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RESUMO

Tese de Doutorado
Programa de Pés-Graduacao em Ciéncia do Solo
Universidade Federal de Santa Maria

ESTRATEGIAS PARA REDUZIR AS EMISSOES GASOSAS E MELHORAR O
APROVEITAMENTO DO NITROGENIO DE DEJETOS DE SUINOS PELO MILHO
EM PLANTIO DIRETO
AUTOR: EZEQUIEL CESAR CARVALHO MIOLA
ORIENTADOR: CELSO AITA
Local e Data da Defesa: Santa Maria, 28 de fevereiro de 2014.

Ao mesmo tempo em que promovem o incremento da produgao agricola, as aplicagdes
de dejetos liquidos de suinos (DLS), em sistema plantio direto (SPD), podem representar uma
importante fonte de contaminagdo ambiental. Por isso, a busca de estratégias tecnoldgicas
para minimizar esse potencial poluidor dos DLS constitui um dos principais desafios atuais da
suinocultura. Diante deste contexto, o objetivo do presente trabalho foi avaliar como a injecao
subsuperficial de DLS em SPD e o uso do inibidor de nitrificagdo dicianodiamida (DCD)
afetam as emissoes de 6xido nitroso (N>O), as perdas de N por volatilizagao de amonia (NHs)
e o fornecimento de nitrogénio (N) ao milho. O estudo foi conduzido na Universidade Federal
de Santa Maria (UFSM), durante as safras agricolas de milho de 2011/12 e 2012/13. Foram
conduzidos dois experimentos, sendo um em Argissolo Vermelho Distréfico arénico e outro
em Argissolo Vermelho Aluminico imbrico. Em ambos os locais, utilizou-se o delineamento
experimental de blocos ao acaso com quatro repeticdes dos seguintes tratamentos: DLS
aplicados na superficie do solo (DLSSup.), DLSSup.+DCD, DLS injetados em subsuperficie
(DLSInj.), DLSInj.+DCD, testemunha e adubacdo mineral. A injecdo dos DLS reduziu as
emissoes de NH3; em 70 %, mas aumentou as de N-N,O de 2.628 para 6.198 g N,O N ha'l, em
comparagdo a aplicacdo superficial. A adicao da DCD aos DLS, no momento da sua aplicagdao
ao solo, reduziu as emissdes de N,O em 28 % quando os DLS foram aplicados na superficie
do solo e em 66 % quando injetados, mas ndo influenciou as emissdes de NH;. O fator de
emissao (FE) de N,O foi mais elevado quando os DLS foram injetados (3,6 %) do que quando
aplicados na superficie do solo (1,3 %), sendo que a DCD reduziu tais FE para 0,9 % e 0,8 %,
respectivamente. A injecdo dos DLS no solo aumentou a eficiéncia de uso do N e a
produtividade de graos de milho em comparacgdo a aplicacdo superficial, enquanto que a DCD
ndo afetou estes dois atributos. Quando as emissdes de N,O de cada tratamento foram
relacionadas a produtividade do milho, os melhores resultados do ponto de vista ambiental
foram obtidos quando a inje¢cdo dos DLS foi associada ao uso da DCD. A partir desses
resultados conclui-se que a inje¢do dos DLS no solo em SPD, associada a DCD, constitui uma
alternativa promissora, em relacdo a tecnologia atual de aplicagdo dos DLS na superficie do
solo e sem DCD. Contudo essa estratégia somente podera ser recomendada e difundida com
seguranca aos produtores se os seus beneficios agrondmicos e ambientais, forem seguidos de
uma andlise econdmica e também de uma andlise de impacto ambiental decorrente da
demanda adicional de energia e combustivel para poder realizar a operacdo mecanica de
injecdo dos DLS no solo.

Palavras-chave: Emissao de N,O. Volatilizagao de amodnia. Dicianodiamida. Actimulo de N.
Produtividade de milho.



ABSTRACT

Doctor Science Thesis
Graduate Program in Soil Science
Federal University of Santa Maria

STRATEGIES TO REDUCE THE GASEOUS EMISSIONS AND IMPROVE THE
NITROGEN USE OF PIG SLURRY IN NO-TILL CORN
AUTHOR: EZEQUIEL CESAR CARVALHO MIOLA
ADVISOR: CELSO AITA
Santa Maria, February 28", 2014.

While promoting increased farm production, applications of pig slurry (PS), in no-
tillage systems (NT), may represent an important source of environmental contamination.
Therefore, the pursuit of technological strategies to minimize this potential polluter of DLS is
one of the main current challenges in pig farming. Given this context, the aim of this study
was to evaluate how the subsurface injection of PS in NT and the use of the nitrification
inhibitor dicyandiamide (DCD) affects emissions of nitrous oxide (N,O), N losses by
ammonia (NH3) volatilization and nitrogen (N) supply to corn. The study was conducted at
the Federal University of Santa Maria during the growing seasons of corn in 2011/12 and
2012/13. Two experiments were conducted, one in a Typic Paleudult (Site I) and another in a
Typic Paleudult (Site II). In both sites, we used the experimental design of randomized blocks
with four replications of the following treatments: Pig slurry surface (PSs), PSs + DCD, pig
slurry injected into the subsurface (PSi), PSi + DCD, control without fertilizers or DCD
(Control) and mineral fertilization (urea). The injection of PS reduced NH3 emissions by 70%,
but increased N,O-N from 2.628 to 6.198 g N,O N ha™, compared to surface application. The
addition of DCD to PS, at the time of its application to the soil, reduced N,O emissions by
28% when the PS were applied on the soil surface and 66% when injected, but did not
influenced the emissions of NH3. The emission factor (EF) of N,O was higher when the PS
were injected (3.6%) than when applied to the surface of the soil (1.3%), whereas the DCD
reduced such EF to 0.9% and 0.8%, respectively. The injection of PS in the soil increased N
use efficiency and the yield of corn grains compared to surface application, while the DCD
did not affect these two attributes. When N>,O emissions from each treatment were related to
corn yield, the best results from an environmental point of view were obtained when the
injection of PS was associated with the use of DCD. From these results it is concluded that the
injection of PS in the soil under NT associated with DCD, is a promising alternative
compared to current technology for the application of PS on the soil surface and without
DCD. However, this strategy can only be recommended and widespread safely to producers if
their agronomic and environmental benefits are followed by an economic analysis as well as
an analysis of the environmental impact of the additional demand for energy and fuel to make
the mechanical operation injection of PS in the soil.

Keywords: N,O emissions. Ammonia volatilization. Dicyandiamide. N accumulation. Corn
yield..
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1 INTRODUCAO GERAL

O crescimento acelerado da populagdo mundial, sobretudo nas dltimas décadas, vem
impondo sobre a agricultura o desafio e a necessidade de aumentar a produ¢do de alimentos
de forma sustentavel. Inserida neste contexto esta a suinocultura, constituindo um dos setores
mais expressivos e produtivos do complexo agropecudrio brasileiro.

Com um rebanho de 41,3 milhdes de cabecas (ABIPECS, 2012), o Brasil ocupa o
quarto lugar na lista dos maiores produtores e exportadores de carne suina do mundo, atrés
apenas dos Estados Unidos, Unido Europeia e China (USDA, 2013). De acordo com o
Instituto Brasileiro de Geografia e Estatistica (IBGE, 2010), aproximadamente 48% do
rebanho brasileiro de suinos encontra-se nos estados de Santa Catarina, Rio Grande do Sul e
Parand. Ainda que a maior parte da produciao nacional esteja concentrada principalmente na
regido Sul, em anos recentes, torna-se evidente a expansio dessa atividade para as regides
Centro-Oeste e Sudeste, onde estao situadas as principais areas produtoras de milho e soja do
Brasil (SANTOS FILHO et al., 2011).

Com a intensificacdo do processo de criacdo de suinos no pais, houve uma crescente
tendéncia em adotar os chamados sistemas de confinamento total dos animais em todas as
fases do ciclo produtivo. Ao mesmo tempo em que apresentam caracteristicas positivas do
ponto de vista produtivo e operacional, tais sistemas implicam no consumo de quantidades
elevadas de 4gua para a higienizacdo frequente das instalagdes, trazendo como uma
importante consequéncia negativa a producdo final de grandes volumes de dejetos liquidos
(DLS), os quais sao armazenados, principalmente, em esterqueiras anaerdbicas para posterior
utilizagcdo como fertilizantes (KUNZ et al., 2005). Pelo fato de possuirem teores muito
elevados de 4gua, o que encarece o seu transporte, a aplicacdo dos dejetos € feita,
normalmente, em dreas agricolas préximas aos locais de producao.

Embora existam diversas alternativas de reciclagem dos dejetos produzidos pela
suinocultura, uma das mais recomendadas consiste no seu uso como fertilizante de culturas
agricolas (SEGANFREDO, et al 1999). Por conter macronutrientes essenciais ao crescimento
de plantas, como o nitrogénio (N), o fésforo (P) e o potdssio (K), além de varios
micronutrientes (CERETTA et al., 2005; CERETTA et al., 2003; SCHERER et al., 2010;
CASSOL et al., 2013), os dejetos de suinos podem proporcionar rendimentos satisfatorios das
culturas, substituindo parcialmente ou completamente a adubacdo mineral (DAUDEN;

QUILEZ, 2004; BERENGUER et al., 2008).
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Ao mesmo tempo em que promovem incremento na produgdo agricola (DURIGON et
al., 2002; CERETTA et al., 2005; ASSMANN et al., 2007; GIACOMINI et al., 2009,
CASSOL et al.,, 2013; SCHIRMANN et al., 2013), os DLS podem representar uma
importante fonte de contaminagao do solo, da dgua e do ar. Problemas ambientais decorrentes
da utilizacdo agricola dos DLS estdo associados, normalmente, as suas excessivas e/ou
consecutivas aplicagdes nas mesmas areas. Além de limitarem a expansdo sustentdvel da
suinocultura, tais praticas conduzem a perdas de N por volatilizacio de amodnia (NHj),
emissdo de 6xidos de nitrogénio (N,O, N,, NOy), lixiviagdo de nitrato (NO3’) e escoamento
superficial do amdnio (NH;") e do N orginico (GIACOMINI; AITA, 2006; VELTHOF;
MOSQUERA, 2011), com reflexos negativos também do ponto de vista econdmico.

Caracterizado como um gds de efeito estufa (GEE) potencialmente prejudicial ao
ambiente, o 6xido nitroso (N,O) tem recebido muita atencdo por parte da sociedade civil e da
pesquisa mundial. Além de possuir um potencial de aquecimento global (PAG) 296 vezes
superior ao do CO, (IPCC, 2007), ele também € um dos principais gases responsdveis pela
deplecdao da camada de ozonio (PORTMANN et al., 2012). Estimativas realizadas em 2007
pelo Intergovernmental Panel on Climate Change (IPCC) colocam a agricultura como um dos
setores que mais contribui com as emissdes antropicas de N,O. Estimuladas, principalmente,
pelas constantes aplicacOes de fertilizantes nitrogenados em solos agricolas, tais emissoes
ocorrem a partir dos processos microbianos de nitrificagdo e desnitrificacio (BATEMAN;
BAGGS, 2005). Durante a nitrificagdo, o N,O € produzido pela desmutagdo quimica do
nitroxil (NOH) e, principalmente pela acdo da enzima redutase sobre o nitrito (NO;) em
condi¢cdes de deficiéncia de O,. J4 na desnitrificacdo, o NOj3 é reduzido, em condi¢des
anaerébias a N, através da acdo sequencial de diversas enzimas, sendo que um dos
subprodutos desse processo redutivo € o N,O, que pode ser emitido para a atmosfera
(MOREIRA; SIQUEIRA, 2006). Segundo Vallejo et al. (2005), a magnitude de ambos os
processos varia com a temperatura, pH, presenca de NH;" e NOj, matéria organica,
porosidade e umidade do solo.

Além da emissao de N,O, o uso de dejetos de animais como fertilizante também pode
contaminar o ambiente através da volatilizacio de NHj;. Além de contribuirem para a
contaminacdo ambiental, as emissdes de NH3 representam a principal via de perda de N apds
a aplicacdo de dejetos de animais na superficie do solo (MKHABELA et al., 2006; SMITH et
al., 2009). Para Bouwman et al. (2002), 23% das emissdes globais de NH3; sdao oriundas do
uso de dejetos como fertilizante as culturas. Embora a amdnia em si ndo seja um GEE, a sua

emissdo para a atmosfera e posterior deposicdo no solo pode resultar na producdo de N,O
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(ZAMAN et al., 2019). Desse modo, a amodnia contribui, indiretamente, ao aquecimento
global e a deplecdo da camada de o0zonio, j4 que o N,O estéd fortemente implicado nesses dois
processos. Na atmosfera, a amoOnia emitida pode ainda reagir com &cido nitrico (HNO;) e
acido sulfurico (H,SOy) e retornar na forma de chuva dcida causando problemas ambientais
como a eutrofizacdo das dguas de superficie e a acidificacdo do solo (ZAMAN et al., 2009).
De acordo com o IPCC (1996), cada quilograma de N emitido para a atmosfera na forma de
NHj3; iré resultar na emissao de 0,01 kg de N na forma de N,O.

Como as emissdes gasosas de N, especialmente aquelas relacionadas a suinocultura,
aumentaram consideravelmente nas ultimas décadas, hd necessidade de intensificar os
trabalhos de pesquisa que busquem estratégias eficientes de uso e manejo dos dejetos
produzidos por esta atividade, que visem mitigar tais emissoes. Nesse sentido, uma estratégia
que ja estd sendo utilizada no Brasil e, com resultados positivos na maioria das situacoes,
consiste na injecao dos dejetos liquidos no solo (DAMASCENO, 2010; GONZATTO, 2012).
Embora haja um consenso de que a injecdo dos dejetos no solo reduz as perdas de N por
volatilizagao de NHj3, a sua eficiéncia depende das condicdes do solo, das caracteristicas dos
dejetos e do proprio desempenho do sistema injetor (MAGUIRE et al., 2011).

Além da injecdo dos DLS no solo, o uso de produtos inibidores de nitrificacdo no
momento da aplicacdo dos dejetos, também vem sendo empregado com objetivos
agrondmicos e ambientais. Um dos principais produtos usados para esse fim é a
dicianodiamida (DCD), que possui efeito bacteriostdtico retardando a oxidagdo bacteriana do
NH," a nitrito (NOy), sem afetar a oxidacdo subsequente do NO,  a NO; (SINGH et al.,
2008). Com essa inibi¢do temporaria da oxidacdo de NH4" para NO3™ o objetivo é reduzir a
emissao de N,O e a lixiviagdo de NOs', dois dos principais problemas ambientais decorrentes
do uso agricola dos dejetos de animais (ASING et al., 2008). Todavia, se por um lado a
manutencdo do N dos dejetos na forma de N-NH4" reduz as perdas de NO3™ para o ambiente e
aumenta a oportunidade de imobilizagio microbiana de N-NH," (COOKSON;
CORNFORTH, 2002), por outro lado isso poderé favorecer as perdas de N por volatilizagdao
de NHj. Essa complexidade de interagdes envolvidas nas transformagdes do N no solo,
decorrentes do uso de inibidores de nitrificagdo, evidencia a necessidade de intensificar os
estudos nessa area.

Outro aspecto que influencia a intensidade dos fluxos e, por consequéncia, a
magnitude das perdas de N por volatilizagao de NH; apds a aplicagdao de dejetos no solo em
diferentes condi¢des edafoclimaéticas, refere-se as metodologias empregadas para quantificar

as emissOes dessa forma gasosa de N. Ao utilizarem camaras estaticas para quantificar as
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perdas de NHj3 apds aplicacdo de dejetos liquidos de suinos, Port et al. (2003), Smith et al.
(2007) e Pujol (2012) constataram que esse sistema subestima as perdas de NH3, porém os
valores sdo bastante varidveis. Para Smith et al. (2007), as cdmaras dinamicas (tineis), com
circulagdo de ar, sdo mais adequadas a medi¢do de volatilizagcdo de NH; em condi¢des de
campo do que as camaras estdticas, ja que estas restringem a circulacdo do ar no seu interior.
Por outro lado, os resultados de Rochette et al. (2009) sugerem que as camaras dinamicas
podem superestimar a emissao de NHj3 proveniente de dejetos liquidos de suinos no campo.
Essa falta de consenso entre os diferentes autores resulta das dificuldades metodoldgicas em
reproduzir no interior das camaras as condi¢des ambientais que interferem na volatilizacdo de
NHj; e mostra a importancia em intensificar os estudos relativos a busca de metodologias que
permitam aumentar a precisdo na quantificacio das perdas de N por volatilizacdo de NHs. E
preciso buscar métodos que sejam rapidos, de facil execucdo e de baixo custo para aplica¢do
em estudos de campo.

Apesar de a injecdo dos DLS no solo e do uso de inibidores de nitrificagdo serem
estratégias ja disponiveis aos produtores rurais em nivel mundial, a maior parte das
informacdes nessa drea sio oriundas de regides de clima temperado. E preciso ampliar a base
de conhecimento para condicdes subtropicais brasileiras, a fim de avaliar o seu potencial
como técnicas eficazes de preservacdo do N no solo. Estudos comparando as perdas
atmosféricas de N ap6s a injecdo e a aplicacdo superficial de DLS, com e sem inibidores de
nitrificacdo, ainda s@o raros (de KLEIN et al., 1996; VALLEJO et al., 2005; KIM et al.,
2012). Além disso, poucos sdo aqueles em que foi avaliada a resposta de cereais como o
milho (SUTTON et al., 1982; BALL-COELHO et al., 2006) quanto ao acimulo de N e a
produtividade de graos. Na maioria das situagdes, a inje¢do ou incorporacdo de dejetos de
animais, associadas ao uso de inibidores, tem sido simulada em condi¢des controladas de
laboratério (TAO et al., 2008) ou entdo utilizada no campo, mas em pastagens (de KLEIN et
al., 1996).

Nesse contexto, o presente trabalho teve como principal objetivo avaliar o efeito da
injecdo e o uso do inibidor de nitrificacdo dicianodiamida sobre as emissdes de N,O, as
perdas de N por volatilizacdo de NH; e o fornecimento de N ao milho. Para isso foram
conduzidos dois experimentos de campo, em duas safras agricolas de milho, em sistema de

plantio direto.



2 HIPOTESES E OBJETIVOS

2.1 Hipoteses

a) A injecdo dos dejetos liquidos de suinos no solo reduz as perdas de N por
volatilizagao de NH3, mas aumenta as emissdes de N,O, em relacdo a aplicacdo superficial.

b) A adi¢do de DCD aos dejetos, no momento da sua aplicacdo na superficie do solo,
reduz as emissdes de N,O, mas favorece a perda de N por volatilizacdo de NHj3.

¢) A inje¢ao dos DLS no solo aumenta o fornecimento de N e a produtividade do
milho, em relacdo a aplicacdo superficial.

d) A adicdo de DCD aos dejetos, tanto na injecdo quanto na aplicacdo superficial,

favorece o acimulo de N e a produtividade do milho.

2.2 Objetivo geral

Avaliar como a injecao subsuperficial de dejetos liquidos de suinos no solo em sistema
de plantio direto e o uso do inibidor de nitrificacdo dicianodiamida afetam as emissOes de
6xido nitroso, as perdas de N por volatilizacdo de amonia e o fornecimento de nitrogénio ao

milho.

2.3 Objetivos especificos

a) Determinar o efeito da modalidade de aplicacdo (superficial e injetada) dos dejetos
liquidos de suinos em sistema de plantio direto, associada ou nao, ao inibidor de nitrificacdao
dicianodiamida sobre:

e Asemissoes de NH; e N,O.
e A produtividade e o acimulo de N pelo milho;
¢ Porcentagem de recuperagdo pelo milho do N aplicado com os DLS;
b) Determinar a eficiéncia de um coletor estatico semiaberto em estimar a NHj

volatilizada do solo.



3 ARTIGO 1

Injection of Dicyandiamide-Treated Pig Slurry Reduced Ammonia Volatilization

without Enhancing Soil Nitrous Oxide Emissions from No-till Corn in Southern Brazil'

Abbreviations list: NT, no-till; PS, pig slurry; DCD, dicyandiamide; PSs, surface broadcast of
PS; PSi, injection of PS; IPCC, Intergovernmental Panel on Climate Change; EF, emission

factor; TAN, total ammoniacal nitrogen; WFPS, water-filled pore space.

3.1 Abstract

There is a lack of information on how placement in soil and nitrification inhibitors
affect nitrous oxide (N,O) and ammonia (NH3) emissions from pig slurry (PS) applied under
no-till (NT) conditions. Our objective was to determine the impact of injecting PS and
treating it with the nitrification inhibitor dicyandiamide (DCD) on NHj3 and N,O emissions
from soils under NT in subtropical southern Brazil. The emissions of these gases were
compared for shallow (~ 10 cm) injection and surface broadcasting of PS, with and without
DCD (8.1 to 10.0 kg ha'l; 6.5 to 8.4% of applied NH4-N). Measurements were made at two
sites during two summer growing seasons under NT corn crops. Injection reduced NHj
volatilization by 70% but increased N,O emissions 2.4-fold (from 2628 to 6198 g N,O-N ha
") compared with surface broadcast. Adding DCD to PS inhibited nitrification and reduced
N,O emissions by an average of 28% (730 g N,O-N ha™) for surface broadcast and 66%
(4105 g N,O-N ha™) for injection but did not increase NH3 volatilization. Consequently, N,O
emission factors were much higher for injection (3.6%) than for surface broadcast (1.3%)

application and were reduced (0.9%) when DCD was added to injected PS. In conclusion, the

! Artigo elaborado de acordo com as normas da Journal of Environmental Quality.
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injection of DCD-treated slurry is a recommendable practice for reducing NH; and N,O

emissions when applying PS on NT corn in southern Brazil.

3.2 Introduction

The increase of pig production in southern Brazil has resulted in an increase in the
volume of slurry that needs to be efficiently recycled. Pig slurry (PS) is largely used as a
fertilizer for crops such as corn and winter cereals (e.g., wheat and oat), and environmental
problems arising from its field application are causing increasing concerns (Chadwick et al.,
2011). Concurrently with this increase in pig production, crop production using no-till (NT)
has experienced a strong expansion in the last two decades in this region. In a NT system, PS
cannot be incorporated by conventional tillage implements and is usually applied at the soil
surface. Such surface applications result in a potential increase in unpleasant odours emission
(Parker et al., 2013), nutrient losses by runoff (Ball-Coelho et al., 2007; Allen and Mallarino,
2008) and large N losses through ammonia (NH3) volatilization (Rochette et al., 2001;
Chantigny et al., 2004; Dell et al., 2012).

Incorporating PS into the soil quickly after its application can substantially reduce
NH; emissions (Huijsmans et al., 2003) by limiting the slurry exposure to air and by
increasing immobilization of NH," because of a greater contact of slurry with soil particles
(Dell et al., 2011). An alternative to conventional incorporation of PS in NT is direct injection
which substantially reduces NHj3 volatilization (Maguire et al., 2011; Nyord et al., 2012; Dell
et al., 2012). However, this practice can result in undesirable agronomic and environmental
effects, such as increase emission of N,O, a potent greenhouse gas (Dell et al., 2011). The
combination within the injection slots of readily metabolized carbon compounds and nitrate
(NO3), resulting from nitrification of slurry ammonium (NH;"), may promote microbial

activity, deplete oxygen, and create conditions favouring denitrification (Wulf et al., 2002;
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Web et al., 2010; Dell et al., 2011). The potential losses due to denitrification may also
increase if the N conserved by reducing NHj3 volatilization accumulates as NO5™ before it is
taken up by plants (Dell et al., 2011). However, previous research yielded variable results,
with PS injection increasing N,O emission (Perild et al., 2006; Thomsen et al., 2010), having
no impact on N,O emissions(Dendooven et al., 1998a; Vallejo et al., 2005), or decreasing
N,O emissions compared to surface application (Sistani et al., 2010; Lovanh et al., 2010).
This variability in N,O emissions among studies could be due to site-specific factors affecting
PS NH," retention, denitrification rate, and N,O yield of denitrification (Dell et al., 2011).

The addition of the nitrification inhibitor dicyandiamide (DCD) to PS just before its
incorporation or injection into the soil has shown promising potential for reducing N,O
emissions (Vallejo et al., 2005; Vallejo et al., 2006; Meijide et al., 2007). Dicyandiamide has
the potential to decrease denitrification losses and N,O emissions by delaying nitrification,
thereby disconnecting NO;™ production and the mineralization peak of labile slurry C (Dell et
al., 2011).

Finding technologies that reduce soil NH3 and N,O losses after organic or inorganic
fertilizer application is a global research priority. This goal is particularly challenging in areas
where PS needs to be managed in NT cropping systems. Our objective was to determine the
impact of injecting PS and treating it with DCD on NH; and N,O emissions in corn

production under NT in subtropical southern Brazil.

3.3 Materials and methods
Experimental sites

This study was conducted at the Federal University of Santa Maria, Brazil, where the
mean maximal temperature is 30.4°C in January, the mean minimal temperature is 9.3°C in

June, and the annual precipitation is 1700 mm. The trial consisted of two experiments located
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at two sites (Site 1, 29°43°13” S, 53°42°19” W [altitude, 88 m]; Site 2, 29°43°37” S,
53°43°29” W [altitude, 107 m]).

At Site 1, the soil was a Typic Paleudult with 103 g kg™ clay and 687 g kg' sand in
the top 10 cm. Selected soil characteristics at the beginning of experiment were: pH (water)
5.6; KCl-extractable Ca = 2.5 cmol, dm'3, Mg = 1.2 cmol, dm'3, and Al = 0.0 cmol, dm'3; base
saturation = 63.1%; cation exchange capacity = 3.9 cmol. dm'3; Mehlich-I P = 25.4 mg dm'3;
and K = 57.0 mg dm™. Total C (7.6 g kg'") and total N (0.7 g kg™) contents were analyzed by
dry combustion with a graphite furnace (FlashEA 1112, Thermo Finnigan).

Before the experiment, the site had been under a NT winter/summer (oat/corn) crop
rotation for 12 years. In April 2010, the soil was limed with dolomitic limestone at a rate of
1.9 t ha and tilled with a moldboard plow to ~20 cm. In June 2010, an oat/corn rotation
under NT was initiated when the whole site was fertilized and seeded with oat that was later
killed (glyphosate) at flowering stage (October 2010). The site was then fertilized and seeded
to corn under NT in November 2010. The experiment started with the application of
treatments in oat that was planted on 11 Aug. 2011 followed by corn (15 Nov. 2011), oat (3
July 2012) and corn (27 Oct. 2012).

At Site 2, the soil was a Typic Paleudult with 192 g kg’ clay and 443 g kg™ sand in
the top 10 cm. Selected soil characteristics at the beginning of experiment were: pH (water)
5.9; KCl-extractable Ca = 9.8 cmol, dm'3, Mg = 3.1 cmol, dm? , and Al = 0.0 cmol, dm'3; base
saturation = 80.4%; cation exchange capacity = 12.9 cmol, dm™; Mehlich-1 P = 6.7 mg dm™;
and K = 39.0 mg dm™. Total C and N contents (dry combustion) were 20.5 and 1.6 g kg,
respectively.

For 5 yr before the experiment, the soil had been left uncultivated and under natural
vegetation, which was dominated by South African lovegrass (Eragrostis plana Nees). In

April 2011, the area was limed with dolomitic limestone at a rate of 4.0 t ha™ and tilled with a
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moldboard plow to ~25 cm, and a cereal/corn rotation was initiated under NT by planting
wheat in June 2011. Wheat was harvested in November 2011, and straw was returned on the
soil surface. The experiment started with corn planting on 1 Dec. 2011, followed by oat (12
June 2012) and corn (20 Nov. 2012). At Sites 1 and 2, experimental treatments were reapplied
to the same plots 1 to 4 d before planting of crops.
Treatments and experimental design

At both experimental sites, the following six treatments were replicated four times in a
completely randomised block design: (i) control, (ii) surface broadcast of pig slurry (PSs),
(iii) PSs + DCD, (iv) injection of PS (PSi), (v) PSi + DCD and (vi) surface application of urea
(urea). Plot size was 3.0 x 15.0 m at Site 1, and 5.25 x 6.0 m at Site 2. At Site 1, Agrotain
Plus, containing DCD (81.0%) and the urease inhibitor N-(n-butyl) thiophosphoric triamide
(12.5%), was applied at 10 kg ha! because a product containing DCD alone was not available
in Brazil in 2011; therefore, a rate of 8.1 kg DCD ha! (6.5-7.2% of applied NH4-N) was
applied with pig slurry at Site 1. It was assumed that the urease inhibitor would not interfere
with the results because all of urea in PS was hydrolyzed at the time of application. At Site 2,
DCD alone was applied with PS at 10 kg ha™' (~8.4% of applied NH,-N).
Slurry, urea, and dicyandiamide application

Injection of slurry was made in furrows (5-7 cm wide X 8—11 cm deep) on both sides
of each corn row at a distance of 17.5 cm away from the row (spacing between two adjacent
furrows was 35 cm). At Site 1, PS was injected manually in the Psi and Psi + DCD plots
because lysimeters were present, precluding the use of machinery. After applying PS, each
furrow was manually filled with soil to simulate the slurry injection. At Site 2, PS injection
was performed with a mechanical commercial applicator (Model DAOL-1 4000 Tandem,

MEPEL).
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The treatments with DCD were prepared on site by mixing the inhibitor with PS in a
1000-L tank just before application. Corn was sown manually at 70000 plants ha” (70-cm
interrow). Rates of PS were determined to provide a target total N supply of 150 kg ha’
(actual 149-162 kg total N ha'l) (Table 1). Urea application (Site 1: 120 kg N ha in 2011-
2012 and 150 kg N ha' in 2012-2013; Site 2: 130 kg N ha™ in both years) was split one third
preplant and two thirds sidedressed at the sixth-leaf stage except in 2012—13 at Site 1 when it
was sidedressed at the sixth-leaf (1/3) and anthesis (1/3) stages. The treatment with urea was
also fertilized with P and K according to local recommendations.

Pig slurry origin, analyses, and characteristics

Pig slurry used in 2011-2012 at Site 1 was collected at the experimental farm of the
Federal University of Santa Maria, and PS used in the three other site-years was obtained
from a local commercial pig farm. In all cases, slurry was derived from fattening pigs (30—
100 kg) and stocked in an anaerobic tank. Solids content of PS was determined
gravimetrically after oven-drying slurry at 70°C for 48h. Total N and total ammoniacal N
(TAN = NH; + NH;") were determined in fresh PS by the Kjeldahl method and by distilling
in the presence of MgO, respectively. Total C in manure solids was determined by dry
combustion, and pH was measured directly in the slurry. The main characteristics of the
slurries and application rates are presented in Table 1.

Soil sampling and analysis

At both sites and in all plots, composite soil samples (0—10 cm depth) consisting of
eight randomly distributed sampling points were taken on the same dates as N,O flux
measurements using a stainless steel auger (3 cm diameter). Gravimetric soil moisture content
was determined by oven drying (105°C for 24 h). Inorganic N (NH4 and NOs) was extracted
by shaking 20 g of field-moist soil in 80 mL of 1M L™ KClI solution. After decantation for 30

min, the supernatant of the solution was filtered and kept frozen until analysis for NH4 and
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NOj; by titration with diluted H SOy, after sequential distillation in presence of MgO and
Devarda's alloy, respectively (Keeney and Nelson, 1982).
Meteorological measurements

The average daily temperature was obtained from the University meteorological
station, located approximately 1500 m from Site 1 and 500 m from Site 2. The amount of
rainfall and irrigation water at each site was measured using rain gauges.

Ammonia volatilization

Ammonia volatilization was monitored using PVC semi-open static chambers (35 x 35
cm and 30 cm height) (Nommik, 1973). At each sampling date, a chamber (one per plot) was
sealed on a galvanized steel base inserted at 5-cm depth covering the same area as the
chamber. The bases were installed immediately after PS application. With injection (PSi and
PSi + DCD), the bases were centered on the injection furrow and included the same amounts
of PS as the broadcast treatment. Volatilized NH; was trapped on foam absorbers (35 cm x 35
cm x 2.5 cm thick) that had been immersed in a glycerol-phosphoric acid solution prepared
from 40 mL L' glycerol and 50 mL L' of concentrated H;PO4 (Nommik, 1973) and manually
squeezed until it contained approximately 140 mL of solution. Two foams were used per
chamber, one placed at 15 cm above the soil surface to trap NHj volatilized from the soil and
the other one at the top of the chamber to prevent contamination of the lower foam with
atmospheric NHz. A PVC plate was suspended 2 cm above the top of the chamber to protect
the foams from rainfall while allowing free air movement.

Monitoring periods ranged from 2.2 d following treatments application in 2012-2013
at Site 2 to 10 d in 2011-2012 at Site 1. Bottom foams were replaced five times during the
measuring periods except at Site 2 in 2012-2013 when they were replaced twice. At each
replacement, the bottom foam was placed in plastic bags and immediately transported to the

laboratory for extraction of NH3, whereas the top absorber was changed every 2 to 3 days.
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The bottom absorbers were thoroughly rinsed with four successive portions of 200-mL 1 M L
! KClI solution to extract the trapped NHj3. The leachate was completed to 1000 mL with 1 M
L' KClI solution, and an aliquot of this solution was kept frozen until analysis by distillation
in presence of MgO and titration with H,SO,4. Cumulative NH3—N losses were obtained by
linearly interpolating emission rates between sampling dates. Emissions from the PSi,
PSs+DCD and Urea plots were expressed relative (%) to emissions from PSs plots.

Nitrous oxide fluxes

Soil-surface N>,O fluxes were measured between 10:00 and 12:00 h from treatments
application to harvest of corn using insulated, fan-mixed, non-flow-through, non-steady-state
chambers (40 cm length, 35 cm width, and 20 cm height). Measurements were made two to
three times per week during the first month after PS addition and approximately weekly
thereafter. Immediately after treatment application, one galvanized steel base per plot was
placed adjacent to a maize row and inserted into the soil (5 cm). With PS injection (PSi and
PSi + DCD), the bases were centered on the injection furrow and included the same amounts
of PS as the broadcast treatment The bases were left in place for the duration of the
measurement period. During chamber deployment, air samples were taken at 15-min intervals
(to, t1s, t30 and t4s5) using a 20-mL polypropylene syringe fitted with a three-way stopcock and
stored until analysis.

Air samples were analyzed for N,O concentration within 32 h of sampling on a gas
chromatograph (GC-2014, Shimadzu Corp.) equipped with an electron capture detector.
Leakage and contamination of samples inside the syringes were quantified using the same
approach as Rochette and Bertrand (2003). Losses were estimated to be between 3 and 12%

after 1 and 32 h of storage, respectively, and N,O concentrations were corrected accordingly.
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Soil-surface N,O fluxes (Fxo0; pug m> h'l) were calculated using the rate of change of
its concentration (dG/dt; pmol mol ™ s inside the chamber during deployment (Rochette and

Hutchinson, 2005):

Frnoo =dG/dt x V/A x Mm/Vm x (1 - ep/P)

where G (umol mol'l) is determined in dry air samples, V (m3) is the chamber volume, A (mz)
is the area covered by the chamber, ep (kPa) is the partial pressure of water vapor in chamber
air, P (kPa) is the barometric pressure, Mm (g mol'l) 1s the molecular mass of N,O, and Vm
(m® mol™) is the molecular volume at chamber temperature and barometric pressure. Both ep
and Vm are determined at deployment time = 0.

Cumulative N;O-N losses were obtained by linearly interpolating emission rates
between sampling dates. Emission factors were calculated by subtracting the cumulative N,O-
N emission of control plots from cumulative N>O-N emissions of the amended plots and
dividing by the amount of total N added.

Statistical analysis

Nitrous oxide emissions for individual sampling dates and cumulative values were
subjected to ANOVA using the software Sisvar (version 5.3-Build 75) and SigmaPlot (Systat
Software). Treatment means were compared using Fisher’s protected least significant

difference (LSD). Statistical significance was set a priori to the 5% confidence level.

3.4 Results and discussion
Ammonia losses
The effectiveness of PS injection to decrease NHj volatilization and the possible

influence of DCD on this process were expressed relative to emissions from the PSs+DCD
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plots, which we considered as the treatment with the greatest potential for NH3 volatilization
(Fig. 1).
Injection of pig slurry

Compared with broadcast application, injection of PS in NT corn reduced NHj;
volatilization by 60 (Fig. 1a) to near 100% (Fig. 1c and 1d), in agreement with previous
studies (Huijsmans et al., 2003; Dell et al., 2012; Nyord et al., 2012). This reduction was
achieved by limiting exposure of slurry to air and by favouring adsorption and retention of
manure NH;* on soil particles (Dell et al., 2011). Using a shallow (10 cm) disk injection,
similar to our study at Site 2, Dell et al. (2012) reported that injection of PS decreased NHj3
volatilization by 93% compared with broadcast application. In the present work, injection of
slurry was less efficient at reducing NH3 volatilization at Site 1 (Fig. 1a and 1b) than at Site 2
(Fig. Ic and 1d), suggesting that manual injection (Site 1) was less efficient than mechanical
injection (Site 2). Ammonia losses following application of PS and urea cannot be directly
compared in this study because all PS was applied before planting, whereas urea was split into
several applications. Both smaller and greater values from urea among sites and years indicate
that environmental conditions at the time of application had a greater impact on volatilization
that the N source.
Addition of dicyandiamide

The effect of DCD has been intensively studied on urine patches in grazed systems
and was generally reported to increase NHj volatilization (Zaman et al., 2009; Zaman and
Nguyen, 2012; Zaman et al., 2013). However, only a few studies dealt with NH; volatilization
following application of PS mixed with DCD, and all werel conducted under controlled
conditions. They reported conflicting results, with DCD reducing NH3 volatilization losses by
17.5% (Dendooven et al., 1998b) or having no effect on NH; emissions (Mkhabela et al.,

2006a,b). In the present field study, the concentration of NH4"-N in the 0- to 10-cm soil layer
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of plots treated with DCD was greater than without DCD at all monitoring periods (Fig. 2b-
5b), especially where slurry was injected, clearly showing the inhibitory effect of DCD on
nitrification. Inhibition of nitrification by DCD may increase NHj3 emissions by maintaining
high NH,4 concentration in soil over a longer period of time (Kim et al., 2012). However, such
an increase in volatilization was not observed in our study (Fig. 1), even for surface broadcast
slurry, probably because slurry infiltrated quickly into the soil due to its low dry matter
content (Table 1). This was true for all four cropping seasons despite variations in soil
conditions and slurry characteristics. Because infiltration of PS occurred rapidly in all
cropping seasons, the possible influence of DCD added with PS to NT corn on NHj
volatilization should be further explored under conditions where infiltration is limited (e.g.
greater dry matter content of slurry and slower soil hydraulic conductivity).
Estimation of actual NH;3-N losses

Although semi-open static chambers are useful for comparing volatilization losses
between experimental treatments (Smith et al., 2008), they are recognized to underestimate
NH; volatilization because of shaded conditions and restricted air movement inside the
chamber (Smith et al., 2007, 2008). Accordingly, the amount of NH3-N lost with surface
application of PS to NT corn (average of four growing seasons) was 8.9 kg ha™, or 7.5% of
applied TAN, which is much lower than the mean N loss (34% of applied TAN) found by
different authors that applied PS on soil surface (Chantigny et al., 2004, 2009; Smith et al.,
2008; Rochette et al., 2009; Nyord et al., 2012). Our static chambers were compared to wind
tunnels under similar soil and climatic conditions (Miola et al., unpublished data), and it was
found that NH3-N loss was underestimated by 70% using the static chambers. Assuming a
similar bias in the present study, actual NH3-N volatilization losses for surface broadcast PS

were estimated to 30 kg ha' (25% of applied TAN) and highlight the economic and



30

environmental benefits of PS injection (60 to 100% abatement) under NT conditions in
southern Brazil.
Nitrous oxide emissions

Emissions of N,O were low on control plots (mean, 31.7 ug N,O-N m> h'l) but were
rapidly increased up to 3550 ug N,O-N m™?h™! by slurry application before decreasing to near
background levels less than 30 d after application (Fig. 2a—5a). In the absence of DCD, slurry-
induced N,O emissions were only observed when soil mineral N were above control levels.
These observations in a subtropical environment are in agreement with previous studies with
PS application at typical agronomic rates under cool humid (Chadwick et al., 2000; Rochette
et al., 2000; Chantigny et al., 2013) and warmer (Vallejo et al., 2005, 2006) climates.
Increases in N,O emissions following PS application are generally attributed to greater
nitrification and denitrification rates in response to the addition of C and N substrates
(Chadwick et al., 2011; Dell et al., 2011). In this study, nitrification of the slurry NH;*-N was
rapid in absence of DCD as indicated by the concomitant decrease in soil NH;-N and
increase in soil NOs-N concentrations shortly after application (Fig. 2c—5c). Similarly, initial
WEPS above 60% in 2012-2013 has likely resulted in greater denitrification (Linn and Doran,
1984) and contributed to greater N,O emissions than in 2011-2012.
Injection of pig slurry

In the absence of DCD, the injection of slurry resulted in N,O emissions that were
much greater (p < 0.05) than surface broadcast application at both sites and both years despite
contrasting rainfall patterns (Fig. 2-5). The increase in cumulative N>O emissions compared
to control ranged from 3483 (2011-12, Site 2) to 7317 g N,O-N ha! (2012-13, Site 1) and the
average emissions from injected slurry were 2.4 times greater than those where slurry was
broadcasted (Table 2). Considering that equal amounts of slurry were applied, greater N,O

emissions from PSi than PSs plots indicate that net soil N,O production responded to the
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increased concentration of slurry C and N substrates into a restricted soil volume. This was
likely the result of anoxic hotspots inside injection slots due to greater water content (Petersen
et al., 1996) and O, demand by microbial respiration (Markfoged et al., 2011) favoring
denitrification. Indeed, very low redox potentials (Eh ~ -200mV) were observed within the
injection slot 1 d after cattle slurry application (Flessa and Beese, 2000). Another reason for
the smaller N,O emission from broadcasted slurry may be that part of TAN was lost through
ammonia volatilization, whereas injection preserved this N. Therefore, the amount of mineral
N that remained available to sustain nitrification and denitrification was smaller in PSs than in
PSi plots.

Higher soil N,O emissions have been reported when PS (Thompsen et al., 2010;
Velthof and Mosquera, 2011) and cattle slurry (Ellis et al., 1998; Moller and Stinner, 2009)
were injected compared with surface applications. In contrast, Vallejo et al. (2005) and
Thompsen et al. (2010) observed similar losses from both slurry application methods. Finally,
Sistani et al. (2010) reported both greater and smaller emissions from injected swine effluent
in consecutive years and concluded that these differences between years probably resulted
from differences in rainfall distribution. These contrasting results show that interactions
between climatic conditions, soil type, and slurry dry matter and dose may eliminate or even
reverse the effects of slurry injection on N,O emissions.

Injection affected the temporal pattern of emissions, especially after 31 d when
emissions in PSi plots were significantly greater than the control in three field trials but in
only one trial for PSs (Table 2). These results show that conditions favorable to N,O
production lasted longer in the injection slots than in the surface soil affected by broadcast
application. This is in agreement with observations by Comfort et al. (1988) of greater water
content and NOs3-N concentrations in the injection zone than in the surrounding soil during 99

and 26 d after injection, respectively.
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Our results indicate that injection of animal slurries into NT soils under warm and
humid climatic Brazilian conditions can result in large increase in N,O emissions that partly
offset the environmental benefit obtained from the reduction in NHs volatilization. Therefore,
slurry injection should be accompanied by conservation strategies that mitigate N,O
emissions.

Addition of dicyandiamide

The addition of DCD to PS was very efficient at decreasing N,O emissions, with mean
reductions of 28% (730 g ha) for surface application and 66% (4105 g ha™) for injection
compared with untreated PS (Table 2). Moreover, emissions after injection of DCD-treated
PS were on average 20% lower (+13 to -55%) than those after broadcast application,
indicating that the nitrification inhibitor more than offset the increase in emissions associated
with injection. Our results are in agreement with reductions of 46% in N,O emissions after PS
injection in an irrigated grassland in Northern Spain (Vallejo et al., 2005) and of 83 and 64%
when PS was broadcasted and incorporated into the upper soil layer (0—5 cm) in potato
(Vallejo et al., 2006) and corn (Meijide et al., 2007) crops. These reductions also compare
well with those observed in dairy-grazed pastoral systems in New Zealand (37-70%), where
urine is the primary form of nitrogen deposited onto soils (Di et al., 2007; Zaman and
Blennerhassett, 2010, Wakelin et al., 2013; Zaman et al., 2013). Similar reductions in N,O
emissions in these contrasted situations suggest that DCD can be successfully used over a
wide range of manure types, application methods, and climatic conditions.

Environmental conditions affected DCD efficiency: its half-life in soils was estimated
to be 72 d at 10°C (Kelliher et al., 2008) but only 6 to 15 d at 25°C (Singh et al., 2008). In the
present study, we estimated that DCD was efficient during 25 to 40 d, as indicated by greater
soil NH4" concentration in Psi + DCD than in PSi plots (Fig. 2b—5b). These results compare

well with those of Vallejo et al. (2005), who reported that DCD could reduce nitrification of
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PS NH," over 20 to 30 d. Such delay in nitrification is highly efficient in reducing soil N,O
emission likely because the lag before NO3™ production allows for easily mineralizable C to be
oxidized before increases in soil NOs; concentration, thereby decreasing denitrification
potential. We therefore conclude that the amounts of DCD added to PS in this study were
sufficient to efficiently delay nitrification and to decrease net N,O production under the
relatively hot (16.0-32.1°C) and humid subtropical Brazilian summer conditions.

The N,O emissions following injection of PS were significantly reduced by the
addition of DCD in all four field trials (Table 2). However, the reduction was lowest (42%)
in Field 2 in 20122013 when frequent rainfall, including a 46-mm event, occurred during the
10 d that followed injection (Fig. 5d). The DCD molecule is soluble in water (Zaman and
Nguyen, 2012) and is more mobile than the NH," cation in soil. Therefore, it may have partly
leached below the slurry injection zone and resulted in a reduced inhibition of NH,"
oxidation, as observed by McGeough et al. (2012) and suggested by Akiyama et al. (2010).
Our results suggest that when large rainfalls occur shortly after slurry application, the
efficiency of DCD for decreasing N,O emissions may be reduced.

Reductions in N,O emissions by adding DCD to PS were smaller for broadcast
application than for injection. This could be attributed to the lower potential for N,O
production under the well-aerated surface soil, to the lower soil mineral N concentrations
resulting in a more even distribution of the slurry, and to the greater NH3 volatilization losses.
Therefore, when PS is surface-applied under environmental conditions that favor NHj
volatilization, as in subtropical NT systems, the use of DCD may be less economically and
environmentally advantageous than when slurry is injected into the soil.

Nitrous oxide emission factors
Emission factors (EFs) varied from 0.12 to 4.75% of pig slurry N among the

treatments and years (Table 2) and averaged 1.64% across all field trials. We are not aware of
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reports of PS-induced N,O emissions from Brazil, South America or tropical/subtropical
regions. However, our EF estimates are in the range of values obtained after PS application in
cooler regions such as Eastern Canada (0.6-5.0%) (Rochette et al., 2000, 2004; Chantigny et
al., 2010; Pelster et al., 2012) and Europe (0.77-4.8%) (Vallejo et al., 2005; Bertora et al.,
2008; Velthof and Mosquera, 2011; Rodhe et al., 2012), suggesting that temperature may not
be the major driver for N,O cumulative emissions ater PS application to agricultural soils.

The slurry application method and DCD impacted on EF, with mean values of 1.27%
for PSs, 0.79% for PSs + DCD, 3.58% for Psi, and 0.91% for Psi + DCD. Greater EF from
PSi than for PSs is in agreement with values of 3.6% for injected and 0.9% for surface-
applied PS observed by Velthof and Mosquera (2011). Large EF (1.2-5.0%) were also
reported by Chantigny et al. (2010) when four types of pretreated liquid swine manure were
banded on clay and on loam soils and were attributed to higher C and N concentrations in PS
when slurry was banded. The influence of adding DCD to the PS was small when slurry was
surface broadcasted but strong when injected, reducing the EF to a level lower than the
Intergovernmental Panel on Climate Change default of 1% (IPCC, 2006). These results under
subtropical conditions support the use of specific EFs according to application methods of PS,
as suggested for cooler climates (Perili et al., 2006), and when DCD is added to PS.

Mean EF on plots receiving urea at the same N rate as PS was three times smaller
(0.42%) than for broadcast PS (1.27%). Greater EF from PS than urea in the present study are
in agreement with the observation that, when compared to mineral fertilizer, farm manures
tend to increase emissions in soils with low organic C contents (Rochette et al., 2000;
Chantigny et al., 2010). However in this study, the impact of N source type was confounded
with the application practices because total urea N was split between seeding (1/3) and at
sixth-leaf stage (2/3), whereas slurry was applied shortly after seeding. Therefore, although

we cannot determine the impact of the N source type on soil N,O emissions, our results
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indicate that PS resulted in greater N,O emissions than urea under typical N fertilizer

management practices.

3.5 Conclusion and Perspectives

Surface broadcasting is widely used in Brazil as the standard method for land
application of PS in NT conditions, which may result in large losses of N by NHj
volatilization. Our results confirm that these NH3-N losses are substantially reduced when PS
is shallow injected into the soil in NT corn. However, a portion of this environmental benefit
was offset by increased N,O emissions when compared with broadcast application. When PS
was injected at recommended rates in association with DCD, N,O emissions were
significantly reduced compared with surface broadcast without DCD, indicating that DCD
more than offset the increase in emissions associated with injection. Our results suggest that
combining slurry injection and the use of a nitrification inhibitor is a recommendable practice
for reducing gaseous N losses in both NH3 and N,O forms after the application of PS to NT
corn in Southern Brazil. This study only considered the summer phase of the rotation, and the
intercultural and winter crop periods need to be taken into consideration for an annual
assessment of the effects of pig slurry application techniques and DCD addition on soil NH;

and N,O emissions from NT conditions in southern Brazil.
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Table 1. Application rate and analysis of pig slurry (PS) for dry matter, total N, total
ammoniacal nitrogen (TAN), total C contents, and pH at each site and growing

season (data expressed on a fresh weight basis).

Site 1 Site 2
Variable
2011/12 2012/13 2011/12 2012/13
Dry matter (g kg") 20.9(960.9)  16.5(945.4)  27.0 (1350.0) 23.0 (1138.5)
Total C (gkg™) 6.05(278.3)  5.60(320.8)  7.02(351.0) 7.33(362.8)
Total N (g kg™) 3.26(149.9)  2.69 (154.1)  2.99(149.5) 3.28 (162.3)
TAN-N (g kg™ 245(112.7)  217(1243)  235(117.9) 2.42(119.8)
TAN-N (% of total N) 75.2 80.7 78.6 73.8
C/N 1.86 2.08 2.30 1.82
pH 8.24 7.15 8.20 7.20
Application rate (m® ha™') 46 57.3 50.0 49.5

" Values in parentheses are addition rates (kg ha™)
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Table 2. Cumulative N,O-N emissions and emission factors at each site and growing season.

Treatments Cumulative N,O-N emited by period (g ha™) N,O emission
0-10d 11-30d 31 d-toend Total fator (%)

Site 1 - 2011/12 153d

Control 20 cf} 61 b 360 b 441 d

Urea 68 ¢ 121 b 864 a 1053 b 051 b

PSs 241 b 132 b 468 b 841 bc 0.27 ¢

PSs + DCD 47 ¢ 97 b 481 b 625 cd 0.12 ¢

PSi 2113 a 2123 a 522 b 4758 a 2.88 a

PSi + DCD 272 b 171 b 510 b 953 bc 0.34 be

Site 1 - 2012/13 172d

Control 31 d 47 ¢ 99 ¢ 177 e

Urea 141 d 183 bc 421 a 745 d 0.38 ¢

PSs 1171 b 465 b 284 b 1920 b 1.13 b

PSs + DCD 768 ¢ 308 bc 267 b 1343 ¢ 0.76 bc

PSi 3430 a 3759 a 305 b 7494 a 475 a

PSi + DCD 517 ¢ 437 b 328 ab 1282 cd 0.72 ¢

Site 2 - 2011/12 156 d

Control 158 b 146 b 383 b 687 ¢

Urea 328 b 111 b 525 b 964 ¢ 0.21 ¢

PSs 1850 a 362 b 557 b 2769 b 139 b

PSs + DCD 271 b 200 b 556 b 1027 ¢ 023 ¢

PSi 1989 a 1275 a 906 a 4170 a 233 a

PSi + DCD 443 b 311 b 497 b 1251 ¢ 0.38 ¢

Site 2 - 2012/13 161d

Control 506 ¢ 340 d 438 d 1284 ¢

Urea 659 ¢ 657 d 724 bc 2040 ¢ 0.58 ¢

PSs 3184 a 1200 ¢ 600 cd 4984 b 228 b

PSs + DCD 2080 b 1665 b 854 ab 4599 b 204 b

PSi 3985 a 3245 a 1139 a 8369 a 437 a

PSi + DCD 2175 b 1773 b 938 ab 4886 b 222D

" Values followed by the same letter (column) are not significantly different (P < 0.05).
PSs= surface-broadcast pig slurry; PSi= injected pig slurry; DCD= dicyandiamide.
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Figure 1. Net NH3-N losses (subtracting control) in NT corn after application of urea or pig
slurry (PS) that was surface broadcast without (PSs) or with the nitrification
inhibitor dicyandiamide (DCD) (PSs + DCD) or injected without (PSi) or with DCD
(Psi + DCD). Values were expressed relative to NH3 losses from the PSs + DCD
treatment. Values for urea are totals of emissions following pre-plant and sidedress

applications. Bars with the same letters are not significantly different (P < 0.05).
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Figure 2. Daily N,O emissions (a), NH4" (b) and NOs™ (¢) soil concentrations and water-filled
pore space (WFPS) (d) after treatment application in corn 2011-2012 Site 1.
Treatments were: Control, Urea, surface-broadcast pig slurry (PSs), PSs with the
nitrification inhibitor dicyandiamide (DCD) (PSs + DCD), injected pig slurry (PSi)

and Psi + DCD. Arrows indicate sowing (S) and sidedress urea (U) application.
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Figure 3. Daily N,O emissions (a), NH4" (b) and NO3™ (c) soil concentrations and water-filled
pore space (WFPS) (d) after treatment application in corn 2012-2013 Site 1.
Treatments were: Control, Urea, surface-broadcast pig slurry (PSs), PSs with the
nitrification inhibitor dicyandiamide (DCD) (PSs + DCD), injected pig slurry (PSi)

and Psi + DCD. Arrows indicate sowing (S) and sidedress urea (U) application.
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Figure 4. Daily N,O emissions (a), NH4" (b) and NO3™ (c) soil concentrations and water-filled

pore space (WFPS) (d) after treatment application in corn 2011-2012 Site 2.

Treatments were: Control, Urea, surface-broadcast pig slurry (PSs), PSs with the

nitrification inhibitor dicyandiamide (DCD) (PSs + DCD), injected pig slurry (PSi)

and Psi + DCD. Arrows indicate sowing (S) and sidedress urea (U) application.
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Figure 5. Daily N,O emissions (a), NH;" (b) and NOs™ (¢) soil concentrations and water-filled
pore space (WFPS) (d) after treatment application in corn 2012-2013 Site 2.
Treatments were: Control, Urea, surface-broadcast pig slurry (PSs), PSs with the
nitrification inhibitor dicyandiamide (DCD) (PSs + DCD), injected pig slurry (PSi)

and Psi + DCD. Arrows indicate sowing (S) and sidedress urea (U) application.



4 ARTIGO II

Static Chambers Biases in NH; Volatilization Measurements from Manured Soils

Interact with Deployment Duration and Manure Characteristics’

4.1 Abstract

Static chambers (SCN) are a simple low-cost means for measuring ammonia (NH3)
volatilization from agricultural soils. However, it is uncertain how their estimates relate to
more sophisticated methods. In this study, we compared SCNs and wind tunnels (WT) for the
field measurement of NHj3 volatilization during 22 d following surface application of seven
solid poultry manures to an agricultural soil to determine the impact of chamber deployment
duration and manure characteristics on the emission estimates. At the end of the experiment
(22 d), cumulated NH3 losses measured using SCNs were on average 21% lower than using
WTs. However, the measurement bias was not constant during the experiment as the
SCN:WT emission ratio increased rapidly with deployment time from a value of 0.2
immediately after deployment to a plateau at 1.6, 200 h after manure application. This
temporal pattern was attributed to the decreasing impact of atmospheric transfer on emissions
relative to the NH3 source intensity with deployment time. The performance of SCNs was
also shown to strongly interact with manure type with SCN:WT emission ratio after 22 d
ranging from 0.41 to 1.38. This variation was explained by differences in ammonification rate
of manure organic nitrogen which in turn impacted on the NH; source intensity. Greater
cumulative emissions under the SCNs than under the WTs (138%) for one of the seven

manures indicated that the warmer and more humid conditions inside the SCNs could increase

! Artigo elaborado de acordo com as normas da Journal of Environmental Quality.
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the NH; source enough to offset the impact of slower atmospheric transfer on NHj
volatilization. We conclude that compared to WT, 1) deployment SCNs strongly bias soil-
surface NH; volatilization (=80%) shortly after deployment and that this underestimation
appears independent of the NH; source; 2) the bias decreases with deployment time; and 3)
the temporal pattern as well as the cumulative bias after a 22-d are impacted by the response
of manure decomposition rate to environmental conditions inside the SCNs. Consequently,
we recommend great care when interpreting measurements of NHj volatilization from
manured soils obtained using SCNs as short-term estimates are likely strongly underestimated
compared to situations exposed to typical wind speeds whereas estimates over longer periods

will reflect emissions from an artificially modified NH; source.

4.2 Introduction

Ammonia (NH3) emissions from agricultural soils are often the major nitrogen (N)
loss where ammonium-rich materials are applied (Behera et al., 2013). They result in
significant economic, agronomic and environmental impacts (Krupa, 2003) and in situ
measurements are needed to quantify emissions and to identify practices that reduce
volatilization losses.

Among all methods available for measuring soil NH3 emissions, the non-intrusive
micrometeorological techniques are less likely to bias volatilization estimates (McGinn and
Janzen, 1998). However, their use requires considerable resources and expertise, and cannot
be applied to small agronomic plots. Consequently, volatilization is often measured using a
variety of chamber types. Closed chambers with (e.g., Cabrera et al., 2001; Sommer et al.,
2001) or without (e.g., Wang et al, 2004; Mulvaney et al., 2008) air flow rate, and various
types of small open chambers (e.g., Svensson, 1994; Jantalia et al., 2012) have been used.

However, the two most common methods are high-flow-rate wind tunnels (Lockyer, 1984)
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deployed over the emitting surface (e.g., Sommer et al., 1993; Rochette et al., 2001;
Thompson and Meisinger, 2005; Misselbrook et al., 2005; Smith et al., 2007; Lau et al., 2008)
and static chambers (Nommik, 1973) in which NHj is trapped by reaction with an acid
imbibed in a sponge placed over the emitting surface (e.g., Marshall and Debell, 1980; Oberle
and Bundy, 1987; Beyrouty et al., 1988; Reynold and Wolf, 1988; Grant et al., 1996; Lara
Cabezas et al., 1999; Rozas et al., 1999; Gordon et al., 2000; Rawluk et al., 2001; Wang et al.,
2004; Bittman et al., 2005; Griggs et al., 2007; Smith et al., 2007; Ma et al., 2010; Alves et
al., 2011; Massey et al., 2011; Jantalia et al., 2012; Mariano et al., 2012).

Deployment of all chamber types impacts on the emission rate of volatile compounds
by modifying environmental conditions of the emitting surface (Loubet et al., 1999; Rochette
and Hutchinson, 2005; Hudson and Ayoko, 2009; Sintermann et al., 2013). However, WT
NH; loss estimates were equal to those in the open when air velocity inside the tunnel was set
to match ambient wind speed (Ryden and Lockyer, 1985). They were also found similar to
those obtained using non-intrusive micrometeorological methods following broadcast
application of dairy slurry (Misselbrook et al., 2005) and pig slurry (Smith et al., 2007) and
band-applied pig slurry (Sintermann et al., 2013). Therefore, there is empirical evidence that,
although imperfect, WTs provided estimates of soil NH3; emissions that are often
representative of typical agricultural conditions.

Static or near-static chambers are a simple low-cost method for measuring soil-surface
emissions of volatile compounds. However, they were shown to yield estimates lower than
dynamic chambers because of higher resistance to atmospheric vertical transfer in absence or
under low headspace air movement (Jiang and Kaye, 1996; Paris et al., 2009; Hudson and
Ayoko, 2009). There are few reports of direct comparison of estimates of NH3 volatilization
using the Nommik static chamber (SCN) with other methods. Soil emissions following

application of urea were consistently lower using SCN than obtained from >N balance in the
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open (0"°N) with SCN:0O"N ratios of 16 and 50% after 67 h (Reynolds and Wolf, 1988), 50%
after 40 d (Marshall and Debell, 1980), 66% after periods of 30 to 70 d (Jantalia et al., 2012),
and 50% after 20 d (Lara Cabezas et al., 1999). When compared to micrometeorological
measurements techniques, SCN-based estimates following surface application of liquid
manures corresponded to 29% (first 24 h) of those obtained using the integrated horizontal
flux-mass balance approach (Bittman et al., 2005) and approximately 64% of those measured
using the theoretical profile shape approach (Gordon et al., 2000). There is only one report of
a direct comparison between SCNs and WTs in which the SCN:WT emission ratio varied
between 0.3 to 5% during 5- to 6-d trials (Smith et al., 2007). In the latter study, WTs
estimates compared well with estimates from the theoretical profile shape approach, and it is
uncertain why SCN estimates were so much lower than in previous comparisons with other
methods listed above.

Interpretation of NHj volatilization measurements made using SCN is currently
difficult. While it is well established that underestimation is expected when static chambers
are used, this bias was shown to be highly variable (0.3 to 69%) possibly because of
interactions with the nature of the emitting surface (Hudson et al., 2009) and the intensity of
the source (Parker et al., 2010). Moreover, all previous evaluations of the SCNs were made in
situations where a unique low-organic N amendment (synthetic N or animal slurry) was
applied and it is unknown if SCN performance interacts with the amendment characteristics.

The objective of this study was to compare SCNs and WTs for the measurement of
NH; volatilization losses following surface application of contrasting poultry manures to an
agricultural soil. More specifically, we aimed at determining the impact of chamber

deployment duration and manure characteristics on the NH3 volatilization estimates.
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4.3 Material and Methods

The study was carried between 6 and 28 August 2012 at the St-Lambert Research
Farm of the Institut de Recherche et de Développement en Agroenvironnement (IRDA)
located near Québec City, Canada (lat. 46°05 ’N, long. 71002’W, elevation 110 m). Mean air
temperature in Québec City is 4.0°C and annual precipitation is 1230 mm (Environment
Canada, 2012). The soil type and its chemical characteristics are available in Rochette et al.
(2013). Selected characteristics of the poultry manures used in this study and details of their
handling and storage are presented in Tables 1 and 2.

Ammonia emissions were simultaneously monitored using, WTs and SCNs methods
in a randomized complete block design with three replicates of a control plot and seven
treatments containing poultry manures with contrasting characteristics (Miola et al., 2014).
Wind tunnels were similar to those described by Lockyer (1984) and Rochette et al. (2001)
and consisted of a 0.5 m x 2 m acrylic dome attached to a steel duct housing a fan that drew
air through the tunnel at a rate of 15 m® min™' (1.3 m s™). Air entering and leaving the dome
was sampled at 3 L min" and passed through a 100-mL 0.005 M H3POj trap to capture the
NHjs. Air volumes were measured with a domestic gas meter and NH," concentrations in the
traps was analyzed by colorimetry (Model QuickChem 8000 FIA+, Lachat Instruments Ltd,
Loveland, CO). Air temperature and velocity in the tunnels were measured using a hot-wire
sensor (Model KM 4007, Comark Ltd., Hertfordshire, UK) immediately down flow from a
flange reducing the internal diameter of the steel duct (Lockyer, 1984). The NHj3 volatilization
rate (Fnps, g N m? h'l) was calculated according to Rochette et al. (2001) and cumulative NHj3
losses were obtained by summing emissions during individual periods. During the 22 days of
the experiment, two irrigations of 5 mm were performed on 7 and 14 d after treatment

application. From manure application to first water addition, ammonia traps were changed 5
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times during day 1, 3 times during day 2, 2 times during day 3 and 4, and at least once daily
until the end of the experiment.

Semi-open chambers, adapted from Nommik (1973), were made from PVC sheets
(0.40 m high x 0.30 m wide). The chambers were inserted into the soil to the depth of 0.05 m
and soil was packed around the edges to minimize NHj leakage between the soil and the
chamber walls. Two pieces of sponge (0.31 x 0.31 x 0.02 m) were individually moistened in
140 mL of a glycerol (CsHgO) and phosphoric acid (H3PO,) solution, which consisted of 40
mL L C3HgO and 50 mL L! H3POQOy4, The first sponge (placed 0.15 m from the soil surface,
“sponge inside”) had the function of taking up NHj3 volatilized from the soil, and the second
(placed 0.38 m from the soil surface, “top sponge”) served to prevent a contamination of the
inner system with the atmospheric ammonia. The chambers were built with a removable roof
made from PVC sheets (0.45 x 0.45 m), which helped protect the foam absorbers from rainfall
and wind. The sponges inside the collector were replaced after 6, 26, 53.5, 77.5, 120.5, 168,
197.5, 239, 288, 335.5, 359.5, 407, 456 and 527 hours after manure application. All removed
sponges were placed in zip-lock freezer bags and sealed for subsequent analysis. Ammonia in
the glycerol + phosphoric acid solution in each sponge inside was extracted with 1000 mL of
1 M KCIl. NH;" concentrations in the KCI extract solution were determined by colorimetry
(Model QuickChem 8000 FIA+, Lachat Instruments Ltd, Loveland, CO). Total NH3 losses (g
N m™) were calculated based on the surface area covered by the chambers (0.09 m?). All
chambers received 5 mm of irrigation at the same dates of wind tunnels.
Laboratory experiment

To test the influence of air flow inside the chamber on the capture of NHj3 volatilizated
from surface-applied urea, semi-open chambers unventilated (similar to the field experiment)
was compared side to side in controlled conditions with semi-open chambers ventilated. Each

ventilated chamber had a fan (computer fan) inside it, witch was “fed” by an electrical
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potential of 12 V and remained activated throughout the evaluation period, which was of 8
days. Each of the eight chambers (4 with fan and 4 without fan) received 200 kg N ha™' as
urea on a bare soil. Immediately after urea application, two pieces of sponges (0.31 x 0.31 x
0.02 m), previously moistened in 140 mL of a glycerol (CsHsO) and phosphoric acid (H3POy)
solution, were placed 0.15 m from the soil surface “sponge inside” and 0.38 m from the soil
surface “top sponge”. The sponges inside the collector were replaced after 7, 24, 31, 48, 55,
72,79, 96, 103, 120, 144, 168 and 192 h after urea application. Ammonia in the glycerol +
phosphoric acid solution in each sponge inside was extracted with 1000 mL of 1 M KCL
NH," concentrations in the KCI extract solution were determined by colorimetry (Model
QuickChem 8000 FIA+, Lachat Instruments Ltd, Loveland, CO). Total NH3 losses (g N m'z)
were calculated based on the surface area covered by the chambers (0.09 mz).

Statistical analysis of the NH; emission results over various periods after manure
application was performed by analysis of variance (ANOVA) and regression analysis, using

SigmaPlot 12.0 (Systat Software, San Jose, CA).

4.4 Results

Cumulated emissions during the entire measurement period (22 d) determined using
the WTs accounted for 13 to 35% of total manure N applied (Table 3; Fig. 1). Differences
among manures were found to be mostly related to total ammonium-N applied (Miola et al.,
2014). Corresponding NH3 losses measured using SCNs were on average 21% lower than
WTs estimates but differences were statistically significant for only two manures (LM-O2 and
BL-O).

Although the comparison of cumulated volatilization losses obtained using SCNs and
WTs over the seven manures tested indicated a relatively small mean negative bias by SCNis,

a more in-depth analysis of the results revealed substantial differences in chambers
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performance. Firstly, the bias between methods was not constant with time with the mean
SCN:WT ratio being smallest during period 1 (65%) and greatest during period 3 (169%)
(Table 3; Fig. 1). When calculated for each measurement interval and averaged over the seven
manures, the SCN:WT ratio displayed a clear temporal pattern during the experiment (Fig. 2).
Compared to WTs estimates, the mean volatilization rates measured using SCNs were
approximately 80% lower shortly after manure application, about equal after 100 h and 60%
greater after 200 h (Fig. 2). Moreover, the temporal variations in SCN/WT also depended on
the manure type. For example, the LM-O1, LM-O2 and BL-Y manures showed increasing
values from period 1 to 3 whereas LM-YD1 and LM-YD2 were greatest in period 1 (Fig. 1).
Secondly, large variations were observed among manures with SCNs estimates corresponding
from 41 to 138% of WTs estimates over the full measurement period (Table 3). Such
differences indicated a strong interaction between the measurement bias of cumulated
emissions and manure types.

A comparison of volatilization measurements using SCNs with and without fan
mixing was carried out in the laboratory following urea broadcast (Fig. 3). Volatilization
increased during the first day, indicating a rapid hydrolysis of urea, was maximum during
days 2, 3 and 4 and was very small after 9 d. Over the full 9-d period, cumulative emissions
were 2.1 times greater from the SCNs with fan than without fan indicating a greater
underestimation of total emissions by chambers in absence of air movement in the laboratory
with urea than in the field with manures. Estimates for individual measurement periods from
both chambers were closely linearly related (Fig. 4). The no-fan:fan NHj3; emission ratio
followed a temporal pattern similar to that observed for the SCN:WT ratio in the field.
However, if the initial value was the same as for the field for manures (=0.2), it rose to a

lower plateau (0.64) (Fig. 2).
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4.5 Discussion

Analysis of the impact of chambers on the NH3 emissions rate can be described as a
two-step process (Hudson and Ayoko, 2008) involving first the diffusion of NH; from within
the soil-manure-water system to the interface with the atmosphere. This transfer rate or NHs
“source intensity” is controlled by the concentration gradient and the resistance to diffusion.
The second step is the transport of the NH; from the soil- or manure-air interface to free
atmosphere above the boundary layer or ‘“atmospheric transfer”. Again, this process is
controlled by the vertical concentration gradient and the resistance to transfer through the
boundary layer. Both processes are obviously not independent and the transfer from the
manure source to the atmosphere is partially controlled by both fluxes. However, their relative
contribution to emission rate is likely to differ between chambers with contrasting air
velocities, and can help explain differences in gaseous emission rates between SCNs and
WTs.

In this study, we report three main results: 1) Estimates of short-term NH;j
volatilization rates by SCNs were approximately 80% lower than with WTs based on
Lockyer’s design with an air velocity of 1.3 m s™'; 2) Mean differences between SCNs and
WTs decreased with time when chambers were deployed on soil amended with solid poultry
manures; and 3) the temporal variations in SCN measurement bias depended of the
characteristics of the amendment.

Short-term underestimation of SCN

At the time of chamber deployment, the source intensity is identical under both
chamber types. Therefore, the difference in volatilization rate shortly after chamber
deployment is a direct estimate of the differences in atmospheric transfer rates between the
SCNs and the WTs. The 80% lower flux under the SCN is in agreement with the strong

response of chamber fluxes to air velocity. In accordance with boundary-layer theory, the
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convective mass transfer coefficient above an emitting surface increases rapidly with
increasing wind speed (Bliss et al., 1995). Lee et al. (2004) determined an empirical
coefficient that relates the transfer coefficient to the air velocity in a wind tunnel. A sharp
increase in the coefficient was observed between 0 and 0.2 m s"l, followed by a slower linear
increase above 0.2 m s'. Accordingly, WT-based emission measurements of odorants
increased by 46% when wind speed was increased from 1.3 to 2.5 m s (Smith and Watts,
1994), by 80 % for an increase from 1 to 3 m's” (Hudson and Ayoko, 2009) and by 200 % for
an increase from 0.05 t0 0.14 m s™ (Parker et al., 2010). Similar reports for NH3 volatilization
rates include increases of 78% (from 1.4 to 2.7 m s': Sommer et al., 1991) and of 60% (from
1.5to3 m s'l; Thompson et al., 1990).

We are not aware of other reports of short-term (<6 h) comparison between SCN and
less-intrusive NH; emission measurement methods. An underestimation of 71% was observed
by Bittman et al. (2005) during the first 24 h following chamber deployment compared to a
mass-balance micrometeorological method. This value is nearly identical to those observed
over the first 24 h in this study under field (73%) and laboratory conditions (73%). While
factors such as wind speed, NHj3 source and surface roughness are potential confounding
factors between these situations, it is interesting to note that these three independent
assessments of the impact of the low atmospheric transfer inside the SCN on NHj3 emissions
yielded similar estimates.

Estimates of NH3 volatilization shortly after SCN deployment represent emissions in
absence of air movement when gas exchange is dominated by molecular diffusion. This
suggests that the design of the SCNs may have significant impact, mostly the height at which
the sponge is placed, as it will determine the length of the diffusion path for surface-emitted
NH;. Therefore, it is recommended to test the impact of sponge height above the soil surface

as it may impact on the magnitude of the measured fluxes.
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Temporal pattern of the bias

The mean (n=7 manures) temporal pattern of the SCN:WT ratio increased rapidly
during the first 100 h after chamber deployment and gradually reached a maximum value of
1.6 towards the end of the experiment (Fig. 2). Because air flow rate and resistance to
atmospheric transfer in the tunnels were kept constant during the experiment, this increase in
SCN:WT ratio indicates that the NH; source intensity under the SCNs increased with time
relative to that under the WTs. In the first week following deployment, average emissions
during day 7 were 193% and 50% of those during day 1 under the SCN and the WTs,
respectively, indicating that the more rapid decrease in emissions under the WTs than under
the SCNss contributed to this pattern (Fig. 1). The impact of air velocity on NHj3 volatilization
was shown to decrease with time after manure application as the relative influence of source
intensity of the emission rate increased (Brunke et al., 1988; Thompson et al., 1990). This
faster decrease of the volatilization under the WTs is likely explained by more rapid depletion
of manure ammoniacal-N content (higher volatilization) and possibly by a faster drying of the
ventilated soil and manure surfaces. As a result, the underestimation of cumulative NH5 losses
by SCN relative to WT decreased with time from 73% after 24 h to 51% after 7 d, 27% after
14 d and 21% after 22 d. These values are much smaller than the only previous report of
direct comparison between SCN and WT (underestimation >95% after 6 d; Smith et al., 2007)
in which cumulative NH3 emissions from the SCNs were extremely low (0.2 to 1.9% of
applied N) following surface application of pig slurry. Other comparisons of SCNs with non-
intrusive methods yield greater underestimations for animal slurries (70% after 14 d; Bittman
et al., 2005) and for urea (50% after 20 d, Jantalia et al., 2012; 50% after 40 d, Marshall and
Debell, 1980; 33% after periods of 30 to 70 d, Reynolds and Wolf, 1988). Interestingly, these
previous estimates for animal slurries and urea were very close to the estimate obtained in the

laboratory for urea in this study (51% after 8 d). These results suggest that the bias induced by
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SCNs may be smaller for mineral N or low-organic matter content slurries than for solid
organic sources.
Impact of organic amendment

The increase of the mean SCN:WT ratio with deployment time suggests that long
deployment of SCNs may partially offset the underestimation of the flux shortly after
deployment of the chamber. However, the analysis of our results reveals a strong interaction
between SCN performance and poultry manure type with the SCN:WT ratio at the end of the
experiment varying from 0.41 to 1.38. Assuming that there is no other source of NH4-N than
the manure initial content and no other fate than volatilization during the 22-d experiment, we
would expect that the SCN:WT ratio of cumulative emissions would tend towards unity with
time. That the ratio differs from 1 indicates that significant NH4 transformations occurred in
the soil-manure system under the SCNs during their deployment. Decomposition of poultry
manures in soil was shown to release considerable amounts of NH4-N with a rapid increase of
available N from 12 to 39% of total manure N (Gale and Gilmour, 1986) and maximum soil
NHy4-N content observed between 3 and 14 d after manure addition (Hadas et al., 1989).
Values lower than unity for most manures suggest that NHy sinks such as nitrification,
fixation/adsorption on soil particles and infiltration were greater than ammonification. Of
particular interest is the ratio of 1.38 measured for LM-O1 that indicates that SCN
deployment can result in conditions that greatly stimulates decomposition of some manures.
Average conditions were a little warmer (2°C) but much more humid (Fig. 5) in the SCNs
than in WTs. This resulted in fungal growth that became visible on manures inside SCNs
approximately 7 d after deployment but not under WTs, and that likely accelerated the
decomposition rate of all manures. Our results therefore suggest that this increase in
decomposition rate resulted in increased ammonification that did not compensate for the NHy

sinks during the experiment for all manures except LM-O1. This is supported by the positive
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correlation between the SCN:WT ratio and the total N concentration of manures (SCN:WT =
0.028 Total N (g kg); r°=0.58; n=7) indicating that the increase in the ratio depends on the
manure N concentration. In accordance with the impact of SCNs on manure N mineralization,
the impact of the manure characteristics (decomposability) on the NH; volatilization losses
measured by SCN increased with deployment duration. Therefore, volatilization potential of
organic amendments determined using SCN is increasingly biased by characteristics with
increasing deployment duration.

The response of manure N transformations to conditions inside the SCNs did not only
impact on the cumulated NH; emissions after 22 d but also on their temporal pattern. During
period 1, the SCN:WT ratios were similar (0.38 +0.08) for all manures except LM-YD1 and
LM-YD2 (Fig. 1), in agreement with the dominant impact of atmospheric transfer of NHj
shortly after chamber deployment. Higher values for the dried manures (ratio >1) are the
result of higher emission rates in SCN late in the period, likely in response to increased
solubilization of ammoniacal N under the more humid environment. During periods 2 and 3,
large variations occurred between manures (0.48 to 3.75) with higher ratios measured on N-
rich layer manures that were not dried in the barn than on the broiler manures with higher C:N
ratios (Table 2). Such differences in the temporal pattern response of the NH3; emissions to
exposition to SCN headspace environmental conditions indicate that comparative estimates of
NH; emission potential between manures will vary with SCN deployment duration.
Deployment duration should not be longer than 7 d when manures (and possibly other organic
amendments) are applied to avoid measurement biases caused by artificial chamber

feedbacks.
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4.6 Conclusion

The deployment of SCNs perturbed the physical environment of the enclosed soil
surface compared to Lockyer-type WTs. This resulted in 1) a direct, immediate and large
(80%) underestimation bias because the absence of air movement increased the resistance to
NHj; atmospheric transfer; and 2) an indirect and progressive bias that depends on the impact
of chamber environment on manure N dynamics. We conclude that the impact of SCNs on
NH; volatilization estimates will depend on the duration of the measurement period, on the
climatic and pedological factors that impact on the chamber headspace temperature and
humidity (air temperature, solar radiation, soil water content) and on the characteristics of the
amendment. Consequently, we recommend great care when interpreting measurements of
NH; volatilization from manured soils obtained using SCNs as short-term estimates are likely
strongly underestimated compared to situations exposed to typical wind speeds whereas

estimates over longer periods will reflect emissions from an artificially modified NH;3 source.
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Table 1. Details of the poultry manure source, handling and storage conditions.
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Manures Description

LM-01 Layer manure, old, compact, stockpiled for more than 7 months in a closed shed.

LM-02 Layer manure, old, stockpiled wet: 4 months on a concrete platform followed by 40 d in the field.
LM-Y Layer manure, young, stored beneath the cages and removed twice a week.

LM-YDI1 Layer manure, young, droppings were dried with an efficient system within 24 h, and then stockpiled for 20 d in a closed shed.
LM-YD2 Layer manure, young, droppings were partially dried within 1-7 d, and then stockpiled for 10 d in a closed shed.

BL-O Broiler litter with wood shavings, old, stockpiled for more than 7 months in a closed shed.

BL-Y Broiler litter with wood shavings, young, stockpiled for 5 d in the field.

TLM: layer manure, BL: broiler litter, O: old, Y: young, D: dry.



Table 2. Selected characteristics of the poultry manures used in this study (wet basis).
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R pH Dry Matter NH;-N NO;-N Total N Total C C/N
Manures’
%

LM-O1 7.9 61.45 (£ 0.03)* 5.61 (= 0.06) 0.01 (0.0 40.90 (£ 0.82) 189.11 4.6
LM-02 8.4 43.50 (£ 0.03) 1391 (£ 0.31) 0.00 (= 0.00) 26.81 (£ 0.39) 129.20 4.8
LM-Y 8.0 36.98 (£ 0.16) 5.99 (£ 0.08) 0.00 (= 0.00) 24.54 (£ 0.81) 120.62 4.9
LM-YD1 7.9 9491 (£0.12) 0.70 (= 0.01) 0.00 (= 0.00) 36.98 (£2.12) 315.07 8.5
LM-YD2 7.1 69.90 (£ 0.10) 2.34 (£ 0.08) 0.00 (£ 0.00) 35.97 (£ 0.57) 235.21 6.5
BL-O 8.5 51.92 (£0.22) 3.16 (x 0.01) 0.01 (£ 0.01) 17.76 (= 0.17) 178.80 10.1
BL-Y 8.4 64.84 (£ 0.30) 397 (x0.01) 0.12 (£ 0.07) 23.71 (= 0.49) 266.65 11.2

i LM: layer manure, BL: broiler litter, O: old, Y: young, D: dry; * Values in parentheses are standard errors (n=3).
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Table 3. Cumulative NH3 losses (g N m?) following soil-surface application of various poultry manures using wind tunnels (WT) and static

chambers (SCN).

. Period 1 (0 — 168 h)* Period 2 (168 — 335 h)° Period 3 (335 - 527 h)° Total period (0 — 527 h)

Treatments
WT SCN WT SCN WT SCN WT SCN

LM-O1 1.56 0357 0.73 2.06° 0.4 1337 2.72 3.74 "™
LM-02 6.05 236 0.77 157" 0.19 0.63" 7.01 456"
LM-Y 4.46 215" 0.69 259" 0.35 0.45™ 5.50 5.19™
LM-YDI 0.80 1357 2.95 1.84° 0.55 0.68 ™ 4.30 3.87™
LM-YD2 1.06 1.06 ™ 438 2.88™ 0.74 0.52" 6.18 4.46"™
BL-O 2.48 0.957" 0.42 020" 0.36 0.18™ 3.26 1347
BL-Y 2.25 0.90 " 1.27 1.29™ 0.39 0.58™ 3.90 278 ™

TLM: layer manure, BL: broiler litter, O: old, Y: young, D: dry; # Period 1: From manure application to first water addition; ® Period 2: From first to second water addition; © Period 3: After second water addition;
Significant difference between WT and SCN by the t-test (ns: not significant; *: P<0.05; **: P<0.01; ***: P<0.001).
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Figure 1. Cumulated NHj field losses after application of poultry manures using wind tunnels

(WT) and static chambers (SCN). Short horizontal bars are the mean SCN:WT

emission ratio during each period. Error bars indicate standard deviation of the

mean (n=3). Vertical dotted lines indicate the dates of simulated rainfall (5 mm);

LM: layer manure, BL: broiler litter, O: old, Y: young, D: dry.
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Figure 2. Mean ratio of NH3; emissions following soil-surface application of (e) poultry

manures (n=7) measured using static chambers (SCN) to those measured using

wind tunnels (WT) in the field, and NH; emissions following soil-surface

application of (o) urea (n=4) measured using non fan-mixed to fan-mixed static

chambers in the laboratory.
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O: old, Y: young, D: dry.



S ARTIGO III

INJECAO DE DEJETOS LIQUIDOS DE SUINOS NO SOLO E USO DE INIBIDOR DE
NITRIFICACAO: EFEITO NO FORNECIMENTO DE NITROGENIO E NA
PRODUTIVIDADE DE MILHO EM PLANTIO DIRETO'

5.1 RESUMO

Préticas agricolas utilizadas em culturas com alta demanda por fertilizantes nitrogenados,
como o milho, devem conciliar a busca de aumento da produtividade com a mitigacdo dos possiveis
impactos ambientais negativos. Diante disso, o objetivo deste trabalho foi avaliar os efeitos da
modalidade de aplicacdo (superficial e injetada) dos dejetos liquidos de suinos (DLS) no solo,
associada ou ndo, ao inibidor de nitrificacdo dicianodiamida (DCD) sobre alguns aspectos
agrondmicos e ambientais do cultivo de milho em sistema de plantio direto no Sul do Brasil. O
estudo foi conduzido na Universidade Federal de Santa Maria (UFSM), durante as safras agricolas
de milho de 2011/12 e 2012/13. Foram realizados dois experimentos, sendo um na drea
experimental do departamento de Solos (Local I) em um Argissolo Vermelho Distréfico arénico e
outro na area experimental do departamento de Zootecnia (Local II) em um Argissolo Vermelho
Aluminico imbrico. Em ambos os locais, utilizou-se o delineamento experimental blocos ao acaso
com quatro repeticdes com os seguintes tratamentos: dejetos liquidos de suinos em superficie
(DLSSup.), DLSSup.+DCD, dejetos liquidos de suinos injetados em subsuperficie (DLSInj.),
DLSInj.+DCD, testemunha sem adi¢do de fertilizantes ou DCD (Testemunha) e adubac¢do mineral
(ureia). Os atributos agrondmicos avaliados foram a produtividade e o acimulo de N nos grios e na
palha de milho, além da porcentagem de recuperacdo pelo milho do N aplicado com os DLS. O
atributo ambiental avaliado foi a emissdo de N,O em cada tratamento, a qual foi expressa em
fun¢@o do acimulo de N no milho. A inje¢do dos DLS no solo aumentou a eficiéncia de uso do N e
a produtividade de grdos de milho em comparagdo a aplicacdo superficial. O uso do inibidor de
nitrificacdo DCD nao afetou a produtividade e nem o acimulo de N pelo milho. Quando as
emissoes de N»O de cada tratamento foram relacionadas ao actimulo de N pelo milho, os melhores
resultados do ponto de vista ambiental foram obtidos quando a inje¢cdo dos DLS foi associada ao

uso da DCD.

! Artigo elaborado de acordo com as normas da Revista Brasileira de Ciéncia do Solo.
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Termos de indexagdo: adubacgdo orgéanica; dicianodiamida; plantio direto; emissdo de N,O com base

no acumulo de N nas plantas.

5.2 SUMMARY: PIG SLURRY INJECTION AND USE OF AN NITRIFICATION INHIBITOR:
EFFECT ON NITROGEN SUPPLY AND YIELD OF NO-TILL CORN

Agricultural practices used in cultures with a high demand for nitrogen fertilizers, such as
corn, must conciliate the pursuit of increased productivity with the mitigation of possible negative
environmental impacts. Given this, the aim of this work was to evaluate the effects of the method of
application (surface and injected) of pig slurry (PS) in soil, associated or not, with the nitrification
inhibitor dicyandiamide (DCD) over some agronomic and environmental aspects of growing corn in
no-till system in the South of Brazil. The study was conducted at the Federal University of Santa
Maria (UFSM) during the growing seasons of corn in 2011/12 and 2012/13. Two experiments were
conducted, one in the experimental area of the Department of Soils (Site I) in Typic Paleudult and
another in the experimental area of the Department of Animal Science (Site II) on an Typic
Paleudult. At both sites, it was used the experimental randomized block design with four
replications of the following treatments: Pig slurry surface (DLSSup.), DLSSup.+ DCD, pig slurry
injected into the subsurface (DLSInj.), DLSInj.+ DCD, control without fertilizers or DCD (Control)
and mineral fertilization (urea). The agronomic attributes evaluated were the yield and N
accumulation in grains and corn straw, besides the percentage of recovery by corn of the N applied
with DLS. The environmental attribute evaluated was the N,O emission in each treatment, which
was expressed as a function of accumulation of N in corn. The injection of DLS in the soil
increased N use efficiency and yield of corn grain compared to surface application. The use of
nitrification inhibitor DCD did not affect the yield nor the accumulation of N by corn. When N,O
emissions from each treatment were related to corn yield, the best results from an environmental

perspective were obtained when the injection of DLS was associated with the use of DCD.

Index terms: organic manure; dicyandiamide; no-tillage; yield-based N,O emissions.

5.3 INTRODUCAO

A atual expansdo da suinocultura no Brasil, juntamente com a ado¢do de sistemas
confinados de producdo, t€ém colocado o Pais na lista dos maiores produtores e exportadores de
carne suina do mundo. Ao mesmo tempo em que apresenta diversos aspectos positivos do ponto de

vista socioecondmico, a suinocultura intensiva é um dos setores mais problematicos do complexo
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agropecudrio brasileiro, uma vez que, caracteriza-se pela geracdo de um grande volume de dejetos
na forma liquida.

Ao serem manejados inadequadamente, os dejetos liquidos de suinos tornam-se potenciais
agentes contaminantes da dgua, do solo e do ar (Kunz et al 2005). Todavia, quando utilizados de
maneira adequada, podem representar uma excelente alternativa de adubagdo em sistemas agricolas
de produgdo, uma vez que adicionam ao solo macronutrientes como o nitrogénio (N), o fésforo (P)
e o potassio (K), além de diversos micronutrientes (Ceretta et al., 2005; Ceretta et al., 2003; Scherer
et al., 2010; Cassol et al., 2013), podendo substituir total ou parcialmente os fertilizantes minerais
industrializados. Além de atuarem na melhoria das propriedades quimicas, fisicas e biolégicas do
solo (Schjgnning et al., 1994; Lourenzi et al., 2013), os DLS podem aumentar significativamente o
acimulo de N e a produtividade final dos grdos de diversas culturas, conforme observaram
Giacomini & Aita (2008) para o milho e Schirmann et al. (2013) para o milho e o trigo.

Em funcdo do elevado teor de N na forma amoniacal (Giacomini et al., 2009), os DLS
representam uma importante fonte de N prontamente disponivel as plantas. Contudo, quando
aplicados ao solo em doses que ultrapassam as reais necessidades das culturas, uma fracao
significativa do N pode ser perdida para o ambiente através dos processos fisico-quimicos de
volatilizagdo de amodnia (NH3) e lixiviagao de nitrato (NOj3') e também pelo processo microbiano de
desnitrificacdo (Morvan et al., 1997; Sorensen & Amato, 2002). Todas essas perdas representam
prejuizo econdmico, em fun¢do da reducdo no potencial fertilizante dos DLS, e também impacto
ambiental negativo, em funcdo das possibilidades de contaminacdo da 4dgua com NO; e da
atmosfera com NHj; e com 6xido nitroso, um potente gis de efeito estufa (GEE).

Como a grande maioria dos dejetos produzidos no Sul do Brasil € tradicionalmente aplicada
no solo em sistema de plantio direto (SPD), estima-se que o potencial fertilizante nitrogenado dos
mesmos possa ser reduzido. Isso porque o aumento da densidade do solo, a redugdo da taxa de
infiltracdo de 4gua e a maior exposi¢ao atmosférica dos residuos na superficie do solo, estdo entre
as principais caracteristicas que favorecem as perdas de N nesse sistema (Rochette et al., 2009).
Para Giacomini (2005) e Smith et al. (2009), tais perdas poderiam ser minimizadas se fossem
adotados métodos tradicionais de incorporac¢do dos dejetos de suinos ao solo, como por exemplo, a
lavracdo e/ou a gradagem. Entretanto, essa pratica é incompativel com o SPD, o qual preconiza o
nao revolvimento do solo (Rochette et al., 2009).

Diante da impossibilidade de incorporar os dejetos de animais em SPD, alguns trabalhos de
pesquisa no Brasil (Konzen et al., 1997; Kunz et al., 2005; Damasceno, 2010; Gonzatto, 2013;
Schirmann et al, 2013) e em outros paises (Webb et al., 2010; Vanderzaag et al., 2011; Kim et al.,

2012) vem buscando alternativas de uso e manejo que sejam eficientes em mitigar os impactos
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negativos dos dejetos sobre o ambiente. Desse modo, a sua injecdo no solo, em subsuperficie,
constitui uma das principais estratégias para preservar o N no solo, reduzir a emissdo de maus
odores, a emissao de NH3 e a perda de nutrientes por escoamento (Pahl et al., 2001; Misselbrook et
al., 2002; Huijsmans et al., 2003).

Além da injec@o dos DLS no solo, outra estratégia que vem sendo empregada com objetivos
agrondmicos e ambientais, consiste no uso de produtos inibidores de nitrificagdo (Vallejo et al,
2005; Mkhabela et al, 2006; Meijide et al, 2007; Tao et al, 2008; Zaman et al., 2009). Atualmente,
existem vérios produtos cuja eficiéncia em reduzir a taxa de nitrificacdo tem sido comprovada, com
destaque para a dicianodiamida. Todavia, essa eficiéncia na manuten¢do do N na forma amoniacal
nem sempre tem resultado na obtencdo de maiores rendimentos das culturas (Clay et al., 1990;
Menneer et al., 2008; O’Connor et al., 2012; Harris et al., 2013).

A maioria dos inibidores de nitrificacdo, entre os quais a dicianodiamida, retarda a oxidac¢ao
microbiana do NH," a nitrito (NO;"), sem afetar a oxidac¢do subsequente do NO, a NO;™ (Asing et
al., 2008) e nem a atividade da populacdo microbiana heterotréfica do solo. Com isso, busca-se
reduzir a emissdo de N,O, além da lixiviagdo de NOs’, dois dos principais problemas ambientais
decorrentes do uso agricola dos dejetos de animais (Di & Cameron, 2008; Meijide et al 2007).
Inibindo temporariamente a oxidacdo de NH4" para NO3", h4 uma diminui¢io, da emissdo de N,O,
tanto daquela associada a redugdo de nitrito (NO;,") durante o processo microbiano de nitrificacao,
como daquela associada ao uso do NOj como receptor final de elétrons por bactérias
desnitrificadoras (Singh et al., 2008). Mantendo por mais tempo o N mineral na forma de N-NH,"
aumenta também a oportunidade de imobilizacio microbiana dessa forma de N (Cookson &
Cornforth, 2002), favorecendo a manutencdo do N na forma organica.

Apesar de a injecdo dos dejetos no solo e do uso de inibidores de nitrificacdo serem
estratégias ja disponiveis aos produtores rurais, ainda ha caréncia de informagdes de pesquisa sob
diferentes condicoes edafocliméticas que confirmam as suas vantagens como técnicas eficazes de
preservacdo do N no solo. Na literatura internacional, varios s@o os estudos comparando as perdas
atmosféricas de N apos as aplicacdes superficiais e injetadas de DLS, com e/ou sem inibidores de
nitrificacdo (de Klein et al., 1996; Vallejo et al., 2005; Kim et al., 2012). Desses trabalhos, poucos
sdo aqueles em que foi avaliada a resposta das culturas quanto ao acimulo de N e a produtividade
de graos. No trabalho de Ball-Coelho et al. (2006) a recuperacao de N pelo milho foi maior (59%)
quando os DLS foram injetados no solo do que quando foram aplicados em superficie (41%). A
partir de experimentos conduzidos em diversos locais, Russelle et al. (2008) reportaram maiores
rendimentos de milho quando os DLS foram injetados no solo, o que confirma resultados de Sutton

et al. (1982) ao aplicarem altas doses de DLS no milho (428 a 857 kg N ha'l). O melhor
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desempenho das culturas a inje¢ao dos DLS no solo, em relagdo a aplicacdo superficial, tem sido
atribuido, principalmente, a reducdo das perdas de N por volatilizagdo de NH3 (Mooleki et al.
2002).

As pesquisas com inibidores de nitrificacdo, associados aos dejetos de animais, mais
especificamente com DCD, ainda predominam em situagdes onde doses muito elevadas de urina de
vacas em lactacdo sdo depositadas no solo [450 kg N ha™ (Cookson & Cornforth, 2002) a 1000 kg
N ha! (Moir et al., 2007; Zaman et al., 2009)]. Embora os resultados mostrem, geralmente, um
aumento na producdo de biomassa e absorcdo de N pelas forragens (Moir et al., 2012), em algumas
situacdes, ndo houve resposta a adicdo da DCD (Cookson & Cornforth, 2002). Frye et al. (1989)
aplicando ureia tratada com DCD em diferentes culturas e em um grande nimero de solos dos EUA
verificaram em muitas situagdes, que a inibi¢do da nitrificacdo ndo resultou em aumento na
producdo das culturas. Quando o uso da DCD aumentou o rendimento de grios, isso ocorreu nas
menores doses de N-ureia, sugerindo que em doses elevadas de N, mesmo a DCD reduzindo as
perdas, ainda sobra N para atender a demanda das culturas, reduzindo o potencial para uma resposta
positiva mensurdvel ao uso da DCD.

Recentemente, Van Groenigen et al. (2010) propuseram relacionar a emissdo de N,O
oriunda de préticas agricolas ndo apenas a uma superficie, conforme € feito pelo Intergovernmental
Panel on Climate Change (IPCC), mas sim de relacionéd-la a produtividade e ao actimulo de N pelas
culturas. Nessa proposicao, também defendida por Johnson et al., (2012) como uma maneira de
avaliar as estratégias para mitigar as emissdes de GEE, estd a ideia de que determinada pratica ou
estratégia de uso de um fertilizante poderd aumentar a emissao de N,O, a qual poder4, todavia, ser
compensada pelo aumento da produtividade e/ou acimulo de N na cultura em questdo. Conforme
demonstrado por Van Groenigen et al. (2010), o aumento das doses de fertilizantes nitrogenados,
para além de certos limites, aumenta as emissdes de N,O, sem aumentar as produtividades, o que
resulta em uma situacdo altamente negativa a qualidade ambiental. Do mesmo modo, sistemas que
emitem pouco N,O, mas sdo altamente improdutivos, também ndo sdo favoraveis. Por isso, o
interesse € cada vez maior em relacionar as emissoes de N,O e o acimulo de N das culturas. Essa
abordagem, relativa as emissdes de N,O, ainda € incipiente nas publicacdes brasileiras.

Diante desse contexto, estratégias para melhorar o aproveitamento do N dos DLS devem
conciliar o aumento da produtividade, bem como mitigar os seus possiveis impactos ambientais.
Dessa forma, o objetivo deste trabalho foi avaliar os efeitos da modalidade de aplicagdo (superficial
e injetada) dos dejetos liquidos de suinos no solo, associada ou ndo, ao inibidor de nitrificacao
dicianodiamida sobre alguns aspectos agrondmicos e ambientais do cultivo de milho em sistema de

plantio direto no Sul do Brasil.
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5.4 MATERIAL E METODOS

O estudo constou de dois experimentos com a cultura do milho e foi conduzido na
Universidade Federal de Santa Maria (UFSM), durante as safras agricolas de 2011/12 e 2012/13.
Um experimento foi conduzido na drea experimental do departamento de Solos (Local I: 29°43°13”
S, 53°42°19” O, altitude, 88 m) e o outro na drea experimental do departamento de Zootecnia (Local
II: 29°43°37” S, 53°43°29” O, altitude, 107 m).

No local I, o solo € classificado como Argissolo Vermelho Distréfico arénico (Santos et al,
2006) com 103 g kg'1 de argila, 687 g kg de areia e 210 g kg'1 de silte na camada 0 - 10 cm. As
principais caracteristicas do solo no inicio do experimento foram: pH (4gua) = 5,6; Ca = 2,5 cmol,
dm'3; Mg = 1,2 cmol, dm'3; Al = 0,0 cmol. dm'3; Saturacdo por bases = 63,1%; CTC = 3,9 cmol.
dm™; P = 254 mg dm™ e K = 57,0 mg dm™. Os teores de carbono total (7,6 g kg™') e nitrogénio
total (0,7 g kg'l) foram analisados por combustdo seca em um auto-analisador elementar modelo
Flash EA 1112.

Antes da instalacdo do experimento, o local vinha sendo cultivado com a sucessdo
aveia/milho durante 12 anos. Em abril de 2010, a drea recebeu 1,9 Mg ha! de calcdrio dolomitico, o
qual foi incorporado ao solo através de aracdo e gradagem. Em maio de 2010, uma nova sucessao
de aveia/milho foi iniciada, utilizando-se aduba¢do mineral recomendada para as duas culturas. Em
junho de 2010 foi realizada a semeadura da aveia, a qual foi dessecada com herbicida em outubro
de 2010 no estadio de florescimento pleno. Em novembro de 2010, o milho foi semeado sobre os
residuos culturais da aveia, o qual foi colhido em abril de 2011. O experimento iniciou com a
aplicacdo dos tratamentos na cultura da aveia (11 de agosto de 2011) e a sua reaplicacdo nas
mesmas parcelas no milho (Pionner 30F53H) em 15 de novembro de 2011, na aveia em 3 de julho
de 2012 e no milho (Pionner 31R21) em 27 de outubro de 2012.

No local II, o solo € classificado como Argissolo Vermelho Aluminico imbrico (Santos et
al, 2006) com 192 g kg™ de argila, 443 g kg de areia e 365 g kg de silte na camada 0 - 10 cm. As
principais caracteristicas do solo no inicio do experimento foram: pH (4gua) = 5,9; Ca = 9,8 cmol,
dm'3; Mg = 3,1 cmol. dm'3; Al = 0,0 cmol, dm'3; Saturagdo por bases = 80,4%; CTC = 12,9 cmol.
dm'3; P = 6,7 mg dm?® e K = 39,0 mg dm™. Os teores de C total ¢ N total, determinados por
combustdo seca foram de 20,5 ¢ 1,6 g kg™, respectivamente.

Antes da instalacdo do experimento a drea permaneceu cinco anos em pousio € a vegetacao
era dominada pelo capim-annoni-2 (Eragrostis plana). Em abril de 2011, a 4drea recebeu 4,0 Mg ha™
de calcdrio dolomitico, o qual foi incorporado ao solo através de aragdo e gradagem. Em junho de

2011 foi iniciada a rotag@o trigo/milho/aveia com uso de adubacido mineral recomendada a cada
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cultura. O presente trabalho teve inicio somente em 1 de dezembro de 2011 com a aplicagdo dos
tratamentos na cultura do segundo milho cultivado na area.

Nos dois locais, os tratamentos foram reaplicados sempre nas mesmas parcelas entre 1 e 4
dias antes da semeadura das culturas. As precipitacdes e irrigacdes ocorridas durante os cultivos do
milho e as temperaturas médias do ar para cada periodo sdo mostradas na figura 1.

O delineamento experimental utilizado nos dois experimentos foi o de blocos ao acaso com
quatro repeti¢des. Os tratamentos, aplicados em parcelas de 45 m” (local I) e 31,5 m* (local II),
foram os seguintes: dejetos liquidos de suinos (DLS) em superficie (DLSSup.), DLSSup. e inibidor
de nitrificacdo dicianodiamida (DCD) (DLSSup.+ DCD), DLS injetados em subsuperficie
(DLSInj.), (DLSInj.+ DCD), sem adicao de fertilizantes ou DCD (Testemunha) e adubacdo mineral
com NPK (ureia). No local I, ao invés da DCD “pura”, indisponivel no Brasil em agosto de 2011,
utilizou-se o Agrotain Plus® (AP) (composto quimico na forma de p6, contendo na sua formulacdo
6% do inibidor da urease N-(n-butil) tiofosférico triamida (NBPT), 81% de DCD e 12,5 % de outras
substancias inertes e corantes). Utilizou-se a dose de 10 kg ha™ de Agrotain Plus® (8,1 kg de DCD
ha™") no local I e 10 kg ha de DCD no local II. Considerou-se que o NBPT presente no AP nio
interferiu nos resultados uma vez que a ureia presente nos dejetos é rapidamente (1 a 2 dias)
convertida em amodnia pela enzima urease e os dejetos utilizados no presente trabalho
permaneceram armazenados em esterqueiras anaerdbicas durante, no minimo 30 dias, antes de
serem aplicados no campo. Em func¢do dessa expectativa de que o NBPT seja in6cuo sobre a
inibicdo da urease, o Agrotain Plus® foi considerado apenas em relacdo 2 molécula de DCD como
inibidor de nitrificagdo do N amoniacal dos dejetos.

A injecdo dos dejetos foi realizada em sulcos com 5 a 7 cm de largura e 8 a 11 cm de
profundidade, espacados em 35 cm. No local I, tanto a inje¢cdo como a aplica¢do superficial foi
realizada manualmente devido a impossibilidade de trafego de maquinas na drea experimental, em
funcdo da delimitacdo das parcelas com chapas galvanizadas. No local II, a injecao dos dejetos foi
realizada com um aplicador mecéanico comercial (Modelo DAOL-i 4000 Tandem, MEPEL).

Em ambos locais, o milho foi semeado manualmente em linhas espacadas de 70 cm entre si,
visando alcancar uma populagio final de plantas de aproximadamente 70 mil plantas ha™. A dose de
dejetos foi estabelecida com base na recomendac¢do de adubacdo organica da Comissdo de Quimica
e Fertilidade do Solo (CQFS) - RS/SC (2004), a qual considera que 80% do N total presente nos
dejetos esteja disponivel a cultura que sucede a aplicacio dos mesmos. Os dejetos de suinos,
provenientes de animais em fase de terminagdo, foram coletados em esterqueira anaerdbica e
analisados conforme Tedesco et al. (1995). As principais caracteristicas e as quantidades

adicionadas de matéria seca (MS), C e N com os dejetos sdo mostradas no quadro 1. As doses de
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ureia (Local I: 120 kg N ha™ na safra 2011/12 e 150 kg N ha' na safra 2012/13; Local II: 130 kg N
ha"' em ambos os anos) foram divididas em duas aplicacoes, sendo a primeira em pré-plantio (1/3
da dose) e a segunda em cobertura quando as plantas apresentavam 6 folhas (2/3 da dose).
Juntamente com a ureia, em pré-plantio, foi aplicado P e K conforme recomenda¢do da CQFS -
RS/SC (2004) para a cultura do milho.

O acumulo de N pelo milho foi avaliado na maturacao fisiologica da cultura. Para tal, foram
coletadas quatro plantas na drea util de cada parcela, analisando-se separadamente a palha e os
graos. A producdo de MS das culturas foi obtida pela secagem das plantas em estufa a 65 °C até
massa constante. O material seco foi pesado, moido em triturador de forragens, subamostrado e
moido novamente em moinho Willey equipado com peneira de 40 mesh. Os teores de N total no
tecido vegetal e nos graos foram determinados por combustdo seca em um auto-analisador
elementar modelo Flash EA 1112. A produtividade de graos foi determinada considerando a drea
central de cada parcela, desprezando 0,5 m de cada extremidade.

A estimativa da recuperagdo do N pelo milho nos tratamentos com dejetos de suinos € no
tratamento com ureia foi feita a partir do acimulo de N determinado na maturagdo fisioldgica da
cultura. Para isso, as quantidades de N acumuladas nesses tratamentos foram subtraidas da
quantidade de N acumulada no tratamento sem a aplicacdo de fertilizantes (testemunha). Esse
método considera que a mineralizacdo do N da matéria organica do solo ndo ¢ afetada pelo N
aplicado com os dejetos ou com a ureia (efeito “priming”). Por isso, o valor resultante dessa
estimativa é, normalmente, denominado de recuperacdo ‘“‘aparente” do N aplicado. A equacdo

utilizada foi a mesma proposta por Mitchell & Teel (1977):

NAPf — NAPsf
Naf

RaN = ( )xlOO

sendo, RaN € a recuperagcdo aparente, em %, do N aplicado com dejetos ou ureia; NAPf a
quantidade de N acumulado pela planta nos tratamentos com aplicacdo de fertilizantes (dejetos ou
ureia); NAPsf a quantidade de N acumulado pela planta no tratamento sem a aplicacdo de
fertilizantes e Naf é a quantidade de N aplicada com os dejetos ou ureia.

Para expressar a emissao de N,O de cada tratamento, relativamente ao acimulo de N pelo
milho, conforme proposicao de Van Groenigen et al. (2010), considerou-se os resultados do artigo I

e o acimulo de N pelo milho (palha e graos) deste artigo III.
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Todos os resultados relativos as varidveis analisadas foram submetidos a analise de
variancia usando o software Sisvar (versdo 5.3-Build 75) e SigmaPlot (Systat Software). As médias

dos tratamentos foram comparadas pelo teste Fisher’s LSD ao nivel de 5% de significancia.

5.5 RESULTADOS E DISCUSSAO

Acumulo de N, produtividade de graos e recuperagao pelo milho do N aplicado

Nos dois locais e nas duas safras agricolas, a adubacdo mineral (NPK) e a adubacgido
organica com DLS promoveram incrementos significativos tanto no acumulo de N como na
produtividade final de graos do milho (Quadro 2). Confirmando resultados de outros trabalhos
(Zebarth et al., 1996; Domingo-Olivé et al., 1996; Daudén & Quiléz, 2004; Schirmann et al., 2013),
a adubacdo organica e a mineral apresentaram resultado semelhante quanto a produtividade de
graos (P>0,05) (Quadro 2), evidenciando que a recomenda¢do de dejetos ao milho, preconizada
pela Comissdo de Quimica e Fertilidade do Solo (CQFS) - RS/SC (2004) estd adequada. Na média
das duas formas de adubacido, o incremento de produtividade, em relacao ao tratamento testemunha,
sem fertilizante, variou de 71% no local I (safra 2011/12) a 144% no local II (safra 2012/13).

Comparando as duas técnicas de aplicacdo dos DLS no solo, observa-se que, de modo geral,
a injecdo aumentou a produtividade de grdos e o acimulo de N nos grdos e na fitomassa
(palha+graos) do milho (Quadro 2). Entre os quatro cultivos de milho realizados nesse trabalho, em
apenas um (local I: safra 2012/13), nao houve diferenca significativa entre injetar ou aplicar os DLS
na superficie do solo (P>0,05) (Quadro 2). Provavelmente, uma chuva de 24 mm (Figura 1),
ocorrida poucas horas apds a instalagdo do experimento, tenha provocado, no tratamento com
aplicacdo superficial dos DLS, a transferéncia, para o solo, do N mineral dos DLS que ficaram
sobre a palha de aveia. Com essa incorporacao dos dejetos ao solo, provocada pela dgua da chuva, o
N amoniacal fica mais protegido da volatilizacdo de NHj3, a qual pode representar mais de 50% do
N amoniacal aplicado com os DLS (Rochette et al., 2009). Caso essa situacdo tenha ocorrido, ela
resultaria em quantidades similares de N disponivel no solo entre as duas formas de aplicacdo dos
dejetos, eliminando as diferencas entre ambas quanto ao fornecimento de N ao milho.

O fato de o milho ter atingido, em trés dos quatro cultivos, uma produtividade média de
graos 18,6% superior nos tratamentos com inje¢do dos DLS, em relagdo a sua aplicagdo superficial,
estd de acordo com os resultados de Sutton et al. (1982), os quais encontraram aumento de 19,6%,
evidenciando o efeito positivo da injecdo dos dejetos em relagdo a sua aplicagdo na superficie do
solo. Embora promissora para o milho, atualmente, a injecdo dos DLS no solo € mais difundida em

pastagens (Long & Gracey, 1990; Rees et al., 1993; Misselbrook et al., 1996; Chen et al., 2001;
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Mattila et al., 2003; Groot et al., 2007; Klop et al., 2012), onde, na maioria das situagdes ela
proporcionou incrementos significativos na producdo de matéria seca e no acumulo de nutrientes.
Todavia, alguns trabalhos como, por exemplo, os de Rees et al. (1993) e Chen et al. (2001),
verificaram atraso no desenvolvimento inicial das plantas, o qual pode estar associado aos danos
causados no sistema radicular pela mobilizacdo do solo e pela acdo do sistema injetor (em sua
maioria através de discos de corte). Esse efeito ndo ocorreu no presente trabalho, uma vez que a
injecdo dos DLS no solo ocorreu antes da semeadura do milho.

A maior quantidade de N acumulada pelo milho nos tratamentos com injecdo dos DLS, em
relacdo a aplicagdo superficial (Quadro 2), deve estar associada, principalmente, a maior
preservacdo do N amoniacal dos dejetos nos sulcos de injecdo, uma vez que, nessa situagdo, houve
reducgdo significativa das perdas de N por volatilizacdo de NH; (ver artigo I). O aumento médio no
acimulo de N nos grios de milho, provocado pela injecdo dos DLS, variou de 12,0 kg de N ha™' no
local T para 21,0 kg de N ha™ no local II. Tais diferencas podem estar associadas a0 modo como foi
realizada a injecdo dos DLS no solo em cada local. No local I, a abertura dos sulcos e a aplicacio
dos dejetos foram manuais, resultando em maior exposicao dos dejetos ao ambiente (constatacdo
visual) e, por isso, menor eficiéncia no controle das perdas de N por volatilizacdo de NH; do que no
local II, onde a abertura dos sulcos foi feita de forma mecanizada. Com menores perdas por
volatilizagdo de NHjs, a injecdo mecanica deve ter disponibilizado maiores quantidades de N ao
milho no local II do que no local I.

A aplicagdo dos DLS com o inibidor de nitrificacdo nao afetou significativamente a
produtividade e o acimulo de N nos graos e na fitomassa (palha+grdos) do milho nem com a
aplicacdo superifial dos DLS e nem com a sua injecao no solo (Quadro 2). Todavia, houve uma
tendéncia de redu¢do em alguns atributos avaliados no milho quando os DLS foram associados ao
inibidor de nitrificacdo, principalmente com a aplicacdo superficial dos DLS (Quadro 2). Nessa
condi¢ao, o milho produziu, em média, 6,4% menos graos e acumulou 9,9% menos N nos graos, em
comparacdo a mesma modalidade de aplicagdo dos DLS sem DCD. Resultados similares, porém
utilizando outras fontes de N, foram reportadas por Clay et al. (1990) em milho, Menneer et al
(2008) e O’Connor et al. (2012) em pastagem e Harris et al. (2013) em trigo e canola.

Uma causa provavel dessa tendéncia na reducdo no acimulo de N pelo milho quando os
DLS foram associados a DCD e aplicados na superficie do solo, refere-se a possibilidade de
reducdo do fluxo de NO;™ em dire¢@o a zona radicular (Nelson & Huber 1980). Segundo Clay et al.
(1990) esse fendmeno se deve a reducdo na concentragdo de N inorganico no solo devido a uma
maior imobilizacdo microbiana do NH4", que é a forma idnica predominante em solos onde a DCD

¢ adicionda aos DLS. Outra hipétese que poderia suportar tais resultados estd ligada a uma maior
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incidéncia de chuvas, sobretudo na safra 2012/13, o que pode ter lixiviado a DCD para além da
zona radicular e, assim, reduzido a sua eficiéncia. Além das chuvas, altas temperaturas, do ar e solo,
durante todo o periodo experimental (Figura 1) também podem ter reduzido o tempo de meia vida
da DCD e, por conseguinte, a sua capacidade de retardar a conversdo do NH;" em outras formas de
N mais oxidadas. Autores como, por exemplo, Vallejo et al. (2005) sugerem que, para maximizar a
sua eficiéncia, a DCD deveria ser aplicada sob baixas temperaturas e periodos de baixa
precipitacdo, o que ndo ocorre em condi¢des subtropicais, como as do presente trabalho.

Contrariando a expectativa inicial, a injecdo dos DLS, na presenca do inibidor de
nitrificacdo DCD, nao teve efeito positivo nem no acimulo de N e nem na produtividade de graos
de milho, em relagdo a injecao dos DLS sem DCD (Quadro 2). Esperava-se que o fato da inje¢ao ter
favorecido a produgdo e emissao de N,O (conforme mostrado no artigo I) resultasse em menor
disponibilidade de N ao milho, reduzindo a sua produtividade, em relacdo a inje¢cdo mais a DCD,
onde o inibidor foi altamente eficiente no controle das emissdes gasosas de N,O (artigo I). Em um
dos poucos trabalhos onde foi avaliado o efeito da injecdo de dejetos no solo, juntamente com a
DCD, sobre o rendimento de plantas, Misselbrook et al. (1996) constataram que a DCD aumentou a
producdo de matéria seca de pastagens em 31%, em funcdo de sua adicdo ter reduzido as taxas
iniciais de desnitrificacdo e proporcionado maior disponibilidade de N as plantas. Duas causas
principais, € que merecem ser mais bem investigadas em estudos futuros, podem explicar a falta de
resposta do milho ao uso da DCD juntamente com os DLS injetados no presente trabalho. A
primeira se refere ao fato de que, embora as quantidades de N,O emitidas serem importantes do
ponto de vista ambiental, elas representam pouco em termos quantitativos. E provével que as
quantidades de N emitidas na forma de N, sem o uso de DCD tenham sido pequenas. A segunda
causa provavel pode estar ligada as quantidades de N aplicadas com os dejetos. Apesar de aplicar a
dose recomendada de DLS ao milho, a quantidade de N inorgéanico disponibilizada durante o ciclo
da cultura no tratamento com inje¢do dos DLS e sem DCD, depois de descontadas as eventuais
perdas de N por desnitrificacdo e lixiviagdo de NOs', ainda foram suficientemente elevadas para
equiparar a produtividade entre os tratamentos com e sem a aplicacio de DCD. Por isso, a
importancia em quantificar ndo apenas as emissdes de N,O, mas também aquelas de N, e também
em avaliar a eficiéncia da DCD sobre o milho, adicionando-as a doses menores de N-dejetos do que
aquelas utilizadas neste trabalho.

Quanto a recuperagdo pelo milho (palha + grdos) do N aplicado nos diferentes tratamentos,
observa-se que, na média dos quatro cultivos e sem a aplicacdo de DCD, ela aumentou de 53 % no
tratamento com aplicac@o superficial dos dejetos (DLSSup.) para 72 % no tratamento com injecao

no solo (DLSInj.) (Quadro 3), o que pode ser justificado pela maior prote¢do do N amoniacal dos
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DLS no solo quando eles foram injetados. As emissdes de NH3, apresentadas no artigo I, mostrando
menores valores quando os DLS foram injetados, ddo suporte aos resultados observados no que se
refere a recuperacdo de N pelo milho. Com relacdo ao efeito da DCD na recuperacdo do N dos
dejetos pelo milho, ele ndo ocorreu no tratamento com injecdo dos DLS (71%) e mostrou uma
tendéncia em reduzir a recuperacdo quando os dejetos foram aplicados na superficie do solo (46%).

A priética utilizada atualmente para a aplicagdo dos DLS nas lavouras conduzidas em sistema
de plantio direto consiste, principalmente, na distribuicio da dose integral sobre os residuos
culturais presentes na superficie do solo, antecedendo a semeadura das culturas. No presente
trabalho, a ureia também foi aplicada na superficie do solo, porém as quantidades recomendadas de
N-ureia em cada cultivo (Quadro 1) foram fracionadas, aplicando-se 1/3 na semeadura do milho e
2/3 em cobertura. No quadro 3, observa-se que a recuperagdo média de N pelo milho no tratamento
com aplicagdo superficial dos DLS (53%) foi inferior a recuperacdo média de N encontrada no
tratamento com ureia (65%). Embora as duas fontes de N ndo possam ser comparadas diretamente,
uma vez que a modalidade de aplicacdo variou entre elas, pode-se inferir que a maior efici€éncia da
ureia se deva ao fato da mesma ter sido fracionada em duas aplicac¢des, fornecendo o N em maior
sincronia do que os DLS, cuja dose recomendada foi toda aplicada por ocasido da semeadura do
milho. Com isso, € provavel que as perdas de N por desnitrificacdo e por lixiviagcdo de NOs™ tenham
sido maiores nos DLS do que na ureia. Essas duas vias de perda de N devem ter sido favorecidas
com a injecao dos DLS no solo, em relacdo 4 ureia. Todavia, observa-se no quadro 3 que o milho
recuperou em média 72% do N aplicado no tratamento DLSInj. contra 65% no tratamento com
ureia, o que deve estar relacionado as menores perdas de N por volatilizacio de NH; quando os
dejetos forma injetados no solo em relacdo ao tratamento com ureia (Artigo I).

Os indices encontrados na literatura para a recuperagdo, pelo milho, do N aplicado com
ureia e com dejetos s@o bastante varidveis, principalmente, em func¢do das quantidades de N
aplicadas e das condic¢des de clima durante o crescimento das culturas. No trabalho de Schirmann et
al. (2013), por exemplo, o milho recuperou, em média, 23,4% do N aplicado com os DLS e 47,0%
do N aplicado com a ureia. A maior recuperacdo de N com adubagdo mineral do que com dejetos de
suinos também foi observada por Seiling (2004), sendo que Sgrensen & Amato (2002) atribuiram
essa menor recuperacdo do N dos dejetos a imobilizagio do N-NH," durante a decomposicdo dos

mesmos logo apds a sua adi¢@o ao solo.

Emissoes de N0 relacionadas ao N acumulado pelo milho
No artigo I os fatores de emissdo (FE) de N,O de cada tratamento foram calculados com

base em darea, conforme € feito na maioria dos trabalhos (Chantigny et al., 2010; Pelster et al.,
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2012). Conforme proposi¢do de Van Groenigen et al. (2010) a expressdo dos FE com base no
actimulo de N pelas culturas ¢ uma forma mais adequada de avaliar o impacto do uso de fontes de N
sobre as emissdes de N>O. Os resultados relativos a essa forma de expressdo das emissdes de N,O
para o presente trabalho sdo mostrados na figura 2, considerando em cada cultivo de milho as
quantidades de N acumuladas na palha, nos graos e na soma dos dois componentes. Observa-se que,
com exce¢do do primeiro cultivo de milho do local II (Figura 2c), nos outros trés cultivos os
maiores valores para a relacao entre as emissdes de N,O e o acimulo de N pelo milho ocorreram no
tratamento em que os DLS foram injetados no solo sem o uso de DCD (DLSInj.). Na média dos
quatro cultivos e de todos os tratamentos o FE da injecdo dos DLS sem DCD superou os demais
tratamentos em 3,1, 2,8 ¢ 2,9 vezes quando o mesmo foi relacionado ao N acumulado na palha, nos
graos e na soma de ambos, respectivamente. No segundo cultivo do local II o FE baseado no
acimulo de N nao diferiu entre a aplicacdo superficial (DLSSup.) e a inje¢do dos DLS no solo
(DLSInj.), ambos sem DCD. Todavia, os resultados apresentados na tabela 2 do artigo I indicaram
que o FE baseado em drea do tratamento DLSInj. foi significativamente maior do que o tratamento
DLSSup. Isso significa que a maior emissdo de N,O por drea com a inje¢do dos DLS foi
compensada pelo aumento no acimulo de N no milho de modo mais favordvel do que no tratamento
com aplicagdo superficial dos DLS e quando a emissdo de N>,O dos dois tratamentos foi expressa
em relacdo ao N acumulado os FE de ambos se equipararam (Figura 2c). Esse resultado ilustra a
importancia em expressar as emissdes de N>O ndo apenas relativamente a drea, mas também de
relacionar tais emissdes ao N acumulado pelas culturas, quando o objetivo for avaliar o impacto da
adicdo de N sobre as emissdes desse gas de efeito estufa.

Ao aplicarem ureia (146 kg N ha™) em dose préxima aquelas do presente estudo (120 a 150
kg N-ureia ha'l), Venterea et al. (2011) reportaram FE de N,O que variaram de 5,6 a 7,4 g N-N,O
kg' de N acumulado nos grios de milho. Utilizando um modelo ciibico, obtido a partir de um
estudo com quatro doses de N (0, 200, 400 e 600 kg N ha'l), Qin et al. (2012) estimaram, para a
dose de N-ureia (136 kg N ha'l) que resultou na minima emissdo de N,O, um FE de 8 g N-N,0O kg'1
de N acumulado nos grdos. Esses valores sdo proximos aos encontrados no presente estudo
sugerindo que, mesmo sob condi¢des edafoclimédticas distintas, o impacto da ureia sobre as
emissoes de N,O e sobre o aproveitamento de N pelo milho apresenta magnitude relativamente
semelhante.

De maneira geral, as diferencas observadas entre os tratamentos quanto aos FE baseados em
area (Tabela 2 do artigo I) foram préximas daquelas observadas quando os FE foram expressos em
relacdo ao N acumulado pelo milho (Figura 2). A expectativa era de que a injecao dos DLS no solo,

pelo fato de reduzir a volatilizacdo de NHj3;, aumentasse o fornecimento de N ao milho,
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compensando o efeito negativo da injecdo sobre as emissdes de N,O. Todavia, mesmo aumentando
o acimulo de N pelo milho (Quadro 2) a magnitude deste aumento ndo foi suficiente para
compensar o efeito provocado pela concentracao dos DLS nos sulcos de injecdo sobre o aumento na
producdo e emissdo de N,O. Somente com a adicdo da dicianodiamida (DCD) aos DLS, no
momento da sua injecdo no solo, as emissdes de N,O, tanto expressas com base em drea quanto em
relacdo ao N acumulado pelo milho, foram reduzidas ndo diferindo significativamente daquelas
observadas no tratamento com aplicacio de DLS na superficie do solo, que € o modo
tradicionalmente utilizado para aplicagdo dos DLS em lavoras conduzidas em plantio direto da

regido sul do Brasil.

5.6 CONCLUSOES

A injec@o dos DLS no solo aumenta a eficiéncia de uso do N e a produtividade de graos de
milho em comparacao a aplicacdo dos DLS em superficie.

A DCD nao influencia na produtividade e nem no acimulo de N pelo milho.

A associacgdo da injecao dos DLS no solo com a DCD reduz significativamente as emissdes

de N,O com base no actimulo de N pelas plantas.
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Quadro 1. Composi¢do dos dejetos de suinos e quantidades aplicadas de matéria seca, carbono total

(C total), nitrogénio total (N total), nitrogénio amoniacal total (NAT) na cultura do milho

em ambos os locais I e 1.

. Local I Local I
Variavel
2011/12 2012/13 2011/12 2012/13
Matéria seca (g kg™) 20,9 (960,9) 16,5 (945.4) 27,0 (1350,0) 23,0 (1138,5)
C total (g kg™) 6,05 (278.3) 5,60 (320,8) 7,02 (351,0) 7,33 (362.8)
N total (g kg™) 3,26 (149,9) 2,69 (154,1) 2,99 (149,5) 3,28 (162,3)
NAT (g kg™ 2,45 (112,7) 2,17 (124,3) 2,35 (117,9) 2,42 (119,8)
NAT (% do N total) 75,2 80,7 78,6 73,8
C/N 1,86 2,08 2,30 1,82
pH 8,24 7,15 8,20 7,20
Dose (m’ ha™) 46 57,3 50,0 49,5

" Valores entre parénteses representam as quantidades aplicadas (kg ha™).
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Quadro 2. Produtividade e actimulo de N no milho apds a aplicacdo superficial e injetada dos
dejetos liquidos de suinos no solo, com e sem o inibidor de nitrificacdo dicianodiamida,

em plantio direto.

Produtividade Acumulo de N
Tratamentos’ Mg ha'l) (kg ha'l)
Palha Graos Palha+Graos Palha Graos Palha+Graos
Local I-2011/12
Testemunha 7,6 ¢ 55 d 13,1 ¢ 28,0 d 57,1 ¢ 85,1 d
Uréia 11,6 ab 10,4 a 220 a 45,7 a 116,6 a 162,3 a
DLSSup. 10,4 b 8,6 bc 19,0 b 35,9 ¢ 87,0 b 122,9 ¢
DLSSup.+DCD 11,0 ab 8,2 ¢ 192 b 39,7 bc 85,0 b 124,77 ¢
DLSInj. 11,6 ab 10,3 ab 219 a 46,0 a 109,7 a 155,7 ab
DLSInj.+DCD 12,0 a 9.4 abc 21,4 ab 429 ab 97,5 ab 140,4 bc
A xB+C S S S S S S
BxC ns ns ns S S S
DxE S S S S S S
FxG ns ns ns ns ns ns
Local I - 2012/13
Testemunha 6,5 ¢ 49 b 114 ¢ 23,6 ¢ 56,5 ¢ 80,1 ¢
Uréia 81 b 10,7 a 18,8 b 358 b 147,9 ab 183,7 b
DLSSup. 10,4 a 11,3 a 21,7 a 46,5 ab 164,6 ab 211,1 ab
DLSSup.+DCD 10,2 a 10,6 a 20,8 ab 40,2 b 1424 b 182,6 b
DLSInj. 10,4 a 11,4 a 21,8 a 45,6 ab 1659 ab 211,5 ab
DLSInj.+DCD 10,9 a 11,3 a 222 a 53,0 a 170,9 a 2239 a
A x B+C S S S S S S
BxC S ns S S ns ns
DxE ns ns ns ns ns ns
FxG ns ns ns ns ns ns
Local IT - 2011/12
Testemunha 90 b 59 d 149 d 346 ¢ 58,5 d 93,1 ¢
Uréia 10,3 ab 9,6 bc 199 ¢ 43,3 bc 107,2 bc 150,5 b
DLSSup. 10,7 ab 9,8 abc 20,5 abc 475 b 104,8 ¢ 1523 b
DLSSup.+DCD 11,3 a 8,9 ¢ 20,2 bc 489 b 922 ¢ 141,1 b
DLSIn;j. 12,1 a 11,0 ab 23,1 a 69,8 a 130,9 ab 200,7 a
DLSInj.+DCD 11,1 ab 11,6 a 22,7 ab 66,1 a 140,6 a 206,7 a
A x B+C S S S S S S
BxC ns ns ns S ns S
DxE ns S S S S S
FxG ns ns ns ns ns ns
Local II - 2012/13
Testemunha 64 b 4,5 ¢ 109 b 255 b 459 ¢ 714 ¢
Uréia 10,5 a 10,6 ab 21,1 a 55,3 a 122,0 ab 177,3 ab
DLSSup. 10,2 a 10,5 ab 20,7 a 50,7 a 122,2 ab 1729 b
DLSSup.+DCD 11,3 a 99 b 21,2 a 576 a 107,6 b 1652 b
DLSIn;j. 10,3 a 12,2 a 225 a 64,0 a 142,4 a 206,4 a
DLSInj.+DCD 99 a 11,8 a 21,7 a 59,5 a 135,7 a 195,2 ab
A xB+C S S S S S S
BxC ns ns ns ns ns ns
DxE ns S ns ns S S
FxG ns ns ns ns ns ns

"DLSSup.: Dejetos liquidos de suinos em superficie; DLSInj.: Dejetos liquidos de suinos injetados; DCD: Dicianodiamida. Médias
seguidas pela mesma letra no sentido da coluna, ndo diferem significativamente entre si, pelo teste LSD, para o nivel de significancia
de 5%, *A: Testemunha; B: Mineral; C: Orgénico; D: Superficie; E: Injetado; F: DLS sem DCD; G: DLS com DCD; ns: contraste
ndo significativo em nivel de 5% de probabilidade de erro; s: contraste significativo em nivel de 5% de probabilidade de erro;
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Quadro 3. Recuperagdo pelo milho do N aplicado com os dejetos liquidos de suinos, com e sem

DCD, e com a uréia em sistema de plantio direto.

Recuperacdo de N (%)
Tratamentos’ Palha Grios Palha+Gréos

I " I " I "
Local I-2011/12
Uréia - 17,8 - 49,6 - 67,4
DLSSup. 7,0 53 26,5 19,9 33,5 25,2
DLSSup.+DCD 10,4 7,8 24,8 18,6 35,2 26,4
DLSIn;. 16,0 12,0 46,7 35,1 62,7 47,1
DLSInj.+DCD 13,2 9,9 35,8 27,0 49,0 36,9
Local I - 2012/13
Uréia - 8,1 - 60,9 - 69,0
DLSSup. 18,4 14,8 87,0 70,1 105,4 84,9
DLSSup.+DCD 13,3 10,8 69,1 55,7 82,4 66,5
DLSIn;. 17,7 14,3 88,0 71,0 105,7 85,3
DLSInj.+DCD 23,6 19,1 92,0 74,2 115,6 93,3
Local II - 2011/12
Uréia - 6,6 - 37,5 - 44,1
DLSSup. 10,9 8,6 39,3 31,0 50,2 39,6
DLSSup.+DCD 12,1 9,5 28,6 22,6 40,7 32,1
DLSIn;. 29,8 23,5 61,4 48,4 91,2 71,9
DLSInj.+DCD 26,7 21,1 69,6 54,9 96,3 76,0
Local II - 2012/13
Uréia - 22,9 - 58,5 - 81,4
DLSSup. 21,1 15,5 63,7 47,0 84,7 62,5
DLSSup.+DCD 26,8 19,8 51,5 38,0 78,3 57,8
DLSIn;. 32,1 23,7 80,6 59,5 112,7 83,2
DLSInj.+DCD 28,4 21,0 75,0 55,3 1034 76,3

" DLSSup.: Dejetos liquidos de suinos em superficie; DLSInj.: Dejetos liquidos de suinos injetados; DCD: Dicianodiamida;
Recuperacio do nitrogénio amoniacal aplicado (NH,"+ NH;); ** Recuperacio do nitrogénio total aplicado.
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Precipitacdoes e irrigacdes (mm) e, temperatura do ar (°C) apds a aplicagdo dos

tratamentos nos locais I [(a) safra 2011/12 e (b) safra 2012/13] e II [(c) safra 2011/12 e

(d) safra 2012/13].
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6 DISCUSSAO GERAL

Os resultados apresentados no artigo I mostram que a injecdo dos dejetos no solo
resultou no aumento localizado, no interior do sulco de injecdo, dos principais atributos
(carbono 14bil, 4gua e N mineral) que favorecem a producao de N,O durante a desnitrificacao,
aumentando significativamente as emissdes desse gds para a atmosfera, em relagdo a
aplicacdo dos dejetos na superficie do solo. Além de diluir os referidos atributos, através da
distribuicao dos DLS em toda a drea, a aplicacao superficial dos DLS também deixou menos
N disponivel a producdo e emissdo de N,O, tanto durante a nitrificagio como durante a
desnitrificacdo, ja que essa modalidade de aplicagdo dos DLS resultou em maiores perdas de
N por volatilizacdo de NHz do que a injecdo. Portanto, do ponto de vista das emissdes de
N;O, a injecdo dos DLS em SPD ndo deve ser uma pratica recomendada isoladamente, ja que
ela aumenta as emissdes deste GEE para atmosfera.

Com relac@o as perdas de N por volatilizagdo de NH3, elas nao foram expressas em
termos quantitativos no artigo I, mas apenas em termos relativos, para poder comparar os
tratamentos entre si. Isso porque, segundo diversos autores como, por exemplo, Smith et al.
(2007), a auséncia de circulagdo de ar na atmosfera interna de camaras estdticas, como
aquelas utilizadas no presente trabalho, dificulta a volatilizacdo de NHs do solo e a sua
captura na solugdo 4cida utilizada para este fim. Esse fato foi comprovado em experimentos
conduzidos durante a realizacdo de meu doutorado sanduiche na cidade de Québec, Canada,
junto ao Centro de Pesquisa do Agriculture et Agroalimentaire Canada no periodo de 03/2012
a 02/2013. Nesse estagio, buscou-se comparar a eficiéncia das camaras estaticas em capturar a
NH; volatilizada com aquela dos tineis ventilados, em condi¢des de campo, e tendo adudos
organicos (esterco de galinhas poedeiras e cama de frangos de corte, ambos aplicados na
superficie do solo) como fonte de N, e também com aquela de camaras estdticas ventiladas,
apos a aplicagdo de ureia e em condi¢des de laboratério. Em ambas as situagdes as camaras
estdticas capturaram menos NHj3, subestimando as perdas de N por essa via em 3,14 vezes no
campo (MIOLA et al., 2013) e 2,14 vezes no laboratério (Artigo II).

Quando as perdas relativas de NH3 em cada tratamento, apresentadas no artigo I, sdo
expressas em termos quantitativos elas correspondem a valores médios, para os dois anos e as
duas dreas experimentais, de 9,5 kg N-NH; ha' para o tratamento com aplicacio superficial
dos DLS contra apenas 2,9 kg N-NHj; ha! no tratamento com injecdo. Esses valores

praticamente ndo mudaram para os tratamentos com aplicacdo de DCD, ja que a DCD nao
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afetou a volatilizacdo de NH; em nenhuma situagcdo de uso. Utilizando sobre esses valores um
fator de correcao médio de 2,64, obtido a partir dos valores encontrados no campo por Miola
et al. (2013) e no laboratério (Artigo II) chega-se a uma volatilizagao de N-NHj3 de 25,1 kg ha’
! quando os dejetos foram aplicados na superficie do solo e de 7,6 kg ha™' quando eles foram
injetados no solo. Essas perdas de N-NHj para a aplicacido superficial de DLS estdo mais
proximas daquelas relatadas na literatura [ex., 25,4 kg ha'l, ROCHETTE et al. (2001) e 19,0
kg ha', NYORD et al. (2012)] do que os valores sem a corre¢do, evidenciando que as
camaras estaticas ndo servem como dispositivo para avaliar a volatilizagdo de NH; quando o
objetivo for a obtencdo de valores absolutos, mas servem apenas para comparar tratamentos
entre si, conforme ja salientado no artigo II.

Esse conjunto de resultados mostra que a injecdo dos DLS em SPD € uma estratégia
eficiente para o controle das perdas de N por volatilizacdo de NHs, em relagdo a sua aplicacdo
superficial. Todavia, esse beneficio é mais do que compensado negativamente pelo fato da
injecdo criar as condigdes favordveis a desnitrificacdo, aumentando fortemente as emissdes de
N,O para a atmosfera.

Para comparar os impactos ambientais das duas modalidades de aplicacio dos DLS
(injecdo x aplicacdo superficial), no que concerne as emissdes gasosas de N, € preciso levar
em consideracdo a possibilidade de que parte da NHj3 volatilizada resultard em emissdo
indireta de N,O, conforme sugerem Mosier et al. (1998). Para esses autores e, também, de
acordo com o que estabelece o Intergovernmental Panel on Climate Change (IPCC, 1996),
cada kg de N-NH3 volatilizada que retornar da atmosfera para o solo, podera produzir 10 g de
N-N,O através dos processos microbianos de nitrificacdo e desnitrificagdo. Portanto, a
diferenca de 17,5 kg N ha entre a quantidade média corrigida de N que volatilizou como
NH; no tratamento DLSSup. (25,1 kg N ha™') e o DLSInj. (7,6 kg N ha) resultaria na
producdo de 175,0 ¢ N-N,O ha' a mais nos tratamentos DLSSup. em comparacio aos
tratamentos DLSInj..

Os resultados do artigo I indicam também que, na média dos dois anos, a inje¢do dos
dejetos aumentou a emissdo direta de N-N,O em 3.569 g ha’ (135%) em relagdo 2 sua
aplicacdo superficial (2.629 g N-N,O ha'). Embora esse aumento possa ser atenuado em 175
g N-N,O ha' em fun¢do da emissao indireta de N-N,O, o valor resultante ainda é 3.394 g N-
N,O ha™ (118%) superior a aplicacdo superficial, evidenciando que, mesmo computando as
emissoes indiretas de N,O, a injecdo dos DLS no solo, como prética isolada, mostrou ser
amplamente desfavordvel do ponto de vista ambiental, relativamente as emissdes de N,O.

Cabe destacar que, para uma comparacdo mais ampla das duas modalidades de aplicacao dos
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DLS, também deveria ser analisado, em trabalhos futuros, o seu impacto sobre outros
aspectos ambientais, tais como a emissdo de mau cheiro e as perdas, por escoamento
superficial de carbono e de nutrientes, as quais podem resultar na eutrofizacdo dos
mananciais.

Com relacdo a adi¢do da dicianodiamida (DCD) aos dejetos, no momento da aplicacio
destes ao solo, constatou-se que o inibidor de nitrificacdo foi eficiente na reducdo das
emissoes de N,O. Em média, a DCD reduziu as emissoes totais de N-N,O de 2.879 g ha’! para
2.168 g ha™' na aplicacdo superficial e de 6.273 g ha™ para 2.159 g ha™ no tratamento com
injecdo dos DLS. Descontando-se, do valor emitido no tratamento DLSInj. + DCD, a
quantidade de N,O emitida indiretamente, chega-se a uma emissdo de 2.093 g ha, que é 786
g ha' (27%) inferior 2 quantidade total de N-N,O emitida no tratamento com aplicacdo
superficial de DLS e sem DCD. E importante salientar que esse tratamento constitui a
modalidade de aplicacdo de DLS utilizada atualmente em praticamente todas as lavouras
conduzidas em SPD, e localizadas nas regides dedicadas a suinocultura intensiva. Assim,
além de reduzir a volatilizacdo de NHj3, preservando maiores quantidades de N no solo em
relacdo a aplicacdo superficial, a injecao dos DLS, quando associada a DCD, pode resultar em
menores emissdes de N,O do que aquelas observadas com a aplicacdo dos DLS na superficie
do solo e sem DCD.

Além de buscar estratégias de uso e manejo dos DLS que resultem em menores
emissoes gasosas de N para a atmosfera, ¢ importante avaliar se as mesmas também
promovem o aumento da produtividade das culturas comerciais. Os resultados mostrados no
artigo III indicam que, na média das situagdes avaliadas, a inje¢ao dos DLS no solo aumentou
o actimulo de N total pelo milho em 17,6 kg ha™ (17%) e a produtividade de grios em 1,2 Mg
ha™' (12%), em relacdo 2 aplicacdo superficial. Esse aumento, relativamente pequeno, poderd
ndo trazer retorno econdmico em funcdo dos custos adicionais ligados a prépria aquisicdo da
maquina para injetar os dejetos no solo e a demanda adicional de energia/combustivel para
traciond-la.

A pequena diferenga, em favor da injecdo, contraria a expectativa inicial e pode ser
explicada por duas razdes principais, que merecem ser investigadas em trabalhos futuros. Se
por um lado a injecdo reduziu a volatilizacdo de NH3, preservando maior quantidade de N
mineral no solo, isso pode ter sido contrabalanceado por maiores perdas de N por
desnitrificacdo, na forma gasosa de N, (ndo determinadas) e, portanto, ter aproximado as duas
modalidades de aplicacdo dos dejetos quanto ao fornecimento de N ao milho. A provavel

menor disponibilidade de O, no interior dos sulcos de injecdo, em relacdo a aplicacdo
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superficial dos dejetos, ¢ uma condicdo que favorece a desnitrificacio completa até N,
(MARKFOGED et al., 2011). Todavia, a adicdo de DCD aos dejetos no momento da sua
injecdo no solo inibiu a nitrificagdo/desnitrificacdo sem que isso aumentasse o acimulo de N
e a produtividade de milho. Por isso, acredita-se que a razao principal do pequeno incremento
no rendimento do milho provocado pela inje¢do, em relagdo a aplicacdo superficial, se deve a
aplicacdo de doses excessivas de N com os dejetos. Mesmo com as perdas médias acumuladas
e corrigidas de N-NHj3; de 25,1 kg ha'! (16,3% do N total aplicado) no tratamento com
aplicacdo superficial, a quantidade média de N remanescente de 128,8 kg N ha™ (kg de N
total adicionado menos kg de N-NHj volatilizado) ainda foi suficiente para que o milho
atingisse uma produtividade préxima ao potencial da cultura para as condi¢des experimentais.
E provével que com a aplicacdo de doses menores de N via dejetos o beneficio da injecdo
destes sobre a produtividade do milho aumente de magnitude em relacdo ao observado neste
trabalho.

Embora a DCD tenha sido eficiente em reduzir as emissoes de N,O, tanto na aplicacao
superficial como, principalmente, com a injecdo dos DLS no solo (Artigo I), o uso deste
inibidor de nitrificacdo também ndo resultou em aumento no acimulo de N e na produtividade
do milho (Artigo IIT). Do mesmo modo que para a injecdo dos dejetos, acredita-se que a falta
de resposta do milho a aplica¢do do inibidor ocorreu em fun¢do da quantidade elevada de N
adicionada ao solo com os DLS. Provavelmente, as perdas de nitrato (NO3") por lixiviagdo
(dados ndo apresentados) foram pequenas. De acordo com Malzer et al. (1989) a magnitude
do aumento de rendimento das culturas, em resposta ao uso de inibidores de nitrificacdo, estad
diretamente relacionada as perdas de N por desnitrificacdo e lixiviacdo de NOs'.

Por fim, cabe destacar que a injecdo dos DLS no solo em SPD, associada ao uso do
inibidor de nitrificagdo dicianodiamida, constitui uma alternativa tecnolégica promissora, em
relacdo a tecnologia atual de aplicagdo dos DLS na superficie do solo e sem DCD, mas que
somente poderd ser recomendada e difundida com seguranca aos produtores se 0s seus
beneficios agrondmicos e ambientais, constatados no presente trabalho, forem seguidos de
uma andlise econdmica e também de uma andlise de impacto ambiental decorrente da
demanda adicional de energia e combustivel para poder realizar a operagdo mecanica de
injecdo dos DLS no solo. Caso os beneficios agrondmico-ambientais da injecdo + DCD
(redugdo das emissdes de NHz e N,O) ndo sejam favordveis economicamente, uma alternativa
para a ado¢do dessa tecnologia seria a criagdo, por parte do poder publico, de mecanismos
compensatérios como, por exemplo, a remuneragdo dos produtores na forma de créditos de

carbono, conforme sugerem Monaghan et al. (2009).
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A fim de projetar para os estados do Rio Grande do Sul e Santa Catarina o impacto
observado das estratégias avaliadas no presente trabalho sobre as emissdes de N,O apds o uso
de DLS, considerou-se o rebanho de suinos destes dois estados, de 16 milhdes de animais
(ABIPECS, 2012), com cada animal produzindo diariamente 7,0 L de dejetos liquidos
(KONZEN et al., 1997). Com uma concentracdo média de 4,5 kg N total m”~ (KUNZ et al.,
2005), o acumulo de N total nos dejetos produzidos seria da ordem de 504 Mg dia™. Supondo
que a totalidade destes dejetos produzidos fosse reciclada na agricultura e que os mesmos
fossem aplicados na superficie do solo das lavouras em SPD (sem o uso de DCD) e utilizando
a emissdo média de N-N,O encontrada nessa condi¢do no presente trabalho (Artigo I) de
2.629 g N-N,O ha! (1,71% do N total aplicado) isso resultaria em uma emissao didria de 8,62
Mg de N-N,O. Se por outro lado, a modalidade de uso dos dejetos escolhida fosse a inje¢ao
no solo, associada ao uso de DCD, e considerando a emissdo total de N-N,O encontrada
(computando-se a emissdo indireta de N,O) de 2.159 g ha™ (1,40% do N total aplicado) isso
resultaria em uma emissdo didria de 7,06 Mg de N-N,O. Portanto, essa diferenca didria de
1,56 Mg de N-N,O em favor da injecao + DCD, projetada para uma escala anual, corresponde
a 569 Mg de N-N,O para os estados do RS e SC. Convertida para CO, (CO;eq.), essa redugao
nas emissoes de N-N,O, promovida pela injecao dos DLS e pelo uso da DCD, corresponde a
266.455 Mg de CO,. Esse seria, portanto o beneficio ambiental da injecdo dos DLS no solo,
associada ao uso de DCD, considerando-se apenas a redu¢@o nas emissdoes N,O. Soma-se a
isso os ganhos de produtividade de graos do milho, o provéavel acimulo de C no solo, tanto
através dos proprios dejetos como da biomassa aérea e radicular da cultura, além dos outros
provaveis beneficios ambientais decorrentes da injecdao, mencionados anteriormente € nao

avaliados no presente trabalho.



7 CONCLUSOES GERAIS

A partir dos resultados obtidos no presente trabalho conclui-se que:

A injecdo dos dejetos liquidos de suinos em plantio direto, associada ao inibidor de
nitrificacdo dicianodiamida (DCD), reduz as emissdes de NH; e N,O em
comparacao aquelas observadas quando os mesmos sdo aplicados na superficie do
solo e sem DCD.

A injecdo dos dejetos liquidos de suinos em plantio direto aumenta a eficiéncia de
uso do N e a produtividade de graos de milho em comparacdo a aplicagcdo
superficial, enquanto que a DCD nao influencia nesses dois atributos.

As camaras estaticas semiabertas subestimam a quantidade de N perdida por
volatilizagao de NHj3, tanto em condi¢des de campo como de laboratdrio.

Para trabalhos futuros recomenda-se uma anélise econdmica e também uma andlise
de impacto ambiental decorrente da demanda adicional de energia e combustivel

para poder realizar a operacao mecanica de inje¢do dos DLS no solo.
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