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RESPOSTA DO SOLO E DAS CULTURAS AGRICOLAS A ADUBACAO EM
SISTEMAS INTEGRADOS DE PRODUGAO AGROPECUARIA EM TERRAS
BAIXAS !

Autor: Eng®. Agr°. Me. Luiz Gustavo de Oliveira Denardin
Orientador: Prof. Ph.D. Ibanor Anghinoni
Co-orientadora: Profé. Amanda Posselt Martins

RESUMO

Os sistemas integrados de producdo agropecuaria (SIPA) aparecem como
alternativa de grande potencial para promover a sustentabilidade técnica,
econdmica, social e ambiental das terras baixas brasileiras. Além de melhorar a
fertilidade do solo, sdo sistemas capazes de aumentar a eficiéncia de uso dos
nutrientes, garantindo altas produtividades de cultivos de grdos. No entanto,
ainda é pouco conhecida a resposta do solo e dos cultivos agricolas a adubacgéo
com os principais macronutrientes (nitrogénio — N, fosforo — P e potassio — K) em
diferentes arranjos de SIPA em terras baixas. Nesse contexto, 0 objetivo desta
pesquisa foi verificar o impacto da adubacdo com N, P e K, no rendimento do
arroz irrigado e da soja, na abundancia e na composi¢cdo da comunidade
microbiana e no seu efeito sobre a disponibilidade de N no solo, em diferentes
arranjos de SIPA em terras baixas no subtropico brasileiro. Para isso, utilizou-se
um experimento iniciado em 2013, localizado na Planicie Costeira Interna do Rio
Grande do Sul (RS). Dois SIPA foram avaliados em comparagédo com o sistema
de cultivo tradicional do RS, baseado no revolvimento do solo, monocultivo de
arroz e pousio hibernal. Os SIPA foram caracterizados pelo cultivo de azevém
no inverno em pastejo e monocultivo do arroz ou rotacdo soja-arroz no verao,
sob plantio direto. Nas safras agricolas 2015/2016, 2017/2018 e 2018/2019,
verificou-se que, sob SIPA, o arroz irrigado e a soja ndo respondem a adubacao
fosfatada e potassica no seu cultivo, podendo a adubacédo de reposicao desses
nutrientes ser transferida para a fase pastagem do SIPA, potencializando ganhos
de forragem e ganho animal. Em contrapartida, avaliages realizadas na safra
2018/2019 demonstraram que a adubacdo mineral com P e K tem uma
importancia fundamental no solo sob cultivo de arroz irrigado em SIPA,
aumentando grupos microbianos especificos, levando a um acréscimo no
conteudo de carbono (C) e N na biomassa microbiana, no entanto sem afetar o
rendimento de gréos de arroz. Por sua vez, o N é um nutriente limitante para
obtencao de altas produtividades de arroz, independentemente do sistema de
producdo. Apesar disso, foi possivel identificar uma maior eficiéncia do uso do N
pelo arroz sob SIPA. Um possivel ‘efeito priming’ encontrado nos SIPA enfatiza
a importancia da adubagéo nitrogenada, ndo apenas atuando diretamente na
nutricdo do arroz, mas também indiretamente atuando como um catalisador,
aumentando a atividade microbiana e a disponibilidade de N imobilizado na
biomassa microbiana.

Palavras-chave: arroz irrigado; soja; fertilidade do solo; plantio direto.
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SOIL AND CROP RESPONSE TO FERTILIZATION IN INTEGRATED CROP-
LIVESTOCK SYSTEMS IN LOWLANDS *

Author: Luiz Gustavo de Oliveira Denardin
Adviser: Prof. Ibanor Anghinoni
Co-adviser: Profa. Amanda Posselt Martins

ABSTRACT

Integrated crop-livestock systems (ICLS) appear as an alternative with great
potential to promote technical, economic, social, and environmental sustainability
of the Brazilian lowlands. Besides improving soil fertility, they are systems
capable of increasing the nutrient use efficiency, ensuring high yield of grain
crops. However, the response of soil and crops to mineral fertilization with the
main macronutrients (nitrogen - N, phosphorus — P, and potassium - K) in
different lowland ICLS arrangements is still not well known. In this context, the
objective of this research was to verify the impact of N, P, and K fertilization on
flooded rice and soybean yields, on the abundance and composition of microbial
biomass (MB), and on its effect on soil N availability in different ICLS
arrangements in lowlands in the Brazilian subtropical region. For this, an
experiment started in 2013 was used, located in the Internal Coastal Plain of Rio
Grande do Sul (RS). Two ICLS were evaluated in comparison with the traditional
paddy system in RS, based on soil disturbance, rice monocropping, and winter
fallow period. The ICLS were characterized by annual ryegrass pasture under
beef cattle grazing during the winter season and rice monocropping or soybean-
rice rotation during the summer season under no-till. In the 2015/2016,
2017/2018, and 2018/2019 cropping seasons, it was found that soybean and
flooded rice do not respond to P and K fertilization in their cultivation under ICLS,
and replacement fertilization of these nutrients can be transferred to the pasture
phase of ICLS, potentiating forage and animal gains. In contrast, evaluations
carried out in the 2018/2019 cropping season showed that mineral fertilization
with P and K has a fundamental importance in flooded rice cultivation under ICLS,
increasing specific microbial groups, leading to an increase in carbon (C) and N
content in the MB, however without affecting the rice grain yield. On the other
hand, N is a limiting nutrient for obtaining high rice yields, regardless of the
production system. Nevertheless, it was possible to identify a higher N use
efficiency by rice under ICLS. Moreover, a possible ‘priming effect’ found in ICLS
emphasizes the importance of N fertilization, not only acting directly on rice
nutrition, but also indirectly acting as a catalyst, increasing microbial activity and
the availability of immobilized N in the MB.

Keywords: flooded rice; soybean; soil fertility; no-tillage.

1 D.Sc. Thesis in Soil Science — Programa de Pés-Graduagao em Ciéncia do Solo, Faculdade
de Agronomia, Universidade Federal do Rio Grande do Sul. Porto Alegre (124 p.). May, 2021.
Research supported by CNPq and CAPES.
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CAPITULO | - INTRODUCAO GERAL

Os solos de terras baixas representam de 4 a 6% da superficie
terrestre, ocupando 7 a 9 milhées de km? (Lefeuvre e Bouchard, 2002). Eles sédo
caracterizados pela grande susceptibilidade ao alagamento, apresentando
excesso hidrico na superficie em pelo menos durante uma estacdo de
crescimento de culturas anuais (Brinkman e Blokhuis, 1986). No Brasil, grande
parte desses solos sdo encontrados na regido Sul, principalmente sob cultivo do
arroz (Oryza sativa L.) irrigado (Miura et al., 2015). O Brasil € o maior produtor
de arroz das Américas e apresenta a nona maior producdo do mundo, gerando
aproximadamente 12 milhdes de toneladas por ano desse cereal (CONAB,
2020).

Os solos utlizados para o cultivo do arroz apresentam
predominantemente textura franco-arenosa (menos que 20% de argila) e baixa
fertilidade, representada por baixos teores de matéria organica (MO) e de P e K
disponiveis (Anghinoni et al., 2004; Boeni et al., 2010). O sistema de cultivo do
arroz predominante no Rio Grande do Sul (RS) é embasado no seu monocultivo
e no intenso e frequente revolvimento do solo, fazendo com que ocorra
expressiva diminuicdo dos nutrientes disponiveis no solo (Schoenfeld et al.,
2012). Assim, os cultivos agricolas nas terras baixas do RS, como o arroz
irrigado e a soja (Glycine max (L.) Merrill), apresentam grande dependéncia do
uso de fertilizantes.

Sistemas tradicionais como esses tém sido avaliados em diversos
continentes e tém demonstrado perdas na qualidade do solo, envolvendo tanto
atributos quimicos (El-Shahway et al., 2016), quanto fisicos (Tran Ba et al., 2016)
e biologicos (Martins et al., 2017). Nesse contexto, S&0 necessarias praticas de



manejo conservacionista do solo, para garantir maior sustentabilidade
econOmica e ambiental das terras baixas do RS.

Como possivel alternativa ao sistema de cultivo utilizado atualmente
nos solos arrozeiros, tem-se os Sistemas Integrados de Producdo Agropecuaria
(SIPA), os quais propdem a rotagéo entre o cultivo de graos e pastagens, sob 0s
preceitos do minimo revolvimento do solo (semeadura direta ou plantio direto),
da rotacéo de culturas e da insercdo do componente animal no sistema agricola
(Castoldi et al., 2019; Carlos et al., 2020; Denardin et al., 2020).

Esses sistemas se diferenciam dos tradicionais, somente agricolas,
por contarem com o0 componente animal, atuando como catalisador dos
processos, modificando e acelerando o fluxo dos nutrientes pela ingestdo da
biomassa vegetal.

Cerca de 70-95% dos nutrientes ingeridos no pastejo retornam para
o solo através da deposicdo da excreta dos animais (Whitehead, 2000). Essa
pequena exportacdo de nutrientes na carcaca faz com que, a partir do uso de
pastagens bem adubadas, rapidamente se aumente a fertilidade quimica do
solo, garantindo-se altos teores de macronutrientes disponiveis, como o P e 0 K,
mesmo em ambientes de terras baixas sob cultivo do arroz irrigado (Denardin et
al., 2020). Dessa forma, a ciclagem de nutrientes é um fator chave e de grande
importancia nesses sistemas de producéo.

A deposicdo de dejetos (fezes e urina) pelos animais em pastejo
exerce uma forte influéncia na disponibilidade de nutrientes (Carlos et al., 2020).
Isso decorre principalmente da presenca de diferentes fontes de nutrientes em
decomposicédo, sendo elas de residuos vegetais e residuos animais. Aliado a
isso, esse estimulo proporciona modificacbes na atividade e nas comunidades
microbianas do solo (Sarto et al., 2020), tendo como resultado a melhoria na
disponibilidade de nutrientes no solo (Geisseler et al., 2017).

Estudos como os de Cotrufo et al. (2013; 2015) tém mostrado que
residuos labeis e com maiores conteudos de N proporcionam aumentos na
biomassa microbiana do solo. Nesse sentido, os diferentes arranjos de SIPA,
gue contam com aporte de residuos labeis e com altos conteudos de N (e.g.
soja, pastagens bem manejadas e dejetos animais), podem potencializar esses
acumulos. Assim, a adoc¢do de SIPA nesses ambientes, aliado a rotacdo de

culturas com leguminosas, pode potencializar a disponibilidade de nutrientes



para as culturas de graos em sucessao. Dessa forma, o objetivo desta pesquisa
foi verificar o impacto da adubacdo nitrogenada, fosfatada e potassica, no
rendimento do arroz irrigado e da soja, na abundancia e na composi¢cdo da
comunidade microbiana e no seu efeito sobre a disponibilidade de N no solo e a
eficiéncia de uso do N pelo arroz, em diferentes arranjos de SIPA conduzidos

em plantio direto em terras baixas no subtrépico brasileiro.



CAPITULO Il — REVISAO BIBLIOGRAFICA

1. O arrozirrigado e o0 uso das terras baixas do RS

Os solos de terras baixas representam de 4 a 6% da superficie
terrestre, ocupando uma area de 7 a 9 milhdes de km? (Lefeuvre e Bouchard,
2002). Esses solos s&o caracterizados pela grande susceptibilidade ao
alagamento, possuindo excesso hidrico na superficie em pelo menos uma
estacdo de crescimento de culturas anuais no ano (Brinkman e Blokhuis, 1986).
Aproximadamente 130 milhdes de ha, constituindo cerca de 10% das terras
agricultaveis, sdo temporariamente alagadas ou umedecidas para producao de
arroz no mundo (Ponnamperuma, 1977). No Brasil, grande parte desses solos
sdo encontrados na regido Sul e sdo caracterizados por estarem em até 150
metros de altitude, apresentarem até 3% de declividade e normalmente
receberem o cultivo do arroz irrigado (Miura et al., 2015).

No RS, que apresenta mais de 65% da producéo de arroz do Brasil,
0s solos de terras baixas estdo presentes nas planicies de rios e lagoas e
representam cerca de 20% da area total do Estado (Pinto et al., 2004). As terras
baixas abrangem aproximadamente 5,4 milhGes de hectares do RS, dos quais
3,0 milhdes tém potencial para receber o cultivo do arroz irrigado. Entretanto,
apenas um terco dessa area é cultivada anualmente devido, principalmente, a
disponibilidade de agua, que é limitada para seu cultivo (Pinto et al., 2004;
SOSBAI, 2018).

A partir do inicio da década de 1990 ocorreram importantes

mudangas no manejo do sistema produtivo do arroz no RS. A utilizagédo das



entaipadoras de base larga, acompanhadas do surgimento de semeadoras
articuladas, foram decisivas para a garantia de avancos no sistema produtivo,
permitindo a realizacdo da semeadura do arroz sobre taipas. ISso proporcionou,
além de ganhos de area aproveitada para o cultivo, menores perdas em
sementes e fertilizantes, propiciando condi¢des para se dobrar a produtividade
rapidamente. Esses eventos deram subsidio para a mudanca do sistema de
cultivo, passando de um sistema convencional de preparo do solo para um
sistema de cultivo minimo, permitindo a antecipacdo do preparo do solo e
facilitando a semeadura no periodo ideal, com um melhor aproveitamento de
mao de obra e maquinarios (Gomes et al., 2004; Menezes et al., 2012).

Na safra 2001/2002, a partir de um trabalho de extenséo e pesquisa,
em conjunto do IRGA com produtores de arroz, surgiu o Projeto 10. Este projeto
consistia em estratégias de manejo para o aumento da produtividade, da
competitividade e da sustentabilidade da lavoura de arroz no RS (Menezes et
al., 2012). O projeto proporcionou um expressivo aumento da produtividade e
tinha como prioridades: adequacéo de época de semeadura, melhoria do estado
de fertilidade e de nutricdo das plantas, manejo eficiente da agua de irrigacéo,
melhor controle de plantas invasoras, escolha correta de cultivares, uso de
sementes de qualidade, maior eficiéncia no manejo de pragas e doencas. A
interacdo desse conjunto de diferentes praticas agronémicas oportunizou o
aumento das produtividades, com a média galcha de produtividade alcancando
atualmente 7,5 Mg ha! (IRGA, 2020).

Embora tenham sido alcancados mais altos patamares produtivos de
arroz, a sustentabilidade da lavoura arrozeira no RS tem sido questionada pelo
manejo realizado. A principal causa se deve a falta de sustentabilidade
econdmica e ambiental, onde patamares produtivos mais altos tém sido
alcancados com custos de producdo cada vez maiores (CONAB, 2016; IRGA,
2019).

1.1. Cenario atual da lavoura arrozeira do RS
A sustentabilidade econdmica da lavoura arrozeira tem sido

intensamente discutida atualmente, sobretudo visando buscar alternativas frente

a susceptibilidade da producdo aos precos pagos pelo arroz no mercado.



Historicamente, o cultivo do arroz irrigado no RS é representado por uma
atividade especializada em sistemas puramente agricolas, com o predominio do
monocultivo do arroz (SOSBAI, 2018). Embora a produtividade do arroz tenha
aumentado expressivamente nos ultimos anos (mais de 50% em 20 anos)
(IRGA, 2019), os custos de producdo também acompanham esse crescimento
(CONAB, 20186).

Em um levantamento recente realizado na safra 2018/2019 nas
principais regides arrozeiras do RS, estimou-se um custo total de producao da
lavoura de arroz de aproximadamente R$ 8,9 mil ha! (IRGA, 2019).
Considerando a produtividade média de 3 anos do RS — 152 sacos ha* — o custo
médio por saco é de R$ 58,55 ha. Tendo em vista a média do preco pago pelo
arroz apos a colheita (abril de 2019) (IRGA, 2019), de R$ 39,32 saco, é possivel
se verificar a grande vulnerabilidade do produtor, o qual necessita de alternativas
para diversificacdo de renda, reducéo dos custos de producédo e da dependéncia
de maiores precos pagos pelo produto.

Dentre as despesas da lavoura arrozeira (custos variaveis de
producédo), somente o uso de fertilizantes representa aproximadamente 18%. O
custo variavel com fertilizantes aumentou 87% de 2006 a 2016 (CONAB, 2016).
Isto se deve, em parte, pelo aumento no preco dos insumos, mas principalmente
pelos incrementos nas quantidades de fertilizantes utilizadas. As praticas de
manejo preconizadas no Projeto 10 foram essenciais para aumentar a eficiéncia
de uso dos nutrientes aplicados no arroz (Menezes et al., 2012), justificando o
aumento da quantidade de fertilizantes aplicados, a fim de se atingir altas
produtividades de graos.

O requerimento da planta de arroz por nutrientes esta intimamente
relacionado com os niveis de produtividade de gréos, que por sua vez sao
sensiveis ao clima, particularmente a radiacéo solar e ao fornecimento de outros
nutrientes (Kropff et al.,, 1993). Esses fatores também afetam o padréo e a
guantidade de nutrientes absorvidos pelo arroz (Peng et al., 1996). Nesse
contexto, uma das premissas do Projeto 10 foi considerar que a eficiéncia das
praticas agricolas é resultado da combinacdo de diversos fatores, e ndo so de
uma pratica em si.

No caso do arroz irrigado, a resposta a adubagdo nitrogenada, por

exemplo, é determinada principalmente pela época de semeadura (Freitas et al.,



2008), por coincidir o periodo reprodutivo da cultura com o periodo de maior
radiacdo solar. Assim, enquanto anteriormente ao Projeto 10 ndo se verificava
resposta do arroz a adubacéo nitrogenada, pela realizacdo da semeadura em
periodos mais tardios, apés a adequacao de épocas de semeadura preferenciais
identificaram-se  significativas respostas a adubacdo e consequentes
incrementos em produtividade (Freitas et al., 2008). Com maiores potenciais de
rendimento atingidos e maiores resposta do arroz a adubacdo, as
recomendacdes de fertilizantes foram incrementadas (até 150 kg N ha),
gerando um atual sistema de recomendacdo de adubacdo que contempla
diferentes expectativas de resposta do arroz a adubacao (de Média a Muito alta),
e considera a inter-relacdo entre os diversos fatores atuantes sobre essa

resposta (SOSBAI, 2018).

1.2. Aspectos relacionados a adubacéo de cultivos agricolas em

terras baixas

A exigéncia nutricional do arroz é determinada por diversos fatores,
como condi¢des climéticas, tipo de solo, cultivar plantada, produtividade
esperada e praticas culturais adotadas (Fageria et al., 2007). O crescimento
normal das culturas exige, como essenciais, 14 nutrientes minerais. O N é o
nutriente mineral requerido em maiores quantidades para a producao de arroz
irrigado (Buresh et al., 1993; Fageria et al., 2007), além de ser um dos nutrientes
gue mais limitam a produtividade da producdo de arroz nos solos de terras
baixas do RS (Fageria et al., 1997).

A adubacédo nitrogenada é uma préatica importante para se obter altas
produtividades de grédos em terras baixas. Por ser um componente da clorofila,
a deficiéncia de N diminui a taxa fotossintética, devido a reducao na sintese e na
atividade da enzima responsavel pela assimilagédo de COz2, a rubisco (Makino et
al., 1984). Alem disso, a falta de N pode também limitar o crescimento e o
desenvolvimento do arroz pela diminuicéo da eficiéncia de conversao de energia,
devido a maior particdo de assimilados para formacéo de raizes e pela reducao
da quantidade de radiacdo solar interceptada, em funcdo do menor

desenvolvimento foliar (Gastal et al., 1992). Nesse sentido, com uma menor taxa



fotossintética e crescimento de plantas, a absorcao de todos demais nutrientes
também é afetada pela deficiéncia de N.

Por ser esse nutriente de grande impacto no desenvolvimento do
arroz, o uso racional da adubacéo nitrogenada € fundamental, ndo somente para
aumentar a eficiéncia da sua utlizagdo, mas também para aumentar a
produtividade de gréos e diminuir o custo de producéo e os riscos de poluicéo
ambiental (Fageria et al., 2007). Além da exigéncia em grandes quantidades, o
arroz necessita que esse nutriente esteja disponivel nos principais momentos de
demanda, a fim de ndo limitar a produtividade. O potencial produtivo do arroz €
definido por componentes do rendimento, sendo eles: o nimero de paniculas
por area, o numero de graos por panicula e o peso de grdos (SOSBAI, 2018).
Esses componentes séo definidos ao longo de todo o ciclo produtivo da cultura,
desde a semeadura até a maturacdo fisioldgica e, por isso, considerando
aspectos relacionados a sua nutricdo, maiores produtividades sédo obtidas com
adequada disponibilidade de N acompanhando todo o seu ciclo de
desenvolvimento do arroz (Larcher, 2000).

Como tentativa de contemplar os principais componentes de
rendimento, as recomendagdes técnicas para a cultura do arroz (SOSBAI, 2018)
sugerem adubacdes parceladas de N, fornecendo 2/3 da adubacéo nitrogenada
de cobertura no estadio Vs e 1/3 no Ri, contemplando o perfilhamento e a
diferenciacdo da panicula, respectivamente (Counce et al., 2000), para cultivares
de ciclo curto e médio. O uso racional do N envolve ndo somente a forma de
aplicacdo, mas também as doses fornecidas (Fageria et al., 2007). Para cada
tonelada de graos de arroz produzida, sdo exportados de 15 a 17 kg de N (Mae,
1997). No entanto, em condi¢des favoraveis, o arroz pode absorver maiores
guantidades de N do que o necessario, promovendo um consumo de luxo. Esse
processo ocorre quando o arroz continua a absorver nutrientes durante o periodo
reprodutivo, sem responder em termos de crescimento ou produtiviadde
(Dobermann et al., 1996; Zou et al., 2002; Burgos et al., 2006).

As recomendacdes de adubacao para a cultura do arroz irrigado no
RS sofreram grandes modifica¢cdes ao longo do tempo. Inicialmente (em 2004)
as recomendacdes eram para diferentes expectativas de produtividade

(SOSBALI, 2005), na sequéncia (em 2007) passando para diferentes expectativas



de incremento de produtividade (SOSBAI, 2007) e, a partir de 2010, para
diferentes expectativas de resposta a adubacédo (SOSBAI, 2018).

Isso significa que, diferentemente do sistema de recomendacdo de
adubacao para os cultivos de sequeiro, que contam com uma filosofia que visa
a construcéo da fertilidade do solo, a partir do manejo da adubacéo corretiva, de
manutencdo e de reposicdo de nutrientes (SBCS, 2016), o sistema de
recomendacdo para o0 arroz irrigado visa somente a adubacdo conforme a
expectativa de resposta da planta em produtividade (SOSBAI, 2018). Segundo
Schoenfeld et al. (2012), mesmo com o fornecimento recomendado de nutrientes
para uma alta expectativa de resposta do arroz durante oito anos, 0s sistemas
tradicionais de cultivo do RS geram um balanco negativo de nutrientes do solo,
e nao estdo sendo capazes de melhorar a sua fertilidade. Isso demonstra que
tais sistemas de manejo ndo contam com uma retroalimentacdo e nao se
sustentam ao longo do tempo, acarretando perdas consideraveis de nutrientes,
diminuicdo da fertilidade do solo e potencializacdo da dependéncia do uso de

fertilizantes pelos produtores.

1.3. Manejo tradicional de terras baixas e seu efeito na fertilidade do

solo

Os sistemas tradicionais de cultivo do arroz no RS sempre tiveram
como principio o preparo do solo. Desta forma, independentemente do sistema
de cultivo (convencional, minimo ou pré-germinado), sempre se preconizou 0
frequente e intenso revolvimento do solo, em busca de se cultivar o arroz em
uma area com com solo o mais homogéneo possivel. O cultivo minimo,
caracterizado pela reducéo de praticas mobilizadoras do solo, é atualmente o
sistema mais utilizado, estando presente em 65% da area cultivada. Ele se
caracteriza pela realizacdo do preparo antecipado (no outono) do solo,
viabilizando a semeadura na época preferencial de cultivo. No entanto, mesmo
nesse sistema, ainda ha o revolvimento do solo apdés a colheita, com finalidade
de incorporar a palha, a fim de acelerar o processo de decomposic¢ao e deixar o
solo com maior homogeneidade fisica (SOSBAI, 2018).

A mobilizagdo do solo acarreta o rompimento de macroagregados,

resultando em maior oxidagéo do carbono (C) (Six, 1999; 2000). Em decorréncia
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disso, o revolvimento tem sido a principal causa dos aumentos nos niveis de
degradacéao do solo (Lal, 2015). Estudos de longo prazo avaliando sistemas
convencionais de cultivo intensivo de arroz irrigado, como os de Cassman et al.
(1995) e Flinn e De Datta (1984), tém demonstrado maior degradacao fisica do
solo, diminuicdo do pH e da capacidade de troca de cations (CTC) e menor
eficiéncia do uso de nutrientes ao longo do tempo. Essas condi¢cdes levam a
reducdo dos niveis de fertiidade do solo, deteriorando propriedades e
caracteristicas quimicas e fisicas do solo e, consequentemente, levando ao
declinio da produtividade de grdos, causando preocupacles referentes a
sustentabilidade do sistema produtivo do arroz (Cheng et al., 2007; Joshi et al.,
2007).

A incorporacdo da palha do arroz favorece a decomposicdo dos
residuos (Sé& et al., 2013). Embora a expressiva quantidade residual de matéria
seca (MS) do arroz apresente bom potencial para aumentar os teores de MO do
solo, o seu revolvimento afeta diretamente aumentando a taxa anual de perda
do C organico do solo (Bayer et al., 2006). Essa prética é ainda mais prejudicial
em solos arenosos, com menores teores de argila, a qual atua diretamente na
protecdo fisica da MO através das interacdes organo-minerais (Bayer et al.,
2006; Sa et al., 2013).

Os solos arrozeiros do RS apresentam predominantemente textura
arenosa. A Zona Sul e as Planicies Costeiras Externa e Interna apresentam a
maior frequéncia (96, 94 e 92%, respectivamente) de solos com teor de argila
inferior a 25% (Boeni et al., 2010). No mesmo sentido, um levantamento
realizado com mais de 44 mil amostras de solo coletadas nas diferentes Regifes
Arrozeiras do RS demonstra que essas regides, juntamente com a Regido
Central, sdo as que apresentam menor teor de MO do solo, com 80 a 90% das
areas apresentando teor baixo de MO, igual ou inferior a 2,5% (Figura 1). As
demais regides orizicolas — Campanha e Fronteira Oeste — embora apresentem
teores superiores de MO, causam preocupacdo em funcéo da diminuicao da sua
fertilidade ao longo do tempo. O levantamento demonstra um aumento
significativo desses solos com teor de MO inferior a 2,5% nessas regioes.
Enquanto que as regides da Fronteira Oeste e Campanha, de 2009 a 2012,
apresentavam respectivamente 62 e 56% dos solos com MO nessa faixa (<
2,5%), de 2012 a 2016 houve um aumento de 7 e 17% dos solos com teores
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baixos de MO nessas regides (Figura 1). Dessa forma, pelos baixos teores de
MO nesses solos a atividade microbiolégica, a CTC e a disponibilidade de

nutrientes, principalmente N, também devem ser baixas (Beutler et al., 2014).
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Figura 1. Frequéncia de valores baixos (< 2,5%) de matéria organica (MO) em
levantamento realizado com mais de 44 mil amostras de solos analisadas pelo
Laboratério de Analise do Solos do IRGA, em dois periodos de avaliagédo nas diferentes
regides arrozeiras do RS. Fonte: Laboratorio de Analise do Solo do IRGA.

2. Manejo conservacionista e diversificagdo de culturas em

terras baixas

2.1. Adocéo do plantio direto em terras baixas

7

O plantio direto é considerado um dos principais requisitos para
adocdao de sistemas conservacionistas. No entanto, essa pratica ainda é pouco
adotada pelos produtores de arroz em terras baixas, devido a algumas
limitacdes. A colheita de grdos com o solo umido é um dos limitantes para
implementagcdo desse sistema, pois € dependente das condigbes
meteorolbgicas, principalmente em anos de ocorréncia do fenébmeno El Nifio,
onde as constantes precipitacdes pluviométricas, concomitantes a chegada da
maturidade dos gréaos, obrigam a realizacdo da colheita mesmo com o solo em

condi¢cdes desfavoraveis. A colheita mecanizada nessas condi¢gdes ocasiona
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formacdo de rastros e deformagbes no solo, impedindo a eficiéncia da
semeadura e estabelecimento do proximo cultivo (Carmona et al., 2018).

No entanto, a adoc&o do plantio direto tem demonstrado importantes
beneficios para o sistema produtivo do arroz, como a diminui¢cdo do uso de agua
e a maior facilidade de controle de plantas invasoras (Kumar e Ladha, 2011). Em
adicdo, esse sistema tem sido adotado principalmente para auxiliar na reducao
do custo de producdo do arroz, devido a reducdo no numero de operacdes
agricolas, sobretudo na estacdo chuvosa, a qual coincide com a época de
semeadura recomendada (Bayer et al., 2014; SOSBAI, 2018) e ainda podendo
melhorar a qualidade do solo. Embora escassos, alguns estudos demonstram
beneficios do plantio direto em atributos do solo em ambientes de terras baixas,
como na obtencao de maiores teores de MO e nutrientes na camada superficial
do solo (Lal, 1986; Sahrawat, 2005; Feng et al., 2006; Tang et al., 2007,
Sahrawat, 2012; Beutler et al., 2014; Denardin et al., 2019).

Além de modificacbes em atributos quimicos, estudos também tém
demonstrado alteracbes em atributos microbiolégicos do solo. Os atributos
microbiolégicos do solo sdo potenciais indicadores de mudancas em sua
qualidade, pois sdo mais sensiveis do que os atributos quimicos e fisicos do solo
(Bending et al., 2004; Miller e Dick, 2005; Peixoto et al., 2010). Em sistemas com
maior diversidade de espécies de plantas (Gao et al., 2004) e presenca de
animais em pastejo sob SIPA (Martins et al., 2017), conduzidos em plantio direto,
tem-se observado maior atividade microbiana e enzimatica.

Em relacéo as caracteristicas fisicas, a compactacao frequentemente
€ alvo de estudos e pesquisas por influenciar diretamente o crescimento
radicular e, consequentemente, a produtividade dos cultivos (Derpsch, 2003).
Enquanto alguns estudos (Zhuang et al., 1999; lijima et al.,, 2005) mostram
aumento da densidade do solo apds a adocao do plantio direto em terras baixas,
outros (Feng et al., 2006; Denardin et al., 2019) demonstram uma diminui¢ao da
densidade a partir da adocdo desses sistemas. No entanto, esse tipo de
caracteristica se torna pouco importante sob condi¢cbes de alagamento do solo,
pelo rompimento dos agregados e estrutura fluida ocorrente no solo alagado
(Ambassa-Kiki et al., 1996; Beutler et al., 2012).

Embora a adocao do plantio direto em terras baixas proporcione

melhorias na qualidade do solo, Huang et al. (2015) demonstram, por meio de
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uma meta-andlise, que somente a adocdo dessa pratica ndo garante
incrementos em produtividade na cultura do arroz. Entretanto, o referido manejo
gera um importante efeito nos componentes de rendimento do arroz, havendo
uma reducédo na quantidade de paniculas produzidas por area em plantio direto,
compensada pelo aumento do nimero de gréos por panicula e maior peso de
grdos. No entanto, em condicdes meteorologicas desfavoraveis (maior
nebulosidade e frio), o arroz em sistema convencional apresenta menor
produtividade, por reduzir o perfilhamento e, consequentemente, 0 nimero de
paniculas por area (Huang et al., 2015).

Em estudo de longo prazo (Denardin et al., 2019) realizado no Brasil,
embora tenham sido observadas melhorias na qualidade do solo, oriunda
principalmente de aumentos representativos no teor de MO do solo em plantio
direto em relacdo ao sistema convencional de cultivo (arroz — pousio, com
revolvimento do solo), a produtividade do arroz em plantio direto somente
superou o sistema de preparo convencional apds 14 anos de sua adocéo. Esse
efeito ocorre porque o nao revolvimento do solo proporciona acumulo de
residuos do arroz de baixa qualidade (alta relacdo C/N) na superficie do solo,
podendo resultar em maior imobilizacdo de N pela biomassa microbiana (Thuy
et al., 2008; Xu et al., 2010). Nesse contexto, Denardin et al. (2019) sugerem
gue o uso de gramineas com adequado suprimento de N via adubac¢éo, ou uso
de leguminosas tanto na estacao hibernal (Saibro e Silva, 1999), quanto em
rotacdo na estacao estival, podem aumentar os teores de MO do solo, reduzindo
os efeitos da imobilizacao temporaria de N e garantindo altas produtividades de

arroz em plantio direto, ja no curto prazo.

2.2. Rotagao de culturas em terras baixas

A adocdo de préaticas conservacionistas de manejo exige, além do
plantio direto, o aporte de residuos para a devida manutencdo da MO do solo
(Bayer et al., 2000). Para isso, na regido subtropical brasileira, o aporte anual de
C requerido é de 4,4 Mg ha' (Mielniczuk et al., 2003), o que representaria
aproximadamente 9,7 Mg ha'! de MS de residuo. Com os atuais indices
produtivos dos cultivos em terras baixas, tais valores podem ser alcancados

apenas com o residuo do cultivo da lavoura de arroz. Considerando um indice
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de colheita de 0,50 e a produtividade do arroz alcancando 10 Mg ha* de gréos
obtém-se também 10 Mg ha' ano! de MS da parte aérea, sem considerar a
contribuicdo de raizes e exudatos radiculares. No entanto, como visto
anteriormente, o arroz apresenta um residuo de dificil decomposicao, pelos altos
teores de silicio e alta relacao C/ N. A partir disso, faz-se necessario a realizagdo
da rotacdo de culturas no sistema produtivo, diversificando a qualidade de
residuos aportadas ao solo e, assim, promovendo beneficios sobretudo
mediados pela biota edéfica.

A rotacdo de culturas € um dos pilares da agricultura
conservacionista, pois o0 monocultivo de arroz irrigado, apenas em plantio direto,
acarreta em perdas de produtividade do arroz no médio prazo (Pauletto et al.,
1999; Denardin et al., 2019). Entretanto, sem a adocdo do plantio direto, a
rotacdo de culturas isoladamente ndo contribui para a melhoria da qualidade do
solo. Apds dezessete anos da adocdo de diferentes sistemas de rotacdo de
culturas com o arroz em preparo convencional do solo, a rota¢do do arroz com
a soja e com o milho apresentou menores teores de C organico total, N total e C
na biomassa microbiana do que na sucessao de arroz com azevém conduzido
em plantio direto (Santos et al., 2004).

De acordo com Sahrawat (2004), diversos estudos demonstram
maiores acumulos de C e N em solos alagados com duplos cultivos sucessivos
de arroz, como na Asia. Nessas situages de cultivo do arroz no continente
asiatico, a rotacdo com culturas de sequeiro é prejudicial para o acimulo de C e
N no solo, principalmente pela condicdo aerada favorecer os processos de
decomposicdo da MO do solo (Witt et al., 2000). No entanto, o sistema tradicional
de cultivo de arroz irrigado do RS conta somente com um cultivo anual de arroz,
compreendendo o periodo em que h& saturacdo do solo por &gua de somente
100 dias. No restante do ano, tradicionalmente sdo adotadas praticas de
revolvimento do solo seguidas por pousio em condi¢cdo aerada (SOSBAI, 2018),
potencializando ainda mais a decomposi¢ao da MO do solo.

Nessa situacdo, a diversificacdo com insercdo de gramineas
forrageiras no periodo hibernal e rotacdo do arroz com a soja no periodo estival
tem aumentado os teores de C e N até mesmo no curto prazo (30 meses)
(Denardin et al., 2018). Neste mesmo trabalho, a diversificagdo e rotacdo de

culturas em plantio direto aumentaram o teor de formas labeis (particulada) de N
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no solo em 120 kg ha! apds 30 meses, gerando ganhos em produtividade de
gréos do arroz de até 2,6 Mg ha', quando comparado ao sistema tradicional de
cultivo, em monocultivo de arroz e preparo convencional do solo (Denardin et al.,
2018).

Nos ultimos anos, a soja surgiu como principal alternativa de cultura
de graos para rotagcdo em sistemas arrozeiros (Almeida e Anghinoni, 2018),
principalmente pelo momento de valorizacdo econémica da oleaginosa. O seu
cultivo vem sendo recomendado principalmente para diminuir a infestacdo do
arroz-daninho (Xavier et al., 1993), principal planta invasora do cultivo do arroz
irrigado no RS (Vedelago et al., 2012), em funcéo da possibilidade de rotacéo
dos principios ativos de herbicidas (Thomas e Lange, 2014). Além da soja, as
pastagens para producdo animal também se destacam como alternativas de
rotacdo (CONAB, 2015).

A rotacdo de culturas com leguminosas pode aumentar e sustentar a
produtividade a longo prazo dos sistemas de cultivo de arroz (Singh et al., 2002;
Yu et al.,, 2014). A introducdo de leguminosas nas rotacdes de arroz pode
modificar as propriedades fisicas e quimicas do solo, enquanto melhora a
gualidade do solo e aumenta o rendimento de graos (Zhou et al., 2014; Hartmann
et al., 2015). Os beneficios das leguminosas em rotacéo séo devidos ndo apenas
a fixacao biolégica do N, mas também a melhoria da fertilidade do solo devido a
aumentos no teor de MO (Zhu et al., 2012; Cotrufo et al., 2013; Yu et al., 2014).

A rotacao de culturas afeta a composi¢cao da comunidade microbiana
do solo principalmente devido as diferencas na qualidade e quantidade dos
residuos vegetais aportados ao solo (Martinez-Garcia et al., 2018; Pires et al.,
2020). A maior eficiéncia de uso do C pelos microorganismos a partir de residuos
de leguminosas (Cotrufo et al., 2013; Veloso et al., 2018), pode ser uma
ferramenta importante para aumentar a disponibilidade de N pela MO do solo em

terras baixas.

2.3. Sistemas integrados de producéo agropecuaria em terras

baixas

Os sistemas de produc¢ao de arroz irrigado constituem-se em um dos

mais antigos exemplos de SIPA em uso no Brasil, com a exploracdo pecuaria
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sendo historicamente realizada pela inser¢cdo do animal em pastejo no periodo
da entressafra do arroz, visando aproveitar a sua palhada e o seu rebrote
(Carvalho et al., 2006; SOSBAI, 2018). Como possibilidade de melhoria desse
histérico sistema em uso, a utilizacdo de pastagens cultivadas no periodo
hibernal em rotacdo com o arroz irrigado € um exemplo de sistema que
apresenta grande potencial de uso nas terras baixas do subtrépico brasileiro
(Castoldi et al., 2019).

O animal desempenha um papel essencial nos SIPA, sendo o
principal agente diversificador do sistema. Esse componente promove
mudancas tanto no aporte de residuos quanto no balanco de nutrientes, havendo
uma oferta mais constante de nutrientes, uma vez que existem diferentes fontes
de residuos em decomposicéao (residuos organicos e dejetos animais) (Larcher,
2000). Enquanto os diferentes componentes vegetais encontrados no sistema
incorporam nutrientes e energia (Vezzani e Mielniczuk, 2009), os animais
funcionam como catalisadores ao introduzirem variabilidade e novas vias de
fluxos de nutrientes e agua, sendo o0 solo o compartimento mediador dos
processos (Anghinoni et al., 2013).

Resultados de experimentos com arroz irrigado cultivado apos pastejo
bovino continuo por diferentes periodos e locais do RS (Carmona et al., 2016)
demonstram que a resposta do arroz a adubacdo mineral (NPK) diminuiu
sensivelmente (de 2,1 a 0,8 Mg ha') com o tempo de pastejo (2 a 16 anos). Da
mesma forma, o custo da adubacéo em relacdo aquela indicada pela analise do
solo diminuiu expressivamente na média dos quatro locais (de R$ 745,00 para
R$ 425,00 ha') para uma mesma produtividade (11,1 Mg ha'). Tais resultados
indicam uma maior eficiéncia de uso de nutrientes pelo arroz e diminuicdo do
custo com adubacéo, quando da realizacao da rotacdo do cultivo do arroz com
pastagens.

O pastejo animal pode acelerar a ciclagem de nutrientes, por alterar
as condicdes bidticas e abioticas do solo envolvidas com o processo de
decomposicéo (Shariff et al., 1994). Segundo Reis et al. (2008) e Denardin et al.
(2020), a correta adubacao das pastagens no periodo hibernal pode dispensar
a aplicacdo de P e K no arroz irrigado em sucesséo. Isto ocorre porque,
diferentemente do N, o P e o K séo nutrientes que apresentam uma dinamica

diferenciada no solo, o que permite a realizacdo da sua adubacao corretiva no
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solo (Vahl, 1999). Dessa forma, devido a falta de resposta em produtividade do
arroz a adubacdo com P e K em SIPA, a adubacéo fosfatada e potassica de
reposicao pode ser remanejada, antecipando para a fase pastagem e usando 0s
nutrientes mais eficientemente na producao de forragem e animal (Farias et al.,
2020).

Em relacdo a cultura da soja, embora alguns estudos tenham
documentado auséncia de sua resposta em produtividade sob SIPA em terras
altas (Farias et al., 2020), em terras baixas praticamente inexistem estudos.
Alguns estudos demonstram que cultivos de soja em rotagdo com arroz irrigado
requerem aplicacdo de adubacdo fosfatada, basicamente devido a menor
disponibilidade de P no solo, prejudicando o seu desenvolvimento e seu
rendimento de grdos no primeiro ano de cultivo apés o arroz irrigado (Griffin et
al., 1983). Além disso, a soja frequentemente responde a adubac¢éo potassica,
porque este € um dos nutrientes mais demandados por esta cultura (Bharati et
al., 1986).

Diferentemente da soja, o cultivo do arroz irrigado conta com o
alagamento do solo, o qual promove diversas altera¢cfes eletroquimicas no solo.
Entre as alteragbes observadas, as mais pronunciadas referem-se a
transformacdes no potencial REDOX, aumentando o pH do solo, ficando préximo
a neutralidade (6,5-7,0) (Sousa et al., 2015). Estas condicfes provocam o
aumento de eletrdlitos na solucdo do solo, conduzindo a liberacdo de cations
presentes nos sitios de troca da matriz coloidal. Deste modo, ha o aumento na
concentracdo de alguns ions, como o K, na solucdo do solo (Camargo et al.,
1999). Além disso, ions adsorvidos nas argilas ou nos hidroxidos de ferro e
aluminio, como o P, podem ser liberados na solucéo do solo quando o0 mesmo é
submerso (Sousa et al., 2015). Dessa forma, o aumento da solubilidade do P
decorrente da inundacao determina uma melhor eficiéncia da utilizacdo deste
elemento, minimizado a dependéncia de fertilizantes fosfatados no cultivo do
arroz (Grande et al., 1986).

A adubacéo nitrogenada no cultivo do arroz irrigado, no entanto, tem
sua dinamica diferenciada, por se tratar de um nutriente que ndo apresenta
adubacao corretiva no solo. No entanto, os SIPA podem intensificar a ciclagem
de N dos residuos culturais e da excreta animal, transferindo os nutrientes dentro

do ciclo da pastagem e de uma cultura para outra, podendo reduzir as
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guantidades de fertilizantes nitrogenados e melhorando a qualidade do solo
(Soussana e Lemaire, 2014; Denardin et al., 2020). A deposicéo de dejetos e
urina pelos animais em pastejo exerce uma forte influéncia na concentracao de
N nas comunidades microbianas e, como resultado, aumenta a decomposicao
da MO e a disponibilidade de N (McNaughton, 1992).

Além disso, o pastejo altera as vias do ciclo do N por modificar a
estrutura e composicdo da pastagem e o teor de N nos tecidos das plantas
(Bardgett et al.,, 1998). Essas mudancas provocadas pelo pastejo tendem a
aumentar a disponibilidade de N inorganico para a cultura em sucesséao, pela
melhoria da qualidade da biomassa das plantas (Bardgett et al., 1998; Assmann
et al., 2015), pelo efeito sobre a imobilizagdo microbiana e por alterar o fluxo de
C das plantas em direcéo ao solo (Stark e Grellmann, 2002).

Em SIPA, a biomassa microbiana é caracteristicamente elevada em
ambiente com pastagem e apresenta maior estoque de nutrientes labeis (Perrot
e Sarathchandra, 1989). Segundo Haynes e Willians (1999), as quantidades de
N incorporadas na biomassa microbiana em um sistema tipico de pastagem, séo
de aproximadamente 60 kg N ha?. Esse valor representa cerca de 50% da
necessidade da cultura do arroz para altas produtividades (SOSBAI, 2018). De
certa forma, necessita-se entender mecanismos envolvidos com a resposta do
arroz a adubacéo nitrogenada, bem como a disponibilidade de N pelo solo, em

diferentes arranjos produtivos.

3. Fatores reguladores da disponibilidade de nitrogénio para o

arroz em terras baixas

3.1. Matéria organica do solo

A MO é um importante constituinte da fertilidade do solo, por manter
a integridade das fungfes ecologicas e ambientais do solo e a produtividade dos
cultivos agricolas (Sahrawat, 2004; 2005). Devido a sua capacidade de adsorgéo
e liberacdo de ions, ela apresenta papel fundamental no suprimento de
nutrientes as plantas. Aléem disso, ela apresenta na sua composi¢cao nutrientes

essenciais, como o N e o P, e por isso é considerada um atributo-chave
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relacionado a disponibilidade de nutrientes e a fertilidade do solo (Gregorich et
al., 1994; Franchini et al., 2007; Babuijia et al., 2010; Souza et al., 2014).

Em solos alagados, mesmo com grandes quantidades de fertilizante
nitrogenado aplicado, mais de 50% do N assimilado pelas culturas é originado
da liberacdo de compostos organicos do solo (Cassman e Pingali, 1995;
Mikkelsen, 1987), provindos da MO e dos residuos culturais. Estudos (Ando et
al., 1992; Manguiat et al., 1994) apontam que no cultivo de arroz irrigado, 50 a

70% do N absorvido para producéo de gréaos € advinda de compostos do solo.

3.2. Atividade microbiana e mineralizacdo do nitrogénio em

ambientes alagados

A decomposicdo microbiana da MO do solo aerado € realizada por
uma ampla diversidade de microrganismos, incluindo fungos, bactérias
heterotréficas e actinomicetos. A respiracdo desses organismos esta associada
a alta liberacdo de energia. Diferentemente desses, 0S microrganismos
anaerobios operam em um nivel de energia mais baixo e sdo menos eficientes
do que os aerobios, como consequéncia da decomposicdo incompleta de
carboidratos e da menor sintese de células microbianas por unidade de C
organico decomposto (Payne, 1970). Assim, a decomposicdo de residuos de
plantas e da MO é tipicamente mais lenta em solo alagado do que aerado
(Acharya, 1935; Sahrawat, 1981; Villegas-Pangga et al., 2000; Cantarella, 2007).

O N potencialmente mineralizavel pode constituir de 2 a 7% do N total
do solo (Narteh e Sahrawat, 1997). No entanto, Sahrawat (1983) demonstra que
as quantidades de N total convertidas em formas minerais durante a incubacao
podem variar de 1,8 a 26% desse total. Tanto para solos aerados como nao
aerados, dentre os fatores que mais se correlacionam com a quantidade de N
mineralizada estdo o teor de MO e caracteristicas do material organico aportado
ao solo, além da quantidade de elementos inorganicos aceptores de elétrons
(Ponnamperuma, 1972; Meli et al., 2003; Sahrawat, 2004).

Em relacdo as caracteristicas dos materiais organicos, além da
guantidade adicionada, destacam-se aspectos relacionados a sua qualidade,
tais como a relacdo C / N, o conteudo de lignina e lipidios e o grau de hidratacao
(Sousa, 2010). Meli et al. (2003) avaliaram as respostas da respiracao



20

microbiana a adicdo de diferentes substratos no solo e descobriram que o maior
aporte de N facilitou o uso do amido pelos microrganismos do solo, reduzindo o
tempo necessario para a ocorréncia da maxima taxa respiratoria. Assim, o aporte
de residuos de melhor qualidade, contendo maior quantidade de N e menor
contetdo de lignina pode favorecer a mineralizacdo de N do solo pela maior
atividade microbiana (Meli et al., 2003).

Embora os microrganismos em solos de terras baixas sejam
importantes agentes relacionados a disponibilidade de N a partir da
mineralizacado da MO do solo, eles também s&o importantes drenos temporarios
do N fornecido via fertilizantes e residuos (Bird et al., 2001; 2003). Devido ao seu
papel na imobilizacdo de N, eles também podem ser fontes importantes desse
nutriente ao longo do cultivo do arroz (Eagle et al., 2001; Bird et al., 2002), por
sua liberagdo em taxas mais lentas e constantes, podendo ser mais

eficientemente absorvido pelo arroz.

3.3. Eficiéncia de uso do nitrogénio pelo arroz irrigado

A avaliacdo da eficiéncia de uso do N pelo arroz € de extrema
importancia devido tanto a aspectos econémicos quanto ambientais. Apesar de
existirem diversos estudos abordando estratégias baseadas no manejo da
adubacao para aumentar a eficiéncia do uso de N no arroz irrigado, a eficiéncia
de recuperacao do fertilizante nitrogenado aplicado (quantidade de N absorvido
pela planta para cada kg de N aplicado via fertilizante) e a eficiéncia agronédmica
(quantidade de graos produzidos para cada kg de N aplicado via fertilizante)
ainda sao relativamente baixas (Cassman et al., 1993). Devido a isso, 0 uUso
racional da adubacédo nitrogenada é fundamental, ndo somente para aumentar
a eficiéncia de recuperacdo, mas também para aumentar a produtividade da
cultura e diminuir os custos de produgdo e 0s impactos com contaminagao
ambiental (Zhu et al., 2002; Guo et al., 2010; Zhang et al., 2018).

A eficiéncia de recuperacéo de N pode ser incrementada com adogao
de praticas de manejo apropriadas, como uso de dose e época adequadas de
aplicacdo de acordo com a necessidade da cultura (Alves et al., 2005).
Eficiéncias de recuperacdo no N aplicado de 30 a 50% sdo normalmente

encontradas em experimentos de campo com arroz irrigado nos tropicos, com
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eficiéncias agronémicas de 15 a 25 kg de grédos por kg de N aplicado via
fertilizante, dependendo da época de semeadura, nivel de produtividade atingida
e dose de N aplicada (Yoshida, 1981). Estratégias que visem adequar a
adubacao nitrogenada conforme a demanda de N pelo arroz estdo reduzindo a
demanda de N via fertilizantes, sendo uma oportunidade para aumentar a
eficiéncia de uso desse nutriente (Wang et al., 2001; 2003; 2007; Hu et al., 2007).

Uma das principais formas de se avaliar a eficiéncia de uso de N é a
partir da sua absorcao (Fageria e Baligar, 2005), avaliada pelo teor total de N
acumulado na MS da parte aérea na maturacao fisioldgica, apresentando alta
correlacdo com a produtividade de gréos. Segundo Dobermann e Fairhurst
(2000), para os principais macronutrientes existe uma taxa otima de absorcéo
para atingir o potencial na produtividade de gréaos. Esses valores sédo calculados
pela eficiéncia de uso dos nutrientes requeridos em maior quantidade, com
avaliacdo de um balanco adequado entre eles. Com base nisso, encontra-se um
valor intermediario de nutriente absorvido para que ndo haja falta ou excesso
para a planta, garantindo alta produtividade de gréos. Em sistemas tradicionais
de cultivo de arroz irrigado, contando que o crescimento das plantas seja limitado
apenas a disponibilidade de N, o equilibrio nutricional étimo é alcangcado com
absorcao de ~ 14,7 kg N por tonelada de graos produzidos. Assim, a eficiéncia
otima de uso do N no arroz irrigado € de 68 kg de graos produzidos por kg de N
absorvido (Dobermann e Fairhurst, 2000).

Diversos estudos tém utilizado is6topos estaveis de 1°N via
fertilizantes a fim de quantificar a eficiéncia de recuperacdo do N aplicado via
fertililizante (Bronson et al., 2000). Essa técnica parte do principio de que
gualquer material existente na natureza que possua N em sua constituicao
apresentara uma proporcao de 0,366% de atomos de °N em relacéo ao total de
N que, em sua maioria € composto do is6topo **N. Assim, se uma planta cresce
utilizando N de duas fontes (ex. solo e fertilizante) e uma delas for artificialmente
enriguecida com N, é possivel determinar a contribuicdo de cada uma para a
nutricdo da planta (Alves et al., 2005).

Por meio de técnicas que empregam resinas de troca idnica, €
possivel obter fertilizantes nitrogenados com uma proporcdo de °N superior a
encontrada na natureza (e.g. contendo 1% de '°N em relacéo ao total). A técnica

para avaliagéo da eficiéncia de uso do N é considerada indireta e é baseada no
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conceito de que, quando existem duas ou mais fontes de N (e.g. N do solo e N
do fertilizante), a planta irda absorver, de cada fonte, quantidades proporcionais
as respectivas quantidades disponiveis (Alves et al., 1999).

Durante 20 anos (de 1987 a 2007), o foco das pesquisas em
aumentar a eficiéncia de uso do N pelo arroz evoluiu de “reduzir as perdas de N”
per se para “alimentar as necessidades de N pelo arroz” (Buresh, 2007). Essa
abordagem visava identificar as necessidades especificas da cultura por esse
nutriente e realizar as adubacdes de acordo com os periodos de maior absorcéo,
aumentando o rendimento por unidade de fertilizante aplicado,
consequentemente reduzindo as suas perdas (Pampolino et al., 2007).

O que h& de mais recente relacionado ao aumento da eficiéncia do
uso do N nos sistemas de producdo enfatiza a necessidade de uma maior
sincronia entre a demanda de N pelas culturas e 0 seu suprimento por todas as
fontes ao longo da estacado de crescimento (Matson et al., 1997; Cassman et al.,
2002; Cui et al., 2008a,b). O termo sincronia se refere ao acompanhamento entre
a liberacdo de nutrientes com a demanda nutricional da planta (Myers et al.,
1994). Esse termo, usado nesse sentido, implica que a taxa de liberacdo de um
nutriente em forma disponivel esteja fortemente relacionada ao padrao de
crescimento da planta. No entanto, essa sincronia € extremamente dificil de se
alcancar em sistemas puramente agricolas, os quais geralmente contam com
somente com fontes de residuos em decomposi¢cdo a partir do componente
vegetal.

Como ja abordado anteriormente (item 2.2.3), os SIPA contam com
uma diversidade de residuos aportados, tanto de origem animal quanto vegetal,
0s quais apresentam quantidades diferentes de nutrientes, que seréo liberados
também de forma e em tempos distintos. Somente considerando o esterco, cerca
de 10 a 55% do N contido nos dejetos séo disponiveis para o cultivo subsequente
a sua deposicdo (Whitehead, 2000). Assim, no ciclo de uma cultura inserida em
um SIPA, as diversas fontes de nutrientes, sendo elas o solo, a fertilizagcéo
mineral e os residuos vegetais e animais (esterco e urina), em diferentes
estagios de decomposicdo e liberacdo, acompanhada de uma maior
biodiversidade microbiana (Martins et al., 2017), podem possivelmente nutrir as
plantas e suprir com suas exigéncias de forma mais eficaz do que comparado a

sistemas exclusivamente agricolas.
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Em estudo avaliando a eficiéncia de uso dos nutrientes pelo arroz em
SIPA, Denardin et al. (2020) verificaram maior eficiéncia no uso do N em SIPA,
sendo 25% superior ao sistema tradicional de cultivo por produzir mais graos
com a mesma quantidade de N absorvida. A menor necessidade de absorver N
para produzir a mesma quantidade de gréos se deve principalmente em funcao
da dindmica diferenciada de crescimento da planta, acompanhada da maior
sincronia de liberacdo do N. Segundo esses autores, 0s microrganismos do solo
atuam como protagonistas na promoc¢ao da maior eficiéncia de uso do N, por
imobilizarem temporariamente grande parte desse nutriente ap0s sua adubacdo,
liberando-o graduamente em taxas constantes ao longo do ciclo da cultura
(Denardin et al., 2020).

4. Microrganismos do solo como reguladores da
disponibilidade de N para o arroz irrigado

4.1. Biomassa microbiana do solo em sistemas conservacionistas

em terras baixas

Os microrganismos do solo estdo relacionados a dindmica do N no
cultivo de arroz por serem 0s principais agentes direcionadores do fluxo e da
disponibilidade de N, mediado por processos de imobilizacdo e mineralizacao
(Reichardt et al.,, 1997). Acredita-se que a biomassa microbiana do solo é
revertida com rapidez suficiente para ser considerada uma importante fonte de
N no cultivo do arroz (Inubushi e Watanabe, 1987). Assim, a sua avaliacdo e
guantificacdo é de extrema importancia, a fim de se conhecer a capacidade de
suprimento, bem como dindmica de liberacdo de N pelo solo.

Estudos realizados em ambientes de terras altas relatam que a
adocdo de préaticas conservacionistas de manejo do solo, com minimo
revolvimento do solo (plantio direto) e alto aporte de residuos, pode contribuir
para o desenvolvimento da comunidade microbiana e para a qualidade do solo
(Hobbs et al., 2008; Derpsch e Friedrich, 2009; Pittelkow et al., 2014). Além
disso, a rotacdo de culturas pode também contribuir para a melhoria da
comunidade microbiana do solo (Ferrari et al., 2015; Aschi et al., 2017; Ai et al.,

2018), pelo aumento da diversidade de espécies vegetais no sistema produtivo.
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O maior aporte e a diversidade de residuos séo também a principal
justificativa para os incrementos em biomassa microbiana do solo encontrados
em SIPA. Em estudos de terras altas de clima subtropical, Silva et al. (2015)
verificaram um incremento de 150% na biomassa microbiana do solo sob SIPA,
comparado ao tratamento sem pastejo. Em intensidades moderadas de pastejo
(20 a 30 cm de altura do pasto), ha uma adi¢do significativa de residuos de
perfilhos da pastagem, que estimula a biomassa microbiana do solo, como
resultado da liberacdo de compostos organicos, como exsudatos, mucilagens e
secrec¢les pelas plantas, associado a constante renovacao do sistema radicular
denso, aumentando a disponibilidade de nutrientes para a microbiota do solo
(Tisdall e Oades, 1982).

A presenca de animais em pastejo também desempenha um papel
importante na ecologia microbiana do solo, através de uma série de fatores
especificos associados a deposicao de urina e fezes (Clegg, 2006). Os dejetos
animais contém C soluvel e N, os quais tendem a estimular a atividade
microbiana e os processos de mineralizacdo da MO do solo (Hatch et al., 2000).
Consequentemente, enquanto se estima que em solo com pastagens o C da
biomassa microbiana seja em torno de 5% do C orgéanico total do solo, em solos
agricolas essa fracdo geralmente é inferior a 2,5% (Dalal, 1998; Fierer et al.,
2009).

Tratando-se de ambientes alagados, envolvendo principalmente o
cultivo do arroz, os estudos sobre o impacto da adocdo de sistemas
conservacionistas na biomassa e na comunidade microbiana séo incipientes.
Sabe-se que, durante o ciclo de cultivo de arroz, a comunidade microbiana do
solo exibe diversas mudancas populacionais, relacionadas principalmente ao
alagamento (Bossio e Scow, 1998) e ao manejo do solo (Reichardt et al., 2001).
As préticas agricolas, principalmente o manejo da palhada e da adubacéo,
modificam a disponibilidade de nutrientes na superficie do solo, levando a uma
discriminacdo tanto da biomassa quanto da composicdo da comunidade
microbiana. Nesse sentido, tdo importante quanto quantificar a biomassa
microbiana do solo, é conhecer a composicdo da comunidade microbiana,
podendo-se estabelecer relagbes com o0 manejo realizado, bem como
estabelecer estratégias a fim de melhorar os processos envolvidos com a
disponibilidade de N.
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4.2. Composic¢ao da comunidade microbiana em sistemas

conservacionistas em terras baixas

A composicdo da comunidade microbiana do solo é regulada por
diversos fatores bioticos e abidticos (Fakruddin et al., 2013). Os fatores abibticos
incluem fatores fisicos e quimicos, como disponibilidade de agua e nutrientes,
aeracdo, temperatura, composi¢cdo bioquimica dos residuos culturais, pH,
pesticidas e atividades antropicas e, por isto, sdo facilmente alterados pelo
manejo do solo e sistema de culturas. Em relagdo a comunidade fangica, por
exemplo, sabe-se que os fungos preferem ambientes com pH mais &cido e
decompdem normalmente residuos com alta relacdo C / N, degradando
carboidratos, como a celulose. Da mesma forma, os actinomicetos (filo de
bactérias gram+), se comportam de maneira semelhante aos fungos (Ferré et
al., 2012).

Diferentemente, as bactérias gram- sdo mais adaptadas em
ambientes que contenham substratos mais labeis e ricos em N (Wan et al.,
2014). A partir de analises de is6topos estaveis, Kramer e Gleixner (2008)
identificaram que bactérias gram- preferem fontes mais labeis de C, derivadas
de plantas, enquanto bactérias gram+ utilizam preferencialmente a MO do solo
como fonte de C, mais recalcitrantes. Em funcéo disso, a relacdo de bactérias
gram+ / gram- esta sendo utilizada como um indicador da disponibilidade de C
para comunidades bacterianas do solo (Fanin et al., 2014; 2019).

A avaliacdo da composicdo da comunidade microbiana pode ser
realizada através da caracterizacdo de perfis de acidos graxos fosfolipidicos
(phospholipid fatty acid - PLFA). Essa técnica é historicamente utilizada em
estudos avaliando comunidades microbianas, sobretudo relacionando-se com
padrbes de utilizacdo de substrato. A anélise de PLFA € uma técnica bastante
utilizada, pois € um método bioquimico que fornece informacgdes diretas sobre a
composigcdo da comunidade microbiana ativa (Vestal e White, 1989). Os acidos
graxos fosfolipidicos sdo componentes presentes nas membranas das células e
seus grupos polares com cadeias laterais ligadas por outros elementos
apresentam distintas composi¢cdes entre seres eucariontes e procariontes, bem

Ccomo entre muitos grupos procaridticos. Eles ndo séo encontrados em produtos
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de armazenamento ou em células mortas, pois sdo rapidamente degradados
(Pinkart et al., 2002), tornando-os bons indicadores de organismos vivos (White
et al., 1979). Em condi¢cbes normais do ambiente, os fosfolipidios constituem
uma proporcao relativamente constante da biomassa dos microrganismos e,
portanto, a soma de todos os PLFAs detectaveis normalmente é usada como um
indicador da biomassa microbiana total do solo (Lechevalier, 1989).

Uma mudanca clara na composi¢cdo da comunidade microbiana é
observada em funcéo do alagamento do solo no cultivo do arroz. Segundo Ferré
et al. (2012), a populacdo microbiana reage rapida e sensivelmente a praticas
como o revolvimento e o alagamento do solo. A proporgéo de bactérias gram+
para gram- é maior em solo alagado do que em solo ndo alagado, sugerindo que
o alagamento do solo favoreca a proporcao de bactérias gram+, provavelmente
devido ao fato de que este grupo inclui muitos microrganismos que podem
sobreviver por um longo periodo de tempo no solo sob condi¢cdes adversas (K-
estrategistas), além de estarem mais relacionadas a constituicdo de
microrganismos anaeroébicos facultativos (Parkers e Taylor, 1983; Guckert et al.,
1985). Resultados semelhantes foram encontrados por Bossio e Scow (1998) e
Bai et al. (2000), os quais observaram um aumento de acidos graxos
ramificados, indicativo de bactérias gram+, em solos alagados. Assim, embora
as bactérias gram- e fungos sejam considerados 0s principais responsaveis pela
decomposicado de residuos em condi¢cBes aerdbias de terras altas (Nakamura et
al., 2003), em terras baixas, sob alagamento, as bactérias gram+ atuam como
os principais decompositores da palha do arroz (Kimura et al., 2001).

Dentre os constituintes da comunidade microbiana do solo, os fungos
apresentam grande importancia, por serem um dos grupos mais atuantes no
processo de mineralizacdo do N da MO (Reichardt et al., 2001; Nakamura et al.,
2003). Apesar do fato de alguns autores (Reichardt et al., 1997; 2001)
relacionarem o alagamento do solo com a diminuigdo da comunidade fungica,
Bossio e Scow (1995), Goshal e Singh (1995) e Ferré et al. (2012) encontraram
aumentos na abundancia de fungos durante o periodo de alagamento. De acordo
com esses autores, 0 pico observado do biomarcador fungico ocorre em um
estagio de crescimento do arroz, associado a maiores liberacdes de exsudatos
de C pelas raizes (Chidthaisong e Watanabe, 1997a,b; Aulakh et al., 2001).



27

Segundo Lu et al. (2007), que realizaram um experimento utilizando
marcadores isotOpicos estaveis, 0S microrganismos eucaridticos atuam
ativamente na rizosfera do arroz incorporando grandes quantidades de C
radicular, demonstrando a forte associacdo entre microrganismos ativos,
sobretudo do grupo dos fungos, com a dinamica do C no solo. Isto permite
concluir que o alagamento do solo durante o cultivo do arroz nédo interfere
igualmente na comunidade microbiana em todos os sistemas de producao.
Conhecendo a estreita relacéo entre a comunidade microbiana e a dinamica do
C no solo alagado, mudancgas no manejo envolvendo principalmente a alteragéo
da quantidade e diversidade de residuos aportados podem afetar a comunidade
microbiana, influenciando na mineralizacdo do N do solo.

Em termos de qualidade, a relacdo C / N dos residuos demonstra ser
o principal fator que afeta a composi¢do da comunidade microbiana do solo
(Henriksen e Breland, 2002; Geisseler et al., 2011; Kamble e Baath, 2016). A
adicdo de residuos de alta qualidade (baixa relacdo C / N), como o de
leguminosas, favorece a dominancia bacteriana, enquanto os residuos de baixa
gualidade (alta relacdo C / N) promovem o crescimento de fungos (Bossuyt et
al., 2001; Kramer et al., 2012), o que pode alterar a mineralizacéo de N pela MO
do solo (Tian et al., 2015).

Além da alteracdo da composicdo da comunidade microbiana, a
mineralizacdo da MO do solo pode ser estimulada também pelo aporte de
residuos labeis de plantas e pela adubacdo mineral (Chen et al., 2014a; Ge et
al., 2017; Zhu et al., 2018; Liu et al., 2019; Zhao et al., 2019). Esse efeito,
também conhecido como ‘efeito priming’, é definido como o aumento ou a
diminuicdo da absorcdo de N advindo da MO do solo pelas plantas ap6s adicdo
de fertilizantes, em comparacéo a tratamentos sem adubacéo (Kuzyakov, 2000;
Ge et al., 2012; Zhu et al., 2018). Essa maior absorcdo do N nativo do solo N
pode ser decorrente tanto do aumento da mineralizagdo da MO do solo, mediada
pela atividade microbiana, quanto pelo aumento do crescimento das raizes das
plantas, aumentando sua capacidade de absorver N do solo (Jenkinson et al.,
1985; Ashraf et al., 2004).



28

4.3. Impacto da adubac¢éo mineral na comunidade microbiana do
solo

Os microrganismos do solo sdo limitados por N, P e outros macro e
micro-nutrientes (Kuzyakov e Xu, 2013). Por isto, os fertilizantes minerais tém
sido responsaveis por afetar tanto a atividade quanto a composicdo da
comunidade microbiana do solo (Marschner et al., 2003; Béhme et al., 2005;
Chen et al., 2014b; Pan et al., 2014; Ding et al., 2016).

O N e o P sao normalmente nutrientes limitantes para o crescimento
da biomassa microbiana em terras baixas (Keller et al., 2005; Liu e Song, 2008;
Geisseler et al., 2017). Da mesma forma, o K pode promover o aumento da
producédo e aporte de biomassa vegetal e exsudados, afetando indiretamente a
biomassa microbiana do solo (Geisseler et al., 2017). Portanto, a adubacao
mineral pode afetar diretamente a disponibilidade desses nutrientes, afetando a
mineralizagdo da MO do solo (B6hme et al., 2005; Garcia-Pausas e Paterson,
2011; Ladha et al., 2011; Pan et al., 2014).

A adubacéo realizada nos diferentes sistemas de producdo agricola
tem efeito direto sobre a comunidade microbiana do solo. A adubacao
nitrogenada aumenta acentuadamente os niveis desse nutriente no solo, o que
faz com que a comunidade microbiana seja fortemente afetada (Wardle, 1992).
Devido a isto, em aproximadamente 84% dos casos a composicdo da
comunidade microbiana é alterada ap6s a adubacgdo nitrogenada (Allison e
Martiny, 2008).

Metanalises recentes sugerem que o0 aumento da adubacdo
nitrogenada suprime microrganismos do solo (Treseder, 2008; Liu e Greaver,
2010; Lu et al., 2011). Altas taxas de aplicacdo de N via adubacdo levam a
potenciais osmaéticos temporariamente muito altos e concentracbes
potencialmente téxicas das formas de N adicionadas (Eno et al., 1955; Omar e
Ismail, 1999). O NH4* é a fonte preferencial de N para a maioria das bactérias e
fungos (Merrick e Edwards, 1995; Marzluf, 1997). No entanto, quando aplicados
em altas doses, os fertilizantes amoniacais e amidicos podem inibir o0s
microrganismos do solo devido a toxicidade do aménio, aumento do pH e
aumento da forga idnica (Eno et al., 1955; Omar e Ismail, 1999) (Figura 2).

Embora a producéo primaria liquida nos ecossistemas terrestres seja

geralmente limitada pelo N, os microrganismos do solo dependem tanto do N
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guanto do C para seu crescimento e desenvolvimento (Wardle, 1992). Por
consequéncia, andlises da composicado da comunidade bacteriana do solo tém
indicado alteracdes decorrentes principalmente de mudancas na disponibilidade
de C e N pelo solo (Fierer et al., 2009; Ramirez et al., 2010). Em ecossistemas
agricolas, a biomassa microbiana do solo é fortemente relacionada as
concentracbes de C orgéanico (Booth et al., 2005; Cleveland e Liptzin, 2007,
Fierer et al., 2009; Kallenbach e Grandy, 2011). Nesse sentido, a adubacé&o
nitrogenada pode ter um importante efeito indireto na composicdo da
comunidade microbiana do solo, tendo em vista que a maior producédo de
biomassa vegetal causada pela adubacdo aumenta a entrada de material
organico na forma de exsudatos radiculares, raizes em decomposicéo e residuos
de superficie, aumentando assim as fontes de C e podendo alterar a comunidade

microbiana do solo (Figura 2).

Biomassa de = Fluxo
planta ====® Efeito

0‘ 1

Residuos de planta e
exsudatos de raizes

Adubagao
nitrogenada

Figura 2. Modelo conceitual dos fluxos e efeitos diretos e indiretos da adubacéo mineral
nitrogenada e da adocéo de sistemas integrados de producado agropecuaria (SIPA) na
comunidade microbiana de solos agricolas. Fonte: Adaptado de Geisseler e Scow
(2014).

Considerando o aporte de N via fontes orgéanicas, a dinamica de
resposta dos microrganismos parece ser distinta. Segundo metanalise realizada

por Kallenbach e Grandy (2011), a forma como o N entra no solo (via adubo
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organico ou mineral) altera a resposta da comunidade microbiana. Em sistemas
agricolas, aplicando a mesma quantidade de N via esterco e via fonte inorganica,
a adubacdo com esterco resulta em aumento 60% maior na biomassa
microbiana do solo. Em adicdo, quanto maiores as quantidades de N aplicadas
via esterco, maiores foram os incrementos em C da biomassa microbiana do solo
(Kallenbach e Grandy, 2011).

Embora o uso de adubos organicos como fonte de nutrientes ndo seja
uma pratica frequente no cultivo do arroz, os SIPA contam com o0 componente
animal, responsavel pela conversdo de grande parte dos residuos vegetais em
animais. Em ambos os casos, o C e o N sao fornecidos aos microrganismos no
solo de forma agrupada. Isso pode ser especialmente importante em funcéo da
biomassa microbiana ser co-limitada por ambos os nutrientes (Schimel e
Weintraub, 2003). Assim, o fornecimento de residuos animais (como o esterco),
gue contenham maior quantidade de N (menor relacdo C / N) pode favorecer o
acoplamento de ambos a partir da expansao da biomassa microbiana (Carreiro
et al., 2000; Sinsabaugh, 2010; Kallenbach e Grandy, 2011).



CAPITULO Illl - MATERIAL E METODOS GERAL

1. Localizag&o geografica, clima, solo e histérico da area

experimental

Os estudos foram realizados em &rea experimental de 18 hectares
conduzida desde 2013, na Fazenda Corticeiras, localizada no municipio de
Cristal, regido orizicola da Planicie Costeira Interna, RS, regido Sul do Brasil.
(30°97°26” S latitude, 51°95°04” O longitude). A altitude do local é de 28 metros
acima do nivel do mar e o clima caracteriza-se como subtropical tmido e quente
(Cfa), segundo a classificacdo de Képpen (Kottek et al., 2006), com temperatura
meédia anual de 18,3 °C e precipitacdo média anual de 1.522 mm (Wrege et al.,
2011).

O solo é classificado como PLANOSSOLO Haplico Eutrdfico tipico
(EMBRAPA, 2006), com relevo plano a suavemente ondulado e declividade
maxima de 0,04 m m. O solo naturalmente apresenta ma drenagem e textura
franco-argiloarenosa, com 240, 230 e 530 g kg* das fracdes granulométricas
argila, silte e areia, respectivamente, na camada de 0—-20 cm do solo.

A area experimental historicamente era cultivada com arroz irrigado
intercalado com periodos variaveis de pousio desde a década de 1960. Seu
altimo cultivo de arroz foi em 2009, sendo apds esse periodo utilizada com
producdo de ovinos em pastagens nativas com crescimento de espécies
vegetais espontaneas. Em marco de 2013, imediatamente antes da implantacéo
do experimento, amostras de solo foram coletadas na camada de 0-20 cm e

apresentaram as seguintes caracteristicas quimicas (Tedesco et al., 1995): 5,5
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de pH em agua; 18 g kg* de MO; 10 mg dm=3 de P (Mehlich 1); 76 mg dm=3 de K
(Mehlich 1); 3,5, 2,3 e 0,1 cmolc dm= de célcio, magnésio e aluminio trocaveis
(KCI 1,0 mol L), respectivamente; CTCpH7,0de 10,6 cmolc dm™3; e saturagéo por
bases e Al de 56,0 e 7,5%, respectivamente.

Na implantag&o do experimento, foi realizado preparo convencional de
toda a &rea com o uso de arado e trés operacdes com grade niveladora. No
intervalo entre as gradagens, foi aplicado calcario dolomitico para correcao da
acidez da camada de 0—20 cm, com objetivo de se aumentar o pH até 6,0 (SBCS,
2004), a partir de uma aplicagdo de 4,5 Mg ha' (PRNT 70%).

2. Tratamentos e delineamento experimental

O protocolo experimental inclui cinco sistemas de producdo de arroz
(tratamentos), distribuidos em um delineamento experimental de blocos ao
acaso, com trés repeticbes, contando com um total de 15 unidades

experimentais com area média de 1,1 ha (Figura 3).

Legenda:
—— Limite.do experimento

~ — Limite dos blocos experimentais
2 Sistema 3

(Bloco 3)
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Figura 3. Distribuicdo dos tratamentos no protocolo experimental SIPA terras baixas,
englobando os cinco sistemas de producéo adotados, inseridos nos trés distintos blocos
casualizados, com as respectivas areas de cada parcela, no municipio de Cristal/RS.
Fonte: Carmona et al. (2018)
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Os sistemas em estudo envolvem as variaveis diversidade espacial e
temporal de cultivos e intensidade temporal do cultivo de arroz, de modo a
representar modelos de producao para os diferentes cenarios das terras baixas
do RS, tendo o arroz como a cultura de referéncia. As fases de cada sistema de
producdo nao estao todas presentes ao mesmo tempo. Dos cinco sistemas em
estudo, trés foram utlizados. O Sistema 1, considerado a testemunha,
representa o sistema de cultivo de arroz irrigado, predominantemente conduzido
em monocultivo em preparo convencional. Em alternativa, foram testados dois
SIPA — um somente com a introdugcdo do animal em pastagem hibernal de
azevém (Lolium multiflorum) (Sistema 2) e outro semelhante com pastejo
hibernal, mas com a rotacdo de soja e arroz no periodo estival (Sistema 3),
ambos conduzidos em plantio direto. A descricdo dos diferentes sistemas

adotados segue a seguir:

Sistema 1: arroz — pousio — arroz. E o sistema dominante na maioria
das lavouras arrozeiras no RS, denominado sistema tradicional, e serve de
testemunha em relacdo aos demais sistemas, caracterizando-se como
monocultivo. Este tratamento consiste no cultivo minimo, com operacdes de
gradagem e preparo de solo, logo apos a colheita e muito antes da semeadura
do arroz. Neste sistema ndo ocorre pastejo animal. O pousio caracteriza-se
como restos da cultura do arroz e vegetacao espontanea.

Sistema 2: arroz — azevém — arroz. Este modelo enseja o perfil das
peguenas e médias propriedades da Depressao Central e Planicies Costeiras,
Interna e Externa, com cultivo anual de arroz irrigado. A implantacdo de azevém
no inverno conta com o pastejo animal e, por consequéncia, uma melhor
utilizacdo da terra no periodo normalmente ocioso.

Sistema 3: arroz — azevém — soja — azevém — arroz. Este modelo esta
sendo implementado nas seis regides orizicolas do RS, tanto em pequenas,
guanto em médias e grandes propriedades.

Com excecdo do Sistema 1, todos os demais sistemas sao
conduzidos em plantio direto. O unico evento de mobilizagdo do solo ocorre na
restauracédo das taipas antes do cultivo do arroz e o sulco de semeadura nas

demais culturas de verao.
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3. Conducao dos sistemas de producgéo

O cultivo do arroz na fase de veréo € iniciado com semeadura a partir
de 20 de setembro. As variedades ja utilizadas no experimento foram a IRGA
424° (safras 2013/2014 e 2014/2015), IRGA 430° (safra 2015/2016) e IRGA 424
RI® (safras 2016/2017, 2017/2018 e 2018/2019), com densidade de semeadura
de 100 kg ha*. O cultivo de soja sempre foi iniciado em meados de outubro. Até
a safra 2017/18 utilizou-se a cultivar TEC IRGA 6070 RR® e, na safra 2018/2019,
utilizou-se a cultivar BSIrga 1642 IPro®, com densidade de semeadura de 40 kg
hal. As culturas foram manejadas (inoculacdo e/ou tratamento de sementes,
adubacdo, herbicidas, inseticidas e fungicidas) de acordo com as
recomendacdes técnicas para cada cultura.

Na pastagem no periodo hibernal, nos Sistemas 2 e 3, foi utilizada a
cultivar de azevém BRS Ponteio®, com densidade de 30 kg ha?. O pastejo
nesses Sistemas foi realizado pelo método continuo com lotacdo variavel,
composto por trés animais-teste (testers) por unidade experimental e por animais
reguladores que entravam e saiam da pastagem conforme a necessidade de
ajuste da altura, seguindo a metodologia proposta por Mott e Lucas (1952). Para
isto, foram utilizados animais jovens recém-desmamados com 10 meses de
idade média, machos castrados contendo cerca de 200 kg de peso vivo.

O inicio do pastejo ocorre no momento em que a altura do pasto
atingia aproximadamente 15 cm (em torno de 1.500 kg de MS ha'), mantendo-
se essa altura ao longo do ciclo do pastejo, que se estende até meados de
outubro — novembro, dependendo da cultura em sucessdo. O acompanhamento
da altura do pasto é realizado a cada 15 dias, por meio de um bastéo graduado
(Sward stick) (Bircham, 1981; Barthram, 1985), cujo marcador corre por uma
‘régua” até tocar a primeira lamina foliar, procedendo-se entdo a avaliacao da
altura. Em cada parcela, foram realizadas cerca de 150 avalia¢gbes (pontos), em
caminhamento aleatorio, a fim de definir a altura média do pasto. A entrada dos
animais foi feita apos pesagem, acompanhada de jejum prévio de 15 horas, com

vermifugacao e identificagdo dos animais com brincos.

4. Adubacgéo dos sistemas
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A adubacdo nos diferentes sistemas, desde a implantagédo do
experimento (2013), até o ultimo ano de analise do presente estudo (2019), esta
especificada e detalhada na Tabela 1. Os critérios utilizados para definicdo da
adubacao na primeira fase do experimento (2013 — 2016) foram diferentes dos
utilizados na segunda fase (2017 — 2021). Na primeira fase, cada tratamento foi
considerado um sistema diferente dos demais. Dessa forma, cada sistema
recebeu diferentes adubacbes, seguindo determinadas expectativas de
resposta/produtividade de cada cultivo, elevando-se, assim, o0os niveis de
fertilidade em todos os sistemas. Para a segunda fase, teve-se como objetivo
avaliar a capacidade de cada sistema de se sustentar no tempo. Como todos 0s
sistemas apresentavam teores de P e K disponiveis no solo acima dos teores
criticos e teores de MO do solo enquadrados na classe baixa (<2,5%) (SBCS,
2016), todos os sistemas passaram a ser contemplados com a mesma
guantidade de nutrientes. Para isso, a adubacéo foi estipulada com base na
escolha da cultura que apresenta a maior exportacao de nutrientes, fazendo com
gue houvesse quantidades suficientes para reposi¢cao de nutrientes em todos 0s

sistemas e que todos recebessem a mesma quantidade de nutrientes.

Tabela 1. Detalhamento das adubacdes (em kg ha™) realizadas nos SIPA de 2013 a
2019 no experimento SIPA terras baixas, localizado no municipio de Cristal/RS.

. Sistema 1 Sistema 2 Sistema 3
Epoca/Ano
N P.Os KO N P.Os K:O N P.Os KO
Inverno 2013 0 0 0 110 110 110 110 110 110
Verdo 2013/2014 150 70 120 150 70 120 20 110 120
Inverno 2014 0 0 0 130 130 130 130 130 130
Verdo 2014/2015 161 73 115 161 73 115 161 73 115
Inverno 2015 0 0 0 130 130 130 130 130 130
Verdo 2015/2016 150 70 120 150 70 120 0 105 80
Inverno 2016 0 0 0 130 130 130 130 130 130
Verdo 2016/2017 150 70 120 150 70 120 150 70 120
Inverno 2017 0 0 0 150 115 90 150 115 90
Verdo 2017/2018 150 115 90 0 0 0 0 0 0
Inverno 2018 0 0 0 150 120 75 150 120 75
Verdo 2018/2019 150 120 75 0 0 0 0 0 0
Total 911 518 640 1411 1018 1140 1131 1093 1100

(M Sistemas: 1. Monocultivo de arroz-pousio (testemunha, com preparo de solo); 2. SIPA arroz-
pecuéria de corte; 3. SIPA em rotacdo soja/arroz — pecuéria de corte.
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A quantidade de fertilizante utilizada foi calculada a partir da
exportacao de N, P e K considerando uma expectativa de rendimento de arroz,
milho e soja de 10, 8 e 4 Mg ha™!, respectivamente, de acordo com SBCS (2016).
Além disso, considerou-se uma exportacao de N, P e K na carcaca animal para
uma producéo de carne de 450 kg ha' (Whitehead, 2000), resultando em uma
quantidade total de nutrientes fornecidos anualmente de 150 kg N ha?; 115 kg
P20s ha! e 90 kg K20 hal.

Quanto ao momento da adubacédo, a segunda fase do experimento
também difere da primeira. Enquanto que de 2013 a 2016 a adubacédo foi
realizada tanto no inverno (pastagens) quanto no verao (cultivo de graos), na
segunda fase os sistemas receberam toda adubacdo na fase pastagem, com
excecao do Sistema 1, que foi adubado na lavoura do arroz. Essa metodologia
de adubacéo foi baseada no conceito da adubacao de sistema (Farias et al.,
2020), a qual tem como premissas de que, em sistemas de producdo que néo
realizam revolvimento do solo (plantio direto), que estejam com fertilidade
guimica do solo construida e sobretudo contém o componente animal em pastejo
(principal agente reciclador), a adubacdo de reposicéo € realizada na fase da
pastagem, potencializando a producdo de forragem e o ganho animal, sem
reduzir a produtividade do cultivo de graos em sucesséao, ja que o animal exporta
minimas quantidades de nutrientes minerais na carcaca e, portanto, aumentando
a eficiéncia de uso dos fertilizantes.

A adubacao fosfatada e a potassica foram realizadas a lanco. A
adubacao nitrogenada, com ureia, em todos os sistemas foi realizada em duas
ocasifes: nos Sistemas 2 e 3 quando as plantas de azevém atingem trés folhas
totalmente expandidas (75 kg ha de N) e no inicio de agosto, com seis folhas
totalmente expandidas (75 kg ha de N); e, no Sistema 1, 100 kg ha de N em
V3-V4 e 50 kg ha! de N da diferenciacdo do primérdio floral (Ro), seguindo as

recomendacdes técnicas para a cultura (SOSBAI, 2018).

5. Avaliacfes do protocolo experimental

Além das avalia¢des individuais realizadas em cada estudo proposto,

0 protocolo experimental conta com avaliacdbes de rotina, sendo elas
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relacionadas tanto a producado vegetal quanto a producao animal. Na producéo
animal foi avaliada a carga, o ganho médio diario (GMD) e o ganho por area.
Para avaliar a producéo de carne foram realizadas quatro pesagens ao longo do
ciclo de pastejo. O GMD foi calculado pela diferenca entre a tltima e a primeira
pesagem, sendo realizadas quatro pesagens, dividida pelo nimero de dias de
pastejo. A carga média animal de cada periodo de pastejo foi calculada pela
adicdo do peso médio dos animais-teste, peso médio de cada animal regulador
utilizado, multiplicado pelo numero de dias que permanece em pastejo, dividido
pelo numero total de dias de pastejo. O ganho de peso total por hectare foi obtido
pela multiplicagdo do nimero de animais pelo GMD dos animais-teste pelos dias
de pastejo. Ainda no periodo de pastejo, foram determinadas a producéo total
de forragem no periodo hibernal e o residuo vegetal deixado em cobertura,
antecedendo o cultivo de gréos.

A amostragem para a determinacéo da massa de forragem e residuo
das culturas de grdos foi realizada em cinco pontos por parcela, utilizando-se
guadros com 0,25 m2. Nos cultivos agricolas também foi avaliada a produtividade
de gréos do arroz, em cinco subamostras por parcela, com area util de 10 m2
cada, totalizando uma area de 50 m? colhidos, corrigindo-se a umidade para 130
g kg*. Na soja, determinou-se o rendimento de MS na parte aérea no estadio R4
e a produtividade de grdos, pela producdo obtida em cinco subamostras por
parcela, com area util de 8 m2.

Para avaliacdo da fertilidade do solo nos diferentes sistemas de
producéo, foram coletadas amostras de solo em outubro de 2018. As amostras
foram compostas pela coleta de cinco subamostras por potreiro, has camadas
de 0-10 e 10-20 cm do solo. Apos a coleta, as amostras foram armazenadas
em sacos plasticos e levadas até o Laboratério de Solos do IRGA-EEA, onde
foram secas em estufa de ar forgado (=40°C), moidas, passadas em peneira de
2 mm para obtencéo da fragdo terra fina seca ao ar (TFSA) e armazenadas em
potes plasticos. Posteriormente, as amostras de solo foram submetidas a
analises de pH em agua (relacéo 1 / 1); teor MO do solo (Walkey-Black), calcio,
magnésio e Al trocavel (KCl 1,0 mol L), e P e K disponiveis (Mehlich 1),
calculando-se também a CTCypH7,0, Saturacdo por bases e por Al, conforme

metodologia descrita por Tedesco et al. (1995).
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6. Historico de producdo vegetal, animal e atributos quimicos
do solo

Desde a implementacdo do experimento (safra 2013/2014) até a
Ultima safra avaliada (2018/2019), o Sistema 1 apresentou producdes de residuo
variando de 8,3 a 11,2 Mg hat, com aporte médio anual nos seis anos de 10,0
Mg ha (Figura 4). O Sistema 2 e o Sistema 3 apresentaram um aporte médio
anual de 11,0 e 8,8 Mg ha?! de residuos de parte aérea das plantas,

respectivamente (Figura 4).
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Figura 4. Biomassa residual de arroz, soja e forragem aportados ao final de cada ciclo
de verédo e inverno dos trés sistemas de producéo, desde o inverno de 2013 até a safra

2018/2019. sistemas: 1. Monocultivo de arroz-pousio-arroz, com preparo de solo; 2. Arroz-azevém
pastejado-arroz e 3. Arroz-azevém pastejado-soja, ambos em plantio direto.

A producéo de carne nos sistemas pastejados variou de 101,3 a
423,5 kg hat, com producdo média dos seis anos de 215,6 e 273,9, nos
Sistemas 2 e 3, respectivamente (Figura 5). As maiores producdes de carne
obtidas nos invernos de 2017 e 2018 podem ser decorrentes da mudanca na
filosofia de adubacédo, apds a adocdo da adubacdo de sistema. Embora a
adubacao fosfatada e potassica ndo tenha sido muito alterada, a quantidade
adicionada de N aumentou em aproximadamente 20 kg N ha?. Por ser um
nutriente requerido em grande quantidade pelas plantas, esse aumento pode ter
favorecido o desenvolvimento inicial do azevém, sua taxa de acumulo e,

consequentemente, a lotagdo animal e os dias de pastejo.
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Figura 5. Producao de carne no periodo hibernal de 2013 a 2018 nos Sistemas 2 e 3 do
experimento em estudo, sob adubacdo tradicional (2013 a 2016) e adubacdo de

sistemas (2017 e 2018). Sistemas: 2. Arroz-azevém pastejado-arroz e 3. Arroz-azevém pastejado-
soja, ambos em plantio direto.

Quanto a produtividade dos cultivos agricolas, a primeira fase do
experimento (2013/2014 a 2016/2017), com adubagdo realizada tanto nas
culturas de graos quanto nas pastagens, sempre contou com maiores
produtividades de arroz nos Sistemas 2 e 3, quando comparado ao Sistema 1
(Figura 6). Embora o Sistema 1 tenha apresentado alta produtividade média de
grdos (10,4 Mg ha?), os Sistemas 2 e 3 apresentaram incrementos em
produtividades de 8,9 e 16,4% em relacdo a esse sistema, com produtividades
médias de 11,3 e 12,1 Mg ha'l, respectivamente. Além do Sistema 3 ter sido o
gue apresentou as maiores produtividades de arroz, também apresentou altas
produtividades de soja no periodo avaliado, com média de 3,8 Mg ha* (Figura
6).
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Figura 6. Produtividade de grdos de arroz e soja nos trés sistemas de producédo desde
a safra 2013/2014 até a safra 2018/2019, sob adubacdo tradicional (no cultivo de gréos
e na pastagem), ou adubacgéo de sistema (somente na pastagem nos Sistemas 2 e 3 e

no arroz do Sistema 1). Sistemas: 1. Monocultivo de arroz-pousio-arroz, com preparo de solo; 2. Arroz-
azevém pastejado-arroz e 3. Arroz-azevém pastejado-soja, ambos em plantio direto.

A adocado da adubacédo de sistema na safra 2017/2018 fez com que
se reduzisse a produtividade do arroz no Sistema 2. Nessa safra 0 arroz no
Sistema 2 produziu 19% a menos que o Sistema 1 e, na safra 2018/2019, a
reducdo foi de 27% (Figura 6). Na safra 2018/2019 o arroz no Sistema 3
apresentou a mesma produtividade (8,5 Mg ha') do que o Sistema 1, mesmo
sem fornecer adubacao nitrogenada, fosfatada e potassica no cultivo do arroz,
demonstrando que o solo, nesse sistema, teve a capacidade de fornecer pelo
menos 150, 120 e 75 kg de N, P20s e K20 ha?l, respectivamente, sem
contabilizar o ganho em producéo de carne proveniente da estacao hibernal dos
Sistemas 2 e 3.

A adocéo dos diferentes sistemas alterou alguns dos atributos de
fertilidade do solo ao longo do tempo. Na média da camada de 0—20 cm do solo,
somente os Sistemas 2 e 3 aumentaram os teores de MO do solo, em 26,7 e
50%, respectivamente. O Sistema 1 apresentou reducéao de 6% no teor de MO
do solo, e apresenta atualmente um teor de MO do solo 21% inferior ao Sistema

2 e 28% inferior ao Sistema 3, na camada de 0—-20 cm (Tabela 2).
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Tabela 2. Evolugdo de atributos quimicos em duas camadas de solo em trés sistemas
de producéo agricola.

. Camada MOS® pH® Ca® Mg® cTcw  Saluragdo

Sistemas por bases

-cm-  -gkgl-- cmolc kgt ------ -=- % ----

------------------------------ 2013 mmmmmmee
Sistema 1 0-10 0,20 55 3,2 2,1 9,3 58
Sistema 1 10-20 0,11 54 2,9 2,0 11,2 47
Média 0-20 0,16 54 3,1 2,1 10,2 52
Sistema 2 0-10 0,18 54 3,7 2,3 11,0 56
Sistema 2 10-20 0,13 53 3,0 1,9 10,8 47
Média 0-20 0,15 53 34 2,1 10,9 52
Sistema 3 0-10 0,18 55 3.4 2,1 10,4 54
Sistema 3 10-20 0,11 53 2,4 1,6 11,4 39
Média 0-20 0,14 54 2,9 1,9 10,9 47
Média Ano 0,15 54 3,1 2,0 10,7 50
------------------------------ 2018 —mmmeme-

Sistema 1 0-10 0,16 5,6 3,8 2,1 8,7 70
Sistema 1 10-20 0,14 57 4,5 3,1 10,4 73
Média 0-20 0,15 57 4,2 2,6 9,5 71
Sistema 2 0-10 0,21 57 4,6 2,5 10,0 71
Sistema 2 10-20 0,17 58 58 3.4 12,3 74
Média 0,19 58 52 3,0 11,2 72
Sistema 3 0-10 0,26 5,8 5,0 2,5 10,3 74
Sistema 3 10-20 0,16 57 3,9 2,3 8,7 71
Média 0-20 0,21 57 4,5 2,4 9,5 72
Média Ano 0-20 0,18 57 4,6 2,6 10,1 72

(1) Matéria organica do solo (Walkley-Black). @ pH em agua, relagéo 1:1. ©® Calcio (Ca) e Magnésio (Mg)
trocavel (KCl 1 mol L'Y). ® Capacidade de troca de cations (CTC) a pH 7,0. Teste de Tukey (p<0,05): Letras
minudsculas distinguem os sistemas de produgéo do arroz em cada ano; Letras mailsculas distinguem os
anos dentro de cada Sistema de producao do arroz. A inexisténcia de letras indica auséncia de dife”
estatistica. Sistemas: 1. Monocultivo de arroz-pousio-arroz, com preparo de solo; 2. Arroz-a

pastejado-arroz e 3. Arroz-azevém pastejado-soja, ambos em plantio direto.



CAPITULO IV — SOYBEAN YIELD DOES NOT RELY ON MINERAL
FERTILIZER IN ROTATION WITH FLOODED RICE UNDER A NO-TILL
INTEGRATED CROP-LIVESTOCK SYSTEM 1

1. Introduction

Soybean can be grown in a range of environments including uplands
and lowlands. Brazil is the largest rice producing country outside Asia, with RS
state alone being responsible for 65% of the country production. In RS state, rice
is mostly grown in lowland flooded paddy fields in monoculture (Jackson et al.,
2005). Rice monoculture can present issues with soil degradation, increasing
pest and disease pressure, while consequently reducing yields. One option to
diversify this system is via the inclusion of soybean, ultimately improving soll
conditions and breaking pest, disease, and weed cycles (Garcia et al., 2020).

Paddy-upland rotation is an important system for sustainable
agriculture (Hou et al., 2018). This system can alter either soil physical or
chemical properties, or improve soil quality and fertility, and optimize rice yields
(Zhou et al., 2014; Hartmann et al., 2015). The benefits of legumes in rotation are
not only caused by biological N fixation but also by increased nutrient availability
through higher microbial carbon use efficiency from legume residues that
increase the soil organic matter (SOM) content, which could help to sustain the

long-term productivity of cereal-based cropping systems (Veloso et al., 2018;

1 Artigo publicado no periédico Agronomy (Setembro de 2020)
DOI: 10.3390/agronomy10091371
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Singh et al., 2020). In addition, both rice and soybean benefit in this environment,
which can be achieved under an integrated crop-livestock system (ICLS)
(Peterson et al.,, 2019; Denardin et al., 2020). These systems enhance the
nutrient cycling process and increase both soil phosphorus (P) and potassium
(K) supplies (Assmann et al., 2017). Under a no-till ICLS, the flooded rice
efficiently utilizes N, P, and K; therefore, the flooded rice under a no-till ICLS has
low probability to respond to P and K fertilization (Denardin et al., 2020).

Soybean is considered to be a highly responsive crop to P fertilization
and nutrient application rates have increased grain yield in subtropical soils,
especially under available P content below the appropriate thresholds and no-till
conditions (Bharati et al., 1986; SBCS, 2016; Antonangel et al., 2019). In addition,
rainfed crops, such as soybean, following flooded rice in rotation often require P
fertilization. The cultivation of upland crops in the first year after flooded rice is
often characterized by poor growth and low yield, due to the lower soil P
availability after long flooding periods (Griffin et al., 1983). In addition, soybean
often responds to K application, because this is one of the most demanded
nutrients by this crop. According to Bharati et al. (1986), soybean responded
significantly to K application even when the soil test levels were considered to be
medium to high under a no-till condition. However, we hypothesized that, due to
the nutrient cycling process improved by winter grazing, soybean yield response
could be smaller than expected to P and K fertilization under a no-till ICLS, even
in rotation with flooded rice. The evaluation of this hypothesis is necessary to
improve the soybean fertilization management in lowlands, since knowledge on
this issue is still scarce.

The adoption of no-till often causes a gradient of nutrient (especially P
and K) concentrations in the soil profile, due to the lack of soil disturbance. The
local official recommendation system of fertilization indicates that soil sampling
under no-till adoption should focus on the 0—-10 cm instead of 0—-20 cm soil layer
for upland fields (SBCS, 2016). Since flooded rice is mostly cultivated under soil
disturbance, the recommendation is to sample the soil at 0-20 cm (SBCS, 2016).
In addition, many researchers have proven the importance of evaluating other
soil chemical properties than available P and K contents for soybean vyield
(Bharati et al., 1986; Peterson et al., 2019).
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Limited data exist studying soybean response to P and K fertilization
in rotation with flooded rice in no-till paddy fields under an ICLS. In addition, the
relationship between soybean yield and soil chemical properties, sampled in
different layers, is also poorly explored. Thus, the objectives of this study were to
evaluate (i) the soybean response to different P and K fertilization levels and (ii)
the relationship between soybean yield and soil chemical properties sampled in

different soil layers, in a no-till ICLS, in subtropical lowlands.

2. Materials and Methods

2.1. Site description and historical characterization of the

experimental area

Field studies were conducted as an on-farm experiment during the
2015/2016 and 2017/2018 soybean cropping seasons at Corticeiras Farm,
located in Cristal County, RS State, Brazil (31°37'13” S, 52°35'20” W, 28 m a.s.l.).
The regional climate is a warm humid summer climate, classified as Cfa,
according to Koeppen. The local annual average temperature is 18.3 °C, and the
annual cumulative rainfall is 1522 mm (Figure 7). The soil is poorly drained and
classified as Albaqualf (Soil Survey Staff, 2010), with a sandy clay loam texture

(24, 23, and 53% of clay, silt, and sand, respectively).
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Figure 7. Monthly average precipitation and temperature (from August 2015 to July 2016
and from August 2017 to July 2018) in Cristal County/RS State, site of the experimental
area of integrated crop-livestock system in southern Brazil. Source: National
meteorological institute, Brazil.
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The experimental area had been cultivated with flooded rice followed
by fallow since the 1960s. The last rice cropping season was in 2009, followed
by a fallow period until March 2013, when soil samples were collected for
chemical characterization. In April 2013, soil acidity was corrected through lime
incorporation (three heavy disks) at a rate of 4.5 Mg ha™ (total neutralization
relative power of 70%), determined according to SBCS (2016), to increase the
0—-20 cm soil layer to pH 6.0.

After soil correction, five production systems involving the cultivation
of flooded rice were established in an area of 18 hectares, in a randomized
complete block design with three replications. One of five potential systems was
selected for the experiment based on its historically high rate of soybean
cultivation under an ICLS and no-tillage with soybean/flooded rice crop rotation
during the summer season and annual ryegrass (Lolium multiflorum Lam.) under
beef cattle grazing during the winter season. The three ICLS plots were blocked
by soil chemical properties. Since the experiment was initiated, flooded rice was
cultivated during the 2014/2015 and 2016/2017 cropping seasons and soybean
was cultivated during the 2013/2014, 2015/2016, and 2017/2018 cropping
seasons, with pasture grazing in all winter seasons. Soybean was sown (single
disk opener planter type) with a plant density of 31 plants per m?, with a 45 cm
row spacing. The soybean sowing and harvest occurred in November and April,
respectively, and the same cultivar was sown, TEC IRGA 6070 RR, during all
cropping seasons. The IRGA 424 rice cultivar was used during both cropping
seasons, seeded at a density of 100 kg ha™t, with a 17 cm row spacing. The rice
sowing (single disk opener planter type) and harvest occurred in October and
April, respectively, during both cropping seasons.

Angus steers (Bos taurus taurus) with initial body weight of 200 kg and
seven months of age were used for grazing in 2013, 2014, 2015, 2016, and 2017
winter seasons. Average pasture height was 15 cm and average stocking was
831 + 114 kg live weight ha™, simulating a cattle fattening or finishing system
during 62 £ 15 days of grazing. The cattle’s feeding was forage-based with only
mineral salt provided. A continuous stocking was adopted (with a minimum of

three test steers) and put-and-take animals were used to maintain targeted sward
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height. Annual ryegrass was re-sowed at a density of 30 kg ha™ using BRS
Ponteio cultivar.

The ryegrass fertilization was according to SBCS (2016)
recommendation averaging 126-119-112 kg ha™* of N-P20s-K20 annually from
the 2013 to 2017 winter seasons. In the 2013/2014 summer season, the soybean
fertilization was according to SBCS (2016) representing 20-110-120 kg ha™ of
N-P20s5-K20. The rice fertilization in the summer seasons was according to CQFS
RS/SC (2016) recommendation, representing 150-70-120 kg ha™ of N-P20s-
K20, during the 2014/2015 and 2016/2017 cropping seasons.

2.2. Initial soll fertility characterization and soybean studies

The initial soil fertility characterization of the experiment was
conducted by sampling 5 to 6 points per block in October 2015, prior to the
installation of the first soybean cropping season. Each point represented a
composite sample from six subsamples randomly collected around the point and
separated into the following two soil layers: 0—10 and 10-20 cm. Composite
samples were mixed before the soil analyses.

During the 2015/2016 cropping season, a homogeneous area of 25 x
25 m within each block was selected, split into five 5 x 5 m plots that were, then,
randomly assigned to different fertilizer treatments. Fertilizer treatments were
applied in October 2015, with levels based on soybean yield expectation,
according to SBCS (2016). Fertilizer treatment corresponded to different P and
K fertilizer rates (in kg ha™ of N-P20s-K20) as follows: (a) no fertilizer application
(0-0-0), (b) expected yield of 2 Mg ha™ (0-15-20), (c) expected yield of 3 Mg ha™
(0-30-45), (d) expected yield of 4 Mg ha™ (0-45-70), and (e) expected yield of 5
Mg ha™! (0-60-95). Fertilizer sources used were single superphosphate (18%
P20s) and potassium chloride (60% K20). The P and K fertilizer rates were
manually applied after soybean sowing.

Due to the results obtained in the first soybean experiment (2015/2016
cropping season), another experiment was carried out during the 2017/2018
cropping season. Thus, soybean was not fertilized during the 2017/2018 cropping

season, and the relationship between yield and soil chemical properties, sampled
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in 0-10 and 0-20 cm soil layers, was evaluated at specific points at the block
level.

For the evaluation of the relationship between soybean yield and soil
chemical properties, five samples were collected per each plot at the crop sowing
stage, totaling 15 soil samples (samples were composed of three subsamples)
for each layer (0—10 and 0-20 cm). The sampling point was identified for

subsequent soybean harvesting and yield analysis.

2.3. Soil and Plant Analyses

Soil samples were stored in plastic bags and transported to the
Federal University of Rio Grande do Sul Soil Fertility Research Laboratory. The
samples were dried in a forced-air circulation oven at 50 °C, ground, sieved
through 2 mm mesh, and analyzed. The soil chemical properties used for the soil
fertility evaluation were pH in water, SOM content (Walkley-Black method),
available P and K (extracted by Mehlich-1), exchangeable calcium (Ca) and
magnesium (Mg) (extracted by 1.0 mol L™* KCI), cation exchange capacity at pH
7.0 (CECpr7.0), and base and aluminum (Al) saturation.

Exchangeable Al was determined by titration with 0.0125 mol L™
NaOH solution, Ca and Mg by atomic absorption spectrometry, K by flame
photometry, and P by colorimetry. Potential acidity (H + Al) was calculated
through the SMP (Shoemaker, MacLean, and Pratt) index. The sum of bases was
obtained by the sum of Ca, Mg, and K. The CECpn7.0 was calculated by sum of
bases + (H + Al); base saturation (V%) was calculated using the relation, V% =
100 x sum of bases/CECpH7.0; and Al saturation (m%) was calculated using the
relation, m% = 100 x Al/(sum of bases + Al) (SBCS, 2016).

During both soybean cropping seasons (2015/2016 and 2017/2018),
harvests were performed by hand from 4.5 m? per plot. Samples were threshed,
cleaned, and weighed. Grain moisture was determined and adjusted to 130 g
kg™.

2.4. Statistical analyses

Analyses were performed using the SAS statistical package® v.9.4
(Statistical Analysis System Institute, Cary, North Carolina). A linear mixed-effect
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analysis of variance (ANOVA) model was used to assess the response of
soybean yield to different P and K fertilizer rates, with fertilizer treatment (fixed)
and block (random) as the explanatory variables. Model residual assumptions
were checked with the Shapiro—Wilk normality test and Levene’s homogeneity of
variance test. Fertilizer treatment means were compared using Tukey’s test. All
tests were performed at a significance level of alpha = 0.05.

Mixed-effect linear regression models were used to explore the
relationships between soybean yield and individual soil chemical properties in the
0-10 cm and 0-20 cm soll layers, during the 2017/2018 cropping season, using
the Ime function from the nlme package in R (R Core Team, 2020; Pinheiro et al.,
2021). Regression models were fit using all data (n = 15) and subsamples within
the plots were properly identified and modeled, with Kenward—Roger degrees of
freedom approximation method. Due to the low number of observations, models
were assessed using both statistical significance and coefficient of determination
(R?).

3. Results and Discussion

3.1. Soil fertility characterization and soybean yield response to P

and K fertilization

In October 2015, before the first soybean cropping season experiment
installation, the experimental area presented an available P and K, exchangeable
Ca and Mg, and base saturation levels in 0—-10 cm soil layer of 28.1 and 135.5
mg kg™, 5.6 and 2.8 cmolc kg™, and 70.9%, respectively (Table 3). The soil
nutrient levels under a no-till ICLS were classified as medium for P content (20—
30 mg kg™) and high for K content (91-180 mg kg™) in the 0—-10 cm soil layer,
according to fertilizer recommendation system for soybean in Brazilian

subtropical soils.



49

Table 3. Soil fertility variables (0—10 and 10-20 cm layer), for October 2015, in a
soybean-flooded rice rotation under no-till integrated crop-livestock system in paddy
fields of a Brazilian subtropical region.

Soil layer SOM® pH®@ P® K® Ca® Mg® CEC® m® v®  Clay

cm % mg kg™ cmolc kg™t %
0-10 23+ 54+ 281+ 1354 56+ 28+ 122+ 07+ 709+ 17.7+%
0.2 0.1 5.6 +123 05 0.2 0.9 0.4 25 0.5
10-20 15+ 54+ 107+ 780+ 45+ 25+ 113+ 15+ 628+ 227+

02 01 24 90 03 02 07 03 26 07

Average 1.9 5.4 19.4 106.7 5.0 2.7 11.7 11 66.8 20.7

1, soil organic matter (Walkley—Black method); 2, pH in water, 1:1 ratio; 3, Available phosphorus (P) and potassium (K)
(Mehlich 1 method); 4, Exchangeable calcium (Ca) and magnesium (Mg) (KCI 1 mol L™" method); 5, cation exchange capacity
at pH 7.0; 6, Al saturation; 7, base saturation. The values are expressed as arithmetic mean + standard error of the mean.

Usually, rainfed crops following flooded rice respond to P fertilization
(Fatond;ji et al., 2009). However, during the 2015/2016 cropping season, soybean
yield did not respond to P and K fertilization with average yield across treatments
of ~4.5 Mg ha™* (Figure 8). The lack of soybean yield response could be related
to the greater cycling of P and K under an ICLS, favored by fertilized pasture
residues and cattle manure (Assmann et al., 2017; Denardin et al., 2020). The
high pasture fertilization rates could have led to an accumulation of nutrients in
the soll, contributing to a reduction in the response to mineral fertilizer in soybean.
In addition, livestock manure has an overall greater bioavailability of nutrients in
the soil than the crop residue (Fatondji et al., 2009). According to Ning et al.
(2020), due to the higher P use efficiency of the manure relative to P fertilizer, the
addition of manure could reduce the requirement of P fertilizer. Regarding the K
fertilization, in addition to the K cycling from animal and pasture residues, soil K

was high (Table 3), justifying the lack of soybean yield response.
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Figure 8. Soybean yield affected by different P and K fertilization rates in an integrated
crop—livestock system in the Brazilian subtropical region, during the 2015/2016 cropping

season. The fertilization rates were based on different soybean yield expectations, according to SBCS
(2016), being (as kg ha™* of N-P20s-K20) 0-0-0, 0-15-20, 0-30-45, 0-45-70, and 0-60-95 for control, 2, 3, 4,
and 5 Mg ha™, respectively. ns, no significance (p>0.05). Error bars represent standard error of the mean
(n=3).

Denardin et al. (2020) found a lack of flooded rice yield response to P
and K fertilization under a no-till ICLS. In contrast, under the traditional flooded
rice Brazilian system (rice fallow, under soil disturbance), rice continues to
respond to P and K fertilization, even though both systems have similar levels of
soil P and K supplies (Denardin et al., 2020). The system with animals exports a
minimum amount of nutrients in the meat, with all nutrients applied to the pasture
via fertilization released to the following crop in the rotation in the form of plant
residues, dung, and urine, not identified by traditional soil chemical analyses
(Assmann et al., 2017; Alves et al., 2019). Thus, the use of pasture fertilization
and cattle grazing during the winter season in lowlands ensures high grain yields
and reduces the fertilization requirements of soybean (Figure 8). Therefore, in
these systems, the fertilization regimes must be adjusted and probably the supply

of mineral fertilizer for soybean is not necessary.

3.2. Relationship between soybean yield and soil chemical properties

Soybean grain yield, during the 2017/2018 cropping season, averaged
3.5 Mg ha™, ranging from 2.7 to 4.2 Mg ha™. The soil available P content
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remained below the critical level (30 mg kg™) during the 2017/18 cropping
season, on average 23 mg kg and ranging from 8.6 (very low P content) to 53
mg kg™ (high P content) (Figure 9). The available P content in the subsurface
soil layer (5 mg kg™) was on average 77% lower than the 0—10 cm soil layer and
presented a CV of 38%. Soybean yield and soil nutrients at the 0-10 and 10-20
cm soil layers were not correlated. However, a large coefficient of determination
(R?) value (0.69) was observed when relating soybean yield and soil available P
content at the 10—-20 cm soil layer. This large R? in spite of a nonsignificant slope
was the result of few observations at the plot level, which decreased statistical
power. Therefore, a larger number of samples would be needed to increase
statistical power and find significance in regression. Each unit of available P in
the 10—20 cm soil layer increased 153 kg ha™ of soybean yield, whereas in the
0-10 cm layer it increased only by 20 kg ha™! (Figure 9). The lower relationship
between soybean yield and the available P content in the topsoil (0—-10 cm soll
layer) (R?=0.36) could be due to 80% of the samples presenting P content below
the critical level (“very low”, “low” or “medium” P content (Figure 9) (SBCS, 2016).
The mechanisms of vertical movement of P in the soil profile by diffusion are
closely related to soil physical and hydraulic properties (Cox et al., 2003; SBCS,
2016). Therefore, improvements in soil physical and hydraulic conditions can
potentially help with root growth and exploration, bringing water and nutritional

benefits to soybean plants (Cox et al., 2003).

5
@ 4 ° ® Py
iy rd .
o o ] [ ]
% 3 A . [ ] [ ]
k=) O [ ]
[4b]
2 ,
= ® 0-10cm 010 - 20 cm
L4b]
2 y=0.020 x +2.99 y=0.153 x + 2.62
S 1 - R?=0.36 R2 = 0.69
w

vL | L ! i H
0 : P M| :
0 20 40 60

Available P (mg kg™

Figure 9. Relationship between soybean grain yield and available phosphorus (P) in 0—
10 and 10-20 cm soil layers, in an integrated crop—livestock system in the Brazilian

subtropical region, during the 2017/2018 cropping season. The highlighted color ranges
corresponds to the bands of interpretation of soil available P content, being very low (VL, <10.0 mg kg™),
low (L, 10.1-20.0 mg kg™?), medium (M, 20.1-30.0 mg kg™?), and high (H, 30.1-60.0 mg kg™?), considering
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the 0—10 cm soil layer and soybean cultivation in a soil with texture class 4 (clay content < 20%) (SBCS,
2016).

Similar to P, K also presented high variability (CV of 33%) within the
soil surface, ranging from 46 to 138 mg kg™ (Figure 10), and averaging 95 mg
kg™ (very high K content). In addition, almost every sample was above the critical
K level (60 mg kg™), explaining the lack of relationship between yield and this
nutrient (Figure 10) (SBCS, 2016).
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Figure 10. Relationship between soybean grain yield and available potassium (K) in 0—
10 and 10-20 cm soil layers, in an integrated crop—livestock system in the Brazilian

subtropical region, during the 2017/2018 cropping season. The highlighted color ranges
corresponds to the bands of interpretation of soil available K content, being very low (VL, <30 mg kg™?), low
(L, 31-60 mg kg™), medium (M, 61-90 mg kg™), high (H, 91-180 mg kg™), and very high (VH, >180 mg
kg™), considering the 0—10 cm soil layer and soybean cultivation in a soil with CTCpn7.0 content from 7.6—
15.0 mg kg™ (SBCS, 2016).

Native soil P and K supply have a high CV in the soil, with values
exceeding 35%. In addition to this variation, the manure (dung and urine)
deposition by grazing animals is inconsistent and non-uniform (Augustine and
Frank, 2001). However, variation of both quantity and quality of plant residues is
also important due to a differential release of nutrients. This, combined with the
return of nutrients supplied to the pasture via animal manure and plant residues,
could explain the lack of response of soybean to P and K fertilization and the
lower dependence on the use of fertilizers in soybean (Figure 8).

The relationship between SOM and pH relative to soybean yield was
higher considering the 10-20 cm soil layer, with R? values of 0.35 for soil pH and
0.27 for SOM (Figure 11a,b). From a pH standpoint, soil acidity directly affects

soybean yields, mainly by regulating the availability of many nutrients and the N2
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fixation process (Lin et al.,, 2012). However, the soil pH in the current study
averaged 5.7 (medium), which was unlikely to negatively affect soybean under
no-till (SBCS, 2016). The SOM content presented an average of 2.6% in 0-10
cm soil layer, during the 2017/2018 cropping season, classified as a medium
content (Figure 11b) (SBCS, 2016). Although the SOM content is very related to
the N availability, it is believed that in this yield range (up to 4.5 Mg ha™!) soybean
obtains most of the N via biological N fixation (Ciampitti et al., 2018). Therefore,
possibly this correlation of both pH and SOM in subsurface is related to physical
and hydric soil properties, such as aggregation, porosity, and water retention
(Cox et al., 2003).
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Figure 11. Relationship between soybean grain yield and (a) soil pH and (b) soil organic
matter (SOM) content in 0—10 and 10-20 cm soil layers, in an integrated crop—livestock

system in the Brazilian subtropical region, during the 2017/2018 cropping season. The
highlighted color ranges correspond to the bands of interpretation of soil chemical properties, according to
SBCS (2016). pH: very low (VL, £5.0), low (L, 5.1-5.4), medium (M, 5.5-6.0), and high (H, >6.0), considering
the 0—10 cm soil layer. SOM: low (L, £2.5%), medium (M, 2.6-5.0%), high (H, >5.0%).

Franzluebbers et al. (2001) suggested that pore connectivity could be
positively influenced by greater SOM content in grazed systems, in an ICLS.

According to Williams and Weil (2004), the soybean roots used the root channels
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left by the decomposition of the roots of previously cultivated cover crops,
improving crop productivity. This effect can be enhanced by changing the root
structure of pastures, which, under grazing stimulation, invest more energy in
developing roots (Reeder and Schuman, 2002). Our results are supported by
Denardin et al. (2019), who found an improvement of physical soil properties due
to the effect of improvement in SOM (Figure 11b), providing better timing/release
of nutrients and enhancing water retention, deeper soybean root development
and, consequently, greater soybean yields.

The soil physical properties in lowlands are very important, mainly
because they regulate water availability for crops (Fiorini et al., 2018). In this
sense, although flooded rice cultivation normally affects soil physical properties
negatively, no-till and ICLS adoption have proven beneficial practices for
improving these attributes, mainly in deeper layers (Reeder and Schuman, 2002;
Tran Ba et al., 2016; Ciampitti et al., 2018). In addition, Tran Ba et al. (2016)
demonstrated that cropping systems comprised of rice and upland crops such as
soybean improved soil physical properties as compared with long-term intensive
monoculture of rice.

In addition to the improvement related to physical and hydric soil
properties, SOM and pH are also closely related to soil biological fertility. Soil
microorganisms mediate a number of important soil processes related both to the
availability of water and nutrients for plants (Lavelle and Spain, 2001). In this
case, the benefit of no-till adoption in paddy fields for improving soil quality
through increases in SOM is already known (Denardin et al., 2019). These
benefits can be improved under crop rotations and animal grazing, provided
mainly by improving the soil biodiversity and microbial activity (Martins et al.,
2017).

The variation of the other soil chemical properties did not influence the
soybean yield, in any soil layers assessed. All samples in the 0-10 cm soil layer
presented high exchangeable Ca and Mg content, on average 5.0 and 2.5 cmolc
kg™, respectively. Even five years after liming, the base saturation and Al
saturation are still at adequate levels for soybean growth (SBCS, 2016) The
average of base saturation and of Al saturation, found in the 0—-10 cm soil layer,
were 73.7% and 1.25%, respectively. As verified by Martins et al. (2014), an ICLS

is more efficient in the use of nutrients such as Ca and Mg, avoiding their losses.
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This could explain the high soil nutrient levels, the slow soil re-acidification, and
the lack of a relationships between soybean yield and these soil chemical

properties (Martins et al., 2014).

4. Conclusions

This study was one of the first attempts to elucidate the role of
fertilization, soil characteristics, and depth of soil diagnostic layer in soybean
yields under a lowland no-till ICLS. This study contributes information supporting
a more sustainable use of the subtropical lowlands, improving their soil fertility
and diversifying cash crops, based on a conservation management system, such
as no-till and ICLS.

Our results showed that crop rotation and ICLS adoption under no-till
reduce the soybean reliance on mineral fertilizer prior to cropping. The supply of
P and K fertilizer did not promote a response in soybean yields, even with soil P
levels below the critical threshold in the 0-10 cm soil layer. Therefore, the
fertilization regimes must be adjusted and probably the supply of mineral fertilizer
for soybean is not necessary under a lowland no-till ICLS. Hence, in these
systems, the P and K removed in soybean seeds can be replaced during the
pasture phase, enhancing forage and animal production.

In addition, there is no relationship between soybean yield and most
of the soil chemical properties in the 0-10 cm layer, with a large proportion of the
yield accounted for by changes in available P, followed by pH and SOM in
subsurface soil (10-20 cm layer). In synthesis, even after five years of no-till
adoption, it is important to monitor and to access soil fertility in deeper soil layers
(10-20 cm soil layer). New calibration studies need to be conducted in lowland
soils used by paddy fields and rainfed crops under no-till to redefine the right soil
layer to be sampled for improving the nutrient diagnosing recommendations.

The goal of this study was to evaluate soybean phases under an ICLS
rotation, therefore, the different analyses were limited to data from a single
growing season. The results reported, herein, are novel and provide direction for
soybean nutrient management under an ICLS, yet they should be interpreted

within the context of the environment and year of measurements. Future studies
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should address this gap by conducting similar experiments at a larger number of

sites and over more years.



CAPITULO V — FERTILIZATION EFFECTS ON SOIL MICROBIAL
COMPOSITION AND NUTRIENT AVAILABILITY IN INTEGRATED RICE-
LIVESTOCK PRODUCTION SYSTEMS 2

1. Introduction

Rice is one of the world’s most important food crops. The current trend
of rice production represents a global change phenomenon. Rice-based
agricultural systems are shifting from specific to diversified production systems
worldwide (Foley et al., 2005; Becker and Angulo, 2019). In subtropical
environments, recently diversified flooded rice-based systems have been using
the winter season traditionally kept in temporary fallow for cover crops (Yu et al.,
2014; Zhu et al., 2012) and livestock production. When implemented in pastures,
this management strategy characterizes an ICLS (Carlos et al., 2020; Denardin
et al., 2020).

ICLS are important strategies to improve both economic and
environmental sustainability in highly specialized croplands, such as paddy fields
(Martins et al., 2017; Carlos et al., 2020). The soil fertility improvement and
greater availability of nutrients in ICLSs reduce the mineral fertilizer requirements
of flooded rice (Denardin et al., 2020). Upland crop rotation with flooded rice in

the summer season, also known as paddy-upland rotation, has been an important

2 artigo submetido ao periédico Applied Soil Ecology em marco de 2021.
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strategy for further intensification and diversification of lowland production
systems (Hou et al., 2018).

The introduction of legumes in paddy-upland rotations can modify soil
physical and chemical properties while improving soil health and maximizing rice
yields (Zhou et al., 2014; Hartmann et al., 2015). The benefits of legumes in
rotation are due not only to biological N fixation but also to improved soll fertility
through SOM increments (Zhu et al., 2012; Cotrufo et al., 2013; Yu et al., 2014).
Crop rotation may improve the long-term productivity of cereal-based cropping
systems (Singh et al., 2002; Yu et al., 2014), mainly by their effects on soil
microbial activity (Hou et al., 2018). The greater microbial C use efficiency from
legume residues (Cotrufo et al., 2013; Veloso et al., 2018) can increase the SOM
turnover.

Crop rotation affects soil microbial community composition mainly due
to differences in the quality and quantity of the crop residue returned to the soil
(Martinez-Garcia et al., 2018; Pires et al., 2020). In terms of quality, the C / N
ratio was mentioned as a key factor affecting the soil microbial community
composition (Henriksen and Breland, 2002; Geisseler et al., 2011; Kamble and
Baath, 2016). Moreover, crop rotation may affect soil physico-chemical properties
(Zhou et al., 2014; Hartmann et al., 2015). The addition of high-quality residue
from legumes (low C / N ratio) favours bacterial dominance, whereas low-quality
residue promotes fungal growth (Bossuyt et al., 2001; Kramer et al., 2012), which
affects SOM turnover (Tian et al., 2015). Additionally, known as the ‘priming
effect’ (Kuzyakov, 2000; Ge et al., 2012; Zhu et al., 2018), SOM mineralization
can be stimulated both by labile C input from plant residues and by mineral
fertilization (Chen et al., 2014a; Ge et al., 2017; Zhu et al., 2018; Liu et al., 2019;
Zhao et al., 2019).

N and P are limiting nutrients for microbial biomass (MB) growth in
paddy fields (Keller et al., 2005; Liu and Song, 2008; Geisseler et al., 2017).
Likewise, K fertilization can promote the production and input of plant biomass
and exudates, indirectly affecting MB (Geisseler et al., 2017). Therefore, mineral
fertilization may directly impact the availability of these nutrients by affecting SOM
mineralization (B6hme et al., 2005; Garcia-Pausas and Paterson, 2011; Ladha
et al., 2011; Pan et al., 2014). Although field studies have shown that P and K

fertilization can be avoided in rice cultivation under ICLS due to the lack of rice
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yield response (Denardin et al., 2020), this mineral fertilization can be relevant to
SOM turnover and the release of other nutrients, such as N.

Microbial residues are important soil C and N sources (Farrell et al.,
2013; Kaiser et al., 2014; Bingham and Cotrufo, 2016) and are directly dependent
on labile C and N pools in the soil (Wander, 2004; Lewis et al., 2011). In paddy
fields, N bioavailability is associated with SOM turnover and is a crucial factor in
determining flooded rice yield (Kader et al., 2013; Denardin et al., 2020). The
assessment of N availability using methods sensitive to labile N pools (Drescher
et al., 2020) may contribute for improving nutrient use efficiency and decreasing
the use of mineral fertilizers. Potassium permanganate oxidizable carbon (POxC)
represents a labile C pool sensitive to changes in soil management, composed
of microbial C fractions and products of their decomposition (Weil et al., 2003).

The roles of microorganisms as drivers of N cycling in the soil (Dungait
et al., 2012; Lehmann and Kleber, 2015; Hu et al., 2016) and the soil microbial
community as an important temporary immobilizer of N (by specific microbial
groups) (Frostegard et al., 2011) is not conceptually new. However, their
application in integrated and diversified no-till paddy fields is still poorly explored.
Since soil microorganisms have a C / N ratio of approximately 6-8 (Cleveland
and Liptzin, 2007), a substantial C input via plant residues with a high C/ N ratio
(such as through flooded rice) may cause a stoichiometric imbalance and
increase microbial N demand (N immobilization). This process may decrease
flooded rice yield (Kumar and Goh, 1999; Denardin et al., 2019). Flooded soil
limits SOM mineralization and N availability (Kdgel-Knabner et al., 2010; Zhu et
al.,, 2017). On the other hand, microbial turnover, death, and necromass
generation tend to be high with large C inputs from residues (Kaiser et al., 2014,
Cui et al., 2020).

We hypothesized that the rice-soybean rotation increases soil MB and
modifies microbial community composition, favouring bacterial dominance,
compared to those in flooded rice monocropping systems in the summer season.
Such effect will be maximised by mineral P and K fertilization, increasing labile C
and N pools in the soil (mediated by bacteria) and increasing the flooded rice
yield in a no-till ICLS. The objectives of this study were to evaluate the effect of
mineral P and K fertilization in no-till ICLS of continuous flooded rice and rice-

soybean rotation on the: (i) soil microbial community composition, (ii) labile C and
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N pools, (iii) relationship between microbial groups and labile N pools, and (iv)
flooded rice yield in subtropical paddy fields.

2. Material and Methods

2.1. Site description and historical characterization of the

experimental area

The field study was conducted in an on-farm experiment during the
2016/2017 and 2018/2019 flooded rice cropping seasons at Corticeiras Farm,
located in Cristal County, RS State, Brazil (31°37°13”S, 52°35°'20"W, 28 m a.s.l.).
The climate was classified as warm humid subtropical (Cfa), according to Képpen
classification (Kottek et al., 2006). The local annual average temperature was
18.3°C, and the annual mean rainfall was 1522 mm. The soil was poorly drained
and classified as Albaqualf (Soil Survey Staff, 2000), with a sandy clay loam
texture (24, 23, and 53% of clay, silt, and sand, respectively).

The experimental area has been cultivated with flooded rice followed
by a fallow period since the 1960s. The last rice cropping season was in 2009,
followed by a fallow period until March 2013, when soil samples were collected
for chemical characterization. In April 2013, soil acidity was corrected through
lime incorporation (three heavy disks) at a rate of 4.5 Mg ha! (total neutralization
relative power of 70%), determined according to SBCS (2004), to increase the
pH of the 0—20 cm soil layer to 6.0.

Five production systems, including the cultivation of flooded rice, were
established in an area of 18 hectares. The experiment was designed as
randomized complete blocks, with three replications and subdivided plots. For
the present study, only two of the five systems were used, especially because
other studies (Denardin et al., 2020) have already investigated flooded rice and
soybean responses to mineral fertilization in other systems. Both systems are
characterized by ICLS under no-tillage, presenting annual ryegrass (Lolium
multifiorum Lam.) under beef cattle grazing during the winter season. However,
one system is based on flooded rice monocropping in the summer season (ICLS-
Rice) and the another is based on a soybean-flooded rice crop rotation (ICLS-

Rice/soybean) during the summer season.
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From the beginning of the experiment, flooded rice was cultivated in
all the cropping seasons (from 2013/2014 to 2018/2019) in the ICLS-Rice system.
In the ICLS-Rice/soybean system, flooded rice was cultivated in the 2014/2015,
2016/2017, and 2018/2019 cropping seasons, and soybean was cultivated in the
2013/2014, 2015/2016, and 2017/2018 cropping seasons, with ryegrass pasture
grazed during winter in both systems. The IRGA 424 Rl rice cultivar was used in
all cropping seasons and seeded at a density of 100 kg ha™ with a 17 cm row
spacing. Rice sowing and harvest in both systems were in October and April,
respectively. Soybean plant density was 31 plants m™2 with a 45 cm row spacing.
Soybean sowing and harvest occurred in November and April, respectively. The
same cultivar, TEC IRGA 6070 RR, was sown in all cropping seasons.

Neutered yearling steers (Angus) weighing approximately 200 kg were
used for grazing in the 2013, 2014, 2015, 2016, 2017, and 2018 winter seasons.
The average pasture height was 15 cm, and the average stocking rates were 852
+ 207 and 836 * 356 kg live weight ha™, for ICLS-Rice and ICLS-Rice/soybean,
respectively. Cattle feeding was forage-based, with only mineral salt being
provided. Continuous stocking was adopted (with a minimum of three test steers),
and put-and-take animals were used to maintain the targeted sward height.
Annual ryegrass was re-sown at a density of 30 kg ha™* using the BRS Ponteio
cultivar.

Ryegrass fertilization was performed according to the SBCS (2004)
recommendation, averaging 126-119-112 kg ha™ of N-P20s-K20 annually from
the 2013 to 2018 winter seasons. In the 2013/2014 and 2015/2016 summer
seasons, soybean fertilization was performed according to SBCS (2004),
representing 20-110-120 kg ha™ of N-P20s-K,O. The rice fertilization in the
summer seasons was performed according to the SOSBAI (2018)
recommendation, representing 150-70-120 kg ha™* of N-P20s5-K20 in all cropping
seasons except 2017/2018. In the 2017/2018 cropping season, neither soybean

nor flooded rice received mineral fertilization.

2.2. Phosphorus and potassium fertilization treatments

In the 2016/2017 and 2018/2019 rice cropping seasons, two subplot
treatments were designed in both systems to evaluate the rice yield response to
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P and K mineral fertilization: 150-70-120 and 150-00-00, in kg ha™* of N—P20s—
K20, respectively. The P and K rates were based on the rice very high yield
response to fertilization (SOSBAI, 2018). The fertilizer sources used were urea
(45% N), single superphosphate (18% P20s), and potassium chloride (60% K20).
The P and K fertilizers were manually applied immediately after rice sowing. N
was applied in both systems split into two applications: 67% at the Vs
phenological stage (immediately before flooding), and 33% at the Vs phenological

stage (Counce et al., 2000). The experimental subplot size was 5 by 5 m (25 m?).

2.3. Soil and plant analyses

In November 2018, during the 2018/2019 cropping season, soil
samples were collected 20 days after the first N fertilization and rice flooding,
immediately before the second N fertilization. Five sub-samples of each plot were
randomly collected in the 0—10 cm soil layer. The soil samples were stored in
plastic bags and transported to the Soil Fertility Research Laboratory of the
Federal University of Rio Grande do Sul. Part of the samples was dried in a
forced-air circulation oven at 50°C, ground, and sieved through 2-mm mesh. The
another part was freeze-dried and kept refrigerated (< 5°C) for soil microbial

community composition evaluation.

2.3.1. Soil and plant analyses

PLFA analysis was performed with modifications to the original
procedure (White and Ringelberg, 1998). Total lipids were extracted by 10 mL of
methanol, 5 mL of chloroform, and 4 mL of phosphate buffer (pH 7.4) from 5 g
freeze-dried soil (Figure 12A). Phospholipids were isolated from neutral lipids and
glycolipids by using silicic acid chromatography columns and eluted with
methanol (Figure 12B). The phospholipids were then saponified by KOH,
methylated to fatty acid methyl esters, and analysed by a Thermo Scientific Trace
GC-1SQ mass spectrometer equipped with a DB5-MS column (30 m x 250 um in
diameter x 0.25 ym film thickness) (Figure 12C and 12D). Helium was used as

carrier gas.
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Figure 12. Extraction of total soil lipids in apolar phase (A), with subsequent isolation of
phospholipids using silicic acid chromatography columns (B), with their concentration
after solvent evaporation in N-EVAP (C) and final phase after saponification and
methylation (D), prior to evaluation in mass spectrometer.

A total of 30 biomarkers were identified for all the samples. The PLFAs
were affiliated with various microbial groups, using iso- and anteiso-branched
fatty acids (i15:0; al15:0; i16:0; i17:0; al7:0) as indicators for gram-positive
(gram+) bacteria, monounsaturated fatty acids (cy19:0; cy17:0; 2-OH 10:0; 2-OH
12:0; 3-OH 12:0; 2-OH 14:0; 3-OH 14:0; 2-OH 16:0; 16:1w7) for gram-negative
(gram-) bacteria, 10-methyl fatty acids (10-methyl 18:0; 10-methyl 19:0) for
actinomycetes, 16:1w5 for arbuscular mycorrhizal fungi (AMF) and 18:2w9 and
12 for saprophytic fungi, after referred to as fungi. The PLFA abundance was
reported as nmol per gram of dry soil (nmol PLFA g~ soil). The total bacteria was
the sum of the gram+ bacteria, gram- bacteria, and actinomycetes. The total fungi
was the sum of the fungi and AMF. The ratio between the gram+ and gram-
bacteria and between the fungal and bacterial groups was calculated. The total

MB was the sum of all the PLFA biomarkers.
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2.3.2. Labile Carbon and nitrogen pools

POxC was measured following the procedure of Weil et al. (2003).
Briefly, 2.5 g soil was mixed with 18 mL of deionized water and 2 mL of 0.2 M
KMnOg, then shaked for 2 min and allowed to settle for 10 min. Following settling,
0.5 mL of the supernatant was transferred into another tube and mixed with 49.5
mL of deionized water. Absorbance was measured in a spectrophotometer at 555
nm. The change in KMnO4 concentration was used to estimate the amount of
oxidized C, assuming that 1 mmol L KMnOQas is consumed in the oxidation of
0.75 mmol L= or 9 mg of C.

Total PLFAs were converted to soil MBC using a conversion factor of
5.8 mg C nmol™ PLFAs (Joergensen and Emmerling, 2006). The soil MBN
content was determined according to the irradiation—extraction method (Ferreira
et al., 1999). The irradiation time was calculated according to Islam and Well
(1998). The extraction of irradiated and non-irradiated samples was performed
with potassium sulfate 0.5 mol L™t. The MBN was calculated as the difference
between the irradiated and non-irradiated samples, with a correction factor of
0.54 (Ferreira et al., 1999). The N content was measured according to Tedesco
et al. (1995).

The soil AH-N content was determined using direct steam distillation
(Roberts et al., 2009). Each sample (1 g) was placed in a Kjeldahl flask attached
directly to the still, and 10 mL of 10 mol L™ NaOH was added to the flask. The
amount of NH4*-N captured in the distillate was quantified using acidimetric

titration according to Tedesco et al. (1995).

2.3.3. Plant analysis

In the 2016/2017 and 2018/2019 cropping seasons, rice yield was
evaluated by collecting rice from five random samples in each subplot. Harvesting
was performed by hand, and each site consisted of two linear metres, totalling
4.5 m?. The samples were threshed, cleaned, and weighed. The grain moisture
was determined and adjusted to 130 g kg™2.

The aboveground biomass production (AGP, Mg ha™) of the pasture
was evaluated in 2013, 2014, 2015, 2016, 2017, and 2018. The AGP was
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calculated by using the accumulated forage mass at the beginning of the grazing
period, added to the forage accumulation rate (kg day™) and multiplied by the
number of grazing days over an average period of 60 £ 19 days and 90 + 24 days
for ICLS-Rice and ICLS-Rice/soybean, respectively. The annual aboveground
crop biomass from the 2013/2014 to the 2018/2019 cropping seasons was

estimated from grain yield, considering a 1 / 1 harvest index.

2.4. Statistical analyses

Analyses were performed using the SAS statistical package® v.9.4
(Statistical Analysis System Institute, Cary, North Carolina), and the data were
assessed using analysis of variance (ANOVA). The model considered the rice
production systems as the main factors, with P and K mineral fertilization as the
subdivided plots. Model residual assumptions were checked with the Shapiro—
Wilk normality test and Levene’s homogeneity of variance test. When a factor
was deemed significant in the ANOVA, least squared means were calculated and
compared using Tukey’'s adjustment. All the tests were performed at a
significance level of alpha=0.05.

The MIXED procedure was used to evaluate the crop rotation and
mineral fertilization effects. This procedure considers the main factors and their
interactions as fixed factors, meanwhile blocks and experimental errors were
considered as random factors. A split-plot model was used where crop rotation
systems were the main plot and fertilization treatments were the subplot.

Mixed-effect linear regression models were used to explore the
relationships of the gram+ bacteria, gram- bacteria, actinomycetes, fungi, and
arbuscular mycorrhizal fungi (AMF) with the labile N pools. Regression models
were fit (SigmaPlot for Windows v. 13.0, Systat Software, Inc., San Jose, CA)
using all the data, and models were assessed using both their statistical

significance and coefficient of determination (R?).

3. Results

3.1. Soil microbial abundance and community composition
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P and K mineral fertilization increased the MB (48 nmol PLFA g soil™)
by 37% in both production systems (Table 4). Excluding AMF, all other microbial
groups increased with P and K mineral fertilization. Total bacteria, total fungi,
gram+ bacteria, gram- bacteria, actinomycetes, and fungi were 36%, 53%, 35%,
39%, 33%, and 49%, respectively higher when P and K were applied. The fungal
/ bacterial ratio and AMF abundance were not affected by production system or

P and K mineral fertilization (Table 4).

Table 4. Soil microbial community composition with (P + K) or without (control)
phosphate (P) and potassium (K) fertilization in rice cropping season depending on
integrated crop-livestock systems (ICLS) in Brazilian subtropics

P and K Fertilization

Production system P+ K Control Average
Microbial biomass (nmol PLFA g soil %)

ICLS-Rice 46.3 37.3 41.8 Ns

ICLS-Rice/soybean 49.9 33.0 41.5

Average 48.1 A 35.2B 41.7

Total bacteria (nmol PLFA g soil-!)

ICLS-Rice 22.1 18.4 27.8 Ns

ICLS-Rice/soybean 24.0 15.5 27.3

Average 23.1A 16.9B 27.6

Total fungi (nmol PLFA g soil?) -

ICLS-Rice 25 1.6 5.3 Ns

ICLS-Rice/soybean 2.4 1.6 5.6

Average 24 A 16B 3.7
gram+ (nmol PLFA g soil?)

ICLS-Rice 14.8 11.9 13.4 Ns

ICLS-Rice/soybean 14.9 10.0 12.4

Average 148 A 11.0B 12.9
gram- (nmol PLFA g soil?)

ICLS-Rice 4.7 45 4.61 Ns

ICLS-Rice/soybean 6.2 3.3 4.75

Average 54A 39B 4.65

gram+ / gram- ratio

ICLS-Rice 3.1 Aa 3.1 Aa 3.1

ICLS-Rice/soybean 2.6 Bb 3.0 Aa 2.8

Average 29 3.0 3.0

Actinomycetes (nmol PLFA g soil?)

ICLS-Rice 2.6 2.0 2.3 Ns

ICLS-Rice/soybean 2.9 2.2 25

Average 28A 21B 24
AMF (nmol PLFA g soilt)

ICLS-Rice 1.7 1.5 1.3 Ns

ICLS-Rice/soybean 1.8 1.4 1.3

Average 1.8 Ns 1.4 13
Fungi (nmol PLFA g soil?)

ICLS-Rice 0.9 0.6 0.76 Ns

ICLS-Rice/soybean 0.8 0.5 0.67
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Average 0.8A 0.6B 0.71
Fungal / bacterial ratio

ICLS-Rice 0.11 0.09 0.10 Ns

ICLS-Rice/soybean 0.10 0.10 0.10

Average 0.11 Ns 0.10 0.10

ICLS-Rice: Rice monocropping in summer season and livestock production in winter season under no-till.
ICLS-Rice/soybean: Flooded rice and soybean rotation in summer season and livestock production in winter
season under no-till. Means of each production system and P and K fertilization for each fatty acid methyl
ester (FAME) microbial group followed by the same lowercase letter are not significantly different. gram+
and gram- = gram positive and negative bacteria, respectively; AMF = Arbuscular mycorrhizal fungi. Tukey’s
test (p<0.05) = Different uppercase letters indicate differences between P and K mineral fertilization (with
and without). Different lowercase letters indicate differences between the flooded rice production systems.
Ns: no statistical difference.

The gram+ / gram- ratio was affected by the interaction between the
flooded rice production system and P and K mineral fertilization (Table 4). P and
K mineral fertilization did not affect the gram+ / gram- ratio in the ICLS-Rice
system, although it decreased by 13% in the ICLS-Rice/soybean system (Table
4). Similarly, the flooded rice production systems presented the same gram+ /
gram- ratio in the absence of P and K mineral fertilization. However, the ICLS-
Rice/soybean system had a lower gram+ / gram- ratio than the ICLS-Rice system
under P and K mineral fertilization. Rice/soybean rotation did not change the MB
or soil microbial community composition compared to the rice monocropping

system (Table 4).

3.2. Labile carbon and nitrogen pools

No differences in MBC and MBN were found between rice production
systems (Figure 13). However P and K fertilization increased MBC 37% and
MBN 36% on average of both systems (Figure 13). Despite the increase in MBC
and MBN, the magnitude was different in both systems. P and K fertilization
increased MBC and MBN in the ICLS-Rice system by 24% and 15%,
respectively. In the ICLS-Rice/soybean system, MBC and MBN increased by
51% and 61%, respectively. The C / N ratio was not affected by the production
system (Figure 13C).
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Figure 13. Microbial biomass carbon (MBC) (A), nitrogen (MBN) (B) and C / N ratio of
microbial biomass (C) with (P + K) or without (control) phosphate (P) and potassium (K)
fertilization, in the ICLS-Rice and ICLS-Rice/soybean systems in the 2018/2019 rice

cropping season in Brazilian subtropics. ICLS-Rice: Rice monocropping in summer season and
livestock production in winter season under no-till. ICLS-Rice/soybean: Flooded rice and soybean rotation
in summer season and livestock production in winter season under no-till. Tukey’s test (p<0.05) = Different
uppercase letters indicate differences between P and K mineral fertilization (with and without). Ns: no
statistical difference. Error bars represent standard error of the mean.

The production system did not affect the POXC content (Figure 14A).
However, P and K mineral fertilization increased the POXC by 42%. The AH-N
fraction was affected only by the production system (Figure 14B). The ICLS-Rice
system had an AH-N of 54.3 kg ha™?, while the ICLS-Rice/soybean system had
an AH-N of 38 kg ha™.
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Figure 14. Potassium permanganate oxidizable carbon (POxC) (A) and soil alkaline
hydrolyzable nitrogen (AH-N) (B) with (P + K) or without (control) phosphate (P) and
potassium (K) fertilization in the ICLS-Rice and ICLS-Rice/soybean systems in the

2018/2019 rice cropping season in Brazilian subtropics. ICLS-Rice: Rice monocropping in
summer season and livestock production in winter season under no-till. ICLS-Rice/soybean: Flooded rice
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and soybean rotation in summer season and livestock production in winter season under no-till. Tukey’s test
(p<0.05) = Different uppercase letters indicate differences between P and K mineral fertilization (with and
without). Different lowercase letters indicate differences between the flooded rice production systems. Error
bars represent standard error of the mean.

3.3. Relationship between microbial groups and labile N pools

Positive relationships were observed between the MBN and gram+
bacteria, gram- bacteria, and fungi (Figure 15). The gram+ bacteria presented
the greatest relationship (R?=0.62), followed by the gram- bacteria (R>=0.54) and
fungi (R?=0.45). However, each unit of gram+ and gram- bacteria increased by
only 3.0 and 5.0 pug N g soil™ in the MB, respectively. On the other hand, each
unit of fungi was capable of immobilizing 40.8 pg N g soil™ in the MB (Figures
15A, 15B, and 15D).
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Figure 15. Relationship between microbial biomass nitrogen (MBN) and (A) Gram-
positive bacteria (gram+), (B) Gram-negative bacteria (gram-), (C) Actinomycetes
(Actin), (D) Fungi, and (E) Arbuscular mycorrhizal fungi (AMF), in different integrated
crop-livestock systems in Brazilian subtropics.

None of the microbial groups had a relationship with AH-N at the 5%
significance level (Figure 16). However, AH-N was correlated with the gram+
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bacteria in the ICLS-Rice system at p=0.10, with an R? of 0.52 (Figure 16A). In
this case, each unit of gram+ bacteria increased 0.84 kg N ha™ of alkaline

hudrolyzable N.
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Figure 16. Relationship between soil alkaline hydrolyzable nitrogen (AH-N) and (A)
Gram-positive bacteria (gram+), (B) Gram-negative bacteria (gram-), (C) Actinomycetes
(Actin), (D) Fungi, and (E) Arbuscular mycorrhizal fungi (AMF), in the ICLS-Rice and
ICLS-Rice/soybean systems in the 2018/2019 rice cropping season in Brazilian

subtropics. ICLS-Rice: Rice monocropping in summer season and livestock production in winter season.
ICLS-Rice/soybean: Flooded rice and soybean rotation in summer season and livestock production in winter

season.

3.4. Rice yield and shoot biomass inputs

Regardless of the production system, the flooded rice yield did not
respond to P and K mineral fertilization under no-till ICLS (Figure 17A). However,
the ICLS-Rice/Soybean system had 22.4% higher rice yield than the ICLS-Rice
system (9.8 Mg hat).

The ICLS-Rice system had an aboveground annual residue input
(2013-2018) 15% greater than the ICLS-Rice/soybean system (13.5 Mg ha™
year™) (Figure 17B). Because rice provides almost twice as much annual
biomass input as soybean, the annual summer shoot biomass input of the ICLS-

Rice system was 51% greater compared with the ICLS-Rice/soybean system. In
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contrast, the annual input of aboveground biomass in the winter pasture was 17%
greater in the ICLS-Rice/soybean system compared with the ICLS-Rice system
(Figure 17B).
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Figure 17. Flooded rice yield (A) with (P + K) or without (control) phosphate (P) and
potassium (K) fertilization on average of the 2016/2017 and 2018/2019 rice cropping
seasons and annually average shoot biomass input (B) in summer and winter (net
primary production of forage) seasons in the ICLS-Rice and ICLS-Rice/soybean systems

from the 2013/2014 to 2018/2019 cropping seasons in Brazilian subtropics. ICLS-Rice:
Rice monocropping in summer season and livestock production in winter season under no-till. ICLS-
Rice/soybean: Flooded rice and soybean rotation in summer season and livestock production in winter
season under no-till. Tukey’s test (p<0.05) = Different lowercase letters indicate differences between the
flooded rice production systems. Error bars represent standard error of the mean.

4. Discussion

Results obtained in the same experiment reveal that the
implementation of ICLS in subtropical paddy fields can increase the availability
of N, P, and K by up to 70%, 177%, and 62%, respectively, during the flooded
rice growing season related to continuous rice (Carlos et al., 2020). In previous
studies, Denardin et al. (2020) found a lack of flooded rice grain yield response
to P and K mineral fertilization in an ICLS-Rice due to the influence of ICLSs on
N, P, and K cycling. According to these authors, P and K fertilization may be
avoided in the cropping season under no-till ICLSs. Therefore, in these situations,
the P and K removed in crop grains can be replaced during the pasture phase,
enhancing forage and animal production (Farias et al., 2020). However, N

remains a limiting nutrient for flooded rice (Denardin et al., 2020), mainly due to
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the high residue input and N immobilization in this cropland under no-till
conditions (Kogel-Knabner et al., 2010; Zhu et al., 2017; Denardin et al., 2019).

Previous studies have confirmed that the use of legumes can play an
important role in improving soil fertility and sustaining crop production by
increasing soil mineral N (Shafi et al., 2007; Mazzoncini et al., 2011). Assessing
the use of legumes as cover crops in the winter season, Yu et al. (2014)
documented a rice grain yield increase of over 5% and a reduction in the mineral
N fertilizer requirement of 21.4%. Therefore, the higher rice yield (2 Mg ha™)
found in ICLS-Rice/soybean (Figure 17A) may be related to the higher N
availability in the soil.

The implementation of the ICLS with soybean-rice rotation decreased
the annual aboveground biomass input in the summer season by 34% and
increased the annual aboveground biomass input from winter pastures by 17%
(Figure 17B). The greater residue quality (lower C / N ratio) of soybean and winter
pasture, with greater N input compared than from rice residue (Abiven et al.,
2005), can explain the lower AH-N in the ICLS-Rice/soybean system (Figure
14B). This may occur due to the lower N immobilization and faster N turnover at
the beginning of the rice growing season. The AH-N fraction is determined by an
alkaline distillation, a method that quantifies easily mineralizable organic N forms,
such as amino acids (e.g., glutamine) and amino sugars (e.g., glucosamine) plus
inorganic N as NHa4-N (Roberts et al., 2009; Drescher et al., 2020). From this, we
can infer that from the beginning of the rice cycle (sowing) until the first N
fertilization (flooding), the ICLS-Rice system had less available N content in the
soil than the ICLS-Rice/soybean, leading to a decrease of 2 Mg ha! in grain yield
(Figure 17A). Therefore, in conditions of using a rice basal N fertilization
(SOSBAI, 2018), different grain yields could be found.

According to Fanin et al. (2019), the gram+ / gram- ratio can be used
as an indicator of the relative C availability and energy limitation of bacterial
communities. Gram- bacteria generally increase in soil under high C availability
(Fierer et al., 2007; Kramer and Gleixner, 2008; Nemergut et al., 2010; Pires et
al., 2020). The metabolism of this bacterial group is less adapted to conditions of
low C quality (Fierer et al., 2007), which means that the greater the available C
is, the greater the relative abundance of gram- bacteria. Although gram- bacteria

increased in both production systems under P and K fertilization, there was an
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increase of 5.6% in the ICLS-Rice system and 85.3% in the ICLS-Rice/soybean
system (Table 4). Although both production systems were affected by P and K
fertilization, the ICLS-Rice/soybean may present a higher C availability than the
ICLS-Rice system due to the higher straw quality (lower C / N ratio) input from
soybean.

Mineral fertilization is not only an important agricultural practice for
plant nutrition but is also capable of changing the dynamics of C and N in the soil
(Nemergut et al., 2008), mediated by the action of soil microorganisms (Jangid
et al., 2008). Because soil microbes are always limited by nutrients (Kuzyakov
and Xu, 2013), mineral fertilizers have been reported to have effects on both soil
microbial activity and community composition (Béhme et al., 2005; Pan et al.,
2014), especially in paddy rice. Likewise, regarding the AMF microbial group, its
increase was not expected because mineral fertilization is an important factor
influencing AMF sporulation (Johnson and Pfleger, 1992). In that case, especially
the supply of mineral P disfavours the increase in AMF (Guillemin et al., 1995;
Olsson et al., 1997).

Possibly due to the increased abundance of the microbial community
in the soil (Table 4) and greater MBC content (Figure 13A), P and K mineral
fertilization increased POXC by 42% (from 618 to 876 mg C kg soil™) (Figure
14A). The POxC comprises fresh organic material, soil MB, particulate fraction of
SOM and other easily metabolized organic compounds, such as carbohydrates
(sugars) and proteins (amino acids) (Weil et al., 2003). Although it is a chemical
indicator, several studies have shown that POXC is highly correlated with rapidly
mineralizable C (Culman et al., 2013; Morrow et al., 2016). Therefore, it can be
closely related to N availability via mineralization.

The increase in microbial population lead to N immobilization in the
MB (Figure 13B). Regarding the main groups involved in N immobilization,
positive relationships were observed between the MBN and the gram+ bacteria,
gram- bacteria, and fungi (Figure 15A, 15B, and 15D). Previous studies have also
revealed a greater contribution of gram+ and gram- bacteria and fungi to straw
decomposition (Nottingham et al., 2009). Although the C / N ratio of fungi (8/1—
29/1) being greater than in bacteria (4/1-8/1) (Paul, 2007), the fungal population
demonstrated a greater N immobilization capacity (Figure 15D). However, since
fungi tend to inhabit drier soils (Brockett et al., 2012; Guenet et al., 2012), the
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total bacteria was almost 10 times higher than the total fungi on average of
cropping systems (Table 4). For this reason, the gram+ and gram- bacteria had
a greater participation in the residue decomposition process, immobilizing N in
the MB during the flooding period of rice cultivation. Our results suggest that soil
bacteria are more sensitive than fungi to changes in soil nutrient status during
flooding period in paddy fields.

According to Cui et al. (2020), gram- bacteria are microorganisms
capable of rapidly synthesizing PLFAs with labile C because they are r-
strategists. Indeed, this microbial group seems to be quite responsive to labile C
inputs (Nottingham et al., 2009; Gunina et al., 2014). On the other hand, gram+
bacteria and fungi are mainly composed of K-strategists that degrade the
necromass generated from r-strategists, and therefore, their population increases
later than that of gram- bacteria (Cui et al., 2020). AH-N was correlated only with
the gram+ bacteria in the ICLS-Rice system (p=0.10), with an R? of 0.52 (Figure
16A). This indicates that gram+ bacteria are the main microbial group involved in
the processes of N availability for flooded rice in the evaluated period. In addition
to plant residues, probably these microorganisms are decomposing necromass
residues from other microbial groups, which can represent important N sources
for rice nutrition (Cui et al., 2020).

In summary, according to our results, P and K fertilization has a direct
impact on the microbial community (Table 4) and consequently on the SOM
turnover and N availability under recommended N rate (Figure 13B, 14A, and
16A). Therefore, although both studies of Denardin et al. (2020) and the current
study were conducted providing the total N rate required (150 kg N ha™?) for rice,
the P and K fertilization could play a key role in the N availability and rice nutrition
under reduced rates or in the absence of N fertilizer supply. In situations with
available N restriction, P and K fertilization can alter the N turnover by increasing
microbial activity and consequently impacting on rice yield. Therefore, the
assessment of P and K mineral fertilization combined with decreasing N mineral
rates is very important for the development of more efficient fertilizer

management strategies.

5. Conclusions
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This study demonstrates the impacts of crop rotation (soybean-rice
rotation or rice monocropping) and P and K fertilization in the summer season in
no-till ICLSs with beef cattle grazing during the winter season. Regardless of the
production system (soybean-flooded rice rotation or rice monocropping), the
flooded rice yield did not respond to P and K mineral fertilization in the ICLSs.
However, the ICLS under soybean-rice rotation yielded 2 Mg of grain ha ! more
than the rice monocropping system.

P and K mineral fertilization in flooded rice cropping has a fundamental
importance in increasing specific microbial groups, such as gram+ and gram-
bacteria, actinomycetes, and fungi, in both production systems. This leads to an
increase in MBC, MBN, and labile forms of C in the soil (POxC). The gram+ /
gram- bacteria ratio modification under P and K mineral fertilization reveals that
the system under soybean-rice rotation presents a higher C availability than the
rice monocropping system due to the higher straw quality input from soybean and
winter pasture (lower C / N ratio).

Soil bacteria are more sensitive than fungi to changes in soil nutrient
status during the flooded period in paddy fields. This group have a greater
participation in residue decomposition and consequently in N immobilization in
the MB in paddy fields.



CAPITULO VI - CAN WE IMPROVE NITROGEN USE EFFICIENCY IN
PADDY RICE-BASED CROPPING SYSTEMS BY INTEGRATING
LIVESTOCK AND SOYBEAN ROTATION?

1. Introduction

Rice is an important crop in the global scenario, being cultivated on
more than 163 million hectares. Brazil is among the ten greatest rice producers
in the world and, outside of Asia, the largest rice producer. Approximately 1.7
million hectares are used for rice production in Brazil, accounting for 12 million
tons per year (CONAB, 2020), mostly produced in lowlands in the subtropics
(southern region) (FAO, 2013). The lowlands of the Rio Grande do Sul state are
responsible for approximately 60% of the Brazilian production. The conventional
Brazilian rice cropping system includes yearly soll tillage and fallow periods with
one growing season per calendar year (Timm et al., 2014).

The use of mineral fertilizers improves grain yield to meet the
increasing food demand for rising global populations (Xue et al., 2014; Cuhel et
al., 2019). Rice yield across the world is enhancing due to an increase in fertilizer
inputs, especially N (Peng et al., 2010), that is usually the most yield-limiting
nutrient for rice production (Bockman and Olfs, 1998; Singh et al., 2014), since
N fertilizer plays an indispensable role in improving rice yield (Yang et al., 2012).
However, the apparent recovery efficiency (ARE) of N is only 33%, mainly due to
inappropriate management and excessive application rates (Garnett et al., 2009).
Excessive use of N fertilizer has resulted in low N recovery efficiency and several

environmental issues, such as surface water eutrophication, groundwater
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pollution, and soil acidification (Zhu et al., 2002; Guo et al. 2010; Zhang et al.,
2018). Therefore, efficient N management is a crucial approach for increasing the
nitrogen use-efficiency (NUE) while minimizing environmental pollution in rice-
based systems.

Improving the NUE of rice is an important goal in sustainable
production systems. In subtropical paddy fields, ICLS appear as an alternative to
improve NUE in flooded rice (Denardin et al., 2020). Using winter-grown pastures
under no-till in rotation with flooded rice increases N availability (Carlos et al.,
2020), reducing the mineral fertilizer requirements for rice in succession (Castoldi
et al., 2019). These systems can alter the N content in plant tissues and soil
solution (Carlos et al., 2020). In agreement, legume rotation may increase and
sustain the long-term productivity of cereal-based cropping systems (Singh et al.,
2002; Yu et al., 2014). The introduction of legumes in rotation can also increase
N availability in N-limited soils, such as paddy fields, and maximize rice yields
(Zhou et al., 2014; Hartmann et al., 2015; Denardin et al., 2019).

Moll et al. (1982) defined the basic concept of NUE as the plant’s
ability to uptake N from the soil and to partition absorbed N for grain production.
The NUE can be sub-classified under physiological or agronomic aspects, such
as in terms of agronomic efficiency (AE) and ARE (Xu et al., 2012). The grain
yield increase per unit of N fertilizer applied is expressed by the AE and ARE is
generally defined as the total N accumulation in the aboveground biomass per
unit of applied N fertilizer. From a physiological aspect, N utilization efficiency
(NutE) is an index of the N partitioning ability in the plant, defined as the ratio of
grain yield to total N in the plant (Moll et al., 1982).

Huggins and Pan (2003) concluded that the decreased contribution of
increased N use to NupE was unsynchronized crop N demand and N supply of
N fertilizer and N mineralization. According to Denardin et al. (2020), besides the
higher N availability in the soil, the greater NUE in ICLS is due to greater
synchronism between N uptake by rice and N released from soil and
microorganisms. According to these authors, ICLS presents a greater amount of
plant and animal residues compared to the traditional rice cropping system, under
winter fallow and soil disturbance. For this reason, N applied at rice tillering is
more immobilized by microorganisms in the ICLS. However, the immobilized N

becomes available for rice after death of microorganisms, releasing gradually the
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N and favoring other yield components (Denardin et al., 2020). In this context,
the use of °N-labelled fertilizer can identify the source of N used by rice and
validate that hypothesis (Bronson et al., 2000).

We hypothesized that the ICLS adoption under no-till increase the
NUE compared to flooded rice monocropping under soil disturbance. Such effect
will be maximised by soybean rotation in summer season. Therefore, a field study
and a greenhouse experiment using °N-labelled fertilizer were conducted to (i)
evaluate the NUE under agronomic and physiological aspects, and (ii) quantify N

fertilizer use by flooded rice, in different no-till ICLS in subtropical paddy fields.

2. Material and Methods

2.1. Site description and historical characterization of the

experimental area

The field study was conducted in an on-farm experiment during
2018/2019 flooded rice cropping season at Corticeiras Farm, located in Cristal
County, RS State, Brazil (31°37°13”S, 52°35'20"W, 28 m a.s.l.). The regional
climate is warm humid summer climate, classified as Cfa, according to Koeppen
classification (Kottek et al., 2006). The local annual average temperature is
18.3°C, and the annual mean rainfall is 1522 mm. The soil is poorly drained
classified as Albaqualf (Soil Survey Staff, 2000), with sandy clay loam texture
(24, 23, and 53% of clay, silt, and sand, respectively).

The on farm experiment was installed in 2013 in a field area under a
rice-fallow intensive tillage system from 1960 to 2009. Soil sampling for chemical
characterization was done in 2013 at the beginning of the study. Soil acidity was
corrected through lime incorporation (three heavy disks) at rate of 4.5 Mg ha!
(total neutralization relative power of 70%), determined according to SBCS

(2004), to increase the 0—20 cm soil layer to pH 6.0.

2.2. Treatment description and experimental design

Five production systems involving flooded rice were established in 18

hectares. The experiment was designed as a randomized complete blocks, with
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three replications. However, for this study only three of the five systems were
used, due to the highest frequency of flooded rice cultivation. The R—CT system
is the traditional system in Brazilian paddy fields, based on intensive soil
disturbance, rice monocropping, and winter fallow period. Both ICLS were
managed under no-tillage, and had annual ryegrass (Lolium multiflorum Lam.)
grazed with beef cattle during the winter season. However, one system was
based on flooded rice monocropping in summer season (R—ICLS) and another
by soybean-flooded rice rotation during the summer season (R/S—ICLS).

In R-CT and R-ICLS rice was cultivated in all seasons from 2013-2014
to 2018-2019. However, in R/S-ICLS system, rice was cultivated in 2014/2015,
2016/2017, and 2018/2019 and soybean in 2013/2014, 2015/2016, and
2017/2018. Both ICLS had winter grazing in all years. The IRGA 424 RI rice
cultivar was seeded in all seasons, seeded at 100 kg ha™ in a 17 cm row spacing.
The rice sowing and harvest occurred in October and April, respectively, in all
systems. The Soybean TEC IRGA 6070 RR was sown in November of all years
with a plant density of 31 plants m, in a 45 cm row spacing and harvest in April.

Annual ryegrass was re-sowed at a density of 30 kg ha! using BRS
Ponteio cultivar. Neutered yearling steers (Angus) weighing around 200 kg were
used for grazing in all winter seasons. Average pasture height was 15 cm and
average stocking were 831+114 and 851+112 kg live weight ha'%, for the R—ICLS
and the R/S-ICLS, respectively. Cattle’s feeding was forage-based with only
mineral salt being provided. A continuous stocking was adopted (with a minimum
of three test steers) and put-and-take animals were used to maintain targeted
sward height.

The ryegrass fertilization was according to CQFS RS/SC (2004)
recommendation averaging 126-119-112 kg ha' of N-P20s-K20O annually from
2013 to 2018 winter seasons in both ICLS. In 2013/2014 and 2015/2016 summer
season, the soybean fertilization was according SBCS (2004) representing 20-
110-120 kg ha! of N-P20s-K20. The rice fertilization in the summer seasons was
according to SOSBAI (2018) recommendation, representing 150-70-120 kg ha
of N-P20s5-K20 in all cropping seasons, excepting 2017/2018. In 2017/2018
cropping season, both soybean and flooded rice did not receive mineral

fertilization.
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2.3. Field experiment

In 2018/2019 cropping season, 5.5 years after the beginning of the
experiment, two treatments were designed to evaluate the rice response to N
fertilization. For this, subplots (4 x 5 meter) were reallocated in all experimental
field plots (3 blocks x 3 production systems), with (150 kg ha™ of N) or without (0
kg ha™t of N) N fertilization. Fertilizer source used was urea (46% N), and the N
fertilization was split into two applications: 67% applied at Vs phenological stage,
immediately before flooding, and 33% applied at Vs phenological stage (Counce
et al., 2000).

Rice tissue samples were collected at the R4 stage (Counce et al.,
2000) to evaluate rice’s N accumulation and aboveground shoot dry matter (DM).
Rice plants were sampled from 0.34 m? per subplot at the beginning of flowering.
Samples were oven dried (forced air at 65 °C), weighed, ground, and sieved (&
= 0.5 mm). N content in plant tissue was analyzed after chemical digestion (H20:2
+ H2S04) according to Tedesco et al. (1995). N accumulation was calculated

using data obtained from the whole plant (Eq. 1).

NA = SNC x SDMP Eqg. 1

where NA is N accumulation (kg ha™), SNC is shoot N content (kg
Mg™), and SDMP is shoot DM production (Mg ha™).

A second plant sampling took place at R7—Rs rice stage (Counce et
al., 2000) to determine grain yield. Rice yield was evaluated by collecting from
three random samples in each subplot. Harvest was performed by hand, each
point with one linear meter, totalling 0.51 m2. Samples were threshed, cleaned,
and weighed. Grain moisture was determined and adjusted to 130 g kg™*. The N
utilization efficiency (NutE) was obtained by determining the amount of grain
produced per each kilogram of N accumulated in rice shoot DM (Eq. 2), according
to Moll et al. (1982).

NutE = GY/NA Eq. 2



81

where NutE is N utilization efficiency (kg grain kg N™1), GY is grain
yield (kg ha™), and NA is N accumulation (kg ha™). The AE was determined as
a function of the increase in rice yield per unit of N applied via fertilizer, following

Equation 3, described by Fageria and Baligar (2003):

Yieldy— Yield
ANg

AE = Eq. 3

where AE is the agronomic efficiency (in kg kg™?), Yieldn is the rice
yield in the fertilized subplot (in kg ha'), Yieldo is the rice yield in the non-fertilized
subplot (in kg ha'), and ANa is the amount of N applied via fertilizer (in kg N ha-
1). The ARE of the applied N was determined according to Equation 4, described
by Fageria and Baligar (2003):

ANg

ARE (%) = x 100, Eq. 4

where ARE is the apparent recovery efficiency (%), NAs is the N
accumulation by the total biological yield (straw plus grain) in the fertilized subplot
(in kg N hal), NAns is the N accumulation by the total biological yield (straw plus
grain) in the unfertilized subplot (in kg N hat), ANa is the quantity of N applied (in
kg N hal).

2.4. Greenhouse experiment

2.4.1. Soil sampling

In October 2018, previously to the rice sowing in 2018/2019 cropping
season, undisturbed soil samples were collected in the field with polyvinyl
polychloride rings with a volume of 1,177 cm? (15 cm height x 10 cm diameter),
positioned vertically and inserted on soil using a sledgehammer (Figure 18). Four
cylinders were collected per experimental plot in the ICLS, and five cylinders in
the R—CT system, totaling 39 cylinders [3 systems x 3 blocks x 4 cylinders (+3
additional cylinders from the R—CT system)]. The three additional cylinders

collected in the R—CT system were used as controls, without *°N fertilization. The
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rings to be used as pots for flooded rice grown were taking off the soil with a
shovel. Soil samples were maintained undisturbed to avoid changes in soll
structure and SOM mineralization higher than in the field. The samples were
transported to the soil fertility lab of Federal University of Rio Grande do Sul,
Porto Alegre, Rio Grande do Sul state, where the experiment was carried out in
a greenhouse, from October 2018 to March 2019. The experiment was laid out
in randomized complete block design with three replications, following the field

design.

Figure 18. Collection of undisturbed samples with PVC tubes in the traditional rice
system (A), and integrated crop-livestock system (B), prior to rice sowing (October 2018),
to conduct the greenhouse experiment using **N-labelled fertilizer.

2.4.2. Experimental procedure and analysis

In the greenhouse, rice was sown in all pots, using four seeds (IRGA
424 RI® cultivar) per pot. Ten days after germination, thinning was done, keeping
only two plants per pot. Prior to N fertilization, evaluations were made of the
height and stage of development of the rice plants in all production systems. Two
of the four cylinders plus the controls, were fertilized with °>N-labelled urea for
evaluation at the vegetative stage, and two were fertilized with common urea for
evaluation after physiological maturity. Following the flooded rice
recommendations (SOSBAI, 2018), in the V3 stage of the rice, N fertilization was
performed with urea (45% of N - natural concentration of 0.366% of 1°N atoms)
and °N-labelled urea (10% atom excess) (Figure 19A).

The different systems received 118 mg of N in the form of *N and 2

mg of °N, adding a total N rate of 120 mg per pot, equivalent to a rate of 150 kg
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N ha'. To meet these N requirements, 218.59 mg of common urea and 42.28 mg
of °N-labelled urea were applied per pot. The pots for evaluation after
physiological maturity were fertilized with 120 mg N pot?, at a dose of 267 mg of
common urea per pot. Immediately after fertilization, the soil was saturated with
distilled water, keeping a layer of 5 cm of water above the soil surface (Figure
19B). The soil was kept under flooded conditions throughout the experiment.

Figure 19. Nitrogen fertilization with *°N-labelled fertilizer (A) and subsequent soil
flooding simulating flooded rice cultivation (B), maintaining a water blade of 5 cm above
the solil surface, in a greenhouse experiment.

After 21 days of N fertilization, the height, the stage of development
and the number of tillers of rice plants were evaluated again. After that, the shoot
biomass was collected, dried in a forced air oven (65 °C) until they reach constant
mass, and then weighed. The samples were macerated and sieved with 0.150
mm mesh. Plant tissue samples were analyzed for total N concentration in
elemental analyzer and for *°N content by automated combustion C / N analyzer
coupled to an isotope ratio mass spectrometer.

The abundance of excess °N atoms was obtained by the difference
between the isotopic abundance (% '°N atoms) found in the samples and the
natural abundance of **N in the control samples (no °N-labelled urea, ~ 0.366%
of 15N atoms). Based on these results, Eq. 5 and Eg. 6 were used to estimate the

utilization % of N from fertilizer and the quantity of N derived from fertilizer (Ndff),
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respectively. All equations were based on methodology described by Hood et al.
(2000).

Amount of Ndff in the plant (img) )
%) =
N recovery (A)) (Amount of N applied as fertilizer (mg) x100 Eq 5

Ndff (mg) = (% Ilv(;igf)x Total N inrice (mg) Eq. 6

The %Nddf was calculated according to Eqg. 7, where the % excess
atoms of **N in the plant or in the fertilizer was calculated by subtracting the value
found in the control, without application of >N-labelled urea from the abundance

values of N obtained from the analysis by mass spectrometry.

% excess atoms of 15N in the plant ) 00

%Ndff = ( Eq. 7

% excess atoms of 15N in the fertilizer

2.5. Statistical analyses

Analyses were performed using the SAS statistical package® v.9.4
(Statistical Analysis System Institute, Cary, North Carolina), and results were
assessed using analysis of variance (ANOVA). Model residual assumptions were
checked with the Shapiro—Wilk normality test and Levene’'s homogeneity of
variance test. When a factor was deemed significant in the ANOVA, least squared
means were calculated and compared using Tukey’s adjustment. All tests were
performed at a significance level of alpha=0.05.

The MIXED procedure was used to evaluate the cropping systems
and N fertilization effects in the field experiment. This procedure considers the
main factors and their interactions as fixed factors, and block and the
experimental errors as random variables. A split plot model was used. The model
used cropping systems systems as the main plot, and N fertilization treatments

as the sub-plot.

3. Results
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3.1. Field experiment

The N fertilization increased shoot DM in all systems (Table 5).
However the increase due to N in R-ICLS and R/S-ICLS were 122% and 63%
higher respectively than in R-CT (2.1 Mg ha''). This resulted in differences in
shoot DM production among the systems with or without N fertilization. Without
N fertilization the R—CT and the R/S—-ICLS systems yielded 59% and 79% more
shoot DM than the R—ICLS system, respectively. However, with N fertilization the
R/S—ICLS system had the highest shoot DM production, yielding 64% and 38%
more than the R—CT and the R—ICLS systems, respectively (Table 5).

Table 5. Flooded rice shoot dry matter, nitrogen accumulation in shoot dry matter, grain
yield, and nitrogen utilization efficiency affected by nitrogen fertilization in different
production systems in Brazilian subtropics

Nitrogen Production systems
fertilization Average
(kg ha'l) R-CT® R-ICLS @ R/S-ICLS ©®
Shoot dry matter (Mg ha)
0 5.4 Ab 3.4Bb 6.1 Ab 5.0
150 7.5 Ba 8.9 Ba 12.3 Aa 9.6
Average 6.5 6.1 9.2
Nitrogen accumulation (kg ha)
0 48.7 Ab 30.2 Ab 54.3 Ab 44.4
150 99.6 Ba 117.2 Ba 161.7 Aa 126.1
Average 74.2 73.7 108.0
Grain yield (Mg ha)
0 5.0 6.1 7.6 6.1b
150 8.7 9.8 11.8 10.1a
Average 6.8B 7.9 AB 9.7A
--------------------- Nitrogen utilization efficiency® (kg grain kg N?) -----------eeeneeeeo-
0 113.3 Ba 201.2 Aa 141.5 Ba 152.0
150 103.3 Aa 84.0 Ab 73.0 Ab 86.7
Average 108.3 142.6 107.2

(M) R-CT = Tillage performed in autumn after every rice harvest, remaining under fallow period
during the winter. @ R—ICLS = Rice monocropping cultivated under no-tillage and with a winter
grazing season in a pasture of annual ryegrass. ®) R/S-ICLS = Rice and soybean rotation in
summer season cultivated under no-tillage and with a winter grazing season in a pasture of
annual ryegrass. ¥ Nitrogen utilization efficiency = Flooded rice grain yield per each kg of nitrogen
accumulated in shoot dry matter. Tukey’s test (p<0.05): Different lowercase letters indicate differences

between the nitrogen fertilization levels within each flooded rice production system. Different uppercase

letters indicate differences among flooded rice production systems within each nitrogen fertilization level.
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Similar results were found for N accumulated in shoot DM. Whereas
the N fertilization increased 51 kg ha! of N in the R—CT system, under R—ICLS
and R/S—ICLS systems the increases were 87 and 107 kg ha* of N accumulated
in shoot DM, respectively (Table 5). In the absence of N fertilization the systems
had similar N accumulation, averaging 48 kg ha! of N. However, when N was
applied, the R/S—ICLS system had 62% and 38% more N accumulated than R
R-CT and R—ICLS systems, respectively (Table 5).

N addition increased grain yield in all systems by an average of 4 Mg
ha™t. However, the R/S—ICLS system yielded 43% more than R—CT system, with
intermediate grain yield in the R—ICLS system (7.9 Mg ha™') (Table 5).

The NutE was affected by both N fertilization and production systems.
The highest Nute was found in the absence of N fertilization in the R—-ICLS
system, with 201.2 kg of grain produced per kilogram of N accumulated (kg grain
kg N71). This system was 77% and 42% more efficient than the R—CT and the
R/S—ICLS systems, respectively, in the absence of N fertilization (Table 5).
However, under N fertilization the systems showed no differences in the NutE.
The N fertilization decreased the NutE in the R—ICLS and the R/S—ICLS systems
by 58% and 52%, respectively. On the other hand, the NutE was not affected by
N supply in the R—CT system (Table 5).

There were no effects of production systems in AE, averaging 26 kg
of grain for each kg of N applied (Figure 20A). On the other hand, ARE was
affected by the production systems. The R/S—ICLS system had an ARE 112%
higher than the R—CT system, with intermediate ARE in the R—-ICLS system
(58%) (Figure 20B).



87

32 100
—~ A = B
o i >
- 30 § 80
"y —
2 28 % '|'
% > 60
‘S [
L © 40
E -—
g o
o © i
g’ (3 20
0 A
R-CT R-ICLS R/S-ICLS R-CT R-ICLS R/S-ICLS

Figure 20. Agronomic efficiency (A) and apparent recovery efficiency (B) of nitrogen

fertilizer by flooded rice affected by different production systems in Brazilian subtropics.
Systems: R—CT = Tillage performed in autumn after every rice harvest, remaining under fallow period during
the winter. R—ICLS = Rice monocropping cultivated under no-tillage and with a winter grazing season in a
pasture of annual ryegrass. R/S—ICLS = Rice and soybean rotation in summer season cultivated under no-
tillage and with a winter grazing season in a pasture of annual ryegrass. Tukey’s test (p<0.05): Different
lowercase letters indicate differences among flooded rice production system. ns, no statistical difference.

3.2. Greenhouse experiment

Prior to N fertilization rice presented three completely expanded
leaves (Vs stage) in all systems. Although significantly similar (p=0.31), the R—
ICLS system had a lower height (19.9 cm) than the other systems (24.3 and 21.2
cm in the R—CT and the R/S—-ICLS systems, respectively) at the moment of N
fertilization (Figure 21). Twenty one days after N fertilization the systems
increased 11 cm in height. However, the R—ICLS system was still 14% smaller
than the R—CT system (35.0 cm) (Figure 21).
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Figure 21. Height of flooded rice before and 21 days after nitrogen (N) fertilization,

affected by different production systems in Brazilian subtropics. Systems: R-CT = Tillage
performed in autumn after every rice harvest, remaining under fallow period during the winter. R-ICLS =
Rice monocropping cultivated under no-tillage and with a winter grazing season in a pasture of annual
ryegrass. R/S—ICLS = Rice and soybean rotation in summer season cultivated under no-tillage and with a
winter grazing season in a pasture of annual ryegrass. Tukey’s test (p<0.05): Different uppercase letters
indicate differences between flooded rice production system.

Regarding the shoot DM production, the systems followed a pattern
similar to the number of tillers. The R/S—ICLS and R—CT systems presented the
highest shoot DM production (3.3 and 2.7 g pot™, respectively), and the R—ICLS
system had the lowest shoot DM production, with 1.6 g pot™ (Table 6). Similarly
for biomass production, the systems showed different N accumulation in shoot
DM. The R—-ICLS system had the lowest N accumulation in shoot DM, with 25.7
mg N pot™, followed by the R-CT and the R/S-ICLS systems, with N
accumulations of 52.5 and 65.5 mg N pot™, respectively (Table 6).

Table 6. Nitrogen (N) content, shoot dry matter (DM), N accumulation in shoot DM, and
number of tillers of flooded rice sampled on vegetative stage, and N content and shoot
DM of flooded rice sampled on reproductive stage, under N fertilization with *>N-labelled
fertilizer, in different production systems in an experiment carried out in greenhouse in
Brazilian subtropics

Production Ncontent Shoot DM N accumulation Tillers® N content Shoot DM
systems®

Vegetative stage® Reproductive stage®

-%-- --gpotl-- --mgN pot?-- - % -- -- g pot?® --
R-CT 1.9 2.7a 525a 8.0 0.36 17.7b
R-ICLS 1.6 16b 25.7b 6.1 0.47 19.2b
R/S-ICLS 1.9 33a 65.5 a 8.1 0.54 24.2 a

Average 1.8 ns 2.5 47.9 7.4ns 0.46 ns 20.4
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) R—CT = Tillage performed in autumn after every rice harvest, remaining under fallow period
during the winter; R—ICLS = Rice monocropping cultivated under no-tillage and with a winter
grazing season in a pasture of annual ryegrass; and R/S—ICLS = Rice and soybean rotation in
summer season cultivated under no-tillage and with a winter grazing season in a pasture of
annual ryegrass. @Rice sampled 21 days after N fertilization. ®@Rice sampled after physiological
maturity. @Number of tillers per plant. Tukey’s test (p<0.05): Different lowercase letters indicate
differences among the flooded rice production system.

The highest % of N derived from fertilizer at 21 days after N fertilization
was found in the R—CT system, with 73.8% of Ndff (Figure 22A). The R/S—ICLS
system showed the lowest %Ndff (24.2%), with similar value in the R-ICLS
system (46.3%) (Figure 22A). Accordingly, multiplying the %Ndff by the N
accumulated in the shoot rice DM, whereas the R—CT system was absorbed 36.8
mg N pot? from the fertilizer, the R—ICLS and the R/S—ICLS systems absorbed
12.1 and 17.3 mg N pot™ from that source, respectively. This resulted in a N
recovery from the fertilizer of 30.7%, 10.1%, and 14.4% in the R—CT, the R—-ICLS
and the R/S—ICLS systems, respectively (Figure 22B).
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Figure 22. Nitrogen (N) derived (A) and recovery (B) from fertilizer on flooded rice
affected by different production systems in Brazilian subtropics. Systems: R-CT = Tillage
performed in autumn after every rice harvest, remaining under fallow period during the winter. R—ICLS =
Rice monocropping cultivated under no-tillage and with a winter grazing season in a pasture of annual
ryegrass. R/S—ICLS = Rice and soybean rotation in summer season cultivated under no-tillage and with a
winter grazing season in a pasture of annual ryegrass. Tukey’s test (p<0.05): Different lowercase letters
indicate differences among flooded rice production system. ns, no statistical difference.

At the end of growing season, rice in the R/S—ICLS had higher shoot
DM, N accumulation and number of panicles per plant than the other systems
(Table 6, Figures 23A and 23B). On the other hand, the rice N content was not
affected by the production systems, averaging 0.46% of N (Table 6). Rice in the
R/S—ICLS system had a shoot DM production of 24.2 g pot™, and the R—CT and
R-ICLS systems yielded 17.7 and 19.2 and g pot™, respectively (Table 6).
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By the physiological maturity, the R—CT, R—ICLS, and R/S-ICLS
systems increased N accumulation in 16%, 237%, and 99%, respectively
compared to vegetative stage (Figure 23A). The R/S—ICLS system yielded 33.5
panicles per pot, 44% and 33% higher than the R—CT and the R—ICLS systems,
respectively (Figure 23B).
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Figure 23. Nitrogen (N) accumulation in shoot DM (A) and number of panicles (B) of
flooded rice sampled after physiological maturity, affected by different production

systems in Brazilian subtropics. Systems: R-CT = Tillage performed in autumn after every rice
harvest, remaining under fallow period during the winter. R—ICLS = Rice monocropping cultivated under no-
tillage and with a winter grazing season in a pasture of annual ryegrass. R/S—-ICLS = Rice and soybean
rotation in summer season cultivated under no-tillage and with a winter grazing season in a pasture of annual
ryegrass. Tukey’s test (p<0.05): Different lowercase letters indicate differences among flooded rice
production system.

4. Discussion

ICLS in subtropical lowlands have been proven to improve soil quality
(Martins et al., 2017), soil nutrient availability (Carlos et al., 2020), and rice yield,
reducing reliance on mineral fertilizer (Denardin et al., 2020). The R/S—-ICLS
system yielded 3 Mg ha™! more than R—-CT system, on the average of N rates
(Table 5). This higher yield may be related to nutrient cycling (Assmann et al.,
2017; Farias et al., 2020), favored by the large amount of animal and plant
residues, and higher SOM labile fraction in R/S—ICLS, as observed by Martins et
al. (2017) in the same experiment only 18 months after its establishment. On the
other hand, N remains a limiting nutrient for rice yield, since N fertilization
increased grain yield on all systems (Table 5).

Rice monocropping under no-till can lead to short-term rice yield gap

due to reduced N availability (Denardin et al., 2019). The large amount of rice
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straw, with a high C / N ratio added to the soil, may temporarily decrease N
availability due to microbial N immobilization (Thuy et al., 2008; Singh et al., 2009;
Kuzyakov and Xu, 2013). On the other hand, crop rotation with legumes can play
an important role in improving soil fertility and sustaining rice yield by increasing
N availability (Singh et al. 2002; Mazzoncini et al., 2011; Yu et al., 2014) and soill
biological activity on ICLS (Martins et al., 2017; Carlos et al., 2020). Therefore,
the higher rice yield (1.8 Mg ha™) found in the R/S—ICLS system compared to
the R—-ICLS system (Table 5) may be related to the potential greater residue
quality (lower C / N ratio) deposited in the soil in smaller quantities from soybean,
with greater N input (Abiven et al., 2005; Mazzoncini et al., 2011), resulting in
less temporary N immobilization and higher N availability for rice.

The recovery efficiency of N fertilizer by rice generally ranges from 20
to 80% with an average of about 30—-40% (Cassman et al., 1993). Dobermann
(2007) proposed that the recommended AE and ARE for good management are
25-30 kg kg™ and 50-80%, respectively. According to these limits, all systems
were classified as good management considering the AE, averaging 26 kg kg™
(Figure 20A). Denardin et al. (2020) documented high rice yields even with
reduced N rates in ICLS. Therefore, studies reducing N fertilization and
evaluating the AE of rice in different ICLS are needed. Regarding the ARE, only
the ICLS were classified as good management, with ARE of 72% and 58% for
the R/S—ICLS and the R—ICLS systems, respectively (Figure 20B).

The higher ARE in the R/S—ICLS system may be related to higher
increments of N accumulation under N fertilization. The greater N accumulation
in the R/S—ICLS system (Table 5) may be due to the ‘priming effect’, increasing
microbial activity and hence the release of previously temporarily immobilized N
(Geisseler et al., 2017). This effect suggests that N fertilization can stimulate soil
N mineralization (Westerman and Kurtz, 1973). Mineral fertilizers have long been
reported to have effects on microbial activity and microbial community
composition in the soil (Ding et al., 2016; Geisseler et al., 2017). It is important to
point out that there is a greater N input via fertilizer to winter pastures in the ICLS,
which may be cycled and made available to rice in succession.

Assessment of the % Ndff proved the hypothesis that rice absorbed
less N from fertilizer in the ICLS up to 21 days after fertilization. Whereas the R—
CT system had 74% of Ndff, the R—ICLS and the R/S—-ICLS systems had 46%
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and 24% of Ndff, respectively (Figure 22A). Unlike the R—CT system, the ICLS
receive a large amount of animal and plant residues input in the winter season,
which may be contributing to higher N availability for rice. It is known that more
than 50% of the N assimilated by the crops originates from the release of organic
compounds (Mikkelsen, 1987; Cassman and Pingali, 1995), coming from the
SOM and crop residues.

Although both ICLS took up less N from fertilizer (Figure 22A and
22B), the cause for this seems to be different. The higher temporary
immobilization of N applied at tillering seems to be limiting the N uptake
(Geisseler et al., 2010; Kuzyakov and Xu, 2013; Liu et al., 2016) via fertilizer in
the R—ICLS system, due to the lower shoot DM production and N accumulation
in the field (Table 5) and greenhouse data (Table 6). On the other hand, rice in
the R/S—-ICLS system always had N accumulation equal or superior to other
systems (Figure 23A, Table 5 and 6), even absorbing less via fertilizer (Figure
22A and 22B). The greater residue quality (lower C / N ratio) and extra N input
via biological N fixation from soybeans in the R/S—ICLS possibly contribute to the
existence of more sources of available N, being less dependent on N via fertilizer.

According to Dobermann and Fairhurst (2000), the relationship
between grain yield and N uptake that reveals an optimal internal NutE is 68 kg
grain yielded per kg of N accumulated in the rice shoot DM. Considering these
limits, all systems had an optimal internal NutE, regardless of N fertilization (Table
5). However, the R—ICLS system was more efficient than the R—CT and the R/S—
ICLS systems in the absence of N fertilization, possibly due to greater N
immobilization by soil microorganisms leading to lower shoot dry matter
production (Table 5). Denardin et al. (2020) also documented greater NutE in the
R-ICLS system compared with R—CT when no N fertilizer was applied, possibly
related to greater synchronism between N uptake by rice and N released from
soil and microorganisms (Kuzyakov and Xu, 2013; Liu et al., 2016). Although we
did not use '°N-labelled fertilizer in the samples collected at the end of the rice
growing season, the higher N accumulations are indicative of greater N supply
throughout the rice cycle in both ICLS (Table 6; Figure 23A).

Nitrogen uptake at rice tillering (Vs stage) (Counce et al., 2000) plays
an imperative role in attaining sufficient DM accumulation to translate into grain

yield. However, adequate N availability throughout the rice growing season is
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necessary for the growth of developing panicle, number of branches per panicle,
and 1000-grain weight (Feng et al., 2020). Therefore, possibly the higher N
availability throughout the rice growing season in both ICLS, resulting in greater
synchronization of an adequate supply of N to crop demand (Rehman et al.,
2013), is explaining the higher rice yields (Table 5 and 6).

Nitrogen fertilization is an important agricultural practice for improving
plant nutrition, reaching high rice yields, and also for changes of soil environment,
which can affect the activity and diversity of soil microorganisms (Jangid et al.,
2008; Ding et al., 2016; Geisseler et al., 2017). A possible ‘priming effect’ found
in both ICLS emphasizes the importance of N fertilization not only acting directly
in rice nutrition, but also indirectly acting as a catalyst by increasing microbial
activity (Geisseler et al., 2017), and the N availability that was temporarily
immobilized. In this sense, it is fundamental to conduct studies evaluating the
effect of N fertilization on microbial activity and community, as well as the
assessment of the effect of providing different N rates on AE and rice yield in
different ICLS.

5. Conclusions

Integrated crop-livestock systems (ICLS) appear as a good alternative
to increase N use-efficiency (NUE) in flooded rice through the improvement in N
availability and rice yields in paddy fields. In this way, the rice-soybean rotation
in ICLS (R/S—ICLS) yields 43% more grains than the conventional system (R—
CT), under winter fallow and soil disturbance and ensures the greatest ARE of N
fertilizer by flooded rice.

Rice in ICLS absorbs less N from fertilizer up to 21 days after
fertilization. This result, combined with higher N accumulations in rice from
vegetative to reproductive stage suggest greater N supply throughout the rice
growing season in both ICLS.

Although both evaluated ICLS absorbed less N from fertilizer, the
cause for this seems to be different: whereas in the rice monocropping system
(R-ICLS) there is a possible N immobilization, reducing biomass production and

consequently N accumulation, in the R/S—ICLS system there are several sources
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of N available, being less dependent on N via fertilizer without compromising N

accumulation and rice yield.



CAPITULO VII - CONCLUSOES GERAIS

O plantio direto e o pastejo no periodo hibernal, constituindo um
sistema integrado de producdo agropecuaria em terras baixas no subtrépico
brasileiro, modifica a resposta do solo e dos cultivos do arroz e da soja a
adubacao mineral, em relacdo a areas manejadas com preparo convencional
(revolvimento do solo), monocultivo do arroz e pousio hibernal. Em tais sistemas
consolidados ha menor probabilidade de resposta em produtividade, da soja e
do arroz irrigado, a adubacdo mineral com P e K. Nesse sentido, o P e K
removido nos gréos de soja e arroz podem ser repostos durante a fase de
pastagem, caracterizando uma adubacdo de sistema, potencializando a
producédo de forragem e animal.

Por outro lado, a adubagao mineral com P e K tem uma importancia
fundamental no cultivo de arroz irrigado sob SIPA, aumentando grupos
microbianos especificos, tais como bactérias gram+ e gram-, actinomicetos e
fungos saprofiticos durante o periodo de alagamento do cultivo do arroz,
independentemente do sistema de producdo. Isto leva a um aumento no
contetdo de C e N na biomassa microbiana e formas labeis de C no solo (POxC).

As bactérias do solo sdo mais sensiveis do que os fungos as
mudancas no estado nutricional do solo durante o periodo de alagamento sob
cultivo do arroz em SIPA. Este grupo tem uma maior participagdo na
decomposicdo dos residuos durante o periodo de alagamento e,
consequentemente, na imobilizacdo de N na biomassa microbiana sob cultivo do

arroz irrigado.
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A alteracdo na razdo de bactérias gram+ / gram- sob adubacao
mineral com P e K revela que o SIPA com rotacao soja-arroz no verao apresenta
maior disponibilidade de C do que o SIPA com monocultivo de arroz, devido a
maior qualidade do residuo da soja e do pasto de inverno (menor relacdo C/ N).
Essa pode ser uma das razdes para esse arranjo produtivo produzir em média 2
Mg ha! de gréos de arroz a mais do que o SIPA com monocultivo de arroz.

Em relacdo a adubacao nitrogenada, o nitrogénio continua sendo um
nutriente limitante para obtencdo de altas produtividades de arroz,
independentemente do sistema de producdo, aumentando 65% da sua
produtividade. No entanto, um possivel ‘efeito priming’ encontrado em ambos
arranjos de SIPA enfatiza a importancia da adubacao nitrogenada, ndo apenas
atuando diretamente na nutricdo do arroz, mas também indiretamente como um
catalisador que aumenta a atividade microbiana, e a disponibilidade de N
imobilizado na biomassa microbiana.

O arroz absorve menos N oriundo do fertilizante sob SIPA. Este
resultado, combinado com maiores acumulos de N no arroz do estagio
vegetativo até o reprodutivo, indica um maior suprimento de N ao longo de todo
o ciclo de cultivo do arroz sob SIPA, suportando a hipétese de que existe um
maior sincronismo entre a absorcéo de N pelo arroz e a liberacdo de N pelo solo

e pelos microorganismos em SIPA.



CAPITULO VIl - PERSPECTIVAS FUTURAS DE PESQUISA

No sentido de avancar no manejo da adubacao mineral em areas que
contam com a adocéo do plantio direto e da inser¢do do componente animal
(sistema integrado de producdo agropecudria) em terras baixas, e que levem a
uma maior compreensao das respostas observadas na produtividade das
culturas, servindo de subsidio para futuras recomendacdes especificas de
adubacéo nitrogenada, fosfatada e potassica para tais sistemas, sugere-se 0s
seguintes aprofundamentos e/ou estudos:

a) Acompanhamento do efeito da aplicacdo de P e K isolados, na
disponibilidade de N (turnover da MO do solo) e no rendimento do arroz irrigado;

b) Avaliacao do efeito da adubacdo com P e K combinado com doses
decrescentes de N no solo (na abundancia e composi¢cdo microbiana e na
disponibilidade de N) e na produtividade do arroz irrigado;

c) Avaliacdo da eficiéncia agronémica e da dose de maxima eficiéncia
técnica e econbmica da adubacao nitrogenada em diferentes arranjos de SIPA;

d) Avaliacdo do efeito de diferentes doses de N na atividade,
abundancia e composi¢do da comunidade microbiana no campo;

e) Quantificacdo da absor¢cédo de N pelo arroz em diversos periodos
da estacéo de crescimento (e.g. curva de absorcdo de N); e

f) Utilizacdo de fertilizantes marcados com is6topo de N para
guantificacdo da contribuicdo de diferentes fontes (e.g. solo, fertilizante,

residuos) para nutricdo do arroz em diferentes fases do crescimento.
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