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RESUMO GERAL

ASSUNCAO, Shirlei Almeida. Caracterizacio quimica e funcional da matéria orginica
do solo e fracoes e formas de fosforo em diferentes sistemas de uso do solo. 2020. 60f.
Tese (Doutorado em Agronomia - Ciéncia do Solo). Instituto de Agronomia, Universidade
Federal Rural do Rio de Janeiro, Seropédica, RJ, 2020.

Devido a sua importincia em solos de clima tropical, a matéria organica é considerada um
importante indicador da qualidade do solo, influenciando na disponibilidade de fésforo (P) do
solo, principalmente em solos oxidicos. O objetivo desse estudo foi avaliar as alteragdes na
estrutura quimica e funcional da matéria organica do solo (MOS) e avaliar como as formas de
fosforo em funcido da mineralogia do solo e das formas de uso. Foram estudados trés sistemas:
sistema plantio direto (SPD), sistema de preparo convencional (SPC) e pastagem permanente
(PA ou P). Uma drea de floresta adjacente a estas foi usada como condi¢@o natural do solo.
Foram quantificados os teores de carbono organico total (COT), o carbono oxiddvel com
permanganato de potéssio, os estoques de carbono organico total (EstCOT) e nitrogénio total
(EstN), as fracdes quimicas e densimétricas da MOS, a abundancia natural de 13C,
caracterizacdo espectroscopica com uso de BC-RMN CP/MAS na fracdo 4cido humico (AH);
fésforo remanescente (P-rem), fésforo disponivel (PD), fésforo total (PT) e 31P-RMN
CP/MAS no acido himico (AH), além das formas de ferro e aluminio: ferro solivel (Fe-S),
ferro ditionito (Fe-D),aluminio ditionito (Al-D), ferro oxalato (Fe-O) e aluminio oxalato (Al-
0O). Os resultados mostraram que na drea de floresta (F) foram quantificados elevados teores
de C organico em superficie (fracdes quimicas e densimétricas), e AH predominantemente
alifdtico. Na SPD, apesar do constante aporte de biomassa ao solo, observa-se baixa
ocorréncia de estruturas alifdaticas nos AH, indicando maior mineralizagcdo do carbono. Na
area de pastagem verifica-se a formacdo de AH semelhantes aos observados na édrea de F. Ja
no SPC constatou-se menor incorporacdo das fracdes quimicas e densimétricas, estoque de
COT e NT e a formacdo de AH distintos estruturalmente em comparagdo com as outras areas.
E possivel afirmar que os sistemas pouco manejados e mais estabilizados em clima tropical
propiciam a formagao de AH com semelhanca composicional e estrutural independente da
origem do carbono (C3 e C4). Nas dreas de SPD e SPC, foram observados AH diferentes
estruturalmente em comparagdo as areas de pastagem e F. Os resultados do capitulo II
demonstram que na drea de uso com pastagem foram quantificados os maiores teores das
formas de ferro (baixa e alta cristalinidade). Maiores teores de P disponivel foram
quantificados na area de SPD e de pastagem em todas as camadas e maiores teores de fosforo
total nas camadas de 0-0,05 m, devido aos maiores toeres de matéria organica. Os teores de P-
Rem foram baixos e semelhantes em todas as dreas, indicando um elevado poder tampao do
solo. Nao houve relacdo entre a disponibilidade de P e as formas de Fe e Al do solo. Os
espectros de *'P.NMR CP/MAS na fracdo AH mostraram predominio de formas organicas de
P. O uso com pastagem favoreceu o actimulo de P-diéster. Na drea de F houve a incorporagao
de nucleotideos tipo agucares e nas areas de SPC e SPD, as estruturas de P-monoéstrer se
acumularam em maior quantidade. A maior intensidade de cultivo parece favorecer as
estruturas de P organico mais recalcitrantes, indicando, portanto, que os sistemas de cultivo
com SPD e SPC propiciam a manutencao de forma de P menos ldbeis. Os resultados indicam
que o uso do solo modifica a estrutura quimica e funcional da MOS e as formas de Fe e Al,
porém ndo foi observada relacao entre as formas de Fe e Al e a disponibilidade de P.

Palavras-chave: Fracoes densimétricas. Substancias himicas. Balango de carbono. Clima
tropical. *C-RMN CP/MAS.



GENERAL ABSTRACT

ASSUNCAO, Shirlei Almeida. Chemical and functional characterization of soil organic
matter and fractions and forms of phosphorus in different land use systems. 2020. 60p.
Thesis (Doctor Science in Agronomy-Soil Science). Agronomic Institute, Rural Federal
University of Rio de Janeiro, Seropédica, RJ, 2020.

Due to its importance in soils with a tropical climate, organic matter is considered an
important indicator of soil quality. In addition to having a direct influence on the phosphorus
(P) soil availability (P), especially in oxidic soils. The aim of this study was to evaluate
changes in the chemical and functional structure of soil organic matter (SOM) and to evaluate
how phosphorus forms depend on the soil mineralogy and the land use forms. Three systems
were studied: no-tillage system (SPD), conventional tillage system (SPC) and permanent
pasture (PA or P). An adjacent forest area was used as a natural soil condition. Total organic
carbon (COT), oxidizable carbon determinate with potassium permanganate, total organic
carbon (EstCOT) and total nitrogen (EstN) stocks, SOM chemical and densimetric fractions,
natural 13C abundance were quantified, spectroscopic characterization using '>*C-NMR CP /
MAS in the humic acid (HA) fraction; phosphorus in equilibrium solution (P-rem), available
phosphorus (PD), total phosphorus (PT) and *'P-NMR CP / MAS in humic acid (AH), in
addition to the forms of iron and aluminum: soluble iron (Fe-S), iron dithionite (Fe-D),
aluminum dithionite (Al-D), iron oxalate (Fe-O) and aluminum oxalate (Al-O). The results
showed that in the forest area (F) high levels organic C (chemical and densimetric fractions)
were quantified in superficial layer, and predominantly aliphatic HA were quantified. In SPD,
despite the constant supply of biomass to the soil, there is a low occurrence of aliphatic
structures in HA, indicating greater carbon mineralization. In the pasture area, there is the HA
formation similar to those observed in the forest area. In the SPC, less incorporation of
chemical and densimetric fractions, TOC and TN stock and the HA formation were found to
be structurally different compared to the others. areas. It is possible to affirm that the more
stabilized systems in tropical climate provide the formation of HA with compositional and
structural similarity regardless of the carbon origin (C3 and C4). In SPD and SPC areas
structurally different HA were observed in comparison to pasture areas and F. The results of
Chapter II show that in the pasture area, the highest levels of iron forms (low and high
crystallinity) were quantified. Higher levels of available P were quantified in the SPD and
pasture area in all layers and higher levels of total phosphorus in 0-0.05 m layer, due to the
higher toers of organic matter. The levels of P-Rem were low and similar in all areas,
indicating a high buffer power of the soil. There was no relationship between P availability
and soil Fe and Al forms. The spectra of 3'P.NMR CP / MAS in the AH fraction showed a
predominance of organic forms of P. The use with pasture favored the accumulation of P-
diester. In the forest area there was the incorporation of nucleotides like sugars and in the
areas of SPC and SPD, the structures of P-monoestrus accumulated in greater quantity. The
higher cultivation intensity seems to favor the more recalcitrant organic P structures,
indicating, therefore, that the cultivation systems with SPD and SPC provide the maintenance
of less labile P form. The results of this study indicate that the use of the soil modifies the
chemical and functional height of the SOM and the forms of Fe and Al, however there was no
relationship between the forms of Fe and Al with the availability of P.

Keywords: Soil organic matter. Humic substances. Carbon balance. Tropical climate.
Weathering.
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1. INTRODUCAO GERAL

Durante muitos anos, a forma de manejo predominante no Brasil, para producao
agricola, era o sistema de preparo convencional do solo, em que predominavam as praticas de
revolvimento do solo, com ampla utilizacdo de implementos, com o arado, grade aradora,
enxada rotativa, escarificador, dentre outros. A ideia que prevalecia era a de que, quanto mais
pulverizado e revolvido o solo, melhor seria o desenvolvimento das culturas e,
consequentemente, maior produtividade.

Porém, com o decorrer do tempo, observou-se que a utilizacdo dessas praticas
promovia o empobrecimento gradativo do solo, diminuindo a produtividade e causando
elevacdo dos custos de produc¢do. Em fungdo dos impactos negativos causados pelo uso do
sistema convencional de producdo, o conceito de sustentabilidade passou a ganhar mais
espaco por parte dos 6rgaos de pesquisas e dos agricultores.

O tripé da sustentabilidade é a producdo de forma economicamente vidvel,
ecologicamente correta e socialmente responsdvel. Nesse contexto, os sistemas
conservacionistas, que utilizam priticas como a rotagdo de culturas, o cultivo minimo e
plantas de cobertura sdo alternativas cada vez mais utilizadas no Brasil € no mundo, devido
aos beneficios gerados ao solo e a0 meio ambiente.

Dentre os sistemas conservacionista utilizados no Brasil, podemos citar, o sistema de
plantio direto (SPD), a integracdo lavoura pecudaria (ILP), a integracdo lavoura pecuaria
floresta (ILPF), os sistemas agroflorestais (SAFs) dentre outros. O SPD é um sistema em que
o revolvimento do solo, fica restrito a linha de plantio mantendo-se o mesmo sempre coberto
com residuos organicos e/ou vegetacdo viva ou morta e com uso de rotacdo de culturas e
plantas de cobertura.

O uso do SPD pode contribuir positivamente para melhoria da qualidade do solo
atrvés da: reducdo dos processos erosivos, melhorias na agregacdo do solo e,
consequentemente, na infiltracdo da dgua no solo, aumento da fertilidade do solo, através da
maior disponibilidade de elementos com nitrogénio, potéssio e fésforo, dentre outros.

O uso de sistemas conservacionistas de produc¢ao pode contribuir para minimizar e até
reverter os processos de degradacdo do solo (LOSS et al., 2011) devido a redugdo do
revolvimento do solo e concomitante cobertura com material organico. O ndo revolvimento
do solo e o uso de cobertura contribuem para uma maior entrada de biomassa no sistema
(CHILDEROLLI, 2010), promovendo aumento nos estoques de carbono do solo e colaborando
para melhoria do solo (BENBI et al., 2015). Nos sistemas de cultivos em que ocorre uma
constante entrada de biomassa e o solo permanece sempre coberto contribuem para manter a
qualidade do sistema de produgdo, uma vez que esses sistemas se aproximam dos
ecossistemas naturais como as florestas nativas (SA et al., 2015).

A substitui¢do de sistemas convencionais de producao por sistemas conservacionistas
gera uma grande expectativa em relacdo ao da MOS nesses sistemas, visto que ocorre um
elevado aporte de residuos vegetais no solo, porém segundo Hickmann & Costa (2012), é
oportuno ressaltar que o aumento da quantidade de MOS depende também de varios fatores,
associados ao clima (principalmente temperatura e precipitagdo) (COSTA et al., 2008),
textura e mineralogia do solo (OLIVEIRA et al., 2008) e ao tempo de adocdo do sistema
conservacionista (CONCEICAO et al., 2013) e do manejo adequado.

A composi¢do estrutural MOS € tao importante quanto as quantidades destas aportadas
no solo, sendo que uma das formas de avaliar a qualidade da MOS ¢ através de técnicas
espectroscopicas. A ressonancia magnética nuclear (RMN) no BC tanto de estado liquido
quanto de estado soOlido sdo técnicas de investigacdo utilizada para analisar a estrutura



quimica das substancias himicas (PICCOLO et al., 2018) e da via de decomposi¢do do
material vegetal aportado no solo (SHRESTHA et al., 2015).

Assim como a RMN no "°C, a espectroscopia na regido do Infravermelho (IV) também
pode ser util para identificar a composicdo quimica de uma amostra de substancia himica
(PRESTON, 1996). O aperfeicoamento do IV com o desenvolvimento da técnica ndo
dispersiva de transformacdo de Fourier de Infravermelhos (FTIR) possibilitou melhoria nos
resultados dos espectros de transmissdo, facilitando assim a interpretacdo dos resultados
(DAVIS et al., 1999). A qualidade da MOS pode ser um conceito chave para melhor
compreender como os diferentes sistemas de manejo modificam suas estruturas e,
consequentemente, suas funcdes no solo.

Ha varios estudos que comprovam que os sistemas de manejo que promovem aumento
do conteido de MOS, também contribuem para a disponibilidade de fésforo (P), através do
incremento de formas mais ldbeis de P (GUARDINI et al., 2012), uma vez que os dcidos
organicos liberados pela decomposicao da matéria organica, bloqueiam sitios de adsorcao por
recobrimento dos 6xidos de Fe e de Al (ZAMUNER et al., 2008). Assim os istemas agricolas,
que visam a manutencdo da cobertura do solo e do constante aporte de biomassa no sistema,
podem modificar a dindmica de fracdes hiimicas da MOS (LOSS et al., 2013) e também a
disponibilidade de fésforo (GUARDINI et al., 2012).

Diversos métodos sdao utilizados para avaliar o P no solo, dentre eles a técnica de
ressonancia magnética nuclear do 3p ('P-RMN) é um método espectroscOpico que permite a
identifica¢do de formas estruturais de P no solo (BUSATO et al., 2005), sendo que em funcdo
da eficiéncia, esse método vem sendo empregado por vdrios autores, com o objetivo de
avaliar as diferentes formas de P no solo (BEDROK et al., 1994; BOURKER et al., 2009;
TELES et al., 2017; SPAIN et al., 2018). O emprego da 3'p.RMN permite o acompanhamento
da distribui¢do das formas organicas de P (HAWKESD et al., 1984), considerando o uso e
manejo do solo, contribuindo para um melhor entendimento sobre a dindmica desse nutriente
no ambiente (BUSATO et al., 2005).

A partir do exposto, as hipéteses gerais do trabalho sdo: em fun¢do do uso do solo
adotado, ocorrem alteragdes na estrutura quimica e funcional da MOS. As alteracdes na
estrutura quimica e funcional da MOS modificam as formas dos 6xidos de Fe e Al. A
abundancia e a cristalinidade dos 6xidos de Fe e Al influenciam diretamente a adsorcdo de P
do solo.

Este estudo foi divido em dois capitulos, a saber:

O primeiro capitulo constitui-se na quantificacdo das fragdes da MOS e sua
caracterizacdo quimica e funcional, através de técnicas espectroscopicas, em diferentes
sistemas de uso do solo. Ja estd bem consolidado na literatura que a utilizacdo de sistemas
conservacionistas, quando manejados de forma adequada, contribuem para aumentar o
conteddo de carbono no solo. No entanto, hd uma caréncia de trabalhos que versem sobre a
influéncia do manejo do solo na estrutura quimica e funcional da MOS em regides de clima
tropical.

No segundo capitulo o objetivo foi avaliar a influéncia das diferentes formas de ferro
(Fe) e aliminio (Al) na disponibilidade de fésforo no solo, e realizar a caracterizacdo
espectroscopica do 3'P_.RMN no AH em um solo com elevada capacidade de adsorcao.
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2.1. RESUMO

A estabilizacdo do carbono (C) e a qualidade da matéria organica do solo (MOS) em clima
tropical sdo aspectos-chave que regulam as emissdes de diéxido de carbono e mantém o ciclo
do C. O manejo do solo influencia o actimulo de C, regulando o equilibrio entre mineralizagao
e/ou humificacdo da MOS. Este estudo teve como objetivo quantificar o acimulo de
diferentes formas quimicas de C no solo e avaliar as caracteristicas quimicas e estruturais da
MOS humificada. Foram estudados quatro sistemas de uso do solo: Floresta (F), Pastagem
(P), Sistema de Preparo convencional (SPC) e Sistema de Plantio direto (SPD). Foram
quantificados os estoques de carbono organico total (EstCOT) e nitrogénio (EstN) em
profundidade, fracdes quimicas e densimétricas da MOS e caracteriza¢io espectroscopica da
MOS na frac@o 4cido hiimico (AH). Os resultados obtidos pela BC-RMN CP/MAS mostram
que a floresta acumulou uma grande quantidade de C na superficie (ultrapassando 20 Mg ha
1), favorecendo a formagdo de AH alifdtico (Caiqui-H, R; C-a1quii-O, N; C-a1quii-O). Por outro
lado, o SPD, apesar do constante aporte de biomassa ao solo (14 Mg ha™), propicia baixa
incorporacdo de estruturas alifaticas nos AH, evidenciando que o processo de mineraliza¢dao
ocorreu em maior extensao, permitindo a formagao de AH com predominancia de estruturas
aromaticas (Camm-H,R € Cam-O,N). A andlise PCA-FTIR mostrou que o sistema P contribuiu
para a formacdo de AH semelhante aquelas sob area de F. Os menores estoque de C e N
foram quantificados no SPC, esse sistema propiciou a formagcdao de AH estruturalmente
diferentes dos outros tipos de uso do solo. Assim, sistemas minimamente manejados € mais
estabilizados em climas tropicais formam AH de similaridade estrutural e de composi¢cao
quimica, independentemente da natureza do C (C3 ou Cy). Por outro lado, solos submetidos a
usos agricolas com SPD e SPC, formam AH estruturalmente diferentes de P e F. Este estudo
demonstra a necessidade de desenvolver experimentos para a constru¢do de modelos para
elucidar as relagdes entre a entrada de C, tipo de manejo e a formagao de substancias himicas.

Palavras chave: Substancias himicas. ?*C-RMN CP/MAS. Balanco de carbono. Uso do solo.



2.2. ABSTRACT

Carbon (C) stabilization and the quality of soil organic matter (SOM) in a tropical climate are
key aspects regulating carbon dioxide emissions and maintaining the C cycle. Soil
management influences the accumulation of C, regulating the balance between mineralization
and/or the humification of SOM. This study aimed to quantify inputs of different chemical
forms of C into soil and to evaluate the structural chemical characteristics of humified SOM.
Four management systems were established: Forest (F), Pasture (P), Conventional tillage (T),
and No-tillage (NT). Total organic carbon (TOC) and nitrogen (N) by depth, chemical forms
of organic matter input, and spectroscopic characterization of SOM in the form of humic acids
(HA) were analyzed. The results obtaining by PCA-'>C NMR show that the forest
accumulated a high amount of C on the surface (surpassing 20 Mg ha™), favoring the
formation of aliphatic HA (CAlkyl-H,R; CAlkyl-O,N; CAlkyl-O). In the NT management that
increases biomass in the soil (14 Mg ha), the mineralization process occurred to a greater
extent, allowing HA to form with a predominance of aromatic structures (CArm-H,R and
CArm-O,N). The PCA-FTIR analysis showed that the P system contributed to the formation
of similar HA to those under F management. The T management system incorporated the least
TOC and N, with different HA types being formed in these soils than what was found in other
managements. Thus, minimally managed and more stabilized systems in tropical climates
form HA of structural and compositional similarity, regardless of the nature of C (C3 or C4).
In contrast, soils subjected to agricultural uses that promote higher or lower C inputs, form
HA that are structurally different from P and F. This study demonstrates the need for
developing experiments for model building to elucidate the relationships among C input,
management type, and the formation of humic substances.

Keywords: soil organic matter. Humic substances. Carbon balance. '>*C NMR. Spectroscopy
characterization.



2.3. INTRODUCTION

Soil is considered the largest carbon reservoir (C) of the terrestrial biosphere (KANG
et al., 2011, TPCC, 2013). This is because soil organic carbon (SOC) accounts for 1500 to
1770 Pg, whereas C stocks in vegetation account for 450-650 Pg (IPCC, 2013). Thus, changes
to the amount of C in soil directly affect atmospheric CO2 concentrations, which might have
positive or negative effects (KANG et al., 2011).

The stability of SOC is a consequence of the intrinsic structural characteristics of the
organic molecules that are incorporated into the soil (SARKER et al., 2018; PICCOLO et al.,
2018). Structures in humic substances (HS - humified organic matter) with hydrophobic and
hydrophilic characteristics increase aggregate stability in different ways (SARKER et al.,
2018). Quinone and semiquinone structures in HS participate in the exchange of electrons in
microbial respiration (SCOTT et al.,, 1998). The structure of soil organic matter (SOM)
delineates the nature of its interaction with other components, either by preserving recalcitrant
structures, by the low accessibility of microorganisms, or by binding to minerals (VON-
LUTZOW et al., 2008).

Although the C of HS represents 60-80% of SOC, its dynamics remain poorly
understood due to the multiplicity of factors affecting the stabilization of humified organic
matter (PICCOLO et al., 2018). Changes to land use with substitution of natural vegetation
might impact both HS stocks and their molecular nature, and therefore, their quality
(SOARES et al., 2012; WIESMEIER et al., 2012). The structural characteristics of HS (such
as aromaticity, aliphaticity, functional groups, free organic radicals, and other structural-
chemical characteristics) are responsible for the preservation of SOM (STEVENSON, 1994).

Therefore, the type of management adopted for agricultural crops is important because
it influences the quantity and quality of SOM, interfering with the distribution and chemical
composition of fractions (SHRESTHA et al., 2008). More SOC is assumed to be lost in
agricultural production systems that use conventional management systems (T). This is
because conventional cultivation practices reduce the physical protection of SOM, exposing it
to degradation factors, leading to the loss of C, along with erosive processes
(RAZAFIMBELO et al., 2008).

In comparison to conventional management systems, conservation management, such
as no-tillage crop systems (NT), contribute to more C accumulation in the soil by favoring the
interactions between the HS and the mineral fraction of the soil (CONCEICAO et al., 2013),
in which both the most labile fractions and the most recalcitrant HS are indicators of soil
management (BENBI et al., 2015). This behavior in soil that is not tilled can be understood
because this management favors a constant input of biomass in the production cycle without
any soil manipulation (AZIZ ET AL., 2015; SA et al., 2013). Crop systems that guarantee a
constant biomass input and in which the soil always remains covered help maintain the
quality of the production system, since these systems approach natural ecosystems, such as
native forests (SA et al., 2013).

To understand the reactivity of SOM and its properties and functions, it is necessary to
work out its composition and structural characteristics (MAO et al., 2017). Such information
provides insights into its complexity and heterogeneity in soil (PICCOLO et al., 2018). In
addition, spectroscopic techniques are tools that help determine the chemical structure of
SOM, from which we might elucidate its formation routes, decomposition, and interactions
with the management systems adopted (NOVOTNY ET AL., 1999; SPACINI & PICCOLO
2009; BLANCO-MOURE et al., 2016).

Spectroscopic characterization using *C-NMR for studies of climate change effects in
SOM have shown that the most sensitive structures to temperature increases are C-alkyl-di-O
and C-alkyl-O (ERHAGEN et al., 2013). Thus, characterization by BC-NMR confirmed that
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there are differences in the humified organic matter present in soils with and without
management, with C-alkyl-O and C-alkyl-type structures being found (SHRESTHA et al.,
2015). In comparison, "C-NMR spectroscopy showed that, for soils with a sandy loam
texture, the mechanisms that preserve HS involve interactions of the C-alkyl, C-alkyl-O, N,
and C-alkyl-di-O structures with the mineral fraction (GOMES et al., 2018). Structures with
hydrophobic characteristics are related to an accumulation of carbon when preserved through
microbial degradation (PICCOLO et al., 2018).

The conventional management effect on soil has been shown to produce humic acid
(HA) with more marked aromatic characteristics (PEREZ et al., 2004). On the other hand,
Martins et al., (2011), using Laser Induced Fluorescence (LIF) spectroscopy techniques,
reported that HA formed on the soil surface under tillage have a lower humification index. In
this way, it is well established in the literature that the HS structure is sensitive to different
management systems (PEREZ et al., 2004) and the application of different fertilizers
(FERRARI et al., 2011). However, the major challenge is to establish the existence of
relationships between SOM (HA) structures and soil properties. In particular, in real
experimental conditions, where the structural and compositional variability of HS is high, a
control management with the same temporal evolution and type of soil is essential. Under
these conditions, the work with spectral data must be performed from large dot matrix
dimensions and not only from the quantitative information extracted from the spectral
integration.

The use of chemometric techniques allows these problems to be solved by relating the
structural chemical characteristics with the obtained and quantified properties. Studies report
this approach (THOMSEN et al., 2002), but access to the relationship between structure and
properties is mostly carried out through quantifications obtained from the spectral work (i.e.,
C-aliphatic, C-aromatic, etc.). Studies conducted by Garcia et al. (2016) and Gomes et al.
(2018) show that it is possible to use chemometric analyses to obtain spectral patterns related
to soil properties and therefore to use the pure spectra loading, which allows the comparison
of groups and the quantification of properties obtained by techniques such as principal
component analysis (PCA) and MCR (multivariate resolution curve).

This study aimed to elucidate the chemical and compositional characteristics of SOM
under different management systems in tropical soils (conventional tillage systems, no-tillage
crop systems, and pasture), using a forest area (perennial for 41 years) as the control. In
parallel, we aimed to determine the structural quality of humic acids (HA) that formed in
these soils using spectroscopic techniques (FTIR and *C-NMR CP/MAS) associated with
chemometric techniques (spectral descriptive statistics, PCA-FTIR and PCA BC-NMR
CP/MAS) to understand the current status of SOM and its stability as a function of soil
management. To the best of our knowledge, this is the first time that a study carries out a
comparison between different types of soil management inherited from unaltered systems,
such as a forest, associated in time and space.



2.4. MATERIAL AND METHODS
2.4.1. Study area

The study was carried out on a rural property in the municipality of Guaira, which is in
the western region of the State of Parand, Brazil (Figure 1).
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Figure 1. Geographical location of the study area.

The climate of the region is subtropical (Cfa) according to the Koppen classification
(ALVARES et al., 2014). The native vegetation is part of the Alluvial Semidecidual Seasonal
Forest. Average values of precipitation, maximum, medium, and minimum temperatures, and
monthly relative humidity of the study region in the period between 1973 and 2011 are
presented in the Figure 2.
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Figure 2. Mean monthly values of precipitation, average, maximum and minimum
temperatures and relative humidity in the period from 1973 to 2011. Source:
Meteorological Station - IAPAR - Palotina Unit (24° 18 'S, 53° 55' W, Palotina, PR).

The study areas are located under a typical Latossolo Vermelho Eutrofico (Oxisol)
(SANTOS et al., 2013), with a very clayey texture.

2.4.2. History and characterization of the experimental area and field sampling

Three managed areas, in addition to a reference area (native forest (F)), were
evaluated. The three managed areas include: (1) systems subjected to 41 years of conventional
tillage (T), T with a succession of oat crops in the winter and beans in the summer, (2) crop
systems with 17 years of no-tillage (NT), with a succession of soybean crops (summer), and
corn or wheat (winter), and (3) permanent (41 years) pasture permanent (P) coast-cross
(Cynodon dactylon) systems, with a stocking rate of 3.5 AU ha™, with no visible signs of
degradation. Detailed descriptions of soil use transitions in the areas are presented in the

Figure 3.
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Figure 3. Detailed descriptions of soil use transitions in the areas.

In the area under T with crops of oats (winter) and beans (summer), only the bean
crops were fertilized, and in the last five years, at the time of sowing (basic fertilization),
fertilization was carried out by applying 270 kg ha™' of 10-15-15 fertilizer. Oats were grown
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in the winter only for the purpose of straw production. In area T, after the bean harvest and
the end of the oat crop cycle, a harrowing and plowing were carried out to implant the
subsequent crop.

In the NT area, the fertilization used in the last five years of cultivation in the
succession of the soybean, corn/wheat crops was 270 kg ha” of 02-20-18 fertilizer and
inoculation with Bradyrhizobium japonicum (liquid inoculant: 150 mL for each 50 kg of
seeds) and 270 kg ha™' of 10-15-15 fertilizer, respectively. In the area planted with pasture, no
fertilization practices were carried out during the entire period after planting the crop in the
area. Regarding soil correction, in the areas of T, NT and P, limestone was applied in 1998, at
a quantity of 2 Mg ha'. The chemical characterization of the soil in the experimental area was
performed according to Embrapa (1997) and is shown in Table 1.

Table 1. Soil chemical and physical atributes in diferente management systems for Guaira-

Parana.
pH (H,0) H+Al Ca* Mg** K* *P (ppm)
Management System 3
cmolc.dem
0-0.05 m
Forest 6.64 2.09 9.50 5.62 0.086 12.72
Pasture 5.98 4.96 6.30 3.06 0.060 7.38
No-Tillage 6.21 4.70 6.10 3.68 0,068 11.49
Tillage 6.63 3.35 6.24 2.60 0,082 9.49
0.05-0.10 m
Forest 6.66 2.77 7.46 4.51 0.088 13.82
Pasture 6.07 5.24 6.58 2.62 0.071 5.81
No-Tillage 5.86 5.02 5.80 2.78 0.027 11.33
Tillage 6.80 2.93 6.13 3.23 0.083 8.99
0.10-0.20 m
Forest 6.51 3.63 6.82 3.05 0.083 11.33
Pasture 6.22 5.25 7.02 3.02 0.065 7.92
No-Tillage 5.45 4.66 6.12 3.62 0.076 8.89
Tillage 6.79 2.97 5.22 3.95 0.013 3.23
Physical attributes
Management System B(u}l/}(gflﬁ?_zl)ty Sand (%)  Silt (%) %173]
0-0.05 m
Forest 0.96 10.0 28.0 62.0
Pasture 1.27 10.4 25.6 64.0
No-Tillage 0.98 11.5 19.4 69.1
Tillage 1.29 11.8 2.05 67.7
Management System B(ul\l/}(g(_iﬁ?_zl)ty Sand (%)  Silt (%) %12 il
0.05-0.10 m
Forest 1.01 94 25.3 65.3
Pasture 1.27 9.0 26.3 64.7
No-Tillage 1.24 8.3 21.5 70.2

To be continued...
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Table 1. Continuing.
Management System  pH (H,0) H+Al Ca* Mg* K* *P (ppm)
cmole.dem™

Physical attributes

Tillage 1.37 7.8 18.8 73.4

Management System B(ul\l/}(;l??)ty Sand (%)  Silt (%) %12 il
0.05-0.10 m

Forest 1.18 8.0 21.8 70.2

Pasture 1.31 7.5 22.7 69.8

No-Tillage 1.34 8.3 19.4 72.3

Tillage 1.41 7.6 16.6 75.8

* P extrado com a solucdo Melichl.

In brief, the pH (in H,O) of the soil was determined with a solution ratio 1:2.5 (m: v).
The quantities of Al’*, Ca** and Mg”* were extracted with potassium chloride (KCI, 1 mol. L~
1), in which the AI** was determined by titration with sodium hydroxide (NaOH, 0.025 mol L
'y and Ca®* and Mg”* were determined by titration with EDTA (C;oH;6N,Os, 0.125 mol L').
The quantities of P, K™ and Na* were extracted by a Mehlich™ solution, and P was determined
by colorimetry, and K and Na* by flame photometry. The potential acidity (H"Al) was
determined by extraction with a calcium acetate solution (C4HgCaOy, 5 mol L'l).

In each study area, five areas of 400 m* were delimited. The samples were collected
from five sites (pseudo repetitions), and each composite sample was represented by 10 simple
samples within the four management systems in the 0-0.05, 0.05-0.10, and 0.10-0.20 m soil
layers to determine the total organic carbon, permanganate oxidizable carbon, and humic and
densimetric fractions.

For the soil profile samples, three plots of 600 m* were delimited within each study
area, where trenches were opened, and soil samples were collected in the 0-0.05, 0.05-0.10,
0.10-0.20, 0.20-0.30, 0.30-0.40, 0.40-0.50, 0.50-0.60, 0.60-0.80, and 0.80-1.00 m soil layers
to measure the isotopic composition (8"C), determine the bulk density (Ds) (volumetric ring
with a volume of 46.2 cm®), and calculate the carbon and nitrogen stocks up to 1.0 m in depth.

2.4.3. Total organic carbon (TOC), total nitrogen (TN) and permanganate oxidizable
carbon (POXC)

The TOC and TN analyses were based on the criterion used for soil sampling. Up to
0.10 m, the sampling was performed at 5 cm intervals, while from 0.10 m up to 0.60 m,
sampling was performed at 0.10 m intervals, and from 0.60 m up to 1.0 m, sampling was
performed at 0.20 m intervals. TOC was quantified according to the method of Yeomans &
Bremner (1988). TN was quantified according to the method of Tedesco et al. (1995). POXC
was quantified using a method proposed by Weil et al. (2003) and adapted by Culman et al.
(2012).

To quantify permanganate oxidizable carbon (POXC), 2.5 g of air-dried fine earth was
weighed in a 50 mL centrifuge tube, then 2.0 mL distilled water and 18 mL. KMnO, (0.2 mol
L") were added. The samples were shaken for 2 min at 120 rpm. Then, the samples were left
to stand for 10 min. After the resting period, an aliquot of 0.50 mL of the equilibration
solution and 49.50 mL distilled water was pipetted, totaling 50 mL solution. The reading was
performed in a Nova 2000 UV spectrophotometer at the Laboratory of Soil Genesis and
Classification of UFRRJ.
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The spectral range examined was 550 nm. Reading was also conducted in four patterns
with KMnOy concentrations of 0.005; 0.01; 0.015; and 0.02 mol |
The quantities of labile carbon were calculated by the following equation:

POXC (mg kg) =[0.02 mol /L (a+ b x Abs)] x (9.00 mg C / mol) x (0.02 L solution / pm)
Where:

0.02 mol L = concentration of the initial solution

a = ordinate at the origin of the standard curve

b = slope of the standard curve

Abs = absorbance

9.00 = milligrams of oxidized carbon per one mole of MnO4 changing from Mn7+ to Mn2+
0.02 L = volume of the reacted solution (in liters)

pm= weight of air-dried fine earth in air in kg.

2.4.4. Carbon and nitrogen stocks from the soil profile, chemical and densimeter
fractionation of SOM

Organic carbon stocks and nitrogen stocks were calculated based on the TOC and TN
contents in the different layers for the respective soil densities using the equivalent mass
method (ELLERT & BETTANY, 1995; SISTI et al., 2004).

The total organic carbon (TOCS) and nitrogen (TNS) stocks were calculated based on
the TOC and TN contents at different depths for the respective soil densities, according to the
equivalent mass method (ELLERT & BETTANY, 1995; SISTI et al., 2004).

The carbon and nitrogen stocks were calculated using the following equation:

CS=ZCTi+|:MTn_[ZMTi_ZMSiJ}CTn
' i=1 i=1
Where:

CS

n—1

CTi
i=1 is the sum of the carbon of the first (surface) to the last layer in the soil profile in the

evaluated treatment (Mg ha'l);

Z M Ti
i=1 is the sum of the soil mass from the first to the last layer in the soil profile in the
evaluated treatment (Mg ha'l);

> My

Si
i=1 is the sum of the soil mass from the first to the last layer in the soil profile in the
reference treatment (Mg ha'l);

is the total stock in Mg C ha';

Tn i the soil mass in the last layer of profile d in the evaluated treatment (Mg. ha™);
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Tn s the carbon concentration in the last layer of the evaluated treatment profile (Mg C
Mg of the soil).

The humic substances were separated into three fractions: the fulvic acid fraction (F-
AF), the humic acid fraction (F-HA), and the humin (HUm) using the differential solubility
technique. This technique was established by the International Humic Substances Society
according to the technique adapted and presented by Benites et al. (2003).

The light fractions of SOM were obtained by the procedure proposed by Sohi et al.,
(2001). The light fractions were extracted with a potassium iodide solution (Nal) at a density
of 1.80 g cm-3 (£0.02). Mass in the free light fractions (Mass-FLF) and the intra-aggregate
light fractions (Mass-IALF) were quantified. The carbon present in these fractions, FLF
carbon (C-FLF) and FLI carbon (C-IALF), was also quantified.

For this method, 5 g of TFSA were weighed in 50 mL centrifuge vials and 35 mL of
Nal was added. The vials were shaken manually for 30 seconds, so that the less dense organic
fractions remained on the surface of the solution. The samples were then centrifuged at
18,000 rpm for 15 minutes at a temperature of 18°C to promote the sedimentation of soil
mineral particles. The supernatant organic fraction present in the solution (free light fraction)
was sucked together with the Nal solution, and was immediately separated by vacuum
filtration (Sterifil Aseptic System, 47 mm — Millipore) with glass fiber filters (47 mm
diameter; 2 microns — Whatman type GF/A) that had been previously weighed.

The collected fractions were washed with distilled water, to eliminate excess Nal
present in the fraction and in the filter. The organic fraction (Free light fraction and intra-
aggregate light fraction), together with the filter, was later dried at 65°C, weighed, and
macerated in a mortar. Carbon was subsequently analyzed in the CHN (Elementar
Analysensysteme GmbH, Hanau, Germany).

2.4.5. 8"*C isotopic abundance

The isotopic abundance of 3'°C was determined on a Finnigan DeltaPlus mass
spectrometer coupled to a carbon autoanalyzer. The results were expressed in the form of §'°C
(%0), with carbon as the international standard PDB.

2.4.6. Humic acid (HA) isolation and purification

HA was obtained according to the International Humic Substances Society (IHSS) and
the methodological protocol described by Swift (1996). Three pseudorepetitions were
performed for each management system and the reference area in the topsoil (0.10 m). The
soils were pretreated with a solution of HCI (0.1 mol L'l), then washed with distilled water to
a neutral pH, and then 500 mL of NaOH (0.1 mol L) were added to 50 g of soil (ratio 1:10
v:m) under a N2 atmosphere. The supernatant was collected and centrifuged at 10,000 g for
30 min. The HA was separated by dripping HCI (6 mol L) until a pH of 2.0 was reached, and
the material was then centrifuged at 5,000 g for 10 min. The precipitated fraction (HA) was
purified with a mixture of an HF solution (0.3 mol L'l) + HCI (0.1 mol L'l) under constant
stirring for 24 hs. Subsequently, HA was dialyzed with deionized water using
SPECTRA/POR® 7 dialysis tubes with a 1 kD membrane. Then, the HA was maintained at -
80°C and lyophilized.
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2.4.7. Fourier transform infrared spectroscopy (FTIR) and Nuclear Magnetic Resonance
Spectroscopy (13C-NMR CP/MAS)

The characterization of Fourier-transform infrared spectroscopy (FTIR) and Nuclear
Magnetic Resonance spectroscopy of cross-polarization with rotation around the magic angle
(">C-NMR CP/MAS) was performed. To obtain the spectra in the infrared region (FTIR), the
4000-400 cm™ band was used in a Fourier-transform infrared spectrometer, NICOLET (FT-
IR), model 6700, using KBr pellets (5 mg freeze-dried AH + 200 mg KBr).

Cross-polarized spectroscopy with rotation around the magic angle “C-NMR
CP/MAS was performed on the Bruker AVANCE II NMR 400 MHz apparatus, equipped
with a 4 mm Narrow MAS probe and operating in a resonance sequence from C to 100.163
MHz. To obtain the spectra, the samples of the humidified materials were placed in a rotor
(sample holder) of zirconium dioxide (ZrO2) with Kel-F lids and a rotation frequency of 8 + 1
kHz. The spectra were obtained by collecting 2048 data points for the same number of scans
at 34 ms and with a recycle delay of 5 seconds. The contact time for the ramp sequence of 1H
ramp was 2 ms. Spectral collection and elaboration were performed using the software Bruker
Topspin 2.1. The free induction decays (FID) were transformed by applying a zero-filling
equal to 4 k and later an adjustment by an exponential function (line broadening) of 70 Hz.

2.4.8. Data analysis and chemometrics

A multivariate analysis of data was used since this is a measurable study, carried out
using pseudorepetitions so it does not have an experimental design. Specifically, a principal
component analysis (PCA) of TOC, POXC, humic, and densimetric fractions was conducted.
Data were standardized and analyzed using the Unscrambler® X 10.3 software package
(Camo Software AS Inc., Oslo, Norway).

In this study, we used a multivariate data analysis applied to spectral data
(chemometrics) using a PCA aiming to substitute the initial representation of the objects in
the form of "p" initial variables for a new spatial representation of principal components. The
main components model (PC-models) expresses that:

X = TPT + E = structure + noise in which, in PCA analyses, X: raw data matrix, T:
scores matrix, PT: loadings matrix, and E: residual matrix. Thus, in the PCA, the X matrix
(raw data) is decomposed into a structural part and a residual part (noise), and therefore, it is
more desirable to explain the data from the T and P instead of the X matrix. In this way, the
PCA allowed us to detect to what extent a sample is different from other "scores", which
variables contribute mostly for this difference in "spectra loadings", and whether they
contribute in the same way or independently of each other, as well as to establish standard
similarities between samples or groups of specific samples (ESBENSEN et al., 2002).

The principal component chemometric analysis (PCA) for *C-NMR CP/MAS and
FTIR spectral data of all humic fractions were performed using the Unscrambler® X 10.3
software package (Camo Software AS Inc., Oslo, Norway). The 13C-NMR (X = 12x4000)
and FTIR (X = 12x3500) spectra of the humic fractions were loaded from the software and
normalized according to area normalization using the transformation tools. The range selected
to conform to the 13C-NMR spectral data matrices was -50 ppm to 250 ppm; values outside
this range were discarded to avoid false contributions in the analyses. A descriptive statistical
analysis was performed using the spectral data to obtain the mean spectra (average) from the
three replicates of each HA spectra ("*C-NMR and FTIR).

The PCA analyses of each humic fraction were performed using a NIPALS algorithm,
a cross -validation method with the maximum number of components. Eight regions of
chemical displacements were considered in the spectra, namely: C-alkyl (CAlk-H, R): 0-46
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ppm; C-methoxyl and N-alkyl (CAk-O, N): 46-59 ppm; O-alkyl-C (CAlk-O): 59-91 ppm; C
di-O-alkyl (anomers; C-alkyl-di-O): 91-110 ppm; C-aromatic (CAr-H, R): 110-142 ppm; C O,
N-aromatic (CAr-O, N): 142-156 ppm; C-carboxyls (CCOO-H, R): 156-186 ppm; and C-
carbonyl (CC = O): 186-230 ppm (DESHMUKH et al., 2005; JOHNSON et al., 2005; SONG
et al., 2008). The aromaticity and aliphaticity indices were calculated according to Song et al.
(2008); aromaticity = [(CAr-H, R + CAr-O, N)/(total area)] x 100 and aliphaticity = (100 -
aromaticity). For the PCA FTIR analysis, a range between 400 cm™ and 3800 cm™ was
selected and the same procedure as in PCA BC-NMR was adopted.
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2.5. RESULTS
2.5.1. Evolution of the vegetation of the area obtained from the B¢ isotopic composition

The values of the isotopic composition (813C) for the reference area (F) and the crop
areas (NT, Pasture and T) in the soil profile are presented in Figure 4.

13¢ ( %o)
-26 -24 -22 -20 -18

—@)— Forest
0.05 - —0— Pasture

- T
0.10 1 &4 AT

0.20 -
0.30 -
0.40 -
0.50 A
0.60 -
0.80 -
1.00

Depht (m)

Figure 4. Isotopic Be composition of soil in areas under different types of management.

In the areas of F, NT, and T, values of 8°C of approximately -26 (%o0) were observed,
which characterize C; plants for the surface layers (SMITH & EPSTEIN, 1971). The pasture
area presented the highest variation in 8'°C, with values of approximately -20 (%) in the most
superficial layers, reaching values of -18 (%0) up to 1.0 m in depth. Less negative values of
8"°C were indicative of the transition between C; and Cy plants (SMITH & EPSTEIN, 1971).
The results obtained for the P area show that the use of pasture in this area for 41 years
contributed to gradual changes in the carbon isotopic composition.

2.5.2. Effect of soil management on carbon (TOCS) and nitrogen (TNS) stocks and SOM
humified fractions

Even with the specific characteristics of the sampling design, the forest was the system
in which TOCS increased at all depths, surpassing 20 Mg ha at the surface. NT management
also had higher TOCS at the shallowest depths (0.00-0.10 m) when compared to conventional
pasture and planting, reaching 14 Mg ha™'. Soil management with P also had TOCS in the soil,
mainly in the subsurface layers (0.10-0.50 m). Out of all of the treatments, conventional
tillage (T) incorporated less TOCS (Figure 5A).
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Figure 5. Total organic carbon (A) and nitrogen (B) stock in the soil profile in areas subjected
to different types of management.

The nitrogen stored at the soil surface was higher when it was managed with pasture
and no-tillage (0.00-0.05 m), exceeding 8 Mg ha™ in soil managed with P. The forest soil
stored more TNS to a depth of 0.05-0.10 m. In general, grazing and no-tillage soils stored
more TNS at most depths (Figure 5B).

Forest soil had the highest TOCS out of all management types, up to 0.20 m in depth
(up to 35 g kg™ in the shallowest layer). Soil management with conventional tillage had the
lowest TOCS (between 10 and 12.36 g kg'1 to 0.20 m in depth). The pasture and no-tillage
management types had similar values, reaching 20 g kg™ and 22 g kg™, respectively, on the
surface (0.00-0.05 m) (appendix - Table 3). The C content in the form of humic substances
(humic and fulvic acids and humin) was highest in the forest and pasture soils up to 0.20 m in
depth. Soils with no-tillage and conventional tillage had lower humic and fulvic acids and
humin contents (appendix - Table 4).

The forest soil had the highest amount of permanganate oxidizable carbon (POXC)
based on the vegetal contribution (up to 1.13 g kg™) on the surface (0.00-0.05 m). Moreover,
no-tillage and pasture management had POXC input (up to 0.98 and 0.90 g kg™, respectively)
of a similar level to the forest (appendix — Table 3).

Forest and no-tillage areas provided more labile plant material on the surface (0.00-
0.20 g kg"). The mass of the free light fraction (Mass-FLF) was higher in soils under these
two types of management (23.6 and 13.1 g kg'l, respectively). Soils managed with
conventional tillage and pasture did not have a high Mass-FLF. The amount of carbon in the
free light fraction (C-FLF) exhibited a similar pattern for all management types (appendix -
Table 5). The protection of the most labile organic matter that was deposited in the soil was
quantified from its content in the soil aggregates. The mass of the intra-aggregate free light
organic matter fraction (Mass-IALF) was incorporated in the aggregates in greater amounts in
soils with forest, pasture, and no-tillage management at all soil depths. Conventional tillage
contained the lowest mass of labile fractions in the aggregates. The intra-aggregate free light
fraction (C-IALF) carbon showed similar behavior (appendix — Table 6).

A PCA showed patterns of similarity among the analyzed data. In the PCA, two
groups relating soil depth to the chemical nature of SOM (Figure 6) were identified.
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Figure 6. Principal components analysis of the different fractions of SOM in the cultivated
and forest areas. F: forest samples (F1: 0-0.05 m, F2: 0.05-0.10 m, F3: 0.10-0.20 m); NT:
no-tillage samples (NT1: 0-0.05 m, NT2: 0.05-0.10 m, NT3: 0.10-0.20 m); P: pasture
samples (P1: 0-0.05 m, P2: 0.05-0.10 m, P3: 0.10-0.20 m); T: conventional tillage
samples (T1: 0-0.05 m, T2: 0.05-0.10 m, T3: 0.10-0.20 m); Mass-FLF = mass of free
light fraction, Mass-IALF = mass of intra-aggregate light fraction; C-FLF = free light
fraction carbon; C-IALF = intra-aggregate light fraction carbon; TOC = total organic
carbon; POXC = permanganate oxidizable carbon; C-FA = carbon in fulvic acid, C-HA =
carbon in humic acid and C-Hum = carbon in humin.

PC-1 (81.02% of the total variance explained) indicated a relationship between forest,
pasture, and no-tillage management at the shallowest soil depths (blue circle), with all forms
of labile carbon (POXC and densimetric fractions), as well as the humic fractions. There was
no clustering pattern indicating a relationship at any soil depth for conventional tillage
management with carbon (yellow circle) forms. The PCA analysis confirmed the results
obtained in the previous section.

2.5.7. Effect of the type of management based on functional groupings using FTIR and
chemometrics

FTIR spectroscopy produced similar spectral patterns for all HA extracted from the
soils (Figure 7).
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Figure 7. FTIR spectra of humic acids isolated from soil under different management types.
F: forest, T: conventional tillage, P: Pasture, NT: no-tillage. The average spectra are
shown in black for each type of management. R1, R2, and R3 represent the replicate
spectra.

Absorption bands at ~3200 cm™ indicated the presence of -OH and/or -NH (alcohols,
carboxylic acids and amines). The absorption bands positioned at ~2920 cm™ and 2850 cm™
corresponded to the presence of symmetrical and asymmetrical (v) -CH, respectively (-CH3
aliphatic). Bands of approximately 1690-1621 cm™ indicated the presence of vC = C and vC
= O groupings, which corresponded to aromatic, olefinic, amide I, ketone, and quinone
systems. The bands present at ~1510-1530 cm™ along the bands at ~1417 cm™ corresponded
to symmetrical and asymmetrical stretches, showing the presence of -COO- groups in all HA.
Bands at ~1218 cm™ corresponded to the stretching and unfolding of C-O in the -COOH
groups. However, the bands at -1030 cm™ showed the presence of —OH, which belonged to
aliphatic alcohols and polysaccharides (BAES & BLOOM, 1989; NIEMEYER et al., 1992;
STEVENSON, 1994).

A slight variation in the number of waves was observed, indicating slight differences
in the positions of the absorption bands. These differences were barely detected by spectral
visual inspection but could be visualized by the PCA-FTIR (Figure 6).
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Figure 8. Principal component analysis (PCA) performed with FTIR spectra of humic acids
isolated from soil under different management types. F: forest, T: conventional tillage, P:
pasture, NT: no-tillage. The average spectra are shown as diamonds in each type of
management. R1, R2, and R3 represent the replicate spectra. A) PCA score of pure
spectra, B) loading of pure spectra.

The PCA scores (explaining 95% of the total variance) showed a pC! positive
clustering pattern (91% of variance explained) between forest and pasture management
(Figure 8A) and negative values between no-tillage and conventional tillage management
(Figure 8A). The spectral loadings showed that most of the functional clusters had an
influence of similar weighting for the grouping observed in the scores (Figure 8B). These
results showed how soil management affected the presence of functional clusters in HA. Less-
managed soils had HA formations with more similar functionality.

2.5.8. Effect of management type on the structure of HA using >C-NMR CP/MAS and
chemometrics

The “C-NMR CP/MAS spectra of the HA belonging to the different management
types are shown in Figure 9.
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Figure 9. "C-NMR CP/MAS spectra of humic acids isolated from soil under different
management types. F: forest, T: conventional tillage, P: pasture, NT: no-tillage. The
average spectra are shown in black for each management type. R1, R2, and R3 represent
the replicate spectra.

The HA spectra showed the presence of -CHj3 terminals in the region of 0-45 ppm
(peaks approximately 14, 18, 25 and, 33) belonging to aliphatic chains and acetylic groupings
(R-C=0*CH3), in addition to -CH, of aliphatic polypeptide chains. Carbon belonging to
methoxyls (-OCHj3) and/or C, in polypeptides (R-C=0-*CH-NH) was detected in the region
between 45 and 60 ppm (peaks at approximately 50.67 ppm). Humic acid also consists of
carbinol (-C-OH) carbons belonging to cellulose and hemicellulose fragments, which were
present in the region between 60 and 90 ppm (~ 68 ppm) as well as the O-alkyl structures of
lignin fragments. The presence of carbohydrates and lignin in the HA structure was confirmed
by the signal in the region of 90-110 ppm (104 ppm), which corresponded to anomeric carbon
(C-alky-di-O) and C, in the fragments of guaiacyl and syringyl. The nonfunctionalized
aromaticity in HA was due to the presence of aromatic-C-aromatic belonging to the C,;
fragments of guaiacyl and syringyl fragments in the region between 110 and 142 ppm (signal
at ~123 ppm). However, the presence of C arom- (O, N) functionalized aromatic rings in HA
was due to the presence of signals in the region of 140 and 156 ppm (signal in ~147 ppm).
The intense signal at ~167 ppm corresponded to the abundant presence of C-carboxylic in all
HA and the signal at ~200 ppm with the presence of C-carbonyl (DESHMUKH et al., 2005;
JOHNSON et al., 2005).

The relative amounts of structures present in the HA as a function of the carbon type
are shown in Figure 10.
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Figure 10. A) Relative quantity of carbon type (%) obtained from the integration of different
region in ’C-NMR CP/MAS. B) Index of aromatic, aliphaticity. C) hydrophobicity (HI)
and polarity (PI) of humic acids isolated from soils under different management types at
the 0.10 m depth.

The structural differences in HA formed in the different management systems
indicated the types of recalcitrant or more preserved structures during the transformation
process of SOM in humified OM. The HA of forest soils was predominantly formed by
nonfunctionalized aliphatic ~ structures (Cuiy-H, R) and a low contribution of
nonfunctionalized C-aromatics (Figure 8A). This behavior was different in the other
management types. For the pasture, no-tillage and conventional tillage management types,
more C-aromatics formed HA than in the forest soil (Figure 10A). This high contribution of
C-aliphatic in the formation of HA might be related to the intense contribution of vegetal
material (appendix - Table 3, 4 and 5). These differences in the quantities of different
structures led to more aromatic HA in pasture, NT and T management types compared to
forest management (Figure 10B). The arrangement of these structures in the humic
supramolecule was similar to the HA formed in the F and P management types, because the
HI values, in this case, were equal (0.63), as well as the PI (1.44) (Figure 10C). These results
reinforce the pattern of structural clustering shown in PCA-FTIR (Figure 9).

The PCA-">C-NMR CP/MAS chemometric analysis provided information on the
structural presence of HA formed in the soils under the different management practices. The
PCA performed from the pure C-NMR CP/MAS spectra (85% of the total variance
explained) are shown in Figure 9. PC-1 (63% of the total variance explained) separated the
HA of the soil under forest management (positive values) from that of the P, NT and T
(negative values) management types (Figure 11A).
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Figure 11. Principal component analysis (PCA) performed with >*C-NMR CP/MAS spectra
of humic acids isolated from soil under different management types. F: forest, T:
conventional tillage, P: pasture, NT: no-tillage. The average spectra are shown in black
for each type of management. R1, R2, and R3 represent the replicate spectra. A) PCA
scores of pure spectra, B) PCA loadings of pure spectra, C) PCA scores and loadings (bi-
plot graphics) performed by the relative quantity of structure.

This separation between F and the other three management types was due to the
predominance of Cai-(H, R) type structures, Ca- (N, O), Ca-O, and aliphaticity in HA
(Figure 11C-D). The spectral loadings show that the C corresponding to the functionalized
aliphatic structures did not determine these differences. This result confirms the importance of
the contribution of labile and fresh material to the soil as a function of the vegetation. PC-2
(22% of the total variance explained) contained two groups: (1) one group with negative
values of HA for the T cultivation area, and (2) one group with positive values of HA for the

NT and P areas.
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2.6 DISCUSSION

The isotopic signal 8"°C confirmed that the studied areas were dominated by grass
vegetation in the past. The isotopic signal in the soils indicated that, over the last 41 years, the
vegetation cover has changed due to the type of management adopted today, with a
predominance of Cs plants. The presence of Alluvial Semidecidual Seasonal Forest in this
area led to a change in the isotopic signal of §"°C from the photosynthetic cycle of C4 plants
to the 8"°C signal of C; plants (SIQUEIRA NETO et al., 2010). The presence in the soil of NT
management (with soybean crops and corn crops in winter and summer, respectively) and soil
under T management (with oat and bean cultivation) changed the isotopic signal from the
photosynthetic cycle of C4 plants to that of C; plants. Variation and changes to the isotopic
signal according to the type of carbon depends on soil and climate factors and occurs
gradually (ULLOA et al., 2005).

The adoption of no-till practices in the P and NT management systems contributed to a
greater accumulation of TOC in the surface layers of the soil profile when compared to T
management. This phenomenon is related to the higher contribution of biomass on the
surface, together with a reduction in use of agricultural implements for soil preparation that
promote the accumulation of SOM and reduce C losses. This is due to the physical protection
of soil aggregates and the type of chemical structure that is formed in humic substances
(JANTALIA et al., 2007; BENBI et al., 2015).

The inputs of residue higher than 6 Mg ha™ associated with reduced levels of soil
rotation reduces CO, in the atmosphere and increases its retention in the soil as organic
carbon (MAZURANA et al.,, 2013). Thus, the areas of F, NT, and P behaved more
conservatively than the area of T, because F, NT, and P had carbon stocks that exceeded 6 Mg
ha™' up to 1.0 m soil depth, while this value was only reached for T in the two surface layers.

The TN stock followed a trend similar to that observed in the TOC stock. The
reduction of TN stock with soil depth in all the evaluated areas was attributed to the C input in
the most superficial layer in relation to the more superficial soil layers. The increase in TOC
and TN stocks contents in nonsubject areas mainly occurs in the superficial layer (LIU et al.,
2018). The same pattern was observed by Rosset et al. (2014; 2016) in NT areas cultivated for
6, 14, and 22 years in the same region as the current study. This accumulation under PP
management was a response to the efficiency of grasses in the accumulation of plant residues
(D’ANDREA et al., 2004). Under T management, intense soil rotation combined with a low
C/N biomass contributed to intense nitrogen mineralization of the residues incorporated in the
soil (BONANOMI et al., 2013).

The differentiated contribution of biomass to the soil in the F and NT management
types provided more labile fractions of organic matter in the more superficial layers of the
soil, as well as the possibility of greater mineralization. The forest had an adequate balance
between mineralized carbon and that accumulated in the form of HS; however, under NT
management, more mineralization than stable C formation in the HS form seemed to be
occurring. In contrast, the soil under pasture management preserved the humic fractions that
formed. T management exhibited the poorest balance between the contributed biomass and
the humic fraction when compared to the other management types.

Regarding C input to the soil as a function of the type of management, it is known that
forests have a constant supply of leaf litter on the soil surface, with the more labile C
structures being preferentially degraded by microorganisms. However, the constant renewal
of vegetal material in the soil leads to the accumulation and incorporation of these fractions
(GUENE et al., 2010). Similarly, the constant addition of straw in NT management that
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facilitates the contribution of more labile structures makes this system closer to natural ones
(SA et al., 2013; ROSSET et al., 2016).

The T management system contributed less to the maintenance of carbon in the soil
compared to the other management types. As a function of soil rotation, several studies have
demonstrated the effect of low preservation and accumulation of C, increasing the resilience
index (interpreted as recalcitrance) of soil organic carbon and the amount of recalcitrant
humic fractions (ROSSET et al. 2016; LIU et al., 2018).How C is added to the soil and the
type of management contribute to the chemical stabilization of SOM, leading to intense
scientific research. This study showed that the formation of HA is a complex process that
does not depend on the origin of carbon. This study also demonstrated that, although the HA
that forms in soils under forest and pasture receive contributions from C; and C4 plants, the
compositions of the functional groups were similar, as previously observed by Garcia et al.
(2016) and Gomes et al. (2018).

The HA structure was a sensitive indicator for MOS modification (KOTSE et al.,
2016, SPACCINI et al., 2006). Functional groups and structural organization of HA reflected
the influence of the amount of type of C that transform in each management. On the one hand,
the spectroscopic data (FTIR) showed that both soil cultivation, T and NT, influence the most
labile functional groups in HA (v -OH, v-aliphatic, v-COOH and v -OH) of different chemical
natures; on the other hand, soils that receive less management preserve similar chemical
groups.These modifications were strongly reaffirmed by *C-NMR CP/MAS spectroscopy.
The humification process under NT, T and P conditions produces HA with the presence of
CAr- (H, R) and CAr- (O, N) structures, although a greater preservation of carbohydrate
structures (Calk-di-O) was observed in the HA under P management. The HA in the F
management soil was formed by a more predominant labile structure (Ca-H, R; Cai-O, N;
Cak-O) compared with the other management systems.

Some authors have reported results proving the possibility of modification recorded in
HA and FA formation from the input of plant material to soil using FTIR and >*C-NMR (Song
et al., 2017). In this line, Dorado et al., (2016) also reported that soil management interferes
with aliphatic MOS structures (fatty acids, alkanes, alkenes) as well as aromaticity.

This study showed that the chemical properties of hydrophobicity and polarity were
similar for the quantitative structural balance present in the humic supramolecular structure,
with the formed HA being similar in F and P management systems. However, the
characteristics of forest management clearly favored the formation of HA that was different to
those formed in soils under P, NT, and T management systems. The formation of HA in all
management systems was associated with the evolution and/or transformation of the input of
more aliphatic structures based on the vegetation that was present. This study shows that soil
under T management had the lowest C input; thus, the HA that formed had a different
structure compared to the other management practices.

Finally, this study provides relevant results that show the difference between carbon
input and the function of vegetation and management type, as well as how carbon is stabilized
in the form of humified organic matter. In practical terms, this study may improve target land
use to specialists and farmers who develop agricultural activities in tropical Latosols under
tropical regime conditions, because: 1) the succession of forest to any other soil management
will affect both the quantity and quality of SOM (the presence and quality of SOM in soils in
tropical climatic conditions is a critical issue in terms of fertility); (ii) although
unconventional management (no tillage — NT) accumulates more TOC at the soil surface, it
does not reflect the formation of a higher quality of HA, and this is especially important
because the use of NT could be favoring the emission of CO, due to the mineralization
process; and iii) farmers could use the management of pasture (P) if the objective is to
preserve HA in soil similar to those found in forest management (F).
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2.7. CONCLUSIONS

With this study, we can indicate to agricultural professionals as well as farmers that
the succession of a forest Latosol under a tropical climate and agricultural use affects both the
quality and quantity of the SOM. This study indicates that the adoption of NT management
does not guarantee the formation of HA in soil similar to that present in soil under F, and at
the same time, the best way to preserve better quality HA is achieved in soil with P
management.

These recommendations are possible because the stabilization of organic carbon in
soils under different types of management depends on the amount of carbon stored in the soil
but also on the quantity and type of structure that is deposited. Thus, depth also plays an
important role in carbon and nitrogen stocks, as well as their structural characteristics.

The forest system facilitates the high accumulation of C-organic on the surface, with
the HA structure forming in the soils containing a high amount of C-aliphatic. In comparison,
while NT management had a biomass input, the input of low aliphatic structures to HA was
detected, indicating that this practice might favor carbon mineralization to a greater extent
than humification. P management contributed to the formation of HA with characteristics that
were more similar to those observed in F management.

The T management incorporated the least TOC and TN stocks, in addition to forming
more differentiated HA, in comparison to the other treatments. Therefore, our results show
that systems with poorly managed or highly stabilized soils produce HA with structural and
compositional similarity, regardless of the nature of carbon (C; and Cy4). In comparison, soils
in which crop cultivation is developed with and without carbon input, HA forms were more
structurally differentiated when compared to P and F areas. Further experiments incorporating
models are required to provide greater insights on the relationships among C input,
management, and the formation of humic substances.
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3. CAPITULO II

MODIFICACOES NAS FORMAS E FRACOES DE FOSFORO EM
AREAS SOB DIFERENTES FORMAS DE USO E COBERTURAS
VEGETAIS NO SUL DO BRASIL
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3.1. RESUMO

O foésforo (P) € um componente essencial da produgdo vegetal e em solos intemperizados a
deficiéncia de P € um problema particularmente complexo. Considerando que, a abundancia e
a cristalinidade dos 6xidos de Fe e Al influenciam diretamente a adsorcdo de P do solo, e que
estas sdo afetadas pela MOS; o objetivo deste estudo foi avaliar a influéncia das formas de Fe
e Al na disponibilidade de P do solo e avaliar a qualidade estrutural do *'P nos 4dcidos himicos
(AH) em um Latossolo submetido a diferentes sistemas de uso do solo: sistema de preparo
convencional (SPC), sistema plantio direto (SPD), pastagem (PA) e uma floresta (F) nativa
como referéncia. Para tal foi quantificado o ferro total ou solivel (Fe-S) por ataque sulftrico,
ferro ditionito (Fe-D), aluminio ditionito (Al-D), ferro oxalato (Fe-O) e aluminio oxalato (Al-
0). Os teores de fosforo total (PT), P remanescente (P-Rem), P disponivel (PD) (extraido com
Melich') e a caracterizacio espectroscépica do *'P-RMN CP/MS na fracdo AH da matéria
organica do solo (MOS). Na area de uso com PA foram quantificados os maiores teores das
formas de ferro (cristalino e amorfo). Maiores teores de P disponivel foram quantificados no
manejo SPD e na drea PA em todas as camadas avaliadas e maiores teores de PT nas camadas
de 0-0,05 m, estes resultados podem ser explicados pelas maiores quantidades de matéria
organica quantificadas nestas dreas. O minimo revolvimento do solo e o ndo-revolvimento,
associado ao acimulo de MOS sdo essenciais para a manutencao de P no solo. Os teores de P-
Rem foram baixos e semelhantes em todas as dreas avaliadas, podendo com isto indicar um
elevado poder tampao do solo. Nao houve relacao entre a disponibilidade de P e as formas de
Fe e Al do solo. Os espectros de *'P.NMR CP/MAS na fracdo AH mostraram predominio de
formas organicas de P. O uso com PA favoreceu o acimulo de P-diéster. Na area de F houve
a incorporagdo de nucleotideos tipo acticares e nos usos de SPC e SPD, as estruturas de P-
monoéstrer se acumularam em maior quantidade. A maior intensidade de cultivo parece
favorecer as estruturas de P organico mais recalcitrantes, indicando, portanto, que os sitemas
de cultivo com SPD e SPC propriciam a manutencao de forma de P menos ldbeis.

Palavras chaves: *'P-NMR CP/MAS. Adsorcdo. Solo oxidico. Ferro ditionito.
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3.2. ABSTRACT

Phosphorus (P) is an essential component of crop production and in weathered soils, P
deficiency is a particularly complex problem. The aim of this study was to evaluate the
influence of iron (Fe) and aluminum (Al) forms on soil P availability and to evaluate the
structural quality of P in humic acid (HA) in an Oxisol under different soil management
systems. (conventional tillage (T), no tillage (NT), pasture (PA) and a native forest (F) as
reference). Soluble iron (S-Fe) by sulfuric attack, dithionite iron (D-Fe), aluminum dithionite
(D-Al), iron oxalate (O-Fe) and aluminum oxalate (O-Al) were quantified. The contents of
total phosphorus (TP), remaining P (Rem-P), available P (DP extracted with Melich™) and the
characterization of *'P in the HA fraction of soil organic matter (SOM). In the area of PA
management, the highest levels of iron forms were quantified, possibly due to the higher
humidity present in this area provided by soil cover. Higher levels of available P were
quantified in NT management and PA area in all evaluated layers and higher levels of P-rem
and total P in the 0-0.05 m layers, soil non-revolving and MOS accumulation. essential for P
maintenance. There was no relationship between P availability and soil Fe forms. The *'P
NMR CP MAS HA spectra showed predominance of organic forms of P. The management
with PA favored the accumulation of P-diester. In the F area there was the incorporation of
sugar-like nucleotides and in the T and NT managements the P-monoester structures
accumulated in greater amount. The higher cultivation intensity seems to favor the more
recalcitrant organic P structures.

Keywords: *'P NMR CP MAS. No-tillage system. Tropical climate. Weathering.
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3.3. INTRODUCAO

O fésforo (P) € um nutriente chave na produgdao vegetal (DEISS et al., 2016;
PRAKASH et al., 2018), sendo o elemento essencial que mais frequentemente limita a
produtividade agricola no planeta (PICCIN et al., 2017).As formas e propor¢des de P
presentes no solo variam, podendo P estra em formas organicas e inorganicas (HAYGARTH
et al., 2108). A dinamica destas formas de P no solo € bastante complexa e depende de
inimeras variaveis, como textura e mineralogia (TOKURA et al., 2011), sistema de manejo
adotado (PEREIRA et al., 2010), formas de adubacdo utilizada (GUARDINI et al., 2012) e
fatores ambientais bidticos e abidticos (RESENDE et al, 2011).

Em regides de clima tropical com solos altamente intemperizados, a deficiéncia de P é
um problema especialmente complexo (TELES et al., 2017). Tais solos sdo
predominantemente oxidicos (predomino de hematita e goethita). O ferro extraido por
dissolugdo seletiva de 6xidos de ferro pedogénicos (Fe-ditionito) inclui 6xidos de baixo e alto
grau de cristalinidade, ou seja, formas cristalinas e amorfas, enquanto o ferro extraido com
citrato de ditionito quantifica apenas as formas de baixa cristalinidade (MEHRA e
JACKSON, 1960), a forma como os 6xidos se apresentam vao influciencia diretamente a
adsor¢do de P no solo.

A abundancia e a diversidade no grau de cristalinidade dos 6xidos de Fe exercem
considerdvel influéncia sobre as propriedades fisicas e quimicas dos solos (POMBO et al.,
1982) e afetam diretamente a adsor¢do de fésforo no solo (SOUZA et al., 2010;
GUARESCHI et al., 2015). Resultados obtidos por Xiao te al. (2017) em experimentos de
adsor¢do de P, demonstraram que os 6xidos de Fe e a textura do solo foram os principais
fatores que influenciaram a adsor¢ao de P em um Entisol.

Além da mineralogia, a forma de uso do solo também é um fator preponderante no
comportamento do P no solo. Algumas caracteristicas do sistema plantio direto (SPD) por
exemplo, podem alterar a dindmica e disponibilidade do P no solo e, consequentemente, na
resposta das culturas a adubacdo fosfatada (CARNEIRO et al., 2011; GUARESCHI et al.,
2015). O menor revolvimento do solo no SPD DIMINUI os processos erosivos, além de
propiciar maior teor de dgua (facilitando o mecanismo de difusdo), que diminui o contato
entre os coldides do solo e o fon fosfato, reduzindo as rea¢des de adsor¢io (CARNEIRO et
al., 2011). Estudos realizados em solos oxidicos do Cerrado brasileiro demonstraram que o
SPD contribuiu para uma maior disponibilidade de P, devido as modificacdes ocorridas na
abundancia e a cristalinidade dos 6xidos de Fe (SILVA NETO et al., 2008; GUARESCHI et
al., 2015) e de aluminio (VENDRAME et al., 2011).Diversos métodos sdo utilizados para
avaliar o P no solo, dentre eles a técnica de ressonancia magnética nuclear do P 31 (31P—RMN)
¢ um método espectroscépico que permite a identificacdo de formas estruturais de P no solo
(BUSATO et al., 2005), esse método vem sendo empregado por vdrios autores, com O
objetivo de avaliar as diferentes formas de P no solo (BEDROK et al., 1994; BOURKER et
al.,, 2009; TELES et al., 2017; SPAIN et al., 2018). O emprego da 3Ip.RMN permite o
acompanhamento da distribuicdo das formas organicas de P (HAWKESD et al., 1984),
considerando o uso e manejo do solo, contribuindo para um maior entendimento sobre a
dindmica desse nutriente no ambiente (BUSATO et al., 2005).

Considerando que, a abundancia e a cristalinidade dos 6xidos de Fe e Al influenciam
diretamente a adsorcdo de P do solo, e que estas sdo afetadas pela MOS; o objetivo deste
estudo foi avaliar a influéncia das formas de Fe e Al na disponibilidade de P do solo e na
qualidade estrutural do 3P nos 4cidos hdmicos (AH) em um Latossolo submetido a diferentes
sistemas de uso do solo (SPC, SPD e PA) utilizando uma floresta (F) nativa como referéncia.
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3.4. MATERIAL E METODOS

Detalhes sobre a drea de estudo, histérico da drea experimental e amostragem de
campo, podem ser encontrados no iten 2.4, subitens 2.4.1 e 2.4.2 do Capitulo I (em inglés).

3.4.1. Atributos quimicos

Foram determinados: pH em dgua (propor¢io 1: 2,5); Na*, K*, extraido com solugio
de Mehlich' (0,0125 mol L de H,SO4 e 0,050 mol L™ de HCI); Ca**, Mg**, Al**, extraido
com KCI 1 mol L'; H + Al, extraido com solucdo de acetato de cdlcio 0,5 mol L™ a pH 8,5 e
titulado com NaOH 0,0125 mol L'l, de acordo com método de Donagema et al. (2011).

3.4.2. Fosforo remanescente, fosforo disponivel e fosforo total

O f6sforo remanescente (P-rem) foi determinado segundo Alvarez & Fonseca (1990).
Cinco centimetros cubicos de terra fina seca ao ar foram colocados em contato por uma hora
com uma solucio de 0,01 mol L™ de CaCl,, com 60 mg L' de P. Apés a agitagdo, separaram-
se as fases solida e liquida e, na solugdo de equilibrio, foi determinada a concentracdo de P-
rem pelo método do azul de molibdato e acido ascérbico e, posteriormente, foi feita a leitura
em espectrofotdmetro (BRAGA & DEFELIPO, 1974).

O fésforo disponivel (PD) foi determinado pela extracio com solugdo de Mehlich™
(HCI 0,05 mol L'e H,S04 0,0125 mol L'l) e o teor de P foi determinado por colorimetria,
ap6s a reducdo do complexo fosfomolibidico com &4cido ascorbico em presenca de sal de
bismuto. O fésforo total (PT) foi quantificado segundo Tesdeco et al. (1995).

3.4.3. Isolamento e purificacao dos acidos hiimicos (AH)

Detalhes sobre o isolamento e purificagdo dos dcidos hiimicos, podem ser encontrados
no item 2.1, subitem 2.1.6 do Capitulo I (em ingl€s).

3.4.4.'P-RMN CP/MAS na fraciio 4cido himico

A espectroscopia de polariza¢do cruzada com rotacdo em torno do dngulo mégico 31p.
RMN CP/MAS foi realizada no aparelho Bruker AVANCE II RMN a 400 MHz, equipado
com uma sonda de 4 mm Narrow MAS e operando em sequéncia de ressondncia de ’Ip a
161.97 MHz. Para a obtencdo dos espectros, as amostras dos dcidos himicos foram colocadas
em um rotor (porta-amostra) de diéxido de zircénio (ZrO,) com tampas de Kel-F sendo a
frequéncia de giro de 8 £ 1 kHz. Os espectros foram obtidos pela coleta de 2048 data points
para igual nimero de scans a um tempo de aquisi¢ao de 0,0393 s e com recycle delay de 5 s;
SW (cyclical): 52083,33; spectrum offset: 0,0044 Hz; speed width: 52070,62. O tempo de
contato para a sequéncia em rampa de 1H ramp foi de 2 ms. A coleta e elaboragdo espectral
foi realizada utilizando o Software Bruker Topspin 2.1. Os decaimentos livres de inducdo
(FID) foram transformados aplicando um zero filling igual a 4 k e posteriormente um ajuste
por funcdo exponencial (line broadening) de 70 Hz. O trabalho espectral foi realizado
utilizando o Software ACD/Labs v.12.01 (Freeware Academic Edition) e a identificacdo dos
picos correspondentes aos compostos organicos do P forma realizados de acordo com Cade-
Menun & Preston (1996) and Solomon et al. (2002).
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3.4.5. Caracterizacao dos 6xidos de Fe e Al pelo ataque sulfirico

O método do ataque sulftrico foi aplicado como pré-tratamento na extracdo de ferro e
aluminio e posterior extracdo de silica no residuo. Foi pesado 1g de terra fina seca ao ar e
adicionado solucao de H,SOy 1:1, as amostras foram submetidas a fervura durante meia hora
sob refluxos e posterior resfriamento e filtragem, ap6s foram determinados os teores de ferro e
aluminio, segundo Donagema et al. (2011).

3.5.6. Teor de ferro total (Fe;O3) ou ferro solavel (Fe-s)

Os teores de ferro total, também denominado ferro soldvel (Fe-S), foi determinado em
aliquota do extrato sulftrico (ajustada a pH 1,5) por meio de titulacdo com EDTA 0,01 mol L
1, usando-se como indicador o 4cido sulfossalicilico, de acordo com Donagema et al. (2011).

3.5.7. Extracdo com solucao de ferro e aluminio com solucao de citrato-ditionito-
bicarbonato (CBD)

As amostras foram aquecidas em solucdo complexante tamponada de
citrato/bicarbonato, as quais foi adicionado ditionito de s6dio em pé como agente redutor. Os
teores de ferro foram determinados no extrato, segundo Donagema et al. (2011).

3.5.8. Extracdo com solucao de ferro e aluminio com oxalato acido de aménio

A extragdo foi realizada com adi¢do de solucdo de oxalato d4cido de amdnio em meio
acido, sob agitacdo e na auséncia de luz. A leitura foi feita por espectrofotometria de absorcdo
atomica, de acordo com Donagema et al. (2011).

3.5.9. Analises de dados

Foi utilizada andlise multivariada para avaliacdo dos dados, uma vez que, este € um
estudo mensurativo, realizado com o uso de pseudorepeti¢des, € nao atende aos pressupostos
de um experimento cldssico, com delineamento experimental. Os resultados dos atributos
quimicos do solo (pH H,0, Ca**, Mg**, AI**, Na*, K * e H+Al), das fracdes de P (P-Rem, PD
e PT) e das formas de ferro e aluminio (Fe-, Fe-D, Al-D, Fe-O e Al-O) foram submetidos a
andlise descritiva (média e erro padrio) e andlise de componentes principais (ACP). O *'P-
NMR CP/MAS na fragdao AH foi analisado através de quimiometria. A ACP foi realizada no
programa R.3.5.1/RStudio com o auxilio do pacote vegan. Este pacote fornece ferramentas
para estudos de ecologia descritiva de comunidade. Tem fun¢des mais basicas de andlise de
diversidade, ordenacdo de comunidades e andlise de dissimilaridade (OKSANEN et al.,
2011). A maioria de suas ferramentas multivariadas também pode ser usada para outros tipos
de dados. Apds a obtencdo dos loadings e scores o grafico biplot foi confeccionado no
SIGMAPLOT.

A ACP € uma técnica de andlise estatistica multivariada que permite transformar
linearmente um conjunto original de varidveis, inicialmente correlacionadas entre si, em um
conjunto substancialmente menor de varidveis ndo correlacionadas, que contém a maior parte
das informacdes do conjunto original (PRADO et al., 2002). Assim, € possivel aproveitar uma
das principais vantagens do ACP, que é remover a multicolinearidade das varidveis, ou seja,
transformar o conjunto de varidveis originais correlacionadas em um novo conjunto de
varidveis ndo correlacionadas (componentes principais). No caso do uso de ACP em andlises
quimiométricas, para a espectroscopia de >'P-NMR CP/MAS, a quantidade das formas de P
foram analisadas usando o software Unscrambler® X 10.3 package (Camo Software AS Inc.,
Oslo, Norway).
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3.6. RESULTADOS E DISCUSSAO

3.6.1. Atributos quimicos

Os resultados dos atributos quimicos para a drea de referéncia (F) e dreas de cultivo
(SPD, PA e SPC) sdo apresentados na Figura 12.
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Figura 12. Atributos quimicos do solo em dreas submetidas a diferentes tipos de uso. Erro
padrdo n = 5. PA: pastagem; SPD: sistema plantio direto e SPC: sistema de preparo

convencional.
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Em geral, o pH do solo foi superior a 6,0 para todas as dreas e camadas avaliadas
(Figura 12A); € possivel observar valores mais baixos de pH na area SPD nas camadas de
0,05-0,10 e 0,10-0,20 m. As bases trocdveis Ca2* e Mg”** variam de 6,0 a 10,0 e 3,0 a 5,0
cmolc dm™, respectivamente, e a drea de F apresentou os niveis mais altos, com um pequeno
aumento na drea SPC na camada de 0,10-0,20 m (Figura 12 C e D, respectivamente). Os
valores de H + Al variaram de 2,0 a 5,5 cmolc dm? , € nas areas de PA e SPD os valores
foram mais altos (Figura 12E).

Os atributos quimicos do solo foram semelhantes nas dreas avaliadas. Os valores mais
altos de bases trocdveis (Ca®* e Mg**) na drea de F sdo devidos ao material de origem do solo,
de natureza bdésica, naturalmente rico nesses minerais que por intemperismo podem liberar
esses cations para a solucdao do solo (GHIDIN et al., 2006). Além do material de origem do
solo, a auséncia de acdo antrdpica na drea de F permite que esse ambiente mantenha suas
funcionalidades naturais, como a ciclagem de nutrientes. Por outro lado, os maiores niveis de
K" encontrados na drea do SPD podem ser atribuidos & adubac@o potdssica anual nas lavouras
de soja no verdo e milho e / ou trigo no outono e inverno, e devido a manutencdo da
palhadada no solo associado ao minimo revolvimento do solo. Sistemas de manejo com
manutencdo de palha em cobertura, nos quais o solo ndao é pouco revolvido, promovem a
manuten¢cdo da matéria orgadnica e dos atributos quimicos do solo (SA et al., 2013),
contribuindo para uma melhor qualidade quimica do solo.

3.6.2. Formas de ferro e aluminio no solo

As formas denominadas de ferro total ou ferro soldvel (Fe-S) extraido com acido
sulfdrico, incluem as formas de alta e baixa (Fe-D) e baixa (Fe-O) cristalinidade. Os teores de
Fe-S foram semelhantes (valores préximos a 180 g kg') em todas as dreas e camadas
avaliadas (Figura 13A), demonstrando, portanto, pouca varia¢do em funcdo do uso adotado.
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Figura 13. Fe-S: Ferro solivel, Fe-D/Fe-S: relacao ferro ditionito/ferro solivel no solo em
areas submetidas a diferentes tipos de uso. Erro padrdo n = 3. PA: pastagem, SPD:
sistema plantio direto e SPC: sistema de preparo convencional.

O ferro total do solo é um atributo que estd diretamente associada ao material de
origem e aos teores de argila. Desta maneira, o tipo de solo da 4rea de estudo (Latossolo de
textura variando de argilosa a muito argilosa), teores de argila superiores a 60% (Table 1),
podem explicar a auséncia de efeito do uso do solo.

Os valores da relacdo Fe-D/Fe-S sdo apresentados na Figura 13B. Nas édreas de F e
PA, mais de 70% do Fe solivel em dacido sulfdrico encontrava-se predominantemente na
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forma de Fe-D (que inclui as formas de alta e baixa cristalinidade) em todas as camadas
avaliadas. Na drea de SPD foram verificados os menores valores, proximos a 60% na camada
de 0-0,05m, que diminuem em profundidade. Esta reduc¢do nos teores relagao Fe-D/Fe-S pode
ser decorrente do acimulo de palhada da drea de SPD, que contribui com maiores aportes de
MOS. A decomposicao da MOS, leva a formacdo de dcidos organicos que podem contribuir
para a complexacdo do ferro e consequente a formacdo de 6xidos de menor cristalinidade
(SILVA NETO et al., 2008). Os valores para as formas de Fe e Al sao apresentados na Figura

14.
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Figura 14. Formas de ferro no solo em dreas submetidas a diferentes tipos de uso. Erro
padrao n = 3. Fe-D: ferro ditionito, Al-D: aluminio ditionito, Fe-O: ferro oxlato, Al-O:
aluminio oxalato. PA: pastagem, SPD: sistema plantio direto e SPC: sistema de preparo
convencional.

Os teores de Fe-D variaram de 80,0 a aproximadamente 145,0 g kg”'. Na drea de PA
foram quantificados os maiores teores nas camadas de 0-0,05 e 0,05-0,10 m seguida das dreas
F, SPC e SPD (Figura 14A).

A reducdo de Fe-D na 4rea de SPD pode ser consequéncia da dissolu¢@o redutiva e /ou
a complexacdo do Fe pela MOS (SILVA NETO et al., 2008). As reacdes de dissolucdo
redutiva e/ou complexante podem ocorrer em fun¢do do aumento no teor de matéria organica,
umidade e atividade microbiana (SCHWERTMANN, 1991). Além disso, os constantes
aportes de palhada concomitante com o minimo revolvimento do solo sdo caracteristicas do
SPD capazes de aumentar o conteddo de matéria organica do solo (DIECKOW et al., 2009).
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Esse padrao atende as premissas citadas por Schwertmann (1991), contribuindo para a
explicacdo dos menores valores de F-De na area de SPD.

Os valores de Al-D (6xidos de aluminio cristalinos € ndo-cristalinos) variram de 3,0 a
aproximadamente 6,0 g kg”'. De maneira geral, os maiores teores foram quantificados nas
areas de F e PA para todas as camadas avaliadas (Figura 14B). Os 6xidos de Al possuem
elevada superficie especifica, por essa razdo apresentam uma grande afinidade com a MOS
(CORNEJO & HERMOSIN, 1996), esses resultados podem ser associados a presenca de
estruturas de carbono mais alifaticas e funcionalizadas presentes nestas areas (Capitulo I).

O Fe-O que constitui a forma nao cristalina ou amorfa, variou de aproximadamente
1,8 23,6 g kg''. Na drea de PA foram quantificados os maiores teores em todas as camadas
avaliadas (Figura 14 C)

Maiores teores de Fe-O quantificados na drea de PA podem ser atribuidos a presenga
de matéria organica, oriunda da constante renovacdo do sistema radicular das gramineas. A
matéria organica € um dos fatores que contribuem para ndo cristalizagdao dos 6xidos de Fe
(SCHWERTMANN, 1991; SILVA NETO et al., 2008).

A area de pastagem encontra-se a 41 anos sem revolvimento e sem sinais aparentes de
degradacdo. Adicionalmente, a cobertura do solo proporcionada pela pastagem contribui para
maiores teores de umidade no solo nas camadas superficiais, além de promover uma
diminui¢do na amplitude térmica do ambiente edafico (COSTA et al., 2003). A associag@o
desses fatores desfavorece a cristalizacdo dos 6xidos de Fe (INDA J UNIOR et al., 2003).

Para o Al-O (forma de baixa cristalinidade), na area de SPC foram verificados os
maiores teores, especialmente na camada de 0-0,05 m, (Figura 14D). Na drea de SPC foram
também quantificados os menores valores de carbono organico e total e fracdes humicas e
densimétricas da MOS (Chapter I). Este resultado pode ter ocorrido em funcdo dos menores
teores de MOS quantificados nessa drea. Os baixos teores de MOS favorecem que haja uma
maior quantidade Al disponivel para a formacao de 6xidos de Al de baixa cristalinidade (Al-
0).

3.6.3. Fracoes de P no solo

Os resultados das fragdes de P no solo sdo apresentados na Figura 15. O P disponivel
variou de 4,0 a 14,0 mg kg'. Na drea de F foram quantificados os maiores teores seguida
pelas areas de SPD, PA e SPC em todas as camadas avaliadas (Figura 15A). Os teores de P-
Rem variaram de 3,5 a 5,0 mg kg (Figura 15B) e os teores de PT foram de aproximadamente
400 mg dem-3 em todas as dreas avaliadas (Figura 15C), demonstrando, portanto, pouca
variacdo entre os sistemas de uso do solo para ambos.

Os teores de P-Rem foram baixos para todos os sistemas de uso e também para drea
com vegetacao nativa. Esses baixos teores de P-Rem pode ser um indicativo que o solo das
areas de estudo estd drenando todo o P que € adicionado na forma de adubacdo, outro fator
relevante € que a textura argilosa do solo, pode execer um alto poder de tamponamento,
contribuindo assim para os baixos teores de P-Rem.

Maiores teores de P disponivel na drea de F, podem ser decorrentes da auséncia de
acdo antropica na area (PRAKASH et al., 2018) e devido a maior presenca de matéria
organica mis ldbies, como a fracdo leve livre (FLL) (ASSUNCAO et al., 2019), em que tem
predominio de grupos fincionalizados com maiores quantidades de cragas negativas.
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Figura 15. Fracoes de fésforo no solo em dreas submetidas a diferentes tipos de uso do solo.
PD: fésforo disponivel, P-Rem: fésforo remanescente, PT: fosforo total; PA: pastagem,
SPD: sistema de plantio direto e SPC: sistema de preparo convencional.

O revolvimento reduzido na area SPD e auséncia de revolvimento na drea de PA, além
de reduzir a erosdo e propiciar manuten¢do da umidade do solo por maior periodo, diminui o
contato entre os coldides do solo e o ion fosfato, reduzindo as reagdes de adsor¢cdo
(CARNEIRO et al., 2011). A entrada de matéria organica, via adubagdo organica, rotagio de
culturas e incorporagdo de residuos, sdo os principais fatores responsdveis pelo aumento dos
teores de P na agricultura (MAHARJAN et al., 2018) e redug@o dos processos de adsor¢ao.

Maiores teores de P disponivel nas camadas superficiais também foram observados
por Dalchiavon et al. (2012) em areas de SPD sob Latossolo Vermelho Distroférrico em Mato
Grosso do Sul, e por Rosset et al. (2014) no mesmo local de estudo. Estudos como os de
Pereira et al. (2010) e de Souza et al. (2010) constataram que dreas cultivadas em SPD
contribuem para a reducdo da adsorcdo de P, especialmente em solos oxidicos.

Menores valores das fracdes de P na drea de SPC, podem ser explicados pelas menores
quantidades de MOS (ASSUNCAO et al., 2019), e devido as maiores quantidades de Al-O, os
oxidos de Al exercem maior influéncia nos atributos fisico e quimicos do solo em comparagdo
aos 6xidos de Fe (PEDROTTI et al., 2003), os 6xidos de Al participam diretamente da
retencdo de anions e cations, sendo um dos minerais que mais adsorvem o P (EBERHARDT

et al., 2008).
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3.6.4. Analise conjunta dos dados de P e Fe/Al

A andlise de componentes principais (ACP) permitiu verificar padrdes de semelhancgas
entre os dados analisados. A PCA com 73,69% da variancia total explicada, identificou trés
grupos que relacionam os diferentes manejos adotados nas dreas de estudo com as formas de
P e Fe/Al (Figura 16). A PC" (47,33% para variancia explicada) indica uma relacio entre os
manejos nas dreas F e SPD em todas as camadas com o P disponivel. Na drea de PA foi
verificada maior relagdao com as formas de ferro.
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Figura 16. Andlise de componentes principais das diferentes formas de ferro, aluminio e
fosforo nas areas cultivadas e na area de referéncia. F: amostras florestais (F1: 0-0,05 m,
F2: 0,05-0,10 m, F3: 0,10-0,20 m); SPD: amostras de plantio direto (SPD1: 0-0,05 m,
SPD2: 0,05-0,10 m, SPD3: 0,10-0,20 m); PA: amostras de pastagem (PA1: 0-0,05 m,
PA2: 0,05-0,10 m, PA3: 0,10-0,20 m); SPC: amostras de preparo convencional (SPC1: 0O-
0,05 m, SPC2: 0,05-0,10 m, SPC3: 0,10-0,20 m); Al-O: aluminio oxalato; Fe-O: ferro
oxalato; Al-D; Aluminio ditionito; Fe-D: ferro ditionito; PT: fdésforo total; P-Rem:
Fésforo remanescente; PD: fésforo disponivel.

A matéria organica ¢ um dos fatores que retardam o processo de cristalizacdo das
formas de Fe (XIAO et al, 2017). Resultados obtidos por Assuncdo et al. (2019)
possibilitaram afirmar que em solos com sistemas pouco manejados e mais estabilizados com
as areas de PA e F (que estavam a 41 anos sem acdo antrépica e revolvimento,
respectivamente), produzem &cidos himicos com semelhanga composicional. Os autores
também verificaram que nestas dareas, os HA eram mais alifdticos e apresentaram maior indice
de polaridade (maior presenca de carga negativa), essas caracteristicas podem ter contribuido
para o agrupamento dos 6xidos de Fe na area de PA.

Apesar dos sistemas com maior aporte de MOS e submetidos a um menor
revolvimento (SPD e PA) (ASSUNCAO et al., 2019) terem acumulado maiores quantidades
de P, ndo houve relacdo entre as formas de Fe e Al, com a disponibilidade de P neste estudo,
estando a disponibilidade de P, mais relacionada ao teor de matéria organica do solo. Segundo
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Leite et al. (2016) a capacidade de adsorc@o dos anions fosfato nos solos de regides tropicais
pelos 6xidos de ferro e de aluminio € regida pela acidez do solo. No caso da drea de estudo o
pH do solo foi maior que 6.0 em todas as dreas avaliadas (Figura 12A), isto pode explicar a
auséncia relacdo entre as formas de Fe e Al e a disponibilidade de P no solo.

Os resultados deste estudo corroboram com o de Xiao et al. (2017), avaliando os
impactos das propriedades do solo na adsorcdo de fragdes de P, concluiram que os 6xidos de
Fe e a textura do solo foram os principais fatores que influenciaram a adsor¢ao de P em meio
acido. Dessa forma a textura argilosa das dreas e os elevados valores de pH (Figura 12A)
podem ter contribuido para a auséncia de relagdo entre as fracdes de Fe/Al e a disponibilidade
de P.

3.6.5.*'P-RMN CP/MAS na fraciio 4cido himico

Os espectros de 3'P_.RMN CP/MAS de 4cidos himicos mostraram predominio de
formas organicas de P e poucos sinais ou praticamente inexistentes de formas inorganicas. As
formas de P predominantes nos dcidos hiimicos extraidos de todos os manejos sdo os fosfatos
diéster, e.g., DNA e fosfolipidios (1 a -1 ppm) (Figura 17A).
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Figura 17. A) Espectros de *'P-RMN CP/MAS nos écidos hiimicos obtidos em solos com
diferentes tipos de manejo. B) ACP: Andlise de componentes principais: produzida a
partir das quantidades relativas de formas orgéanicas de P obtidas nos espectros.

As formas de ortofosfato diéster representam entre 76 e 85% do P presente nos acidos

himicos em todas as dreas avaliadas, enquanto a outra forma de P-diéster identificada como
acido teicoico ndo foi observada nos espectros dos dcidos himicos de F (Tabela 2).
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Tabela 2. Quantidades relativas (%) de formas de fésforo organico obtidas por integracdo por regides nos espectros de >'P-RMN CP/MAS de
acidos humicos em solos com diferentes tipos de uso do solo.

P monoester Bond P diester bond
. . Fosfato Acido Diéster de orto Ligacao Ligacao .
) P Di/M
Stc;l ;arefn Mo;()sn;gleotll:lleos Inositol teicoico fosfato monoéster P diéster P vviono
-7 PP ’ pp 2 a 3.5 ppm 1a2ppm 1a-1ppm
F 5.88 11.7 5.88 ND 76.4 23.46 76.40 0.30
F 5.73 11.65 4.87 ND 76.33 22.25 76.33 3.43
F 5.87 11.71 5.8 ND 76.39 23.38 76.39 3.26
Fum 5.82 11.68 5.49 % ND 76.37 23.01 76.37 3.31
erro +0.048 +0.018 +0.324 - +0.021 +0.390 +0.021 +1.016
PA 4.7 4.7 4.76 9.5 76.1 14.16 85.60 6.04
PA 4.76 478 4.76 9.45 76.01 14.30 85.46 5.97
PA 477 4.69 473 9.58 76.12 14.19 85.70 6.03
PAy 4.74 4.72 4.75 9.51 76.07 14.21 85.58 6.02
erro +0.021 +0.028 +0.01 +0.037 +0.033 +0.042 +0.069 +0.021
SPC 5.5 5.5 11.1 11.1 66.6 22.10 77.70 3.51
SPC 5.45 5.56 11.1 10.98 66.56 22.11 77.54 3.50
SPC 5.44 5.51 11.21 11.1 66.66 22.16 77.76 3.50
SPCu 5.46 5.52 11.13 11.06 66.60 22.12 77.66 3.51
erro +0.018 +0.018 +0.036 +0.04 +0.033 +0.018 +0.065 +0.033
SPD 5.26 10.52 5.26 15.7 63.15 21.04 78.85 3.74
SPD 5.25 10.5 5.26 15.73 63.1 21.01 78.83 3.75
SPD 5.22 10.49 5.28 15.72 63.17 20.99 78.89 3.75
SPDy; 5.24 10.50 5.26 15.71 63.14 21.01 78.85 3.75
erro +0.012 +0.018 +0.008 +0.008 +0.033 +0.020 +0.017 +0.003

F; floresta, PA: pastagem, SPC: sistema de preparo convencional e SPD: sistema plantio direto, erro padrdo n=3 e ND: ndo dectado. Di/Mono: real¢do fésforo dister e
monester, ppm: parte po milh3o.
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Os 4cidos teicoico € fosfodiéster sdo predominantes das paredes celulares das
bactérias, assim, a sua maior presenca no manejo SPD (15%) poderia indicar que este sistema
de manejo poderia estar favorecendo esta comunidade de microrganismos nas condicoes de
manejo e culturas (soja, trigo/milho) cultivadas. Por outro lado, no manejo de F, em que a
comunidade de microrganismos € mais equilibrada, a presenga deste tipo de bactérias nao
parece tao predominante.

Os monocucleotideos foram outra forma de P organico presente nos dcidos himicos
isolados de todos os solos (Figura 15A). A maior quantidade destes compostos estd presente
nos 4cidos huimicos isolados dos manejos de F e PD com uma abundancia entre 11,6% e
10,5%, respectivamente. Este tipo de compostos tem origem a partir da hidrélise de dcidos
nucléicos (DNA e RNA), assim, a sua maior quantidade nos dcidos humicos dos sistemas
menos perturbados poderiam indicar que a redu¢do na intensidade de manejo do solo pode
contribuir para a incorporagdo estrutural deste tipo de fragmentos do fésforo na estrutura
himica (CADE-MENUN et al., 2010).

Ja os fosfatos monoésteres, como o fosfato de inositol, apresentam alta energia de
ligagdo com a estrutura quimica da molécula e alta carga residual, o que lhes confere
facilidade de interacdo com os constituintes inorganicos do solo. Isso dificulta a mineralizacao
e favorece o actimulo no solo, sendo de baixa labilidade e disponibilidade as plantas
(RHEINHEIMER et al., 2002).

A ACP (84% da variancia total explicada) confirmou os resultados discutidos
anteriormente (Figura 17B). A ACP mostra uma separacao de dois grupos na PC-1 (57% da
variancia explicada), em que os valores negativos agrupam os dcidos himicos de F, SPC e
SPD que se separam dos dcidos himicos de PA a valores positivos da componente.

A ACP indica que nas condi¢des do estudo, manejos com PA favorecem a acumulagao
de P-diéster nas substiancias huimicas (e.g fosfolipideos). O manejo de F favoreceu a
incorporagdo de nucleotideos tipo acticares enquanto os manejos de SPC e SPD, as estruturas
de P-monoéstrer se acumularam em maior quantidade.

Maiores incorporagdes de nucleotideos tipo aguicares observados na F e a maior
relacdo P-diéster/monoéster (formas de P mais labeis) verificado na PA pode ser atribuido aos
constantes aporte de material vegetal nestas dreas. De acordo com Summan et al. (1998)
maiores propor¢cOes de espécies organicas labeis de P em solos florestais ocorrem devido ao
maior aporte de material vegetal, que favorece o desenvolvimento microbiano. Isso corrobora
com a maiores quantidades de fralcoes ldbeis encontradas na drea de F (ASSUNCAO et al.,
2019).

O predominio de P-monoéstrer nas dreas de SPC e SPD pode ter ocorrido em funcao
da maior intensidade de cultivo nestas dreas, segundo Tchienkoua & Zech (2003) e Busato et
al. (2005), ocorre aumento seletivo da participagdao de formas mais recalcitrantes de P no
extrato alcalino com o aumento da intensidade de cultivo.
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3.7. CONCLUSOES

Os sistemas de manejos sem revolvimento, ou com menor revolvimento do solo, como
as areas de pastagem e o sistema de plantio direto foram mais eficientes no actimulo de P.

Nao foi verificada relagdo entre as formas de Fe, com a disponibilidade de P no solo.

A MOS foi um fator preponderante na abundancia e cristalinidade dos 6xidos de Fe e
Al. Na area de PA foram quantificados os maiores valores das formas de Fe (cristalinos e
amorfos) em fun¢do da constante cobertura do solo, que propicia um maior aporte de matéria
organica, reducao da temperatura e consequentemente maior umidade.

31 L L .
Os espectros de " P-RMN CP/MAS de 4cidos hiimicos mostraram predominio de
formas organicas de fésforo, os sinais de formas inorganicas foram praticamente inexistentes.

Formas organicas do fosforo do tipo monoéster foram identificadas nos acidos
himicos de todos os manejos.

O manejo com PA favoreceu o actimulo de P-diéster no dacido humico (e.g
fosfolipideos). O manejo de F favoreceu a incorporacdo de nucleotideos tipo acucares
enquanto nos manejos de SPC e SPD as estruturas de P-monoéstrer acumularam em maior
quantidade.
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4. CONCLUSOES GERAIS

Os resultados encontrados neste estudo, demonstram que a estabilizacdo do carbono
organico em solos sob diferentes tipos de manejo depende ndo sé da quantidade de carbono
aportada no solo, mas também do balago entre a quantidade e tipo de material que ¢é
depositado no solo. A profundidade também tem um papel importante no estoque tanto de
carbono bem como no de nitrogénio.

Em areas com sistemas pouco manejados e mais estabilizados sdo verificados AH com
semelhanga composicional e estrutural independente da natureza do carbono (C3 e C4), por
outro lado, em dreas em que se realiza o cultivo com ou sem maior aporte de carbono (SPD e
SPC), formam-se AH mais diferenciados estruturalmente quando comparados com a area de
pastagem e floresta.

Nao foi verificada relagcdo entre as formas de Fe, com a disponibilidade de P no solo.
Todavia foi possivel observar que a MOS foi um fator preponderante na abundancia e
cristalinidade dos 6xidos de Fe e Al.

31 L P .
Os espectros de ' P-RMN/CPMAS de 4cidos himicos mostraram predominio de
formas organicas de fésforo sendo os sinais de formas inorganicas praticamente inexistentes.

O manejo com PA favoreceu o actimulo de P-diéster no dacido himico (e.g
fosfolipideos). Na area F verifica-se a incorporagdo de nucleotideos tipo aguicares enquanto
nos manejos de SPC e SPD as estruturas de P-monoéstrer acumularam-se em maior
quantidade.
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5. CONSIDERACOES FINAIS

Os resultados encontrados neste estudo, demonstram que a estabilizacdo do carbono
organico em solos sob diferentes tipos de manejo depende ndo sé da quantidade de carbono
aportada no solo, mas também do balago entre a quantidade e tipo de material que ¢é
depositado no solo. A profundidade também tem um papel importante no estoque tanto de
carbono bem como no de nitrogénio.

Em areas com sistemas pouco manejados e mais estabilizados sdo verificados AH com
semelhan¢a composicional e estrutural independente da natureza do carbono (C3 e C4), por
outro lado, em dreas em que se realiza o cultivo com ou sem maior aporte de carbono (SPD e
SPC), formam-se AH mais diferenciados estruturalmente quando comparados com a area de
pastagem e floresta.

Nao foi verificada relagdo entre as formas de Fe, com a disponibilidade de P no solo.
Todavia foi possivel observar que a MOS foi um fator preponderante na abundancia e
cristalinidade dos 6xidos de Fe e Al.

31 L P .
Os espectros de ' P-RMN/CPMAS de 4cidos himicos mostraram predominio de
formas organicas de fésforo sendo os sinais de formas inorganicas praticamente inexistentes.

O manejo com PA favoreceu o actimulo de P-diéster no dacido himico (e.g
fosfolipideos). Na area F verifica-se a incorporagdo de nucleotideos tipo aguicares enquanto
nos manejos de SPC e SPD as estruturas de P-monoéstrer acumularam-se em maior
quantidade.
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6.1. TOC and POCX

6. ANEXOS

Table 3. Mean and standard error of TOC and POXC in different soil management

systems.
Mean SE
Management System = ———— P —
TOC (0.0-0.05 m)
Forest 35.31 +0.84
Pasture 20.43 +0.25
No-Tillage 22.50 +0.91
Tillage 12.36 +0.54
TOC (0.05-0.10 m)
Forest 26.53 +1.94
Pasture 19.32 +0.44
No-Tillage 18.62 +0.44
Tillage 12.26 +0.20
TOC (0.10-0.20 m)
Forest 26.58 +0.55
Pasture 17.73 +0.50
No-Tillage 13.97 +0.27
Tillage 10.87 +0.21
POXC (0.0-0.05 m)
Forest 1.13 +0.05
Pasture 0.90 +0.02
No-Tillage 0.98 +0.04
Tillage 0.68 +0.06
POXC (0.05-0.10 m)
Forest 091 +0.08
Pasture 0.81 +0.08
No-Tillage 0.78 +0.05
Tillage 0.53 +0.04
POXC (0.10-0.20 m)
Forest 0.76 +0.05
Pasture 091 +0.03
No-Tillage 0.73 +0.04
Tillage 0.51 +0.03

TOC: total organic carbon; POXC: organic carbon extracted with potassium permanganate; SE: standard error

(n=5).
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6.2. Carbon - SOM

Table 4. Mean and standard error of carbon in the humic fractions of SOM in different soil

management systems.

Mean SE
Management System = ———— P —
C-FA (0.0-0.05 m)
Forest 4.96 +0.09
Pasture 4.49 +0.10
No-Tillage 3.76 +0.06
Tillage 2.71 +0.09
C-FA (0.05-0.10 m)
Forest 4.89 +0.07
Pasture 4.35 +0.10
No-Tillage 3.82 +0.09
Tillage 2.40 +0.07
C-FA (0.10-0.20 m)
Forest 4.51 +0.12
Pasture 4.09 +0.05
No-Tillage 3.55 +0.09
Tillage 2.17 +0.03
C-HA (0.0-0.05 m)
Forest 4.25 +0.15
Pasture 4.15 +0.27
No-Tillage 3.60 +0.05
Tillage 2.57 +0.03
C-HA (0.05-0.10 m)
Forest 3.82 +0.06
Pasture 3.65 +0.19
No-Tillage 3.64 +0.08
Tillage 2.33 +0.02
C-HA (0.10-0.20 m)
Forest 3.46 +0.14
Pasture 3.54 +0.18
No-Tillage 341 +0.09
Tillage 1.93 +0.05
C-Hum (0.0-0.05 m)
Forest 16.85 +0.32
Pasture 11.73 +0.45
No-Tillage 9.53 +0.13
Tillage 5.52 +0.35
C-Hum (0.05-0.10 m)
Forest 15.07 +0.59
Pasture 10.35 +0.49
No-Tillage 9.38 +0.31
Tillage 5.85 + (.55
C-Hum (0.10-0.20 m)
Forest 12.20 +0.94
Pasture 9.22 +0.32
No-Tillage 6.68 +0.32
Tillage 5.78 + (.57

C-FA: Carbon in the fulvic acid; C-HA: Carbon in the humic acid and C-Hum: Carbon in the humina. SE:

standard error (n=5).



6.3. Carbon - FLF - SOM

different soil management systems.

Table 5. Mean and standard error of carbon in the densimetric fractions (FLF) of SOM in

Management System Mean Sk
Mass-FLF (0-0.05 m)
Forest 23.69 +0.84
Pasture 4.96 +0.31
No-Tillage 13.11 +0.88
Tillage 5.17 +0.27
Mass-FLF (0.05-0.10 m)
Forest 6.38 +0.52
Pasture 4.30 +0.07
No-Tillage 4.89 +0.16
Tillage 4.27 +0.24
Mass -FLF (0.10-0.20 m)
Forest 3.51 +0.11
Pasture 3.70 +0.15
No-Tillage 4.10 +0.24
Tillage 3.28 +0.27
C-FLF (0-0.05 m)
Forest 7.19 +0.89
Pasture 0.92 +0.15
No-Tillage 2.48 +0.48
Tillage 1.43 +047
C-FLF (0.05-0.10 m)
Forest 1.37 +0.39
Pasture 1.00 +0.39
No-Tillage 0.98 +0.36
Tillage 1.09 +042
C-FLF (0.10-0.20 m)
Forest 1.28 0.46
Pasture 1.35 0.31
No-Tillage 0.78 0.34
Tillage 0.62 0.26

Mass-FLF = mass of free light fraction, Mass-IALF = mass of intra-aggregate light fraction; C-FLF = free
light fraction carbon; C-IALF = intra-aggregate light fraction carbon; SE: standard error (n=5).
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6.4. Carbon - IALF - SOM

Table 6. Mean and standard error of mass and carbon in the densimetric fractions (IALF)
of SOM in different soil management systems.

Management System Mean SE
Mass-IALF (0-0.05 m)
Forest 7.66 +0.52
Pasture 4.74 +0.16
No-Tillage 342 +0.11
Tillage 3.36 +0.14
Mass-IALF (0.05-0.10 m)
Forest 4.58 +0.28
Pasture 3.58 +0.19
No-Tillage 2.58 +0.26
Tillage 3.06 +0.14
Mass-IALF (0.10-0.20 m)
Forest 2.92 +0.25
Pasture 3.12 +0.06
No-Tillage 2.55 +0.07
Tillage 2.17 +0.12
C-IALF (0-0.05 m)
Forest 1.87 +0.22
Pasture 0.97 +0.16
No-Tillage 1.01 +0.31
Tillage 0.61 +0.17
C-IALF (0.05-0.10 m)
Forest 1.42 +0.39
Pasture 0.75 +0.17
No-Tillage 1.02 +0.26
Tillage 0.44 +0.16
C-IALF (0.10-0.20 m)
Forest 1.08 +0.14
Pasture 0.77 +0.16
No-Tillage 0.43 +0.14
Tillage 0.24 +0.04

Mass-FLF = mass of free light fraction, Mass-IALF = mass of intra-aggregate light fraction; C-FLF = free

light fraction carbon; C-IALF = intra-aggregate light fraction carbon; SE: standard error (n=5).
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