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1 INTRODUCAO GERAL

O tropico umido apresenta particularidades edafoclimaticas que constituem um grande
obstaculo para implementacdo de sistemas agricolas sustentaveis. A regido apresenta altos
indices pluviométricos e altas temperaturas, e 0s solos sdo em grande parte de baixa
fertilidade natural, em torno de 60% derivados de rochas sedimentares clasticas (AGUIAR et
al., 2010).

Praticas agricolas, que sdo recomendadas para o cerrado brasileiro - como saturacédo
do solo com fertilizantes solUveis e aracdo e gradagem -, ndo garantem a sustentabilidade dos
agroecossistemas nessa regido por ndo se adequarem as caracteristicas edafoclimaticas locais.
Logo, pode se enfatizar que a substituicdo de sistemas simples (corte e queima) por outros
mais complexos, como plantio direto, ndo serdo bem sucedidos sem um suporte publico
eficiente a agricultura familiar. O suporte deve incluir vetores tecnoldgicos basicos, tais como,
corretivos, fertilizantes fosfatados e pequenos equipamentos agricolas, seguido de um
programa de assisténcia técnica para desenvolver os territdrios rurais (MOURA et al., 2009).

Mediante a falta de suporte aos agricultores familiares, e também devido a falta de
conhecimento de outras tecnologias, é predominante na regido a agricultura de corte e queima,
cujos objetivos sdo a limpeza da area a ser cultivada e o uso das cinzas como fertilizante,
sustentadas durante muito tempo pela abundancia de areas disponiveis e pela baixa densidade
demogréafica (MOURA et al., 2008; AGUIAR et al., 2009).

Com o crescimento populacional, tem aumentado a demanda por terras cultivaveis, o
que tornou progressivamente mais curto o tempo de pousio das areas estabelecidas entre as
queimas sucessivas (MOURA et al., 2008; MOURA et al., 2013). A adogdo de um novo
modelo agricola, que contemple o uso de tecnologias que permitam a maximizacdo da
producdo de alimentos na mesma area, pode reduzir a necessidade de inputs externos, o uso
dos recursos naturais e valorizar 0s servi¢os ecossistémicos.

A intensificacdo ecoldgica da agricultura (IEA), foi estabelecida com o intuito de
produzir maior quantidade de alimentos por unidade de recursos e reduzir o impacto da
producdo de alimentos no meio ambiente, se justifica pela caréncia de terras aptas para
expandir a agricultura e pela necessidade de reducgéo de fontes ndo renovaveis. Pretende ainda

manter a fertilidade e biodiversidade dos solos, minimizar efeitos da erosdo e aumentar a
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eficiéncia do uso de nutrientes (NELSON et al., 2010; HOCHMAN et al., 2011, GEHRING
etal., 2013).

No tropico umido, a maioria dos solos apresenta alta propensdao a coesdo e,
consequentemente, alta resisténcia a penetracdo, o que dificulta a enraizabilidade das plantas e
diminui a eficiéncia do uso de nutrientes (MOURA et al., 2009 a ; MOURA et al., 2010). Para
aumentar a fertilidade e diminuir a coesao do solo nessa regido, o plantio direto e a cobertura
morta sdo mais eficientes que outras praticas comuns - como aragdo e gradagem — devido a
contribuirem para formacéo de liteira que favorece o crescimento das raizes, pois, em solos de
estrutura fréagil, a protecdo da superficie pode retardar o processo de redugdo da porosidade
pelo colapso ou condensacdo da matriz do solo. Alguns desses solos sdo sujeitos a chuva
intensa e, devido ao impacto, a chuva pode causar sua recompactacdo (BUSSCHER et al.,
2002; ADEKALU et al., 2006; MOURA et al., 2008 ).

Além do plantio direto e da cobertura morta, a aplicacdo de gesso pode aumentar a
atividade da raiz no subsolo, a estabilidade dos agregados e reduzir a resisténcia a penetracéo,
0 que proporciona um ambiente favoravel ao crescimento radicular, ao aumento da eficiéncia
da absorgcdo de nutrientes e ao beneficio no crescimento e produtividade das culturas
(RADCLIFFE et al., 1986; CAIRES et al., 2011). Estes processos possibilitam que haja um
uso mais eficiente dos nutrientes, entendido aqui como a capacidade das plantas de interesse
agricola em recuperar elementos minerais do solo (eficiéncia de recuperacdo) e utiliza-los
posteriormente na producdo agrondmica (eficiéncia fisioldgica) de modo mais rentavel (M1 et
al., 2007)

O aprimoramento de técnicas de manejo capazes de balancear a necessidade do solo e
das culturas, considerando a otimizacdo da producdo, a eficiéncia no uso dos recursos e
garantia da produtividade, por um longo periodo em uma mesma area, poderd promover um
avanco no modelo da agricultura maranhense. Portanto, esse estudo visa avaliar o efeito da
utilizacdo do gesso associado a cobertura com biomassa de leguminosas arbéreas e adubos
minerais sobre a eficiéncia de utilizacdo do fosforo e os indicadores fisicos do solo em

diferentes profundidades, ambos na cultura do milho.
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2 REFERENCIAL TEORICO

2.1 Regido Centro Norte do Maranhao

A regido do centro norte maranhense esta localizada na periferia da Amazonia e em
funcdo desta posicdo geogréafica possui atributos bem diferenciados no que tange a solo e
clima, com alta incidéncia de chuvas e temperaturas elevadas. Deste modo, as tecnologias a
serem implementadas na agricultura deste local devem levar em conta essas especificidades,
pois estudos experimentais desenvolvidos por Ferraz Jr (2004), Aguiar (2006) e Moura et al
(2008) relatam que as praticas agricolas usadas em outras partes do Brasil com éxito, para o
centro norte do Maranhdo, séo ineficientes e insustentaveis.

A producdo de alimentos basicos na regido é, em sua maioria, proveniente da
agricultura familiar, que em grande parte, devido a falta de politicas publicas que dé suporte
aos agricultores familiares e a falta de conhecimentos sobre novas tecnologias agricolas,
acabam fazendo o uso de um sistema de plantio itinerante, denominado “roga no toco”. Esse
sistema faz o uso predatdrio da vegetacdo natural para aproveitar as cinzas como fertilizante e
permite a rapida limpeza da area com baixo custo, que é algo vantajoso para o agricultor.
Esses beneficios, que foram significativos nos tempos de vegetacdo abundante e em regides
de baixa densidade demografica, hoje se transformaram em fatores que dificultam a
introducdo de outros modelos agricolas na regido (FERRAZ JR, 2004; AGUIAR, 2006).

Segundo (MOURA et al., 2009 b), o uso predatério da vegetacdo natural como forma
de garantir a subsisténcia das familias rurais, constitui uma das fontes de pressdo sobre 0s
recursos naturais e estabelece-se, assim, um circulo vicioso em que as caréncias aumentam a
pressdo sobre 0s recursos e a degradacdo crescente dos recursos aumenta as caréncias. Assim
sendo, aqueles que se dedicam a agricultura familiar no Maranhdo ndo possuem uma
producdo que garanta sua seguranga alimentar e nem a continuidade dessas familias no meio
rural.

Um dos grandes desafios nesta regido é encontrar alternativas tecnoldgicas para a
sustentabilidade dos agrossistemas em solos derivados de rochas sedimentares, submetidos a
um alto grau de intemperizacgdo. Esses solos, de estrutura fragil, ndo suportam o uso intensivo
exigido pela agricultura da forma como é praticada em outras regides, por serem solos franco-

arenosos com altas percentagens de areia fina, teores de silte entre 15 e 20%, argila entre 10 e
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15%, e serem solos altamente intemperizados, apresentam baixa capacidade de retencdo de
cations e pouca disponibilidade dos principais nutrientes vegetais (MOURA et al., 2008).
Além disso, ciclos repetitivos de umedecimento e secagem, aliados aos baixos teores de
carbono e de ferro livre, aumentam a coeséo da superficie do solo pela atuagdo das particulas
de silte e areia fina (MOURA et al., 2009 a,b).

No trépico umido maranhense, o uso do fogo ainda € visto como uma das principais
alternativas para implantacdo de cultivos agricolas. Portanto, aumentar a producao agricola
via aumento de produtividade pelo uso racional de insumos € primordial para evitar a
necessidade de abertura de novas areas. O maior desafio para sustentabilidade da agricultura
nessa regido € identificar, reduzir o uso ineficiente dos nutrientes e simultaneamente se
intensificar a producdo, manter a fertilidade do solo, a biodiversidade e reduzir os impactos
ambientais da agricultura (AGUIAR et al., 2014).

Tendo em vista tais aspectos, mais a crescente preocupacdo global com o meio
ambiente, a implementacdo de um modelo agricola que concilie o cultivo de culturas de
interesse econdmico com a sustentabilidade dos agrossistemas deve ser enfaticamente
considerada. Tudo no intuito de atender a demanda de alimentos, aumentar a produtividade
em areas ja cultivadas e fazer uso de tecnologias que ndo promovam a degradacdo de areas

agricultaveis, possibilitando um avan¢o no modelo de producdo agricola maranhense.

2.2 Intensificacdo Ecoldgica da Agricultura (IEA)

Novos sistemas agricolas sdo necessarios para permitir que a agricultura satisfaca cada
vez mais as diversas expectativas da sociedade. Durante décadas, a agronomia tem produzido
conhecimento e projetado agroecossistemas para maximizar a producdo de alimentos e fibras
primarias, quer para consumo direto ou para uso industrial. As questdes de producdo agricola
recentemente expandiram para incluir outros servicos ecossistémicos (ZHANG et al., 2007).

Estudos tém demonstrado que as visdes multidisciplinares da agricultura poderiam ser
melhores alcangadas por meio de uma melhor utilizagdo dos mecanismos de regulacédo
bioldgica em diferentes niveis: manejo da cultura, desenhos dos sistemas de cultivos, arranjo e
manejo da paisagem (MATSON et al., 1997; MEDIENE et al., 2011). Deste modo, nas
ultimas décadas, muito tem se discutido sobre a sustentabilidade da producéo de alimentos e

resiliéncia em uma nova ordem politica, em func¢do do aumento dos precos dos alimentos com
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certa volatilidade e aumento da demanda. A producédo e disponibilidade de alimentos afeta o
conjunto biofisico, econémico, social e fatores politicos com complexas interacdes que
definem o que comemos (GODFRAY et al., 2011).

A pressdo constante sobre a producdo agricola, a lida com um ambiente cada vez mais
degradado, com incertezas resultantes das alteragcdes climaticas e com a necessidade de
adaptar os sistemas de cultivo a esta realidade, demonstra a importancia da intensificacdo
sustentavel da producdo de culturas, pois essa proporciona oportunidades para otimizar a
producdo de alimentos por unidade de éarea, levando em consideracdo uma gama de aspectos
da sustentabilidade, incluindo os impactos sociais, politicos e ambientais (FAO, 2014).

Em resposta aos impactos causados pelos sistemas agricolas tradicionais, a IEA tem
sido sugerida ( BONNY, 2011; DORE et al., 2011; MALEZIEUX, 2012 ) como um modelo
agricola que propde aumentar os produtos agricolas (alimentos, fibras, agro-combustiveis e
servicos ambientais) por unidade de area, reduzindo o uso e a necessidade de inputs externos
(agrotdxicos, combustivel). Assim, capitalizam-se processos que suportam e regulam a
produtividade primaria em agroecossistemas, além de melhorar a seguranca alimentar, a
preservacao de habitats naturais e biodiversidades, a protecdo do sistema climatico e diminuir
0s gaps de rendimento das culturas (CASSMAN, 1999; CASSMAN et al., 2003; TITTONEL
etal., 2013).

A IEA busca também solucionar o gap de rendimento das produtividades das culturas
cultivadas, que é estimado pela diferenca entre o potencial de rendimento da cultura e a média
atingida pelos agricultores, numa escala de interesse temporal e espacial especifico. O
potencial de rendimento, por sua vez, pode ser definido e mensurado de varias maneiras
(LOBELL et al, 2009). Entretanto, ressalta-se que as melhorias no rendimento das culturas
podem ocorrer de forma lenta até atingir a demanda dos produtos agricolas, pois 0 aumento
do potencial de rendimento varia largamente em todo o mundo, variando também o gap,
diferenca entre o potencial e o rendimento atual (RAY et al., 2013, SCHIERHORN et al.,
2014).

Com a diferenga no gap de rendimento e o crescimento populacional, é cada vez maior
o fosso entre ricos e pobres e a degradacdo ambiental. Desse modo, uma reavaliagdo do uso
e alternativas de energia irdo moldar a vida no século 21. Mas, enquanto o0s sistemas
agricolas crescem para atender as demandas de mais pessoas, 0 aumento da pressao sera

colocado sobre 0s recursos naturais. A competicdo por terra, &gua e recursos energéticos dos
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setores urbano e industrial, se torna mais aguda e as terras disponiveis permanecem estaticas
ou encolhem (DORAN, 2002).

Sérias preocupacOes sobre a degradacdo ambiental, resultante de formas intensivas de
uso da terra - que excedem a capacidade de carga ecoldgica -, tém sido amplamente
divulgadas, o que gerou interesse na avaliacdo da qualidade e da saude dos recursos do solo.
Isso tendo sido estimulado pelo aumento da consciéncia de que o solo é um componente
extremamente importante da biosfera da terra e do funcionamento ndo s6 da producédo de
alimentos e fibras, mas também da manutencdo da qualidade local, regional e ambiente
global (OLDEMAN, 1994; GLANZ, 1995).

E preciso determinar quais fatores de manejo do solo e das culturas influenciam no
crescimento e desenvolvimento das plantas ao longo do seu ciclo de crescimento, a fim de se
poder incorporar principios e praticas agricolas que aumentem o rendimento das culturas,
minimize a degradacdo dos solos, sustentem a producdo de alimentos na mesma area e sejam
favoraveis ao aumento ou manutencdo da biodiversidade e servicos ambientais. Em solos
agricolas, o desempenho das culturas cultivadas tende a ser maximizado e a degradacdo do
solo e do meio ambiente tendem a ser minimizado, quando 0s parametros indicadores de
qualidade fisica do solo estdo dentro de suas faixas ideais (REYNOLDS et al., 2008).

2.3 Indicadores Fisicos do Solo

O conhecimento dos valores dos indicadores fisicos pode contribuir na escolha dos
sistemas de manejo e consequente melhoria na qualidade do solo, no rendimento e
crescimento das culturas. Alguns dos indicadores mais importantes na avaliacdo da qualidade
do solo sdo: resisténcia a penetracdo, densidade de raiz, umidade do solo, densidade do solo,
porosidade total, macroporosidade e volume de agua saturado (REYNOLDS et al., 2007;
DEXTER et al., 2004 a,b,c).

Os indicadores fisicos de qualidade do solo variam de diferentes maneiras de acordo
com o solo e o sistema de manejo. Exemplo de solo com qualidade fisica insuficiente pode ser
representado por indicadores que apresentam uma ou mais das seguintes caracteristicas: baixa
infiltracdo de agua, escoamento de agua na superficie, coesdo, ma aeracdo, baixa
enraizabilidade, e baixa trabalhabilidade (REICHERT et al., 2009).
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A resisténcia & penetragdo (RP) afeta diretamente o crescimento das plantas por
dificultar o desenvolvimento das raizes, o que resulta na diminuicdo do transporte de agua,
nutrientes e rendimento das culturas. A resisténcia € influenciada pela umidade e pela
densidade do solo, sendo correlacionada positiva e exponencialmente com a umidade do solo
(HAKANSSON et al., 2000). Esse indicador de qualidade fisica do solo permite a
identificacdo de valores potencialmente limitantes ao crescimento das raizes, além de
possibilitar o estabelecimento de valores criticos de umidade e de densidade do solo
(TORMENA et al., 1999). Para a maioria das culturas agricolas, o desenvolvimento do
sistema radicular diminui drasticamente quando ha resisténcia a penetracdo superior a 2 MPa
(TAYLOR etal., 1966).

O bom crescimento e funcionamento da raiz requerem uma adequada aeracdo e
capacidade de armazenamento de agua pelo solo, além de baixa densidade ou resisténcia
(REYNOLDS et al., 2008). O comprimento de raiz € uma zona especifica ou a massa no
campo todo, definida como um importante pardmetro na estimativa da absorcdo de agua e
nutrientes pelas culturas (ZHUANG et al., 2001).

O crescimento e o rendimento final das culturas sdo claramente relacionados a
distribuicdo das raizes, que determinam a absorcédo e utilizacdo de agua e nutrientes (YANG
GAO et al., 2010). Sua profundidade é particularmente benéfica por permitir a absor¢do de
agua em camadas mais profundas do solo durante periodos de seca (MCKENZIE et al., 2009;
GAISER et al., 2012). A extensdo e distribuicdo das raizes podem ser expressas como
densidade do comprimento radicular ou o peso de raiz, que podera ser influenciado pela
densidade do solo (ADIKU et al., 2001).

A densidade do solo é um atributo que pode ser usado como parametro de qualidade
fisica para determinar os poros médios e descrever a compactacdo do solo. A compactagédo
presente nos solos devido a processos naturais ou trafico de maquinarios agricolas causa uma
reducdo do volume total de poros, principalmente os maiores. Este fator reduz
significativamente a infiltracdo, distribuicdo das raizes e drenagem de &gua pelo solo,
favorecendo os processos de erosdo, com um grande impacto ambiental (FLEIGE et al., 2000;
REYNOLDS et al., 2002; GREGORY, 2006).

Os valores absolutos de densidade do solo ndo séo adequados para a caracterizacéo de
compactacdo do solo em relagdo ao rendimento de culturas quando se comparam diferentes

solos, pois os limites ideais e criticos de densidade para o crescimento das culturas dependem
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fortemente da classe de solo, ou seja, sdo diferentes os valores ideais de densidade do solo
para as diferentes classes de solo (REICHERT et al., 2009). Se o solo é compactado, a
densidade aumenta e a porosidade diminui (KELLER et al., 2010).

A porosidade ¢é a fracdo do volume total do solo que é tomado por espago poroso.
Assim, é um valor Unico de quantificagdo a quantidade de espaco disponivel para o fluido no
interior do solo (NIMMO, 2004). Os espacos porosos do solo determinam seu funcionamento.
Por exemplo, o transporte de dgua e gases ocorrem por meio de espacos porosos conectados,
enquanto a friabilidade do solo, que permite a sua desagregacdo durante o preparo, requer a
existéncia de poros na forma de microfissuras (DEXTER et al., 2008).

Um aspecto comum entre os indicadores € que eles expressam direta ou indiretamente
o volume ou funcdo do espaco poroso no solo. A densidade e a macroporosidade sdo funcdes
6bvias do volume de poros. Portanto, identificar o volume 6timo de poros e sua funcéo no
solo pode melhorar a compreensao entre a qualidade fisica do solo, o impacto ambiental dos
sistemas de manejo, a produtividade das culturas e a dinamica de agua e solutos no perfil do
solo (REYNOLDS et al., 2009).

O aumento no teor de &gua reduz a aeragdo, a resisténcia do solo a penetragdo e a
dindmica desses fatores provoca interagdes que regulam o crescimento e funcionamento das
raizes, o que torna necessario o entendimento dessas relacdes (REICHERT at al., 2003). Para
as plantas conseguirem se desenvolver, absorver os nutrientes e utiliza-los de forma eficiente,
é imprescindivel o uso de praticas que minimizem a recompactacao do solo, o que melhora a
enraizabilidade das plantas, a aeragéo, infiltracdo e, consequentemente, a eficiéncia do uso de
nutrientes (MOURA et al., 2008).

2.4 Eficiéncia do Uso de Nutrientes

A eficiéncia do uso dos nutrientes (EUN) pode ser definida como o rendimento por
unidade de inputs ou rendimento de produto por contetudo de nutriente aplicado. Melhorar a
EUN é um pré - requisito essencial para expansdo da producao das culturas agricolas em solos
com baixa disponibilidade de nutrientes, e isto depende ndo somente da habilidade da planta
em absorver os nutrientes do solo, mas também do seu transporte, armazenamento e utilizacdo
(GRAHAM et al., 1984; CENTRE, 2014).
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Uma estratégia para incrementar a eficiéncia do uso de nutrientes em solos coesos do
tropico Uumido deve incluir o aumento do crescimento de raiz e a melhoria do ambiente
edafico com adicdo de adubos de liberacdo lenta, sincronizando com a demanda das plantas.
De tal modo que, préticas consideradas sustentaveis - como o plantio direto, a aplica¢do de
compostagem e biomassa, uso de biossolidos, sistemas agroflorestais e cobertura superficial
com leguminosas - podem ser utilizadas na tentativa de aumentos de produtividade (LAL,
2009; MOURA et al., 2012).

A prética do plantio direto na palha de leguminosas apresenta vantagens que podem
contribuir para os incrementos de produtividade em solos tropicais, pois permite a reciclagem
de nutrientes, melhora a qualidade dos indicadores fisicos do solo, aumenta a capacidade de
aeracdo, reduz o impacto causado pelas gotas de chuva e fornece moderadas quantidades de
nutrientes (BECHER et al., 1997; ADEKALU et al., 2006; MOURA et al., 2013). Ademais, a
adicdo de residuos de plantas como cobertura do solo também diminui resisténcia a
penetracdo e aumenta o conteldo de agua no solo porgue conserva a umidade e reduz as
perdas por evaporacdo (MOURA et al., 2012).

Pesquisas realizadas por Moura et al (2010) e Aguiar et al ( 2010) na regido do
trépico Umido demonstraram que a combinacéo dos residuos de leguminosas de alta qualidade
(Leucaena leucocephala - alta velocidade de decomposicdo) com outra de baixa qualidade
(Clitoria fairchildiana - baixa velocidade de decomposicdo) promove uma liberacdo de
nutrientes sincronizada com as necessidades nutricionais da cultura, a0 mesmo tempo em que
garante a protecdo do solo durante o cultivo. A combinacdo dessas espécies é mais eficiente
para sustentar condicBes de crescimento das culturas. Esta eficiéncia é relacionada a dois
fatores: primeiro, o padrdo dessas espécies de leguminosas permite maior absorcdo de
nutrientes pelas raizes e a concentracdo de nutrientes nos residuos; segundo, a alta taxa de
remobilizacéo de nutrientes que derivam da sua decomposi¢do (VANLAUWE et al., 2005).

Mesmo com a adicdo de residuos de leguminosas na superficie do solo sendo
recomendada para melhorar a enraizabilidade do solo, em profundidade a influéncia é baixa,
ndo ultrapassando a camada de 10 cm (COOK et al., 2006, MOURA et al., 2013). Portanto,
além do plantio direto na palha de leguminosas, outras praticas sdo necessarias para aumentar
o0 sistema radicular em profundidade e consequentemente aumentar a absorcdo de nutrientes,

tal qual o uso do gesso.
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O gesso agricola (CaS0,4.2H,0) aplicado na superficie do solo, é recomendado como
alternativa para a melhoria do ambiente radicular, em decorréncia do aumento da
concentracdo de calcio, compensando o reduzido efeito do calcario no subsolo,uma vez que o
gesso é mais soluvel que o calcario (SUMNER et al., 1986; SUMNER, 1995; CARVALHO et
al.,1997; CAIRES et al.,, 2003). Movimenta-se ao longo do perfil sob a influéncia da
percolacdo de 4gua, ndo afeta o pH e reduz a toxidez de AI** no subsolo (CAIRES et al., 1999,
2003).

O gesso também atenua a coesao do solo e aumenta a distribuicéo do sistema radicular
promovendo 0 acesso a agua, o que geralmente se reflete em aumento de rendimento em
muitas culturas (REEVE et al., 1972; RADICLIFFE et al., 1986; FARINA et al., 2000;
SUMNER, 2011; CAIRES et al., 2011). Nessa perspectiva, espera-se que o plantio direto na
palha de leguminosas associado ao uso do gesso agricola seja eficiente na melhoria dos
indicadores fisicos do solo, no uso de nutrientes e na reducao da diferenca entre o potencial de
producdo das culturas e o que € produzido pelos agricultores na regido do trépico umido.

Portanto, em meio ao aumento da demanda por alimentos e a necessidade de continuar
produzindo na mesma &rea, é fundamental o uso racional e eficiente dos nutrientes. A adocéo
de praticas agricolas associadas pode contribuir para melhoria no uso de nutrientes pelas
culturas agricolas, sobretudo daqueles, como o fdsforo e nitrogénio, essenciais ao

desenvolvimento das plantas.

2.5 Eficiéncia de Recuperacdo do Fésforo

O fosforo (P) € um nutriente essencial para plantas, animais e seres humanos, logo sua
deficiéncia é considerada um dos maiores fatores limitantes de produtividade das culturas,
especialmente nos trépicos e subtropicos (RAMAEKERSA et al., 2010; MA et al., 2011). O
fésforo existe na crostra da terra sob a forma de rocha fosfatada, e € somente por meio dos
processos de intemperismo e lixiviacdo que € mobilizado em sistemas terrestres. A taxa
relativamente lenta com que ocorrem esses dois processos tem sido um dos obstaculos mais
importantes a produtividade primaria terrestre (RAVEN, 2008).

Embora ainda haja muito debate a respeito da longevidade das reservas de fosfato,
cientistas e industria concordam que ha uma forte necessidade de aumento da reciclagem e

utilizacdo eficiente de fésforo em todo o sistema alimentar. H4 um interesse de identificar e
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comparar sistematicamente medidas que podem produzir resultados no sentido da seguranca
de fosforo (MWETA et al., 2007; BEKUNDA et al., 2011 ). Foi apenas ao longo dos ultimos
50 anos que a intervencdo humana no ciclo de fésforo aumentou drasticamente, afim de lidar
com o aumento sem precedentes da demanda por alimentos em funcdo de um répido
crescimento da populacdo global (SMIL, 2000; TILMAN et al., 2002).

Ademais, os fertilizantes fosfatados sdo de alto custo, porque sdo produzidos a partir
de fontes minerais fosfatadas limitadas e o seu uso em excesso pode destruir o equilibrio
ecoldgico e resultar em danos ambientais graves, como exemplo a eutrofizacdo de rios.
(QUAN et al., 2002; ZHANG et al., 2005). Para reduzir tais danos, ha que se desenvolver
sistemas agricolas com base na eficiéncia de uso dos nutrientes, pois hd uma crescente
escassez de rocha fosfatica e a dependéncia da producdo mundial de alimentos sobre a
disponibilidade de P (VACARI, 2009).

A mitigacdo do uso dos recursos de P pode ser feita por meio do aumento da
disponibilidade de rocha fosfatica pela melhor exploracéo e tecnologia de mineracéo, e pela
melhoria da eficiéncia do uso de fosforo por humanos, deste modo podera reduzir o input de
fertilizantes fosfatados (SUH et al., 2011). O principal método para beneficiar a aplicacéo,
bem como disponibilizar o P fixado, € aumentar seu contato com o sistema radicular da
planta para aumentar sua aquisicdo pela planta (WISSUAWA, 2003).

Nesse cenario, 0s sistemas agricolas devem adotar medidas que aumentem a
disponibilade de P para as plantas, dentre essas, a adicdo de materiais organicos ao solo pode
influenciar a disponibilidade de P, com reducdo da capacidade de sor¢do de P nos solos,
permitindo assim, uma utilizagdo mais completa de P do solo pelas plantas (NZIGUHEBA
et al., 1998, MWETA., et al 2007). Dada a importancia do P para a sustentabilidade da
agricultura e seguranca alimentar mundial, a garantia da utilizacdo equilibrada dos recursos de

P é importante para que suas perdas sejam minimizadas.
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Abstract
In humid tropics regions, a combination of factors related to soil rootability conditions

contribute to reductions in nutrient use efficiencies. The aim of this work was evaluate the
combined effects of the application of gypsum and mulch from leguminous trees on soil
rootability in the root zone, root growth and phosphorus recovery efficiency in maize planted
in a sandy loam soil prone to cohesion. The experiment was conducted in a randomised block
design with four replications and the treatments: control, without residue and gypsum (C);
leguminous residue (L); leguminous residue and 6 t/ha of gypsum (LG6); urea, 6 t/ha of
gypsum (UG6); leguminous residue, urea and 6 t/ha of gypsum (LUGS6); and leguminous
residue, urea, and 12 t/ha of gypsum (LUG12). Gypsum plus leguminous residues can
enhance the soil rootability when applied in tropical soils due to the combined effects of
increased porosity and decreased penetration strength. These effects facilitate root growth in
the deeper soil layers and promote phosphorus uptake. Application of crop residue increases
the input and retention of calcium derived from the gypsum in the lower layers. The use of
large amounts of gypsum with residue, despite a strong increase in phosphorus uptake by
maize, did not result in a proportional increase in dry matter production. Given the small
differences in calcium content between the treatments with 6 and 12 t/ha, parcelling the
application of gypsum in combination with residue applications, rather than administering a
single high dose, is recommended for tropical sandy loam soils with low cation retention
capacitys.

Keywords: Nitrogen, phosphorus, nutrient use efficiency, sandy loam soil, cohesion
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lIntroduction

In the humid tropics region, small landholders often resort to the environmentally
harmful practice of shift cultivation, mainly the slash-and-burn-fallow cycle, to establish a
low-input agricultural system that is more convenient for resource-poor farmers (Brady &
Weil, 1996). In many areas, high temperatures and rainfall, combined with soils derived from
clastic sedimentary rocks, result in low nutrient availability and unfavourable conditions for
continuous crop cultivation (Moura et al., 2012). Under these circumstances, a combination of
factors reduces the efficiency of nutrient use and, as a result, the manageability of sustainable
agrosystems, even with fertilisation.

Most soils with low free iron and organic carbon levels exposed to repeated cycles of
wetting and drying tend to undergo hardsetting, which decreases the rootable soil volume and
impairs nutrient uptake (Mullins, 1999). The low cation retention capacity of the intensely
weathered soils does not contribute to the retention of nutrients in the root zone (Dechert et
al., 2005). In addition, P is often a highly limiting factor in crop growth in weathered and
acidic tropical soils with low available P and a high phosphate sorption capacity (Vance et al.,
2003). These factors are now recognised as the fundamental causes of deforestation and
declining food security in small landholder farms in the Amazon region and its surroundings
(Aguiar et al., 2011). Therefore, the replacement of slash-and-burn agriculture by sustainable
systems cannot succeed without an alternative approach that demonstrates the benefits of
fertilisation. Thus, efficient nutrient use is necessary for ensuring the profitability and
sustainability of crop systems in this region.

To enhance the environment of the root zone, no-tillage systems with surface covers
such as mulch have been recommended by some authors. This practice has been

recommended because a protective layer of residue absorbs raindrop impact and reduces
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evaporation from the soil surface and may delay hardsetting (Becher et al., 1997).
Unfortunately, this practice is an effective process only if there are no long intervals between
rains (Ley et al., 1995).

Another system that has been recommended is the continuous plant residues
application, which improves the environment for root growth because it promotes the
formation of unstable aggregates by increasing the free light fraction of organic matter,
according to Shepherd et al. (2002). Furthermore, the continuous application of residues in
no-till systems may enhance the soil structure to favour primarily P uptake, as reported by
Moura et al. (2013), but it may confine organic matter additions to the upper soil surface and
negate significant enhancement at lower soil depths. In this case, improvements in soil
structural properties with crop residue mulch may only be significant near the soil surface
(Blanco-Canqui & Lal, 2007). Additionally, Moura et al. (2013) observed that the direct
effects of residues on soil attributes did not extend beyond 10 cm below the surface, which
was not sufficient to produce enough root growth to adequately increase nutrient use
efficiency and make fertiliser use profitable.

To extend rootability improvements to lower soil depths, several authors recommend
the use of gypsum as a “flocculating” agent to improve soil structure by reducing the
dispersion of the clay (Radcliffe et al., 1986). The action of the dispersed clay in hardening or
increasing soil strength is also decreased by applying gypsum (Sumner et al., 1990).
However, the application of gypsum, a readily available source of Ca®*, can increase Ca ion
activity in the liquid phase and the formation of insoluble Ca-P phases, thereby decreasing P
availability and uptake (Kordlaghari & Rowell, 2006).

Therefore, we hypothesised that the use of gypsum combined cover crop residue may

impart soil improvement effects to a deeper layer, improving the soil structure in the root zone
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and increasing root growth and nutrient uptake efficiency. The aim of this work was to
evaluate the combined effects of gypsum and mulch from leguminous trees on soil rootability
in the root zone, root growth and phosphorus recovery efficiency in maize grown in a sandy

loam soil prone to cohesion.

2 Materials and Methods
2.1 Experimental site and trial set-up

The experiment was conducted during three growing seasons (2011, 2012 and 2013) at
Maranhdo State University, S&o Luiz, Brazil (2°30°S, 44°18’W). The region has a hot, semi-
humid, equatorial climate with a mean precipitation of 2,100 mm year™ and two well-defined
seasons: a rainy season that extends from January to June and a dry season with a pronounced
water deficit from July to December. The local soil displayed hardsetting characteristics
(Moura et al., 2009), wich is classified as Arenic Hapludult, and consisted of 260 g/kg of
coarse sand, 560 g/kg of fine sand, 80 g/kg of silt and 100 g/kg of clay.

The area had been fallow since 1990 and supported a native species of grass, which was
removed using a glyphosate application. Lime and gypsum were applied by hand to the soil
surface in December 2010. The lime was applied at a rate of 1 t/ha of calcium, which
corresponds to 288.8 and 137.2 kg/ha of Ca and Mg, respectively. The gypsum was applied at
a rate of 6 or 12 t/ha in the plots, which corresponds to 1,020 and 2,040 kg/ha of Ca,
respectively. Residues from Leucaena leucocephala (leucaena) and Clitoria fairchildiana
(clitoria) were collected from an area near the experimental site and applied at 6 t/ha (total of
12 t/ha), a rate similar to that commonly applied in alley cropping systems according to
Aguiar et al. (2010). The quality parameters of the leucaena and clitoria residues were as

follows: a C/N ratio of 12 and 23, N of 40.17 and 27.71 g/kg, P of 1.55 and 2.83 g/kg and Ca
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of 17.84 and 14.44 g/kg, respectively. The maize (cultivar AG 7088) was sown in the no-till
system in January 2011, 2012 and 2013. A spacing of 80 cm between rows and 25 cm
between plants was used. The maize was fertilised with 80 kg/ha of P,Os from triple
superphosphate (35 kg/ha of P), 80 kg/ha of K,O from KCI and 5 kg/ha of Zn in the form of
ZnS0O,. Triple superphosphate, urea, leguminous residues, zinc and KCI were applied in 2011,
2012 and 2013.

In January 2013, the experiment was analyzed following a randomised block design
with four replications and the following treatments: control, without residue and gypsum (C);
12 t/ha of dry matter residue from legumes (L); 12 t/ha of dry matter residue from legumes
and 6 t/ha of gypsum (LG6); 90 kg/ha of N from urea and 6 t/ha of gypsum (UG6); 90 kg/ha
of N from urea, 6 t/ha of gypsum and 12 t/ha of dry matter residue from legumes (LUG6); and
90 kg/ha of N from urea, 12 t/ha of gypsum and 12 t/ha of dry matter residue from legumes
(LUG12). The experiment was conducted under no-tillage conditions, and the experimental
plot size was 4 x 8 m. Leucaena and clitoria residues were applied in the form of fresh
branches. The total amount of urea and leguminous residue was divided, in two superficial

applications one at sowing and another at the appearance of the fourth maize leaves.

2.2 Soil chemical analyses

Soil samples were taken for Ca analyses in November 2010 at depths of 0-10, 10-20,
20-30 and 30-40 cm, before lime and gypsum aplication and maize cultivation. Additional
soil samples were collected in June 2013 at the finally of the rainy season at depths of 0-10,
10-20, 20-30 and 30-40 cm, and three replicates collected using a Dutch auger. The samples
were passed through a 2 mm sieve and then air-dried prior to the analyses. Each sample was

analysed using resin as an extractor for Ca, which was measured using a Varian 720 ES ICP
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(Inductively Coupled Plasma) spectrometer, based on the standard techniques, according to
Raij et al. (1986). To construct the graph of the estimated soil calcium content, a linear
interpolation was used within the known range of data based on a critical level for tropical

soil, defined by Ribeiro et al. (1999).

2.3 Soil physical analyses

The soil was sampled using 100 cm® rings, in May 2013, to determine soil dry bulk
density and saturated volumetric water content, according to Thomasson (1978). Three
replicates were collected at a depth of 8-12 cm. The samples were saturated, weighed, placed
on a tension table and equilibrated at 6 kPa. After weighing, each replicate was oven dried at
105 °C. Soil dry bulk density (pb) was calculated as mAs, where m is the dry collected soil
mass at 105 °C and v is the ring volume. The saturated volumetric water content was
determined by the difference between the saturated sample mass and the dry sample mass.
The total porosity (¢t) was calculated from the values of dry bulk density (pb) and assumed
particle density (pp) as 2.65 t/m® using the following equation: @t = [1 — (pb/pp)], as defined
in Aikins et al. (2012). The macro porosity was calculated as the difference between the
saturated volumetric water content and the weight of the sample equilibrated at 6 kPa.

The soil moisture and penetration strength were measured at depths of 0-5 cm, 5-10 cm,
10-15 cm and 15-20 cm with three replicates per plot in July of 2013, after 3 days without
rain. The penetration strength was measured using a digital penetrometer (Falker, Porto
Alegre, Brasil) with 1 cm gradations, and 2.0 MPa was taken as the lower critical limit of
recording (Silva & Kay, 1997). To construct the graph of the penetration strength, the mean of

each depth was used (2.5 cm, 7.5 cm, 12.5 cm and 17.5 cm) with a simple interpolation at the
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initial and final depth. A TRIME-FM instrument (IMKO, Ettlingen, Germany) was used to

obtain the soil moisture (TDR) data.

2.4 Plant analysis and efficiency indices

The dry matter and P content of maize were measured at physiological maturity. Ten
plants from each plot were randomly selected to collect, and the entire plants were dried at 60
°C for 3-4 days to obtain a constant weight. Subsamples were collected and ground to pass
through a 1 mm sieve. The amount of phosphorus in the leaf tissue was determined by
digesting the sample in an acid mixture (HCIO4:HNO; - 1:5) followed by P analysis on a
spectrophotometer using the vanadomolybdo-phosphoric acid yellow colour method
(Cottenie, 1980).

Maize roots were sampled at the tasselling stage using an auger with a volume of 475
cm®. To compose a sample, two subsamples were collected between plants and at 20 cm from
each maize row. All of the plots were sampled at depths of 0-10, 10-20 and 20-30 cm, with
three samples collected from each plot. The samples were washed with running water in a 2-
mm sieve superimposed on a 1-mm sieve to separate the roots from the soil, assuming that
only thicker roots would be considered. The maize roots were manually separated from those
of other plant species with forceps, and the root length density (RLD) was evaluated using
Newman’s method of intersections modified by Tennant (1975).

The inorganic phosphorus recovery efficiency was calculated only for the phosphorus
applied in 2013, using the following formula: (IPRE) = [(kg/ha P taken up in the treatment —

kg/ha P taken up in the control) / kg/ha total of mineral P applied] x 100.
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2.5 Statistical analyses

The data were analysed by analysis of variance (ANOVA), and the means were
compared by Duncan’s post hoc test at a p = 0.05 significance level. The data were analysed
using InfoStat software (InfoStat Group, College of Agricultural Sciences, National

University of Cdrdoba, Argentina).

3 Results

There was a positive effect of superficial gypsum application on the calcium content in
the soil profile up to the 30-40 cm layer, where the calcium was twice more than control in all
gypsum treatments (Figure 1). In turn, the plots with gypsum plus leguminous residues
showed higher calcium contents than the control in all of the layers up to 40 cm. However, in
the 0-10 cm layer, the calcium content was not significantly different among L, UG6 and the
control. In the 10-20 cm layer, the order of calcium contents was C = L < UG6 = LG6 <
LUG6 < LUGI12. This was the only layer in which there was a difference among the
treatments with urea, gypsum and leguminous residues, where LUG6 < LUG12. In the 10-30
cm layer, the calcium content was higher in LG6 than in UG6, showing a positive effect of

legume application on calcium retention.

39



Estimating the content of Ca (mmol_ dm?)

0 5 10 15 20 25 30 35 40 45 50 55 60

0 i S
R4 A ad
A P
> fov m & oe
10 A o l//A/EI’ & LsD=14
RO S /
T A /
15 olw / =) »
5 A e
£ 201 ° ¥ 20 # Lsp=45
o A 4
B 5] oy cf]/s
[ , ——e——  Before of liming
| [ L T O e C
30 - i Y J/A LSD= 6.9 e |
Y — —A— - LG6
351 ¢|om ﬁ — = — UGS
y /;{ — —O— — LUG6
401 @ om &l [LsD=39 ——&— LG

Figure 1: Estimating of the content calcium in the soil in the experimental treatments, in the depth of 0 — 40 cm
in 2013. C = without residue and gypsum ; L = 12 Mg/ha of dry matter residue from leguminous; LG6 = 12
Mg/ha of dry matter residue from leguminous and 6 Mg/ha of gypsum; UG6 = 90 kg/ha of N from urea, 6
Mg/ha of gypsum; LUG6 = 90 kg/ha of N from urea, 6 Mg/ha of gypsum and 12 Mg/ha of dry matter residue
from leguminous and LUG12 = 90 kg/ha of N from urea, 12 Mg/ha of gypsum and 12 Mg/ha of dry matter
residue from leguminous. Different letters in the same row indicate significant difference at the 5% level by
Duncan’s test.

After three years of gypsum application, the calcium content in profile shows high
levels at the 20 cm layer only in the LUG12 treatment. All of the other gypsum treatments had
intermediate levels in this layer. In the treatments LG6, LUG6 and LUG12, calcium levels
were intermediate at 30 cm. In the control, the calcium contents were intermediate only up to
the 10 cm depth. None of the treatments resulted in intermediate calcium levels at the 40 cm
depth.

The soil properties affecting soil rootability were more strongly enhanced in the plots
where gypsum and leguminous residues were combined with urea (Table 1). Thus, both the

LUG6 and LUG12 treatments showed lower soil densities at the 10 cm depth and higher
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porosities than the control. The other treatments did not show significantly different results.
There were no differences among treatments in air capacity or saturated volumetric water
contents.

Table 1: Total porosity, soil bulk density, macroporosity, saturated volumetric water content,
in the experimental treatments, in the depth of 8-12 cm.

Physical indicators Control L LG6 UG6 LUG6 LUG12
Total porosity (m3/m?®) 044c 044abc 045abc 0.47a 0.44abc 0.46ab
Soil bulk density (Mg/m®) 152a 147ab 147ab 143b 148ab 1.42b
Macroporosity (m3/m?) 027a 027a 027a 027a 028a 0.28a

Saturated volumetric water 0.4l1la 0.40 a 0.42a 041a 0.42 a 0.42 a
content (m3/ m°)

Soil moisture (%) 1553a 15.73a 16.23a 15.70a 16.30a 15.00a

Control = without residue and gypsum ; L = 12 t/ha of dry matter residue from leguminous; LG6 = 12 t/ha of dry
matter residue from leguminous and 6 t/ha of gypsum; UG6 = 90 kg/ha of N from urea, 6 t/ha of gypsum; LUG6
= 90 kg/ha of N from urea, 6 t/ha of gypsum and 12 t/ha of dry matter residue from leguminous and LUG12 =
90 kg/ha of N from urea, 12 t/ha of gypsum and 12 t/ha of dry matter residue from leguminous. Different letters
in the same row indicate significant difference at the 5% level by Duncan’s test.

In LUG12, the penetration strength was lower than UG6 and L up to the 10 cm depth
and was lower than in the control up to the 15 cm layer (Figure 2). In LUG6 also the
penetration strength was lower than control in the 0-10 cm layer. In LG6, the penetration

strength was lower than control only in the 5-10 cm layer.

41



Penetration strenght (MPa)

o OO,O 0,2 0,4 0,6 0,8 1,0 1,2 1,4 1,6 1,8 2,0
2,5 1 LUG12 < C, L, UG6; LUG6 < C < UG6
5,0 ~
25 4 LUG12 < C, L, UG6; LUG6 < C
— ’ N )
5 \\\Q
= 10,0 - SN
=3
o)
o 12,5 o LUG12<C
NSO,
150 4 ——e—— Control NN
o L NN
—— v —— LG6 ~N
17,5 1 — A — - uGe ns
— . — LUG6 \\
PR — J— D N
20,0 - O— LUG12 \I:I A\ ns

Figure 2: Penetration strength after 7 days without rain. Control = without residue and gypsum; L = 12 Mg/ ha
of dry matter residue from leguminous; LG6 = 12 Mg/ha of dry matter residue from leguminous and 6 Mg/ha of
gypsum ;UG6 = 90 kg/ha of N from urea, 6 Mg/ha of gypsum; LUG6 = 90 kg/ha of N from urea, 6 Mg/ha of
gypsum and 12 Mg/ha of dry matter residue from leguminous and LUG12 = 90 kg/ha of N from urea, 12 Mg/ha
of gypsum and 12 Mg/ha of dry matter residue from leguminous. Different letters in the same row indicate
significant difference at the 5% level by Duncan’s test.

Both leguminous residues and gypsum affected the root growth (Figure 3). Thus, the
root length density (RLD) was higher in all treatments than control up to the 20 cm depth. In
LUG12, the RLD was also higher than in LG6 and L in the 0-10 cm layer. In the 10-20 cm
layer, the order of RLD was as follows: LUG12 > LUG6 > UG6 = GL6 = L > C. It is worth
highlighting that at the depth of 20 to 30 cm, the RLD was twice as high in LUG12 than in the
control and higher than in the LUGS. In the other treatments, the RLD was not significantly
different than control in this layer.

There was also a large and positive effect of the leguminous residues and gypsum on the
production of maize dry matter (Figure 3). The use of leguminous residues alone increased the
weight of dry matter by 75% relative to the control. The results of the treatments with

leucaena, leucaena combined with gypsum or leucaena combined with gypsum and urea (L,
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LG6, LUG6 and LUG12) were superior to the results of the treatments control and UG6.
There was no difference between the LUG6 and LUG12 treatments, whose dry matter was

higher than in all other treatments.
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Figure 3: Dry matter of maize at physiological maturity and root length density in the experimental treatments,
in the depth of 0 — 30 cm in 2013. Control = without residue and gypsum; L = 12 Mg/ha of dry matter residue
from leguminous; LG6 = 12 Mg/ha of dry matter residue from leguminous and 6 Mg/ha of gypsum ;UG6 = 90
kg/ha of N from urea, 6 Mg/ha of gypsum; LUG6 = 90 kg/ha of N from urea, 6 Mg/ha of gypsum and 12 Mg/ha
of dry matter residue from leguminous and LUG12 = 90 kg/ha of N from urea, 12 Mg/ ha of gypsum and 12
Mg/ha of dry matter residue from leguminous. Different letters in the same row indicate significant difference at

the 5% level by Duncan’s test.

The combination of gypsum, leguminous residues and urea had a large effect on the
inorganic recovery phosphorus efficiency (IRPE) (Figure 4). Thus, the IRPE in LUG12 was
higher than all the other treatments, being six times higher than leguminous. The IRPE in the

other treatments with gypsum plus leguminous residues (LG6 and LUG6) was higher than
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UG6 and L. In turn, the IRPE in LG6 was four times higher than in UG6, demonstrating the

positive effect of the leguminous residues on phosphorus uptake.
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Figure 4: Inorganic phosphorus recovery efficiency (IPRE) in maize. L = 12 Mg/ha of dry matter residue from
leguminous; LG6 = 12 Mg/ha of dry matter residue from leguminous and 6 Mg/ha of gypsum ;UG6 = 90 kg/ha
of N from urea, 6 Mg/ha of gypsum; LUG6 = 90 kg/ha of N from urea, 6 Mg/ha of gypsum and 12 Mg/ha of dry
matter residue from leguminous and LUG12 = 90 kg/ha of N from urea, 12 Mg/ha of gypsum and 12 Mg/ha of
dry matter residue from leguminous. Different letters in the same row indicate significant difference at the 5%
level by Duncan’s test.
4 Discussion

Our results confirm that the superficial application of gypsum efficiently increases the
calcium content in soil profile in the humid tropics. In addition to the solubility of gypsum,
the high rainfall levels of the period (4,700 mm) and high water infiltration rates of the local
soil (Moura et al., 2009) can account for the downward movement of gypsum in the soil
profile. However, in soil without organic residues, the calcium content was affected more by
the liming than the gypsum application. In the UG6 treatment, the calcium content was higher

than without gypsum only below 30 cm. The higher calcium contents in the soil profiles with

leguminous residues must be attributed to the higher levels of organic matter derived from the
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decomposition of the residues applied during the three experimental years (data not shown).
In the same soil with leguminous residues, Moura et al. (2012) found higher organic matter
levels and calcium contents after lime application relative to bare soil.

According to Caravaca & Albaladejo (1999), the cation retention capacity of whole
soils is closely correlated with their respective C contents. This pattern can account for the
differences in calcium contents (more than 50%) between LG6 and UG6 in the 10-30 cm
layer. In turn, the small differences in calcium contents between the treatments LUG12 and
LUG6 suggest no direct correlation between gypsum applied and calcium contents to the
depth of 40 cm. In most sandy soils with small buffering capacity in which Ca™" ions do not
interact strongly with the soil matrix, the application of Ca fertilisers results in a higher Ca™
concentration in the solution, which can then be leached out of root zone (Kolahchi & Jalali,
2007).

The differences in physical indicators between LUG12 and LUG6 relative to the
control, UG6 and L showed that the combination of leguminous residues and gypsum can
more efficiently improve the soil rootability than the isolated use of gypsum or leguminous
residues alone. In turn, because there were no differences in the soil moisture, the variation in
penetration strength can be explained by the management practices used. Moura et al. (2012)
found effects of leguminous residues on penetration strength only up to the 5-10 cm layer,
even after seven years of residue application, suggesting a positive effect of gypsum in the
lower layers during this experiment.

Although both the residues and gypsum increased the root density in the profile up to 30
cm, it is worth highlighting that the root growth in the control was minimal below 10 cm.

According to Ley et al. (1995), effects on root growth in soil that tends to harden are common
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when the water potential approaches -100 kPa, a level that, according to Moura et al. (2009),
occurs in this experiment after four days without rainfall.

The higher root growth up to the 20 cm depth relative to the control can be accounted
for by the improvement in soil rootability caused by leguminous residue and gypsum given
that in L and in UG6, the RLD was also higher than in the control. According to Shepherd et
al. (2002), residue application may contribute to an favourable environment to root growth by
increasing the free light fraction of organic matter, that promotes the formation of “ephemeral
structure” in structurally fragile soil. In turn, in the 20-30 cm layer, the RLD in LUG12 was
twice the control (22 to 45 cm cm™), which also can be attributed to the effect of the calcium
on the reduction of the strength of the soil in this layer (Sumner, 2009).

According to Sumner et al. (1990), the improvements caused by gypsum for plants are
both direct (influencing the flocculation and aggregation of subsoil) and indirect (improving
root activity, leading to a greater soil aggregation). The RLD was not different between LG6
and UG6, which suggests that the results of urea and leguminous residue were equivalent
when accompanied by gypsum. However, in the 10-20 cm layer, the RLD was larger in LUG6
than in LG6, which shows the positive effect of urea on the root growth when combined with
gypsum and residues. According to Guo et al. (2005), a local supply of nitrate can
significantly increase lateral root elongation. Moura et al. (2013) reported that in soil covered
with leguminous residues in similar conditions used in the present experiment, nitrogen use
efficiency is higher.

The dry matter production shows the agronomic importance of gypsum and leguminous
residue for crop growth under the conditions of this experiment. While the increase in dry
matter due leguminous residues alone was 75% compared to the control, the application of

gypsum led to an additional increase of 20% when compared to the L (6,5 t/ha) and LG6 (7,8
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t/ha) treatments. The effect of soil cover with leguminous residues on maize growth in this
soil was reported by Moura et al. (2009) and can be attributed mainly to the higher plant
transpiration rate in covered soil and therefore the higher CO, assimilation and higher nutrient
uptake. Both processes rely heavily on increased root length and density through mulching.
The effects of gypsum can be explained in the same way in this experiment.

The combination of gypsum and residues increased the efficiency of phosphorus
recovery dramatically compared to the application of one of these amendments alone. Given
the low mobility of phosphorus in soil, the ability of a plant to take up phosphorus is largely
due to its root distribution relative to the location of phosphorus in the root zone. Thus, the
uptake of phosphorus from each layer of soil was related to the length of the roots in that layer
(Shierlaw & Alston, 1984). The positive effects of residue application on the increase in P
usage efficiency in no-tillage systems may also be due to decreased P sorption, promoting
competition between residue decomposition products and P at sorption sites (Gupy et al.,
2005), or to the production of organic acids and humic substances during decomposition,
which are also involved in the P solubilisation process (Singh & Amberger, 1990). It is worth
highlighting that the larger RLD in LUG12 resulted in a major phosphorus uptake, even with
high calcium contents, which suggests that there were no negative effects of this high calcium

availability on P sorption.

5 Conclusions

The application of gypsum plus leguminous residues can enhance the soil rootability
when used in tropical soil prone to cohesion, due to the combined effects of increased
porosity and decreased penetration strength. These effects are like longer root growth into

deeper soil layers and higher phosphorus uptake. The leguminous of residue favours an input
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and retention of calcium derived from the gypsum in deeper layers. However, the use of large
amounts of gypsum (such as 12 t/ha) with residue, though strongly increasing the phosphorus
uptake by maize, do not promote a proportional increase in maize dry matter production. In
addition, given the small differences in calcium contents between the treatments with 6 and 12
t/ha, split the application of gypsum in combination with residue applications, rather than a
single high dose, is recommended for tropical sandy loam soils with low cation retention

capacities.
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