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Resumo 

Um sistema de bovinicultura leiteira intensiva com base em duas culturas forrageiras 

anuais foi desenvolvido no Noroeste de Portugal. Este sistema gera anualmente grandes 

volumes de chorume e, embora este efluente possa ser utilizado para o fornecimento de 

nutrientes às culturas forrageiras praticadas, a disponibilidade de solo é limitada para a sua 

reciclagem. Para garantir a sustentabilidade da produção agrícola nesta região, o excesso de 

chorume bovino precisa de ser tratado e/ou transportado para explorações com necessidades 

acrescidas de nutrientes. 

O objetivo geral desta tese foi avaliar os impactos ambientais e agronómicos no sistema 

de duas culturas forrageiras anuais de milho / aveia, decorrentes do tratamento de chorume por 

separação mecânica de sólidos e pela aplicação de aditivos, a fim de definir as práticas que mais 

contribuam para a redução das perdas de nutrientes e, simultaneamente, garantam o aumento 

da eficiência e do rendimento das culturas e o seu valor nutritivo. 

Esta tese está organizada em 5 capítulos. O Capítulo 1 apresenta o state-of-the-art 

relativamente ao ciclo do azoto em sistemas leiteiros, emissões gasosas provenientes da 

agricultura, mecanismos e fatores que controlam a volatilização de amoníaco (NH3) e as 

emissões de metano (CH4) e óxido nitroso (N2O) durante o armazenamento de chorume e após 

a sua aplicação ao solo. Neste capítulo, dá-se ainda ênfase às estratégias de mitigação para 

minimizar as emissões desses gases.  

No Capítulo 2 descreve-se um ensaio onde foi avaliado o impacto do tratamento do 

chorume por aditivos biológicos (EU 200®, Bio-buster® (BB) e JASS®) e de um aditivo 

acidificante (H2SO4) aplicado a dois tipos de efluentes (chorume bruto (WS) e a sua fração 

líquida (LF)), sobre as características físico-químicas, as fibras (celulose, hemicelulose e 

lenhina) e as emissões gasosas (NH3, CH4, dioxido de carbono (CO2) e N2O) durante o 

armazenamento anaeróbio e após aplicação ao solo do efluente animal. A acidificação do 

chorume bruto inibiu a degradação de materiais orgânicos (celulose, hemicelulose, matéria 

seca, matéria orgânica e do carbono) mas aumentou a concentração de N e reduziu as perdas de 

NH3 durante o armazenamento (69%) e depois de aplicação ao solo (93%) relativamente ao 

chorume não tratados aditivos biológicos não mostraram qualquer efeito significativo nos 

parâmetros analisados. Após aplicação ao solo, as emissões de NH3 a partir do chorume bruto 
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(18,1 kg N ha−1) foram superiores às observadas a partir da fração líquida (9,3 kg N ha−1) e da  

fração sólida compostada (0,3 kg N ha−1). 

No Capítulo 3, um sistema especializado para o estudo da desnitrificação em condições 

controladas (DENIS), que aplica uma técnica de lavagem da atmosfera do solo, foi usado a uma 

temperatura constante de 20 ° C, durante 32 dias, para estudar ou comparar o efeito nos 

processos de nitrificação e desnitrificação do tratamento da fração líquida (LF) do chorume por 

acidificação (LFA) a pH 5,5, com LF sem tratar e LF tratado com inibidores de nitrificação 

(3,4- Dimethylpyrazole phosphate (DMPP)) (LF+DMPP) bem como as emissões gasosas (de 

óxido nítrico (NO), N2O e CO2) e dinâmica do azoto mineral do solo. A origem das emissões 

de N2O foi estimada como sendo principalmente o processo de desnitrificação. O tratamento 

ALF reduziu as emissões de N2O em 52% relativamente ao tratamento LF (não tratado) 

enquanto a adição de DMPP reduziu as emissões em cerca de 30%. Relativamente às emissões 

de NO, o tratamento ALF atingiu uma redução de 36%, enquanto que a adição de DMPP 

permitiu uma redução de 79%. 

No Capítulo 4 é descrito um ensaio de campo de 2 anos realizado em Vila Real 

(Portugal), entre Julho de 2013 e Maio de 2015. Nesse ensaio, o efeito do tratamento de 

chorume por separação mecânica e do tratamento da fração líquida (LF) com aditivos (H2SO4 

a um pH 5,5 (LFA) e H2SO4 + DMPP (LFAD)) foi comparado com os tratamentos 

convencionais (chorume bruto e fertilizante mineral (nitrato de amónio)) aplicados ao milho 

(cultura de verão) e aveia (cultura de inverno), relativamente aos seguintes parâmetros: 

produção de matéria seca e qualidade de forragem, exportação de nutrientes, indicadores de 

eficiência de utilização do N (Valor de Substituição de Adubos Azotados, calculado com base 

na produção de matéria seca (NFRVDM) e recuperação aparente do azoto (ANR)), bem como o 

valor residual de N mineral do solo depois de cada cultura. A maior quantidade de matéria seca 

(média de 2 anos) foi obtida quando a LFA  e a LFAD foram aplicadas. A LFAD aumentou a 

concentração de N nas folhas do milho 31,4% relativamente à LF e ao fertilizante mineral. No 

caso da aveia, a aplicação de fertilizante mineral conduziu a uma quantidade mais elevada de 

matéria seca (4,2 t ha-1), embora não significativamente diferente dos tratamentos WS e LF. O 

N exportado no tratamento LF aumentou para valores semelhantes ao fertilizante mineral após 

o tratamento com acidificação ou acidificação mais DMPP. Após a colheita do milho, o

potencial de lixiviação de nitratos nos tratamentos com chorume foi inferior ao tratamento com 

N mineral. 
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Conclui-se (Capítulo 5) que a utilização dos aditivos biológicos com o objetivo de 

diminuir as emissões gasosas e modificar as características dos chorumes não apresentou 

vantagens evidentes. Contudo, a acidificação do chorume é uma tecnologia eficaz na redução 

das perdas de NH3, N2O e NO após a aplicação e para aumentar o valor agronómico do efluente 

durante o armazenamento. Também, a separação mecânica permite a redução das perdas de 

NH3 no campo após a aplicação das frações líquidas, redução que é justificada pela maior 

infiltração do efluente no solo, devido ao decréscimo do teor de matéria seca decorrente da 

separação mecânica. O ALF pode ser usado como alternativa ao LF+DMPP para mitigar 

emissões de N2O, mas no caso das emissões de NO, o ALF não foi tão benéfico como o 

LF+DMPP. O chorume tratado por separação mecânica e pelos aditivos não biológicos (H2SO4 

ou H2SO4 + DMPP) pode ser uma técnica viável de tratamento de chorume com beneficios 

ambientais (potencial de lixiviação inferior) e valor fertilizante equivalente à aplicação de 

adubo mineral no sistema de produção milho/aveia nas condições climáticas Mediterrânicas. 

Palavras.chave: Gestão de efluentes animais; tratamento de chorumes; emissão de gases; 

azoto; produção de forragem; valor nutritivo 





XIII 

Abstract 

An intensive dairy system based on a double crop foraging system has been developed 

in the North-West of Portugal. This system results in huge volumes of slurry produced annually 

and although this slurry could be utilized to meet crop nutrient demand, there is limited land 

for recycling of slurry nutrients. To ensure sustainability of agricultural production in this 

region, excess slurry needs to be treated or transported to farms in deficit of nutrients. The 

overall aim of this thesis was to evaluate the environmental and agronomic impacts of the 

treatment of slurry by mechanical separation and slurry additives under maize/oat double crop 

foraging system in order to make recommendations for practices that reduces nutrient losses as 

well as increase crop yield and quality. 

This thesis is organised into 5 chapters. Chapter 1 provides a-state-of-the-art in relation 

to nitrogen cycle in dairy systems, gaseous emissions from agriculture, mechanisms and factors 

controlling ammonia (NH3) volatilization, methane (CH4) and nitrous oxide (N2O) during slurry 

storage and after application. In this chapter, emphasis is also given to mitigation strategies to 

minimize emissions of these gases.  

In chapter 2, the impact of the treatment of slurry using biological additives (EU 200®, 

Bio-buster® (BB) and JASS®) and an acidifying (H2SO4) additive applied to two effluent types 

(cattle whole slurry (WS) and its liquid fraction (LF)) on the physical-chemical characteristics, 

fibre components (cellulose, hemi-cellulose and lignin) and gaseous emissions (NH3, CH4, 

carbon dioxide (CO2) and N2O) during anaerobic storage and after soil application was 

evaluated. Slurry acidification inhibited the degradation of organic materials (cellulose, hemi-

cellulose, dry matter, organic matter and total carbon) but increased the N concentrations and 

reduced NH3 losses during storage (69%) and after soil application (93%) relative to the 

untreated slurry. Biological additives had no impact on all measured parameters. After soil 

application, NH3 losses in the WS (18.1 kg N ha−1) was higher than the LF (9.3 kg N ha−1) and 

composted solid fraction (CSF) (0.3 kg N ha−1). 

In chapter 3, a specialized denitrification system (DENIS/gas-flow-core technique) was 

used to study or compare the impact of the treatment of slurry LF by acidification (LFA) to pH 

5.5 with the untreated LF and LF treated with a nitrification inhibitor (3,4-Dimethylpyrazole 

phosphate (DMPP)) (LF+DMPP) on nitrification and denitrification processes as well as 

gaseous emissions (nitric oxide (NO), N2O and CO2) and nitrogen speciation evolution in the 

amended soils for 32 days at constant temperature of 20 °C. Emission of N2O was mainly 
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produced from denitrification. The ALF reduced N2O by 52% relative to the untreated LF 

whereas the DMPP tended to reduce N2O emissions by 30%. The ALF reduced NO emissions 

by 36% whereas the DMPP led to a greater decrease of 79%. 

A 2-year field experiment (chapter 4) was conducted in Vila Real, Portugal between 

July 2013 and May 2015. The impacts of the treatment of slurry by mechanical separation and 

treatment of the LF with additives (H2SO4 to a pH 5.5 (LFA) and H2SO4+DMPP (LFAD)) were 

compared with that of the conventional treatments (whole slurry and mineral fertilizer 

(ammonium nitrate)) applied to maize (summer crop) and oat (autumn/winter crop) relative to 

the following parameters: forage dry matter yield (DMY) and quality, nutrient removal, N use 

efficiency indicators (Nitrogen fertilizer replacement value based on dry matter yield 

(NFRVDM) and apparent nitrogen recovery (ANR)) as well as the residual soil mineral N 

content after each cropping season. The highest maize DMY (2-year average) of 16.7 t ha−1 was 

achieved when the LFA and LFAD were applied. The LFAD increased N concentration of 

maize leaves by 31.4% relative to the LF and Mineral fertilizer. In relation to the oat crop, the 

mineral fertilizer led to the highest DMY of 4.2 t ha−1 although not significantly different from 

the WS and LF treatments. The N removal in the LF increased to values comparable to the 

Mineral fertilizer after treatment with acidification (LFA) or both acidification plus DMPP 

(LFAD). The nitrate leaching potential in slurry treatments were lower than the mineral 

fertilizer after maize harvesting. 

Overall, it was concluded (chapter 5) that the use of the above biological additives to 

decrease pollutant gases and to modify slurry characteristics are questionable. Slurry 

acidification is a potent tool to reduce NH3, N2O and NO losses from slurry after application 

and to increase the agronomic value (mainly N and S concentrations) of slurry during storage. 

Reducing slurry dry matter through mechanical separation can mitigate NH3 losses from field 

applied slurry. The NH3 reductions in the LF is mainly related to the higher infiltration of 

ammonium in the top soil (0-5cm layer) relative to the whole slurry. The ALF can be used as 

an alternative to LF+DMPP to mitigate N2O emissions but in the case of NO emissions, the 

ALF was not as beneficial as the LF+DMPP. Slurry treated by mechanical separation plus 

additives (H2SO4 or H2SO4 + DMPP) can be recommended as a viable technique with 

environmental benefits (low nitrate leaching potential) and an equivalent fertilizer value as the 

mineral fertilizer in a maize-oat cropping system under Mediterranean climatic conditions. 
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1.1. Background 

A number of important trends have emerged with the intensification of livestock 

farming since the past decades. Firstly, intensification within the livestock industry has led to 

large number of animals concentrated on restricted areas and consequently, the production of 

large volumes of waste on these sites (Merrington et al. 2002). Secondly, many farmers have 

come to regard the application of livestock manure or slurry to agricultural land as little more 

than a waste disposal exercise and these effluents are often over applied (Merrington et al. 

2002). This practice may lead to nutrient losses into the environment either as gaseous 

emissions or leaching into ground water bodies. 

The risk of pollution as a result of poor management of manure is on the ascendancy in 

the northwest of Portugal where an intensive dairy production based on a double cropping 

system with maize (Zea mays L.) as a summer crop and oat (Avena sativa) or Italian Ryegrass 

(Lolium multiflorum Lam) as a winter crop have been developed (Trindade, 2015). These crops 

allow high annual forage yields to be achieved, typically 20-24 Mg dry matter (DM) plus 7-9 

Mg DM ha−1 for the maize and the winter crop, respectively (Trindade, 2015). These high 

forage yields are achieved through slurry N fertilisation rates between 300-360 kg N ha−1 

(equivalent to 100 and 120 m3 ha−1 yr−1) (Trindade, 2015). In addition, crops often receive 

mineral fertilizers at rates which may represent an extra annual input of 100-200 kg N ha−1 

(Trindade, 2015).  

Furthermore, the region has a Mediterranean influence characterized by hot summers 

and cool or wet winters (Trindade et al. 2009) which creates optimum conditions for nutrient 

losses after application. The intensive nature of this dairy system results in large amounts of 

slurry produced annually and although this slurry could be used to meet crop nutrient needs, 

there is limited land for sustainable recycling of slurry nutrients (Trindade, 2015).  

To enhance sustainable recycling of slurry on these farms, excess slurry needs to be 

treated or transported to farms which are in deficit of nutrients. The cost of transporting slurry 

may be minimised by separating the slurry into a liquid fraction for on-farm utilisation and a 

nutrient rich dry matter that can easily be transported to near-by farms (Sørensen et al. 2003). 

The fertilizer value of the liquid fraction may further be improved by treatment with slurry 

additives such as acids and nitrification inhibitors (Fangueiro et al. 2015a; Ruser and Schulz, 

2015). 
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Earlier studies which aimed at minimizing nutrient losses (gaseous emissions and 

leaching) to increase forage yield and quality under intensive double cropping systems in 

Mediterranean field conditions have mainly focused on slurry N application rates (Trindade et 

al. 2009), time of N application (Trindade et al. 2009) and the effect of nitrification inhibitors 

combined with organic residues (Carneiro et al. 2012). Although slurry separation improves 

slurry management at the farm level, there is limited information on the environmental and 

agronomic consequences of applying these treatment technologies during storage and after soil 

application under Mediterranean conditions. 

The outcome of this study is important for the following reasons: 

1. To fill the knowledge gap on the agronomic (fertiliser value) and environmental

impacts (gaseous emissions and nitrate leaching) of using mechanical separation

and slurry additives as a strategy to minimise nutrient losses from intensive dairy

farming under Mediterranean conditions.

2. An evaluation of the efficacy of slurry additives, such as chemical, biological or

enzymatic-based additives, is important to protect the interest of farmers.

3. The outcome of this study will be useful in making recommendations for

practices which improves slurry management, minimises nutrient losses and also

ensures a high slurry fertilizer value.

Aims, objectives and hypothesis 

The overall aim of the study was to evaluate the effect of mechanical separation and 

slurry additives using a farm scale approach on the following aspects: 1) gaseous emissions and 

nitrate leaching potential during storage and after field application and 2) the fertilizer value of 

this slurry at farm level by an intensive double-cropping forage system (maize and oat). To 

address this main aim, a number of objectives were completed using field and laboratory 

experiments. These objectives were as follows: 

1. To provide information to help understand the mode of action of some biological

additives used for slurry treatment.

2. To identify the impact of mechanical separation and slurry additives as treatment

techniques on ammonia (NH3) and greenhouse gas emissions during slurry storage.
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3. To understand the impact of mechanical separation of slurry and slurry additives on

nitrogen speciation in soil (organic N, ammonium (NH4
+), nitrate (NO3

−)) and on

emissions of nitrous oxide (N2O), nitric oxide (NO) and carbon dioxide (CO2).

4. To identify the agronomic benefits of the treatment of slurry by mechanical

separation and slurry additives under a double crop foraging system (maize-oat).

5. To propose alternative treatment technologies to the conventional treatments (dairy

whole slurry and mineral fertilizer) in this cropping system with less environmental

impacts and higher agronomic value.

These studies will address 4 general hypothesis based on the following premises: 

Gaseous emissions from slurry are controlled by microbial processes (Sommer et al. 

2013). Microbial processes occurring in slurry are influenced by the characteristics of slurry, 

namely pH (Ottosen et al. 2009; Petersen et al. 2012; Hjorth et al. 2015), carbon (Jensen and 

Sommer, 2013) and nitrogen contents (Jensen and Sommer, 2013). Studies (Hjorth et al. 2010, 

2015) have also shown that treatment of slurry strongly affects slurry composition (e.g. carbon, 

fibre, pH and NH4
+ concentrations) and may have a positive or negative influence on gaseous 

emissions during subsequent storage and following land application (Loyon et al. 2016). We 

therefore hypothesise that treatment of slurry by mechanical separation and additives will 

modify initial slurry characteristics and consequently influence gaseous emission patterns 

during storage and after field application. 

Lowering of slurry pH by acidification conserves nitrogen for crop utilization through 

a reduction in NH3 losses after application (Fangueiro et al. 2015a). Furthermore, a delay in 

NH4
+ nitrification and subsequent reductions in N2O emissions may occur in soils amended 

with acidified slurry relative to untreated soils (Fangueiro et al. 2010; 2013; 2016). Nitrification 

inhibitors impedes NH4
+ nitrification and consequently reduces N2O emissions and nitrate 

leaching from soils (Ruser and Schulz, 2015; Di and Cameron, 2016). We therefore hypothesis 

that, treatment of slurry either by acidification (H2SO4 to pH 5.5) or the nitrification inhibitor 

DMPP will minimise nitrogen emissions and consequently increase the availability of N for 

crop utilisation after application. According to Cameron et al. (2013), the risk of nitrogen losses 

through leaching are higher during periods of frequent rainfall. We therefore hypothesis that, 

the impact of the additives (either H2SO4 or H2SO4 plus DMPP) in increasing the N use 

efficiency after application will be more evident under winter conditions than summer 
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conditions. The final hypothesis states that treatment of the liquid fraction by acidification or 

acidification plus DMPP will lead to lower residual NO3
− after maize and oat harvesting relative 

to the untreated LF. 

1.2. State-of-the-art 

1.2.1 Nitrogen cycle in dairy farms 

The N cycle (Fig. 1.1) on a farm is described in Jarvis et al. (2011). Briefly, N is 

generally brought to the farm through the importation of animals and/or feed (1), bedding 

materials (2), mineral fertilizer, manure, seeds as well as from atmospheric deposition or the 

fixation of N into soils by leguminous crops (3). Exportation of N from the farm also occurs 

and usually in the form of crop products, livestock products, manure (4, 5, 6) as well as gaseous 

emissions (ammonia (NH3), dinitrogen (N2), nitrous oxide (N2O) or nitric oxide (NO)) from 

animal housing, manure storage and cropped or grazed fields (7, 8, 9). Additionally, N export 

from the farm may occur though run-off or leaching of nitrate (NO3
−), ammonium (NH4

+) or 

dissolved organic N (DON) (10). The N cycle at the farm also undergoes some transformations 

internally. For instance, the N which is not assimilated into animal protein or milk is excreted 

in dung and urine either during grazing (11) or housing (12), or when manure is field applied 

or when it enters the management chain of manure (13, 14, 15). Manure applied to the field is 

converted into forms that can be assimilated into crops either as forage (16, 17) or into tillage-

crop production (18). Other internal transformation of N continue to occur in the soil (19) which 

influences the availability of N for crop uptake or losses into the environment. 
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Fig. 1.1. Schematic diagram of annual nitrogen flows on a farm. Atm. Dep. = deposition from the atmosphere, 

DON = dissolved organic nitrogen. The numbers refer to the flow or transformation processes described in the 

text. (Source: Jarvis et al. 2011). 

1.2.2 Environmental impacts of dairy production 

1.2.2.1 Air 

Ammonia is a key pollutant in the atmosphere, but unlike greenhouse gases (GHGs), it 

has a short residence time as a gas in the troposphere (Merrington et al. 2002). In addition, 

livestock production is a significant source of greenhouse gases such as methane (CH4), N2O, 

and CO2, which contributes to global warming and ecosystem changes (IPCC, 2013). Methane 

and N2O are considered potent greenhouse gases and have a high capacity to absorb the 

radiation that is reflected from the earth (Sommer et al. 2013). Indeed, the global warming 

potential per kilogram emitted of N2O and CH4 are estimated to be 296 and 23 times higher 

respectively than that of CO2 over a 100-year time period (IPCC, 2013). 

1.2.2.2 Water 

Besides atmospheric deposition of NH3 into water bodies, over application of nutrients 

or poorly timed fertiliser applications to arable soils are major sources of pollutants into aquatic 

ecosystems (Jensen, 2013). Nutrient losses from field applied nutrients mainly occur through 
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leaching and surface runoff especially when infiltration capacity of the soil is surpassed 

(Sørensen and Jensen, 2013). High concentrations of nutrients (N and phosphorus (P)) in 

surface waters leads to eutrophication and consequently lead to the mortality of aquatic 

organisms (Merrington et al. 2002; Sørensen and Jensen, 2013). The development of algal 

bloom from eutrophication may produce odour and thus reduce the amenity value of the water 

body (Merrington et al. 2002). 

1.2.2.3 Soil 

An increase in soil N levels may occur from NH3 depositions and may have positive 

impacts on soil fertility but also increase the risk of nitrate leaching (Merrington et al. 2002). 

Slurry constitutes an appreciable amount of mineral elements such as P, copper (Cu) and zinc 

(Zn) (Jensen, 2013; Sørensen and Jensen, 2013). Hence, intensive application of slurry or 

manure may lead to the accumulation of mineral elements in the soil over time (Mantovi et al. 

2003; da Rosa Couto et al. 2016). Indeed, excessive amounts of Cu and Zn in the soil may be 

toxic to plants and microorganisms (Dourmad and Jondreville, 2007; Hafeez et al. 2013) 

indicating that the accumulation of Cu and Zn from frequent slurry application to arable soils 

may have a strong influence on the recycling of crop nutrients and the quality of crops produced. 

In irrigation based agriculture, salt may be imported to the field as part of the irrigation 

water and may accumulate in the soil through evaporative water loss if not leached out (Devkota 

et al. 2015). An increase in soil salinity negatively affects physical, chemical and biological 

properties of soil (Rietz and Haynes, 2003; Singh, 2016) and may have adverse impacts on plant 

growth (Rengasamy, 2010). Furthermore, judicious management of grassland soils and related 

vegetation may increase soil carbon storage and can contribute to mitigate climate change 

(Ryals et al. 2014; Parras-Alcántara et al. 2015). 

1.2.2.4 Biodiversity 

Grasslands constitute a considerable proportion of plant and animal species which are 

seldom in other vegetation (Isselstein et al. 2007). However, intensification of livestock 

production may result in the substitution of grassland with high species and community 

diversity with productive pastures which have few plant and animal diversity (Isselstein et al. 

2007). Intensive farming systems based on high fertilizer inputs to support forage production 

aids the dominance of competitive plants and may lead to a decline in species diversity (CEAS, 
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2000).  In addition, livestock of different breeds may have different dietary preferences and 

thus behave differently when grazing which may have an effect on the structure of pastures and 

biodiversity (Rook and Tallowin, 2003). In relation to aquatic ecosystems, changes in nutrient 

levels (mainly N and P) due to eutrophication may have an impact on the species composition 

of algal communities (Merrington et al. 2002). 

1.2.3 Gaseous emissions from dairy production 

Gaseous emissions from dairy manure management includes NH3, N2O, CO2, CH4, 

hydrogen sulphide (H2S) and NOx (oxides of nitrogen such as NO and nitrogen dioxide (NO2)). 

Agriculture contributed a major share (93.3%) of NH3 volatilization in the EU-28 in 2013 with 

manure management and agricultural soils contributing 58.9 and 34.4% of total agricultural 

emissions (Fig. 1.2A). Agriculture accounted for 10.35% of total greenhouse gas (GHG) 

emissions in the EU-28 in 2012 with manure management, enteric fermentation and agricultural 

soils contributing 1.73, 3.24 and 5.30% respectively (Fig. 1.2B). According to Oenema et al. 

(2005), manures from livestock production systems are estimated to contribute about 30 to 50% 

to the global N2O emissions from agriculture, whereas CH4 emissions from manure 

management may range between 12-41% of total agricultural emissions in most countries 

(Chadwick et al. 2011). Furthermore, agricultural systems are significant sources of NOX (3.7 

Tg N year−1), which represents ~10% of the total anthropogenic sources (IPCC, 2013). 

Emission of CO2 from manure does not represent any major environmental concern since it is 

considered part of the so-called short-term carbon cycle, i.e. resulting from recent CO2 uptake 

by crops (Lopez-Ridaura et al. 2009). 
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Although gaseous emissions occur during different stages of manure management, the 

scope of this thesis is limited to emissions (NH3, N2O, NO, CH4 and CO2) occurring during 

storage and after soil application. 

 

Storage 

An overview of NH3 and greenhouse gas emissions reported in the literature from 

several studies shows wide variations as a result of the differences in factors such as animal 

diets, pre-storage processes and treatment, storage conditions and management practices 

(Sommer et al. 2009; Hristov et al. 2011). Ammonia losses during slurry storage may range 

between 0 to 38% of the total N in slurry (Bussink and Oenema, 1998; Amon et al. 2006; 

Dinuccio et al. 2008; Regueiro et al. 2016a). Since the bulk of stored slurry is anaerobic, 

emissions of N2O from nitrification and denitrification are considered insignificant (Sommer et 

al. 2013). Indeed emissions of N2O may range from 0 to 0.03% of the total nitrogen in the slurry 

(Park et al. 2006; Regueiro et al. 2016a). The above phenomenon relative to N2O emissions 

may partly account for the limited literature information on NO emissions during slurry storage. 

In the case of CH4, emissions may range from 0.6 to 13% of the fraction of carbon initially 

present in the volatile solids (C-VS) (Massé et al. 2008; Dinuccio et al. 2008; Minato et al. 

2013; Regueiro et al. 2016a) whereas CO2 emissions may range from 8 to 33% (C-VS) 

(Dinuccio et al. 2008; Regueiro et al. 2016a). 

   

Fig. 1.2. Ammonia emissions, EU-28, 2013 (% of total ammonia emissions) (A) and greenhouse gas 

emissions, EU-28, 2012 (% of total greenhouse gas emissions) (B). NB. Land use, land use change and 

Forestry (LULUCF) net removals are not included in total greenhouse gas emissions. Emissions from 

agricultural transport and energy use are not included in agriculture emissions, as these sectors are not defined 

as part of the agriculture sector by the current IPCC reporting guidelines. (Source: AFFS, 2015). 
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Field applied slurry 

It is estimated that NH3 losses after field application of slurry vary from 0 to more than 

50% of the total ammoniacal nitrogen (TAN) applied (Feilberg and Sommer, 2013). Emissions 

of CH4 after application are generally small (Laubach et al. 2015). Indeed, Fangueiro et al. 

(2015a) reported CH4 emissions in the range of 0 to 0.1% of applied C after application of 

acidified and un-acidified slurry. Relative to N2O, emissions from field applied slurry may 

range from <0.1% to 3.4% (Chadwick et al. 2011; Fangueiro et al. 2015a; Laubach et al. 2015). 

1.2.3.1 Ammonia volatilization 

1.2.3.1.1 Mechanisms and processes involved in NH3 volatilization 

The main source of NH3 in cattle manure is urea (Hristov et al. 2011). Ammonia 

formation in manure begins with the hydrolysis of urea by the urease enzyme which occurs 

primarily in two steps (Hristov et al. 2011); in the first step (Eq.1.1), 1 mole of urea is 

hydrolyzed into 1 mole of NH3 and 1 mole of carbamic acid. In the second step, the carbamic 

acid breaks down into a second mole of NH3 and 1 mole of CO2 (Eq. 1.2). 

NH2(CO)NH2 + H2O →NH3 + NH2(CO)OH        (1.1) 

NH2(CO)OH →NH3 + CO2 (1.2) 

Ammonia volatilization occurs through chemical and physical processes. A detailed 

description of these processes are described in (Hristov et al. 2011; Sommer and Fielberg, 

2013). Briefly; the process involves movement of NH3 to the slurry surface and a subsequent 

release of NH3 into the ambient air. Transfer of NH3 to the slurry surface is achieved through 

diffusion, whereas the release of NH3 from the slurry surface to ambient air is mainly through 

convective mass transfer. The release of NH3 (g) in manure is dependent on the equilibrium 

between NH3 (g) and NH3 (aq) (Eq. 1.3) and also influenced by the difference between NH3

concentration above manure surface layer (NH3 g) and the concentration at the surface layer of 

manure (NH3 aq). The rate of transport through the layer (stagnant) above the air-liquid interface 

is regulated by the thickness of the film and the coefficient of diffusion. 

NH4
+ (aq) + H2O (l) ↔ NH3 (aq)  + H3O

+ (aq) (1.3) 
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1.2.3.1.2 Factors influencing NH3 volatilization at storage and field conditions 

The main factors and their influence on NH3 volatilization are summarized in this 

section. Not all factors in the literature are included since NH3 volatilization is often caused by 

a combination of factors and by interactions between these factors. 

Physical-chemical properties of slurry 

Slurry pH regulates the equilibrium between NH4
+ and NH3 (Fangueiro et al. 2015a). 

An increase in pH shifts the equilibrium in favour of NH3 and more NH3 is produced whilst the 

reverse is also true: a decrease in pH shifts the equilibrium in favour of NH4
+ and consequently 

reduces NH3 volatilization (Fangueiro et al. 2015a).  

Ammonia volatilization is directly proportional to the fraction of NH3 in the total 

ammoniacal N (TAN= NH3 + NH4) present in slurry (Hristov et al. 2011). In general, slurries 

with a high TAN concentration such as pig slurry have higher rates of NH3 volatilisation 

compared with cattle slurry which usually has a lower TAN concentration (Sommer and 

Fielberg, 2013). For example, Matulaitis et al. (2013) reported NH3 losses of 2,686 mg m−2 

from pig slurry stored at 25 °C after 29 days compared with a cumulative loss of 1,204 mg m−2 

from cattle slurry. In addition, NH3 losses from digested slurry may be twice higher than from 

untreated slurry due to the higher pH and TAN contents in digested slurries (Sommer et al. 

2006a).  

The dry matter content plays an important role in the formation of crust on slurry surface 

during storage (Misselbrook et al. 2005; Smith et al. 2007; Peterson et al. 2013). The presence 

of crust on slurry surface acts as a barrier to the release of NH3 to the ambient air (Smith et al. 

2007). Crust formation on slurry surface either natural or enforced, may lead to NH3 emission 

reductions in the range of 50 to almost 90% (Misselbrook et al. 2005; Smith et al. 2007; 

Peterson et al. 2013; Wood et al. 2014). After field application, the dry matter impedes 

infiltration of slurry into soil layers which increases the potential for NH3 volatilization due to 

the increase in the amount of TAN on the soil surface (Sommer et al. 2006b). 

Temperature 

Temperature affects the equilibrium between NH4
+ and NH3 (Hristov et al. 2011). 

Increasing temperature increases the dissociation of NH4
+ to NH3 and thus enhances NH3 

volatilization (Hristov et al. 2011). The reverse is also true: lowering temperature shifts the 
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equilibrium towards NH4
+ thus decreasing NH3 volatilization potential (Hristov et al. 2011). 

For example, Matulaitis et al. (2013) reported a positive correlation between NH3 losses from 

slurry and storage temperature. The authors observed total emissions of 222.2, 535.3 and 1204.2 

mg m−2 at 5, 15 and 25 °C respectively. 

Under field conditions, NH3 volatilization rate may follow a diurnal pattern, with the 

highest volatilization occurring at the time of highest daily temperature (Cameron et al. 2013). 

There is also a seasonal effect with the highest losses occurring during the warmest months 

(Cameron et al. 2013). For instance, Salazar et al. (2014) reported NH3 losses in the range of 

ca. 3.1% to 20.5% of total N in slurry applied in winter and summer conditions respectively. 

Wind velocity 

The diffusion of NH3 into the atmosphere under both storage and field conditions 

increases with wind velocity and turbulence (Ye et al. 2008; Rong et al. 2009). High wind 

speeds may dry the upper layers of substrate such as soil and may results in the formation of 

crust from slurry dry matter which acts as a diffusion and capillary barrier between the soil and 

the atmosphere, reducing NH3 transport (Sommer et al. 2003). 

Soil properties 

Soil moisture content influences the concentration of NH3/NH4
+ in solution, and low 

soil moisture contents stimulate high solution concentrations and leads to high NH3 

volatilization potential (Cameron et al. 2013). For example, when rainfall in the amounts of 20, 

50 and 100 mm were applied before slurry application, Smith et al. (2008) reported NH3 losses 

of 22, 9 and 3%, respectively. These observations suggest that when more rain was applied, 

NH3 losses were further reduced possibly due to a higher dilution of NH4
+ in solution with 

increasing amounts of rain. 

Soils with high CEC binds to the NH4
+ in slurry which reduces the concentration of 

TAN in the soil solution and NH3 volatilization (Cameron et al. 2013). In addition, the volatile 

fatty acids (VFA) present in slurry are immediately oxidized to CO2 by microorganisms after 

slurry application (Sommer et al. 2003). The release of CO2 induces an increase in the pH of 

the slurry/soil mixture which stimulates NH3 volatilization into the atmosphere (Sommer et al. 

2003).  
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1.2.3.1.3 Mitigation of ammonia emissions 

Storage  

Mitigation strategies outlined in the UNECE guidance document, 2014 for NH3 

emissions during storage revolve around the following principles:  

I. Reducing the surface area in contact with the atmosphere where emissions can occur,

i.e. by fitting a covering material on the slurry store, allowing crust formation and/or

increasing the depth of storage tanks. Complete covering of storage tanks throughout 

the storage period may reduce NH3 emissions by 80-90% (Loyon et al. 2016). 

II. Reducing the source strength of the emitting surface by decreasing slurry pH and NH4
+

concentration. Fangueiro et al. (2015a) reported reductions in NH3 losses by 27-98%

through slurry acidification.

III. Minimizing disturbances in storage tanks such as mixing or aeration. For instance,

Amon et al. (2006) reported a 645% increase in NH3 losses after aeration of slurry

during storage.

IV. Diet manipulation. According to the UNECE, (2014), a percent point decrease in protein

content of the animal feed results in total NH3 emission (from animal housing, manure

storage and the application to land) reduction by 5-15% due to the reduced ammoniacal

nitrogen in the manure produced.

Field application 

Ammonia emissions during land application are reduced according to one or more of 

the following principles (UNECE, 2014; Loyon et al. 2016):  

I. Reducing the surface area where emissions can occur, i.e., through band application or

injection. In their review, Webb et al. (2010) reported that NH3 emissions during field

application are lower with the trailing shoe (65%) or with an open-slot injection (70-

80%) than with trailing hose (35%) when compared to a standard splash plate system.

II. Reducing the time that emissions can occur, i.e., by rapidly incorporating manure into

the soil, immediate irrigation or rapid infiltration. Webb et al. (2010) reported that rapid
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incorporation of slurries or solid manures by ploughing within 4-6 h of application may 

reduce NH3 emissions by up to 90%. 

 

III. Decreasing the source strength of the emitting surface, i.e., through lowering of slurry 

pH (through acidification) and NH4
+ concentration (through dilution). For example, 

slurry acidification may reduce NH3 emissions by 67% (Kai et al. 2008). 

 

IV. Applying slurry at periods when the potential for NH3 losses are low, i.e., during low 

temperature and wind conditions.  

 

1.2.3.2 Methane emissions 

1.2.3.2.1 Mechanisms and processes involved in methane emissions 

Methane is formed from the decomposition of organic matter under anaerobic 

conditions. This process requires successive actions of four populations of micro-organisms 

which degrades complex molecules in the substrate matter into simpler compounds (Le Mer 

and Roger, 2001):  

 Hydrolysis of biological polymers into monomers such as fatty acids, glucides, and 

amino acids by a hydrolytic microflora. The hydrolytic microflora are either aerobic, or 

facultative, or strictly anaerobic. 

 Acidogenesis from monomeric compounds and intermediary compounds formed during 

fermentation by a fermentative microflora which are either facultative or strictly 

anaerobic. The compounds formed during the fermentation process includes volatile 

fatty acids, organic acids, alcohols, H2 and CO2. 

 Acetogenesis from the previous metabolites by a syntrophic or homoacetogenic 

microflora and results in the formation of H2, CO2 and acetate. 

 Methanogenesis is the final stage of the methanogenic fermentation. During this stage, 

methanogens utilize the simple compounds which are mainly, H2, CO2 and acetate to 

produce CH4. 

Since aerobic conditions inhibits activities of methanogenic bacteria, the area in which 

CH4 production occurs are generally not located near the interface of the substrate and the 
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atmosphere (Laubach et al. 2015). Therefore, CH4 released into the atmosphere moves through 

the substrate in which it is produced, either by molecular diffusion or by ebullition, which is 

often seen as the release of bubbles at the upper surface of the substrate (Laubach et al. 2015). 

1.2.3.2.2 Factors influencing methane emissions at storage and field conditions 

Anaerobic conditions 

Methanogenic bacteria are strictly anaerobes and their activity occurs only at very low 

redox potentials (Eh < –200 mV) (Le Mer and Roger, 2001). According to Smith et al. (2003), 

CH4 production only commences after a complete reduction of molecular oxygen, nitrate, iron 

(III), manganese (IV) and sulphate, all of which maintain a higher redox potential. Such low 

redox potential is usually achieved when prolonged waterlogging in environments such as 

wetlands, rice paddies and lake sediments have occurred (Smith et al. 2003). Nevertheless, the 

anaerobic nature of slurry storage systems increases its potential for CH4 production during 

storage (Kebreab et al. 2006). 

Substrate organic matter 

Organic matter is considered a major limiting factor for CH4 production once 

anaerobiosis is established (Segers, 1998). Organic matter in slurry contains lignified organic 

fractions which are recalcitrant to hydrolysis and hence slowly degradable (Sommer et al. 

2013). As a result, the production of CH4 is associated with the easily digestible fraction of the 

organic matter and not the total organic matter (Triolo et al. 2011). 

Temperature 

Methanogens can be found in a wide range of temperature (4-110°C) (Serrano-Silva, 

2014) since they appear to be ubiquitous in anaerobic environments (Burton and Turner, 2003). 

However, most of them are mesophilic and thrive in a temperature range of 20-40°C (Serrano-

Silva, 2014) and have a slow adaptation at lower temperatures (Burton and Turner, 2003).  

Methane emissions increases with air temperature (Misselbrook et al. 2016) and are 

more closely related to manure temperature (Park et al. 2006). According to Clemens et al. 

(2006), methane production in anaerobic manure is not significant at temperatures below 15°C, 

however above this threshold, methanogenesis increases exponentially with temperature 
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(Sommer et al. 2013). A prerequisite for appreciable CH4 production at a given temperature is 

the availability of microorganisms adapted to the temperature and manure composition 

(Sommer et al. 2013). Under grazed pastures, CH4 emissions from deposition of cattle feces 

during summer could be 3 times higher than emissions from winter (Mazzetto et al. 2014). 

pH 

The pH range of most methanogens is 6.0-8.0, although there are evidence of 

moderately acidophilic methanogens that grow best in a pH range from 5.6 to 6.2, and 

alcaliphilic methanogens that have the ability to operate in a pH from 8.0 to 9.2 (Serrano-Silva, 

2014). In general, a decline in slurry or soil pH after slurry application may influence CH4 

emissions (Sommer et al. 2013). 

Management practices 

Relative to stored slurry, management practices such as storage duration, agitation or 

mixing and emptying of storage tanks plays an important role in CH4 emissions during storage 

(Kebreab et al. 2006; Park et al 2006; Montes et al. 2013). It seems that the longer the storage 

duration, the more CH4 is produced (Kebreab et al. 2006) and this may be related to the 

acclimation of methanogenic bacteria to storage conditions. Park et al. (2006) reported 

significant increases in CH4 emissions following mixing although these emissions were 

temporal. Such increases in emission after agitation of slurry tanks may be related to the release 

of dissolved gas and bubbles in the slurry (VanderZaag et al. 2010; Montes et al. 2013).  

Frequent removal of slurry from the store or channel reduces the pool of methanogenic 

bacteria adapted within this environment (Chadwick et al. 2011). Indeed, Haeussermann et al. 

(2006) showed that, in pig houses where slurry was emptied from channels after each fattening 

period, emissions were 40% lower than in houses where channels were not emptied frequently. 

Slurry application technique 

Slurry application techniques can influence CH4 emission potential after application 

(Flessa and Beese, 2000; Fangueiro et al. 2015b).  Indeed, Flessa and Beese, (2000) showed 

that slurry application through shallow injection was higher than when surface broadcasting 

was used due to the anaerobic nature of the slots created after application. Similarly, Fangueiro 
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et al. (2015b) reported slight increases (15.4%) in CH4 emissions after slurry application by 

injection relative to the broadcasting technique.  

1.2.3.2.3 Mitigation of methane emissions 

Storage 

Emissions from slurry stores can be minimized by reducing the amounts of slurry left 

in the tank after emptying (Massé et al. 2008). The above authors showed that, reducing the 

depth of residual manure left in the tank from 60 to 30 cm led to a 26% reduction in CH4 

emissions from the store when refilled and this is possibly due to the reduction of the pool of 

methanogenic bacteria adapted to the environment of the storage tank (Sommer et al. 2013). 

Emptying of storage tanks during summer periods of high temperatures when cattle are 

outside grazing on grass may lead to a reduction in CH4 emissions by 9-10% (Massé et al. 

2008). Covering of slurry stores reduces CH4 losses into the atmosphere by 15-30% (Clemens 

et al. 2006; Petersen et al. 2013) and also allows treatment of the accumulated CH4 using 

biofilters (Pratt et al. 2012) or combustion, either with or without energy recovery (Heubeck 

and Craggs, 2010). 

Reducing volatile solids content of the slurry through fermentation in a biogas digester 

is considered an efficient way to reduce CH4 emissions (Sommer et al. 2013). Emissions from 

digested slurry during storage may be reduced by 30-85% relative to the untreated slurry (Amon 

et al. 2006; Clemens et al. 2006; Regueiro et al. 2016a). However, it is necessary to cool the 

digested slurry to ambient temperatures in a post-treatment tank whilst collecting CH4 

emissions from the heated slurry to effectively reduce CH4 emissions from digested slurries 

(Sommer et al. 2013). 

Aeration of slurry may reduce CH4 emissions but brings to bare a high risk of increasing 

N2O emissions (Chadwick et al. 2011). Slurry acidification (discussed later in this chapter) can 

minimize CH4 emissions significantly during storage (Petersen et al. 2014; Regueiro et al. 

2016b).  

Field application 

Control of CH4 emissions from field-applied slurry is more difficult to achieve than 

control of emissions from storage systems (Laubach et al. 2015). Indeed, many studies have 
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demonstrated that CH4 production after manure application can be considered as a negligible 

part of the total emissions from manure management (Chadwick et al. 2011) and may be 

considered as having a lower priority (Laubach et al. 2015). Nevertheless, a considerable 

reduction in CH4 emissions from soils may be obtained by acidifying the slurry (discussed later 

in this chapter) before application (Fangueiro et al. 2015c).  

1.2.3.3 Nitrous oxide  

1.2.3.3.1 Overview of nitrous oxide and nitric oxide-generating processes 

Nitrification can be done by both autotrophic and heterotrophic organisms under aerobic 

conditions (Medinets et al. 2015). Autotrophic nitrifiers obtain energy from the oxidation of 

NH4
+ or NO2

− to fix CO2, whereas heterotrophic nitrifiers obtain energy and C from N-

containing organic substances (Wrage et al. 2001; Butterbach-Bahl et al. 2011). However, some 

heterothrophic nitrifiers such as Arthrobacter can oxidize both organic N and NH4
+ with similar 

intermediates, although different enzymes are involved in the transformation of these substrates 

(Wrage et al. 2001; Conrad, 2002). In the first step of nitrification, NH4
+ is oxidized to NO2

− 

via hydroxilamine (NH2OH) by ammonia oxidizing bacteria (AOB) or ammonia oxidizing 

archaea (AOA) (Medinets et al. 2015). Nitrous oxide and NO are produced as intermediates in 

the first step (Baggs, 2011; Medinets et al. 2015). The best-studied ammonia oxidizer is 

Nitrosomonas europaea (Jensen and Sommer, 2013), although other genus such as Nitrosospira 

and Nitrosococcus spp are also associated (Medinets et al. 2015). In the second step of the 

process, the NO2
− is oxidized to NO3

− and the most common NO2
− oxidizer is Nitrobacter 

winogradskyi (Jensen and Sommer, 2013). Other genus associated with this step includes 

Nitrospira, Nitrococcus and Nitrospina spp (Medinets et al. 2015). 

Denitrification is the stepwise reduction of NO3
− to N2 via NO2, NO and N2O under 

anaerobic conditions (Medinets et al. 2015). The reactions are performed by a wide range of 

denitrifying organisms which are identified within bacteria (eg. Alcaligenes faecalis, 

Pseudomonas stutzeri, Paracoccus denitrificans), archaea (e.g Methanosaeta concilii, 

Pyrobaculum aerophilum), fungi (e.g. Fusarium oxysporum, Cylindrocarpon tonkinense) and 

other eukaryotes (Baggs, 2011; Medinets et al. 2015). The above processes are catalysed by the 

activities of four independent intracellular enzymes, namely; nitrate reductase, nitrite reductase, 

nitric oxide reductase and nitrous oxide reductase (Saggar et al. 2013). 
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1.2.3.3.2 Factors affecting N2O production 

Since the bulk of stored slurry is predominantly anaerobic with little chance for NH4
+ 

to be nitrified, N2O through nitrification and denitrification are considered insignificant 

(Sommer et al. 2013). Hence factors affecting emissions from soils are discussed in this section. 

 

Soil moisture and aeration 

Soil moisture is a significant contributor to N2O emissions as it controls the availability 

of oxygen for soil microbial activities (Butterbach-Bahl et al. 2013). The soil moisture content 

has been expressed as the % water filled pore space (WFPS) in most studies (Davidson, 1991; 

Smith et al. 2003; Loick et al. 2016) which represents the proportion of the total porosity 

occupied by water and used as an indicator to determine whether soils are in an aerobic or 

anaerobic state (Louro, 2015, p. 9). Nitrification is observed in soils with WFPS in the range of 

30-70% and denitrification have their optimum in the range of 70–80% (Fig. 1.3). At higher 

soil WFPS (above 80%), N2O production by denitrification declines (Fig. 1.3) probably due to 

rapid initialization of strictly anaerobic conditions which favours the production of N2 instead 

of N2O (Butterbach-Bahl et al. 2013).  

 

                                               

Fig. 1.3. Relationship between soil WFPS and N2O, NO and N2 fluxes. Source: Davidson (1991). 

 

Soil pH 

Soil pH influences both nitrification and denitrification processes and therefore has an 

influence on the amount of NO, N2O and N2 gas emitted (Šimek and Cooper, 2002). In general, 
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denitrification rate tends to increase with increasing pH values (Šimek and Cooper, 2002), 

whiles denitrification tends to be slower under acidic conditions (Fageria and Baligar, 2008) 

although denitrification can still occur at pH values as low as 3.5 and can account for significant 

N losses in naturally acid soils (Saggar et al. 2013). In addition, the N2O/(N2 + N2O) ratio 

increases with acidity (Čuhel et al. 2010; Bakken et al. 2012) due to the interference of the low 

pH on the synthesis of the N2O reductase enzyme (Bakken et al. 2012). Relative to nitrification, 

soils with pH of 6.5 to 7.0 (Machefert et al. 2002) generally appears to favour nitrification by 

ammonia oxidizing bacteria (AOB) and also mesophilic archaea (Jung et al. 2014; Stieglmeier 

et al. 2014) although the optimum pH for acidophilic ammonia oxidizing archaea (AOA) tends 

to be much lower (ca. 4.5) (Nicol et al. 2008; Lehtovirta-Morley et al. 2011). 

Temperature 

The specific optima for nitrification is influenced by the microbial community active in 

different environments (Norton and Stark, 2011). For instance, the optima temperature for AOB 

in temperate climate soils are in the range of 25-30°C and around 35°C for tropical soils 

(Medinets et al. 2015). Nevertheless, nitrifier activity can also take place under much lower 

temperature conditions (2-10°C) (Avrahami and Conrad, 2005; Freppaz et al. 2007). Studies 

(Dobbie and Smith, 2001; Elefsiniotis and Li, 2006) have shown that, denitrification rates 

increases with temperature. This effect is probably related to the increase in microbial 

respiration at elevated temperatures which depletes oxygen or creates anaerobic conditions in 

soils (Smith et al. 2003). Thus, favouring activities of denitrifying bacteria (Saggar et al. 2013). 

The dependence of temperature on a reaction is normally expressed in terms of “Q10”, 

which is the rate of change of a microbial process when temperature is increased by 10°C 

(Louro, 2015, p.10). Indeed, Elefsiniotis and Li, (2006) observed an increase in denitrification 

rates by approximately four to eight times as temperature increased from 10 to 20°C, whereas 

a temperature change from 20 to 30°C resulted in a lesser effect in the corresponding rates. 

Substrate availability 

The availability of NH4
+ and NO3

− are primary requirements for nitrification and 

denitrification processes to occur respectively (Wrage et al. 2001).  An increase in the 

availability of these substrates may increase the rates of the above processes even though the 

bacteria associated with both processes may have thresholds in relation to the concentrations of 
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substrate (Senbayram et al. 2012; Medinets et al. 2015). For instance,  nitrification may be 

inhibited when substrate concentrations range between 1.0 and 5.0 mM NH4
+ or NH3 (Medinets 

et al. 2015) whereas denitrification rate may decline with increasing soil NO3
− concentration 

from 2 to 20 mM (Senbayram et al. 2012). The availability of easily degradable carbon 

influences nitrification and denitrification processes (Cameron et al. 2013; Saggar et al. 2013). 

The amendment of soils with farm effluents such as slurries and organic manures serves as a 

source of readily available C for microbial growth and activity (Cameron et al. 2013). As a 

result, anaerobic conditions are created through enhanced respiration which stimulates 

denitrification processes (Saggar et al. 2013). 

1.2.3.3.3 Mitigation of nitrous oxide emissions 

Storage 

As previously mentioned, N2O emissions during slurry storage are negligible (Sommer 

et al. 2013) and perhaps of lower priority relative to emissions from field. Using a permeable 

synthetic cover, VanderZaag et al. (2010) observed a delay in N2O emissions indicating some 

inhibitory effects of synthetic covers on the activity of N2O producing bacteria. Indeed, 

nitrifying and denitrifying bacteria may have some difficulty in getting established on synthetic 

membranes (Petersen and Miller, 2006). Since crust formation on slurry surface results in 

aerobic and anaerobic microsites under drying conditions which favours N2O production 

(VanderZaag et al. 2009), it may be expected that the removal of natural or artificial surface 

crust on slurry should reduce potential N2O emissions. 

Field application 

Treatment of slurry by nitrification inhibitors (see section 1.2.4.2.2) prior soil 

application reduces N2O emissions to considerable levels (Ruser and Schulz, 2015). Reducing 

the volatile fatty acid content of slurry applied to relatively dry soils reduces the amount of 

degradable carbon for N2O generation through denitrification (Sommer et al. 2013).  Indeed, 

Rhode et al. (2014) reported reductions in N2O emission factors by 25 and 50% under autumn 

and spring conditions respectively from the application of digested slurry. Slurry acidification 

(see section 1.2.4.1.2) may also lead to appreciable reductions in N2O from soils (Owusu-Twum 

et al. 2017). 
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1.2.4 Slurry treatments 

1.2.4.1 Acidification 

Slurry acidification is considered a useful technology to decrease NH3 losses during 

slurry management (Feilberg and Sommer, 2013). In practice, the target pH often ranges from 

4.5 to 6.8 and the selection of a specific pH is dependent on several factors, including the type 

of slurry, the acid/salt used, and the stage in the slurry management chain at which the 

acidification is conducted (Fangueiro et al. 2015a). A pH of 5.5 is often selected as a target for 

commercial in-house acidification systems (Fangueiro et al. 2015a) and therefore adopted in 

most cases in this thesis. The amount of acid used to lower slurry pH is dependent on the amount 

of anions that contributes to the buffering capacity of the slurry (Regueiro et al. 2016b). 

Slurry acidification may be performed in-house, in storage tanks and at field application 

and a detailed description of how acidification may be performed during the stages above is 

described in Fangueiro et al. (2015a): 

 In-house acidification technique is based on a long term acidification process where

slurry is acidified in a treatment tank by the addition of an acidifying additive (sulphuric

acid) to a pH of about 5.5. Some portion of the acidified slurry in the treatment tank is

pumped back to the livestock buildings to reduce the pH of freshly produced slurry

whiles the remaining portion is pumped into storage tanks.

 Storage tank acidification is regarded as a short or long term acidification process

depending on the storage duration before application and is performed by direct addition

of the additive (sulphuric acid) to the storage tank or lagoon whiles mixing.

 Acidification at field on the other hand is regarded as a short term process and performed

immediately before soil application in a static mixer installed in the output of the slurry

tanker.

Additives used for slurry acidification includes: sulphuric acid, hydrochloric acid, nitric

acid, lactic acid, superphosphate, aluminium chloride and aluminium sulphate (Fangueiro et al. 

2015a). Sulphuric acid is often used by most farmers as an acidifying additive since it is 

relatively cheaper and serves as an additional source of sulphur for crops (Sørensen and Eriksen, 

2009). For this reason, sulphuric acid was utilised as the acidifying agent in this project.  



24 

1.2.4.1.1 Impact on ammonia volatilization 

A recent review (Fangueiro et al. 2015a) on slurry acidification shows that this 

technology is mainly utilized to minimise NH3 volatilisation which should occur due to the 

increase in the NH4
+/NH3 ratio after acidification. According to the authors, NH3 volatilisation 

decreases gradually such that at a pH of 4.5 there is basically no measurable free NH3. 

According to Feilberg and Sommer, (2013), NH3 reduction potential of up to 70%, 90% and 

80% from animal houses, slurry storage, and field applied slurry is possible with acidification 

treatment. These observations suggest that this technology may offer a viable alternative to 

some advanced treatment techniques relative to minimizing NH3 volatilisation along the 

management chain of manure (Hou et al. 2015). 

1.2.4.1.2 Impact on greenhouse gases 

Emissions of CO2 may occur during slurry acidification process (Dai and Blanes-Vidal, 

2013; Fangueiro et al. 2013). Such increases are often attributed to the increase in the 

concentration of bicarbonate (H2CO3
−) during acidification, which in the aqueous phase of 

slurry is in equilibrium with CO2 (Fangueiro et al. 2013).  

Fangueiro et al. (2013) evaluated the impacts of two slurry types, namely: high-dry 

matter (81.3 g kg−1) and low-dry matter (20.0 g kg−1) on CO2 emissions during storage of 

acidified slurry to a pH of 5.5. The authors observed an increase in CO2 emissions during 

storage of acidified high-dry matter slurry whereas such increases in CO2 emissions were absent 

during storage of acidified low-dry matter slurry. The latter observation is similar to the findings 

of Dai and Blanes-Vidal, (2013) which suggests that, the impact of acidification on CO2 during 

storage of slurry may be influenced by slurry composition (mainly its total carbon contents). 

The increase in CO2 emissions in the acidified high-dry matter slurry was attributed to the effect 

of slurry acidification on the (H2CO3
−)/CO2 equilibrium which shifts in favour of CO2 

production when lowered.  

Significant reductions in CO2 emissions have also been reported following application 

of acidified slurry to soil (Fangueiro et al. 2010; Fangueiro et al. 2013; Gómez-Muñoz et al. 

2016) and have been attributed to the release of CO2 during the acidification process and the 

potential negative effect of acidified slurry on soil microbial activity (Fangueiro et al. 2013). 
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Unlike NH3 volatilization, the effects of acidification on CH4 emissions during storage, 

were only recently documented (Ottosen et al. 2009; Petersen et al. 2012; Petersen et al. 2014; 

Regueiro et al. 2016a). The above studies reported CH4 reductions in the range of 67 to 98% 

when slurry was acidified to a pH range of 5.5 to 6.5. The observed reductions in CH4 emissions 

were mainly attributed to the inhibitory effect of lowering slurry pH on methanogenic bacteria 

(Petersen et al. 2014). However, information on the direct effects of acidification on the 

methanogenic community are lacking (Petersen et al. 2014). 

Besides slurry pH, activities of methanogens may also be inhibited from the toxicity of 

sulphur compounds (Chen et al. 2008) and in substrate of hydrogen or acetate, as is the case for 

manure, methanogens may be out-competed for carbon from sulphate-reducing bacteria 

(Kebreab et al. 2006). This suggests that, the impact of sulphur containing acids such as H2SO4 

and aluminium sulphate (Al2(SO4)3) on CH4 emissions may differ from other types of acids. 

Indeed, the impact of acidification on CH4 emissions may not only be dependent on the target 

pH but also the type of acid used (Berg et al. 2006). Further studies are required using different 

acids to fully document the impact of acidification on CH4 emissions during storage.  

Relative to soil application, reductions in CH4 emissions of up to 83% is possible from 

soils amended with acidified slurry (Fangueiro et al. 2015b, 2015c) and such reductions were 

mainly attributed to the inhibitory effect of acidification on methanogenesis during storage and 

soil microbial activity. 

Studies on the impact of slurry acidification on N2O emissions following soil 

application are limited (Fangueiro et al. 2015a). Using nitric acid (HNO3) as an acidifying 

agent, Velthof and Oenema (1993) reported higher N2O emissions related to untreated slurry 

following soil application. The authors attributed this observation to the addition of nitrate 

(NO3
−) from the acid used rather than to the change in pH. In contrast, slurry acidification with 

sulphuric acid (H2SO4) led to N2O emission reduction of up to 50% in soils (Fangueiro et al. 

2010, 2015b; Owusu-Twum et al. 2017) and were mainly attributed to the decline in soil pH in 

soils amended with acidified slurry which inhibits microbial growth and activity (Gandhapudi 

et al. 2006; Fangueiro et al. 2013). 

1.2.4.1.3 Impact on slurry fertilizer value 

Studies (Fangueiro et al. 2010; 2013, 2015b) have shown that slurry acidification 

impedes the accumulation of NO3
− which is important in reducing its NO3

− leaching potential 
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and increasing the availability of N for crop uptake when acidified slurry is utilized as a 

fertilizer.  

The mineral fertilizer equivalence value (MFE) is often used in describing the efficiency 

of an organic fertilizer or manure in providing available N for crop utilisation relative to a 

mineral fertilizer source of N (Jensen, 2013). A number of studies have evaluated the impact of 

acidified slurries on the MFE although the outcome of such studies varied considerably. For 

instance, Sørensen and Eriksen, (2009) reported the MFE value for acidified slurry in the range 

of 101-103% relative to 74% for untreated pig slurry applied to a winter wheat by trail hoses 

whereas, the corresponding MFE values for cattle slurry were in the range of 63-66% and 39%, 

respectively. Similar observations were made by Kai et al. (2008) after application of pig slurry 

to a double cropping system (wheat and barley). The observed variations may be related to 

differences in the application techniques, cropping systems and environmental conditions. This 

also suggests that, the impact of slurry acidification in increasing plant availability N relative 

to the un-treated slurry may not be evident in all situations. Indeed, Fangueiro et al. (2015b) 

reported no significant increases in oat yield and N removal from soils amended with acidified 

and un-acidified slurries. Further studies are required to fully document the impact of 

acidification on slurry fertilizer value.  

1.2.4.2 Nitrification inhibitors 

Nitrification inhibitors (NI´s) are compounds that impede or slow the oxidation of NH4
+ 

to NO2
− as the first step of nitrification by suppressing the activities of Nitrosomonas bacteria 

in the soil (Zerulla et al. 2001). This impediment conserves the amount of NH4
+ in the soil and 

slows the production of NO3
− which is regarded as the main source of N losses as leaching and 

denitrification (Ruser and Schulz, 2015). Nitrification inhibitors are applied to nitrogen 

fertilisers prior to application. Nitrification inhibitors are applied based on the recommended 

application rates from the manufacturers and are often based on the surface area on which the 

slurry is applied (Fangueiro et al. 2009; Pereira et al. 2010). 

The most widely used NI´s are DMPP (3, 4-dimethylpyrazole phosphate) and DCD 

(Dicyandiamide) (Ruser and Schulz, 2015). Studies on both additives under the same conditions 

have shown that, DMPP is more effective in delaying nitrification and increasing crop yield 

relative to DCD (Fangueiro et al. 2009; Pereira et al. 2010). For this reason, DMPP was studied 

in this project. 
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1.2.4.2.1 Impact on ammonia 

A  meta-analysis (Kim et al. 2012) on the impact of nitrification inhibitors on NH3 

emissions from soils, showed that NI addition to livestock effluents led to an increase in NH3 

losses in NI treatment from both pasture and cropping soils and from both applied urine and 

urea with NI (e.g., DCD, ATC [4-amino- 1.2,4-triazole]). The authors reported an increase in 

NH3 losses in the range of 0.3 to 25.0 % (n=26). In addition, no change in NH3 volatilization 

with DCD was also observed in some soils (n = 14), whereas a relatively small number of 

studies reported a decrease in NH3 losses the range of -0.3 to -4.1 % (n = 6). 

The mechanisms behind such increases are explained in Kim et al. (2012). Briefly, a 

delay in ammonium nitrification as a result of the NI increases NH3 emissions. Secondly, soil 

acidification is reduced due to the inhibition of nitrification, which leads to a prolonged increase 

in pH which triggers NH3 emissions. Thirdly, the accumulation of ammonium in the soil results 

in a priming effect which consequently increases the rate of soil organic matter mineralisation 

and the availability of soil mineral nitrogen. 

1.2.4.2.2 Impact on greenhouse gases 

A review on the impact of NI´s on N2O emissions (Ruser and Schulz, 2015) showed 

that, NI addition to soil is an effective tool to reduce N2O emissions. According to the review 

paper, a reduction potential of about 35% seems possible when NI´s are applied to soils. Besides 

N2O emissions, treatment of slurry with NI appears to have no significant impact on emissions 

of CO2 (Pereira et al. 2010; Owusu-Twum et al. 2017) and CH4 (Hatch et al. 2005; Pereira et 

al. 2010). However, Weiske et al. (2001) reported 7% and 28% reduction in CO2 emissions 

when DCD and DMPP-treated slurry were applied to soil. The above review paper also reported 

that, both NIs did not affect CH4 oxidation negatively but rather appeared to increase the sink 

function for atmospheric CH4. 

1.2.4.2.3 Impact on slurry fertilizer value 

Studies have shown that, the inhibitory effect of NI´s on NH4
+ nitrification increases the 

availability of NH4
+ for crop uptake when applied in combination with organic and mineral 

fertilizers (Ruser and Schulz, 2015). Indeed, following the application of slurry treated with 

NI´s (DMPP and DCD) to an arable soil, Fangueiro et al. (2009) reported an increase in dry 
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matter yield (Ryegrass) in the range of 32-54% and of the forage N removal in a range of 34-

68% relative to the un-amended slurry treatment. 

However, some contrasting findings have been observed relative to the above study. For 

instance, Díez-López et al. (2008) reported no significant increases in maize grain production 

or dry matter yields from soils amended with DMPP-treated slurry. Similar conclusions were 

made by Villar and Guillaumes, (2010) on wheat yield. The study of Macadam et al. (2003), 

reported yield reduction of 16% when DCD was applied at the recommended rate and 34% 

when the application rate was doubled and attributed these reductions to the potential toxicity 

of DCD to crops.  

According to Irigoyen et al. (2003), soil temperature is a major factor affecting the 

efficacy of nitrification inhibitors (DCD and DMPP). These authors evaluated the performance 

of the above inhibitors at three temperature (10°C, 20°C and 30°C) conditions and concluded 

that the effectiveness of the inhibitors decreases at increased soil temperatures. It can therefore 

be hypothesized that the inability of the inhibitors to increase yield in some situations is likely 

due to the effect of higher temperature conditions on the efficacy of the inhibitors. In the case 

of DMPP, Pasda et al. (2001) found that the yield-increasing effect of DMPP was stronger in 

lighter soil and soils with higher amount of precipitation. This is an indication that, the impact 

of DMPP in increasing crop yield may not be evident in all soil conditions. There is the need to 

conduct further studies under different soil conditions to wholly document the impact of DMPP 

on slurry fertilizer value. 

1.2.4.3 Mechanical separation 

Mechanical separation of slurry produces a solid and a liquid fraction with distinct 

characteristics (Hjorth et al. 2010). After separation, the liquid fraction is usually stored in 

tanks, lined ponds and anaerobic lagoons prior to soil application (Burton and Turner, 2003) 

whereas the solid fraction is usually applied directly to land as an organic fertilizer or 

composted in order to obtain a more stable biofertilizer product prior to application (Jensen, 

2013). 

1.2.4.3.1 Impact on ammonia 

Mechanical separation of slurry may lead to an increase in NH3 emissions during storage 

(Amon et al. 2006; Fangueiro et al.  2008) and such increases may be attributed to the 
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appreciable amount of NH3 lost during composting of the solid fraction (Amon et al. 2006; 

Hansen et al. 2006). Indeed Amon et al. (2006) showed that, approximately 70% of the net total 

NH3 emissions from mechanical separation emanated from the solid fraction during 

composting. This indicates that, NH3 abatement measures for mechanical separation should 

concentrate on the solid fraction during composting. The authors also reported higher NH3 

emissions during storage of the separated liquid fraction than from the untreated slurry due to 

potential N immobilization in the untreated slurry due to its higher C/N ratio.  

Perazzolo et al. (2015) evaluated the impact of mechanical separation on NH3 emissions 

from the storage of different fractions obtained from separation of co-digested pig and cattle 

slurries. The authors reported lower potential for NH3 emissions during storage of the separated 

fractions than the digested unseparated slurry from agitated samples (9 and 23% reductions for 

the pig and cattle slurries, respectively) and attributed this observation to the lower TAN 

concentration of the liquid fraction.  

Relative to field application, Amon et al. (2006) reported lower NH3 emissions from the 

liquid fraction relative to the untreated slurry due to a lower dry matter in the liquid fraction, 

which enhances soil infiltration of NH4
+. Nevertheless, the reductions obtained in the liquid 

fraction after field application were negated by the emissions during composting of the solid 

fraction. 

 

1.2.4.3.2 Impact on greenhouse gas emissions 

Mechanical separation may lead to an increase in greenhouse gas emissions due to the 

increase in N2O emissions produced from the solid fraction during storage (Amon et al. 2006; 

Dinuccio et al. 2008; Fangueiro et al. 2008). However, this increase may not be evident in all 

situations (Amon et al. 2006). A continuous assessment of the impact of mechanical separation 

on greenhouse gas emissions during storage and after application was conducted by Amon et 

al. (2006). The authors showed that, slurry separation can reduce greenhouse gas emissions 

(CO2 eq. m−3) by 37% relative to the untreated slurry which obtained a value of 92.4 kg CO2 

eq. m−3. Besides improving the composting process as a GHG abatement measure for 

mechanical separation (Amon et al. 2006), the use of a combined separation process (i.e. 

mechanical separation followed by chemically enhanced settling of the liquid fraction) may 

lead to considerable reductions in GHG emissions produced from mechanical separation 

(Fangueiro et al. 2008). 
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1.2.4.3.3 Impact on slurry fertilizer value 

The liquid fraction usually constitute about 85-90 % of the mass of the raw slurry, a 

high proportion of NH4
+, a high potassium (K) content, a pH above neutral and a very low P 

and dry matter content (Jensen, 2013). 

Surface application of the liquid fraction usually enhances infiltration due to the 

relatively lower viscosity and dry matter content, which is important in minimising NH3 

emissions (Sommer et al. 2006b) and conserving N for crop utilization. Indeed, Sørensen and 

Thomsen (2005) found MFE values of 76-83% and 59-69% for the liquid fraction and raw 

slurry respectively when surface-applied to winter wheat. Similarly, the study of Bittman et al. 

(2011) showed an increase in MFE values from 45-50% for the whole slurry to 61-76% for the 

liquid fraction when surface-applied to a grass-ley. This suggests that, the liquid fraction has a 

high potential to meet crop nutrient demand when utilised as a fertiliser. However a major 

drawback to the liquid fraction is the relatively high pH which makes it susceptible to NH3 

emissions if infiltration or incorporation do not occur immediately (Jensen, 2013). 

The solid fraction constitute about 10-15% of the mass of the raw slurry and high dry 

matter content usually from 16-36% although majority are around 25-30% (Foged et al. 2011; 

Jensen, 2013). The solid fraction is also characterised by a pH above neutral, high organic N 

and P content which varies according to the technology used for separation (Jensen, 2013). The 

fertilizer value (MFE) of the solid fraction may range between 17 to 50% after spring and 

autumn applications (Sørensen and Thomsen, 2005; Sørensen and Rubaek, 2012). The 

generally lower MFE values in the solid fraction relative to the liquid fraction and whole slurry 

may partly be related to immobilization of mineral N in the solid fraction immediately after 

application due to its high C/N ratio which reduces the availability of mineral N for crop uptake 

(Jensen, 2013). 

1.2.4.4 Biological additives 

Biological additives constitute microbial strains and or enzymes, which facilitates 

biodegradation of organic materials in livestock waste (McCrory and Hobbs, 2001). Strains are 

generally isolated from environmental samples and grown in a nutrient media, which contains 

the specific targeted organic chemical as the main energy source (McCrory and Hobbs 2001). 

Manufacturers often do not disclose the composition and mode of action of the additives due to 

confidentiality (McCrory and Hobbs, 2001). However, some microorganisms present in these 



31 

additives have been reported in the literature which includes: photosynthesizing bacteria; lactic 

acid bacteria; yeasts; actinomycetes and fermenting fungi like Aspergillus and Penicillium (Van 

Vliet et al. 2006; Matulaitis et al. 2013). Biological additives are applied at the recommended 

application rates from the manufactures and are often based on the amount of slurry to be treated 

as shown in some studies (Van Vliet et al. 2006; Matulaitis et al. 2013). 

Unlike acidifying additives which require frequent re-application, biological additives 

are regenerative and may offer a less expensive solution to slurry treatment (McCrory and 

Hobbs, 2001). However, the use of biological additives for slurry treatment has cautiously been 

recommended due to lack of research (McCrory and Hobbs, 2001). 

1.2.4.4.1 Impact on ammonia volatilization 

A review (McCrory and Hobbs, 2001) on biological additives showed a general poor 

performance of the additives in reducing NH3 emissions. However, research findings during 

the last decade have shown some promising outcome of the additives relative to NH3 emissions 

(Fabbri et al. 2000; Sasaki et al. 2006; Lee et al. 2007; van der Stelt, 2007; Kim et al. 2014; 

Kuroda et al. 2015; Provolo et al. 2016).  

For example, Amon et al. (2005) evaluated the impact of slurry type (cattle and pig 

slurry) on the performance of a biological additive (Effective Microorganism®) on NH3 

emissions during storage. The application of the additives led to a considerable reduction (11%) 

in NH3 losses from cattle slurry whereas this effect was absent in pig slurry. The authors 

attributed this observation to the lower dry matter content in the pig slurry which may have 

inhibited the growth of microorganisms in the additive. In a similar study involving an unknown 

biological additive, Matulaitis et al. (2013) reported no effect of the additive on cattle and pig 

slurry. The differences in both studies are probably due to the differences in the composition of 

the additives and effluents and may account for the inconsistencies often observed with the use 

of biological additives for slurry treatment (McCrory and Hobbs, 2001). 

Provolo et al. (2016) reported no effect of a biological additive (BACTY complex®) in 

reducing total N and NH3 losses after storage. Nevertheless, the additive had a positive effect 

in increasing the reduction of total solids by 18% and also accelerated the stabilization of the 

slurry. Van der Stelt et al. (2007), evaluated the impact of storage temperature (4, 20 and 35 ⁰C) 

on the performance of Effective Microorganism®. The study showed that, applying only 
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Effective Microorganism® to slurry increased NH3 volatilization, although this only led to a 

significant increase in NH3 emission when the slurry was incubated at 35⁰C and regularly 

mixed. The increase in NH3 volatilization when Effective Microorganism® was applied to 

slurry was related to the low dry matter content of the slurry. The authors also reported 

significantly lower NH3 emissions (34%) after the combined addition of Effective 

Microorganism® and Agri-mest® (chemical additive) at 4⁰C and no mixing of the slurry. This 

observation was related to the effect of Agri-mest® in enhancing anaerobic fermentation of 

manure by microorganisms.  

Lee et al. (2007) also showed that, the effectiveness of biological additives may be 

enhanced when used in combination with an aqueous foam. According to the study, the addition 

of aqueous foam to slurry adsorbs NH3 molecules which are then transformed by the 

microorganisms in the additive to dinitrogen. The combined effect of the additive and aqueous 

foam led to a reduction in NH3 losses by ~88%.  

Fabbri et al. (2000) reported an average NH3 emission reductions of 10-15% when 

biological additives (Agrozyme, Omeobios and Neutrum) were applied at the recommended 

application rate. However, the average emission reduction was increased to 20-30% at a higher 

application rate (5 times the recommended rates) which suggests a higher performance of the 

additives at higher concentrations in the effluent. Similarly, Kim et al. (2014) evaluated the 

impact of the treatment of pig slurry using Bacillus amyloliquefaciens (BA) culture broth at 

different concentrations (i.e. 1%BA, 5%BA, 10%BA and 100%BA) on NH3 emissions and 

reported significant reductions in NH3 emissions when applied at 10% BA.  

There are also reports of positive impacts on the environment when biological additives 

are applied during composting of manure. For instance, Sasaki et al. (2006) reported a quicker 

depression of NH3 emissions from a compost pile after the addition of a biological additive. 

This observation was attributed to the increase in the population of mesophilic aerobes by the 

presence of the inoculum which metabolised NH3 released from the compost through 

assimilation. Similarly, Kuroda et al. (2015) reported a 22% reduction in NH3 losses after 

addition of Bacillus spp. Strain TAT105 during composting of pig slurry due to the effect of 

the additives in enhancing nitrogen assimilation. 
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It can therefore be concluded that the effectiveness of the additives in decreasing 

polluting gases are influenced by their composition, rates of application and substrate 

concentration in the effluents. 

1.2.4.4.2 Impact on greenhouse gas emissions 

Only a limited number of studies have evaluated the impact of biological additives on 

greenhouse gas emissions. Amon et al. (2005) observed differences in the pattern of greenhouse 

gas emissions after application of Effective Microorganism® to cattle and pig slurry during 

storage. Unlike the pig slurry where no effect of the additive was found, a significant reduction 

in greenhouse gas emissions (N2O, CH4 and CO2) were observed from the cattle slurry. The 

absence of an effect of the additive in the pig slurry was attributed to its lower dry matter which 

inhibits the growth of microorganisms in the additive. In a similar study, Matulaitis et al. (2013) 

observed no impact of biological additives on greenhouse gas emissions.  

Wheeler et al. (2010) observed some reductions in CH4 emissions after using a 

biological additive for slurry treatment during storage although such reductions in CH4 

emissions were accompanied by some increases in NH3 losses. This observation suggests that 

the use of biological additives may lead to un-intended consequences which may have negative 

impacts on the sustainability of agricultural production. Further studies are required to evaluate 

the impact of these additives on the environment and slurry characteristics during storage and 

after soil application. 

1.2.4.4.3 Impact on slurry fertilizer value 

After the addition of slurry treated with a biological additive (effective microorganism 

or EM) to an arable soil, Van Vliet et al. (2006) reported no effect of the additive on N uptake 

and grass yield possibly due to the inability of the additive to enhance the degradation of organic 

materials. 

Daly and Stewart (1999) reported increases in onion, pea and sweetcorn cob weight by 

29%, 31% and 23% respectively after frequent application of EM. The authors observed a slight 

(8%) increase in soil carbon mineralization due to EM treatment, but observed no corresponding 

increase in mineralization of organic nitrogen, phosphorus and sulphur. Such yield increases, 

have been attributed to improved prevention of plant diseases instead of an enhanced nutrient 

cycling by the additive (Van Vliet et al. 2006). 
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The study of Khaliq et al. (2006) reported a 23% increase in yield when EM was applied 

with organic materials (i.e. farmyard manure + poultry manure + sugarcane filter cake) as 

compared to organic materials alone. In contrast, the application of EM with mineral NPK 

resulted in a 14% increase in yield over mineral NPK alone whereas EM alone was not effective 

in increasing cotton yield. The differences in response of EM to both organic and mineral 

nutrient sources were attributed to the differences in the organic matter contents. This 

observation suggests that the effectiveness of EM in increasing the availability of nutrients for 

crop uptake is influenced by the availability of organic matter in the soil. In addition, the N 

contents of plants increased to 38% when EM was mixed with organic materials which resulted 

in a 22% increase in N concentration. 

Similarly, after an evaluation of the long-term effect of the combined application of EM 

and compost (i.e. comprising of 60% straw, 30% livestock dung, 5% cottonseed-pressed trash, 

and 5% bran) to an arable soil under wheat cultivation, Hu and Qui, (2013) reported not only 

an enhancement in the quantity and quality of wheat but also an improvement in the soil fertility 

relative to when the compost material was applied alone. The observed benefits of EM treated 

compost on yield and soil fertility were attributed to the effect of the EM in stimulating the 

release of nutrient elements (N, P, K) from soil and enhancing the decomposition of organic 

materials.  

It can therefore be concluded that the efficacy of biological additives in increasing the 

availability of nutrients for crop uptake is influenced by their ability to increase the rate of 

organic matter mineralization in the soil. 



Chapter 2. Impact of mechanical separation and slurry additives 

on slurry characteristics and gaseous emissions during storage and 

after field application 

The text in this chapter has been modified and published in the Journal of Environmental 

management 
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2.1. Introduction 

Treatment of slurry by additives (biological or chemical) and mechanical separation 

may improve slurry management with reductions in associated environmental impacts in 

relation to gaseous emissions into the environment (Hjorth et al. 2010; Wheeler et al. 2010; 

Provolo et al. 2016).  

Biological additives constitute microbial strains and/or enzymes and are meant to 

increase or change the biological degradation of organic matter (McCrory and Hobbs, 2001), 

thereby improving slurry characteristics and properties. Although several studies have shown 

positive impacts of biological additives in relation to decreasing pollutant gases (Sasaki et al. 

2006; Lee et al. 2007; Wheeler et al. 2010; Kuroda et al. 2015; Provolo et al. 2016) and 

enhancing degradation of organic materials in slurry during storage (Provolo et al. 2016), other 

studies (Van der Stelt et al. 2007; Wheeler et al. 2010) have shown that the use of these additives 

may lead to pollution swapping which may have negative implications on the sustainability of 

livestock production.  

Indeed, Van der Stelt et al. (2007) reported an increasing trend in NH3 volatilization 

when effective-microorganism® (Biological additive) was applied to slurry. Wheeler et al. 

(2010) observed some reductions in CH4 emissions after using a biological additive for slurry 

treatment during storage. Nevertheless, such reductions in CH4 emissions were accompanied 

by some increases in NH3 losses. Therefore, further studies are required with as many additives 

as possible, to assess their relative benefits on the environment and manure properties. A 

number of farmers already use biological additives like Biobuster®, EU200® and JASS® for 

slurry treatment. Although positive benefits are claimed by the manufacturers of these 

additives, little is known about the efficacy of these additives in reducing gaseous emissions 

and enhancing degradation of organic materials in slurry. 

Treatment of slurry using additives such as acids is considered effective in minimising 

NH3 losses during management of slurry (Fangueiro et al. 2015a). Although the effect of slurry 

acidification on gaseous emissions is known, there is limited information on its impacts on the 

transformation of organic compounds (lignin, cellulose, hemicellulose, organic matter) during 

storage of slurry. Mechanical separation of slurry results in two fractions: a liquid fraction (LF) 

and a solid fraction (SF) with distinct characteristics and properties (Hjorth et al. 2010). The 

LF has a lower dry matter (DM) and expected to infiltrate soil faster than the whole slurry 
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(Jensen, 2013). This high infiltration capacity of the LF reduces its potential for NH3 losses 

after application (Sommer et al. 2006b). The SF has a high DM and nutrients content which is 

often composted on-farm or transported to farms in deficit of nutrients (Jensen, 2013). 

Earlier studies on slurry additives especially those with microbial composition have 

mainly been conducted using manure or whole slurry (McCrory and Hobbs 2001; Wheeler et 

al. 2010; Matulaitis et al. 2013; Provolo et al. 2016) and have rarely considered the effect of 

these additives on the LF during storage and after soil application. Our hypothesis were that: 1) 

The addition of biological additives to the effluents during storage will modify effluent 

characteristics especially under slightly acidified conditions (pH 6); 2) The LF will increase 

slurry infiltration and consequently reduce NH3 losses relative to the whole slurry; 3) The 

enhanced degradation of organic materials by the addition of biological additives will enhance 

soil infiltration of slurry and consequently reduce NH3 losses; 4) Slurry acidification will reduce 

NH3 losses and influence microbial degradation pathways in slurry. 

The overall aim of this study was to assess the effects of the treatment of slurry by 

separation (screw press) and additives (chemical and biological) on slurry characteristics and 

gaseous emissions during storage and after field application. In order to achieve these aims, 

three experiments were conducted with the following objectives: experiment one was 

performed to identify the impact of the above treatments on the physical-chemical 

characteristics and structural carbohydrates in the effluents; experiment two was performed to 

assess the impact of the additives on gaseous emissions (NH3, CH4, CO2 and N2O) and 

modification of structural carbohydrates (cellulose, hemicellulose and lignin) during storage; 

experiment three was conducted to assess the influence of the addition of slurry additives to the 

LF on NH3 emissions and NH4
+ infiltration into soil after application. 

2.2. Materials and methods 

2.2.1 Slurry characteristics 

Cattle slurry was obtained from the University of Trás-os-Montes and Alto Douro 

animal farm in Vila Real (North-West of Portugal) in February 2013, June 2013 and October 

2014 for the first, second and third experiments respectively. Cows were mainly fed with maize 

silage and concentrate feed.  
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2.2.2 Experimental setup 

2.2.2.1 Experiment 1- effects of slurry additives on the physical-chemical characteristics 

and structural carbohydrates during storage. 

Experimental design and treatments 

Experiment 1 (Fig. 2.1) was conducted using two effluent types (cattle whole slurry and 

its liquid fraction). The liquid fraction was separated by hand using 0.5mm sieve. Each effluent 

type initially had 2 treatments, one with acidification (pH 6) and the other without acidification 

(pH 8.0 for the whole slurry and pH 8.5 for the liquid fraction). Acidification was only 

performed once at the beginning of the experiment by the addition of concentrated sulphuric 

acid (H2SO4) until a pH of around 6 was obtained. The acidified and non-acidified effluents 

were further amended with 3 treatments each: control, Biobuster® (BB) and EU200® (EU200). 

The Biobuster® (a liquid formulation of microorganisms and enzymes) was applied at a rate of 

0.40 L m−3 effluent whereas EU200® (a liquid formulation of microorganisms) was applied at 

a rate of 0.17 kg m−3. The same application rates of the additives were used in the other two 

experiments. Two litres of effluents were stored in a 2.1 L glass jar at a temperature of 20⁰C for 

72 days. The experiment was replicated four times, making a total of 48 experimental units. It 

is noteworthy that, values obtained for all parameters (slurry) in experiment 1 were corrected 

for evaporation effects on the effluent volume during storage. 

Fig. 2.1. Experiment 1: Storage of effluents in the incubation chamber. 
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Measurement procedure and sampling 

At the start of the experiment, samples of the effluents were collected for analysis of the 

main physical-chemical characteristics and structural carbohydrates (fibre components). After 

72 days of storage samples from the different treatments were collected and analysed for the 

same variables to evaluate the effects of the factors under study. 

2.2.2.3 Experiment 2- effect of slurry additives on gaseous emissions and modification of 

structural carbohydrates during storage 

Experimental design and treatments 

Experiment 2 was conducted as a completely randomised design with four treatments 

and three replicates each, making a total of 12 experimental units. The incubation chamber was 

kept constant at ~20°C and the incubation lasted for 85 days. The treatments were: control 

(whole slurry (WS) only), acidified WS with H2SO4 to a pH of 6 (WS +acid2), WS amended 

with either BB (WS+BB) or EU200® (WS+EU200). Relative to the acidification treatment, the 

pH was checked on days 1, 5, 11 and 22 after storage and more acid (average of 40 ml) was 

added each time to the effluent to keep the pH value around 6. The treatments (100 litres each) 

were stored in 135 L container. 

Measurement procedure and sampling 

The effect of slurry treatments on gaseous emissions (NH4, CH4, CO2, and N2O) were 

investigated during the first 40 days of storage using the measurement method described by 

Fangueiro et al. (2008). Briefly, each barrel was closed at the beginning of the experiment, 

leaving an open headspace between the surface of the slurry fraction and the barrel lid of ~35 

L. Ammonia volatilization was measured using the acid trap (orthophosphoric acid (H3PO4) at

0.002 mol L−1) technique (Fig. 2.2). During each sampling period, NH3 concentration in the 

inlet and outlet airflow was measured using flow rates of 8 L min−1 and 2 L min−1 respectively. 

The period of time that the airflow passed through the acid traps was recorded. Subsamples of 

the acid solution where NH3 was trapped were collected into 20 ml tube and stored at 4°C prior 

to analysis.  
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Fig. 2.2. Experiment 2: Ammonia measurements using the acid trap technique during storage of effluents. 

For N2O, CH4 and CO2 measurements, gas samples were collected through a sampling 

port on the lid with a syringe and stored in 20ml glass vials prior to analysis. Ammonia and 

greenhouse gas (GHG) emissions were measured daily for the first 7 days. The measurement 

intensity was reduced in the following manner after the first week: 3 times a week (for 2 weeks) 

and 2 times a week for the rest of the measurement period.  

Effluents were sampled both before and after (85 days) the experiment. Effluents were 

thoroughly mixed using an electric hand stirrer to ensure homogeneity of the effluents before 

sampling. Effluents were collected into 100 ml containers and frozen prior to determination of 

its physical-chemical characteristics and structural carbohydrates (fibre components). It is 

noteworthy that, values obtained for all parameters (slurry) in experiment 2 were corrected for 

evaporation effects on the effluent volume during storage. 

2.2.2.4 Experiment 3- influence of the addition of slurry additives to the liquid fraction on 

NH3 volatilization and mineral-N movement in soil after application 

Experimental design and slurry treatments 

The field trial was conducted in Vila Real (41⁰18ʹ02ʺ N, 7⁰44ʹ38ʺ W; elevation 462m 

a.s.l), North-West of Portugal and established as a randomised complete block design with three

replicates per treatment on plots with 1m2 (1×1 m). The main characteristics of the soil at the 

experimental site is described in Table 2.1. Slurry was mechanically separated using a screw 
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press separator (Compact, Bauer) into two fractions; liquid fraction and solid fraction which 

was composted before application. 

 

Table 2.1: Experiment 3: Physical-chemical properties of the soil (0-20 cm) used for the field experiment (N=3). 

Soil properties 0-20 cm 

pH (H20) 5.54 ± 0.12 

PH (KCL) 4.60 ± 0.23 

Org mat (%) 2.50 ± 0.05 

P ER (mg P2O5 kg-1) 141.54 ± 18.51 

K ER (mg K2O kg-1) 79.20 ± 8.43 

nec calcario (kg ha-1) 2666.70 ± 928.00 

Ca (cmol(+) kg-1) 2.80 ± 0.36 

Mg (cmol(+) kg-1) 0.37 ± 0.12 

K (cmol(+) kg-1) 0.14 ± 0.01 

Na (cmol(+) kg-1) 0.38 ± 0.13 

Al (cmol(+) kg-1) 0.50 ± 0.09 

B (mg kg-1) 1.26 ± 0.17 

Zn (mg kg-1) 5.30 ± 0.12 

Cu (mg kg-1) 11.66 ± 0.63 

Mn (mg kg-1) 88.37 ± 9.53 

Fe (mg kg-1) 216.70 ± 1.27 

Soil texture  

Gross (g kg-1) 231.08 ± 15.49 

Fine (g kg-1) 373.92 ± 12.77 

Silt (g kg-1) 278.46 ± 20.39 

Clay (g kg-1) 116.54 ± 7.01 

Soil type dystric Cambisol 

*Values are the mean of four replicates. 

 

Effluents were subjected to six treatments during a storage/composting period of 5 

months as follows: whole slurry (WS), liquid fraction (LF), composted solid fraction (CSF), 

liquid fraction+H2SO4 at pH 5.5 (LFA), liquid fraction + Biobuster ® (LFB) and liquid fraction 

+ JASS® (LFJ). The JASS® (a liquid formulation of microorganisms) was applied at a rate of 

0.17 kg m−3. The treatment of the liquid fraction with JASS®, Biobuster® and H2SO4 was 

performed just after slurry mechanical separation. In the case of the liquid fraction+H2SO4 the 

pH was checked regularly and more acid was added to keep the pH value around 5.5. After the 

storage/composting period, the effluents were applied to the soil at the same rate of 130 kg N 

ha−1 and using a watering can (without the nozzle) to simulate the band spreading technique. 

The CSF was applied using a small bucket. A soil only treatment (without any amendment) was 

also established as control (Control). 
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Measurement procedure and sampling 

Ammonia volatilization was measured using the dynamic chamber technique. 

Chambers were made in stainless steel foil and had a rectangular format (0.8 m long x 0.1 m 

wide) with a total height of 0.09 m and were covered with a 3 cm polyurethane insulation layer. 

Immediately after effluent application to the plots a chamber was inserted 5cm into the soil 

leaving an open headspace between the surface of the soil and the roof of the chamber of 4 cm 

high and covering a surface of 0.08 m−2. One air inlet was positioned at the front end of each 

chamber and an air pump was used to supply air through the headspace of the chambers at a 

continuous and homogenous airflow rate of about 8 L min−1, which allowed a refresh rate of 

the air in the chamber of 2.5 times min−1. The airflow was controlled using flow meters 

equipped with needle valves (model GD 100; KDG-Mobrey, Crawley, West Sussex, UK). 

Concentrations of NH3 in the airflow from the inlet and outlet of each chamber were measured 

using gas-washing bottles filled with orthophosphoric acid (H3PO4) at 0.02 M to trap NH3. 

Ammonia measurement apparatus is shown in Fig. 2.3. 

Fig. 2.3. Experiment 3: Ammonia measurement after field application. 

Ammonia measurements were performed for 3 days continuously and measurements 

were performed twice on each sampling day. During the first four sampling periods, the 

duration of measurements lasted for 2 hours. In the 5th and 6th sampling period, the sampling 
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duration was increased to 4 hours and 5 hours respectively. Infiltration of slurry in the soil was 

estimated based on the mineral N (NH4
+ and NO3

-) concentrations at 3 depths (0-5, 5-10, 10-15 

cm) after the experiment. Before soil sampling, the chambers were removed and soil samples

were taken from the area covered by the chambers and frozen prior to mineral N analysis. 

2.2.3 Analytical methods 

2.2.3.1 Slurry analysis 

The pH of slurry was analysed with a pH meter using fresh samples extracted with 

distilled water (1:5 w/v). The electrical conductivity (EC) was measured in the same extract 

filtered through Whatman No. 2 filter paper. The mineral N content was extracted with 0.01M 

CaCl2 (1:10 w/v) and the N-NH4
+ and N-NO3

− contents in soil extracts were measured by 

segmented flow analysis (San Plus, Skalar, Breda, NL) based (i) on the Barthelot reaction for 

N-NH4
+ determination and (ii) on the Griess-Ilosvay’s reagent after the reduction to N-NO2

− in

a cadmium column for the N-NO3
− determination (Houba et al. 1995). In both determinations, 

extracts were first subjected to dyalysis to prevent interference from soil colloids and coloured 

organic compounds. 

Sulphur (S) was determined after digestion with concentrated nitric acid (HNO3) and 

perchloric acid (HClO4) followed by turbidimetric segmented flow analysis (Coutinho, 1996). 

Total carbon was analysed by dry combustion followed by near-infrared detection using a 

Carbon-Nitrogen/Protein analyser (Primacs SN 22, Slakar, Breda; NL).  

The dry matter content was determined by drying samples in an oven at 105 °C for 2 

days and then milled through a 1mm screen. Ground samples were analysed in duplicate for 

ash following the procedures of AOAC (2006; no. 942.05). Organic matter was calculated as 

the difference between dry matter and ash content. Neutral detergent fibre (NDF), acid 

detergent fibre (ADF) and acid detergent lignin (ADL) were analysed by the method of Van 

Soest et al. (1991). Hemicellulose and cellulose were calculated as the difference between NDF 

and ADF, and ADF and ADL, respectively. 

2.2.3.2 Soil analysis 

Soil mineral N (NH4
+ and NO3

−) were analysed before and after the field experiment. 

Briefly, samples were extracted using 2 M KCl at a ratio of 1:5 (w:w) for 1 h on an orbital 

shaker and the extracts were filtered through Whatman no. 5 filter paper followed by 
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measurements using a molecular absorption spectroscopy in a segmented-flow system as 

previously referred. Soil-water content in each soil layer (0-5, 5-10, 10-15 cm) was determined 

by drying a sub-sample at 105°C for 24 h. 

 

2.2.3.3 Gas analyses 

The N2O, CH4 and CO2 were measured with a gas chromatograph (GC-2010 Plus, 

Shimadzu Corporation, Japan) with an electron capture detector for N2O and a flame ionization 

detector for CH4 and Thermal Conductivity Detector for CO2. The NH4
+-N contents in the 

H3PO4 trap solutions were measured by segmented flow analysis (San Plus, Skalar, Breda, NL) 

based on the Barthelot reaction (Houba et al. 1995).  

 

2.2.4 Calculations and statistical analysis 

The cumulative gas losses were calculated considering an average flux rate between two 

consecutive sampling periods and multiplying that flux by the time interval between the 

sampling periods (Pereira et al. 2010). The best subset regression model was used to identify 

variables with the highest adjusted R2 value relative to the cumulative NH3 losses from the field. 

Based on this, the adjusted R2 value was estimated for each sampling event to determine the 

influence of effluent characteristics (model variables) on NH3 losses during each sampling 

event. 

The effects of the different treatments on effluent characteristics were tested by analysis 

of variance (ANOVA) using a complete randomized design layout with three factors in the case 

of experiment 1 (acidification, type of slurry and type of additive) and one factor in the case of 

experiment 2; for experiment 3, a randomized complete block design with one factor was used. 

Statistical analyses were preformed using the program STATISTIX version 10.0 (Analytical 

Software, Tallahassee, USA). Bonferroni test was used for multiple comparisons among means. 

Differences among means with a P-value of less than 0.05 were considered significant. 
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2.3. Results 

2.3.1 Physical-chemical characteristics 

Table 2.2 summarises the ANOVA results for experiment 1. The effect of treatment was 

not significant on the pH and obtained values ranging from 8.18 to 8.60 (Table 2.2 and 2.3). 

The electrical conductivity was significantly (P<0.05) affected by the interaction effluent × acid 

(Table 2.2). Nevertheless the mean separation showed no statistical differences between 

treatments with values in the range of 1.81 to 2.32 mS cm−1 (Table 2.3). 

Table 2.2. Experiment 1: ANOVA results (P-values) for the effluent characteristics. 

Experiment 1 Effluent (A) Microbe (B) Acid (C) A×B A×C B×C A×B×C 

pH 0.062 0.142 0.491 0.278 0.062 0.708 0.553 

EC 0.796 0.249 0.318 0.486 0.003 0.698 0.556 

S 0.675 0.354 0.000 0.725 0.000 0.167 0.950 

NH4
+ 0.000 0.075 0.000 0.605 0.000 0.052 0.517 

Total N 0.000 0.040 0.000 0.610 0.006 0.734 0.224 

Dry matter 0.000 0.588 0.391 0.684 0.771 0.800 0.432 

Organic matter 0.000 0.604 0.214 0.687 0.465 0.729 0.410 

Total C 0.000 0.604 0.214 0.687 0.465 0.729 0.410 

Lignin 0.000 0.765 0.834 0.727 0.969 0.593 0.283 

Cellulose  0.000 0.613 0.000 0.508 0.001 0.787 0.800 

Hemicellulose 0.000 0.463 0.000 0.630 0.000 0.660 0.076 

P-values in the table were obtained with analysis of variance. Differences were considered highly significant at

P<0.001, very significant at P<0.01 and significant at P<0.05 (Bonferroni’s test). Bold values indicate significant

values. EC= electrical conductivity. N.A= not applicable.

The effects of acid and the interaction effluent × acid were highly significant (P<0.001) 

on the S concentration (Table 2.2). The highest S concentration value of 0.64 g kg−1 was 

achieved with the LF + acid and was higher (P<0.05) than the other treatments (Table 2.3).  

In relation to NH4
+-N concentration, the effects of effluent, acid and the interaction 

effluent × acid were highly significant (P<0.001) (Table 2.2). As shown in Table 2.3, the NH4
+-

N concentration in the acidified effluents (WS + acid1 and LF + acid) were not significantly 

different from each other but were significantly (P<0.05) higher than the un-acidified effluents 

(WS - acid and LF - acid). 

The total N concentration was at least significantly (P<0.05) affected by effluent, 

microbe, acid and the interaction effluent × acid (Table 2.2). The highest total N concentration 

(Table 2.3) value of 0.90 g kg−1 was observed in the WS + acid1 treatment and was significantly 

(P<0.05) higher than the other treatments (WS – acid, LF + acid and LF - acid). 
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The effect of effluent was highly significant (P<0.001) on the dry matter content (Table 

2.2). As expected, the highest dry matter values (Table 2.3) were observed in the whole slurry 

treatments (WS + acid1 and WS - acid) and were significantly (P<0.05) higher than the liquid 

fraction treatments (LF + acid and LF - acid).  

Table 2.3. Experiment 1: Effects of treatment on physical-chemical characteristics (fresh weight basis). 

Experiment 1 WS* LF** WS + acid1 WS - acid LF + acid LF - acid 

pH 8.00 8.50 8.31 8.18 8.31 8.60 

EC (mS cm−1) 2.35 2.26 1.96 ab 2.23 ab 2.32 a 1.81 b 

S (g kg−1) 0.12 0.06 0.56 a 0.16 b 0.64 c 0.06 d 

NH4-N (g kg−1) 0.34 0.30 0.27 a 0.12 b 0.26 a 0.05 c 

Total N (g kg−1) 1.18 0.95 0.90 a 0.77 b 0.59 c 0.29 d 

Dry matter (g kg−1) 55.33 17.96 55.01 a 51.13 a 18.64 b 16.72 b 

Organic matter (g kg−1) 46.05 ND 44.08 a 39.22 a 11.43 b 10.14 b 

Total carbon (g kg−1) 22.35 6.10 19.38 a 16.97 b 5.48 c 4.51 d 

Lignin (g kg-1) 9.52 ND 12.52 a 12.37 a 3.47 b 3.26 b 

Cellulose (g kg-1) 15.51 ND 10.77 a 7.45 b 0.48 c 0.47 c 

Hemicellulose (g kg-1) 10.50 ND 6.79 a 4.32 b 0.54 c 0.29 c 

Different superscripts in the same row indicates significant differences (P<0.05) using the Bonferroni test for 

means separation.*Initial characteristics of the WS (whole slurry). ** Initial characteristics of the LF (liquid 

fraction). ND= not determined. 

Relative to the total C and organic matter contents, the effects of effluent were highly 

significant (P<0.001) and treatments showed a similar behaviour as the dry matter content 

(Table 2.2 and 2.3). The effect of effluent was highly significant (P<0.001) on the lignin content 

(Table 2.2) and the values in the whole slurry treatments (WS + acid1 and WS - acid) were 

generally higher (P<0.05) than the liquid fraction treatments (LF + acid and LF - acid) after 

storage (Table 2.3).  

In the case of the cellulose and hemicellulose, the effects of effluent, acid, and the 

interaction effluent × acid were at least very significant (P<0.01) (Table 2.2). As observed for 

the lignin, the cellulose and hemicellulose in the whole slurry treatments were significantly 

(P<0.05) higher than the liquid fraction treatments (Table 2.3). Nevertheless, the WS + acid1 

obtained significantly (P<0.05) higher cellulose and hemicellulose contents than the WS – acid 

after storage (Table 2.3). 

Experiment 2 

Table 2.4 summarises the ANOVA results for experiment 2. The effects of treatment, 

day and the interaction treatment × day were highly significant (P<0.001) on pH (Table 2.4). 
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The pH values at the end of storage (day 85) were significantly (P<0.05) higher than the 

beginning (day 0) of storage in all treatments (Table 2.5). The pH in the WS + acid2 was 

significantly (P<0.05) lower than the other treatment after storage (Table 2.5). 

Relative to the electrical conductivity and S, there were highly significant (P<0.001) 

effects of treatment, day and the interaction treatment × day (Table 2.4). The electrical 

conductivity at day 85 was significantly (P<0.05) lower in all treatments than day 0 although 

the value observed in the WS + acid2 at day 85 was significantly (P<0.05) higher than the other 

treatments at day 85 (Table 2.5). Besides the WS + acid2 where a significant (P<0.05) increase 

in the S concentration was observed at day 85, the S concentration in the other treatments was 

not significantly affected (Table 2.5). 

Table 2.4. Experiment 2. ANOVA results (P-values) for the effluent characteristics. 

Experiment 2 Treatment (A) Day (B) A×B 

pH 0.000 0.000 0.662 

EC 0.000 0.000 0.000 

S 0.000 0.000 0.000 

NH4
+ 0.000 0.033 0.001 

Total N 0.071 0.280 0.240 

Dry matter 0.014 0.002 0.550 

Organic matter 0.011 0.000 0.502 

Total C 0.011 0.000 0.502 

Lignin 0.286 0.411 0.918 

Cellulose 0.012 0.000 0.030 

Hemicellulose 0.044 0.000 0.050 

Cumulative NH3 0.001 N.A N.A

Cumulative N2O 0.791 N.A N.A

Cumulative CH4 1.000 N.A N.A

Cumulative CO2 0.730 N.A N.A

P-values in the table were obtained with analysis of variance. Differences were considered highly significant at

P<0.001, very significant at P<0.01 and significant at P<0.05 (Bonferroni’s test). Bold values indicate significant

values. EC= electrical conductivity. N.A= not applicable.

As shown in Table 2.4, the effects of treatment, day and the interaction treatment × day 

were at least significant (P<0.05) on the NH4
+-N concentration. Apart from the WS + EU200 

where significant (P<0.05) differences in the NH4
+-N concentration were found in both days 

(beginning and end of storage), no significant differences were found between days for the other 

treatments (Table 2.5). The highest NH4
+-N concentration value of 0.61 g kg−1 after storage 

was achieved with the WS + acid2 and was significantly (P<0.05) higher than the other 

treatments. 
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There were no significant effects on the total N concentration which obtained values 

ranging between 1.72 and 1.89 g kg−1 after storage (Table 2.4 and 2.5). Relative to the dry 

matter, organic matter and total carbon contents, the effects of treatment and day were at least 

significant (P<0.05) even though the interaction treatment × day had no significant effect (Table 

2.4). Additionally, a decreasing trend in the dry matter and organic matter contents were 

observed in all treatments after storage (Table 2.5). Apart from the WS + acid2 where the total 

carbon remained unaffected after storage, a significant (P<0.05) decline in the total carbon was 

observed in the other treatments after storage (Table 2.5). 

Table 2.5. Experiment 2: Effects of treatment on physical-chemical characteristics. 

Experiment 2 

WS WS + acid2 WS + EU200 WS + BB 

Day 0 Day 85 Day 0 Day 85 Day 0 Day 85 Day 0 Day 85 

pH 6.91 b 7.50 a 6.41 c 6.96 b 6.88 b 7.40 a 6.92 b 7.44 a 

EC (mS cm−1) 2.79 a 1.25 c 2.91 a 1.96 b 2.87 a 1.23 c 2.89 a 1.27 c 

S (g kg−1) 0.21 b 0.15 b 0.18 b 0.94 a 0.24 b 0.14 b 0.19 b 0.13 b 

NH4-N (g kg−1) 0.48 abc 0.44 bc 0.51 ab 0.61 a 0.51 ab 0.36 c 0.47 bc 0.39 bc 

Total N (g kg−1) 1.68 ab 1.86 ab 1.75 ab 1.89 a 1.65 ab 1.72 ab 1.63 b 1.76 ab 

Dry matter (g kg−1) 60.50 ab 44.40 b 72.20 a 68.40 ab 67.90 ab 53.40 ab 70.20 a 56.00 ab 

Organic matter (g kg−1) 51.73 ab 33.59 b 61.93 a 56.45 ab 57.95 a 42.89 ab 59.77 a 44.75 ab 

Total carbon (g kg−1) 27.63 a 26.40 b 27.66 a 26.84 ab 27.63 a 26.36 b 27.55 a 26.46 b 

Lignin (g kg-1 FW)   9.34 9.42 11.38 11.50 10.47 11.44 11.11 11.85 

Cellulose (g kg-1 FW) 16.38 a 7.62 b 19.73 a 16.98 a 17.91 a   9.08 b 19.13 a 9.46 b 

Hemicellulose (g kg-1 FW) 13.09 a 5.69 c 14.60 a 12.88 ab 14.30 a   7.28 bc 14.07 a 7.20 c 

Different superscripts in the same row indicates significant differences (P<0.05) using the Bonferroni test for 

means separation. FW= fresh weight. 

There were no significant effects on the lignin content (Table 2.4). The lignin in 

treatments remained unaffected after storage and obtained values ranging between 9.42 and 

11.85 g kg−1 (Table 2.5). In contrast, the effects of treatment, day and the interaction treatment 

× day were at least significant (P<0.05) on the cellulose content (Table 2.4). In general, a 

significant (P<0.05) reduction in the cellulose content was found in all treatments after storage 

with the exception of the acidification treatment (WS + acid2) where the cellulose content 

remained unaffected (Table 2.5). In the case of the hemicellulose, the effects of treatment and 

day were at least significant (P<0.05) whereas the effect of the interaction treatment × day was 

not significant (Table 2.4). The behaviour of treatments relative to the hemicellulose after 

storage were similar to the total carbon and cellulose (Table 2.5). 
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2.3.2 Ammonia and greenhouse gas emissions during storage of slurry 

The effect of treatment was very significant (P<0.01) on the cumulative NH3 losses after 

storage (Table 2.4). The cumulative NH3 losses in the WS + acid2 was significantly (P<0.05) 

lower than the other treatments (Table 2.6). There were no statistical effects on the cumulative 

greenhouse gases (Table 2.4). The average cumulative N2O, CH4 and CO2 emissions in 

treatments were 0.81, 1.04 and 192.36 g m−3 respectively. 

Table 2.6. Experiment 2: Cumulative loss of NH3, N2O, CH4 and CO2 after 40 days of storage. 

Emissions WS WS + acid2 WS + EU200 WS + BB 

NH3 (g NH3-N m−3) 17.04 a 5.30 b 17.80 a 17.00 a 

N2O (g N2O-N m−3) 0.80 0.83 0.80 0.80 

CH4 (g CH4-C m−3) 1.04 1.05 1.04 1.04 

CO2 (g CO2-C m−3) 195.70 202.42 178.25 193.05 

Different superscripts in the same row indicate significant differences (P<0.05) using the Bonferroni test for means 

separation. 

Experiment 3 

Table 2.7 shows the main characteristics of the effluents used in experiment 3. In 

general, the percentage (%) dry matter for the WS and LFA was slightly higher than the other 

LF treatments whereas the value for the CSF was higher than the other effluents. The pH in the 

LFA was about 0.6 times lower than the other slurry treatments whereas that for the CSF was 

almost neutral. The total N in slurry treatments showed less variations between each other but 

were lower than the CSF. The NH4
+ in slurry treatments were similar among each other but in 

the case of the CSF the value was below detectable limit (<0.01). Apart from the CSF, the NO3
−

N concentrations in the effluents were below detectable limits. 

Table 2.7. Experiment 3: Main characteristics of the effluents before field application. 

Properties WS LF LFA LFB LFJ CSF 

Dry matter (%) 4.8 ± 0.1 2.7 ± 0.0 4.1 ± 0.1 2.6. ± 0.1 2.6 ± 0.1 31.4 ± 0.9 

pH 8.6 ± 0.1 8.6 ± 0.1 5.5 ± 0.1 8.6 ± 0.0 8.6 ± 0.0 7.3 ± 0.1 

Total N (g kg−1 FW) 2.1 ± 0.9 2.0 ± 0.9 2.1 ± 0.9 1.9 ± 0.9 2.1 ± 0.9 6.3 ± 2.8 

NH4
+-N (g kg−1 FW) 0.8 ± 0.3 0.8 ± 0.4 0.9 ± 0.4 0.9 ± 0.4 0.9 ± 0.4 <0.01 

NO3
−-N (g kg−1 FW) <0.01 <0.01 <0.01 <0.01 <0.01 0.5 ± 0.2 

WS = Whole slurry; LF = liquid fraction; CSF = composted solid fraction; LFA = acidified liquid fraction; LFB = 

liquid fraction + Biobuster®; LFJ = liquid fraction + Jass®. FW = fresh weight. Values are the mean of three 

replicates. 
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2.3.3 Ammonia volatilization from field applied slurry 

Table 2.8 summarises the ANOVA results for NH3 fluxes, cumulative NH3 losses, soil 

NH4
+-N and NO3

−-N concentrations measured during experiment 3. The effects of treatment, 

sampling event and the interaction treatment × sampling event were highly significant 

(P<0.001) on NH3 fluxes (Table 2.8). 

Table 2.8. Experiment 3: ANOVA results (P-values) showing the effects of treatment (A), sampling event (B), 

depth (C), interaction treatment × sampling event (A×B) and interaction treatment × depth (A×C) on NH3 fluxes, 

cumulative NH3 losses, NH4
+ and NO3

− concentrations. 

Experiment 3 Treatment (A) Sampling 

event (B) 

Depth (C) A×B A×C 

NH3 fluxes 0.000 0.000 N.A 0.000 N.A

Cumulative NH3 losses 0.000 N.A N.A N.A N.A

NH4
+-N 0.000 N.A 0.000 N.A 0.000

NO3
−-N 0.002 N.A 0.000 N.A 0.000

P-values in the table were obtained with analysis of variance. Differences were considered highly significant at

P<0.001, very significant at P<0.01 and significant at P<0.05 (Bonferroni’s test). Bold values indicate significant

values. N.A = not applicable.

Fluxes of NH3 were significantly (P<0.05) higher in the WS relative to the LF 

treatments (LF, LFB, LFJ, LFA) in the first 18 hours of application (Table 2.9). The NH3 fluxes

in the WS declined to values comparable to the LF, LFB and LFJ after the first 18 hours of 

application whereas in the case of LFA and CSF, NH3 fluxes reached comparable values with 

the WS after 22 hours of application. The addition of biological additives to the LF did not 

influence NH3 fluxes relative to the untreated LF throughout the measurement period. The LFA 

led to lower (P<0.05) NH3 fluxes relative to the LF, LFB and LFJ in the first 18 hours of 

application. The NH3 fluxes in the CSF were lower (P<0.05) compared to the LF and WS in the 

first 18 and 22 hours respectively after application. Fluxes of NH3 in the LFA remained similar 

to the CSF throughout the measurement period. 
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Table 2.9. Experiment 3: Amounts of N lost as NH3 fluxes (kg N ha−1) in the intervals of 0-2, 16-18, 18-22, 22-

26, 37-41 and 35-50 hours after application. 

Treatment 0-2 16-18 18-22 22-26 37-41 35-50

WS 0.75 a 0.76 a 0.36 a 0.20 0.12 0.06 

LF 0.41 b 0.34 cd 0.17 ab 0.13 0.06 0.05 

CSF 0.01 c 0.02 d 0.01 c 0.00 0.00 0.00 

LFA 0.05 c 0.01 d 0.00 c 0.01 0.00 0.00 

LFB 0.40 b 0.43 bc 0.16 ab 0.15 0.08 0.08 

LFJ 0.44 b 0.15 cd 0.12 ab 0.13 0.09 0.06 

WS = Whole slurry; LF = liquid fraction; CSF = composted solid fraction; LFA = acidified liquid fraction; LFB = 

liquid fraction + Biobuster®; LFJ = liquid fraction + Jass®. Values followed by different letters in the same column 

are significantly different from each other at P<0.05 using the Bonferroni mean separation test. Values are the 

mean of three replicates. Fluxes are control subtracted. 

The effect of treatment was highly significant (P<0.001) on the cumulative NH3 losses 

(Table 2.8). The cumulative NH3 losses in the WS (18.1 kg N ha−1) was significantly (P<0.05) 

higher  than the LF (9.3 kg N ha−1), LFB (10.5 kg N ha−1), LFJ (7.4 kg N ha−1), LFA (0.70 kg 

N ha−1) and CSF (0.34 kg N ha−1) (Fig. 2.4A). The LFA reduced (P<0.05) NH3 losses by 96% 

relative to the untreated LF. The addition of biological additives (LFB and LFJ) to the LF did 

not have any reducing effect on the cumulative NH3 losses relative to the untreated LF (Fig. 

2.4A).  

A similar pattern was observed between treatments relative to the NH3 lost as %TAN 

applied (Fig. 2.4B). The %TAN lost as NH3 in the WS was almost 2 times higher (P<0.05) than 

the losses observed in LF or LFB (representing 17% TAN applied for each treatment) and 

almost 3 times higher (P<0.05) than the losses in LFJ (13% TAN applied). The LFA reduced 

(P<0.05) the %TAN lost by 89% relative to the untreated LF. 
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Fig. 2.4. Cumulative NH3 losses expressed as kg N ha−1 (A) and Cumulative NH3 losses expressed as % TAN 

applied (B). Emissions are control subtracted. The CSF was not expressed as % TAN applied due to its negligible 

TAN content. 

2.3.3.1 Relationship between effluent pH and dry matter on ammonia volatilization 

Table 2.10 shows the relative importance of effluent pH and dry matter on NH3 losses 

during the measurement period. The regression between NH3 losses and effluent characteristics 

(pH and dry matter) attained an adjusted R2 value between 0.22 and 0.95 (Table 2.10).  The 

lowest adjusted R2 value of 0.22 was observed between 16-18 hours whereas the highest 

adjusted R2 value of 0.95 was observed during 0-2 and 37-41 hours of measurement. Apart 

from the 16-18 hours interval, all other measurement periods obtained an R2 value closer to 1 

(>0.6) which reflects the importance of effluent pH and dry matter on NH3 losses. 

Table 2.10. Experiment 3: Regression model showing the effect of effluent pH and dry matter on NH3 fluxes (kg 

N ha−1) during each sampling period. 

Measurement period Hours after 

spreading 

Equation Adjusted R2 

1 0-2 Y= -26458 + 3087 x pH + 123 x %DM 0.95 

2 16-18 Y= -22891 + 2665 x pH + 109 x %DM 0.22 

3 18-22 Y= -12385 + 1441 x pH + 59 x %DM 0.74 

4 22-26 Y= -6833 + 799 x pH + 31 x %DM 0.87 

5 37-41 Y= -4393 + 513 x pH + 20 x %DM 0.95 

6 35-50 Y= -2215 + 260 x pH + 10 x %DM 0.61 

Net accumulated 

emissions 

0-50 Y= -609309 + 71053 x pH + 2851 x %DM 0.77 
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2.3.3.2 Effect of treatments on mineral N concentration and movement in soil after 

application  

As shown in Table 2.8, the effects of treatment, depth and the interaction treatment × 

depth on the NH4
+ concentration were highly significant (P<0.001). The effect of treatment on 

NH4
+ concentration was only significant at the top (0-5 cm) soil layer (Table 2.11).  In this soil 

layer, the NH4
+ in the WS and LF treatments were significantly (P<0.05) higher than the CSF. 

The addition of biological additives did not enhance infiltration of NH4
+ relative to the untreated 

LF. The NH4
+ concentration (0-5cm) in the WS was lower (even if not significant) than the LF 

treatments (LF, LFA, LFB and LFJ). There were no significant differences in the NH4
+ 

concentration between treatments in the bottom soil layers (5-10 cm and 10-15 cm). 

Relative to the NO3
− concentration, the effects of treatment, depth and the interaction 

treatment × depth were at least significant (P<0.05) (Table 2.8). As observed for NH4
+, the 

effect of treatment was only significant at the top (0-5 cm) soil layer (Table 2.11). In this soil 

layer, the NO3
− concentration in the CSF was significantly (P<0.05) higher than the other 

treatments (Table 2.11). 

 

Table 2.11. Experiment 3: Ammonium and nitrate concentrations at 0-5 cm, 5-10 cm and 10-15 cm soil layers 

after ammonia measurements. 

 Ammonium (mg kg−1) Nitrate (mg kg−1) 

Treatment 0-5cm 5-10cm 10-15cm 0-5cm 5-10cm 10-15cm 

Control 3.8 ± 0.5 c 4.0 ± 0.8  2.8 ± 1.2  4.6 ± 2.2 b 3.6 ± 1.6  2.7 ± 0.2  

WS 61.0 ± 29.8 b 4.0 ± 1.3  7.3 ± 4.0  5.5 ± 5.3 b 3.0 ± 2.8  4.3 ± 4.2  

LF 148.0 ± 28.4 a 18.0 ± 7.7  8.0 ± 11.0  8.5 ± 6.4 b 2.6 ± 1.0  5.0 ± 4.0  

CSF 5.0 ± 1.5 c 4.4 ± 3.4  4.6 ± 1.5  30.0 ± 8.0 a 3.4 ± 1.6  4.5 ± 3.3  

LFA 157.0 ± 43.0 a 6.0 ± 3.1  5.0 ± 3.6  2.7 ± 0.8 b 2.0 ± 1.4  4.3 ± 5.0  

LFB 93.2 ± 22.2 b 7.0 ± 6.3  3.0 ± 1.2  7.0 ± 1.2 b 3.8 ± 1.2  4.4 ± 1.0  

LFJ 157.3 ± 8.7 a 5.2 ± 2.0  2.8 ± 1.0  7.6 ± 2.5 b 3.0 ± 0.7  3.0 ± 0.5  

WS = Whole slurry; LF = liquid fraction; CSF = composted solid fraction; LFA = acidified liquid fraction; LFB = 

liquid fraction + Biobuster®; LFJ = liquid fraction + Jass®. Values followed by different letters in the same column 

are significantly different from each other at P<0.05 using the Bonferroni mean separation test. Values are the 

mean of three replicates. 

 

 

2.4. Discussion 

2.4.1 Impact of mechanical separation on NH3 losses 

Mechanical separation is important to increase the storage capacity of dairy farms. This 

technology reduced (P<0.05) the dry matter and structural carbohydrates in the effluent which 

may improve the handling of the effluent on the farm. After storage, the N concentration (NH4
+ 
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and total N) in the separated LF was lower (P<0.05) than the WS. The study of Smith et al. 

(2007) and Peterson et al. (2013) showed that slurry dry matter contributes to crust formation 

which acts as a barrier to the release of NH3 from slurry. The higher (P<0.05) N concentration 

(NH4
+ and Total N) in the WS relative to the LF may be related to the relatively higher dry 

matter in the WS (Table 2.7) which may have contributed to crust formation on the WS and 

thus impeded NH3 losses. 

Nevertheless, application of the LF to soil reduced (P<0.05) the percentage of TAN lost 

as NH3 in the total N applied by almost 60% relative to the WS which may be important in 

increasing the N- use efficiency in the LF after soil application (Webb et al. 2013). Such 

reductions in NH3 losses have been observed in slurry with low dry matter relative to high dry 

matter slurry and were attributed to enhanced infiltration of NH4
+ in the low dry matter slurry 

(Sommer et al. 2006b). Indeed, the NH4
+ concentration in the soil after measurement showed 

significant (P<0.05) differences only at the top soil layer (0-5cm) with significantly (P<0.05) 

lower concentrations in the WS relative to the LF. This observation indicates that the higher 

(P<0.05) NH3 losses in the WS are mainly due to a restricted movement of TAN due to its 

relatively higher dry matter content (Table 2.7) and could also be related to the fact that the 

NH3 losses were higher in WS leading to less ammonium nitrate (NH4NO3) to be infiltrated. 

These findings are in agreement with the hypothesis that, the LF will increase slurry infiltration 

and consequently reduce NH3 losses relative to the WS. 

In the case of the LF, infiltrated NH4
+ or TAN may be immobilized on cation exchange 

sites, thus reducing the potential for NH3 volatilization (Sanz-Cobena et al. 2011) and 

increasing its availability after application for crop utilization. The cumulative losses in the CSF 

was minimal (0.30 kg N ha−1) compared to the LF (9.3 kg N ha−1) and WS (18.1 kg N ha−1) 

which reflects the negligible concentrations of TAN in the CSF before application (Table 2.7). 

It can be hypothesized that mechanical separation has the potential to reduce NH3 losses to 

considerable levels after soil application. However, the adoption of this technology may lead to 

some increases in N losses during storage of the LF (Table 2.4) and during composting of the 

solid fraction (Amon et al. 2006). Thus, additional NH3 mitigation techniques may be required 

during storage in order not to offset the positive benefits from field application. 
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2.4.2 Impact of slurry additives on gaseous emissions and slurry composition 

Slurry acidification reduced (P<0.05) NH3 losses during storage and after field 

application as reported by Kai et al. (2008). This observation is consistent with the effect of 

slurry pH on the NH4
+/NH3 which increases when pH is reduced (Fangueiro et al. 2015a). The 

increase (P<0.05) in the S concentration after acidification indicates that farmers may benefit 

not only from an increased availability of N but also S, a valuable crop nutrient. 

Slurry acidification did not affect the degradation of lignin in both effluent types (WS 

and LF) as observed by Hjorth et al. (2015) and this is probably due to the resistance of lignin 

against degradation (Pérez et al. 2002). The concentration of cellulose and hemicellulose in the 

acidified WS was higher (P<0.05) than the untreated WS. According to Galbe and Zacchi 

(2012), the degradation of carbohydrates and lignin using mineral acids such as H2SO4 may 

result in the formation of toxic compounds, which can affect enzymatic hydrolysis and 

fermentation. The higher concentrations of the cellulose and hemicellulose in the acidified WS 

relative to the un-acidified treatment may be related to the toxic effect of H2SO4 on fermenting 

bacteria and that may have inhibited the degradation of cellulose and hemicellulose in the 

acidified WS. Indeed, Ottosen et al. (2009) observed inhibition of microbial activity during 

storage of acidified slurry. The above observations provide enough evidence to support the 

hypothesis that slurry acidification will reduce NH3 losses and influence microbial degradation 

pathways in slurry. 

In contrast, Hjorth et al. (2015) reported decreases in the cellulose and hemicellulose 

contents after storage of acidified slurry and attributed this observation to chemical hydrolysis 

of carbohydrates in the slurry. However, in the above study, the acidification processes was 

performed continuously in-house using a mechanised system that allowed the pH to be kept at 

a constant value of 5.5 and a total amount of 8.4 L m−3 of H2SO4 was used for acidification. 

The differences observed in both studies is probably related to the differences in the 

acidification process, pH of effluents and the amount of H2SO4 used.  

It was hypothesized that the degradation of organic materials by the addition of 

biological additives will enhance soil infiltration of slurry and consequently reduce NH3 losses. 

In contrast, biological additives had no impact in degrading organic materials or modifying 

slurry characteristics and reducing gaseous emissions during storage and after field application. 

Similar findings were made in previous studies (Van Vliet et al. 2006; Van der Stelt et al. 2007; 
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Matulaitis et al. 2013) when the efficacy of Effective Microorganism® and an unknown 

biological additive were evaluated during storage.  

According to Jensen and Sommer (2013), a wide range of microorganisms can be found 

in animal manure. These naturally prevailing microorganisms are usually available in larger 

quantities and may be expected to be highly favoured for survival in the slurry (Watanabe et al. 

2000). Furthermore, microorganisms which have been cultured are usually bigger and more 

nourished than the naturally prevailing microorganisms and therefore chosen by predators such 

as protozoa (Sherr et al. 1992). It may be assumed that the potential decline in the numbers and 

activities of the added organisms may account for the inability of the biological additives to 

influence the degradation pathway of the organic materials in the effluents. 

2.5. Conclusion 

The use of the biological additives to decrease pollutant gases (NH3, CH4, CO2 and N2O) 

from slurry and to modify slurry characteristics are questionable. Application of slurry fractions 

(LF and CSF) instead of the whole slurry can reduce NH3 losses considerably after field 

application. The NH3 reductions in the LF is mainly related to the higher infiltration of NH4
+-

N in the top soil (0-5cm layer) relative to the whole slurry whereas the reductions in the CSF is 

mainly related to the negligible concentration of NH4+-N in the CSF before application. Slurry 

acidification inhibited the degradation of organic materials during storage of slurry and led to 

an increase in slurry fertilizer value (NH4
+-N and sulphur concentration) whilst minimizing 

NH3 losses during storage and after soil application. Treatment of the LF either by acidification 

or biological additives did not enhance slurry infiltration into soil layers after soil application. 





Chapter 3. Nitrogen dynamics in soils amended with slurry treated 

by acid or DMPP addition 

The text in this chapter has been modified and published in the Biology Fertility of Soils Journal 
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3.1. Introduction 

Industrialization of animal production and dairy sector has led to an increase in the 

production of slurry on farms (Merrington et al. 2002). Part of this slurry can be applied to soil 

as a fertilizer to recycle nutrients (Jensen, 2013). However, the agricultural area available for 

slurry application is limited in some countries and consequently over-application of slurry is 

frequent (Merrington et al. 2002). Such situation may lead to a surplus of nutrients on farms 

and consequently, nutrient losses that may have negative implications on the environmental and 

economic sustainability of farms (Sørensen and Jensen, 2013).  

Slurry treatment has been proposed as a solution to minimize its environmental impact 

and to increase its agronomic value in terms of the availability of N for crop utilization (Jensen, 

2013).  Slurry separation is now used in many dairy and pig farms to enhance slurry 

management, namely the recycling of slurry nutrients on farms (Hjorth et al. 2010). After the 

application of slurry separation systems, the high dry-matter solid fraction (SF) obtained may 

be exported out of the farm while the low dry-matter liquid fraction (LF) may be applied on 

farm instead of the raw slurry. The LF has a low C/N-ratio which may reduce the potential for 

N immobilisation after soil application (Jensen, 2013).  

Slurry acidification is considered to be an effective tool for reducing ammonia (NH3) 

volatilisation during its storage and after its application to soil (Fangueiro et al. 2015a). 

Lowering of slurry pH may affect various chemical (Hjorth et al. 2010) and biological processes 

in slurry (Ottosen et al. 2009) as well as slurry composition (Hjorth et al 2015). In consequence, 

the fertilizer value of slurry as well as the N dynamics from acidified slurry may differ from 

patterns already known for non-acidified slurry after soil application (Wenzel and Petersen, 

2009). Indeed, Fangueiro et al. (2010; 2013) reported a delay in nitrification of ammonium 

(NH4
+) and subsequent reduction in nitrous oxide (N2O) emissions from soils amended with 

acidified slurries relative to non-acidified ones. However, such effect of slurry acidification was 

not observed in some soils with different characteristics (Fangueiro et al. 2016) and more 

studies are needed to fully assess its impact on N2O and nitric oxide (NO) losses. 

Emission of N2O is considered as a major environmental burden associated with slurry 

application to soil (Sommer et al. 2013). Nitrous oxide is a potent greenhouse gas and also the 

most important chemical species leading to stratospheric ozone depletion (Ravishankara et al. 

2009). Nitric oxide on the other hand contributes to the formation of ozone in the troposphere 

and is a vital precursor to acid rain (Williams et al. 1992). Both N2O and NO are mainly 
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produced by nitrification and denitrification processes in soils (Firestone and Davidson, 1989).  

Carbon dioxide (CO2), another greenhouse gas, is produced from respiration with soil and 

vegetation being the main sources from which this gas enters the atmosphere (Smith et al. 

2003). Furthermore, significant CO2 emissions may occur after application of slurry to soil due 

to the availability of C in the slurry which often enhances microbial activities (Pereira et al. 

2010). 

 The addition of nitrification inhibitors (NIs) such as 3,4-Dimethylpyrazole phosphate 

(DMPP) to N fertilisers is a common practice to reduce N losses from arable soils (Ruser and 

Schulz, 2015). A delay in nitrification and reductions in N2O and NO emissions from slurry 

amended soils is possible when NIs are applied (Ruser and Schulz, 2015), whereas for CO2 

emissions contrasting results have been reported (Ruser and Schulz, 2015). Earlier studies on 

the impact of NIs on gaseous emissions from organic fertilizers have mainly been conducted 

using cattle or pig whole slurry (Hatch et al. 2005; Menéndez et al. 2009; Fangueiro et al. 2010) 

and have rarely considered the effect of NIs addition to the fractions obtained after slurry 

separation on gaseous emissions (Pereira et al. 2010). 

Our hypotheses were that: 1) lower nitrification will occur in soil amended with 

acidified LF (ALF) than with raw LF; 2) the effect of acidification of the LF on nitrification 

after soil application is comparable to the effect of DMPP and 3) lower N2O is emitted from 

soil amended with ALF or slurry treated with DMPP relative to raw LF amended soil. The 

objectives of the present study were to evaluate the impact of two mitigation strategies: (a) LF 

acidification to pH 5.5 or (b) LF treatment by a NI (DMPP) addition prior application to a clay 

loam soil, on N speciation in soil (organic N, NH4
+, NO3

-) and on gaseous emissions (N2O, NO, 

CO2).  

 

 

3.2. Materials and Methods 

3.2.1 Soil preparation and analysis 

Soil samples were collected (0-15 cm) in October 2013 from an experimental grassland 

site (Rowden Moor) at Rothamsted Research Station, in the southwest of the United Kingdom. 

The dominant species of the grassland were Agrostis stolonifera and Juncus effuses. The field 

had not been grazed for over 20 years and not received any N input over that time period. Soil 

samples were taken from the top 0-15 cm layer in a W-shape across the field. At sampling, the 
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gravimetric moisture content was between 58 and 65%. Due to the high clay content, the soil 

was air-dried at room temperature to 30% gravimetric moisture content to enable processing. 

The grass remains were removed before breaking the soil up and sieving (< 2mm). The soil was 

then stored at 4°C until packing of cores. Total N was determined after air-drying and grinding 

using Kjeldahl analysis and total C using an elemental analyser (Carlo-Erba). Soils were 

analysed for NH4
+ and nitrate (NO3

−), both before, and after the incubation by extraction in 2M 

KCl (1:5 w/v) by molecular absorption spectrophotometry in a segmented flow analyser 

(SanPlus, Skala, Breda) using the Berthelot and sulphanilamide methods for NH4
+ and NO3

− 

(Houba et al. 1989). 

The main soil physical-chemical characteristics were: pH water [1:2.5], 5.6; NH4
+-N, 

12.0 mg N kg−1 dry soil; NO3
−-N, 79.0 mg N kg−1 dry soil; Total N, 5.4 g N kg−1 dry soil; 

Organic matter, 117.0 g kg−1 dry soil; Bulk density, 0.8 g cm−3. 

3.2.2 Slurry preparation and analysis 

The liquid fraction of slurry was sampled from a slurry pit receiving effluent from a 

mechanical slurry separator from a dairy farm in Devon, United Kingdom. Dairy cows were 

fed mainly with grass and maize silage. The main characteristics of the effluent (Table 3.1) was 

analysed both before and after application to soil. Slurry organic matter, electrical conductivity, 

phosphorus, total N and soluble organic N were determined according to the methods described 

in Fangueiro et al. (2015b). Potassium was determined using the segmented flow analyser and 

flame photometer after sulphuric acid digestion. A description of the methods used to analyse 

the rest of the physical-chemical characteristics of the slurry can be found in Fangueiro et al. 

(2013). 

Slurry treatments were prepared as follows: approximately 1.2 L of the raw liquid 

fraction was collected and separated into three containers (each containing 0.4 L of the effluent). 

Part of the liquid fraction (LF) was left with no additive. The second part (ALF) was acidified 

to a pH of 5.5 by adding 0.001 L of concentrated H2SO4. The third part (LF+DMPP) was 

amended with the nitrification inhibitor DMPP by adding 0.015 g of DMPP (equivalent to the 

commercial application rate of 37.5 g of DMPP per tonne of slurry) directly to the raw LF.   
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3.2.3 Experimental set up 

3.2.3.1 Main experiment 

The treatments were: raw liquid fraction (LF), acidified liquid fraction (ALF), liquid 

fraction + DMPP (LF+DMPP) and an unfertilized soil (control). Slurry treatments were applied 

at an application rate of 0.3 g N per vessel or 0.12 L of slurry per vessel (equivalent to an 

application rate of 140 kg N ha−1 or 76 m3 ha−1). The control treatment received 0.12 L of water. 

The incubation experiment was conducted as a completely randomised design with four 

treatments and three replicates each, making a total of 12 experimental units. We used the 

denitrification incubation system (DENIS) described by Cárdenas et al. (2003) and improved 

according to Loick et al. (2016). A schematic diagram of the DENIS system is shown in Fig. 

3.1. 

Fig. 3.1. Schematic diagram of the DENIS (denitrification) system. 

Briefly, the system consists of 12 enclosed vessels allowing gas fluxes to be 

automatically analyzed under a nitrogen free atmosphere. This is achieved by first removing 

atmospheric N2 from the soil, headspace and gas lines using a mixture of He (80%) and O2 

(20%), directed through the bottom of the incubation vessels. The flow is then directed over the 

top of the soil core within each vessel for N2O, NO and CO2 emissions from the soil surface to 

be transported by the carrier gas stream. Effluent gases from each of the 12 chambers passes 
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through an outlet in the lid to an actuated selection valve, either for analyses by chromatography 

(GC) or chemiluminescence, or vented to the atmosphere. The incubation device (Fig. 3.3A) 

was kept constant at 20°C and the incubation lasted for 32 days.  

Twelve soil cores (14.2 cm diameter) were packed with fresh soil equivalent to 1,305 g 

to a height of 7.5 cm and a bulk density of 0.8 g cm−3. The moisture content was adjusted to a 

final WFPS of 60%, taking the later addition of the amendments into consideration; the cores 

were placed into a tray, watered and left overnight loosely covered with plastic bags to prevent 

evaporation. Water contents were finally adjusted the following day by adding water (~10 ml) 

to the top of the core (by weight). After packing, the cores were placed into the incubation 

(DENIS) vessel (Fig. 3.2A) and covered. To remove gaseous N from soil pores, a gas mixture 

of helium (80%) and oxygen (20%) (He/O2 mixture) was passed from the bottom of the vessels 

and through the soil core (as described above) at a rate of 30 ml min−1 for 6 days in order to 

remove any N2 present in the soil atmosphere, headspace, and all gas lines before gas 

measurement. 

Amendments were added through a secondary vessel (amendment vessel) fitted to the 

centre of the lid of each of the incubation vessels (Fig. 3.2B). Normally the amendment vessel 

is flushed with He to avoid the entrance of atmospheric N2 into the incubation vessel when 

applying amendment. In order to prevent NH3 losses while flushing, each amendment vessel 

was instead covered with polyurethane which fitted exactly on the surface of the amendments 

to minimise the entrance of N2 into the system during application. 

A) B) 

Fig. 3.2. Soil cores in the incubation vessel after packing (A) and application of the amendments through the 

amendment vessel on top of each incubation vessel (B) in the main experiment. 
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The flow of the He/O2 mixture was then reduced to 12 ml min−1 and directed to flow 

over the top of the vessels (flow-over mode), so that emissions of NO and N2O from the 

headspace were transported by the carrier gas stream; NO was measured by chemiluminescence 

and N2O by chromatography (GC) as described by Loick et al. (2016); measurements were 

done every 2 h for each vessel. Emissions of CO2 were also measured by GC.  

Gas analyses 

Fluxes of N2O and CO2 were measured with a Perkin Elmer Clarus 500 gas 

chromatograph (Perkin Elmer Instruments, Beaconsfield, UK) with an electron capture detector 

for N2O and a flame ionization detector and methanizer (to convert CO2 to CH4) for CO2 

(Phillips) Loick et al. (2016). The NO was measured through chemiluminescence using an NO-

analyser (Sievers NOA280i, GE Instruments, Colorado, USA) (Loick et al. 2016). The 

detection limits for N2O and CO2 was 1ppmv and that for NO was 1ppbv (Cárdenas et al. 2003). 

All gas concentrations were corrected for flow rate; fluxes were expressed as mg N or g C m−2 

day−1 basis. Cumulative gas losses were calculated assuming a mean flux rate between two 

successive sampling dates and multiplying the difference by the time considered time interval 

(Pereira et al. 2010). The percentage of N lost from the total N applied was estimated by 

dividing the cumulative N emissions by the total N applied and multiplied by 100. 

3.2.3.2 Parallel incubation 

A parallel incubation was set up for destructive soil sampling. Soil cores with the same 

height but 1/10 of the surface area (4.5 cm diameter, 7.5 cm height, containing 131g dry soil) 

were packed to the same characteristics as for the main experiment; i.e. bulk density of 0.8 g 

cm−3, WFPS of 60%. All cores were placed into a sealed chamber (Fig. 3.3B) and to keep 

conditions equivalent to those of the main experiment, the atmosphere inside the chamber was 

replaced with a gas mixture of He/O2 flowing through at a rate of 12 ml min−1, and the 

temperature was kept constant at 20°C. 

The same 4 treatments described in the main experiment were used, here with 4 

replicates each for and 8 sampling periods making a total of 128 experimental cores. 

Amendments were added to the top of each core. Treatments were applied at the same 

amendment-to-surface area ratio as in the main experiment with all slurry treatments receiving 
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0.03 g of N per core (equivalent to 0.012 L of slurry). The control treatment received 0.012 L 

of water equivalent to those of the volume applied via the slurry in the other treatments 

Destructive soil sampling after 0.25, 1, 2, 5, 7, 12, 15 and 32 days, were times coinciding 

those of emission peaks occurring during the main experiment. During each sampling period, 

4 soil cores from each treatment in the incubation chamber were randomly sampled. In order to 

determine the impact of treatments on NO3
−, soil cores were separated into two equal halves by 

removing the top 3.75 cm and the bottom 3.75 cm layers; the two halves were put into plastic 

bags and stored at 4°C until analysis. The parallel incubation lasted for 32 days. 

 

A)                                                                                          B) 

  

Fig. 3.3. Incubation chamber for main experiment (A) and parallel experiment (B). 

 

Table 3.1: Analysis of slurry liquid-fraction at the start of the experiment.  

Parameter LF ALF LF+DMPP 

NH4
+-N (g N kg−1) 0.61 a 0.61 a 0.61 a 

NO3
--N (g N kg−1) <0.01 <0.01 <0.01 

Total nitrogen (g N kg−1) 1.51 a 1.60 a 1.40 a 

Total carbon (g C kg−1) 8.52 ab 7.60 b 8.60 a 

C:N ratio 5.82 a 5.00 a 6.21 a 

Phosphorus (g P kg−1) 0.23 a 0.18 a 0.17 a 

Potassium (g K kg−1) 20.00 a 21.00 a 21.00 a 

pH [1:5] 7.40 a 5.50 b 7.40 a 

Dry matter (%) 2.74 a 2.90 a 2.70 a 

Organic matter (g N kg−1) 14.83 ab 13.15 b 14.90 a 

Electrical conductivity (ds m−1) 2.23 ND ND 

Total soluble carbon (g C kg−1) 2.84 a 2.17 b 2.75 a 

Soluble inorganic carbon (g C kg−1) 0.94 a 0.37 b 0.94 a 

Soluble organic carbon (g C kg−1) 1.90 a 1.82 a 1.80 a 

Total soluble nitrogen (g N kg−1) 0.90 a 1.00 a 1.00 a 

Values with different letters in the same row are significantly different (P<0.05) from each other using the 

Bonferoni mean separation test. *ND= not determined. Values are the average of three replicates. LF = Liquid 

fraction, LF + DMPP = liquid fraction with DMPP and ALF = acidified liquid fraction. 

 

 



68 

Statistical analysis 

The emissions and soils data were subjected to analysis of variance (ANOVA) using the 

statistical program STATISTIX (version 7.0). Bonferroni test was used for multiple 

comparisons among means. Significant differences among means with a P-value less than 0.05 

were considered significant. 

3.3. Results 

3.3.1 Soil N dynamics 

Table 3.2 summarises the ANOVA results for the mineral N (NH4
+ and NO3

−) 

concentration at the top and bottom halves (3.75 cm) of soil layers. The effects of treatment, 

sampling event and the interaction treatment × sampling event were highly significant 

(P<0.001) on the NH4
+ and NO3

− concentrations at the top soil layers (Table 3.2). The effect of 

treatment on the NH4
+ and NO3

− concentration at the top soil layers are shown in Fig. 3.4a and 

Fig.3.4b respectively. 

Table 3.2. ANOVA results (P-values) for mineral N (NH4
+ and NO3

−) concentration in soil layers (top and 

bottom halves) and gaseous emissions. 

Variable Treatment (A) Sampling event (A) A×B 

Mineral N 

NH4
+ (top soil layer) 0.0000 0.0000 0.0000 

NO3
− (top soil layer) 0.0000 0.0000 0.0000 

NH4
+ (bottom soil layer) 0.0234 0.0000 0.0500 

NO3
− (bottom soil layer) 0.0000 0.0000 0.0007 

Gaseous emissions 

Accumulated N2O 0.0013 NA NA 

Accumulated NO 0.0000 NA NA 

Accumulated CO2 0.0001 NA NA 

Fluxes of N2O 0.0010 0.0000 0.0026 

Fluxes of NO 0.0001 0.0058 0.0000 

Fluxes of CO2 0.6626 0.0000 0.0319 

P-values in the table were obtained with analysis of variance. Differences were considered highly significant at

P<0.001, very significant at P<0.01 and significant at P<0.05 (Bonferroni’s test). Bold values indicate significant

values. EC= electrical conductivity. N.A= not applicable.

The NH4
+ (Fig. 3.4a) concentrations (top soil layer) during the parallel incubation were 

similar in all slurry treatments within the first 5 days of incubation. After 5 days, the NH4
+

concentration in the LF declined (P<0.05) from approximately 200 mg N kg−1 dry soil, to values 

comparable to the control until the end of the experiment. In contrast, the ALF and the 

LF+DMPP treatments maintained significantly (P<0.05) higher  NH4
+ concentrations after day 
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5 until the end of the experiment compared to the control and the LF. Although similar NH4
+

 

evolution was found between the ALF and the LF+DMPP during the experiment, a significantly 

(P<0.05) higher  NH4
+

 concentration was found in the LF+DMPP on day 15 relative to the ALF. 

Fig. 3.4. Concentration of NH4
+ (a) and NO3

− (b) at the top half (3.75 cm) of soil layer and concentration of 

NH4
+ (c) and NO3

− (d) at the bottom half (3.75 cm) of soil layer in each treatment during the experiment. 

Vertical bars represent standard error of the mean (n = 4). 

The NO3
− concentrations (Fig. 3.4b) in the top soil layer showed no significant 

differences between treatments within the first 5 days of application. The NO3
− in the LF 

increased (P<0.05) sharply at day 7 and maintained significantly (P<0.05) higher values 

relative to the ALF and the LF+DMPP treatments until the end of the experiment. On day 7, 12 

and 15, the NO3
−

 in the LF+DMPP was significantly (P<0.05) lower than in the ALF and similar 

to the control treatment. There were no significant differences in the NO3
−

 between the ALF, 

LF+DMPP and control on day 32. In general, the NO3
− in the control showed an increasing 
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trend within the first 15 days of application indicating potential N mineralization in treatments 

after application. 

Besides the NH4
+ concentration at the bottom soil layer where the effect of the 

interaction treatment × sampling event showed a probability value of P = 0.05, the effects of 

treatment, sampling event and the interaction treatment × sampling event were at least 

significant (P<0.05) on the NH4
+ and NO3

− concentration at the bottom half of soil layers (Table 

3.2). The effect of treatment on the NH4
+ and NO3

− concentration at the bottom soil layers are 

shown in Fig. 3.4c and Fig.3.4d respectively. 

There were no significant differences in the NH4
+

 concentration at the bottom layer (Fig. 

3.4c) of soil cores in all slurry treatments within the first 2 days of incubation. Subsequently, a 

decline (P<0.05) in NH4
+

 was observed between day 5 and 15 in all treatments although no 

significant differences were observed between treatments. Similarly, no significant differences 

in NH4
+ between slurry treatments were found on day 32. However, NH4

+ in the LF+DMPP 

treatment was significantly (P<0.05) higher than the control.  

There were no significant differences between treatments relative to the NO3
− at the 

bottom layer (Fig. 3.4d) within the first 5 days of incubation. There was a significant (P<0.05) 

increase in the NO3
− at day 7 in all treatments. The NO3

− in the LF treatment at day 7 was 

comparable to the ALF and control but significantly (P<0.05) higher than the LF+DMPP. There 

were no significant differences in NO3
− in all treatments on day 12 and 15. On day 32, the NO3

− 

in the LF+DMPP was comparable to the ALF and control but significantly (P<0.05) lower than 

the LF. The NO3
−

 in the ALF on day 32 was not significantly different from the LF. 

3.3.2 Gaseous emissions 

As shown in Table 3.2, the effect of treatment was at least very significant (P<0.01) on 

the cumulative emissions (N2O, NO and CO2). The effect of treatment on the cumulative N2O, 

NO and CO2 emissions are shown in Table 3.3. 
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Table 3.3: Cumulative emissions of N2O, NO and CO2. 

Treatment N2O (mg N m−2) N2O (% of total 

N applied) 

NO (mg N 

m−2) 

NO (% of total 

N applied) 

CO2 (g C m−2) 

LF 14.11 ± 3.00 a 0.10 ± 0.00 a 3.68 ± 0.45 a 0.03 ± 0.00 a 45.58 ± 3.90 ab 

ALF 6.84 ± 2.00 bc 0.05 ± 0.00 bc 2.36 ± 0.39 b 0.02 ± 0.00 b 40.72 ± 0.56 b 

LF+DMPP 9.82 ± 1.00 ab 0.07 ± 0.00 ab 0.77 ± 0.12 c 0.01 ± 0.00 c 50.19 ± 2.03 a 

Control 4.71 ± 0.20 c ND* 0.70 ± 0.04 c ND 18.33 ± 0.40 c 

Values with different letters in the same column are significantly different (P<0.05) from each other using the 

Bonferoni mean separation test.*ND= not determined. LF=Liquid fraction, LF+DMPP= liquid fraction with 

DMPP and ALF= acidified liquid fraction. Mean ± standard error (n = 3). 

Nitrous oxide emissions 

The cumulative N2O emissions (Table 3.3) in the LF (14.11 mg N m−2) were not 

significantly different from the LF+DMPP (9.82 mg N m−2) but were higher (P<0.05) than the 

ALF (6.84 mg N m−2) and control (4.71 mg N m−2). Relative to the N2O fluxes, the first peak 

(Fig. 3.5a) was observed in the ALF treatment (6 mg N m−2 d−1) after 8.2 hours (0.34 days) 

followed by a peak in the LF+DMPP treatment (9 mg N m−2 d−1) at 9.8 hours (0.41 days) 

whereas the N2O peak in the LF treatment (10 mg N m−2 d−1) peaked at 0.9 days. It is noteworthy 

that the maximum flux in the LF and the LF+DMPP treatments were not significantly different 

but both treatments (LF and LF+DMPP) had peak values significantly (P<0.05) higher than 

that of the ALF treatment. All peaks of treatments were significantly (P<0.05) higher than that 

of the control. 

Nitric oxide emissions 

The LF treatment showed a significantly (P<0.05) higher cumulative NO emissions 

relative to the other treatments (Table 3.3). There were no significant differences between the 

cumulative emissions observed in the LF+DMPP and control. The cumulative emissions in the 

ALF were significantly (P<0.05) higher than the LF+DMPP and control. Relative to NO fluxes 

(Fig. 3.5b), there was an immediate increase in all slurry peaking at day 1. The highest peaks 

were observed for the LF+DMPP (0.14 mg N m−2 d−1) and LF (0.12 mg N m−2 d−1) treatments 

whose values were not significantly different but were significantly higher (P<0.05) than the 

value of the ALF (0.05 mg N m−2 d−1) treatment. The second NO peak occurred after 6 days 

and it was significantly (P<0.05) higher in the LF than the peaks observed in the other 

treatments. A third NO peak was observed on day 15 in the LF treatment reaching a value of 

0.25 mg N m−2 d−1. The NO emissions from the ALF increased steadily from day 7.7 until the 

end of the experiment reaching a final value of 0.12 mg N m−2 d−1. The LF+DMPP treatment 
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maintained lower fluxes similar to those of the control after the first peak until the end of the 

experiment. 

Carbon dioxide emissions 

As expected, significantly (P<0.05) higher cumulative emissions were observed in all 

slurry treatments relative to the control (Table 3.3). There were no significant differences in 

cumulative emissions between LF and the other two amended treatments (Table 3.3). Relative 

to CO2 fluxes (Fig. 3.5c), an initial peak was observed after raw and treated LF applications. 

The highest CO2 emission rate was observed in the LF+DMPP treatment but it was not 

significantly different from the ALF. There was a decline in CO2 fluxes in all slurry treatments 

and in the ALF, CO2 emission rates reached the value of 2.5 g C m−2 d−1 after 0.9 days while 

the same value was reached in the LF and LF+DMPP treatments 2.0 days after the first peak. 

The ALF showed a second peak after 1.7 days reaching a value of 5.0 g C m−2 d−1. All slurry 

treatments showed a peak around day 6 and there were no significant differences between them. 

These emission rates declined after the peak at day 6 and maintained similar fluxes as the 

control until the end of the experiment. 

Molecular NO/N2O 

The NO/N2O (Fig. 3.5d) in all treatments remained close to zero within the first 3 days 

and showed an initial peak around day 6 with values below 0.5. The LF showed three additional 

peaks around 15.6, 22.8 and 30.0 days and the NO/N2O during these peak periods ranged 

between 0.9 and 0.8. In the case of the ALF, the NO/N2O showed an increasing trend after the 

initial peak until the end of the experiment reaching a value of 1.0. The NO/N2O in the 

LF+DMPP and control remained below 0.4 after the initial peak until the end of the experiment. 
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Fig. 3.5. Fluxes of N2O (a), NO (b), CO2 (c) and NO/N2O (d). The vertical bar shows the largest ± SEM (three 

replicate for each data point) found in all flux measurements in treatments. 

3.4 Discussion 

3.4.1 Mechanism responsible for N2O emissions 

Evolution of N2O which mainly occurred within the first 2 days depended on 

denitrification and not nitrification for the following reasons: 

(i) Emissions of N2O are not expected to occur in the LF+DMPP treatment if nitrification is

responsible for the initial N2O peaks due to the effect of DMPP in delaying the oxidation of 

NH4
+ to NO3

− in soils (Ruser and Schulz, 2015). Indeed, studies (Maienza et al. 2014; Shi et al. 

2016) have shown that DMPP slows nitrification by inhibiting the growth of microorganisms 

such as ammonia oxidizing bacteria (AOB). The initial N2O peaks of slurry treatments are most 

likely a result of denitrification of NO3
− initially present (79 mg N kg−1 dry soil), as observed 
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by Fangueiro et al. (2015c) within the first day of slurry application. The denitrification might 

have been stimulated by the availability of C in the slurry treatments (Rochette et al. 2000).  

(ii) The molecular NO/N2O may be used to determine the dominant process (nitrification or

denitrification) responsible for NO or N2O emissions (Fangueiro et al. 2012; Cheng et al. 2014); 

values close to 0.01 indicated that denitrification was the dominant process whereas values > 1 

indicated that nitrification was dominant. The molecular NO/N2O within the first 2 days of 

treatments being close to 0.01 (Fig. 3.5d) agrees with denitrification as the dominant source of 

N2O emissions during that period. 

3.4.2 Mechanism responsible for NO emissions 

Evolution of NO depended on both nitrification and denitrification for the following 

reasons: 

(i) If nitrification was the main source of the first NO peak around day 1, the LF+DMPP

treatment should not lead to an increase in NO emission rates due to inhibition of nitrification 

by DMPP (Ruser and Schulz, 2015). In addition, the molecular NO/N2O within the first 2 days 

of slurry treatments were closer to 0.01 (Fig. 3.5d) which agrees with denitrification as the 

dominant process responsible for the first NO peak. 

(ii) The second NO peak at day 6 coincided with the last CO2 peak suggesting that organic C

was still available for some microbial activity. However, the decline in NH4
+ contents (Fig. 

3.4a) in all treatments within the first 6 days suggest that nitrification also occurred and thus 

the NO peak produced by slurry treatments was due to nitrification at 6 days. Indeed, the 

molecular NO/N2O around day 6 was below 0.4 in all treatments (Fig. 3.5d) indicating that 

probably both processes were responsible for NO emissions. Indeed, both nitrification and 

denitrification processes may occur at 60% WFPS (Merino et al. 2001). 

(iii) The third NO peak in the LF treatment on day 15 corresponded with an increase in the

NO3
− soil content (Fig. 3.4b) which was particularly evident on the top soil layer. This indicates 

that soil was under aerobic conditions and the peak was due to nitrification. In addition, the 

molecular NO/N2O in the LF treatment on day 15 being close to 1 (Fig. 3.5d) confirms 

nitrification as the process responsible for the NO peak in the LF treatment. 
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3.4.3 Impact of acidification on N evolution 

Inhibition of nitrification was observed in the ALF treatment after day 5 until the end 

of the experiment relative to the untreated LF and this may account for the lower (P<0.05) 

cumulative NO emissions in the ALF relative to the untreated LF. Such inhibitory effects on 

nitrification have been observed in previous studies (Fangueiro et al. 2010, 2013, 2016) and 

were attributed to a decrease in soil pH induced by acidified slurry application which decreases 

microbial biomass (Fangueiro et al. 2013). Indeed, Fangueiro et al. (2013) reported immediate 

pH increase in the untreated slurry from 5.5 to 7.2–8.3 within the first 9 days of application 

whereas in soils amended with acidified slurry, pH remained close to 6 within the first 9 days. 

Similar findings were made by Gandhapudi et al. (2006) who reported that at a pH lower than 

6, nitrification is strongly reduced due to a lower activity of the bacterial nitrifiers. The potential 

decline in biomass or microbial activity due to the effect of LFA on soil pH after application 

may have decreased nitrification and consequently led to lower (P<0.05) cumulative N2O 

emissions relative to the untreated LF. Since N2O emissions were mainly produced from 

denitrification, it can be hypothesized that slurry acidification inhibits not only nitrification 

(Fangueiro et al. 2010, 2013, 2016) but also denitrification. These findings support the 

hypothesis that a lower nitrification will occur in soils amended with acidified LF than the 

untreated LF.  

3.4.4 Impact of DMPP on N evolution 

A delay in NH4
+ nitrification was observed in the LF+DMPP after day 5 until the end 

of the experiment relative to the untreated LF. This is due to the already mentioned effect of 

DMPP in delaying NH4
+ oxidation (Ruser and Schulz, 2015). This effect may account for the 

lower (P<0.05) NO emissions in the LF+DMPP treatment relative to the untreated LF. The 

LF+DMPP treatment showed a stronger inhibitory effect on nitrification relative to the ALF 

and that led to a higher (P<0.05) reduction in NO emissions in the LF+DMPP relative to the 

ALF. Thus, the hypothesis that the effect of acidification of the LF on nitrification after soil 

application is comparable to the effect of DMPP is not supported. The DMPP was not effective 

in reducing N2O emissions relative to the untreated LF since N2O was produced from 

denitrification and not nitrification. Thus, the hypothesis that lower N2O will be emitted from 

soil amended with ALF or slurry treated with DMPP relative to the untreated LF is partly 

supported from the present study. 
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3.5. Conclusions 

There was a clear inhibition of ammonium oxidation by LF+DMPP and by ALF 

although the inhibition effect was stronger for LF+DMPP. Nitrate accumulation was therefore 

inhibited for LF+DMPP and ALF with a stronger effect for LF+DMPP. The facts above were 

more evident in the top (0-3.75 cm) than deep (3.75-7.5 cm) soil layer. The N2O was inhibited 

during 24 h after the application of ALF when compared to LF+DMPP and LF. The LF+DMPP 

markedly reduced NO emissions whereas the ALF reduced NO emissions only for the first 20 

days. The LF+DMPP and ALF had no clear effect on CO2 emissions. Overall, the ALF can be 

used as an alternative to LF+DMPP to mitigate N2O emissions but in the case of NO emissions, 

the ALF was not as beneficial as the LF+DMPP. Nevertheless, the results obtained here need 

to be confirmed at field scale and similar studies using different soils and manure might also 

contribute to a better understanding of our results.    



Chapter 4. Forage production (yield and quality) and nitrate 

leaching potential from a slurry-treated arable soil under a double 

cropping forage system (Maize-oat) 

The text in this chapter has been modified and submitted (27th June, 2017) as a manuscript to 

the European Journal of Agronomy for publication 





79 

4.1. Introduction 

The previous chapters (chapter 2 and 3) showed that, the treatment of slurry by 

mechanical separation and additives not only conserves N during storage but also increases its 

availability after application and might be useful in the cropping system (maize-oat) developed 

in the northwest of Portugal.  

Nevertheless, the application of slurry treatment technologies at one stage in the manure 

management chain might lead to unintended consequences either at the same stage or another 

stage of management (Hou et al. 2015) and may have negative consequences on the 

sustainability of agricultural production. For instance, slurry being rich in plant nutrients and 

having the potential to replace the use of mineral fertilizers to some extend (Jensen, 2013) when 

frequently applied to soil especially at rates higher than crop requirements might lead to the 

accumulation of nutrients which may be susceptible to runoff or leaching into surface and 

ground water bodies (Hooda et al. 2001; Sørensen and Jensen, 2013). Therefore there is the 

need to evaluate the impacts of the above treatments after field application to confirm that the 

potential benefits obtained from utilizing these treatments during storage and after soil 

application will not be negated when utilized as a fertilizer during forage production. 

As shown in chapter 3, the treatment of the liquid fraction (LF) by acidification and the 

nitrification inhibitor (3, 4-dimethylpyrazole phosphate (DMPP)) generally increased the 

availability of NH4
+ within 32 days of application relative to the untreated LF due to the effect 

of the additives in delaying nitrification and reducing gaseous emissions (N2O and NO) after 

application (Fangueiro et al. 2016). In the case of the DMPP, an increase in the availability of 

NH4
+ after slurry application may lead to NH3 volatilization (Kim et al. 2012). Ammonia losses 

from the DMPP-treated slurry may be reduced by acidification. To the best of our knowledge, 

no study has considered the impact of combining both additives (acidification and DMPP) on 

forage production. 

Studies (Fangueiro et al. 2009; Cameron et al. 2013; Di and Cameron, 2016) on DMPP-

treated slurry showed a general positive impact on yield, N uptake and NO3
− leaching. Similarly, 

some positive impacts of slurry acidification on crop yield and N use efficiency have been 

reported in previous field experiments (Kai et al. 2008; Sørensen and Eriksen, 2009; Wagner et 

al. 2015) but in non-Mediterranean climates. Information regarding the efficiency of slurry 

acidification under Mediterranean countries where the soils and climatic situations differ from 

non-Mediterranean conditions are scarce (Fangueiro et al. 2015b). Although slurry acidification 
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may inhibit the accumulation of NO3
− in soils (Fangueiro et al. 2016), there is limited 

information on its impacts on nutrient leaching especially at the field scale (Macedo et al. 2013). 

The solid fraction (SF) generated after separation contains valuable crop nutrients 

(Jensen, 2013) and should be recycled. Therefore the SF was included as a treatment to evaluate 

its fertilizer value in this cropping system. Our hypothesis were that: 1) the fertilizer value of 

the acidification (LFA) or acidification plus DMPP (LFAD) will similar to the mineral fertilizer 

but  higher than the untreated LF 2) both LFA and LFAD will lead to lower residual NO3
−-N 

relative to the untreated LF after maize and oat harvesting.  

The objective of this study was to identify the agronomic (forage yield, quality and N 

use efficiency) and environmental impacts (nitrate leaching potential) of the treatment of slurry 

by mechanical separation and slurry additives (acidification with sulphuric acid (H2SO4) and 

DMPP) in a maize-oat cropping system under Mediterranean climatic conditions. 

4.2. Materials and methods 

4.2.1 Experimental site and environmental conditions 

The experimental site was located in Vila Real, North West of Portugal (41⁰18ʹ02ʺ N, 

7⁰44ʹ38ʺ W; elevation 462m a.s.l). The soil was a well-drained sandy–loam soil, derived from 

granite and classified as dystric Cambisol. Some of the physical-chemical characteristics of the 

soil are shown in Table 4.1.  

Weather data (Fig. 4.1) was collated from a meteorological station near the experimental 

site. The average daily temperature during the experiment (May 2013-May2015), although 

slightly higher, followed a similar pattern as that of the long-term (1981-2010) temperature. For 

instance, the average daily temperature recorded during the experiment and the long-term 

temperature were 14.0 and 13.6 °C respectively. The highest monthly average temperature 

during the experiment was 23.8°C whereas the long-term data obtained a value of 21.7 °C as 

its highest temperature. In both cases (i.e. 2013-2015 and 1981-2010) temperatures peaked in 

the month of July or August and the lowest value occurred in December or January (5.6 – 6.8). 

Relative to the annual rainfall, important differences were observed between years. For 

instance, the annual rainfall observed in 2013, 2014 and 2015 were 964.4, 1026.5 and 594.4 

mm respectively. In the case of the annual rainfall in 2014, the value obtained was similar to 

the long-term annual rainfall data of 1016.2 mm. Similarly, important differences were 
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observed between the amounts of rainfall in each cropping season. The amount of rainfall 

recorded during the first maize season (118.0 mm) was lower than the second maize season 

(146.3 mm). In the case of the oat crop, the amount of rainfall recorded during the first cropping 

season (706.8 mm) was higher than the second cropping season (544.3 mm). 

Fig. 4.1. Total monthly rainfall and average monthly air temperature recorded during the experiment. 

4.2.2 Experimental set-up and treatments 

The field experiment was conducted over a 2-year period. The first cycle was from June 

2013 to May 2014 and identified as year 1 and the second cycle from June 2014 to May 2015 

and identified as year 2. Trials were established as a randomised complete block design with 

three replicates per treatment on 5m × 5m plots. All treatments had the same (fixed) positions 

during the entire study period. Eight months before the start of the field experiment, 1.5 t of 

limestone (79% CaCO3 and 21% MgCO3), 600 kg of superphosphate (18% P2O5) and 300 kg 

of potassium chloride (60% K2O) were applied per hectare. The field where the trial was 

established has been under a similar forage cropping system and slurry fertilization for the last 

10 years (maize during the summer and oat during the autumn/winter). 

Cattle slurry was obtained from a slurry-storage pit at the University of Trás-os-Montes 

and Alto Douro dairy farm. Prior to storage, the whole slurry was separated into its liquid 
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fraction and solid fraction using a screw press separator (Fig. 4.2A) on the farm (Bauer™, 

model Kompact) and the solid fraction was composted before application (Fig. 4.2B). Part of 

the liquid fraction was acidified by the addition of concentrated sulphuric acid (H2SO4) and the 

pH was checked regularly during storage and more acid was added each time to keep the pH 

value around 5.5. The slurry treatments were stored in 1m3 tanks before soil application (Fig. 

4.2C). The physical-chemical characteristics of the effluents are summarized in Table 4.2. 

A)           B)    C) 

Fig. 4.2. Mechanical separation of slurry (A), composting of the separated solid fraction (B) and storage of treated slurry (C). 

Seven treatments were established as follows: unfertilised plot (Control), liquid fraction 

of slurry (LF), acidified liquid fraction (LFA), acidified liquid fraction + DMPP (LFAD), whole 

slurry (WS), composted solid fraction (CSF) and a mineral fertilizer (Min.fert). In the Min.fert 

treatment, N fertilizer was applied to the winter crop in split applications of 60 kg N ha−1 at 

establishment and as top dressing in mid-February for each year.  The nitrification inhibitor (3, 

4-dimethyl pyrazole phosphate (DMPP)) was applied at the recommended rate of 1 kg DMPP

per hectare (equivalent to 2.8 kg per hectare of a solution containing 36% w/w DMPP). For the 

application of the inhibitor, first the required amount (7 g of the DMPP solution) was solubilized 

in 93 ml of distilled water and the resulting solution was added and well mixed with the effluent 

just prior to soil application. The treatments were applied at an application rate of 130 kg N 

ha−1 and 120 kg N ha−1 for maize and oats crops respectively.  

Cattle slurry treatments were surface applied  to the soil twice a year, just before the 

sowing of the summer crop and that of the winter crop, using a watering can (without the nozzle) 

to simulate the band spreading technique (Fig. 4.3A). Within 2 days after application, slurry 

was incorporated in the soil by ploughing (summer crop i.e., maize) and disking (winter crop 

i.e., oat) after which the soil was prepared for sowing (Fig. 4.3B). Prior to application, the N
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concentrations in each treatment was determined and used to calculate the quantity of treatment 

for each application period. Just before application, slurry treatments were homogenised by 

mixing and representative samples were collected and stored by freezing until analysis. 

  

  A)                                                                       B) 

     
 C)                                                                        D) 

     

Fig. 4.3. Application of slurry (A), preparation of the soil for sowing after ploughing or disking (B), sowing of maize seeds (C) 

and drip irrigation of maize (D) after sowing in year 1. 

 

4.2.3 Crop management 

Maize (Zea mays L.) single cross hybrid (FAO 300) cultivar Dekalb 4845 (Monsanto, 

USA) was sown (Fig. 4.3C) with an inter-row space of 0.7m in the first week of July in year 1 

and in the first week of June in year 2 whereas harvesting was done in the first week of October 

in year 1 and the fourth week of September in year 2. Irrigation for the maize crop was done 

using a drip irrigation system with a dripping line for each crop row (Fig. 4.3D) and irrigation 

was done according to the needs of the maize crops. Weed control was done when necessary 

using a specified herbicide with a mixture of active compounds: bromoxinil (225 g L−1) applied 

at 0.5 L ha−1 of the commercial product (Buctril, BAYER) + foramsulfuron (22.5 g L−1) and 
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isoxadifene-ethyl (22.5 g L−1) applied at 2.3 L ha−1 of the commercial product (Option, 

BAYER).  

Oats (Avena sativa L.) cultivar Boa Fé (INRB/L-INIA, Portugal) was sown in the 

second week of November in year 1 and in the last week of October in year 2 whereas harvesting 

was done in the first and third week of May in year 1 and year 2 respectively. The seeding rate 

for both crops were the same for both years: 100,000 seeds per ha for maize and 100 kg seeds 

per ha for oats. The development of the maize (after 4 months of sowing) and oat (after 5 months 

of sowing) crops in year 1 are shown in Fig. 4.4A and Fig. 4.4B respectively. 

A)   B) 

Fig. 4.4. Maize crop (A) after 4 months of sowing and oat crop (B) after 5 months of sowing in year 1. 

2.4 Forage and soil sampling 

Maize fresh weights were recorded in year 1 and 2 from an area of 4.2 m2 by cutting 2 

m long of the 3 central rows in each plot (Fig. 4.5A). Representative subsamples (six whole 

plants from each plot) were randomly selected, placed in plastic bags and immediately 

transported to the laboratory. The plants were then separated into three parts (leaves, cobs and 

tillers) and chopped just before weighing for the determination of dry matter. Oats fresh weight 

on the other hand was randomly sampled using a grass shears from a square grid (1 x 1m) (Fig. 

4.5B). 
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A)    B) 

Fig. 4.5. Harvesting of maize (A) and oat (B) crops. 

Soil subsamples were taken from 0-10 cm soil layer every 2 weeks during maize and 

once every 3-4 weeks during oats growing seasons to follow the N dynamics after application 

of treatments. In each growing season, after each harvest and before new treatment applications, 

soil subsamples were collected from all plots at depths of 0–20, 20–40 and 40–80 cm for the 

determination of the amount of residual mineral-N. These soil subsamples were mixed to obtain 

a representative sample per plot and crushed to pass through a 2-mm sieve before analysing for 

mineral-N (NO3
−-N and NH4

+-N).  The residual amount of mineral N (NO3
--N and NH4

+-N) in 

the soil to a depth of 0.8 m were calculated from the concentration of mineral N (NO3
--N and 

NH4
+-N) in the soil, volume and bulk densities for each layer. 

4.2.5 Analytical methods 

Soil Analysis 

Initial characterization of the soil prior to the start of the experiment was done using 

standard laboratory procedures (Table 1). The NH4
+ and NO3

− concentrations in the soil were 

analysed by extraction in 2 M KCl at a ratio of 1:5 (w:w) for 1 h on an orbital shaker after which 

the extracts were filtered before determination by molecular absorption spectroscopy in a 

segmented-flow system (San Plus, Slakar, Breda; the Netherlands) using the Berthelot reaction 

(Searle, 1984) for NH4
+ determination and the Griess-Ilosvay reagent for NO3

− (Houba et al. 

1994).   
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Slurry analysis 

The pH of slurry was measured from fresh samples extracted with distilled water (1:5 

w/v). The electrical conductivity was measured in the same water extract filtered through 

Whatman No. 2 filter paper. The mineral N content was extracted with 0.01M CaCl2 (1:10 w/v) 

and the NH4
+ and NO3

− contents of the extracts were determined by the same procedure 

described for the soil mineral N analysis above. Total N, phosphorus and potassium were 

determined using the segmented flow analyser and flame photometer after sulphuric acid 

digestion. The percentage dry matter content in slurry was determined by drying samples in an 

oven at 65°C for 2 days. 

 

Plant analysis 

Dry matter yield of both crops were determined by drying fresh herbage samples in a 

forced air oven at 65 ⁰C for 72 hrs. Dried samples were grinded in a hammer mill (Rescht, Haan 

West-Germany) to pass through a 1-mm sieve and stored for analysis. Nitrogen concentrations 

in herbage were determined from dried sub-samples after sulphuric acid digestion 

(Novozamsky et al. 1983). 

 

4.2.6 Statistical analysis and calculations  

The effects of the different treatments on forage yield and quality parameters were tested 

by analysis of variance (ANOVA). Statistical analyses were preformed using the program 

STATISTIX version 10.0 (Analytical Software, Tallahassee, USA). The Tukey test was used 

for multiple comparisons among means. Differences among means with a P-value of less than 

0.05 were considered significant. The nitrogen fertilizer replacement value based on the dry 

matter yield (NFRVDM) (100%) was calculated as: 

NFRVDM = [((DM yield from plot with slurry – DM yield of control) / total N applied as slurry) 

/ ((DM yield of mineral N plot – DM yield of control) / fertilizer N rate)] × 100         Eq. [4.1] 

Where DM is the dry matter yield. The apparent nitrogen replacement value (ANR) was 

calculated as: 

ANR = [(N uptake from N treatments – N uptake from control)/ N applied] ×100        Eq. [4.2] 
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Table 4.1. Some chemical characteristics of the soil at the experimental site prior to the start of the experiment. 

Soil properties  0-20 cm  20-40 cm  40-80 cm 

pH (H20) (1) 5.54 ± 0.12 5.88 ± 0.13 6.01 ± 0.05 

pH (1 M KCL) (1) 4.60 ± 0.23 4.75 ± 0.07 4.74 ± 0.06 

Org mat (%) (2) 2.50 ± 0.05 1.49 ± 0.04 1.07 ± 0.19 

extractable P (mg P2O5 kg−1) (3) 141.54 ± 18.51 96.84 ± 5.85 27.04 ± 6.47 

exchangeable Ca (cmol(+) kg−1) (4) 2.80 ± 0.36 2.73 ± 0.48 2.50 ± 0.31 

exchangeable Mg (cmol(+) kg−1) 0.37 ± 0.12 0.39 ± 0.13 0.27 ± 0.08 

extractable K (cmol(+) kg−1) 0.14 ± 0.01 0.12 ± 0.02 0.11 ± 0.02 

exchangeable Na (cmol(+) kg−1) 0.38 ± 0.13 0.40 ± 0.15 0.37 ± 0.14 

exchangeable Al (cmol(+) kg−1) (5) 0.50 ± 0.09 0.23 ± 0.11 0.00 ± 0.00 

extractable B (mg kg−1) (6) 1.26 ± 0.17 0.92 ± 0.04 0.62 ± 0.07 

extractable Zn (mg kg−1) (7) 5.30 ± 0.12 4.43 ± 1.13 1.40 ± 0.23 

extractable Cu (mg kg−1) 11.66 ± 0.63 7.11 ± 0.41 3.65 ± 0.77 

extractable Mn (mg kg−1) 88.37 ± 9.53 46.93 ± 6.79 22.93 ± 4.15 

extractable Fe (mg kg−1) 216.70 ± 1.27 132.37 ± 4.85 89.83 ± 0.97 

Gross sand (g kg−1)  231.08 ± 15.49 220.49 ± 45.23 226.44 ± 54.46 

Fine sand (g kg−1) 373.92 ± 12.77 326.10 ± 23.20 404.10 ± 49.08 

Sand (g kg−1) (8) 605.0 ± 28.26 546.59 ± 68.43 630.54 ± 103.54 

Silt (g kg−1) 278.46 ± 20.39 339.07 ± 42.06 257.01 ± 24.64 

Clay (g kg−1) 116.54 ± 7.01 114.35 ± 12.38 112.45 ± 11.78 

Values are the average of three replicate. (1) soil:solution ratio – 1:2.5; (2) dry combustion with near infra-red 

detector; (3) ammonium lactate pH 3.7; (4) ammonium acetate 1 M pH 7; (5) KCl 1 M; (6) hot water; (7) EDTA-

ammonium acetate; (8) ISO 11277:2009. 

4.3. Results 

4.3.1 Slurry characteristics 

Table 4.2 shows some physical-chemical characteristics of the effluents before 

application and P application rates of effluents. In general, the pH values in the WS and LF 

were similar with an average pH value of 8.6 whereas the pH in the CSF ranged between 7.3 

and 8.9. In the case of the LFA, the pH was kept around 5.5 during the application periods. The 

% DM in the effluents varied considerably. Besides summer 2013, where similar %DM values 

were observed in the WS and LF, the DM in the WS was almost twice the DM in the LF during 

the rest of the application periods. In general, the DM concentration in the LFA was slightly 

higher than the LF whereas the value in the CSF was higher than the rest of the effluents and 

ranged between 20.0 to 31.4%. 

The EC values were similar between the WS and LF whereas the values in LFA were 

slightly higher than the LF and WS. In the case of the CSF, the EC values were generally lower 

(i.e., either equal or <1mS cm−1) than the other effluents. The total N concentration in the WS, 
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LF and LFA in year 1 (summer 2013 and autumn 2013) were generally higher than the total N 

values in year 2 (summer 2014 and autumn 2014). The total N in the LFA in year 1 was slightly 

higher than the LF and WS. Relative to the CSF, the values varied considerably and ranged 

between 2.5 and 6.3 g kg−1. 

In general, the NH4
+-N concentration during effluent application in year 1 were higher 

than in year 2. In year 2, the NH4
+-N concentration in the WS, LF and LFA showed less 

variations relative to year 1. In the case of the CSF the values were general lower than WS, LF 

and LFA in all the application periods with values ranging between 0.3 and 2.2 g kg−1. The 

NO3
−-N concentration in the effluents were generally below detectable limits with the exception 

of the CSF where an average NO3
−-N concentration of 0.5 g kg−1 was detected in summer 2013 

and autumn 2014.  

The P concentration showed less variation in the WS, LF and LFA in the application 

periods. Nevertheless, the average P value (0.8 g kg−1) in year 1 was relatively higher than the 

average value (0.3 g kg−1) in year 2. In the case of the CSF, the P concentrations were generally 

higher than the other effluents although the values varied considerably ranging between 1.1 and 

3.4 g kg−1. 

In general, the K and S concentrations showed a similar pattern as the P concentrations 

between the WS, LF and LFA in the application periods. Nevertheless, the K concentration in 

the CSF was slightly higher than the rest of the effluents besides summer 2014 where similar 

values were found relative to the other effluents and the S concentration in the case of the LFA 

showed to be slightly higher than the other effluents. 

The P application rate generally showed less variations between the WS, LF and LFA 

in the application periods. Apart from autumn 2013 where the P application rate in the CSF was 

similar to the other effluents, the P application rate in the CSF was generally between 2-4 times 

higher than the other effluents. 



Table 4.2. Some physical-chemical characteristics of the effluents before application and P application rates in effluents (fresh weight basis). 

Summer 2013 Autumn 2013 Summer 2014 Autumn 2014 

Properties WS LF LFA CSF WS LF LFA CSF WS LF LFA CSF WS LF LFA CSF 

pH (H2O) 8.6 8.6 5.3 8.9 8.4 8.6 5.5 8.9 8.5 8.7 5.5 7.6 8.6 8.6 5.5 7.3 

DM (%) 8.7 7.0 7.6 22.0 4.8 2.8 3.4 20.0 7.2 3.4 3.4 24.0 4.8 2.7 4.1 31.4 

EC (mS cm−1) 4.3 4.6 6.1 1.0 4.6 4.8 7.2 1.0 2.2 2.3 3.0 0.6 2.2 2.3 2.5 0.8 

Total-N (g kg−1) 4.6 4.7 5.4 4.5 3.9 3.2 5.3 5.8 2.3 2.1 2.0 2.5 2.1 2.1 2.0 6.3 

NH4-N (g kg−1) 3.6 4.0 4.1 0.4 3.7 3.6 4.3 2.2 0.9 1.0 0.9 0.3 0.8 0.9 0.8 ND 

NO3-N (g kg−1) Bdl Bdl Bdl 0.4 Bdl Bdl Bdl Bdl Bdl Bdl Bdl Bdl Bdl Bdl Bdl 0.5 

P (g kg−1) 0.6 0.7 0.8 3.0 0.8 0.8 0.9 1.1 0.3 0.3 0.3 1.7 0.3 0.3 0.3 3.4 

K (g kg−1) 2.9 3.2 3.2 4.3 3.6 3.2 3.6 5.4 1.6 1.5 1.6 1.7 1.5 1.5 1.4 2.5 

S (g kg−1) 0.2 0.1 0.6 0.2 0.1 0.2 0.7 0.3 0.2 0.1 0.5 0.4 0.1 0.1 0.7 0.2 

P rate (kg P ha−1) 35.2 36.7 37.0 86.7 24.6 29.7 20.4 22.7 18.3 19.9 19.4 90.0 18.7 18.4 18.8 65.6 

WS = whole slurry, LF = liquid fraction, LFA =liquid fraction + acid, LFAD = liquid fraction + acid + DMPP, CSF= composted solid fraction. Bdl = not detected. DM= dry 

matter, EC= electrical conductivity. Values are average of three replicates. 
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4.3.2 Soil mineral-N 

Maize crop 

Relative to the soil mineral-N concentration during maize season in year 1 (Fig. 4.6A), 

the Min.fert treatment generally showed the highest soil mineral-N values (even if not 

significantly different) during the entire maize period. The mineral-N in the Min.fert was higher 

(P<0.05) than the Control and LF on day 42 (16th August, 2013) and also showed to be higher 

(P<0.05) than the Control and WS on day 70 (13th September, 2013). All organic N treatments 

(WS, LF, LFA, LFAD and CSF) were similar in mineral-N during the entire maize period and 

not statistically different from the Control. There was a sharp decline (P<0.05) in the soil 

mineral-N concentration in all treatments at day 84 (25th September, 2013) and this is possibly 

due to leaching of N in all treatments as a result of the high amount of rainfall which occurred 

between days 70 and 84 which led to an increase in the soil moisture content on day 84 (Fig. 

4.6C). 

The soil mineral-N during the maize season in year 2 (Fig. 4.6B) generally showed a 

similar pattern as the maize growth season in year 1. Nevertheless, the mineral-N in maize year 

2 reached lower values and this is mainly related to the uptake by the crops since the maize 

yield was higher (P<0.05) in year 2 compared to year 1. 
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Fig. 4.6. Evolution of mineral N at the top 10 cm layer: (A) maize growing season in year 1 and (B) maize 

growing season in year 2. The vertical bar shows the maximum SEM (three replicate for each data point) found 

in all measurements in treatments. Soil moisture content at the top 10 cm layer: (C) maize growing season in 

year 1 (D) maize growing season in year 2.  

Oat crop 

The mineral-N during the oat season in year 1 (Fig. 4.7A), tended to increase in the WS, 

LF, LFA, Min.fert and Control from day 10 (21st November, 2013) to 31 (12th December, 2013) 

with no significant differences between treatments. This observation is probably due to 

mineralization of N from the slurry in these treatments. In contrast, the mineral-N in the LFAD 

and CSF tended to decline from day 10 to 31 which suggests a short term immobilization of N 

in these treatments as reported by Jensen, (2013) in the case of the composted solid fraction 

(CSF). There was a general decline in mineral-N in all treatments on day 74 (24th January, 2014) 

even if not significant and this is probably due to plant uptake and also due to NO3
− leaching in 

these treatments as a result of the high amount of rainfall which occurred between days 31 and 

74 as indicated by the increase (P<0.05) in soil moisture on day 74 (Fig. 4.7C). After this 

decline, the mineral-N in all treatments remained fairly stable and similar until the end of the 

sampling period. 
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The soil mineral-N during the oat growth in year 2 (Fig. 4.7B) showed a general decline 

in all treatments (even if not significant) after application until day 108 (26th February, 2015) 

possibly due to immobilization of N by plants and microbial biomass and losses by NO3
− 

leaching. Subsequently, an increase (P<0.05) in the mineral-N was observed in the Min.fert on 

day 130 (16th March, 2015) due to the mineral-N applied to the Min.fert plots as top dressing. 

After this peak, there was a sharp decline (P<0.05) in mineral-N in the Min.fert to values 

comparable to the slurry treatments on day 187 (6th May, 2015). This sharp decline in mineral-

N is possibly related to NO3
− leaching as a result of the high amount of rainfall which occurred 

between days 130 (16th March, 2015) and 159 (8th April, 2015) as indicated by the increase 

(P<0.05) in soil moisture on day 187 (Fig. 4.7D). In the case of the slurry treatments, the 

mineral-N remained fairly stable on days 130 and 159 after which a slight increase was 

observed on day 187. This slight increase in mineral-N suggests that crops were no longer active 

in utilizing the mineral-N possibly because crops were in the maturity stage. 

                                                                                      

          

Fig. 4.7. Evolution of mineral N at the top 10 cm layer: (A) oat growing season in year 1 and (B) oat growing 

season in year 2. The vertical bar shows the maximum SEM (three replicate for each data point) found in all 

measurements in treatments. Soil moisture content at the top 10 cm layer: (C) oat growing season in year 1 (D) oat 

growing season in year 2.  
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4.3.3 Forage yield 

Maize  

Table 4.3 summaries the analysis of variance (ANOVA) results for maize forage yield 

parameters. The year effect was highly significant (P<0.001) for all yield parameters. 

Fertilization treatments showed a significant (P<0.05) effect on all parameters besides the yield 

in relation to leaves and the percentage of yield obtained from tillers. 

Table 4.3. ANOVA results (P-values) for the effects of treatment, year, interaction treatment × year (A×B) on dry 

matter yield, N concentration, N removal, P concentration, P removal, NFRVDM and ANR in maize crop. 

Treatment (A) Year (B) A × B 

Dry matter yield 

Cobs 0.012 0.000 0.070 

% Cobs 0.030 0.000 0.009 

Tillers 0.020 0.000 0.840 

% Tillers 0.476 0.000 0.530 

Leaves 0.220 0.000 0.700 

% Leaves 0.011 0.000 0.014 

Total forage 0.011 0.000 0.280 

N concentration 

Cobs 0.276 0.000 0.500 

Tillers 0.550 0.000 0.013 

Leaves 0.018 0.016 0.050 

Total forage 0.180 0.002 0.045 

P concentration 

Cobs 0.640 0.061 0.901 

Tillers 0.175 0.052 0.189 

Leaves 0.392 0.220 0.671 

Total forage 0.523 0.003 0.743 

N removal 

Cobs 0.020 0.000 0.082 

Tillers 0.010 0.250 0.240 

Leaves 0.004 0.000 0.118 

Total forage 0.010 0.000 0.076 

P removal 

Cobs 0.058 0.000 0.115 

Tillers 0.552 0.018 0.030 

Leaves 0.257 0.000 0.868 

Total forage 0.136 0.000 0.377 

N use efficiency indicators 

NFRVDM 0.304 0.110 0.630 

ANR 0.444 0.000 0.884 

P-values in the table were obtained with analysis of variance. Differences were considered highly significant at

P<0.001, very significant at P<0.01 and significant at P<0.05 (Tukey’s test). Bold values indicate significant

values.

The dry matter yield (DMY) in year 1 ranged between 4.9 to 7.9 t ha−1 and was 

significantly (P<0.05) lower than the values in year 2 which ranged between 17.1 and 25.9 t 
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ha−1 (data not shown). The 2-year average values of total DMY ranges from 11.0 to 16.7 t ha−1 

(Table 4.4). The highest average value was achieved with the acidification treatments (LFA and 

LFAD) which were significantly (P<0.05) different from the Control but comparable to the 

other treatments (Min.fert, WS, LF and CSF).  

Table 4.4. Effects of treatments on the 2-year average values of maize dry matter yield as cobs, tillers, leaves and 

the total forage. Values in brackets are the percentage contribution of each maize component to the total dry matter 

yield. 

Maize dry matter yield (t ha−1) 

Treatment Cobs Tillers Leaves Total forage 

Control 6.2 b (49.5) 3.1 b (34.5) 1.7 (16.0 ) 11.0 b  

Min.fert 9.9 a (53.6) 3.8 ab (30.0) 2.1 (15.6 ) 15.8 a  

WS 9.2 ab (56.9) 3.6 ab (29.0) 2.0 (14.1 ) 14.7 ab 

LF 9.6 a (57.3) 3.9 ab (29.3) 1.9 (13.4 ) 15.5 a  

LFA 10.3 a (54.2) 4.2 a (31.8) 2.1 (14.0 ) 16.7 a 

LFAD 10.5 a (57.4) 4.0 a (28.4) 2.2 (14.3 ) 16.7 a  

CSF 9.3 ab (48.6) 3.7 ab (32.1) 2.3 (19.0 ) 15.3 ab 

Min.fert = mineral fertilizer, WS = whole slurry, LF = liquid fraction, LFA = liquid fraction + acid, LFAD = liquid 

fraction + acid + DMPP, CSF = composted solid fraction. Different letters in the same column are significantly 

different from each other at P<0.05 using the Tukey mean separation test.  

Relative to the contribution (average of all treatments) of maize parts to the total forage 

yield, the cobs led to the highest (53.9%) contribution, followed by the tillers (30.7%) and the 

leaves (15.2%). In general, treatments significantly (P<0.05) affected cob and tiller DMY but 

showed no significant effect relative to the production of leaves DMY (Table 4.4). The cob 

DMY (Table 4.4) showed a similar pattern as the total maize forage yield with the acidification 

treatments (LFA and LFAD) obtaining the highest values. In the case of the tillers DMY (Table 

4.4), the LFA led to the highest value and although not significantly different from the other 

nitrogen treatments (Min.fert, WS, LF and CSF), showed to be higher (P<0.05) than the 

Control. As shown in Table 4.3, the interaction treatment × year was significant (P<0.05) on 

the percentage of cobs (Fig.4.8A) and percentage of leaves produced (Fig.4.8B). 

The highest percentage of cobs produced in year 1 was 48.4% which was achieved with 

the LF and was only significantly (P<0.05) higher than the CSF. In contrast, no significant 

differences were found between treatments in year 2 with values ranging between 62.4 and 

69.1%. 

In the case of the leaves, the highest production in year 1 was achieved with the CSF 

with a value of 26.6%. This value was not significantly different from the Min.fert, but was 
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significantly (P<0.05) higher than the other treatments. There were no significant differences 

between treatments in year 2 relative to the percentage of leaves produced. 

A) B) 

Fig. 4.8. Percentage of cobs (A) and percentage of leaves (B) produced. 

Oats 

Table 4.5 summarizes the ANOVA results for oat forage yield and quality parameters. 

The effect of treatment fertilization was highly significant (P<0.001) on the dry matter yield. 

Table 4.5. ANOVA results (P-values) for the effects of treatment, year and the interaction treatment × year (A×B) 

on oat yield, N concentration, N removal, P concentration, P removal, nitrogen fertilizer replacement value 

(NFRVDM) and apparent nitrogen recovery (ANR).  

Oat crop Treatment (A) Year (B) A×B 

Dry matter yield 0.000 0.020 0.042 

N concentration 0.495 0.024 0.602 
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N removal 0.002 0.369 0.072 

P removal 0.001 0.000 0.025 

NFRVDM 0.049 0.153 0.143 

ANR 0.050 0.767 0.083 

P-values in the table were obtained with analysis of variance. Differences were considered highly significant at

P<0.001, very significant at P<0.01 and significant at P<0.05 (Tukey’s test). Bold values indicate significant

values.
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ha−1 was achieved with the Min.fert although not significantly different from the WS and liquid 

fraction treatments (LF, LFA and LFAD). Nevertheless, the yield obtained with the Min.fert 

and LFA were higher (P<0.05) than the CSF and Control. 

Fig. 4.9. Effect of the interaction treatment × year on oat dry matter yield. 

Annual yield 

Table 4.6 summarizes the ANOVA results for annual yield and quality parameters 

(maize plus oat). The effect of fertilization treatment was very significant (P<0.01) on annual 

dry matter yield. 

Table 4.6. Effects of treatment, year and the interaction treatment × year (A×B) on annual forage yield, forage 

quality (N and P concentration), nutrient removal (N and P removal) and fertilizer value (NFRVDM and ANR) 

parameters.  

Annual parameters Treatment (A) Year (B) A × B 
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P removal 0.012 0.000 0.252 

NFRVDM 0.267 0.117 0.889 

ANR 0.226 0.000 0.472 

NFRVDM = nitrogen fertilizer replacement value based on dry matter yield. ANR = apparent nitrogen recovery. P-

values in the table were obtained with analysis of variance. Differences were considered highly significant at P< 

0.001, very significant at P<0.01 and significant at P<0.05 (Tukey’s test). Bold values indicate significant values. 
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The annual yield (Fig. 4.10) ranged between 12.3 and 20.5 t ha−1. There were no 

significant differences between nitrogen treatments relative to the annual yield. Nevertheless, 

the annual forage yield in nitrogen treatments were significantly (P<0.05) higher than the 

Control. 

Fig. 4.10. Effect of treatments on annual dry matter yield. 

4.3.4 Forage quality and nutrients removal by crops 

Maize 

The effect of fertilization treatment was not statistically significant on the N 

concentration in the cobs and tillers (Table 4.3). The N concentration in the cobs ranged from 
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In general, the 2 year average N concentration in the leaves (15.6 g kg−1 DM) tended to 

be higher than that of the tillers (4.3 g kg−1 DM) and cobs (10.5 g kg−1 DM). As observed in the 

cobs and tillers, no significant effect of fertilization treatment was found on the N concentration 

in the total forage (Table 4.3) which obtained values ranging between 8.9 and 10.1 g kg−1 DM. 

Nevertheless, a very significant (P<0.01) effect of year was found on the total forage N 

concentration (Table 4.3) with average N concentration values in year 1 (10.0 g kg−1 DM) being 

significantly (P<0.05) higher than in year 2 (8.7 g kg−1 DM). 

In addition, significant (P<0.05) effects were found on the interaction treatment × year 

on the N concentration in the tillers and the total maize forage (Table 4.3). However, the mean 

separations for these interactions did not lead to the separation of different groups of treatments 

in each year and therefore not shown. Relative to the effect of the interaction treatment × year 

on the tillers N concentration, the control treatment changed the most by obtaining the highest 

value (6.6 g kg−1 DM) in year 1 and the lowest value (2.4 g kg−1 DM) in year 2. A similar 

pattern was found in relation to the interaction treatment × year on the N concentration in the 

total maize forage. 

The effect of treatment on the P concentration of maize parts and total forage was not 

statistically significant (Table 4.3 and 4.7). The average P concentration in the cobs (2.4 g kg−1 

DM) tended to be slightly higher than that of the tillers (1.0 g kg−1 DM) and leaves (1.9 g kg−1 

DM). The year effect showed to be very significant (P<0.01) on the total forage P (Table 4.3) 

with average total forage P concentration values in year 1 (1.8 g kg−1 DM) being significantly 

(P<0.01) lower than in year 2 (2.1 g kg−1 DM). 

The effect of treatment was at least significant (P<0.05) relative to the N removal by 

maize parts and total forage whereas the effect of year was highly significant (P<0.001) on the 

N removal by the cobs, leaves and total forage (Table 4.3). The average N removal in year 2 

for the cobs (148.9 t ha−1), leaves ( 42.3 t ha−1) and total forage (206.9 t ha−1) were respectively 

4.7, 2.1 and 3.1 times higher (P<0.05) than their corresponding values in year 1. 

Relative to the N removal in the cobs (Table 4.7), the highest value was achieved in 

both LFA and LFAD with values of 105.5 and 105.4 kg ha−1 respectively. Both treatments (LFA 

and LFAD) only showed to be significantly (P<0.05) higher than the Control value of 51.6 kg 

ha−1. There were no significant differences between nitrogen treatments relative to the N 

removal in the cobs. 
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The highest N removal values in the tillers (Table 4.7) were achieved in both LFA and 

Min.fert with values of 16.9 and 16.8 kg ha−1 respectively. Both treatments (LFA and Min.fert) 

were higher (P<0.05) than the Control value of 12.1 kg ha−1 but not significantly different from 

the other nitrogen treatments. 

The N removal in the leaves (Table 4.7) ranged between 21.2 and 38.5 kg ha−1 

corresponding to the Control and LFAD respectively. There were no significant differences 

between nitrogen treatments relative to the N removal in the leaves. Nevertheless, significantly 

(P<0.05) higher N removal values were achieved in the LFAD, CSF and LFA relative to the 

Control. 

In the case of the N removal in the total maize yield (Table 4.7), the values ranged 

between 84.9 and 159.6 kg ha−1 corresponding to the Control and the LFAD. Although no 

significant differences were found between nitrogen treatments, the N removal in the LFAD, 

LFA and Min.fert were significantly (P<0.05) higher than the Control. In average terms, the N 

removal in the cobs (90.3 kg ha−1) represented 66.2% of total N removal whereas the tillers 

(15.0 kg ha−1) and leaves (31.1 kg ha−1) represented 11.0 and 22.8% respectively.  

The effect of year on the P removal was highly significant (P<0.001) on the cobs, leaves 

and total forage whereas the effect of year was significant (P<0.05) on the tillers (Table 4.3). 

The average P removal in year 2 for the cobs (38.6 t ha−1), tillers (4.0 t ha−1) and leaves (5.2 t 

ha−1) were respectively 6.1, 1.3 and 2.2 times higher (P<0.05) than their corresponding values 

in year 1. The effect of the interaction treatment × year was significant (P<0.05) on the P 

removal in the tillers (Table 4.3). In this interaction (data not shown), there were no significant 

differences between treatments in year 1 with values ranging between 2.2 and 3.9 t ha−1. In year 

2, the P removal in the tillers was highest in the Control (6.6 t ha−1) and was only significantly 

(P<0.05) higher than that of the Min.fert (3.0 t ha−1) and LFAD (2.7 t ha−1). 

In average terms, the P removal in the cobs (22.5 kg ha−1) represented 75.5% of the total 

P removal in the maize crop whereas the P removal in the tillers (3.5 kg ha−1) and leaves (3.7 

kg ha−1) represented only 11.7 and 12.4% of the total P removal respectively. 
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Table 4.7. Effect of treatments on N concentration, P concentration, N removal and P removal in maize forage 

(2-yr average values). 

N concentration (g kg−1 DM) 

Treatment Cobs Tillers Leaves Total forage 

Control 9.9 4.5 14.9 ab 8.9 

Min.fert 10.5  4.5 14.1 b 9.0 

WS 9.9  4.0 15.5 ab 9.0 

LF 10.3  4.1 13.5 b 8.9 

LFA 11.2  4.4 16.7 ab 9.8 

LFAD 10.8  4.3 18.4 a 10.1 

CSF 11.0  4.4 16.3 ab 9.7 

P concentration (g kg−1 DM) 

Treatment Cobs Tillers Leaves Total forage 

Control 2.4 1.5 2.1 2.0 

Min.fert 2.4 0.9 1.8 1.9 

WS 2.5 1.0 1.9 2.0 

LF 2.4 0.8 1.6 1.8 

LFA 2.4 0.9 1.9 1.9 

LFAD 2.2 0.9 1.7 1.8 

CSF 2.4 1.1 2.1 2.0 

N removal (kg ha−1) 

Treatment Cobs Tillers Leaves Total forage 

Control 51.6 b 12.1 b 21.2 b 84.9 b 

Min.fert 96.8 ab 16.8 a 31.9 ab 145.5 a 

WS 87.3 ab 12.8 ab 28.1 ab 128.2 ab 

LF 94.8 ab 15.2 ab 27.3 ab 137.3 ab 

LFA 105.5 a 16.9 a 34.1 a 156.5 a 

LFAD 104.4 a 15.7 ab 38.5 a 159.6 a 

CSF 91.5 ab 15.6 ab 36.6 a 143.8 a 

P removal (kg ha−1) 

Treatment Cobs Tillers leaves Total forage 

Control 15.3 b 4.7 3.5 23.5 

Min.fert 23.8 ab 3.2 3.8 30.9 

WS 23.0 ab 3.4 3.6 30.0 

LF 23.6 ab 3.1 3.3 30.1 

LFA 25.7 a 3.5 3.8 33.0 

LFAD 23.3 ab 3.0 3.5 29.9 

CSF 22.6 ab 3.7 4.7 31.0 

Min.fert = mineral fertilizer, WS = whole slurry, LF = liquid fraction, LFA =liquid fraction + acid, LFAD = liquid 

fraction + acid + DMPP, CSF = composted solid fraction. Different letters in the same column are significantly 

different from each other at P<0.05 using the Tukey mean separation test.  

Oats 

The effect of treatment on oat N concentration was not statistically significant (Table 

4.5) and treatments obtained values in the range of 10.1 and 12.0 g kg−1 DM (Fig. 4.11A). In 

contrast, the treatment effect was highly significant (P<0.001) on the P concentration (Table 

4.5). The highest P concentration (Fig. 4.11B) of 2.9 g kg−1 DM was obtained with the CSF 
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although not significantly different from the LF and Control, showed to be higher (P<0.05) than 

the other treatments. 

 A) B) 

Fig. 4.11. Effect of treatments on nitrogen concentration (A) and P concentration (B) in oat crop. 

As shown in Table 4.5, the effect of treatment on the N removal in the oat crop was very 

significant (P<0.05). The highest N removal (Fig. 4.12) value of 51.8 kg ha−1 was obtained with 

the Min.fert although not significantly different from the WS and acidification treatments (LFA 

and LFAD), the Min.fert showed to be higher (P<0.05) than the LF, CSF and Control. 

Fig. 4.12. Effect of treatments on nitrogen removal in oat crop. 
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A significant effect (P<0.05) was found on the interaction treatment × year on the P 

removal in the oat crop (Table 4.5). In year 1, the P removal (Fig. 4.13) was not significantly 

different between treatments and ranged from 2.7 to 7.0 kg ha−1. In the case of year 2, the 

highest P removal value of 11.8 kg ha−1 was achieved with the LFA which was significantly 

(P<0.05) higher than the CSF and Control. 

Fig. 4.13. Effect of the interaction treatment × year on the P removal in oat crop. 

Annual forage quality and nutrients removal 

Treatment effects on the annual N and P concentrations were not statistically significant 

(Table 4.6). The annual N (Fig. 4.14A) and annual P concentrations (Fig. 4.14B) ranged from 
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      A)                                                                    B) 

    
Fig. 4.14. Annual N (A) and Annual P (B) concentration in treatments. 

 

The effect of the interaction treatment × year was significant (P<0.05) on the annual N 

removal (Table 4.6). The annual N removal in year 1 was not significantly different between 

treatments with values in the range of 63.8 to 121.5 kg ha−1 (Fig. 4.15). In year 2, the annual N 

removal in the Min.fert, CSF and liquid fraction treatments (LF, LFA and LFAD) were 

significantly (P<0.05) higher than the Control (Fig. 4.15). 

 

 
Fig. 4.15. Effect of the interaction treatment × year on the annual N removal. 
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the Control and LFAD respectively. The value observed in the LFA, WS, LF and LFAD were 

not significantly different between each other but were higher (P<0.05) than the Control.  

Fig. 4.16. Effect of treatment on annual P removal. 
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range of 33.4 to 57.5%. The year effect on the NFRVDM was not statistically significant whereas 

the year effect showed to be highly significant (P<0.001) on the ANR (Table 4.3). The ANR in 

year 1 (80.2%) was significantly (P<0.05) higher than in year 2 (12.6%). 
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A) B) 

Fig. 4.17. Nitrogen fertilizer replacement value (A) and apparent nitrogen recovery (B) after maize forage 

production. 

Oat 

As shown in Table 4.5 the effect of treatment on the NFRVDM and ANR for oats was 

not significant (P=0.05). Nevertheless, the mean separation test (Tukey) showed significant 

differences between treatments. The highest NFRVDM (Fig. 4.18A) of 101.2% was achieved 

with the LFAD and was higher (P<0.05) than the CSF although not significantly different from 

the WS, LF and LFA. In the case of the ANR (Fig. 4.18B), the Min.fert achieved the highest 

value of 31.5% although not significantly different from the WS and liquid fraction treatments 

(LF, LFA and LFAD), showed to be higher (P<0.05) than the CSF. 

Fig. 4.18. Nitrogen fertilizer replacement value (A) and apparent nitrogen recovery (B) of treatments after oat crop 

harvesting. 
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Annual forage 

The effect of fertilization treatment on the NFRVDM and ANR relative to the annual 

forage yield was not statistically significant (Table 4.6). The NFRVDM (Fig. 4.19A) and ANR 

(Fig. 4.19B) of treatments in relation to the annual forage ranged from 70.8 to 115.5% and from 

25.9 to 41.0% respectively. 

Fig. 4.19. Annual nitrogen fertilizer replacement value (A) and annual apparent nitrogen recovery (B) for 

treatments. The Min.fert is used as a reference (100%) and hence not include in Fig. A. 

4.3.6 Residual N after crop harvesting 

Table 4.8 summarises the ANOVA results for the residual N after harvesting of maize 

and oat crops. Besides the nitrate-N where the effect of soil layer was very significant (P<0.01), 

the effect of soil layer and year was highly significant (P<0.001) on all variables (ammonium-

N, nitrate-N and mineral-N) after maize harvesting. A similar pattern was observed after 

harvesting of the oat crop. However, the interaction treatment × soil layer was very significant 

(P<0.01) on the nitrate-N and ammonium-N after oat harvesting. In addition, the interaction 
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Table 4.8. ANOVA results (P-values) for the effects of treatment, soil layer, year, interaction treatment × soil layer 

(A×B) and the interaction treatment × year (A×C) on the residual N after forage (maize and oat) harvesting. 

Treatment (A) Soil layer (B) Year (C) A×B A×C A×B×C 

Layer* 

Maize 

Ammonium-N 0.530 0.000 0.000 0.450 0.161 0.828 

Nitrate-N 0.002 0.004 0.000 0.600 0.300 0.944 

Mineral-N 0.021 0.000 0.000 0.700 0.224 0.976 

Oat  

Ammonium-N 0.703 0.000 0.000 0.311 0.600 0.786 

Nitrate-N 0.005 0.004 0.000 0.003 0.000 0.000 

Mineral-N 0.040 0.001 0.000 0.001 0.000 0.000 

Full layer** 

Maize 

Ammonium-N 0.530 NA 0.000 NA 0.560 NA 

Nitrate-N 0.002 NA 0.000 NA 0.602 NA 

Mineral-N 0.021 NA 0.000 NA 0.302 NA 

Oat  

Ammonium-N 0.730 NA 0.000 NA 0.500 NA 

Nitrate-N 0.005 NA 0.000 NA 0.003 NA 

Mineral-N 0.040 NA 0.000 NA 0.001 NA 

*Analysis of variance (ANOVA) by soil layers (0-20, 20-40, 40-80 cm). ** ANOVA by full soil layer (0-80 cm).

P-values in the table were obtained with the ANOVA. Differences were considered highly significant at P<0.001,

very significant at P<0.01 and significant at P<0.05. Bold values indicate significant values (NA = not applicable).

Relative to the full layer, the effects of treatment and year on all variables (ammonium-

N, nitrate-N and mineral-N) were similar as the average of the layers (Table 4.8).  

4.3.6.1. Residual nitrogen after maize harvesting 

Table 4.9 shows the residual N (ammonium-N, nitrate-N and mineral-N) for treatments 

in soil layers (0-20, 20-40, 40-80, 0-80 cm) after harvesting of maize in year 1 and 2. 

Ammonium-N 

In year 1, the average residual ammonium-N (Table 4.9) was higher (P<0.05) in the top 

soil layer (0-20 cm) than the middle (20-40 cm) and bottom (40-80 cm) soil layers. The total 

residual ammonium-N (Table 4.9) in year 1 ranged from 47.1 to 88.8 kg NH4
+-N ha−1. In the 

case of year 2, no significant differences were found between soil layers in relation to the 

average residual ammonium-N which were relatively lower compared to year 1. The total 

residual ammonium-N (Table 4.9) in year 1 were in the range of 24.9 to 40.0 kg NH4
+-N ha−1. 

Relative to the 2-years average, the soil residual ammonium-N in the top soil layer (0-20 cm) 

showed to be higher (P<0.05) than the middle (20-40 cm) and bottom (40-80 cm) soil layers. 



108 

Nitrate-N 

In year 1, the average residual nitrate-N (Table 4.9) in the top (0-20 cm) and middle 

(20-40 cm) layers were not significantly different from each other but were both higher 

(P<0.05) than the bottom (40-80 cm) layer. The total residual nitrate-N (Table 4.9) in year 1 

were in the range of 23.5 to 108.3 kg NO3
−-N ha−1. In year 2, the average residual nitrate-N in 

soil layers were relatively lower compared to year 1 and showed no significant differences 

between layers. The total residual nitrate-N in year 2 ranged between 10.6 and 50.0 kg NO3
−-N 

ha−1. In relation to the 2-years average, the soil residual nitrate-N in the top layer (0-20 cm) was 

not significantly different from the middle layer (20-40 cm) but was higher (P<0.05) than the 

bottom layer (40-80 cm). 

Mineral-N 

Relative to year 1, the average residual mineral-N (Table 4.9) was higher (P<0.05) in 

the top (0-20 cm) soil layer than the middle (20-40 cm) and bottom (40-80 cm) soil layers. The 

total residual mineral-N (Table 4.9) ranged between 93.8 and 187.6 kg N ha−1. In year 2, the 

average residual mineral-N was not significantly different between soil layers and were 

relatively lower compared to the values in year 1. The total residual mineral-N ranged between 

35.6 and 76.9 kg N ha−1. 



Table 4.9. Residual N (ammonium-N, nitrate-N and mineral-N) in soil layers (0-20, 20-40, 40-80 cm) after maize harvesting in year 1 and year 2. 

Ammonium-N (kg NH4-N ha−1) Nitrate-N (kg NO3-N ha−1) Mineral-N (kg N ha−1) 

Year 1 0-20 cm 20-40 cm 40-80 cm Full layer 0-20 cm 20-40 cm 40-80 cm Full layer 0-20 cm 20-40 cm 40-80 cm Full layer 

Control 35.2 12.8 22.3 70.4 4.3 16.1 3.1 23.5 39.5 28.9 25.4 93.8 

Min.fert 37.6 19.4 22.3 79.3 41.9 37.3 29.1 108.3 79.5 56.7 51.4 187.6 

WS 42.6 17.1 29.1 88.8 21.5 17.4 14.9 53.8 64.1 34.5 44.0 142.6 

LF 28.5 22.6 19.5 70.6 20.6 15.6 6.1 42.4 49.1 38.2 25.6 113.0 

LFA 28.2 20.0 14.3 62.5 25.2 13.3 4.4 42.9 53.4 33.3 18.6 105.3 

LFAD 30.3 17.9 21.3 69.5 27.5 19.3 19.0 65.7 57.7 37.2 40.3 135.2 

CSF 18.5 15.4 13.3 47.1 29.7 20.8 15.9 66.5 48.2 36.2 29.2 113.6 

Soil layer 

average 
31.6 a 17.9 b 20.3 b 24.4 a 20.0 a 13.2 b 55.9 a 37.9 b 33.5 b 

Year 2 

Control 6.9 10.3 7.8 24.9 6.6 2.2 1.8 10.6 13.5 12.5 9.6 35.6 

Min.fert 8.1 7.6 11.2 26.9 19.3 22.7 8.0 50.0 27.4 30.3 19.2 76.9 

WS 13.6 6.9 13.2 33.8 14.5 4.6 14.6 33.7 28.1 11.5 27.9 67.5 

LF 11.9 9.7 18.5 40.0 4.2 2.7 5.9 12.8 16.1 12.3 24.3 52.8 

LFA 13.5 7.2 12.6 33.3 12.5 6.5 5.3 24.2 26.0 13.7 17.8 57.5 

LFAD 12.6 11.0 10.1 33.7 10.1 8.2 13.0 31.3 22.7 19.2 23.2 65.1 

CSF 12.0 14.2 11.3 37.5 11.2 4.4 8.1 23.7 23.3 18.6 19.4 61.2 

Soil layer 

average 
11.2 a 9.6 a 12.1 a 11.2 a 7.3 a 8.1 a 22.4 a 16.9 a 20.2 a 

Min.fert = mineral fertilizer, WS = whole slurry, LF = liquid fraction, LFA = liquid fraction + acid, LFAD = liquid fraction + acid + DMPP, CSF = composted solid fraction. 

Same letters in the row for each variable are not significantly different by the Tukey mean separation test. 
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As shown in Table 4.8, the effect of treatment was significant on the residual mineral-

N and nitrate-N. The residual mineral-N (Fig. 4.20) was highest in the Min.fert with a value of 

132.3 kg N ha−1 although not significantly different from the other nitrogen treatments, the 

Min.fert was significantly (P<0.05) higher than the Control. A similar pattern was observed in 

relation to the residual nitrate-N (Fig. 4.19). In the case of the residual ammonium-N (Fig. 4.20), 

the values were in the range of 42.3 to 61.3 kg NH4-N ha−1. 

Fig. 4.20. Effect of treatments (2-year average) on the residual N in the full soil layer (0-80 cm) after maize 

harvesting. 
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4.3.6.2. Residual nitrogen after oat harvesting 

 

Table 4.10 shows the residual N (ammonium-N, nitrate-N and mineral-N) for treatments 

in soil layers (0-20, 20-40, 40-80, 0-80 cm) after harvesting of oat in year 1 and 2. 

 

Ammonium-N 

In year 1, the average residual ammonium-N (Table 4.10) after oat harvesting was not 

significantly different between soil layers but were relatively higher than the values in year 2. 

The total residual ammonium-N (Table 4.10) ranged between 15.3 and 24.3 kg NH4-N ha−1. In 

year 2, the average residual ammonium-N in the top (0-20 cm) and middle (20-40 cm) layers 

were lower (P<0.05) than the bottom (40-80 cm) layer. The total residual ammonium-N ranged 

between 15.3 and 24.3 kg NH4-N ha−1. 

 

Nitrate-N 

The residual nitrate-N after oat harvesting in year 1 at the top soil layer (0-20 cm), 

middle (20-40 cm) and bottom layer (40-80 cm) ranges respectively from 3.2 to 9.8,  from 3.4 

to 42.9 and from 5.4 to 30.5 kg NO3
−-N ha−1 (Table 4.10). In this year, the interaction treatments 

× soil layer showed significant differences among the treatments according to the soil layer. 

The highest residual nitrate-N of 42.9 kg NO3
−-N ha−1 was found in the middle layer of the LF. 

This value was not significantly different from the residual nitrate-N in the bottom layers of the 

LFAD, WS and LF but showed to be higher (P<0.05) than the residual nitrate-N in the bottom 

layers of Min.fert, LFA, CSF and Control with values in the range of 5.4 to 18.1 kg NO3
−-N 

ha−1. In year 2, the soil residual nitrate-N showed relatively lower values ranging between 2.2 

to 8.6 kg NO3
−-N ha−1 compared to year 1 values which ranged between 3.2 to 42.9 kg NO3

−-

N ha−1  (Table 4.10). In addition, treatments in year 2 did not show different behaviour relative 

to soil layers. 

. 



Table 4.10. Residual N (ammonium-N, nitrate-N and mineral-N) in soil layers (0-20, 20-40, 40-80 cm) after oat harvesting in year 1 and year 2. 

Ammonium-N (kg NH4
+-N ha−1) Nitrate-N (kg NO3

−-N ha−1) Mineral N (kg N ha−1) 

Year 1 0-20 cm 20-40 cm 40-80 cm Full layer 0-20 cm 20-40 cm 40-80 cm Full layer 0-20 cm 20-40 cm 40-80 cm Full layer 

Control 5.1 3.1 7.1 15.3 3.2 31.2 18.1 52.5 AB 9.2 34.3 25.3  68.7 AB 

Min.fert 8.4 4.8 4.8 18.1 6.9 3.4 7.6 17.9 C 15.3 8.2 12.4 36.0 B 

WS 6.9 3.9 8.1 18.8 7.1 17.2 24.6 48.9 ABC 14.0 21.1 32.7  67.8 AB 

LF 5.9 5.1 5.6 16.6 9.8 42.9 23.0 75.7 A 15.7 48.1 28.6  92.3 A 

LFA 5.3 5.1 7.6 18.0 7.0 3.7 9.3 20.0 C 12.8 8.8 16.8 38.4 B 

LFAD 8.6 4.6 6.6 19.8 7.9 5.8 30.5 44.3 BC 16.6 10.4 37.1  64.1 AB 

CSF 8.9 6.8 8.6 24.3 6.3 9.2 5.4 20.9 C 15.2 16.1 14.0  45.3 B 

Soil layer 

average 
7.0 a 4.8 a 6.9 a 6.9 b 16.2 a 16.9 a 14.1 b 21.0 a 23.8 a 

Year 2 

Control 1.4 2.8 6.4 10.6 4.2 3.8 6.1 14.1 5.6 6.6 12.5 24.7 

Min.fert 2.3 2.6 6.5 11.4 8.6 4.5 4.6 17.6 10.9 7.2 11.0 29.0 

WS 3.1 1.4 11.2 15.7 4.7 5.7 4.9 15.3 7.9 7.2 16.1 31.1 

LF 2.7 2.2 3.8 8.7 4.5 3.3 3.4 11.3 7.2 5.5 7.2 20.0 

LFA 3.5 1.5 5.1 10.1 5.9 3.3 2.2 11.4 9.4 4.8 7.4 21.6 

LFAD 2.9 4.2 4.8 11.8 5.1 4.1 2.5 11.6 7.9 8.2 7.3 23.4 

CSF 2.6 2.5 4.8 9.9 2.6 3.3 3.5 9.5 5.2 5.8 8.3 19.3 

Soil layer 

average 

2.6 b 2.5 b 6.1 a 5.1 a 4.0 a 3.9 a 7.7 a 6.5 a 10.0 a 

Min.fert = mineral fertilizer, WS = whole slurry, LF = liquid fraction, LFA = liquid fraction + acid, LFAD = liquid fraction + acid + DMPP, CSF = composted solid fraction. 

Same small letters in the row and same capital letters in the column are not significantly different by the Tukey mean separation test. The interaction treatment × year × soil 

layer on the residual nitrate-N and mineral N are not shown for clarity.
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Mineral-N 

The residual mineral-N followed a similar pattern as the nitrate-N which reflects the 

relatively higher proportion of residual nitrate-N in the mineral-N. As shown in Table 4.8, the 

interaction treatment × year was very significant (P<0.01) on the residual mineral-N and 

residual nitrate-N in the full soil layer (0-80 cm) after oat harvesting.  In year 1 (Fig. 4.21A), 

the highest residual mineral-N of 92.3 kg N-N ha−1 was found in the LF which was higher 

(P<0.05) than those of the Min.fert, LFA and CSF. In year 2 (Fig. 4.21B), the residual mineral-

N obtained lower values with no significant differences between treatments. A similar pattern 

was observed in relation to the residual nitrate-N 

Fig 4.21. Effect of treatment on the residual total N in the full layer (0-80 cm) after oat harvesting in year 1 (A) 

and year 2 (B).  

4.4. Discussion 

4.4.1 Yield and quality 

The maize DMY and N removal in the present study were generally lower than those in 

previous studies (Trindade et al. 2009; Cavalli et al. 2014) and may be related to the higher N 

application rates in the above studies which increases N availability for crop utilization. Slurry 

fractions (LF and CSF) and additive-treated LFs (LFA and LFAD) did not differ from the 

conventional treatments (whole slurry and Min.fert) in relation to maize DMY, N concentration, 
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N removal and N use efficiency indicators (Table. 4.4 and Table 4.7). Similar observations were 

made by Ovejero et al. (2016) in the first maize year and were attributed to high N 

mineralization in the control plots from previous slurry applications before the experiment. In 

the present study, the effect of N treatments on the above variables may have been more 

expressive if the soil was not subjected previously to any slurry application before the 

experiment. In that situation, the control is expected not to benefit from potential residual effect 

and differences between treatments were expected to increase over time. Nevertheless, the 

LFAD led to a significant increase in leave N concentration relative to the LF and Min.fert 

which indicates a higher N use efficiency in the LFAD relative to the LF and Min.fert. The 

above observation may be related to (i) the expected delay in the oxidation of NH4
+ to NO3

− in 

the DMPP which increases N availability for crop utilization and (ii) the production of NO3
− 

latter in the DMPP may have led to luxury consumption, (i.e. the accumulation of nitrate and 

or reduced forms of N) which occurs in most plant species when the rate of N supply exceeds 

that required for maximum growth rates (Justes et al. 1994). It can therefore be concluded that 

treatment of LFAD can have positive benefits in relation to increasing slurry fertilizer value 

during maize production. 

Relative to the oat DMY (Fig. 4.9), the effect of the interaction treatment × year reflects 

the important differences in the amount of rainfall during the oat years (Fig. 4.1). The 2-year 

average oat DMY and N removal in the present study were generally higher than those reported 

by Fangueiro et al. (2015b) in the south of Portugal and may be related to the higher N 

application rates in the present study and differences in environmental conditions which 

influences plant growth. Our results indicates lower N use efficiency or higher N losses in the 

LF relative to the Min.fert during the oat season. The risk of N losses could even be more severe 

if the application of slurry or their fractions were applied as topdressing at the end of the winter 

period (February or March) with the aim to synchronize a greater availability of N in the soil 

with the crop N demands (Trindade et al. 2009). The effect of the additives in increasing N 

removal in the LF to values similar to the Min.fert may be related to their impact in increasing 

the availability of N in soils by delaying NH4
+ oxidation and reducing N losses as gaseous 

emissions and/or NO3
− leaching (Di and Cameron, 2016; Owusu-Twum et al. 2017). The 

increase in N removal through the application of the additives is in agreement with previous 

studies (Fangueiro et al. 2009, 2015b) and also provides evidence to support the hypothesis 

that, the fertilizer value of the LFA or LFAD will be similar to the mineral fertilizer but higher 

than the untreated LF. 
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In general, the impact of the additives on DMY and N use efficiency appeared to be 

more evident during the oat crop than during the maize crop. The above observation suggests 

that the additives were more effective in protecting N against losses in the autumn/winter (oat) 

period when the risk of N losses are high (Trindade et al. 1997) and might be useful in ensuring 

sustainable recycling of slurry N in this cropping system.  

Despite the differences in the behaviour of some treatments during both crops, the 

annual (maize + oat) DMY, N concentration, N removal and N use efficiency indicators were 

comparable between N treatments. The average annual DMY and N removal in the present 

study were generally lower than those reported in other similar cropping systems (Grignani et 

al. 2007; Trindade et al. 2009; Ovejero et al. 2016) reflecting the differences in N application 

rates and climatic conditions with the above studies. Even though the CSF achieved similar 

values in relation to the annual forage yield and quality parameters, our results suggest that 

frequent application of the CSF might lead to the accumulation of P over time due to its 

relatively high P application rates and may have negative implications on the sustainability of 

agricultural production (Sørensen and Jensen, 2013). Therefore the use of the CSF as fertilizer 

should be done taking into consideration the P demands of the soil. 

 Besides the leave N concentration where the LFAD led to higher values relative to the 

untreated LF, both LFA and LFAD generally showed similar behaviours in all variables 

analyzed. Hence, further studies are required to justify the cost increase associated with 

combining both acidification and DMPP in order to recommend this treatment to farmers 

especially if the overall goal is to increase yield. 

4.4.2 Residual N 

The residual nitrate-N in the Min.fert after maize harvesting was generally higher (even 

if not significant) than slurry treatments indicating a higher NO3
− leaching potential in the 

Min.fert relative to the slurry treatments during the heavy autumn/winter rainfalls. This 

observation is similar to previous studies (Daudén and Quílez, 2004; Trindade et al. 2009) and 

may be attributed to the slow degradation rate of slurry organic N after application (Trindade 

et al. 2001) and that may have facilitated the utilization of mineral N by crops before leaching 

below the root zone. This phenomenon may partly account for the similarities between Min.fert 

and slurry treatments in relation to maize DMY, N removal and N use efficiency indicators 

(NFRVDM and ANR). The similarities in residual N between the acidification treatments (LFA 

and LFAD) and the untreated LF suggests that the LFA and LFAD may offer some benefits to 
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the environment through a reduction in nitrate leaching losses when utilized as an alternative N 

source to the Min.fert. 

The lower residual mineral N in the additive treatments relative to the untreated LF after 

oat harvesting in year 1 is consistent with the behavior of the additives in relation to the N 

removal which confirms the positive impacts of the additives on N use efficiency and N losses 

(Fangueiro et al. 2009; Di and Cameron, 2016; Owusu-Twum et al. 2017). The above 

observation also provides evidence which partly supports the hypothesis that, the LFA and 

LFAD will lead to lower residual NO3
−-N relative to the untreated LF after maize and oat 

harvesting. 

4.5. Conclusions 

The utilization of N for annual forage yield and quality is not affected by either slurry 

fractions or additive-treated LFs relative to the conventional fertilizers (WS and Min.fert) 

although treatments had different behaviours during both cropping seasons. The impacts of the 

additives in increasing N removal and minimizing residual N was stronger in the oat crop than 

the maize crop. Both additive-treated LFs and slurry fractions can be recommended as 

alternatives to the conventional treatments during maize production but for the oat crop, the 

slurry fractions were not as beneficial as the additive-treated LFs. Frequent application of the 

CSF can lead to the accumulation of phosphorus in the soil over time. Overall, although not 

always significantly different from the other treatments, both additive-treated LFs generally 

showed a positive trend in all the variables analysed (forage yield, forage quality, soil residual 

N and N use efficiency indexes) and may be recommended as a viable slurry treatment 

technique with the potential to increase the agronomic value of slurry whilst minimizing its 

potential environmental impacts (nitrate leaching potential) in a maize-oat cropping system 

under Mediterranean conditions. 



5. General discussion and conclusions
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5.1. General discussion 

The overall goal of this thesis was to evaluate the agronomic and environmental impacts 

of the treatment of slurry by mechanical separation and additives during storage and after soil 

application under Mediterranean conditions in order to recommend practices that improve 

slurry management, increase forage (maize/oat) yield whilst minimizing its potential 

environmental impacts (gaseous emissions and nitrate leaching potential) in an intensive dairy 

production system (North-West of Portugal). A series of experiments were conducted to 

achieve the overall goal of this project. This chapter highlights the main findings of the study 

whilst addressing the general hypothesis stated in chapter 1. The implication of the findings for 

practice and policy are also discussed in this chapter followed by the overall conclusions, future 

perspectives and recommendations. 

5.1.2 Main findings 

5.1.2.1 Impacts of mechanical separation and slurry additives on slurry characteristics and 

gaseous emissions during storage and field application 

The first hypothesis was that, treatment of slurry by mechanical separation and additives 

will modify initial slurry characteristics and consequently influence gaseous emission patterns 

during storage and after field application. 

To address the above hypothesis, three experiments were conducted with the objective 

to understand the mode of action of these additives; the first experiment tested the effect of 

biological additives (Biobuster® and EU200®) in modifying slurry characteristics during 

storage. The Biobuster® and EU200® are two newly produced biological additives and are 

claimed to be effective in improving the degradation of organic materials during storage of 

slurry. According to the manufacturers, the additives work best at slightly acidified conditions 

(around a pH of 6). The effect of the above additives were tested using two effluents types, 

namely; cattle whole slurry and its liquid fraction. Both effluents were further treated with or 

without H2SO4 (pH of 6). The findings of the study showed no effect of biological additives on 

slurry characteristics.  

The second experiment was performed with the objective of identifying the effect of the 

above biological additives and slurry acidification with H2SO4 (pH of 6) on gaseous emissions 
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(NH3, CH4, N2O and CO2), physical-chemical characteristics and structural carbohydrates 

during storage of slurry. The findings in this experiment were consistent with the first 

experiment relative to the effect of biological additives on slurry characteristics. In addition, 

the biological additives had no effect on NH3 and greenhouse gas emissions. Similar findings 

were made by Van der Stelt et al. (2007) and Matulaitis et al. (2013) in relation to the use of 

biological additives for slurry treatment. This observation implies that, for the characteristic 

evaluated, the positive benefits claimed by the manufacturers of the additives may not be 

evident in all situations. 

Slurry acidification on the other hand reduced (P<0.05) NH3 volatilization to 

appreciable levels as reported in other studies (Kai et al. 2008). This reduction is important in 

conserving N during storage of slurry and minimizing air pollution through NH3 volatilization. 

Nevertheless, slurry acidification had no effect on emissions of N2O, CH4 and CO2. Similar 

observations were made by Regueiro et al. (2016b) relative to N2O emissions. Nevertheless, 

these authors found significant (P<0.05) reductions in emissions of CH4 and CO2 in the 

acidified slurry (pH 5.5) relative to the un-treated slurry. According to Kebreab et al. (2006), 

activities of methanogenic bacteria responsible for emissions of CH4 are inhibited at a pH below 

6. The differences in observation relative to CH4 may be related to the differences in effluent

pH during storage. In the case of CO2, losses during storage of slurry may be influenced by the 

losses which occur during the acidification process (Fangueiro et al. 2013). The potential 

differences in the amounts of CO2 lost during the acidification process may account for the 

differences in the behaviour of acidification in both studies. 

The third experiment was conducted with the objective to identify the impact of 

mechanical separation and the addition of slurry additives to the liquid fraction on NH3 

emissions as well as NH4
+ infiltration into soil after application. The findings from the study 

showed that application of the untreated liquid fraction significantly (P<0.05) reduced NH3 

volatilisation and led to a significant (P<0.05) increase in the NH4
+ concentration at the top soil- 

layer (0-5 cm) relative to the whole slurry. This observation is important in increasing the 

availability of N for crop utilization and minimizing the pollution of the atmosphere with NH3 

after slurry application. This observation is also in agreement with the findings of Sommer et 

al. (2006b) who reported that NH3 losses is related to infiltration of NH4
+ into soil and that 

infiltration is influenced by slurry dry matter content. The addition of biological additives to 



121 

the liquid fraction did not reduce NH3 losses and did not increase NH4
+ concentration at the top 

soil-layer relative to the untreated liquid fraction.  

Slurry contains a wide range of microorganisms which are usually available in large 

quantities and well adapted to slurry conditions (Watanabe et al. 2000; Jensen and Sommer, 

2013). The inability of the additives to enhance organic matter degradation and possibly 

influence infiltration of NH4
+ into the soil suggests that the added microorganisms were 

outcompeted by the naturally occurring microorganisms in the slurry. 

Acidification of the liquid fraction (pH 5.5) significantly (P<0.05) reduced  NH3 losses 

relative to the untreated liquid fraction but did not lead to an increase in NH4
+ concentration at 

the top soil-layer relative to the untreated liquid fraction. This observation confirms the findings 

of other studies (Fangueiro et al. 2015a) which reported that the reduction in NH3 losses through 

acidification is mainly due to the increase in the NH4
+/ NH3 in slurry when acidified. In the case 

of the composted solid fraction, as expected, significantly lower (P<0.05) NH3 losses were 

observed but no increases in the soil NH4
+ concentration was observed relative to the whole 

slurry and liquid fraction. The lower (P<0.05) NH3 losses in the composted solid fraction is 

mainly related to the negligible (below detectable limit) NH4
+ concentration in the composted 

solid fraction prior to soil application. Nevertheless, the potential reductions in NH3 after field 

application of the composted solid fraction may be negated by the increases in NH3 losses which 

often occurs during the composting process (Amon et al. 2006). This suggests that, further NH3 

mitigation measures needs to be implemented during storage in order not to negative the 

positive benefits of applying the composted solid fraction on NH3 losses. 

Although biological additives had no impact in modifying slurry characteristics and 

reducing gaseous emissions, the findings in relation to mechanical separation and acidification 

provides enough evidence to accept the hypothesis that, treatment of slurry by mechanical 

separation and additives will modify initial slurry characteristics and consequently influence 

gaseous emission patterns during storage and after field application. 
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5.1.2.2 Impact of mechanical separation and slurry additives (H2SO4 and DMPP) on 

nitrogen evolution after soil application 

The second hypothesis was that, treatment of slurry either by acidification (H2SO4 to 

pH 5.5) or the nitrification inhibitor DMPP will minimise nitrogen emissions and consequently 

increase the availability of N for crop utilisation after application. 

To test the above hypothesis, an experiment was conducted using the soil-core technique 

with the objective of evaluating the impact of two mitigation strategies: (a) liquid fraction (LF) 

acidification to pH 5.5 (ALF) or (b) LF treatment by a NI (DMPP) addition prior application to 

soil on nitrogen dynamics and gaseous emissions (N2O, NO, CO2). The findings of the study 

showed that, the main source of N2O emissions was from denitrification which occurred within 

the first 2 days of application. As a results, DMPP addition had no significant effect in reducing 

N2O emissions relative to the untreated liquid fraction. Acidification on the other hand reduced 

(P<0.05) N2O emissions to appreciable levels relative to the untreated liquid fraction which 

indicates that slurry acidification does not only affect nitrification as reported by Fangueiro et 

al. (2013, 2016), but also the denitrification process.  

Both additives (H2SO4 and DMPP) inhibited NH4
+ nitrification and consequently led to 

significant reductions (P<0.05) in the total N lost as NO although the reductions in NO were 

significantly higher (P<0.05) in the DMPP than the H2SO4. Relative to the availability of N, 

both additives generally increased the availability of NH4
+ after 5 days of application until the 

end of the incubation relative to the untreated LF. This observation is in agreement with the 

inhibitory effect of the additives on NH4
+ nitrification as reported by Fangueiro et al. (2016). 

Nevertheless, this inhibitory effect was stronger in the DMPP relative to the acidification 

treatment as indicated by the significantly lower NO3
− concentration in DMPP on day 7, 12 and 

15 relative to the acidification and untreated LF.  

Overall, the findings from this study provides enough evidence to support the hypothesis 

that, treatment of slurry either by acidification (H2SO4 to pH 5.5) or the nitrification inhibitor 

(DMPP) will minimise nitrogen emissions and consequently increase the availability of N for 

crop utilisation after application. 
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5.1.2.3 The impact of mechanical separation and slurry additives (either H2SO4 or H2SO4 

plus DMPP) on slurry agronomic value during maize-oat production 

The third hypothesis was that, the impact of the additives (H2SO4 or both H2SO4 and 

DMPP) in increasing N removal and N use efficiency after application will be more pronounced 

under winter conditions than summer conditions. 

In general, treatment of the liquid fraction by additives (H2SO4 (LFA) or both H2SO4 

and DMPP (LFAD)) showed potential positive impacts on slurry agronomic value (yield and 

quality parameters for both maize and oat) relative to the conventional treatments (WS and 

Min.fert). The N use efficiency indicators (NFRVDM and ANR) in the acidification treatments 

(LFA and LFAD) followed a similar pattern in both crops and showed to be relatively higher 

than the untreated LF and WS. In their review, Webb et al. (2013) reported that increases in N 

use efficiency in N fertilizers are associated with reductions in NH3 losses and an increase in 

the availability of mineral-N after application. The relatively higher N use efficiency indicators 

in the acidification treatments reflect the effect of slurry acidification in minimizing NH3 losses 

(Kai et al. 2008; Fangueiro et al. 2015b) and also due to the effect of DMPP in increasing the 

availability of NH4
+-N after application (Fangueiro et al. 2016). 

Although the N removal in the LF was lower (P<0.05) than the Min.fert in the oat crop, 

the addition of additives (LFA and LFAD) to the LF led to N removal values comparable to the 

Min.fert. This trend showed to be absent in the maize crop and suggests that, the potential effect 

of the additives in maintaining most of the N in the NH4
+-N form appears not to be beneficial 

in periods with low rainfall values. However, in autumn when the risk of NO3
−-N leaching is 

high, the addition of such additives may be important, thus increasing the availability of N for 

crop uptake in winter crops (Fangueiro et al. 2009; Fangueiro et al. 2015b). A stronger effect 

of the additives in increasing the availability of N and ensuring a higher N use efficiency relative 

to the untreated LF in the winter season may have been confounded by the high amount of 

rainfall and the low temperatures observed during the oat season in year 1 which affects plant 

growth as reported by Fangueiro et al. (2015b). Nevertheless, these findings provide evidence 

which partly supports the hypothesis that, the impact of the additives (either H2SO4 or H2SO4 

plus DMPP) in increasing the N removal and N use efficiency after application will be more 

pronounced under winter conditions than summer conditions. 
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The fourth hypothesis was that, treatment of the liquid fraction by acidification or both 

acidification and DMPP will lead to lower residual NO3
−-N after maize and oat harvesting 

relative to the untreated LF. 

After maize harvesting, the residual nitrate-N was generally lower (even if not 

significant) in slurry treatments relative to the Min.fert whereas the additive treatments did not 

affect the residual nitrate-N relative to the untreated LF. In the case of the oat, the interaction 

of treatment × year on the residual mineral-N and nitrate-N was significant although treatments 

only showed significant differences in year 1. Relative to the residual mineral-N and residual 

nitrate-N after oat harvesting in year 1, both LFA and LFAD generally obtained lower (even if 

not significant) residual nitrate-N relative to the LF. This observation is in agreement with the 

effect of slurry acidification and DMPP on the inhibition of NH4
+ oxidation as observed in 

previous studies (Pereira et al. 2010; Fangueiro et al. 2013; Fangueiro et al. 2016). Although 

the findings in relation to the maize crop contradicts the above hypothesis, the findings relative 

to the oat crop provides evidence which partly supports the hypothesis that, treatment of the 

liquid fraction by acidification or both acidification and DMPP will lead to a lower residual 

nitrate-N after maize and oat harvesting relative to the untreated LF. 

 

 

5.1.3. Implication for practice and policy 

The effectiveness of the biological additives in enhancing organic matter degradation 

during storage of slurry cannot be guaranteed from the findings of this study. This implies that, 

over reliance on these additives for slurry treatment may not be beneficial to farmers in terms 

of decreasing pollutant gases and increasing the fertilizer value of slurry. To protect the interest 

of farmers, there is the need to sensitize farmers using the media and agricultural extension 

officers on the economic risk associated with investing in these additives. 

The findings from this study indicates that farmers can reduce a significant proportion 

of the total N often lost as NH3 from the whole slurry through the application of slurry fractions 

which is important in increasing the fertilizer value of the effluent. Furthermore, an enhanced 

infiltration of NH4
+ into soil may be achieved from the application of the liquid fraction, which 

is important in increasing the availability of N within the first few days of application for crop 

utilization. 
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The similarities between slurry fractions and conventional treatments (whole slurry and 

mineral fertilizers) relative to annual forage yield and quality indicates that, besides the already 

known advantage of an enhanced storage capacity of slurry tanks, the utilization of the above 

technology has the potential to minimize or replace the use of mineral fertilizers in this cropping 

system without decreasing annual forage yield and quality. This could also serve as an incentive 

for farmers with excess amount of nutrients to use this technology and to transport or sell these 

nutrients to farms in deficit. The transport of nutrients between farms may be facilitated with 

government subsidies to reduce the cost of transporting excess nutrients between farms. 

The adoption of acidification as a technology for slurry treatment may lead to 

appreciable reductions in air pollutants, namely, NH3, N2O and NO after application. This 

technology when applied alone or in combination with the nitrification inhibitor-DMPP has the 

potential to reduce the residual nitrates after forage harvesting especially when low rates of N 

are used for crop fertilization, which is important in protecting ground water bodies from 

nitrates contamination. However, the adoption of this technology may raise challenges such as 

the associated costs and hazards or risks involved in handling concentrated acids manually. 

These challenges may deter farmers, especially those farming at the small-scale level from 

adopting this technology on their farms. These set-backs may be curtailed by policy 

interventions from governments through the provision of incentives to farmers such as technical 

training, subsidies to purchase strong acids or to mechanize this technology on their farms.   

Phosphorus which is a major crop nutrient is a limited, non-renewable resource and 

most of the world´s soils have low contents of plant available P (Jensen, 2013). In addition, the 

production of mineral fertilizers are highly energy demanding and currently dependent on fossil 

fuels (Jensen, 2013). Therefore, any governmental interventions or policy that would stimulate 

the recycling of manure which is also rich in other nutrients such as P will be vital in ensuring 

future food security and sustainable agricultural production. Since the application of slurry 

treatments did not lead to an increase in the removal of P, frequent or excess application of 

slurry especially the composted solid fraction which is usually high in P contents may lead to 

the accumulation of P over time and may have negative implications on the sustainability of 

agricultural production. Therefore, the utilization of slurry as a source of N fertilizer should be 

done taking into consideration the P demand of the soil. 
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5.2 Future perspectives and recommendations 

Biological additives may offer a cost effective approach for slurry treatment since they 

appear to be regenerative and do not require frequent re-application. However, the findings 

from this study show that the impact of some biological additives in reducing polluting gases 

during storage and after soil application are questionable. Farmers are therefore cautioned to 

exercise restraint in using biological additives for slurry treatment, especially additives with 

unknown modes of action. 

Although slurry acidification has proven to be an effective tool to enhance the recycling 

of slurry nutrients, there is the need to improve on the economic aspect as well as the hazards 

involved in handling concentrated acids manually in order to make this technology more 

attractive to farmers. Interventions from policy makers to facilitate this technology will be 

dependent on adequate scientific evidence showing that slurry acidification does not have 

negative impacts on the environment. Further studies are required along the whole management 

chain and under different cropping systems to have convincing proof that this technology does 

not lead to pollution swapping. 

In order to minimize the risk of nitrogen losses without decreasing forage yield and 

quality from this cropping system, the additive-treated liquid fractions or slurry fractions are 

recommended as alternatives to the conventional treatments during maize production, whilst 

the additive-treated liquid fractions are recommended as an alternative to the conventional 

treatments during oat production. 

The DMPP is recommended as a better treatment option in reducing N losses in soils 

favouring high rates of nitrification. Unlike DMPP, slurry acidification may have an impact on 

both nitrification and denitrification processes which is important in reducing N losses 

produced under both situations. Nevertheless, further studies especially under field conditions 

are required to validate the impact of slurry acidification on denitrification.  

Since split applications of organic and mineral fertilizers are considered as effective 

strategies to minimize nutrient losses after application (Cameron et al. 2013), it might be useful 

to compare the impact of mechanical separation and acidification with the conventional 

treatments under split applications in future studies. 

Frequent addition of NIs to soils may bear the risk of development of tolerant 

populations or of negative effects on non-target organisms in the long-term (Ruser and Schulz, 
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2015) which may have negative impacts on the diversity of micro fauna and gaseous emissions. 

There is the need to conduct further research to get more understanding into potential long term 

side-effects of NIs on gaseous emissions, microbial population and community structure in soils 

(Ruser and Schulz, 2015).  

Inhibition of nitrification from soils amended with acidified slurry is mainly attributed 

to the decline in soil pH (Gandhapudi et al. 2006). Since microorganisms are influenced by pH 

(Gandhapudi et al. 2006; Fangueiro et al. 2013), it may be expected that, frequent addition of 

acidified slurry may influence microbial population and consequently influence nutrient cycling 

(mainly N and P) as well as gaseous emissions in soils. Further research is required especially 

from long-term experiments to fully document the impact of slurry acidification on nutrient 

cycling and gaseous emissions. 

5.3 Overall conclusions 

 Treatment of slurry with biological additives did not influence slurry composition and

gaseous emissions (CH4, CO2, N2O and NH3) during storage and after soil (NH3 losses)

application. The use of the additives to decrease the above pollutant gases and to modify

slurry characteristics cannot be recommended based on the findings from this study,

further studies are required to confirm the impacts of the additives on gaseous emissions

and slurry characteristics.

 Slurry acidification not only reduces slurry pH and increases slurry fertilizer value

(mainly N and S contents) but also inhibited the degradation of cellulose and

hemicellulose during storage. The above technology mitigated NH3 losses associated

with slurry storage and its application to soil but had no impact on greenhouse gas (CH4,

CO2 and N2O) emissions during slurry storage.

 Soil application of slurry fractions (liquid fraction and composted solid fraction) instead

of the whole slurry can mitigate NH3 losses. The NH3 reductions observed in the LF was

mainly related to the higher infiltration of NH4
+-N in the top soil (0-5cm layer) relative

to the whole slurry whereas the reductions in the CSF was mainly related to the

negligible concentration of NH4+-N in the CSF before application.
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 Ammonium oxidation was inhibited by both LF+DMPP and ALF although the

inhibition effect was stronger for LF+DMPP. This phenomenon was more evident in

the top (0-3.75 cm) than deep (3.75-7.5 cm) soil layer. Slurry acidification (ALF) not

only affect nitrification but also denitrification. The LF+DMPP and ALF had no clear

effect on CO2 emissions. The ALF can be utilized as an alternative to LF+DMPP to

mitigate N2O emissions but in the case of NO emissions, the ALF was not as beneficial

as the LF+DMPP.

 Treatment of the liquid fraction with acidification plus DMPP (LFAD) can have positive

impacts on slurry fertilizer value during maize production. The use of slurry treatments

as alternatives to the mineral fertilizer can be beneficial to the environment (lower

nitrate leaching potential) without decreasing maize forage yield and quality parameters.

The additive treatments led to an equivalent fertilizer value as the mineral fertilizer in

both cropping systems. Frequent application of the composted solid fraction can lead to

the accumulation of phosphorus in the soil over time.

 The utilization of N for annual forage yield and quality is not affected by either slurry

fractions or additive-treated LFs relative to the conventional fertilizers (whole slurry

and mineral fertilizer) although treatments had different behaviours during both

cropping seasons. The impacts of the additives in increasing N removal and minimizing

residual N was stronger in the oat crop than the maize crop. Overall, although not always

significantly different from the other treatments, both additive-treated LFs generally

showed positive trends in all the variables analysed (forage yield, forage quality, soil

residual N and N use efficiency indexes). Therefore taking into account the expected

advantages on N losses and greenhouse gases during storage and after application, their

use may be recommended if economically viable.
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