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RESUMO

O objetivo dessa tese foi examinar a associagao entre a qualidade do solo nos
sistemas integrados de produgao agropecuaria (SIPA) e a eficiéncia do uso de
agua e nutrientes com a adubacao de sistema. No capitulo | foi apresentado o
estado da arte e o referencial teérico que serviram como base para construgéo
do modelo conceitual dos fatores que influenciam a eficiéncia de uso de
nutrientes com adubacdo de sistema em SIPA. Nos capitulos Il e Ill foram
avaliadas as relacdes entre a qualidade estrutural do solo (I) e a interagao entre
os atributos fisico-hidricos e bioquimicos (lll) com a eficiéncia da adubagao de
sistema com fosforo e potassio em SIPA e em area sem pastejo. Foram avaliadas
duas estratégias de adubagéo (adubagéo de sistema e adubagéo na lavoura) em
esquema fatorial com dois sistemas de produgéao (sistema integrado de producéo
agropecuaria e area sem pastejo) em delineamento de blocos casualizados com
quatro (capitulo Il) e trés (capitulo lll) repeticdes. No sistema exclusivo de
producao de graos, a soja foi cultivada seguida pelo azevém como cobertura do
solo. No SIPA, o azevém era pastejado por ovinos. Na adubagao da lavoura,
foram aplicados fosforo e potassio no plantio da soja e nitrogénio no
estabelecimento do azevém. Na adubacdo do sistema foram aplicados
nitrogénio, fosforo e potassio durante o estabelecimento do azevém. Com base
no indice de qualidade fisica do solo (capitulo Il), a capacidade do solo em
desempenhar suas fungodes fisicas diminuiu de 94% no SIPA para 89% no
sistema exclusivo de produgdo de graos. Esse estudo forneceu a primeira
evidéncia de que a maior qualidade estrutural dos solos em um SIPA favorece o
rendimento das espécies vegetais em todas as fases de produg¢do. No capitulo
Il o SIPA com adubacéao de sistema favoreceu o maior indice de qualidade do
solo (IQS = 0,77) que integra fungbes bioquimicas e fisico-hidricas, comparado
a area sem pastejo com adubacgao de sistema (0,63) e ao SIPA com adubacéao
na lavoura (0,64). Em reflexo aos resultados obtidos com o I1QS, o SIPA com
adubacao de sistema, obteve as maiores produgdes primarias. As descobertas
deste estudo evidenciaram que a eficiéncia da adubacgao de sistema em SIPA
esta fortemente relacionada com os atributos fisico-hidricos e bioquimicos do
solo.

Palavras chave: intensificagao sustentavel, eficiéncia no uso de nutrientes,
servigos ecossistémicos de pastagens, qualidade do solo

1 Tese de Doutorado em Zootecnia - Produgdo Animal, Faculdade de Agronomia, Universidade
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STRATEGIES?
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ABSTRACT

The objective of this thesis was to examine the association between soil quality
in integrated crop-livestock systems (ICLS) and the efficiency of water and
nutrient use with the fertilization system. In chapter |, the state of the art and the
theoretical framework that served as a basis for the construction of the conceptual
model of the factors that influence the efficiency fertilization system in the crop-
livestock integration were presented. In chapters Il and lll, the relationships
between the soil structural quality (II) and the interaction between the physical-
hydric and biochemical attributes (l11) with the efficiency of the fertilization system
with phosphorus and potassium in an ICLS were and pure crop system. Two
fertilization strategies (system fertilization and crop fertilization) were evaluated
in a factorial scheme with two production systems (ICLS and pure crop system)
in a randomized block design with four (chapter IlI) and three (chapter IIl)
repetitions. In the pure crop system, soybean was cultivated followed by ryegrass
as soil cover. In the ICLS, ryegrass was grazed by sheep. In the crop fertilization
strategy, phosphorus and potassium were applied in the soybean planting and
nitrogen in the ryegrass establishment. In the system's fertilization strategy,
nitrogen, phosphorus and potassium were applied during the establishment of
ryegrass. Based on the soil physical quality index (chapter Il), the capacity of the
soil to perform its physical functions decreased from 94% in the integrated crop-
livestock system to 89% in the pure crop system. This study provided the first
evidence that the higher structural quality of soils in a ICLS favors the yield of
plant species in all stages of production. In chapter Ill, the ICLS with fertilization
system favored the highest soil quality index (SQI = 0.77) that integrates
biochemical and physical-hydric functions, compared to the pure crop system
with fertilization system (0.63) and the ICLS with crop fertilization (0.64). In
reflection of the results obtained with the SQl, the ICLS with a fertilization system,
obtained the highest primary productions. The findings of this study showed that
the efficiency fertilization system in the ICLS is strongly related to the physical-
hydric and biochemical attributes of the soil.

Keywords: sustainable intensification, nutrient use efficiency, pasture
ecosystem services, soil quality

2 Doctoral thesis in Animal Science, Faculdade de Agronomia, Universidade Federal do
Rio Grande do Sul, Porto Alegre, RS, Brazil. (149 p.) March, 2023.
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1. INTRODUCAO

Os maiores rendimentos per capita e o aumento de 2,3 bilhGes de pessoas
na populacdo mundial exigem o dobro da producdo atual de alimentos até a
metade deste século (GODFRAY et al., 2010; TILMAN et al., 2011; FAO, 2014).
Isto representa um grande desafio ao setor agropecuario, uma vez que esse
incremento terd de ser alcancado sem a expansao de novas areas e com a
mitigacdo dos impactos ambientais (MORAES et al., 2014a). Com as pressdes
politicas e econbmicas cada vez maiores, 0 setor de producdo de alimentos
tornou-se mais especializado. No entanto, existem preocupacdes com sistemas
agricolas ndo conservacionistas, devido aos efeitos negativos sobre o meio
ambiente (DURU et al., 2015). Sdo varias as consequéncias dessa
especializacdo, dentre tantas, destacam-se: a perda de diversidade, maior
emissao de gases de efeito estufa (GEE), reducao da qualidade da agua, erosao
e perda de qualidade dos solos (DURU et al., 2015; PEYRAUD et al., 2014).

Carvalho et al. (2010) destacaram a imprescindibilidade da prestacdo de
servicos ecossistémicos pelos novos modelos de producdo agricola, ndo
somente a producdo de alimentos em si. Nesse sentido, os sistemas de
producdo conservacionistas que integram lavouras e a atividade pecuaria
constituem uma estratégia consolidada para intensificacdo da producdo de
alimentos em harmonia com a preservagao ambiental (BULLER et al., 2015). Os
servicos ecossistémicos promovidos por Sistemas Integrados de Producéo
Agropecuaria (SIPA) foram destacados em diversos trabalhos (ANGHINONI et
al., 2013; FRANZLUEBBERS et al., 2014; ASSMANN et al., 2015; BONETTI et
al., 2019), que expuseram, dentre outros, a maior producado de gréos, maior
qualidade da 4gua, reducdo dos riscos de erosao por meio das maiores taxas de
infiltracdo nos solos e a manutencdo da fertilidade do solo através da maior
eficiéncia na ciclagem de nutrientes.

Embora os SIPA sejam uma via concreta de intensificacdo sustentavel,
ainda ha preocupacdes referentes a reducéo da producdo agricola devido a
supostos impactos negativos na qualidade do solo ocasionados pela presenca
do animal (MARTINS et al., 2015). No entanto, sabe-se que com boa gestao e
manejo adequado da carga animal ndo sé sao neutralizados esses efeitos como,
também, a presenca do animal proporciona maior qualidade fisico-hidrica
(BONETTI et al., 2019), biolégica (CHAVEZ et al., 2011) e quimica ao solo
(MARTINS et al., 2014).
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A integracdo do animal em pastejo com a agricultura impde maior
complexidade aos sistemas de plantio direto (SPD) convencionais (CARVALHO
etal., 2018). Nos SIPA, os animais sé&o considerados catalisadores do continuum
solo-planta-atmosfera, capazes de alterar as taxas e os fluxos dos processos
(ANGHINONI et al., 2013), promovendo mudancas quantitativas e qualitativas
no material organico e, consequentemente, na mineralizagéo e na liberacdo de
nutrientes. Além disso, em sistemas pastoris, a desfolha estimula o crescimento
radicular que, por sua vez, atua diretamente na estruturagéo do solo (AMBUS et
al., 2018). Franzluebbers et al. (2011a) sugerem que a maior agregacao dos
solos em SIPA pode melhorar a qualidade fisico-hidrica dos solos, influenciando
positivamente a conectividade dos poros. Ainda segundo esses autores, essas
alteracbes possuem influéncia direta nos processos hidrolégicos, com
implicacdes no crescimento das plantas e nas emissdes de GEE.

Dessa forma, considerando-se esse potencial, diversos trabalhos tém
confirmado efeitos residuais da adubacdo em pastagens para culturas de gréos
cultivadas em sucesséo (SANDINI et al., 2011; ASSMANN et al., 2003). Tais
experiéncias sugerem que a aplicacdo do conceito de adubacédo de sistema
(ASSMANN et al., 2017), onde a reposi¢éo de nutrientes no solo é realizada na
fase pastagem do SIPA, além de permitir a reutilizacdo desses nutrientes na
lavoura, podem reduzir o uso de insumos e mitigar possiveis contaminacdes
ambientais.

Apesar dos humerosos trabalhos que abordam questdes relativas aos SIPA
(MORAES et al., 2014b), desconhecem-se estudos que associem a qualidade
do solo com a eficiéncia da adubacgao de sistema e a possivel influéncia desses
atributos no tempo de reposi¢cao de nutrientes no solo. Assim, como o solo é a
base para a produgdo animal e vegetal, torna-se essencial o estudo dos
processos e dos agentes capazes de otimizar o uso de insumos, servindo de
subsidio para a exploragao racional e planejada, a fim de maximizar as sinergias
intrinsecas da relacao solo-planta-animal e aumentar a producédo do sistema,
com menos desperdicio de insumos e contaminagdo ambiental. Diante do
exposto, o presente estudo tem como objetivo examinar a associagéo entre a
qualidade do solo e a eficiéncia da adubagao de sistema em um SIPA (soja-
ovinos) em SPD.


https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/greenhouse-gases
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2. REVISAO BIBLIOGRAFICA
2.1. Sistemas integrados de produgao agropecuaria

2.1.1 Histoérico e avancos conceituais

A integragao do cultivo de plantas agricolas e a produg¢ao animal € uma
técnica de exploragdo usada ha milhares de anos. Os primeiros registros da
exploragédo, pelos humanos, de plantas e animais, originam-se desde os
primordios da revolugéo agricola neolitica. Entretanto, somente no século XVI,
na Europa, a partir da primeira revolugédo agricola dos tempos modernos,
registrou-se o planejamento funcional de um SIPA, em seu estado bruto, onde
pastos de gramineas e/ou leguminosas passaram a ocupar os intervalos entre
culturas agricolas destinadas a produgdo de grdos para consumo humano,
resultando em sistemas ditos “sem pousio”. Esta pratica, entdo, proporcionou a
criacao de animais, que usufruiam das espécies forrageiras como alimento e em
troca forneciam a producgao de esterco, a forca de tragcdo, bem como todos os
outros produtos provenientes da atividade pecuaria (e.g., 1a, peles, carne, leite)
(MAZOYER; ROUDART, 2010).

Desde as suas origens os SIPA sao reconhecidos como uma estratégia
eficiente na utilizagdo dos recursos naturais. Segundo Mazoyer; Roudart, (2010),
as técnicas de integragéo iniciais promoveram incrementos consideraveis nos
rendimentos dos cereais e, inclusive, permitiu a introdugéo de espécies mais
exigentes em fertilidade do solo, devido a maior disponibilidade de esterco
animal usado como adubo organico. Porém, a justificativa dos acréscimos na
produtividade das lavouras ndo se resumiam ao aumento da quantidade de
esterco. Esses mesmos autores reconheceram que o cultivo de espécies
forrageiras em intervalos agricolas promovia menores perdas de nutrientes por
lixiviagdo, uma vez que, as plantas forrageiras que subsitutiam o pousio
exploravam a solucio do solo e absorviam nutrientes, que antes eram perdidos.

No Brasil, desde os séculos XVII e XVIII, a integragdo da producéo de
gado e culturas agricolas era tida como um sistema “peculiar e eficaz” (Linhares,
1995). No entanto, a contribuigio do componente animal aos sistemas
integrados nessa época, se limitava ao fornecimento de esterco para fertilizagao

do solo. Os animais eram criados em confinamento através da utilizacdo da
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forragem produzida nos campos, sendo responsaveis pela producéo de esterco
que, posteriormente, seria recolhido, conservado e utilizado quando necessario
para adubacéao dos solos (MAZOYER; ROUDART, 2010).

Os SIPA, conhecidos na literatura técnica como integracao lavoura-
pecuaria (ILP), desde as suas origens estiveram em constante evolugdo. Apesar
da integracédo ser uma técnica milenar, a sua exploragao de forma deliberada
nao é algo tdo antigo, diferentemente dos modelos iniciais que consistiam
basicamente de rotagdes entre culturas agricolas e pastagens (CARVALHO et
al., 2014). Medeiros (1978) destacou que o principio da ILP parte essencialmente
da coexisténcia de culturas e gado na mesma area. Segundo Moraes et al.
(2014c), este foi um dos primeiros avangos conceituais que contribuiu para o
desenvolvimento do SIPA como sistema mais complexo que as rotagdo de
culturas/pastagens. Ressaltaram ainda que a evolugdo mais substancial no
conceito do SIPA surgiu pela necessidade de adaptacao a tecnologia do plantio
direto, na década de 1990, quando esses sistemas tiveram que se ajustar as
praticas conservacionistas dos sistemas de semeadura direta.

O avanco conceitual que ofereceu para o mundo o uso dos SIPA baseado
em praticas conservacionistas contribuiu significativamente para a adogéo
desses sistemas na atualidade, visto que a associacdo dessas praticas pode
potencializar os efeitos benéficos da integragao agropecuaria, a ponto de permitir
a intensificacdo da producdo de alimentos em consondncia com as novas

exigéncias ambientais.

2.1.2 Importancia no cenério atual

No cenario atual, as iniciativas conservacionistas estdo ressurgindo
gradualmente, como os sistemas de plantio direto e de integragdo agropecuaria
(FRASER et al., 2014; MORAES et al., 2014b; CARVALHO et al., 2014). Isto
porque, na agricultura moderna, com pressodes politicas e econdmicas cada vez
maiores, o setor de alimentos optou por simplificar os sistemas de producao,
resultando na separagao entre produgao vegetal e animal (CARVALHO et al.,
2014). Essa redugdo da diversificagdo das atividades ocasionou maior
dependéncia de insumos externos (e.g., pesticidas e fertilizantes) e, ao mesmo

tempo, reduziu a utilizagdo dos insumos de manejo (e.g., controle bioldgico,
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ciclagem de nutrientes e acumulo de carbono) (HOUSE & BRUST, 1989),
resultando em impactos nocivos ao ambiente.

Esse processo de modernizagao através da agricultura intensiva,
promovida pela Revolugdo Verde (KIRSCHENMANN, 2007), provocou
acréscimos nos rendimentos produtivos, principalmente nos paises em
desenvolvimento. No entanto, as consequéncias ambientais e sociais negativas
eram desconsideradas ou ndao eram reconhecidas (FRANZLUEBBERS et al.,
2011b). Kirschenmann (2009) e Steiner et al. (2009) expuseram que o setor de
producdo alimentos estaria vivenciando uma época altamente competitiva, em
que os efeitos negativos sobre 0 ambiente e a sociedade, mesmo que explicitos,
estariam sendo ignorados.

Os impactos negativos da agricultura intensiva na qualidade ambiental
comecaram a chamar aten¢do nos ultimos anos (FRANZLUEBBERS et al.,
2011b). Dentre as consequéncias, pode-se citar a perda de biodiversidade nos
ecossistemas, poluicdo do ar e da agua, diminuicdo das reservas de agua
subterranea, emissao de GEE e degradacédo dos solos (DURU et al., 2015;
PEYRAUD et al., 2014). Atualmente, esses sistemas ndo conservacionistas, com
efeitos nocivos ao ambiente, sdo considerados inadmissiveis pela sociedade
(LEMAIRE et al., 2014).

A forte dependéncia de insumos externos nos sistemas altamente
especializados (LEMAIRE et al., 2015) comprometem a qualidade dos recursos
hidricos devido ao uso indiscriminado de fertilizantes. Nesses sistemas,
comumente os solos se encontram com excesso de fertilizantes quimicos, que
por ndo serem absorvidos em sua totalidade pelas plantas, ficam expostos ao
processo de lixiviagao direcionado aos lengois freaticos e, consequentemente,
ha contaminagcdo dos recursos hidricos. Esses fatores, associados a
descompromissada utilizacdo de recursos nao renovaveis vém reduzindo a
eficiéncia do uso de nutrientes na agricultura. Um exemplo disso € que nos
ultimos cinquenta anos a produgdo mundial de alimentos aumentou trés vezes
(LEMAIRE et al., 2015), enquanto a aplicagao de adubos nitrogenados aumentou
oito vezes (SUBBARAO et al., 2013).

Diante desse cenario de insustentabilidade associada aos sistemas
altamente especializados, tornou-se imprescindivel que os novos modelos

produtivos estejam direcionados nao somente para a produgao de alimentos em
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si, mas também para a prestacéo de servigos ecossistémicos (CARVALHO et al.,
2010). Os requisitos atuais para o setor agropecuario visam diminuir custos e,
ao mesmo tempo, conservar o meio ambiente (KLUTHCOUSK; STONE, 2003).
Nesse sentido, os SIPA ressurgem como estratégia para atingir metas de
produtividade em consonancia com a preservacdo do meio ambiente e
favorecimento da economia (WRIGHT et al., 2011; BONAUDO et al., 2014;
LEMAIRE et al., 2014; CARVALHO et al., 2018).

As areas com SIPA representam uma das principais formas de uso da terra,
cobrindo aproximadamente 25 milhdes de km? no mundo (BELL; MOORE, 2012).
Esses sistemas sdo responsaveis por alimentar 2 bilhdes de pessoas e produzir
50% dos alimentos consumidos, o equivalente a aproximadamente 75% do leite,
65% da carne bovina e 55% da carne ovina (WRIGHT et al., 2011). Além da
expressiva representatividade produtiva, os SIPAs vém sendo reconhecidos por
promover redugdées nos custos de produgdo (RYSCHAWY et al., 2012) sem
impactos negativos nos niveis de produtividade (BALBINOT JUNIOR. et al.,
2009; MORAES et al., 2014a), resultando em maior retorno econémico ao
produtor (OLIVEIRA et al., 2014). Dentre outras vantagens estdo a melhoria das
propriedades funcionais do solo (ANGHINONI et al., 2013; SALTON et al., 2014),
aumento da ciclagem de nutrientes (ANGHINONI et al., 2013; ASSMANN et al.,
2015) e maior eficiéncia na utilizagao dos recursos naturais (WRIGHT et al.,
2011; MARTINS et al., 2014).

Apesar de todos esses beneficios, ainda ha debates e preocupacdes
referentes ao efeito do animal nos solos das areas agricolas. As principais
discussdes sobre essa tematica referem-se a possiveis impactos negativos no
crescimento e desenvolvimento das espécies vegetais em decorréncia da
compactacgao dos solos provocada pelo pisoteio dos animais. No entanto, sabe-
se que com boa gestdo e manejo adequado da carga animal ndo sO sdo
neutralizados esses efeitos, como também a presenca do animal proporciona
maior qualidade fisico-hidrica (BONETTI et al., 2019), biolégica (CHAVEZ et al.,
2011) e quimica aos solos (MARTINS et al., 2014). Os sinergismos intrinsecos
da relagcédo solo-planta-animal com foco nos efeitos do pastejo no solo sera

abordado em detalhes no proximo item (Iltem 4.2).
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2.2 Sinergismos intrinsecos darelagao solo-planta-animal: efeitos do
pastejo no solo

A introducdo dos animais em pastagens nas areas agricolas oferece
diversas alteragbes no continuum solo-planta-atmosfera, sendo considerados
como catalisadores de varios processos (ANGHINONI et al.,, 2013). Para
Carvalho et al. (2018), as sinergias complexas e intrinsecas da relagao solo-
planta-animal oferecem um estado organizacional superior a esses
agroecossistemas. Ainda, os efeitos unicos do processo de pastejo (pisoteio,
desfolhamento e retorno de excretas) sdo o “motor” das mudancgas, capazes de
alavancar diversos beneficios ambientais através de melhorias na qualidade do
solo.

Embora o animal seja o “motor” das mudangas em um SIPA, o solo é a
base para a producdo animal e vegetal, atuando como a “memdria” do sistema,
por capturar e armazenar as modificagdes impostas pelo manejo (ANGHINONI
et al., 2013). Isto justifica a atengdo especial crescente nos ultimos anos das
pesquisas para uma compreensao mais ampla dos impactos dos SIPA na
qualidade do solo (ANGHINONI et al., 2013; MORAES et al., 2014a, b). Os
principais indicadores da qualidade do solo podem ser resumidos em fisico-
hidricos (SPERA et al., 2012; ANGHINONI et al., 2015; CECAGNO et al., 2016;
BONETTI et al., 2019); bioldgicos (SOUZA et al., 2010; CHAVEZ et al., 2011;
ANGHINONI et al., 2015) e quimicos (MARTINS et al., 2014, b; SILVA et al.,
2014a; MARTINS et al., 2016).

Apesar de o solo ser um componente bastante explorado nas pesquisas
em SIPA, de forma geral esses estudos ainda estdo sob uma abordagem
multidisciplinar, como um conjunto de disciplinas que sao tratadas
separadamente. Este tipo de avaliagdo desconsidera as relagdes existentes e a
atuacao simultdnea dos processos e agentes envolvidos no funcionamento de
um SIPA, tornando os progressos cientificos limitados e mesmo desconexos.
Para a real compreensao do funcionamento do solo em SIPA, os estudos devem
ter abordagens que incluam todas as inter-relagbes entre componentes
bioldgicos, fisico-hidricos e quimicos do solo (ANGHINONI et al., 2013).

No SIPA, os animais em pastejo sdo responsaveis por conduzir mudangas

nas propriedades funcionais do solo. Os efeitos uUnicos do pastejo,
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especificamente a desfolhagcio e o retorno de excretas, oferecem novas rotas e
fluxos de C capazes de potencializar a atividade dos microrganismos e favorecer
o fluxo de agua e nutrientes no solo através da melhor agregacédo e
conectividade dos poros (FRANZLUEBBERS et al. 2011a; ANGHINONI et al.,
2013). Nos proximos itens serdo discutidos em detalhe os efeitos do pastejo na
qualidade microbioldgica (2.1) e fisico-hidrica (2.2) dos solos e suas implicagdes
na manutengcdo da fertilidade no tempo e na eficiéncia de uso de agua e

nutrientes pelas plantas.

2.2.1 Efeitos do pastejo na qualidade microbiolégica do solo

A matéria organica do solo (MOS) desempenha papel fundamental na
manutengao de multiplas fungdes, devido a sua importancia e influéncia em
todas as caracteristicas do solo, sendo considerada como o compartimento
central do sistema e um dos principais atributos do solo (ANGHINONI et al.,
2015; HU et al., 2018). A matéria organica possui fragbes de C com diferentes
estabilidades e composi¢cdes quimicas, geralmente classificadas como fragéo
labil e recalcitrante. O carbono organico labil (CL) é caracterizado por altas taxas
de decomposicdo e curto periodo de permanéncia no solo, sendo a principal
fragdo da MOS a atuar no fornecimento de nutrientes as plantas, energia e C aos
microrganismos do solo. Ja o carbono organico recalcitrante (CR) tem maior
estabilidade e atua principalmente na estruturagdo do solo e no sequestro de
carbono (YU et al., 2017; HU et al., 2018).

Os microrganismos, principalmente as bactérias, os fungos, os
protozoarios e as algas, constituem a biomassa microbiana (BMS) que, por sua
vez, é considerada a fracao viva de matéria organica, responsavel pela
decomposigéo dos residuos organicos e liberagado de nutrientes para as plantas,
via reagdes bioquimicas e biolégicas no solo que caracterizam o processo
conhecido como ciclagem de nutrientes (BALOTA et al., 1998). Por centralizar
varios processos, a BMS atua também nos ciclos do C, N, P e S no solo, podendo
funcionar como reserva desses nutrientes (SOUZA et al., 2010).

A atividade dos microrganismos na BMS é influenciada pelo clima,
principalmente, pela temperatura (WALLENSTEIN et al. 2010), pela umidade
(BOROWIK et al., 2016), pela disponibilidade de nutrientes e pelo C organico do
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solo (SOUZA et al., 2010). Além dos fatores ambientais, os fatores de manejo
sdo capazes de alterar a qualidade (e.g., labil e recalcitrante) e a quantidade dos
residuos vegetais que retornam ao solo podendo interferir na quantidade,
diversidade e atividade dos microrganismos (SOUZA et al., 2010; CHAVEZ et
al., 2011; ANGHINONI et al., 2015). Segundo Cattelan; Vidor (1990) em
situagdes que haja acréscimo de residuos organicos no solo ocorre aumento
populacional e da atividade dos microrganismos.

Em SIPA, a desfolhacdo e o retorno das excretas dos animais ao solo
alteram a dinamica do C orgénico, oferecendo novas rotas que aumentam a
disponibilidade de C para os microrganismos do solo (WAKELIN et al., 2009).
Segundo Souza et al. (20064, b), o pastejo em intensidades moderadas promove
o incremento de matéria organica de maior qualidade, ou seja, da fragao labil,
que tende a influenciar positivamente os microrganismos do solo ao proporcionar
energia e nutrientes para sua manutengao e atividade. Isto corrobora com as
afirmagdes de Carvalho et al. (2010), ao considerarem os efeitos unicos do
processo de pastejo como um “motor” das mudangas no sistema, promovendo
transformacgdes quantitativas e qualitativas no material organico.

As mudancas na qualidade dos compostos de carbono em SIPA sao
provocadas, diretamente, através do retorno de fezes e urina ao solo, ou
indiretamente, por modificagdes nas concentragdes de nutrientes nos tecidos
vegetais, resultando em uma serapilheira de maior qualidade (BARDGETT;
WARDLE, 2003). Nos SIPA, uma pequena fragao dos nutrientes é retirada em
produtos de origem animal (SILVA et al., 2014b) e em torno de 60 a 95% retornam
ao solo como esterco e urina (TABOADA; RUBIO; CHANETON, 2011). Uma
fracdo desses residuos € de alta labilidade, com rapida decomposigao,
fornecendo energia e nutrientes aos microrganismos para mineralizagao da MOS
e, finalmente, liberacao de nutrientes (SOUSSANA; LEMAIRE, 2014).

Os animais regulam a quantidade de MOS por meio da indugdo de
respostas fisioldgicas nas plantas, como alteragdes na producao de biomassa
total (parte aérea e raiz) e através da exsudacgao radicular. No curto prazo, a
quantidade de MOS ¢ influenciada principalmente pelos exsudatos radiculares,
enquanto que em longo prazo a quantidade de MOS ¢ afetada pelas mudancas
induzidas pelo pastejo na produgao de biomassa total (BARDGETT,; WARDLE,
2003).
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Nos ecossistemas pastoris a produgao de biomassa € estimulada pelos
efeitos do pastejo por meio de dois mecanismos. A desfolha induz a alocagéo
das reservas das plantas na sua rebrota para recuperacao dos tecidos
consumidos (HILBERT et al. 1981, OESTERHELD; MCNAUGHTON 1991) e os
nutrientes muitas vezes limitantes ao crescimento das plantas forrageiras, como
o nitrogénio (N), estdo disponiveis mais rapidamente nas excregdes dos animais
do que nos tecidos vegetais senescentes (SHARIFF et al. 1994, FRANK;
GROFFMAN, 1998).

A quantidade de MOS que entra no sistema também é influenciada por
maiores exsudagdes de formas altamente labeis de carbono organico pelas
raizes, e ao mesmo tempo pelo estimulo ao desenvolvimento radicular (SOUZA
et al.,, 2010). Hamilton et al. (2008) observaram que a desfolha estimulou a
exsudacgao de C das raizes em 1,5 vezes, resultando no aumento simultaneo da
biomassa microbiana na rizosfera. Além disso, as raizes podem contribuir como
reservatorios de C em solos de pastagens (FRANK; GROFFMAN, 1998). Nesse
sentido, quanto maior a presenca de raizes, maior sera a liberacdo dos
compostos organicos que serviraio como fonte de C e energia aos
microrganismos.

Hamilton; Frank (2001) relataram que a desfolha promoveu a exsudagao
radicular de carbono que de imediato foi assimilado pelos microrganismos,
resultando em maior atividade destes, e consequente liberagdo de nutrientes no
solo. Além disso, esses efeitos proporcionaram maior disponibilidade de N
inorganico no solo e maiores teores de N nas folhas, favorecendo a fotossintese
das plantas e, portanto, a produgcdo de biomassa. Estas descobertas foram as
primeiras evidéncias de que as plantas pastejadas estimulam a BMS e que ha
um retorno positivo pelo qual a presenga do animal possibilita fluxos de energia
e nutrientes que podem resultar em maior crescimento da planta.

As interagdes plantas-microrganismos beneficiam ndo somente a planta
que foi desfolhada, mas também melhoram a disponibilidade de nutrientes para
as plantas vizinhas (BARDGETT, WARDLE, 2003). Entretanto, os
microrganismos também competem com as plantas por nutrientes (KAYE; HART,
1997). Este fato impede que os efeitos compensatérios da desfolha ocorram em
solos de baixa fertilidade; nessas condicdes, a desfolha pode inclusive reduzir a
populagdo dos microrganismos do solo (BARDGETT; WARDLE, 2003).


https://www.sciencedirect.com/science/article/pii/S0038071708002770?casa_token=7EOqyl8WtPYAAAAA:qTwla6hOCJfyFQg3JFrDyY54RQyOuNkjeUdqcPnkrDt0QxPWK6FtwpbntI_j5VJaiCoT4PqFbd_5#bib18
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Apesar dos efeitos do pastejo na qualidade microbiolégica e suas
implicagbes na fertilidade dos solos serem inquestionaveis, alguns autores
(HAMILTON; FRANK, 2001) argumentam que ha dificuldades em explicar os
resultados promissores associados a presenga dos animais em grandes escalas
espaciais. As justificativas estdo associadas a distribuicdo dos excrementos
influenciarem apenas uma pequena propor¢gdo da area, geralmente
concentrados em areas de aguadas, repouso e saleiros (AUERSWALD et al.,
2009; BAILEY et al., 2001; TATE et al. 2003; WHITE et al., 2001). Por outro lado,
diferentemente da distribuicao de excretas, a desfolha é um processo mais difuso
e mais relacionado com as respostas positivas do pastejo em grandes escalas
espaciais (HAMILTON; FRANK, 2001).

Conforme abordado no inicio deste item (4.2.1), o maior aporte da MOS
mediada pela presencga dos animais em SIPA, exerce uma fungao essencial na
manutenc¢ao de todos os atributos do solo. Alguns autores (FRANZLUEBBERS,
2002; RAWLS et al., 2003) destacaram que ha relagdes diretas entre o conteudo
de MOS com as propriedades fisico-hidrica dos solos, como as taxas de
infiltracdo e a quantidade de agua disponivel para as plantas. Nesse sentido,
considerando as possiveis implicacbes dessas mudancgas na produtividade
primaria e, consequentemente, na producdo dos SIPA, serdo detalhados no

préoximo item (4.2.2) os efeitos do pastejo na qualidade fisico-hidrica dos solos.

2.2.2 Efeitos do pastejo na qualidade fisico-hidrica do solo

Apesar de o SIPA ser considerado uma estratégia para intensificacdo
sustentavel, ainda ha preocupacdes referentes a impactos negativos na
producao agricola associado a efeitos negativos do animal no solo (MARTINS et
al., 2015). Na literatura referente aos impactos do pastejo no solo, comumente
sao identificados efeitos negativos como, por exemplo, o0 aumento da densidade
e areducao do espaco poroso, principalmente a macroporosidade (MOREIRA et
al. 2014). Tais experiéncias sustentam a preocupacdo com a insercdo dos
animais em pastagens integradas com areas agricolas. No entanto, na maioria

dos casos, esses efeitos negativos restringem-se apenas a superficie do solo (0
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até 5 cm de profundidade), que segundo Bell et al. (2011) é a camada em que
ocorrem as maiores mudancas fisicas do solo em SIPA.

Atualmente, sabe-se que com boa gestdo e manejo adequado da carga
animal, ndo sé sao neutralizados esses efeitos, como a presenca do animal
melhora os atributos fisico-hidrico (BONETTI et al., 2019), biolégicos (CHAVEZ
et al., 2011) e quimicos do solo (MARTINS et al., 2014). Segundo Bonetti et al.
(2019), o pastejo moderado melhorou a condicéo fisica do solo, a infiltracdo e a
retencdo de agua. Esses autores relataram que o maior teor de agua disponivel
no solo foi observado nessas condi¢des. O gerenciamento adequado da carga
animal mantém relacdo adequada entre os macro e microporos do solo,
favorecendo boa aeracéo, infiltracéo e retencéo de dgua em todo o perfil do solo
(LIEBIG et al., 2011).

Os animais promovem melhoras nas propriedades fisico-hidrica dos solos
por meio dos incrementos na MOS (BARDGETT; WARDLE, 2003) e pelo
estimulo ao desenvolvimento de raizes das plantas, resultante da inducao de
novos perfilhos (ANGHINONI et al.,, 2013). Franzluebbers et al. (2011a)
expuseram que 0 maior acumulo de MOS pode influenciar positivamente a
conectividade dos poros. Isso esta relacionado a formacgéo e a estabilidade de
agregados no solo, proporcionada pela MOS. A conectividade dos poros é
fundamental para o suprimento de agua e nutrientes as plantas. Segundo Jin et
al. (2013), para essa conexdao 0S macroporos Sdo essenciais para reduzir a
resisténcia do crescimento radicular. Além disso, a agregacéo e a conectividade
dos poros melhoram as taxas de infiltracdo de agua no solo (BELL et al., 2014;
AMBUS et al., 2018), reduzindo os riscos de eroséo.

A MOS desempenha também a funcdo de retencédo de agua. De acordo
com Rawls et al. (2003), a MOS é importante para retencdo de agua em
potenciais matriciais proximos a capacidade de campo. Contudo, a medida que
0 solo se torna mais seco, ou seja, mais proximo do ponto de murcha, a influéncia
da MOS diminui. Bonetti et al. (2019) atribuiram a maior retencdo de agua em
potenciais matriciais intermediarios (entre -30 e -500 kPa) nos tratamentos com
pastejo moderado ao maior acumulo de MOS. Esses resultados evidenciam que
os SIPA, por promoverem alta adicdo de MOS, podem influenciar diretamente o

conteudo de agua disponivel para as plantas.
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Em sistemas pastoris a desfolha estimula o crescimento radicular que, por
sua vez, atua diretamente na estruturacdo do solo (AMBUS et al., 2018). De
acordo com Conte et al. (2011), os acréscimos na densidade das raizes em SIPA
melhoram a agregagao do solo. Esses resultados estdo relacionados
a importante contribuicdo das raizes no aporte de carbono no solo
(WOHLENBERG et al., 2004; SALTON et al., 2008), que em regra sao
compostos mais recalcitrantes que o dossel e permanecem por mais tempo nos
solos (DE NEERGAARD et al., 2002). Entretanto, as raizes influenciam a
estrutura do solo também através dos exsudatos de compostos organicos
(GYSSELS et al., 2005, BAIS et al., 2006 ), atuando como agentes ligantes
eficazes entre particulas minerais e microagregados (POHL et al., 2009).

Segundo Carmona et al. (2018) as raizes contribuem para redugao da
densidade do solo. Dessa forma, o estimulo do crescimento das raizes em SIPA
pode promover maior espago poroso no solo e, consequentemente, maior
capacidade de agua disponivel para as plantas. Além disso, as raizes atuam
como barreira ao impacto do pisoteio animal, limitando as alteragdes fisicas
apenas na camada superficial do solo (FRANZLUEBBERS; STUEDEMANN,
2008).

Os resultados de Ambus et al. (2018) indicaram que em um SIPA, manejado
com soja (Glycine max) no verdo e aveia preta (Avena strigosa) + azevém
(Lolium multiflorum) no inverno, o pastoreio continuo por bovinos de corte
promoveu acréscimo da compactagcao na camada superficial do solo; entretanto,
ocorreu um efeito de mitigagdo durante o ciclo da soja. Esses resultados
evidenciam uma capacidade de regeneracao do solo em SIPA, que de acordo
com Ambus et al. (2018) esta associada a intensa atividade bioldgica, ciclos de
umidificagdo e secagem, e contribuicdo das raizes do pasto na estruturagdo do
solo. Segundo Zufiga et al. (2015), a decomposigao das raizes contribui também
para melhorar a permeabilidade do solo a agua e ao ar.

Ambus et al. (2018) destacaram que nas camadas abaixo da superficie (5-
10 e 10-20 cm) as maiores condutividade hidraulicas saturadas foram nos solos
com pastejo moderado e as mais baixas nos solos sem pastejo. Os autores
atribuiram esses resultados a maior conectividade dos poros devido ao
desenvolvimento e a distribuicdo mais homogénea das raizes nessas camadas

de solo. Além disso, essas propriedades fisico-hidricas do solo relacionadas a
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dindmica dos fluxos sao bastante sensiveis a alteragcdes no ambiente e por néo
representarem simplesmente o volume de poros, mas também a sua
conectividade, podem ser utilizadas para avaliar o gerenciamento de sistemas
complexos como SIPA.

Diante do exposto, considerando as particularidades benéficas oferecidas
pela presenca dos animais em SIPA, como a maior qualidade microbiolégica
(Item 4.2.1) e fisico-hidrica dos solos (Iltem 4.2.2) e suas respectivas implicagdes
na eficiéncia de uso de agua e nutrientes pelas plantas, alguns trabalhos tém
buscado explorar esse potencial através da aplicagdo do conceito de adubacgao
de sistema (SANDINI et al., 2011; ASSMANN et al., 2003; ASSMANN et al.,
2017). Tais experiéncias sugerem que a reposi¢cdo de nutrientes no solo
realizada na fase pastagem do SIPA, além de permitir a reutilizacdo desses
nutrientes na lavoura, pode reduzir o uso de insumos e mitigar possiveis
contaminagdes ambientais.

No proximo item (4.3) sera discutida a utilizagao da adubacao de sistema
em SIPA, assim como sera apresentado um modelo conceitual sobre os fatores

que influenciam a eficiéncia de uso de nutrientes nessas condigodes.

2.3 Adubacédo de sistema na integracdo agropecuaria

Ainda sdo escassos os estudos a respeito de estratégias de fertilizagdo em
SIPA (MORAES et al., 2014b). Isto representa um forte entrave a exploragéo
desses sistemas, uma vez que induz a manejos inadequados, principalmente,
na fase pastagem. Em sucessdes lavoura-pastagem conduzidos sob semeadura
direta, € comum que a fertilizagdo seja feita na lavoura, esperando que a
pastagem seja atendida pela “adubacéo residual” da fase anterior. Dessa forma,
a negligéncia com a adubacgao do pasto acaba por comprometer o desempenho
da vegetacao e, consequentemente, dos animais. Além de constituir um sério
risco a capacidade conservacionista dessas areas, visto que o esgotamento da
fertilidade do solo pode ocasionar a degradagao da pastagem e, em ultimo caso,
a degradagao do solo.

A partir de resultados que demonstram que o animal exporta poucos
nutrientes do sistema, e que os SIPA gerenciados adequadamente possuem

grande potencial de ciclagem de nutrientes, alguns estudos (ASSMANN et al.,
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2018; SANDINI et al., 2011) advogaram que a adubag&o na fase pastagem
incrementa a producédo de forragem, permitindo maior potencial de produg¢ao aos
animais, com efeitos residuais dos nutrientes para a producdo de grédos. A
aplicacdo dessa estratégia de fertilizagdo de sistema, com o manejo da
adubacado considerando todas as fases do SIPA, tem como objetivo principal
explorar a maxima eficiéncia do uso de nutrientes através da ciclagem promovida
pelos microrganismos do solo, reduzindo as entradas de insumos externos,
minimizando as perdas e promovendo a manutengdo da fertilidade do solo
durante as fases do SIPA (ASSMANN et al., 2017).

Os motivos da adubacao de sistema no SIPA foram destacados em
diversos trabalhos (SANDINI et al., 2011; SOARES et al., 2015; ASSMANN et
al., 2018) que expuseram, dentre outros, o incremento na produgao animal
devido a maior quantidade e qualidade da massa de forragem, a manutencgao da
cobertura do solo para atender os principios do plantio direto, o maior
aproveitamento dos nutrientes pela absor¢ao das plantas e, consequentemente,
redugcdes de perdas por lixiviagdo e contaminagdo dos recursos hidricos. Em
regides subtropicais onde os SIPA s&o caracterizados por terem a pastagem no
inverno, Soares et al. (2015) destacaram outros beneficios referentes a essa
estratégia de adubagao, como os menores precos dos fertilizantes nitrogenados
e as redugdes de perdas de N por volatilizagcdo devido as temperaturas e
radiacdes amenas nessa época do ano.

Sartor et al. (2014) relataram acréscimo na produtividade do milho com a
adubacao nitrogenada na pastagem. Segundo Galetto et al. (2014), a fertilizacao
com P em SIPA na fase pastagem promove melhoras na qualidade da forragem
e beneficia o rendimento do milho em sucessdo. Esses resultados estédo
relacionados aos efeitos do pastejo na ciclagem desses nutrientes. De acordo
com Costa et al. (2014), areas pastejadas permitem o aumento da ciclagem do
P e os estoques nas formas labeis desse nutriente para posterior utilizagao das
culturas de graos. Além disso, a reciclagem do K é elevada em SIPA, relacionada
principalmente com a intensidade de pastejo (MORAES et al., 2014a).

Apesar dos humerosos trabalhos que abordam questdes relativas aos SIPA
(MORAES et al., 2014b), desconhecem-se estudos que associam a qualidade
do solo com a eficiéncia da adubacgao de sistema e a possivel influéncia desses

atributos no tempo de reposicdo de nutrientes no solo. Além disso, conforme
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destacado por Moraes et al. (2014b), é necessaria uma organizagéo
transdisciplinar na pesquisa sobre SIPA; entretanto, poucas levam em
consideragao essa abordagem, o que reflete a limitacado da compreensao dos
processos envolvidos na construgao das propriedades emergentes.

Apenas através de pesquisas que incluam todas as inter-relagdes entre os
componentes bioldgicos, fisico-hidricos e quimicos do solo é possivel responder
as questdes: “Quais os processos e agentes envolvidos na eficiéncia do uso de
agua e nutrientes em SIPA? E qual é a implicagao destes no tempo de reposicéao
de nutrientes no sistema?”. Nesse contexto, torna-se fundamental o
desenvolvimento de modelos conceituais que estabelecam ao maximo as
relacbes de causa-efeito, a fim de facilitar a compreensao dos processos e
agentes envolvidos e suas respectivas alteragdes no sistema.

Um modelo conceitual (Figura 1) foi derivado da literatura revisada,
considerando-se os fatores que influenciam a eficiéncia de uso de nutrientes com
a adubacdo de sistema em SIPA. Conforme exemplificado na Figura 1, e
discutida no decorrer desta revisao bibliografica, a eficiéncia de uso de nutrientes
com a adubacdo de sistema envolve fatores premeditados relacionados ao
manejo, como o tipo de animal, a taxa de lotagdo e os niveis de nutrientes
aplicados no pasto, assim como fatores de variagao climatica, como a umidade
e temperatura. Além disso, na constru¢cdo do modelo foram levados em conta as
variaveis analisadas (Item 5), os mecanismos de acdo (efeitos dos fatores
premeditados) e os processos fisico-hidricos e bioquimicos com implicagbes na
eficiéncia do uso dos nutrientes, bem como as condi¢cdes de equilibrio do sistema

que promovem Os servigos ecossistémicos de regulagao e provisao.
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Figura 1. Modelo conceitual dos fatores que influenciam a eficiéncia de uso de
nutrientes com adubacdo de sistema em SIPA. Linhas sélidas representam
influéncias diretas, linhas pontilhadas influéncias indiretas. CADP, capacidade de
agua disponivel para planta.

Estudos que abranjam todos esses fatores sdo importantes para a
fundamentacao cientifica, a fim de guiar recomendacbes sobre o manejo
adequado da fertilizagcdo nos SIPA em consonancia com as novas exigéncias
sobre uma agricultura capaz de “produzir mais alimentos por unidade de area
com menos necessidade de reposi¢cao de nutrientes e agua” (MORAES et al.,

2014b).
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3. HIPOTESES

Capitulo ll) A eficiéncia da adubagao de sistema em sistema integrado
de produgao agropecuaria esta relacionada com a qualidade estrutural do solo.
Capitulo lll) A eficiéncia da adubagao de sistema em sistema integrado
de producdo agropecuaria € em decorréncia da qualidade fisico-hidrica e

bioquimica do solo.

4, OBJETIVOS
Capitulo )
a) Determinar as respostas estruturais do solo em areas com pastejo

(sistema integrado de producdo agropecudria) e sem pastejo, sob diferentes
estratégias de adubacédo (adubacao de sistema e adubacéo da lavoura);

b) Examinar a associacdo entre a qualidade estrutural do solo e a
eficiéncia da estratégia da adubacéo de sistema (P e K aplicados na fase de

pastagem) em um sistema integrado de producdo agropecuéaria.
Capitulo lll)
Avaliar as relagdes entre a qualidade bioquimica e fisico-hidrica do solo

com a eficiéncia da adubacgao de sistema em sistema integrado de produgéo

agropecuaria.
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CAPITULO IB

32 Manuscript prepared and published (https://doi.org/10.1016/j.agee.2023.108453) according
to the Agriculture Ecosystems & Environmental rules (Appendix 1).
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ABSTRACT

The nutrient use efficiency in integrated crop-livestock systems under system fertilization
may be related to soil structural variations caused by grazing. These hypothetical cause-
effect relationships are not known, which reflects a limited understanding of the
underlying processes. This study evaluated the association between soil structural quality
and system fertilization efficiency of phosphorus and potassium in an integrated crop-
livestock system and a pure crop system. The treatments were two fertilization strategies
(system fertilization and crop fertilization) in a factorial scheme with two production
systems (an integrated crop-livestock system and a pure crop system) distributed in a
randomized block design with four replicates. In the pure crop system, soybean was
grown followed by Italian ryegrass as a non-grazed cover crop. In the integrated crop-
livestock system, the ryegrass was grazed by sheep. In the crop fertilization strategy,
phosphorus and potassium were applied at the soybean planting, and nitrogen in the
ryegrass establishment. In the system fertilization strategy, nitrogen, phosphorus, and
potassium were applied during the establishment of ryegrass. Soil physical quality indices
were calculated for the beginning, middle, and end of the pasture phase (2020) and at the
soybean harvest (2021). Forage and soybean production were also evaluated. Based on
the soil physical quality index, the soil’s ability to perform its physical functions
decreased from 94% under an integrated crop-livestock system to 89% under a pure crop
system. The results indicated higher total forage production (36%) and soybean yield
(13%) in the system fertilization strategy as compared to the crop fertilization strategy.
Moreover, the integrated crop-livestock system produced more forage (31%) and soybean
grains (15%) than the pure crop system. The study provides the first evidence that higher
structural quality of soils in an integrated crop-livestock system favors crop yields at all
stages of production. However, the nutrient use efficiency in system fertilization is only

partially explained by the soil’s physical quality.

KEYWORDS: Mixed systems; soil physical functions; soil quality; fertilization;

grazing.
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1. Introduction

The population expansion associated with higher per capita incomes will require
double the current food production by the middle of this century (FAO, 2014; Mottet et
al., 2017). This scenario historically represents one of the biggest challenges for the
agricultural sector, since this increase will have to be achieved without expanding new
areas and with minimal environmental impact (Moraes et al., 2014a). In modern
agriculture, the food sector chose to become more specialized and simplified production
systems by disconnecting plant and animal production (de Faccio Carvalho et al., 2014).
However, the specialization of activities resulted in greater dependence on external inputs
(eg, pesticides and fertilizers) and, at the same time, reduced the use of management
inputs (e.g., biological control, nutrient cycling and carbon accumulation) (House and
Brust, 1989), resulting in harmful impacts on the environment.

In view of this scenario, conservative production systems that integrate crops and
livestock reemerge as a consolidated strategy for intensifying food production in harmony
with environmental concerns (Buller et al., 2015). The ecosystem services promoted by
Integrated Crop-Livestock System (ICLS) have been reported in several studies
(Anghinoni et al., 2013; Franzluebbers et al., 2014; Assmann et al., 2015; Bonetti et al.,
2019) highlighting greater grain production, better water quality, higher soil water
infiltration rates and, consequently, reduced erosion risks, and the maintenance of soil
fertility through greater nutrient cycling.

Although ICLS is considered a strategy for sustainable intensification, there are
still concerns related to the reduction of agricultural production due to the supposed
negative impacts of the animal on soil quality (Martins et al., 2015). The literature
referring to the impacts of grazing is controversial. Negative effects are occasionally

registered in post-grazing conditions, such as increased soil density and reduced pore



79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

37

space, mainly macroporosity (e.g., Moreira et al., 2014). However, assessments of a single
period do not consider the dynamics of the intrinsic processes of the soil-plant-animal
matrix. Furthermore, it is known that good pasture management and proper grazing
pressure cannot only neutralize these negative effects but even improve the physical
(Bonetti et al., 2019), biological (Chavez et al., 2011) and chemical (Martins et al., 2014)
soil properties.

The inclusion of grazing animals in crop production systems promotes
improvements in the physical-hydric properties of soils through increases in soil organic
matter (Bardgett and Wardle, 2003) and by stimulating the development of plant roots,
resulting from the induction of tillering (Anghinoni et al., 2013). Controlled defoliation
caused by grazing and excreta return offer new nutrient fluxes in the system. In addition,
the process stimulates root growth by rearranging soil particles, favoring the flux of water
and nutrients through better aggregation and connectivity of soil pores (Franzluebbers et
al. 2011; Anghinoni et al., 2013). However, depending on soil texture and climate (Van
Haveren., 1983; Taboada et al., 2011), the soil structural changes caused by grazing can
be of low persistence (Ambus et al., 2018; Bonetti et al., 2019) requiring assessments
over time to accurately quantify cause-and-effect relationships.

In crop-pasture successions, fertilization is generally performed only in the crop
establishment. Consequently, the nutrients for the pasture phase are based on the “residual
fertilization” of the previous crop. Neglecting pasture fertilization ends up compromising
the performance of the sward and, consequently, the animal's performance. Considering
the low extraction of nutrients in animal products and the benefits due to the presence of
animals in ICLS, studies sought to explore this potential (Assmann et al., 2003; Sandini
etal., 2011; Assmann et al., 2017) through the purpose of the system fertilization strategy

concept (see Farias et al., 2020). These experiences suggest that the replacement of soil
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nutrients carried out in the pasture phase of the ICLS, in addition to allowing their
recycling, can reduce the nutrient inputs and mitigate eventual environmental harm.
Despite the numerous subjects already investigated related to ICLS (Moraes et al.,
2014b), studies that associate the soil structural quality with fertilization strategies are
lacking. Furthermore, few studies explore the temporal dynamics of the processes
involved in complex responses of the interaction between soil, plants, and animals. So,
the present study aims to: (a) determine soil structural responses in integrated crop-
livestock system and pure crop system, under different fertilization strategies (system
fertilization and crop fertilization); (b) examine the association between soil structural
quality and the efficiency of the system fertilization strategy (P and K applied in the
pasture phase) in a crop-livestock integration and a pure crop system. To this end, soil
physical-hydric indicators sensitive to management changes (Reynolds et al., 2009;
Castellini et al., 2016; Cherubin et al., 2016b) were combined into a single soil physical

quality index.

2. Material and methods

2.1 Site, climate, and soil description

The experiment was established at the Agronomic Experimental Station of the
Federal University of Rio Grande do Sul (UFRGS), in Eldorado do Sul, Rio Grande do
Sul state, Brazil (latitude 30°05°22” S and longitude 51°39°08” W and altitude 46 m).
According to Koppen’s classification, the region’s climate is humid subtropical “Cfa”.
During the experimental period, the average air temperature was 20°C and the
accumulated rainfall was 1443 mm. The soil is an Acrisol presenting at the beginning of
the experiment (0—20 cm layer) 8.1 g kg™! of organic carbon, potential of hydrogen (pH)

in water (1:1, v/v) of 4.4, 1.9 and 0.6 cmol. dm™ of exchangeable calcium (Ca) and
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magnesium (Mg) (extracted with potassium chloride (KCl1) 1.0 mol L), 7.8 cmol, dm™
of cation exchange capacity at pH 7.0 (CECph 7.0), 33 and 26% of base and aluminium
(Al) saturation, and 51 and 105 mg dm™ of available phosphorus (P) and potassium (K)
(extracted by Mehlich-1 solution). The textural class is sandy loam (160, 260, and 580 g

kg! of clay, silt, and sand, respectively).

2.2. Experimental design and treatments

The experiment was settled in 2017 in an experimental area of 4.4 ha, split into 16
experimental plots (paddocks) varying between 0.23 and 0.32 ha. It was arranged in a
factorial scheme 2 x 2 with four replicates in a completely randomized block design.
Treatments refer to two cropping systems under no-tillage and two fertilization strategies.
The cropping systems are (i) ICLS — soybean [Glycine max (L.) Merr.] in the spring-
summer (crop phase, November-April) in rotation with ryegrass (Lolium multiflorum
Lam.) grazed by sheep during autumn-winter (pasture phase, May-October); and (ii) pure
crop system (CS) — soybean in the crop phase and non-grazed Italian ryegrass as a cover
crop in the pasture phase. The fertilization strategies are: (i) conventional fertilization -
with the P and K applied at the soybean sowing (November); and (ii) system fertilization
- with P and K applied at the pasture establishment (May). In both fertilization strategies,
N fertilization was performed only once in all treatments in the establishment of ryegrass,
at a rate of 150 kg N ha™!, in the form of urea. Fertilization with P and K was performed
at doses of 15 and 42 kg ha!, respectively, following technical recommendations (CQFS-
RS/SC, 2016). All data analyzed were assessed along a complete ryegrass — soybean

succession, between May/2020 and May/2021.
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2.2.1 Management of cropping phases

2.2.1.1 Pasture phase management

After the soybean harvest (April 2020), 25 kg of viable pure seed per ha of Italian
ryegrass was sown. In the pure crop system plots, the ryegrass has been grown as a cover
crop, while the ICLS plots, ryegrass were grazed by Corriedale sheep testers, with
approximately 32 + 2.64 kg of live weight and 10 months old. The grazing period was
from July to October, totaling 120 days. The continuous stocking method with variable
stocking rate using the "put-and-take" technique (Mott and Lucas, 1952) was used to
maintain an average sward height of 15 cm, which is considered the canopy structure that

maximizes animal production ["Rotatinuous" concept, by Carvalho (2013)].

2.2.1.2. Soybean phase management

After the pasture phase, ryegrass was desiccated with Glyphosate (3 L ha™).
Subsequently, soybean seeds (cultivar - TMG 7063 IPRO) were inoculated and sown
(November 41, 2020) 45 cm between rows aiming at a density of 255.000 plants ha™'.
Crop growth was monitored weekly to control pests and diseases. Whenever necessary,
applications of chemicals (herbicides, insecticides, and fungicides) were carried out in

accordance with technical recommendations. Soybean was harvested on May 5™, 2021.

2.3. Soil sampling and soil physical measurements

To evaluate the physical-hydric properties, soil samples were taken from 0-10 cm,
considering the layer that stores and controls several environmental and agronomic
processes, such as germination, the initial growth of seedlings, infiltration, and/or runoff
(Reynolds et al., 2009). A soil sample composed of five disturbed subsamples (0-10 cm

depth) was randomly collected per plot (paddocks) to determine the soil particle size
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distribution. The samples were wrapped in plastic and stored until laboratory analysis
according to Teixeira et al. (2017).

Infiltration tests were carried out in the following periods: P1 - at the beginning
of the pasture phase (2020/July); P2 - in the middle of the pasture phase (2020/August);
P3 - at the end of the pasture phase (2020/October); and P4 - right after the soybean
harvest (2021/April). All 64 infiltration tests were concentrated near the center of the plots
(paddocks) to avoid possible border effects. The tests were performed using a cylinder
with an internal diameter of 15 cm, inserted at a depth of about 10 mm to avoid lateral
water loss (Lassabatére et al., 2006).

In each evaluation, eight soil samples were taken per treatment, four deformed
samples to determine initial moisture (8o) and four undisturbed samples (10 cm diameter
% 10 cm long) to evaluate dry soil bulk density and final moisture (6s), adopting 6s equal
to total porosity. After collection, samples were stored to prevent water loss or gain. Then,
they were taken to the laboratory, where they were weighed and put into an oven at 105 °C
until a constant weight was achieved, according to Teixeira et al. (2017).

The Beerkan method was used to characterize soil physical-hydric conditions
(Lassabatere et al., 2006). This method simultaneously estimates the parameters of water
retention (van Genuchten, 1980, Eq.1) and the hydraulic conductivity of the soil (Brooks

and Corey, 1964, Eq.2) with the Burdine condition (Burdine, 1953):

06, R\ 1T 2
9(h) = (gs_ar) = [1 + <E) ] with m=1-2 (Eq.1)
0-0,\" .
K(Q) = Ks (m) with n= % +2+ 1% (qu)

where 0 is the volumetric soil water content [L®> L?]; 0, and 65 are the residual and
saturated volumetric soil water contents [L* L], respectively; h is the soil water pressure

head [L]; hg [L] is the scale value of h; n, m, and 7 are shape parameters; p is the parameter
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of tortuosity set equal to 1 (Burdine, 1953); K is the saturated hydraulic conductivity of
the soil [L T-']. 0; is assumed to be zero; 6s was measured from soil samples collected at
the end of the infiltration test.

The Beerkan estimation of soil transfer parameters through infiltration
experiments (BEST) algorithm estimates shape parameters (n and 1) assuming similarity
between the particle-size distribution and water retention functions. The scale parameters,
hg, Ks, and 0s, were determined by infiltration analysis, using the analytical formula
defined by Haverkamp et al. (1994) for 3D cumulative infiltration I(t) and infiltration rate
q(t), described by the transient and steady-state equations, respectively [see Lassabatére
et al. (2006) for more details]. BEST-Slope was used based on its best performance in
fitting the transient cumulative infiltration model to the data from all infiltration tests
(N=64).

To assess the soil physical-hydric quality, nine indicators selected from the
literature were used (Iovino et al., 2016; Mubarak et al., 2009; Reynolds et al., 2007,

2009; Topp et al., 1997; Watson and Luxmoore, 1986), as shown in Table 1.

Table 1. Soil physical-hydric quality indicators.

Indicator

Bulk density (BD - Mg m™)

Total porosity (TP - m* m™)

Saturated hydraulic conductivity (Ks - mm™)

Plant-available water capacity (PAWC - m> m™) Orc - Opwp

Orc

Relative field capability (RFC - DN)

Macroporosity (Pmac - m> m™) 0s — Om
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Aeration capacity (AC - m* m™) 0s — Orc
Characteristic mean pore radius (Am - mm)
Pw3n
. . ) BuK;
Number of hydraulically active pores (Cum - number m~) —_—
PwITAm

Os, saturated water content in the soil; Om, soil matrix water content (2 = -0.1 m H>0);
Orc, soil water content at field capacity (2 = -1 m H>O); Opmp, water content in the soil at
the point of permanent wilt (h = -150 m H20); ow, soil-water surface tension (0.0719 N
m™), pw, density of water (10> kg m ), g, gravitational acceleration (9.81 m s?), an,
macroscopic capillary length calculated from the scale parameter hy as an = hg
(Haverkamp et al., 2006; Souza et al., 2014; Castellini et al. 2016); u, water dynamic
viscosity (0.00089 kg m™ s7).

2.4. Soil physical quality index (SPQI)

SPQI was developed in three steps, as described by Cherubin et al. (2016a;
2016b). The first step consisted of selecting the indicators. Based on published literature,
seven indicators were selected (BD, TP, PAWC, RFC, Pmac, AC, and Ks) as a minimum
data set to determine the effects of cropping systems on the soil's physical functions. For
the development of the indices, the characteristic mean pore radius and the number of
hydraulically active pores were not considered due to the absence of reference values in
the literature. However, considering the ability to represent the characteristics of the soil
matrix flows, these indicators were explored independently of the indices.

In the second step, the values of the measured indicators were transformed using
non-linear scoring functions. The indicators were scored at a unitless value ranging from
0 to 1 using one of the following curves: "more is better" (upper asymptote sigmoid
curve), "less is better" (lower asymptote sigmoid curve) and "optimal midpoint" (gaussian

curve). The nonlinear equations 3 and 4 were used for the “more is better” and “less is
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better” scoring curve shapes, respectively. For the “optimal midpoint” curve, equations 3

and 4 were used together in the increasing and decreasing parts of the curve.
a

B —UB\®

[1 +(=up) ]

a
Score = (Eq. 4)

1+ =) |

where, Score is the unitless value of the soil indicator which ranges from 0 to 1, a is the

Score = (Eq.3)

maximum score, which was equal to 1 in this study, B is the baseline value of the soil
indicator Where the score equals 0.5, LB is the lower threshold, UB is the upper threshold,
x is the measured soil indicator value, and S is the slope of the equation set to -2.5.

The threshold and baseline values for each soil indicator were defined using

literature references, as shown in Table 2.

Table 2. Proposed critical limits and scoring curves according to the soil indicator.

Indicator  Unit Lower Lower Upper  Optimum Scoring curve
threshold baseline threshold point

BD* Mg m?3 1.5 1.65 1.8 - Less is better
TP* mém3 0.2 0.35 0.5 - More is better
PAWC* m®m?3 0.1 0.15 0.2 - More is better
RFC* DN - 0.6 and 0.7 - 0.65 Optimum
Prac” mém3 - 0.04 0.07 - More is better
AC* mém3 - 0.1 0.14 - More is better
K* mm? - 0.001 and 0.1 - 0.005<Ks<0.05 Optimum

*Reichert; Reinert; Braida (2003) and Reichert et al. (2009); *Cherubin et al. (2016a);
*Reynolds et al. (2007; 2009). BD, bulk density (Mg m™); TP, total porosity (m> m™);
PAWC, plant-available water capacity (m®> m?); RFC, relative field capacity (DN,
dimensionless); Pmac, macroporosity (m® m™); AC, aeration capacity (m® m?); K,

saturated hydraulic conductivity (mm s™).
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In the third step, the indicator scores were integrated into a soil physical quality

index using the simple additive method (Eq. 5), as described by Cherubin et al. (2016a).

n

Si
SPQI = Z — (Eq.5)

i=1

where, Si is the score of the indicator and # is the number of indicators integrated into the

index.

For each evaluation period (beginning, middle, end of the pasture phase and after
soybean harvest), a soil physical quality index was calculated and, subsequently, through
the average of these indices, an overall index of soil physical quality (SPQIloverarr) was

determined.

2.5 Primary production assessments

The total forage production (kg ha™! of dry matter - DM) was calculated as the
total accumulated biomass in pure crop system plots, or the sum of the forage mass on
the first day of grazing and the daily forage accumulation rates during the pasture phase
for ICLS plots. Daily forage accumulation rates were estimated in ICLS plots every 28
days by grazing exclusion cages, following a standard protocol described by Farias et al.
(2020). Soybean yield (kg ha™') was determined through 4 random subsamples (per plot)

of one linear meter, at full grain maturity with 13% moisture.

2.6. Data analyses
The assumptions of the analysis of variance (ANOVA) were reached (normality
by the Shapiro-Wilk test (P> 0.05), homogeneity of variance by the Bartlett test (P> 0.05),

and residual visual analysis). When necessary, the database was transformed by raising
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the variable to the power of lambda. The appropriate lambda value was obtained by
conducting a Box-Cox transformation analysis.

ANOVA was performed at a significance level of 5% (P < 0.05) using a mixed
model by the LMER function of the Ime4 package in the R software (R Core Team, 2013).
Soil variables and the soil physical quality index per period were considered fixed effects:
the cropping system (ICLS vs. pure crop system), the fertilization strategy (crop
fertilization vs. system fertilization), the evaluation period (beginning, middle, end of
pasture phase and right after soybean harvest) and their respective interactions. For these
variables, the plots (paddocks) represented the random effect. The cropping system, the
fertilization strategy, and its interaction were considered fixed effects, and the block as a
random effect on forage production, soybean yield, and the overall soil physical quality
index. When differences were detected, means were compared by the Tukey test.
Regression analysis and Pearson (r) correlation at 5% level were performed among

SPQloveraLL, forage, and soybean production.

3. Results

3.1 Soil physical quality indicators

The best performances in terms of fitting the transient cumulative infiltration
model to the experimental data were obtained with the BEST-slope. All infiltration tests
(N = 64) with BEST-slope were successfully performed, that is, they had 100%
performance and produced positive saturated hydraulic conductivity values. Among the
variables used in SPQI and on all measurement dates, saturated hydraulic conductivity
showed the greatest coefficient of variation (CV = 60%). Saturated hydraulic conductivity
is reported to have the greatest statistical variability between different hydrological

properties of the soil (Mubarak et al., 2009; Deb and Shukla, 2012). All other variables
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showed low CV values, ranging from 6.5% to 36.0%. These results confirm the accuracy
of the Beerkan infiltration method and, as previously described by Mubarak et al. (2009),
suggest a low temporal and spatial variability at small scales for some soil physical-hydric

parameters.

There were no significant effects (P>0.05) of fertilization strategies and/or their
interaction with cropping systems and evaluation periods for soil physical-hydric
properties. However, there was a significant interaction between the evaluation periods
and cropping systems for the variables bulk density, total porosity, plant-available water
capacity, relative field capability, macroporosity, and the number of hydraulically active
pores. On the other hand, the evaluation period affected the aeration capacity
independently of the other factors studied. Saturated hydraulic conductivity was affected
by production systems. The highest saturated hydraulic conductivity was observed in the
cropping system, with an average of 0.03 mm s, while the ICLS obtained an average of
0.02 mm s!. Isolated effects of cropping systems and evaluation periods were found in

characteristic mean pore radius (Table 3).

Table 3. Analysis of variance of cropping systems (S) (ICLS vs pure crop system),
fertilization strategy (F) (crop fertilization vs system fertilization), evaluation periods (T)
(beginning, middle, end of pasture phase, and soybean harvest) and its effects on soil

physical quality indicators.

£t Soil physical quality index (SPQI) Independent
ect

BD TP PAWC RFC Pmae AC Ks Am Com

ns ns ns ns ns ns ns ns ns
S ns ns ns ns ns ns * Fx ns
T ns ns * **x * **x nS **

*kk

FxS ns ns ns ns ns ns ns ns ns

FxT ns ns ns ns ns ns ns ns ns
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SxT ** ** *x * * ns ns ns *

FxSxT ns ns ns ns ns ns ns ns ns

BD, bulk density (Mg m™); TP, total porosity (m®> m™); PAWC, plant-available water
capacity (m> m>); RFC, relative field capacity (DN, dimensionless); Pmac, macroporosity
(m* m3); AC, aeration capacity (m® m™); K, saturated hydraulic conductivity (mm s™);
Am, pore radius characteristic (mm) and Cym, quantity of hydraulically active pores (10%x
N° of pores m™). *Significant at P < 0.05; ** Significant at P < 0.01; *** Significant at P

< 0.001; ns not significant.

Soil structural changes along the evaluation period significantly affected the bulk
density and total porosity of the ICLS areas, but not in the pure crop system (Figure 1A-
B). In ICLS, the lowest bulk density and the highest total porosity were observed in the
middle of the pasture phase, in relation to the beginning and soybean harvest. However,
no differences were detected between the evaluation of the middle and end of the pasture
phase. In the middle of the pasture phase, the areas with ICLS presented lower bulk
density (0.94 Mg m™) and higher total porosity (0.65 m> m~) compared to the pure crop
system, with bulk density of 1.09 Mg m™ and total porosity of 0.59 m* m™.

In the middle and end of the pasture phase, plant-available water capacity in the
pure crop system corresponded to 0.17 and 0.16 m® m™, respectively, while in the ICLS
the mean in these periods was 0.20 m* m™. At the end of the pasture phase, relative field
capacity was 0.63 in ICLS and 0.54 in the pure crop system (Figure 1C-D). An increase
in soil macroporosity and aeration capacity was observed in the pure crop system during
the middle and end of the pasture phase in relation to the beginning (Figure 1E-F).
However, macroporosity remained the same in the ICLS throughout the evaluated period.
Moreover, at the end of the pasture phase, macroporosity was higher in the pure crop

system (0.14 m®> m™) compared to ICLS (0.10 m* m™).
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Figure 1. (A) Bulk density (BD, Mg m™), (B) total porosity (TP, m* m?), (C) plant-
available water capacity (PAWC, m® m?), (D) relative field capacity (RFC,
dimensionless), (E) macroporosity (Pmac, m®> m~) and (F) aeration capacity (AC, m* m™)
from 0 to 10 cm soil depth under the integrated crop-livestock system (ICLS) or pure
cropping system (CS). Capital letters compare periods within each cropping system,

except for AC (F) where underlined capital letters compare periods independently of the
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360  cropping system. Lowercase letters compare different cropping systems within each
361  period. Means followed by the same letters do not differ by Tukey's test at P < 0.05.

362

363 The rate of water infiltration is related to the radius of hydraulically active pores
364 and the amount of these pores, i.e., the connectivity of the pores along the soil profile.
365  Therefore, these independent indicators of the SPQI aim at describing soil structural
366  characteristics responsible for the water flow. Characteristic mean pore radius was
367  significantly higher in the pure crop system compared to ICLS (0.31 and 0.21 mm for the
368  pure crop system and ICLS, respectively), showing that the pure crop system contributes
369  to the maintainance of larger pores in the soil (Figure 2). Regarding temporal changes,
370 there were increases of 88% and 82% in characteristic mean pore radius in the middle and

371  end of the pasture phase, respectively, compared to the beginning.
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374  Figure 2. Characteristic mean pore radius (An) and quantity of hydraulically active pores

375  (Cum) from 0 to 10 cm soil depth in the integrated crop-livestock system (ICLS) or pure
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crop system (CS). Capital letters compare evaluation periods. Lowercase letters compare
different cropping systems. Means followed by the same letters do not differ by Tukey's

test at P < 0.05.

On the other hand, the interaction factors for the number of hydraulically active
soil pores indicated a decrease in the connection of the pores with the pure crop system
between the beginning, middle, and end of the pasture phase (Figure 2C). Despite the
larger pore size in pure crop system (greater effect of gravity on the infiltration process),
the maximum number of hydraulically active soil pores per unit area at the end of the
pasture phase was higher in the ICLS, showing that in ICLS soils during the transition
from pasture to crop phase, water flow is mainly driven by a greater number of connected

pores (greater effect of capillarity in the infiltration process).

3.2 Soil physical quality index

No significant effects (P>0.05) of the interaction of production systems,
fertilization strategies, and evaluation periods were observed on the scores of the
indicators used in the SPQI. There were only effects of the interaction between evaluation
periods and cropping systems on the relative field capacity scores and plant-available
water capacity scores (Figure 3). The pure crop system resulted in the lowest relative field
capacity scores and plant-available water capacity scores during the middle (relative field
capacity of 0.31 and plant-available water capacity of 0.77) and end (relative field
capacity of 0.15 and plant-available water capacity of 0.69) of the pasture phase compared
to ICLS, with relative field capacity of 0.71 and 0.61 and plant-available water capacity
of 0.98 and 0.99 for the middle and end of the pasture phase, respectively. These results

show that the benefits of ICLS in the physical-hydric properties of the soil occur, mainly,
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401 in the pasture phase, and reinforce the need for a detailed temporal assessment of these

402  soil physical properties to detect the structural changes of the soil caused by the grazing.

403
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Pasture phase 0 1.0 Pasture phase
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405  Figure 3. Scores of soil physical quality indicators from 0 to 10 cm soil depth over harvest
406  year under the integrated crop-livestock system (ICLS) or pure crop system (CS) with
407  system fertilization (SF) or crop fertilization (CF). Relative field capacity (RFC); plant
408  available water capacity (PAWC). Capital letters compare the evaluation periods within
409  each production system. Lowercase letters compare different production systems within
410  each evaluation period. Means followed by the same letters do not differ by Tukey's test
411  atP<0.05.

412

413 The effects of ICLS under the relative field capacity and plant available water
414  capacity indicators equate to 40% and 46% increases in relative field capacity scores and

415  21% and 30% increases in plant available water capacity scores during the middle and
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end of the pasture phase, respectively. In the pure crop system, considerable reductions
in the relative field capacity scores and plant available water capacity scores were
observed between the beginning, middle, and end of the pasture phase. The relative field
capacity score in the pure crop system during the end of the pasture phase (0.15) was
lower than those observed at the beginning of this phase (0.62) and at the soybean harvest
(0.64). Unlike the relative field capacity, which was compromised only at the end of the
pasture phase, reductions in the plant available water capacity score were noted in the
pure crop system areas since the middle of the pasture phase.

In the analysis of the physical quality of the soil over time the effects of the
interaction of the factors were not verified (P>0.05). The structural variability of the soil
over time did not reflect in differences on soil physical quality between periods. Only
isolated effects of production systems, as verified in SPQIoverarL, with the highest
physical soil quality in ICLS areas (0.94 = 94%) compared to pure crop system (0.89 =
89%). These results show that the structural changes in the soil promoted by grazing in

the short term are responsible for soil physical quality in the ICLS (Figure 4).
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Figure 4. Overall Soil Physical Quality Index (SPQIoveraLrL) scores in the integrated
crop-livestock system (ICLS) or pure crop system (CS) with system fertilization (SF) or
crop fertilization (CF) (0 to 10 cm depth). The different letters are the significance level

at 5% of the production system effect (ICLS versus CS).

3.3 Crop and forage production

There was no significant interaction between production systems and fertilization
strategies for total forage production and soybean yield. Although primary production
was not affected by interactions, ICLS with system fertilization was 108% and 35%, on
average, more efficient in forage and soybean production compared to the pure crop
system with crop fertilization.

Primary production was not affected by the interaction of factors. Figure 5 shows
that only isolated effects of cropping systems and fertilization strategies were significant.
ICLS registered increments of 31% and 15% in total forage production (P=0.03) and

soybean yield (P=0.02), respectively. Forage production (P=0.01) and soybean (P=0.04)
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fertilization with increases of 36% and 13%,

"= 14000
Z 12000 -
£ 10000
g
2 8000 -
2 )
S 6000 -
5 4000 |
&
£ 2000 -
E| 0
=

6000
5000
=
=
2 4000
=
= 3000
-
=
g 2000
=]
~
Z 1000

0

8944
7766a 7985a
6194
6707 5327b
I 4292
ICLS+SF ICLS+CIF  CS+SI CS+CI ICLS CS
3915 1
3776a 3743a
3637 3571 5 >
- 3230b | | 3263b
ICLS+SF ICLS+CF CS+SF CS+CF ICLS CS SF CF

Figure 5. Total forage production and soybean yield in an integrated crop-livestock

system (ICLS) or pure crop system (CS) with crop fertilization (CF) or system

fertilization (SF). The different letters differed by the Tukey test at 5% of significance

level.

3.4 Relationship between SPQI and primary production

The SPQloveraLL achieved significant correlations with the SPQI in all evaluation

periods, but the strongest and significant at P<0.01 correlations of 0.764 and 0.877 were

observed with the indexes of the middle and end of the pasture phase. Forage (r = 0.757)

and soybean (r = 0.76) yields were significantly (P<0.01) correlated to SPQIovEeraLL.
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Among the indexes that represent the evaluation periods, there were positive
correlations of total forage production with the indexes of the middle of the pasture phase
(r=0.68, P<0.05) and soybean harvest (r=0.64, P<0.05). The higher structural quality in
the middle (r=0.75, P<0.01) and end (r=0.62, P<0.05) of the pasture phase favored higher
soybean yields. In addition, there was also a positive relationship between forage
production and soybean yield (r=0.60, P<0.05).

Linear regressions with combined effects between cropping systems and
fertilization strategies indicated similar coefficients of determination (R?) for the
SPQIloverarL effect on the total forage production (Total forage production = -
26320+36063xSPQloveraLL, R? = 0.57 and P=0.001) and soybean yield (Soybean yield
= -4374+8588%xSPQloveraLL; R?>=0.58 and P<0.001), suggesting that the influence of soil
physical quality is similar for the two cropping phases. Total forage production increased
by 361 kg DM ha! for every 0.01 unit increase in SPQIoverarr, while this increase

corresponded to 86 kg ha™! for soybean yield.

4. Discussion

Grain productivity in succession with pastures is still a matter of concern due to
the supposed negative impacts of integration with grazing animals. However, several
studies have already established guidelines for the coexistence between these components
(de Faccio Carvalho et al., 2010; de Faccio Carvalho et al., 2018; Moraes et al., 2014a).
When combined with conservation agricultural practices (i.e., no-till) and moderate
grazing intensities, instead of negative effects, I[CLS can benefit from emerging properties
(de Faccio Carvalho et al., 2018; Moraes et al., 2014a). Thus, first, the higher soybean
yield in ICLS compared to non-grazed areas can be attributed to compliance with the

guidelines for their good functioning.
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System fertilization in ICLS increases forage production, allowing greater
animal production with residual effects of nutrients for grain production in succession
(Assmann et al., 2018; Farias et al., 2020; Sandini et al., 2011). In the literature, there are
also reports of nutrient carryover from pasture to crop in ungrazed areas (Assmann et al.,
2003). In this study, the higher soybean yield with the system fertilization suggests that
the P and K provided in the pasture phase (grazed or not) are not only beneficial for forage
production, but also for a higher soybean performance.

Total forage production and soybean yield had significant correlations with
SPQIloveraLr (P<0.01), indicating soil physical conditions represented by the index
reflect higher primary production. Furthermore, from regression analyses, it was
demonstrated that the influence of soil physical quality is similar despite the cropping
phase (pasture or soybean). The coefficients of determination for total forage production
and soybean yield corresponded to 0.57 and 0.58, respectively.

In the middle of the pasture phase, ryegrass was at maximum vegetative
growth, with a forage accumulation rate of 89 kg ha™! day™! of DM, the highest (P<0.01)
between the evaluation times (beginning of the pasture phase of 23.3 kg ha™! day™! of DM
and end of the pasture phase of 22.6 kg ha'! day™! of DM) (result not shown). According
to Anghinoni et al. (2013) there is a balance in the growth dynamics of annual grass
species such as Italian ryegrass, with equivalent proportions of aboveground and
belowground biomass production. Thus, the temporal variability of bulk density and total
porosity and the differences between cropping systems in the middle of the pasture phase
can be explained by the stimulation of root growth by defoliation and, consequently, the
induction of new tillers in ICLS areas.

Roots contribute to reducing soil density through a phenomenon known as

biological perforation (Cresswell and Kirkegaard, 1995). In addition, the roots act as a



512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

58

barrier to the impact of animal trampling (Franzluebbers and Stuedemann, 2008) and
through the production of organic exudates (Petersen and Bottger, 1991, Huang et al.,
2003) which increase aggregate stability and, therefore, soil porosity (Dhaliwal and
Kumar., 2022).

The type of animal (sheep), the type of soil (sandy-loam), the management of
the pasture structure by moderate grazing intensities ["Rotatinuous" concept by Carvalho
(2013)], and the specific synergisms of the interaction of these factors are the likely
reasons for differences in bulk density and total porosity between cropping systems
during the middle of the pasture phase. However, these differences were not detected at
the end when ryegrass was at the reproductive stage and plant growth ceased. These
results provide the first evidence that the beneficial effects of grazing on soil can occur at
periods different from those currently investigated (static evaluations only in the post-
grazing period). It is fundamental to consider the dynamics of structural soil changes
during the stocking period for a realistic understanding of the processes that occur through
the interaction of the components in ICLS.

Although there were significant differences (P<0.05) between cropping
systems for bulk density, total porosity, and saturated hydraulic conductivity, none of
these differences compromised soil structural quality. In fact, the bulk density and total
porosity values in all evaluation periods were between the threshold levels (<1.80 Mg cm’
3 for bulk density and >0.5 m® m? for total porosity) that represent no risk to plant growth
(Reichert et al., 2003, 2009; Cherubin et al., 2016a). The difference in saturated hydraulic
conductivity between cropping systems was subtle (0.03 and 0.02 mm s™' for pure crop
and ICLS, respectively) and, in both systems, the mean was within the range of 0.005 and

0.05, considered optimal (Reynolds et al. 2007, 2009).
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The plant-available water capacity and relative field capacity indicators are
quantitatively associated with smaller diameter pores in the soil (Castellini et al. 2016).
In this sense, the lowest plant-available water capacity and relative field capacity and the
highest macroporosity in the pure crop system during the end of the pasture phase suggest
changes in the pore size distribution of the soil with a relative increase of larger pores and
a corresponding decrease of smaller pores. However, despite contributing to a larger pore
size in the soil, the pure crop system has lower connectivity of these pores compared to
ICLS in the transition between the pasture and soybean phases. The return of excreta in
the ICLS favors greater biological activity in the soil, such as earthworms and beetles
(Brown et al., 2010, Pagenkemper et al., 2015), which in addition to the root stimulus,
create continuous channels for the preferential movement of the water (Ghestem et al.,
2011). Dhaliwal and Kumar (2022) revealed greater pore tortuosity in pure cropping
systems, indicating the presence of a large number of disconnected pores. While the lower
tortuosity for ICLS suggested the presence of a well-interconnected network of
continuous flow channels.

In this study, the highest flow-weighted mean pore size resulted in higher
saturated hydraulic conductivity in the pure crop system, regardless of the evaluation
period. Ambus et al. (2018) found similar results, where saturated hydraulic conductivity
in the topsoil layer in grazed areas was lower than in ungrazed ones. Also, according to
Ambus et al. (2018), these results are related to the filling of the soil pore space by the
ryegrass roots since the stimulus to root growth is greater in the ICLS.

The two cropping systems had significant increases in aeration capacity during
the evaluations of the middle and end of the pasture phase. Despite the higher
macroporosity in the pure crop system at the end of the pasture phase compared to ICLS,

the aeration of these soils was not compromised. There were no differences between
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cropping systems in the aeration capacity in any evaluation period. These results suggest
that changes started in the middle of the pasture phase in the pore size of the soil remain
until the beginning of the succeeding crop. On the other hand, bulk density and total
porosity are more sensitive to trampling impacts until the end of the pasture phase.

The severe reductions in the relative field capacity and plant-available water
capacity scores in the middle and end of the pasture phase in pure crop (P<0.05) decreased
SPQIloverarLL compared to ICLS. Proper grazing management maintains an adequate
relationship between the macro and micropores of the soil, favoring good aeration,
infiltration, and water retention in the soil (Liebig et al., 2011). Furthermore, organic
matter in no-till systems is strongly related to the water content available to plants in the
soil (Shahab et al., 2013). Thus, it is believed that the greater contribution of organic
matter in ICLS (Rakkar and Blanco-Canqui., 2018; Franzluebbers et al., 2011), in
addition to moderate grazing intensities and agricultural conservation practices, favors
the maintenance of a soil quality suitable for plant development.

The strongest and most significant correlations (P<0.01) between SPQIoveraLL
with the indexes of the middle and end of the pasture phase showed that, regardless of the
cropping system or fertilization strategy, the main changes influencing the physical
quality of the soils occur during the middle and end of the pasture phase. In this sense, it
1s worth reinforcing the importance of appropriate management practices throughout the
stocking period, since these results are directly related to the adopted pasture management
strategy and, consequently, correct control of the stocking rate throughout the pasture
phase of ICLS.

In general, after soybean cultivation, the soil structure returned to the conditions
observed at the beginning of the pasture phase. The rearrangement of soil particles post-

soybean was already registered in the literature (Ambus et al., 2018; Bonetti et al., 2019).
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These studies showed that changes in soil structure during grazing were of low
persistence. In tropical regions, structural changes in the soil take longer (Gifford and
Hawkins, 1978; Greenwood and McKenzie, 2001). However, in temperate and
subtropical climate regions, as in the present research, the responses are faster, due to the
action of frequent cycles of wetting and drying, freezing and thawing cycles, and vigorous
growth of pasture roots (Taboada et al., 2011).

The absence of significant interaction between the production systems and
fertilization strategies for all variables contradicted the expectation that system
fertilization in grazed areas promotes greater soil physical-hydric quality. However, it is
worth noting that some changes induced by ICLS are only visible in the long term (de
Albuquerque Nunes et al., 2021), emphasizing the relevance of conducting long-term
experiments to record the complex temporal interactions of these systems. Thus,
considering the complexity of interactions in ICLS and aiming to clarify which
mechanisms promote the greatest efficiency of system fertilization, future research should
include all the interrelationships between the biological, physical-hydric, and chemical
components of the soil.

In this research, all treatments were fertilized with N at the pasture establishment,
considering knowledge from previous studies (Assmann et al., 2015) that stated that N
fixation by soybean is not enough to maintain the subsequent pasture phase. However, it
1s worth mentioning that conventional fertilization practices in southern Brazil in ICLS,
still totally neglect the need for fertilization in the pasture phase, including N fertilization.

Nitrogen, due to its close connection with the carbon cycle, has the power to cause
the greatest changes in nutrient cycling (Assmann et al., 2017). Thus, in the short term,
the absence of N fertilization causes severe impacts on plant growth. Under these

conditions, and with inadequate handling of the animal stocking, the compressive forces
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caused by the trampling of animals on the soil surface prevail, which results in negative
impacts on the soil structural quality (Taboada et al., 2011). In this way, the effects of
system fertilization with P and K on the soil structural quality were probably minimized
by the effects of N fertilization in the pasture establishment in all treatments. Thus, future
studies should be carried out including also treatments without N in the pasture phase, to
quantify the impacts of the absence of N fertilization on the soil’s physical properties and
their respective consequences on the system production.

The results of this research documented the relationship between the temporal
dynamics of soil physical processes and the complex responses of interactions in the
integrated crop-livestock systems. As highlighted by Moraes et al. (2014b), it is
fundamental to develop studies that establish as much as possible the cause-effect
relationships in ICLS, in order to facilitate the understanding of the processes capable of
optimizing the use of inputs. Based on this understanding, it becomes possible to guide
ICLS recommendations on fertilizer management in line with the new requirements:
increasing food production with greater efficiency in the use of nutrients and water (FAO,
2019).

At the beginning of the soybean crop, ICLS increased the available water capacity
for the plants in the soil by 30%, compared to the pure crop system. These findings
reinforce the potential of ICLS to increase global food production while promoting
greater efficiency in the use of water resources. Furthermore, as shown in the results, the
fertilization system, in addition to allowing the recycling of nutrients, can reduce the need
for non-renewable inputs and prevent environmental contamination due to the

indiscriminate use of fertilizers.
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5. Conclusions

Current findings reveal that the effects of grazing on soil structure are potentiated
in the period of greater forage accumulation. Thus, future investigations in ICLS should
avoid summarizing the effects of the complexity of these systems in static evaluations
only in the post-grazing period, paying attention to possible effects of grazing during the
stocking period is fundamental for a realistic understanding of the processes that occur
by the interaction of the components of the ICLS.

It has also been demonstrated that the system fertilization strategy and the crop-
livestock integration under no-tillage reflect higher primary production (forage and
soybean). This study provides the first evidence that the higher soil structural quality in
ICLS favors the highest yields of plant species at all stages of production. However, the
efficiency of water and nutrient use with system fertilization is only partially explained
by the soil’s physical-hydric quality. Therefore, doubts remain about which mechanisms
are driving these results. Finally, only through research including all the interrelationships
between the biological, physical-hydric, and chemical components of the soil, it is
possible to answer the questions: “What are the processes and agents involved in the
efficiency of the use of water and nutrients in ICLS, and what is the implication of these

in the time of nutrient replacement in the system?”.
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SISTEMA INTEGRADO DE PRODUCAO AGROPECUARIA SOB ADUBACAO
DE SISTEMA MELHORA INDICES DE QUALIDADE DO SOLO E AUMENTA
A PRODUCAO PRIMARIA

RESUMO

As inter-relagdes entre os componentes bioquimicos e fisico-hidricos do solo em sistemas
integrados de produgdo agropecudria (SIPA) sob adubagdo de sistema podem levar a
maior eficiéncia do uso de nutrientes. No entanto, poucas pesquisas exploram uma
organizacao transdisciplinar, tornando os progressos cientificos limitados e desconexos.
Este estudo buscou avaliar as relagdes entre a qualidade bioquimica e fisico-hidrica do
solo com a eficiéncia de diferentes estratégias de adubacdo em SIPA e um sistema
exclusivo para produg¢do de grios. Foram avaliadas duas estratégias de adubagio
(adubagao de sistema e adubagao na lavoura) em esquema fatorial com dois sistemas de
producdo diferenciados pela presenca (SIPA) e auséncia do pastejo sob delineamento em
blocos casualizados com trés repeti¢des. Na auséncia do pastejo, a soja foi cultivada
seguida pelo azevém como cobertura do solo. No SIPA, o azevém era pastejado por
ovinos. Na adubacdo na lavoura, foram aplicados fésforo e potdssio no plantio da soja e
nitrogénio no estabelecimento do azevém. Na adubacdo do sistema foram aplicados
nitrogénio, fosforo e potdssio durante o estabelecimento do azevém. Foram calculados
indices de qualidade do solo (IQS) através de indicadores fisico-hidricos e bioquimicos.
A producdo primaria (forragem e soja) também foi determinada. O SIPA com adubagdo
de sistema promoveu o maior 1QS (0,77), comparado as areas sem pastejo com adubagdo
de sistema (0,63) e ao SIPA com adubagao na lavoura (0,64). Em reflexo aos resultados
obtidos com o IQS, o SIPA com adubacdo de sistema, obteve as maiores producdes
primarias comparado as areas sem pastejo com adubacdo de sistema e ao SIPA com
adubagdo na lavoura. As descobertas deste estudo evidenciaram que a eficiéncia da
adubagao de sistema em SIPA est4 fortemente relacionada com os atributos fisico-hidricos

e bioquimicos do solo.

PALAVRAS-CHAVE: integracdo agropecuaria; bioquimica do solo; fisica do solo;

pastejo; manejo da adubagao.
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1. Introducio

A integragao do cultivo de plantas agricolas e a produ¢ao animal ¢ uma técnica
de exploragao usada ha milhares de anos. No entanto, com pressdes politicas e
econdmicas cada vez maiores, os sistemas produtores de alimentos optaram por
intensificar as suas operacdes através da separacdo entre as atividades agricolas e
pecuarias (Garrett et al., 2020). Embora que, historicamente, a especializacao desses
sistemas tenha representando acréscimos nos rendimentos produtivos, o que inicialmente
demonstrou-se como algo vantajoso economicamente. Essa simplificacdo devido a forte
dependéncia de insumos externos (ex. pesticidas e fertilizantes) expoOs diversas
consequéncias ambientais negativas (MacDonald e McBride, 2009; Gerber et al., 2013).
Dentre as consequéncias, pode-se citar a perda de biodiversidade nos ecossistemas,
poluicdo do ar e da agua, diminuicao das reservas de 4gua subterranea, emissdo de gases
de efeito estufa e degradag@o dos solos (Duru et al., 2015; Peyraud et al., 2014).

No cenario atual, diante da insustentabilidade associada a alta especializagdo na
producdo de alimentos, as iniciativas conservacionistas como os sistemas integrados de
producdo agropecuaria (SIPA) estdo ressurgindo gradualmente (Fraser et al., 2014;
Moraes et al., 2014b). A integracdo da pecuaria com a producao agricola fornece diversos
servicos ecossistémicos como, por exemplo, elevada producdo de grios, alta eficiéncia
no uso de nutrientes (Farias et al., 2020) e, consequentemente, reducao dos riscos de
contaminagdo dos recursos hidricos, manuten¢do da fertilidade do solo e também
auxiliam na estabilidade da producao agricola a variabilidade ambiental (de Albuquerque
Nunes et al., 2020).

No SIPA, os efeitos tnicos do processo de pastejo (desfolha e retorno de
excretas) sdo o “motor” das mudancas, capazes de alavancar diversos beneficios

ambientais através de melhorias na qualidade do solo (Carvalho et al., 2018). Nesses
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sistemas, o solo € a base para a produgdo animal e vegetal, sendo responsavel por capturar
e armazenar as modificagdes impostas pelo manejo (Anghinoni et al., 2013). Isto justifica
a atencao especial crescente nos ultimos anos das pesquisas para uma compreensao mais
ampla dos impactos dos SIPA na qualidade do solo (Moraes et al., 2014a, b). Na literatura
atual, diversos estudos descreveram sobre os beneficios do pastejo em indicadores da
qualidade do solo fisico-hidricos (Cecagno et al., 2016; Bonetti et al., 2019); bioldgicos
(Souza et al., 2010; Chavez et al., 2011) e quimicos (Martins et al., 2016).

As melhorias na qualidade do solo provocadas pelo pastejo sdo respostas as
mudan¢as em quantidade e qualidade na matéria organica (Soussana; Lemaire, 2014;
Bardgett; Wardle, 2003) que, consequentemente, influenciam os atributos bioquimicos
(ex. ciclagem de nutrientes) e fisico-hidricos (ex. infiltracdo, armazenamento e
disponibilidade de 4gua e ar). Além disso, em 4reas pastejadas o maior estimulo ao
crescimento das raizes pode atuar também diretamente favorecendo a estruturacao do solo
(Cresswell e Kirkegaard, 1995; Ambus et al., 2018; Bodner et al., 2014). Essas respostas
sinérgicas complexas e intrinsecas da relag¢do entre o solo, as plantas e os animais, atuam
de forma simultdnea e sdo responsdveis por promover 0s principais servigos
ecossistémicos derivados dessas interagdes.

Ainda sdo escassos os estudos a respeito de estratégias de fertilizagdo em SIPA
(Moraes et al., 2014b). Isto representa um forte entrave a exploracao desses sistemas, uma
vez que induz a manejos inadequados, principalmente, na fase pastagem. Em sucessoes
lavoura-pastagem, ¢ comum que a fertilizagdo seja feita na lavoura, esperando que a
pastagem seja atendida pela “adubacgdo residual” da fase anterior. Dessa forma, a
desatencao com a adubagdo do pasto compromete o crescimento da vegetagao e, portanto,
o desempenho dos animais. Recentemente alguns estudos (Simoes et al., 2023; Farias et

al., 2020; Pires et al., 2022) tém verificado que a adubagdo de sistema em SIPA realizada
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83  durante a fase pastagem (momento de menor exportagao de nutrientes) € uma alternativa
84  promissora para garantir a producdo primaria e melhorar a eficiéncia no uso de
85 fertilizantes. No entanto, ainda se desconhecem quais os processos € agentes envolvidos
86  na eficiéncia do uso de dgua e nutrientes com essa estratégia de adubacao em SIPA.
87 Apesar de o solo ser um componente bastante explorado nas pesquisas em SIPA,
88  de forma geral esses estudos ainda estao sob uma abordagem multidisciplinar (Anghinoni
89 etal., 2013), como um conjunto de disciplinas que sdo tratadas separadamente. Este tipo
90 de avaliacao desconsidera as relagdes existentes e a atuagao simultanea dos processos ¢
91  agentes envolvidos no funcionamento de um SIPA, tornando os progressos cientificos
92  limitados e até mesmo desconexos. Para a real compreensao do funcionamento do solo
93 em SIPA, os estudos devem ter abordagens que incluam as inter-relagdes entre
94  componentes bioldgicos, fisico-hidricos e quimicos do solo (Simdes et al., 2023). Nesse
95  contexto, este estudo buscou avaliar e estabelecer as possiveis relagdes existentes entre a
96 qualidade fisico-hidrica e bioquimica do solo com a eficiéncia de diferentes estratégias
97  de adubacdo em SIPA e em area sem pastejo.
98
99 2. Material e Métodos
100 2.1 Local, clima e descri¢ao do solo
101 O experimento foi conduzido na Estagdo Experimental Agrondmica da
102 Universidade Federal do Rio Grande do Sul (EEA-UFRGS), localizada na cidade de
103  Eldorado do Sul, Rio Grande do Sul, Brasil (latitude 30°05'22" S, longitude 51°39'08" L
104 e altitude de 46m). O clima ¢ subtropical imido “Cfa” de acordo com a classificacao de
105  Ko&ppen, com médias anuais de 19°C de temperatura do ar e 1.500 mm de precipitacao

106  pluvial. O solo da area foi classificado como Plintossolo Argilavico Distréfico tipico
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(Streck et al., 2008). A classe textural do solo ¢ franco-arenosa (160, 260 e 580 g de argila,
silte e areia, respectivamente).

A érea experimental vem sendo conduzida desde 2003 em sistema integrado de
producao agropecudria em plantio direto. Em 2017 iniciou-se o atual protocolo
experimental em uma area de 4,4 ha dividida em 16 piquetes (parcelas experimentais).
Para o desenvolvimento deste estudo todos os dados foram coletados ao longo de uma
sucessao completa de azevém — soja, entre maio/2021 e maio/2022.

Durante o periodo experimental, a média de temperatura do ar foi de 20°C e a
precipitacao pluvial acumulada foi de 828 mm, o que corresponde a um déficit de 672
mm comparado a média do acumulado de chuva na regido. Em maio/2020, o solo
apresentava (0-20 cm) 8,1 g kg™! de carbono organico, 4,4 de potencial de hidrogénio
(pH) em agua (1:1, v/v), 7,8 cmol. dm > de capacidade de troca catiénica em pH 7,0 (CEC
pH 7,0), 33% e 26% de saturagdo por bases e por aluminio (Al) (CQFS-RS/SC, 2018).
Entre os anos de 2020 e 2021, o tinico manejo da fertilidade do solo foi a adubagdo com
nitrogénio (N), fosforo (P) e potassio (K) de acordo com as diferentes estratégias de
adubacdo exploradas nesta pesquisa. Em maio/2021 o solo apresentava 30 e 70 mg dm™

de P e K disponiveis (extraidos por solugio de Mehlich™), respectivamente.

2.2. Delineamento experimental e tratamentos

O delineamento experimental foi em blocos ao acaso com 4 repeticoes em
esquema fatorial 2 x 2, sendo os tratamentos a interagdo entre dois sistemas de produgdo
em plantio direto e duas estratégias de adubagao. Os sistemas de producao sao (i) SIPA —
soja [Glycine max (L.) Merr.] em sucessdo a uma pastagem de azevém (Lolium
multiflorum Lam.) pastejada por ovinos; e (i1) areas sem pastejo, com soja no periodo

estival e azevém como cobertura na fase pastagem. As diferentes estratégias de adubagao
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correspondem a (i) adubagdo na lavoura, com fosforo (P) e potassio (K) aplicados na
semeadura da soja (novembro); e (ii) adubacao de sistema, com P e K aplicadas no
estabelecimento da pastagem (maio).

Nas duas estratégias de adubagio foi aplicado 150 kg N ha™! na forma de ureia
durante o estabelecimento do azevém. A adubagao de P e K foi calculada baseada na
expectativa de exportacdo de uma produgio de 2,5 Mg ha! de soja, correspondente a
produtividade média nas duas safras anteriores. Assim, foram aplicados 15 kg P ha' e 42
kg K ha!, usando como fontes desses nutrientes o superfosfato triplo e cloreto de potassio,

respectivamente (CQFS-RS/SC, 2016).

2.2.1 Manejo das diferentes fases de producio

2.2.1.1 Fase pastagem

No ano de 2021, a fase pastagem iniciou com a semeadura do azevém (Lolium
multiflorum Lam.) ocorrida no final de abril, com a cultivar BRS Ponteio (dose de 25 kg
ha! de sementes viaveis e puras). No SIPA a herbivoria foi realizada por ovinos jovens
(10 meses) da raca Corriedale, com aproximadamente 29 + 6,47 kg de peso vivo. Na drea
sem pastejo o azevém foi mantido apenas como planta de cobertura. O manejo do pasto
foi feito considerando a maximizacdo da produ¢do animal através da mantenca da
estrutura do dossel em 15 cm de altura, segundo o conceito do rotatinuo (["Rotatinuous"
conceito, de de Faccio Carvalho (2013)]. Para isso, foram feitas semanalmente, 150
pontos de altura do pasto por piquete. O método de pastoreio foi por lotagdo continua,
pela metodologia “put-and-take” (Mott e Lucas, 1952). A fase de pastejo foi do inicio de
julho ao inicio de novembro (118 dias). Ao final do ciclo, o azevém foi dessecado com

Glifosato (4 L ha™!).
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2.2.1.2. Fase lavoura

Para fase de lavoura utilizou-se a cultura da soja com a cultivar pré-comercial
BRS 6105 RR. As sementes foram inoculadas com Bradyrhizobium japonicum (70 ml de
produto comercial para cada 50 kg de sementes). A semeadura aconteceu no dia 2 de
dezembro de 2021, com populacdo de 12 sementes por metro linear e espagamento entre
linhas de 45 cm, visando uma densidade de 255.000 plantas ha™'. Sempre que houve
necessidade de intervengao com produtos quimicos (herbicidas, inseticidas e fungicidas),
estas foram realizadas de acordo com as recomendacgdes técnicas oficiais. A colheita foi

realizada em 22 de abril de 2022, totalizando um ciclo de 141 dias.

2.3 Avaliacoes e coletas de solo
As avaliagdes e coletas de solo ocorreram em 3 periodos distintos, onde P1 —
transicao lavoura-pastagem (julho/2021), P2 — meio da fase pastejo (setembro/2021) e P3

— transi¢do pastagem-lavoura (dezembro/2021), conforme elucidado na Figura 1.

(P3) (P3)
TRANSICAO FASE TRANSICAO FASE
PASTAGEM-LAVOURA PASTAGEM-LAVOURA

(P2)
MEIO DA

o
EsTaBrLECME

P1)
TRANSICAO FASE TRANSICAO FASE
LAVOURA-PASTAGEM LAVOURA-PASTAGEM

(P1)

Figura 2. Representacdo esquematica e cronologica das diferentes épocas de avaliacfes

dos indicadores fisico-hidricos e bioquimicos da qualidade do solo nos diferentes
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sistemas de producéo (SIPA e area sem pastejo). P1 — transicao lavoura-pastagem (julho),

P2 — meio da fase pastejo (setembro), P3 — transi¢ao pastagem-lavoura (dezembro).

As amostragens fisicas e bioquimicas foram realizadas na profundidade de 0 a 10
cm, devido a importancia desta camada no diagndstico da fertilidade do solo,
armazenamento e controle de diversos processos ambientais e agronomicos (Reynolds et
al., 2009). Foi coletada uma amostra composta por cinco subamostras deformadas (0-10
cm) aleatoriamente em cada piquete (parcela) para determinacdo da distribui¢dao

granulométrica (Teixeira et al., 2017).

2.3.1. Avaliacées fisico-hidricas do solo

Foram realizados trés testes de infiltragdo por tratamento, totalizando 36 testes
nos trés periodos avaliados (P1, P2 e P3). Os testes foram realizados conforme descrito
em Lassabatere et al. (2006), com cilindro de didmetro interno de 15 c¢m, inserido no solo
a uma profundidade de 1 cm para evitar o escoamento de agua pelas laterais. Para cada
teste foi coletada uma amostra deformada em local proximo para determinacdo da
umidade inicial (8o). Ao final do teste foi realizada a coleta de uma amostra indeformada
(10 cm de diametro x 10 cm de altura) para avaliagdo da densidade do solo seco e umidade
final (0s), adotando-se 6s como a porosidade total. As amostras foram armazenadas em
bandejas de aluminio para manter a umidade do momento da coleta. Em seguida, foram
levados ao laboratorio, onde foram pesados e colocados em estufa a 105 °C até atingir
peso constante, conforme Teixeira et al. (2017).

O método de Beerkan foi utilizado para caracterizar as condigdes fisico-hidricas
do solo (Lassabatere et al., 2006). Logo, estima-se simultaneamente os parametros de

retencdo de dgua (van Genuchten, 1980, Eq.1) e a condutividade hidrdulica do solo
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(Brooks e Corey, 1964, Eq.2) com a condi¢ao de Burdine (1953):

66, A\ T 2
o(h) = (ﬁ) = [”(E) ] e m=1-2 (Eq.1)
6-6,\" 2
K©) =K, (=) ¢ nN=—+2+p (Eq.2)

onde 0 ¢ o teor volumétrico de agua no solo [L* L]; 0; e 05 sdo os teores volumétricos de
4dgua do solo residual e saturado [L3 L], respectivamente; h é a carga de pressdo da agua
no solo [L]; hg [L] € o valor de escala de h; n, m e 1 sdo pardmetros de forma; p ¢ o
parametro de tortuosidade igual a 1 (Burdine, 1953); Ks ¢ a condutividade hidraulica
saturada do solo [L T™!]. 6, é assumido como zero; 05 foi medido ao final de cada teste de
infiltracao a partir das coletas de solo.

O algoritmo utilizado para estimar os pardmetros de transferéncia do solo por meio
de experimentos de infiltracdo, denominado método de estimativa de Beerkan (BEST),
estima os parametros de forma (n e 1) assumindo que as fungdes de distribui¢do
granulométrica e de reten¢do de dgua sao semelhantes. Os parametros de escala, hg, Ks e
0s, foram determinados por testes de infiltracdo, usando a férmula analitica definida por
Haverkamp et al. (1994) para infiltragdo cumulativa 3D I(t) e taxa de infiltracdo q(t),
descrita pelas equagdes transitdria e de estado estaciondrio, respectivamente [ver
Lassabatere et al. (2006) para mais detalhes]. O algoritmo BEST-Slope foi selecionado
nesta pesquisa com base no melhor desempenho no ajuste dos dados do modelo de
infiltracdo cumulativa transiente para todos os 36 testes de infiltragao.

Para avaliar a qualidade fisico-hidrica do solo, foram utilizados nove indicadores
selecionados da literatura (Iovino et al., 2016; Reynolds et al., 2007; 2009; Topp et al.,
1997; Cherubin et al., 2016a; Cherubin et al., 2016b): densidade do solo (Ds); porosidade

total (PT); condutividade hidraulica saturada (Ks); capacidade de 4gua disponivel para
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planta (CADP); capacidade de campo relativa (CCR); macroporosidade (Pmac);
capacidade de aeracao (CA); indice de estabilidade estrutural do solo (IEE) e grau de
compactagao do solo (GCS). O CADP, CCR, Pmac € CA foram determinados de acordo
com (Reynolds et al., 2007; Reynolds et al., 2009), através de modelos descritos em
Simoes et al. (2023). O IEE foi calculado a partir do modelo IEE = (carbono organico do
solo x 1,724) / (silte + argila)) x 100 (Reynolds et al., 2009). O GCS foi determinado
como GCS = (Ds / Dsmax) x 100, onde Ds max ¢ a densidade aparente maxima, estimada

usando a fun¢do de pedotransferéncia descrita por Marcolin e Klein, (2011).

2.3.2. Avaliacoes bioquimicas do solo

Foi coletada uma amostra composta por cinco subamostras deformadas (0-10 cm)
em cada parcela experimental, totalizando 36 coletas nos trés periodos avaliados (P1, P2
e P3). Posteriormente, as amostras foram armazenadas a cerca de 3 = 1°C até o momento
da analise. Os teores de carbono e nitrogénio da biomassa microbiana (CBM e NBM,
respectivamente) foram avaliados por meio do método de irradiacdo-extracdo, descrito
por Mendonga e Matos (2017) e adaptado de Islam e Weil (1998) e Brookes, Powlson e
Jenkinson (1982). Para isso, duas subamostras em duplicata foram avaliadas por
tratamento, totalizando quatro subamostras finais cada uma com 20 g de solo. Uma
subamostra em duplicata foi irradiada por 2 minutos e 40 segundos, enquanto a outra
subamostra permaneceu sem irradiacdo. Em seguida, foram adicionados 80 mL de sulfato
de potassio (K2SOs) e colocadas as subamostras para agitadas por 30 minutos. Apos 12
horas de decantagdo, o extrato sobrenadante de cada subamostra foi filtrado e a
quantidade de carbono e nitrogénio microbiano foi determinada de acordo com o método

descrito por Tedesco et al. (1995).
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Foi utilizado o método proposto por Walkley e Black (1934) para determinar o
carbono organico total (COT). A atividade da enzima [-glicosidase (BG:p) foi
determinada a partir da metodologia proposta por Eivazi e Tabatabai (1988). Para
avaliacdo da enzima arilsulfatase (ARS) foi utilizado o procedimento descrito por

Tabatabai ¢ Bremner (1970).

2.4 Indice de Qualidade do Solo (IQS)

O IQS foi desenvolvido em trés etapas, conforme descrito por Cherubin et al.,
(20164, b). A primeira etapa consistiu na selecdo dos indicadores. Foram selecionados
nove indicadores fisico-hidricos (Ds, PT, CADP, CCR, Pmac, CA, Ks, ISS e GCS) e cinco
indicadores bioquimicos (CBM, NBM, COT, BG:B e ARS) com base na literatura
publicada (Reichert; Reinert; Braida, 2003; Reichert et al., 2009; Reynolds et al., 2007,
2009; Lopes et al., 2013; Cherubin et al., 2016a). Na segunda etapa, os valores dos
indicadores foram transformados usando fungdes de pontuagdao ndo lineares. Os
indicadores foram pontuados usando uma das seguintes curvas: "mais ¢ melhor" (curva
sigmoide assintota superior), "menos ¢ melhor" (curva sigmoide assintota inferior) e
"ponto médio ideal" (curva gaussiana). As equagdes ndo lineares (Eq.3) e (Eq.4) foram
usados para as formas de curva de pontuacdo “mais ¢ melhor” e “menos ¢ melhor”,
respectivamente. Para a curva “ponto médio ideal”, as equagdes 3 e 4 foram usadas juntas

nas partes crescentes e decrescentes da curva.

a

1+ =) |

Pontuagado = (Eq.3)
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a

1+ G=15) |

265 Pontuagdo = (Eq.4)

266

267  onde, Pontuagdo ¢ o valor sem unidade do indicador de solo que variade 0 a 1, a é a
268  pontuacdo maxima que foiigual a 1 neste estudo, B ¢ o valor da linha de base do indicador
269  de solo onde a pontuacao ¢ igual a 0,5, LB ¢ o limite inferior, UB ¢ o limite superior, x €
270 o valor indicador do solo medido e S ¢ a inclina¢do da equagdo definida como -2,5.

271 Os limites criticos e a linha de base para cada indicador da qualidade do solo foram
272  definidos usando referéncias da literatura, conforme mostrado na Tabela 1.

273

Tabela 3. Limites criticos e curvas de pontuacdo de acordo com o indicador de
qualidade do solo.

. . Limite Linha de Limite -, Curva de
Indicador  Unidade inferior base superior Ponto otimo pontuacgéo

Fisico-hidricas

Ds* Mg m 15 1.65 1.8 - Menos é melhor
PT* m® m 0.2 0.35 0.5 - Mais é melhor
CADP* mé m-3 0.1 0.15 0.2 - Mais é melhor
CCR* DN - 0.6e0.7 - 0.65 Otimo
Prmac” m® m-3 - 0.04 0.07 - Mais é melhor
CA* mé m-3 - 0.1 0.14 - Mais é melhor
Ks* mm- - 0.001e0.1 - 0.005< Ks < 0.05 Otimo
IEE* % 5 7 9 - Mais é melhor
GCs* % 80 90 100 - Menos é melhor
Bioquimicos
CBM* mg kg 200 275 350 - Mais é melhor
NBM* mg kg! 20 27,5 35 - Mais é melhor
coT* g kgt 10 17,5 25 - Mais é melhor
BG:p* mgkgth? 60 90 120 - Mais é melhor

ARSY  mgkg!h? 40 65 95 - Mais ¢ melhor
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*Reichert; Reinert; Braida, (2003); Reichert et al. (2009); *Reynolds et al. (2007; 2009);
*Cherubin et al. (2016a); YLopes et al. (2013). Ds, densidade do solo (Mg m™); PT,
porosidade total (m* m3); CADP, capacidade de 4gua disponivel para a planta (m> m™);
CCR, capacidade de campo relativa (ND, ndo dimensionavel); Pmac, macroporosidade (m?
m™); CA, capacidade de aeragdo (m® m™); Ks, condutividade hidraulica saturada (mm s”
1; IEE, indice de estabilidade estrutural do solo (%); GCS, grau de compactacio do solo
(%); CBM, carbono da biomassa microbiana (mg kg'); NBM, nitrogénio da biomassa
microbiana (mg kg'); COT, carbono organico total (g kg''); BG:B, atividade da P-

glicosidase (mg kg™' h'') e ARS, arilsulfatase (mg kg'' h™!).

Na terceira etapa, as pontuagdes dos indicadores foram integrados a um indice de
qualidade do solo usando o método aditivo ponderado (Eq. 5), conforme descrito por

Cherubin et al. (2016a).

n
10S = Z Wisi (Eq.5)
i=1

onde, Si ¢ a pontuacdo do indicador, n o numero de indicadores integrados no indice e Wi
o valor ponderado dos indicadores. Os indicadores foram ponderados de acordo com uma
estrutura desenvolvida com base em trés fungdes do solo (Tabela 2), conforme sugerido
por Cherubin et al. (2016a) e Lima et al. (2013).

Para cada periodo de avaliagdo (P1, P2 e P3), foram calculados indices que
representassem as fun¢des agrondmicas e ambientais e, em seguida, as pontuagdes dessas
funcdes foram integradas em um unico indice de qualidade do solo (IQS). Posteriormente,
foram obtidos indices representativos para todo o periodo experimental, a partir das
médias dos indices especificos das fungdes e do indice de qualidade do solo de todos os

periodos avaliados.
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Tabela 4. Quadro de func@es do solo e indicadores usados para desenvolver o indice de qualidade do solo.

Funcdes do solo Peso  Subfuncéo Peso Nivel 1 Peso Nivel 2 Peso
F(i) — Manutencdo da microbiota e 0,334 Biomassa microbiana 0,5 COT 0,2
ciclagem de nutrientes
CBM 0,4
NBM 0,4
Atividade enzimatica 0,5 BG:p 0,5
ARS 0,5
F(ii) — Infiltracdo, armazenamento e 0,333 Infiltracdo de &gua 0,25 Ks 0,7
disponibilidade de agua e ar
Indicadores 0,3 COT 0,15
correlacionados Ds 0,15
Armazenamento e disponibilidade de 0,25 CADP 0,4
agua
CCR 0,4
Indicadores 0,2 PT 0,2
correlacionados
Aeracdo do solo 0,5 Pmac 0,4
CA 0,4
Indicadores PT 0,2
correlacionados
F(iii) — Sustentacdo do crescimento das 0,333 Compactacdo do solo 0,4 Ds 0,35
plantas e resisténcia a degradacéo
GCS 0,35
Indicadores CcoT 0,1
correlacionados PT 0,2
Estabilidade estrutural 0,4 IEE 1
Condutividade hidraulica na saturacdo 02 Ks 1

Ds, densidade do solo; PT, porosidade total; CADP, capacidade de agua disponivel para a planta; CCR, capacidade de campo relativa;
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Pmac, macroporosidade; CA, capacidade de aeragdo; K, condutividade hidraulica
saturada; IEE, indice de estabilidade estrutural do solo; GCS, grau de compactacdo do
solo; CBM, carbono da biomassa microbiana; NBM, nitrogénio da biomassa microbiana;

COT, carbono organico total; BG:J, atividade da B-glicosidase e ARS, arilsulfatase.

2.5 Avaliacgoes de producao primaria

A produgio total de forragem (kg ha'! de matéria seca — MS), quando em 4rea sem
pastejo foi medida pela biomassa total acumulada. Enquanto que em SIPA somou-se a
biomassa da forragem do primeiro dia de pastejo com as taxas diarias de acimulo da
forragem durante todo ciclo de pastejo. A taxa didria de acimulo de forragem foi avaliada
a cada 28 dias utilizadas gaiolas de exclusdo de pastejo, conforme protocolo padrao que
foi descrito por Farias et al. (2020). A produtividade da soja (kg ha™') foi determinada na
maturidade plena (Estagio fenoldgico - R8) dos graos com 13% de umidade, sendo

coletadas 4 sub amostras aleatorias de um metro linear por parcela.

2.6 Analise dos dados

Os pressupostos da andlise de variancia (ANOVA) foram atingidos (normalidade
pelo teste de Shapiro-Wilk (P>0,05), homogeneidade de variancia pelo teste de Bartlett
(P>0,05) e analise visual residual). Quando necessario, os dados foram transformados
elevando a variavel a poténcia de lambda. O valor lambda apropriado foi obtido através
da realizacdo de uma analise de transformacao Box-Cox.

ANOVA foi realizada a um nivel de significancia de 5% (P < 0,05) usando um
modelo misto pela funcdo LMER do pacote Ime4 no software R (R Core Team, 2013).
Os indicadores de solo foram analisados considerando como efeitos fixos o sistema de

producao (SIPA vs. area sem pastejo), a estratégia de fertilizacdo (adubacao na lavoura
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vs. adubagdo de sistema), o periodo de avaliagao (P1, P2 e P3) e suas respectivas
interacdes. Nesse modelo os blocos representaram o efeito aleatorio. Para os indices que
representaram as fungdes do solo (Fi, Fii e Fiii) e o indice de qualidade do solo foram
considerados os mesmos efeitos fixos dos indicadores, entretanto os piquetes (parcelas
experimentais) representaram o efeito aleatorio.

O sistema de producdo, a estratégia de adubagdo e sua interagdo foram
considerados como efeitos fixos, e o bloco como efeito aleatorio sobre a producao de
forragem e produtividade da soja. Para identificar o0 modelo com melhor qualidade de
ajuste aos dados foi utilizada a abordagem Akaike Information Criterion (AIC). Quando
detectadas diferencas, as médias foram comparadas pelo teste de Tukey. Andlise de
correlacdo de Pearson (r) a nivel de 5% foram realizadas entre os indices das func¢des do

solo (Fi, Fii e Fiii) e o indice de qualidade do solo com a producdo de forragem e soja.

3. Resultados
3.2 Indicadores de qualidade do solo

Nao foram verificados efeitos significativos da interacao entre as estratégias
de adubagdo, sistemas de produgdo e periodos de avaliagdao nos indicadores fisico-
hidricos e bioquimicos da qualidade do solo (Tabela 4). No entanto, observou-se interacao
significativa entre as estratégias de fertilizagao e sistemas de produgdo para a capacidade
de agua disponivel para planta, capacidade de campo relativa e o indice de estabilidade
estrutural. Além disso, houve também interagdo entre os sistemas de producao e periodos
de avaliagdo para as variaveis densidade do solo, porosidade total, capacidade de agua
disponivel para as plantas, capacidade de campo relativa, macroporosidade, capacidade
de aeracdo e grau de compactacao do solo. A B-glicosidase, o carbono e o nitrogénio da

biomassa microbiana foram afetados exclusivamente pelos periodos de avaliacdo. A
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arilsulfatase e a condutividade hidraulica saturada, foram significativamente
influenciadas pelos sistemas de producdo independentemente dos demais fatores

estudados.

Tabela 3. Anélise de variancia das estratégias de adubagdo (F) (adubagdo de cultivo e
adubagdo de sistema), sistemas de producdo (S) (SIPA e area sem pastejo), periodos de
avaliagdo (P) (transi¢do lavoura-pastagem, meio do ciclo de pastejo e transi¢do pastagem-

lavoura) e seus efeitos nos indicadores de qualidade fisica e bioquimica do solo.

) _ Efeitos
Indicador®  Unidades  ——— P  FxS FxP SxP FxSxP
Fisico-hidricos
Ds Mg m ns ns ns ns Ns * ns
PT mém™ ns ns ns ns Ns * ns
CADP mém™ ** ns ns faleiel Ns kel ns
CCR DN ** ns ikl * Ns Fhx ns
Prmac mém> ns ns *x ns Ns okl ns
CA mém™ ns ns *k ns Ns *k ns
Ks mm-?t ns * ns ns Ns ns ns
IEE % * ns ns faleled Ns ns ns
GCS % ns ns ns ns Ns * ns
Bioquimicos

CBM mg kg* ns ns * ns Ns ns ns
NBM mg kg* ns ns flehed ns Ns ns ns
COoT g kg? ns ns ns ns Ns ns ns
BG:p mgkgth? ns ns * ns ns ns ns
ARS mgkgth? ns * ns ns ns ns ns

Ds, densidade do solo; PT, porosidade total; CADP, capacidade de agua disponivel para
a planta; CCR, capacidade de campo relativa; Pmac, macroporosidade; CA, capacidade de
aeragdo; K, condutividade hidraulica saturada; IEE, indice de estabilidade estrutural do
solo; GCS, grau de compactagao do solo; CBM, carbono da biomassa microbiana; NBM,

nitrogénio da biomassa microbiana; COT, carbono organico total; BG:f, atividade da -
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glicosidase e ARS, arilsulfatase. *Significativo em P < 0,05; ** Significativoem P<0,01;

*#* Significativo em P < 0,001; ns ndo significativo.

A densidade do solo, a porosidade total e o grau de compactagdo do solo foram
significativamente afetados pelas agdes especificas do pastejo durante o meio da fase
pastagem (Tabela 5). Nessa ocasido, somente as areas de SIPA apresentaram alteragdes
nessas variaveis comparado ao periodo de transi¢do lavoura-pastagem, sendo observada
uma redu¢do da densidade do solo e, consequentemente, do grau de compactagao, com
aumento respectivo na porosidade total. Essas mudangas estruturais do solo repercutiram
na maior estabilidade do SIPA quanto a variabilidade temporal para a capacidade de agua
disponivel para planta, capacidade de campo relativa, macroporosidade e capacidade de
aeracdo. Para essas variaveis somente foram observadas diferengas no tempo com a area
sem pastejo.

Nos sistemas de cultivo a capacidade de dgua disponivel para planta e a
capacidade de campo relativa reduziram significativamente no meio da fase pastagem e
na transi¢do pastagem-lavoura comparado ao periodo de transi¢do lavoura-pastagem. Em
compensag¢do, no meio da fase pastagem e na transi¢do pastagem-lavoura, esses sistemas

aumentaram a macroporosidade e a capacidade de aerag@o dos solos.

Tabela 4. Valores médios dos indicadores fisicos e bioquimicos do solo (0-10 cm de
profundidade) nos diferentes sistemas de producdo (SIPA e area sem pastejo - SP),
estratégias de adubagdo (adubacdo de sistema e adubagdo da lavoura) e periodos de

avaliacdo em um Plintossolo Argiltivico Distréfico tipico.

1) Interacdo entre periodos de avaliacdo e sistemas de producao

Indicador Transicdo lavoura- Transicao pastagem-

Meio da fase pastagem
pastagem lavoura

SIPA SP SIPA SP SIPA SP
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Ds 1,19 Aa 1,15 Aa 1,03 Bb 1,16 Aa 1,10 ABa 1,10 Aa
PT 0,55 Ba 0,57 Aa 0,61 Aa 0,56 Ab 0,58 ABa 0,59 Aa
CADP 0,16 Ab 0,19 Aa 0,19 Aa 0,15 Bb 0,18 Aa 0,15Bb
CCR 0,59 Ab 0,7 Aa 0,62 Aa 0,55 Bb 0,62 Aa 0,54 Bb
Pmac 0,08 Aa 0,04 Bb 0,09 Aa 0,13 Aa 0,07Ab 0,15 Aa
CA 0,22 Aa 0,17 Bb 0,23 Aa 0,25 Aa 0,21 Ab 0,27 Aa
GCS 61 Aa 59 Aa 53Bb 60 Aa 57 ABa 57 Aa
2) Efeito isolado dos periodos de avaliacdo
CBM 155B 210 AB 254 A
NBM 6,4 B 143 A 16,6 A
BG:B 9% B 101 B 164 A
3) Interacdo entre as estratégias de adubacao e sistemas de producéo
Adubacéo de sistema Adubacéo na lavoura
SIPA SP SIPA SP
CADP 0,2 Aa 0,16 Ab 0,15 Bb 0,17 Aa
CCR 0,65 Aa 0,6 Ab 0,57 Ba 0,6 Aa
IES 7,27 Aa 5,65Ab 5,16 Ba 5,81 Aa
4) Efeito isolado dos sistemas de producéo
Sistemas de producao
SIPA SP
Ks 0,01b 0,03a
ARS 131a 104 b

Ds, densidade do solo (Mg m™); PT, porosidade total (m® m=); CADP, capacidade de
agua disponivel para a planta (m® m?); CCR, capacidade de campo relativa (ND, ndo
dimensionavel); Pmac, macroporosidade (m® m=); CA, capacidade de aeragio (m3 m=3); K,
condutividade hidraulica saturada (mm s™); IEE, indice de estabilidade estrutural do solo
(%); GCS, grau de compactacao do solo (%); CBM, carbono da biomassa microbiana (mg
kg™); NBM, nitrogénio da biomassa microbiana (mg kg™); COT, carbono organico total
(g kgt); BG:B, atividade da p-glicosidase (mg kg h') e ARS, arilsulfatase (mg kgt h™).
1) As letras maitsculas comparam os periodos em cada sistema de producao e letras
minusculas comparam diferentes sistemas de producdo dentro de cada periodo. 2) As
letras maiusculas comparam periodos independentemente do sistema de producdo ou
estratégia de adubacgdo. 3) As letras maitisculas comparam as estratégias de adubacao em
cada sistema de producao e letras mintisculas comparam diferentes sistemas de produgao

dentro de cada estratégia de adubacdo. 4) As letras mintisculas comparam os diferentes
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sistemas independente dos outros fatores avaliados. As médias seguidas pelas mesmas

letras nao diferem pelo teste de Tukey em P < 0,05.

Durante a avaliacdo do meio da fase pastagem, verificou-se menor densidade e
grau de compactacdo do solo e maior porosidade total no SIPA comparado a area sem
pastejo (p<0,05). O SIPA apresentou a menor capacidade de dgua disponivel para as
plantas e capacidade de campo relativa comparado a area sem pastejo durante a transi¢ao
entre a lavoura e a pastagem. Nesse momento, em fun¢do do rearranjo das particulas do
solo apo6s o ciclo da soja, no SIPA ocorreu um aumento na quantidade de poros maiores
(Pmac € CA) e uma reducido respectiva na quantidade de poros menores (CADP ¢ CCR).
Essas caracteristicas estruturais do solo resultaram em maior macroporosidade e
capacidade de aeracdo no SIPA comparado a area sem pastejo durante a transi¢do lavoura-
pastagem. A partir da agdo do animal em pastejo ocorreram mudangas estruturais no solo
que asseguraram a maior capacidade de agua disponivel para as plantas e capacidade de
campo relativa ao SIPA comparado a area sem pastejo, durante o meio do ciclo da fase
pastagem e na implantagdo da lavoura.

O carbono e o nitrogénio da biomassa microbiana aumentaram durante a fase
pastagem, ocorrendo acréscimos na biomassa dos microrganismos a partir da avaliag¢ao
do meio da fase pastagem, independentemente dos sistemas de produgdo e estratégias de
adubacdo. A variabilidade temporal influenciou também a atividade enzimatica no solo,
sendo constatada a maior atividade da B-glicosidase durante a transicdo pastagem-
lavoura.

A interacdo entre o SIPA e a adubacgdo de sistema aumentou a capacidade de dgua
disponivel para as plantas e a capacidade de campo relativa no solo. Por outro lado, os

efeitos benéficos do pastejo nos atributos fisicos-hidricos do solo, especificamente a
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capacidade de agua disponivel e capacidade de campo relativa, foram neutralizados
quando a pastagem nao recebeu adubacao (P e K). Além disso, na adubagao da lavoura a
capacidade de agua disponivel para as plantas no SIPA foi inferior (p<0,05) a area sem
pastejo. Quando a adubacao com P e K foi realizada na lavoura, os efeitos benéficos dos
animais em pastejo além de serem neutralizados, representaram uma menor capacidade
do solo em disponibilizar 4gua para as plantas. Esses resultados mostraram-se estar em
concordancia com a maior estabilidade estrutural dos solos no SIPA com adubagado de
sistemas, sugerindo que hd uma relacdo entre a interagdo dos efeitos do pastejo em
pastagens adubadas (P e K) com a maior estabilidade estrutural do solo e a reten¢do de
agua para as plantas.

A condutividade hidraulica saturada e a arilsulfatase foram afetadas apenas pelos
sistemas de producdo. A drea sem pastejo favoreceu a maior condutividade hidraulica
saturada nos solos quando comparado ao SIPA. Por outro lado, a maior atividade da
arilsulfatase foi constatada no SIPA independentemente dos periodos de avaliagdo e

estratégias de adubacao.

3.2 Indices de qualidade do solo

A estabilidade estrutural do solo, o armazenamento e disponibilidade de 4gua para
as plantas foram significativamente influenciadas pelos efeitos da interagdo entre os
sistemas de producao e estratégias de adubacao (Figura 2a). Nao foram verificados efeitos
(p<0,05) isolados ou interacdo para os sistemas de producao, estratégias de adubacao e
periodo de avaliagdo com as outras subfungdes do solo. O armazenamento e a
disponibilidade de 4gua para as plantas foram favorecidos pelos efeitos do pastejo em
areas adubadas na fase pastagem, sendo verificadas pontuacdes equivalentes a 0,93 nesses

sistemas, enquanto que a adubagao de sistema em areas exclusivas para produgado agricola
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e em SIPA com a adubagao realizada na lavoura as pontuagdes reduziram para 0,61 e
0,51, respectivamente (Figura 2b). O SIPA com adubagao de sistema também apresentou
a maior pontuacao para a estabilidade estrutural do solo (0,62), comparado a area sem
pastejo com adubagdo de sistema (0,24) e ao SIPA com adubagdo convencional (0,14)
(Figura 2c¢). Esses resultados indicaram que embora o manejo do pasto seja realizado a
partir da manutenc¢ao da altura média do azevém em 15 cm, independentemente da
estratégia de adubacdo, a dindmica dos processos ¢ alterada em fun¢ao da auséncia de

adubagdo com P e K nas pastagens.
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Figura 2. Pontuacdes das subfunc¢des do solo (0 a 10 cm de profundidade) ao longo do

ano-safra sob o sistema de integra¢do lavoura-pecudria (SIPA) ou area sem pastejo (SP)
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com adubacao de sistema (AS) ou adubacao de cultura (AC). Biomassa microbiana (BM);
Atividade enzimatica (AE); Infiltragdo de agua (IA); Armazenamento e disponibilidade
de agua (ADA); Capacidade de aeracao do solo (CAS); Compactagao do solo (CdS);
Estabilidade estrutural (ES); Condutividade hidraulica na saturacdao (Ks). Nao
significativo (ns). As letras maiusculas comparam as estratégias de adubagdao em cada
sistema de producao e letras minasculas comparam diferentes sistemas de produgao
dentro de cada estratégia de adubagdao. As médias seguidas pelas mesmas letras nao

diferem pelo teste de Tukey em P < 0,05.

A partir da integracdo das subfungdes do solo em suas respectivas fungdes
denominadas neste estudo como manuten¢do da microbiota e ciclagem de nutrientes (Fi),
infiltragdo, armazenamento e disponibilidade de agua e ar (Fii), e sustentacdo do
crescimento das plantas e resisténcia a degradacgdo (Fiii), foram observados apenas efeitos
da intera¢do dos sistemas de produgdo e estratégias de adubagdo para a capacidade do
solo em sustentar o crescimento das plantas e resistir a degradacdo (Figura 3a). O SIPA
com adubagdo de sistema apresentou o maior potencial na manuten¢do do crescimento
das plantas e resisténcia a degradagdo (p<0,05), com pontuacdo equivalente a 0,81,
enquanto que a area sem pastejo com adubacdo de sistema e o SIPA com adubagdo na

lavoura apresentaram pontuacgdes de 0,64 e 0,57, respectivamente (Figura 3b).
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Figura 3. Pontuagdes das fungdes do solo (0 a 10 cm de profundidade) e do indice de
qualidade do solo (IQS) ao longo do ano-safra sob o sistema de integracdo lavoura-
pecuaria (SIPA) ou area sem pastejo (SP) com adubagao de sistema (AS) ou adubacao de
cultura (AC). Manutengcdo da microbiota e ciclagem de nutrientes (Fi); Infiltracdo,
armazenamento e disponibilidade de 4gua e ar (Fii); Sustentacdo do crescimento das
plantas e resisténcia a degradacdo (Fiii). Indice de qualidade do solo (IQS). Nao
significativo (ns). As letras maiusculas comparam as estratégias de adubacdo em cada
sistema de producdo e letras minasculas comparam diferentes sistemas de produgao
dentro de cada estratégia de adubagdo. As médias seguidas pelas mesmas letras nao

diferem pelo teste de Tukey em P < 0,05.

Embora a subfuncao do solo relacionada ao armazenamento e a disponibilidade

de agua para as plantas ter sido afetada pela interagdo dos sistemas de producgdo e



99

estratégias de adubacdo, a infiltracdo de agua e a capacidade de aeracdao dos solos nao
foram influenciadas pela interacao desses fatores. Essa equidade resultou na auséncia de
efeitos significativos entre a interacao dos sistemas de producao e estratégias de adubagao
na funcao fisica do solo referente aos aspectos hidricos e de aeragao (Fii).

A adubagdo de sistema na integragdo lavoura-pecuaria ¢ uma estratégia de manejo
capaz de influenciar positivamente o indice de qualidade do solo (IQS) (Figura 3c).
Quando o manejo da adubacao foi realizado na fase pastagem do SIPA, o indice que
integra todas as fun¢des do solo (Fi, Fii e Fiii) exploradas neste estudo revelou uma
pontuagdo de 0,77, superior (p<0,05) a drea sem pastejo com adubacao de sistema (0,63)
e ao SIPA com adubagdo na lavoura (0,64). Esses resultados representam uma redugdo de
14 e 13%, respectivamente, na capacidade dos solos dos sistemas de cultivo adubados na
pastagem e do SIPA adubado na lavoura desempenhar suas fung¢des bioquimicas e fisico-
hidricas do solo comparado ao SIPA com adubagdo de sistema.

As descobertas deste estudo demonstraram também uma variabilidade temporal
na qualidade do solo independente dos sistemas de producdo e estratégias de adubagdo, a
menor qualidade do solo foi apds o ciclo da soja e inicio da fase pastagem (0,62),
ocorrendo aumento significativo a partir do meio da fase pastagem (0,69), o que persistiu

até o periodo de transicdo pastagem-lavoura (0,72).

3.3 Producao de forragem e soja

A produgdo primaria nas fases de pastagem e lavoura foi significativamente
influenciada pela intera¢ao dos sistemas de produgado e estratégias de adubagao (Figura
4). Em consonancia e em reflexo aos resultados obtidos para indices de qualidade do
solo, o SIPA com adubacao de sistema, obteve as maiores produgdes de forragem (Figura

4a, 11779 kg MS ha™') e soja (Figura 4b, 5083 kg ha') quando comparado a area sem
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pastejo com adubagcdo de sistema (Forragem = 6920 kg MS ha!; Soja = 4288 kg ha!) e

a0 SIPA com adubag?o na lavoura (Forragem = 5780 kg MS ha™!; Soja = 4382 kg ha™).
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Figura 4. Producao total de forragem e produtividade da soja em sistema de integragao
lavoura-pecuaria (SIPA) ou éareas sem pastejo (SP) com adubagdo de cultura (AC) ou
sistema de adubacdo (AS). As letras maitisculas comparam as estratégias de adubagdo em
cada sistema de producao e letras mintsculas comparam diferentes sistemas de producgdo
dentro de cada estratégia de adubagdo. As médias seguidas pelas mesmas letras nao

diferem pelo teste de Tukey em P < 0,05.

Esses resultados equivalem a acréscimos de 70% e 19% na produgdo total de
forragem e soja, respectivamente, do SIPA com adubagao de sistema em relagdo as areas

sem pastejo que também receberam adubacdo de sistema. Quando comparado as
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producdes do SIPA nas diferentes estratégias de adubacdo, a adubagdo de sistema
promoveu incrementos na producdo total de forragem e soja equivalentes 103% e 16%,
respectivamente, comparado a adubagdo realizada na lavoura. As diferencas em
percentual demonstraram que a presenga da adubagdo nas pastagens, pode representar
seguramente um fator de acréscimo ao crescimento e produgdo das espécies forrageiras

submetidas ao pastejo.

3.4 Relagoes entre os indices de qualidade do solo e producio primaria

A analise dos indices que representam as func¢des do solo ao longo do tempo e
suas respectivas relagcdes com a produgdo primaria, independente do sistema de produgao
e estratégia de adubacdo (n=12), revelou correlagdes positivas entre as fungdes fisico-
hidricas do solo (Fii e Fiii) com a produtividade da soja durante a transi¢do lavoura-
pastagem (Tabela 6). Nesse momento, a capacidade do solo em infiltrar, armazenar e
disponibilizar 4gua e ar apresentou o maior coeficiente de correlacio (r=0,71 e p=0,01)
entre todas as fun¢des com a produtividade da soja. Quando agrupado as funcdes fisico-
hidricas e bioquimicas no indice de qualidade do solo o coeficiente de correlagdo foi de
0,73 (p=0,01) com o rendimento da soja durante o periodo de transi¢do lavoura-pastagem.
Esses resultados sugerem que ao final do ciclo da soja, principalmente, os atributos fisico-
hidricos do solo desempenham uma influéncia consideravel na produgdo da soja,
independente do sistema de producao e estratégia de adubagao.

Durante a transi¢ao pastagem-lavoura, apesar de nenhuma das fung¢des do solo ter
demonstrado relagdo com o rendimento da soja, o indice de qualidade geral do solo
correlacionou-se positivamente (r=0,60 e p=0,04) com a producdo de graos. Nesse
sentido, reforcam-se a importancia da definicdo de manejos que preconizem a

manuten¢do da qualidade do solo durante a fase pastagem, com vistas aos possiveis
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impactos benéficos na produgdo das lavouras. As médias dos indices que representam as
fungdes em todos os periodos, em concordancia com as relagdes observadas ao longo do
tempo, revelaram apenas correlagdes entre as fungdes fisicas do solo (Fii — r=0,72 ¢
p=0,01; Fiii — r=0,60 e p=0,04) com a produtividade da soja. O indice de qualidade do
solo médio de todos os periodos, independente dos sistemas de produgao e estratégias de

adubacao, correlacionou-se (r=0,72 e p=0,01) com os maiores rendimentos da soja.

Tabela 5. Coeficientes de correlacdo de Pearson (r) e probabilidade de erro (p-valor)
entre os indices das fung¢des do solo (Fi, Fii e Fiii) e o indice de qualidade do solo (IQS),

producao total de forragem (PTF) e produtividade de soja (PS).

. P1 P2 P3 Média dos
indices periodos

PTF PS PTF PS PTF PS PTF PS

Fi r 0,38 0,31 0,18 0,04 0,45 0,56 0,48 0,37
p-valor 0,23 0,33 0,57 0,91 0,14 0,06 0,12 0,24

Fii r 0,49 0,71 0,62 0,32 0,62 0,54 0,65 0,72
p-valor 0,11 0,01 0,03 0,30 0,04 0,08 0,02 0,01

Fiii r 0,72 0,62 0,64 0,57 0,75 0,48 0,75 0,60
p-valor 0,01 0,03 0,03 0,05 0,01 0,13 0,00 0,04

1QS r 0,67 0,73 0,68 0,45 0,70 0,60 0,81 0,72
p-valor 0,02 0,01 0,02 0,14 0,01 0,04 0,001 0,01

AS AC SIPA SP

PTF PS PTF PS PTF PS PTF PS

Fi r 0,89 091 0,88 -0,31 0,35 -0,04 0,61 0,48
p-valor 0,02 0,01 0,02 0,56 0,50 0,94 0,20 0,34

Fii r 0,74 0,84 0,22 0,42 0,83 0,69 0,16 0,70
p-valor 0,10 0,04 0,67 0,41 0,04 0,13 0,76 0,12

Fiii r 0,70 0,66 0,57 0,44 0,87 0,59 0,22 0,78
p-valor 0,12 0,16 0,24 0,38 0,02 0,22 0,67 0,07

1QS r 0,84 0,88 0,79 0,24 0,93 0,66 0,45 0,74

p-valor 0,04 0,02 0,06 0,64 0,01 0,15 0,37 0,09

Manutengao da microbiota e ciclagem de nutrientes (Fi); Infiltragdo, armazenamento e
disponibilidade de agua e ar (Fii); Sustentar o crescimento das plantas e resistir a

degradacao (Fiii). Transicdo lavoura-pastagem (P1); Meio da fase pastagem (P2);
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Transi¢ao pastagem-lavoura (P3). Integracao lavoura-pecudria (SIPA); areas sem pastejo
(SP); adubacao de cultura (AC) e sistema de adubagao (AS).

A produtividade total de forragem demonstrou estar relacionada apenas com as
fungdes fisicas do solo em todos os periodos de avaliagdo (Tabela 6). Igualmente
observado com o rendimento da soja, que independente dos sistemas de producao e das
estratégias de adubagdo, nao foram verificadas correlagdes significativas entre a fungao
de manuten¢do da microbiota e ciclagem de nutrientes com a producao total de forragem.
Embora, ndo tenha sido observado correlagdo independente entre a fungdo bioquimica do
solo e a producdo total de forragem, a integragdo de todas as fungdes no indice de
qualidade do solo resultou no maior coeficiente de correlagdo (r=0,81 ¢ p=0,001) com a
producao total de forragem.

Na adubacdo de sistema (n=6) a manutencdo da microbiota e a ciclagem de
nutrientes no solo demonstrou estar fortemente correlacionada com a producao total de
forragem (r=0,89 e p=0,02) e o rendimento da soja (r=0,91 e p=0,01). Quando a adubagdo
foi realizada na lavoura apenas foi verificada relagdo entre a atividade dos
microrganismos com a producdo total da forragem (r=0,88 e p=0,02). Apenas na
adubagdo de sistema foram verificadas correlagdes significativas entre os indices de
qualidade do solo e as producdes de forragem (r=0,84 e p=0,04) e soja (r=88 e p=0,02).

A produgdo total de forragem em SIPA esta fortemente correlacionada com as
fungdes atribuidas as propriedades fisico-hidricas do solo. No entanto, no SIPA a maior
correlagdo da produgdo total de forragem resultou da integracdo de todas as fungdes
bioquimicas e fisicas no indice de qualidade do solo (=0,93 e p=0,01). Nao foram
verificadas correlagdes significativas entre as fungdes e o indice de qualidade do solo para

producao de forragem nas areas sem pastejo.
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4. Discussiao

A integracao do cultivo de plantas agricolas e a produgao animal ¢ reconhecida
como uma estratégia eficiente na utilizacdo dos recursos naturais (Wright et al., 2011;
Martins et al., 2014). No cendrio atual, sob um contexto do aumento da pressao ambiental,
esses sistemas tornaram-se importantes por contribuir na intensificacao sustentavel. As
sinergias complexas e intrinsecas da relagdo solo-planta-animal oferecem um estado
organizacional superior a esses agroecossistemas, capazes de alavancar diversos
beneficios ambientais por meio de melhorias na qualidade do solo (de Faccio Carvalho et
al., 2018). Os resultados do presente estudo demonstraram que o potencial desses
sistemas pode ser aprimorado através do manejo da adubacdo. A aplicagdo do conceito de
adubagdo de sistema em SIPA permitiu que as interacdes entre os componentes desse
sistema fossem exploradas a partir de um contexto interdisciplinar, o que resultou nao s
na maior produgao de alimentos, mas também na prestacdo de servigos ecossistémicos.

Nesse contexto, ¢ valido salientar que, embora esses sistemas sejam de fato uma
alternativa eficiente para atender as novas exigéncias ambientas, as particularidades entre
as interagdes criadas pela inser¢do de animais em pastejo exigem um nivel maior de
complexidade na compreensdo do seu funcionamento. A partir de uma visdo linear e
parcial através do negligenciamento da pastagem e, consequentemente, da producdo
animal, ocorrem a neutralizacdo dos efeitos benéficos dos animais em pastejo. Os
resultados deste estudo revelaram que o SIPA quando ndo adubado na fase pastagem (P e
K), reduz a producdo priméria e torna-se mais sensivel aos impactos negativos dos
animais na qualidade do solo. Além do P e do K, as praticas convencionais de adubacao
no sul do Brasil quando aplicadas nos SIPA negligenciam também a necessidade da
adubacdo nitrogenada durante a fase pastagem, o que pode resultar em consequéncias

ainda maiores para sustentabilidade desses sistemas.
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No SIPA os animais em pastejo sdo responsaveis por conduzir mudancas nas
propriedades funcionais do solo (Salton et al., 2014). A desfolha induz a emissao de novos
perfilhos pelas plantas que, por sua vez, estimulam o crescimento radicular (Anghinoni
et al., 2013). Simdes et al., (2023) no mesmo experimento deste estudo verificaram que
durante o meio da fase pastagem o azevém encontrava-se no maximo crescimento
vegetativo. Dessa forma, considerando-se as propor¢des equivalentes de produgdo de
biomassa aérea e subterranea (Anghinoni et al., 2013) associadas aos estimulos do
crescimento das raizes em SIPA, sugere-se que ha uma relacdo direta entre esses
processos e a variabilidade temporal verificada com os indicadores de qualidade do solo
avaliados neste estudo.

O estimulo ao crescimento das raizes pode contribuir para redug¢dao da densidade
do solo e, consequentemente, do grau de compactagao através de um fendmeno conhecido
como perfuragdo bioldgica (Cresswell e Kirkegaard, 1995). A perfuracdo bioldgica
consiste na formagdo de bioporos no solo a partir da acdo de organismos vivos, como
bactérias e fungos, perfurando ou decompondo as raizes (Cresswell e Kirkegaard, 1995;
Ghestem et al., 2011). O crescimento das raizes pode atuar também diretamente
favorecendo beneficios na estrutura do solo através das pressdes axiais e radiais exercidas
durante a penetrag¢do no solo (Bodner et al., 2014).

Além disso, em areas pastejadas ocorre o aumento da produgdo e liberagdo de
exsudatos organicos pelas raizes (Petersen e Bottger, 1991, Huang et al., 2003) que, por
sua vez, contribuem para aumentar a porosidade total atuando como agentes ligantes entre
particulas minerais e microagregados (Pohl et al., 2009). Esses fenomenos associados
explicam os resultados observados ao longo do tempo nas areas de SIPA como a menor
densidade do solo, o menor grau de compactagdo e maior porosidade total durante o meio

da fase pastagem comparado a area sem pastejo. Todavia, essas mudangas estruturais
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demonstraram-se ser de baixa persisténcia, ndo sendo detectadas ao final da pastagem
quando o havia cessado o crescimento do azevém.

No SIPA com adubacgao de sistema, o rearranjo das particulas do solo provocado
pelo estimulo da desfolha ao crescimento das raizes, favoreceu em 32% a subfung¢do do
solo responsavel pelo armazenamento e disponibilidade de d4gua comparado a area sem
pastejo. Além disso, as maiores entradas de residuos organicos também estao associadas
a esses resultados e explicam o incremento em 38% na capacidade do solo em sustentar
o crescimento das plantas e resistir & degradacdo em relagdo aos sistemas de cultivo
também adubados na fase pastagem. Bonetti et al. (2019) atribuiram a maior retengdo de
dgua em potenciais matriciais intermediarios (entre -30 e -500 kPa) nos tratamentos com
pastejo moderado ao maior acimulo de matéria organica. Além disso, as novas rotas e
fluxos de C oferecidos pelo animal atuam favorecendo a melhor agregagdo dos solos
(Franzluebbers et al. 2011; Anghinoni et al., 2013).

Dessa forma, acredita-se que esses processos atuam simultaneamente sobre o
contetdo de agua disponivel para as plantas e na estabilidade estrutural dos solos em SIPA
com adubacdo de sistema, o que reflete no acréscimo de 17% na capacidade do solo em
sustentar o crescimento das plantas e resisténcia a degradagdo comparado a area sem
pastejo na mesma estratégia de adubagao. Essas implica¢des equivalem a reducdo de 14%
para a area sem pastejo comparado ao SIPA no indice de qualidade do solo que integra as
fungdes bioquimicas e fisicas. No entanto, a auséncia de adubacdo na fase pastagem
reduziu o potencial de acimulo de matéria organica e possivelmente impactou também
no reajuste das particulas do solo, o que resultou na menor capacidade de 4gua disponivel
para as plantas no SIPA comparado a drea sem pastejo quando a adubagao foi realizada

na lavoura.
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A auséncia de adubacao com P e K nas pastagens representa um limitante para
producao total de forragem do azevém (Alves et al., 2022). Isso ocorre, principalmente,
em solos intemperizados e acidos onde o K ¢ facilmente lixiviado, e os niveis de P
geralmente sdo baixos, a produgdo vegetal depende fortemente da reposi¢ao constante
desses fertilizantes (Luan et al., 2017). Apesar dos teores de P (30 mg dm™) e K (70 mg
dm™) no solo deste estudo estarem acima do nivel critico (CQFS-RS/SC, 2016), a
adubacgdo nitrogenada em todos os tratamentos provoca o aumento na demanda de P e K
pelas plantas de azevém (Lemaire et al., 2019), o que possivelmente implica em
diferengas de absor¢do desses nutrientes quando hé a reposi¢do na pastagem comparado
a auséncia de reposi¢do (adubacdo na lavoura). Alves et al. (2022) expuseram que a
adubagdo de sistema com P e K aumenta os teores desses nutrientes na pastagem
resultando em maior producdo total de forragem.

Nesse contexto, devido ao continuo estimulo ao crescimento e a absorc¢ao de
nutrientes do solo provocados pela desfolha no SIPA (Gastal e Lemaire, 2015), a auséncia
da adubacdo com P e K nas pastagens pode seguramente representar um entrave ao
acimulo de biomassa aérea e subterranea nesses sistemas. Essa limitacdo no aporte de
matéria organica e no crescimento radicular representou neste estudo a neutralizagdo dos
impactos benéficos do pastejo no solo, reduzindo em 42% e 48% as subfuncdes de
armazenamento e disponibilidade de agua (ADA) e estabilidade estrutural do solo (ES),
respectivamente. Essas consequéncias representaram a redugdo de 24% na capacidade de
manutengdo do crescimento das plantas e resisténcia a degradacdo no SIPA quando a
adubacdo ¢ realizada na lavoura. Ainda, o potencial desses solos em exercer as fungdes
bioquimicas e fisicas foi prejudicado em 13% comparado ao SIPA com adubagdo de

sistema.
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A capacidade de agua disponivel para as plantas e a capacidade de campo relativa
estdo relacionadas a poros de menor diametro no solo (Castellini et al., 2016),
considerando também de forma associada os resultados obtidos para a macroporosidade
e capacidade de aeragdo do solo (indicadores associados aos poros de maior didmetro),
sugere-se que houve um aumento de poros maiores e diminui¢ao correspondente de poros
menores na area sem pastejo a partir do meio da fase pastagem. Essa mudan¢a no tamanho
médio dos poros pode estar associada a maior condutividade hidraulica saturada
encontrada nos sistemas de cultivo, independentemente do periodo de avaliagao. Embora
tenha ocorrido diferencas significativas entre os sistemas para os indicadores de
densidade do solo, grau de compactacdo, porosidade total e condutividade hidrdulica
saturada, os valores observados com essas varidveis nao representam riscos para o
crescimento das plantas (Reichert et al., 2003; Reichert et al., 2009; Cherubin et al.,
2016a; Reynolds et al., 2007; Reynolds et al., 2009).

A biomassa microbiana e a atividade enzimatica no solo podem ser influenciadas
pelo clima, principalmente, pela temperatura (Wallenstein et al. 2010) e pela umidade
(Borowik et al., 2016), mas também pela disponibilidade de nutrientes e quantidade de
carbono organico no solo (Souza et al., 2010). Durante a fase pastagem, principalmente,
a partir do meio do ciclo vegetativo do azevém ocorreram as maiores producdes de
biomassa nos sistemas (Simdes et al., 2023). Ainda, considerando a dindmica de
crescimento simultaneo entra a biomassa aérea e radicular, sugere-se que a partir do meio
da fase pastagem ocorreram também maiores exsudacdes de formas altamente labeis de
carbono organico no solo (Chavez et al. 2011; Dhakal e Islam 2018). Essa maior entrada
de material organico no sistema associada aos acréscimos de temperatura entre o inicio

(média de 12°C) e o final da fase pastagem (média de 23°C) justificam os incrementos na
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biomassa microbiana a partir do meio da fase pastagem e a maior atividade da B-
glicosidase no periodo de transi¢do pastagem-lavoura.

O enxofre (S) € um nutriente essencial ao crescimento das plantas devido a fungao
estrutural em diversas moléculas como aminoacidos e proteinas (Scherer, 2001).
Aproximadamente 90-98% do S do solo estd na forma organica, sendo entdo o processo
de mineralizagdo de sulfatos organicos uma etapa fundamental para a disponibilidade de
S no solo (Scherer, 2001; Chen et al., 2019). A arilsulfatase ¢ a enzima responsavel por
catalisar a hidrélise de ésteres de sulfato organico e liberar ions de sulfato no solo
(Tabatabai e Bremner, 1970). Portanto, a atividade dessa enzima pode representar a
ciclagem e a disponibilidade do S para as plantas no solo. Embora o SIPA tenha
apresentado maior (p<0,05) atividade da arilsulfatase comparado a area sem pastejo,
independente do periodo de avaliagdo e estratégia de adubagdo, essa diferenga nao
comprometeu a disponibilidade de S para as plantas no sistema de producdo exclusiva de
graos. De acordo com Lopes et al. (2013) os valores observados na area sem pastejo estdo
dentro dos limites considerados adequados para a atividade da arilsulfatase.

Os efeitos tnicos do processo de pastejo promovem transformagdes quantitativas
e qualitativas na matéria organica dos ecossistemas em que estdo inseridos (Carvalho et
al., 2010). As mudangas na qualidade dos compostos de carbono sdo provocadas
diretamente pelo retorno de fezes e urina ao solo ou, indiretamente, por aumentos na
concentracao de nutrientes nos tecidos vegetais (Bardgett e Wardle, 2003). A quantidade
de residuos organicos ¢ regulada por meio da indug¢do de respostas fisiologicas nas
plantas, como o estimulo ao crescimento e¢ a exsuda¢do radicular (Bardgett e Wardle,
2003). Os dejetos (fezes e urina) e os exsudatos radiculares sdo compostos de alta
labilidade, com répida decomposicao, fornecendo energia e nutrientes aos

microrganismos para mineralizacdo da matéria organica e, finalmente, liberagao de
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nutrientes (Soussana e Lemaire, 2014). No SIPA essas alteragdes na dindmica do carbono
explicam a maior atividade da arilsulfatase comparado a area sem pastejo.

Os resultados do presente estudo revelaram que, independentemente do sistema
de producao e da estratégia de adubacgao, as funcdes fisico-hidricas do solo desempenham
um papel fundamental na producao total de forragem e na produtividade da soja. Essas
descobertas ainda destacaram que ao final do ciclo da soja a capacidade do solo em
infiltrar, armazenar e disponibilizar agua e ar (Fii) e o potencial desses solos em sustentar
o crescimento das plantas e resistir a degradagdo (Fiii) exerce forte influéncia sobre a
producao da lavoura.

A manutenc¢do da microbiota e a ciclagem de nutrientes no solo expressou forte
relacdo com a produgdo primdria quando a adubacao foi realizada na pastagem (adubagdo
de sistema). Na adubacdo da lavoura esses atributos bioquimicos do solo exerceram
apenas relacdo com a producdo total de forragem. Essas descobertas sugerem que os
microrganismos do solo exercem uma influéncia direta sobre a produgdo total de
forragem nas duas estratégias de adubagdo. No entanto, a maior influéncia da microbiota
e da ciclagem de nutrientes sobre a produ¢do da soja ocorre, principalmente, quando a
adubagdo ¢ realizada na fase da pastagem. Além disso, a relacdo entre a microbiota e a
ciclagem de nutrientes com a produgdo de forragem nos tratamentos adubados na lavoura,
reforga a importancia da participagdo desses processos como tentativa de manter a
producao de forragem na auséncia de adubacgao.

O indice de qualidade do solo que integra as fungdes relacionadas a bioquimica e
a fisica do solo expds relagdes significativas com a produgdo de forragem e soja na
adubacdo de sistema. Portanto, a partir desses resultados, tornou-se evidente que a
eficiéncia da adubacdo de sistema esta fortemente relacionada com a participagao dos

atributos fisico-hidricos e bioquimicos do solo. Todavia, ndo foi possivel estabelecer
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relagdes (p>0,05) entre os indices de qualidade do solo e a produgdo primaria quando a
adubacdo foi realizada na lavoura. Os achados deste estudo sobre a importancia das
fungdes fisico-hidricas do solo para produ¢ao de forragem em SIPA, corroboram com os
resultados constatados por Simdes et al. (2023). Esses autores também verificaram fortes

relagdes entre a qualidade fisica dos solos com a producao vegetal em SIPA.

5. Conclusoes

A adubagdo de sistema na integracdo agropecudria favorece as sinergias
intrinsecas da relagdo solo-planta-animal, relacionadas ao aprimoramento do potencial
produtivo desses sistemas. O manejo da adubacdo com P e K na pastagem da integragao
agropecuaria ofereceu melhorias na qualidade do solo, o que resultou na maior producgao
de alimentos.

Por outro lado, a auséncia de P e K na adubacdo da fase pastagem em sistemas
integrados de producdo agropecudria, reduz a producdo primaria e neutraliza os efeitos
benéficos do pastejo na qualidade do solo. As praticas convencionais de adubacao no sul
do Brasil na integragdo agropecudria, negligenciam também a necessidade da adubagao
nitrogenada na fase pastagem, o que pode resultar em consequéncias negativas ainda mais
graves para sustentabilidade desses sistemas. Por fim, as descobertas deste estudo
evidenciaram que a eficiéncia da adubacdo de sistema em SIPA estd fortemente

relacionada com os atributos fisico-hidricos e bioquimicos do solo.
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CONSIDERAGOES FINAIS

A eficiéncia de uso de nutrientes com a adubacgao de sistema envolve
fatores premeditados relacionados ao manejo, como o tipo de animal, a taxa de
lotagcdo e os niveis de nutrientes aplicados no pasto, assim como fatores de
variagao climatica, como a umidade e temperatura. Além disso, as descobertas
desta tese demonstraram de forma inédita a relagao entre a dinamica temporal
dos processos fisico-hidricos e bioquimicos do solo com a eficiéncia no uso de
agua e nutrientes em sistemas integrados de produgdo agropecuaria sob
adubacao de sistema.

A partir das conexdes entre os resultados observados nas sucessdes
pastagem-lavoura dos anos de 2020/2021 (Capitulo Il) e 2021/2022 (Capitulo
[l), sugerimos que os beneficios da adubacdo de sistema com P e K em solos
com teores desses nutrientes acima do nivel critico sejam variaveis de acordo
com as condi¢gbes ambientais. Embora, na sucessao pastagem-lavoura dos anos
de 2020/2021, as produgdes primarias tenham sido incrementadas com essa
estratégia de adubacdo. Nao foram verificados efeitos significativos entre a
interacéo da adubacao de sistema e a integragdo agropecuaria ou até mesmo
efeitos isolados da estratégia de adubacao na qualidade estrutural do solo. No
entanto, durante a sucessdo dos anos 2021/2022, demonstramos que a
adubacgao de sistema na integracdo agropecuaria favorece o aprimoramento do
potencial produtivo desses sistemas. Nesse periodo (2021/2022), o manejo da
adubacdo com P e K na pastagem da integragcdo agropecuaria ofereceu
melhorias na qualidade do solo, o que resultou na maior produg¢ao de alimentos.

Essa minimizagdo dos efeitos da adubacdo de sistema na integragéo
agropecuaria durante a sucessado pastagem-lavoura dos anos de 2020/2021,
além dos fatores ja discutidos no capitulo Il, pode estar relacionada também as
condigdes ambientais. Na sucessao pastagem-lavoura dos anos de 2020/2021
a precipitacao pluvial acumulada correspondeu a 1443 mm, enquanto que entre
2021/2022 o acumulado foi de 828 mm, o que equivale a uma diferenca
consideravel de 615 mm de chuva. Essa maior disponibilidade hidrica,
possivelmente, atenuou os impactos da auséncia da adubagéo com P e K nas
pastagens (em solo com teores de P e K acima do nivel critico). Por outro lado,
sob menor disponibilidade hidrica, a estratégia de adubacao das pastagens na
integracdo agropecuaria demonstrou ser uma alternativa importante para
manutencao do potencial produtivo dos sistemas e prestacédo de outros servigos
ecossistémicos. Assim, considerando o contexto das mudangas climaticas,
torna-se essencial o desenvolvimento de mais estudos com natureza
transdisciplinar sobre a estabilidade a variabilidade ambiental dos sistemas
integrados de producao agropecuaria submetidos a adubacgao de sistema.
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1. Introduction

The population expansion assoriabed with higher per capita incomes
will require double the current food production by the middle of this
century (FAD, 2014; Mattet et al, 2017L This scenario historically
represents one af the biggest challenges for the agriculiuml sector, since
this increase will have to be achieved withouat expanding new areas and
with minimal emvironmental impact (Moraes et al., 2014a). In modem

agriculiure, the food sector chose io become more specialized and
simplified production systems by disconmecting plant and animal pro-
ductiom (de Faccio Carvalho et al., 201 4). However, the specialization of
actiwities resulted in greater dependence on external inputs (eg, pesti-
cides and fertilizers) and, at the same time, reduced the use of man-
agement imputs (eg., biological comirol, nutrient cycling and carbon
accumulation) (House and Brus:, 19549), resulting in harmful impacts on
the envircnment.
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Apéndice 2. Normas para elaboragao e submissao de trabalhos cientificos a
revista Science of the Total Environment

i SCIENCE OF THE TOTAL ENVIRONMENT

An International Journal for Scientific Research into the Environment and its
Relationship with Humankind

I AUTHOR INFORMATION PACK

TABLE OF CONTENTS

Description

Audience

Impact Factor
Abstracting and Indexing
Editorial Board

Guide for Authors
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Aims and Scope

Science of the Total Environment is an international multi-disciplinary natural science journal for
publication of novel, hypothesis-driven and high-impact research on the total environment,
which interfaces the atmosphere, lithosphere, hydrosphere, biosphere, and anthroposphere.
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TOTAL ENVIRONMENT
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STOTEN invites contributions of original and high quality interdisciplinary environmental
research papers of broad impact. Studies significantly advancing fundamental understanding
and that focus on the interconnection of multiple spheres will be given primary consideration.
Field studies have preference, while papers describing laboratory experiments must
demonstrate significant advances in methodology or mechanistic understanding with a clear
connection to the environment. Descriptive, repetitive, incremental or regional-scale studies with
limited novelty will not be considered.

1) Subject areas may include, but are not limited to:
* Air quality, atmospheric conditions, and new understanding of their role in adverse health or
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environmental outcomes

» Atmospheric biogeochemistry

» Ecosystem services and life cycle assessment

 Ecotoxicology and risk assessment

» Eco-hydrology

+ Wildlife and contaminants

» Environmental impacts of climate change, agriculture, forestry, and land uses
» Environmental impacts of waste or wastewater treatment

* Drinking water contaminants and health implication

» Environmental remediation of soil and groundwater

* Global change-induced extreme events and environmental impacts
» Groundwater hydrogeochemistry and modeling

» Nanomaterials, microplastics, and other emerging contaminants

» Novel contaminant (bio)monitoring and risk assessment approaches
* Remote sensing and big data applications in multiple spheres

» Stress ecology in marine, freshwater, and terrestrial ecosystems

* Trace metals and organics in biogeochemical cycles

» Water quality and security

» Critical reviews or Discussion on current or emerging topics

* Fast-track submissions (less than 2 weeks): Ground-breaking discoveries with immediate
impact

2) TYPES OF SUBMISSIONS NOT TO BE CONSIDERED:

* Papers not contributing significant new knowledge to the field of study

* Treatment/technology/engineering studies that do not demonstrate direct environmental
effects or benefits

* Disciplinary studies with limited environmental relevance

* Local or regional scale case studies lacking international relevance

* Soil or plant science studies without environmental implications

* Laboratory batch experiments without an application component, e.g., batch sorption
experiments, preparation, and evaluation of sorbents or catalysts for contaminant removal, or
controlled laboratory experiments not using environmentally relevant concentrations

» Manuscripts that are primarily data reports without a substantial hypothesis, e.g., monitoring of
common contaminants

* Modelling studies without calibration and data validation

* Papers of social science in hature on economics, sociology, psychology, political science,
policy, planning and/or management

* Toxicology and ecotoxicology studies testing single chemicals in bench-scale assays

* Human health studies that do not provide significant additional understanding of air pollution
induced health outcomes

» Papers covering exposures, health effects, and control measures in occupational settings

* Method development papers on common contaminants

* Bibliometric analysis-based papers

» Papers that describe data analysis methods including machine learning that do not provide
new scientific insights into the system from which the data were collected.

Please DO NOT ask the Editors-in-Chief for permission before submitting a manuscript. Kindly
check the guidelines to determine whether your manuscript is within the scope of the journal; if
yes, please go ahead and submit it.

Important information regarding plagiarism, self-plagiarism, and multiple submission can be
found here.

Types of article

Research papers reporting original and previously unpublished work.
Short Communications. A brief communication of urgent matter or the reporting of preliminary
findings.
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Letters to the Editor. A written discussion of papers published in the journal. Letters are accepted
on the basis of new scientific insights on the particular topic, critical additional information,
relevance to the published paper and timeliness. Authors will be invited to submit a Reply to
respond to points raised. The Editor will decide on the publication of Letters and Replies based
on scientific merit, importance to the raised issues, and interest to the general audience. Letters
and Replies of an unprofessional or unscientific nature, or containing personal invective, will not
be considered.

Review Articles. Critical evaluation of existing data, defined topics or emerging fields of
investigation, critical issues of public concern.

Discussion. Opinionated exposition on an important scientific issue or event designed to
stimulate further discussion in a broader scientific forum.

Special Issues. Proceedings of symposia, workshops and/or conferences will be considered for
publication as a special issue. The Special Issue Editor, Dr. Paola Verlicchi
(verlicchi.elsevier@gmail.com), should be contacted early in the conference planning process to
get approval. For guidelines and full information on special issues of this journal please

click here.

Submission checklist

You can use this list to carry out a final check of your submission before you send it to the
journal for review. Please check the relevant section in this Guide for Authors for more details.

Ensure that the following items are present:

Only one author is designated as the corresponding author with contact details:
» E-mail address
* Full postal address

All necessary files have been uploaded:

Manuscript:

* Include keywords

« All figures (include relevant captions)

* All tables (including titles, description, footnotes)

» Ensure all figure and table citations in the text match the files provided

* Indicate clearly if color should be used for any figures in print

Graphical Abstracts / Highlights files (convey the main message of described study)
Supplemental files (must have the same title page as the main paper)

Further considerations

» Manuscript has been 'spell checked' and 'grammar checked'

* All references mentioned in the Reference List are cited in the text, and vice versa

« Limit the total number of figures and tables to no more than 8, place secondary figures and
tables, pictorial figures, and over-sized tables in Supplementary Material

*Permission has been obtained for use of copyrighted material from other sources (including the
Internet)

» A competing interests statement is provided, even if the authors have no competing interests
to declare

 Journal policies detailed in this guide have been reviewed

» Suggested reviewers should be from diverse regions, with contact details

For further information, visit our Support Center

E Before You Begin

Ethics in publishing

Please see our information on Ethics in publishing.
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Studies in humans and animals

If the work involves the use of human subjects, the author should ensure that the work
described has been carried out in accordance with The Code of Ethics of the World Medical
Association (Declaration of Helsinki) for experiments involving humans. The manuscript should
be in line with the Recommendations for the Conduct, Reporting, Editing and Publication of
Scholarly Work in Medical Journals and aim for the inclusion of representative human
populations (sex, age and ethnicity) as per those recommendations. The terms sex and
gender should be used correctly.

Authors should include a statement in the manuscript that informed consent was obtained for
experimentation with human subjects. The privacy rights of human subjects must always be
observed.

All animal experiments should comply with the ARRIVE guidelines and should be carried out in
accordance with the U.K. Animals (Scientific Procedures) Act, 1986 and associated

guidelines, EU Directive 2010/63/EU for animal experiments, or the National Research
Council's Guide for the Care and Use of Laboratory Animals and the authors should clearly
indicate in the manuscript that such guidelines have been followed. The sex of animals must be
indicated, and where appropriate, the influence (or association) of sex on the results of the
study.

Declaration of competing interest

Corresponding authors, on behalf of all the authors of a submission, must disclose any financial
and personal relationships with other people or organizations that could inappropriately
influence (bias) their work. Examples of potential conflicts of interest include employment,
consultancies, stock ownership, honoraria, paid expert testimony, patent
applications/registrations, and grants or other funding. All authors, including

those without competing interests to declare, should provide the relevant information to the
corresponding author (which, where relevant, may specify they have nothing to declare).
Corresponding authors should then use this tool to create a shared statement and upload to the
submission system at the Attach Files step. Please do not convert the .docx template to another
file type. Author signatures are not required.

Declaration of generative Al in scientific writing

The below guidance only refers to the writing process, and not to the use of Al tools to analyse
and draw insights from data as part of the research process.

Where authors use generative artificial intelligence (Al) and Al-assisted technologies in the
writing process, authors should only use these technologies to improve readability and
language. Applying the technology should be done with human oversight and control, and
authors should carefully review and edit the result, as Al can generate authoritative-sounding
output that can be incorrect, incomplete or biased. Al and Al-assisted technologies should not
be listed as an author or co-author, or be cited as an author. Authorship implies responsibilities
and tasks that can only be attributed to and performed by humans, as outlined in Elsevier's Al
policy for authors.

Authors should disclose in their manuscript the use of Al and Al-assisted technologies in the
writing process by following the instructions below. A statement will appear in the published
work. Please note that authors are ultimately responsible and accountable for the contents of
the work.

Disclosure instructions

Authors must disclose the use of generative Al and Al-assisted technologies in the writing
process by adding a statement at the end of their manuscript in the core manuscript file, before
the References list. The statement should be placed in a new section entitled ‘Declaration of
Generative Al and Al-assisted technologies in the writing process’.


https://www.wma.net/policies-post/wma-declaration-of-helsinki-ethical-principles-for-medical-research-involving-human-subjects/
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Statement: During the preparation of this work the author(s) used [NAME TOOL / SERVICE] in
order to [REASON]. After using this tool/service, the author(s) reviewed and edited the content
as needed and take(s) full responsibility for the content of the publication.

This declaration does not apply to the use of basic tools for checking grammar, spelling,
references etc. If there is nothing to disclose, there is no need to add a statement.

Submission declaration and verification

Submission of an article implies that the work described has not been published previously
(except in the form of an abstract, a published lecture or academic thesis, see 'Multiple,
redundant or concurrent publication' for more information), that it is not under consideration for
publication elsewhere, that its publication is approved by all authors and tacitly or explicitly by
the responsible authorities where the work was carried out, and that, if accepted, it will not be
published elsewhere in the same form, in English or in any other language, including
electronically without the written consent of the copyright-holder. To verify compliance, your
article may be checked by Crossref Similarity Check and other originality or duplicate checking
software.

Preprints

Please note that preprints can be shared anywhere at any time, in line with Elsevier's sharing
policy. Sharing your preprints e.g. on a preprint server will not count as prior publication (see
‘Multiple, redundant or concurrent publication’ for more information).

Preprint posting on SSRN

In support of Open Science, this journal offers its authors a free preprint posting service.
Preprints provide early registration and dissemination of your research, which facilitates early
citations and collaboration.

During submission to Editorial Manager, you can choose to release your manuscript publicly as
a preprint on the preprint server SSRN once it enters peer-review with the journal. Your choice
will have no effect on the editorial process or outcome with the journal. Please note that the
corresponding author is expected to seek approval from all co-authors before agreeing to
release the manuscript publicly on SSRN.

You will be notified via email when your preprint is posted online and a Digital Object Identifier
(DO) is assigned. Your preprint will remain globally available free to read whether the journal
accepts or rejects your manuscript.

For more information about posting to SSRN, please consult the SSRN Terms of
Use and FAQs.

Use of inclusive language

Inclusive language acknowledges diversity, conveys respect to all people, is sensitive to
differences, and promotes equal opportunities. Content should make no assumptions about the
beliefs or commitments of any reader; contain nothing which might imply that one individual is
superior to another on the grounds of age, gender, race, ethnicity, culture, sexual orientation,
disability or health condition; and use inclusive language throughout. Authors should ensure that
writing is free from bias, stereotypes, slang, reference to dominant culture and/or cultural
assumptions. We advise to seek gender neutrality by using plural nouns (“clinicians,
patients/clients") as default/wherever possible to avoid using "he, she," or "he/she." We
recommend avoiding the use of descriptors that refer to personal attributes such as age,
gender, race, ethnicity, culture, sexual orientation, disability or health condition unless they are
relevant and valid. When coding terminology is used, we recommend to avoid offensive or
exclusionary terms such as "master”, "slave", "blacklist" and "whitelist". We suggest using
alternatives that are more appropriate and (self-) explanatory such as "primary", "secondary",
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"blocklist" and "allowlist". These guidelines are meant as a point of reference to help identify
appropriate language but are by no means exhaustive or definitive.

Reporting sex- and gender-based analyses

Reporting guidance

For research involving or pertaining to humans, animals or eukaryotic cells, investigators should
integrate sex and gender-based analyses (SGBA) into their research design according to
funder/sponsor requirements and best practices within a field. Authors should address the sex
and/or gender dimensions of their research in their article. In cases where they cannot, they
should discuss this as a limitation to their research's generalizability. Importantly, authors should
explicitly state what definitions of sex and/or gender they are applying to enhance the precision,
rigor and reproducibility of their research and to avoid ambiguity or conflation of terms and the
constructs to which they refer (see Definitions section below). Authors can refer to the Sex and
Gender Equity in Research (SAGER) guidelines and the SAGER guidelines checklist. These
offer systematic approaches to the use and editorial review of sex and gender information in
study design, data analysis, outcome reporting and research interpretation - however, please
note there is no single, universally agreed-upon set of guidelines for defining sex and gender.

Definitions

Sex generally refers to a set of biological attributes that are associated with physical and
physiological features (e.g., chromosomal genotype, hormonal levels, internal and external
anatomy). A binary sex categorization (male/female) is usually designated at birth ("sex
assigned at birth"), most often based solely on the visible external anatomy of a newborn.
Gender generally refers to socially constructed roles, behaviors, and identities of women, men
and gender-diverse people that occur in a historical and cultural context and may vary across
societies and over time. Gender influences how people view themselves and each other, how
they behave and interact and how power is distributed in society. Sex and gender are often
incorrectly portrayed as binary (female/male or woman/man) and unchanging whereas these
constructs actually exist along a spectrum and include additional sex categorizations and
gender identities such as people who are intersex/have differences of sex development (DSD)
or identify as non-binary. Moreover, the terms "sex" and "gender" can be ambiguous—thus it is
important for authors to define the manner in which they are used. In addition to this definition
guidance and the SAGER guidelines, the resources on this page offer further insight around sex
and gender in research studies.

Author contributions

For transparency, we encourage authors to submit an author statement file outlining their
individual contributions to the paper using the relevant CRediT roles: Conceptualization; Data
curation; Formal analysis; Funding acquisition; Investigation; Methodology; Project
administration; Resources; Software; Supervision; Validation; Visualization; Roles/Writing -
original draft; Writing - review & editing. Authorship statements should be formatted with the
names of authors first and CRediT role(s) following. More details and an example.

Changes to authorship

Authors are expected to consider carefully the list and order of authors before submitting their
manuscript and provide the definitive list of authors at the time of the original submission. Any
addition, deletion or rearrangement of author names in the authorship list should be made

only before the manuscript has been accepted and only if approved by the journal Editor. To
request such a change, the Editor must receive the following from the corresponding author: (a)
the reason for the change in author list and (b) written confirmation (e-mail, letter) from all
authors that they agree with the addition, removal or rearrangement. In the case of addition or
removal of authors, this includes confirmation from the author being added or removed.

Only in exceptional circumstances will the Editor consider the addition, deletion or
rearrangement of authors after the manuscript has been accepted. While the Editor considers
the request, publication of the manuscript will be suspended. If the manuscript has already been
published in an online issue, any requests approved by the Editor will result in a corrigendum.
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Article transfer service

This journal uses the Elsevier Article Transfer Service to find the best home for your manuscript.
This means that if an editor feels your manuscript is more suitable for an alternative journal, you
might be asked to consider transferring the manuscript to such a journal. The recommendation
might be provided by a Journal Editor, a dedicated Scientific Managing Editor, a tool assisted
recommendation, or a combination. If you agree, your manuscript will be transferred, though
you will have the opportunity to make changes to the manuscript before the submission is
complete. Please note that your manuscript will be independently reviewed by the new

journal. More information.

Copyright

Upon acceptance of an article, authors will be asked to complete a 'Journal Publishing
Agreement' (see more information on this). An e-mail will be sent to the corresponding author
confirming receipt of the manuscript together with a 'Journal Publishing Agreement' form or a
link to the online version of this agreement.

Subscribers may reproduce tables of contents or prepare lists of articles including abstracts for
internal circulation within their institutions. Permission of the Publisher is required for resale or
distribution outside the institution and for all other derivative works, including compilations and
translations. If excerpts from other copyrighted works are included, the author(s) must obtain
written permission from the copyright owners and credit the source(s) in the article. Elsevier
has preprinted forms for use by authors in these cases.

For gold open access articles: Upon acceptance of an article, authors will be asked to complete
a 'License Agreement' (more information). Permitted third party reuse of gold open access
articles is determined by the author's choice of user license.

Author rights
As an author you (or your employer or institution) have certain rights to reuse your work. More
information.

Elsevier supports responsible sharing
Find out how you can share your research published in Elsevier journals.

Role of the funding source

You are requested to identify who provided financial support for the conduct of the research
and/or preparation of the article and to briefly describe the role of the sponsor(s), if any, in study
design; in the collection, analysis and interpretation of data; in the writing of the report; and in
the decision to submit the article for publication. If the funding source(s) had no such
involvement, it is recommended to state this.

Open access

Please visit our Open Access page for more information.

Elsevier Researcher Academy

Researcher Academy is a free e-learning platform designed to support early and mid-career
researchers throughout their research journey. The "Learn" environment at Researcher
Academy offers several interactive modules, webinars, downloadable guides and resources to
guide you through the process of writing for research and going through peer review. Feel free
to use these free resources to improve your submission and navigate the publication process
with ease.

Language (usage and editing services)
Please write your text in good English (American or British usage is accepted, but not a mixture
of these). Authors who feel their English language manuscript may require editing to eliminate
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possible grammatical or spelling errors and to conform to correct scientific English may wish to
use the English Language Editing service available from Elsevier's Author Services.

Submission

Authors may submit their articles electronically to this journal. The system automatically
converts source files to a single PDF file of the article, which is used in the peer-review process.
Please note that even though manuscript source files are converted to a PDF file at submission
for the review process, these source files are needed for further processing after acceptance.
All correspondence, including notification of the Editor's decision and requests for revision,
takes place by e-mail, removing the need for a paper trail.

Note that contributions may be either submitted online or sent by mail. Please do NOT submit
via both routes. This will cause confusion and may lead to your article being reviewed and
published twice!

For any technical queries please visit our Support Center.

Cover Letter

The corresponding author must state explicitly in a paragraph how the paper fits the Aims and
Scope of the journal. Failure to include the paragraph will result in returning the paper to the
author.

Referees

All authors must suggest SIX potential reviewers for their paper upon submission (please
include institutional email addresses ONLY for all reviewers).
The suggested referees should:

e (i) not be close collaborators of the authors(s)
e (i) not be located in the same institution as the author(s) and
e (i) not all be from the home country.

Avoid suggesting colleagues you have published with previously as this creates a potential
conflict of interest. Do not suggest any Editor of this journal.

g Preparation

Queries

For questions about the editorial process (including the status of manuscripts under review) or
for technical support on submissions, please visit our Support Center.

NEW SUBMISSIONS

Submission to this journal proceeds totally online and you will be guided stepwise through the
creation and uploading of your files. The system automatically converts your files to a single
PDF file, which is used in the peer-review process.

As part of the Your Paper Your Way service, you may choose to submit your manuscript as a
single file to be used in the refereeing process. This can be a PDF file or a Word document, in
any format or lay-out that can be used by referees to evaluate your manuscript. It should
contain high enough quality figures for refereeing. If you prefer to do so, you may still provide all
or some of the source files at the initial submission. Please note that individual figure files larger
than 10 MB must be uploaded separately.

References
There are no strict requirements on reference formatting at submission. References can be in
any style or format as long as the style is consistent. Where applicable, author(s) name(s),
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journal title/book title, chapter title/article title, year of publication, volume number/book chapter
and the article number or pagination must be present. Use of DOI is highly encouraged. The
reference style used by the journal will be applied to the accepted article by Elsevier at the proof
stage. Note that missing data will be highlighted at proof stage for the author to correct.

LINE and PAGE NUMBERING (NEW AND REVISED SUBMISSIONS):

Please ensure the text of your paper is double-spaced and has consecutive(continuous) LINE
numbering. Please also ensure to add PAGE numbers to the source file- this is an essential
peer review requirement.

Figures and tables

You may embed figures and tables in your WORD manuscript or submit Figures and Tables in
separate files in an approved format (TIFF or EPS with the correct resolution for figures and MS
Office files for tables)

Peer review

This journal operates a single anonymized review process. All contributions will be initially
assessed hy the editor for suitability for the journal. Papers deemed suitable are then typically
sent to a minimum of two independent expert reviewers to assess the scientific quality of the
paper. The Editor is responsible for the final decision regarding acceptance or rejection of
articles. The Editor's decision is final. Editors are not involved in decisions about papers which
they have written themselves or have been written by family members or colleagues or which
relate to products or services in which the editor has an interest. Any such submission is subject
to all of the journal's usual procedures, with peer review handled independently of the relevant
editor and their research groups. More information on types of peer review.

REVISED SUBMISSIONS

Use of word processing software

Regardless of the file format of the original submission, at revision you must provide us with an
editable file of the entire article. Keep the layout of the text as simple as possible. Most
formatting codes will be removed and replaced on processing the article. The electronic text
should be prepared in a way very similar to that of conventional manuscripts (see also

the Guide to Publishing with Elsevier). See also the section on Electronic artwork.

To avoid unnecessary errors you are strongly advised to use the 'spell-check' and '‘grammar-
check' functions of your word processor.

Article structure

Manuscript page limit

There is no restriction on the number of pages but brevity of papers is greatly encouraged. The
length of a paper should be commensurate with the scientific information being reported. In
particular, the introductory material should be limited to a few paragraphs and results presented
in figures should not be repeated in tables.

Subdivision - numbered sections

Divide your article into clearly defined and numbered sections. Subsections should be
numbered 1.1 (then 1.1.1, 1.1.2, ...), 1.2, etc. (the abstract is not included in section numbering).
Use this numbering also for internal cross-referencing: do not just refer to ‘the text'. Any
subsection may be given a brief heading. Each heading should appear on its own separate line.

Introduction
State the objectives of the work and provide an adequate background, avoiding a detailed
literature survey or a summary of the results.

Material and methods
Provide sufficient details to allow the work to be reproduced by an independent researcher.
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Methods that are already published should be summarized, and indicated by a reference. If
quoting directly from a previously published method, use quotation marks and also cite the
source. Any modifications to existing methods should also be described.

Theory/calculation

A Theory section should extend, not repeat, the background to the article already dealt with in
the Introduction and lay the foundation for further work. In contrast, a Calculation section
represents a practical development from a theoretical basis.

Results
Results should be clear and concise.

Discussion

This should explore the significance of the results of the work, not repeat them. A combined
Results and Discussion section is often appropriate. Avoid extensive citations and discussion of
published literature.

Conclusions
The main conclusions of the study may be presented in a short Conclusions section, which may
stand alone or form a subsection of a Discussion or Results and Discussion section.

Appendices

If there is more than one appendix, they should be identified as A, B, etc. Formulae and
equations in appendices should be given separate numbering: Eq. (A.1), Eq. (A.2), etc.; in a
subsequent appendix, Eq. (B.1) and so on. Similarly for tables and figures: Table A.1; Fig. A.1,
etc.

Essential title page information

* Title. Be concise and informative. Titles are often used in information-retrieval systems.
Acronyms and brand names of products should not appear in the title of a paper. Instead they
may be listed in the key words, and spelled out the first time they appear in the body of the
paper.

* Author names and affiliations. Please clearly indicate the given name(s) and family name(s) of
each author and check that all names are accurately spelled. Present the authors' affiliation
addresses (where the actual work was done) below the names. Indicate all affiliations with a
lower-case superscript letter immediately after the author's name and in front of the appropriate
address. Provide the full postal address of each affiliation, including the country name and, if
available, the e-mail address of each author.

* Corresponding author. Clearly indicate who will handle correspondence at all stages of
refereeing and publication, also post-publication. The inclusion of multiple corresponding authors
is strongly discouraged. Ensure that the e-mail address is given and that contact details are kept up
to date by the corresponding author.

* Present/permanent address. If an author has moved since the work described in the article was
done, or was visiting at the time, a 'Present address' (or 'Permanent address’) may be indicated
as a footnote to that author's name. The address at which the author actually did the work must
be retained as the main, affiliation address. Superscript Arabic numerals are used for such
footnotes.

Highlights

Highlights are mandatory for this journal as they help increase the discoverability of your article
via search engines. They consist of a short collection of bullet points that capture the novel
results of your research as well as new methods that were used during the study (if any).
Please have a look at the examples here: example Highlights.

Highlights should be submitted in a separate editable file in the online submission system.
Please use 'Highlights' in the file name and include 3 to 5 bullet points (maximum 85 characters,
including spaces, per bullet point).
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Abstract

A concise and factual abstract is required. The abstract should state briefly the purpose of the
research, the principal results and major conclusions. An abstract is often presented separately
from the article, so it must be able to stand alone. For this reason, References should be
avoided, but if essential, then cite the author(s) and year(s). Also, non-standard or uncommon
abbreviations should be avoided, but if essential they must be defined at their first mention in
the abstract itself.Please limit your abstract to 300 words.

Mandatory graphical abstract

A graphical abstract is mandatory for all Research Papers, Review Articles and Short
Communications submitted to this journal. It must be supplied with the initial submission and
any subsequent revisions. It should summarize the contents of the article in a concise, pictorial
form designed to capture the attention of a wide readership online. Authors must provide
images that clearly represent the work described in the article. Graphical abstracts should be
submitted as a separate file in the online submission system. Image size: please provide an
image with a minimum of 531 x 1328 pixels (h x w) or proportionally more. The image should be
readable at a size of 5 x 13 cm using a regular screen resolution of 96 dpi. Preferred file types:
TIFF, EPS, PDF or MS Office files. You can view Example Graphical Abstracts on our
information site.

The mandatory highlights are important because they appear online in the Table of Contents of
the journal. Highlights that list bullet points about the results are therefore not very informative
for readers scanning the contents. Here is an outline of what the highlights should contain:

What is the overall scientific problem and why did you study it?
How did you address the problem, and which spheres are included?
What was the major method used?

Major finding(s)

Take home message

oD~

Do not repeat the highlights in bullet form for the conclusions. The conclusions should be a
narrative about what you found and what it means in the broader scheme.

Keywords

Immediately after the abstract, provide a maximum of 6 keywords, using American spelling and
avoiding general and plural terms and multiple concepts (avoid, for example, ‘and’, 'of'). Be
sparing with abbreviations: only abbreviations firmly established in the field may be eligible.
These keywords will be used for indexing purposes.

The key words of the paper should not contain any words already in the title, but can include
abbreviated terms or location information not suitable for the title.

Abbreviations

Define abbreviations that are not standard in this field in a footnote to be placed on the first
page of the article. Such abbreviations that are unavoidable in the abstract must be defined at
their first mention there, as well as in the footnote. Ensure consistency of abbreviations
throughout the article.

Acknowledgements

Collate acknowledgements in a separate section at the end of the article before the references
and do not, therefore, include them on the title page, as a footnote to the title or otherwise. List
here those individuals who provided help during the research (e.g., providing language help,
writing assistance or proof reading the article, etc.).

Formatting of funding sources
List funding sources in this standard way to facilitate compliance to funder's requirements:
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Funding: This work was supported by the National Institutes of Health [grant numbers xxxx,
yyyyl; the Bill & Melinda Gates Foundation, Seattle, WA [grant number zzzz]; and the United
States Institutes of Peace [grant number aaaa].

It is not necessary to include detailed descriptions on the program or type of grants and awards.
When funding is from a block grant or other resources available to a university, college, or other
research institution, submit the name of the institute or organization that provided the funding.

If no funding has been provided for the research, it is recommended to include the following
sentence:

This research did not receive any specific grant from funding agencies in the public,
commercial, or not-for-profit sectors.

Footnotes

Footnotes should be used sparingly. Number them consecutively throughout the article. Many
word processors build footnotes into the text, and this feature may be used. Should this not be
the case, indicate the position of footnotes in the text and present the footnotes themselves
separately at the end of the article.

Artwork

Electronic artwork

General points

» Make sure you use uniform lettering and sizing of your original artwork.

* Preferred fonts: Arial (or Helvetica), Times New Roman (or Times), Symbol, Courier.

* Number the illustrations according to their sequence in the text.

* Use a logical naming convention for your artwork files.

* Indicate per figure if it is a single, 1.5 or 2-column fitting image.

» For Word submissions only, you may still provide figures and their captions, and tables within
a single file at the revision stage.

* Please note that individual figure files larger than 10 MB must be provided in separate source
files.

A detailed guide on electronic artwork is available.

You are urged to visit this site; some excerpts from the detailed information are given here.
Formats

Regardless of the application used, when your electronic artwork is finalized, please 'save as' or
convert the images to one of the following formats (note the resolution requirements for line
drawings, halftones, and line/halftone combinations given below):

EPS (or PDF): Vector drawings. Embed the font or save the text as 'graphics'.

TIFF (or JPG): Color or grayscale photographs (halftones): always use a minimum of 300 dpi.
TIFF (or JPG): Bitmapped line drawings: use a minimum of 1000 dpi.

TIFF (or JPG): Combinations bitmapped line/half-tone (color or grayscale): a minimum of 500
dpi is required.

Please do not:

 Supply files that are optimized for screen use (e.g., GIF, BMP, PICT, WPG); the resolution is
too low.

» Supply files that are too low in resolution.

» Submit graphics that are disproportionately large for the content.

Color artwork

Please make sure that artwork files are in an acceptable format (TIFF (or JPEG), EPS (or PDF),
or MS Office files) and with the correct resolution. If, together with your accepted article, you
submit usable color figures then Elsevier will ensure, at no additional charge, that these figures
will appear in color online (e.g., ScienceDirect and other sites) regardless of whether or not
these illustrations are reproduced in color in the printed version. For color reproduction in print,
you will receive information regarding the costs from Elsevier after receipt of your accepted article.
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Please indicate your preference for color: in print or online only. Further information on the
preparation of electronic artwork.

Figure captions

Ensure that each illustration has a caption. A caption should comprise a brief title (not on the
figure itself) and a description of the illustration. Keep text in the illustrations themselves to a
minimum but explain all symbols and abbreviations used.

Tables

Number tables consecutively with Arabic numerals in accordance with their appearance in the
text. Type each table double-spaced on a separate page with a short descriptive title typed
directly above and place footnotes to tables below the table body and indicate them with
superscript lowercase letters. Avoid vertical rules. Be sparing in the use of tables and ensure
that the data presented in tables do not duplicate results described elsewhere in the article.
Tables should never be included within the text, because file(s) containing tables are attached
separately in the electronic submission system.

Please submit Figures and Tables in separate files in an approved format (TIFF or EPS with the
correct resolution for figures and MS Office files for tables).

References

Citation in text

Please ensure that every reference cited in the text is also present in the reference list (and vice
versa). Any references cited in the abstract must be given in full. Unpublished results and
personal communications are not recommended in the reference list, but may be mentioned in
the text. If these references are included in the reference list they should follow the standard
reference style of the journal and should include a substitution of the publication date with either
‘Unpublished results' or 'Personal communication'. Citation of a reference as 'in press' implies
that the item has been accepted for publication.

Reference links

Increased discoverability of research and high quality peer review are ensured by online links to
the sources cited. In order to allow us to create links to abstracting and indexing services, such
as Scopus, Crossref and PubMed, please ensure that data provided in the references are
correct. Please note that incorrect surnames, journal/book titles, publication year and pagination
may prevent link creation. When copying references, please be careful as they may already
contain errors. Use of the DOI is highly encouraged.

A DOl is guaranteed never to change, so you can use it as a permanent link to any electronic
article. An example of a citation using DOI for an article not yet in an issue is: VanDecar J.C.,
Russo R.M., James D.E., Ambeh W.B., Franke M. (2003). Aseismic continuation of the Lesser
Antilles slab beneath northeastern Venezuela. Journal of Geophysical Research,
https://doi.org/10.1029/2001JB000884. Please note the format of such citations should be in the
same style as all other references in the paper.

Web references

As a minimum, the full URL should be given and the date when the reference was last
accessed. Any further information, if known (DOI, author names, dates, reference to a source
publication, etc.), should also be given. Web references can be listed separately (e.g., after the
reference list) under a different heading if desired, or can be included in the reference list.

Data references

This journal encourages you to cite underlying or relevant datasets in your manuscript by citing
them in your text and including a data reference in your Reference List. Data references should
include the following elements: author name(s), dataset title, data repository, version (where
available), year, and global persistent identifier. Add [dataset] immediately before the reference
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so we can properly identify it as a data reference. The [dataset] identifier will not appear in your
published article.

Preprint references

Where a preprint has subsequently become available as a peer-reviewed publication, the formal
publication should be used as the reference. If there are preprints that are central to your work
or that cover crucial developments in the topic, but are not yet formally published, these may be
referenced. Preprints should be clearly marked as such, for example by including the word
preprint, or the name of the preprint server, as part of the reference. The preprint DOI should
also be provided.

References in a special issue
Please ensure that the words 'this issue' are added to any references in the list (and any
citations in the text) to other articles in the same Special Issue.

Reference management software

Most Elsevier journals have their reference template available in many of the most popular
reference management software products. These include all products that support Citation Style
Language styles, such as Mendeley. Using citation plug-ins from these products, authors only
need to select the appropriate journal template when preparing their article, after which citations
and bibliographies will be automatically formatted in the journal's style. If no template is yet
available for this journal, please follow the format of the sample references and citations as
shown in this Guide. If you use reference management software, please ensure that you
remove all field codes before submitting the electronic manuscript. More information on how to
remove field codes from different reference management software.

Reference formatting

There are no strict requirements on reference formatting at submission. References can be in
any style or format as long as the style is consistent. Where applicable, author(s) name(s),
journal title/book title, chapter title/article title, year of publication, volume number/book chapter
and the article number or pagination must be present. Use of DOI is highly encouraged. The
reference style used by the journal will be applied to the accepted article by Elsevier at the proof
stage. Note that missing data will be highlighted at proof stage for the author to correct. If you
do wish to format the references yourself they should be arranged according to the following
examples:

Reference style

Text: All citations in the text should refer to:

1. Single author: the author's name (without initials, unless there is ambiguity) and the year of
publication;

2. Two authors: both authors' names and the year of publication;

3. Three or more authors: first author's name followed by 'et al.' and the year of publication.
Citations may be made directly (or parenthetically). Groups of references can be listed either
first alphabetically, then chronologically, or vice versa.

Examples: 'as demonstrated (Allan, 2000a, 2000b, 1999; Allan and Jones, 1999).... Or, as
demonstrated (Jones, 1999; Allan, 2000)... Kramer et al. (2010) have recently shown ...'

List: References should be arranged first alphabetically and then further sorted chronologically if
necessary. More than one reference from the same author(s) in the same year must be
identified by the letters 'a’, 'b', 'c', etc., placed after the year of publication.

Examples:

Reference to a journal publication:

Van der Geer, J., Hanraads, J.A.J., Lupton, R.A., 2010. The art of writing a scientific article. J.
Sci. Commun. 163, 51-59. https://doi.org/10.1016/j.Sc.2010.00372.

Reference to a journal publication with an article number:

Van der Geer, J., Hanraads, J.A.J., Lupton, R.A., 2018. The art of writing a scientific article.
Heliyon. 19, e00205. https://doi.org/10.1016/j.heliyon.2018.e00205.

Reference to a book:

Strunk Jr., W., White, E.B., 2000. The Elements of Style, fourth ed. Longman, New York.
Reference to a chapter in an edited book:
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Mettam, G.R., Adams, L.B., 2009. How to prepare an electronic version of your article, in:
Jones, B.S., Smith , R.Z. (Eds.), Introduction to the Electronic Age. E-Publishing Inc., New York,
pp. 281-304.

Reference to a website:

Cancer Research UK, 1975. Cancer statistics reports for the UK.
http://www.cancerresearchuk.org/aboutcancer/statistics/cancerstatsreport/ (accessed 13 March
2003).

Reference to a dataset:

[dataset] Oguro, M., Imahiro, S., Saito, S., Nakashizuka, T., 2015. Mortality data for Japanese
oak wilt disease and surrounding forest compositions. Mendeley Data, v1.
https://doi.org/10.17632/xwj98nb39r.1.

Reference to software:

Coon, E., Berndt, M., Jan, A., Svyatsky, D., Atchley, A., Kikinzon, E., Harp, D., Manzini, G.,
Shelef, E., Lipnikov, K., Garimella, R., Xu, C., Moulton, D., Karra, S., Painter, S., Jafarov, E., &
Molins, S., 2020. Advanced Terrestrial Simulator (ATS) v0.88 (Version 0.88). Zenodo.
https://doi.org/10.5281/zenodo.3727209.

Video

Elsevier accepts video material and animation sequences to support and enhance your
scientific research. Authors who have video or animation files that they wish to submit with their
article are strongly encouraged to include links to these within the body of the article. This can
be done in the same way as a figure or table by referring to the video or animation content and
noting in the body text where it should be placed. All submitted files should be properly labeled
so that they directly relate to the video file's content. In order to ensure that your video or
animation material is directly usable, please provide the file in one of our recommended file
formats with a preferred maximum size of 150 MB per file, 1 GB in total. Video and animation
files supplied will be published online in the electronic version of your article in Elsevier Web
products, including ScienceDirect. Please supply 'stills' with your files: you can choose any
frame from the video or animation or make a separate image. These will be used instead of
standard icons and will personalize the link to your video data. For more detailed instructions
please visit our video instruction pages. Note: since video and animation cannot be embedded
in the print version of the journal, please provide text for both the electronic and the print version
for the portions of the article that refer to this content.

Data visualization

Include interactive data visualizations in your publication and let your readers interact and
engage more closely with your research. Follow the instructions here to find out about available
data visualization options and how to include them with your article.

Supplementary material

Supplementary material such as applications, images and sound clips, can be published with
your article to enhance it. Submitted supplementary items are published exactly as they are
received (Excel or PowerPoint files will appear as such online). Please submit your material
together with the article and supply a concise, descriptive caption for each supplementary file. If
you wish to make changes to supplementary material during any stage of the process, please
make sure to provide an updated file. Do not annotate any corrections on a previous version.
Please switch off the "Track Changes' option in Microsoft Office files as these will appear in the
published version.

Research data

This journal requires and enables you to share data that supports your research publication
where appropriate, and enables you to interlink the data with your published articles. Research
data refers to the results of observations or experimentation that validate research findings. To
facilitate reproducibility and data reuse, this journal also encourages you to share your software,
code, models, algorithms, protocols, methods and other useful materials related to the project.
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Below are a number of ways in which you can associate data with your article or make a
statement about the availability of your data when submitting your manuscript. When sharing
data in one of these ways, you are expected to cite the data in your manuscript and reference
list. Please refer to the "References" section for more information about data citation. For more
information on depositing, sharing and using research data and other relevant research
materials, visit the research data page.

Data linking

If you have made your research data available in a data repository, you can link your article
directly to the dataset. Elsevier collaborates with a number of repositories to link articles on

ScienceDirect with relevant repositories, giving readers access to underlying data that gives
them a better understanding of the research described.

There are different ways to link your datasets to your article. When available, you can directly
link your dataset to your article by providing the relevant information in the submission system.
For more information, visit the database linking page.

For supported data repositories a repository banner will automatically appear next to your
published article on ScienceDirect.

In addition, you can link to relevant data or entities through identifiers within the text of your
manuscript, using the following format: Database: xxxx (e.g., TAIR: AT1G01020; CCDC:
734053; PDB: 1XFN).

Research Elements

This journal enables you to publish research objects related to your original research — such as
data, methods, protocols, software and hardware — as an additional paper in a Research
Elements journal.

Research Elements is a suite of peer-reviewed, open access journals which make your
research objects findable, accessible and reusable. Articles place research objects into context
by providing detailed descriptions of objects and their application, and linking to the associated
original research articles. Research Elements articles can be prepared by you, or by one of your
collaborators.

During submission, you will be alerted to the opportunity to prepare and submit a manuscript to
one of the Research Elements journals.

More information can be found on the Research Elements page.

Data statement

To foster transparency, we require you to state the availability of your data in your submission if
your data is unavailable to access or unsuitable to post. This may also be a requirement of your
funding body or institution. You will have the opportunity to provide a data statement during the
submission process. The statement will appear with your published article on ScienceDirect. For
more information, visit the Data Statement page..

' After Acceptance

Online proof correction

Corresponding authors will receive an e-mail with a link to our online proofing system, allowing
annotation and correction of proofs online. The environment is similar to MS Word: in addition to
editing text, you can also comment on figures/tables and answer questions from the Copy
Editor. Web-based proofing provides a faster and less error-prone process by allowing you to
directly type your corrections, eliminating the potential introduction of errors.
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If preferred, you can still choose to annotate and upload your edits on the PDF version. All
instructions for proofing will be given in the e-mail we send to authors, including alternative
methods to the online version and PDF.

Offprints

The corresponding author will, at no cost, receive a customized Share Link providing 50 days
free access to the final published version of the article on ScienceDirect. The Share Link can be
used for sharing the article via any communication channel, including email and social media.
For an extra charge, paper offprints can be ordered via the offprint order form which is sent
once the article is accepted for publication. Corresponding authors who have published their
article gold open access do not receive a Share Link as their final published version of the
article is available open access on ScienceDirect and can be shared through the article DOI
link.

B Author Inquiries

Visit the Elsevier Support Center to find the answers you need. Here you will find everything
from Frequently Asked Questions to ways to get in touch.
You can also find out when your accepted article will be published.

Revision submissions:

*When submitting the revised manuscript, please make sure that you upload the final version of
the paper.

*Please remove the old version(s) of the manuscript before submitting the revised version.
*Please do not upload PDF version during revision.

If you have any specific questions related due date extensions for revision, please visit

our Support Center.
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Vicente José Laamon Pinto Simodes, filho de Lucidalva Pinto
Simdes e José Inacio dos Santos, nascido em 22 de novembro de 1995, em
Custodia-PE. Em 2012, ingressou no curso de Agronomia, na Universidade
Federal Rural de Pernambuco (UFRPE) - Unidade Académica de Serra
Talhada (UAST) — Serra Talhada - PE. Foi membro do Grupo de Pesquisa
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