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RESUMO

ESTRATEGIAS PARA MITIGAR AS EMISSOES DE OXIDO NITROSO E
AUMENTAR A EFICIENCIA DE USO DO NITROGENIO DE DEJETOS LIQUIDOS
DE SUINOS INJETADOS NO SOLO

AUTORA: Rosemar de Queiroz
ORIENTADOR: Celso Aita

A injecdo dos dejetos liquidos de suinos (DLS) em subsuperficie ¢ uma alternativa eficiente
para reduzir as perdas de N via volatilizagdo de amodnia. Porém, esse modo de uso dos DLS
potencializa a formacao de N>O, potente gas de efeito estufa. O objetivo deste estudo foi avaliar
estratégias de uso de DLS para aumentar a eficiéncia de uso de N e mitigar as emissdes de NoO
em sistema plantio direto com sistema de cultivo bianual (milho-trigo). O experimento foi
conduzido em Argissolo Vermelho, sob clima subtropical por 3 anos com delineamento
experimental de blocos ao acaso com quatro repeti¢cdes. Os tratamentos foram: sem fertilizante
(Controle), ureia (U) e DLS aplicado na superficie do solo (DLSs), DLS injetado na
subsuperficie na pré-semeadura (DLSi) (tratamento de referéncia) e trés estratégias de uso do
DLS: 50% de N via DLS injetado na pré-semeadura + 50% aplicado na superficie na adubagao
de cobertura (DLSi+DLSs), 50% de N via DLS injetado na pré-semeadura + 50% de N via
ureia aplicado na superficie na cobertura (DLSi+U) e, 50% de N via DLS + dicianodiamida
(DCD) injetada na pré-semeadura + 50% de N via ureia aplicada na superficie na cobertura
(DLSi+DCD+U). As emissdes de N2O foram avaliadas através do método das camaras estaticas
durante dois anos e a determinagdo de produtividade de graos e matéria seca foram
determinadas durante trés anos. As estratégias de uso de DLS (DLSi+DLSs, DLSi+U e
DLSi+DCD+U) reduziram a disponibilidade de nitrato no solo e reduziram a emissdo de N>O
em 10,36 ¢ 64% e 53,59 ¢ 72% no ano 1 e 2, respectivamente, comparado ao DLSi. A estratégia
mais eficiente em reduzir a emissao de N>O foi a DLSi+DCD+U, que reduziu o fator de emissao
de N2O (FE) de 2,56 e 2,13% no tratamento DLSi para 0,87 e 0,51% no ano 1 e 2,
respectivamente, resultando em FEs inferiores ao valor definido pelo Painel Intergovernamental
de Mudangas Climaticas (IPCC) (1%). O DLSi+DLSs e o DLSi+U nao diferiram quanto ao
rendimento de graos e eficiéncia agronomica de uso do nitrogénio (EAN) quando comparados
ao DLSi, no milho e no trigo. O DLSi+DCD+U aumentou a produtividade de graos de milho
(+1.7 Mg ha™') e trigo (+0.9 Mg ha™'), a EAN de milho (+7.7 kg grio kg'! N) e trigo (+4.2 kg
grio kg! N) e a recuperacio aparente do N (RAN) do trigo (+21.9%) comparado ao DLSi. Nos
dois anos e em ambas as culturas, o yield scaled foi menor nas estratégias DLSi+DLSs, DLSi+U
e DLSi+DCD+U, do que no DLSi, com exce¢ao do trigo no ano 1. Nossos resultados indicam
que a estratégia que teve a menor emissao de NoO e o melhor incremento na produtividade de
graos foi a DLSi+DCD+U, que teve um yield-scaled em média 72% menor que o DLSI, sendo
esta a melhor estratégia de uso dos DLS dentre as avaliadas.

Palavras chave: Aplicagdo parcelada, combinagcdo de DLS + ureia, dicianodiamida, plantio
direto.



ABSTRACT

STRATEGIES TO MITIGATE NITROUS OXIDE EMISSIONS AND INCREASE THE
NITROGEN USE EFFICIENCY OF PIG SLURRY INJECTED IN THE SOIL

AUTHOR: Rosemar de Queiroz
ADVISOR: Celso Aita

The injection of pig slurry (PS) into the subsurface is an efficient alternative to reduce
N losses via ammonia volatilization. However, this way of using PS enhances the formation of
N20, the potent greenhouse gas. This study aimed to evaluate strategies for using PS to increase
the efficiency of N use and mitigate N>O emissions in a no-tillage system with a biannual
cultivation system (maize-wheat). The experiment was carried out in Typic Hapludalf, under a
subtropical climate for 3 years. The experimental design was randomized blocks with four
replications. The treatments were: without fertilizer (Control), urea (U) and PS applied to the
soil surface (PSs), PS injected into the subsurface at pre-sowing (PSi) (reference treatment),
and three strategies for using PS: 50 % N via PS injected at pre-sowing + 50% applied on the
surface in topdressing (PSi+PSs), 50% N via PS injected at pre-sowing + 50% N via urea
applied to the surface in the topdress (PSi+U) and 50% N via PS + dicyandiamide (DCD)
injected pre-sowing + 50% N via urea applied to the surface in the cover (PSi+DCD+U). N>O
emissions were evaluated using the static chamber method for two years and the determination
of grain yield and dry matter were determined for three years. The PS use strategies (PSi+PSs,
PSi+U, and PSi+DCD+U) reduced the availability of nitrate in the soil, which reduced N>O
emission by 10, 36, and 64% and 53, 59 and 72% in the year 1 and 2, respectively, compared
to PSi. The most efficient strategy in reducing N>O emission was PSi+DCD+U, which reduced
the N2O emission factor (EF) from 2.56 and 2.13% in the PSi treatment to 0.87 and 0.51% in
years 1 and 2, respectively, resulting in EFs below the value defined by the Intergovernmental
Panel on Climate Change (IPCC) (1%). PSi+PSs and PSi+U did not differ in grain yield and
agronomic efficiency of nitrogen use (EAN) when compared to PSi in maize and wheat. The
PSi+DCD+U increased the productivity of maize (+1.7 Mg ha) and wheat (+0.9 Mg ha™')
grains, the EAN of maize (+7.7 kg grain kg' N) and wheat (+4.2 kg grain kg! N), and the
apparent N recovery (RAN) of wheat (+21.9%) compared to PSi. In both years and both crops,
the scaled yield was lower in the PSi+PSs, PSi+U, and PSi+DCD+U strategies than in the PSi,
except for wheat in year 1. Our results indicate that the strategy that had the lowest N>O
emission and the best increase in grain yield was PSi+DCD+U, which had an average yield-
scaled 72% lower than PSi, which is the best strategy for using PS among those evaluated.

Keywords: Split application, PS + urea combination, dicyandiamide, no-tillage.
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1. INTRODUCAO GERAL

A necessidade de aumentar a producao de alimentos e de mitigar o impacto ambiental
causado pela agricultura, vem estimulando a busca de estratégias que melhorem a eficiéncia do
uso de fertilizantes na produgdo agricola. Com intuito de alcancar maior produtividade, uma
das estratégias adotadas pelos produtores ¢ o aumento das doses de fertilizantes aplicados,
principalmente o nitrogénio (EWEL et al., 2019). Porém o aumento da dose de N reduz a
eficiéncia de uso desse nutriente pelas plantas, pois aproximadamente 50% do N contido nos
fertilizantes, organicos ou minerais, sdo perdidos para o meio ambiente (LASSALETTA et al.,
2014).

No Brasil, a produgdo agricola estd baseada no plantio direto (~ 80% da area cultivada)
(LLANILLO et al., 2013), que tem como premissa o nao revolvimento do solo. Portanto, os
fertilizantes sdo geralmente aplicados na linha de semeadura ou na superficie do solo,
principalmente no caso de fertilizantes organicos. No sul do Brasil, um dos principais
fertilizantes organicos utilizados ¢ o dejeto liquido de suino (DLS), que ¢ utilizado como
fertilizante agricola devido a necessidade de realizar a destinacdo sustentavel desses residuos e
ao seu alto teor de nutrientes, que podem ser utilizados como substitutos dos fertilizantes
minerais ( GONZATTO et al., 2017; ERDMANN et al., 2020).

A aplicacao de DLS em plantio direto € realizada na superficie do solo, geralmente antes
da semeadura das culturas e sem revolvimento posterior. Contudo, a aplicagdo dos DLS na
superficie do solo potencializa a perda de N por emissdes gasosas, principalmente por
volatilizacdo de amodnia, que variam entre 20 (SANZ-COBENA et al.,, 2019) e 50%
(ROCHETTE et al., 2009) do N amoniacal total (NH3 + NH4") aplicado. Além disso, a alta taxa
de nitrificacdo do NH4" quando ainda quase ndo ha raizes para absorver o nitrato (NO3")
produzido, pode resultar em perdas por meio da emissdao de 6xido nitroso (N2O) (DUNCAN et
al., 2017; SANZ-COBENA et al., 2019). Além de reduzir o potencial fertilizante do DLS
(GONZATTO et al., 2017; ERDMANN et al., 2020), essas perdas também contribuem para a
poluicao ambiental (BINDER et al., 2020), pois o N2O ¢ um gas de efeito estufa com potencial
de aquecimento global (PAG) 265 vezes maior que o CO2 (IPCC, 2014).

Estratégias que reduzam o potencial poluidor dos DLS e aumentem a eficiéncia do uso
do N pelas culturas vém sendo estudados em diferentes paises, como Brasil (GONZATTO et
al., 2017; AITA et al., 2019; ERDMANN et al., 2020), Espanha (MARTiNEZ et al., 2017;
MORENO-GARCIA et al., 2017; MATEO-MARIN et al., 2020;), Alemanha (FEDEROLF et
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al., 2017) e Canada (ROCHETTE et al., 2009; CHANTIGNY et al., 2013). Uma estratégia que
se mostrou eficiente em reduzir a perda de N por volatilizagdo de amonia em quase 100%
(AITA et al., 2014, 2019) e aumentou a produtividade das culturas entre 10% (GONZATTO et
al., 2017) e 20% (ERDMANN et al., 2020) ¢ a inje¢do do DLS no solo.

A inje¢do de DLS na subsuperficie do solo antes da semeadura das plantas em plantio
direto ¢ uma estratégia que tem sido estudada em paises como Brasil (AITA etal.,2014), Franca
(LAURENCE E FABRICE, 2019) e Espanha (SANZ-COBENA et al., 2019) para mitigar as
perdas de N devido a volatilizagio de NH3" (AITA et al., 2014), perdas de nutrientes via
escoamento superficial (SCHUSTER et al., 2017) e reduzir a emissdes de gases com odor
fétido. Apesar da redugdo significativa na volatilizagdo de NH3*, quando comparada a aplicagido
superficial, a injecdo de DLS potencializa a produ¢ao de N>O via nitrificacdo e, principalmente,
desnitrificacdo (DUNCAN et al., 2017; AITA et al., 2019). Isso ocorre porque ha a reducao da
disponibilidade de oxigénio dentro dos sulcos de injecdo, tanto pelo volume de agua contida
nos dejetos, quanto pela formagdo de hotpots de atividade microbiana, gerados pela adi¢cdo de
nitrogénio e material organico prontamente degradavel (MARKFOGED et al., 2011; AITA et
al., 2014; SANZ-COBENA et al., 2019).

O aumento na emissdo de N2O quando o DLS ¢ injetado no solo pode ser mitigado pela
adicao de inibidores de nitrificagdo ao DLS no momento da aplica¢do, sendo que o produto
mais utilizado ¢ a dicianodiamida (DCD) (VISTOSO et al., 2012; AITA et al., 2014; RUSER
E SCHULZ, 2015; AITA et al., 2019). Os inibidores de nitrificagdo bloqueiam a conversao de
NH4" em NO; na primeira etapa da nitrificagdo, possibilitando a absor¢do de NH4" pelas
culturas e evitando as emissdes de N>O, tanto durante a nitrificagdo quanto a desnitrificagdo
(SNYDER et al., 2009). O uso da DCD tem demonstrado potencial em reduzir a emissdao de
N20 quando os DLS s@o injetados no solo, com redugdo variando entre 50 a 75% (ERSHADI
et al., 2020).

Apesar desse efeito ambiental positivo dos inibidores, ainda ¢ inconclusivo o impacto
do uso de inibidor de nitrificagdo na eficiéncia do uso do N pelas culturas, ja que trabalhos
demonstram pouca ou nenhuma influéncia na produtividade de graos (MOIR et al., 2012; AITA
et al., 2015; GONZATTO et al., 2017). Portanto, além da injecdo de DLS associada ao uso do
inibidor de nitrificacdo, ¢ necessario testar outras estratégias de uso dos DLS, avaliando o
impacto sobre a produtividade de graos, o aproveitamento do N pelas culturas e as emissdes de
oxido nitroso.

O parcelamento da dose de N recomendada, aplicando parte do N na semeadura e parte

em cobertura, também ¢ uma estratégia que pode mitigar o potencial poluente dos fertilizantes
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nitrogenados (TENUTA et al., 2010; VAN GROENIGEN et al., 2010). Pode-se esperar que a
divisdo da dose, injetando 50% na semeadura via DLS e aplicando os outros 50% em cobertura
via DLS ou ureia, na superficie do solo, pode reduzir a emissdao de N>O. Isso ocorre devido a
reduc¢do nos teores de C, N inorganico e agua dentro dos sulcos de injecdo, quando comparada
a injecdo de 100% da dose na semeadura (BELL et al., 2016). Além disso, o fornecimento de
N sincronicamente com a demanda das culturas pode reduzir o teor de nitrato (NO3") disponivel
no solo.

Embora a combinacao da aplicacao parcelada de ureia associada a inibidores quimicos
pode ser eficaz para reduzir as emissdes de N>O, mais estudos sdo necessarios para identificar
estratégias eficazes para reduzir as emissdes de N2O, mantendo ou aumentando a produgao
agricola (VENTEREA E COULTER, 2015). Nao foram encontrados estudos avaliando o efeito
da estratégia de parcelar a dose recomendada de N a ser aplicada, injetando 50 % da dose de
DLS na semeadura e aplicando os outros 50 % em cobertura, via DLS ou ureia, na produtividade
das culturas e/ou na mitigagdo das emissoes de N>O em plantio direto. O objetivo deste estudo
foi examinar os efeitos de diferentes estratégias de uso de DLS em condi¢des de plantio direto
para mitigar as emissoes de N>O, em comparagdo com a injecao da dose recomendada de DLS
no solo na semeadura e como Unica fonte de N para as culturas. As hipoteses consideram que a
redu¢@o na emissdo de N2O e o aumento na eficiéncia de uso do N pelas plantas, em relacdo a
injecdo de toda a dose de DLS na semeadura, podem ser alcancadas através das seguintes
estratégias: (a) parcelamento da dose de N recomendada, combinando injecao de DLS na
semeadura com aplicagdo de N em cobertura via DLS ou ureia; b) adi¢cdo do inibidor de
nitrificagdo DCD ao DLS no momento de sua inje¢ao no solo na semeadura e complementacao
da quantidade recomendada de N via ureia em cobertura.

Para testar nossas hipoteses foi conduzido um experimento de campo com diferentes
estratégias de uso de DLS como fertilizante agricola das culturas do milho e trigo, que deu
origem a presente tese, a qual foi organizada em dois artigos: 1° com foco na emissdo de 6xido
nitroso nas diferentes estratégias testadas, que engloba dados de umidade e temperatura do solo,
teor de N mineral no solo (NH4" ¢ NO3") € emissdo de 6xido nitroso e; 2° com foco na eficiéncia
de uso do N pelas culturas, que engloba dados de produtividade de graos e matéria seca (MS),

acumulo de N nas culturas e N mineral do solo.
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1.1 HIPOTESES

A redugdo na emissao de N>O e o aumento da eficiéncia de uso do N pelas plantas em
relacdo a inje¢do de toda a dose de DLS na semeadura podera ocorrer de duas formas:
1) No parcelamento da dose de N recomendada, combinando inje¢do de DLS na semeadura
com aplicagdao de N em cobertura via DLS ou ureia; e
2) Na adigao do inibidor de nitrificagdo DCD ao DLS no momento de sua injecdo no solo
na semeadura e a complementagdo da quantidade recomendada de N via ureia em

cobertura.

1.2 OBJETIVO GERAL

O objetivo deste estudo foi avaliar os efeitos de diferentes estratégias de uso de DLS em
condi¢gdes de plantio direto para aumentar a eficiéncia de uso do nitrogénio e mitigar as
emissoes de N>O, em comparagdo com a injecdo da dose recomendada de DLS no solo na

semeadura e como Unica fonte de N para as culturas.

1.3 OBJETIVOS ESPECIFICOS

1) Avaliar como o parcelamento da dose de N exclusivamente via DLS afeta a eficiéncia
de uso do N e as emissdes de 6xido nitroso em comparagdo a inje¢do de 100% da dose
de N via DLS na semeadura.

2) Avaliar como o parcelamento da dose de N, injetando 50% via DLS na semeadura e o
restante na cobertura via ureia afeta a eficiéncia do uso do N e as emissoes de 6xido
nitroso em comparacdo a inje¢ao de 100% da dose de N via DLS na semeadura.

3) Investigar como o parcelamento da dose de N, injetando 50% via DLS na semeadura
com a adicao inibidor de nitrifica¢ao dicianodiamida e o restante na cobertura via ureia
afeta a eficiéncia do uso do N e as emissdes de 6xido nitroso em comparacao a inje¢ao

de 100% da dose de N via DLS na semeadura.
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2. ARTIGO I: STRATEGIES TO MITIGATE NITROUS OXIDE EMISSIONS
WHEN PIG SLURRY IS SHALLOW-INJECTED IN NO-TILL SOILS*

2.1 ABSTRACT

Shallow-injection of pig slurry (PS) in no-till soils reduces N losses through NH3 volatilization
and bad odors emissions but creates more favorable conditions for N>O production inside the
slots compared to the standard practice of PS surface broadcasting. In this study, we evaluated
different strategies of PS use in no-till conditions to mitigate N>O emissions, compared to the
injection of the recommended dose of PS at pre-sowing. The experimental design was
randomized blocks with four replications. The seven treatments applied during two years of the
succession of no-till maize (Zea mays L.)/wheat (Triticum aestivum L.) included an unamended
control and six fertilized treatments as follows: (i) and (ii), the two standard methods to add N
from urea and PS in no-till crops [(surface-broadcast urea (U) and surface-broadcast PS at pre-
sowing (PSs), respectively)], (iii) shallow-injected PS at pre-sowing (PSi) (reference
treatment), and three strategies of PS use to compare with PSi: 50% of N from shallow-injected
PS at pre-sowing + 50% of N from surface-broadcast of PS topdress (PSi+PSs) (iv), 50% of N
from injected PS at pre-sowing + 50% of N from surface-broadcast urea topdress (PSi+U) (v)
and, 50% of N from shallow-injected PS + dicyandiamide (DCD) at pre-sowing + 50% of N
from surface-broadcast urea topdress (PSi+DCD+U) (vi). N2O emissions were evaluated using
the static chamber method for two years. Compared to PSi, the strategies of PS use reduced
NO; intensity, which decreased both area and yield-scaled N2O emissions. The most efficient
strategy was PSi+DCD+U, which reduced N2O emissions factor (EF) from 2.56 and 2.13% in
the treatment PSi to 0.87 and 0.51% in year 1 and 2, respectively. Our findings suggest that
PS+DCD+U can result in EFs values near or smaller than the Intergovernmental Panel on

Climate Change (IPCC) default value (1%) in no-till soils under subtropical climate.

Keywords: Split application, dicyandiamide, PS + urea combination, nitrate exposure.
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2.2 INTRODUCTION

The use of pig slurry (PS) as a fertilizer in subtropical conditions, such as the Southern
region of Brazil, is a common practice in crops that have high nitrogen (N) demand, such as
maize (Aita et al., 2015, 2014; Gonzatto et al., 2017, 2016) and winter cereals (Aita et al., 2019,
2015; Gonzatto et al., 2017, 2016). In this region, producers started adopting no-till (NT)
agriculture during the early 1970s, with the area under NT reaching 36.8 Mha (~ 80 % of the
total cultivated area) by 2016/17 (S4 and Ferreira, 2018). This implies that the recommended
dose of PS is applied on surface crop residues a few days before or at the time of sowing the
crops. Depending on the climatic conditions, this method of applying the PS can result in high
gaseous N losses through ammonia (NH3) volatilization (Aita et al., 2014; Laurence and
Fabrice, 2019). Furthermore, the high nitrification rate of slurry-derived NH4" in the soil
(Rochette et al., 2004), when there is little crop N demand to absorb the nitrate (NO3") produced,
can result in the production of nitrous oxide (N2O) during the microbial processes of
nitrification and denitrification (Duncan et al., 2017; Laurence and Fabrice, 2019; Sanz-cobena
et al., 2019). In addition to reducing the fertilization potential of PS (Erdmann et al., 2020;
Gonzatto et al., 2017), these losses also contribute to environmental pollution, as N>O is a
powerful greenhouse gas (Bell et al., 2016) and an ozone-depleting substance (Portmann et al.,
2012).

The shallow-injection of PS into the soil before sowing of crops in no-till agricultural
fields is a strategy that has been used in countries such as Brazil (Aita et al., 2014), France
(Laurence and Fabrice, 2019), and Spain (Sanz-cobena et al., 2019) to mitigate N losses due to
NHj3 volatilization, carbon (C) and other nutrients losses such as phosphorus (P) via runoff
(Schuster et al., 2017) and odor emissions (Rzeznik and Mielcarek-Bochenska, 2020).
However, these reductions in NH3 volatilization often come at the expense of increased
production and emission of N>O via nitrification and denitrification (Aita et al., 2019; Duncan
et al., 2017). This is because temporary waterlogged anoxic hotpots of microbial activity with
large amounts of nitrogen and readily degradable organic material are created by the injection
of the PS into these slots (Aita et al., 2014; Markfoged et al., 2011; Sanz-cobena et al., 2019).

These increased N>O emissions from PS injected into the soil can be mitigated by adding
nitrification inhibitors to the PS at the time of application, as previously shown in different
edaphoclimatic conditions using principally the inhibitor dicyandiamide (DCD) (Aita et al.,
2014; Ruser and Schulz, 2015; Vallejo et al., 2005). The action of nitrification inhibitors is to

block or reduce the conversion of NH4"-PS to NO,™ and subsequently to NOs", encouraging
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NH4" uptake by crops and preventing N>O emissions from both nitrification and denitrification
(Snyder et al., 2009). Despite this positive environmental effect of inhibitors, their use increases
the cost of production and does not always result in an increase in crop productivity (Gonzatto
et al., 2017; Moir et al., 2012; Rose et al., 2018). For this reason, it is important to test other
strategies for PS use, which in addition to reducing N>O emissions can improve N utilization
and crop productivity.

Splitting the recommended N fertilization (e.g. applying part of N as basal at sowing
and part as top dressing) is another strategy that can mitigate the pollution potential of N
fertilizers (Tenuta et al., 2010; Van Groenigen et al., 2010). In the case of PS, we can expect
that splitting the dose (i.e. injecting 50% at sowing and applying the other 50% as a top
dressing), can reduce the N>O emissions because of the reduction in the contents of C, inorganic
N, and water inside the injection slots compared to injecting the entire dose at sowing (Bell et
al., 2016). Furthermore, the N supply coincides better with the crop N demand, reducing the
NOs™ availability in the soil, which should also reduce N2O production and emission (Burton et
al., 2008). Previous research on split applications of urea only found that N>O emissions were
not reduced, or even increased depending on climatic conditions after each urea application,
although the urea was incorporated into the soil by hand (Venterea and Coulter, 2015) rather
than left on the surface as is typically done in no-till.

One strategy for reducing N>O emissions is to split the recommended N dose in no-till
crops between a soil injection of PS at pre-sowing with top-dressed urea broadcast at an equal
rate. This strategy should also reduce the amount of PS-derived mineral N in the soil when the
crop N demand is still very low with the N supply increased via top-dressing urea to better
coincide with crop demand. Another option to reduce N>O emissions and improve the supply
of N to crops though is to combine the injection of DCD-treated PS at sowing with the
application of urea as top-dressing. While combining the split application of granular urea with
chemical inhibitors might be effective in reducing N>O emissions (Venterea and Coulter, 2015),
more studies are needed to confirm this. In particular, more studies examining how using a split
application of PS (with and without nitrification inhibitors) and inorganic N fertilizers are
required as, to our knowledge, no prior studies have evaluated whether this will reduce N>,O
emissions in no-till crops.

The objective of this study was to examine the effects of different PS management
strategies in no-till conditions to mitigate NoO emissions compared to the standard practice of
injecting the recommended dose of PS into the soil at seeding. We hypothesized that yield-

scaled N2O emissions can be reduced, compared to a single PS dose injected in no-till
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conditions, by: (a) splitting the recommended N dose, combining PS injection at seeding with
side-dressing PS or urea; b) adding the nitrification inhibitor DCD to PS at the time of its
injection into the soil at sowing and complementing the recommended amount of N via surface-

broadcast application of granular urea.

2.3 MATERIALS AND METHODS

2.3.1 Site description and soil characteristics

The field study was conducted in southern Brazil (State of Rio Grande do Sul) at the
Federal University of Santa Maria (29° 71° 94 S; 53° 70’ 44” O, 88 m). The experimental site
is under a subtropical humid climate (Koppen classification Cfa) with a monthly temperature
ranging from 9.3°C during the coldest month (June) to 30.4°C during the hottest month
(January). The mean annual precipitation is 1700 mm uniformly distributed across the year.
Whenever necessary, irrigation was carried out on the maize. Three irrigations were made in
year 1 and five in year 2.

The soil was a Typic Hapludalf with 101.9 g kg'! clay and 667.5 g kg’ sand in the top
10 cm. Selected soil characteristics at the beginning of experiment were: pHwater (1:1, soil/water
ratio) 5.8; KCl-extractable Ca = 2.5 cmol. dm™ and Mg = 1.2 cmol. dm™; Mehlich-1 P = 21.8
mg dm™ and K = 56.0 mg dm™; Organic matter = 1.2 g kg'!; bulk density = 1.67 g cm™. Total
C (7.1 gkg") and total N (0.7 gkg™!) contents were analysed by dry combustion with a graphite
furnace (FlashEA 1112, Thermo Finnigan).

Before the experiment, the site had been under sugarcane (Saccharum officinarum L.)
for four years (2010 to 2014). In November 2014, after the sugarcane, harvest the site was limed
with dolomitic limestone at a rate of 1.0 Mg ha™! and tilled with a moldboard plow to ~20 cm.
From January to May 2015 the site was under no-till soybean (G/lycine max L.) and from June
to October 2015 under black oats (4vena strigosa Schreb.), which were cut before maturity and
left on the soil surface as green manure producing 2.0 Mg ha! of shoot dry matter. The
experimental phase, with a rotation of no-till maize (Zea mays)/wheat (Triticum aestivum),
spanned from 11 Dec. 2015 to 11 Dec. 2016 (year 1) and from 19 Nov. 2017 to 19 Nov. 2018
(year 2). Between Nov. 2016 and Nov. 2017 the treatments were not applied. The area was left
fallow between Dec. 2016 and Jun. 2017 and cultivated with oats as a green manure between
Jul. 2017 and Nov. 2017, without the use of fertilizers. After the oats were killed with herbicide

in November 2017, the treatments reapplied in the same plots as in 2015/2016. The average
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daily air temperature was obtained from the University meteorological station located
approximately one kilometer from the study site. The daily rainfall and irrigation water were

measured with manual rain gauges.

2.3.2 Treatments and Experimental Design

There were seven treatments, a control without fertilizer along with six other treatments
where fertilizer N was applied at the recommended rates (150 and 110 kg N ha™! for the maize
and 110 and 80 kg N ha'! for the wheat, in years 1 and 2, respectively), which were replicated
four times in a completely randomized block design. The six fertilized treatments were as
follows (i) surface-broadcast urea with split application (33% pre-plant and the other 67%
topdressed) (U), (ii) surface-broadcast pig slurry (PS) at pre-sowing (PSs), (iii) shallow-injected
PS at pre-sowing (PSi), (iv) 50% of N from shallow-injected PS at pre-sowing + 50% of N from
surface-broadcast of PS topdress (PSi + PSs), (v) 50% of N from injected PS at pre-sowing +
50% of N from surface-broadcast urea topdress (PSi + U) and, (vi) 50% of N from shallow-
injected PS + dicyandiamide (DCD) at pre-sowing + 50% of N from surface-broadcast urea
topdress (PSi + DCD + U). Surface-broadcast of PS and urea are the common fertilization
practices in no-till areas of study and were included as references to compare with the other PS
treatments. The plot size was 3.0 x 10.0 m, and the seven treatments were applied to the same
plots during the two years of the experiment. The PS in the PSi + PSs treatment and the urea in
the U, PSi + U, and PSi + DCD + U treatments were topdressed at the tillering stage of wheat

and at the four to the six-leaf stage for maize.

2.3.3 Pig Slurry Source and Characteristics

The PS used in the experiment was always collected from same fattening pig (30-100
kg) facility where slurry is stored under anaerobic conditions in a concrete earthen tank. At the
time of PS application subsamples of the applied slurry were collected and analyzed. The dry
matter (DM) content of PS was determined gravimetrically after oven-drying at 70°C for 48 h.
Total N was determined in fresh PS by Kjeldhal digestion followed by distillation in the
presence of sodium hydroxide (NaOH), whereas total ammoniacal N (TAN = NH3-N + NH4"-
N) was determined by direct distillation in the presence of magnesium oxide (MgO) (APHA,
2005). Total C in the dried and ground pig slurry dry matter (DM) was determined by dry
combustion (Model FlashEA 1112, Thermo Finnigan, Milan, Italy). Pig slurry pH was
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measured directly in a 60-mL aliquot with a pH meter (Model DM 22, Digimed, Sao Paulo,
Brazil). The main characteristics of PS applied in each year and each crop and application rates

are presented in Table 1.

2.3.4 Slurry, Urea, and DCD Application

The N application rates for PS and urea were based on local recommendations for maize
and wheat and changed from the first to the second year because of the recommendation by the
Commission of Chemistry and Soil Fertility (CQFS-RS/SC) was changed. In year 1 the rate of
PS application was therefore set to provide approximately 150 kg N ha™! for maize and 110 kg
N ha! for wheat (CQFS - RS/SC, 2004) while in year 2 the rate of PS was reduced to provide
approximately 110 kg N ha™! for maize and 80 kg N ha™! for wheat (CQFS - RS/SC, 2016). For
PS, local recommendations assume that 80% of the total N will be available to the crops during
the growing season. The treatment with urea (U) was also fertilized at pre-planting with mineral
P and K according to local recommendations. In year 1, the maize received in this treatment 50
kg N-urea ha! at pre-plant and 100 kg N-urea ha™! as surface-broadcast while the wheat was
fertilized whit 36 kg N-urea ha™! at pre-plant and 74 kg N-urea ha™! as surface-broadcast. In year
2, the maize in this treatment received 36 kg N-urea ha! at pre-plant and 74 kg N-urea ha™! as
surface-broadcast while the wheat was fertilized whit 26 kg N-urea ha™! at pre-plant and 54 kg
N-urea ha'! as surface-broadcast. In the treatments PSi + U e PSi + DCD + U the amounts of
surface-broadcast N-urea added in maize was 75 kg ha™! in year 1 and 55 kg ha™! in year 2. The
wheat received 55 kg N ha! in year 1 and 40 kg N ha! in year 2. A non-commercial source of
pure DCD was mixed with PS in the treatment PSi + DCD + U, just before its application to
the soil to provide a rate of 10 kg DCD ha™'.

The broadcast application of PS in the soil surface in the treatments PSs and PSi + PSs
was performed manually with the use of 10-L watering cans. The preplanting injection of PS
in the treatments PSi, PSi +PSs, PSi + U and PSi + DCD + U was made in furrows (5-7 cm
wide, 8-11 cm deep; 35 cm spacing between two consecutive furrows). The furrows were made
using a commercial mechanical slurry applicator equipped with eight rigid drop hoses, each
installed behind a pair of fluted coulter disks (Model DAOL-i 4000 Tandem, MEPEL;
http://www.mepel.ind.br/). To control the amount of PS to be applied in each treatment PS was
manually applied in the furrows with 10-L watering cans and each furrow was filled with soil

using hand tools immediately after PS addition to simulate the mechanical slurry injection.
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2.3.5 Nitrous Oxide Fluxes

Soil-to-atmosphere N>O fluxes were measured as in Rochette and Bertrand, (2008)
using closed vented static chambers (40 cm length, 30 cm width, and 20 cm height) on 32 dates
between 11 December 2015 and 4 April 2016 for maize, five dates between 28 April and 27
June for the first non-cropped period and 35 dates between 01 July and 11 December 2016 for
wheat in year 1; and on 32 dates between 19 November 2017 and 28 March 2018 for maize, 10
dates between 09 April and 13 June for the second non-cropped period and 40 dates between
18 June and 19 November 2018 for wheat in year 2, totaling 154 dates of gas measurements
during the two years. On each sampling day N>O fluxes were measured between 9:00 and 12:00
h, as recommended by Reeves et al. (2016). Measurements were made more intensively (two
to four times per week) during the first 40 days after the application of the treatments at
preplanting and after the topdress application of PS and urea and approximately weekly
thereafter. In both years, the sowing of crops was done the day after the first fertilizer
application. Immediately after sowing, one galvanized steel chamber base (40 x 30 cm) per plot
was inserted into the soil to a depth of approximately 10 cm to avoid lateral diffusion of gases.
The treatments were applied manually inside each base to ensure that the same amounts of
broadcast and injected PS were applied. In the four treatments with PS injection the bases were
centered on the injection furrow. Before applying treatments to each culture, all bases were
removed and soon after sowing, the bases were put somewhere else in the plots. In maize the
chamber bases were placed between the rows and kept free of weeds by their manual plucking.
In wheat, the area covered by each base was always kept free from wheat plants and weeds.

During chamber deployment, gas samples were taken at 15-minute intervals (to, tis, t30
and ts5) using a 20-mL polypropylene syringe fitted with a three-way stopcock valve. The
samples were promptly transferred from syringes to 12.0-mL pre-evacuated glass vials
(Exetainers; Labco, Lampeter, UK) and analysed for N2O concentration within one week on a
gas chromatograph (GC-2014, Shimadzu Corp., Kyoto, Japan) equipped with an electron
capture detector. Air temperature inside the chamber was monitored during gas collection.
Whenever possible and mainly in the first 40 days after applying the treatments in preplant and
surface-broadcast, gas sampling was made before and after each rainfall event in order to assess

its effect on NoO emissions.
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2.3.6 Crop Production for Yield-Scaled Calculation

To determine the maize grain yield, an area of 16.8 m? was harvested in each plot,
containing an average of 98 plants. For wheat, an area of 16 m? was harvested within each plot,
harvesting plants from 12 central rows with 8 m in length. For the determination of dry matter
(DM), five plants were randomly collected for maize and four linear samples of 0.5 m for wheat,
which were dried at 65 °C until constant weight. Grain and DM subsamples were finely ground
(<100 mesh) for nitrogen concentration analysis, performed by dry combustion (Flash EA 1112,
Thermo Finnigan, Milan, Italy). N accumulation was calculated by multiplying DM production

by N concentration.

2.3.7 Soil Sampling and Analysis

In all plots, composite soil samples (0 - to 10-cm depth) consisting of five randomly
distributed sampling points were taken on the same dates as the N>O flux measurements using
a stainless steel auger (3-cm diam.). As was done previously in the work of Aita et al. (2019),
in control and surface-broadcast treatments (PSs and U) soil subsamples were collected
randomly, whereas they were collected over the furrow area in the four injected treatments. As
already emphasized by Aita et al., 2019 this procedure can overestimate the influence of PS
injected treatments on soil mineral N concentrations for the whole plot area, but the values
would better reflect the impact of injection on N>O emissions, which most likely occurred
within or near the injection area.

Gravimetric soil moisture content was determined by oven drying (105°C for 24 h).
Water-filled pore space (WFPS, %) was estimated by dividing gravimetric water content by
total soil porosity, which was determined from bulk density and assuming a mineral particle
density of 2.65 g cm™. Inorganic N (NH4" and NO3") was extracted by shaking 20 g of field-
moist soil in 80 mL of 1 M KCI solution for 30 min. After decantation for 30 min, the
supernatant of the solution was filtered and kept frozen until analysis. NH4" and NOs™ were
analysed by titration with diluted H>SOs4, after sequential distillation in presence of MgO and
Devarda's alloy, respectively (Keeney and Nelson, 1982).
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2.3.8 Calculations and Statistical Analysis

Soil-surface N>O fluxes were calculated using the rate of change of its concentration
inside the chamber during deployment (Rochette et al., 2005). Cumulative N2O-N emissions
were calculated by linearly interpolating emission rates between sampling dates. Treatment-
derived emission factors (EFs) were calculated by subtracting cumulative N2O-N emission of
the control plots from cumulative N>O-N emissions of the amended plots. For area-based EFs,
the result was divided by the amount of total N added (% applied N). To evaluate the
environmental efficiency of the treatments, we calculated the productivity-based EFs or yield-
scaled emissions (YSE), as proposed by (Van Groenigen et al., 2010). For this estimate, the
result was divided by either grain crop yield (kg N2O-N Mg™! grain) or N uptake (g N2O-N kg
' N uptake). The results of grain yield and the N accumulated by the crops will be published
separately in another article. Nitrate exposure (g NO3-N day! kg™!) has been used as an index
of NOs™ availability for denitrification in soil (Zebarth et al., 2012) and it was calculated by
linearly interpolating soil NOs3™ concentrations between sampling dates (Burton et al., 2008) for
the same time periods as cumulative N2O emissions.

Cumulative values of N>O emissions, N>O emission factors and yield-scaled N>O
emissions were subjected to analysis of variance (ANOVA) using the software Sisvar (version
5.6-Build 89) and SigmaPlot (Systat Software, San Jose, CA, USA). Treatments means were
compared using Fishers's protected least significant difference (LSD). Statistical significance
was set a priori to the 5% confidence level. The data in Fig. 1 and 2 are presented to provide a
qualitative overview of the temporal dynamics of N2O fluxes relatively to air temperature and

soil conditions; statistical analyses were not performed on these data.

2.4 RESULTS

2.4.1 Environmental conditions, soil inorganic N pools and water filled pore space

The average air temperature varied little between the two years, ranging from 5.8 to
30.5°C (average 18.9°C) in year 1 and from 4.6 to 30.2°C (average 19.4°C) in year 2. The
cumulative precipitation was also similar in both years, with 1751 mm in the first and 1845 mm
in the second year. However, there was a great variation in the temporal distribution of rainfall
in each year for both cultures (Figure 1a and 2a). The accumulated rainfall in the first 40 days
in the maize crop corresponded to 42% (337 mm) and only 17% (89 mm) of the total volume

of rainfall that occurred during the entire crop cycle in the first (801 mm) and in the second
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year (541 mm). During the wheat crop, the amount of rainfall was 809 mm in the first year and
858 mm in the second, with 14 and 34% of these volumes occurring in the first 40 days,
respectively.

The application of N, with both PS and urea, increased the soil mineral N concentrations
in relation to the control treatment. This effect occurred both during the preplant and surface-
broadcast N application and was more evident during the first 40 to 50 days, in year 1 (Figure
1) and 2 (Figure 2). In all treatments and in both years, the soil mineral N concentrations in the
0-10 cm layer remained below 7 mg kg'! soil between 50 to 70 days after the application of the
treatments.

The application of PS increased the soil NH4" concentrations in the first sampling dates,
with the greatest increase occurring after applying 100% of the recommended dose of PS at
sowing (PSs and PSi), both in maize and wheat (Figures 1c and 2c¢). The larger amount of N
applied in maize and wheat in the first year (Table 1) resulted in a greater initial accumulation
of NH4" in the soil (Figure 1¢) than in the second year (Figure 2c¢).

The nitrification of ammoniacal N from PS occurred at high rates, both in summer
(maize) as in winter (wheat). However, in the first year, the increase in soil N-NOj3
concentrations (Figure 1d) was smaller than the decrease in soil NH4" concentrations (Figure
1c). During the second year, the reduction in the soil NH4" concentrations (Figure 2¢) was
accompanied by an equivalent increase in soil NO3™ concentrations in the maize only (Figure
2d). There was an exception to this pattern during the second year wheat crop where there was
almost no change in the soil NO3™ concentration in either the fertilization in preplant or in
topdress, despite the reduction observed in NH4" concentrations.

The strategy of splitting the N dose applied to maize and wheat, both through the
exclusive use of PS or the combined use of PS and urea, reduced soil NO3™ concentration in
relation to the treatment with 100% of PS injected into the soil at preplant (PSi1). For example,
during the first maize year, during the first three weeks after preplant N application, the average
concentrations of N-NOs3™ in the 0-10 cm soil layer (Figure 1) in the three treatments with split
application of N were 11.6 mg kg™!' (PSi + PSs), 10.6 mg kg! (PSi + U) and 11.4 mg kg (PSi
+ DCD + U); all less than 50% of the concentrations measured in the PSi treatment. During the
second year, the N-NO3™ concentrations in this same period and for the same three treatments
were 10.0 mg kg™, 6.8 mg kg™! and 24.8 mg kg™! lower than the 39.3 mg NOs™-N kg™! measured
in the PSi treatment (Figure 2).

The WFPS values varied widely during the two years and, in general, followed the

rainfall regime. In the first 30 days after the preplant application of treatments of maize and
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wheat, WFPS values in the first year varied from 50 to 75% and from 60 to 90%, respectively
(Figure 1b). In the second year, WFPS values in the same period varied from 40 to 75% in
maize and from 60 to 90% in wheat (Figure 2b). In general, and especially during the first weeks
after the N application, the values of WFPS were slightly higher when the PS was injected into
the soil. In the first 40 days of both crops in both years, the average WFPS was 10% higher in

plots where the PS was injected compared to the surface-broadcast PS.

2.4.2 Nitrous oxide fluxes

The lowest N2O fluxes throughout the experimental period, ranging from 0 to 83 pg m’
2h!, were observed in the control treatment. In agreement with what was observed with the soil
inorganic N concentrations, the application of N via PS or urea increased N>O fluxes for only
in the first 40 to 50 days after the application of the treatments (Figures 1a and 2a). During this
period, the highest N>O emissions were observed right after the application of the treatments
both at preplant of crops and as topdress.

In both years and for both crops, the highest NoO fluxes occurred shortly after N
application in the PSi treatment. In the first maize year the highest N2O emission (1668 pg m
h') occurred 15 days after PS injection (Figure 1a), when the WFPS value was 75% (Figure
1b) and the soil NO3™ concentration was approximately 58 mg kg™ (Figure 1d) in the injection
slots. In the second year of maize, the highest N,O emission (1267 ug m™ h™') also occurred in
the PSi treatment but only 7 days after injection of the PS (Figure 2a), when the WFPS value
was 67% (Figure 2B) and the NOs™ concentration inside the slots was approximately 70 mg kg
!, Surface broadcast application of the same amount of N as PS resulted in much lower N>O
fluxes compared to the injected manure with measured emissions on the same dates of 365 pg
m h! in the first year and 126 ug m ? h'! in the second year.

For the wheat, the highest N>O emission for year 1 also occurred in the Psi where fluxes
of 1305 ug m™ h'! were measured 14 days after application (Figure 1a), when the soil WFPS
was approximately 80%. For the second year of wheat, the highest N2O fluxes (839 pg NoO m”
2 h!)y also occurred in the PSi treatment. However, due to dry soil conditions at the time of
injection, this peak occurred 30 days later; after strong rains raised the WFPS to approximately
80%. On these two dates, the N2O fluxes in the PSs treatment, where the same amount of N
was surface-broadcast, were 686 pg m™ h'l in the first year and 232 pg m2 h'! in the second

year.
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The injection of the recommended amount of N from PS at preplant of maize (PSi)
maintained higher N>O fluxes than the other treatments from 8 to 19 days in the first year
(Figure 1a) and from 7 to 17 days in the second year (Figure 2a). In these two periods, the
average fluxes of N-N,O in the PSi treatment were 980 pg m> h™! in year 1 and 723 pgm? h'!
in year 2 versus only 295 and 125 pg m™ h'! as the average of the other four treatments with PS
(PSs, PSi + PSs, PSi + U and Psi + DCD + U), respectively. In wheat, the higher emissions
from the PSi treatment occurred from 5 to 14 days in the first year and from 14 to 31 days in
the second year, with the average flux from the PSi treatment 64 and 72% higher in year 1 and
2, respectively, than the average of the other four treatments with PS.

The strategy of splitting the recommended dose of N resulted in a reduction in N2O
fluxes, compared with injecting the entire dose of N pre-planting (PSi). Considering only the
maize and the measurements carried out between 8 and 19 days in the first year (Figure 1a) and
between 7 and 17 days in the second year (Figure 2a), the average fluxes of N-N>O of the two
treatments with injection of treatment PSi 50% + PSs 50% or PSi 50% + U 50%, decreased
from 980 (PSi) to 338 ug N.O m™ h'lin the first year and from to 732 to 205 ug NoO m? h'! in
the second year. The greatest mean reduction in N>O fluxes in these periods in maize, to only
149 ug N2O m_; h! in the first year and 28 pg N2O m™ h! in the second year, was observed in
the treatment in which 50% of the N from PS was treated with DCD and injected into the soil
at the time of maize sowing with the other 50% of N applied with surface-broadcast urea (PSi

50% + DCD + U 50%). This same trend was observed in wheat in both years.

2.4.3 Cumulative nitrous oxide emissions

In general, the control treatment (no added N) had the lowest cumulative N2O emissions,
with annual fluxes lower than all the amended plots in year 1 and lower than all treatments
except the U treatment in year 2 (Table 2).

The comparison between the modes of preplant application of the recommended amount
of N from PS indicates that the subsurface injection into the soil (PSi) increased the cumulative
N20 emissions in the two years and in the two crops, compared to the surface-broadcast of PS
(PSs) (P < 0.001). The cumulative annual emission of N-N,O from the PSi was 3.74 kg ha!
(73%) and 3.82 kg ha™! (215%) higher than the PSs for the first and second year, respectively
(Table 2).

For three of the four growing seasons, the cumulative N-N2O emissions from surface-

broadcast PS was similar to surface broadcast of urea. Only in the first wheat year did the two
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sources differ, when the seasonal N-N>O emissions from PS was 2.2-times higher than the urea
(Table 2). This difference between the PS and U treatments for the wheat season emissions also
resulted in different cumulative annual emissions during the first year (Table 2).

In three of four seasons, splitting the PS application reduced cumulative N>O emissions
compared with a single PS injection (Table 2). However, during the first wheat growing season
the cumulative emissions were greater from the split application compared to the single
injection of manure (Table 2). On an annual basis, there was no detectable difference between
the single dose or split application for the first year, whereas in the second year, N>O emissions
from the single application were 2.1 times greater than the split application (Table 2). Injecting
50% of the N as PS at preplant followed by a urea topdress (PSi + U) generally resulted in
similar N>O emissions to the PS split application (PSi + PSs), although the PS topdress did
result in greater emissions during the first wheat season (Table 2).

Adding dicyandiamide (DCD) to the initial PS injection at preplant, with the other 50%
of the N recommended being added as urea topdress (PSi + DCD + U) resulted in the lowest
N2O emissions of any of the PS amended treatments, although these emissions were similar to
the urea only treatment (U) (Table 2). Although in the second year the treatment PSi + DCD +
U reduced cumulated N-N,O emission by 0.73 kg ha™! (32%), compared to treatment without
DCD (PSi + U), this reduction was not significant. On the other hand, the addition of DCD to
PS in the first year reduced N-N>O emissions on an annual basis from 5.68 kg ha! to 3.20 kg
ha! (44%).

2.4.4 N20 emission factors and yield-scaled emissions

Regarding the N2O emission factors (EFs), they differed between treatments and ranged
from 0.87 to 2.56% in the first year and from 0.45 to 2.13% in the second year, with average
values of 1.65 and 0.90%, respectively. The highest EF values in the first year were 2.56 and
2.28% in the treatments with the injection of 100% of the dose of PS at pre-plant (PSi) and with
the injection of 50% of the dose at pre-plant and the other 50% of PS applied as surface-
broadcast (PSi + PSs), respectively. In the second year, the highest EF (2.13%) was observed
in the treatment with 100% of the dose of PS injected at pre-plant. The strategy of injecting
50% of the dose of PS at pre-plant together with DCD and applying the other 50% of N as urea
surface-broadcast (PSi + DCD + U) reduced the EFs to 0.87% in the first year and to 0.51% in
the second year. In the two years, these NoO EFs obtained with this treatment did not differ

from the two treatments that represent the two standard ways of using N in no-tillage, which
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are the urea splitted (U; 1/3 of N at pre-plant and 2/3 as surface-broadcast) and the application
of 100% of the recommended dose of PS as surface-broadcast at pre-plant (PSs).

Interactions between the factors that control N>O production make it difficult to
establish relationships between N>O fluxes (Figures la and 2a) and soil NOs3™ concentrations
(Figures 1d and 2d). However, the stepwise regression measured a positive correlation between
cumulative N2O emissions and soil NO3™ exposure for both years of our study (Figure 3). Sixty-
five (year 1) and sixty-two (year 2) percent of cumulative N>O emissions could be explained
by NOs™ intensity. Overall, greater cuamulative N>O emissions for PSi and PSi + PSs than other
treatments occurred with high NOs intensity values, PSs and PSi + U were intermediate for
cumulative N>O and NOs" intensity while the control and U treatments had the least emissions
and lowest NOs™ intensity values.

Scaling the cumulative N>O emissions by the grain yield and N accumulated for the two
crops indicated that in the maize of the two years and in the wheat of the second year the greatest
values of yield-scaled N2O emissions was found in the PSi treatment. In the wheat of year 1,
the yield-scaled N>O emission value of this treatment did not differ from the PSi1 + PSs and PSi
+ U treatments (Table 3). The only treatment where the yield-scaled N>O emission did not differ
from the control treatment nor from the two standard treatments used for N fertilization of no-
till maize and wheat [(i.e. the PSs or split urea (U) treatments)], was that in which 50% of the
initial PS dose was treated with DCD before injection, with the other 50% of recommended N

added via urea topdress (PSi + DCD + U).

2.5 DISCUSSION

2.5.1 Nitrous oxide emissions as affected by slurry application modes

In previous studies carried out in different countries comparing the emission of N>O
between the injection of PS with its surface-broadcast, the total amount of N via PS was applied
to the soil before crops seeding, with the injection having increased NoO emissions in most
situations (Aita et al., 2019, 2014; Vallejo et al., 2005).

The increase in the annual N>O emissions that was observed in the present study when
injecting 100% of the PS prior to seeding (PSi) compared to 100% of surface-broadcast
application of PS at preplant (PSs) was consistent with a previous studies that also measured
increased emissions from injected PS (Aita et al., 2019, 2014; Vallejo et al., 2005; Velthof and
Mosquera, 2011). The main difference between the studies is in the magnitude of this effect,

suggesting that site-specific climatic and edaphic properties may determine the overall effect
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of PS application modes on N>O emissions. The average increase observed in the emission of
N-N2O in the present study with the injection of PS into the soil compare to surface-broadcast
PS application, of 168% in maize and 84% in wheat, was close to that observed in similar
subtropical conditions by Aita et al. (2014) in no-till maize (136%) and winter cereals (77%).

Increased N>O production after PS injection compared to surface broadcast is likely due
to a combination of direct and indirect effects. The higher concentration of C in the injection
slots can directly increase N>O production, because it provides sufficient C for the denitrifying
heterotrophic bacteria (Beauchamp et al., 1989). Nitrous oxide production is also stimulated
indirectly because the increased C availability increases O2 consumption, which induces the
synthesis of the enzymes from facultative anaerobic bacteria involved in denitrification
(Markfoged et al., 2011; Severin et al., 2015; Velthof and Mosquera, 2011).

The increased WFPS inside the injection spots from the PS injection can also favor
denitrification by creating an anaerobic environment abundant in readily oxidizable C (Velthof
and Mosquera, 2011). In addition to C and water, the concentration of mineral N also increases
within the injection slots. This combination of high mineral N and labile C along with anaerobic
microsites provides the specific conditions required for denitrification to occur. The uniform
distribution of PS in soil provided by the surface-broadcast treatment results in more aerobic
soil conditions, thus reducing the potential for denitrification (Aita et al., 2014). Finally, the
injection of PS significantly reduces the volatilization of NH3 in relation to the surface
application (Aita et al., 2014; Sanz-Cobena et al., 2019), which increases the amount of
available N to sustain the potential for NoO production from nitrification and denitrification.
Cumulative N>O emissions were positively related to NO; intensity, which was higher in the
PSi treatment, supporting the results of Burton et al. (2008) who argued that soil NO3 intensity
could be an index of the overall exposure of denitrifies to soil NO3 and, thereby, would help

explain cumulative NoO-N emissions.

2.5.2 Nitrous oxide emissions as affected by surface-applied N sources

In no-till fields, the application of urea or PS to cereals were done on the soil surface.
The difference between the two N sources is that the PS is applied in a single dose, preceding
the sowing of the crops, while the urea is split, with the application of 1/3 of the recommended
dose of N at preplant and 2/3 as topdress. The 49% higher cumulative N2O emission observed
with surface-applied PS in relation to urea in the first year, even though equivalent amounts of

available N were applied to the crops, is consistent with other studies (Aita et al., 2019, 2014;
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Bertora et al., 2008; Dambreville et al., 2008; Grave et al., 2018) and is likely because the PS
adds not only N but also C and water to the soil (Aita et al., 2019, 2014; Pelster et al., 2012).
However, this did not occur in the second year, where the emission of N>O did not differ
between the two sources of N.

The results of the second year can be explained due to the unfavorable climatic
conditions to the production of N>O especially in maize when 100% of PS dose (PSs) but only
1/3 of N from the urea treatment (U) were applied at preplant. The occurrence of only 12 mm
of rain in the first 15 days after the application of the treatments resulted in WFPS values below
60% in most evaluations carried out during this period. In this soil condition, the production of
N2O is reduced, due to the repression in the synthesis of the enzymes involved in the different
stages of denitrification (Bouwman, 1998; Pilegaard, 2013). The results of this second year
indicates the importance of observing soil moisture conditions and forecasting the occurrence
of rains for the application of PS, giving preference to periods with low rain forecast, in order
to reduce the impact of PS on N2O emissions. As time progresses after applying PS, the impact
of rainfall on N>O production decreases, as this microbial process begins to be limited by other
factors, with emphasis on the gradual reduction in the amount of C available in the soil.

The soil of the present study has high sand and low total C concentrations. Under these
conditions, it was expected that N2oO emissions would be higher with the addition of PS than
with urea since according to Pelster et al., 2012 the addition of organic substrates such as PS
can reduce the limitation to N>O production imposed by the low soil C availability. However,
the N>O emissions were greater after PS application compared with urea in only one of the two
years, suggesting that the impact of these two N sources on N>O emission depends not only on
the soil characteristics but also on site- and weather-specific conditions (Snyder et al., 2009).

In addition to the supply of water and C by PS and environmental conditions at the time
of application of each source of N in the soil, other aspects may also favor the production of
N20 from PS relatively to urea, as observed in year 1 of the present study. The application of
all N in the soil with the PS at preplant, increasing the concentration of ammoniacal N in the
soil when there is still no demand for N by crops, combined with the rapid nitrification rate of
this ammoniacal N (Rochette et al., 2004) may favor the production of N>O, both by nitrification

as by the combined and simultaneous process of nitrification-denitrification.



32

2.5.3 Nitrous oxide emissions as affected by strategies to inject PS into the soil

We expected that splitting the N dose from PS would decrease NoO emissions compared
to the single PS application, since the N topdress is provided when the crop N demand is higher
(Folina et al., 2021). However, this strategy seems to depend on the environmental conditions
at the time the topdress is added, as indicated by the results of the first year in wheat, where the
relatively high temperature for the period (18 °C) and favorable WFPS values (70%) caused
high fluxes of N>O soon after the application of the PS topdress. A 30 mm rainfall four days
after the application of topdress PS that increased the WFPS to values that favored the
production and emission of NoO (Linn and Doran, 1984). In addition to this effect that weather
conditions have on N>O production from the topdressed PS, the application of PS when crops
are already in an active growth phase poses a series of operational problems that may not be
well accepted by producers.

The reduction observed in the N2O emission associating the injection of PS in preplant
with surface-broadcast urea topdress (PSi + U) to supply N to maize and wheat can be explained
by the fact that only half of the N was applied at preplant of crops when there is still no demand
for N, reducing the amount of substrates available for the production of N2O from nitrification
and denitrification.

As expected, the strategy that proved to be the most efficient in mitigating annual N>O
emissions, compared to the injection of PS at preplant (PSi), was the one in which DCD was
added to 50% of PS dose at the time of its injection into the soil at preplant with the other 50%
of the N applied with surface-broadcast urea topdress (PSi + DCD +U). This is due to the action
of DCD delaying the oxidation of ammoniacal N, which reduces N>O emissions by reducing
the losses associated with nitrification as well as reducing the amount of substrate for
denitrification (McGeough et al., 2016; Moir et al., 2012; Vallejo et al., 2005). Therefore, the
combination of injecting less ammoniacal N into the soil at preplant combined with the
nitrification inhibitor delays the appearance of NO3™ in the soil, hopefully at least until the crop
N demand is higher.

In addition to significantly reducing the production of N>O when associated with the
use of DCD, the injection of 50% of the PS dose at preplant preserves the ammoniacal N of PS
in the soil, since the volatilization of NH3 is practically eliminated with the injection of PS in
no-till soils, as evidenced by several studies (Aita et al., 2019, 2014; Costa et al., 2014; Nyord
et al., 2012; Sanz-cobena et al., 2019).
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254 Strategies of pig slurry use effects on N20 emission factors and yield-scaled emissions

The differences in environmental conditions and in the amounts of N added to the soil
explain the differences found in the N>O emission factors between the two years. The greater
occurrence of rainfall and the increase in WFPS values in the first weeks after the application
of treatments specially in maize and the application of 44% more N in the two crops in year 1
than in year 2, reduced the mean EF values of all treatments from 1.65% to 0.9% from the first
to the second year. The effect of increasing the amount of N applied to the soil and the WFPS
values favoring the production and emission of N2O is already well documented (Velthof and
Mosquera, 2011; Pelster et al., 2012).

The comparison of the two N sources that were applied on the soil surface (U and PSs)
showed that both resulted in EFs close to or even lower than the default IPCC emission factor
of 1%. Even when all N recommended for the crops was applied with PS at sowing (PSs), the
mean EF value obtained was 0.97%. This low potential for N>O production from surface-
broadcast of PS in no-till subtropical soils is in line with Aita et al. (2014) and Aita et al. (2019)
and could be attributed to a combination of the well-aerated surface soil, to the low mineral N
concentration resulting in an even distribution of slurry, and to the NHj3 volatilization losses. In
addition to these factors, splitting urea in synchrony with the N demand of crops should be the
main responsible for the low EFs observed with this synthetic N source.

When the amount of N recommended for maize and wheat was fully applied with PS,
with its injection into the soil at the time of sowing crops (PSi), the mean EF (2.34%) was more
than twice the default IPCC emission factor value, which is in agreement with the results of
other studies, where the injection of PS into the soil increased the FE values, in relation to
surface-broadcast application, from 1.60 to 2.95% in tall fescue (Festuca arundinacea Schreb.)
(Vallejo et al., 2005), 0.9 to 3.6% in maize (Velthof and Mosquera, 2011), 1.27 to 3.58% in
maize (Aitaetal.,2014) and 1.23 to 2.96% in winter cereals (Aita et al., 2019). A fixed emission
factor in % of the applied N, as currently used by IPCC, does not reflect the effect of the
techniques to apply PS in the soil on N2O emissions. Our results support the use of specific EFs
values according to application methods of PS, as suggested earlier for subtropical (Aita et al.,
2014) and cooler climates (Perila et al., 2006).

Of the three strategies of PS use evaluated with the objective of preserving ammoniacal
N of PS by reducing the volatilization of NH3 and at the same time mitigating N>O emissions,
in relation to the injection of the recommended dose of N-PS into the soil, two of them they

proved to be relatively ineffective. When 50% of the PS dose was injected at sowing and the



34

other 50% of the N was applied in top dressing, with manure (PSi + PSs) or with urea (PSi +
U), the mean FE values (1.58 and 1.28%, respectively) exceeded the default [PCC emission
factor of 1% (IPCC, 2006). In the two years, the only strategy of applying N in maize and wheat
that resulted in an EF (0.69%) lower than the default IPCC emission factor of 1% and which
also did not differ from the standard treatments with 100% of the PS dose applied at preplant
as surface-broadcast (PSs) or splitted urea (U) was that in which 50% of the PS dose was
injected into the soil together with DCD at sowing, with the remaining 50% of N applied in
topdress with urea (PSi + DCD + U).

The yield-scaled provides additional information to assess the impact of agricultural
systems on N2>O emissions. Yield-scaled per grain unit varied between years, with higher values
in year 1 (ranging from 0.18 to 1.03 kg N-N,O Mg!) than in year 2 (ranging from 0.08 to 0.45
kg N-N2O Mg 1), with the highest values found in PSi (Table 3). The difference between the
years is due to two factors, 1 the reduction in emission of N-N>O and, 2" the increase in crop
productivity in year 2 compared to year 1. These values are similar to those reported by Aita et
al. (2015) (0.30 a 0.43 kg N-N>O Mg!) and by Chantigny et al., 2013) (0.22 to 0.47 kg N-N,O
Mg™). The same grain yield values were found in PSi and in the strategies (PSi + PSs, PSi + U
and PSi + DCD + U) strategies in years 1 and 2 for maize and in year 2 for wheat (Queiroz et
al., unpublished data), but the Yield-scaled of the PSi in these cultures was around 57% higher
than in the strategies, indicating that the environmental impact arising from the emission of N-
N2O was reduced when the split PS was used, with or without the addition of DCD, exclusively

via PS or combined with Urea.

2.6 CONCLUSION AND PERSPECTIVES

The results of this work are in agreement with previous studies confirming that the
shallow-injection of PS at typical agronomic rates under no-till subtropical soils significantly
increases the emission of N2O compared to surface-broadcast, but this negative effect can be
mitigated when the injection is accompanied by conservation strategies. The addition of the
DCD to only 50% of the amount of N from PS injected at preplant, with the remaining 50% of
N being added with topdress urea reduced NOs intensity and also yield-scaled N>O emissions.
Our findings suggest that using this strategy of PS use in no-till soils it is possible to obtain FE
values smaller than the Intergovernmental Panel on Climate Change (IPCC) default value (1%).
Another advantage from an agronomic point of view is that reducing the amount of PS to be

added per hectare, it will be possible to fertilize twice the area with this organic residue.
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Table 1 - Main characteristics and application rate of pig slurry (PS), and quantities of total C,
total N, total ammoniacal N (TAN), and dry matter (DM) applied in maize and wheat in each

year.
Year Timing of PS and pH PS rate DM Total Total TAN Total Total TAN
urea application® C N C N
Maize (m® ha™") (gkgh (kgha™)
Single application 6.6 46 40.3 159 4.1 2.7 731 189 124
Split-application
Pre-planting 6.6 23 403 159 4.1 2.7 366 94 62
Year ‘ourthtosixth-leaf o 23 381 159 40 26 366 92 60
X stage
Wheat
Single application 7.5 60 105 2.5 2.2 1.9 150 132 114
Split-application
Pre-planting 7.5 30 10.5 2.5 2.2 1.9 75 66 57
Tillering stage 7.4 30 132 3.6 2.0 1.6 108 60 48
Maize
Single application 8.1 61 273 3.8 2.3 1.4 232 140 86
Split-application
Pre-planting 8.1 30 273 38 2.3 1.4 114 69 42
Year Fourthtosixth-leaf g, 38 201 32 18 13 122 68 49
5 stage
Wheat
Single application 7.7 30 385 4.0 3.5 2.3 120 105 69
Split-application
Pre-planting 7.7 15 385 4.0 3.5 2.3 60 53 35
Tillering stage 8.0 15 364 11.5 34 2.2 173 51 33

aSingle application of PS was made at preplant of maize and wheat.
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Table 2 — Cumulative N>O emissions during maize and wheat growing season, during non-
cropped period and during the entire period, and N2O emission factors (EFs).

Cumulative N>O emissions (kg N,O-N ha')

N2O EFs (% of N applied)

Treatments Maize Non. Wheat Maize Wheat
growing growing  Annual growing  growing  Annual
season cropped season season season

Year 1
Control 042c 0.10 cd 0.16 ¢ 0.68d - - -
0] 2.06b 0.11cd 1.29d 346¢ 1.10b 1.03d 1.08d
PSs 2.14b 0.19a 282¢ 5150 091b 2.02¢ 1.40 cd
PSi 440a 0.08d 4410 8.89a 2.11a 3220 2.56a
PSi+ PSs 248 b 0.13 be 539a 8.00 a 1.09b 39a 2.28 ab
PSi+U 248D 0.16 ab 3.04c 5.68b 1.22b 238¢ 1.72 be
PSi+DCD+U 1.82b 0.16 ab 1.22d 320 ¢ 0.83b 0.88d 0.87d
LSDo.os 1 0.04 0.87 1.65 0.64 0.72 0.59
Year 2
Control 0.23d 0.07b 0.19¢ 0.49d - - -
U 048cd  0.11ab 0.81 be 1.40 cd 023 ¢ 0.78 b 0.48b
PSs 0.46 cd 0.17a 1.15b 1.78 be 0.17 ¢ 093b 0.54b
PSi 2.56a 0.14 ab 290 a 5.60a 1.71 a 263a 213a
PSi+ PSs 1.16 b 0.09 ab 1.37b 2.62b 0.68b 1.14b 0.89b
PSi+U 0.80 be 0.08b 1.43b 231 be 0.46 be 1.35b 0.84b
PSi+DCD+U 040cd 0.11ab 1.07b 1.58¢ 0.14 ¢ 0.97b 0.51b
LSDo.os 0.48 0.09 0.65 0.98 0.4 0.72 0.45

*Values followed by the same letter within a column are not significantly different (p < 0.05). (PS) pig slurry, (i)
injected, (s) surface-broadcast, (U) urea, and (DCD) dicyandiamide.
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Table 3 - Yield-scaled N,O emission in the maize/wheat succession.

Yield-scaled N>O emissions

Treatments® Per unit grain yield Per unit total N uptake
(kg NoO-N Mg™) (g NoO-N kg™

Maize Wheat Annual Maize Wheat Annual
Year 1
Control 0.14 ¢ 0.24d 0.18 ¢ 9.57 ¢ 6.20 ¢ 9.84d
U 0.29 be 0.63d 0.37 de 15.90 bc 17.79 de 16.75 cd
PSs 0.32 be 1.22¢ 0.57 cd 21.47 bc 41.16 bc 30.52 be
PSi 0.67 a 2.20 ab 1.03a 46.45 a 81.06 a 59.50 a
PSi +PSs 0.34 bc 240 a 0.85 ab 21.89 be 62.62 ab 39.56 b
PSi +U 0.38b 1.70 be 0.67 bc 24.61 b 37.89 cd 31.18 be
PSi+DCD +U 0.24 be 0.48d 0.31de 13.68 bc 11.51e¢ 13.39d
LSDy.05 0.22 0.52 0.26 14.63 23.04 16.19
Year 2
Control 0.05c¢ 0.22¢ 0.08 d 3.71 be 6.88 ¢ 549 ¢
U 0.05¢ 0.32 be 0.12 cd 3.69 bc 12.00 bc 7.22 be
PSs 0.05c¢ 0.58b 0.16 bed 3.64 be 23.26b 10.05 be
PSi 0.25a 1.31a 0.45a 17.65 a 4595a 26.79 a
PSi +PSs 0.11b 0.59b 021b 7.49 b 20.50 b 11.81b
PSi +U 0.08 be 0.59b 0.18 be 5.26 bc 20.74 b 10.42 be
PSi +DCD +U 0.04 ¢ 0.45 be 0.12 bed 2.68 ¢ 15.75 bc 7.31 be
LSDy.05 0.05 0.28 0.09 4.67 11.79 6.01

*Values followed by the same letter within a column are not significantly different (p < 0.05). (PS) pig slurry,
(i) injected, (s) surface-broadcast, (U) urea, and (DCD) dicyandiamide.
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Figure 1 — Nitrous oxide emission and rainfall (a), soil temperature and water-filled pore space
(WFPS) (b), contents of NH4" (¢) and NOs" (d) in the 0-10 cm soil layer after the application of
treatments in maize and in wheat and during the non-cropped period for the year 1. Arrows
indicate application of the treatments and sowing (A/S), PS and urea as surface-broadcast split
application (R), and harvest (H). (PS) pig slurry, (i) injected, (s) surface-broadcast, (U) urea,
and (DCD) dicyandiamide.
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Figure 2 — Nitrous oxide emission and rainfall (a), soil temperature and water-filled pore
space (WFPS) (b), contents of NH4" (¢) and NOs™ (d) in the 0-10 cm soil layer after the
application of treatments in maize and in wheat and during the non-cropped period for the
year 2. Arrows indicate application of the treatments and sowing (A/S), PS and urea as
surface-broadcast split application (R), and harvest (H). (PS) pig slurry, (i) injected, (s)
surface-broadcast, (U) urea, and (DCD) dicyandiamide.
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Figure 3 — Relationship between nitrate exposure and cumulative N2O emissions for each year.

(PS) pig slurry, (i) injected, (s) surface-broadcast, (U) urea, and (DCD) dicyandiamide.
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3. ARTIGO II: ESTRATEGIAS DE USO DE DEJETO LIQUIDO DE SUINOS PARA
AUMENTAR A EFICIENCIA DO USO DO NITROGENIO NA SUCESSAO
TRIGO/MILHO

3.1 RESUMO

A injecdo dos dejetos liquidos de suinos (DLS) ¢ eficiente em reduzir as perdas de N via
volatilizacdo de amodnia, porém, potencializa a emissdo de N2O. O objetivo desse estudo foi
avaliar estratégias de uso dos DLS em plantio direto para aumentar a eficiéncia de uso do N,
com sistema de cultivo bianual (milho-trigo). O experimento foi conduzido em Argissolo
Vermelho, sob clima subtropical por 3 anos. As variaveis analisadas foram producao de graos
e producdo de matéria seca, com esses valores foi determinado o indice de eficiéncia
agrondmica do uso do nitrogénio (EAN) e a recuperagdo aparente do nitrogénio (RAN). Foram
testados os seguintes tratamentos: sem fertilizante (Controle), ureia aplicado na superficie do
solo (U), DLS aplicado na superficie do solo (DLSs), DLS injetado (DLSi), parcelamento da
dose de N combinando a injecdo de 50% da dose de DLS na semeadura com (DLSi+DCD+U)
ou sem (DLSi+U) DCD, com os restantes 50% do N aplicados em cobertura na superficie do
solo via ureia ou DLS (DLSi+DLSs). No acumulado dos trés anos avaliados, o DLSi+DLSs e
o DLSi+U tiveram rendimento de graos ¢ EAN iguais ao DLSi, para o milho e o trigo.
Comparando o DLSi ao DLSi+DCD+U houve aumento na produtividade de graos de milho
(+1,7 Mg ha!) e trigo (+0,9 Mg ha!), na EAN de milho (+7,7 kg grio kg™! N) e trigo (+4.,2 kg
grio kg'! N) e na recuperagdo aparente do N (RAN) do trigo (+21,9%). Nao houve diferenca
entre 0 DLSi+DLSs e o DLSi+U em todas as variaveis avaliadas para ambas as culturas. Na
comparacdo entre o0 DLSi+U e o DLSi+DCD+U, o uso da DCD aumentou a produtividade de
grios (+0,8 Mg ha!), o acumulo de N total (+31,8 kgha') e a RAN (+10,4%) no trigo, no milho
ndo houve diferenga entre esses dois tratamentos.

Palavras Chave: Aplicagdo parcelada, injegdo de dejeto no solo, dicianodiamida, plantio
direto.
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3.2 ABSTRACT

The injection of pig slurry (PS) is efficient in reducing N losses via ammonia volatilization,
however, it potentiates NoO emission. This study aimed to evaluate the use of PS in no-tillage
to increase the efficiency of N use, with a biannual cultivation system (maize-wheat). The
experiment was carried out in Typic Hapludalf, under a subtropical climate for 3 years. The
variables analyzed were grain production and dry matter production, with these values
determined as the agronomic efficiency index of nitrogen use (EAN) and the apparent nitrogen
recovery (RAN). The following procedures were tested: without fertilizer (Control), urea
applied to the soil surface (U), PS applied to the soil surface (PSs), PS injected (PSi), splitting
the dose of N combining the injection of 50% of the dose of PS at seeding with (PSi + DCD +
U) or without (PSi+U) DCD, with the remaining 50% of N science in soil surface coverage via
urea or PS (PSi+PSs). In the three-year period obtained, PSi+PSs and PSi+U grain yield and
EAN equal to PSi, for maize and wheat. Comparing PSi to PSi+DCD+U, there was an increase
in maize grain yield (+1.7 Mg ha'!) and wheat (+0.9 Mg ha!) in maize EAN (+7.7 kg grain kg’
'N) and wheat (+4.2 kg grain kg! N) and in the apparent N recovery (RAN) of wheat (+21.9%).
There was no difference between PSi+PSs and PSi+U in all variables evaluated for both
cultures. In the comparison between PSi+U and PSi+DCD+U, the use of DCD increased grain
yield (+0.8 Mg ha™!), the total N accumulation (+31.8 kg ha') and RAN (+ 10.4%) in wheat, in
maize there was no difference between these two treatments.

Keywords: Split application, slurry injection in soil, dicyandiamide, no-till.
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3.3 INTRODUCAO

A crescente demanda por alimentos, aliada a necessidade de reduzir o impacto ambiental
gerado pela agricultura ¢ um dos maiores desafios do século XXI. Atualmente, o aumento da
produtividade estd baseada na adicdo de maiores doses de fertilizantes, principalmente o
nitrogénio (Ewel et al., 2019). Porém, aplicacdo de maiores doses de N resulta em menores
indices de eficiéncia do uso do N pelas culturas (Noor, 2017), pois aproximadamente 50% do
N contido nos fertilizantes, organicos ou minerais, ¢ perdido para o meio ambiente (Lassaletta
et al., 2014). A perda de nitrogénio dos sistemas agricolas degrada o solo, a 4gua e o ar por
meio de lixiviagdo, eutrofizacao e emissao de gases de efeito estufa (Vitousek et al., 2009).

No Brasil, a produgdo intensiva de suinos resulta em um grande volume de dejetos,
chamados de dejetos liquidos de suinos (DLS). Com intuito de realizar um gerenciamento
sustentavel dos DLS, os mesmos vem sendo utilizados como fertilizante agricola, pois podem
substituir o uso de fertilizantes minerais sem prejuizo na produtividade das culturas (Erdmann
et al., 2020; Gonzatto et al., 2017). Contudo, a aplicagdo dos DLS na superficie do solo
potencializa a perda de N por emissdes gasosas, principalmente por volatilizacdo de amonia,
que variam entre 20% (Sanz-cobena et al., 2019) e 50% (Rochette et al., 2009) do N amoniacal
total aplicado. As diferentes formas de perda do N reduzem a disponibilidade desse as culturas
e consequentemente diminuem a produtividade das culturas, o que gera um impacto econdmico
negativo (Lu et al., 2021; Yang et al., 2017).

Estratégias que aumentem a eficiéncia do uso do N pelas culturas e reduzam o potencial
poluidor do DLS vem sendo estudados em diferentes paises, como Brasil (Aita et al., 2019;
Erdmann et al., 2020; Gonzatto et al., 2017), Espanha (Martinez et al., 2017; Mateo-Marin et
al., 2020; Moreno-Garcia et al., 2017), China (Du et al., 2019), Canadéa (Ball Coelho et al.,
2006; Pelster et al., 2021) e Alemanha (Federolf et al., 2017; Severin et al., 2015). Uma
estratégia que se mostrou eficiente em reduzir a perda de N por volatilizagdo de amdnia em até
90% (Aita et al., 2019, 2014) e aumentou a produtividade das culturas entre 10-20% (Gonzatto
etal., 2017; Erdmann et al., 2020) ¢ a injecdo do DLS no solo. Porém, esse método potencializa
a formagdo do N>O via desnitrificagdo, devido a adi¢cdo de carbono orgénico soluvel, dgua e
nitrogénio inorganico no interior do sulco de inje¢do via DLS, que sdo aplicados em dose unica
antes da semeadura das culturas (Aita et al., 2014; Chantigny et al., 2010).

Uma estratégia para reduzir a emissao de NoO quando os DLS sao injetados no solo ¢ o
uso de inibidores de nitrificagdo, como por exemplo a dicianodiamida (DCD), que tem potencial

de mitiga¢do da perda de nitrogénio via N>O entre 50 a 75% (Ershadi et al., 2020). No entanto,
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ainda ¢ inconclusivo o impacto do uso de inibidor de nitrificagdo na eficiéncia do uso do N
pelas culturas, trabalhos demonstram pouca (Moir et al., 2012) ou nenhuma influéncia na
produtividade (Aita et al., 2015). O parcelamento da dose de N ¢ outra estratégia que demonstra
potencial em aumentar a eficiéncia de uso do N pelas plantas e reduzir o impacto ambiental
negativo causado pela adi¢do de fertilizantes (Lu et al., 2021). Contudo, o parcelamento da dose
de N ¢ geralmente realizado com o uso de fertilizantes minerais, devido a dificuldade de aplicar
residuos organicos quando ha plantas na area.

A combinac¢ao da adubagao organica na semeadura das culturas com a adubagao mineral
em cobertura, pode ser uma op¢ao para aumentar a eficiéncia do uso do N e, consequentemente,
reduzir o impacto ambiental causado pela aplicagdo em dose unica dos DLS injetados. Portanto,
¢ importante avaliar o efeito da aplicacdo de 100% dos DLS na semeadura na superficie do solo
ou injetado com trés novas estratégias de uso dos DLS, combinando a inje¢ao de 50% da dose
de N via DLS na semeadura com ou sem a adi¢do de DCD, com os restantes 50% do N aplicados
em cobertura na superficie do solo, via DLS ou ureia sobre a eficiéncia de uso do N. As
variaveis avaliadas no presente estudo foram produgdo de graos, producdo de matéria seca,
acumulo de N nos graos e na matéria seca, recuperagdo aparente do nitrogénio e eficiéncia

agrondmica do uso do N nas culturas de milho e trigo em plantio direto, no sul do Brasil.

3.4 MATERIAIS E METODOS

3.4.1 Local e solo

O experimento foi conduzido entre dezembro de 2015 e outubro de 2019, na area
experimental do Departamento de Solos da Universidade Federal de Santa Maria, Brasil (29°
717 94 S; 53° 70’ 44” O, 88 m de altitude). O clima ¢é subtropical imido (tipo Cfa2 na
classificagdo de Koppen) e as temperaturas médias variam de 30,4 °C em janeiro (verdo) a 9,3
°C em junho (inverno), a precipitagao média anual € de 1.700 mm distribuidos uniformemente
ao longo do ano. O solo foi classificado como Argissolo Vermelho (Santos et al., 2006) ou
Typic Hapludalf (Soil Survey Staff, 2014). No inicio do experimento foram coletadas amostras
de solo na camada 0 — 0,10 m para caracterizacdo quimica e fisica do solo. O solo possuia 1,2
g kg'! de matéria organica; 600 g kg™ de areia; 120 g kg™ de argila; 21,8 mg dm™ de fosforo
(P) e 56,0 mg dm™ de potassio (K), ambos extraidos por Mehlich-1; 2,5 cmol. dm™ de calcio
(Ca); 1,2 cmole dm™ de magnésio (Mg); pH (H20) 5,8 e densidade aparente de 1,67 g cm™.
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Antes da instalacdo do experimento a area foi cultivada com cana-de-actcar (Saccharum
officinarum L.) por quatro anos (2010 a 2014). Em 2014, realizou-se calagem com aplicacao
de 1,0 Mg ha! de calcario dolomitico, com incorporagio via ara¢io e gradagem. No periodo de
janeiro a maio de 2015 a area foi cultivada com soja (Glycine max L.) e no més de junho de
2015 foi realizada a semeadura de aveia preta (4vena strigosa Schreb.). A producao de matéria

seca da aveia na maturagdo fisiologica foi de 2,0 Mg ha™'.

3.4.2 Tratamentos e delineamento experimental

Foram realizados trés cultivos de milho (Zea Mays L.) — trigo (Triticum aestivum L.),
no periodo de 2015 a 2019, sendo de 11/12/2015 a 28/11/2016 denominado ano 1, de
19/11/2017 a 06/11/2018 denominado ano 2 e de 20/11/2018 a 25/10/2019 denominado ano 3.
Sete tratamentos foram testados: (I) Controle: (sem adi¢do de fertilizantes); (II) U (N aplicado
via ureia na superficie do solo, com 1/3 da dose de N na semeadura e 2/3 do N aplicado em
cobertura); (IIT) DLSs [100% da dose de N aplicada via dejetos liquidos de suinos (DLS) na
semeadura na superficie do solo (s)]; (IV) DLSi [100% da dose de N aplicada via DLS na
semeadura injetado em subsuperficie no solo (1)]; (V) DLSi + DLSs [N aplicado via DLS, com
50% da dose injetada no solo na semeadura mais 50% aplicada em cobertura]; (VI) DLSi + U
[50% da dose de N aplicada via DLS injetado no solo na semeadura mais 50% do N aplicado
em cobertura via ureia]; (VII) DLSi + DCD + U (50% da dose de N aplicada via DLS com
adi¢do de DCD injetado no solo na semeadura mais 50% do N aplicado em cobertura via ureia).
Os sete tratamentos foram arranjados em delineamentos de blocos ao acaso com quatro
repeticdes e sempre reaplicados nas mesmas parcelas (3 x 10 m) durante o estudo.

Os dejetos liquidos de suinos foram oriundos de animais em fase de terminagdo, em
sistema de confinamento total e foram armazenados em esterqueira anaerdbica. Antes da
aplicacdo do DLS foi realizada analise quanto o teor de matéria seca, determinado apds secagem
em estufa a 65 °C até peso constante. O C total na matéria seca do DLS foi determinado por
combustio a seco. O N total € o N amoniacal total (NH3 + NH4") foram determinados em DLS
fresco pelo método de Kjeldahl e por destilagdao na presenga de MgO, respectivamente, ¢ o pH
foi determinado diretamente em DLS fresco. As principais caracteristicas dos DLS estao
demostradas na Tabela 1.

As doses de dejetos liquidos de suinos e de fertilizante mineral foram calculadas com
base nas recomendagdes do Manual de Adubacdo e Calagem da Comissdo de Quimica e

Fertilidade do Solo — RS/SC (CQFS). A adubagdo das culturas implantadas no ano 1 foi
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calculada conforme a edi¢ao de 2004 (CQFS, 2004), prevendo a disponibilidade de 150 kg N
ha'! para o milho e 110 kg N ha™! para o trigo. A adubagdo das culturas nos anos 2 e 3 foi
calculada de acordo com a edi¢do de 2016 (CQFS, 2016), prevendo 110 e 80 kg ha! de N
disponivel para o milho e o trigo, respectivamente. O tratamento U também recebeu adi¢ao de
P e K em superficie na semeadura das culturas, 160 kg de P,Os e 110 kg K>O, superfosfato
triplo e cloreto de potéssio, respectivamente. O inibidor de nitrificagdo dicianodiamida (DCD)

foi diluido no DLS e imediatamente aplicado no solo, na dose de 10 kg ha!,

3.4.3 Semeadura e colheita das culturas

O milho, Agroeste AS1551 PRO2, no ano 1, Agroceres AG8780 PRO3, no ano 2 e
Pioneer 30F53 VYHR, no ano 3 foi semeado em 11/12/2015, 19/11/2017 e 20/11/2018 na
densidade de 60.000 plantas ha'. O trigo (Embrapa BRS Marcante) foi semeado em
01/07/2016, 18/06/2018 e 07/06/2019, na densidade de 300.000 plantas ha '. A semeadura das
culturas foi realizada no dia seguinte as adubagdes. Para determinacdo da matéria seca (MS)
foram coletadas aleatoriamente 5 plantas para o milho e 4 amostragens de 0,5 m lineares para
o trigo, que foram secas a 65 °C até peso constante. Sub amostras de graos e MS foram
finamente moidos (< 100 mesh) para andlise da concentracdo de nitrogénio, realizada por
combustio seca (Flash EA 1112, Thermo Finnigan, Mildo, Italia). O acumulo de N foi calculado
multiplicando a produ¢do de MS pela concentragao de N.

Para determinacdo do rendimento de graos do milho foi colhida, em 14/04/2016,
06/04/2018 € 01/05/2019, uma 4area de 16,8 m? em cada parcela, contendo em média 98 plantas.
Ja o trigo foi colhido em 28/11/2016, 06/11/2018 € 25/10/2019 uma area de 16 m? dentro de
cada parcela, coletando as plantas de 12 linhas centrais com 8 m de comprimento. Para ambas
as culturas foi realizada correcao da umidade dos graos para 13%. Apos a colheita do trigo em
2016 a area permaneceu em pousio até a semeadura de aveia preta em 14/07/2017, sem
aplicacdo de fertilizantes, com o objetivo de produzir MS para possibilitar a continuidade do
experimento com a semeadura do milho em 19/11/2017. A aveia foi dessecada com o uso de

herbicida em 14/11/2017 e produziu 3 Mg ha™! de matéria seca.

3.4.4 Indices de eficiéncia de nitrogénio

A eficiéncia do uso do nitrogénio foi expressa em dois indices: eficiéncia agronomica

do uso do N (EAN) (kg de graos por kg de N aplicado) calculado de acordo com Yagiie and
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Quilez (2010) (Eq. 1) e recuperagao aparente do N (RAN) expressa em percentagem e calculada

de acordo com (Jensen, 2013) (Eq. 2) assumindo a ndo ocorréncia de efeito priming.

Produgio de grios (tratamentos)—Producio de grios (testemunha)

EAN (kg graokg™ 1 N) = (1)

Total N aplicado (tratamentos)

) _ Napsorvido (tratamento)—Ngpsorvido (testemunha)

RAN (%

«100 2)

Total Ngpjicado (tratamento)

3.4.5 Amostragem de solo e analises

O teor de N mineral do solo foi avaliado na camada 0 — 0,10 m durante todo o periodo
de condugao do experimento, com maior frequéncia de coletas no primeiro més apds a aplicagdo
dos fertilizantes nitrogenados. Cada amostra de solo foi composta de cinco subamostras
coletadas aleatoriamente nos tratamentos onde foram realizadas adubagdes em superficie e
cinco subamostras coletadas nas linhas de injecdo do DLS nos tratamentos onde os DLS foram
injetados no solo. O N inorganico do solo (NHs+" ¢ NOj3") foi extraido agitando 20 g de solo
timido em 80 mL de KCI 1 mol L"! por 30 minutos. Apo6s 30 min de decantacio o sobrenadante
foi filtrado (papel filtro Whatman C42) e congelado para posterior analise. O NHs" ¢ 0 NO3
foram quantificados por destilagdo com adi¢ao de MgO e liga de devarda, respectivamente, e
titulado com H2SO4 0.0025 M. Uma subamostra de solo foi levado a estufa a 105 °C por 24
horas para determina¢ao da umidade do solo. A concentragcdo de N mineral no solo foi expressa

em mg de N por kg de solo seco.

3.4.6 Analise estatistica

Os dados de produtividade de matéria seca (MS) e de graos, acimulo de N na MS,
acumulo de N nos graos e total (MS + grao), recuperacao aparente do N (RAN), eficiéncia
agrondmica do uso do N (EAN) e teor de NHs" e¢ NO; foram submetidos ao teste de
normalidade e homoscedasticidade das variancias, quando apresentaram distribui¢cdo normal
foi realizada a analise de variancia usando o software Sisvar (versdo 5.8 — Build 92). Quando
houve diferenga significativa na analise da variancia foi realizado a comparagao das médias dos
tratamentos usando a menor diferenca significativa de Fisher (LSD). Seis contrastes foram
realizados para avaliar as diferengas entre os tratamentos: Com vs. Sem fertilizacdo (todos os

tratamentos com fertilizante vs. Controle); fertilizante mineral vs. DLS na superficie do solo;
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DLS na superficie do solo vs. DLS injetado em subsuperficie; DLS injetado na subsuperficie
vs. Parcelamento da dose de N, exclusivamente via DLS, ou DLS + ureia, com e sem DCD;
parcelamento da dose de N exclusivamente via DLS vs. DLS + ureia com e sem DCD;
Parcelamento da dose de N com DLS + ureia sem DCD vs. Parcelamento da dose de N com

DLS + DCD + ureia. A significancia estatistica foi postulada em p <0,05.

3.5 RESULTADOS E DISCUSSOES

3.5.1 Sem uso de fertilizante versus tratamentos fertilizados

O uso de fertilizantes organico e/ou mineral aumentou significativamente (p<0,05) a
produtividade de graos e de matéria seca nos trés anos avaliados (Tabelas 2 € 3) em comparagao
ao Controle. Na média dos tratamentos com uso de fertilizante, a produtividade de graos
aumentou aproximadamente 119, 112 e 328% no milho e 203, 161 e 182% no trigo em relagao
ao Controle, nos anos 1, 2 e 3, respectivamente. Esses resultados estdo relacionados a baixa
fertilidade natural do solo da area experimental, evidenciado pelo elevado potencial de resposta
das culturas a adubagdo nitrogenada. A maior diferenca de produtividade entre os tratamentos
que receberam nitrogénio em relagdo ao Controle para cultura do milho foi no ano 3 (Tabela 2)
resultado da baixa disponibilidade de N no solo, a qual vai reduzindo a cada cultura,
comprovando a necessidade de adicao de fertilizantes para manter a produtividade das areas
(Martinez et al., 2017).

Em acordo ao observado com a produtividade de graos, o acumulo de N nos graos do
milho e do trigo também aumentou significativamente com o uso de fertilizante, DLS e/ou U,
em relagdo ao tratamento Controle, sem o uso de fertilizantes. No efeito cumulativo dos trés
anos avaliados, o0 aumento no acumulo de N no grdo nos tratamentos que receberam fertilizantes
em compara¢do com a testemunha foi de 182% e 210% no milho e no trigo, respectivamente

(Tabela 4).

3.5.2 Adubacio na superficie do solo: Ureia versus DLS

No milho, os tratamentos que tiveram a aplicacdo de fertilizantes exclusivamente na
superficie do solo, DLSs e U, ndo diferenciaram entre si quanto a produgdo de graos nos trés
anos, sendo a produtividade média de 7,1, 9,0 e 5,3 Mg ha™! nos anos 1, 2 e 3 respectivamente.

A producio de matéria seca (MS) do milho foi maior no U (+0,77 Mg ha™') do que no DLSs no
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ano 1, ndo havendo diferenca nos anos 2 e 3 (Tabela 2). Para o trigo, no ano 1 o DLSs teve
maior producdo de MS que o U (+1,34 Mg ha!). Em contrapartida, nos anos 2 ¢ 3 o U teve um
melhor desempenho que o DLSs, com maior produ¢io de grios no ano 2 (+0,62 Mg ha') e
maior produgido de MS no trés (+0,37 Mg ha'!) (Tabela 3). No efeito cumulativo dos 3 anos,
ndo houve diferenga na produgdo de graos, MS e acimulo de N entre 0 DLSs e U no milho,
para o trigo ndo houve diferenca na produgdo de graos e de MS, mas o acimulo de N foi maior
no U (+32,1 kg ha™) (Tabela 4).

Estudos que comparam produtividade de graos em areas adubadas com DLS ou ureia,
ambos aplicados na superficie do solo, apresentam resultados contraditérios quanto a
produtividade, onde a producdo de milho apés fertilizagdo DLS foi em torno de 13% maior
(Bacca et al., 2020), igual (Erdmann et al., 2020; Gonzatto et al., 2017; Schlegel et al., 2015)
ou em torno de 25% menor (Marchezan et al., 2020) que a produgdo apds a fertilizagdo com
ureia . Ja para o trigo os dois fertilizantes ndo apresentaram diferencas quanto a producdo de
graos (Gonzatto et al., 2017). Esses resultados se devem aos diferentes modos de aplicacao dos
fertilizantes, aplicados em dose tnica ou parcelados, caracteristicas do DLS, tipo de solo e
condigdes climaticas (Berenguer et al., 2008; Schlegel et al., 2015). No presente estudo a forma
de aplicacdo da ureia e do DLS foram diferentes, visando realizar as praticas utilizadas pelos
agricultores, com parcelamento da dose de N no U (1/3 na semeadura e 2/3 na cobertura) e a
aplicacdo em dose unica na superficie do solo na pré-semeadura no DLSs. O efeito cumulativo
dos 3 anos mostra que o DLS consegue suprir a necessidade das culturas, ndo havendo diferenca
na produgado de graos e de MS em comparacao a aplicagao de ureia, comprovando o potencial
do DLS em substituir os fertilizantes minerais no suprimento de N para as culturas (Mateo-

Marin et al., 2020; Moreno-Garcia et al., 2017; Schlegel et al., 2015).

3.5.3 Modo de aplicacdo do DLS: Superficie versus injetado

Comparando o modo de aplicagdo do DLS no solo (injecdo em subsuperficie x aplicacido
em superficie), observa-se que quando 100% da dose de DLS foi aplicada na semeadura do
milho, a inje¢do do DLS (DLSi) resultou em produtividade de graos igual a aplicagdo
superficial (DLSs) nos anos um e trés. No ano 2 foi verificado um incremento na produgao de
grios de milho no DLSi de 19%, 8,8 Mg ha™! no DLSs em comparacio a 10,5 Mg ha! no DLSi
(Tabela 2), resultados semelhantes aos encontrados por Erdmann et al., 2020), onde a inje¢ao
dos DLS aumentou a produtividade de graos em aproximadamente 20%. O efeito positivo da

injecdo dos DLS no solo pode ser atribuido a reducdo das perdas de N via volatilizacao de
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amonia (NH3), que no DLS aplicado em superficie podem chegar a 50% de perdas do N
amoniacal total (Rochette et al., 2009) ou em média 30% do N total aplicado. Quando injetado
no solo essa perda por volatilizagdo de NHj3 fica proxima a zero (Aita et al., 2014). A
manutengao do N no solo pode ser confirmada pelos valores de N mineral, onde o DLSi teve
concentragdes de N mineral (NH4" e NO3) no solo superiores ao DLSs (p<0,05) por
aproximadamente 30 dias no milho (Tabela 5) e 40 dias no trigo (Tabela 6) apds a aplicagdo do
DLS. Para o trigo a produtividade de graos nao foi afetada pelo modo de aplicagcao do DLS nos
trés anos avaliados, esse resultado pode estar atribuido a menor volatilizagdo de NH3 em
menores temperaturas (Siman et al., 2020; Segaard et al., 2002), fazendo com que as perdas de
N na aplicagdo em superficie ndo sejam suficientes para causar prejuizos a produtividade das
culturas de inverno.

No efeito cumulativo dos trés anos, a produtividade de graos e de MS no DLSi foi
superior a0 DLSs em 2,5 ¢ 1,9 Mg ha! (12 e 9%) respectivamente no milho. No trigo ndo houve
diferenca na produgdo de graos e de MS entre o DLSi e o DLSs (Tabela 4). Os resultados
encontrados nesse estudo sdo semelhantes aos encontrados por Gonzatto et al., 2017, onde a
injecdo aumentou a produtividade de graos e a MS em 12% no cumulativo de quatro anos no
milho, em relacdo a aplicagdo superficial.

A diferenca de resposta entre o milho e o trigo a inje¢do dos DLS pode estar ligada as
perdas de N via volatilizacdo de NH3, que sdo maiores no verao do que no inverno (Milliron et
al., 2019). Usualmente, os DLS sdo aplicados nas culturas em dose Unica, antes da semeadura
e na superficie do solo. Nessa condi¢ao, as perdas de N podem ser elevadas, principalmente por
volatilizagdo de NH3, que pode chegar a 50% do N amoniacal aplicado (Rochette et al., 2009).
A injecdo dos DLS no solo permite a redugdo de quase 100% da volatilizagdo de NH3 (Aita et
al., 2014; Rochette et al., 2009). Portanto, os resultados aqui apresentados demonstram que a
injecdo do DLS no solo ¢ eficiente em aumentar a produtividade da cultura do milho,
melhorando o aproveitamento do nitrogénio pelas plantas e auxiliando na sustentabilidade da

produgdo agricola em sistema plantio direto.

3.5.4 Estratégias de uso do DLS: dose unica versus parcelamento, combinaciao do DLS
com U e uso de inibidores de nitrificacao

As trés estratégias testadas, DLSi + DLSs, DLSi+ U e DLSi + DCD + U, de modo geral
nao diferiram entre si na producao de graos, MS, acimulo de N nos graos e acimulo de N na

MS. A média de producdo de graos de milho das estratégias testadas foi de 7,1, 10,3 e 7,0 Mg
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ha nos anos 1, 2 e 3, respectivamente (Tabela 2). Para o trigo a produtividade de grios média
das trés estratégias nos trés anos foi de 2,4 Mg ha'! (Tabela 3).

No milho, com exce¢ao do ano 1, as trés estratégias avaliadas (DLSi + DLSs, DLSi +
U e DLSi + DCD + U) resultaram em produtividade média de graos significativamente (p<0,05)
maiores do que o modo tradicional de uso dos DLS (DLSs). Na média dessas estratégias a
producdo de grios foi 1,5 Mg ha! (15%) e 1,7 Mg ha™! (25%) a mais que do DLSs, nos anos 2
e 3, respectivamente. Esse aumento na produtividade de graos nas estratégias demonstra que o
parcelamento da dose de N, exclusivamente via DLS ou parcelar a dose combinando DLS e U,
com e sem DCD sdo eficientes em aumentar o aproveitamento do N pelas culturas e
consequentemente reduzir as perdas de N ao ambiente.

As estratégias DLSi + DLSs, DLSi + U e DLSi + DCD + U tiveram produtividade de
graos de milho igual (p<0,05) a inje¢ao do DLS em dose Unica na semeadura das culturas
(DLSi) nos anos 1 e 2, em média 7,0 e 10,3 Mg ha™!, respectivamente. No ano 3, as estratégias
produziram em média 1,1 Mg ha! a mais que o DLSi (Tabela 2). No trigo a produtividade de
graos nao diferiu entre as estratégias e o DLSi, com excec¢ao do ano 1, onde a adigao de DCD
ao DLS na combinagdo organica com mineral (DLSi + DCD + U) aumentou a produtividade
de grios em 21% (0,43 Mg ha') na comparagio ao DLSi. A manutengdo na produtividade de
graos ¢ um 6timo resultado, pois, ao observar os dados de emissao de N>O obtidos por Queiroz
et al., 2021 (Artigo I, presente na Tese), percebemos que as estratégias foram eficientes em
reduzir a emissao de NoO em comparacao do DLSi, resultando em uma menor polui¢do
ambiental. O fato de o efeito na redugdo da emissao de N>O nem sempre refletir em ganhos de
produtividade ja foi relatado por outros autores e se explica pelas perdas de N via N>O, que
geralmente ndo atinge niveis criticos ao ponto de limitar a disponibilidade de N para as plantas
(Ruser and Schulz, 2015).

O efeito cumulativo dos 3 anos das trés estratégias (DLSi + DLSs, DLS1 + U e DLSi +
DCD + U) no aumento da produtividade de graos e no acaimulo de N total (matéria seca + graos)
no milho, em relagiio ao tratamento DLSs, foi em média de 3,6 Mg ha™! (17%) e 51,8 kg ha™!
(22%), respectivamente. No trigo, as trés estratégias ndo diferiram do DLSs quanto a produgao
de graos e aumentaram o acimulo de N total em 20%. Nao houve diferenca na produ¢do de
graos e MS entre o DLSi + DLSs, o DLSi + U e o DLSi no milho e no trigo. A estratégia que
recebeu DCD foi a tinica que diferiu estatisticamente do DLSi na produtividade de graos, com
aumento de 1,8 Mg ha™! (7%) no milho e 0,9 Mg ha™! (12%) no trigo (Tabela 4).

Comparando as trés estratégias entre si no efeito cumulativo dos trés anos, observa-se

que elas ndo diferiram na produtividade e acimulo de N no milho (Tabela 4). J4 no trigo, os
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melhores resultados foram obtidos quando 50% da dose de DLS foi injetada ao solo juntamente
com a DCD, e os 50% restantes do N aplicados em cobertura com ureia (DLSi + DCD + U). O
uso da DCD aumentou 0,8 Mg ha™! (11%) a produgio de grios e 31,8 kg ha™! (14%) o acumulo
de N total de trigo quando comparada ao tratamento equivalente sem o uso da DCD (DLSi +
U) (Tabela 4). Ao adicionar o inibidor de nitrificagdo ao DLS, o N ¢ mantido na forma de
amonio (NH4") por um maior periodo, aproximadamente 40 dias, o que facilita a absor¢do do
N pelas plantas, que por razdes energéticas, preferem absorver NHs" quando as temperaturas

do solo estdao baixas (Subbarao et al., 2006).

3.5.5 Indices de eficiéncia de uso do N

De modo geral, em ambas as culturas analisadas, a RAN e a EAN foram maiores no U
do que no DLSs, as excegdes sao a RAN nos anos 2 ¢ 3 no milho (Tabela 2), e a EAN no ano
1 do trigo (Tabela 3) que foram iguais entre esses dois tratamentos. No efeito cumulativo dos 3
anos a RAN e a EAN do U foram maiores que os do DLSs no milho e no trigo, com acréscimo
de 18,8 € 20,9% ¢ 9,4 e 6,0 kg de grios por kg™ de N, respectivamente (Tabela 4). A melhor
resposta do fertilizante mineral nos indices de eficiéncia se deve aos leves acréscimos na
producdo de graos e acumulo de N no U, mesmo ndo apresentando diferenga estatistica do
DLSs. Além disso, os indices de eficiéncia sdo calculados com base no N total aplicado, que ¢
maior nos tratamentos que recebem DLS do que nos que recebem fertilizante mineral (Tabela
1), pois no Brasil ¢ considerado que 80% do N aplicado via DLS sera disponibilizado para a
cultura.

Ao analisar cada ano separadamente, foi verificado diferenca entre o DLSi e 0 DLSs no
milho no ano 2, onde DLSi produziu 12,5 kg de graos por kg de N a mais que o DLSs e teve
uma RAN de 73,4% comparado a 50,7% no DLSs (Tabela 2). No trigo, os tratamentos DLSs e
DLSi ndo tiveram diferenga na EAN e na RAN (Tabela 3). No efeito cumulativo dos trés anos
no milho, a EAN do milho aumentou em 5.4 kg de grios kg' N no DLSi em comparagio ao
DLSs (Tabela 4). O efeito positivo da inje¢do dos DLS na EAN também foi verificada em
outros trabalhos, com incremento de 4 kg de grios kg™' N para Ball Coelho et al., 2006 e de 9
kg de grios kg™! N para Gonzatto et al., 2017. A injecdo do DLS no solo pode controlar a perda
de N via volatilizacao de NH3 (Dell et al., 2012; Aita et al., 2014), aumentando a produtividade
de graos e consequentemente, os indices de eficiéncia.

No efeito cumulativo dos trés anos no milho, as trés estratégias avaliadas nao diferiram

(P<0,05) quanto a RAN, com recuperacdo média de 56,2% do N aplicado. A RAN média das
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trés estratégias foi igual a encontrada com o uso de fertilizante mineral (U) (57,5%) e com o
uso do DLS injetado (DLS1) (47,9%), e recuperou 16,9% a mais nitrogénio do que o modo de
uso do DLS normalmente utilizado (DLSs). A EAN foi maior nos tratamentos que tiveram o
parcelamento da dose de N, com adi¢ao de N via ureia na adubagdo de cobertura, com média
de 35,5 kg de graos por kg de N aplicado. O uso da DCD teve a maior EAN, 37,7 kg graos kg
I'N, sendo 7.7 kg grios kg' N a mais que o DLSi (Tabela 4).

No trigo, no efeito cumulativo dos trés anos, a RAN das trés estratégias (DLS1 + DLSs,
DLSi + U e DLSi + DCD + U) foi superior a do DLSs e do DLSi. As estratégias DLSi + DLSs
e DLSi + U tiveram RAN igual entre si, com média de 39,5% do N aplicado sendo recuperado,
valor esse superior a RAN do DLSs e DLSi, que foi em média 29,3%. O tratamento que recebeu
DLS com adi¢dao de DCD na semeadura e ureia em cobertura (DLSi + DCD + U) apresentou a
maior recuperagdo aparente do N dentre as estratégias testadas, 51,1%, e foi igual ao U. O uso
da DCD aumentou a RAN em 10,4% quando comparado ao tratamento equivalente sem o uso
da DCD (DLSi + U) e em média 22% quando comparado ao uso de DLS em uma tnica
aplicacdo na semeadura em superficie ou injetado no solo. O U e o DLSi + DCD + U tiveram
EAN iguais, em média 17,6 kg de graos por kg de N aplicado, e teve 4,8 kg de graos por kg de
N aplicado a mais que quando utilizado apenas DLS como fonte de nutrientes, independente da
forma de uso do DLS (DLSi, DLSs ¢ DLSi + DLSs) (Tabela 4).

Os maiores indices de eficiéncia nesse estudo foram encontrados no tratamento com uso
exclusivo de fertilizante mineral ou nos tratamentos com a combinagao organica e mineral, com
destaque para o que utilizou DCD associada ao DLS no trigo. Ao ser aplicada no solo a DCD
estd sujeita a degradagdo, porém em menores temperaturas essa degradacdo ocorre de forma
mais lenta (Di and Cameron, 2004), por isso, sdo mais evidentes os efeitos da DCD na
produtividade das culturas de inverno. Outros estudos também tem reportado resultados
similares, com incrementos na eficiéncia de uso do N na cultura do trigo quando ¢ adicionado
inibidor de nitrificagdo ao fertilizante (Peng et al., 2017; Tao et al., 2020).

O efeito positivo do DLSi + DCD + U em ambeas as culturas analisadas se deve por uma
soma de fatores, a redugdo da volatilizagdo de NH3 pela injecao dos DLS no solo (Aita et al.,
2014), a redugao da desnitrificacao pela adi¢do do inibidor de nitrificacao (Ershadi et al., 2020)
e a adicdo de N em maior sincronia com a demanda das plantas, pelo parcelamento da dose de
N (Folina et al., 2021). A associagdo destes fatores reflete em maior aproveitamento do N pelas
culturas, aumentando a produtividade, e os indices de eficiéncia do uso do N. A maior eficiéncia

no uso do nitrogénio significa que as perdas desse nutriente para o ambiente foram menores,
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reduzindo o impacto ambiental negativo, além do ganho econdmico devido a maior

produtividade das culturas.

3.5.6 N mineral no solo

As concentragdes do N mineral na camada superficial do solo (0-0,10 m) de cada um
dos tratamentos avaliados durante os anos 1 e 2 estd demonstrada na Tabela 5 para o milho e
na Tabela 6 para o trigo. Durante o periodo analisado no tratamento controle, sem adi¢do de
fertilizantes, os teores de NHs" e NOs3™ permaneceram estaveis e predominantemente baixos,
caracteristico de solos que nao receberam adubagdes nitrogenadas (Maresma et al., 2019;
Westerschulte et al., 2017)

Todos os tratamentos que receberam fertilizantes tiveram alta imediata nas
concentra¢des de NHs" que, de modo geral, manteve os valores elevados por em média 10 dias,
posteriormente os valores de NH4" reduziram. No milho, foi possivel verificar o aumento nos
teores de NO3™ apds 10 dias da aplicacdo dos tratamentos, que se mantiveram assim até
aproximadamente 30 dias. No trigo ndo foi verificado o aumento nos teores de NO3™. Apds a
adubacdo de cobertura, foi verificada elevagio nos teores de NH4" em ambas as culturas no ano
1, que perdurou por aproximadamente 15 dias apos aplicagao, porém essa tendéncia nao foi
verificada no ano 2 (Tabela 5 e 6). A reducdo nos teores de NHs" € NOs™ ocorre mais
rapidamente apds a adubacdo de cobertura pois este ¢ o periodo de maior demanda de N pelas
plantas (Sharma and Bali, 2017).

A inje¢do de 100% da dose de N via DLS (DLSi) refletiu em maiores valores imediatos
de NH4" no solo nos trés anos, quando comparado a aplicagdo de 100% da dose de N via DLS
aplicado na superficie do solo (DLSs) (Tabela 5 e 6). Além disso, no ano 2, mesmo quando
50% da dose de N foi injetada no solo via DLS (DLSi + DLSs, DLSi + U e DLSi + DCD + U),
os valores de NHy4 foram iguais ao DLSi e superiores ao DLSs. A inje¢do aumenta as chances
de a NH3 reagir com as zonas acidas do solo, se transformando em NH4" (Erdmann et al., 2020),
portanto, ¢ esperado o aumento na concentragdo de NH4" quando os dejetos sdo injetados no
solo.

No milho, o uso do inibidor de nitrificagio DCD manteve os valores de NH4" apos a
adubacdo de semeadura elevados até os 10 dias no ano 1 e até os 44 dias no ano 2 (Tabela 5).
No trigo, o efeito da DCD nos teores de NHs" no solo sdo verificados até aproximadamente 40
dias em ambos os anos (Tabela 6). O uso da DCD gerou aumento significativo na producgdo de

graos, acumulo de N e RAN do trigo, quando observado o efeito cumulativo dos trés anos
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avaliados (Tabela 4). A DCD foi adicionada ao DLS para retardar o processo de nitrificagdo,
isso permite que o N na forma de NH4" ndo seja perdido por lixiviagdo ou por desnitrificagdo
(Folina et al., 2021; Subbarao et al., 2006), pois, por se ligar mais fortemente aos coloides do
solo que 0 NO3", o NH4" é mais estivel no solo. Dessa forma, o N mineral fica estivel por
aproximadamente 40 dias, periodo de agdo da DCD nas condi¢des climaticas locais,
melhorando a sincronia da disponibilidade de N com a necessidade das plantas (Di and

Cameron, 2004).

3.6 CONCLUSOES

Para o milho a injecao de 100% da dose de DLS na semeadura aumentou a produtividade,
o acumulo de N total e a eficiéncia agronomica do uso do N em relagdo a aplicacdo da mesma
dose de DLS na superficie do solo, porém esse aumento nao foi verificado no trigo. Em ambas
as culturas, ndo houve diferenga na produgdo de graos entre a inje¢do de 100% da dose de N e
a estratégia de parcelar a dose recomendada de N, injetando 50% na semeadura via DLS sem o
uso de DCD e aplicando os outros 50% em cobertura, com DLS ou ureia. A adicdo da DCD a
dose de 50% de DLS injetados na semeadura (DLSi + DCD + U) aumentou a produtividade de

graos e a eficiéncia agrondmica do uso do N em relacao ao DLSi, em ambas as culturas.
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Tabela 1 - Caracteristicas e doses de aplicacao de dejeto liquido de suino (DLS), e quantidades
de C total, N amoniacal total (NAT), N total e matéria seca (MS) aplicados no milho e no trigo
nos trés anos avaliados.

Ano Momento da apli.cag:éo pH D]%sfsde MS Ctotal Ntotal NAT Ctotal Ntotal NAT  Ureia® Ureia®
de DLS e ureia® o k! keha ! e N o
Milho
Aplicagdo unica 6,6 46 40,3 15,9 4.1 2,7 731 189 124 0 0
Aplicagao parcelada
Pré-semeadura 6,6 23 40,3 15,9 4,1 2,7 366 94 62 50 0
V6 6,8 23 38,1 15,9 4,0 2,6 366 92 60 100 75
Ano 1 .
Trigo
Aplicacdo Unica 7,5 60 10,5 2,5 2,2 1,9 150 132 114 0 0
Aplicacdo parcelada
Pré-semeadura 7,5 30 10,5 2,5 2,2 1,9 75 66 57 36 0
Perfilhamento 7,4 30 13,2 3,6 2,0 1,6 108 60 48 74 55
Milho
Aplicagdo unica 8,1 61 273 3,8 23 1,4 232 140 86 0 0
Aplicagao parcelada
Pré-semeadura 8,1 30 27,3 3,8 2,3 1,4 114 69 42 36 0
V6 8,2 38 20,1 3,2 1,8 1,3 122 68 49 74 50
Ano 2 .
Trigo
Aplicacdo tnica 7,7 30 38,5 4,0 3,5 2,3 120 105 69 0 0
Aplicacdo parcelada
Pré-semeadura 7,7 15 38,5 4,0 3,5 2,3 60 53 35 26 0
Perfilhamento 8 15 36,4 11,5 3,4 2,2 173 51 33 54 40
Milho
Aplicagdo unica 6,1 33 37,3 3,6 4,2 2,8 119 139 92 0 0
Aplicagao parcelada
Pré-semeadura 6,1 17 37,3 3,6 4,2 2,8 61 71 48 36 0
V6 7,2 24 334 34 2,9 1,5 82 70 36 74 50
Ano 3 .
Trigo
Aplicagdo unica 9,3 30 304 29 3,3 2,0 87 99 60 0 0
Aplicagao parcelada
Pré-semeadura 9,3 15 304 29 3,3 2,0 44 50 30 26 0
Perfilhamento 9,1 15 30,5 2,8 3,2 2,1 42 48 32 54 40

Aplicagio unica foi feita antes da semeadura das culturas do milho e do trigo. *Valores aplicados no tratamento
U. “Valores aplicados no tratamento DLSi + U e no DLSi + DCD + U.
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Tabela 2 - Produtividade de graos e matéria seca (MS), acimulo de N, eficiéncia agronomica
do uso do N (EAN) e recuperagao aparente do uso do N (RAN) em trés diferentes anos no milho
sob plantio direto.

Produtividade Acumulo de N
Tratamentos EANP RAN
MS Graos Total MS Graos Total
______________ Mg ha'! ke ha'! Ililg grio kg o,
-Milho Ano 1
Controle 340c* 325¢ 6,65 ¢ 13,72¢ 33,88 ¢ 47,60 ¢ - -
U 7,56a 7,45 ab 15,01 a 384la 106,06a 144,47 a 27,98 a 64,58 a
DLSs® 6,79b 6,81 ab 13,60 b 31,76 ab 78,20b 109,96 b 18,84 ¢ 32,99 ¢
DLSi 7,27ab 6,95 ab 14,22 ab 26,75b 80,24 Db 106,99 b 19,55 be 31,42 ¢
DLSi + DLSs 6,62b 7,28 ab 13,90 ab 32,31ab 91,57ab 123,88 ab 21,28 abc 40,36 bc
DLSi+U 6,87ab 6,53b 13,40 b 29,80 ab 76,57b 106,37 b 19,27 be 34,57 ¢
DLSi+DCD+U 7,55a 7,62a 15,17 a 37,09a 105,08a 144,47 a 25,70 ab 55,63 ab
LSD 0,05 0,72 1,00 1,32 10,27 22,81 29,34 6,72 19,46
-Milho Ano 2
Controle 494b 4,68d 9,62 d 16,03¢ 47,61 c 63,64 ¢ - -
U 8,82a 9,24 bc 18,06 be 31,05b 10526b 136,31b 41,50 a 66,06 ab
DLSs 8,63a 8,78¢c 17,41 ¢ 31,29b  103,33b  134,62b 2931b 50,71b
DLSi 9,32 a 10,53 a 19,87 a 3594ab 130,49a 166,43 a 41,85a 73,42 a
DLSi + DLSs 8,93 a 10,28 a 19,21 ab 35,05ab 127,78a 162,83 a 40,00 a 70,85 ab
DLSi +U 8,96 a 10,09 ab 19,05 abc 38,55a 127,69a 166,24 a 43,35a 82,08 a
DLSi+DCD+U 887a 10,49 a 19,36 ab 33,87ab 124,82 ab 158,69 ab 46,49 a 76,04 a
LSD 0,05 1,00 0,92 1,73 5,47 22,03 26,15 7,84 20,8
-Milho Ano 3
Controle 289b 1,46¢ 435¢ 12,29b 14,58 d 26,87d - -
U 533a 541D 10,74 b 19,73 ab 50,53 ¢ 70,60 ¢ 3591b 39,76 ab
DLSs 520a 528D 10,48 b 22,03a 5534bc 7542 bc 27,73 ¢ 36,11 b
DLSi 590a 5,870 12,77 a 26,14a 59,62ab 85,79 ab 32,07 be 42,06 ab
DLSi + DLSs 5,63a 6,92a 12,55a 2532a 7025a 95,63 a 39,69 ab 49,08 ab
DLSi+U 5,18a  6,99a 12,17 ab 23,86a 67,84ab 91,72 ab 44,65 a 51,87 a
DLSi+DCD+U 528a 7,02a 12,30 a 25,18a 66,78ab 91,13 ab 4493 a 52,07 a
LSD 0,05 0,91 0,89 1,47 7,83 11,88 15,12 7,08 13,14

"Medias seguidas da mesma letra na coluna ndo tem diferenga significativa de acordo com o teste LSD a 5%. ®Para
o calculo da eficiéncia agronomica do N (EAN) e da recuperacao aparente do N (RAN) nos tratamentos com DLS
considerou-se a quantidade total de N aplicada em cada cultivo. 9(DLS) Dejeto Liquido de Suino, (U) ureia, (i)

injetado em subsuperficie no solo, (s) aplicado na superficie do solo, (DCD) dicianodiamida_
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Tabela 3 - Produtividade de graos e matéria seca (MS), acimulo de N, eficiéncia agronomica
do uso do N (EAN) e recuperagdo aparente do uso do N (RAN) em trés diferentes anos no trigo
sob plantio direto.

Produtividade

Acumulo de N

Tratamentos EANP RAN
MS Graos Total MS Graos Total
Mg halemmemmemeeee e Q0 T R — llzgl Ngrao %
Trigo Ano 1
Controle 1,29 ¢ 0,73d 2,03 ¢ 5,16d 16,35 ¢ 21,50 e - -
U 1,19¢ 2,13 be 3,31d 7,27 cd 65,47b 72,74 be 12,66 ab 46,58 b
DLSs¢ 2,53 ab 2,37 ab 4,90 ab 8,45 be 53,59 ¢cd 62,04 cd 12,39 abc 30,71 cd
DLSi 2,38 ab 2,09 be 4,46 be 7,73bcd  43,44d  51,17d 10,24 bc  22,47d
DLSi + DLSs 2,71 ab 2,30 ab 5,01 ab 10,84 b 66,20ab 77,04 b 11,87 abc  42,07b
DLSi+ U 2,11b 1,87 ¢ 3,98 cd 10,72 b 59,01 bc 69,73 be 9,38 ¢ 39,86 be
DLSi+DCD+U 296a 2,52 a 548 a 14,66 a 76,98 a 91,65a 14,77 a 57,97 a
LSD 0,05 0,75 0,36 0,76 3,24 11,26 11,54 3,1 10,5
Trigo Ano 2
Controle 1,38 d 0,89d 227 ¢ 6,73 ¢ 19,53d  26,27d - -
U 2,46 bc 2,64 a 5,10 a 11,50ab 59,37 a 70,87 a 21,84 a 55,76 a
DLSs 2,36 ¢ 2,02 ¢ 4,38b 8,09 bc 4393 ¢ 52,02 ¢ 10,80 ¢ 24,53 ¢
DLSi 3,02a 2,19 be 521 a 12,80 a 47,88 bc 60,68 be 12,40 bc 32,78 be
DLSi + DLSs 2,98 ab 2,34abc  532a 13,79 a 50,55bc 64,34 ab 13,74bc 36,26 b
DLSi+U 2,84abc 2,39 ab 524 a 12,61 ab 54,44ab 67,05 ab 16,14 b 43,86 b
DLSi+DCD+U 2,51labc 2,37 ab 4,88 ab 13,20 a 54,83 ab 68,03 ab 15,87b 44,90 ab
LSD 0,05 0,54 0,32 0,65 4,68 7,35 8,74 4,06 10,94
Trigo Ano 3

Controle 1,68 ¢ 0,89b 2,57 ¢ 5,92b 16,52 ¢ 22,44 ¢ - -
U 2,78 a 2,71 a 549 a 9,97 ab 52,32ab 62,29 ab 22,76 a 49,80 a
DLSs 2,41b 2,46 a 4,87 b 9,08 ab 47,53 b 56,61 b 15,02bc 32,5401
DLSi 2,55 ab 2,42 a 4,97 ab 10,56 a 47,57b 58,13 b 14,63bc  33,99b
DLSi + DLSs 2,50 ab 2,30 a 4,80 b 10,77 a 46,81 b 57,58 b 13,50 ¢ 33,47b
DLSi+ U 2,72 ab 2,51 a 5,23 ab 9,06 ab 49,33ab  58,39b 17,40bc  38,65b
DLSi+DCD+U 248ab 2,67 a 5,15 ab 11,19 a 56,10 a 67,29 a 19,20ab 48,22 a
LSD 0,05 0,38 0,42 0,56 4,12 7,87 7,87 4,99 9,28

aMédias seguidas da mesma letra na coluna nio tem diferenca significativa de acordo com o teste LSD a 5%. "Para
o calculo da eficiéncia agronomica do N (EAN) e da recuperacdo aparente do N (RAN) nos tratamentos com DLS
considerou-se a quantidade total de N aplicada em cada cultivo. (DLS) Dejeto Liquido de Suino, (U) ureia, (i)

injetado em subsuperficie no solo, (s) aplicado na superficie do solo, (DCD) dicianodiamida,
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Tabela 4 - Efeito cumulativo de trés anos do uso dos tratamentos na produtividade de graos e
matéria seca (MS), acaimulo de N, eficiéncia agrondmica do uso do N (EAN) e recuperacao
aparente do uso do N (RAN) em trés diferentes anos no milho e no trigo sob plantio direto.

Produtividade Actimulo de N EANP RAN
Tratamentos
MS Grao Total MS Grao Total
————————————— Mg ha’! kg ha’! lfg%rijo %
-Milho
Controle (A) 11,2¢* 94e 20,6 d 420b 96,1d 138,1¢ - -
U (B) 21,7ab 22,1cd 43,8bc 89,2a  261,8bc 351,0ab 34,4 ab 57,6a
DLSs (C) 20,6 b 209d 41,5¢ 85,1a 2349¢ 31990 245¢ 38,8b
DLSi (D) 225a 23,4bc 459 ab 88,8a  270,8ab 359,2 ab 29,8 b 47,1 ab
DLSi + DLSs (E) 21,2ab 245ab 45,7 ab 92,7a  289,6ab 3822a 3220 52,1a
DLSi + U (F) 21,0 ab 23,8 abc 44,8 ab 922a  273,77ab 3659a 34,2 ab 542 a
DLSi+ DCD + U (G) 21,7ab 25,1a 46,8 a 96,1a 296,7a 3928a 375a 60,6 a
LSD 0,05 1,6 1,7 2,9 15,9 34,6 454 4,4 11,6
Contrastes Valor de P
AxB,C,D,E,F,G <0,001 <0,001 <0,001 <0,001 <0,001 <0,001 - -
BxC 0,148 0,271 0,164 0,61 0,251 0,293 <0,001 0,003
CxD 0,017 0,033 0,013 0,642 0,136 0,188 0,005 0,066
DxE,F, G 0,056 0,253 0,912 0,463 0,407 0,391 0,101 0,201
ExF,G 0,77 0,918 0,951 0,83 0,794 0,883 0,076 0,291
FxG 0,35 0,179 0,184 0,626 0,295 0,334 0,111 0,234
Trigo

Controle (A) 4,4d 2,5d 6,9d 178 ¢ 51,4d 70,2 d - -
U (B) 6,4 c 7,5 ab 139¢ 28,8cd 177,2ab 2059b 18,4 a 50,3a
DLSs (C) 7,3 be 6,9 abc 14,2 bc 25.6d 145,1¢  170,7 ¢ 12,7 ¢ 29,4 ¢
DLSi (D) 7,9 ab 6,7 ¢ 14,64 abc 31,1 bcd 1389c 170,0c¢ 123 ¢ 292 ¢
DLSi + DLSs (E) 82a 6,9 abc 15,1 abc 354ab 163,6b 199,0b 129¢ 37,7b
DLSi + U (F) 7,7 ab 6,8 bc 14,5 be 324bc  1628b 1952b 13,9 be 40,7b
DLSi+ DCD + U (G) 8,0 ab 7,6a 15,5a 39,1a 187,9a 227,0a 16,5 ab 51,1a
LSD 0,05 0,9 0,7 0,7 6,4 17,2 18,4 2,7 6,9
Contrastes Valor de P
AxB,C,D,E,F,G <0,001 <0,001 <0,001 <0,001 <0,001 <0,001 - -
BxC 0,093 0,149 0,699 0,375 0,004 0,006 0,001 <0,001
CxD 0,205 0,707 0,457 0,127 0,542 0,954 0,874 0,698
DxE,F, G 0,997 0,262 0,471 0,123 0,001 0,001 0,23 <0,001
ExF,G 0,393 0,533 0,794 0,914 0,185 0,242 0,096 0,013
FxG 0,578 0,046 0,111 0,067 0,019 0,012 0,091 0,008

*Médias seguidas de letras distintas na coluna, diferem entre si pelo teste de LSD a 5% de probabilidade de erro.
bPara o calculo da eficiéncia agrondmica do N (EAN) e da recuperagdo aparente do N (RAN) nos tratamentos com
DLS considerou-se a quantidade acumulada de N total aplicada nos trés cultivos de milho (462,5 kg N ha!) e de
trigo (337,5 kg ha'"), considerando-se a recomendagdo da CQFS (2016) de que 80% do N total é disponibilizado

para as plantas.
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Tabela 5 - Médias da concentragdo do amoénio (NH4") e nitrato (NO3") no solo durante quatro
periodos apo6s a aplicacdo de dejeto liquido de suinos (DLS) e ureia (U) no milho.

NH4+ NO}' NH4+ NO3' NH4+ NO}' NH4+ NO3'

Tratamentos
mg N kg'!
-Milho Ano 1

0-10 dias® (n=4)° 11-32 dias (n=3) 33-47 dias (n=5)° 48-68 dias (n=2)
Controle 2,1¢° 9,1 1,7¢ 24c¢ 1,4d 1,3¢ 1,5e 1,L1b
U 39,7d 9,1 2,8 be 152b 339a 15,0a 3,6d 2,1b
DLSs¢ 974b 10,1 2,0c 16,1 b 1,7d 3,8 de 5,3cd 2,3b
DLSi 117,8a 10,1 54a 37,5a 2,2d 7,0 cd 94a 45a
DLSi + DLSs 419d 10,8 2,6 be 12,8 b 16,8 ¢ 8,5 be 6,1 bc 53a
DLSi+U 414d 11,6 4,2 ab 13,7b 28,7 ab 109b 83a 5,1la
DLSi+DCD+U 50,7c¢ 10,5 54a 18,1 b 26,9 b 10,0 be 8,1 ab 48 a
LSD 0,05 8,40 - 2,2 6,5 5,3 3,2 2,0 1,7

Milho Ano 2

0-10 dias (n=6) 11-26 dias (n=4) 27-44 dias (n=3)° 45-72 dias (n=2)
Controle 59c 9,0d 5,6b 11,0d 4,0e 4,8d 4,8 1,0
U 179 ¢ 11,0d 10,5b  28,7c¢ 11,9 bc 9,1 cd 6,1 1,2
DLSs 14,6 ¢ 18,7 ¢ 159b 429D 6,9 de 16,5 ab 4,6 1,0
DLSi 54,5ab 26,6a 129b 60,7 a 9,1 cd 12,9 abc 6,5 2,1
DLSi + DLSs 404b 19,1 bc 132b 51,3b 10,8 be 12,0 abe 4,6 1,6
DLSi+U 473b 24,0 ab 119b 44,70 143b 17,4 a 4,2 2,0
DLSi+DCD+U 64,6a 8,1d 53,8a  26,6c 21,7a 9,9 bed 6,4 2,1
LSD 0,05 14,3 5,2 12,1 8,7 3,8 6,8 - -

“Dias apos a aplicagdo dos fertilizantes. ®n= nimero de dias amostrados durante o periodo.
“Médias seguidas da mesma letra na coluna ndo tem diferenca significativa de acordo com o
teste LSD a 5%. 4DLS) Dejeto Liquido de Suino, (U) ureia, (i) injetado em subsuperficie no
solo, (s) aplicado na superficie do solo, (DCD) dicianodiamida. “Periodo apds adubacdo de
cobertura.
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Tabela 6 — Médias da concentra¢do do amonio (NH4") e nitrato (NOs") no solo durante quatro
periodos apo6s a aplicacdo de dejeto liquido de suinos (DLS) e ureia (U) no trigo.

NH,* NOs NH4" NOs NH4" NOs5 NH,* NOs

Tratamentos
mg N kg'!
Trigo Ano 1

0-14 dias® (n=5)° 15-38 dias (n=4) 39-54 dias (n=3)° 55-67 dias (n=2)
Controle 0,7 c° 1,6 ¢ 2,1c¢c 1,9b 1,5d 1,3d 2,9 1,L1b
U 8,4c 2,7 be 2,1c 3,0b 31,8a 63D 4.9 4,1a
DLSs¢ 46,7b 81la 37¢ 10,1 a 3,0d 2,2 cd 2,3 1,6 b
DLSi 70,2 a 7,7 a 179b 98a 2,8d 34c¢ 2,7 1,6 b
DLSi + DLSs 43,6 b 3,7b 11,8b 8,0a 149c¢ 6,7ab 4,8 35a
DLSi+U 434 b 3,3 be 16,8b 92a 19,4bc 82a 3,3 1,6 b
DLSi+DCD+U 46,0b 3,7b 30,la  92a 23,1b 520 6,4 2,5 ab
LSD 0,05 18,3 1,9 7,3 3,3 6,7 1,6 - 1,8

Trigo Ano 2

0-12 dias (n=5) 13-49 dias (n=7) 50-63 dias (n=3)° 64-78 dias (n=2)
Controle 3,3d 29b 2,6¢c I,1c 1,7¢ 09e¢ 2,4 0,7b
U 16,7 ¢ 40a 3,0 be 1,4¢ 13,7a 1,9 abc 3,0 1,9a
DLSs 15,6 ¢ 39a 29c¢ 2,5b 4,7 ¢ 1,2 de 3,4 1,8a
DLSi 28,2 ab 2,5 bed 4,1b 3.6a 6,3bc  1,5bcd 4.4 2,4a
DLSi + DLSs 29,8 a 2,7 be 2,6 ¢ 2,8 ab 6,0bc  l,4cde 4,7 24a
DLSi+U 22,7 be 2,1d 3,6bc  29ab 8,7b 2,1 ab 3,7 19a
DLSi+DCD+U 23,9 ab 2,3 cd 6,1a 1,6 ¢ 8,1b 22a 4,0 2,0 a
LSD 0,05 7,1 0,6 1,2 0,9 2.9 0,6 - 0,8

“Dias apos a aplicacdo dos fertilizantes. °n: niimero de dias amostrados durante o periodo.
“Médias seguidas da mesma letra na coluna ndo tem diferenca significativa de acordo com o
teste LSD a 5%. 4DLS) Dejeto Liquido de Suino, (U) ureia, (i) injetado em subsuperficie no
solo, (s) aplicado na superficie do solo, (DCD) dicianodiamida. “Periodo apds adubacgdo de
cobertura.
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experimental (2016-2019). Setas indicam o momento da semeadura do milho (M) e do trigo
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4. DISCUSSAO GERAL

Os resultados desse estudo (Artigos I e II) evidenciam que o modo de aplicacdo dos dejetos
liquidos de suinos (DLS), na superficie ou injetados subsuperficialmente no solo em dose Unica
ou parcelado, com ou sem o uso de inibidor de nitrificagdao, bem como a fonte de N utilizada,
exclusivamente organica ou combinada com fertilizante mineral, influenciam na emissao de
oxido nitroso e na eficiéncia do uso do N pelas culturas de milho e trigo.

O parcelamento da dose de N via DLS, injetando 50% da dose na semeadura das culturas
foi eficiente em reduzir a emissao de N>O, quando comparado as trés estratégias, DLSi + DLSs,
DLSi + U e DLSi + DCD + U, com a aplicacdo de 100% da dose de N injetada na semeadura
do solo (p<0,001). Esse parcelamento da dose faz com que o sulco de inje¢do tenha um
ambiente menos favoravel a produgdo de N2O do que quando o DLS ¢ aplicado em dose Unica,
devido a adicdo de menor volume de agua e menores quantidades de C e N prontamente
disponiveis, reduzindo o potencial de emissdao de N>O, principalmente via desnitrificagdo
(BELL et al., 2016; AITA et al., 2018; DAVIS et al., 2019).

O DLSi + DLSs emitiu 8,0 kg ha™! de N-N,O no total do ano 1, nio diferindo do DLS,
que emitiu 8,9 kg ha'!. Esse resultado se deve, principalmente a adubagio de cobertura do trigo,
pois, 22 horas apds a adi¢ao do DLS na superficie do solo, a temperatura do solo era de 18 °C
e 0 espaco poroso saturado por agua (EPSA) estava em 70%. Essas condi¢cdes ambientais,
somadas a adi¢do de C e N, gerou ambiente propicio (hotspots) para a produgdo de 6xido nitroso
(SMID E BEAUCHAMP, 1976; GRUNDMANN et al.,, 1995; PARKER et al., 2018;
VELTHOF E RIETRA, 2018). No ano 2, a emissao de N-N>O total no DLSi + DLSs foi de 2,6
kg ha'!, com uma reducdo de 3,0 kg ha™! em comparagdo do DLSi. Os baixos fluxos de N.O
apods a adubagdo de cobertura do inverno do segundo ano podem ser resultado da reducdo da
velocidade da nitrificagdo, devido as baixas temperaturas do solo (inferiores a 15°C) (MAAG
E VINTHER, 1996; BRAKER et al., 2010). Além disso, a desnitrificacdo pode ter ocorrido de
forma completa, onde a maior parte do N2O produzido foi convertido a N2, devido ao EPSA ser
superior a 80% nos primeiros 30 dias apds a adi¢gdo do DLS. O EPSA na faixa de 60 a 80% faz
com que a desnitrificagdo nao ocorra de forma completa, pois a producao da enzima oxido
nitroso redutase ndo ¢ estimulada, resultando na liberagdo do intermedidrio NoO para o
ambiente. J4 o EPSA acima de 80% estimula a producao e atividade da enzima 6xido nitroso
redutase, que converte o N2O a N2 (POTTER et al., 1996, BOUWMAN, 1998; PILEGAARD,
2013).
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O DLSi + U foi eficiente em reduzir a emissao de NoO em média 36 ¢ 58% em relacao
ao DLSi, no ano 1 e 2, respectivamente. Na adubacgdo de cobertura, parte do N ¢ fornecido
quando a demanda das culturas ¢ alta (FOLINA et al., 2021), reduzindo o periodo em que o N
fica disponivel para os processos microbianos. Além do que, a ndo adigdo de C e dgua, como
ocorre com adi¢do do DLS, limita o metabolismo microbiano, reduzindo a producao do N>O.

A maior redugdo da emissdo de N2O ocorreu com o parcelamento da dose de N
associada a adi¢cao de DCD ao DLS no momento de sua inje¢ao no solo na semeadura (DLSi +
DCD + U). A reducdo na emiss@o anual de N>O, em relacdo ao DLSi, foi de 64% no primeiro
ano e 72% no segundo ano. O efeito inibitério da DCD sobre a primeira etapa da nitrificagao,
aumenta o tempo de permanéncia do N na forma de NH4" no solo, fazendo com que ocorra uma
separacao temporal entre a disponibilidade de C e a disponibilidade de N as bactérias
heterotroficas (DELL et al., 2011; AITA et al., 2014). Quando o inibidor de nitrificag¢do, que ¢
biodegradavel, perde seu efeito, a velocidade da nitrificacdo ¢ limitada pela baixa
disponibilidade de C no solo, reduzindo a producao de N,O (RECIO et al., 2018).

Em relagdo a produtividade de graos acumulada nos trés anos, nao houve diferenga entre
o DLSi (23,4 Mg ha!), o DLSi + DLSs (24,5 Mg ha'!) e o DLSi + U (23,8 Mg ha™!) para o
milho. O mesmo ocorreu para o trigo, onde esses trés tratamentos tiveram produtividade
aproximada de 6.8 Mg ha’!. Em contrapartida, o DLSi + DCD + U teve um incremento na
producdo de grios de 7% (1,7 Mg ha™!) para o milho e de 13% (0,9 Mg ha™!) para o trigo em
comparacao ao DLSi (p<0,001). O efeito positivo do DLSi + DCD + U em relagao ao DLSi em
ambas as culturas analisadas, se deve a manutengao do N no solo por maior periodo, devido ao
uso do inibidor de nitrificagdo (ERSHADI et al., 2020) e também pela adicdo de N em maior
sincronia com a demanda das plantas no parcelamento da dose de N (FOLINA et al., 2021).

A relacdo da emissao acumulada de N>O com a produtividade de graos e o N acumulado
pelas culturas reflete a eficiéncia ambiental de determinado sistema agricola (VAN
GROENIGEN et al., 2010). Nos dois anos em que essas variaveis foram avaliadas (ano 1 e ano
2), constatou-se que os valores para essa relagdo foram menores nas estratégias DLSi + DLSs,
DLSi + U e DLSi + DCD + U, do que no DLSi, com excegao do trigo no ano 1, no qual DLSi
+ DLSs e DLSi ndo diferiram entre si. A estratégia ambientalmente mais favoravel foi
observada no tratamento DLSi + DCD + U, cuja relagdo da emissdo de N>O com a
produtividade de graos foi 72% menor do que aquela do tratamento DLSi. Esse resultado se
deve a combinagdo da redugdo nas emissdes de N>O com o incremento na produtividade de
graos. A combinagado de condigdes, injetando menos DLS no solo na semeadura, com a adi¢cdo

do inibidor de nitrificagdo, separando temporalmente a disponibilidade do C da conversao do
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NH;" a NOs', e aplicando os outros 50% da dose de N via ureia na adubagio de cobertura, em
maior sincronia com a demanda de N pelas culturas, ¢ a melhor opg¢do para aumentar a eficiéncia
do uso de N e mitigar as emissdes de N>O em relagdo ao DLS injetado em subsuperficie em

dose tnica no pré-semeadura.
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5. CONCLUSOES GERAIS

Nossos resultados destacam que em ambas as culturas e ambos os anos, a injecao dos
DLS aumentou a emissao de N2O em relagdo a aplicacdo na superficie do solo, refletindo em
um FE em média 2,9 vezes. Em relacdo ao rendimento das culturas, para o milho a inje¢ao de
100% da dose de DLS na semeadura aumentou a produtividade, o acimulo de N total e a
eficiéncia agronomica do uso do N em relacao a aplicagdo da mesma dose de DLS na superficie
do solo, porém esse aumento nao foi verificado no trigo.

O parcelamento da dose exclusivamente via DLS foi eficiente em reduzir a emissao de
N20O em ambos os anos no milho e no trigo do ano 2 em relagdo ao DLSi, reduzindo o FE em
2,4x no ano 2. Ja a combinacdo de DLS + U foi eficiente em reduzir a emissdao de N.O em
relagdo ao DLSi, em ambos os anos e culturas, reduzindo o FE em média 2x. Em ambas as
culturas, ndo houve diferenga na producdo de graos e na eficiéncia agrondmica do uso do N
entre a injecdo de 100% da dose de N e a estratégia de parcelar a dose recomendada de N,
injetando 50% na semeadura via DLS sem o uso de DCD e aplicando os outros 50% em
cobertura, com DLS ou ureia.

O parcelamento da dose de N via DLS com adi¢do da DCD, injetando 50% em
subsuperficie na semeadura das culturas e aplicando o restante via ureia na adubagdo de
cobertura, foi eficiente em reduzir a emissdo de N2O quando comparado a 100% da dose de N
injetada na pré-semeadura. Essa reducao refletiu em um FE em média 3,6x menor que o DLSi.
Essa estratégia de uso do DLS (DLSi + DCD + U) aumentou a produtividade de gréos ¢ a
eficiéncia agrondmica do uso do N em rela¢do ao DLSi, em ambas as culturas.

Em relacao ao DLSI, as estratégias avaliadas, DLSi1 + DLSs, DLSi + U e DLSi + DCD
+ U, reduziram a emissao acumulada de N>O em média 32, 47 e 68% respectivamente, com
incremento na produc¢do de graos de 7 e 12% para o milho e trigo, respectivamente, apenas na
DLSi + DCD + U.

Entre as estratégias avaliadas, a DLSi + U e a DLSi + DCD + U tiveram um yield-Scaled
em relagdo a producgdo de graos menor que o DLSi em ambos os anos, sendo estas as estratégias
de uso dos DLS injetado no solo que tiveram os melhores resultados quando avaliado o impacto

do uso dos DLS na produgao de graos e na emissdo de N>O.
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