-00 formulation applied
in the sowing groove at the rate of 190 kg ha''; b)
millet: grown without fertilization; 3) SCBS-a)
soybean (summer): 02-20-20 formulation applied at
475 kg ha'!; b) safrinha corn: 07-28-14 formulation
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applied at 450 kg ha'! at planting, and urea applied
at 100 kg ha' by top dressing at 25 DAE; c)
brachiaria grass was grown with no fertilization;
4) SCMBCR-a) soybean (summer): 02-20-18
formulation was applied at 550 kg ha''; b) safrinha
corn: 07-28-14 formulation was applied at 450 kg
ha'! at planting, and urea was applied at the rate of
100 kg ha'! by top dressing at 25 DAE; c) millet
was grown with no fertilization; d) beans: 05-20-10
formulation was applied at the rate of 400 kg ha™' at
planting, and urea was applied at the rate of 90 kg
ha! by top dressing at 25 DAE; e) cotton: 10-30-10
formulation was applied at 500 kg ha! at planting,
and 20-00-20 formulation was applied at 250 kg ha™!
by top dressing .

The NTS areas with SCS, SMS, and SCBS
were subjected to liming, in 2014, 2014, and 2013

through surface application at the following rates:
300 to 2800 kg ha' (changing application rate),
2000 kg ha!, and 4000 kg ha™!, respectively.

A representative 2.25 ha (150 x 150 m) plot
was established in each area, and five trenches of
approximately 1 x 1 m surface area and 0.40 m
depth were made, randomly, in each area.

Subsequently, in each trench in the different
areas, undisturbed soil samples were collected at
0-0.05,0.05-0.10,0.10-0.20, and 0.20-0.40 m depths
by using a volumetric ring (DONAGEMA et al.,
2011). The samples were air-dried, any lumps were
smashed, and the soil was passed through a 2 mm
mesh sieve to obtain the air-dried fine soil (ADFY),
which was used for chemical characterization and
granulometric analysis (DONAGEMA et al., 2011)
(Table 1).

Table 1. Chemical attributes and granulometric analysis at different soil depths of the evaluated areas.

, pH P Ca Mg K Al H+Al Clay Silt Sand
*Areas r q B
H,0 mgkg! 0 - cmol kg -----m--mem- gkg
0.0-0.05 m
CE 5.0 2 3.1 1.8 0.2 0.2 8.4 420 420 159
SCS 5.7 24 2.3 2.5 0.3 0.0 3.3 579 290 130
SMS 6.2 16 3.8 1.8 0.1 0.0 2.3 449 368 182
SCBS 59 27 43 23 0.2 0.0 2.7 532 245 222
SCé\}/I{B- 5.6 25 3.6 2.4 0.2 0.0 4.0 450 345 203
0.05-0.10 m
CE 4.8 2 1.2 1.0 0.1 0.2 8.5 422 427 149
SCS 5.1 21 0.8 1.1 0.2 0.0 3.8 537 304 158
SMS 5.5 35 1.1 1.3 0.1 0.0 5.7 476 385 138
SCBS 5.8 21 4.3 1.5 0.2 0.0 33 579 226 193
SC(II\I/iB— 5.3 13 2.4 1.4 0.1 0.0 4.0 478 376 145
0.10-0.20 m
CE 4.9 2 0.4 0.6 0.1 0.2 7.0 432 451 116
SCS 52 5 0.6 0.4 0.2 0.0 4.5 590 295 114
SMS 5.6 12 1.1 0.8 0.1 0.0 4.9 502 377 119
continue
537
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continuation
SCBS 5.6 12 2.1 1.8 0.2 0.0 5.5 591 243 165
SCCI\I/iB_ 5.0 5 0.9 1.0 0.1 0.0 43 487 368 144
0.20-0.40 m
CE 4.9 2 0.1 0.5 0.1 0.2 5.2 428 434 137
SCS 5.1 2 0.3 0.6 0.1 0.1 3.6 591 311 97
SMS 5.5 3 0.9 0.8 0.1 0.0 3.8 499 389 111
SCBS 5.2 2 0.6 0.6 0.1 0.0 2.7 595 268 136
SCé\f{B- 5.0 2 0.3 1.0 0.1 0.0 35 498 337 164

“SMS-area under NTS with soybean/millet succession. “"CE-native cerrado. ""SCS-area under NTS with soybean/corn succession.
"SCBS-area under NTS with soybean/corn/brachiaria grass succession. “SCMBCR-area under NTS with soybean/corn/beans/

cotton rotation.

C contents were quantified by dry combustion
in a CHNS analyzer (Elementar Analysensysteme
GmbH, Hanau, Germany).

The granulometric fractionation of SOM was
performed according to Cambardella and Elliot
(1992). Approximately 20 g of soil and 60 ml
of sodium hexametaphosphate solution (5 g L)
were stirred for 15 h on a horizontal shaker. The
suspension was then passed through a 53 pm sieve.
The material retained on the sieve, particulate
organic carbon, was oven dried at 50°C, weighed,
ground using a porcelain pestle and mortar, and
analyzed for C content by dry combustion ina CHNS
analyzer (Elementar Analysensysteme GmbH,
Hanau, Germany). The (OCma) was obtained from
the difference between total C and OCp.

The differential solubility technique (SWIFT,
1996) adapted by Benites et al. (2003) was used
for sample extraction and chemical fractionation,
the organic carbon being obtained in the fulvic acid
fraction (C-FAF), humic acid fraction (C-HAF), and
humin (C-HUM). In this method, C is determined
by oxidation.

Finally, to determine the oxidizable fraction
of SOM, only the soils collected at 0-0.05 and
0.05-0.10 m depths were used because practical
experience showed that these are the depths at
which this variable presents more significant values.

The methodology by Chan et al. (2001) was used
in this analysis, where soil samples of 0.3 g were
placed in 250 mL Erlenmeyer flasks, to which 10 ml
of K.Cr,0, (0.167 mol L") and amounts of H,SO,
p.a. corresponding to 3, 6, 9, and 12 mol L' were
added. Oxidation was carried out with no external
heat source, and titration of the extracts was
performed with a Fe(NH,),(SO,),"6H,0 (0.4 mol
L") solution, using phenanthroline (C,,H,N,-H,O)
as indicator, prepared by mixing 1.465 g of the
indicator with 0.985 g of Fe(NH,),(SO,),"6H,0,
which were dissolved in 100 mL of distilled water.
with

C-fractionation produces four fractions

decreasing oxidation degrees:

- Fraction 1 (FI): C oxidized by K Cr,O, in an
acidic medium with 3 mol L' H.SO,.

- Fraction 2 (F2): difference between C oxidized
by K,Cr,0, in an acidic medium with 6 and 3
mol L' H,SO,.

- Fraction 3 (F3): difference between C oxidized
by K,Cr,0, in an acidic medium with 9 and 6
mol L' H,SO,.

- Fraction 4 (F4): difference between C oxidized
by K,Cr,0, in acidic medium with 12 and 9 mol
L' H,SO,.

A fully randomized experimental design with
five replicates for each area and depth was used.
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In all cases, the normality of the data (Lilliefors)
and the homogeneity of variance (Cochran and
Barttlet test) were assessed. The data were then
subjected to analysis of variance with least
significant difference (LSD) test, and average values
were compared by the t test at 5% probability using
the Assistat statistical software.

Results and Discussion

At the soil surface (0.0-0.05 m), the CE area
had higher C content compared to the other areas
assessed (Figure 1). Higher C content in the CE area
was due to a larger contribution of plant residues
related to the vegetation in the area, associated with
the absence of anthropic action. Similar results were
reported by Guareschi et al. (2012a), Tirloni et al.
(2012), and Gazolla et al. (2015), who found higher
C contents in areas with native vegetation compared
to areas with CLI and NTS.

Figure 1. Total soil organic carbon (C) contents at different depths in the areas assessed. Averages followed by the
same letter in the columns and for each depth are not significantly different among the systems assessed based on a t
test at 5% probability. SMS-area under NTS with soybean/millet succession. CE-native cerrado. SCS-area under NTS
with soybean/corn succession. SCBS-area under NTS with soybean/corn/brachiaria grass succession. SCMBCR-area

under NTS with soybean/corn/beans/cotton rotation.
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Also at the 0.0-0.05 m depth, the SCMBCR area
was observed to have 29, 26, and 20% more C than
the other cultivated areas (SCS, SMS, and SCBS,
respectively) (Figure 1). According to Franchini
et al. (2011), this occurs because crop rotation
provides increased addition of phytomass (roots
and aerial parts) to the soil, which, together with
the adoption of NTS, results in the increase in SOM
content. In addition to the difference in the quantity
of phytomass added to the soil, other factors that
contribute to the increased carbon content are the
different crops in rotation, because they contribute
to the soil under NTS with organic materials
with different qualities (C/N ratio and lignin and
polyphenol contents, among others) that change
their decomposition rates. Similar results were
obtained by Franchini et al. (2011) and Campos et
al. (2011), who compared NTS areas with CR with
areas with CS, also observing higher C contents in
the areas with rotation.

In general, the area with SCMBCR was superior
to the areas with SCS and SMS in terms of C content
(at all depths) (Figure 1). The same was observed
for the C content in the SCBS area (0.05-0.10 and
0.20-0.40 m depths) compared to the SCS and SMS
areas (Figure 1). It can be inferred that these results
were due to the larger number and variety of species
grown in the SCMBCR and SCBS areas compared
to the crop successions studied. According to
Campos et al. (2011), accumulation of C in the soil
increases with the diversification of the cropping

system. Therefore, the inclusion of species with an
extensive root system and the long-term input of
different types of crop residues in the soils managed
under NTS linked to CR increased the content of
C in soil, with higher lability (CONCEICAO et al.,
2005).

It is also worth noting the similarity of the C
contents (0-0.05, 0.05-0.10, and 0.10-0.020 m
depths) in the SCMBCR and SCBS areas compared
to the CE (Figure 1). This result shows that those
soil management practices had a positive impact
on soil quality, promoting the recovery of soil C
contents to the original pre-cultivation conditions.

The CE area had higher content of OCp (on
average, 50% more) compared to the cultivated
areas for all depths assessed (Table 2). Such a result
has been reported in several studies (GAZOLLA
et al., 2015; BIELUCZYK et al., 2017), and it
may be explained by higher stability of the SOM
in that area, including the continuous contribution
of plant residues with different C/N ratios via litter
and root inputs, constant vegetation coverage, and
the absence of soil disturbance (BIELUCZYK et
al., 2017). Similarly, Gazolla et al. (2015) reported
that, by having high vegetation and not being
anthropized, CE is an environment favorable for
greater accumulation of C and residues on the soil
surface, increasing the OCp content, since a large
part of this compartment is formed by particles
derived from the residues of the aerial parts and
roots of the plants.
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Table 2. Particulate organic carbon (OCp) and mineral-associated organic carbon (OCma) at different soil depths in

the areas assessed.

Depth (m)
**Areas
0.0-0.05 0.05-0.10 0.10-0.20 0.20-0.40
OCp (g kg")

CE 15.80 a* 1048 a 8.16a 373a
SCS 5.26¢ 317¢ 247 c 1.50 ¢
SMS 472 ¢ 3.08 ¢ 240c¢ 1.39¢
SCBS 8.66 b 7.75b 4220 2.81b

SCMBCR 10.10 b 7.73b 4.68b 3.04b
OCma (g kg)

CE 2143 a 17.38 a 14.00 b 1529 a
SCS 15.75¢ 13470 13.19b 12.29b
SMS 17.29 be 13.19b 12.49b 1221b
SCBS 1513 ¢ 18.60 a 13.37b 12.59b

SCMBCR 19.75 ab 18.76 a 17.26 a 12.42 b

"Averages followed by the same letter in the columns and for each depth are not significantly different among the systems assessed
based on a t test at 5% probability. “SMS-area under NTS with soybean/millet succession. “CE-native cerrado. “*SCS-area under
NTS with soybean/corn succession. "SCBS-area under NTS with soybean/corn/brachiaria grass succession. “SCMBCR-area

under NTS with soybean/corn/beans/cotton rotation.

Among the cultivated areas, those with a larger
number of crops per cycle (SCMBCR and SCBS)
are the ones that had highest OCp contents, which
were similar to each other and higher (on average,
50% more) compared to the SCS and SMS areas at
all depths (Table 2). As previously discussed, this
result shows that the inclusion of species that have
an extensive root system (SCBS) and the long-term
input of different types of crop residues (SCMBCR)
to soils managed under NTS increase the proportion
of C with higher lability (CONCEICAO et al., 2005)
and total soil C (Figure 1). Similar results were
obtained by several authors, especially Loss (2011),
Carmo et al. (2012), Rossi et al. (2012), and Gazolla
et al. (2015). The authors cited in this paragraph
advocate that managing NTS with incorporation
of brachiaria grass results in larger annual addition
and retention of plant residues in the soil surface
compared to NTS without CLI.

In general, the areas with higher OCma contents
were those with CE and SCMBCR, with these two

areas being similar with respect to this parameter up
to the 0.10 m depth (Table 2). Similarly, the SCBS
area also had OCma contents comparable to those in
the CE area and higher than those in the areas with
SCS and SMS (0.05-0.10 m depth) (Table 2). These
results show that the management systems adopted
in these areas (SCMBCR and SCBS) have been
efficient in recovering and maintaining C on the soil
surface. Similar results were reported by Campos
et al. (2011) and Gazolla et al. (2015), who also
observed increased OCma under NTS with CR and
areas under NTS with CLI, respectively, compared
to areas with NTS with crop succession. In the case
of CLI, these results are justified by the greater
contribution of residues coming from grasses,
because residues have higher C/N and lignin/N
ratios, resulting in slower residue decomposition,
which favors the increase of C bound to clay and
silt associated organo-mineral complexes (SILVA;
MENDONCA, 2007, GAZOLLA et al., 2015).
Similarly, Loss (2011) suggested that brachiaria
grass in CLI, together with the oxides from the clay
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fraction (Fe and Al), may provide better conditions
for the formation of microaggregates as well as
conditions that favor protection and increase of
OCma contents.

It is also worth noting that higher OCma in the
SCMBCR (0.10-0.20 m depth) and CE (0.20-0.40
m depth) areas compared to the other areas studied
(Table 2). The higher OCma values of the CE and
SCMBCR areas in comparison to the other areas
at these depths can be correlated to their higher
C contents (Figure 1). In the case of the CE area,
this occurs due to the fact that the CE area has not
been subjected to soil disturbance, which promotes
greater stabilization of the organic matter in the
mineral fraction (GAZOLLA et al., 2015).

In general, the CE area was found to have
higher C-HUM, C-HAF, and C-FAF compared to
the SCS and SMS areas (0.0-0.40 m depth) (Table
3). Other studies have obtained similar results,
corroborating the findings of this study (LOSS,
2011; GUARESCHI et al.,, 2013b; GAZOLLA
et al., 2015). Such an effect is due to the greater
contribution of litter and the absence of anthropic
action in this area, which generate an environment
that favors humification. Due to both these factors,
he CE area was also observed to have higher

C-HUM (0.20-0.40 m depth), C-HAF (0.0-0.10 m
depth), and C-FAF (0.10-0.20 m depth) compared
to the SCBS and SCMBCR areas (Table 3). Gazolla
et al. (2015) and Rosset et al. (2016) also found
higher contents of humic substances in areas with
native vegetation compared to areas with CLIL.

The results of C-HUM (0.0-0.05, 0.05-0.10, and
0.10-0.20 m depths), C-HAF (0.10-0.20 and 0.20-
0.40 m depths), and C-FAF (0.0-0.05 and 0.05-0.10
m depths) for the SCBS, SCMBCR, and CE are
similar (Table 3), with higher values observed in the
SCMBCR area for C-HUM (0.0-0.05, 0.05-0.10,
and 0.10-0.20 m depths), C-HAF (0.0-0.05 and
0.05-0.10 m depths), and C-FAF (all depths), as well
as in the SCBS area for C-HUM (0.0-0.05 and 0.05-
0.10 m depths), C-HAF (0.05-0.10 and 0.10-0.20
m depths), and C-FAF (all depths), in comparison
with the SMS and SCS areas (Table 3). The greater
contribution of plant residues with different C/N
ratios in the SCMBCR and SCBS areas is leading
to increased formation of humic substances when
compared to the areas with succession of only two
cultures (SCS and SMS). The larger supply to the
soil of plant residues with higher and/or varying
C/N and lignin/N ratios leads to slow residue
decomposition and favors the increase of the
recalcitrant fractions of the organic matter in the
soil (SILVA; MENDONCA, 2007; BEZERRA et
al., 2013; GAZOLLA et al., 2015).
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Table 3. C contents in the humin (C_ HUM), humic acid (C_HAF), and fulvic acid (C_FAF) fractions in different soil

usage systems.

**Systems assessed C HUM C HAF C FAF
gkg!
0.0-0.05 m
CE 13.70 a* 6.02a 412 a
SCS 10.83 b 4.46 c 293D
SMS 9.89b 450c¢ 2.82b
SCBS 1353 a 4.87 be 393a
SCMBCR 1558 a 524b 393a
0.05-0.10 m
CE 12.96 a 5.75a 399 a
SCS 10.34 be 3.80¢ 3.11b
SMS 8.87¢ 3.59¢ 297b
SCBS 12.20 ab 475b 392a
SCMBCR 12.17 ab 484D 391 a
0.10-0.20 m
CE 11.12 ab 4.82a 4.16a
SCS 7.79 ¢ 3.57 be 295¢
SMS 7.67 ¢ 341c¢ 2.74d
SCBS 9.53 be 4.02 be 3.81b
SCMBCR 11.82a 4.27 ab 3.78b
0.20-0.40 m
CE 1422 a 370 a 349a
SCS 7.48 b 3.15b 2.6l c
SMS 7.30b 3.18b 246¢
SCBS 7.58b 3.28 ab 3.04b
SCMBCR 7.58b 3.52 ab 339a

*Averages followed by the same letter in the columns and for each depth are not significantly different among the systems assessed
based on a t test at 5% probability. **SMS-area under NTS with soybean/millet succession. ““CE-native cerrado. “*SCS-area under
NTS with soybean/corn succession. ““SCBS-area under NTS with soybean/corn/brachiaria grass succession. ““SCMBCR-area

under NTS with soybean/corn/ beans/cotton rotation.

Similar to the results obtained for OCma (Table
2), the C-HUM and C-HAF in the SCMBCR and
SCBS areas were comparable to those in the CE
area as well as higher than the respective values in
the SCS and SMS areas (Table 3), which shows the
higher potential of SCMBCR and SCBS areas to
store carbon in the soil as these recalcitrant fractions
of SOM strongly interact with the clay fraction
(ASSIS et al., 20006), increasing their stabilization
in soil and, thus, promoting an increase in the soil

C content (Figure 1). Some studies in literature also
reported higher C values in the humin fraction in
areas with CLI compared to areas NTS without CLI
(LOSS, 2011; ROSSI etal.,2011; SILVA etal., 2011;
BEZERRA et al., 2013; GAZOLLA et al., 2015).
The humin fraction is very stable (FONTANA et al.,
20006), with it being resistant to biodegradation due
to complexation with metal ions or the formation
of stable clay-humic complexes (BENITES et al.,
2003; BARRETO et al., 2008).
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On the other hand, the higher C-FAF in the
SCMBCR and SCBS areas compared to areas
with SCS and SMS (Table 3) may be related to
the differences between the OCp contents in these
areas (Table 2); that is, the higher OCp contents
in the areas with SCMBCR and SCBS indicate
larger supply of organic residue that is more readily
available to mineralization and formation of less
recalcitrant humic substances such as C-FAF. Other
studies (ROSSI et al., 2011; BEZERRA et al., 2013)
have also showed higher C-FAF contents in areas
under NTS with CLI compared to NTS without
CLI, and have related this trend to the difference in
the quality of the straw used in each system.

The highest values for the F1 (0.0-0.10 m depth)
and F2 (0.0-0.05 m depth) fractions were found in
the CE area in comparison to the other areas studied
(Table 4). The literature also reports higher values
for the F1 and/or F2 fractions in areas with native

vegetation compared to areas under NTS with
and without CLI (LOSS et al., 2013; ROSSET et
al., 2016; BIELUCZYK et al., 2017). The authors
of these studies attributed this result to the large
input of plant material in the cerrado via litter
residues. The F1 fraction is a more labile fraction,
and it is related to recent additions of organic
residues via litter and roots inputs. As the CE area
provides enhanced conditions for SOM stability, as
previously discussed, the F1 fraction benefits from
a better environment to be produced and preserved
for longer in this type of vegetation (BIELUCZYK
etal., 2017). Bieluczyk et al. (2017) also related the
results of F1 and F2 fractions to the results of OCp
in terms of liability. In this work, such an effect was
also observed, i.e., the CE area had both higher OCp
contents (Table 2) and higher F1 fraction compared
to the other areas (Table 4).

Table 4. Oxidizable fractions of the soil organic carbon: labile (F1, F2) and recalcitrant (F3, F4) fractions in the areas

assessed at the 0.0-0.05 and 0.05-0.10 m depths.

“* Arcas F1 F3 F4
gkg'
0.0-0.05m
CE 9.86 a* 6.46 a 597a 1284 a
SCS 570b 1.66 ¢ 1.98 b 593 b
SMS 5.54b 1.77 ¢ 2.19b 5.94b
SCBS 6.37b 435D 2.98b 5.80b
SCMBCR 6.50b 4.83b 6.38a 11.42a
0.05-0.10 m
CE 6.68 a 546a 6.82 ab 11.13a
SCS 231¢ 130 b 3.14c 9.89a
SMS 238¢ 138 b 3.08 ¢ 9.73 a
SCBS 3.98b 4.11a 5.64b 11.54a
SCMBCR 3.55b 3.76a 7.58a 11.60 a

*Average values followed by the same letter in the columns and for each depth are not significantly different among the systems
assessed based on a t test at 5% probability. **SMS-area under NTS with soybean/millet succession. **CE-native cerrado. “*SCS-
area under NTS with soybean/corn succession. ““SCBS-area under NTS with soybean/corn/brachiaria grass succession. “SCMBCR-

area under NTS with soybean/corn/beans/cotton rotation.
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Again, it was observed that the SCMBCR and
SCBS areas had carbon contents in the F1 (0.05-
0.10 m depth) and F2 (0.0-0.10 m depth) fractions
that are similar between each other and larger than
those found in the areas with SCS and SMS (Table
4). It was also observed that these areas (SCMBCR
and SCBS) are equivalent to the CE area as regards
to the C contents in the F2 fraction (Table 4). This
result indicates greater input of plant material with
high lability in these areas, which corroborates the
OCp (Table 2) and FAF (Table 3) results. Others
have also reported higher contents of F1 and/
or F2 fractions in areas under NTS with CLI in
comparison to NTS areas without CLI, as well as
similarities in these fractions for NTS with CLI
areas and areas with native vegetation (LOSS et al.,
2013; ROSSET et al., 2016; BIELUCZYK et al.,
2017). According to Bieluczyk et al. (2017), higher
F1 and F2 contents occur due to the contribution of
the residues from the roots and aerial parts of the
species in rotation and brachiaria grass in the case
of CLI, which contribute to the increase of carbon
supply during the inter-harvesting period, thus
ensuring an increase of the more labile fractions of
SOM under conservation agriculture systems. As
brachiaria grass residues with high C/N ratio are
added to the soil surface in the areas with CLI, such
carbon forms tend to be predominant and persist
in the soil for longer periods due to the chemical
recalcitrance of their organic composition and
the quantity of organic residue added to the soil
(BIELUCZYK et al., 2017).

Regarding the F3 and F4 fractions of soil carbon,
SCMBCR and CE areas were found to be similar
to each other and superior to the other areas at the
soil surface (0.0-0.05 m depth) (Table 4). There is
good agreement between these results and those of
soil total C (Figure 1). These findings can also be
correlated with the different crops in rotation that
contribute to the soil carbon under NTS with organic
materials of varying quality (C/N ratio and lignin and
polyphenol contents, among others), which changes
their decomposition rates, and leads to increased

carbon stocking in the soil (Figure 1) through the
formation of more recalcitrant humic substances
(Tables 2 and 3). On the other hand, the F3 and F4
oxidizable fractions provided greater differentiation
between the areas with SCMBCR and SCBS at the
more superficial depth (0-0.05 m), with the area
with SCMBCR, which is more strongly influenced
by the contribution of residues from the aerial part
of the crops, having 53% and 49% more C-F3 and
C-F4, respectively, compared to the SCBS area.
When studying NTS areas with and without CLI,
Loss et al. (2013) reported a pattern that contrasts
with these results. These authors observed that the
area under NTS with CLI had higher C-F3 and C-F4
contents. This divergent pattern compared to the
results of this study may be due to the fact that the
NTS area with CLI was under crop rotation, while
the CLI area studied in the present work was under a
SCBS. Given the above, on a general overview, the
importance of CR for the accumulation of C in the
more recalcitrant factions of SOM in areas under
NTS becomes apparent.

At the 0.05-0.10 m depth, differences among the
areas were only observed for the F3 fraction, again
with the SCMBCR and SCBS areas being similar to
the CE area and having higher values compared to
the areas with SCS and SMS (Table 4). These results
agree with the patterns observed for OCma (Table
2), HUM, and C-FAH (Table 3), where, again, it
was evident that greater supply of organic residues
with different quality promoted the formation and
stability of more recalcitrant C forms. Similarly,
when studying NTS areas with and without CLI
in cerrado regions, Loss et al. (2013), Batista et al.
(2014), and Bieluczyk et al. (2017) observed that
the addition to the soil of organic residues with
different C/N ratios led to slower mineralization,
reducing the development of labile fractions and
increasing the formation of more recalcitrant
organic substances, having strong correlation with
the level of chemically stable humic substances,
such as humin.
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As for the higher levels of recalcitrant fractions
(F3 and F4) in the CE areas compared to the areas
with SCS, SMS (0.0-0.10 m depth), and SCBS
(0.0-0.05 m depth), it should be noted that this
result indicates the long-term accumulation of
organic compounds with high chemical stability
and molecular weight, resulting from SOM
decomposition and humification (RANGEL et
al., 2008) in the area that has not been subjected
to anthropic action. Similarly, other studies have
reported higher C contents in the F3 and F4 fractions
in areas with native vegetation compared to areas
under NTS with or without CLI (LOSS et al., 2013;
ROSSET et al., 2016; BIELUCZYK et al., 2017).

Conclusions

The no-tillage system with crop rotation,
followed by the no-tillage system with crop-
livestock integration, showed greater potential
to change/increase the total soil carbon content
by modifying or increasing the C contents in the
granulometric, humic, and oxidizable fractions of
SOM compared to the other areas under non-tillage
system with crop succession.

The areas under no-tillage system with soybean/
corn and soybean/millet successions had a similar
pattern in the context of C accumulation in the soil
as well as in the compartments of SOM evaluated.
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