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Abstract

Nitrous oxide (N2O) is one of the main gases that contributes to the greenhouse effect. With a Global Warming
Potential (GWP) 265 times greater than that of carbon dioxide (CO2), over a 100-year horizon, N.O also has the
potential for the depreciation of the ozone layer. The activities related to agriculture and livestock are responsible for
approximately 60% of the global anthropogenic emissions of this gas to the atmosphere. In Brazil, the sector
corresponds to 37% of total emissions. The objectives of this review article were: (i) To verify which are the main
processes involved in NO emissions in soils fertilized with swine manure; (ii) What are the direct emissions on these
soils under different management systems, and; (iii) What are the possible strategies for controlling and mitigating
N-O emissions. Therefore, an exploratory and qualitative research of articles was carried out using the following
keywords: 6xido nitroso’, ‘nitrous oxide’, ‘N,O’, ‘nitrogénio’, ‘nitrogen’, ‘suinos, ‘pig, ‘swine’, ‘dejetos’, ‘manure’
and ‘slurry’. Effects of pig diet, manure treatment systems, presence of heavy metals in the soil and moisture content
of manure on N,O emissions were verified. Therefore, we recommend integrated studies of the quantitative and
qualitative impacts of the levels and sources of nitrogen in the animals' diets on N2O emissions after the application of
these wastes to the soil. We also recommend studies related to the effects of copper and zinc contents added to the soil
via swine manure on enzymes that catalyze the biotic denitrification process in the soil.

Keywords: Environmental management; N»O; Greenhouse gas emissions; Organic fertilization; Microbial
community.

Resumo

O oxido nitro (N20O) é um dos principais gases que contribuem para o efeito estufa. Com um Potencial de
Aquecimento Global 265 vezes maior que o diéxido de carbono (CO,), em um horizonte de 100 anos, também
apresenta potencial de depreciacdo da camada de o0zbnio. As atividades agropecudrias S0 responsaveis por
aproximadamente 60% das emissdes antropogénicas globais deste gas. No Brasil, este setor corresponde por 37% do
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total das emissbes. Os objetivos deste artigo de revisdo foram: (i) Verificar quais sdo os principais processos
envolvidos nas emissfes de N2O em solos adubados com dejetos suinos; (ii) Quais sdo as emissdes diretas nesses
solos sob diferentes sistemas de manejo, e; (iii) Quais sdo as possiveis estratégias de controle e mitigacdo das
emissdes de NO. Para tanto, foi realizada uma pesquisa de carater exploratorio e qualitativo de artigos utilizando as
seguintes palavras-chave: ‘6xido nitroso’, ‘nitrous oxide’, ‘N.O’, ‘nitrogénio’, ‘nitrogen’, ‘suinos, ‘pig, ‘swine’,
‘dejetos’, ‘manure’ e ‘slurry’. Foram verificados efeitos da dieta dos suinos, dos sistemas de tratamento dos dejetos,
da presenga de metais pesados no solo e dos teores de umidade dos dejetos nas emissGes de N.O. Sendo assim,
recomendamos estudos integrados dos impactos quantitativos e qualitativos dos teores e fontes de nitrogénio nas
dietas dos animais sobre as emissdes de NO apos a aplicacdo desses dejetos ao solo. Também recomendamos estudos
relacionados aos efeitos dos teores de cobre e zinco adicionados ao solo via dejetos de suinos sobre as enzimas que
catalisam o processo de desnitrificagdo biética no solo.

Palavras-chave: Gestdo ambiental; N2O; Emissdes de gases de efeito estufa; Adubacdo organica; Comunidade
microbiana.

Resumen

El 6xido nitroso (N2O) es uno de los principales gases que contribuyen al efecto invernadero. Con un potencial de
calentamiento global 265 veces mayor que el didxido de carbono (CO>), en un horizonte de 100 afios, también tiene
un potencial de depreciacién de la capa de ozono. Las actividades agricolas son responsables de aproximadamente el
60% de las emisiones antropogénicas globales de este gas. En Brasil, este sector representa el 37% de las emisiones
totales. Los objetivos de este articulo de revision fueron: (i) Verificar cuéales son los principales procesos involucrados
en las emisiones de N.O en suelos fertilizados con estiércol porcino; (ii) Cuéles son las emisiones directas en estos
suelos bajo diferentes sistemas de manejo, y; (iii) Cuéles son las posibles estrategias para controlar y mitigar las
emisiones de N2O. Por lo tanto, se realiz6 una investigacion exploratoria y cualitativa de articulos utilizando las
siguientes palabras clave: o6xido nitroso’, ‘nitrous oxide’, ‘N»O’, ‘nitrogénio’, ‘nitrogen’, ‘suinos, ‘pig, ‘swine’,
‘dejetos’, “‘manure’ y ‘slurry’. Se verificaron los efectos de la dieta del cerdo, los sistemas de tratamiento de estiércol,
la presencia de metales pesados en el suelo y el contenido de humedad del estiércol sobre las emisiones de N2O. Por lo
tanto, recomendamos estudios integrados de los impactos cuantitativos y cualitativos de los niveles y fuentes de
nitrdgeno en la dieta de los animales sobre las emisiones de N,O luego de la aplicacién de estos desechos al suelo.
También recomendamaos estudios relacionados con los efectos del contenido de cobre y zinc agregado al suelo a través
del estiércol de cerdo sobre las enzimas que catalizan el proceso de desnitrificacion bidtica en el suelo.

Palabras clave: Gestion ambiental; NO; Emisiones de gases de efecto invernadero; Fertilizacién organica;
Comunidad microbiana.

1. Introduction

Nitrous oxide (N20) is one of the main gases that contribute to the greenhouse effect. With a global warming potential
(GWP) 265 times that of carbon dioxide (CO-), N2O also has ozone depletion potential over a 100-year time horizon (IPCC,
2013). Human activities have significantly increased global N.O emissions. The increase of NoO concentration in atmosphere
affect the environmental conditions, in addition to increasing the scale of phenomena associated to climate change. An increase
of 20% in N2O concentration in the atmosphere has been estimated since 1970, at a steady rate of 0.73 + 0.03 ppmv/yr* (IPCC,
2013). N,O represents 16% (7.84 Gt CO2-eq/yr?) of the total greenhouse gas (GHG) emissions from 2000 to 2010 (IPCC,
2013). On a global scale, uncultivated soils account for most N,O emissions (6.6 Tg N/yr?), followed by agricultural soils (4.7
Tg N/yrt). Agricultural soils make up 27% of total N,O emissions (Syakila and Kroeze, 2011) and 60% of human-caused
emissions (Aguilera et al., 2013). Among the largest gas-emitting countries and blocks of countries are China (18.6%), the
United States (9.1%), the European Union (8.4%; 28 countries), India (7.6%) and Brazil (6.8%), which together represent
approximately 50.6% of global human emissions. In Brazil, agriculture is one of the main sectors responsible for emissions and
accounts for approximately 37% of the national N,O emissions (BRASIL, 2014).

Manure from animal production represents 30 to 50% of total emissions and is among the sources that contribute to
N2O emission in the agricultural sector. Table 1 shows the GHG emissions (Tg CO,-eq/yr?) from the storage and treatment of

animal manure, as well as its application to the soil.
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Table 1. Greenhouse gas emissions from animal manure.

o Tg COz-eq/yr?
Emission source

World Brazil
Manure storage and treatment
Pig manure 91.55 3.54
Cattle manure 161.49 4.42
Poultry manure 20.99 0.92
Others? 77.78 0.63
Total 351.81 9.51
Manure aplication in soil
Pig manure 34.27 3.19
Cattle manure 81.75 4.80
Poultry manure 28.76 1.50
Otherst 47.04 1.45
Total 191.82 10.94

L goat, sheep, buffalo, donkey, etc. Tg = 102 g. Fonte: FAO (2016).

Globally, the application of swine manure to the soil is responsible for approximately 18% of GHG emissions to the
atmosphere from the use of animal manure as fertilizers. In Brazil, this practice is responsible for 29% of emissions. This high
emission value can be explained by the large volume of pig manure produced daily in Brazil. In general, a pig in growing-
finishing phase (25 to 120 kg body weight) produces approximately 4.5 L of manure per day (FATMA, 2014; Tavares et al.,
2014). With an approximate herd of 35 million head of growing-finishing pigs, an estimated 158 million liters of manure are
produced per day in Brazil. If the breeding sows are added to this herd, there is a total of 39.9 million head, reaching an
approximate 270 million liters of manure per day.

Considering its fertilizer potential, the use of pig manure in agriculture is an alternative to the improper disposal of
these materials in soil and water. It lessens environmental impacts, in addition to reducing the use of mineral fertilizers and the
costs of purchase. The use of manure contributes to nutrient cycling of pig farming and increased crop yields. Pig manure is
composed of nitrogen (N), predominantly as ammonium (N-NH.*), in addition to phosphorus (P), potassium (K), copper
(Cu*?), zinc (Zn*?) (Tiecher et al., 2013) and organic carbon in soluble and particulate forms. Table 2 shows the average
physical and chemical characterization of the liquid pig manure in nursery (32 production cycles, n = 54,715 piglets) and
grower-finisher (33 production cycles, n = 13,276 pigs) phases (Tavares, 2016).
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Table 2. Average physical and chemical characterization of liquid pig manure (dry weight basis).

Manure Nursery Grower-Finisher

Average Max. Min. Average Max. Min.
TS(gL?Y 40.9+20.2 74.5 14.9 58.2+14.9 91.8 33.7
FS(gL%) 9.84+3.9 16.9 55 14.643.3 22.1 95
COD (g LY - - - 74.8+14.9 111.3 47.7
TOC (g L) 17.149.2 30.8 45 - - -
TN (gL?) 3.3x14 6.2 1.3 5.3+1.1 7.2 3.6
N-NH4* (g L™ 1.6+0.5 2.8 1 3.1+0.6 45 2.5
TP (gL?) 0.7£0.3 1.3 0.3 1.2+0.3 1.8 0.7
K(gL?Y 1.9+0.8 3.9 11 2.2+0.5 3.6 15
Cu (mg L% 37+19 82 9 31+12 62 11
Zn (mg L) 303+147 540 43 53+15 90 27
pH 6.5+0.1 6.7 6.4 7.5+0.3 8.2 6.9

TS: total solids; FS: fixed solids; COD: chemical oxygen demand; TOC: total organic carbon; TN: total nitrogen; N-NH4*: ammonium
nitrogen; TP: total phosphorus; K: potassium; Cu: copper; Zn: zinc; pH: hydrogen potential. Source: Adapted from Tavares (2016).

As shown in Table 2, pig manure has wide variations in the concentration of solids, carbon, pH and nutrients. This
variability in manure makes it difficult to adopt a single treatment or use strategy as fertilizer, which increases the associated
environmental risks. Due to its physical characteristics (predominantly in the liquid phase), manure is disposed in soil close to
the pig production facilities. As it consists of large amounts of water, it has not been financially attractive to transport manure
over long distances. Thus, large amounts of fertilizer are applied to soils of the same areas (Aita et al., 2015) and often above
levels foreseen in current legislation. Continued manure application may have positive or negative effects in soil microbial
communities. Data from the literature show that areas fertilized with liquid pig manure have higher N,O emissions compared
to areas using synthetic fertilizers (Decock, 2014). However, these effects are associated to several factors, such as the
characteristics of pre-existing microbial communities in soil as well as the management and the physical, chemical and
microbiological properties of manure.

Thus, the objectives of this review were: (i) Verify which are the main processes involved in N,O emissions in soils
fertilized with pig manure; (ii) What are the direct emissions on these soils under different management systems, and; (iii)
What are the possible N-O emissions control and mitigation strategies.

2. Methodology

Regarding the research characteristic, the study has an exploratory and qualitative character (Pereira, 2018). Data
recovery was performed in articles published in scientific journals without defining a specific period, using the search tools of
the Portal de Periodicos Capes (CAPES / MEC, Brasilia, DF, Brazil). Keywords used in the searches included ‘6xido nitroso’,
‘nitrous oxide’, ‘N20O’, ‘nitrogénio’, ‘nitrogen’, ‘suinos, ‘pig, ‘swine’, ‘dejetos’, ‘manure’ and ‘slurry’. The publications
obtained were imported, and duplicate occurrences were checked, using an EXCEL spreadsheet. To minimize bias, some
criteria were applied: (i) emissions measured during the development cycle of agricultural crops in the field, with the

development of crops in the soil; (ii) emissions reported in experiments that include treatments with and without nitrogen
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fertilizer application; (iii) N source of chemical or organic synthesis, and; (iv) areas with and without irrigation. In order to
verify the effect of mitigation strategies on N2O emissions, studies using slow-release fertilizers, enzyme inhibitors or coated
with polymers were considered. The majority of articles published since the 2000s were recovered, in a total of 85
publications. They were pre-selected for reading and inclusion in this literature review was one that met the selection criteria
used. To verify the direct emissions in soils fertilized with swine manure, studies were used in which corn (grains or silage),

black oats or wheat were grown, resulting in a total of eight publications.

3. Main Soil Processes Involved in N20O Emissions

Approximately 70% of the global soil N.O emissions are a result of microbial nitrification and denitrification
processes (Syakila and Kroeze, 2011). The metabolic pathways responsible for emissions are extensive, often producing
simultaneous N>O emission and consumption (Butterbach-Bahl et al., 2013). The addition of chemical or organic fertilizers
induces changes in microbial communities (Suleiman et al., 2016), which consequently affect N,O emissions. These
microorganisms are associated with rhizosphere, soil particles and decomposing organic material, and respond quickly to
changes in soil management and fertilization. Thus, they are good indicators of the changes in soil properties. Microbial
communities responsible for N.O emissions are vast and contain strictly nitrifying organisms and facultative anaerobes.
Therefore, it is important to define fertilization strategies according to use and crop. It is important to emphasize that
communities modulate their activity according to nutrient, carbon, and oxygen availability, in addition to soil moisture (Meng,
Ding, and Cai, 2005).

When applied in both organic forms (e.g., hippuric acid - CsHsNOs) and free forms (e.g., ammonia - NHs), nitrogen
compounds in pig manure are used as energy sources by soil organisms, especially by bacteria and archaea. Electron
consumption for reducing one atom of O, to water occurs in the nitrification process (Heil, Vereecken, and Briiggemann,
2016). This produces some intermediates such as hydroxylamine (NH2OH) and nitrite (NO), generating nitrate (NO3) as the
final product (Figure 1).
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Figure 1. Schematic representation of the nitrification process.

+H'+ 0, + 2e |'+ H,0

+2H" + 2e°

| |
' i
l :
l 3
| E
' :
: NH; |~— NH,OH — NO; |
| — = 7
| E
' :
| E
| 5

Source: Authors.

In the first stage of the nitrification process the formation energy (AG®) is positive, that is, the reaction does not occur
spontaneously, requiring external energy for it to occur. This energy can be provided by both biotic factors (e.g. microbial
activity) and abiotics (e.g. the presence of electrons in the soil solution). Conversion of hydroxylamine (NH,OH) to nitrite
(NOy) occurs quickly, since the AG® value of the reaction is negative (spontaneous reaction).

After the oxidation of NH; to NOg', it can then be used in other pathways (e.g., uptake by plant and microorganisms).
When nitrate is present in the soil solution, it can be used as an electron acceptor by the same autotrophic ammonia-oxidizing

bacteria. It is then reduced to nitric oxide (NO) and N0 by nitrification-denitrification processes (Figure 2).
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Figure 2. Schematic representation of the denitrification process.
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When nitrate is present in the soil solution, it can be used as an electron acceptor by the same autotrophic oxidizing
bacteria as ammonia. It is then reduced to nitric oxide (NO) and N2O by nitrification-denitrification processes (Figure 2). The
reduction of nitrate to N,O requires electrons and H* ions present in the solution, or supplied by soil microorganisms. A

description of the main pathways involved in soil N2O emission and consumption is presented below.

3.1 Biotic denitrification

Biotic denitrification is a bacterial and fungal respiratory process that occurs under anaerobic conditions, and it is the
main source of N.O emission. Microorganisms use nitrate, nitrite and soluble nitrogen gases as electron acceptors instead of
oxygen (Phillipot et al., 2007). The conversion of soluble nitrogen oxides to N0 is catalyzed by enzymes, which are inhibited
in the presence of oxygen. Because it is a heterotrophic process, denitrification requires labile sources of carbon as substrate
(Butterbach-Bahl et al., 2013).

3.2 Abiotic denitrification
Abiotic denitrification occurs predominantly under conditions of high nitrate concentration and in soils with pH <5.0.
The chemical decomposition of hydroxylamine and nitrite occurs during nitrification to form NO, N»O and eventually N,. The
decomposition of ammonium nitrate may also occur in the presence of light, moisture and reactive surfaces. The importance of
this pathway as a source of N.O emission is significantly lower compared to the biotic process (Butterbach-Bahl et al., 2013).
In addition to these processes, nitrite may react with several metals in soil, producing gases such as N,O through

reactions with Fe*® and Cu*? ions (Heil, Vereecken, and Briiggemann, 2016).

3.3 Dissimilatory nitrate reduction
Nitrate ammonification or dissimilatory reduction of nitrate to nitrite and ammonium (DNRA) is a process conducted

by both facultative and obligate anaerobes under strictly anaerobic conditions. This process occurs predominantly in
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hydromorphic soils and its magnitude varies according to the availability and relationship between C and N (Butterbach-Bahl
etal., 2013).

3.4 Ammonia oxidation

The oxidation of ammonia to hydroxylamine and then to nitrite is an autotrophic process, which occurs mainly by the
action of bacteria of the genus Nitrosomonas, Nitrosolobus and Nitrospira (associated with acidic soils). In addition to the
formation of nitrite (NO>), other oxidation products of ammonia are N.O and H* ions, generating temporary acidification of the
medium as the final product. Under aerobic conditions, N2O amounts to less than 1% of oxidized ammonia and this ratio

increases as oxygen availability is reduced (Heil, Vereecken, and Briiggemann, 2016).

4. Factors Influencing N2O Emissions

The processes that govern nitrogen loss include a complexity of biotic and abiotic factors, as well as management
practices, climate and soil properties, which condition the dynamics of nitrogen and carbon in soil. Some of the factors that
contribute to the increase of N2O emissions are the availability of readily assimilable carbon sources from animal manure and
agricultural and cover crop residues, as well as soil carbon.

We will now present how pig farming can influence the processes responsible for soil N,O emission. The influencing
factors are divided into: (i) pig nutrition, (ii) manure storage and treatment, (iii) manure composition, (iv) heavy metal

presence, and (v) oxygen diffusion.

4.1 Pig nutrition

Reducing labile nitrogen and carbon contents in excreta by managing animal diet may potentially reduce GHG
emissions, especially N2O. In animal excreta, volatile forms of nitrogen are mainly present in urine (Montes et al., 2013).
These nutrients are provided especially (or largely) in protein compounds made available in the diet. Thus, the management of
the components and contents of the ingredients in the feed may be an important tool to reduce N2O emissions.

Cu and Zn are used in pig diet as growth promoters and for the prevention/treatment of diarrhea. The effect of the

presence of these metals will be presented and discussed in section 4.4.

4.2 Manure storage and treatment

The composting of pig manure is classified as an aerobic treatment. It can be done with passive aeration (nhatural) or
active aeration (oxygen injection). It is an alternative to reduce the volume of manure, facilitating its treatment, transport and
disposal to the soil. The addition of carbon-rich material (typically sawdust, shavings or rice husk) reduces the labile fractions
of carbon and nitrogen and consequently N2O emissions. In evaluating CH4 and N,O emissions during the composting process
in passive aeration, active aeration and liquid manure storage systems, Thompson, Wagner-Riddle and Fleming (2003) found a
reduction of 30% in the emissions of these gases in active aeration compared to liquid manure storage. On the other hand, the
authors found an increase in emissions of approximately 300% in passive aeration compared to liquid manure storage. Active
aeration systems are the most efficient in stabilizing the compost, reducing the anoxic zones and N,O emissions (Osada,
Kuroda, and Yonaga, 2000).

Lagoons are the most commonly used liquid manure system in Brazil. In legislation of the state of Santa Catarina,
hydraulic retention time of manure in lagoons should be the equal to the number of days in which the application of manure to
the soil was licensed, and should be no less than 40 days (FATMA, 2014). This period is intended to stabilize and reduce

organic matter, reduce pathogens and adsorb phosphorus. The discharge rate of the lagoon is defined based on the availability
8
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of farm areas suitable for the application of manure and the critical limit of phosphorus. An alternative to lagoons is the use of
anaerobic biodigesters. However, the reduction of the organic loading rate through anaerobic treatment in biodigesters has
contrasting effects. On the one hand, methane (CH4) production occurs through the degradation of part of the organic matter in
manure. On the other hand, the degradation of the carbon compounds generates a digest with lower organic loading rate, which
may reduce emissions after application in soil. The agronomic value of manure from anaerobic treatment systems reduces
emissions at the time of application and throughout the biological transformations occurring in soil (nitrification and
denitrification), compared to the raw manure (Dennehy et al., 2017). Additionally, the use of anaerobic treatments is a possible
alternative to increase the energy value, reducing the use of fossil fuels and the environmental impacts associated with this
energy source, including the emission of greenhouse gases.

In evaluating N2O emissions in soil fertilized with pig manure from different treatment systems (separation of solid
and liquid phase, untreated and anaerobically treated), Bertora et al., (2008) found a significant decrease in the loss of N
applied to soil as N0, in the following order: untreated liquid manure> liquid fraction> anaerobically treated liquid manure>

solid fraction. The authors associate such effects to carbon, fiber and N-NH4* contents in manure.

4.3 Manure composition: carbon and other nutrients

Carbon and nutrient contents (mainly nitrogen) in pig manure are one of the main factors that impact the emissions of
greenhouse gases after application in soil. Pigs are monogastric animals and compared to polygastric animals produce manure
with high proportions of biodegradable carbon (Amon et al., 2007), which is available for soil microbial processes.

On average, 80% of N, 78% of P and 95% of K present in animal diet are found in raw manure, which depends on the
animal species and the diet. In Brazil, manure is applied predominantly in liquid form in which nitrogen is mainly present in

ammonium form. Once in the soil, this form of nitrogen is used as substrate for nitrification and denitrification.

4.4 Heavy metal presence

The presence of heavy metals promotes a decrease in the genetic diversity of microbial communities. On the other
hand, some studies show that the presence of these metals may induce the tolerance of microbial communities over time
(Philippot, Hallin, and Schloter, 2007). Nitrification and denitrification are sensitive to environmental changes and are
influenced by the presence of soil contaminants. The enzymes that catalyze the reduction reactions are activated by the
expression of narG and napA (nitrate reductase), nirK and nirS (nitrite reductase), norB (nitric oxide reductase) and nosZ
(nitrous reductase) (Philippot, Hallin, and Schloter, 2007).

Studies in literature show the presence of heavy metals such as zinc (Zn*?), nickel (Ni*?) and cadmium (Cd*?) inhibit
the expression of nosZ, especially copper (Cu*?) (at concentrations > 0.5 mg L) (Gui et al., 2017). This gene is responsible for

the activation of N»O reductase, an enzyme that catalyzes the reduction of N,O to Nz and is activated by nosZ (Figure 3).
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Figure 3. Schematic representation of the enzymes responsible for the denitrification process.
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The process of reducing NO3™ to N (dinitrogen) is mediated by enzymes, as described in figure 3. The inhibition of
the nosZ enzyme by the presence of metals such as Cu*?, in the last stage of the biotic denitrification process, resulting in
increases in N,O emissions to the atmosphere. This phenomenon is likely to occur in areas with a history of surface
applications of liquid pig manure. After 32 applications over 10 years, Tiecher et al. (2013) found Cu*? contents available in
the topsoil (0.00-0.05 m) varied from 11 to 111 mg kg™. It is important to note that approximately 90% of the copper content
found in soil is in soluble form (in soil solution), wherein the surface layer approximately 30% is in the form of Cu*? and 60%

are bound to dissolved organic compounds (De Conti et al., 2016).

4.5 Oxygen diffusion

Oxygen diffusion is associated to soil physical properties, such as structure, texture, and organic matter content, in
addition to management practices. Agricultural practices promote soil densification by reducing partial oxygen pressure. Also,
with the addition of organic fertilizers in soil, there is increased availability of labile carbon, in addition to nitrogen used as
substrate by heterotrophic microorganisms. Thus, the formation of anaerobic microsites occurs by oxygen consumption,
generating the necessary conditions for denitrification (Meng, Ding, and Cai, 2005). Denitrification occurs preferentially under
conditions water-filled pore space (WFPS, %) above 80%.

Pig manure of growing-finishing phase presents solids contents of approximately 6% (Tavares, 2016). Its application
on the soil surface may contribute to reduce the diffusivity of oxygen in soil. In evaluating the effect of liquid pig manure
application on oxygen diffusion and N,O production, Zhu et al. (2015) found a stimulus to the development of anoxic zones
and consequently the production of N2O. This behavior may be associated to the inhibition of the enzymes responsible for the
reduction of N2O to N2. In addition to the effect of liquid pig manure application, Meijide et al. (2007) found found higher N,O
emissions after the application of liquid pig manure, coinciding with irrigations in which WFPS was above 70%. Soil moisture

affect the frequency of nirK, norB and nosZ in soil, increasing in the number of copies of nosZ.
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5. Direct Emissions of Soils Fertilized With Pig Manure

Studies carried out in several regions of the world (n = 8) show significant variability in N>O emissions, with
cumulative emissions varying from 0.4 to 6.4 kg N-N-O ha? in subtropical regions, 4.6 to 7.1 kg N-N2O ha? in temperate
regions and 0.8 to 19.8 kg N-N,O ha in Mediterranean regions (Table 3).

Table 3. Nitrous oxide emissions in areas fertilized with pig manure.

. Cumulative N20 Emission
Duration L factor®
Reference Country Climate Crop Source Soil emissions
(day) kg N-N20 ha'l (%)
Giacomini et al., 2006 Brazil Subtropical Black oat APM 28 Sandy clay 0.4 0.2
Gonzatto et al., 2013 Brazil Subtropical Corn APM 90 Sandy clay 1.2 nd
Gonzatto et al., 2013 Brazil Subtropical Corn APM+0S 90 Sandy clay 3.2 nd
Subtropical Corn- 0.77
Aita et al., 2015 Brazil wheat APM+DCD 357 Loam 5.0
Subtropical Corn- 1.36
Aitaetal., 2015 Brazil wheat APM 357 Loam 6.4
Chantigny et al., 2010 Canada Temperate Corn APM 10952 Loam 4.6 2.4
Chantigny et al., 2010 Canada Temperate Corn APM 10952 Clayey 7.1 31
Dambreville et al., 2008 France Mediterranean Corn APM 325 Silty loam 0.8 0.38
Dambreville et al., 2008 France Mediterranean Corn LPM 348 Silty loam 1.0 1.07
Lopez-Fernandez et al., 2007 Spain Mediterranean Corn LPM 200 Sandy loam 4.6 1.02
Lopez-Fernandez et al., 2007 Spain Mediterranean Corn LMPinc 200 Sandy loam 5.1 1.27
Meijide et al., 2007 Spain Mediterranean Corn LPM 142 Sandy loam 8.3 13
Meijide et al., 2007 Spain Mediterranean Corn CPM+U 142 Sandy loam 9.3 1.88
Mediterranean Corn 1.82
Louro et al., 2015 Spain silage LPMinj 126 Silty loam 19.8

APM = pig manure after anaerobic treatment; APM+0OS = pig manure after anaerobic treatment + oat straw; LPM = liquid pig manure;
LPMinc = incorporated liquid pig manure; LPMinj = injected liquid pig manure; DCD = dicyandiamide; CPM+U = pig manure compost +
urea; nd = not available.

aAproximately.

bCalculated from nitrogen loss of the control treatment (Factor used by the IPCC: 1.25)

Source: Authors.

The highest emissions of N2O seem to be related to soil type (influence of texture), application method (incorporated
or injected), manure type (raw or treated), the joint use of manure and chemical fertilization, and the use of nitrification
inhibitors. Studies show that emissions are also associated to the effects of soil moisture, carbon and nitrogen in manure, and
manure storage time (this reduces contents of easily degradable carbon). Climate and local topographic effects, such as the
presence of soils with hydromorphic characteristics also influence emissions. The applicability of global emission factors, such
as those proposed by the IPCC (1.25%), is difficult at regional or local scales.

Internationally, another factor associated with the large variability of N,O emission values may be linked to deficient
and limited techniques used for measuring emissions. Static chamber is the most currently used method (Butterbach-Bahl et
al., 2013).
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6. Control and Mitigation Strategies
6.1 Managing pig nutrition

One of the strategies for reducing greenhouse gas emissions from animal manure is the management of crude protein
levels in feed (Philippe and Nicks, 2015). Sanchez-Martin et al. (2017) evaluated the effect of the addition of fiber sources
(consisting of N) on the diet of animals to reduce the concentrations of benzoic acid and hippuric acid in manure (feces and
urine). The authors found that the addition of fiber sources caused reductions of 47 to 65% in N2O emissions after manure
application in soil.

In evaluating the emissions of N,O in soil treated with manure from groups of piglets fed with 10 different diets,
Velthof et al. (2005) found that regardless of soil texture (clayey or sandy), the lowest emissions were found in soils fertilized
with manure from diets with lower protein contents. However, the variation of carbohydrate levels in the diet increased

emissions in sandy soil.

6.2 Manure treatment

The use of technologies for pig manure treatment is an important strategy for reducing greenhouse gas emissions.
Among the strategies that enable the reduction of N,O emissions after application to the soil is decreasing the water content of
manure, composting and improving anaerobic digestion.

Improving water supply efficiency for housed animals also contributes to reducing emissions after manure application
in soil. The reduction of water content in manure through more efficient use of drinkers results in a smaller volume of manure.
The use of nipple drinkers can reduce water losses by approximately 19% and 16% in comparison to bite-ball nipple and bowl.
This was verified by Tavares et al. (2014) in a study carried out in 15 commercial farms in the growing-finishing phase. Thus,
manure has higher solids contents (6% on average) (Tavares, 2016), contributing to the reduction of anaerobic sites in soil.
Another alternative for reducing the moisture content in manure is the separation of the solid and liquid phases (Bertora et al.,
2008), with subsequent composting of the liquid phase.

Composting of slurry is another alternative for reducing emissions. In evaluating the effect of the addition of liquid
pig manure and pig manure compost on the soil, Kariyapperuma, Furon and Wagner-Riddle (2012) found reductions of up to
57% in soil NoO emissions after the addition of treatments.

As for anaerobic digestion, improving the process reduces degradable carbon, energy availability for nitrifying

microorganisms, and N».O production in soil (Montes et al., 2013).

6.3 Fertilization strategies

The highest NoO emissions occur mostly after the addition of manure to the soil, which are simultaneous with the
peaks of nitrogen availability (Meng, Ding, and Cai 2005; Dambreville, Morvan, and Germon 2008; Gonzatto et al., 2013).
Therefore, the addition of slow-release nutrient sources (e.g., pig manure compost or pelleted manure) may be an alternative to
delay the processes of nutrient release, especially nitrogen. This promotes improved synchronization between release and the
phase of greater crop demand. In addition, split fertilization may be another efficient alternative for reducing N,O emissions.
Shcherbak, Millar, and Robertson (2014) have shown through meta-analysis that nitrogen fertilization in doses <50 kg N ha™
reduce N.O emission factor more than the value recommended by the IPCC.

Another efficient alternative is the increased uptake of soil nutrients by crops. Genetic improvement programs for
agricultural crops could select cultivars in locations with high nutrient content, thus allowing the development of varieties that

will adapt to these conditions. Fertilizers are typically applied with high amounts of nutrients per hectare. This results in
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readily available nutrients, especially nitrogen for the microbial processes responsible for N.O emissions, which increase
exponentially with increasing nitrogen levels per hectare (Shcherbak, Millar and Robertson, 2014).

The rate at which nitrogen preferentially present as ammonium in liquid manure is converted to nitrate may result in
increased N2O emissions. When converted to nitrate (NOs’), ammonium nitrogen (NH4*) is used as substrate by the
denitrifying bacteria.

The mechanism of nitrification inhibitors is to inhibit the bacteria responsible for the oxidation of NH4* to nitrite
(NO2). This will increase the residence time of NH4* in soil and consequently reduce N»O and the risks of nitrogen leaching in
the soil profile.

One of the most used nitrification inhibitors is dicyandiamide (DCD), which acts on the oxidation of hydroxylamine
to NO2, with a pronounced effect on Nitrosomonas europaea (Zacherl and Amberger, 1990). In evaluating the effect of liquid
pig manure application combined with the use of DCD on N,O emissions in corn and wheat cultivation in southern Brazil, Aita
et al. (2015) found decreases of 60% when treatments were applied in single dose combined with DCD. Therefore, the use of
nitrification inhibitors proves to be an efficient strategy, because it delays the nitrification process and reduces N2O emissions
(Meijide et al., 2007).

6.4 Soil and crop residue management

Soil management associated with crop and cover crop residues is a viable strategy from an agricultural standpoint. In
the literature, inconsistent emission values are presented in areas managed under no-tillage and conventional tillage. In a two-
year study, Baggs et al. (2003) found higher N,O emissions in soils managed under no-tillage with cereal residues in
comparison to conventional tillage. Soils managed under no-tillage showed higher levels of moisture and organic carbon,
forming anaerobic microsites that may increase emissions. On the other hand, Giacomini et al. (2006) did not find increased
emissions with liquid pig manure applications in soil managed under no-tillage, compared to soil managed under minimum
tillage. However, these authors reported that because of surface application in no-tillage, the formation of surface crusts may
reduce oxygen diffusion, forming anoxic zones that contribute to emission peaks after rainfall events. Areas managed under
no-tillage with less than 10 years of establishment tend to emit more N.O than more consolidated systems (Six et al., 2004).

No-tillage combined with the use of cover crops contributes to increased carbon contents in the upper layers of the
soil (Ghimire et al., 2017). The contribution of crop residues and their rotation promotes the increase of carbon stocks over the
years, resulting in reduced N,O and CO, emissions. The characteristics of crop residues influence the availability of carbon
and nitrogen to the soil, and selecting cover crops is a way to reduce N.O emissions. Several authors have found lower
emissions in soils with addition of grass residues, which present higher C/N ratios, and higher lignin and cellulose contents.
This increases the half-life (t2) of the residues in the soil and reduces the release of carbon and nitrogen into the soil (Doneda
etal., 2012).

The presence of plants during fallow periods can also be an efficient strategy to reduce N,O emissions. Lopez-
Fernandez et al. (2007) evaluated the effect of the presence and absence of corn plants on the magnitude of N,O emissions and
found reductions of approximately 34% in treatments fertilized with pig manure on soil with plants in comparison to those

without plants.

6.5 Managing soil biodiversity

The use of soil management and fertilization techniques that promote unfavorable environmental conditions for
denitrifying bacteria is a possible strategy to reduce N,O emissions. Management strategies that increase stable carbon forms
in the soil, which contribute to increased diameter of soil aggregates, promote the increase of total soil macroporosity (Loss et
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al., 2015). As a result, there are fewer environments with low oxygen diffusivity, which contributes to reducing denitrification
zones.

Another strategy is to enrich soil with bacteria capable of mitigating emissions. In analyzing N,O production of
indigenous microbial communities of incubated soils from Ireland, Sweden and England after soil enrichment with the addition
of a strain of Dyadobacter fermentans, Domeignoz-Horta et al. (2016) reported the influence of soil pH values (r = 10.8;
P<0.01) and C/N ratio (r = 19.4; P<0.01) on the ability of the bacterial strain to mitigate N,O emissions.

7. Final Considerations

Microbiological processes are mainly responsible for N,O emissions from the soil into the atmosphere. N2O emissions
are intensified when soils under natural conditions are converted to agricultural areas. This behavior is directly related to the
effect of agricultural practices on the biological processes involved in N2O emissions. Management and fertilization practices
(e.g., pig manure) modify the biogeochemical nutrient cycles in agroecosystems, changing contents and availability of nutrient
forms in soil, thus increasing NoO emissions.

Efficient management of animal manure is one alternative to reduce N.O emissions. The efficient use of water in
animal production facilities and nutritional strategies that reduce nutrient contents in manure should be developed to minimize
its pollution potential. The use of conservative soil management systems and the development of organic fertilization strategies
that improve nutrient uptake efficiency by crops and increase carbon and nitrogen stocks in soil should be encouraged to
reduce emissions.

We find few studies in the literature that address the effect of managing pig nutrition, their reflexes on the
characteristics of manure and, consequently, on N.O emissions. Therefore, as a suggestion for future research, we recommend
integrated studies of the quantitative and qualitative impacts of the levels and sources of nitrogen in the animals' diets on N2O
emissions after the manure application to the soil. We also recommend studies related to the effects of copper and zinc contents

added to the soil via pig manure on enzymes that catalyze the biotic denitrification process in the soil.
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