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Summary 

This PhD thesis was developed to study the emissions of ammonia (NH3) and 

methane (CH4) from pig slurry and the effects caused by changes on diet formulation. For 

these proposes three studies were conducted. 

Experiment 1 aimed to analyse several factors of variation of slurry composition 

and to establish prediction equations for potential CH4 and NH3 emissions. Seventy-nine 

feed and slurry samples were collected at two seasons (summer and winter) from 

commercial pig farms sited at two Spanish regions (Centre and Mediterranean). Nursery, 

growing-fattening, gestating and lactating facilities were sampled. Feed and slurry 

composition were determined, and potential CH4 and NH3 emissions measured. Feed 

nutrient contents were used as covariates in the analysis. Near infrared reflectance 

spectroscopy (NIRS) was evaluated as a predicting tool for slurry composition and potential 

gaseous emissions. A wide variability was found both in feed and slurry composition. 

Mediterranean farms had a higher pH (P<0.001) and ash (P=0.02) concentration than those 

located at the centre of Spain. Also, type of farm affected ether extract (EE) content of the 

slurry (P=0.02), with highest values obtained for the youngest animal facilities. Results 

suggested a buffer effect of dietary fibre on slurry pH and a direct relationship (P<0.05) 

with fibre constituents of manure. Dietary protein content did not affect slurry nitrogen 

content (N) but decreased (P=0.003) in total solid (TS) and volatile solids (VS) 

concentration. Prediction models of potential NH3 emissions (R
2
=0.89) and biochemical 

CH4 potential (B0) (R
2
=0.61) were obtained from slurry composition. Predictions from 

NIRS showed a high accuracy for most slurry constituents with coefficient of determination 

of cross validation (R
2

cv)
 
above 0.90 and a similar accuracy of prediction of potential NH3 
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and CH4 emissions (R
2
cv=0.84 and 0.68, respectively) thus models based on slurry 

composition from commercial farms. 

Experiment 2 was conducted to investigate the effects of increasing the level of two 

sources of fibrous by-products, orange pulp (OP) and carob meal (CM), in iso-fibrous diets 

for growing-finishing pig, slurry composition and potential NH3 and CH4 emissions. Thirty 

pigs (85.4±12.3 kg) were fed five iso-nutritive diets: a commercial control wheat/barley (C) 

and four experimental diets including two sources of fibrous by-products OP and CM and 

two dietary levels (75 and 150 g/kg) in a 2 × 2 factorial arrangement. After a 14-day 

adaptation period, faeces and urine were collected separately for 7 days to measure nutrient 

digestibility and the excretory patterns of N from pigs (6 replicates per diet) housed 

individually in metabolic pens. For each animal, the derived NH3 and CH4 emissions were 

measured in samples of slurry over an 11 and 100-day storage periods, respectively. Source 

and level of the fibrous by-products affected digestion efficiency in a different way as the 

coefficients of total tract apparent digestibility (CTTAD) for dry matter (DM), organic 

matter (OM), fibre fractions and gross energy (GE) increased with OP but decreased with 

CM (P<0.05). Crude protein CTTAD decreased with the inclusion of both sources of fibre, 

being lower at the highest dietary level. Faecal concentration of fibre fractions increased 

(P<0.05) with the level of inclusion of CM but decreased with that of OP (P<0.01). High 

dietary level for both sources of fibre increased (P<0.02) CP faecal content but urine N 

content decreased (from 205 to 168 g/kg DM, P<0.05) in all the fibre-supplemented 

compared to C diet. Additionally, the proportions of undigested dietary, water soluble, and 

bacterial and endogenous debris of faecal N excretion were not affected by treatments. The 

initial slurry characteristics did not differ among different fibre sources and dietary levels, 

except pH, which decreased at the highest by-product inclusion levels. Ammonia emission 
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per kg of slurry was lower in all the fibre-supplemented diets than in C diet (2.44 vs. 1.81g 

as average, P<0.05).  Additionally, slurries from the highest dietary level of by-products 

tended (P<0.06) to emit less NH3 per kg of initial total Kjeldahl nitrogen (TKN) and 

showed a lower biochemical CH4 potential , independently of the fibre source.  

Experiment 3 investigated the effects of protein source in practical diets. Three 

experimental feeds were designed to substitute a mixture of soybean meal and soybean 

hulls (SB diet) with sunflower meal (SFM) or wheat DDGS (WDDGS). The proportion of 

other ingredients was also modified in order to maintain similar nutrient contents across 

diets. Changes in protein source led to differences in dietary content of neutral detergent 

insoluble crude protein (NDICP), soluble fibre (SF) and acid detergent lignin (ADL). 

Twenty-four pigs (eight per diet), weighing 52.3 or 60.8 kg at the first and second batch 

respectively, were housed individually in metabolic pens to determine during a 7-day 

period DM balance, CTTAD of nutrients, and faecal and urine composition. Representative 

slurry samples from each animal were used to measure NH3 and CH4 emissions over an 11 

and or 100-day storage period, respectively. Neither DM intake, nor DM or energy CTTAD 

differed among experimental diets, but type of feed affected (P<0.001) CP digestibility, 

which was highest for SFM (0.846) than for SB (0.775) diet, with WDDGS-based diet 

giving an intermediate value (0.794). Faecal DM composition was influenced (P<0.001) 

accordingly, with the lowest CP concentration found for diet SFM and the highest for SB. 

The ratio of N excreted in urine or faeces decreased from SFM (1.63) to SB diet (0.650), as 

a consequence of both lower urine and higher faecal losses, with all the faecal N fractions 

increasing in parallel to total excretion. This result was parallel to a decrease of potential 

NH3 emission (g/kg slurry) in diet SB with respect to diet SFM (from 1.82 to 1.12, P<0.05), 

giving slurry from WDDGS-based diet an intermediate value (1.58). Otherwise, SF and 
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insoluble neutral detergent fibre (NDF) CTTAD were affected (P<0.001 and P=0.002, 

respectively) by type of diet, being lower for SFM than in SB-diet; besides, a higher 

content of NDF (491 vs. 361 g/kg) in faecal DM was observed for SFM with respect to SB 

based diet, with WDDGS diet being intermediate. Degree of lignification of NDF 

(ADL/NDF x 100) of faeces decreased in the order SFM>WDDGS>SB (from 0.171 to 

0.109 and 0.086, respectively) in parallel to a decrease of biochemical CH4 potential per g 

of VS of slurry (from 301 to 269 and 256 ml, respectively).  

All slurry samples obtained from these three experiments and Antezana et al. (2015) 

were used to develop new calibrations with NIRS technology, to predict the slurry 

composition and potential gaseous emissions of samples with greater variability in 

comparison to experiment 1. Better accuracy (R
2

cv above 0.92) was observed for 

calibrations when samples from controlled trials experiments (2, 3 and Antezana et al., 

2015) were included, increasing the range of variation. A lower accuracy was observed for 

TAN, NH3 and CH4 gaseous emissions, which might be explained by the less homogeneous 

distribution with a wider range of data. 

 

Keywords: Ammonia emission, Carob meal, Digestion efficiency, Growing-finishing pigs, 

Methane emission, NIRS, Orange pulp, Prediction model, Protein source, Slurry. 
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Resumen  

Esta Tesis doctoral fue desarrollada para estudiar las emisiones de amoniaco (NH3) 

y metano (CH4) en purines de cerdos, y los efectos ocasionados por cambios en la 

formulación de la dieta. Con este propósito, fueron llevados a cabo tres estudios. 

El experimento 1 fue realizado con el objetivo de analizar los factores de variación 

de la composición de purines y establecer ecuaciones de predicción para emisiones 

potenciales de NH3 y CH4. Fueron recogidas setenta y nueve muestras de piensos y purines 

durante dos estaciones del año (verano y invierno) de granjas comerciales situadas en dos 

regiones de España (Centro y Mediterráneo). Se muestrearon granjas de gestación, 

maternidad, lactación y cebo. Se determinó la composición de piensos y purines, y la 

emisión potencial de NH3 y CH4. El contenido de nutrientes de los piensos fue usado como 

covariable en el análisis. La espectroscopia de reflectancia del infrarrojo cercano (NIRS) se 

evaluó como herramienta de predicción de la composición y potencial emisión de gases del 

purín. Se encontró una amplia variabilidad en la composición de piensos y purines. Las 

granjas del Mediterráneo tenían mayor pH (P<0,001) y concentración de cenizas (P =0,02) 

en el purín que las del Centro. El tipo de granja también afectó al contenido de extracto 

etéreo (EE) del purín (P =0,02), observando los valores más elevados en las instalaciones 

de animales jóvenes. Los resultados sugieren un efecto tampón de la fibra de la dieta en el 

pH del purín y una relación directa (P<0,05) con el contenido de fibra fecal. El contenido 

de proteína del pienso no afectó al contenido de nitrógeno del purín, pero disminuyó 

(P=0,003) la concentración de sólidos totales (ST) y de sólidos volátiles (SV). Se 

obtuvieron modelos de predicción de la emisión potencial de NH3 (R
2
=0,89) y CH4 

(R
2
=0,61) partir de la composición del purín. Los espectros NIRS mostraron una buena 



vi 
 

precisión para la estimación de la mayor parte de los constituyentes, con coeficientes de 

determinación de validación cruzada (R
2

cv) superiores a 0,90, así como para la predicción 

del potencial de emisiones de NH3 y CH4 (R
2
cv=0,84 y 0,68, respectivamente). 

El experimento 2 fue realizado para investigar los efectos del nivel de inclusión de 

dos fuentes de sub-productos fibrosos: pulpa de naranja (PN) y pulpa de algarroba (PA), en 

dietas iso-fibrosas de cerdos de cebo, sobre la composición del purín y las emisiones 

potenciales de NH3 y CH4. Treinta cerdos (85,4±12,3 kg) fueron alimentados con cinco 

dietas iso-nutritivas: control comercial trigo/cebada (C) y cuatro dietas experimentales 

incluyendo las dos fuentes de sub-productos a dos niveles (75 y 150 g/kg) en una estructura 

2 × 2 factorial. Después de 14 días de periodo de adaptación, heces y orina fueron recogidas 

separadamente durante 7 días para medir la digestibilidad de los nutrientes y el nitrógeno 

(N) excretado (6 réplicas por dieta) en cerdos alojados individualmente en jaulas 

metabólicas. Las emisiones de NH3 y CH4 fueron medidas después de la recogida de los 

purínes durante 11 y 100 días respectivamente. La fuente y el nivel de subproductos 

fibrosos afectó a la eficiencia digestiva de diferentes formas, ya que los coeficientes de 

digestibilidad total aparente (CDTA) para la materia seca (MS), materia orgánica (MO), 

fracciones fibrosas y energía bruta (EB) aumentaron con la PN pero disminuyeron con la 

inclusión de PA (P<0,05). 

El CDTA de proteína bruta (PB) disminuyó con la inclusión de las dos fuentes de 

fibra, siendo más bajo al mayor nivel de inclusión. La concentración fecal de fracciones 

fibrosas aumentó (P<0,05) con el nivel de inclusión de PA pero disminuyó con el de PN 

(P<0,01). El nivel más alto de las dos fuentes de fibra en el pienso aumentó (P<0,02) el 

contenido de PB fecal pero disminuyó el contenido de N de la orina (de 205 para 168 g/kg 

MS, P<0,05) en todas las dietas suplementadas comparadas con la dieta C. Adicionalmente, 
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las proporciones de nitrógeno indigerido, nitrógeno soluble en agua, nitrógeno bacteriano y 

endógeno excretado en heces no fueron afectados por los tratamientos. Las características 

iniciales del purín no difirieron  entre las diferentes fuentes y niveles de fibra, excepto para 

el pH que disminuyó con la inclusión de altos niveles de sub-productos. La emisión de NH3 

por kg de purín fue más baja en todas las dietas suplementadas con fibras que en la dieta C 

(2,44 vs.1,81g de promedio, P<0,05). Además, purines de dietas suplementadas con alto 

nivel de sub-productos tendieron (P<0,06) a emitir menos NH3 por kg de nitrógeno total y 

mostraron un potencial más bajo para emitir CH4, independientemente de la fuente de fibra.  

El experimento 3 investigó los efectos de la fuente de proteína en dietas prácticas. 

Tres piensos experimentales fueron diseñados para sustituir una mescla de harina y 

cascarilla de soja (SOJ) por harina de girasol (GIR) o por DDGS del trigo (DDGST). La 

proporción de otros ingredientes fue modificada para mantener los contenidos de nutrientes 

similares a través de las dietas. El cambio en la fuente de proteína dio lugar a diferencias en 

el contenido de fibra neutro detergente ligada a proteína bruta (FNDPB), fibra soluble (FS) 

y lignina ácido detergente (LAD) en la dieta. Veinticuatro cerdos (ocho por dieta), con 52,3 

o 60,8 kg en la primera y segunda tanda respectivamente, fueron alojados individualmente 

en jaulas metabólicas. Durante un periodo de 7 días fue determinado el balance de MS, el 

CDTA de los nutrientes y la composición de heces y orina. Se realizó el mismo 

procedimiento del experimento 2 para medir las emisiones de NH3 y CH4 de los purines de 

cada animal. Ni la ingestión de MS ni el CDTA de la MS o de la energía fueron diferentes 

entre las dietas experimentales, pero el tipo de pienso afectó (P<0.001) la digestibilidad de 

la PB, que fue mayor para GIR (0,846) que para SOJ (0,775), mientras que la dieta DDGST 

mostró un valor intermedio (0,794). La concentración fecal de PB fue por tanto 

influenciada (P<0,001) por el tratamiento, observándose la menor concentración de PB en 
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la dieta GIR y la mayor en la dieta SOJ. La proporción de N excretado en orina o heces 

disminuyó de 1,63 en la dieta GIR hasta 0,650 en la dieta SOJ, como consecuencia de 

perdidas más bajas en orina y más altas en heces, con todas las fracciones de nitrógeno 

fecales creciendo en paralelo a la excreción total. Este resultado fue paralelo a una 

disminución de la emisión potencial de NH3 (g/kg purín) en la dieta SOJ con respecto a la 

dieta GIR (desde 1,82 a 1,12, P<0,05), dando valores intermedios (1,58) para los purines de 

la dieta DDGST. Por otro lado, el CDTA de la FS y de la fibra neutro detergente (FND) 

fueron afectados (P<0,001 y 0,002, respectivamente) por el tipo de dieta, siendo más bajas 

en la dieta GIR que en la dieta SOJ; además, se observó un contenido más alto de FND 

(491 vs. 361g/kg) en la MS fecal para la dieta GIR que en la dieta SOJ, presentando la dieta 

DDGST valores intermedios. El grado de lignificación de la FND (FAD/FND x 100) de las 

heces disminuyó en el orden GIR>DDGST>SOJ (desde 0,171 hasta 0,109 y 0,086, 

respectivamente) en paralelo a la disminución del potencial de emisión de CH4 por g de SV 

del purín (desde 301 a 269 y 256 mL, respectivamente).              

Todos los purines obtenidos en estos tres experimentos y Antezana et al. (2015) 

fueron usados para desarrollar nuevas calibraciones con la tecnología NIRS, para predecir 

la composición del purín y el potencial de las emisiones de gases. Se observó una buena 

precisión (R
2

cv superior a 0,92) de las calibraciones cuando muestras de los ensayos 

controlados (2, 3 y Antezana et al., 2015) fueron añadidas, aumentando el rango de 

variación. Una menor exactitud fue observada para TAN y emisiones de NH3 y CH4, lo que 

podría explicarse por una menor homogeneidad en la distribución de las muestras cuando 

se amplía el rango de variación del estudio. 
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Palabras clave: Purín, emisión de amonia, emisión de metano, NIRS, modelo de 

predicción, eficiencia digestiva, cerdos de cebo, fuente de proteína, pulpa de naranja, pulpa 

de algarroba. 
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Resumo 

Esta tesis de doutorado foi desenvolvida com a finalidade de estudar as emissões de 

amônia (NH3) e metano (CH4) de dejetos suínos e os efeitos causados por mudanças na 

formulação da ração. Com este propósito três estudos foram conduzidos. 

O experimento 1 foi realizado com o objetivo de analisar vários fatores de variação 

da composição de dejetos e estabelecer equações de predição para potenciais emissões de 

NH3 e CH4. Foram coletadas setenta e nove amostras de rações e dejetos em duas estações 

do ano (verão e inverno) de granjas comerciais situadas em duas regiões da Espanha 

(Centro e Mediterrâneo). Instalações de crescimento, engorde, gestação e lactação foram 

mostreadas. A composição das rações e dos dejetos foram determinadas, e as potenciais 

emissões medidas em laboratório. O conteúdo de nutrientes das rações foram usados como 

covariantes na análise. Espectroscopia de reflectância no infravermelho próximo (NIRS) foi 

avaliada como ferramenta de predição da composição das excretas e potenciais emissões de 

gases. Uma ampla variabilidade foi encontrada em ambas composições, das rações e dos 

dejetos. As granjas da zona mediterrânea tiveram maior pH (P<0.001) e concentração de 

cinzas (P=0.02) nos dejetos que as granjas localizadas na zona central da Espanha. O tipo 

de granja também afetou o conteúdo de extrato etéreo (EE) dos dejetos (P =0,02), com altos 

valores obtidos nas instalações de animais jovens. Resultados sugerem que as fibras tem um 

efeito tampão no pH das excretas e uma relação direta (P<0,05) com o conteúdo de fibras 

nos excrementos. A concentração de proteína bruta (PB) da ração não afetou o conteúdo de 

nitrogênio excretado, mas diminuiu (P=0,003) a concentração de sólidos totais (ST) e 

sólidos voláteis (SV). Modelos de predição do potencial das emissões de NH3 (R
2
=0,89) e 

CH4 (R
2
=0,61) foram obtidos com a composição da excreta. Predições NIRS mostraram 
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grande exatidão para a maior parte dos constituintes com coeficiente de validação cruzada 

(R
2

cv)
 
superior a 0,90 e similar exatidão de predição para o potencial de emissões de NH3 e 

CH4 (R
2
cv=0,84 e 0,68, respectivamente). 

O experimento 2 foi conduzido para investigar os efeitos do aumento do nível de 

duas fontes de subprodutos fibrosos, pulpa de laranja (PL) e pulpa de alfarroba (PA), no 

balance nutritivo de rações iso-fibrosas de suínos de engorde, na composição das excretas e 

no potencial para emitir NH3 e CH4. Trinta suínos (85,4±12,3) foram alimentados con cinco 

rações iso-nutritivas: ração a base de trigo e cevada (C) e cuatro rações experimentais 

incluíndo duas fontes de sub-produtos e dois níveis dietéticos (75 e 150 g/kg) em uma 

estrutura 2×2 fatorial. Depois de 14 dias do período de adaptação, fezes e urina foram 

coletadas separadamente por 7 dias para medir a digestibilidade dos nutrientes e a excreção 

de N (seis réplicas por tratamento) de suínos alojados individualmente em jaulas 

metabólicas. As emissões de NH3 e CH4 foram medidas depois da coleta de cada animal 

durante 11 e 100 dias respectivamente. A fonte e o nível de sub-produtos afetaram a 

eficiência digestiva em diferentes aspéctos, já que coeficientes de digestibilidade aparente 

total (CDAT) para a matéria seca (MS), matéria orgânica (MO), frações das fibras e da 

energia bruta (EB) aumentaram com a PL mas diminuiram com PA (P<0,05). O CDAT da 

proteína bruta diminuiu com a inclusão das duas fontes de fibras, sendo mais baixa nos 

níveis de inclusão mais altos. A concentração de fibras nas fezes aumentou (P<0,05) com o 

nível de inclusão de PA mas diminuiu com PL (P<0.01). O nível mais alto das fontes de 

fibras aumentaram (P<0,05) o conteúdo de PB fecal mas o conteúdo de N da urina 

diminuiu de 205 para 168 g/kg MS, (P<0,05) em todas as rações suplementadas 

comparadas com a ração C. Adicionalmente as proporções de N indigerido, nitrogênio 

solúvel em água, nitrogênio bacteriano e endógeno excretado não foram afetados pelos 
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tratamentos. As características iniciais dos dejetos não diferenciaram entre fontes e niveis 

de fibras, exceto o pH que diminuiu com altos níveis da inclusão de sub-produtos. As 

emissões de amônia por kg de fezes foram mais baixas em todas as rações suplementadas 

do que na dieta C (2,44 vs. 1,81g de media, (P<0,05). Além disso, dejetos provenientes de 

dietas com alto nivel de sub-produtos, tendem (P<0,06) a emitir menos NH3 por kg de 

nitrôgeno Kjeldahl total (NKT) e mostraram um potencial mais baixo para emitir CH4, 

independentemente da fonte de fibra.  

O experimento 3 investigou os efeitos de fontes de proteína em dietas práticas. Três 

rações foram desenhadas para substituir a mistura de farinha e casca de soja (SOJ) por 

farinha de girassol (GIR) ou por DDGS de trigo (DDGST). A proporção dos outros 

ingredientes foram modificadas para manter conteúdos similares de nutrientes entre as 

rações. Mudanças na fonte de proteína deram lugar a diferenças no conteúdo de fibra neutro 

detergente ligada a proteína bruta (FNDPB), fibra solúvel (FS) e lignina ácido detergente 

(LAD) da ração. Vinte e quatro suínos (oito por tratamento), pesando 52,3 e 60,8 kg na 

primeira e segunda tanda respectivamente, foram alojados individualmente em jaulas 

metabólicas. Durante um período de sete dias o balance de MS, o CDAT dos nutrientes, e a 

composição das fezes e urina foram determinados. Mesmos procedimentos que  

experimento 2 foram realizados para medir as emissões de NH3 e CH4 dos dejetos de cada 

animal. Nem a ingestão de MS nem o CDAT da MS e da EB foram distintos entre as rações 

experimentais, mas o tipo de tratamento afetou (P<0,001) a digestibilidade da PB, que foi 

maior para GIR (0,846) que para SOJ (0,775), a dieta DDGST mostrou um valor 

intermediário (0,794). A composição fecal da PB foi por tanto influenciada (P<0.001) pelo 

tratamento, observando menor concentração de PB na ração GIR e maior na SOJ . A 

proporção de N excretado na urina e fezes diminuiu de 1,63 na ração GIR a 0,650 na ração 
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SOJ, como consequência de perdas mais baixas en urina e mais altas em fezes, todas as 

frações de N fecal aumentaram em paralelo com a excreção total. Esse resultado foi 

paralelo a diminiução da potencial emissão de NH3 (g/kg dejeto) na dieta GIR (de 1,82 a 

1,12, P<0.05), com valores intermediários (1,58) para dieta DDGST. De outra maneira, el 

CDAT da FS e da fibra neutro detergente (FND) foram afetados (P<0,001) e 0,002, 

respectivamente) pelo tipo de ração, sendo mais baixa na ração GIR que na ração SOJ; 

além disso, foi observado conteúdo mais alto de FND (491 vs. 361g/kg) de MS fecal para o 

tratamento GIR em relação a SOJ, a ração DDGST apresentou valores intermediários. O 

grau de lignificação da FND (FAD/FND x 100) das fezes diminuiu GIR>TDDGS>SOJ 

(desde 0,171; 0,109 e 0,086, respectivamente) em paralelo a diminuição do potencial de 

emissão de CH4 por g de SV dos dejetos (de 301; 269 e 256 mL, respectivamente). 

Todos os dejetos obtidos em estes experimentos foram usados para desenvolver 

novas calibrações com o uso da tecnología NIRS, para predizer a composição dos dejetos e 

o potencial de emissões. Se observó uma boa precisão (R
2
cv superior a 0,92) para 

calibrações quando amostras dos experimentos controlados (2, 3 e Antezana et al., 2015) 

foram adicionadas, aumentando o rango de variação. Foi observada menor exatidão para 

TAN e emissões de NH3 e CH4, o que podería explicar-se por uma homogenidade da 

distribuição das amostras quando se amplia o rango de variação do estudo.  

 

Palavras chave: Dejetos, emissão de amonia, emissão de metano, NIRS, modelo de 

predição, eficiência digestiva, suínos de engorda, fonte de proteína, pulpa de laranja, pulpa 

de afarroba. 
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1. General introduction  

In the past, animal manure was regarded as a scarce and valuable source of nutrients to 

maintain soil fertility. However, at present there is an increasing concern about the impact of 

high levels of manure, especially where animal and pig production is highly concentrated.  

Regions with a high piggeries density generate a great volume of excreta which are stored in 

tanks composed of a liquid mixture of faeces, urine, remains of feed and water wasted from 

drinking or cleaning, classified by slurry (Rodríguez et al., 2013), which in absence of a 

proper management can be considered a problem (Bouwman et al., 1997). Otherwise, 

depending on its composition, slurry has a value as fertilizer for sustainable agriculture, 

contributing with nutrients such as nitrogen (N), phosphorus (P), potassium (K) or 

micronutrients for the plants (Triolo et al., 2011; Yagüe et al., 2012). 

The main environmental problems arise from N, greenhouse gases (GHG) emissions, 

P and heavy metals like zinc (Zn), copper (Cu) and cadmium (Cd). In the case of N, large 

amounts are essential for non-leguminous plant growth, but can be easily lost through gaseous 

losses, leaching or runoff (Campbell et al., 1995; Smil, 1999). Environmental problems 

include the increase of nitrate levels in ground water and the acidification of soil and 

eutrophication of surface water. Furthermore, ammonia (NH3) emitted from livestock 

production (during storage, from animal housing or when applied to the land) does not only 

contribute to the acidification and eutrophication of the environment (Degré et al., 2001), but 

also indirectly to nitrous oxide (N2O) emission (IPCC, 2006), causing eye and respiratory 

irritations, affecting animal health and in the case of people mood disturbances, headache and 

drowsiness (Schiffman et al., 1995; Otto et al., 2003). Greenhouse gases include some gases 

typically related to the livestock system such as methane (CH4) and N2O, which in the rearing 

of pigs are mainly produced from pig slurry contributing significantly to air pollution (around 

2% of the total Spanish GHG emissions; MARM, 2011). Consequently, some EU countries, 
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including Spain, created legislations to control the use of animal slurry or the number of 

animals per hectare of cultivated land to reduce the environmental pollution from livestock 

production. With the increasing number of industrial farms without soil nearby, and the new 

legislations that limit the N application in 170 kg
-1

ha (European Union, 1991) farmers will 

have to pay attention to an optimal agreement between slurry supply and soil requirements 

(Jongbloed and Lenis 1998). Because in most of the cases the fertilizer potential of slurries is 

unknown (Souffrant, 2001), a sustainable use of pig slurries for fertilizing purposes must start 

with a complete characterization, which makes this information important for nutrient 

management plans (Vervoort et al., 1998; Souffrant, 2001). 

In pig production, the cost of feeding represents more than 50% of the total costs 

(Noblet and Perez, 1993), so that non expensive technological solutions are required in order 

to modify slurry composition and to reduce the emissions of pollutant gases without 

decreasing the number of animals, (Jongbloed and Lenis, 1998). Diet manipulation plays a 

valuable role in the sustainable management of agriculture to reduce the production costs. 

Changes in dietary formulation can become an useful tools to optimize the use of feeds for 

intensive pig production and achieve ideal standards of efficiency and recycling of resources 

(Triolo et al., 2011).  Moreover, it is very clear that the human population will continue 

increasing even more in the coming years (Bouwman, 1997).  A higher consumption pattern 

favours the meat industry, increasing the demand, but generates a competition in terms of 

food supply between humans and animals. The major part of pig diet is constituted at present 

by cereal grains and soy, and turns more expensive when these ingredients are needed to be 

imported from other countries (Donkoh and Zanu, 2010). An alternative strategy is to include 

agro-industrial by-products available locally to decrease costs of animal nutrition and 

encouraging the local producer (Mwesigwa et al., 2013). Moreover, since the use of meat and 

bone meal and blood products were prohibited as ingredient to feed animals in 2000 
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(European Commission, 2001; Decision 200/766/CE) due to its relationship with the 

transmission of bovine spongiform encephalopathy, there is an increased search for alternative 

protein sources to feed animals.  

 

1.1 Estimation of ammonia and methane emissions from pig slurry 

In Spain, the estimation of NH3 emissions and GHG from pig slurry at local or 

national levels is based at present on the general methods described by the IPCC (2006). 

However, these estimation methods are limited in some cases where they do not consider 

relevant effects such as animal characteristics, nutrient composition of diets and slurry storage 

time. In fact, recent studies (Vu et al., 2009; Rigolot et al., 2010) have improved the accuracy 

of these methods by using mathematical models. These models use dietary nutrient 

composition, animal characteristics (as body weight or physiological status) and 

environmental temperature as independent variables. It is also widely recognized that there is 

a link between pig slurry composition and gas emission (Møller et al., 2004a; Dinuccio et al., 

2008). Moset et al. (2008) proposed an algorithm to estimate CH4 and N2O emissions adapted 

to Spanish conditions in which the evolution of slurry characteristics, in terms of volatile 

solids and methane production potential (B0), for different management systems were 

considered and corrected by the slurry permanence time in each system. Nowadays, these 

algorithms are being used as a modification of the IPCC methodology by the Spanish Ministry 

of Environment and Rural and Marine Affairs (MARM, 2011) in order to estimate GHG 

emissions derived from the slurry in the national emission inventory. Accordingly, a better 

characterization of slurry composition with respect to its main factors of variation is essential 

to improve estimation of NH3 and GHG emissions from pig slurry.  

For land application, the accurate knowledge of slurry is crucial because over-

application of nutrients can cause environmental losses, while under-application can result in 
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reduced crop production (Ye et al., 2005). For an optimal use of the manure as a fertilizer, 

analysis of each batch is required before field application (Sørensen et al., 2007). At present, 

slurry chemical composition is generally determined by using chemical analysis performed at 

the laboratory such as dry matter (DM), organic matter (OM), volatile fatty acids (VFA), total 

Kjeldahl nitrogen (TKN), total ammonia nitrogen (TAN), and minerals as P, calcium (Ca), K, 

magnesium (Mg), Cu, Zn, among others. However, conventional wet chemical analyses are 

expensive, time and labour costly, generate chemical wastes, and cannot be applied on-line. 

On farm NIRS analysis technique is a rapid and accurate procedure to transform the slurry in 

a viable alternative to fertilize economically and ecologically (Saeys et al., 2005). A number 

of other testing devices for on-farm analyses (Agrose and Quantofix meters, electrical 

conductivity meters, hydrometers and reflectometer) provide accurate estimations of TAN in 

manures but the results for organic-N and P are less than satisfactory (Reeves, 2007). A 

method of quickly determination of manure nutrient concentrations would allow producers to 

apply the correct rate to optimize crop production and could do a much better job in terms of 

nutrient management (Millmier et al., 2000).  

 Over the last decade spectroscopic methods, as NIRS, have found an increasing use in 

the laboratory for relatively low cost and rapid analysis. This technique has been primarily 

used for determination of constituents in foods, feeds, pharmaceutical and other commodities, 

and now offers a great potential for on-farm testing (Williams, 2001). It has recently been 

applied for pig slurry analyses, providing useful and accurate NIR calibrations for dry matter, 

TAN, TKN and Carbon (C), (Malley et al., 2002; Saeys et al., 2005; Yang et al., 2006; 

Sørensen et al., 2007), but until now any research has been done to estimate GHG and NH3 

emissions from pig slurry. These calibrations need to be checked and updated periodically 

because of changes induced by variations of the diet and consequently on slurry composition, 
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but calibration maintenance, instrument validation, etc. could all be done on-line (Reeves, 

2007). 

  

1.2 Slurry composition and gas emissions: effects of diet and manure 

management 

Many possibilities exist to decrease the emissions of the piggeries, changing slurry 

characteristics by, application of enzymes, acidification with chemical products or masking 

agents, solid liquid separation, aeration, filtration of ventilation air, decreasing temperature, 

anaerobic digestion, etc., but one of the cheapest and feasible solutions is changing diet 

composition provided to change the physical characteristics of urine and faeces output 

(Sutton, 1999). 

In fact, the BREF document, published by the European Commission (2003) relates 

the best available techniques in nutrition proposed in order to mitigate GHG and NH3 

emissions derived from pig and poultry farms. Feedstuffs constitute the main entrance of C 

and N in the animal production system. The use of nutritional measures as means to control 

gas production from slurry is based on the fact that diet composition is able to modify factors 

such as the nutrient utilization and fermentation rates in the hindgut, which might affect slurry 

composition and thus gas emissions (Møller et al., 2004a; Dinuccio et al., 2008; Moset et al., 

2010).  

The ingredients used to formulate the diets, the physiological condition of the animals 

and the management cause notable effects on nutrients output because of the difference in 

nutrient requirements, metabolism, feed intake, and body weight (Souffrant, 2001), and in the 

amount of excreta (Canh et al., 1998c). In this way, heavy pigs can digest beet pulp fibre 

fairly well, in contrast with wheat bran or other lignified fibres (Galassi, 2004). Otherwise, 

only about 30 to 35% of the ingested dietary N is absorbed for pigs, the excreted being 
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calculated as the difference between N intake and N fixation in meat and milk in the case of 

lactating sows. This is the reason why dietary supplementation in accordance with the animal 

requirements is so important and has to be taken into account (Jongbloed and Lenis 1999). 

Managament also varies as a function of type of animals and modifies slurry composition in 

different ways. For instance, in finishing pigs the density of the animals is 2.4 times higher 

than in sows operations that need more room space to have their litters (Harper et al, 2006; 

Conn et al, 2007). As a consequence, there is a greater percentage of dry matter from finishing 

pigs slurry due to a reduced storage space per pig in tanks and less wash water used compared 

with sows barns (Souffrant, 2001). 

 

1.3  Ammonia emission  

Ammonia emission from pig slurry mainly originates as a result of the degradation of 

N (undigested, endogenous and microbial) of excreta by anaerobic microorganisms (Sutton 

1999). The urea excreted in urine is rapidly converted into NH3 and easily volatilizes into the 

air, taking this process only several hours due to the high activity of the enzyme urease 

present in the faeces, (Mroz et al., 2000; Nahm, 2003). Instead, the rate of breakdown of 

faecal N incorporated into microbial protein (organic N), is much slower compared to urea 

(Aarnink and Verstegen, 2007). Figure 1 summarizes the main processes involved in NH3 

volatilization from pig slurry. 
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Figure 1. Ammonia volatilization process from excreted slurry. 

 

In general, it can be considered that more than half of the ingested N is excreted in 

urine and faeces (Cahn et al., 1998a, b; Van der Peet-Schwering et al., 1999). About 20% of 

the total ingested nitrogen is excreted in faeces and about 50% in urine (Jongbloed and Lenis, 

1992). Several dietary manipulations to reduce N excretion have been investigated. Also, it 

has been reported that N fractions of pig excreta (TKN, TAN
 
and microbial N) might be 

altered through feeding strategies.  

In this way, a variation of dietary N content alters the proportion of N excreted in 

urine, mainly in the form of urea that represents more than 95% of the TKN excreted in urine 

(Portejoie et al., 2004; Galassi et al., 2010; Canh et al., 1998d). Therefore, urine N losses can 

be substantially reduced under practical conditions by reducing crude protein (CP) content in 

feed. Instead, a low dietary CP reduces amounts of manure excreted per animal and also the 

total Kjeldahl nitrogen content, but not necessarily affects the efficiency of N retention by the 
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animal (Bindelle et al, 2008). In all, a reduction of 1% of dietary CP reduces as average about 

10% of total NH3 emission according to Canh et al., 1998d.  

Otherwise, an average of 31% of the N present on the ingredients including by-

products used in the diets is bound to the NDF and is not available for the animal (Bindelle 

et al., 2005). Also, high fibre diets increase endogenous nitrogen losses (Souffrant, 2001) and 

also are known to reduce the apparent faecal digestibility of the CP and possibly its ileal 

digestibility and to increase the intestinal wall erosion (Varel et al., 1997) depending on  

source, nature, level and physico-chemical properties, like the holding capacity of dietary 

fibre. The amount of N excreted daily in faeces not only depends on dietary N concentration, 

but also on the N digestibility, which in turn is affected by the amount of total and indigestible 

dietary fibre content in the diet. According to FEDNA (2010), apparent faecal digestibility of 

protein varies greatly among the main ingredients used for pig diets: from 85% in 

concentrated feeds (wheat grain, soybean meal), up to 60-50% in fibrous feedstuffs (DDGS, 

soybean hulls, lucerne meal or sugar beet pulp). Most of this variation is explained by 

differences in the proportion of protein linked to cell wall components. Although many 

studies have been done in order to investigate the effect of low CP diets in growing finishing 

pigs (Gatel and Grosjean; 1992 ; Cahn et al., 1997; Shriver et al., 2003), little is known at 

present about the influence of the protein source. 

Other factors besides CP content and protein source might affect N content in faeces 

and potential NH3 emission.  Soluble sources of fibre, as citrus and sugar beet pulp, present 

high contents of pectins, a gel-forming polysaccharide that affects the secretion of endogenous 

protein in the small intestine and at the distal ileum (Kreuzer et al, 1998; Souffrant, 2001). 

Moreover, the inclusion of fermentable fibre as that supplied by low lignified sources of fibre 

does not affect TKN excretion, but causes a significant shift of N from urine to faeces. This 

can be explained by an increase in the amount of urea used for microbial protein synthesis in 
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the hindgut, which is excreted in faeces (organic N) instead of in urine (Canh et al., 1997; 

Portejoie et al., 2004; Galassi et al., 2010; Halas et al., 2010). Thus, more dietary N is released 

in the form of organic N and less dietary N is eliminated as urea N, thereby reducing NH3 

emission (Canh et al., 1997; Jarret et al., 2011b). Accordingly, for a greater reduction of 

environmental contamination from pig facilities, the promotion of microbial fermentation of 

OM in the hindgut is a useful strategy to decrease the amount of N excreted through urine and 

to increase the proportion of faecal nitrogen (Jongbloed and Lenis 1999; Nahm, 2003). 

Nevertheless, the effect of dietary supplementation with less fermentable fibre sources on N 

partition and NH3 emissions is still poorly understood.  

Additionally, dietary supply of fermentable fibre reduces faecal and slurry pH (by 1.2 

units per each 100g increase in non-starch polisacharides intake (Canh et al., 1998b,c) through 

an increase of VFA formation in the large intestine (Canh et al., 1998a,b,c; Kerr et al., 2006), 

which further contributes to reduce potential NH3 emissions. For this purpose, slurry pH 

should be maintained below 7, as high levels of VFAs will prevent pH increase high enough 

to get volatilization of NH3 (Souffrant, 2001). Because of this strong relation with pH and 

NH3 emissions, VFA is an important parameter to be studied (Leek, 2007).  

 

1.4 Methane emission 

Methane is originated both in the hindgut of pigs and mostly in the slurry pit, from the 

anaerobic fermentation of carbohydrates, generating CH4 and carbon dioxide (CO2), besides 

other volatile compounds such as NH3, N and hydrogen (H) in minor quantities (Angelidaki 

and Sanders, 2004). As a greenhouse gas, CH4 has a global warming potential (GWP) 21 

times higher than carbon dioxide per unit of weight.  

Taking into account that 55% of CH4 from excreta is produced during slurry storage 

(pigs yielding 3.3 kg CH4/ year but only 1.5 kg CH4/year from enteric fermentation; Monteny 
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et al., 2001), CH4 emission reduction strategies should focus on the control of critical 

processes not only during animal digestion but during on-farm storage (indoor, outside). 

 The effects of livestock nutrition on pig CH4 emissions have been less studied than 

those related to NH3. In general, the amount of CH4 produced from pig slurry will depend 

both on the amount and type of VS. In the slurry, one of the main energy substrate for CH4 

production is dietary fibre, which is only partially digested in the digestive tract. The 

proportion of fibre which is finally fermented within the animal depends on its constituent 

composition. In this way, sources of soluble fibre (as -glucans, oligosaccharides or pectins) 

are easily digested by the microbial enzymes, whereas highly lignified components remain 

unfermented even after a long period of time.  

In practical conditions, the inclusion of fibre sources such as DDGS, sugar beet pulp 

and rapeseed meal may lead to an increase of the CH4 produced per pig in its digestive tract 

(Jarret et al., 2011b). A review by Angelidaki and Sanders (2004) also reported that a part of 

carbohydrates, protein and lipids are also used as a source of energy for microorganisms that 

decompose the organic substrate and increase the biogas production. Moreover, dietary fibre 

inclusion tends to decrease the digestibility of other nutrients and thus, more undigested (and 

potentially fermentable) organic matter will be present in faeces (Jarret et al., 2011b). 

However, in anaerobic digestion processes, an excess of OM content might inhibit CH4 

production through the formation of inhibitory amounts of compounds such as VFA and TAN 

(Cerisuelo et al., 2012). A study by Miller and Varel. (2003) showed that the majority of 

volatile fatty acids produced during storage of manure occurs during the first few weeks after 

excretion from pigs (Souffrant, 2001). Other studies have also shown that the proportion of 

individual VFAs in manure can change over time (Møller et al., 2004b).  
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Variability in CH4 emissions among studies can be due to different rates of 

degradation (Conn et al., 2007), and to various environmental conditions such as temperature, 

oxygen content, humidity, air velocity exchange rate and emitting surface (Sutton, 1999).  

 

1.5 Slurry composition and its value as fertilizer or for biogas production 

Animal manure can be used as a substrate for production of biogas through anaerobic 

digestion processes and to improve the quality of soils, promoting its biological activity and 

fertility in a greater extension than when using fertilizers alone. It can also help to remove C 

from the atmosphere and contributes significantly to meet fertilizer requirements, reducing 

partially inorganic fertilization (Fließbach et al., 2007; FAO, 2001). Anyway, represent a new 

opportunity to reuse these materials for agricultural purposes, as a source of nutrients, and 

facilitate the disposal of this increasingly important residue (Souffrant et al., 2001). 

Accordingly, an adequate plan of slurry valorisation as fertilizer or for biogas 

production should start from an accurate knowledge of the slurry composition. In this regard, 

there is evidence indicating that dietary composition might have an effect also on the amount 

of TKN, TAN, organic N and soluble organic N fractions in pigs (Portejoie et al., 2004; 

Velthof et al., 2005; Kerr et al., 2006) and that this might affect the fertilizer value of the 

slurry. While ammonium (NH4
+
)
 
is more easily and rapidly utilised by the crops, the organic 

fraction of N is used more slowly during a longer period of time, thus reducing rapid NH3 

releases after application and assuring a longer fertilizing period of the slurry. Also, it is well 

known that the NH3 emission depend on the equilibrium between NH4
+
 and NH3 in the slurry 

surface and that this equilibrium is controlled by factors such as the amount of NH4
+
, the 

ambient temperature and the pH. Nitrous oxide formation in the soil also depends on the 

amount of organic N, nitrates and nitrites in the manure and also on the oxygen availability 
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and the activity of specific bacteria populations (Cardenas et al., 2007). However, there is 

little information available about these effects.  

When the slurry has a fertilizer destination, more attention should be paid to increase 

DM content of slurry, the excess on a farm often has to be transported over a long distance 

and implies more investment (Mroz et al., 1995; Jongbloed and Lenis 1999). Again, the 

management of the piggeries has a major importance with respect to the amount of slurry 

produced, and the cleaning and drinking water spillage that dilute and increase slurry volume 

(Leek et al., 2007; Triolo et al, 2011), reinforcing the idea that a simple management 

modification, like using alternative nutrition strategies, can make big differences on the 

environment. 

Additionally, an increase in CH4 production is considered a positive issue when this 

slurry is used in anaerobic digestion processes for biogas and energy production. Slurry is rich 

in N compounds but poor in C, and this makes the efficiency of biogas production from slurry 

very low. In this regard, feeding modifications leading to changes of VS and C content in the 

slurry (Vu et al., 2009; Jarret et al., 2011b) or other slurry characteristics, such as pH or VFA 

content, might also affect CH4 and biogas potential production. 
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2. Objectives 

 

The main goal of the present Thesis is to characterize ammonia and methane emissions 

from intensive pig production in different regions of Spain and to evaluate the effect of 

different feeding strategies on the emission of these gases. The study will be structured in 3 

parts. 

 

I) Characterize the variability of slurry composition in commercial farms located at the 

middle-east and central part regions of Spain, considering different pig categories, and 

various feeding and production systems.  

 

II) Evaluate the effect of inclusion of agroindustrial by-products (orange pulp, carob meal, 

wheat DDGs, soybean hulls and sunflower meal) in growing pig diets on manure 

composition and gas emission in experimentally controlled conditions. 

 

III) Develop models based on feed composition, pig slurry characteristics and NIRS 

technology to predict potential ammonia and methane emissions in pig farms using the 

results from the different experimental studies to add variability in slurry composition.  

 

The hypothesis of the current work is that a better characterization of the chemical 

components in pig slurry (indigestible feed, endogenous fraction in faeces and urine, 

microbial nitrogen and urea) might improve the prediction of the emissions of pollutants 

either from the farm, the storage or the soil. A surveillance of representative commercial 

farms in Spain with varying location, production systems and animal categories and induced 

changes of slurry composition in experimental conditions through the use of fibrous co-
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products, and different dietary nutrient levels, could provide sufficient variation to develop an 

accurate emission prediction model. Equations could result in economic benefits at the farm 

level and a significant contribution to quantify and reduce environmental emissions. 

Additionally, NIRS technology might provide a useful tool for a rapid, simple and 

robust estimation of slurry components and to test the effectiveness of feeding strategies for 

reduction of gas emissions in a given farm. 

These experiments will also provide scientific data containing essential information 

about mitigation of slurry and gaseous pollution that have a high level of interest in the 

research at local and national farming. On the one hand, it is known that dietary modifications 

directly affect the chemical composition and characteristics of slurry, and there is expected a 

relationship between this composition and gaseous emissions. On the other hand, the dietary 

inclusion of agroindustrial by-products is a powerful and non-expensive strategy in terms of 

recycling and saving edible feeds for human consumption. It also leads to significant changes 

in nutrient composition that must be evaluated with respect to its effect on gaseous emissions. 

 This study is expected to improve significantly the estimation of gas emissions from 

pig slurry in Spain, which constitutes one of the most relevant sources of pollutant gases in the 

livestock sector. It will also serve to support the proposals for mitigation measures to reduce 

emissions and, consequently, air pollution, in as much that this farming activity contributes 

greatly. 
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  3.1 Introduction 

In the past, animal manure was regarded as a scarce and valuable source of plant 

nutrients to maintain soil fertility. However, at present there is an increasing concern about the 

impact of high levels of manure fertilization in different parts of the European Union, 

including some Spanish regions, where pig production is highly concentrated. According to 

the Food and Agriculture Organization Corporate Statistical Database (FAOSTAT, 2014), 

world’s pig population has risen to almost 1 billion heads in 2012, and Spain is the sixth 

world pig producer. In this context, agriculture still plays an essential role in recycling manure 

nutrients, but also new uses of manure have been developed in recent years (e.g. biogas 

production). 

Intensive livestock production constitutes an important source of emissions of NH3 and 

GHG such as methane and N2O, particularly in high producing areas, slurry management has 

been associated to nitrate contamination of ground and surface waters (Tamminga, 2003). In 

the European Union (EU-27), it is estimated that livestock contributed in 2012 to about 70% 

of NH3 emissions to the atmosphere and pig production contributes to about 15% (EEA, 

2014a). The management of livestock manure contributed to about 19% of total CH4 

emission, whereas slurry management in pig production emitted about 5.4% of total EU CH4 

emissions (EEA, 2014b). 

It is widely recognized that there is a link between pig slurry composition and gas 

emission (Dinuccio et al., 2008; Møller et al., 2004a). Therefore, understanding the factors of 

variation of slurry composition under commercial conditions is essential to predict and control 

these emissions. However, it has also been reported that pig slurry composition in commercial 

farms is very heterogeneous and depends on multiple and interacting factors including the 

animal itself (breed and physiological status), feed composition and consumption, the housing 

system, manure management practices or environmental conditions (Sánchez & González, 
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2005; Conn et al., 2007; Moral et al., 2008; Martínez-Suller et al., 2010; Álvarez-Rodríguez 

et al., 2013). 

Experimentally, it has been widely evidenced that nutritional strategies are effective to 

originate changes in the digestive performance of pigs and therefore influence the 

composition of excreta and thus the emissions of pollutant gases. The reduction of protein 

content of feeds affects directly N excretion and reduces NH3 emissions (Cahn et al., 1998; 

Hayes et al., 2004). The inclusion of fermentable fibre in feeds have been reported to cause a 

shift in excreta from urinary to faecal nitrogen (Galassi et al., 2010; Halas et al., 2010) and 

reduce the pH of excreta (Kerr et al., 2006), thus reducing the emission of NH3. On the 

contrary, increasing fermentable fibre content of pig feeds also enhances the emission of CH4 

from enteric origin (Jorgensen, 2007) and the CH4 emission potential from slurry (Jarret et al., 

2012). 

A better characterization of the chemical components of pig slurry might improve the 

prediction of the associated gas emissions either from the animal house, the slurry storage or 

the soil after slurry application. Conventionally, slurry chemical composition is generally 

determined by using conventional wet chemical analysis performed at the laboratory which 

are expensive, time and labour costly, generate chemical wastes, and cannot be applied on-

line. At farm level, however, rapid and low cost methods to predict slurry composition are 

necessary for an efficient use of slurry and as a consequence prediction methods have been 

developed during the last decade. These may be based on physic-chemical models (Chen et 

al., 2008; Yagüe et al., 2012) or the electrical properties (Bietresato & Sandori, 2013). Also, 

spectroscopic methods, as near infrared reflectance spectroscopy (NIRS) have found 

increasing use in the laboratory for low cost and rapid analysis, and offer a great potential for 

on-farm testing (Saeys et al., 2005). They have recently been applied for pig slurry analyses, 

and useful and accurate NIRS calibrations have been obtained for dry matter, ammonia N, 
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total Kjeldahl N and C (Malley et al., 2002; Saeys et al., 2005; Ye et al., 2005; Sørensen et 

al., 2007). Predicting CH4 potential emission using NIRS has also been recently a focus of 

interest to optimize anaerobic co-digestion processes (Doublet et al., 2013; Triolo et al., 

2014). These calibrations need to be checked and updated periodically because of changes 

induced by variations in the slurry composition, but calibration maintenance, instrument 

validation, etc. could all be done on-line (Reeves, 2007). 

As mentioned before, it is widely accepted that gaseous emissions in commercial 

farms are affected by a variety of dietary, animal, management and environmental factors. 

However, quantifying the relevance of factors affecting slurry composition and emissions at 

commercial level are currently topics of highest interest. Also, there is currently few published 

information on predicting potential NH3 and CH4 emissions from pig slurry at commercial 

farms using physic-chemical models or NIRS.  

The objective of this work was to evaluate the relationships among slurry composition, 

gaseous emissions and several production factors (feed composition, season and location) in 

different types of commercial pig farms (nursery, growing-finishing, gestating and lactating 

sows). These relationships will be analysed throughout a multivariate analysis using a dataset 

of slurry samples covering a wide range of production conditions in commercial pig farms. 

Another objective was to establish predicting equations of potential gaseous emissions using 

physic-chemical models and NIRS. 
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           3.2 Materials and methods 

 

3.2.1 Description of farm selection and sample collection 

A survey protocol of commercial pig farms was established trying to cover the 

maximum variation in commercial feeds, which could originate variability in the 

characteristics of slurries and in the potential NH3 and CH4 emissions. Representative feed 

and slurry samples were collected from 79 commercial pig farms (14 from either gestating, 

lactating and nursery piglets and 37 from growing-finishing animals) located at two regions in 

Spain (Centre and Mediterranean). Each farm was sampled once, either in winter or in 

summer. Farms were selected following three main criteria: i) reflect the usual conditions of 

housing and manure management of intensive farming systems in Spain.  In this way, dry 

feeding was generally provided in collective feeders (nursery and fattening pigs) and 

individual feeders (farrowing and gestation sows), most of farms used pellet feed, access to 

feeding was restricted only for gestating sows, housing systems for fattening pigs and 

gestating sows were naturally ventilated, whereas both natural and mechanical ventilation was 

used for farrowing sows and nursery houses and proportion of slat was close to 100% in 

fattening, lactating and nursery farms, with lower and more variable values (from 25 to 100%) 

in gestating facilities). ii) the slurry accumulated in the pits corresponds to the diets sampled 

when the survey was done and iii) get a high variation among feed suppliers. Therefore, this 

survey protocol did not aim to be representative of the Spanish livestock sector, but to reflect 

potential variation in feeds, and as a consequence, on slurries and gaseous emissions. The 

farms surveyed covered approximately a population of 11,000 sows, 35,000 nursery piglets 

and 60,000 growing-finishing pigs. The average storage time of slurry under the pits was 

about one month for lactating and gestating sows, as well as for nursery piglets and 51 days 
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for growing-finishing pigs. The distribution of samples by zone, season and type of farm is 

shown in Table 1.  

The samples were collected from March 2012 to February 2013, following a 

standardized protocol. Feed samples (1 kg) were taken from feeders or silos depending on 

their accessibility. Slurry samples were taken during pit discharge through a floor opening at 

the end of alleys, generally inside the barn. Sampling was made at regular time intervals by 

pooling a minimum of five aliquots (2L) in a 15L container and then subsampled into four 1L 

plastic bottles for the different laboratory determinations, and stored at 4ºC until analyzed. 

They were thoroughly mixed, subsampled into four 1 L plastic bottles for the different 

laboratory determinations. 

 

3.2.2 Feed and slurry chemical analysis 

Slurry samples were maintained at 4ºC and immediately analyzed at the arrival to 

laboratory (2-3 hours after sampling) for pH (GLP21, Crison, Alella, Barcelona, Spain), 

electric conductivity (HI 98188-02, Hanna Instruments, Eibar, Spain), total solids (TS) and 

VS. The rest of analysis were made the day after, with samples maintained refrigerated at 4ºC 

at the lab. Chemical analyses of samples were conducted in triplicate. The TS contents were 

determined after drying at 103ºC for 24 h, and the VS after ignition in a muffle furnace (12-

PR/300, Hobersal, Caldes de Montbui, Barcelona, Spain) at 550ºC for 4h. The total Kjeldahl 

nitrogen and ammonia N concentrations were determined by steam distillation (APHA, 2005) 

using an automatic analyser (Pro Nitro A, J.P. Selecta S.A, Barcelona, Spain). Volatile fatty 

acids concentrations were determined by gas chromatography equipped with a flame 

ionization detector (HP 68050 series Hewlet Packard, USA) following the method described 

by Jouany (1982) with the addition of an internal standard (4-metil valeric).  
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The rest of slurry samples were dried at 60ºC for 48 h, and feed and dried slurry 

samples were ground to pass through a 1-mm mesh screen (Cyclotec 1093 Sample Mill, Foss 

Electric A/S, Denmark). Dry matter and ash contents were carried out according to AOAC 

(2000) procedures 930.15 and 923.03, respectively. Concentration of neutral detergent fibre 

(NDF), acid detergent fibre (ADF) and acid detergent lignin (ADL) were determined 

sequentially by using the filter bag system (Ankom Technology, New York) according to 

Mertens (2002), AOAC (2000; procedure 973.187) and Van Soest et al. (1991), using heat 

stable amylase (A3306, Sigma) in the case of feed samples, and expressed without residual 

ash. Concentration of ether extract (EE) was determined by AOAC methods (920.39). 

Nitrogen was measured in feeds by combustion (method 986.06; AOAC, 2000) using a Leco 

equipment (model FP-528, Leco Corporation, St. Joseph, MI, USA). The proportion of N 

insoluble in NDF (NDICP) in feed samples was determined following the standardized 

procedures of Licitra et al. (1996), by analysing the N content (combustion method) in the 

NDF residues.  

 

3.2.3 Potential gaseous emissions 

In vitro potential NH3 emissions were determined by duplicate in laboratory following 

the methodology described by Portejoie et al. (2004). The samples (0.6 L each) were placed in 

1 L closed chambers maintained at constant temperature (25ºC) and connected to an air pump 

which extracted air from each chamber at an airflow rate of 1.2 L min
-1

. During 15 

consecutive days, the air was forced to pass through 2 absorption flasks (impingers) in serial 

containing 100 mL of 0.1 N H2SO4. The acid solution was changed every day during the 

experiment and analyzed for NH3 content following 4500 NH3-D procedure (APHA, 2005) 

using a detection electrode (Orion High Performance NH3 Electrode, model 9512HPBNWP, 
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Thermo Scientific, USA). The cumulative emission for each sample was calculated by adding 

the ammonium retained daily in the flasks during the experimental test. 

Additionally, ultimate CH4 yield (B0) of each slurry sample was determined through 

biodegradability assays in 125 mL bottles during 100 days by using the methodology 

described by Vedrenne et al. (2008). These assays consisted in incubating different slurry 

substrates at mesophilic temperatures (35°C) in the presence of inoculum. Inoculum to 

substrate ratio was at unity or very close to unity on a VS basis (1:1). Each test on pig slurry 

was carried out in triplicate. Additionally, three blank bottles containing anaerobic sludge-

only were also used in order to determine the anaerobic sludge endogenous CH4 production 

which was subtracted from the CH4 produced by the pig slurry on each biogas sampling day. 

Bottles were then incubated at 35°C for 100 days. During incubation, biogas volume in each 

bottle was regularly monitored (intervals from 1 to 10 days depending on biogas production) 

by pressure measurement of the headspace using a manometer (Delta Ohm, HD 9220, Italy). 

Methane concentration in the biogas was further analysed using a Focus Gas Chromatograph 

(Thermo, Milan, Italy) equipped with a split/splitless injector and a flame ionization detector. 

According to the methodology of measuring in vitro emissions, these must not be 

considered as real emissions but as intrinsic properties of manure defining the potential to 

generate NH3 and CH4. Since all in vitro emissions are obtained in homogeneous 

environmental conditions, these potentials may be related to slurry characteristics. The effect 

of other variables (e.g. type of farm, season, and location) are therefore addressed in this study 

only in an indirect way: how these variables may affect slurry composition and thus the 

potential to emit NH3 and CH4. 
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3.2.4 NIRS determination 

Feed and slurry samples were scanned using a Foss NIRSystem spectrophotometer 

(model 5000, Silver Spring, MD, USA) operating in reflectance mode and equipped with a 

sample transport device that allows samples be scanned while moving onto the same plane 

that equipment position. The spectra were acquired at 2 nm intervals over a wavelength range 

from 1,100 to 2,500 nm using the ISI NIRS 3 software ver. 3.11 (Infrasoft International, Port 

Matilda, PA), and 32 co-added scans were averaged and collected by sample. Feed samples 

(undried and ground 1 mm) were scanned using a standard 1/4 sample cell and the equipment 

in a vertical position. The samples were mixed thoroughly using a homogenizer RW14 (Ika-

Werke, Staufen, Germany) during 1 minute; then, 80 mL were transferred to handmade 

polyethylene bags (60 x 230 mm) to a level of 10 cm from the bottom, and the upper part of 

the plastic bags was sealed after removing air space (Sørensen et al., 2007). The slurry sample 

bags were scanned by using a large sample cell (200 mm length by 4.7 mm width, and 23 mm 

depth) with the equipment placed on its back and the sample cell in a horizontal position. In 

this case, the particles were settled onto the face of cell and did not move out of the path of the 

light. Each slurry sample was measured in three independent subsamples by preparing three 

bags that were kept at 4ºC and equilibrated at room temperature (15-20ºC) before scanning. 

Each subsample was scanned twice mixing the contents to homogenize the sample between 

scanners, and averaged to provide one spectra per replicate. The average spectra of the three 

subsamples were used for chemometric analysis. 

 

3.3 Statistical analysis 

Slurry samples taken from independent facilities were the experimental unit for all the 

analyses. Descriptive analysis of the variables was performed through PROC MEANS of SAS 
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(SAS, 2008). Correlation analysis among dietary components and among slurry characteristics 

and feed composition was done using PROC CORR of SAS. 

The prediction model of slurry composition and emissions included type of farm, 

season and location and their interactions as classified variables, as well as chemical 

constituents of feeds as linear covariates. PROC GLM of SAS was used to perform all of the 

analyses. A stepwise variable selection process was conducted using the PROC REG of SAS. 

To achieve the assumption of normality of the continuous variables analyzed, the Box & Cox 

(1964) transformation was used with PROC TRANSREG of SAS. The transformations used 

for each variable of feed composition and slurry characteristic are shown in Table 2. When 

significant differences of type of farm were detected, the Tukey test was used for mean 

comparisons. 

Calibration models from NIRS for each constituent were performed using WINISI 

version 1.5 software, by modified partial least square regression based on cross-validation to 

avoid over-fitting of the equations. Prior to calibration, principal component analysis was 

performed to remove outliers with a standardized Mahalanobis distance (H) greater than 3.0 

(Shenk & Westerhaus, 1991) and no samples were marked as outliers. Different math pre-

treatments of spectral data over three different segments (1,100 to 1,800, 1,200 to 2,400, and 

1,100 to 2,500 nm) of the spectral range were tested, including none and three scatter 

correction techniques, standard normal variate and detrending, multiple, and inverse 

multiplicative scatter correction (Barnes et al., 1989) together with either or no first or second 

order derivatives, giving a total of 75 spectral models for each predicted parameter. The 

statistics used for selecting the best equations were the coefficient of multiple determinations 

(R
2
CV) and the standard error of cross-validation (SECV). The prediction accuracy for a model 

was based on the ratio (RPD) of standard deviation (SD) of the reference data to the SECV, 

which should be at least three for an industrial application (Williams, 2001). The practical 
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accuracy of NIRS calibrations developed was investigated by comparing the SECV to the 

standard laboratory errors. The repeatability of the predictions from the NIRS method was 

estimated from the variability of the values predicted in homogeneous analytical conditions 

from three subsamples. 

 

3.4 Results  

The average values of main chemical constituents of feeds and its variation (range and 

standard deviation) within the different types of farms studied are shown in Table 3. The 

results indicate an important variability among the samples analyzed. The mean coefficients 

of variation for CP and NDF were 8.8 and 12.4%, respectively, and rose to 28-36% for 

NDICP, ADL and EE. The average values of slurry characteristics and its variability for the 

whole data set studied are presented in Table 4. The coefficients of variation of chemical 

components varied from 35-50% (for NDF, EE and TKN) to more than 80% in the case of TS, 

VS, NDICP and ADL. The less variable characteristics were pH (CV=5.6%) and proportion 

of ammonia N on total N (CV=20%). 

Correlation analyses were done: a) among feed constituents and b) between feed 

composition and some selected slurry characteristics (see results in Table 5). A negative 

correlation was observed between dietary CP and dietary fibre constituent contents. Dietary 

fibre components were significant and positively related among them and with ash and 

NDICP, which instead was little related with dietary CP level. Ether extract concentration in 

feeds was little related with any of the other components analyzed. Otherwise, dietary 

concentrations of CP and NDICP were negatively associated to TS, VS and NDF, but 

positively with EE content of the slurry. Fibrous feed constituents were significantly and 

positively correlated with pH and NDF content in the pig manure and negatively with slurry 

EE concentration. Dietary EE and ash contents were little related with slurry characteristics, 
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although the later was negatively associated to ammonia N and EE contents in the slurry. 

Otherwise, electric conductivity was highly correlated (p<0.001) with total and ammonia N in 

the slurry (r=0.803 and 0.884, respectively).  

The effects of classified (type of farm, season and location) and of continuous 

(associated to feed composition) variables on slurry characteristics are shown in Table 6. 

Mean pH of manure was 7.50. It was not affected either by type of farm or season. An 

interaction between location and dietary NDF content was observed, as an increase of fibre 

concentration within type of farm increased linearly pH in farms placed in the Centre of Spain 

(from 7.08 to 7.77 in the natural scale between the extreme values of the range studied; 

p<0.001), but not (p=0.522) in those located near the Mediterranean (Figure 2). Total solids 

and VS concentrations in slurry were 4.85 and 3.61%, as average. They were not affected by 

either of the classified variables studied, but decreased linearly (by 84% in the natural scale, 

p=0.003) when increasing dietary CP content. Ash slurry concentration on DM basis was 

affected by location; this variable was negatively transformed, so that values in Table 6 

indicate that ash concentration was higher in the Mediterranean than in the Centre located 

farms (30.0 vs. 26.1%, respectively, p=0.02). Neither total N or total ammonia N (TAN) 

content on DM, nor the percentage of ammonia N on total N in the manure (averaging 12.3, 

8.60 and 65.9%, respectively) were affected by any of the variables studied. All the traits 

related to sequential fibre composition (NDF, ADF and ADL) of slurry DM, were not affected 

by any of the classified variables, but increased linearly in the natural untransformed scale (by 

47.2, 94.4 and 128%, p=0.05, 0.007 and 0.004, respectively) with dietary NDF content. Ether 

extract concentration on manure DM tended to decrease linearly (by 34.7% between extreme 

values, p=0.08) with the degree of lignification of NDF in the diet; it was also affected by 

type of farm (p=0.016) with higher values obtained in young (nursery) with respect to older 

(gestating and lactating sows) farms, whereas grow-finishing farms gave intermediate values. 
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These results were parallel to those obtained for VFA content and B0. In addition, VFA 

decreased linearly with dietary CP content (from 10751 to 466 mg/L, p=0.002). Estimates of 

in vitro NH3 emissions from the slurry decreased in farms located in the Central region 

(p=0.027), but were not affected by the other classified variables studied; they also decreased 

with dietary ash and CP (by 55.8 and 77.4% in the range sampled in this study, p=0.001 and 

0.015, respectively) and increased linearly with degree of lignification of NDF (by 137%, 

p=0.012), in the range of values studied. No significant effects were detected for any of the 

interactions among the main factors included in the model on any of the slurry characteristics 

studied. 

A prediction model was developed to estimate the in vitro emissions of NH3 and the 

biochemical CH4 potential from the samples of manure studied, using as independent 

continuous variables all the chemical traits measured both in feeds and slurry. In this model, 

only variables associated to manure composition (% DM, except when indicated) were 

included:  

In vitro NH3 emissions (ln mg/L) = -0.74 (±0.59) + 0.58 (±0.049) ln total N + 1.319 

(±0.15) ln ammonia N (% total N) + 2.84 x 10
-9

 (± 9.57 x 10 
-10

) pH
9
 

(R
2
=0.771; RSD=0.269; n=79). 

A better fit was obtained when expressing NH3 emissions on VS basis: 

In vitro NH3 emissions (mg/gVS)
1/3

 = -3.72 (±0.92) + 1.85 (±0.12) ln total N  + 0.653 

(±0.26) ln ammonia N (% TKN) + 4.83 x 10
-9

 (± 1.50 x 10 
-10

) pH
9
 - 0.046 EE 

(R
2
=0.888; RSD=0.378; n=79). 

In the case of biochemical CH4 potential, the fitted model was: 

B0 (mL/gVS)
1/2

 = 21.1 (±2.45) + 0.396 (±0.10) EE – 7.07 (±1.21) ADL
1/2

 + 0.240 

(±0.059) NDF 

(R
2
 = 0.610; RSD = 3.13; n =79). 
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According to these results, in vitro NH3 emissions was not affected by type of farm, 

season or location, but increased with total N (p<0.001) content, proportion of ammonia N on 

total N (p<0.001) and pH (p=0.007) of the slurry from 3.7 to 187; 25.1 to 48.5 and 29.2 to 

54.4 mg/g VS and decreased with EE content (p< 0.001) from 52.8 to 20.1 mg/g VS, for the 

extreme values of the range studied. Potential CH4 methane production was neither affected 

by any of the classified variables, but increased (p<0.001) with EE and NDF manure content 

(from 149 to 443 and 61.1 to 436 mg/g VS, respectively) and decreased with ADL 

concentration from 852 to 11.1 mg/g VS in the range of the samples studied. 

Figures 3 and 4 represent, respectively, the changes of estimates of NH3 and CH4 

production in the range of values studied, with respect to the slurry characteristics selected in 

the prediction models. Changes are expressed relatively taking as base = 100 the average 

value of each of the independent variables considered, in the natural untransformed scale.  

Calibration and cross validation statistics of prediction of laboratory analyses and NH3 

and CH4 estimations from NIRS analysis are shown in Table 7. The coefficients of 

determination of calibration for chemical analyses were generally high, above 0.90 for DM, 

VS, total N and EE, being the lowest (from 0.70 to 0.85) those of ash, pH, and fibrous 

constituents; the coefficients of determination obtained for cross validation were similar but 

slightly lower. Coefficients of determination of cross validation for prediction of in vitro NH3 

emissions and biochemical methane potential were respectively 0.836 and 0.682.  

 

3.5 Discussion 

 

3.5.1 Effects of type of farm, season and location 

When considering in the model the effect of the covariates associated to dietary 

chemical composition, the classified variables studied had a limited influence on the slurry 
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characteristics. Farm location had a significant effect on pH and ash of the manure, with the 

highest values observed in Mediterranean farms. Although feeding programs, genetic 

potential and systems of management are similar, there is a major difference in water quality 

between the two areas sampled. According to the Spanish Ministry of Health 

(http://sinac.msc.es/SinacV2/), the Mediterranean region has a higher mean pH (7.9 vs. 7.0) 

and salinity of the drinking water (conductivity 986 vs 90 µS cm
-1

) than the Centre region. 

The current results suggest that these differences may be transferred to the corresponding 

slurry characteristics (acidity and ash content). The higher mean pH in the slurry from the 

Mediterranean farms would also explain the higher in vitro potential NH3 emissions (by 31% 

on average) observed in this area in the present study, as NH3 emissions tend to decrease with 

acidity (Aarnink & Verstegen, 2007). In this study water characteristics were not analyzed and 

therefore further studies in this sense would be necessary to confirm and characterize this 

effect. 

The effect of type of farm on slurry traits was scarce, as the differences in average feed 

composition among animal categories were accounted by the model covariates. Even so, a 

higher EE and VFA concentration and B0 were observed in the slurry samples taken from the 

youngest animals (nursery farms). Average feed EE content was similar among the different 

types of farms (see Table 3), but young pigs show a lower capacity of fat digestion (Soares & 

López-Bote, 2002) that would lead to a higher fat excretion and slurry concentration. 

Otherwise, EE is by far the nutrient with the highest capability of microbial fermentation and 

therefore a nutrient with high potential to generate CH4 in the slurry (Angelidaki & Sanders, 

2004). 

Season had no significant influence on any of the slurry components and this could 

explain the absence of seasonal effect on potential NH3 and CH4 emissions. Slurries were 

collected from indoor slurry pits, where climatic variations are attenuated, thus minimizing 

http://sinac.msc.es/SinacV2/
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the seasonal effect. Other works (Møller et al., 2004b; Pereira et al., 2012) have shown lower 

CH4 and NH3 emissions at lower ambient temperatures, probably as a consequence of slower 

microbial and enzymatic reactions. This study, however, is not comparable since potential 

emissions are estimated under controlled, laboratory conditions. According to Angelidaki & 

Sanders (2004) temperature does not influence the ultimate biodegradability of a component, 

but may reduce the degradation rates. In addition, our results regarding CH4 emissions are in 

accordance with Liu et al. (2013). In their review, these authors reported that temperature 

affected CH4 emissions from lagoons, but was not a significant factor on housing CH4 

emissions from swine. Otherwise, apart from the intrinsic manure characteristics, NH 3 

emissions are conditioned by ambient temperature and the convective mass transfer 

coefficient.  

 

3.5.2 Effects of dietary fibre concentration 

A higher fibre supply buffered the decrease of slurry pH in farms located at the Centre 

of Spain, where mean water and slurry pH were lower than in the Mediterranean area. This 

result might be explained by the buffering and cation exchange properties of some cell wall 

constituents (i.e. lignin, nitrogen and pectins; Van Soest, 1994), as an increase in dietary NDF 

concentration also increased slurry content of NDF, and more markedly those of ADL and 

ADF. These increments reflect the limited digestion efficiency of cell wall constituents in the 

pig, in inverse relation with its degree of lignification. In contrast with the current results, 

Canh et al. (1997) reported a reduction of pH of slurry in response to the dietary addition of 

digestible fibre in form of sugar beet pulp, and related it to a higher microbial fermentation in 

the hindgut. However, a lesser or none effect of dietary NDF on pH was observed in other 

studies when also supplementing diets with soluble fibre (Halas et al., 2010; Heimendahl et 

al., 2010), or with a mixture of soluble and insoluble fibre (Galassi et al., 2010).  
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In the same way, there is a general agreement in that inclusion of fermentable fibre, as 

sugar beet pulp or inuline, leads to a shift in the N excretion from faeces to urine (Aarnink & 

Verstegen, 2007), which is generally associated to an enhanced metabolic urea retention and 

excretion as microbial protein in the faeces (Kreuzer et al., 1999). This shift would imply in 

turn a decrease of NH3 emissions from the slurry with fibre supplementation but also a higher 

fermentation activity and CH4 losses, as observed by Montalvo et al. (2013). However, 

Galassi et al. (2010) did not observe a significant influence of supplementation of the diet 

with a mixture of 20% of wheat bran and 4% of sugar beet pulp on NH3 emissions and Triolo 

et al. (2011) reported a high negative correlation (r=-0.952; p<0.001) between lignin content 

in the manure VS and its biochemical methane potential. Moreover, Bindelle et al. (2009) 

demonstrated that the substitution of sugar beet pulp with a source of insoluble fibre, as oat 

hulls, decreased the synthesis of bacterial protein in the gut and the ratio faecal N: urinary N 

to levels similar or lower than those reached with the standard non supplemented diet; this 

results help to explain the positive relationship found in the current study between degree of 

lignification of dietary NDF and NH3 emissions from the slurry. 

The proportion of soluble/insoluble fibre or the fermentability of the feeds sampled 

were not measured in the current study, but the average degree of lignification of the NDF 

was 8.48% (see Table 3), which is similar to those of wheat bran (8.83%) or oat hulls 

(8.98%), but clearly above to that found in sugar beet pulp (3.9% as average, according to 

FEDNA, 2010). The relatively lignified type of fibre more frequently used at present in 

Spanish commercial feeds for pigs would then explain the lack of effect of dietary fibre level 

on the ratio of ammonia to total N or the NH3 and CH4 emissions from the slurry.  
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3.5.3 Effects of dietary N concentration 

The lack of influence of dietary protein concentration on NH3 and N content in the 

slurry differs from most of previous research that generally found a positive relationship 

between these variables (Cahn et al., 1998, 1999; Hayes et al., 2004), although following 

great changes in dietary protein level (from 4 to 9 percentage units). However, Hernández et 

al. (2011) found little effect of dietary protein level on manure composition and NH3 

emissions when working with commercial growing-finishing feeds and a narrower range of 

CP content (from 14 to 16%). In the same way, neither Portejoie et al. (2004) nor Kerr et al. 

(2006) observed significant differences in ammonia or total N content in the slurry of growing 

pigs, when comparing diets containing 20 vs. 16% or 14.5 vs. 12.0% CP, respectively. This 

lack of effect might be related to the short range of variation used in commercial studies. In 

addition, Kerr et al. (2006) also suggest that a higher NH3 volatilization might occur in the 

slurry of pigs fed the greater CP diets before samples were taken. This effect may be 

particularly relevant for slurries stored for a long time (e.g. more than 3 weeks) in manure 

pits. In the current study, SD of CP content was around 1.5 within type of farms (Table 3), so 

that most of the diets were in a narrow range of three percentage units with respect to the 

mean. 

Otherwise, an increase of dietary N concentration led to a linear decrease in TS 

content of the manure in the current study. Portejoie et al. (2004) showed in finishing pigs that 

lowering dietary protein level (from 20 to 12%) decreased DM concentration in the slurry 

(from 5.9 to 4.4%), because of a lower water consumption. The same trend (3.24 vs. 2.51%) 

was observed by Kerr et al. (2006), although in this case the range of variation of protein 

content in the feed was shorter (from 14.5 to 12.0%) and the differences did not reach 

significant levels. The observed reduction of DM content in the manure when dietary CP 

concentration increased would also explain its negative effect on in vitro NH3 emissions per L 
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of slurry, because of the parallel reduction of nutrient content (including ammonia and total 

N). 

 

3.5.4 Effects of dietary ash concentration 

The range of ash content in feeds DM within the different types of farms studied was 

from 2 to 3.5 percentage units, with SD ranging from 0.5 to 1.0 (Table 3). In commercial diets 

this variation is mostly related to Ca content (Sánchez & González, 2005), but also to the 

inclusion of clay in the feeds to improve pelleting characteristics. Some sources of Ca (as its 

anionic salts, sulphate or chloride) can reduce urine pH and then reduce emissions, but they 

are of little use in practical pig diets. Otherwise, undigested clay might increase ammonia 

absorptive properties of the slurry, which could help to explain the reduction of NH3 

emissions observed in the current study with increasing ash concentrations in the manure. 

 

3.5.5 Models of prediction of ammonia and methane potential emissions 

The accuracy of the prediction of most of the organic constituents of pig slurry from 

NIRS was generally high which confirms the findings of other studies (Malley et al., 2002; 

Saeys et al., 2005; Ye et al., 2005; Sørensen et al., 2007) on the usefulness of this 

methodology to predict main chemical components of fresh slurry and the biochemical CH4 

potential in a range of organic substrates (Doublet et al., 2013; Triolo et al., 2014). The poor 

prediction for pH could be related to internal correlations to organic compounds giving no 

true correlations between pH and spectra absorbance peaks (Huang et al., 2007). The lowest 

R
2
cv values were obtained for fibrous components (as those of Van Soest fibre analysis) where 

analytical procedures tend to lead to a high analytical error. In addition, the prediction 

accuracy of chemical traits included as variables in chemical prediction models and those 

from NIRS help to explain the similar accuracy of the prediction of potential NH3 and CH4 
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emissions from the slurry composition or through NIRS methodology. The ratio of SD to 

SECV values in Table 7 was 2.46 for ammonia and 1.82 for CH4 potential emissions; these 

values are below the level of 3.0 that makes ideally the prediction “good” according to 

Williams & Sobering (1996), being only useful that of potential NH3 emissions for screening 

purposes, and emphasizes the need to enlarge the database used to increase variance of the 

reference data. 

At commercial scale, it must be also considered that relating nutritional factors to 

gaseous emissions may not be straightforward. Manure composition and therefore gaseous 

emissions may be also affected by other factors of variation such as slurry management or 

temperature (Liu et al., 2013; Snoek et al., 2014) in the farm. The type of operation (e.g. 

sows, growing pigs, etc) has also been considered a relevant factor influencing manure 

composition as a consequence of manure dilution (Conn et al., 2007), but this effect may be 

confounded with dietary factors, since feed composition differs for animals in different 

physiological status. However, despite the influence of these variables, the prediction models 

of emissions in this study showed similar fitting to prediction models of other slurry 

components reported in the literature. For example, Yagüe et al. (2012) reported coefficients 

of determination ranging between 60 and 90% for physic-chemical models to predict most 

slurry constituents, whereas Triolo et al. (2014) found a coefficient of determination of 84% 

in predicting biochemical methane potential of a wide variety of biomass samples.  

 

3.7 Conclusions 

In conclusion, the models developed in the current study in a wide range of practical 

conditions are useful to understand the factors behind changes in slurry characteristics and to 

predict NH3 and CH4 potential emissions. In addition, predictions from NIRS of gaseous 

emissions showed a similar accuracy to prediction models using slurry composition, and can 
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be therefore further explored to investigate potential pollution of livestock slurries, as well as 

for their use as biogas substrates.  
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Table 1. Number of feed and slurry samples classified by zone, season and type of animals. 

Type of animal 
Centre zone  Mediterranean zone  

Total 
Winter Summer  Winter Summer  

Gestating sows 3 4  3 4  14 

Lactating sows 3 4  3 4  14 

Nursery piglets 3 4  3 4  14 

Growing-finishing 11 7  11 8  37 

 

 

 

Table 2. Transformations of variables used in the statistical analysis (% DM, except when 

indicated). 

Feed  constituents  

- Total solids, ether extract, ash: no transformation. 

- Crude protein, neutral detergent fibre, acid detergent lignin, neutral detergent insoluble 

crude protein: logarithmic transformation. 

Slurry characteristics 

- pH: power transformation Y
d
, d=9 divided by 10

6
. 

- Total solids (%), total nitrogen, ammonia nitrogen, ammonia N (%N), ammonia emissions 

(mg L
-1

 day
-1

):  logarithmic transformation. 

- Volatile solids (%): power transformation Y
d
, d=0.21. 

- Ash: power transformation Y
d
, d=-0.5. 

- Neutral detergent fibre, acid detergent fibre, ether extract:  no transformation. 

- Acid detergent lignin, methane emissions: power transformation Y
d
, d=0.5. 

- Volatile fatty acids (mg/L): power transformation Y
d
, d=0.33. 
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Table 3. Variability of feed composition
1
 within the different types of farms studied (% DM 

basis). 

 Ash CP NDICP NDF ADL EE 

Gestation sows, n = 14       

   Mean 6.25 15.0 2.37 22.6 2.28 4.93 

   Min 4.43 12.6 1.65 19.4 1.24 2.24 

   Max 7.99 17.6 5.15 29.3 3.77 7.57 

   SD 1.04     1.48 0.92     2.72 0.73 1.48 

Lactating sows, n = 14       

   Mean 6.54 17.9 2.26 19.0 1.79 5.85 

   Min 5.56 15.7 1.45 14.6 1.01 3.49 

   Max 7.52 21.6 4.14 24.5 2.70 8.01 

   SD 0.56     1.54 0.65     3.01 0.58 1.25 

Nursery piglets, n = 14       

   Mean 5.90 19.0 1.99 14.0 0.91 5.47 

   Min 5.01 16.9 1.29 11.3 0.39 2.26 

   Max 6.97 21.5 3.30 16.2 1.58 7.72 

   SD 0.49     1.51 0.56     1.48 0.37 1.87 

Finishing-growing, n = 37       

   Mean 5.17 17.1 2.01 16.7 1.31 5.47 

   Min 3.06 13.7 1.30 11.9 0.41 1.71 

   Max 6.58 19.9 2.53 20.5 2.51 9.16 

   SD 0.76    1.52 0.34    1.94 0.51 1.73 

1CP = crude protein; NDICP = neutral detergent insoluble crude protein; NDF = neutral detergent 

fibre; ADL = acid detergent lignin; EE = ether extract. 
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Table 4. Variability of slurry among the farms studied (n=79) % DM basis.  

 pH DM Ash Nitrogen Ammonia-N NDICP
1
 NDF

2
 ADF

3
 ADL

4
 Ether extract 

Gestation sows, n = 14 

Mean 7.77     5.87 30.5 13.2 10.1     5.66 39.5 20.7     8.96     6.94 

Min 7.54     0.49 21.1    4.12     2.64     1.95 17.3     8.08     4.46     3.58 

Max 8.03 15.5 43.3 37.4 34.5 17.2 59.6 36.3 14.1 12.2 

SD 0.14    5.27    7.22       9.10     9.01     3.86 15.2     9.28     3.56     2.76 

Lactating sows, n = 14 

Mean 7.60     3.58 29.2 10.9     7.38     6.17 38.7 19.6     8.88     9.32 

Min 6.98     0.86 21.7    6.02     3.11     1.75 24.4 12.3     5.43     4.03 

Max 8.16     7.58 43.3 24.5 20.9 18.8 48.9 27.5 16.1 15.5 

SD 0.33     2.23     6.82     5.58     5.73     4.66     7.81     4.82     2.66 3.56 

Nursery piglets, n = 14 

Mean 7.35     3.73 29.7 11.3     7.53     5.98 29.5 12.6     5.12 13.0 

Min 6.34     0.57 22.4     5.62     2.52     0.23     3.79     1.07     0.39     6.28 

Max 7.92     9.73 42.1 23.0 19.3 16.4 48.0 21.2 10.2 18.8 

SD 0.57     2.42    5.91    4.68     4.44     4.93 13.2     6.52     2.73     4.31 

Finishing-growing, n = 37 

Mean 7.43     5.38 26.7 12.8     8.92     4.24 34.5 16.6     6.78 10.8 

Min 6.41     0.75 15.5    4.18     1.32     0.56     5.25     2.24     0.59     2.93 

Max 8.05 17.7 44.3 27.9 24.1 14.9 56.6 36.2 18.3 24.9 

SD 0.42     4.08     6.87    5.16     4.63     3.22 12.4     7.53     3.57     4.03 

1NDICP = neutral detergent insoluble crude protein; 2NDF = neutral detergent fibre 3ADF = acid detergent fibre; 4ADL = acid detergent lignin. 
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Table 5. Pearson correlation coefficients among some of the dietary and slurry characteristics studied.
1, 2

 

a) Feed composition (% DM) 

 Ash Crude protein NDICP NDF ADF ADL Ether extract 

Feed composition (% DM)       

Ash 1 - - - - - - 

Crude protein -0.026 (0.818) 1 - - - - - 

NDICP 0.260 (0.021) -0.107 (0.347) 1 - - - - 

NDF 0.409 (<0.001) -0.606 (<0.001) 0.442 (<0.001) 1 - - - 

ADF 0.485 (<0.001) -0.450 (<0.001) 0.377 (<0.001) 0.864 (<0.001) 1 - - 

ADL 0.596 (<0.001) -0.443 (<0.001) 0.489 (<0.001) 0.810 (<0.001) 0.852 (<0.001) 1 - 

Ether extract 0.022 (0.848) 0.180 (0.112) 0.129 (0.259) 0.017 (0.879) -0.129 (0.256) -0.016 (0.888) 1 

b) Slurry characteristics (% DM) 

 pH TS (%) VS (%) NDF TKN Ammonia N Ether extract 

Feed composition (% DM)       

Ash 0.161 (0.156) 0.049 (0.668) 0.018 (0.877) -0.070 (0.539) -0.130 (0.252) -0.228 (0.042) -0.272 (0.015) 

Crude protein -0.054 (0.636) -0.353 (0.001) -0.357 (0.001) -0.263 (0.019) -0.027 (0.815) -0.059 (0.607) 0.256 (0.023) 

NDICP -0.028 (0.807) -0.233 (0.038) -0.231 (0.040) -0.207 (-0.067) -0.083 (0.464) -0.129 (0.258) 0.140 (0.219) 

NDF  0.257 (0.021) 0.142 (0.213) 0.134 (0.240) 0.238 (0.035) 0.092 (0.418) 0.116 (0.308) -0.471 (P<0.001) 

ADF 0.343 (0.001) 0.166 (0.142) 0.147 (0.197) 0.213 (0.058) 0.066 (0.560) 0.154 (0.176) -0.516 (P<0.001) 

ADL 0.300 (0.007) 0.148 (0.193) 0.133 (0.244) 0.132 (0.246) 0.138 (0.223) 0.149 (0.190) -0.490 (P<0.001) 

Ether extract 0.064 (0.576) -0.169 (0.137) -0.156 (0.171) -0.124 (0.276) 0.081 (0.473) 0.071 (0.531) 0.065 (0.564) 

1
Values in parentheses indicate p-value, bold values indicate significant correlations. 

2
NDICP = neutral detergent insoluble crude protein; NDF = 

neutral detergent fibre; ADF = acid detergent fibre; ADL = acid detergent lignin; TS = total solids; VS = volatile solids. 
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Table 6. Effect of the factors studied on slurry characteristics and potential emissions (% DM, except when indicated). Values in table are LS 

means. Means and regression coefficients of the continuous variables correspond to values transformed as indicated in Table 2. 

 Type of farm
2
 Season

2
 Location

2
 

SD 
P 

Item
1
 N GF G L W S C M Type Season Location 

pH3 78.1 76.8 98.4 88.0 85.0 85.6 68.4 97.2 28.9 0.406 0.932 <0.001 

Total solids (%)4     1.39     1.39     0.84     1.20     1.22     1.18     1.10     1.13     0.82 0.304 0.837 0.258 

Volatile solids (%)5     1.27     1.27 1.20     1.22     1.22     1.21     1.20     1.24     0.22 0.302 0.847 0.373 

Ash     0.188     0.197     0.180     0.193     0.191     0.188       0.194     0.185     0.02 0.639 0.259 0.021 

Total Kjeldahl nitrogen     2.35     2.47     2.39     2.30     2.37     2.38     2.41     2.34     0.22 0.673 0.936 0.554 

Ammonia N     1.87     2.05     2.00     1.80     1.92     1.94     1.94     1.92     0.63 0.600 0.890 0.890 

Ammonia N (%N)     4.12     4.19     4.21     4.11     4.15     4.16     4.13     4.18     0.22 0.526 0.815 0.388 

NDF6 29.7 34.3 39.7 38.8 36.9 34.4 37.2 34.1 12.5 0.481 0.416 0.275 

ADF7 13.3 16.7 20.1 19.4 17.6 17.1 17.8 16.9     7.43 0.372 0.793 0.587 

ADL8     2.21     2.52     2.89     2.94     2.65     2.63     2.65     2.63     0.64 0.125 0.857 0.857 

Ether extract9 12.4a 10.7a,b     7.45b     9.69a,b     9.32 10.8     9.77 10.3     3.73 0.016 0.094 0.538 

VFA (mg L-1)10 18.8a 16.1a     7.47b 12.5a,b 12.9 14.6 15.0 12.5     5.19 0.002 0.266 0.068 

In vitro ammonia emissions 

(mg/L/day)11, 12, 13 

 

4.62 

 

4.50 

 

4.30 

 

4.38 

 

4.50 

 

4.33 

 

4.29 

 

4.54 

 

0.46 

 

0.754 

 

0.125 

 

0.027 

Biochemical CH4 potential1/2 

(mL/g volatile solids) 

 

18.0a 

 

16.1a,b 

 

13.1b,c 

 

12.0c 

 

15.3 

 

14.3 

 

15.4 

 

14.2 

 

    4.50 

 

0.002 

 

0.311 

 

0.210 

1
NDICP = Neutral detergent insoluble crude protein; NDF = neutral detergent fibre; ADF = acid detergent fibre; ADL = acid detergent lignin; VFA = volatile fatty acids.

 2
N = 

Nursery; GF = Growing-finishing; G = Gestating; L = Lactating; W = Winter; S = Summer; C = Center; M = Mediterranean.
3
Interaction between linear effect of dietary NDF 

content and location: 99.9 ± 29.3 (Center, p=0.001) and 13.4±20.8 (p=0.522) at the Mediterranean farms.
4
Linear effect of dietary CP: -3.22 ± 1.06; p=0.003.

5
Linear effect of 

dietary CP: -0.89 ± 0.29; p=0.003.
6
Linear effect of dietary NDF: 14.5 ± 7.32; p=0.05.

7
Linear effect of dietary NDF: 12.0 ± 4.33; p=0.007.

8
Linear effect of dietary NDF: 1.14 ± 

0.38; p=0.004.
9
Linear effect of dietary ADL (%NDF): -2.25 ± 1.25; p=0.08.

10
Linear effect of dietary CP: -25.6 ± 7.67; p=0.002.

11
Linear effect of dietary ash: -0.30 ± 0.09; 

p=0.001.
12

Linear effect of dietary CP: -1.51 ± 0.61; p=0.015.
13

Linear effect of dietary ADL (%NDF): 0.49 ± 0.19; p=0.012.
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Table 7. Coefficients of determination and root mean square errors of calibration (R
2
c, SEC) and cross validation (R

2
CV, SECV) to predict the 

chemical composition (%) unless otherwise specified, of the slurry, the in vitro NH3 emissions and the biochemical CH4 potential (B0).
 

Item 
Scatter 

correction
a 

Derivative 

treatments
b
 

Wavelenght 

range, nm 

Factors
c
 Calibration Cross calibration SD

d
/ 

SECV SEC R
2
c SECV R

2
CV 

pH None 1,10,10,1 1200-2400 8 11.2x10
6
 0.840 13.2x10

6
 0.815 2.33 

Total solids None 1,5,5,1 1100-2400 7 0.178 0.957 0.239 0.926 3.58 

Volatile solids None 2,5,5,1 1100-2400 7 0.055 0.944 0.071 0.915 3.29 

Ash None 1,5,5,1 1100-2400 7 0.010 0.811 0.011 0.753 2.00 

Total nitrogen None 2,5,5,1 1200-2400 8 0.077 0.925 0.115 0.842 2.46 

Ammonia N (%N) None 1,10,10,1 1100-2400 8 0.080 0.876 0.079 0.846 2.48 

Neutral detergent fibre None 0,0,1,1 1100-2400 8 0.700 0.831 0.758 0.806 2.25 

Acid detergent fibre None 0,0,1,1 1100-2400 8 0.388 0.765 0.449 0.697 1.76 

Lignin acid detergent None 0,0,1,1 1200-2400 8 0.169 0.709 0.195 0.622 1.60 

Ether extract None 1,10,10,1 1100-2400 8 0.124 0.917 0.131 0.907 3.26 

In vitro ammonia emissions (mg/gVS/day) SNVD 1,10,10,1 1100-2400 8    1.69 0.887    2.04 0.836 2.46 

Biochemical CH4 potential B0 (mL/gVS)
½

 MSC 2,10,10,1 1100-1800 8    2.17 0.780    2.64 0.682 1.82 

aSNVD: Standard normal variate and detrending; MSC: multiplicative scatter correction. bThe first, second, third and fourth numbers denote the order of the 

derivative function, the spectral segment length over the derivative is calculated and the segment lengths over which the function was smoothed cFactors, 

number of actual terms used to estimate the parameter dSD=Standard deviation.



 

47 
 

 

(Location=Center     ; Location=Mediterranean     ) 

Figure 2. Effect of the interaction between location and dietary NDF content on pH of 

the slurry. 
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Figure 3. Effect of several slurry characteristics on in vitro ammonia emissions (base 100 = average value of each independent variable).
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Figure 4. Effect of several slurry characteristics on the ultimate methane yield (B0). Base 100 = average value of each independent variable. 
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  4.1 Introduction 

Animal feeding has been recognized as an essential tool for controlling gas emissions 

from manure in the livestock sector (FAO, 2013). The effectiveness of the nutritional 

strategies adopted in order to modulate gas production from slurry is based on the effects of 

diet composition on nutrient digestibility and metabolism, and on the fermentation rates in the 

hindgut. All these variables can affect slurry characteristics and thus gas emissions (Møller et 

al., 2004a,b; Dinuccio et al., 2008).  

Various nutritional strategies, as the inclusion of fibre sources in feeds, have been 

proposed in order to mitigate NH3 emission derived from manure in pig farms. Several works 

indicate that these effects are depending on the type of fibre used. The addition of low 

lignified fibrous feedstuffs (as sugar beet pulp or soybean hulls) in pig diets had little effect on 

total nitrogen (N) excretion, but caused a shift of N from urine to faeces (Canh et al., 1997; 

Zervas and Zijlstra 2002b; Bindelle et al., 2009; Heimendahl et al., 2010; Galassi et al., 2010). 

Dietary supply of fermentable fibre also reduced faecal and slurry pH through an increase of 

VFA formation in the large intestine, thereby decreasing additionally NH3 emission (Canh et 

al., 1998a,b). However, it is suggested that the use of more lignified fibre sources (e.g. oat 

hulls) had no influence on N partitioning (Zervas and Zijlstra, 2002a; Bindelle et al., 2009); 

otherwise, it decreases nutrient digestibility and might then modify excreta composition and 

NH3 emission, although information on this subject is still scarce. In all these works, inclusion 

of the various types of fibre studied was parallel to an increase of dietary fibre concentration, 

and therefore the effects of source and level of the ingredients used were confounded.  

The effects of livestock nutrition on pig CH4 emission have been less studied than 

those related to NH3. Most of CH4 emissions in pigs are originated during manure storage, as 

a result of the degradation of organic compounds by methanogenic archaea. They will depend 

both on the amount and composition of OM excreted. Highly lignified cell wall components 
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of feeds remain undigested and constitute the main energy substrate for CH4 production, and 

can also increase the excretion of other nutrients in faeces. However, cellulose (CEL) and 

lignin have the lowest CH4 potential emissions, whereas undigested lipids and protein have 

the highest (Angelidaki and Sanders, 2004). In practical conditions, the inclusion of different 

fibre sources, such as dry distillers grains and solubles, sugar beet pulp or rapeseed meal led 

to variable effects on the potential for CH4 production from faeces (B0) and the total CH4 

produced per pig (Jarret et al., 2011b, 2012). Thus, altering source of dietary fibre can 

potentially serve to manipulate CH4 emissions from slurry. 

In the current study diets were designed to have a similar insoluble fibre content (160g 

NDF/kg DM), as commercial feeds are typically formulated for a given level of this nutrient. 

The experiment was conducted to investigate the effects of including in growing-finishing pig 

diets two levels (75 and 150 g/kg) of two sources of fibrous by-products highly available in 

the Mediterranean area (orange pulp (OP) and carob meal (CM), with a low or high degree of 

lignification, respectively) on nutrient balance, faecal N fractionation (dietary, bacterial and 

endogenous and soluble), slurry composition and potential NH3 and CH4 emissions.  

 

4.2 Materials and methods 

 

4.2.1 Animals, diets and experimental design 

Thirty finishing male pigs, progeny of Danish Duroc × (Landrace × Large White) 

divided into three series (batches) of 10 animals each were used subsequently in this study. 

Average and standard deviation of body weight of pigs in batches 1, 2 and 3 at allocation in 

metabolism pens were 85.6 (±2.44), 102 (±3.57) and 114 (±2.93) kg, respectively. Five 

experimental feeds were designed: a control diet (C) formulated with the most common 

ingredients used at present in commercial diets for growing-finishing pigs (wheat, barley and 
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soybean meal) and another four diets including two levels (75 or 150 g/kg) of OP or CM in 

replacement of barley grain. In order to maintain a constant NDF, net energy, protein and 

essential amino acid level among diets, lard, soybean meal and synthetic amino acids were 

added to the feeds including fibrous by-products. Essential nutrients were formulated 

according to the recommendations of FEDNA (2006) for fattening pigs. The chemical 

composition of the OP and CM samples and the ingredient and chemical composition of the 

experimental diets is shown in Tables 8, 9 and 10, respectively. As shown, a higher 

concentration of ADF, ADL, EE and sugars resulted in feeds containing fibrous by-products, 

especially in CM based diets. Instead, soluble fibre content was greater in OP compared to 

CM and control diets. 

The experimental period consisted in a 14-day adaptation period to diets followed by a 

period of 7 consecutive days in which faeces and urine were collected individually (21 days in 

total). At the beginning of each trial, pigs were blocked according to live weight, assigned to 

one of five dietary treatments and placed in conventional pens until Day 9 of the adaptation 

period. After this period, animals were individually housed in metabolism pens (1.2 × 2 m
2
) 

until the end of the experiment. These pens allowed the measurement of individual feed intake 

and total and separate collection of faeces and urine. The collection period was divided in two 

parts to facilitate collections for energy and nutrient balance (Days 1-4) and gaseous emission 

study (Days 5-7). Feed and water were provided ad libitum during the adaptation and 

collecting periods. Feed was provided in dry form (pelleted). Pigs were individually weighed 

at the beginning of the adaptation period, at allocation in metabolism pens (Day 9 of 

experiment) and at the end of the experiment. Feed consumption was measured per pen until 

Day 9 of the experimental period and individually until the end of the experiment. Water 

consumption was measured individually during the collection period. Water was supplied by 
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individual tanks and water spillage was collected and considered to calculate real water 

consumption. 

 

4.2.2 Nutrient balance trial and sample preparation 

During the energy and nutrient balance (4 days), total urine and faeces excreted per 

animal were collected daily in separate buckets, weighed and stored in a chamber at 4 ºC until 

the end of the collection period. To avoid N losses due to NH3 volatilization, urine was 

collected under sulphuric acid (120 mL of H2SO4 at 10% per bucket and day). Upon final 

collection the faeces and urine were pooled per pig, mixed, subsampled and stored at – 20 ºC 

until laboratory analyses were performed. During the next 3 days, urine and faeces were 

collected in a similar way, but without any addition of sulphuric acid to urine. At the end of 

the collection period slurries were reconstituted by mixing urine and faeces from each animal 

in the same proportion as excreted. A part of these slurries was used in fresh for pH and NH3 

emission measurements and another one was subsampled and frozen (-20ºC) for B0 and slurry 

characteristics determination. 

 

4.2.3 Feed and effluent’s chemical analysis 

Feeds and faeces from the nutrient balance period were analyzed for dry matter, ash, 

total dietary fibre (TDF), NDF, ADF and ADL, EE, GE, N and NDICP concentration. 

Additionally, faecal N fractionation into undigested and soluble N was determined. Dry 

matter (930.15), ash (923.03), and TDF (985.29) contents of feeds and faeces were carried out 

according to AOAC (2000) procedures. Concentration of NDF, ADF and ADL were 

determined sequentially by using the filter bag system (Ankom Technology Corp., Macedon, 

NY, USA) according to Mertens (2002), AOAC (2000; procedure 973.187) and Van Soest et 

al. (1991), using heat stable amylase (A3306, Sigma-Aldrich, Tres Cantos, Spain), and 
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expressed without residual ash. The contents insoluble fibre were estimated from difference 

between TDF and NDF corrected by CP content in the residue. The contents in hemicelluloses 

(HEM) and cellulose were estimated, respectively, from the differences between NDF and 

ADF and ADF-ADL concentrations. Feed and faeces were defatted with petroleum ether prior 

to fibre analysis. Ether extract content was determined by AOAC methods (920.39). Gross 

energy concentration was measured in an isoperibol bomb calorimeter (Parr 1356, Parr 

Instruments Co., Moline, IL, USA). Total nitrogen was measured by combustion (method 

986.06; AOAC, 2000) using a Leco equipment (model FP-528, Leco Corporation, St. Joseph, 

MI, USA) and CP estimated as N content × 6.25. The proportion of NDICP in feed and faeces 

samples was determined following the standardized procedures of Licitra et al. (1996), by 

analysing the N content (combustion method) in the NDF residues. Nitrogen fractionation of 

faecal samples was carried out according to the procedure suggested by Kreuzer et al. (1989), 

by steam distillation (APHA, 2005) using an automatic analyser (2300 Kjeltec, Foss 

Analytical, Hilleroed, Denmark). In this procedure, total faecal N content is separated after 

centrifugation between soluble (WSN) and sedimented N, and the bacterial and endogenous 

debris (BEDN) calculated from the difference between the N sedimented and the undigested 

N (UDN) estimated from NDICP values.  

Urine was analyzed for DM, N and GE content. The urine was freeze-dried to obtain 

its DM content and mixed with benzoic acid before GE analysis to make sure that all sample 

was burned. Total nitrogen was determined by steam distillation (APHA, 2005) using an 

automatic analyser (2300 Kjeltec, Foss Analytical, Hilleroed, Denmark). 

Immediately after reconstitution, slurry pH was measured by duplicate with a glass 

electrode (Crison Basic 20+, Crison, Barcelona, Spain) and samples were taken to analyze 

DM, ash, TAN, TKN and VFA concentration. The DM and ash content was analyzed using 

the same equipment and following the same methodology than that used in faeces analyses. 
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The TAN and TKN were determined by steam distillation (APHA, 2005) using an automatic 

analyser (2300 Kjeltec, Foss Analytical, Hilleroed, Denmark). To avoid N volatilization, the 

subsample used for TAN analyses was acidified with HCl immediately after reconstitution. 

Volatile fatty acids concentration was determined by gas chromatography equipped with a 

flame ionization detector (HP 68050 series Hewlet Packard, USA) following the method 

described by Jouany (1982) with the addition of an internal standard (4-metil valeric).  

 

4.2.4 Gaseous emissions monitoring 

Ammonia emission was measured from fresh samples of reconstituted slurry over 11 

days using an ammonia trap system similar to that described by Ndegwa et al. (2009). Slurry 

samples of 0.5 kg from each animal + 50 mL of distilled water to prevent surface crust 

formation, were placed in a 1 L closed container and maintained at 25 ºC in a thermostatic 

water bath (Selecta, Spain). Containers were connected to an air pump which extracted air at a 

constant airflow rate of 1.2 L/min. During 11 consecutive days, the air was forced to pass 

through two absorption flasks (impingers) in serial containing 100 mL of sulphuric acid 0.1 N. 

The acid solution was replaced daily during the first 5 days, and every 48 h until the end of 

the assay (Day 11). The NH3 trapped in the impingers was analyzed following 4500 NH3-D 

procedure (APHA, 2005) using a detection electrode (Orion High Performance NH3 

Electrode, model 9512HPBNWP, Thermo Scientific, USA). The cumulative NH3 emission for 

each sample was calculated by adding the amount retained daily in the flasks during the 

experimental test.  

Biochemical CH4 potential from slurry was measured as the cumulative CH4 

production per gram of OM in a batch assay, using 120 mL glass bottles incubated at a 

mesophilic range (35±1 ºC) for 100 days, following the methodology described by Angelidaki 

et al. (2009). Anaerobic inoculum was collected from an anaerobic digester of the Universitat 
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Politècnica de València that treated pig slurry, and pre-incubated during 15 days at 35 ºC in 

order to deplete the residual biodegradable organic material (degasification). A mixture of 

pooled slurry and inoculum was made to obtain an inoculum to substrate ratio of 1 on OM 

basis. Slurry samples from each animal were tested by triplicate. Additionally, three blank 

bottles containing only anaerobic inoculum were also used in order to determine its 

endogenous CH4 production. This was subtracted from the CH4 produced by the slurry on 

each biogas sampling day. After filling, each bottle was sealed with butyl rubber stoppers and 

aluminium crimps and the headspace was flushed with pure N2 for 2 min.  During incubation, 

biogas volume in each bottle was regularly monitored (from 1 to 10 days depending on biogas 

production) by pressure measurement of the headspace using a manometer (Delta Ohm, HD 

9220, Italy). Methane concentration in the biogas was further analyzed using a Focus Gas 

Chromatograph (Thermo, Milan, Italy) equipped with a split/splitless injector and a flame 

ionization detector. 

 

4.3 Statistical analysis 

Animal was the experimental unit for all the traits studied.  The whole data set derived 

from the five dietary treatments was analyzed in a one factor ANOVA as a completely 

randomized design, with trial series, type of diet and its interaction as main effects by using 

PROC GLM of SAS (2008). The effects of type of diet were analyzed as a factorial 

arrangement by using orthogonal contrasts with source and level of inclusion of fibrous feeds 

as main factors. Contrasts of each of the experimental treatments against the control diet were 

done by using a Dunnett test. Specific contrasts among means were done when needed. 

Cumulated CH4 evolution was analyzed by a repeated measures model using PROC MIXED 

of SAS (2008). Sources of variation included treatment, time, and the treatment × time 

interaction. The random variable was pig within treatment. Variables were analyzed subjected 
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to three covariance structures: compound symmetry, compound symmetry heterogeneous and 

autoregressive order 1. Using the largest Akaike information criterion and Schwarz Bayesian 

criterion, the compound symmetry was the structure that fitted the model best. 

 

4.4 Results 

The influence of trial series and of its interactions with dietary treatments on any of the 

traits studied was not significant and it is not shown. 

 

4.4.1 Coefficient of total tract apparent digestibility (CTTAD) 

An interaction was observed for feed intake (P = 0.045) indicating that it decreases 

with the level of fibre in diets with OP while increases with the level of fibre in diets with CM 

(C: 2.67 kg/day; OP75: 2.62 kg/day; OP150: 2.52 kg/day; CM75: 2.55 kg/day; CM150: 3.00 

kg/day; SEM: 0.143). The interaction between source and level of fibrous by-products added 

had a significant impact on DM, OM and GE digestion efficiency, as these CTTAD values 

increased with OP but decreased with CM inclusion (P<0.05, see table 11). Faecal 

digestibilities of TDF, NDF, ADF, ADL and CEL digestibility averaged 0.661, 0.548, 0.366, 

0.254 and 0.420, respectively, in all fibre by-products supplemented feeds and varied in 

parallel to changes in DM digestibility. Hemicellulose CTTAD values were high (0.666 as 

average), tending (P=0.08) to increase in OP diets, but were not affected by the level of 

inclusion of fibrous by-products. Soluble fibre digestibility values were also high (0.880 as 

average) and did not differ among sources and levels of fibre. Otherwise, CP digestibility was 

lower in CM than in OP diets (0.798 vs. 0.824; P=0.003) and at the highest levels of inclusion 

of both fibrous ingredients (0.803 vs. 0.820; P=0.03).  

When comparing with respect to C diet, inclusion of both types of fibrous by-products 

decreased DM, OM and CP CTTAD values, although the decrease was lesser, and sometimes 
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non-significant, in diets including 150 g/kg of OP. Otherwise, the inclusion of 150 g/kg of OP 

increased while the inclusion of 150 g/kg of CM decreased NDF and ADF CTTAD. 

Moreover, the CTTAD of EE was higher in the treatments with the greatest fibre inclusion 

levels, in parallel to the higher addition of lard to these diets in order to make them 

isoenergetic. Energy CTTAD in diets including OP did not differ from C diet, but decreased 

in diets including CM. 

 

4.4.2 Composition of effluents 

According to the digestibility results, the interaction source × type of dietary fibre 

added was significant (P<0.05) for NDF, ADF and ADL faecal contents expressed on DM 

basis, as these components decreased with level of inclusion of OP but increased in the case 

of CM (Table 12). Dry matter and OM concentration in faeces increased only for diet CM150 

(P<0.05, with respect to any of the other fibrous-added diets). Crude protein faecal 

concentrations increased (P<0.02) and hemicellulose decreased (P<0.001) with level of 

fibrous by-products addition in both fibrous sources. Otherwise, OP treatments tended to have 

a greater CP (P=0.06) and hemicellulose (P<0.001) and a lesser (P<0.02) NDICP and gross 

energy concentration in faeces than CM treatments. The soluble fibre content in faeces was 

low in all treatments but tended (P<0.109) to increase with the level of OP and CM in diets. 

No significant effects of source and level of fibrous by-products were detected neither on 

urine DM and N content. However, a trend (P=0.093) was observed for greater relative 

energy urine losses in OP than in CM diets. 

The comparison of results with CM versus the C diet shows a decrease of 

hemicellulose and cellulose contents in faecal DM, but an increment in those of OM, CP, 

NDICP, ADFom and ADL in CM diets, with no significant differences in those of DM, EE, 

and NDF concentrations. The differences were smaller in the case of OP than in CM diets, as 



 

62 
 

a greater content of EE, CP and a lower of cellulose were observed, but only at the highest 

level of inclusion (150 g/kg).  

 

4.4.3 Dry matter and nitrogen flows 

The DM and N daily balances and the separation of faecal N in fractions for each of 

the experimental diets are shown in Table 13. Values are expressed per kg of metabolic 

weight to correct the increase of pig weight throughout the successive trial series and as g/g 

total faecal N in the case of N fractionation. 

A trend for an interaction (P≤0.08) between source and level of inclusion of fibrous 

feeds was observed both on DM and N intake, faecal N and urine N excretion, as values 

tended to decrease with dietary level of inclusion for OP, but to increase in CM diets. When 

comparing with the C diet, the only significant differences observed were a higher faecal N 

excretion (+54%) in the case of diet CM150 and a lower urine N excretion (–23%) in the case 

of diet OP150. Daily N retention averaged 1.08 g/kg
0.75

 (54.8% of mean N intake) and was 

not affected by any of the treatments studied. 

Average proportions of UDN, BEDN and WSN on total faecal N excretion were, 

respectively, 0.139, 0.574 and 0.287 and were not affected by source or level of fibre. When 

comparisons were made against C diet, the only differences that reached significant levels 

(P<0.05) were the increments observed in the proportion of UDN and the decrease in that of 

WSN for the diets containing CM. 

 

 

4.4.4 Slurry characteristics and gaseous emissions 

Water intake during the collection period was not affected by treatments, averaging 

7.36 ± 3.29 (SD) kg/day. The initial slurry characteristics (DM, OM, TAN, TKN and VFA) 
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did not differ significantly among the different fibre sources and levels tested (Table 14), 

although pH decreased (from 8.08 to 7.45 in average, P=0.011) with dietary fibre level. 

Ammonia emission from slurry (g NH3/kg slurry) was not affected by the source and level of 

dietary fibre. A trend (P=0.059) was observed for a lower proportion of N-NH3 emitted per kg 

of initial TKN in the slurries with a higher inclusion of fibrous by-products independently of 

the fibre source. Otherwise, CH4 potential tended to be lower (P=0.052) in slurries from 

animals fed the highest fibre levels independently of the fibre source.  

When slurry characteristics and the derived gaseous emission in the fibrous treatments 

were compared with treatment C, NH3 emission per kg of slurry was lower (P<0.05) in 

treatment OP150.  Otherwise, when analyzed together, NH3 emission per kg of slurry 

decreased significantly in all the fibre -supplemented diets with respect to the control (from 

2.44 to 1.81g, P<0.05). Figure 5 shows the evolution of the cumulated CH4 emission with 

time in the B0 assay.  

On Days 1 and 3, the slurry from treatments OP75 and OP150 produced higher 

(P<0.05) amounts of CH4 than the rest of treatments. On Days 6 and 8, CH4 levels of OP75 

diet were higher (P<0.05) than control diet, but not different from the others. Beyond Day 45, 

cumulated CH4 production from OP75 slurries was significantly higher than that of CM150 

(P<0.05) and tended to be different from OP150 (P=0.07) but not from C and CM75. No 

significant interaction was detected between treatments and time. 

 

 

4.5 Discussion 

In the current study, dietary soluble fibre proportions increased in parallel to OP (from 

61.2 in the C to 97.3 g/kg DM in the OP150 diet), and those of ADL to CM inclusion level 

(from 8.0 in the C to 33.9 g/kg DM in CM150 diet). 
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The dietary changes implied small variations in DM intake (g/kg
0.75

) that decreased 

(by 6.31%) in the OP150 and increased (by 5.76%) in the CM150 diet in respect to C diet. 

This effect is in accordance with former results (Glitsø et al., 1998; Wenk, 2001) of an 

opposite influence of soluble and insoluble fibre on transit time and satiety. Additionally, 

these differences in the cell wall constituents implied significant changes of NDF digestibility, 

which increased with OP addition (by 12.8%, between C and OP150 diets), but decreased in 

parallel to CM level (by 8.57 and 21.9% in diets CM75 and CM150 diets, respectively). As 

reported by previous works in pigs (Graham et al., 1986; Chabeauti et al., 1991; Bach 

Knudsen and Hansen, 1991; Bach Knudsen et al., 1993), cell wall digestibility depends on its 

degree of lignification, as lignin makes more difficult the microbial degradation of other 

potentially fermentable cell wall constituents. Otherwise, soluble fibre was extensively 

fermented in all the experimental diets of the current study, which agrees with previous works 

in pigs (Graham et al., 1986; Bach Knudsen et al., 1993; Canibe and Bach Knudsen, 1997; 

Glitsø et al., 1998). In all, changes in dietary composition and differences in NDF digestibility 

resulted in an increase of the amount of total fibre fermented (digestible NDF + digestible 

soluble fibre) in parallel to OP inclusion (from 124 in the C diet to 144 and 174 g/kg DM in 

75 and 150 OP diets, respectively), but in little effect of CM level of substitution (122 and 118 

g/kg DM for 75 and 150 CM diets).  

Proportion of ADL in faecal DM increased in parallel to CM inclusion (from 46.8 g/kg 

in the C diet to 102 and 166 g/kg in CM75 and CM150 diets, respectively). As a consequence, 

a less degradable OM content in the slurry from CM diets should be expected. According to 

Angelidaki and Sanders (2004), lignin and cellulose has a relatively lower CH4 potential 

emission than other organic constituents, whereas fat and proteins have the highest. According 

to Triolo et al. (2011) lignin concentration in OM is the strongest predictor of B0 in substrates 

due to their high negative correlation. In the same way, Beccaccia et al. (2015a) found a 
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significant positive effect of NDF, but negative of ADL concentration in the slurry on 

potential CH4 emissions. Contrary to expected, in the present study, the B0 tended to be lower 

in the diets with the highest fibrous by-products inclusion level (150 g/kg), independently of 

the source of fibre. Different mechanisms might be responsible of this reduction in CH4 

production with the inclusion of by-products. Unlike faeces from animals fed OP, faeces from 

animals fed CM contained higher contents of non-degradable material such as NDICP and 

lignin that could explain this lower B0. In the case of OP, although slurries from treatments 

OP150 and OP75 produced higher amounts of CH4 at the beginning of the batch assay, the 

accumulated production early started to stabilize in treatment OP150 (Figure 5). However, 

slurries from treatment OP75 continued producing higher amounts of CH4 on Day 45. The 

degradation of OM into CH4 is a biological process which is sensitive to inhibitors such as 

VFA and free NH3 (Chen et al., 2008; Vedrenne et al., 2008). Within the complexity of 

methanogenesis it is known that in anaerobic digestion, the inclusion of excessive amounts of 

highly degradable materials such as industrial orange wastes can inhibit methanogens due to 

accumulation of VFAs and a decrease in digester pH (Kaparaju and Rintala, 2006; Chen et al., 

2008). Finally, no clear relationship between effluent EE and potential CH4 emissions could 

be detected. Although CTTAD of EE was higher at the highest levels of inclusion of fibre, EE 

content of diets was also higher, which may have diluted the effects of treatments in slurry 

composition. Also, EE content in faeces was affected by fibre source but not by fibre level, 

whereas B0 tended to be lower at the highest fibre inclusion level, regardless the fibre source. 

For this reason, it seems that in this study fat content had no direct effect on CH4 emissions 

and fibre composition may be the most relevant factor. Then, it seems that, the slurry from 

treatment OP75 was the one that offer the best conditions in terms of the equilibrium between 

the degradable and non-degradable OM for CH4 yield. Not only B0 but also the amount of OM 

excreted per pig is determinant on the impact of CH4 in pig production. In this way, expressed 
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per pig and day, CH4 production in the present experiment did not differ among the 

experimental diets.  

Faecal CP digestibility decreased with level of incorporation of both fibrous by-

products compared to C diet. This result might be explained by the high proportion of NDICP 

in the OP and CM samples used in the current work (0.515 and 0.369, respectively) and agree 

with the low CP digestion efficiencies assigned to these ingredients for growing pigs in 

different international feed tables (from 0.35 to 0.57; INRA, 2002; CVB, 2004; FEDNA, 

2010). Additionally, digestibility of CP of OP in the whole digestive tract is relatively low 

even in ruminants (from 0.422 to 0.757; Bampidis and Robinson, 2006), which might be 

related to the formation of Maillard compounds during the drying of these feeds. These effects 

on CP digestibility when NDF in the C diet was replaced with more fermentable or lignified 

sources of fibre led to an increase of faecal CP excretion on DM. At the same time, N 

concentration in urine DM decreased in all the experimental diets with respect to C (P<0.05).  

The inclusion of soluble fibre led to a decrease of urine: faecal N ratio (from 2.0 in the 

C to 1.3 in the OP 150 diet), which agrees with previous works (Canh et al., 1997; Zervas and 

Zijlstra, 2002a; Bindelle et al., 2009; Heimendahl et al., 2010). This effect has been generally 

explained by an increase in the amount of N used for microbial protein synthesis in the 

hindgut, which is excreted in faeces (organic N) instead of in urine (urea N). However, in the 

current study, BEDN proportion in total faecal N tended to be lower when a higher proportion 

of highly fermentable fibre was given in OP diets. Previous works (Kreuzer et al., 1999; 

Heimendahl et al., 2010) measured faecal N fractions in pigs using the same methodology 

than in the current study. In these studies, a significant decrease of BEDN proportion in total 

faecal N was observed with soluble fibre supplementation, but daily faecal N and BEDN 

excretion increased, because highly fermentable sources of fibre (as citrus or sugar beet pulp) 

replaced starch in the experimental feeds, so that dietary NDF content increased in parallel to 
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by-products inclusion. Consequently, differences in supply of soluble fibre among diets were 

great and led to a significant increase of DM and N intake. However, when citrus and beet 

pulp were added to diets with similar NDF levels, little effect of inclusion of soluble fibre on 

daily BEDN excretion was also reported (Kreuzer et al., 1999; experiment 1). In the same 

way, several works (Graham et al., 1986; Bach Knudsen et al., 1993; Glitsø et al., 1998) have 

demonstrated that a significant proportion of the dietary soluble fibre (from 0.20 to 0.40) is 

fermented before the ileum, and so it would not be a direct substrate for hindgut microbial 

population. Then the suggested effect of the fermentable fibre in the diet on microbial N 

should be revised. 

When more insoluble sources of fibre were used, other research shows discrepancies 

with respect to its effect on urine: faecal N ratio. In some studies (Zervas and Zijlstra, 2002b; 

Bindelle et al., 2009) inclusion of oat hulls in the diet did not reduce this ratio, whereas others 

(Galassi et al., 2010; Jarret et al., 2012) adding, respectively wheat bran or dry distillers grains 

and solubles, reported a significant decrease (by 33.5 or 46.4%, respectively). In the current 

study, CM addition also reduced urine: faecal N ratio (from 2.0 in the C with respect to 1.3 

and 1.1 in the CM 75 and 150 diets, respectively), which was more related to a greater faecal 

than to a lesser urine excretion. Inclusion of CM did not either affect proportion of BEDN in 

total faecal N, although daily BEDN excretion increased in diet CM 150 with respect to C 

diet, because of a higher faecal DM excretion.  

The results from the current study also indicate that part of the increment in tota l 

faecal N excretion with both sources of fibre was due to UDN, especially in the case of CM 

diets, in parallel to the increased amount of CP bounded to NDF in fibrous by-products feeds. 

This result agrees with that obtained by Heimendahl et al. (2010), where the increase of UDN 

fraction with sugar beet pulp supplementation explained a greater proportion of the increment 

of total faecal N than BEDN. Fraction WSN in faeces has been associated (Kreuzer et al., 
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1999; Heimendahl et al., 2010) to endogenous N losses (i.e. enzyme secretions, bacteria lysed 

before excretion, mechanical erosion of mucosa), although average UDN excretion in the 

current study (1.44 g/kg DM) was below the general value (1.89) established by Jansman et 

al. (2002). Some studies have reported that high fibre diets might increase endogenous N 

losses (Souffrant, 2001), but differences in ileal endogenous N flow again became no 

significant when iso-NDF diets containing various fibre sources were compared (Schulze et 

al., 1995, experiment 2). 

A low urine: faecal N ratio is associated with a low NH3 emission from the slurry, 

reducing the environmental load of pig facilities (Nahm, 2003). In the present study, at a fixed 

temperature, the most important factors related to NH3 emission were pH and the form and 

content of N. Total Kjeldahl N and TAN concentration in the slurry were not different among 

treatments. However, as indicated, urine N content and urine: faecal N ratio was lower in the 

fibrous diets than in C diet. Consequently, all fibrous diets showed a lower NH3 emission per 

kg of slurry than C diet. From all the fibrous diets, OP150 showed the lowest NH3 emission 

compared to the control diet. Kreuzer et al. (1998) also showed that feeds with high contents 

in pectin and hemicellulose, like citrus pulp and sugar beet pulp, were the most effective fibre 

sources to reduce N loss in manure, as compared to cellulose from rye bran and cassava.  

Additionally, the lowest proportion of N-NH3 with respect to the initial TKN was 

observed in treatments OP150 and CM150 (0.169 and 0.186, respectively). The slurry from 

the rest of treatments (including C) lost approximately 0.210 of the initial N as N-NH3. 

Similarly, Sutton et al. (1999) reported losses of 0.140 and 0.237 of the initial N as N-NH3 in 

sugar beet pulp and grain based diets, respectively, over a 7-day volatilization study. This 

means that the N contained in the slurries with a higher inclusion of fibrous by-products had a 

lower volatilization potential probably due to both, the lower urine: faecal N ratio and its 

lower pH. Contrary to the results obtained by Canh et al. (1998c) and Jarret et al. (2012), in 
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the present study, the inclusion of fermentable fibre did not cause significant differences on 

VFA of slurry. In agreement with the faecal N fractionation analyses, bacterial activity seems 

not to be especially relevant in OP diets compared to the other diets. However, slurry pH was 

significantly lower in the diets including 150 g/kg of OP or CM compared to the diets 

including 75 g/kg, thus indicating that in this case, slurry pH does depend more on the level 

than on the source of fibre and that, as Canh et al. (1998c) suggested, other factors in addition 

to VFA can be related with pH changes. These other factors might include carbonate 

concentrations of the slurry (Wellinger, 1985; Sommer and Husted, 1995).  

 

4.6 Conclusions 

In all, our results suggest that the changes induced in effluent composition by 

differences in dietary fibre composition affected the B0 and NH3 potential emission from 

slurry. Both, the supply of lignocellulosic material in CM diets and of highly fermentable 

fibre in OP diets affected negatively B0 at the highest level of inclusion (150 g/kg). Results 

also indicate that effects of source of fibre on faecal N constituents are complex and cannot be 

only explained by the influence of dietary fibre on microbial CP synthesis in the hindgut. The 

changes observed led to a less degradable N content in the slurry from feeds including both 

types of fibrous by-products, with an increase in the proportion of faecal CP excreted as 

NDICP and a decrease of the urine: faecal N ratio. As a result, NH3 emission from slurries of 

animals fed diets including both types of fibrous by-products were lesser than in the control 

diet.  
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Table 8. Chemical composition of the fibrous ingredients used in the experimental diets (g/kg, 

as fed basis). 

  Orange pulp Carob meal 

Dry matter 907. 867 

Ash     60.9     30.7 

Crude protein     52.6     42.5 

NDICP
a
     27.1     15.7 

Ether extract     16.0     8.0 

Total dietary fibre 515 405 

NDF 274 353 

ADF 185 317 

ADL     24.7 173 

Sugars
 

206 354 

Soluble fibre
 b 

268     68.0 

Gross energy (MJ/kg)     15.8     16.6 

aNeutral detergent insoluble crude protein. 
bCalculated as total dietary fibre minus NDF corrected for protein. 
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Table 9. Ingredient composition of the experimental diets (g/kg) 

 Control OP75
a
 OP150

a
 CM75

a
 CM150

a
 

Barley grain 400 301 202 282 163 

Wheat grain 450 450 450 450 450 

Soybean meal, 42.5% CP 103 122 141 132 161 

Orange pulp 0     75.0 150 0 0 

Carob meal 0 0 0     75.0 150 

Lard     11.9     20.5     29.0     27.5     43.0 

Calcium carbonate     11.6         8.00         4.39     10.1         8.64 

Sodium chloride         3.89         3.78         3.67         3.84         3.79 

Monocalcium phosphate         8.76         9.42     10.1         9.37     10.0 

L-Lysine HCL         4.07         3.87         3.67         3.69         3.32 

DL-Methionine         0.59         0.61         0.62         0.58         0.57 

L-Threonine         1.13         1.11         1.10         1.11         1.08 

Premix
b
         5.00         5.00         5.00         5.00         5.00 

aOP75 = 75 g/kg orange pulp; OP150 = 150 g/kg orange pulp; CM75 = 75 g/kg carob meal; CM150 = 150 g/kg carob meal.  
bVitamin and mineral premix supplied per kg complete diet: 5000 IU of vitamin A; 1000 IU of vitamin D3; 3 mg of vitamin B2; 20 mg of vitamin B12; 10 mg 

of niacin; 4 mg of pantothenic acid; 48 mg of betaine; 30 mg of manganese oxide; 110 mg of zinc oxide; 10 mg of copper sulphate; 0.75 mg of potassium 

iodide; 0.1 mg sodium selenite; 90 mg of iron carbonate.   
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Table 10. Chemical composition of the experimental diets (g/kg, as fed basis) 

 Control OP75
a
 OP150

a
 CM75

a
 CM150

a
 

Analyzed      

Dry matter 912 902 903 895 899 

Ash     51.8     53.0     54.3     52.1     51.0 

Crude protein 158 156 154 153 157 

NDICP
b
     21.4     26.7     21.2     23.8     20.8 

Ether extract     43.0     53.3     62.9     59.2     72.1 

Total dietary fibre 194 214 234 200 212 

NDF 154 165 158 164 161 

ADF     45.6     52.3     56.3     61.0     75.4 

ADL       8.0       9.0     10.7     18.9     33.9 

Soluble fibre
 c

     61.2     75.9     97.3     60.1     71.4 

Gross energy (MJ/kg)     16.8     16.9     17.0     16.9     17.4 

Calculated
d
      

Net energy (MJ/kg DM)         9.83         9.83         9.83         9.83         9.83 

Calcium         6.80         6.65         6.50         6.65         6.50 

Digestible phosphorous         2.80         2.91         3.02         2.90         3.00 

Sodium         1.70         1.70         1.70         1.70         1.70 

Chlorine         3.92         3.75         3.58         3.81         3.70 

Ileal digestible amino acidsd 

Lysine         8.21         8.18         8.16         8.14         8.07 

Methionine         2.55         2.52         2.50         2.50         2.45 

Total sulphur amino acids         5.08         4.97         4.86         4.92         4.76 

Threonine         5.20         5.20         5.20         5.20         5.20 

Tryptophan         1.54         1.53         1.52         1.53         1.52 

Valine         5.86         5.81         5.76         5.78         5.70 

Isoleucine         4.87         4.90         4.92         4.92         4.97 

aOP75 = 75 g/kg orange pulp; OP150 = 150 g/kg orange pulp; CM75 = 75 g/kg carob meal; CM150 = 

150 g/kg carob meal.  
bNeutral detergent insoluble crude protein.  
cCalculated as TDF minus NDF corrected for NDICP. 
dValues calculated according to FEDNA (2010). 
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Table 11. Effect of source (S) and level (L) of fibrous byproducts on the apparent total tract digestibility coefficients and energy balance of the 

experimental diets.  

 Treatments
a
  Significance 

 Control OP75 OP150 CM75 CM150 SEM
b
 S L S × L 

Dry matter
c,d,e

 0.868 0.852 0.868 0.835 0.820 0.005 <0.001 0.860 0.004 

Organic matter
,d,e

 0.884 0.868 0.880 0.852 0.835 0.004 <0.001 0.402 0.002 

Crude protein
c,d,e,f

 0.866 0.828 0.820 0.812 0.785 0.073 0.003 0.031 0.230 

Ether extract
g,h

 0.746 0.757 0.788 0.772 0.788 0.009 0.448 0.025 0.447 

Total dietary fibre
 f 

0.630 0.674 0.745 0.640 0.587 0.017 <0.001 0.616 0.006 

Soluble fibre
 i
 0.883 0.940 0.926 0.931 0.883 0.028 0.408 0.324 0.578 

NDF
d,e,f

 0.572 0.577 0.645 0.523 0.447 0.009 <0.001 0.654 <0.001 

ADFom
e,f

 0.368 0.395 0.535 0.317 0.218 0.019 <0.001 0.297 <0.001 

ADL 0.216 0.172 0.398 0.332 0.115 0.051 <0.007 0.060 0.032 

Hemicelluloses
j
 0.656 0.662 0.703 0.650 0.650 0.017 0.083 0.252 0.252 

Cellulose
c,f,g,k

 0.368 0.438 0.542 0.400 0.303 0.015 <0.001 0.749 <0.001 

Gross energy
d,e

 0.872 0.855 0.863 0.835 0.820 0.004 <0.001 0.451 0.016 

(DE-UE)/DE
h,l

 0.975 0.972 0.969 0.973 0.973 0.002 0.093 0.558 0.250 

aOP75 = 75 g/kg orange pulp; OP150 = 150 g/kg orange pulp; CM75 = 75 g/kg carob meal; CM150 = 150 g/kg carob meal. bStandard error of means (n = 6). 
cContrast control vs. OP75 (P<0.05). dContrast control vs. CM75 (P<0.01). eContrast control vs. CM150 (P<0.01). fContrast control vs. CM150 (P<0.01).  
gContrast control vs. OP150 (P<0.05). hContrast control vs. OP150 (P<0.05). iCalculated as TDF minus NDF corrected for protein. jCalculated as the 

difference between NDF and ADF. kCalculated as the difference between ADF and ADL. lProportion of digestible energy not loss in urine. 
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Table 12. Effect of source (S) and level (L) of fibrous byproducts on faeces and urine composition (g/kg DM, unless otherwise specified). 

 Treatments
a
 Significance 

 Control OP75 OP150 CM75 CM150 SEM
b
 S L S x L 

Faeces          

Dry matter (g/kg) 322 309 302 314 345 11.9 0.068 0.331 0.151 

Organic matter
,d

 833 836 837 847 862 3.0 <0.001 0.022 0.034 

Crude protein
e,f

 179 200 229 197 205     5.8 0.065 0.014 0.131 

NDICP
c,g,h

     43.8     46.6     54.8     69.5     90.9     4.5 0.009 0.160 0.524 

Ether extract
e
     81.6     88.2 100 82.7     83.3     3.8 0.007 0.108 0.147 

Total dietary fibre 487 462 431 432 444   18.2 0.748 0.720 0.423 

Soluble fibre
 i
     45.4 31.5     54.5     25.0     43.7   11.0 0.479 0.109 0.859 

NDF 478 473 423 476 492   14.5 0.003 0.120 0.005 

ADF
c,g

 216 215 196 255 325     6.6 <0.001 0.002 <0.001 

ADL
c,g

 46.8     50.0     48.4 102 166     6.1 <0.001 0.001 0.001 

Hemicelluloses
c,j

 262 258 227 221 167   10.2 <0.001 <0.001 0.682 

Cellulose
e,f,g,k

 169 165 148 154 159     2.8 0.933 0.019 <0.001 

Urine          

Dry matter (g/kg)     40.1     34.5     36.7     33.1     40.2     5.82 0.626 0.449 0.955 

Total Kjeldahl N
l 

205 167 168 173 164     5.83 0.648 0.445 0.255 

aOP75 = 75 g/kg orange pulp; OP150 = 150 g/kg orange pulp; CM75 = 75 g/kg carob meal; CM150 = 150 g/kg carob meal. bStandard error of means (n = 6). 
cContrast control vs. CM150 (P<0.01). dContrast control vs. CM 75 (P<0.05). eContrast control vs. OP150 (P<0.01). fContrast control vs. CM150 (P<0.05). 
gContrast control vs. CM 75 (P<0.01). hNeutral detergent insoluble crude protein. iCalculated as TDF minus NDF corrected for protein. jCalculated as the 
difference between NDF and ADF. kCalculated as the difference between ADF and ADL. lContrast control vs all fibrous by-products added diets (P<0.05).  
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Table 13. Effects of source and level of fibrous by-products in the diet on daily DM and N balance and on the proportions of faecal N fractions. 

 
 

Treatments
a
 

 Significance 

 
Control OP75 OP150 CM75 CM150 SEM

b
 S L S x L 

Mean body weight (kg) 107 107 106 105 109 1.64 0.820 0.415 0.091 

DM balance (g/kg0.75)          

Intake     72.9     71.3     68.3     65.7     77.1 3.80 0.724 0.326 0.082 

Faeces
c 

    10.2     10.4         9.10     10.8     14.0 1.00 0.012 0.322 0.025 

Urine         2.78         3.05         2.70         2.79         3.15 0.17 0.725 0.892 0.063 

N balance (g/kg
0.75

)          

Intake         2.02         1.97         1.86         1.80         2.15 0.105 0.638 0.293 0.046 

Faeces
c
          0.297           0.341         0.338         0.341           0.458 0.030 0.081 0.097 0.064 

Urine
d
          0.584           0.553         0.448         0.462           0.508 0.031 0.538 0.517 0.029 

Retained
e
         1.14         1.08         1.07         0.979         1.16 0.075 0.775 0.260 0.179 

N fractions in faeces (g/g total faecal N)         

UDN
c,f,g

          0.088          0.130         0.134         0.165         0.178 0.026 0.146 0.681 0.948 

BEDN
h
         0.593          0.549         0.530         0.590         0.606 0.031 0.095 0.928 0.562 

WSN
c,i

         0.318          0.321         0.336         0.245         0.216 0.023 0.229 0.540 0.578 
aOP75 = 75 g/kg orange pulp; OP150 = 150 g/kg orange pulp; CM75 = 75 g/kg carob meal; CM150 = 150 g/kg carob meal. bStandard error of means (n = 6). 
cContrast control vs. CM150 (P<0.05). dContrast control vs. OP150 (P<0.05). eCalculated as the difference between N intake and the sum of N in faeces + N 

in urine. fUndigested dietary N. gContrast control vs. CM75 (P<0.05). hBacterial and endogenous debris N. iWater soluble N. 
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Table 14. Effect of source and level of fibrous by-products in the diet on slurry (faeces + urine) excretion, initial characteristics and derived 

ammonia (NH3) emission and biochemical methane potential (B0). 

 Treatments
a
 Significance 

 Control OP75 OP150 CM75 CM150 SEM
b
 S L S x L 

Slurry excretion (kg/d)       3.16       4.19       3.43       4.05       4.36 0.494 0.435 0.656 0.307 

Slurry characteristics          

DM (g/kg) 136.8 109.2 114.5 100.6 121.7    13.43 0.958 0.324 0.554 

OM (g/kg) 108.7   87.3 91.9   82.0 99.9    10.97 0.899 0.305 0.541 

Total ammonial N (g/L)       3.00       3.92       3.26      2.99       3.59      0.700 0.584 0.958 0.263 

Total Kjeldahl N (g/kg)       9.89       8.27       7.73      7.26       8.70      1.04 0.980 0.620 0.282 

pH
c,d 

      6.86       8.00       7.41      8.17       7.49 0.232 0.601 0.011 0.844 

Total volatile fatty acids (mmol/L)    68.1     84.8 78.1 67.1 73.8      9.20 0.242 0.989 0.459 

Acetic acid (mmol/L)    48.7     52.6 48.1 41.9 46.1      5.53 0.184 0.978 0.363 

Propionic acid (mmol/L) 13.5     13.7 12.7 12.1 13.4      1.76 0.825 0.916 0.526 

Butyric acid (mmol/L)       8.10     10.6 10.10      8.50 11.2      1.56 0.759 0.482 0.308 
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Gas emissions          

Ammonia emission assay          

g NH3/kg slurry
e,f,g 

      2.44         1.84 1.64 1.76 1.99 0.205 0.409 0.973 0.135 

g NH3-N/kg initial total Kjeldahl N
e 

207 209 169 205 186 16.0 0.694 0.059 0.495 

mg NH3/animal and day
h
 840 812 597 783 839 82.0 0.221 0.357 0.124 

Biochemical methane potential          

B0, mL methane/g OM 353 393 332 361 326 26.4 0.412 0.052 0.586 

L methane/animal and day 118 134 116 129 144 10.3 0.257 0.855 0.117 

aOP75 = 75 g/kg orange pulp; OP150 = 150 g/kg orange pulp; CM75 = 75 g/kg carob meal; CM150 = 150 g/kg carob meal.  
bStandard error of means (n = 6).  
cContrast control vs. OP75 (P<0.05).  
dContrast control vs. CM75 (P<0.05).  
eCumulated (11 days). 

 fContrast control vs. OP150 (P<0.05).  
gContrast control vs. all fibrous by-products added diets (P<0.05). 

 h24-h NH3 emission from the slurry produced by one animal in 1 day.  
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Figure 5.  Effect of diets on cumulated methane emission potential from slurry over 

100 days (SD=21.0 mL/g OM). Treatments are: OP75 = 75 g/kg orange pulp; OP150 = 150 

g/kg orange pulp; CM75 = 75 g/kg carob meal; CM150 = 150 g/kg carob meal. Mean values 

of OP75 and OP150 were greater (P<0.05) than the others on Days 1 and 3. On Days 6 and 8, 

CH4 levels of OP75 were higher (P<0.05) than control and no different from the others. From 

Day 45 OP75 was higher than CM150 (P<0.05). 
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          5.1 Introduction 

Previous research (Møller et al., 2004a; Dinucio et al., 2008, Moset et al., 2010) has 

demonstrated that there is a link between pig slurry composition, microbial fermentation and 

GHG and NH3 emissions. In addition, factors such as nutrition can directly affect, within the 

range of commercial feeds formulation, faecal and urine excretion and composition, and 

therefore slurry characteristics. A better understanding of these relationships has allowed 

designing several nutritional strategies to mitigate gaseous emissions from pigs (Aarnink and 

Verstegen, 2007).  

The effects derived after feeding growing-finishing pigs with different levels of CP are 

well known, as many studies have been done to understand the relationship between N intake, 

N excretion and NH3 emission (e.g. Canh et al., 1998; Portejoie et al., 2004; Hernández et al., 

2011). However, little is known about the influence of protein source on these variables. 

Changes in protein source can directly affect its digestion efficiency and the type and 

proportion of N compounds excreted in faeces and urine; moreover they are frequently 

associated with differences in type of dietary fibre and then in microbial fermentation. A 

better characterization of the N components in the slurry (indigestible constituents, 

endogenous fraction, microbial and urine N) might help to improve the prediction of 

emissions from pigs.  

The aim of the current research was to evaluate the effect of different protein sources 

in iso-nutritive diets on digestion , slurry composition and gaseous emissions in growing pigs, 

comparing diets formulated with three commonly protein feeds used in pig nutrition 

nowadays (soybean, sunflower meal and wheat DDGS), differing in NDICP and in cell wall 

composition. 
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          5.2 Materials and methods 

 

5.2.1 Animals and diets  

Twenty-four growing male pigs, progeny of Danish Duroc × (Landrace × Large 

White) divided into two series (batches) of 12 animals each were used subsequently in this 

study. Average and SD of body weight of pigs in batches 1 and 2 at allocation in metabolism 

pens were 52.3 (±2.20) and 60.8 (±2.71) kg, respectively. Three experimental feeds were 

formulated by substituting a mixture of soybean meal and soybean hulls (SB, 0.70:0.30) with 

sunflower meal (SFM) or wheat DDGS (WDDGS). The mixture SB was designed to have an 

equivalent CP as the other protein sources. Level and type of cereals were also modified in 

order to minimize changes in soluble fibre concentration, although this objective was only 

partially attained. The rest of the ingredients were formulated to attain iso-nutritive (net 

energy, crude protein, neutral detergent fibre, essential amino acids, Ca and P) diets according 

to the recommendations of FEDNA (2006) for growing fattening pigs. The chemical 

composition of the protein sources used, and the ingredient and chemical composition of the 

experimental diets is presented in Tables 15, 16 and 17, respectively. The substitution of SB 

with SFM and WDDGS led to an increase of the dietary concentration of NDICP, and to a 

decrease in EE. The proportions of ADL and soluble fibre (SF) were also lower and higher, 

respectively, in the SB than in the SFM and WDDGS-based diets. Eventually, all the changes 

made resulted in a control (classic) corn-soybean diet, whereas the other two were mostly 

based on local feeds, and closer to current European practical pig diets. 
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5.2.2 Experimental procedures, sample preparation, chemical analyses and emission 

measurements 

The general methodology used in this experiment has already been outlined in a 

companion paper (Beccaccia et al., 2015b). 

 

5.3 Statistical analysis 

Animal was the experimental unit for all the traits studied.  Data were analysed as a 

completely randomized design with type of diet, trial series and its interaction as main effects 

by using PROC GLM of SAS (2008). Comparisons among treatment means were done by 

using a t-test. Cumulated CH4 evolution was analysed by a repeated measures model using 

PROC MIXED of SAS (2008). Sources of variation included treatment, time, and the 

treatment × time interaction. The random variable was pig within treatment. Variables were 

analysed subjected to three covariance structures: compound symmetry, compound symmetry 

heterogeneous and autoregressive order 1. Using the largest Akaike information criterion and 

Schwarz Bayesian criterion, the compound symmetry was the structure that fitted the model 

best. 

 

5.4 Results 

Batch had little influence on any of the traits studied, so that its effect was excluded 

from the model. 

 

5.4.1. Coefficient of total tract apparent digestibility (CTTAD) 

Mean and SD of pig weights were not different among treatments but increased 

(P<0.001) throughout the experimental period: 52.3 (±2.20, SD) and 60.8 (±2.71) for batches 

1 and 2, respectively. Protein source had a significant effect (P=0.001) on diet CP digestibility 
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with the highest value obtained for SFM and the lowest for SB and WDDGS-based diets 

(Table 18).  Apparent faecal digestibility of fibrous constituents: HEM, CEL and SF were 

affected by type of diet, with the highest values determined for the SB diet and the lowest for 

WDDGS. The differences among diets were more significant (P<0.001) for CEL and SF than 

for HEM (P<0.014).  

 

5.4.2. Composition of effluents  

Type of diet had a significant influence (P<0.05) on faecal DM concentration of OM, 

CP, NDF, acid detergent fibre (ADFom), ADL, HEM and CEL (Table 19). The diet based on 

SB led to a higher faecal content of CP and lower ADL than the SFM diet, with the WDDGS-

based diet giving intermediate values. The proportion of fibrous constituents on NDF varied 

accordingly with type of diet, with HEM being highest for the WDDGS (0.618), and those of 

CEL and ADL for the SB (0.371) and SFM (0.171) diets, respectively. No significant effects 

of protein source were found on EE, NDICP, and SF faecal concentrations that averaged 79.8, 

28.0 and 52.9 g/kg DM. Source of protein did not affect urine DM concentration. However, 

the SB-based diet led to a lower N urine contents and to a higher urine pH than the SFM-

based diet. 

 

5.4.3. Dry matter and nitrogen flows 

The DM and N balances and the separation of faecal N in fractions for each of the 

experimental diets are shown in Table 20. Values are expressed per kg of metabolic weight to 

correct the increase of pig weight throughout the two trial series. Neither DM intake nor DM 

excretion both in faeces and urine were affected by dietary treatments. Protein source did not 

affect N intake or the amount of N retained, as the high N excretion in the faeces from the SB 
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compared to the SFM diet was compensated by a lower N excretion in urine, with the 

WDDGS-based diet leading to intermediate values. 

Diet type however greatly affected the excretory patterns of faecal N. Expressed as 

proportion of TKN in faeces, the SB diet had the highest proportion (0.171 vs. 0.101 and 

0.076) of undigested dietary nitrogen and the lowest (0.555 vs. 0.616 and 0.630) of bacterial 

and endogenous debris nitrogen compared to the SFM and the WDDGS diets, respectively. 

The proportion of water soluble nitrogen on total faecal N was little affected by type of diet, 

averaging 0.279. 

 

5.4.4. Slurry characteristics and gaseous emissions 

Water intake during the collection period was not affected by treatments, averaging 

4.24 ± 1.48 (SD) kg/d. Slurry excretion and initial slurry characteristics such as DM, OM, 

TKN and pH were similar among treatments. However, total ammonia nitrogen was 

significantly lower in the slurry from animals fed SB diet compared to that from animals fed 

SFM (P<0.05). Slurry from WDDGS treatment had intermediate values. Total VFA 

concentration was not different among treatments, although a contrast between slurry from 

treatment SB tended (P<0.10) to give a higher amount compared with that from treatment 

WDDGS. This difference comes mainly from the differences observed for butyric acid 

concentration, which was significantly higher in treatment SB compared to the others 

(P<0.05).   

In terms of gas emission, although the overall effect of treatments did not reach a 

significant level, the contrast between the slurry from diet SB led to a lower NH3 emission per 

kg of slurry than diet SFM, with the slurry from diet WDDGS giving intermediate values. 

When NH3 emission was expressed as the proportion of the initial TKN or on a daily basis, 

the trend was similar to that observed for absolute emission, but the differences were not 
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significant. In contrast, the biochemical CH4 potential from slurry was higher (P<0.05) in 

treatment SB than in SFM, with the values of treatment WDDGS being again intermediate. 

When potential CH4 production was expressed on a daily basis, differences among diets 

followed the same pattern but did not reach significance. 

The evolution of cumulated CH4 emission in the B0 assay is shown in Fig. 6. Emission 

was higher throughout the incubation period (P<0.05, except for day 13) in treatment SB than 

in treatments SFM and WDDGS, which otherwise did not differ. However, when emissions 

were expressed per animal and day, no significant differences were observed among 

treatments. 

 

5.5 Discussion 

Our results showed that altering the protein source in practical diets formulated to 

similar essential nutrient levels led to significant changes in faecal and urine composition. The 

dietary CP digestibility in the SB mixture (soybean meal + soyhulls) and in WDDGS with 

respect to SFM is in line with CTTAD values of CP assigned to these ingredients in feed 

tables as INRA (2002), CVB (2004) or FEDNA (2010). Moreover, the SB diet had a higher 

proportion of protein concentrate than SFM and WDDGS diets, so that the effects on CP 

digestion might also be related to changes in the levels of other ingredients. 

Although the experimental diets were formulated to have similar levels of NDF, 

altering the protein source implied, parallel changes in SF concentration and in the degree of 

lignification of NDF. As a whole, these changes greatly affected cell wall digestion efficiency 

in agreement with previous research in growing pigs (Graham et al., 1986; Bach Knudsen et 

al., 1993; Beccaccia et al., 2015b), and led to calculated values of total (soluble + insoluble) 

fermented fibre increasing from 76.4 and 82.3 to 150 g/kg for the WDDGS, SFM and SB 

diets, respectively. These variations explain the increase of the concentration of NDF (by 
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36.0% and 20.4%) and ADL (by 167% and 52.1%) in faecal DM when SB was substituted 

with SFM or WDDGS, respectively. The more fermentable faecal material derived from the 

SB than for the SFM or WDDGS diets help to explain its higher B0 (by about 20%) 

determined in the current study. A similar effect has been observed by Jarret et al. (2011 a,b) 

when including WDDGS in substitution of a mixture of wheat and soybean meal. In the same 

way, Triolo et al. (2011) found a highly significant negative correlation (r = – 0.953; P<0.001) 

between dietary ADL content and B0. A similar effect was reported by Beccaccia et al. 

(2015a). However, other nutrients such as fat have been described as a net contributor to CH4 

yield from the slurry (Beccaccia et al., 2015a) and also in anaerobic co-digestion of other 

wastes with lipid wastes (Biswas et al., 2007; Park and Li, 2012). In the present study, 

although not significant, the faeces from treatment SB had a greater EE content, which might 

contribute to its greater B0. This result together to the lack of differences in the amount of DM 

and OM excreted among treatments, explain the trend observed for an increase in the amount 

of CH4 potentially emitted from slurry per pig and day in treatment SB with respect to 

treatment SFM.   

Protein source did not influence either DM balance or N retention in the current study, 

but greatly affected to the proportion of N excreted in faeces or urine. The animals fed with 

SB excreted a higher amount of N in faeces (organic N) than those fed with SFM. However, 

the amount of N excreted in urine (inorganic N) was the lowest in the animals fed with SB 

compared to the other two treatments. A shift from urine to faecal N has been previously 

related to a higher microbial synthesis in the gut of pigs receiving diets supplemented with 

fermentable fibre (Canh et al., 1997), although the effect seems to be smaller when fibrous 

supplements have a higher ADL content (Zervas and Zijlstra, 2002b; Bindelle et al., 2009). 

However, the amount of fibre fermented from each diet in the current study was not positively 

related to the proportion of BEDN fraction in the faecal N. Similar results were observed in 
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previous research using the same methodology (Heimendahl et al., 2010), especially when 

diets had a similar fibre content (Kreuzer et al., 1999; Beccaccia et al., 2015b). When 

expressing the amount of the different N fractions as daily faecal excretion, all of them 

increased significantly in the SB with respect to the SFM diet, indicating that the higher faecal 

N in diet SB with respect to SFM was a result of a combination of effects of type of diet on 

CP digestion efficiency, microbial synthesis and endogenous losses. In all, the increase of the 

faecal to urine N excretion can explain the parallel decrease in total N-NH3 content in the 

slurry (not affecting TKN) and the increasing potential NH3 emission determined in this study 

in the order SB < WDDGS < SFM. A relation between a higher faecal: urine N ratio and a 

decrease on NH3 emission from the slurry has been previously described in the literature and 

is related to the difference in the degradation/volatilization rates between the organic and 

mineral N (Nahm, 2003; Portejoie et al., 2004). 

 

5.6 Conclusions 

Altering the main source of protein in practical diets formulated according to essential 

nutrient recommendations, led to significant changes of dietary concentrations of 

carbohydrates fraction (SF, ADL) and CTTAD of cell wall constituents and CP. These 

changes had a significant influence on potential emissions from the slurry of NH3 (g/kg) and 

CH4 (mL/g OM). For NH3 emissions the potential was highest for SFM and lowest for SB 

diet. For CH4, the potential was highest for SB and lowest for the SFM diet. On a daily basis, 

emissions of NH3 and CH4 followed similar trends, but differences did not reach significant 

levels. 
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Table 15. Analyzed chemical composition of ingredients used as protein sources (g/kg, as 

fed basis) 

a
Neutral detergent insoluble crude protein. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  Soybean meal Soybean hulls Sunflower meal Wheat DDGS 

Dry matter 885 892 896 925 

Ash     60.1     47.7     66.8     44.4 

Crude protein 425 135 346 337 

NDICP
a
     19.5    29.4     28.2     72.9 

Ether extract     28.6    31.3    25.3     47.5 

NDF 156 594 324 309 

ADF     95.0 423 199 111 

ADL         6.61    30.3    63.6     40.6 
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Table 16. Ingredient composition of the experimental diets (g/kg, as fed basis) 

a
Soybean meal and soybean hulls were combined in this diet to get a similar crude protein level as 

sunflower meal and WDDGS. 
b
Vitamin and mineral premix supplied per kg complete diet: 5000 

IU of vitamin A; 1000 IU of vitamin D3; 3 mg of vitamin B2; 20 mg of vitamin B12; 10 mg of 

niacin; 4 mg of pantothenic acid; 48 mg of betaine; 30 mg of manganese oxide; 110 mg of zinc 

oxide; 10 mg of copper sulphate; 0.75 mg of potassium iodide; 0.1 mg sodium selenite and 90 mg 

of iron carbonate.  

  Protein source 

  Soybean meal
a 

Sunflower meal Wheat DDGS 

Wheat 0 763 506 

Maize 552 0 164 

Barley 0 0     70.5 

Soybean meal 425 CP 262 0 0 

Sunflower meal 346 CP 0 168 0 

Wheat DDGS 337 CP 0 0 198 

Soyhulls 119 0 0 

Lard     32.6     30.1     18.0 

Calcium carbonate         8.30     11.4     12.3 

Monocalcium phosphate     11.7         8.30         8.50 

Sodium chloride         4.11         4.10         3.11 

DL-Methionine         1.35         0.62         1.10 

L-Lysine HCL         3.00         7.52         8.45 

L-Threonine         0.77         2.10         2.61 

L-Tryptophan         0.12         0.11         0.42 

L-Valine         0.31         0.78         1.40 

Premix
b
         5.00         5.00         5.00 
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Table 17. Chemical composition of the experimental diets (g/kg, as fed basis)
 

a
Neutral detergent insoluble crude protein.  

b
Calculated as total dietary fibre minus NDF corrected for NDICP.  

c
Values calculated according to FEDNA (2010). 

  Protein source 

  Soybean meal Sunflower meal Wheat DDGS 

Dry matter 884 896 891 

Ash     57.9     52.7     50.7 

Crude protein 153 164 159 

NDICP
a 

        9.66     12.0     17.4 

Ether extract     60.1     51.3     47.5 

Soluble  fibre
 b 

    62.3     17.1     25.0 

NDF 148 144 132 

ADF     73.6     49.4     31.5 

ADL         4.33     13.6         8.73 

Calcium
c
         6.80         6.80         6.80 

Digestible phosphorous
c
         3.17         2.70         3.51 

Sodium
c
         1.80         1.80         1.80 

Chlorine
c
         3.41         4.67         4.53 

Gross energy (MJ/kg)     16.7     16.9     16.9 

Net energy (MJ/kg)
c
         9.91         9.91         9.91 

Ileal digestible amino acidsc 

 

  

Lysine         9.55         9.84         9.71 

Methionine         3.47         3.10         3.20 

Total sulphur amino acids         5.70         5.88         5.80 

Threonine         6.10         6.20         6.20 

Tryptophan         1.72         1.73         1.75 

Isoleucine         5.69         5.10         5.00 

Valine         6.70         6.86         6.80 
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Table 18. Effect of protein source on the coefficients of total tract apparent digestibility and 

energy lost in urine in growing pigs. 

  Means in the same row with different letters (a, b, c) differ significantly (P<0.05). 
  a 

Standard error of means (n=8).  
  b 

Calculated as total dietary fibre minus NDF corrected for NDICP.  
  c 

Proportion of digestible energy not loss in urine.

 Protein source  

 Soybean 

meal 

Sunflower 

meal 

Wheat 

DDGS 
  SEM

a
   P 

Dry matter 0.846 0.848 0.836   0.008   0.495 

Organic matter 0.858 0.865 0.851   0.007   0.475 

Crude protein  0.775
b
  0.846

a
  0.794

b
   0.010   0.001 

Ether extract 0.805 0.804 0.761   0.015   0.099 

Soluble fibre
 b

  0.892
a
  0.677

b
  0.599

c
   0.015 <0.001 

NDF  0.683
a
  0.536

b
  0.536

b
   0.022   0.002 

ADF  0.669
a
  0.343

b
  0.267

b
   0.032 <0.001 

Hemicelluloses  0.679
a
   0.671

ab
  0.611

b
   0.016   0.014 

Cellulose  0.747
a
  0.456

b
  0.275

c
   0.023 <0.001 

Gross energy  0.849 0.853 0.836   0.008   0.305 

DE-UE/DE
c
 0.978 0.974 0.976   0.002   0.322 



 

93 
  

Table 19. Effect of protein source in practical diets fed to pigs on faeces and urine composition (g/kg DM). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Means in the same row with different letters (a, b, c) differ significantly (P<0.05).
 

a 
Standard error of means (n=8).  

b 
Neutral detergent insoluble crude protein.  

c 
Calculated as total dietary fibre minus NDF corrected for NDICP.

 

 

 

 Protein source  

 
Soybean meal 

Sunflower 

meal 
Wheat DDGS  SEM

a
  P 

Faeces      

Dry matter 319 347 351 10.8   0.153 

Organic matter  841
b
  837

b
  857

a
     3.13   0.001 

Ether extract     88.3     73.6     77.4     4.59   0.108 

Crude protein  256
a
  183

c
  221

b
     5.65 <0.001 

NDICP
b
     29.3     26.0     28.6     1.59   0.426 

Soluble fibre
 c

     49.7     40.3     68.7 11.1   0.333 

NDF  361
c
  491

a
  435

b
 12.3 <0.001 

ADF  185
b
  263

a
  163

b
 11.1   0.004 

ADL     31.3
c
     83.8

a
     47.6

b
     1.93 <0.001 

Hemicelluloses  176
c
  229

b
  269

a
     6.09 <0.001 

Cellulose  134
b
  166

a
  117

c
     3.22 <0.001 

Urine      

Dry matter     41.4     37.1     45.6     4.29   0.439 

Total Kjeldahl N   109
c
  171

a
  146

b
 55.7 <0.001 



 

94 
  

  Table 20. Effect of protein source in practical diets on DM and N balance and on the weight of faecal N fractions in growing pigs. 

 

 

 

 

 

 

 

 

 

Means in the same row with different letters (a, b, c) differ significantly (P<0.05). 
  a 

Standard error of means (n=8). 
  b 

Undigested dietary nitrogen.  
  c

Bacterial and endogenous debris nitrogen.  
  d

Water soluble nitrogen. 

 

 

 

 Protein source  

 Soybean meal Sunflower meal Wheat DDGS SEM
a
 P 

Body weight (kg)     57.1     57.0     56.2     0.951   0.780 

DM balance (g/kg0.75)    

Intake 108 103 107 4.67   0.800 

Faeces     13.8     12.5     13.8     0.945   0.608 

Urine         3.13         3.48         3.53     0.182   0.268 

N balance (g/kg
0.75

)    

Intake         2.98         3.02         3.03     0.135   0.965 

Faeces            0.549
a
            0.370

b
            0.497

a
     0.031   0.005 

Urine            0.357
b
            0.602

a
            0.521

a
     0.043   0.005 

Retained         2.08         2.05         2.01     0.101   0.926 

N fractions in faeces (g/kg0.75)    

UDN
b
            0.094

a
            0.037

b
            0.038

b
     0.004 <0.001 

BEDN
c
            0.306

a
            0.228

b
            0.313

a
     0.022   0.034 

WSN
d
            0.146

a
            0.103

b
            0.146

a
     0.012   0.050 
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Table 21. Effect of protein source in practical diets fed to pigs on slurry (faeces + urine) excretion,     

initial characteristics and derived ammonia (NH3) emission and biochemical methane potential (B0). 

 a,b
 Means in the same row with different superscripts differ significantly (P<0.05). 

 c 
Cumulated (11 days). 

 

 d 
24-h NH3 emission from the slurry produced by one animal in 1 day. 

1
Standard error of means (n=8). 

 

 

 

 Protein source  

 Soybean 

meal 

Sunflower 

meal 

Wheat 

DDGS 
SEM

1
 P 

Slurry excretion (kg/d)         2.98         2.70         2.55       0.350 0.611 

Slurry characteristics 

   
 

 Dry matter (g/kg) 118 133 129 16.0 0.770 

Organic matter (g/kg)     95.4 104 107 12.3 0.777 

Total ammonia N (g/L)         1.50         2.43         2.01       0.314 0.127 

Total Kjeldahl N (TKN, g/kg)         7.12         8.66         7.83       0.764 0.357 

pH
 

        6.48         6.46         6.25       0.119 0.325 

Total volatile fatty acids (mmol/L)     88.8     75.7     61.4 11.6 0.233 

Acetic acid (mmol/L)     52.7     41.5     38.2     6.53 0.241 

Propionic acid (mmol/L)     15.5     12.5     12.2     1.91 0.364 

Butyric acid (mmol/L)      13.7
a
          6.30

b
          7.56

b
     2.27 0.042 

Gas emissions 

     Ammonia emission assay 

       g NH3/kg slurry
c 

        1.12         1.82         1.58        0.232 0.104 

  g N-NH3/kg initial TKN
c 

146 181 173   26.9 0.603 

  mg NH3/animal and day
d 

361 489 415 90 0.590 

Biochemical methane potential 

  B0 (mL methane/g OM) 301 256 269    14.1 0.074 

  L methane/animal and day    80.7     66.5     73.2        5.55 0.228 
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Figure. 6.  Effect of source of protein on the evolution of cumulated CH4 emission in 

the B0 assay (SD = 11.1 mL/g OM). Emission was higher (P<0.05, except for day 13) in 

soybean-based diet than in diets based on sunflower meal and wheat DDGS, which did not 

differ between them. 
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6 

GENERAL DISCUSSION 
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6. General discussion 

 

6.1 Prediction of potential emission of ammonia and methane from diet composition 

A model of prediction has been developed for both NH3 and CH4 potential emissions 

from the data obtained in controlled experiments in the context of CICYT project AGL 2011 

– 30023 of which this Thesis was developed, together to literature data. 

The papers considered for this prediction are listed in tables 22 and 24, which include, 

respectively, diet and slurry composition provided in each of the controlled studies (as fresh 

basis). The NH3 emission has been expressed in mg/kg of fresh slurry. When needed, it was 

multiplied by 17 and divided by 14 to convert results given as N-NH3 in NH3. The CH4 

potential emission has been expressed in L/kg slurry. In addition, the effects of dietary 

nutrient composition on the amount of fresh slurry excreted daily per kg of metabolic weight 

(BW
0.75

) were also studied. 

Data were analyzed using the MIXED procedure of SAS, with nutrient contents as 

independent continuous variables. Because of the different methodologies used in each of the 

works, the study was also included in the model as a random effect. As a consequence of the 

correlations among nutrients, the sequential sums of squares type I were those selected to 

declare the significance of the effects. No influence of the interaction between study and feed 

composition was observed, so that it was excluded from the model. 

Some of the works shown in these tables reported incomplete nutrient information, so 

that they were excluded from this review. Moreover, two different analyses were done 

including or not those works where soluble fibre concentration was available. In whole, there 

were six studies (1, 2, 3, 6, 7 and 8 in table 22) for the prediction of NH3 emission from diet 

composition (three of them including dietary soluble fibre concentration), with a total of thirty 

treatments. In the case of B0 prediction the data base included six studies (1, 2, 3, 7, 8 and 10 
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in table 22, three of them with information on soluble fibre content) comparing a total of 

twenty two different treatments. 

The results obtained when using feed composition as independent variables are shown 

in table 23. The coefficients of determination (R
2
) for prediction of slurry excretion, 

ammonium and CH4 emission were high (0.952, 0.939 and 0.944, respectively). The variable 

‘study’ had a significant (P<0.001) influence on all the traits studied.  

In the case of slurry excretion, a significant (P=0.044) effect of dietary CP content was 

also observed, as fresh excretion increased by 0.107 g/kg
0.75

 per each increment of a 1% as fed 

basis of the concentration of CP in the feed. This result has been related to high water 

consumption and low slurry DM content (Portejoie et al., 2004; Kerr et al., 2006; Beccaccia et 

al., 2015c). Also, a trend (P=0.075) for a higher slurry excretion was detected when 

increasing dietary NDF content, which might be explained by the increased dry matter  

consumption and the low digestibility associated to fibre dietary components. Instead, neither 

ADL, degree of NDF lignification (ADLNDF), nor EE concentration in the diet affected 

significantly (P>0.10) this trait in the range of feeds studied. 

For ammonia emission, a significant influence of dietary NDF (P=0.048) and EE 

(P<0.001) was observed, as this emission decreases by 0.65 and 12.9 mg/kg per increment of 

a 1% of the concentration of NDF and EE in the feed, respectively. These effects might be 

explained because of parallel changes in slurry composition, provided they result in an 

increase of slurry fibre and EE (Beccaccia et al., 2015b; Antezana et al., 2015). Fermentation 

of fibre and especially of EE provides energy substrates for microbial growth (Angelidaki and 

Sanders, 2004) which would lead to a shift of N from NH3 to microbial protein in slurry and 

then to lower NH3 potential emissions. 

Changing the concentration of all the other independent variables in the model (CP, 

ADL and ADLNDF), did not affect the NH3 emission in the range of the composition of diets 
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studied. A positive effect of dietary CP on NH3 emission was observed by Canh et al. (1998) 

and Portejoie et al. (2004; see table 22). These papers were not included in our analysis 

because of incomplete data on dietary nutrient composition. Otherwise, the range of CP in 

those studies showed a larger variation than those included in this review. Moreover, no 

significant correlation between dietary level of CP and NH3 emission from slurry was 

observed by Hernández et al. (2011) when the range of diet composition was close to those 

used in practical feed formulation, as in most of the works included in this review. 

Results obtained for B0 (CH4 expressed in L/kg of slurry) showed little influence of the 

concentration of nutrients in the diet on this trait. A trend was observed for the effect of EE 

(P=0.053) that led to an increase of 1.47 L of CH4 per each increment of 1% of EE dietary 

content. The incomplete digestibility of fat with increasing dietary EE concentration could led 

to an increment of EE excretion, which would enhance microbial activity contributing for 

increasing B0 from slurry (Angelidaki and Sanders., 2004; Antezana et al., 2015). None of the 

other variables studied affected B0 significantly.  

Otherwise, no influence of dietary SF concentration on NH3 or CH4 potential 

emissions was observed in the four studies where this content was measured. This lack of 

effect might be explained by the high digestibility determined for this nutrient in pigs 

(Graham et al., 1986; Bach Knudsen et al., 1993; Canibe and Bach Knudsen, 1997; Glitsø et 

al., 1998; Beccaccia et al., 2015b,c; Antezana et al., 2015) and then by its low concentration in 

the slurry independently of its dietary content. 

 

6.2 Prediction of potential emission of ammonia and methane from slurry composition 

Related with the prediction of NH3 and CH4 emissions from slurry composition, 

twenty and twenty two treatments respectively from studies 1, 2, 3, 7 and 8 for ammonia and 
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1, 2, 3, 7, 8 and 10 for methane (see table 24) were used, with DM, VS, TKN, NDF, EE and 

ADL as the independent variables analyzed.  

The influence of slurry composition on NH3 and CH4 emission is summarised in table 

25. The coefficients of determination for prediction of both ammonia and CH4 emissions were 

high (R
2
= 0.967). The variable ‘study’ had a significant (P<0.001) influence on both traits, in 

the case of NH3 emissions is not only due to the different treatments, but also because the 

considerable variability of methodologies used, for example the amount of slurry to calculate 

the NH3 concentration or the duration of those measurement. 

The concentration of volatile solids showed a positive effect on NH3 and CH4 

emission P=0.048 and P=0.002, respectively that increased by 5.95 mg/kg and 2.34 L/kg per 

each increment of 1% of VS content in the slurry. Moreover, the TKN concentration in the 

fresh slurry showed a positive effect on NH3 emission (P<0.001), as it increased by 191 

mg/kg of slurry per each increment of 1% of TKN content. A variation of total Kjeldahl 

nitrogen content in the slurry was a combination of effects related to digestion efficiency, 

microbial synthesis and endogenous losses (Beccaccia et al., 2015c) together to changes in the 

urine excretion, mainly related to an excess of dietary CP level or to an imbalance in the 

amino acid profile (Portejoie et al., 2004). The proportion of ammonia N related to TKN 

reaches on average 75% (Beccaccia et al., 2015c; Canh et al., 1998a; Portejoie et al., 2004; 

Jarret et al., 2011a,b; Jarret et al., 2012), so that an increase of TKN in the slurry was parallel 

to an increase of total N-NH3, which would explain the higher NH3 emission. A similar trend 

for higher NH3 emissions when increasing TKN content of slurry was observed in those 

studies cited in table 24, with incomplete data of slurry composition (4, 5, 6 and 9). Instead, 

the slurry TKN content did not affect the B0.  

The EE concentration of slurry affected significantly the NH3 emission (P=0.034) that 

decrease by 25.4 and that of methane (P=0.003), which increased by 7.18L per each 1% 
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increment of EE in slurry, which agrees with the result obtained for the previous prediction 

analyses relating feed composition and emissions. Otherwise, neither NDF nor ADL 

concentration in the slurry affected significantly both NH3 and CH4 emissions. 

 

6.3 Prediction of slurry chemical composition and potential emissions of ammonia and 

methane using NIR technology 

Previous works have demonstrated that NIRS technology can be used to predict the 

chemical components of pig slurry related to gaseous emissions. Beccaccia et al. (2015a) 

suggest that increasing variation on chemical components of the slurry dataset of samples 

could improve NIR calibration models and achieve better prediction accuracy of ammonia and 

methane emissions than reported until now. The purpose of this work was to increase the 

variability of the slurry composition dataset including samples from experimental trials where 

animals were fed largely variable diets in terms of non-conventional ingredients and different 

nutritional values, in order to make resulting calibrations applicable to a wider range of slurry 

composition in the future.  

A total of 157 samples from four studies were used to develop equations. Experiment 

1 (Beccaccia et al., 2015a) were composed by 77 samples from commercial pig farms, where 

the animals were fed commercial diets provided from different suppliers according to animal 

type (gestating, lactating, growing or finishing). Slurry samples were collected from pits 

located bellow the animals after 40 days of storage on average.  

Slurry samples from the other three controlled experiments corresponded only to 

growing-finishing type, and were obtained by mixing faeces and urine at the same proportion 

as excreted by each animal, without any water added. The experiment 2 (Beccaccia et al., 

2015b) (n=30) include two types of dietary fibre (soluble and insoluble) in 2 levels (7.5 and 

15g/kg). The experiment 3 (Beccaccia et al., 2015c) (n=20) used different source of dietary 
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protein (soybean meal, sunflower meal and wheat DDGS). Finally the experiment 4 

(Antezana et al., 2015) (n=30) used dietary calcium soap of palm fatty acids distillate (CSP) 

and fibre source (orange pulp) in two levels (3.5 and 7g/kg). Diets for the experiments 2, 3 

and 4 were formulated according to the recommendations of FEDNA (2006) reaching a total 

of 80 samples of fresh slurry (urine and faeces).  

The variables chemically analysed were TS, VS, ash, TKN, TAN, K, P, in vitro NH3 

emissions (mg/g VS) and biochemical methane potential emission (B0, mLCH4/gVS). All 

samples were kept freezed until NIR analysis. The laboratory analysis and NIRS methodology 

applied and the procedure used for scanning the slurry samples was the same as described by 

Beccaccia et al (2015a). Phosphorous and K contents were determined after acid digestion by 

inductive-optical coupled plasma spectrophotometry (ICP-OES, ICAP 6500 Duo Thermo). 

To evaluate the accuracy and precision of NIR results, three parameters were taking 

into account. Coefficients of correlation from cross validation (R
2
cv), standard error of cross 

validation (SECV) and residual prediction deviation (RPD). The calibration accuracy based 

on R
2

cv value give good information about calibration quality. If value is less than 0.49 the 

correlation is very poor, between 0.50 and 0.64 the calibration is acceptable, from 0.66 to 0.81 

the calibration can be used for approximate predictions, from 0.83 to 0.96 it is usable for most 

applications, and above 0.98 the calibration would be usable in any application. The SECV is 

used to evaluate the precision of results, high values indicating that error is significantly large 

and the dataset used may not include the necessary variability to make a good calibration. 

Based on RPD, the calibration with an value below 2.0 indicate possibility to distinguish 

between high and low values, a value between 2.0 and 2.5 makes approximate quantitative 

predictions possible, and values above 3.0 make the prediction be considered as excellent.  

Table 26 presents the statistics of the chemical composition of the samples in 

experiment 1 (commercial farms) and table 27 represents the three controlled experiments. 
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Table 28 shows those statistics for all experiments together. As expected, the range and the 

variability (SD) of slurry constituents were increased adding samples from experimental trials 

to the slurry dataset of commercial farms mainly due to the different TS content (13.1 vs 

4.80% on average, respectively). Exceptions were observed for TAN which had a similar 

average and variability between datasets, and for in vitro emissions of NH3 (mg/gVS) and B0 

(mL CH4/gVS) that also showed the same range but lower variability (SD=4.3 and 117; Table 

28) than in experiment 1 (SD=5.5 and 144, Table 26). 

Spectral homogeneity of samples was tested before calibration based on a 

Mahalanobis distance of more than 3.5 and no samples were classified as spectral outliers. 

The best calibration models are shown in Table 29. They were obtained for the full range of 

NIR wavelenghts (1100-2400 nm) and with similar mathematical treatments of spectra. For 

chemical constituents of slurry, all mathematical pre-treatments led to nearly equivalent 

performance, with little variation in gap and smoothing options. This allowed choosing no 

scatter correction for all slurry constituents and demonstrated that the models did not rely on 

small parameterisation details, which often lead to non-robust and over-optimistics models. 

Normalisation of spectra (Detrend and MSC treatments) was used for NH3 emissions and B0, 

respectively, with a smoothing on 10 consecutive points and a second derivative of spectra 

only for B0. All scatter treatments of spectra were similar to those obtained for experiment 1 

(Beccaccia et al., 2015a). The number of PLS terms was between 4 (TAN) and 10 (P and B0), 

which is a low number taking into account the complexity of the slurry matrixes, suggesting 

that models were not over-fitted. There were 7 to 18 calibration outliers, representing, on 

average, a proportion of 7%.   

 In this study, the coefficients of determination for cross validation (R
2
cv) for chemical 

composition of slurry were between 0.70 and 0.92 and the RPD between 1.84 and 3.63 (table 

29). These values are comparable to those obtained by other works summarised on Table 30, 
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for liquid slurry samples only from commercial farms and using similar NIR equipments 

working on reflectance mode.  

 The best results of prediction equations were highly influenced by the range and 

variability of the constituent measured. Notwithstanding of this, results of this study confirm 

that NIRS is able to accurately predict TS, VS, ash and TKN contents. For these components 

R
2
cv and RPD values were above 0.92 and 3.5, and the precision of calibrations (SECV= 1.56; 

1.29; 0.276; 0.087%, respectively) was close, or even better, to that obtained by previous 

works (Millmier et al., 2000; Dagnew et al., 2004; Saeys et al., 2005a,b) using samples only 

from commercial farms. The calibration performance obtained by Ye et al. (2005) and 

Sorensen et al. (2007) were much more precise than ours, probably because slurry samples 

were carefully selected from a large population to obtain an even distribution with respect to 

TS content. In those works, the range of TS contents (1.1-16.1% and 0.85-13%, respectively) 

and the variation (SD/Mean= 54.5 and 52.0%, respectively) were lower than in our study (0.5-

17.7% and 81%) improving the accuracy of predictions. In addition, our dataset included 

samples with TS content lower than 0.75%. Theses low TS contents of slurry samples 

correspond to an increase in absorbance across the spectrum that is not a true absorption by 

molecular bounds, just an increase in light loss when the reflectance mode is used, because 

there are few particles to act as reflectors (Saeys et al., 2005b). In this way, Saeys et al. 

(2005a) reported better results when slurry samples (range of TS = 0.4-17.5%) were measured 

in transflectance (R
2
cv=0.86, SECV=1.55% and RPD=2.71) than in reflectance (R

2
cv=0.75, 

SECV=2.12% and RPD=1.99) mode using the same NIR instrument.  

 Related to VS predictions by NIRS, Huang et al. (2007) showed moderated successful 

calibration for VS (R
2

cv = 0.94, SECV = 3.5% and RPD = 4.05) of 120 fresh animal compost 

samples (cattle, pig, chicken manure) but less predictable values in dried animal compost 

(R
2
cv = 0.85%, SECV = 5.34% and RPD = 2.6). These results indicated that volatilization of 
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manure components preclude drying of pig slurry and supported that liquid samples must be 

scanned as soon as possible, or keep frozen to avoid changes on composition until future 

analysis. The comparison of NIR prediction performance for VS content from this study to 

other results previously reported (table 30) is similar to that described for TS. Saeys et al. 

(2005a,b) did not achieve successful calibrations (RPD = 1.9 and 2.8) for samples ranging 

from 0.21 to 13.0%, and the opposite occurred with Ye et al. (2005) that obtained RPD of 

3.98 for samples ranging from 3.44 to 5.3% of VS. Beccaccia et al. (2015a) also obtained 

good prediction (RPD=3.29) and accuracy (SECV=0.071%) performance of NIR equations 

for VS content, using samples (n=77) only from commercial farms (range=0.277 to 14.5% 

VS). When samples (n=80) from controlled experiments were added to the dataset, the 

variability of the VS content increased a 154% (from SD=3.03 to 4.66%). As expected, the 

accuracy of prediction equation was improved (RPD=3.60) but the precision of results 

reduced (SECV=1.29%).  

 The mineral matter is classically difficult to predict from NIR spectra, as mineral do 

not absorb infrared wavelenghts, so prediction is based on the overall response of organic 

matter which is non-specific. However the ash calibration model had a SECV of 0.28%, R
2
CV 

of 0.92 and RPD values of 3.6 that were still satisfactory for prediction. When comparing the 

statistics values of NIR models for ash content in experiment 1 (Beccaccia et al., 2015a) with 

those obtained in this study, the response was parallel to that described before for the 

prediction of VS content. 

Some studies have showed that the prediction of mineral contents in pig slurry using 

NIRS could be possible for certain minerals, even these components themselves are not 

expectrally actives in the NIR range of radiations. In this study the prediction of P and K 

achieved values above 2.30 for RPD and 0.83 for R
2
cv. They were within the range reported 

from others studies on similar sample matrices. Dagnew et al. (2004) and Saeys et al. 
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(2005,a,b) reported RPD values below 2.60 for P and K in pig slurry samples. Sorensen et al. 

(2007) obtained better results for P (R
2
cv = 0.88, SECV = 0.013% and RPD = 2.90) than for K 

(R
2
cv = 0.55, SECV = 0.056%, RPD = 1.50) scanning a pool of cattle and pig slurry samples. 

Results showed by Ye et al. (2005) reached also higher accuracy (RPD values of 4.72 and 

3.05 for P and K, respectively) but their calibrations were based on a smaller sample 

population and a larger fraction of samples were removed as outliers. Finally, the excellent 

results found by Malley et al., 2002 can be explained by the fact that samples were scanned in 

transflectance mode, increasing the possibility of energy absorption by particulate matter 

present on slurry and the accuracy for prediction models. While such “surrogate” calibrations 

can be useful, precautions must be taken into account as changes in samples having nothing to 

do with those minerals can give erroneous results (Reeves et al., 2007). 

For total Kjeldahl nitrogen our results showed that increasing the number of samples 

of the dataset, the R
2

cv (from 0.84 to 0.92) and RPD (from 2.46 to 3.47) were improved 

respect to those obtained by Beccaccia et al. (2015a), probably because of a low coefficient of 

variation (decreased from 66 to 50%) after adding slurry samples from controlled 

experiments. Ye et al. (2005) and Sorensen et al. (2007) also showed good precision (SECV = 

0.032 and 0.031%) and very high R
2
CV (0.91 and 0.94) and RPD values (4.58 and 4.50, 

respectively) for TKN, because of the high variability in their datasets. On the other hand, 

Dagnew et al. (2004) and Saeys et al. (2005b) reached approximate quantitative prediction for 

TKN contents of pig slurry but still usable for most applications.  

In the case of TAN, the R
2

CV and RPD values in this study were lower than for other 

chemical constituents probably due to a limited variation (SD = 0.142%) in our full database. 

However SECV (0.077%) was lower than in previous reports (for example, 0.122 in Saeys et 

al., 2005a) but higher than that obtained in a larger pig and cow slurry database (0.034%) by 

Sorensen et al. (2007).  The poor calibration for TAN was inconsistent with good results for 
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this constituent obtained for manure datasets of other animal species. For example Ye et al. 

(2005) reported that NIRS could be used to precisely determine TAN in many different 

animal manures (layer, broiler, swine solid hoop, beef cattle, swine liquid lagoon inclusive 

swine slurry). For swine slurry, Ye et al. (2005) reported a SECV of 0.020% and a RPD of 

4.52, in agreement with Malley et al. (2002) that found excellent results for TAN with R
2
cv = 

0.97, SECV = 0.073% and RPD above 5.00. However in this work, only 7 farms were 

sampled and scanned in transflectance mode that could explain the high accuracy of the 

results.  

We cannot compare the statistic values of NIR prediction equations for TAN in this 

study and in experiment 1 (Beccaccia et al., 2015a), because in the former work calibration 

equation was done for TAN expressed in % of TKN. When all slurry samples were included 

in the dataset, the prediction accuracy for the 157 samples was poor, showing R
2
cv = 0.77 and 

RPD = 1.84. A possible explanation could be because the full dataset for TAN showed clearly 

two groups (Figure 7), samples from controlled experiments with values between 10 to 70 

TAN (%N) and those from commercial farms with higher values, ranging from 50 to 100% 

TAN (%N). In that way, the coefficient of variation for TAN contents increased (from 20% in 

experiment 1 to 44%) but the population was clearly divided in two different groups and no 

homogeneously distributed over the full range of TAN (figure 7). The low TAN values in 

slurry samples of controlled experiments were expected as they were obtained by mixing 

faeces and urine just before chemical analysis. It is also possible that urea present in fresh 

reconstituted slurry samples might influence or interfere to some degree with TAN 

determination due to similarities with the spectra of NH3. Reeves et al. (2002) demonstrated 

that uric acid present in poultry litter has a significant absorption in the spectral region 

between 2,000 and 2,400 nm, centered at 2,200 nm, which is where the main absorption band 

for TAN is located. For urea, the most important absorption peaks are located at 2150 and 
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2200 nm (Workman and Weyer, 2007). The presence of urea might altered spectra and thus 

resulted in potentially erroneous NIRS determinations for TAN of slurry samples from 

controlled experiments. 

A lower accuracy of NIR calibrations was also observed for NH3 emissions (mg/g VS) 

and ultimate methane yield B0 (mL/g VS) when the number of samples of the dataset 

increased from 77 (Beccaccia et al., 2015a) to 157 in this study. As previously reported for 

TAN, a decrease of the variation was observed (from 104 to 93% for NH3 emissions, and from 

58% to 36% in the case of B0) which resulted in R
2
cv of 0.87 and 0.62 and RPD of 2.30 and 

1.60. These results indicate that only approximate quantitative predictions could be made for 

these variables. The best calibration model of prediction for NH3 emissions was where the 

highest number of samples was removed as outliers 12%. The inclusion of a new slurry 

population from controlled experiments, with different characteristics (very low variability 

between samples), changed the uniformity of the distribution and 18 samples were considered 

outliers reducing the accuracy of predictions (Figures 8 and 9).  

Unfortunately there are no published results of NIRS calibration models for NH3 

emissions and B0 for fresh slurry samples, but for B0 our results could be compared to others 

studies on anaerobic digestion of plant and other organic wastes.  Raju et al. (2011) reported 

for a meadow grasses dataset of samples (mixed and specific single species from various 

locations and different fertilisation strategies and harvesting regimes) that B0 can be predicted 

for spectral NIR information with a SECV = 37.4 mLCH4/gVS,  R
2
cv = 0.69, and RPD value = 

1.75. Lesteur et al. (2011) determined B0 of solid wastes and reported SECV of 31.0 

mLCH4/gVS, R
2

cv values of 0.76, and RPD values of 2.36. Triolo et al. (2014) observed 

slightly better results for B0 of plant biomass SECV = 37.0 mLCH4/gVS, R
2

cv = 0.96 and RPD 

= 2.49. These studies concluded that the heterogeneity and variability on chemical 

composition and analytical results of slurry samples included in the calibration datasets have a 
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large influence on prediction accuracy of B0 by NIRS. Nevertheless the precision accuracy by 

NIRS were as the same order than the biochemical test, making this technology a suitable 

method to obtain faster and reliable results. The results obtained for the prediction of NH3 

emissions and B0 by NIR spectroscopy investigated on this Thesis need to be validated with 

an independent set of slurries chemically analysed, 

 This study showed that joining slurring dataset of samples from commercial farms 

and controlled experiments in order to achieve a great variation on TS contents and chemical 

constituents, allowed to obtain excellent quantitative predictions for TS, VS, ash, and TKN 

variables, but only approximate quantitative predictions for TAN, P and K. In the case of in 

vitro gaseous emissions, further investigation will be necessary with a wide range of values 

homogeneously distributed over the full range of variation. Although these first results can be 

improved, this study proves that there is a possibility of using NIRS in the prediction of 

potential gaseous emissions from pig slurry, and to provide an estimate of the value of 

different pig manure as anaerobic substrates. 
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Table 22. Data base used to develop the model of prediction of NH3 and CH4 from feed composition. 

     Feed composition (% as fed basis)*  Slurry emission 

Study Treatment n DM CP NDF SF EE ADL 

Excretion    

g/kg
0.75

 

mgNH3/kg 

slurry L CH4/kg slurry 

(1) T1 6 91.2 15.8 15.4 6.12 4.30   0.800     95.0 222 37.3 

 T2  90.2 15.6 16.5 7.59 5.33   0.900 126 167 32.0 

 T3  90.3 15.4 15.8 9.73 6.29 1.07 104 149 33.8 

 T4  89.5 15.3 16.4 6.01 5.92 1.89 123 160 31.8 

 T5  89.9 15.7 16.1 7.14 7.21 3.39 129 181 33.0 

SD  

       

    15.0     46.0     6.57 

(2) T1 8 88.4 15.3 14.8 6.23 6.01   0.433 143 102 27.1 

 T2  89.6 16.4 14.4 1.71 5.13 1.36 130 165 24.6 

 T3  89.1 15.9 13.2 2.50 4.75   0.873 124 144 28.7 

SD  

       

    10.0     60.0     5.73 

(3) T1 6 90.5 14.6 16.7 2.84 3.12 1.10     79.6 219 43.9 

 T2  90.5 14.5 15.7 4.44 5.15   0.820     84.2 211 37.1 

 T3  90.9 14.7 16.3 3.77 8.36   0.940     93.9 144 50.7 

 T4  89.9 14.6 16.9 9.56 5.46   0.790     77.0 164 41.8 

 T5  88.9 14.4 16.6 10.6 7.55   0.810     92.3 161 47.0 

SD  

       

        7.00     42.0     7.21 

(4) T1 6 86.4 16.5 - 5.91 2.80 - 168 159 - 

 T2  86.5 14.5 - 6.13 2.40 - 164 126 - 

 T3  86.6 12.5 - 6.35 2.00 - 162     98.7 - 

SD  

  

             3.00     78.0 - 

(5) T1 8 88.0 17.2 - - - - -     75.8 - 

 T2  88.1 15.5 - - - - -     55.8 - 

 T3  88.1 14.3 - - - - -     58.4 - 

 T4  87.8 15.3 - - - - - 114 - 

 T5  87.1 15.1 - - - - - 101 - 

 T6  87.7 13.9 - - - - - 100 - 

SD              12.0  
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(6) T1 30 93.0 14.0 6.8 - 1.86 1.30 - 92.5 - 

 
T2 

 

92.3 16.8 12.8 - 3.14 2.03 - 83.7 - 

 T3  91.5 19.4 18.5 - 4.21 2.65 - 75.6 - 

 T4  90.8 21.9 24.0 - 5.36 3.36 - 74.0 - 

 T5  92.2 15.4 17.0 - 2.49 1.48 - 76.8 - 

 T6  91.5 16.6 26.1 - 3.01 1.65 - 73.4 - 

 T7  90.9 17.7 34.3 - 3.45 1.73 - 59.4 - 

 T8  92.4 14.9 13.9 - 2.03 1.39 - 86.6 - 

 T9  92.0 15.5 18.8 - 2.02 1.47 - 77.5 - 

 T10  91.3 16.5 26.4 - 2.19 1.64 - 70.6 - 

SD   

      

-     8.00 - 

(7) T1 10 87.3 14.8 11.1 - 2.00   0.370 208 56.9 15.3 

 T2  89.7 15.0 14.2 - 7.00 1.69 209 46.2 25.2 

SD                 1.00     1.00     0.30 

(8) T1 4 87.6 17.0 10.5 - 1.50   0.370 172 83.9 17.2 

 T2  87.4 14.0 8.60 - 1.40   0.330 172 56.5 17.4 

 T3  88.2 18.0 15.5 - 2.90   1.020 203 58.0 25.0 

 T4  87.7 17.6 16.1 - 1.40   0.520 221 42.9 18.1 

 T5  87.9 17.7 13.9 - 4.50 1.70 249 49.9 21.9 

SD  

    

 

  

    33.0     2.00 1.02 

(9) T1 5 88.1 19.5 - - 3.90 - 258 83.0 - 

 
T2 

 

87.5 15.5 - - 2.70 - 242 56.0 - 

 
T3 

 

87.2 11.2 - - 1.60 - 189 20.3 - 

SD   

   

 

  

    36.0     3.00 - 

(10) T1 6 87.2 13.6 12.4 - 1.08   0.710     38.2 - 15.5 

 T2  88.3 18.4 18.6 - 1.86 2.14     52.8 - 18.7 

SD   

   

 

  

    10.0 - - 

(1) Beccaccia et al., 2015b; (2) Beccaccia et al., 2015c; (3) Antezana et al., 2015; (4) Canh et al., 1998a; (5) Hernández et al., 2011; (6) Canh et 

al., 1998b; (7) Jarret et al., 2012; (8) Jarret et al., 2011a; (9) Portejoie et al., 2004; (10) Jarret et al., 2011b. *DM = dry matter; CP = crude 

protein; NDF = Neutral detergent fibre; SF = soluble fibre; EE = ether extract; ADL = acid detergent lignin. 
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Table 23. Effects of study and feed composition on gaseous emissions and slurry      

excretion (as fresh basis). 

Item Variable
a
 P

b
 Coefficient of 

regression 

I) Slurry excretion (g/kg
0.75

) Study <0.001 - 

(n=20) CP   0.044         0.107 

(R
2
=0.952) NDF   0.075       6.67 

 ADL   0.193 -31.8 

 ADLNDF   0.524       5.92 

 EE   0.578       1.97 

II) Ammonia emission (mg/kg) Study <0.001 - 

(n=30) CP   0.720       4.05 

(R
2
=0.939) NDF   0.048     -0.65 

 ADL   0.770       5.43 

 ADLNDF   0.957       1.37 

 EE <0.001 -12.9 

III) Methane emission (L/kg) Study <0.001 - 

(n=22) CP   0.205       0.867 

(R
2
=0.944) NDF   0.298       0.432 

 ADL   0.718    -8.29 

 ADLNDF   0.259     1.10 

 EE   0.053     1.47 
a
CP = crude protein; NDF = neutral detergent fibre; ADL = acid detergent fibre; 

ADLNDF = proportion of ADL in NDF; EE = ether extract. 
b
Level of significance.
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Table 24. Data base used to develop the model of prediction of NH3 and CH4 from fresh slurry composition. 

 
    Slurry composition (% as fresh basis)*   Slurry emission 

Study Treatment n DM VS TKN TAN NDF EE ADL 
 

mgNH3/kg 

slurry 

LCH4/kg 

slurry (1) T1 6 13.7 10.9 0.989 - 5.15 0.878 0.504 
 

222 37.3 

 
T2 

 
10.9     8.73 0.827 - 3.99 0.745 0.422 

 

167 32.0 

 
T3 

 
11.4     9.19 0.773 - 3.74 0.883 0.427 

 

149 33.8 

 
T4 

 
10.1     8.20 0.726 - 3.81 0.661 0.815 

 

160 31.8 

 
T5 

 
12.2     9.99 0.870 - 4.89 0.828 1.649 

 

181 33.0 

SD 
   

 
 

 
    

    46.0     6.57 

(2) T1 8 11.8     9.54 0.712 - 3.47 0.854 0.301 
 

102 27.1 

 
T2 

 
13.3 10.4 0.866 - 5.11 0.766 0.872 

 

165 24.6 

 
T3 

 
12.9 10.7 0.783 - 4.47 0.795 0.489 

 

144 28.7 

SD 
   

 
 

 
    

    60.0     5.73 

(3) T1 6 16.7 13.4   1.02 - 6.78 1.117 0.652 
 

219 43.9 

 
T2 

 
14.6 11.9 0.899 - 5.94 1.477 0.620 

 

211 37.1 

 
T3 

 
16.6 13.8 0.831 - 6.17 2.795 0.639 

 

144 50.7 

 
T4 

 
13.5 10.8 0.879 - 4.25 1.458 0.491 

 

164 41.8 

 
T5 

 
14.4 11.4 0.884 - 4.36 2.362 0.483 

 

161 47.0 

SD 
   

 
 

 
    

    42.0     7.21 

(4) T1 6 8.12     6.86 0.904 0.717 - - - 
 

159 - 

 
T2 

 
7.41     6.44 0.709 0.535 - - - 

 
126 - 

 
T3 

 
7.53     6.51 0.576 0.490 - - - 

 
    98.7 - 

SD 
   

 
 

 
    

    78.0 - 

(5) T1 8 3.45      2.34 0.588 - - - - 
 

    75.8 - 

 
T2 

 
3.20     2.14 0.357 - - - - 

 
    55.8 - 

 
T3 

 
3.53     2.42 0.382 - - - - 

 
    58.4 - 

 
T4 

 
5.60     3.93 0.670 - - - - 

 
114 - 

 
T5 

 
4.90     3.93 0.609 - - - - 

 
101 - 

 
T6 

 
4.53     3.10 0.500 - - - - 

 
100 - 

SD 
   

 
 

 
    

    12.0 
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(6) T1 30 14.7 12.3 0.650 - - - - 
 

    92.5 - 

 
T2 

 

15.4 12.7 0.730 - - - - 
 

    83.7 - 

 
T3 

 
12.2     9.86 0.680 - - - - 

 
    75.6 - 

 
T4 

 
12.4 10.2 0.720 - - - - 

 
    74.0 - 

 
T5 

 
11.9 11.0 0.610 - - - - 

 
    76.8 - 

 
T6 

 
10.4      8.56 0.630 - - - - 

 
    73.4 - 

 
T7 

 
9.20      7.78 0.480 - - - - 

 
    59.4 - 

 
T8 

 
12.0      9.51 0.620 - - - - 

 
    86.6 - 

 
T9 

 
9.70      7.38 0.570 - - - - 

 
    77.5 - 

 
T10 

 
9.50      7.11 0.540 - - - - 

 
    70.6 - 

SD 
   

 
 

 
    

        8.00 - 

(7) T1 10 4.82      3.37 0.511 0.349 1.97 0.397 0.170 

 

    56.9 15.3 

 
T2 

 
8.69     6.61 0.593 0.337 3.23 0.782 0.650 

 

    46.2 25.2 

SD 
   

 
 

 
    

        1.00   0.3 

(8) T1 4 5.39     3.60 0.697 0.617 1.87 0.441 0.182 

 

    83.9 17.2 

 
T2 

 
5.56     3.76 0.550 0.447 2.14 0.445 0.214 

 

    56.5 17.4 

 
T3 

 
7.51     5.74 0.720 0.497 2.94 0.545 0.344 

 

    58.0 25.0 

 
T4 

 
5.45     3.78 0.564 0.431 1.64 0.403 0.184 

 

    42.9 18.1 

 
T5 

 
4.96     3.57 0.562 0.417 2.25 0.547 0.572 

 

    49.9 21.9 

SD 
   

 
 

 
    

        2.00     1.02 

(9) T1 5 4.4 - 0.548 0.432 - - - 
 

    83.0 - 

 
T2 

 

4.6 - 0.430 0.313 - - - 
 

    56.0 - 

 
T3 

 

5.9 - 0.305 0.192 - - - 
 

    20.3 - 

SD 
   

 
 

 
    

        3.00 - 

(10) T1 6 5.9     4.32 0.654 0.534 2.24 0.564 0.250 
 

- 15.5 

 
T2 

 
7.3      5.67 0.852 0.635 2.74 0.457 0.400 

 
- 18.7 

SD 
   

 
 

 
    

- - 

(1) Beccaccia et al., 2015b; (2) Beccaccia et al., 2015c; (3) Antezana et al., 2015; (4) Canh et al., 1998a; (5) Hernández et al., 2011; (6) Canh et 

al., 1998b; (7) Jarret et al., 2012; (8) Jarret et al., 2011a; (9) Portejoie et al., 2004; (10) Jarret et al., 2011b. *DM = dry matter; TKN = total 

Kjeldahl nitrogen; TAN = total amoniacal nitrogen; NDF = neutral detergent fibre; EE = ether extract; ADL = acid detergent lignin. 
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      Table 25. Effects of study and fresh slurry composition on gaseous emissions. 

Item Variable
a
 P

b
 

Coefficient of 

regression 

I) Ammonia emission (mg/kg) Study <0.001 - 

(n=20) TKN <0.001 191 

(R
2
=0.967) NDF   0.480         8.05 

 ADL   0.736       - 4.80 

 EE   0.034   - 25.4 

II) Methane emission (L/kg) Study <0.001 - 

(n=22) TKN   0.372     11.9 

(R
2
=0.967) NDF   0.439           0.975 

 ADL   0.565        -1.49 

 EE   0.003         7.18 
a
TKN = total Kjeldahl nitrogen; NDF = neutral detergent fibre; ADL = acid 

detergent fibre; EE = ether extract. 
b
Level of significance.
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Table 26. Chemical characterization of pig slurry sample datasets determined by conventional techniques and expressed on fresh 

matter. 

  Experiment 1: slurry samples from commercial farms, n = 77 

Constituents* Average SD Minimum Maximum Range 

Total solids (%) 4.80 3.87 0.488 17.7 17.2 

Volatile solids (%) 3.57 3.03 0.277 14.5 14.2 

Ash (%) 1.22   0.881 0.188     4.56    4.37 

Total Kjeldahl N (%)   0.454   0.300 0.068    1.66    1.59 

Total ammoniacal N (%)   0.299   0.192 0.032    1.03      0.998 

Ammonia N (%N)          66.2         13.5        31.5               92.3             60.8 

Potassium (%)   0.159  0.102 0.022      0.462     0.440 

Phosphorous (%)   0.086  0.079 0.006      0.459     0.453 

E_NH3 (mg/gVS) 5.34           5.53 0.544               28.1             27.6 

B0 (mLCH4/gVS)       250       144        10.3             756           746 

* E_NH3= In vitro ammonia emissions, B0= Biochemical methane potential emission. 
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Table 27. Chemical characterization of fresh reconstituted pig slurry from controlled experiments determined by conventional 

techniques. 

 Experiments 2, 3 and 4: slurry samples from controlled experiments, n = 80 

Constituents* Average SD Minimum Maximum Range 

Total solids (%) 13.1 3.77 5.01 21.0 16.0 

Volatile solids (%) 10.6 3.10 4.05 16.8 12.8 

Ash (%)    2.54  0.861 0.96    7.30    6.34 

Total Kjeldahl N (%)     0.848  0.211  0.380    1.40    1.03 

Total ammoniacal N (%)    0.287  0.150 0.031      0.698      0.667 

Ammonia N (%N)          33.2        14.6          8.07               65.1             57.0 

Potassium (%)   0.388          0.127 0.135      0.730    0.595 

Phosphorous (%)   0.174 0.054 0.064      0.303   0.239 

E_NH3 (mg/gVS) 1.83 0.718 0.132    3.71 3.57 

B0 (mLCH4/gVS)        330        60.3      210              505          295 

* E_NH3= In vitro ammonia emissions, B0= Biochemical methane potential emission. 
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Table 28. Chemical characterization for the full dataset of fresh samples (n=157) determined by conventional techniques. 

 Collective overall 

Constituents* Average Standard 

deviation 

Minimum Maximum Range 

Total solids (%) 9.05 5.66 0.488 21.0 20.5 

Volatile solids (%) 7.15 4.66 0.277 16.8 16.5 

Ash (%) 1.90 1.09 0.188    7.30     7.11 

Total Kjeldahl N (%)   0.665   0.325 0.068    1.66     1.59 

Total ammoniacal N (%)   0.293   0.172 0.031    1.03       0.999 

Ammonia N (%N)          49.4          21.7           8.07           92.3 84.2 

Potassium (%)   0.277            0.162 0.022     0.730       0.708 

Phosphorous (%)   0.131   0.081 0.006     0.459       0.453 

E_NH3 (mg/gVS) 3.53            4.25 0.132           28.1 28.0 

B0 (mLCH4/gVS)         290        117         10.3         756           746 

* E_NH3=  In vitro ammonia emission, B0= biochemical methane potential emission 
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Table 29. Calibration statistics developed and cross validation errors obtained using near-infrared (NIR) to predict the chemical composition 

(%), in vitro NH3 emissions and the ultimate methane yield (B0) of corresponding global collective fresh slurry samples (n=157), performed 

on the entire range of spectra (1100-2492,2 nm). 

     Calibration Cross validation 

Constituents* Math treatment Scattera Factorb Mean Minc Maxc SDd SECe Rc
2f SECVg R2

cv
h RPDi 

DM (%) 0,0,1,1 None 9 8.86 0.488 21.0 5.67 1.28 0.949 1.56 0.924 3.63 

VS (%) 0,0,1,1 None 9 6.97 0.277 16.9 4.64 1.11 0.943 1.29 0.923 3.60 

Ash (%) 2,10,10,1 None   8 1.81 0.188 4.15 0.984 0.214 0.953 0.276 0.922 3.57 

TKN (%) 2,10,10,1 None 7 0.627 0.068 1.27 0.302 0.067 0.950 0.087 0.917 3.47 

TAN (%) 1,5,5,1 None 4 0.280 0.031 0.670 0.142 0.069 0.761 0.077 0.705 1.84 

Potassium (%) 2,10,10,1 None 6 0.265 0.022 0.620 0.154 0.056 0.868 0.064 0.828 2.41 

Phosphorous (%) 0,0,1,1 None 10 0.124 0.006 0.300 0.072 0.026 0.866 0.030 0.834 2.40 

E_NH3 (mg/gVS) 0,0,1,1 Detrend 7 2.43 0.132 15.4 2.25 0.786 0.878 0.977 0.867 2.30 

B0 (mLCH4/gVS) 2,10,10,1 MSC 10 288 24.3 505 105 50.9 0.767 65.8 0.615 1.60 

*DM = dry matter; VS = volatile solids, TKN = total  Kjeldahl nitrogen; TAN = total amoniacal nitrogen; E_NH3 = In vitro ammonia emission; B0 = 
biochemical methane potential emission. a1st digit: derivative warrant; 2nd digit: bypass segment size; 3rd digit: smoothing segment size; 4th digit: second 
smoothing; n = number of samples; bnumber of factors used on cross validation; creal minimum and maximum of samples used for calibration equations; 
dstandard deviation; estandard error of calibration; fcoefficient of determination; gstandard error of cross validation; hcoefficient of determination for the 
cross validation; iresidual prediction deviation (SD/SECV). 
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Table 30. Calibration statistics results to predict the composition of commercial fresh pig slurry samples except when specified, 

reported from other studies performed on similar matrices. 

  
n

a
 Constituent (%)

b
 mean  min max SD (%)

c
 

SECV 

(%)
d
 

R
2

cv
e
 RPD

f
 

Millmier et al. (2000) 174 

DM 6.63 0.370 45.0 - 1.58 0.85 - 

TKN   0.736 0.052    2.21 -   0.184 0.80 - 

TAN   0.540 0.020    1.78 -   0.183 0.63 - 

P   0.205 0.040      0.419 -   0.034 0.47 - 

K   0.412 0.038     1.58  -   0.135 0.79 - 

Dagnew et al. (2004) 88 

DM 8.87 0.800 15.8 4.05   0.800 0.92 3.63 

TKN   0.711 0.177    1.24   0.255   0.098 0.89 2.43 

P   0.137 0.004      0.271   0.087   0.042 0.79 1.93 

K   0.166 0.010     0.322   0.067   0.050 0.68 1.14 

Saeys et al. (2005a) 194 

DM 6.24 0.415    17.5 4.20   2.11 0.75 1.99 

VS 4.10 0.211    13.0 2.91 1.52 0.73 1.92 

TKN   0.690 0.062      1.46   0.365   0.122 0.89 3.00 

TAN   0.471 0.030   1.10   0.255   0.122 0.77 2.10 

P   0.336 0.013   1.10   0.236   0.137 0.67 1.73 

K   0.467 0.113   1.13   0.247   0.098 0.84 2.60 

Saeys et al. (2005b) 420 

DM 6.60 0.415    21.3 3.48 1.19 0.88 2.92 

VS 4.37 0.211    13.0 2.40   0.860 0.87 2.79 

TKN   0.735 0.062   1.65   0.299   0.131 0.81 2.28 

TAN   0.501 0.030   1.48   0.221   0.147 0.56 1.51 

P   0.352 0.013   1.26   0.197   0.088 0.80 2.24 

K   0.496 0.113   1.13   0.208   0.132 0.60 1.58 
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Ye et al. (2005) 85 

DM 6.04    1.07 16.1  3.29 0.021 0.92 4.84 

VS 4.33    3.44    5.30   0.335 0.014 0.87 3.98 

TKN   0.349 0.040    0.54   0.100 0.032 0.91 4.58 

TAN   0.273 0.032      0.406   0.060 0.020 0.91 4.52 

P   0.240 0.017      0.678   0.150 0.040 0.90 4.72 

K   0.235 0.094      0.352   0.020 0.031 0.87 3.05 

Sorensen, et al. (2007)  

cattle + pig 
255 

DM 5.00 0.850    13.0 2.60 0.042 0.97 6.10 

TKN   0.380 0.054     0.910   0.140 0.031 0.94 4.50 

TAN   0.280 0.032     0.680   0.120 0.034 0.92 3.40 

P   0.079 0.009    0.220   0.004 0.013 0.88 2.90 

K   0.250 0.031    0.550   0.084 0.056 0.55 1.50 

Beccaccia et al. (2015a) 77 

DM 4.80 0.488   17.7 3.87 - 0.93 3.58 

Ash 1.22 0.188 4.56   0.881 - 0.75 2.00 

VS 3.57 0.277   14.5 3.03 - 0.91 3.29 

TKN   0.454 0.068  1.66   0.300 - 0.84 2.46 

E_NH3(mg/gVS) 5.34 0.544   28.1 5.53 - 0.84 2.46 

B0(mLCH4/gVS) 250 10.3 756 144 - 0.68 1.82 
an = number of samples; bDM = dry matter; VS = volatile solids, TKN = total nitrogen; TAN = total amoniacal nitrogen; K= potassium; P = 

phosphorous; E_NH3 = In vitro ammonia emission; B0 = biochemical methane potential emission; cstandard deviation; dstandard error of cross 

validation; ecoefficient of determination for the cross validation; fresidual prediction deviation (SD/SECV). 
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Figure 6. Linear regression relationship between predicted (NIRS) and chemically 

analysed values of TS, VS, and TKN. 
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.  
Figure 7. Frequency of samples from commercial farms and controlled 

experiments for Total amoniacal nitrogen (%N) 

 

 

 
Figure 8. Frequency of samples from commercial farms and controlled 

experiments for B0 (mLCH4/gVS) 
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Figure 9. Frequency of samples from commercial farms and controlled 

experiments for B0  (mg CH4/gVS) 
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7 

GENERAL CONCLUSIONS 
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7. General conclusions 

Results obtained from this Thesis conclude that slurry composition is highly 

affected by type of farm, geographic zone and feed composition. It also states that the use 

of industry co-products (as orange pulp, carob meal, sunflower meal, soybean meal or 

wheat DDGS) in pig diets following the essential nutrient recommendations greatly 

influences slurry characteristics. This effect has been explained by differences in nutrient 

digestion, in the composition of urine and faeces, changes of the route of N excretion, the 

microbial fermentation in the hindgut or in the slurry storage. The results indicate that 

feeding strategy has a potential of reducing NH3 and CH4 emissions and to optimize biogas 

production. 

Prediction models of potential emissions of NH3 and CH4 from diet composition 

using data obtained in this Thesis together to other studies, show a positive effect of dietary 

CP and NDF contents on fresh daily slurry excretion (g/kg 
0.75

), a negative influence of 

dietary NDF and EE concentrations on NH3 emission (mg/kg fresh slurry) and a positive 

effect of dietary EE content on CH4 emission (L/kg fresh slurry). All the models of 

prediction were highly significant with R
2
 values above 93.9%. 

Using slurry samples from commercial farms (experiment 1), predictions NIR 

showed a high accuracy for most slurry constituents (R
2

cv above 0.90) and less accuracy of 

prediction for potential NH3 and CH4 emissions with R
2
cv=0.84 and 0.68, respectively. An 

improvement of accuracy of NIR predictions for most of slurry constituents was observed 

when samples from controlled trial experiments (2, 3 and Antezana et al., 2015) were also 

included to the model, showing R
2

cv above 0.92 as a consequence of an increased range of 

variation, however NH3 and CH4 gaseous emissions calibrations shows lower  R
2
cv=0.75 
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and 0.60, respectively, than in experiment 1, explained by a decrease of the variation and 

heterogeneous distribution of samples over the full range showed.  

In all, these findings suggest that NIRS technology has a potential interest as a tool 

to estimate gaseous emissions from manure of intensive livestock production in the future. 
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