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Resumo

Matéria organica do solo em areas com cultivo de erva-mate e aplicacao de dejeto suino. Avaliou-se o carbono
e nitrogénio e suas fragBes quimicas (acido humico — HAF, &cido fulvico — FAF, e humina — HUM) e
granulométricas (carbono organico particulado — POC, e carbono organico associado aos minerais — MAQOC)
da matéria organica em éreas cultivadas com erva-mate (llex paraguariensis) com 35 (E35) e 45 (E45) anos de
cultivo, além de uma area de mata nativa (NF). Os solos da area de estudo foram classificados como Cambissolo
Héplico. As amostras de solo foram coletadas nas camadas de 0-5; 5-10; 10-20 e 20-40 cm. Foi utilizado um
delineamento inteiramente casualizado em parcelas subdivididas (3 areas e 4 profundidades) com 4 repeticdes.
Na area E45, por possuir maior tempo de cultivo e adi¢do de adubacéo organica, foram quantificados os maiores
teores de TOC, N e POC em comparacéo a area E35, sendo observado valores similares desses atributos na
area de mata em algumas profundidades. As fracdes de carbono mais estaveis (MAOC e humina) ndo variaram
entre as areas cultivadas (E35 e E45), no entanto, verificou-se uma redugéo dessas fraces em relagdo a mata
nativa de respectivamente 25 e 14% (HUM 0-5 cm) e 12 e 21% (MAOC 5-10 cm).N&o se constatou diferenca
entre as areas avaliadas para a fragdo FAF, mas a HAF na area de mata nativa apresentou maiores valores em
relagdo as &reas cultivadas.

Palavras-chave: Carbono organico do solo, fracionamentos, cultivo intensivo, llex paraguariensis

Abstract

Carbon and nitrogen contents, as well as their chemical fractions (humic acid - HAF, fulvic acid - FAF, humin
- HUM) and particle-size fractions (particulate organic carbon - POC, mineral-associated organic carbon -
MAOC) of organic matter were evaluated in areas cultivated with yerba mate (llex paraguariensis) with 35
(E35) and 45 (E45) consecutive years of cultivation, in addition to a native forest area (NF), taken as reference.
The soils of the study area were classified as Cambissolo Haplico (Inceptisol). Soil samples were collected at
depths of 0.0-0.05, 0.05-0.10, 0.10-0.20 and 0.20-0.40 cm. A completely randomized design in split plots (3
areas and 4 depths) with 4 replicates was used. The E45 area, due to the longer cultivation time and the addition
of organic fertilizer, had higher TOC, N and POC contents in comparison to the E35 area, with similar values
of these attributes being observed in the forest area at some depths. The most stable carbon fractions (MAOC
and HUM) did not vary between cultivated areas (E35 and E45); however, there were reductions of 25 and 14%
(HUM 0-5 cm) and 12 and 21% (MAOC 5-10 cm) in these fractions, respectively, in comparison to the native
forest. There was no difference between the evaluated areas for FAF, but HAF values were higher in the native
forest area than in the cultivated areas.

Keywords: Organic soil carbon, fractionations, intensive cultivation, Ilex paraguariensis

INTRODUCTION

In 2018, the world production of yerba mate was 1,853,580,000 tons of green leaves, with Brazil being
the main producing country with 939,580,000 tons (50.7% of the global production). The state of Santa Catarina
accounted for 12.88% of the national production of yerba mate in 2018, producing 121,037,000 tons (IBGE, 2018).

According to Alegre et al. (2007), in addition to the social and economic benefits, yerba mate has great
potential to provide environmental services such as carbon sequestration, due to the large volume of biomass
produced during its harvest periods (pruning) and recycled carbon in the soil. However, the type of system
implemented can contribute to the reduction of the supply of organic material to the soil, as the leaves and branches
of yerba mate grown in full sun are usually harvested at intervals of 12 months (PICCOLO et al., 2008). Moreover,
the drastic reduction in the supply of organic material in yerba mate areas without soil cover, since the area is kept
“clean” through the systematic use of herbicides, does not allow the growth and/or establishment of spontaneous
species (DENARDIN et al., 2014). Such characteristics of yerba mate cultivation can affect the dynamics of soil
organic matter (SOM) over the years.
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Alves et al. (2011) verified that less stable systems such as monocultures contribute to the reduction of
carbon stocks when compared to native forest areas or similar environments, such as agroforestry systems, due to
the promotion of higher biomass production in these systems, which favor the formation of soil cover and
consequently the accumulation of carbon (GAMA-RODRIGUES et al., 2008).

Piccolo et al. (2008) observed that, after 50 years of yerba mate monoculture in Missiones-Argentina, the
carbon and nitrogen contents of the 0-15 cm layer decreased by 42 and 47%, respectively, when compared to the
adjacent native forest. Denardin et al. (2014), comparing the values of a yerba mate area (25 years) with those
found in a reference area (native forest), found that C losses reached 62% in the 0-10 cm layer, 34% in the 30-40
cm layer and 24% in the 40-50 cm layer. The authors argue that this reduction of C and/or N in the yerba mate
areas evaluated results from the lower supply of plant residues, due to the removal of yerba mate branches and
leaves, because they constitute the raw material of this crop, as well as due to the continuous mechanical control
of weeds (conventional system). Thus, the reduction of C levels occurred not only due to the reduction of biological
processes, but also due to erosion.

Even with these results, there are still few studies in the literature evaluating the dynamics of soil C and
its chemical and physical fractions over the years of cultivation, especially in areas that use organic fertilization
with the application of swine waste and/or poultry litter, which end up being another input of SOM, in addition to
acting as sources of nutrients.

In the particle-size fractionation of SOM, the organic carbon contents with size of the sand fraction
(diameter > 53um) (particulate organic carbon - POC) and that associated with the silt and clay fractions (diameter
< 53um) (mineral-associated organic carbon - MAOC) (BATISTA et al., 2013) are quantified. POC is a labile
fraction and has high sensitivity to changes caused by management (CARMO et al., 2012; BATISTA et al., 2013;
GAZOLLA et al., 2015; BEUTLER et al., 2016), while MAOC is more recalcitrant, showing a slow cycling,
which makes it a more stable fraction and with less sensitivity to changes in the soil.

When evaluating the dynamics of total C, POC and MAOC in a Nitossolo (Ultisol) in Concdérdia-SC, in
an area of yerba mate with 20 years of successive cultivation, Rauber et al. (2017) found smaller amounts of these
fractions when compared to an adjacent native forest. Similarly, Andrade et al. (2016) evaluated the effect of the
application of organic fertilizers in areas with 20 years of yerba mate monoculture in a Nitossolo Vermelho (Ultisol)
and also found lower contents of C, POC and MAOC compared to a native forest.

As for humic substances, fulvic acids (C-FAF), humic acids (C-HAF) and humin (C-HUM), the
interactions of these fractions with soil minerals influence the dynamics of C in the soil, favoring its maintenance
and stock in the soil (SANTOS et al., 2013). However, there are few studies in the literature showing the dynamics
of these fractions in the soil in yerba mate areas. The hypothesis of this study is that the addition of swine waste
will promote changes in the organic matter compartments as a function of the time of adoption of this form of
management.

In view of the above, the objective of this study was to evaluate carbon and nitrogen, as well as their
chemical fractions (humic acid — HAF, fulvic acid — FAF, humin — HUM) and particle-size fractions (particulate
organic carbon — POC, mineral-associated organic carbon — MAOC) of organic matter in samples of a Cambissolo
Héplico (Inceptisol) cultivated with yerba mate (llex paraguariensis) with 35 and 45 years of cultivation, with
annual application of swine waste, in addition to a native forest area (NF) taken as reference.

MATERIAL AND METHODS

The study was carried out in the municipality of Presidente Castello Branco — SC, Brazil (27°13'17" S,
51°48'40” W, altitude of 452 m), in the Alto Uruguai Catarinense region. According to the Koppen-Geiger
classification, the climate of the region is humid subtropical (Cfa), with an average temperature of 20.6 °C and an
average annual rainfall of 1711 mm (IBGE, 2010).

Soil samples were collected in two areas of yerba mate (llex paraguariensis) monoculture with 35 (E35)
and 45 (E45) years of consecutive crops, in addition to an adjacent area of native forest, taken as reference, with
approximately 0.5 ha. The management practices of the two areas of yerba mate (E35 and E45) consist of intensive
application of animal waste (swine manure) at an annual rate of 400 m®ha?, carried out at 90-day intervals, which
has been performed for twenty and fifteen years in E45 and E35, respectively. Weed control with mowing and
herbicide application is also carried out in the areas. The reference native forest area was evaluated in order to
represent a natural state of the soil, without anthropic interference of the management.

The soil of the areas was classified as Cambissolo Haplico (Inceptisol). Four composite samples were
collected in the layers of 0-5, 5-10, 10-20 and 20-40 cm in zig zag, 75% of the samples collected between rows
and 25% in the planting rows. The soil samples were air dried, pounded to break up clods and passed through a
2-mm-mesh sieve, obtaining the air-dried fine earth (ADFE), which was subjected to chemical characterization
and particle-size analysis (Teixeira et al., 2011) (Table 1).
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Table 1. Chemical and particle-size analysis of the evaluated areas.
Tabela 1. Anélise quimica e granulométrica das areas avaliadas.

PH water Ca Mg K H+Al Al P Sand Silt Clay
*Areas e cmole dm® --------- mg kg g kg
0-5cm
E35 4.5 15 07 03 7.2 0.9 36.3 159 291 550
E45 5.1 3.3 2.0 0.2 9.5 0.8 15.7 197 408 395
NF 5.3 5.8 2.6 0.1 7.1 0.2 35.3 290 38 328
5-10 cm
E35 4.4 14 0.9 0.1 12.7 1.0 21.8 146 275 579
E45 4.9 2.5 0.9 0.1 8.5 0.4 14.4 217 343 441
NF 54 5.2 2.8 0.1 7.8 0.2 23.6 331 328 341
10-20 cm
E35 4.3 1.2 0.7 0.1 12.9 11 12.4 126 325 550
E45 5.1 24 1.8 0.1 7.6 0.3 6.8 211 339 450
NF 5.1 24 1.8 0.1 7.6 0.3 6.8 211 339 450
20-40 cm
E35 4.4 0.9 0.5 0.1 111 1.3 7.1 130 290 581
E45 5.1 24 0.9 0.1 6.2 0.4 5.3 159 383 458
NF 5.1 2.4 09 01 6.2 0.4 5.3 159 383 458

* E35 = yerba mate with 35 years of cultivation; E45 = yerba mate with 45 years of cultivation; NF = native forest area taken as reference.

Total organic carbon (TOC) was determined by the wet oxidation method, with external heating, proposed
by Yeomans and Bremner (1988). Total nitrogen (TN) was determined by the Kjeldahl method (BREMNER,;
MULVANEY, 1982).

The particle-size fractionation of SOM was performed according to the method described by Cambardella
and Elliot (1992). Approximately 20 g of soil and 60 mL of sodium hexametaphosphate solution (5 g L) were
stirred for 15 hours in a horizontal shaker. Then, the suspension was passed through a 53-um-mesh sieve. The
material retained on the sieve (particulate organic carbon - POC) was dried in an oven at 50 °C, quantified in
relation to its mass, ground in porcelain mortar and analyzed for organic carbon content as described by Yeomans
and Bremner (1988). Mineral-associated organic carbon (MAOC) was obtained from the difference between TOC
and POC.

Extraction and chemical fractionation of soil samples were performed using the differential solubility
technique (SWIFT, 1996), with adaptation of Benites et al. (2003), obtaining organic carbon in the fulvic acid
fraction (FAF), humic acid fraction (HAF) and humin (HUM). Quantitative determination of organic carbon in
FAF and HAF was performed using aliquots of 5.0 mL of extract, 1.0 mL of potassium dichromate (0.042 mol L-
1) and 5.0 mL of concentrated H,SOs, in a digestor block at 150 °C (30 min) and titration with ammoniacal ferrous
sulfate (0.0125 mol L). In the residue, organic carbon was determined in the HUM fraction, after drying the
material in an oven at 65 °C (complete drying) and adding 5.0 mL of potassium dichromate (0.1667 mol L) and
10.0 mL of concentrated H.SO., in a digester block at 150 °C (30 min), and titration with ferrous sulfate (0.25 mol
L) (YEOMANS; BREMNER, 1988).

All data were evaluated for normality of the residuals (Shapiro Wilk) and homoscedasticity of the data
(Cochran and Bartlett test). Subsequently, the results were analyzed as a completely randomized design (CRD)
with four replicates for each area and layer, being subjected to analysis of variance with application of F Test and
comparison of means by Tukey test at 5% probability level, using the statistical program SISVAR 4.3
(FERREIRA, 2000). Principal component analysis (PCA) was also performed for each layer evaluated, using the
PAST program.

RESULTS

In all areas there were reductions in TOC and TN contents in subsurface, with no significant difference
at the 20-40 cm depth (Table 2). Higher TOC contents were also found in the native forest area (NF) compared to
the areas E35 (0-10 cm) and E45 (5-10 cm) (Table 2). The TN content in the forest area was also higher than in
the yerba mate plantations (E35 and E45) (Table 2).
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Table 2. Total organic carbon (TOC), total nitrogen (TN) and particle-size and humic fractions of SOM in areas
under yerba mate cultivation and swine waste application in Santa Catarina, Brazil.

Tabela 2. Carbono orgénico total (TOC), nitrogénio total (TN) e fracdes granulométricas e himicas da SOM em
areas sob cultivo de erva-mate e aplicacdo de dejeto suino em Santa Catarina.

TOC TN POC MAOC FAF HAF HUM
Areas g kg
0-5cm
E35 49.49 b 4.37c 250¢ 46.51M 4.45"m 453 b 20.18 b
E45 53.98 ab 7.19b 351b 49.93 4.34 1.79¢c 23.12 ab
NF 57.06 a 9.06 a 5.17 a 50.15 4,50 37.18a 26.99 a
CV (%) 6.29 8.28 6.10 5.42 10.51 14.64 10.93
5-10 cm
E35 44.82" 3.65b 165b 39.27 ab 3.96" 3.03b 18.26"
E45 41.21 542a 1.98b 35.25b 3.65 3.95b 17.49
NF 47.99 6.11a 2.76 a 44,76 a 3.67 25.03a 18.99
CV (%) 7.06 10.13 9.14 8.35 14.28 18.81 13.06
10-20 cm
E35 35.79™ 3.60b 117¢ 34.62" 3.80™ 290b 14.82"
E45 32.92 3.97 ab 1.67b 31.35 3.55 357hb 13.51
NF 31.39 4.46 a 2.05a 24.86 3.60 30.61a 14.03
CV (%) 14.41 6.37 10.87 17.53 10.71 13.04 7.57
20-40 cm
E35 22.14" 3.12"m 0.94b 21.98" 2.93™ 1.39b 12.18"™
E45 23.38 3.75 1.01ab 22.37 2.42 2.21b 10.94
NF 22.71 3.49 140 a 18.14 2.54 20.59 a 10.71
CV (%) 17.01 12.86 17.50 13.00 9.63 5.92 9.28

Means followed by the same lowercase letter in the column indicate no difference between the areas for the same layer (Tukey test, at 5%
probability level) and ™ not significant at 5% probability level. E35: Yerba mate with 35 years of cultivation; E45: Yerba mate with 45 years
of cultivation; NF: Native forest area taken as a reference; POC: Particulate organic carbon; MAOC: Mineral-associated organic carbon; FAF:
Fulvic acid fraction; HAF: Humic acid fraction; HUM: Humin fraction; and CV: Coefficient of variation.

Among the cultivated areas, it was observed that the oldest area (E45) had the highest TOC contents at
all depths, and the values were similar to those verified in the native forest area. The lowest values for this attribute
were observed in the E35 area. As for TN, the highest values were found in the 0-5 cm layer in the forest area. For
the other layers, there were no differences between the forest area and E45.

Regarding the organic carbon contents of the particle-size fractions of SOM, the area of native forest had
higher POC contents compared to the E35 area for all depths evaluated and compared to the E45 area up to the
10-20 cm layer (Table 2). In the comparison between the areas, higher POC contents in the E45 area in comparison
to E35 were observed only in the layers of 0-5 and 10-20 cm (Table 2). As for the mineral-associated organic
carbon (MAOC), the 5-10 cm layer stood out with the highest values in the NF area, followed by the E35 area
(Table 2).

As for MAOC, the highest (5-10 cm) and lowest (20-40 cm) contents occurred in the forest area. Similar
results of MAOC were also observed between the cultivated areas (0-40 cm), with values similar to those
quantified in the native forest area (0-05 and 20-40 cm).

Regarding the organic carbon contents of the chemical fractions of SOM, there was a reduction in the
fulvic acid fraction (FAF) in subsurface, without significant differences between the evaluated areas (Table 2).
The native forest area had higher values of the humic acid fraction (HAF) (0-40 cm) compared to the cultivated
areas.

Among the cultivated areas, there was virtually no difference for HAF, except in the surface layer (0-5
cm), in which the E35 area had the highest contents of this fraction, compared to E45 (Table 2). Regarding the
humin fraction (HUM) in the 0-5 cm layer, differences were observed between the areas, with higher values in the
forest and E45 areas, and these data were consistent with the pattern observed for the C contents (Table 2).

In principal component analysis (PCA), integrating SOM compartments, the first two axes (Axis 1 and
AXxis 2) were considered, which best explain the variances of the data in the layers of 0-5, 5-10, 10-20 and 20-40
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cm (Figure 1), whose cumulative percentages of variance were 70.04%, 66.74%, 72.40% and 52.16%, respectively
(Figure 1). The separation between the E35 area and the native forest area along axis 1 (main axis) was observed
more clearly (Figure 1), while the E45 area is more dispersed, with tendency to intermediate positions in
comparison to E35 and the native forest area, in most of the evaluated layers (Figure 1A, 1C and 1D). The variables
that most contributed to the discrimination of the areas in the different layers were: TOC (0-5 cm), TN (0-5; 5-10;
10-20 cm), POC (0-5; 5-10; 10-20; 20-40 cm), MAOC (0-5; 5-10; 10-20; 20-40 cm), FAF (10-20 cm); HAF (0-5;
5-10; 10-20; 20-40 cm) and HUM (0-5 cm), whose relations with axes 1 or 2 were > +0.70 (Table 3).
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Figure 1. Principal component analysis (PCA) integrating the content of total organic carbon (TOC), total nitrogen
(TN) and particle-size and humic fractions of SOM in areas under yerba mate cultivation and swine
waste application in Santa Catarina, Brazil, in the layers 0-5 (A), 5-10 (B), 10-20 (C) and 20-40 cm (D).
E35: Yerba mate with 35 years of cultivation; E45: Yerba mate with 45 years of cultivation; NF: Native
forest area taken as a reference; POC: Particulate organic carbon; MAOC: Mineral-associated organic
carbon; FAF: Fulvic acid fraction; HAF: Humic acid fraction; and HUM: Humin fraction.

Figura 1. Analise de componentes principais (PCA) integrando o contetdo de carbono organico total (TOC),
nitrogénio total (TN) e as fragBes granulométricas e himicas da SOM em é&reas sob cultivo de erva-
mate e aplicacdo de dejeto suino em Santa Catarina, nas camadas de 0-5 (A), 5-10 (B), 10-20 (C) e 20-
40 cm (D). E35: Erva-mate com 35 anos de cultivo; E45: Erva-mate com 45 anos de cultivo; NF: Area de mata

nativa tomada como referéncia; POC: Carbono orgénico particulado; MAOC: Carbono organico associado aos
minerais; FAF: Fragdo acido fulvico; HAF: Fracéo acido himico; e HUM: Fragdo humina.
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Table 3. Relative contribution of the different attributes associated with the principal components in the layers of 0-5, 5-10, 10-
20 and 20-40 cm in areas under yerba mate cultivation and swine waste application in Santa Catarina, Brazil.

Tabela 3. Contribuicéo relativa dos diferentes atributos associados aos componentes principais 1 e 2, nas camadas de 0-5, 5-
10, 10-20 e 20-40 cm em areas sob cultivo de erva-mate e aplicacdo de dejeto suino em Santa Catarina.

. 0-5cm 5-10 cm 10-20 cm 20-40 cm
Attributes - - : - - . : -

Axisl Axis2 Axisl Axis2 Axisl AXis 2 Axis 1 AXis 2

TOC 0.84 0.50 0.67 -0.33 -0.66 0.47 0.24 0.21
TN 0.96 0.03 0.72 0.53 0.83 0.41 -0.01 0.60
POC 0.96 -0.23 0.86 0.46 0.82 0.43 -0.63 0.71
MAOC 0.51 0.81 0.73 -0.41 -0.88 0.16 0.85 -0.01
FAF 0.25 0.02 -0.04 0.52 -0.37 0.76 0.53 0.54
HAF 0.81 -0.24 0.97 0.00 0.80 0.38 -0.81 0.32
HUM 0.84 -0.40 0.37 -0.45 -0.31 0.62 0.60 0.58

TOC: Total organic carbon; TN: Total nitrogen; POC: Particulate organic carbon; MAOC: Mineral-associated organic carbon; FAF: Fulvic
acid fraction; HAF: Humic acid fraction; and HUM: Humin fraction.

TOC: Carbono orgéanico total; TN: Nitrogénio total; POC: Carbono organico particulado; MAOC: Carbono orgéanico associado aos minerais;
FAF: Fragdo acido fulvico; HAF: Fracdo 4cido himico; e HUM: Fragdo humina.

DISCUSSION

The results verified for TOC and TN in the 0-20 cm layer in all areas were due to the reduction in the
supply of organic material in subsurface by plants. Several studies in the literature evaluating yerba mate areas
also found this pattern (PICCOLO et al., 2008; DENARDIN et al., 2014). As for the higher contents of TOC and
TN in the native forest area (NF) compared to yerba mate areas (E35 and E45), the authors attribute these results
to the higher density and diversity of individuals, greater size of plants, besides older age, which contribute to
higher biomass and input of organic material in the soil, which consequently favors greater accumulations of TOC
and N compared to the other areas. The authors also argue that this reduction of C and/or N in yerba mate areas
results from the lower supply of plant residues due to the removal of yerba mate branches and leaves, as well as
due to the continuous mechanical control of weeds (conventional system). Thus, C losses occur not only due to
the decrease in biological processes, but also due to erosion.

The higher contents of TOC (0-5 cm) and TN (0-10 cm) found in the E45 area can be attributed to the
annual application of swine waste for a long period. In other words, as the E45 area is older, it was subjected to a
greater addition of organic residues via manure and plant biomass, creating in the surface layer an environment of
greater accumulation and/or preservation of these attributes. These results are corroborated by the increase in POC
content in the areas from 35 to 45 years for the same depths.

By comparing the results of TOC and TN obtained in this study to those of other studies in the literature
(PICCOLO et al., 2008; DENARDIN et al., 2014), it is possible to observe reductions of TOC in the surface layer
(0-10 cm) of 47 and 62%, respectively, between yerba mate areas and adjacent native forest. This shows that the
management used in cultivated areas did not promote major changes, as there was only a reduction of at most 14%
in the E45 area (5-10 cm). The results of TOC and N indicate that the input of organic fertilization may have
contributed to a smaller reduction, because similar results of TOC between E35 and NF were verified in the surface
layers. Analyzing the effects of swine waste application under different cropping systems, Steiner et al. (2012)
and Castro Filho et al. (2003) found an increase in soil organic carbon content.

The results of organic carbon of the particle-size fractions of SOM suggest that the higher POC contents
in the native forest may be related to the characteristics of this area, which produces greater input of organic
material from different plant species in a more favorable environment for preservation, hence contributing to the
increase and/or maintenance of this labile fraction of soil C. Some studies in the literature (GUARESCHI et al.,
2012; DINIZ et al., 2015) have also associated the increase in these fractions with the characteristics of the area
as a possible explanation for the greater supply of POC in the reference forest areas.

The higher POC contents observed in the E45 area can be attributed to the longer cultivation time and
addition of organic fertilization in the E45 area compared to the E35 area. The organic matter present in the liquid
swine waste is predominantly composed of labile organic carbon (ANGERS et al., 2010) and its annual application
throughout this growing period can contribute to the increase and maintenance of this soil organic matter
compartment. Unlike the results observed in this study, Andrade et al. (2016) and Rauber et al. (2017) found lower
POC contents in areas of yerba mate (20 years of monoculture) compared to native forest under Nitossolos
(Ultisols). The differentiated pattern of the results of the present study can be attributed to several reasons, such as
different soil types, different managements and especially the time of adoption of monoculture. As the MAOC
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values did not vary between the areas of cultivation, it can be inferred that the main compartment of organic matter
being influenced by the management is the POC.

The higher MAOC contents observed in the area of native forest (5-10 cm) may be influenced by the
higher deposition of organic residues with different C/N ratios in this area, which contributes to the formation of
a more recalcitrant organic matter. In addition, the root system of plants in this area may have released more
organic material by rhizodeposition in this layer, with consequent formation of MAOC (CARMO et al., 2012). On
the other hand, the lower MAOC contents in comparison to the cultivated areas at 10-20 cm depth may be due to
the process of formation of these particle-size fractions because, for higher MAOC contents to occur in the soil,
there must be greater decomposition of POC contents, for later association with soil minerals in the clay and silt
fractions (Figueiredo et al., 2010).

The similar results of MAOC between the cultivated areas at all depths show that, except for the 0-10 cm
layer, this recalcitrant fraction of TOC has not yet been subjected to significant reductions when compared to the
native forest area, thus evidencing that the yerba mate monoculture of 45 years is influencing only the organic
matter fractions of greater lability. This shows that this fraction of organic matter is highly stabilized, being little
influenced by management systems (CARMO et al., 2012). However, this fraction of organic matter does not
always function as a good indicator of the effect of management on soil properties, since changes in the stock of
this organic matter compartment take many years to be detected (CARMO et al., 2012).

As observed for TOC and N contents, POC and MAOC contents are also decreasing in subsurface,
influenced by the lower supply of C in subsurface.

Regarding the results of organic carbon of the chemical fractions of the SOM, the reduction in the contents
and absence of significance for the fulvic acid fraction (FAF), observed in subsurface in all areas, may be related
to the fact that this fraction is very soluble and less labile, and its dynamics of formation and decomposition is
more accelerated compared to the other fractions.

The higher contents of the humic acid fraction (HAF) at the 0-40 cm depth observed in the native forest
area, compared to the cultivated areas, are due to the greater supply in quantity and quality (different C/N ratios)
of organic material (DINIZ et al., 2015). Generally, in areas with higher C supply via shoots and roots and with
higher C/N ratio, there is a predominance of more recalcitrant fractions, such as C-HAF and C-HUM (DINIZ et
al., 2015). The higher contents of this fraction in the E45 area (0-5 cm), compared to E35, may be related to its
higher clay content (Table 1), which may be assisting in the greater stability of this fraction in the soil.

The absence of difference in the humin fraction (HUM) contents between the areas corroborates the
MAOC data observed in the cultivated areas, which indicate that these more stabilized fractions are not being
subjected to changes as a function of management time, except for the most superficial layer of the soil, which
showed reductions of 25 and 14% in the humin fraction of the areas E35 and E45, respectively, in comparison to
the native forest. In this case, the humin fraction was a more sensitive indicator than MAOC to represent the
changes in the most stabilized fraction of TOC imposed by the cultivation of yerba mate in the surface layer of the
soil evaluated.

Through the PCA it is possible to infer that the time of management with swine waste is causing
modifications in SOM compartments, with positive effects on some of its fractions, as certain points of the E45
area (longer management time) tend to approach the native forest area (Figure 1A, 1C and 1D), which is related
to higher values of the SOM compartments. In addition, it is important to highlight that the influence of crops,
especially E35, on the SOM compartments, occurs with greater intensity, reducing the values of these attributes in
the most superficial layers of the soil (0-5 and 5-10 cm), because in these layers these compartments are more
associated with native forest, while in deeper layers (10-20 and 20-40 cm) they are more dispersed between the
cultivation areas and the native forest (Figure 1C and 1D). HAF was the most responsive SOM compartment, as
in all soil layers it contributed to the separation between the areas of cultivation and native forest, showing a high
correlation (>+0.8) with the main axis (axis 1).

CONCLUSIONS

e For having longer cultivation time and addition of organic fertilization, the E45 area had higher contents
of TOC, N and POC in comparison to the E35 area, and similar values of these attributes were observed
in the forest area at some depths.

e The more stable carbon fractions (MAOC and humin) did not vary between the cultivated areas (E35 and
E45); however, there were reductions of 25 and 14% (HUM 0-5 cm) and 12 and 21% (MAOC 5-10 cm)
in these fractions, respectively, compared to the native forest.

e There was no difference between the evaluated areas for FAF, but HAF values were higher in the native
forest area than in the cultivated areas.
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