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RESUMEN 

 Los  suelos agrícolas son importantes emisores a la atmósfera de óxido nitroso 

(N2O) y óxido nítrico (NO).  Por ello, en los últimos años se está haciendo un 

importante esfuerzo investigador a nivel internacional para encontrar las condiciones y 

las prácticas agrícolas que favorezcan su reducción. A pesar de esto, son muy pocos los 

estudios realizados en suelos de zonas mediterráneas. En este trabajo se ha tratado de 

profundizar en los mecanismos que originan estas emisiones (nitrificación y 

desnitrificación), estudiando específicamente la influencia en estos procesos, y 

consecuentemente en las emisiones de N2O y NO, del tipo y composición del 

fertilizante (orgánico ó mineral), del C orgánico añadido o residual del propio suelo y de 

los sistemas de riego (por goteo o a surco). Para conseguirlo, se han llevado a cabo 

cuatro experimentos, 2 ensayos de campo y 2 ensayos de laboratorio. Cada uno de ellos 

se resume a continuación. 

 En una primera fase, se  estudiaron las emisiones de N2O, NO y las pérdidas 

totales por desnitrificación (zona 0-10 cm)  en un suelo cultivado con patata (Solanum 

tuberosum) en  regadío, utilizando fertilizantes orgánicos  con diferentes fracciones de 

C soluble y amonio como: purín de cerdo incorporado en el suelo con y sin  inhibidor de 

la nitrificación, la diciandiamida; fracción digerida del purín de cerdo; la fracción sólida 

del purín de cerdo compostada y un compost de residuos sólidos urbanos mezclados con 

urea. La dosis de N aplicada fue de 175 kg N ha-1 y las emisiones fueron comparadas 

con un fertilizante mineral, la urea y con un control, que no llevaban ningún tipo de 

fertilización nitrogenada. Las pérdidas totales por desnitrificación estuvieron altamente 

correlacionadas con las fracciones de carbohidratos solubles, el C y N soluble añadido. 

Tanto el N como el  C orgánico soluble afectaron a la relación N2O / N2, observándose 
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que los fertilizantes orgánicos diminuyeron esta relación en comparación con uno 

mineral ó con el propio Control. Las emisiones de N2O  y NO producidas por 

nitrificación fueron mayores para la urea (7.31 kg N2O-N ha-1 y 0.24 kg NO-N ha-1) que 

para los fertilizantes orgánicos. La fracción digerida del purin mitigó en un 48% las 

emisiones totales de N2O y en un 33% las perdidas por desnitrificación en comparación 

a las perdidas presentadas por el purin sin tratar, pero no influyó en las emisiones de 

NO. El compost de purín comparado con el purin sin tratar, incrementó en un 40% las 

perdidas de N2O y en un 55% las de NO pero redujo en un 34% las perdidas por 

desnitrificación. El DCD fue efectivo bajo condiciones de nitrificación reduciendo las 

en un 83% y 77% las emisiones de N2O y NO respectivamente. Aunque MSW + U 

presentó una relación C:N mayor y produjo mayores perdidas por desnitrificación (33.3 

kg N ha-1), las emisiones de N2O y NO fueron menores a las presentadas por U y CP. 

 En este trabajo se ha demostrado  que los fertilizantes orgánicos son una 

herramienta útil para  mitigar las emisiones de contaminantes atmosféricos como el N2O 

y el NO en comparación con la urea en suelos irrigados de zonas mediterráneas. 

  

 En una segunda fase se evaluó el efecto del carbono soluble en las emisiones de 

N2O y NO, aplicado junto con un fertilizante mineral (sulfato amónico) a diferentes 

dosis (200 y 50 kg N ha-1) en dos suelos diferentes; un suelo de cultivo de la zona centro 

de España (pH=7.5, 0.8 %C) y  un suelo de pastoreo de Escocia (pH=5.5, 3.5 %C). El 

experimento fue realizado en condiciones de laboratorio  y bajo diferentes contenidos de 

humedad (90% y 40% WFPS). A altas condiciones de humedad (90% WFPS), las 

emisiones totales de N2O aumentaron en 250.7 y 8.1 ng N2O-N g-1 en  comparación con 

el Control a alta y baja dosis de N añadido respectivamente para el suelo Español y en 
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472.2 ng N2O-N g-1 para el suelo Escocés solo para alta dosis de N añadido. Las 

emisiones de NO solamente  aumentaron significativamente en el suelo Español, 

cuando el N mineral fue aplicado en alta dosis con y sin glucosa y en ambas 

condiciones de humedad. La aplicación de glucosa junto con N mineral a alta dosis 

redujo las emisiones totales de N2O y NO en un 94% y un 55% en el suelo Español y en 

un 46% y un 66% en el suelo Escocés respectivamente. Estas diferencias pueden ser 

explicadas por las diferentes propiedades que presentaba cada tipo de suelo (pH, 

contenido en N mineral y C orgánico soluble).  El mecanismo principal de producción 

de NO y N2O en el suelo con bajo contenido en materia orgánica (suelo Español) podría 

haber sido vía desnitrificación por nitrificadores, mientras que para el suelo rico en 

materia orgánica (suelo Escocés) habría sido debido a un equilibrio entre la nitrificación 

y la desnitrificación.   

 

Para completar las investigaciones realizadas en torno al papel que juega el C en 

los suelos agrícolas, la tercera fase de este trabajo consistió en un ensayo de laboratorio 

dónde se evaluó el efecto que el C residual de un suelo pobre en materia orgánica de 

una región con clima árido (Mali; África), tuvo en los pulsos de óxidos de N producidos 

tras el aporte de agua y agua con fertilizante. En el ensayo de laboratorio, llevado a cabo 

en Edimburgo, se utilizaron muestras de suelo procedentes de parcelas experimentales 

que habían sido fertilizadas 6 meses antes en Mali. Las parcelas recibieron en su 

momento una combinación de fertilizantes orgánicos y minerales: estiércol con y sin 

urea, urea sola y control (sin estiércol ni urea). Cuando los suelos secos  se 

humedecieron con agua en el laboratorio, se produjeron pulsos de N2O y CO2 

coincidiendo con un 68% WFPS. Se observaron también pulsos de NO, pero a una 
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WFPS inferior a 60%. Posteriormente, y tras la adición de una disolución de urea 

simulando una fertilización ureica y una evento de lluvia, los suelos que habían sido 

fertilizados 6 meses antes con estiércol y urea presentaron menores emisiones totales de 

N2O (1.2 ng N2O-N g-1 suelo) y NO (43.9 ng NO-N g-1 suelo) comparadas con las 

parcelas que solamente recibieron urea (5.6 ng N2O-N g-1 suelo y 260.3 ng NO-N g-1 

suelo). Estos datos sugieren que existe un efecto residual del estiércol que contribuye a 

reducir las emisiones de los contaminantes atmosféricos N2O y NO en suelos con poca 

material orgánica.  

 

Con el fin de desarrollar estrategias para paliar las emisiones de los óxidos de N 

desde suelos agrícolas, la cuarta fase de este trabajo ha intentado remarcar la 

importancia que tiene una buena elección del sistema de riego. Para ello se  desarrolló 

un experimento de campo analizando las emisiones de N2O y NO durante un cultivo de 

melón bajo dos sistemas de riego diferentes, riego a surco y riego por goteo. Los 

tratamientos fueron tres; purín digerido a modo de fertilizante orgánico, sulfato amónico 

como mineral, ambos aplicados a una dosis de 175 kg N ha-1 y un control sin 

fertilización nitrogenada. En las parcelas fertilizadas, el riego por goteo redujo un 70% 

y 33% del total de N2O y NO  emitido en el tratamiento mineral (sulfato amónico) con 

respecto al riego a surco, mientras que para el orgánico (purín digerido) fue solo un 28% 

en N2O. Esto fue probablemente debido a la menor cantidad de agua aplicada y a la 

diferente distribución de agua en el riego por goteo. Las zonas secas de las parcelas 

control en el riego por goteo emitieron cantidades similares de N2O que las zonas 

húmedas (0.45 kg N2O-N ha-1). Sin embargo, las parcelas fertilizadas emitieron 

cantidades superiores tanto en las áreas secas como en las húmedas (0.95 y 0.92 kg 
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N2O-N ha-1 para sulfato amónico y purín digerido respectivamente en zonas secas y 

0.70 y 1.35 kg N2O-N ha-1 para los mismos tratamientos en zonas húmedas). Los pulsos 

de los óxidos de N emitidos  a través del riego por goteo fueron promovidos en parte 

por los frecuentes incrementos de volumen de suelo mojado después de las adiciones de 

agua. La nitrificación fue la fuente más importante de emisión de N2O en el riego por 

goteo, mientras que la desnitrificación lo fue en el riego a surco. La adición de NH4
+ y 

el uso del riego por goteo aumentó la relación N2O/N2 de los gases producidos por la 

desnitrificación. Sin embargo, el fertilizante orgánico mostró de nuevo un efecto 

positivo sobre las emisiones disminuyendo la relación N2O/N2 con respecto al 

fertilizante mineral incluso en ambos sistemas de riego (0.24 y 1.60 para el purín 

digerido y sulfato amónico en riego a surco, y 0.75 y 2.50, para los mismos tratamientos 

en riego por goteo). La cantidad de C orgánico soluble en el suelo generalmente 

disminuyó con la adición de NH4
+ aunque esa disminución fue un poco menor en el 

caso del fertilizante orgánico. 

Este trabajo ha demostrado que el riego por goteo, en comparación  con el riego 

a surco, es un método que no solo se puede usar para reducir agua, sino también para 

mitigar emisiones de óxidos de N.  
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Abstract 

 Nowadays, there is a large interest to reduce atmospheric pollutants such as 

nitrous oxides from agricultural soils. However, little is known about it in soils from 

Mediterranean and tropical countries. This study investigates the influence of 

different factors on nitrous and nitric oxide (N2O and NO) emissions and therefore the 

processes which produce these gases, nitrification and denitrification.  The  factors 

studied were: type and composition of fertilizer (organic or mineral); added or 

residual organic C and irrigation system (drip or furrow irrigation). In order to 

achieve it, the experimental part of this work has been carried out in 4 phases, 2 field 

experiments (described in chapters 3 and 6) and 2 laboratory experiments (described 

in chapters 4 and 5).   

 

In the first phase, the emission of N2O, NO and denitrification losses from an 

irrigated soil amended with organic fertilizers with different soluble organic carbon 

fractions and ammonium contents were studied in a field study covering the growing 

season of potato (Solanum tuberosum). The field experiment was located at ‘El Encin’ 

Field Station, near Madrid. Untreated pig slurry with and without the nitrification 

inhibitor dicyandiamide, digested thin fraction of pig slurry, composted solid fraction 

of pig slurry and composted municipal solid waste mixed with urea were applied at a 

rate of 175 kg available N ha-1, and emissions were compared with those from urea 

and a control treatment without any added N fertilizer. The cumulative denitrification 

losses correlated significantly with the soluble carbohydrates, dissolved N and total C 

added. Added dissolved organic C and dissolved N affected the N2O/N2 ratio, and a 
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lower ratio was observed for organic fertilizers than from urea or unfertilised controls. 

The proportion of N2O produced from nitrification was higher from urea than from  

organic fertilizers. Accumulated N2O losses during the growing season ranged from 

3.69 to 7.31 kg N2O-N ha-1 for control and urea, respectively, whereas NO losses 

ranged from 0.005 to 0.24 kg NO-N ha-1, respectively. Digested thin fraction of pig 

slurry compared to untreated pig slurry mitigated the total N2O emission by 48% and 

the denitrification rate by 33%, but did not influence NO emissions. Composted pig 

slurry compared to untreated pig slurry increased the N2O emission by 40% and NO 

emission by 55% but reduced the denitrification losses (34%). Dicyandiamide 

partially inhibited nitrification rates and reduced N2O and NO emissions from pig 

slurry by at least 83% and 77%, respectively. Municipal solid waste mixed with urea , 

with a C:N ratio higher than that of the composted pig slurry, produced the largest 

denitrification losses (33.3 kg N ha-1), although N2O and NO emissions were lower 

than for the urea and pig slurry treatments. 

This work has shown that for an irrigated clay loam soil additions of treated 

organic fertilizers can mitigate the emissions of NO and N2O in comparison with 

urea. 

 
 In the second phase the effect of soluble organic C on N2O and NO emissions 

from the El Encín soil was studied in detail under controlled laboratory conditions. 

Soluble organic carbon (glucose) was added together with a mineral fertilizer 

(ammonium sulphate) at two different N rates (200 and 50 kg N ha-1) under different 

moisture contents, at a water filled pore space (WFPS) of 90% and 40%. In addition 

the importance of soil type in influencing trace gas fluxes was studied by repeating 

the laboratory study using a contrasting soil from Scotland. The Scottish soil was 
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agrassland soil (pH 5.5, 3.5% C), the Spanish soil was a semiarid arable soil (pH=7.5, 

0.8 %C). Under wet conditions (90% WFPS), at high and low rates of N additions, 

cumulative N2O emissions increased by 250.7 and 8.1 ng N2O-N g-1 in comparison to 

the control, respectively from the Spanish soil and by 472.2 and 2.1 ng N2O-N g-1, 

respectively from the Scottish soil. NO emissions only significantly increased from 

the Spanish soil at the high N application rate with and without glucose addition and 

at both 40% and 90% WFPS. In both soils additions of glucose together with the high 

N application rate (200 kg N ha-1) reduced cumulative N2O and NO emissions by 

94% and 55% from the Spanish soil, and by 46% and 66% from the Scottish soil, 

respectively. These differences can be explained by differences in soil properties, 

including pH, soil mineral N and total and dissolved organic carbon content. It is 

speculated that nitrifier denitrification was the main source of NO and N2O in the C-

poor Spanish soil, and coupled nitrification-denitrification in the C-rich Scottish soil.  

 

To complete the research on the influence of carbon on trace gas emissions 

from agricultural soil, the third phase of this work consisted of a laboratory 

experiment using a low carbon soil (0.18% organic matter) from another arid region, 

Mali, Africa. In this study the residual effect of the C on the N oxides emission 

produced after application of water or water plus urea was investigated.  

The soil samples were collected by CEH Edinburgh and the laboratory 

experiment was carried out at Edinburgh. Six months before collection, these fields 

had received a combination of manure, no manure, urea or no urea.  

When soils were rewetted with water, pulses of N2O and CO2 peaked at a WFPS of 

68% and pulses of NO only appeared when the WFPS was less than 60%.  
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The second rainfall event, with the addition of urea, increased NO emissions by one 

order of magnitude, compared to first rainfall event (water only). The plots that six 

months prior to this study had received manure and urea had smaller total emissions 

of N2O (1.2 ng N2O-N g-1 soil) and NO (43.9 ng NO-N g-1 soil) compared to plots 

previously receiving urea only (5.6 ng N2O-N g-1 soil and 260.3 ng NO-N g-1 soil).  

These data suggest that the residual effect of manure can reduce emissions of 

the atmospheric pollutants NO and N2O in carbon poor soils.  

 

In order to develop strategies to reduce N oxide emissions, the fourth phase of 

this work was designed to show the importance of a good system irrigation selection. 

A field experiment was carried out to compare the influence of different irrigation 

systems: furrow-irrigation or drip-irrigation, on N2O and NO emissions from a soil 

during the melon crop season at El Encín field station, near Madrid. Two fertilizer 

treatments were evaluated for each irrigation regime: ammonium sulphate and 

anaerobic pig slurry, as a mineral and organic N fertilizer respectively, at a rate of 175 

kg N ha-1. Additionally there was a control treatment without any N fertilizer. On 

plots where N fertilizers were applied, drip irrigation reduced total N2O and NO 

emissions (by 70% and 33% respectively for ammonium sulphate) and 28% only for 

N2O for anaerobic pig slurry with respect to values for furrow irrigation. This was 

probably due to the smaller amount of water applied and the different soil wetting 

pattern associated with drip-irrigation. Dry areas of the drip-irrigated plots emitted a 

similar amount of N2O to the wet areas (0.45 kg N2O-N ha-1) in the control and 

greater quantities in the N treatment (0.95 and 0.92 kg N2O-N ha-1 for ammonium 

sulphate  and anaerobic pig slurry respectively for dry areas and 0.70 and 1.35 kg 
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N2O-N ha-1 for the same treatments for wet areas).We suggest that the N oxide pulses 

observed throughout the irrigation period on drip-irrigation  plots could have been the 

result of frequent increases in the soil wetting volume after the addition of water.  

Under drip-irrigation, nitrification was an important source of N2O, whereas 

denitrification was the most important source under furrow-irrigation. The addition of 

NH4
+ and the use of drip-irrigation enhanced the N2O/N2 ratio of gases produced 

through denitrification. However, the addition of organic fertilizer showed again a 

positive effect reducing N2O/N2 ratio compare with mineral treatment, even under 

both irrigation systems (0.24 and 1.60 for anaerobic pig slurry and ammonium 

sulphate under furrow-irrigation, and 0.75 and 2.50, for the same treatments under 

drip-irrigation). The quantity of dissolved organic C in the soil generally decreased 

with addition of NH4
+ although this decrease was a bit lower from organic fertilizer.  

This work showed that, in comparison with furrow irrigation, drip irrigation is 

a method that can be used to save water and mitigate NO and N2O emissions. 
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“La tierra es de todos y por tanto todos 

tenemos responsabilidad en su futuro”

Jane Goodall 
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1. INTRODUCCIÓN 

 

1.1 GASES DE EFECTO INVERNADERO Y CAMBIO CLIMÁTICO 

El efecto invernadero es un fenómeno natural provocado por gases de la 

atmósfera como el vapor de agua; dióxido de carbono (CO2); metano (CH4) y óxido 

nitroso (N2O) que hacen que parte de la radiación solar que llega a la tierra quede 

atrapada, aumentando la temperatura media global (15ºC) y haciendo  posible la vida 

en esta. La naturaleza tiene mecanismos para producir estos gases como el CO2 

(Volcanes) y para consumirlos (bosque; formación de arrecifes, etc.). Sin embargo, es 

el  hombre quien somete a la tierra día tras día a un complejo sistema de actividades 

antropogénicas provocando grandes cantidades de estos y de otros gases como 

clorofluorcarbonados (CFC) y ozono (O3) troposférico, sin ser capaz después de 

metabolizarlos.  

Fenómenos como el aumento de las temperaturas a nivel mundial, el deshielo 

de los polos, cambios en la dinámica fluvial de los ríos, avance de la desertización, 

etc. hacen que el cambio climático sea una realidad indiscutible. A pesar de las 

múltiples teorías que hay hoy en día sobre este tema; positivistas, pesimistas e incluso 

incrédulos, lo realmente cierto es que desde la revolución industrial las 

concentraciones de gases de efecto invernadero en la atmósfera están en constante 

incremento y la temperatura de la tierra ha aumentado 0.6ºC (IPCC, 2001). 

Según datos del Grupo Intergubernamental de expertos sobre el cambio 

climático de las Naciones Unidas (IPCC, 2001) la concentración de los principales 

gases invernadero ha aumentado un 31%, un 150% y un 16% para el dióxido de 

carbono (CO2), el Metano (CH4) y el óxido nitroso (N2O) desde 1750.  

Aunque el CO2 sea considerado el gas invernadero por excelencia debido a 
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que su concentración en la atmósfera es muy superior al resto (Fig. 1.1), no hay que 

olvidar que tanto el tiempo de vida media en la atmósfera de cada gas como su 

potencial de calentamiento es muy importante. De este modo, el CH4 y el N2O  

resultan ser especialmente peligrosos. En concreto el  N2O presenta un potencial 296 

veces mayor que el del CO2 y su vida media en la atmósfera  es de 114 años. Se 

calcula que el oxido nitroso es el responsable del 6% del total de gases invernadero 

emitidos, y su concentración en la atmósfera continua aumentando paulatinamente 

(IPCC, 2001)(Fig. 1.2).   

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.1  Principales características que determinan la contribución del CO2, CH4 y 

N2O al efecto invernadero. El tamaño de cada círculo es proporcional a 

la importancia de cada característica. 

 

Son muchos los sectores que intervienen de manera directa o indirecta en las 

emisiones de gases invernadero. El principal responsable de las emisiones de CO2 es 
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el sector industrial donde se engloban las empresas petroquímicas, industriales, 

energéticas y de transporte. Junto con la combustión de fósiles, y los cultivos de arroz 

los sectores ganadero y agrícola son los máximos responsables de las emisiones de 

CH4. Pero es solamente el sector agrícola el principal responsable de las emisiones 

N2O, emitiendo entre un 60-75% del total de N2O, debido al desarrollo de la  

agricultura intensiva y a la fabricación de fertilizantes (Fig. 1.2). 

 

 

Fig. 1.2 Emisiones antropogénicas globales de gases de efecto invernadero por los 

diferentes sectores durante el año 2000. 
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Si además del N2O y el CH4 producido por la agricultura, tenemos en cuenta el 

CO2, resulta que la agricultura emite el 11% del total de gases de efecto invernadero 

situándose como tercer sector responsable del calentamiento global.  En España, la 

contribución de la agricultura a las emisiones de gases de efecto invernadero en 2002 

fue de un 10.7% (MMA, 2003).  

Por ello, es sumamente importante entender como, cuando y por qué se producen 

estas emisiones para intentar paliarlas. 

 

1.2 AGRICULTURA Y MEDIO AMBIENTE  

El nitrógeno (N) es un componente esencial para cualquier cultivo, por ello el uso 

de fertilizantes nitrogenados (orgánicos o inorgánicos) es una práctica extendida en la 

Agricultura actual. En los últimos años se está recomendando la reutilización de de 

estiércoles y purines como fertilizantes orgánicos. Con ello, no solo se pretende dar 

salida a una gran cantidad de residuos, sino que además de esta forma se aportan 

sustratos útiles para la formación de las sustancias húmicas del suelo.  

El N aplicado por los fertilizantes a los cultivos, se ve sujeto a una complicada 

cadena de reacciones entre el suelo, el agua y la atmósfera que conllevan la 

disminución de su eficacia y un riesgo ambiental implícito. El ciclo del N (Fig. 1.3), 

es el que regula la entrada y salida del N desde el suelo hasta la atmósfera o el agua. 

El uso masivo de fertilizantes orgánicos y minerales incorporan  cantidades extras de 

N en el ciclo y aumentan el riesgo de contaminación.   
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Fig. 1.3 Ciclo del Nitrógeno 

Hoy en día la política medioambiental se centra en imponer límites a la 

contaminación causada por la inadecuada fertilización y establecer valores estándar 

de la calidad de suelo, aire y agua. El uso excesivo de fertilizantes nitrogenados 

produce eutrofización de las aguas superficiales y una acumulación de nitratos (NO3
-

) en el suelo que en condiciones de lluvia o riego es lixiviado hasta los acuíferos 

produciendo así la contaminación de estas reservas de agua. El problema 

medioambiental es tal, que se considera que un 70% de los acuíferos españoles está 

contaminado con nitratos. El uso de fertilizantes orgánicos y en concreto de algunos 

purines conlleva un riesgo adicional. La presencia de metales pesados como el Zn; 

Cd ó Pb y de patógenos produce a su vez la contaminación y salinización de los 

suelos.  
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Así bien, el N aplicado por los fertilizantes ya sean orgánicos ó minerales no solo 

pueden ser causa de contaminación del suelo y del agua sino que como se ha visto 

anteriormente, emiten a la atmósfera gran cantidad de gases entre los que destaca el 

N2O y el  NO. 

● Óxido Nitroso  

Centrándonos en el N2O, habría que puntualizar que no es solo medio 

ambientalmente peligroso por su efecto invernadero como ya se ha comentado 

anteriormente, sino que además participa de una forma activa en la destrucción de la 

capa de ozono estratosférico. Según las siguientes reacciones, el N2O se fotodisocia 

en la estratosfera para dar N2 y un átomo de oxígeno. El  O atómico es muy reactivo y 

reacciona con moléculas de N2O a través de dos posibles reacciones, una de ellas, la 

más habitual e inocua para el medio, es la formación de N2 y O2, pero otra vía posible 

de reacción es la formación de NO, compuesto que a su vez actúa como catalizador de 

la destrucción del O3 (Crutzen, 1979 and Warneck, 1988). 

 

 

 

N2O + hv             N2 + O* 

O* + N2O             N2 + O2

  

O* + N2O             NO + NO

                        fotooxidación  
NO + O3                      NO2 + O2
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• Óxido Nítrico: 

El NO, no absorbe radiaciones en el infrarrojo y su tiempo de permanencia en la 

atmósfera es de un día (Isermann, 1994). Sin embargo, además de catalizar la 

destrucción del ozono estratosférico, como se ha visto en el punto anterior, es una 

molécula altamente reactiva en la troposfera contribuyendo a la formación 

fotoquímica del ozono troposférico, uno de los contaminantes gaseosos mas 

importantes valorado en términos sobre su efecto en la salud humana y en la 

producción vegetal (Staffelbach et al., 1997). La cadena de reacciones en las que se ve 

envuelto hace que pueda reaccionar con los radicales OH*, que están presentes en 

gran cantidad en la troposfera, produciendo ácido nítrico (HNO3). El ácido nítrico 

puede disolverse en el medio acuoso de nubes ó nieblas y retornar a la superficie en 

forma de lluvia ácida.  

                                           NO + O3 → NO2 + O2

                     3NO2 (g) + OH* → 2HNO3 + NO (g) 

 

• Otros gases: (SO2 y NH3) 

Aunque tanto el SO2 como el NH3 no son objeto de esta Tesis, sí se debe 

puntualizar que son fuertes contaminantes medio ambientales producidos por el 

empleo de fertilizantes, principalmente orgánicos. Estos gases son liberados a la 

atmósfera reaccionando con el O2 y el H2O, y dando origen a contaminantes 

secundarios como el H2SO4 y el HNO3 los cuales producen consecuentemente la 

_____________________________________________________________________ 8



                                                                                                                1.  Introducción 
 

lluvia ácida. La acidificación de las aguas es otro problema muy importante 

asociado a estos gases ya que implica la muerte de especies tanto animales como 

vegetales, desequilibrando así el ecosistema. 

 

1.3 PROCESOS RESPONSABLES DE LAS EMISIONES DE LOS ÓXIDOS DE 

N EN LOS SUELOS 

 

Los óxidos de N son el resultado de una cadena de reacciones en el suelo que 

viene marcada por diferentes colonias de microorganismos y que están sujetas a 

muchos parámetros tanto edáficos como climáticos. 

 

1.3.1 Nitrificación 

Se conoce como nitrificación al proceso de oxidación del amonio (NH4
+) liberado 

en el proceso de amonificación a NO3
- en condiciones aerobias. Para las plantas el 

NO3
- es la forma nitrogenada más importante, ya que las plantas de ambientes 

aeróbicos se han adaptado a tomar esta forma de N con preferencia al NH4
+.  

Esta oxidación puede darse por dos grupos de organismos: autótrofos y 

heterótrofos. Los heterótrofos utilizan el C orgánico como fuente de energía entre los 

más importantes se encuentra el grupo de los hongos los cuales adquieren una cierta 

importancia a pH ácido (Lang and Jagnow, 1986).  Sin embargo, los más estudiados 

han sido los autótrofos, los cuales obtienen la energía de la oxidación de NH4
+ó NO2

-. 

La nitrificación autótrofa es llevada a cabo por dos grupos de microorganismos. Los 

primeros oxidan el NH3 a NO2
- en una primera fase conocida como nitrosación 

(nitrificadores primarios) y los segundos realizan la segunda etapa o nitratación 

(nitrificadores secundarios) en la que el NO2
- es convertido en NO3

-. Dentro del 
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primer grupo están las nitrosobacterias (Nitrosoglaca) y quizá una de las más 

conocidas sea la Nitrosomona europea y las segundas son las nitrobacterias 

(Nitrobacter, Nitrocystis y Bactoderma), siendo una de las más conocidas la 

Nitrobacter winogradski.. Estas bacterias se encuentran en todos los suelos, a 

excepción de los muy ácidos o turbosos, predominando en los horizontes 

superficiales. En el proceso de nitrificación se forman compuestos intermedios como 

la hidroxilamina (NH2OH), ácido hiponitroso (HO-N=N-OH) y ácido nitroso (HNO2). 

Las reacciones parciales son las siguientes: 

 

2NH4
+ +3O2            2NH2OH (hidroxilamina) + H2O 

 

2NH2OH + O2            HO-N=N-OH (ácido hiponitroso) + 2H2O 

 

HO-N=N-OH + O2            2HNO2  

 

2HNO2 + O2                    2HNO3 

 

Según  Firestone and Davidson (1989), la formación de alguno de estos 

compuestos intermedios como la hidroxilamina, dan paso a las emisiones de los 

óxidos de N, como muestra la siguiente cadena de reacciones.  

NO NO NO 

NH4
+             NH2OH           NO2

-              NO3
-     

  NO2NHOH
N2O  
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En el suelo la velocidad de oxidación del NO2
- suele ser superior a la del NH4

+ , 

por lo que el NO2
- raramente se acumula, y está presente en cantidades muy pequeñas, 

completándose el proceso rápidamente hasta la formación de NO3
-. No obstante, dado 

que existen diferencias entre nitrificadores primarios y secundarios, en determinadas 

condiciones ecológicas puede acumularse el NO2
- en el suelo (suelos ácidos, 

inundados o con temperaturas bajas). 

Los principales factores que afectan al proceso de nitrificación en el suelo y por 

tanto a la emisión de estos gases son: 

  

1. Contenido del ión amonio y relación C/N de la materia orgánica en el 

suelo. Sólo se producirá nitrificación si hay NH4
+  en el suelo o se aporta a 

partir de los fertilizantes. Cuando la relación C/N es muy alta, parte del 

amonio liberado es utilizado por los propios microorganismos 

inmovilizándolo en forma orgánica en su tejido microbiano. A medida que 

disminuye el C disponible, la inmovilización del nitrógeno se aminora y, por 

tanto, aparece NH4
+, susceptible de ser nitrificado. Cuando la relación C/N 

disminuye por debajo de 20-25, hay una liberación neta de nitrógeno mineral. 

 

2. Características del suelo y presencia de diversos elementos. Las bacterias 

nitrificantes se encuentran presentes en todo suelo, no obstante, se hallan en 

mayor cantidad en suelos fértiles. El pH óptimo se encuentra entre 6.9 y 7.5, 

aunque el rango en el que se produce reacción está entre 5.5 y 8.0. Los 

microorganismos son sensibles a la acidez del suelo. Las bacterias nitrificantes 

requieren también un aporte de calcio, fósforo, cobre y magnesio. Otros 

oligoelementos como hierro, molibdeno, boro, wolframio y vanadio, son 
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estimulantes en concentraciones bajas, pero se convierten en inhibidores 

cuando la concentración es superior al 1%.  

 

3. Aireación del suelo. Las bacterias nitrificantes son microorganismos 

aerobios, por tanto, la aireación del suelo favorece la nitrificación. Ensayos de 

laboratorio han puesto de manifiesto que el porcentaje de oxígeno óptimo es 

del 20%, por tanto casi igual al que posee la atmósfera terrestre. Presiones 

parciales de oxígeno bajas disminuyen la producción de NO2
- e incrementan la 

de N2O (Sahrawat and Keeney, 1986). 

 

4. Humedad del suelo. Existe para cada suelo un óptimo de humedad que varía 

con la textura del suelo. Suele situarse entre 12-18% de agua. 

 

5. Temperatura. La temperatura óptima se sitúa entre 27-30ºC. A temperaturas 

de 0ºC o por debajo no se produce nitrificación, comenzando ésta por encima 

de 1.5ºC y aumentando progresivamente hasta los 30ºC, temperatura en la que 

se produce un máximo de actividad. 

 

1.3.2 Desnitrificación 

La desnitrificación es el proceso de reducción de NO3
- y del NO2

- a nitrógeno 

molecular. Existen dos tipos de desnitrificación, la biológica y la química siendo 

mucho mas importante la biológica.  

La desnitrificación biológica es la  realizada por microorganismos facultativos 

aerobios (bacterias y hongos), que en condiciones de poco oxígeno (anaerobiosis), 

utilizan estos compuestos como aceptores de electrones (desnitrificación biológica). 
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Las bacterias responsables de la desnitrificación biológica pertenecen a distintos 

géneros, pero destacan las especies bacterianas heterótrofas de los géneros 

Pseudomateria organicanas, Bacillus, Thiobacillus, Propionibacterium y otras 

(Firestone, 1982). En estas reacciones aparecen como compuestos intermedios óxidos 

de nitrógeno (NOx y N2O). Estos microorganismos predominantemente heterótrofos, 

son anaerobios facultativos que pueden utilizar el NO3
- como aceptor de electrones, 

en lugar del O2, para la respiración en condiciones de bajo contenido en O2 o en un 

medio anaerobio. Las enzimas que catalizan estas reacciones son la nitrato reductasa, 

nitrito reductasa, óxido nítrico reductasa y la óxido nitroso reductasa (Hochstein and 

TomLinson, 1988).  

 

NO3
- NO2

- NO                    N2O               N2

Nitrato -
reductasa

Nitrito -
reductasa

Oxido nitrico
-reductasa

Oxido nitroso 
-reductasa

NO3
- NO2

- NO                    N2O               N2NO3
- NO2

- NO                    N2O               N2NO3
- NO2

- NO                    N2O               N2

Nitrato -
reductasa

Nitrito -
reductasa

Oxido nitrico
-reductasa

Oxido nitroso 
-reductasa

Nitrato -
reductasa

Nitrito -
reductasa

Oxido nitrico
-reductasa

Oxido nitroso 
-reductasa

 

Fig. 1.4  Proceso de reducción durante el proceso de desnitrificación   

 

En el proceso de desnitrificación el nitrógeno es reducido desde un estado de 

oxidación de +5 en el ión nitrato a 0 en el N2. Sin embargo, las bacterias 

desnitrificantes muestran una variedad incompleta de reducciones: algunas solo 

producen N2, otras N2O y N2 y otras solo N2O (Kaplan and Wofsey, 1985).  

La actividad de estas bacterias desnitrificantes, y por tanto la desnitrificación 

biológica, varía en función de las condiciones medioambientales. Los principales 
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factores que regulan el proceso de desnitrificación son: la disponibilidad de NO3
-, 

carbono orgánico asimilable, ausencia de oxígeno, temperatura del suelo, pH y WFPS 

(‘Water Filled Pore Space’ o tanto por ciento de poros llenos de agua).  

 

1. Disponibilidad de NO3
-. El nitrato es el sustrato necesario para el proceso de 

desnitrificación, por tanto debe presentarse en cantidad suficiente en el suelo 

para permitir el desarrollo de las bacterias desnitrificantes. 

 

2. Carbono orgánico asimilable. Es fundamental para el desarrollo de los 

microorganismos, y actúa como dador de electrones. Es la fuente energética. 

 

3. Ausencia de oxígeno. La desnitrificación tiene lugar en condiciones 

anaeróbicas, ya que es, en este caso, cuando las bacterias responsables del 

proceso utilizan el NO3
-, NO2

- y óxidos de nitrógeno como aceptores de 

electrones, en vez de utilizar el O2. 

 

4. WFPS. El tanto por ciento de poros llenos de agua está relacionado con el 

contenido en O2 en los poros del suelo, por tanto aumenta la desnitrificación 

cuando aumenta el contenido en agua de los poros.  Se ha identificado que 

existe un valor umbral, en torno al 62%, por encima del cual las pérdidas por 

desnitrificación aumentan de forma exponencial, mientras que valores 

inferiores producen velocidades de desnitrificación generalmente 

insignificantes (Barton et al., 1999; Vallejo et al., 2001). 
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5. Temperatura del suelo. La desnitrificación puede tener lugar entre 2 y 75ºC, 

siendo la temperatura óptima en torno a 27-30ºC. La temperatura del suelo no 

afecta sólo a la actividad de los microorganismos, sino también a los procesos 

físico-químicos del suelo, tales como la difusión del O2. La relación entre 

velocidad de desnitrificación y temperatura es de tipo exponencial y según 

Maag and Vinther (1999), la ecuación de Arrhenius para estimar velocidades 

de desnitrificación puede ser utilizada cuando las temperaturas son moderadas 

(15-35ºC). 

 

6. pH. Los valores óptimos de pH son los comprendidos entre 7 y 8, 

disminuyendo considerablemente la actividad de estos microorganismos a pH 

ácidos (Nägele and Conrad, 1990; Granli and Bockman, 1994). Los resultados 

obtenidos muestran que para valores superiores a 7 (entre 7 y 8.5), las mayores 

pérdidas aparecen como N2, y en menor proporción como N2O. En cambio, a 

pH inferiores (entre 5 y 7), las pérdidas fueron fundamentalmente como N2O, 

y en mucha menor proporción como N2. La acidez del suelo inhibe por tanto la 

reducción del óxido de nitroso a nitrógeno. 

 

La desnitrificación se inhibe pues, cuando en el suelo existen niveles de NO3
-  

insuficientes para el desarrollo de las bacterias desnitrificantes, o existan condiciones 

aerobias. Para que tenga lugar el proceso de desnitrificación deben producirse en el 

suelo NO3
- (o ser añadidos al mismo), y entrar éste a continuación en condiciones 

anaeróbicas. La alternancia de ciclos aeróbicos y anaeróbicos, o la existencia de zonas 

aeróbicas adyacentes a otras anaeróbicas, favorecen las reacciones de desnitrificación 

(Smith and  Patrick,  1983),  ya  que  el NO3
-  necesario  para la  desnitrificación  
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(proceso anaeróbico) es producido fundamentalmente en la nitrificación, que es un 

proceso aeróbico. Por ello, si un suelo aireado, donde ha habido nitrificación y 

producción de NO3
-, se encharca, entrando en condiciones anaerobiosis, es muy 

posible que se produzcan reacciones intensas de desnitrificación. 

La desnitrificación química por su parte, no conlleva la intervención de 

microorganismos. La desnitrificación química es la reducción del NO2
- o NO3

- a 

óxidos de nitrógeno y N2 por vía química con participación de compuestos orgánicos 

(aminas) o inorgánicos (Fe2+). En este proceso el factor determinante es el ión NO2
-, 

de forma que la reacción química depende de la concentración inicial de NO2
- en el 

suelo y del pH. Al disminuir el pH del suelo aumenta la descomposición de NO2
-, por 

lo que la quimiodesnitrificación sólo tiene cierta importancia en suelos ácidos 

(Vermoesen et al., 1993).  

Puesto que tanto la nitrificación como la desnitrificación son los procesos 

responsables de las emisiones de óxidos de nitrógeno por suelos agrícolas y que 

además estos dependen de muchos factores, Firestone and Davidson en 1989 

establecieron un modelo denominado ‘hole in the pipe’ muy útil para el 

entendimiento de ambos procesos (Fig. 1.5). 
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Fig. 1.5  Modelo ‘hole in the pipe’ para explicar la emisión de NO y N2O 

 

El modelo se basa en el flujo de un fluido a través de una tubería agujereada, 

donde las tasas de nitrificación y desnitrificación son consideradas análogas a la 

magnitud del flujo de N a través de la tubería, mientras que el tamaño de los agujeros 

determina las cantidades relativas de N2O y NO que pueden perderse en relación con 

el flujo total de N circulante. 

En suelos agrícolas la magnitud del flujo de N a través de la tubería está 

principalmente controlada por la aplicación de fertilizantes y la fijación biológica de 

N2 por los cultivos. La velocidad del flujo de N a través de la tubería está fuertemente 

relacionada con la temperatura, que rige los procesos del suelo a todos los niveles. El 

tamaño de los agujeros viene determinado por numerosos factores como el contenido 

hídrico del suelo, el oxigeno y el pH. 
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Hay ocasiones que debido principalmente a las condiciones de humedad en el 

suelo, se producen a la vez los procesos de nitrificación y desnitrificación, 

denominándose al proceso conjunto “couple nitrification-denitrification” (Wrage et 

al., 2001). 

 

1.3.3 Desnitrificación por nitrificadores 

En 1972, Ritchie and Nicholas, ya propusieron la idea de que algunos 

microorganismos nitrificantes no solo podían nitrificar sino también desnitrificar. 

Para ello se sugirió una ruta de actuación de estas condiciones llamada 

desnitrificación de los nitrificantes. En esta vía, el NH3 es oxidado a NO2
- que 

posteriormente se reduce a NO, N2O y N2 (Fig. 1.6).  

 

Fig. 1.6  Transformación del N mineral en el suelo (Wrage et al., 2001). 

 

Microorganismos Nitrificantes 

Microorganismos 

                                                         NO         N2O          N2 

 
                         Desnitrificación de los nitrificadores 

Nitrificación      N2O, NO           
 
 
 
 

NO2
-         NO        N2O        N2  

      
                            Desnitrificación     NO3

- 

NH3             NH2OH            NO2
-  

N2O,  
NO 
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Las transformaciones son llevadas a cabo por microorganismos nitrificantes 

autótrofos por lo que es diferente a la anteriormente mencionada vía “couple 

nitrification-denitrification”, donde son los desnitrificadores los que reducen los NO2
- 

o el NO3
- producido por los nitrificadores. Las emisiones llevadas a cabo por la 

desnitrificación de los nitrificadores, contribuyen también a aumentar los óxidos de N 

en la atmósfera así como a causar perdidas de los fertilizantes nitrogenados en los 

suelos agrícolas. Son pocos los trabajos que han estudiado este mecanismo como vía 

de producción de N2O pero parece ser que este proceso se favorece por una 

concentración baja de O2 y materia orgánica en el suelo así como a un pH ácido. De 

ahí, que no sea un mecanismo de emisión de gases común en todos los suelos (Wrage 

et al., 2001). 

 

1.4 MÉTODOS PARA DETERMINAR LA PROCEDENCIA DEL N2O 

EMITIDO  

 

Debido a que el N2 es un gas presente en la atmósfera terrestre en un 78%, es 

bastante difícil obtener un método exacto que determine cuanto N2 se produce por 

desnitrificación. Así mismo, existen dificultades para determinar la proporción de 

N2O que procede de la nitrificación y la que procede de la desnitrificación.  

Quizás la técnica mas adecuada hoy en día es la del N15 pero su coste 

económico hace que no pueda ser asequible para muchos laboratorios. En los últimos 

años se han desarrollado técnicas basadas en las propiedades inhibidoras del acetileno 

(Müller et al., 1998), que por su sencillez resultan ser muy útiles y prácticas. Aunque 

tiene varios problemas asociados:  el acetileno tiene una baja difusión en el suelo; en 

ocasiones, los microorganismos pueden utilizar el acetileno como fuente de C, y 
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según estudios realizados por Bollmann and Conrad (1997), puede incluso catalizar la 

descomposición del NO. Sin embargo, para obtener resultados de velocidades de 

desnitrificación resulta ser muy competente. 

En los métodos basados en la inhibición del acetileno, se aprovecha 

precisamente la propiedad que tiene este compuesto de inhibir la reducción de N2O a 

N2 en los sistemas biológicos (Knowles, 1990). Cuando se inyecta acetileno a altas 

concentraciones (5%) en los poros del suelo, se bloquea la reducción del N2O a N2, y 

también la oxidación del amonio en el proceso de nitrificación (Okereke, 1984). El 

N2O producido en estas condiciones de incubación (5% de C2H2) es un indicativo de 

la tasa total de desnitrificación (N2O + N2) (Aulakh et al., 1991; Knowles, 1990). Se 

ha observado además, que la enzima amonio-oxidasa, responsable de la primera 

reacción de nitrificación,  es también  inhibida por el acetileno  (C2H2) a bajas 

presiones (0,01-0,1 %) (Klemedtson et al., 1988). Por ello incubando cilindros de 

suelo en condiciones de baja presión de C2H2 se obtiene el N2O producido por la 

desnitrificación. En esas condiciones la enzima oxido nitroso reductasa no es inhibida, 

por lo que todo el N2O coincide con el realmente producido en la desnitrificación. 

Cuando el suelo se incuba sin C2H2 se obtiene el N2O producido  por la nitrificación y 

desnitrificación. La tasa de producción debida a la nitrificación puede ser estimada 

mediante la diferencia entre el N2O producido en un suelo que ha sido incubado sin 

acetileno y el producido con una baja concentración de acetileno. Algunos de los 

inconvenientes de utilización de la técnica de incubación con acetileno se discuten en 

el capitulo 3 de esta Tesis.  

 

1.5  PRINCIPALES FACTORES QUE DETERMINAN LOS MECANISMOS 

DE EMISIÓN DE LOS GASES 
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 Aunque en los puntos 1.3.1 y 1.3.2 se han comentado los factores generales 

que favorecen los procesos de nitrificación y desnitrificación, en este punto se va a 

incidir en aquellos factores que son principalmente importantes en estos procesos y 

que son especialmente significativos en el desarrollo de esta Tesis. 

  

1.5.1 Tipo de suelo 

El suelo resulta ser un factor clave en los procesos de nitrificación y 

desnitrificación. Su textura, pH y contenido en materia orgánica son factores clave 

para favorecer la nitrificación ó la desnitrificación. La textura, por ejemplo, influye en 

la retención del agua. Así, un suelo arcilloso retiene mucho mas agua que uno 

arenoso, favoreciendo los procesos anaerobios. De la misma manera, la composición 

de sus arcillas puede influir de manera directa en la retención de NH4
+. Las arcillas 

tipo 2:1 presentan una alta capacidad de fijación de  amonio reduciendo la 

disponibilidad de este ión para el proceso de nitrificación (Sanchez-Martin et al., 

2008). 

Como se ha visto anteriormente, el pH tiene el poder de activar o inactivar 

determinados microorganismos del suelo. De tal manera que a pH ácidos la enzima 

oxido nitroso reductasa queda inhibida dificultando la reducción de N2O a N2 en los 

procesos de desnitrificación. 

La materia orgánica del suelo tiene un papel fundamental en el desarrollo y 

funcionamiento de los ecosistemas terrestres, ya que el contenido y la dinámica de la 

misma determina la productividad potencial tanto de los sistemas naturales como de 

los cultivados. La materia orgánica de los suelos se puede dividir en dos bloques 

dependiendo de su estructura química; sustancias no húmicas, que incluye los 

compuestos orgánicos pertenecientes a las clases químicamente conocidas 
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(aminoácidos; carbohidratos, lípidos etc.) y sustancias húmicas, que es la fracción 

cuantitativamente mas importante. Esta fracción está compuesta por una mezcla 

heterogénea de compuestos formada a partir de los procesos de degradación de restos 

orgánicos de seres vivos (Stevenson, 1994). Sin embargo es la fracción hidrosoluble 

la que más nos interesa en esta Tesis. Aunque el porcentaje de esta fracción es muy 

pequeño, tiene una contribución fundamental en la dinámica global, en especial 

porque actúa como fuente de energía y nutrientes para la actividad biológica del suelo 

(Chantigny et al., 2003). Finalmente hay que resaltar que la fracción mas activa de la 

materia orgánica es la biomasa microbiana la cual engloba un conjunto de 

microorganismos involucrados en la mineralización y humificación de materia 

orgánica. Por consiguiente, la disponibilidad de nutrientes y la productividad de los 

agrosistemas va a depender fundamentalmente de la cantidad y actividad de su masa 

microbiana (Sparling, 1997). 

 

1.5.2 Fertilización orgánica 

La escasez de materia orgánica en los suelos agrícolas es una constante en las 

regiones mediterráneas debido principalmente al clima y al sistema de cultivo basado 

fundamentalmente en el laboreo continuo y en la aplicación de abonos minerales para 

el aumento de la fertilidad (Zalidis et al., 2002). La  aplicación de estiércoles ó 

residuos generados en las granjas, es considerada como una buena practica agrícola. 

Con el uso de enmiendas y fertilizantes orgánicos no solo se aplica al suelo N, sino C 

orgánico y también micronutrientes esenciales para la planta.  

Los fertilizantes y enmiendas orgánicas, una vez en el suelo, sufren un proceso de 

mineralización, más o menos lento, según su naturaleza y las condiciones 

medioambientales, que retrasa la incorporación de los nutrientes asimilables para el 
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cultivo, dada su liberación gradual en el suelo. Se podría decir entonces que 

determinados fertilizantes orgánicos presentan un comportamiento similar a los 

fertilizantes de liberación lenta. Un ejemplo, de enmienda orgánica con una 

mineralización lenta son los residuos sólidos urbanos (RSU). Según Sanchez et al. 

(1997), los RSU producen un incremento lineal del N disponible después de una 

primera fase sin liberación de N, por lo que se recomienda una incorporación de estos 

fertilizantes 3 meses antes de la siembra para su máximo aprovechamiento. 

La incorporación a un suelo de residuos orgánicos biodegradables tiene además 

otra característica, puede estimular los procesos de desnitrificación. El aporte de C 

orgánico crea zonas anaerobias, debido al consumo de oxigeno por parte de los 

microorganismos del suelo. Cuando a estas zonas anaerobias llegan iones NO3
-, a 

través de un flujo de masas provocado por la difusión de este ión en el agua, se 

intensifica la desnitrificación (Fig. 1.7). A estas zonas se las denominan “puntos 

calientes”.  

 

 

Fig. 1.7 Desnitrificación inducida en el suelo por  residuos orgánicos biodegradables 
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Según Bowman (1990), las emisiones de N2O no están relacionadas con el 

tipo de fertilizante. Sin embargo, hoy en día, está sobradamente demostrado por 

muchos investigadores que el tipo de fertilizante nitrogenado afecta, y mucho, a las 

emisiones y a los procesos. Autores como Vallejo et al., 2006; Jones et at., 2007; 

Sanchez-Martín et al., 2008, han demostrado que existe una diferencia significativa en 

las emisiones producidas por la aplicación de fertilizantes minerales con respecto a 

los orgánicos. 

 

1.5.3 Humedad del suelo 

En el apartado anterior hemos visto como el aporte de un fertilizante orgánico crea 

puntos de intensa actividad desnitrificante (puntos calientes). Sin embargo, el 

principal factor responsable de la desnitrificación es la cantidad de O2 en el suelo. 

Después de una intensa lluvia o de un riego, los poros del suelo quedan saturados de 

agua desplazando el O2. En ese momento las condiciones anaerobias son extremas y 

la desnitrificación esta completamente favorecida. Cuando el suelo comienza a 

secarse debido a la evapotranspiración, el contenido de agua disminuye y se van 

favoreciendo los procesos nitrificantes por un aumento de O2 en los poros del suelo. 

De esta manera, el contenido en agua del suelo tiene un papel crucial en la dinámica 

de producción, reacción y transporte de N2O y NO. 

La figura 1.8, muestra un modelo teórico sobre la relación entre el WFPS  y el 

flujo de N2O y N2 (Davidson, 1991). Según este modelo, los mayores flujos de N2O 

por nitrificación se darían entre 30<WFPS<60%, mientras que en el intervalo de 

50<WFPS<80% ó 60<WFPS<90% (según las propiedades del suelo) la 

desnitrificación sería el principal proceso. Por encima de 80% de WFPS, las altas 
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condiciones reductoras provocarían una mayor reducción de N2 por desnitrificación a 

partir de N2O.  

 

Fig. 1.8 Model of the relationship between WFPS and N gases Davidson, 1991. 

 

El agua por lo tanto, tiene un alto poder determinante de los mecanismos 

biológicos que se van a producir en el suelo, sujetos por supuesto a otros parámetros 

como la calidad del suelo, pH ó clima. Es el clima precisamente el que hace que en 

países semiáridos, como España, y en concreto las zonas de clima Mediterráneo, 

presenten hechos diferenciales en cuanto a lluvias que probablemente afectan a las 

emisiones.  La presencia de estaciones lluviosas y secas podría hacer que se generasen 

pulsos de emisión de N2O y NO procedentes de los suelos cuando, tras un periodo 

seco,  son de nuevo humedecidos con la llegada de las lluvias. El agua reactiva a los 

microorganismos presentes en el suelo que se encontraban en un periodo de 

inactividad. Estos, hacen uso de las reservas de nutrientes del suelo, especialmente de 

C y N emitiendo a la atmósfera pulsos de N2O y NO como consecuencia de su 
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actividad. Este fenómeno es conocido como “pulsing effect” (Cabrera 1993; Cárdenas 

et al., 1993; Dick et al., 2001).  

Se considera que en el momento del aporte de agua, las condiciones 

desnitrificantes son las que predominan, provocando en dicho momento las 

principales emisiones de N2O. Cuando el terreno se comienza a secar, se activan las 

condiciones nitrificantes, momento en el que se generan las emisiones de NO. Sin 

embargo, todo ello está directamente relacionado con la cantidad de agua aplicada. Si 

el periodo de lluvias es intenso los pulsos son mayores (Dick et al., 2001). A pesar de 

que existen datos de estos pulsos en suelos de zonas áridas y semiáridas,  no existe 

mucha información sobre los factores que realmente pueden favorecer o inhibir estas 

emisiones. Lo que sí parece obvio, es que en estas zonas, donde en los periodos 

lluviosos hay grandes descargas de agua tras un periodo seco, este efecto podría ser lo 

suficientemente significativo como para que las emisiones que produce sean tenidas 

en cuenta a la hora de cuantificar las emisiones globales de ese país ó región. 

 

1.6  APROVECHAMIENTO AGRICOLA DE LOS PURINES DE CERDO 

 

1.6.1 ¿Por  qué los purines de cerdo? 

España es el segundo país con una mayor producción de purines procedentes 

de ganadería extensiva dentro de la Unión Europea (41 millones de toneladas) y el 

tercero en la producción de residuos ganaderos. Desde el año 1985 hasta los últimos 

datos disponibles, se ha producido un gran aumento en la cantidad de estiércol 

porcino, el valor casi se ha duplicado, se ha pasado de 13 millones de toneladas 

anuales a 23 millones. Sin embargo, el crecimiento no ha sido constante y no hay una 
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línea de tendencia clara. En España, el ganado porcino sitúa a Cataluña a la cabeza 

con un 24% del total siguiendo Aragón con un 18% y Castilla León con un 14%.  

El purín de porcino es el producto de la fermentación anaeróbica de las 

deyecciones de ganado porcino con el agua de lavado de las naves donde se cría o con 

ésta y el agua de lluvia, según sean las fosas de acumulación de las deyecciones 

cerradas o abiertas. Es por lo tanto un material líquido, con un contenido muy bajo en 

materia seca, de carácter ligeramente básico y muy salino. Comparado con otros 

residuos orgánicos es bastante pobre en materia orgánica, una fracción importante de 

la misma está formada por sustancias sencillas poco humificadas y fácilmente 

biodegradables. Contiene cantidades importantes de carbohidratos como lignina, 

celulosa y hemicelulosa  junto con la urea, aminoácidos, polipéptidos, lípidos, ácidos  

grasos libres, fenoles y compuestos azufrados (Saviozzi et al., 1997). El N presente en 

el purín está formado por varias fracciones: 

• N-inórgánico, que es básicamente NH4
+, y que es rápidamente disponible. 

• N fácilmente mineralizable, tal como la urea, ácido úrico,  

• N que es mineralizable durante el ciclo de cultivo 

• N que es recalcitrante, es decir su mineralización es lenta y aporta el N a lo 

largo de varios años. 

También presenta concentraciones apreciables de calcio, fósforo, magnesio, hierro 

y manganeso y algunos metales tales como el Zinc y cobre. Dependiendo de la dieta a 

la que los animales estén sometidos pueden presentar compuestos como insecticidas, 

fungicidas, antibióticos u hormonas. No obstante y a pesar de esto último, el purín de 

cerdo puede constituir un extraordinario fertilizante nitrogenado (de la Torre et al., 

2002). 
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 El empleo de los purines de cerdo influye sobre: la materia orgánica del suelo, 

la disponibilidad de nutrientes y las propiedades biológicas y bioquímicas del suelo. 

 

- Influencia sobre la materia orgánica del suelo: 

El aporte de un purín de cerdo como fertilizante orgánico no aumenta 

significativamente la concentración de materia orgánica en un suelo agrícola 

debido a que su contenido en esta es bajo. Sin embargo, actúa de manera directa 

sobre las características físico-químicas de la materia orgánica nativa y la 

distribución de sus fracciones humificadas e hidrosolubles. La dinámica depende 

de la temperatura, pH, humedad etc. del propio suelo y de las características y 

dosis del purin aportado. Así, por ejemplo, juegan un papel muy importante las 

fracciones de C orgánico y soluble aportado con los purines. 

 

- Efecto sobre la disponibilidad de nutrientes: 

El purin de cerdo aumenta los contenidos de nutrientes en el suelo, debido que 

presenta cantidades de micro y macroelementos esenciales para las plantas. No 

obstante no hay que olvidar que la aplicación debe de ir precedida de un estudio 

de las condiciones edáficas y climáticas del lugar así como de las dosis requeridas 

por el cultivo en cuestión.  

 

- Efectos sobre las propiedades biológicas y bioquímicas del suelo: 

La incorporación de residuos orgánicos, incluido el purin de cerdo, a los 

suelos produce una reactivación de sus propiedades biológicas y bioquímicas, 

estimulando la proliferación microbiana y su actividad metabólica, como 
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consecuencia de los aportes de fuentes lábiles de carbono que van a servir como 

sustrato a la biota del suelo (Lalande et al., 2000). 

 

1.6.2 Problemática ambiental de los purines de cerdo 

Tanto el almacenaje de los purines de cerdo como el uso inadecuado de estos 

residuos, conlleva los riesgos medioambientales  que se detallaron en el punto 1.2 

como consecuencia de la influencia de los fertilizantes orgánicos en el medio 

ambiente. Además, son considerados como fuentes de malos olores por emisión de 

compuestos volátiles (ácidos grasos volátiles e indoles) y la causa de la aparición de 

contaminantes emergentes (residuos de medicamentos veterinarios, hormonas 

naturales y sintéticas y compuestos orgánicos de síntesis). Todo ello hace que no solo 

el medio ambiente se resienta de estos efectos, sino también los seres vivos: 

desarrollo de malas hierbas; desequilibrios nutricionales en plantas; fototoxicidad y 

alteraciones fisiológicas e incluso enfermedades por consumo de agua y plantas 

contaminadas. 

La ley española 16/2002, de prevención y control integrados de la contaminación, 

tiene como objeto evitar ó reducir y controlar la contaminación de la atmósfera, del 

agua y del suelo por parte de estos residuos. Esta ley, obliga a los titulares de las 

explotaciones ganaderas  con más de 2000 plazas para cerdos de cría y 750 para 

cerdas, a disponer de una autorización ambiental integrada y cumplir las condiciones 

establecidas en la misma. La autorización debe contener los valores límite de emisión 

de sustancias contaminantes y los procedimientos y métodos que vayan a emplear 

para la gestión correcta de los residuos generados por la propia instalación.  

_____________________________________________________________________ 29



                                                                                                                1.  Introducción 
 

Una dificultad asociada a la dosificación del purín, es la heterogeneidad dentro de 

las balsas y lagunas de almacenamiento. Los diseños de cada uno de los sistemas de 

almacenamiento, y el tiempo de almacenaje influyen de manera decisiva en la 

composición del purín. El purín suele estar estratificado dentro de las balsas, 

apareciendo frecuentemente una costra superior, y estratos que aumentan de densidad 

hacia el fondo (Carballas and Diaz-Fierros, 1990). Otra dificultad asociada al empleo 

del purín es su bajo contenido en N, lo que hace necesario utilizar cantidades muy 

elevadas de purín, para aportar el N necesario en un ciclo de cultivo. Este elevado 

volumen conlleva dificultades relacionadas con la economía del transporte y con el 

propio manejo del producto.  

Por último es necesario una dosificación lo más homogénea posible en el suelo. 

Los métodos más empleados son los de aplicación desde cuba con difusores. Hay 

varias formas de hacerlo, aunque la más habitual suele ser creando una presión dentro 

del tanque para que el purín llegue a los difusores, inyectores, etc. Pero esto, también 

genera un coste económico.  

Para evitar un almacenamiento prolongado de los purines de cerdo en las granjas, 

se están potenciando los tratamientos de adecuación del purin. Alguno de estos 

tratamientos pueden valorizar este subproducto ganadero haciéndolo mas adecuado a 

la utilización agrícola ya que se homogeniza su composición, disminuye su impacto 

medioambiental y a la vez se disminuyen las cantidades, por lo que el manejo y 

transporte resulta más fácil y económico. 

 

1.6.3 Tratamientos de los purines de cerdo 
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Dos de los tratamientos más apropiados para un purin de cerdo son el 

compostaje de la fracción sólida y la digestión anaeróbica de la fracción líquida.  

- Digestión anaeróbica: 

El proceso de digestión anaeróbica del purín consiste en la degradación de las 

materias orgánicas más o menos complejas mediante la acción bacteriana y en 

condiciones totalmente anaerobias, transformándolas en una mezcla gaseosa 

constituida fundamentalmente por metano y dióxido de carbono, que es conocida con 

el nombre de biogás. Simultáneamente se produce un efluente (digestato) cuya 

concentración en macro y micro elementos es mayor que la del influente de partida, 

conservando además cierta proporción de materia orgánica, ya que nunca se alcanza 

la degradación total. En dicho proceso se produce, además otras transformaciones, la 

mineralización del nitrógeno orgánico, que pasa a nitrógeno amoniacal, y debido a las 

condiciones anaeróbicas no se produce nitrificación, por lo que se mantiene el amonio 

presente si el pH está próximo a la neutralidad. Normalmente, la digestión anaerobia 

suele darse en balsas adecuadas para ello y localizadas en las propias granjas. La 

acumulación y el estanco de los purines durante un periodo de tiempo crea zonas 

anaerobias en el fondo de las balsas produciendo la digestión del purin. Sin embargo, 

hoy en día y gracias a los avances tecnológicos, existen plantas de fermentación 

anaerobia capaces de recoger el biogás, que se desprende de la propia digestión 

anaerobia y que se emplea como fuente energética en las propias instalaciones.  

Los parámetros que afectan a esta digestión anaeróbica, son entre otros: 

temperatura, tiempo de retención hidráulica, sólidos totales,  la naturaleza del 

substrato, etc. La digestión anaeróbica se lleva acabo en cuatro etapas fundamentales, 
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donde las moléculas complejas son degradadas en compuestos más simples. Esta 

transformación tiene lugar en cuatro etapas principales:

• Etapa hidrolítica: (Hidrólisis de polímeros biológicos a monómeros)  

Descomposición de carbohidratos, grasas y proteínas en monómeros solubles 

por medio de bacterias celulolíticas que constituyen el factor activo para la 

hidrólisis.  

• Etapa fermentativa o acidogénica: (Acidogénesis de los monómeros y los 

compuestos intermedios formados durante la fermentación)  

 

Las bacterias fermentativas o acidogénicas son las encargadas de la 

producción de diferentes compuestos intermedios, principalmente acetatos, 

propionatos y butiratos, y, en menor proporción CO2 e hidrógeno. 

 

• Etapa acetogénica: (Acetogénesis de los compuestos anteriormente 

producidos)  

 

En esta etapa se descomponen los productos obtenidos en las anteriores etapas 

por medio de bacterias acetogénicas. Los productos nuevamente formados son 

fundamentalmente el ácido acético, CO2 e hidrógeno, y, ocasionalmente, ácido 

fórmico. Para que estas reacciones ocurran, se requiere que la concentración 

de hidrógeno sea muy baja, de manera que se establece una relación entre las 

bacterias acetogénicas productoras de hidrógeno que intervienen en esta etapa 

y las metanogénicas consumidoras de hidrógeno de la etapa siguiente. 
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• Etapa metanogénica.  

Es la metanogénesis de los compuestos simples, en particular H2, CO2  y 

acetato qué constituye el último paso de la fermentación. Esta etapa esta 

determinada por las bacterias metanogénicas, las cuales son estrictamente 

anaerobias y dan lugar a la descarboxilación del ácido acético (McCarty, 

1964). El 72% del metano producido tiene este origen. (Bacterias 

acetoclásticas). 
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- Compostaje del purín de cerdo: 

En ocasiones el purin se somete a una separación físico-química de la fase sólida 

y líquida. Normalmente, la fracción liquida es utilizada como agua de riego o 

fertilizante mineral aunque requiere un proceso de depuración para que cumpla el 

Reglamento de Dominio Publico Hidráulico (Real Decreto 849/1986). La fracción 

sólida por su parte, se aplica como fertilizante orgánico, bien directamente,  sometido 

a un compostaje, fermentación anaerobia ó secado térmico (cogeneración). El 

compostaje, es en general un tratamiento biológico aerobio que implica cuatro etapas: 

• Etapa mesofilica: 

Los microorganismos mesófilos a temperatura ambiente se multiplican 

rápidamente. Como consecuencia de esta actividad microbiológica la temperatura 

se eleva y se producen ácidos orgánicos que hacen bajar el pH. 

• Etapa Termofílica: 

A los 40ºC los microorganismos termófilos transforman el n en amoniaco y el pH 

del medio se hace alcalino. La temperatura se eleva hasta 70ºC por lo que se 

elimina la mayor parte de los patógenos. 

• Etapa de enfriamiento: 

Al bajar la temperatura reaparecen los microorganismos mesófilos, bajando de 

nuevo el pH. 

• Etapa de maduración: 
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Una vez enfriada la masa se siguen produciendo reacciones secundarias, en este 

caso de condensación y polimerización, generando macromoleculas similares a las 

del humus. Este periodo es el mas largo ya que requiere varios meses. El amonio 

se nitrifica, disminuyendo considerablemente su concentración. El producto 

derivado del compostaje que ha superado la fase de maduración se denomina 

compost, por lo que está formado por materia orgánica estabilizada semejante al 

humus. 

En general, tanto la digestión anaerobia del purin como el compostaje de la 

fracción sólida  conllevan múltiples ventajas medioambientales tales como:  

• Destruir de forma efectiva un amplio rango de virus patógenos y bacterias. 

• Reduce de manera notable los olores. 

• En el caso de los purines líquidos, aumenta su calidad y fluidez facilitando su 

aplicación al suelo. 

• Y en el caso del compost de purin, se reduce considerablemente el volumen 

del residuo y por lo tanto los costes de transporte del mismo. 

Sin embargo, ambos procesos presentan un alto grado de tecnificación lo que 

requiere importantes inversiones económicas tanto en la planta de compostaje y en el 

digestor anaerobio como en el mantenimiento de los procesos.  

Así como las características físicas y bioquímicas de un purin se ven fuertemente 

influenciadas por los diferentes tratamientos, las propiedades químicas también. Las 

concentraciones y las diferentes fracciones de C y N son influenciadas por el 

tratamiento de reciclaje previo al que se le sometió.  
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1.7 INFLUENCIA DE LAS ESTRATEGIAS AGRICOLAS ACTUALES 

PARA MITIGAR LA CONTAMINACIÓN AMBIENTAL EN LAS 

EMISIONES DE OXIDOS DE NITROGENO 

 

Hasta ahora el principal reto agrícola era ajustar el aporte de fertilizante a la 

demanda del cultivo. De esta manera no solo se conseguía una mayor eficiencia en la 

asimilación del N, sino que se disminuían las cantidades de N  lixiviado a los 

acuíferos. El conocimiento del sector agrícola como el principal responsable de las 

emisiones de N2O a la atmósfera y la inminente necesidad de disminuirlas, está 

llevando a muchos investigadores a proponer estrategias que favorezcan esta 

mitigación, algunas de ellas podrían ser;  la rotación de cultivos, el uso de cultivos 

que reciclen más eficientemente el N, desarrollo de fertilizantes asequibles 

económicamente que reduzcan la nitrificación, desarrollo de técnicas para la 

reutilización de los residuos orgánicos y su adopción por los agricultores. 

A continuación se detallan tres de las estrategias más usadas y aceptadas hoy en 

día por los agricultores y que han sido utilizadas para el desarrollo de nuestros 

experimentos.   

 

1.7.1 Inyección de purines en el suelo 

La aplicación de un purin de cerdo sobre el terreno agrícola presenta un alto 

riesgo de emisiones por volatilización  de NH3 que  contamina el aire. Hoy en día, hay 

sistemas que permiten aplicar el purín directamente a cierta profundidad (5 hasta 

20cm) como se comentó en el punto 1.6.2. En cualquier caso, es posible incorporarlo 

en el suelo con ayuda del Rotovator, el cual ha sido el método empleado para enterrar 

los estiércoles en nuestros experimentos de campo. De esta manera, se disminuyen en 
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parte las emisiones por volatilización aunque habría que tener en cuenta las 

posteriores emisiones ó pérdidas por lixiviación. 

 

1.7.2 Inhibidores de la nitrificación 

 Los inhibidores de la nitrificación surgieron como consecuencia del interés por 

reducir el nitrato lixiviado a los acuíferos y mantener las concentraciones de N en el 

suelo. El efecto de los inhibidores de la nitrificación consiste en evitar la oxidación 

del amonio manteniéndolo en el suelo durante más tiempo en forma amoniacal. Su 

resultado está sujeto muchas veces a condiciones tanto climatológicas como edáficas. 

Un inhibidor de la nitrificación ideal debería permanecer en el suelo al menos 

el periodo del cultivo, ser rentable económicamente y no ser tóxico para los 

microorganismos del suelo, animales, plantas ó seres humanos. Sin embargo, lejos de 

la idealidad se encuentra la realidad de estos compuestos, ya que la mayoría de ellos 

presentan numerosos inconvenientes. Entre los mas destacados se encuentran el N-

Serve ó nitropirina; DCD ó diciandiamida y el DMPP ó 3,4 –dimetil pirazol fosfato. 

 El uso de inhibidores no solo está pensado para reducir las pérdidas por 

lixiviación sino que al inhibir la oxidación del NH4
+ las emisiones de NO a la 

atmósfera se ven también reducidas. Autores como Hatch et al., 2005; Vallejo et al., 

2005 y Meijide et al., 2006 han llegado incluso a observar una disminución en las 

pérdidas por desnitrificación ya que al reducir en el suelo el sustrato de partida de la 

desnitrificación, el NO3
-, las emisiones de N2O se vieron también reducidas 

positivamente. Sin embargo, y como bien demuestran estos trabajos, tanto la textura y 

humedad suelo como el cultivo juegan un papel importante en la eficiencia de los 

inhibidores de la nitrificación.  
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1.7.3 Control del riego 

 

Como bien se ha comentado antes, la inquietud por dar a la planta justo los 

nutrientes necesarios para su buen desarrollo evitando así posibles contaminaciones 

por lixiviación ó emisión motivaron el desarrollo de multitud de estudios y técnicas. 

Entre estas técnicas nació la fertirrigación que consiste básicamente en aportar a cada 

cultivo la cantidad de nutrientes que demanda en cada parte de su ciclo agronómico. 

La adición de micro y macronutientes se realiza por disolución acuosa y se aplica de 

manera controlada cerca de la zona de raíces de cada planta a través de un riego por 

goteo. Esta técnica supuso un gran impacto en la agricultura ya que además ahorraba 

grandes cantidades de agua en comparación con otros riegos tradicionales como 

pueden ser la aspersión ó el riego a pié.  

La distribución del agua en el riego por goteo presenta un modelo en el que agua 

es aportada a través de un gotero con un flujo muy bajo (2-3 l hora-1). El agua se 

infiltra poco a poco tanto en dirección vertical como en dirección horizontal debido a 

la capilaridad. Se crea una gran heterogeneidad en la distribución de humedad de la 

zona húmeda (bulbo) (Allen et al., 1998) que  podría afectar a los procesos de 

nitrificación y desnitrificación. Aunque hay varios trabajos sobre el beneficio para el 

ahorro de agua e incluso para disminuir pérdidas por lavado (Vázquez et al., 2005), 

hasta el momento no se ha estudiado como  este riego puede influir en las emisiones 

de óxidos de N. Es razonable pensar que puesto que se utiliza menos agua, las 

emisiones serán menores. 
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2. Objectives  

 

There are some studies on the influence on the environment of carbon and 

nitrogen cycles independently. However, both cycles in the soil are linked and changes 

in their processes could affect the emission of N oxides and the soil mechanisms which 

produce them. The understanding of the interactions of carbon, nitrogen and water 

availability on the fluxes of N oxides in soils is necessary to establish mitigation 

strategies in all ecosystems.  This is particularly true for Mediterranean arable systems 

due to the low amount of C in these soils and the climatic conditions (high temperature 

in summer and low rainfall), which result in dry soils during a part of the year. In order 

to better understand the conditions, mechanisms and factors which affect emissions of N 

oxides in semiarid areas, we have set the following principal objective: 

 

“To evaluate both the influence of C availability of the soil (existing or modified by 

organic amendments) and water availability (first rainfall event on dry soil or 

irrigation system) on nitrification and denitrification processes and consequently 

on fluxes of N oxides.” 

 

 In order to achieve this objective, the research work has been structured in four 

experiments which are presented in four different chapters. Chapters 3 and 5 were 

carried out under field conditions and chapters 4 and 6 in the laboratory. Each chapter 

has its own objective taking into account different parameters which could affect 

nitrification and denitrification processes. 
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Objective 1  

 “To evaluate the influence of organic and inorganic fertilizers on the processes 

responsible for nitrogen emissions: denitrification, nitrification” 

 

SPN: “Valorar la influencia de la composición de los fertilizantes orgánicos y minerales 

en los procesos responsables de las emisiones gaseosas: nitrificación y desnitrificación”  

 

Objective 2  

“To study the effect of soluble C and mineral N application on nitrous oxide 

emissions from soils with different physico-chemical characteristics and to evaluate 

the main pathways for production of these gases under different moisture 

conditions” 

 

SPN: “Estudiar el efecto que tiene la aplicación de C orgánico soluble y nitrógeno 

mineral en las emisiones de óxidos de nitrógeno en suelos con diferentes características 

físico-químicas. Evaluar los mecanismos de producción de los gases bajo condiciones 

diferentes de humedad”  

 

Objective 3  

“To evaluate the residual effect of C on the first fluxes of N oxides produced after 

soil rewetting”  

 

SPN: “Evaluar el efecto residual del C en los primeros flujos de óxidos de N producidos 

tras el humedecimiento del suelo secos” 
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Objective 4  

"To investigate and quantify N2O and NO emission mechanisms in an agricultural 

soil in central Spain under different irrigation systems (drip irrigation compared 

with furrow irrigation)” 

 

SPN: “Cuantificar y estudiar los mecanismos de emisión de N2O, NO en un suelo 

agrícola de la zona Centro de España bajo diferentes sistemas de riego (riego por goteo 

comparado con riego por surco)” 
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“La ciencia tiene algo fascinante. Uno 

obtiene grandes beneficios en forma de 

conjeturas a partir de una pequeña 

inversión en forma de datos”. 

Mark Twain 
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EFFECT OF N FERTILIZER TYPE 

 

 

 

“Nitrogen oxides emission from irrigated soils as influenced by 

fertilization with treated pig slurries and composts” 
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3.1 Introduction 

Organic and mineral fertilizers are known to be key variables in the regulation of 

nitrous oxide (N2O) and nitric oxide (NO) emissions from soils (Mosier et al., 1998). 

These gases are formed in the soil during biological denitrification and nitrification 

(Firestone and Davidson, 1989). Although the overall impact of most parameters 

affecting these processes is largely known, the fine process details, for example how the 

composition of organic N fertilizers affects denitrification, nitrification and emission 

rates are still insufficiently understood. When an organic N fertilizer is incorporated into 

the soil, degradable organic compounds join the ammonium (NH4
+) and nitrate (NO3

-) 

pool and the added carbon influences the proportion of N2O produced in relation to 

dinitrogen (N2) during denitrification (Scholefield et al., 1997). However, little 

information of the impact of increased C input on the generation of N2O, N2 and NO is 

available (Dendooven et al., 1998; De Wever et al., 2002).  

Slurries supply easily decomposable organic C that can both sustain 

denitrification and induce anaerobiosis by stimulating biological O2 demand (Rochette 

et al., 2000). Several authors have reported increases in N2O and NO emissions 

following application of slurry to soils (Gut et al., 1999; Maag and Vinther, 1999). Land 

application of untreated livestock manures increases the health risk for the animals and 

people, because of the diffusion of pathogens to the soil and the air, and also creates 

unpleasant odours. Anaerobic digestion and composting can reduce the number of 

pathogens in manures (Burton and Turner, 2003) and control the emissions of odour 

compounds by changing the chemical composition, especially of the degradable C 

fraction. The information on the influence of anaerobically digested slurries and  
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manures on the emissions of N2O, N2 and NO is limited to very few studies; for example 

studies on animal slurries (about 55% cattle and 45% pig slurry) (Petersen, 1999).    

Compost from municipal solid waste (MSW) has been proposed as a useful 

source of nitrogen for crops (Díez et al., 2000). This material may increase the amount 

of readily available C for the microorganisms and stimulate denitrification, but a high 

labile C content may also promote the immobilization-mineralization processes in soil 

(Azam et al., 1985). Therefore a mineral fertilizer, often urea, is applied together with 

the MSW. Limited field data are available on N trace gas emissions from aerobically 

composted materials applied to the soil as fertilizer (De Wever et al., 2002).  

The nitrification inhibitor dicyandiamide (DCD), mixed with NH4
+ or urea- 

containing fertilizers has been demonstrated to be efficient in mitigating N2O and NO 

emission from soils (Skiba et al., 1993). DCD has also been used with slurries (de Klein 

et al., 1996; Vallejo et al., 2005), but more studies determining its efficiency in reducing 

trace gas emissions from a range of organic fertilizers is still necessary. 

In order to understand the influence of mineral and organic N fertilizers on the 

nitrification and denitrification processes and consequently the N2O, NO emissions and 

N2O/N2 ratio, a field experiment was carried out incorporating organic fertilizers 

(treated and untreated pig slurries, and a MSW compost mixed with urea) into the soil in 

an irrigated crop, while mineral fertilizer and a control were included for reference. The 

effect of the DCD nitrification inhibitor to reduce N2O, NO emission under irrigation 

conditions was also evaluated.  
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3.2 Materials and methods 

 

3.2.1 Soil characteristics 

The field experiment was located at ‘El Encín’ Field Station, near Alcalá de 

Henares (Madrid) (latitude 40º 32’N, longitude 3º 17’W), in the middle of the Henares 

river basin (Picture 3.1). The soil was a Calcic Haploxerepts with a clay loam texture in 

the upper (0-28 cm) horizon. Some physico-chemical properties of the 0-28 cm top soil 

layer measured on 10 May 2004 by conventional methods were: total organic C, 8.2±0.4 

g kg-1; total N, 0.75±0.12 g kg-1; pHH2O, 7.9; bulk density, 1.41±0.03 mg m-3; CaCO3, 

13.1±0. 3 g kg-1; clay, 281±3 g kg-1; silt, 169±3 g kg-1; sand, 551±6 g kg-1. Disolved 

organic C (DOC) was 35±3 mg C kg-1 and NO3
- was 12.3±3 mg NO3

- -N. The 10 year 

mean annual average temperature and rainfall in this area  were 13.2ºC and 430 mm.  

 

 

           Picture 3.1 Field experiment situation 

 

 

FIELD 
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3.2.2 Experimental procedure 

Twenty one plots (8 m x 5 m) were selected in the experimental field (1 ha) and 

on 16 May, seven treatments were applied: (i) Untreated pig slurry (IPS), (ii) Digested 

thin fraction of pig slurry (DTP); (iii) Pig slurry mixed with dicyandiamide (IPS+DCD); 

(iv) Composted solid fraction of pig slurry (CP); (v) Composted municipal solid waste 

mixed with urea (MSW+U) (vi) Urea (U) and (vii) control without any N fertilizer 

(Control). The treatments were applied in a randomized block design with three 

replicates (Figure 3.1). The physico-chemical properties of different organic fertilizers 

are shown in Table 3.1.  

The pig manures (IPS, DTP, and CP) were collected from a pig slurry treatment 

plant of Almazán (Soria-Spain). The liquid fraction of pig slurry, obtained by physical 

separation of slurry using a rotary sieve drum (0.9 mm mesh), was anaerobically 

digested in a 50 m3 continuous digester with a hydraulic retention time of 32 days and a 

fermentation temperature of 35-40ºC. In this plant, the expected reduction of total 

organic C from the raw pig slurry was 8-25% with the separation process and 25-35% 

during the anaerobic digestion process. The solid fraction was composted for 3 months 

and stored for 9 months. The municipal solid waste was collected from the 

Valdemingomez MSW-plant (Madrid). The material was composted in this plant for 3 

months and then was stored in the field for 1 month. The treatment with DCD was 

prepared in situ mixing the inhibitor with untreated pig slurry in a 100 l tank by 

continuous agitation for 1 h. 
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Fig. 3.1 Treatment distribution in potato crop               
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The application of organic fertilizers was adjusted to provide 175 kg available 

N ha-1. The total slurry applied was 37.2, 38.9 and 35.2 m3 ha-1 for IPS, DTP and 

IPS+DCD treatments, respectively. To estimate the available N from CP and MSW a 

4 months incubation experiment was carried out previously (Sánchez et al., 1997). As 

over this period the percentage of organic N mineralised was 42-43% from CP and 

27-28% from MSW, it was applied at rates of 21.2 Mg ha-1 of CP (300 N kg ha-1) and 

21.3 Mg ha-1 as MSW (250 N kg ha-1). To the MSW an additional 50 kg N ha-1 of 

urea was applied in order to reduce immobilization N effect in soil. 

Liquid manures were applied to the soils using a watering can connected to a 

100 l tank with a hosepipe to produce a uniform distribution to the surface. A slurry 

pump was used to spread slurry at a constant rate. Solid fertilizers were broadcast 

onto the surface of plots. To obtain a homogeneous applications of fertilizers (slurries, 

composts and urea), plots were divided into 8 subplots (1 m x 5 m). The total amount 

of slurry applied to soil was regulated by measuring the time of application at a 

constant flow rate. For solid fertilizers exact weights were applied by hand. 

Immediately, a rotovator was used to incorporate the slurries and solid fertilizers into 

the upper soil layer (0-5cm). Control and solid fertilizer plots were irrigated with 39 

m3 ha-1 of water prior fertilizer application to maintain the same soil water content on  

all plots. 



Table 3.1 Chemical composition of organic fertilizers and amount of different compounds added with fertilizers 

  

 

 

 

 

 

 

 

 

 

a Calculated  in the original fertilizer (wet weight) 

b IPS = Untreated pig slurry, DTP = digested thin fraction of pig slurry, MSW = composted municipal solid waste, VFA = 

volatile fatty acids 

c An additional amount of 5 g N m-2 of  urea (U) was applied with MSW 

 

 Property a 
IPSb DTPb CPb MSWb 

 

Composition 

(g kg-1) 

Added 

(g m-2) 

Composition 

(g kg-1) 

Added 

(g m-2) 

Composition 

(g kg-1) 

Added 

(g m-2) 

Composition 

(g kg-1) 

Added 

(g m-2) 

Moisture  947  973  749  565  

Total N  4.7  17.5 4.5 17.5 14.1 30.0 9.6 25.0 c 

Non dissolved organic N  0.5 1.9 0.7 3.1 10.7 22.8 6.5 17.0 

Dissolved organic N 0.1 0.3 0 0.0 0.0 0.0 0.1 0.4 

NH4
+ 4.1 15.3 3.7 14.4 3.4 7.2 2.9 7.6 

Total C 30.6 114.7 15.8 61.0 145.2 310.0 252.5 658.6 

Soluble organic C  0.272 1.016 0.181 0.706 0.078 0.167 0.332 0.864 

Soluble carbohydrates  0.004 0.015 0.002 0.009 0.001 0.003 0.017 0.044 

Soluble proteins  0.011 0.042 0.000 0.000 0.000 0.000 0.009 0.024 

Soluble phenolic compounds  0.007 0.025 0.021 0.084 0.003 0.006 0.007 0.017 

VFAb  0.046 0.170 0.052 0.063 0.050 

C/N 6.5  3.5 

0.202 

10.3 

0.134 

26.3 

0.106 
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On 7 June potato (Solanum tuberosum, cv Desirée) was planted in rows with 75 

cm spacing and were harvested on 15 October. The crop was irrigated using a sprinkler 

system. In total 10 irrigations, each delivering 40-60 mm of water, took place between 

16 June and 15 September at frequency of once per week. The exact weekly rate of 

irrigation was calculated from soil moisture measurements using a Time Domain 

Reflectometry (TDR) and assuming that approximately 5% was lost by drainage. The 

total amount of water applied over in the study period was 460 mm. 

 

 3.2.3 Sampling and analysis of N2O and NO  

Fluxes of N2O and NO from the soil surface were measured using manually 

operated circular static chambers, coated inside with a Teflon film to minimize losses of 

NO on the walls of the chambers. Immediately before flux measurements one chamber 

per plot in each of the three replicate plots was inserted 3 cm into the soil. Each 

chamber had a head space volume of 19.06 l and covered a surface area of 0.096 m2. 

Chambers were located always on the ridges between plants, at equal distance from the 

sprinkler. Chambers were not positioned on the furrows, where fluxes are very likely to 

be different. 

At each sampling time the chambers were moved to a new random location 

within the plot. For N2O analysis the chambers were closed with flat lids for periods of 

30 min, when 10 ml gas samples were removed from the headspace atmosphere by 

syringe (Picture 3.2) and transferred to 10 ml evacuated vacutainers (Venoject) sealed 

with a gas-tight neoprene septum (Picture 3.3). Ambient air samples were taken at time 

0 from three different chambers. NO fluxes were measured immediately after N2O. The  

 



                                                                                                3. Effect of N fertilizer type 
_____________________________________________________________________________________ 
 

______________________________________________________________________ 54

 

lids were opened for a few minutes and then Ozone-free air (compressed air) was 

pumped through the chambers at a flowrate of 10 l min-1 for 3 min to remove most of 

the initial air. After 15 min 2 l of gas sampled from the headspace was pumped into a 

Teflon gas collection bag, which was transported to the chemiluminescence detector 

(Environment AC31 M) (Picture 3.4) placed at the edge of the field (Williams et al., 

1998). The NO concentration was always determined within 5-10 min after the samples 

were taken. Due to the heavy clay soil it was not possible to directly connect the 

chambers to the analysers. On several occasions two bags were filled with 1.0 and 0.1 

µl NO-N l-1 standards in the field and analysed for NO in the same manner as described 

above. The relative error was always lower than 5%.  

Total denitrification rates and N2O emissions resulting from nitrification and 

denitrification were estimated in field incubations using varying concentrations of 

acetylene (C2H2) (Müller et al., 1998). Incubations of 6 soil cores per plot (2.5 x 10 cm 

deep) with the 3 C2H2 concentrations (0, 5 Pa, and 5% v/v) were performed in 1-l glass 

jars inserted into the soil adjacent to the experimental field plots. The 5 Pa C2H2 

concentration in the jar atmosphere was adjusted by exchanging, an exact calculated 

headspace volume with a freshly prepared 1000 Pa C2H2 standard (Müller et al., 1998) 

(Picture 3.5). After 24 h, a 10 ml gas sample was taken from each jar with a syringe and 

stored in a 10 ml evacuated vial (Venojets).  

The N2O content in the vials was analysed by gas chromatography (HP6890), 

using a 63Ni electron-capture detector. A capillary column HP- Plot Q was used, 

incorporating a capillary precolumn of an HP-Retention Gap to remove the water 

vapour from the sample.  
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The injector, oven and detector temperatures were 50, 50 and 300ºC, respectively, and 

the carrier gas flux (N2) was 30 ml min-1 (Picture 3.6). 

Gas samples from cover boxes (N2O and NO emission) were taken every day 

during the first 10 days after fertilizer application, once or twice a week during July and 

August and fortnightly between September and November. Gas samples from 1 l jars 

were sampled twice a week during the first 2 weeks and on the same dates as N2O 

emission measurements during the rest of the experiment.    

Following the methodology described by Müller et al., (1998), the fraction of 

N2O produced by denitrification in the soil incubations was expressed as the fraction 

I5Pa/I0Pa, where I5Pa and I0Pa were the mean N2O emission from incubations with 5 and 0 

Pa C2H2, respectively. The N2O emission due to denitrification from cover boxes (Fden) 

was calculated by multiplying the fraction I5Pa/I0Pa by the daily N2O flux (Fday), 

assuming that the fraction determined from the soil incubation was equal to the average 

daily fraction in the plots (I5Pa/I0Pa= Fden/Fday). Denitrification N2 production (IN2) was 

calculated using the equation: IN2= I(N2+N2O) - I5Pa; where I (N2+N2O) is N2+N2O produced 

from denitrification (incubation with 5% C2H2).  

Total N2O-N and NO-N emissions and denitrification losses, per plot were 

estimated by successive linear interpolation assuming that emissions (or production) 

followed a linear trend during the periods when no measurements were made. The 

N2O/N2 emission ratio from denitrification was calculated dividing the accumulated 

total I5Pa during the experimental period by total IN2. 
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3.2.4 Analysis of soil 

After sampling the headspace, the soil from each jar was thoroughly mixed and 

soil NO3
- and NH4

+ were determined by extracting 10 g of fresh soil with 100 ml 0.01M 

KCl solution; NO3
- and NH4

+ were determined colorimetrically using a Technicon AAII 

Auto-analyser (Technicon Hispania, Spain). To determine dissolved organic carbon 

(DOC), extracts of soil were obtained and analysed as described by Mulvaney et al. 

(1997). Water filled pore space (WFPS) was calculated by dividing the volumetric 

water content by total soil porosity, which was calculated from measured soil bulk 

density and assuming a particle density of 2.65 Mg m-3. Soil temperature was monitored 

in the field using a temperature probe inserted 10 cm into the soil, average hourly data 

were stored on a data logger. Rainfall data were obtained from the meteorological 

station located in the field.  
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Picture 3.2 Sampling Gases Picture 3.3  Evacuating vials  

Picture 3.4  Chemiluminescence Detector 

Picture 3.6  Gas Chromatograph 

Picture 3.5 Core incubation experiment using 
acetylene reduction method 
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3.2.5 Statistical methods 

The statistical analysis was performed using STATGRAPHICS Plus 5.1 

(Manugistics, 2000). One-way ANOVA was used to establish the influence of 

fertilization on the denitrification rate, N2O and NO emissions, DOC and NO3
--N 

content in soil. The LSD test was used for multiple comparisons of means. Simple 

correlation analyses were performed to determine whether the daily N2O, daily NO 

emissions and denitrification rates were related to WFPS, NO3-N content, soil 

temperature and DOC. 

Simple regressions were performed to assess relationships between the N2O, NO 

and denitrification losses and different added compound fractions of organic fertilizers 

for 3 different contrasting periods: before, during and after irrigation. To study the 

synergic effect of C and N fractions, multiple linear regressions were performed using 

the best correlated organic C fractions as a first independent variable and NH4
+, 

dissolved N or non dissolved organic N added with fertilizer as a second independent 

variable. The quality of all models was evaluated by using an adjusted r2 coefficient; i.e. 

r2 adjusted by the number of independent variables in the model and the sample size.  
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3.3 Results 

 

3.3.1 Environmental conditions, evolution of mineral N, soluble organic carbon  

Immediately after fertilizer application the WFPS was greater than 70% (Fig. 

3.2), but rapidly decreased to 52% because irrigation was not applied for another 30 

days. Due to a high evapotranspiration of 6-7 mm H2O d-1 between June and September, 

irrigation was necessary to sustain crop growth. During the irrigation period a WFPS 

above 60% was generally maintained. After the irrigation period (September-

November), the WFPS ranged from 50 to 75%. The average daily soil temperature in 

the 0-10 cm soil layer (Fig. 3.2) varied between 18 and 24ºC from June to September 

and between 3 and 17ºC from October to November. 

The concentration of NH4
+ decreased quickly after the application of fertilizers 

(Fig. 3.3). The IPS+DCD treatment maintained larger concentration than the IPS 

treatment between 7 and 20 days after the application, although differences were not 

significant (p<0.05). The soil NO3
- concentrations in the 10 cm upper layer (Fig. 3.3) 

generally increased during the first 10 days after fertilizer application. A significantly (p 

< 0.05) larger NO3
- concentration was measured in soils fertilized with DTP than with 

IPS and IPS+DCD treatments 20 to 30 days after application. A positive net 

mineralization of N was also observed in the first 30 days after application when MSW 

was mixed with U. The mineral N concentration was 2.4 times larger than from control 

plots. With the first irrigation, NO3
- concentrations decreased rapidly in all treatments. 

In general, the application of organic N fertilizers increased the DOC, differences were 

significant (p < 0.05) on some occasions during the first 40 days after irrigation (Fig. 

3.4). An interesting result is that the DOC was lower in the DTP than IPS during the  
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period before irrigation. A peak of 42 mg DOC – C kg-1 was also observed for the U 

treatment immediately after fertilizer application. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.2 Soil temperature and water filled pore space (WFPS) 

during the experimental period in the upper soil layer (0-

10cm).
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Fig. 3.3 NH4
+ (a,b) and NO3

- (c,d) concentrations in the 0-10 cm soil layer during the experimental period. The vertical bars 

indicate LSD at 0.05 between treatments for each sample time. The single arrow indicates the date of fertilizer 

application; double-headed arrow, first irrigation. 
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Fig. 3.4 Dissolved organic C (DOC) in the 0-10 cm soil layer during the 

experimental period. The vertical bars indicate LSD at 0.05 between 

treatments for each sample time. The single arrow indicates the date of 

fertilizer application; double-headed arrow, first irrigation 
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3.3.2 N2O+N2 production from denitrification 

The application of organic and mineral N fertilizers stimulated denitrification 

rates during the first 5-20 days when the soil WFPS was 70% (Fig. 3.2). Largest 

denitrification rates were measured from plots fertilized with MSW+U, IPS and 

IPS+DCD (44.2, 34.3, and 23.0 mg N2O-N m-2 d-1, respectively) (Fig. 3.5). The first 

irrigation on 16 June increased the WFPS to 72% and improved the environmental 

conditions that favour denitrification. As a result much larger denitrification rates were 

measured from all treatments, including the unfertilized control. Largest denitrification 

rates were measured from plots fertilized with IPS and IPS+DCD (74.8 and 78.7 mg 

N2O-N m-2 d-1). The nitrification inhibitor did not influence the denitrification rate; the 

N2+N2O production from IPS with and without DCD was not significantly different (p < 

0.05) at any sampling time (Table 3.2). For the solid N fertilizers, denitrification peaked 

after the second irrigation (23 June) obtaining values of 100 and 70 mg N2O-N m-2 d-1 

for U and CP, respectively. Denitrification rates decreased markedly when irrigation 

stopped on 15 September. For the period (15 Sept to 15 Oct) differences between 

treatments were not significant (p < 0.05). 

The cumulative denitrification losses of the upper soil layer (0-10 cm) varied 

greatly between treatments (Table 3.2). The maximum losses were measured from the 

MSW+U treatment (33.3 kg N ha-1). The IPS and IPS+DCD treatments, that added to 

the soil similar organic C, had the same denitrification losses throughout the 

experimental period. The DTP and CP reduced the denitrification losses (21.7 and 21.6 

kg N ha-1 respectively) in comparison with IPS or MSW+U. Depending of treatment, 

losses during the irrigation period (between 16 June and 7 September) varied from 64% 

to 83% of the total denitrification losses. The rate of denitrification during the  
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experimental period for each treatment was significantly related (p < 0.05) to the 

environmental properties (WFPS, temperature) and NO3
- N concentration in the upper 

soil layer. The DOC concentration of the soil was not correlated with the cumulative 

denitrification rate for the entire study period, but for individual sampling dates, DOC 

correlated significantly (p < 0.01) with the denitrification rate for 2nd (24 June) and 3rd 

(3 August) denitrification peaks in Figure 4.   

Denitrification losses for the 25 days following application of fertilizer before 

irrigation were highly correlated with added soluble carbohydrates (r2 =0.94, p < 0.001, 

n=7) and after the irrigation period added total C and non dissolved organic N provided 

the best correlations (r2 =0.77, p < 0.01, n=7; and r2 =0.62, p<0.05, n=7, respectively). 

Added dissolved N was the best indicator for the period during irrigation (r2 =0.74, p 

<0.05, n=7) and total study period (r2 =0.52, p < 0.05, n=7). Added DOC also provided 

a high correlation for the period during irrigation for organic fertilizers (r2 =0.66, p < 

0.05, n=7).  
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Table 3.2  

Denitrification losses from the upper soil layer (0-10cm) integrated over different 

periods during the potato growing season 

Denitrification losses (kg N ha-1) 

Treatment Before IPa 

 (16 May -16 
June) 

During IPa 
(17 June- 7 

Sept) 

After IPa  

(7 Sept-15 
Oct.) 

Total  season

Control 0.37±0.17ba 
 

6.74±4.0 a 

 

0.93±0.3 a 

 

8.0±3.1 a 

 

Untreated pig slurry 

(IPS) 

3.28±1.56 b 

 

22.7±5.8 b 

 

2.47±1.0 a 

 

28.5±4.9 cd 

 

Digested thin fraction of 
pig slurry 

 (DTP) 

2.88±0.85 b 

 

16.9±2.4 b 

 

1.92±0.5 a 

 

21.7±1.0 b 

 

Pig slurry+ DCD 

(IPS + DCD) 

2.85±1.7 b 

 

24.1±5.7 b 

 

1.43±0.8 a 

 

28.4±3.8 cd 

 

Composting pig slurry 
fraction (CP) 

2.22±0.74 ab 

 

16.1±6.0 b 

 

3.23±1.6 ab 

 

21.6±3.1 b 

 

Municipal solid 
waste+Urea (MSW +U) 

6.55±1.45 c 

 

21.6±4.8 b 

 

5.20±2.1 b 

 

33.3±5.1 d 

 

Urea (U) 1.32±0.73 ab 

 

19.8±1.2 b 

 

2.71±1.9 a 

 

23.8±1.7 bc 

 
aIP is the irrigation period 

bMean value of accumulated denitrification losses from three plots ±standard 

deviation. Different letters within each column indicate significant differences 

between fertilizer treatment (p<0.05) according to LSD test.  
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Fig. 3.5 Denitrification rate (DR) in the 0-10 cm soil layer during the potato growing 

season. The vertical bars indicate LSD at 0.05 between treatments for each 

sample time. The single arrow indicates the date of fertilizer application; double-

headed arrow, first irrigation. 
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3.3.3 N2O emission  

The N2O emissions were influenced by additions of organic and mineral 

fertilizers (Fig. 3.6).  For the slurries, higher fluxes of N2O were generally observed 

from plots treated with IPS than DTP or IPS+DCD treatments, especially in the period 

following to the application of fertilizer before irrigation. For solid fertilizers, largest 

N2O fluxes were measured from the U and MSW+U treatments, which peaked at 15.3 

and 13.7 mg N2O-N m-2 d-1 during the irrigation period, respectively. 

Cumulative N2O emissions are shown in Table 3.3. Before irrigation, plots 

fertilized with organic fertilizers, especially IPS and MSW+U, emitted more N2O than 

control plots or those fertilized with U. However, during the irrigation period largest 

cumulative N2O emissions were measured from plots fertilized with U. Digested thin 

fraction of pig slurry (DTP) emitted less N2O than untreated pig slurry (IPS), although 

this difference only was significant at p<0.05 before irrigation. For the entire period 

DTP reduced N2O emissions by 48 % in relation to the IPS treatment. On the other 

hand, the CP increased the emission (40%) in comparison with the IPS treatment 

because of increased emissions after the irrigation period. The nitrification inhibitor was 

very effective and reduced total N2O fluxes by 83% compared with those emitted from 

the IPS treatment. Above the N2O loss from the unfertilised control plots, the 

percentage of N2O lost in relation to the available N during the experimental period was 

1.0% (IPS), 0.57% (DTP), 0.18% (IPS+DCD), 1.55%(CP), 1.12 (MSW+U) and 2.07% 

(U).  
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Table 3.3 

Cumulative  N2O emitted integrated over different periods during the potato growing 

season 

N2O emission (kg N ha-1) 
 

Period Before IPa (16 
May. -16 June) 

During IP 
(17 June- 15 

Sept) 

After the IP 
(15 Sept-15 

Oct.) 
Total  season 

Control 0.44±0.09ba 
 

1.96±0.11 a 

 

1.18±0.39 a 

 

3.69±0.36 a 

 

Untreated pig slurry 

(IPS) 

0.78±0.10 c 

 

2.93±0.22 bc

 

1.75±0.19 ab 

 

5.62±0.23 c 

 

Digested thin fraction of 
pig slurry 

 (DTP) 

0.60±0.05 b 

 

2.65±0.38 bc

 

1.28±0.88 a 

 

4.69±0.60 b 

 

Pig slurry+ DCD 

(IPS+DCD) 

0.60±0.07 b 

 

2.43±0.43 ab

 

0.69±0.92 a 

 

4.01±0.42 ab 

 

Composting pig slurry 
fraction (CP) 

0.63±0.08 bc 

 

2.88±0.76 bc

 

2.75±0.54 b 

 

6.41±0.57 cd 

 

Municipal solid 
waste+Urea (MSW +U) 

0.77±0.02 c 

 

3.33±0.42 c 

 

1.40±0.47 a 

 

5.65±0.81 c 

 

Urea (U) 0.43±0.02 a 

 

4.60±0.26 d 

 

1.82±0.75 ab 

 

7.31±0.39 d 

 
aIP is the irrigation period 

bMean value of accumulated N2O emission from three plots ±standard deviation. 

Different letters within each column indicate significant differences between fertilizer 

treatment (p<0.05) according to the least significant significance (LSD) test.  
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Fig. 3.6 Emission of N2O from soil during the potato-growing season. The vertical 

bars indicate LSD at 0.05 between treatments for each sample time. The 

single arrow indicates the date of fertilizer application; double-headed 

arrow, first irrigation. 
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Regression analyses showed that the daily N2O emission was significantly 

correlated with soil temperature (r2 =19.6 p<0.01, n=308), but not with WFPS or the 

other soil parameters (NH4
+, NO3

-, DOC). Moreover, the cumulative N2O emission 

during the first month was positively correlated with added DOC (r2 = 57.8, p<0.05, 

n=7) and added soluble carbohydrates (r2 =47.1, p<0.05, n=7). For the entire study 

period no significant correlation between N2O emission and variable measured was 

found.  

Denitrification was the main process responsible for N2O emission from plots 

treated with organic fertilizers, whereas nitrification was the most important from plots 

treated with mineral fertilizer. Following the acetylene inhibition method proposed by 

Müller et al., (1998), the percentage of total N2O losses via the denitrification process 

from fertilizers was 75% (IPS), 52% (DTP), 73% (IPS+DCD), 67%(CP), 75% 

(MSW+U), 35% (U) and 70% (Control).  

 

3.3.4 N2O/N2 ratio  

The cumulative N2 production in the upper soil layer (0-10 cm) was larger than 

the cumulative N2O production from denitrification in all treatments and the application 

of fertilizer and fertilizer type influenced the N2O/N2 emission ratio relative to the 

control treatment (ratio of 0.19). The N treatments U and CP had the highest ratios (0.11 

and 0.15, respectively), followed by 0.09 for the IPS and 0.07 for DTP and MSW+U. 

Although the nitrification inhibitor did not reduce the total denitrification rate relative to 

the IPS treatment, the N2O/N2 ratio was reduced to 0.06. In general, the N2O/N2 ratio 

was negatively correlated with added DOC (r2 =0.67, p < 0.05, n=7) and with dissolved 

N (r2=0.65, p<0.05, n=7). Others fractions were not significantly correlated. 
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 3.3.5 NO fluxes 

A significant increase in NO emission rate was observed during the 20 days 

following fertilizer application before irrigation. The largest rates were measured from 

the U treated plots with a maximum flux of 3.8 mg NO-N m-2 d-1 12 days after 

fertilization (Fig. 3.7). On this date, NO emissions from the pig slurry application (DTP 

and IPS) also peaked at 1.5 mg NO-N m-2 d-1. After the first 20-25 days NO fluxes 

remained below 0.5 mg NO-N m-2 d-1 in all treatments and during the irrigation period 

occasionally negatives fluxes of NO were measured. The DCD inhibited NO emission 

and fluxes close to those from the control plots were measured throughout the 

experiment (Table 3.4). Above the NO lost from the unfertilised control plots, the 

percentage of N lost as NO relative to N applied was 0.06, 0.06, 0.01, 0.10, 0.04 and 

0.13% for IPS, DTP, IPS+DCD, CP, MSW+U and U, respectively. 

Regression analyses showed that the daily NO emission was positively 

correlated with NH4
+, (p < 0.001), NO3

- (p < 0.05) and negatively with soil temperature 

(p < 0.001) (n=272 for all). A combination of added dissolved N and DOC was the best 

indicator for cumulative emissions for the total study period (r2 =0.87, p < 0.01, n=7), 

the period before irrigation (r2 =0.84, p <0.01, n=7) and during irrigation (r2 =0.89, p 

<0.01, n=7).  

The molar NO/N2O ratio was less than 1 at all sampling times and for all 

treatments, and during the irrigation period was less than 0.01, 0.003, 0.0037, 0.043, 

0.013, 0.053, 0.024 and 0.066 for Control, IPS, DTP, IPS+DCD, CP, MSW+U and U  

treatments, respectively. 
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Fig. 3.7 Emission of NO from soil during the potato-growing season. The vertical bars 

indicate LSD at 0.05 between treatments for each sample time. The single arrow 

indicates the date of fertilizer application; double-headed arrow, first irrigation. 
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Table 3.4 

Cumulative  NO emitted integrated over different periods during the potatoe growing 

season 

NO emission (g N ha-1) 

Period Before IPa 

 (16 May. -16 June) 

During IP  

(17 June- 15 
Sept) 

After the IP 

 (15 Sept-15 
Oct.) 

Total  season 

Control 4.1±2.2 a 
 

1.1±0.8 a 

 

0.2±0.3 a 

 

5.5±3.6a 

 

Untreated pig slurry 

(IPS) 

     96.3±19.3 cd 

 

-2.6±0.8 a 

 

9.6±2.9 a 

 

103.2±22.8 b 

 

Digested thin fraction of pig 
slurry 

(DTP) 

91.2±30.5 cd 

 

3.1±4.0a 

 

6.7±3.6a 

 

101.0±24.6 b 

 

Pig slurry+ DCD 

(IPS + DCD) 

29.7±8.7 ab 

 

-4.8±3.6 a 

 

2.1±5.0 a 

 

27.0±16.0 a 

 

Composting pig slurry 
fraction  (C P) 

169.1±71.7 d 

 

-0.7±1.2 a 

 

2.5±5 a 

 

170.9±76.7 c 

 

Municipal solid waste+Urea 

(MSW +U) 

60.1±14.9 abc 

 

2.3±2.7a 

 

4.8±3.2 a 

 

67.2±10.1 ab 

 

Urea (U) 212.2±90.0 d 

 

26.5±27.0 b 

 

1.8±4.8 b 

 

240.5±65.5 c 

 
aIP is the irrigation period, 

bMean value of accumulated NO emission from three plots ±standard deviation. 

Different letters within each column indicate significant differences between fertilizer 

treatment (p<0.05) according to LSD test.  
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3.4 Discussion 

 

3.4.1 Effect of organic fertilizer type on processes 

Organic residues, municipal solid waste and manures, are considered a resource, 

not a waste, and their application to soil is recommended (Díez et al., 2000). Farmers 

are interested in supplying a readily available source of N to be utilized immediately by 

the crop. The separation of solid fraction from pig slurry with mechanical separators 

reduces the overall organic load in terms of total organic C and achieves reduction in 

non-soluble components in the slurry (Burton and Turner, 2003). Anaerobic digestion 

and composting reduces the amount of organic C, especially the soluble carbohydrate 

and protein fractions (Burton and Turner, 2003). By fixing the rate of available N 

application to the same value of 175 kg N ha–1 for all fertilizers applied, the composition 

of total carbon and nitrogen compounds differed largely and had a significant effect on 

denitrification and N2O, NO emission rates, the soluble carbohydrate and protein 

fractions. All comparisons in this study were performed after field application. Losses 

of gasses during the digestion and composting processes and storage were not 

measured.    

The soil had a low organic C content (8.1 g C kg-1) and the addition of organic N 

fertilizer increased C mineralization and thereby the dissolved organic C (DOC) 

concentration in the upper horizon. Several studies have shown that the amount of DOC 

is a readily available C source for microbial growth, (Liang et al., 1996) and therefore 

correlates highly with microbial biomass C (Zack et al., 1990). In our experiment 

evolution of DOC was also affected by irrigation, and probably an important part of 

soluble organic compounds were  
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leached from the upper horizon. The input of carbon stimulated the denitrification rate, 

but for different time periods in this study different fractions of carbon provided the best 

correlation. The accumulated denitrification losses during the first month after fertilizer 

application (before irrigation), was better correlated with added soluble carbohydrates 

than added DOC because the carbohydrates fraction is an easily degradable fraction, 

whereas DOC includes less easily degradable carbon compounds An explanation to the 

strong correlation between soluble carbohydrates and denitrification could not be 

reached. Nevertheless, it is very likely that the easily degradable compounds (including 

soluble carbohydrates) have been the first used by denitrifiers. For the intermediate 

period (1 to 4 months, during irrigation), a good indicator of denitrification rate was 

DOC and for periods > 4 months (after irrigation) total organic C was the best indicator. 

Denitrification was not correlated with added NH4
+, but was correlated with added 

dissolved N during the irrigation period and added non dissolved organic N for the 

period after irrigation, probably because these fractions are mineralized slowly and 

increased the pool of NO3
-, which also promoted denitrification.  

The digestion of thin fraction of pig slurry and the composting of the solid 

fraction of pig slurry reduced the soluble organic fractions, and so this explained a 

reduction of a 33% denitrification losses compared to untreated pig slurry. In laboratory 

experiments, where denitrification from anaerobically digested slurry was compared 

with undigested slurry, losses of N by denitrification from the digested slurry were 

reduced by 49% (Stevens et al., 1995) and 90% (Petersen et al., 1996).  
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The addition of organic C reduced the N2O/N2 ratio and the best indicator for 

predicting this reduction was the DOC added with the fertilizer. Other soluble organic C  

fractions, as well as NH4
+, protein N, non-dissolved organic N did not correlate 

significantly with this ratio. The addition of organic fertilizers increased organic C 

availability stimulating  biological O2 demand (Rochette et al., 2000). These conditions 

will have favoured the consumption of N2O obtaining N2. Dittert et al. (2005) also 

found lower N2O/N2 emitted from slurry (1:14) than from mineral fertilizer (1:1).  

Several authors have demonstrated that the addition of NO3
- to soil increased the 

N2O/N2 ratio (Swerts et al., 1996; Scholefield et al., 1997), because denitrifiers use this 

oxidative compound as electron acceptor (De Wever et al., 2002) and NO3
- seems to 

inhibit the N2O reductase enzyme (Blackmer and Bremner, 1978). The NH4
+ added to 

this soil was rapidly nitrified, increasing the soil NO3
- content. However, the N uptake 

by the crop and NO3
- leached during the period of weekly irrigations from June to 

September, contributed to reduced NO3
- concentrations and consequently a reduced 

N2O/N2 ratio. The fine texture of this soil together with the irrigation provided 

conditions of reduced diffusivity of N2O produced in this soil and thereby favoured the 

consumption of N2O by denitrifiers.  

The origin of the N2O emitted was affected by the fertilizer type. In spite of the 

WFPS being the same in all treatments, denitrification was the most important source 

for N2O in organic treatments, whereas nitrification dominated in the mineral treatment 

(U). The addition of organic compounds enhanced the N2O production via 

denitrification by providing the carbon substrate for denitrification and by stimulating 

general heterotrophic microbial growth, which promoted oxygen consumption that 

created temporary anaerobic microsites (Cannavo et al., 2003). This effect could also  
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explain the higher N2O production via nitrification from digested pig slurry than from 

untreated pig slurry, because the DOC added in the first treatment was lower than in the 

second (Table 3.2). Similarly, this effect could explain the higher nitrification rate from 

U, than U mixed with MSW. DCD reduced N2O from nitrification during the first 

month, although after that time DCD became less effective and differences in relation to 

the untreated pig slurry without DCD treatment were not significant at p<0.05. 

Dicyandiamide was inefficient in preventing nitrification entirely, because of the 

uneven distribution of the inhibitor, resulting in some nitrification of NH4
+ derived from 

organic matter in microsites not penetrated by the DCD (Skiba et al., 1993).    

The methodology used to distinguish N2O emission from nitrification and 

denitrification and to evaluate the N2O/N2 ratio was based on the inhibition of 

nitrification in the presence of 5-10 Pa C2H2 without blocking the N2O reductase 

required in the denitrification pathway (Müller et al., 1998). N2 and N2O production 

from nitrification were not measured directly and values were calculated from 

differences between measured denitrification rates, total N2O production rates and N2O 

production from denitrification. This method is useful for comparative purposes 

between treatments, as also implied by Estavillo et al., (2002), but the absolute values of 

N2 and N2O from nitrification should be interpreted with caution.  

 

3.4.2 Emissions of nitrous oxide and nitric oxide 

The observed emissions of N2O and NO are the result of two counteracting 

phenomena: the emission of nitrogen oxides from the soil and their consumption by the  
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soil. For that reason, the emission from the soil depends on (i) the formation of N2O and 

NO during denitrification and  nitrification and its diffusion to the atmosphere,  (ii) the 

consumption of NO and N2O by denitrifying microorganisms and the diffusion of these 

gases into the soil.   

The addition of N fertilizer increased the N2O and NO emission, but the type of 

fertilizer had an important effect on the total nitrogen oxides emission. Urea enhanced 

N2O and NO emissions more than the organic fertilizers studied, which is the opposite 

compared to the effect on total denitrification, as discussed earlier. The degradable 

soluble C added with the organic fertilizers, but not with urea, reduced the N2O/N2 and 

nitrification- N2O/denitrification- N2O ratio favouring the consumption of N2O by 

denitrifiers.  

In the days following slurry application, large and rapid emissions of N2O from 

slurries have been reported by others authors (Chadwick et al., 2000; Vallejo et al., 

2005) when soil conditions (moisture and temperature) favoured nitrification. In this 

clay loam soil studied here, N2O fluxes from untreated pig slurry were smaller than 

observed by the above listed authors and the most important emissions were produced 

during the irrigation period.  

The direct contribution from the applied fertilizer was evaluated discounting the 

N2O emitted from the bulk soil without fertilizer. Applying digested thin fraction of pig 

slurry as N fertilizer reduced N2O emissions by 48% in comparison with untreated pig 

slurry (IPS). This reduction was slightly higher than that measured by Petersen (1999), 

who reported reductions of 20 to 40% in a Danish soil, with otherwise similar N2O flux 

rates. The difference between the two studies was that the organic C of the Danish soil 

was greater (26 g C kg-1) than of the Spanish soil (8 g C kg-1). Equally larger N2O  
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emissions were observed from the composted solid fraction of pig slurry compared to 

the untreated slurry because of a smaller amount of soluble C fractions applied. 

Laboratory incubations by Scholefield et al. (1997) and Weier et al. (1993) found that 

soluble C additions reduced the N2O/N2 emission ratio. These observations suggest that 

in this low C soil additions of organic C reduced the proportion of N2O emitted, and 

therefore  organic fertilizers can mitigate the emissions of the atmospheric pollutants 

NO and N2O in comparison with urea. Huang et al., (2004) found that cumulative 

emissions of N2O were negatively correlated with the C:N ratio in plant residues. Khalil 

et al., (2002) also reported that N2O production was increased by decreasing the C:N 

ratio of different organic matter. This same effect was only observed in our experiment, 

when comparing the composted materials (CP and MSW). CP with a C:N ratio of 10 

emitted 6.41 kg N2O-N ha-1, while MSW+U with a C:N ratio of 22 emitted 5.64  kg 

N2O-N ha-1, although differences were not significant at p <0.05. 

 The NO fluxes correlated with the NH4
+ content in soil, indicating that 

nitrification is the main source of the NO (Skiba et al., 1993). For these reasons, high 

fluxes were observed in the 1st month after fertilizer addition, but before irrigation. The 

very wet conditions provided by irrigation very likely inhibited nitrification and reduced 

the diffusivity of NO to the atmosphere from this clay loam soil (Cárdenas et al., 1993). 

This higher retention time of NO produced by nitrification or denitrification under those 

conditions favours the consumption by denitrifiers, resulting in little NO emission from 

soil, but provided a sink for NO, as observed on some occasions.  
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Differences between treatments were best explained by the combined effect of 

the variables dissolved N (NH4
++dissolved organic N) and DOC added with fertilizers. 

DOC explained an additional 19% and 48% of the total variance for the total study 

period and the irrigation period respectively. NH4
+ enhanced the fluxes of NO because it 

affected nitrification, whereas the addition of DOC diminished these fluxes because by 

increasing soil respiration and thereby providing the anaerobic conditions that favoured 

denitrification and the consumption of NO. Therefore, the mineral fertilizer (U) and CP 

with a low DOC, emitted more NO than the other organic fertilizers. An exception was 

the digested thin fraction of pig slurry, which in spite of smaller DOC additions emitted 

similar amounts of NO as the untreated pig slurry. 

Dicyandiamide reduced NO emissions from plots fertilized with untreated pig 

slurry by 77%. Skiba et al., (1993) also found a high reduction of NO in (NH4)2SO4 

treated with DCD in a greenhouse experiment. Overall DCD reduced 77% of the NO 

and N2O (83%), suggesting that DCD additions can mitigate nitrogen emissions from 

agricultural soils fertilizer with pig slurries.  

Most soils under xeric and arid climates have low levels of organic matter and 

additions of organic matter are necessary to improve the physical, chemical and 

biological soil properties. When organic N fertilizers were applied to such soils 

denitrification rates in relation to the application of mineral fertilizer increased (Vallejo 

et al., 2004, and Vallejo et al., 2005). This loss of valuable N fertilizer could be 

considered negative, but as shown in this study, the addition of organic fertilizer under 

irrigation conditions to a clay loam soil with low organic C content reduced the N2O 

and NO. Application of fertilizers with a high soluble organic C content instead of urea 

could therefore be a good agricultural practice to reduce N emissions from such  
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irrigated soils. However, further investigations on a range of soils differing in texture, 

carbon content and moisture conditions should be carried out. In this experiment, 

significant differences in yield at p< 0.05 were only observed between fertilized plots 

and Control (27,500 kg ha-1). Treated organic wastes were effective in maintaining 

potato yields (ranged from 32,000 to 37,000 kg ha-1), as well as urea (37,800 kg ha-1) or 

untreated pig slurries (35,300 kg ha-1). Therefore, the mitigation of the emissions using 

treated organic wastes is a suitable option for farmers. The application of untreated 

organic residues creates odours and health risks and can be prevented by composting 

and anaerobic digestion. These processes furthermore stabilize and homogenize the 

product, and the separation of solid before anaerobic digestion reduce its viscosity and 

therefore facilitates a better distribution and infiltration into the soil. This effect also 

decreases NH3 volatilization and the potential for the anaerobic processes in soil 

(Petersen, 1999). In our study treated organic materials mitigated denitrification losses 

and under certain conditions also NO and N2O emissions. These positives 

characteristics improve the quality of these materials and for that reason it is proposed 

that organic residues incorporated to the soil should be previously treated.   

 

3.5 Conclusions 

This study underlines the key role of degradable C added with the organic 

fertilizer in the emissions of N2O and NO from soils with a low organic C content under 

irrigation conditions. Soluble organic C compounds favoured the denitrification process, 

increased the proportion of N2O arising from denitrification, decreased the N2O/N2 

emission ratio and reduced the emissions of NO and N2O compared to those from soils  
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fertilized with mineral N.  For that reason, in this type of soils organic fertilizers should 

be recommended instead of urea, because they mitigate N2O and NO emissions. 

Anaerobic digestion and separation improved the quality of pig slurry as 

fertilizer and is an option to mitigate denitrification losses and N2O emissions, although 

no effect was observed on NO fluxes. The use of dicyandiamide mixed with untreated 

pig slurry mitigated N2O and NO emissions, although denitrification was not affected. 

Changes in the composition of the organic C fraction and C:N ratio as caused by 

composting organic residues affected gaseous emissions. When this material had a low 

soluble organic C denitrification was reduced but N2O and NO emission were increased.  

  This study has shown that in order to provide effective mitigation of N trace gas 

emissions it is necessary to understand the effect of all commonly used organic and 

inorganic fertilizers in different agroecosystems and under different management 

practices.  

 

 

 

 

 

 

 





 

 

 84



4 

INFLUENCE OF SOLUBLE ORGANIC C AND 

SOIL TYPE 

 

“The influence of soluble carbon and fertilizer nitrogen on nitric oxide 

and nitrous oxide emissions from two contrasting agricultural soils” 
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4.1 Introduction 

The balance between nitrification and denitrification processes varies with 

climate, soil conditions and soil management (Skiba et al., 1997; Skiba and Smith, 

2000). Nitrogen fertilizer application to agricultural soils generally increases N oxides 

emission (Chadwick et al., 2000). Fertilizer type has been shown to influence N2O and 

NO emission rates (Mosier et al., 1998; Vallejo et al., 2006). Additions of NH4-based 

fertilizers and urea to aerated soils provide substrates for nitrification, and the product of 

nitrification, nitrate (NO3
-), will provide a substrate for denitrification. The associated 

increases in nitrification and denitrification rates and accompanying N2O and NO losses 

tend to be short-lived, lasting from a few days to several weeks depending on the 

management of the agroecosystem (Skiba and Smith, 2000). Organic fertilizers not only 

supply mineral N, but also organic C. These C additions stimulate general heterotrophic 

activity in the soil, including denitrification. Increased respiration rates will increase O2 

consumption and further promote the anaerobic conditions required for denitrification to 

flourish (Cannavo et al., 2003). Increased N2O emissions were measured from 

intensively managed grassland plots fertilized with manures compared to adjacent plots 

fertilized with mineral N (Ding et al., 2007). In contrast, after a heavy rainfall event, a 

reduction in N2O emissions from plots receiving organic fertilizers compared to mineral 

fertilizers were observed for a Scottish grassland (Ball et al., 2004). 

In order to understand the influence of the addition of soluble organic C and 

mineral N on N2O and NO emissions, laboratory experiments were carried out using 

two contrasting soils: a high carbon content grassland soil and in a low carbon content 

semiarid arable soil. The effect of N fertilizer rate, with and without additions of a  
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simple carbon source (glucose) on NO, N2O and CO2 emissions was studied under dry 

and wet soil conditions.  

 

4.2 Material and methods 

4.2.1. Soils  

The experiments were conducted on two soils with different organic matter content. Soil 

I with a clay loam texture was located at ‘El Encín’ Field Station, near Alcalá de 

Henares (Madrid, Spain) (latitude 40º 32’N, longitude 3º 17’W), in the middle of the 

Henares river basin (Picture 3.1). In April 2006, 5 kg of soil were collected randomly 

from a 700 m2 area and was mixed. This soil had not been fertilised and cultivated for at 

least two years and was without vegetation when collected. The soil was dried in the 

laboratory at atmospheric temperature and transported by air to CEH, Edinburgh, 

Scotland. Soil II, also a clay loam, was located at Easter Bush, 10 km south of 

Edinburgh in Scotland (latitude 55˚52'N, longitude 3˚2'W) (Picture 4.1). The field is a 

managed grassland (>90% Lolium perenne), grazed by sheep and cattle and is 

periodically cut for silage. Some physico-chemical properties of the 0-28 cm top soil 

layer of soil I and II are shown in Table 4.1.  
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Picture 4.1 Easter Bush Field Station 
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Table 4.1 

Some physico-chemical properties of the 0-28 cm top soil layer for both soils measured by conventional methods 

  Total

organic C 

(g kg-1) 

Total N 

(g kg-1) 
pHH2O 

Bulk density 

(Mg m-3) 

Clay 

(%) 

Silt 

(%) 

Sand 

(%) 

Dissolved 

organic C (DOC) 

(mg C kg-1) 

NO3
- 

(mg NO3
--N kg-1) 

Soil I 8.2 0.7 7.5 1.41 28a     17 55 35 12.3

Soil II 35.4 2.6 5.5 1.40 21b     27 52 195.7 0.8

 

a predominately as vermiculite  

b predominately as kaolinite 
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4.2.2 Experimental  details 

 Four successive laboratory experiments using the same treatments were carried 

out in following order: (1), soil I (arable soil with low organic C content) at a high 

WFPS (90%); (2), soil I at low WFPS (40%); (3), soil II (grassland soil with high 

organic C content) at high WFPS (90%); (4), soil II at low WFPS (40%).  

For each experiment, aliquots of 100 g of each soil were placed into 15 clear 

Perspex columns (20 cm height x 5 cm diameter) (Picture 4.2), which were sealed at the 

base and during flux measurements also at the top with a plastic lid and insulating tape. 

The headspace of the tubes was 0.341 l. Gas inlet and outlet holes (0.5 cm) were fitted 

with three way taps; the outlet hole was 5 cm above the inlet (Dick et al., 2001). Air 

tightness was tested by inserting a known concentration of N2O and CO2 and incubation 

for one hour. The gas concentration during the incubation period was maintained.  

Soils were wetted ten days before the start of the experiment using 30 ml of 

distilled water for each aliquot to avoid the interference of pulses of NO and N2O 

typically observed as a consequence of the first wetting of dry soil (Dick et al., 2001). 

After this period, soil samples were rewetted to obtain the 40% or 90% WFPS required 

for the experiments. The WFPS was maintained throughout the experimental period, by 

daily reweighing of the cores and replacing weight losses with distilled water. 

For analysis of dissolved organic C (DOC) and mineral N soil content aliquots of 

15 g of soil were placed in identical containers, as those used for the flux cores, and were 

treated in the same way. These additional aliquots were used in order not to destroy the 

flux cores (Picture 4.3). All soils were incubated in the laboratory at a constant air 

temperature of 25.5 ± 0.9 º C, the optimal temperature for most soil microbial processes.  
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The applied treatments were: (i) high mineral N concentration, (0.40 mg N g-1 

soil, which is equivalent to approximately 200 kg N ha-1 (HN); (ii) low mineral N 

concentration (0.1 mg N g-1soil, which is equivalent to 50 kg N ha-1 (LN); (iii) glucose 

(1%) together with high mineral N concentration (Glu+HN) and (iv) glucose (1%) 

together with low mineral N concentration (Glu+LN) (v) control without any added N or 

C compounds (Control). Mineral N was added as (NH4)2SO4. Both, mineral N and 

glucose were applied to soil dissolved in the distilled water, used to obtain the desired 

WFPS values. All treatments were replicated 3 times. 

 

Picture 4.2                                                               Picture 4.3 

 

Picture 4.2 Cores for gas  measurements Picture 4.3 Cores for DOC and mineral 
N analysis

4.2.3 Trace gas flux measurements 

 Trace gas fluxes were measured daily for the first 5 days after treatment and then 

less frequently for the following 15-18 days. Nitric oxide fluxes were measured from the 

soil columns using a gas flow-through system, as described in detail by Dick et al. 

(2001) (Picture 4.4). The columns were closed for 20 minutes. During this period, 

ambient air, filtered through charcoal and aluminium/KMnO4, to remove O3 and NOx, 

was passed over the headspace of the column at a flow rate of 40 ml min-1. NO was  
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analysed by chemiluminescense using a 42C NOx analyser Thermo Environmental 

Instruments. A dual channel photometric ozone analyser (Thermo Environmental 

Instruments, model 427) was used to measure O3. Both analysers require a flow rate of 1 

l min-1 each, so additional filtered air was supplied to the analyzer and the dilution of the 

sample air was calculated from the flow rate recorded using a mass flow meter (Aera FC 

7700C). NO and O3 concentrations, air temperature and flow rates were recorded at 10 

sec intervals on a datalogger (Campbell Scientific 21x). Flux measurements from soil 

columns were interspersed with 3 measurements from an empty column, in order to take 

into account reactions with the chamber walls and lids. The NO flux (ng N g-1 h-1) was 

calculated as the product of the flow rate of the air stream through the repacked soil 

column, the increase in NO concentration above the control (empty column) and the 

dilution rate divided by the dry weight of soil (100 g).  

Nitrous oxide and carbon dioxide fluxes were measured in samples extracted 

from the headspace of the soil columns after sealing for ~30 min. Gas samples (20 ml) 

were withdrawn by syringe and were transferred to pre-evacuated 20 ml vials. The vials 

were prepared by repeated (5 times) evacuation to -80 bar and then flushed with N2, to 

removed ambient air, and were stored at –80 kPa for maximum of 24 hours before being 

filled with the sample air. The samples were analyzed within 1 day. All gases were 

analyzed by gas chromatography (Hewlett Packard 5890) using an autosampler (Varian 

Genesis) (Picture 4.5). A flame ionization detector fitted with a methanizer was used to 

measure CO2 and an electron-capture detector to measure N2O. 

Ambient room air was collected at the beginning of each sample set. Fluxes of 

N2O and CO2 were calculated as the product of the increase in concentration above  
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ambient laboratory air and volume of the headspace in the repacked soil column divided 

by the time the column was sealed and the dry weight of the soil.  

 

 Picture 4.4 Gas flow-through system 

 

 

 Picture 4.5 Gas chromatography equipment 
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4.2.4 Soil analysis 

 Soil NO3
- and NH4

+ content from each column (at the end of the experiment) and 

from the additional container (the day following to start the experiment) were 

determined by extracting 15 g of fresh soil with 50 ml 1 M KCl solution; NO3
- and NH4

+ 

were analyzed by colorimetric methods  (Harwood and Huysen, 1970; Henriksen and 

Slemer-Olsen, 1970).  

 Soluble organic C, gravimetric moisture contents, WFPS and bulk densities were 

calculated following the protocol describe in 3.2.4 section. 

 

4.2.5 Statistical analysis 

 The statistical analysis was performed using STATGRAPHICS Plus 5.1 

(Manugistics, 2000). Least significant difference tests (LSD) were used for comparison 

of means between treatments. A multifactor ANOVA was used to establish the influence 

of added N, added C, WFPS and type of soil on N2O, CO2 and NO emissions, DOC, 

NH4
+-N and NO3

--N content in soil.  

 
 
 
4.3 Results 

4.3.1 N2O emission  

 The application of (NH4)2SO4 produced different N2O fluxes, depending on the 

rate of fertilizer, type of soil, moisture content and the addition of glucose (Fig. 4.1). For 

the semiarid arable soil (Soil I), largest fluxes of N2O were observed from samples 

treated with N fertilizer equivalent to a rate of 200 kg N ha-1. In the period 2 to 12 days 

after the start of the experiment, N2O fluxes ranged from 13.4 to 49.9 ng N2O-N g-1h-1  at  

90% WFPS and from 0.6 to 4.3 ng N2O-N g-1h-1 at WFPS of 40% (Fig. 4.1). For the  
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entire experimental period, the total cumulative N2O emission for this fertilizer treatment 

was 251.7 and 21.7 ng N2O-N g-1 for the high and the low WFPS rates, respectively 

(Table 4.2). The addition of glucose significantly reduced N2O emissions (p <0.05) in 

cores that received a high mineral N by 94% at the high WFPS and by 22% at the low 

WFPS. At the low N rate additions of glucose did not significantly reduce N2O 

emissions. 

In the high organic C content grassland soil (soil II) emissions of N2O were 

generally much larger than from soil I (Fig. 4.1). Cumulative emissions ranged from 

598.6 to 1438.4 ng N2O-N g-1 at 90% WFPS and between 3.7 and 84.4 ng N2O-N g-1 at 

40% WFPS (Table 4.2). Even cumulative emissions from the soil II control columns 

(966.2 ng N2O-N g-1) were several orders of magnitude larger than those from soil I (0.9 

ng N2O-N g-1) (Table 4.2). With additions of glucose N2O emissions peaked on the 

second day after the start of the experiment, both at 90% WFPS (358.3 and 456.7 ng 

N2O-N g-1 h-1 for Glu+ HN and Glu+ LN, respectively) and 40% WFPS (69.2 and 84.3 

ng N2O-N g-1 h-1 for Glu + HN and Glu + LN respectively). After this day N2O emission 

decreased rapidly, and at 90% WFPS were significantly smaller than from control 

columns between days 4 to 11 (p < 0.05). Analysis of variance in both soils showed that 

N2O emissions were positively influenced by high WFPS, although the effect was more 

significant in soil II (p < 0.001) than in soil I (p  < 0.05).  Glucose additions reduced N2O 

emissions significantly in soil I (p < 0.01), whereas N additions significantly stimulated 

N2O emissions in both soils (p < 0.05). 
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Table 4.2 

Cumulative N2O, NO and CO2 fluxes emitted for soil I (low organic carbon content, 

Spain) and soil II (high organic carbon content, Scotland) treated with high and low 

mineral N with and without glucose (Glu) additions and incubated at 90% and 40% 

WFPS. Data shown are means of three replicate samples. Different letters within columns 

indicate significant differences at p < 0.05 using LSD test. 

90% WFPS 

Treatment N2O 
(ng N2O-N g-1) 

NO 
(ng NO-N g-1) 

CO2 

(µg CO2-C g-1) 

 Soil I Soil II Soil I Soil II Soil I Soil II 

Control 0.92 a 966.21 ab -0.13 a 0.19 a 9.40 a 24.72 a 

HN 251.67 b 1438.38 b 73.87 c 3.52 b 30.64 a 31.10 a 

LN 9.02 a 625.72 a 2.01 a 2.79 ab 6.30 a 26.34 a 

Glu + HN 13.72 a 777.46 ab 33.09 b 1.19 ab 222.36 b 266.15 b 

Glu + LN  -0.43 a 598.66 a -0.04 a 0.52 ab 190.71 b 280.23 c 

 

40% WFPS 

Treatment N2O 
(ng N2O-N g-1) 

NO 
(ng NO-N g-1) 

CO2 

(µg CO2-C g-1) 

 Soil I Soil II Soil I Soil II Soil I Soil II 

Control -0.22 a 5.04 a 0.27 a 4.29 ab -15.48 a 3.10 a 

HN 21.65 c 9.70 a 26.85 c 11.02 b -2.23 b 4.32 a 

LN 0.24 a 3.76 a 0.98 a 6.19 ab -17.71 a -18.76 a 

Glu + HN 16.77 b 69.19 b 7.68 b 5.99 ab 162.83 c 191.63 b 

Glu + LN  -1.26 a 84.36 b 1.49 a 0.51 a 164.62 c 236.67 c 
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Fig. 4.1. Emissions of N2O from soil columns, after addition of glucose (glu) with and without (NH4)2SO4 at rates equivalent to 50 

(LN) and 200 (HN) kg N ha-1 and a control (only water applied). a) Soil I at 90% WFPS; b) Soil I at 40% WFPS; c) Soil II at 90% 

WFPS and d) Soil II at 40% WFPS. The vertical bars indicate standard error. The y-axis of graphs a-d are at different scales.
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4.3.2 NO fluxes 

In soil I, the largest rates of NO emissions were measured from the high rate of 

mineral N treatment at 90% WFPS (37.0 ng NO-N g-1 h-1) on the 10th day (Fig. 4.2) and 

at 40% WFPS (7.6 ng NO-N g-1 h-1) on the 5th day after the start of the experiment (Fig. 

4.2). Reducing the rate of N fertilizer strongly reduced NO fluxes under both soil 

moisture conditions. For the high mineral N treatment additions of glucose reduced 

cumulative NO emissions by 55% at 90% WFPS and by 71% at 40% WFPS (4. 2). As 

for N2O emissions, the addition of glucose together with the low N application rate had a 

limited effect on reducing NO fluxes in this soil. 

In contrast to the N2O fluxes the grassland soil II emitted smaller NO fluxes than 

the semiarid arable soil I (Fig. 4.2). NO emissions for the soil II ranged from –0.025 to 

2.04 ng NO-N g-1 h-1 across the two moistures conditions (Fig. 4.2), although in general 

NO emission was larger at the smaller WFPS (40%) (Table 4.2). The addition of glucose 

reduced total NO emission at high and low N application rates, but these reductions were 

not significant (P > 0.05)  

 Analysis of variance in both soils showed that NO emissions were stimulated to 

a greater extend by mineral N additions in soil I (p < 0.001) than in soil II (p < 0.01). 

Glucose additions reduced NO emissions in both soils (p < 0.05), whereas WFPS 

stimulated NO emissions in soil I (p < 0.01) but reduced emissions soil II (p < 0.001).   
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Fig. 4.2. Fluxes of NO from the soil during the experimental period. a) Soil I at high WFPS; b) Soil I at low WFPS; c) Soil II at high WFPS 

and d) Soil II at low WFPS. The vertical bars indicate standard error. The y-axis of graphs a-d are at different scales. 

 



4. Influence of soluble organic C and soil type 
______________________________________________________________________ 

______________________________________________________________________ 100

 

4.3.3 CO2 emissions  

 Soil respiration increased significantly (p < 0.05) when soil I and II were treated 

with glucose (Fig. 4.3). At 90% WFPS, largest fluxes of CO2 (from 52 to 56 µg CO2 g-1 

h-1) occurred between 2 and 5 days after glucose addition, for soil I and II, respectively 

(Fig 3). At 40% WFPS, CO2 emissions peaked on the 2nd day after the start of the 

experiment, measuring fluxes of 92.6 and 55.4 µg CO2 g-1 h-1 for Glu+HN and Glu+LN, 

respectively, in soil I, and 75.2 and 101.2 µg CO2 g-1 h-1 for the same treatments in soil 

II. Applications of mineral N at the low and high rate did not significantly influence soil 

respiration rates (P > 0.05), although larger emissions were detected at 90% WFPS than 

at 40% WFPS. In general, average soil respiration rates were higher in soil II than in soil 

I (Table 4.2). The differences were larger at 40% WPFS, where soil I showed negative 

total CO2 fluxes when glucose was not added, probably as consequence of CO2 

consumption by soil microflora. 
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Fig. 4.3. Fluxes of CO2 from soil during the experimental period. a) Soil I at high WFPS; b) Soil I at low WFPS; c) Soil II at high 

WFPS and d) Soil II at low WFPS. The vertical bars indicate standard error. 
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4.3.4 DOC and mineral N concentrations    

 The application of (NH4)2SO4 without glucose decreased the DOC concentration, 

measured at the end of the experimental period, compared to the control (Table 4.3). 

This reduction of DOC was higher for the high N rate than the low N rate, and 

significant differences at p < 0.05 were observed between high N and control in all cases, 

except in soil I at 40% WFPS. In both soils reductions were largest for the glucose and 

high N treatment compared to the high N treatment at 90% WFPS. For the glucose and 

low N treatment a significant reduction in DOC was produced in soil II at 90% WFPS.  

The NH4
+ added as fertilizer was reduced during the experimental period (15 

days) in soil I, and final values, smaller than 3.1 mg NH4
+-N kg-1, were recorded in all 

treatments at both WFPS 90 and 40% (Table 4.4). In contrast, the decrease in NH4
+ was 

much smaller in Soil II at 90% WFPS. Under aerobic conditions (WFPS=40%) soil II 

maintained the highest concentrations of NH4
+ in the high N (256 mg NH4

+-N kg-1) and 

glucose and high N treatments (175 mg NH4
+-N kg-1) at the end of the experiment.  

In soil I, glucose and high N and high N without glucose treatments increased the 

soil NO3
- content at the end of the experimental period, whereas the control, glucose and 

low N, and low N without glucose maintained or reduced NO3
- content (Table 4.4). In 

Soil II, soil NO3
- content increased for the mineral treatments (∆ NO3

-= 15 mg NO3
--N 

kg-1 for high N and 18 mg NO3
--N kg-1 for low N application) at WFPS of 90%, and for 

all treatment for drier conditions (WFPS = 40%). At 40% WFPS only ∆ NO3
-= 7 mg 

NO3
--N kg-1 was produced when mineral N was added with glucose (Glu+LN).  
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Table 4.3 

 Dissolved organic carbon contents at the end of the experiments at high WFPS 

(90%) and low WFPS (40%) from soils with low (soil I) and high (soil II) organic 

carbon content treated with high and low mineral N with and without glucose 

(Glu) addition. Data shown are means of three replicate samples. Different letters 

within columns indicate significant differences at p < 0.05 using LSD test. 

 

                            90% WFPS                      40 % WFPS 

Treatment DOC 
(mg C kg-1) 

DOC 
(mg C kg-1) 

 Soil I Soil II Soil I Soil II 

Control 61 b 192 d 59 a 76bc 

HN 38 a 74 ab 40 a 61 a 

LN 41 ab 82 bc 45 a 64 ab 

Glu + HN 29 a 52 a 40 a 83 c 

Glu + LN  61 b 109 c 89 b 100 d 

 



 

 104

NO3
- and NH4

+ concentrations in soil I and soil II one day after addition of fertilizers (values in parenthesis) and at the end of the experimental 

period (values without parenthesis). Data shown are means of three replicate samples. Different letters within columns indicate significant 

differences at p < 0.05 using LSD test. The standard error was usually < 5 % of the mean in all cases.  

                          90% WFPS                                                                  40 % WFPS 

Treatment 
NO3

- 

(mg NO3
- -N kg-1) 

NH4
+ 

(mg NH4
+-N kg-1) 

NO3
- 

(mg NO3
- -N kg-1) 

NH4
+ 

(mg NH4
+-N kg-1) 

 Soil I Soil II Soil I Soil II Soil I Soil II Soil I Soil II 

Control 2.1 a 

(5.9) 

0.2 a 

(6.9) 

1.7 bc 

(3.2) 

46.7 b 

(55.6) 

12.4 ab 

(13.4) 

39.3 bc 

(5.5) 

0.5 ab 

( 24.7) 

5.4 a 

( 64.8) 

HN 71.2 c 

( 10.6) 

21.6 a 

( 6.1) 

0.6 a 

( 277.7) 

256.0 d 

(318.8) 

102.9 d 

(13.4) 

42.3 c 

(5.4) 

0.0 a 

(27.3) 

256.2 c 

(361.1) 

LN 7.8 a 

( 8.8) 

25.1 a 

(6.4) 

1.1 ab 

(16.3) 

27.7 ab 

(68.5) 

14.9 b 

( 13.4) 

43.6 c 

(5.0) 

0.0 a 

(27.5) 

11.8 a 

( 67.8) 

Glu + HN 54.0 b 

(9.7) 

2.3 a 

( 6.3) 

1.6 bc 

(147.0) 

170.7 c 

(193.6) 

42.3 c 

( 13.4) 

33.1 b 

( 5.2) 

3.1 b 

(27.4) 

175.1 b 

( 214.4) 

Glu + LN  1.9 a 

(9.2) 

0.1 a 

(6.3) 

2.1 c 

( 81.6) 

13.5 a 

(131.0) 

0.0 a 

(13.4) 

12.3 a 

(5.1) 

0.0 a 

(27.4) 

1.2 a 

( 141.1) 

Table 4.4 
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4.4 Discussion 

4.4.1 Soil properties 

 In this study we have compared NO, N2O and CO2 fluxes from typical Scottish 

grazed grassland and a typical Spanish semiarid arable soil. The same laboratory 

treatments stimulated very different patterns of NO and N2O fluxes, due to differences in 

chemical and physical soil properties, especially total and soluble soil carbon, total 

nitrogen content and soil pH (Table 4.1). The Scottish cool temperate climate promotes 

carbon accumulation, whereas fast microbial turnover in the warmer semiarid Spanish 

climate does not conserve carbon at the same rate (Conant and Paustian, 2002). In 

addition carbon content and acidity of grassland soils is generally larger than that of an 

arable soil (Chantigny, 2003). Dissolved organic carbon concentrations were also 

smaller in the Spanish than Scottish soil, and the addition of an N fertilizer further 

reduced the DOC concentration in soil (Table 4.3). Chantigny et al. (1999) also reported 

that the DOC content decreased markedly soon after applying 180 kg N ha-1 as NH4NO3. 

They suggested that N fertilization enhances DOC consumption by soil microbes, 

thereby decreasing its concentration. However, in our soils, the addition of inorganic N 

did not stimulate a significant change in soil respiration (Fig. 4.3), suggesting that DOC 

was not necessarily mineralized. Possibly, a fraction of DOC was immobilized into 

microbial biomass or released to the soil as microbial metabolites.  

The larger organic N pool of the Scottish soil promoted higher mineralization 

rates and resulted in NH4
+ concentrations 10 times larger than in the Spanish control soil 

columns 1 day after the start of the experiment. After addition of fertilizers, NH4
+ 

disappeared more rapidly in soil I than in soil II. This difference could partly be 

explained by differences in the clay mineralogy. Soil I was dominated by vermiculite,  
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that favoured the rapid NH4
+ fixation and explained the little NH4

+ recovered the day 

after fertilization in this soil. Contrary, the C-rich soil II was dominated by kaolinite, 

where fixation was very limited (Scherer, 1993). In addition the faster loss of NH4
+ from 

soil I could be also justified by larger nitrification rates. At the end of the experiment 

NO3
- concentrations in the HN treatment were larger in the Spanish soil than in the 

Scottish soil (Table 4.4). Even at 90% WFPS nitrification seems to be occurring in both 

soils. In particular in the Spanish soil the small amount of O2 at 90% WFPS did not 

appear to have reduced the rate of nitrification. These results confirm that nitrification 

can occur in wet soils (Adams and Akhtar, 1994). The differences in soil pH between 

soil I (pH 7.5) and soil II (pH 5.5) may also be a reason for the different autotrophic 

nitrification rates. Autotrophic nitrification is often considered to be sensitive to acidity, 

and reports consistently refer to optimum values in the range pH 6.5-8.0. Autotrophic 

nitrifiers can adapt to acidic environments, but possibly operate not as efficiently as 

under more alkaline conditions (Yamulki et al., 1997). 

 

4.4.2 Emissions after addition of inorganic N  

 The observed emissions of N2O and NO were the result of the production, 

consumption and transport of N2O and NO in and out of the soil. The production and 

consumption of these gases mainly results from microbial transformations and depends 

on soil properties, climatic conditions and composition of N fertilizers added to soil. N2O 

emissions were much larger from soil II than soil I at high WFPS (90%) (Table 4.2), The 

larger emission, even observed in the control of soil II (966.2 ng N2O-N g-1) in 

comparison to soil I (0.9 ng N2O-N g-1), could be explained by the fact that soil II had a  
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larger total and soluble organic C content compared to soil I (Table 4.1 and 4.3), which 

would favour denitrification and enhance soil respiration rates. The control of soil II 

produced 2.6 fold more CO2 than the control of soil I. In addition, in acidic soils the 

reduction of N2O to N2 was impaired, leading to an enhanced proportion of N2O in the 

denitrification products (Thomsen et al., 1994).  

Under dry conditions (WFPS=40%), larger nitrification rates than under wet 

conditions (WFPS =90%), were observed. The drier soil promotes nitrification, and it is 

likely that most of the N2O and NO observed at 40% WFPS, especially in soil I, were 

produced by nitrifier denitrification. Nitrifiers switch from the oxidation of NH4
+ to NO3

- 

to the reduction of hydroxylamine and NO2
- to NO and N2O, when the O2 supply 

diminishes. This process is stimulated by high concentrations of NH4
+ and does not 

require an organic C source (Wrage et al., 2001). 

Under wet conditions (90% WFPS), the addition of NH4
+ without glucose had a 

different effect on N trace gas emissions in soil I that in soil II, and depended on the N 

application rate. The variation of cumulative N2O flux compared to the control was +8 

and -341 ng N2O-N g-1 for the low N rate (equivalent to 50 kg N ha-1)  in soil I and II 

respectively, but + 250 and + 472 ng N2O-N g-1 for the high N rate (equivalent to 200 kg 

N ha-1) in both soils, respectively. N2O was probably a product of simultaneous nitrifier 

denitrification and denitrification. In soil I, nitrifier denitrification was likely to be an 

important source of NO and N2O.  

In both soils, the wetter conditions at 90% WFPS would have promoted the 

development of anaerobic microsites, suitable for denitrification. The composition of 

gases produced during denitrification depends on the oxidative state of the soil and the 

availability of organic C.  Denitrifiers have a very high affinity for NO3
- before utilising  
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N2O, and similarly tend to utilise NO in preference to N2O (Yamulki and Jarvis, 2002). 

Scholefield et al. (1997) demonstrated that the addition of NO3
- to soil increased the 

N2O/N2 ratio in the emitted gases and NO3
- also seems to inhibit the N2O reductase 

enzyme (Blackmer and Bremner, 1978). The large differences in N2O emissions between 

low N and high N application rates in soil I can be explained by large nitrification rates 

and accumulation of NO3
- from HN treatments  (71.2 and 102.9 mg NO3

--N kg-1 at 90% 

and 40% WFPS, respectively) (Table 4.4). High NO3
- concentrations partially inhibit the 

N2O reductase enzyme during denitrification, therefore also the N2O/N2 ratio. The high 

NO3
- soil content in the high N treatment of soil I, also explained the peaks of NO 

emissions observed 10 days following the fertilizer application. In that case denitrifiers 

have also utilised NO3
- in preference of NO. 

 

4.4.3 Emissions after addition of soluble organic C and mineral N 

Glucose additions enhanced soil respiration rates in both soils. Respiration rates 

were not affected by the two N application rates, or by differences in pH of the Spanish 

and Scottish soils. The latter results were not in agreement with those of Sitaula et al. 

(1995), who observed decreased respiration rates in acid soils.  

An interesting finding of this study is focused on the fact that NO and N2O 

emissions from soils treated with glucose were lower than those from non-amended 

plots. This phenomenon seemed to be clearer at the highest N application rate. 

Significant reductions were observed in soil I. At 90% WFPS cumulative N2O and NO 

emissions decreased by 95% and 55%, and at 40% WFPS by 23% and 71%, 

respectively. In soil II similar, but not statistically significant, reductions were observed 

(Table 4.2). Tiedje et al. (1983) suggested that organic C is more important than O2 in  
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stimulating the growth of denitrifier populations. The availability of C does not only 

support the activity of denitrifiers per se, but also has the indirect effect of causing 

microsite anaerobiosis, due to increased respiratory demand for O2. Increased 

availability of labile C will favour complete denitrification to N2. As nitrifier 

denitrification could be the dominant source of N2O in the C-poor Spanish soil, applying 

a highly available C source, such as glucose, might have significantly depressed this 

process in favour of denitrification.  

The only exception to the above was observed in soil II at 40% WFPS; glucose 

additions with low and high rates of N addition significantly increased N2O emissions, 

rather than reduced these. It appears that for the acid (pH 5.5) high C Scottish soil 

glucose addition under aerobic conditions (40% WFPS) was not sufficient to stimulate 

complete denitrification to N2. Similarly, increased denitrification rates and N2O 

emissions where observed when a silty clay soil from Germany was treated with glucose 

and mineral N (Azam et al., 2002).  

Our laboratory studies confirm the contrasting results observed in field studies 

comparing N trace gas fluxes after additions of mineral and organic soils. On a Scottish 

grassland, less than 5 km away from the field soil was collected for this study, Jones et 

al. (2005, 2007) compared N2O emissions from plots treated with (NH4)2SO4 and a range 

of organic fertilizers (poultry manure, cattle slurry), at rates of very high total N, but 

same rate of available N as the mineral treatment. The addition of manure and slurry 

stimulated denitrification and increased N2O emissions. This observation is in agreement 

with the increased N2O fluxes observed from the soil II cores treated with glucose and N 

at 40% WFPS. However, in an earlier similar field study on the same field, organic N 

applications at lower total N rates mitigated N2O (Ball et al., 2004). Equally, the results  
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presented here confirm the observations from plot experiments conducted on the same 

field from which soil was collected for this laboratory study (Vallejo et al., 2006), and 

that from different irrigated fields, also under Mediterranean conditions (Meijide et al., 

2007). These authors found that the organic fertilizers (untreated pig slurry, digested thin 

fraction of pig slurry, composted pig slurry fraction and municipal solid waste) mitigated  

NO and N2O emissions in irrigated semiarid soils in comparison to the urea at the same 

available N rate and concluded that the reduction of N2O/N2 was dependent on the DOC 

content of the organic fertilizers. However, the laboratory study described here has 

demonstrated that a labile carbon source only reduced NO and N2O emissions when 

applied together with mineral N. Research is required to select the optimal DOC content 

in organic N fertilizers to optimise the reduction of N2O and NO from both C rich and C 

poor soils.  

 

4.5 Conclusions 

 This study demonstrated that the addition of a labile carbon source together with 

mineral N fertilizers reduced the emissions of NO and N2O in two contrasting soils: one 

low in organic carbon and alkaline pH and the second high in organic carbon content, 

but acid pH. This effect was especially effective in the low carbon semiarid soil, even at 

a low WFPS. Therefore, the use of organic instead of inorganic fertilizer could 

contribute to reduce emissions of NO and N2O.  

Different sources for NO and N2O emissions between a C-rich and a C-poor soil 

were noticed. Emissions from the C-poor soil indicated that nitrifier denitrification was 

an important source of N oxides, while in the C-rich soil these compounds were produce 

by coupled nitrification-Denitrification.                                                                                                           
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“The effect of rainfall and urea application on the emissions of nitrous 

oxide, nitric oxide and carbon dioxide from agricultural soils in Mali, 

west Africa” 
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5.1 Introduction 

Since the 1900´s intensification of  farming methods have contributed to the 

increase in concentrations of greenhouse gases (GHG) in the atmosphere, especially 

carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O) and the ozone precursor 

nitric oxide (NO). There have been many studies detailing the influence of land 

management practises on emissions in temperate regions (Potter et al., 1996; Skiba and 

Ball 2002; Jones et al., 2005; Vallejo et al., 2005). However, only few data exist from 

African and other tropical / subtropical regions. Africa is estimated to contribute 1682 

Tg CO2 (6%), 27 Tg CH4 (9%), 1.4 Tg N2O (12%) and 11 Tg NO (10%) of the total 

global anthropogenic emissions (Oliver and Berdowski, 2001). These estimates are 

based on studies from predominately the temperate regions. It is therefore very 

important that African countries have data from their own ecosystems to validate such 

estimates.  

In semiarid and arid regions of Africa, agricultural soils have typically low soil 

organic carbon contents, and receive much smaller rates of N fertilisers than European 

managed soils. Whereas Europe consumed 15% of the total global nitrogenous fertiliser 

in the year 2002, Africa only consumed 3 % of the total (http://faostat.fao.org). The 

growing demand for food in Africa can only be met by improving the soil fertility and 

an adequate supply of fertilisers. Incorporation of organic matter or mineral N fertilisers 

will produce higher fertility in these soils but at the same time can increase emissions of 

N2O, NO and CO2 (Peoples et al., 1995; Dick et al., 2001). Microbial processes are 

responsible for these emissions (Davidson, 1991; Skiba et al., 1997 and 2000) and 

temperature and specially water content are limiting factors of these processes. Many 

tropical, subtropical regions have distinct wet and dry seasons. The first rainfall on dry  
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soil can create a large pulse of CO2, NO, and N2O, which often makes a significant 

contribution to total annual emission (Scholes et al., 1997). The source of this pulse is 

the reactivation of the microbial community in the soil (Cabrera, 1993). Although 

mineral N and the easily decomposable carbon content of soil are key factors for NO 

and N2O emission (Davidson, 1991; Skiba et al., 1997; Skiba et al., 2000) little is 

known about how these soil properties could affect the pulsing effect in semiarid or arid 

soils. Our hypothesis was that the residual effect of (mineral or organic) N fertilisers 

applied to a previous crop would still have an influence on the first pulse from arid 

soils. In this study we therefore simulated the pulsing effect and varied soil moisture 

content in order to investigate emissions of greenhouse gases and NO from agricultural 

soils in Mali managed with and without the application of urea and/or manure to a 

previous crop.    

 

5.2 Material and methods 

 

5.2.1 Soil and treatments  

The experimental plots were located on three farms within 100 m from each 

other, close to the village of Siribougou, ~ 30 km southwest of Ségou, Mali. The Ségou 

region is located between the 12°30’ and 15°30’ N and 4° and 7° W. The soils were 

alfisols with a sandy texture derived from polycyclic and pre-weathered continental 

terminal sandstone bedrocks. They were deficient in nitrogen and phosphorous. The 

total N content was 4.5 µg g-1 dry soil. The organic matter content in the upper horizon 

(0-20 cm) was 0.18 %.  
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In July 2003, four plots (10m x 10m) were selected on 3 farms, and 4 fertiliser 

treatments were applied. The treatments were: manure with and without urea (+M+N 

and +M-N, respectively), urea without manure (-M+N) and a control without manure or 

urea (-M-N).  Manure was a mixture of cow dung and goat / sheep droppings and was 

added in July 2003 at a rate of 8000 kg ha-1 (dry weight). Urea was also added in July 

2003 at a rate of 50 kg N ha-1. The cereal crop (pearl millet) was planted in July 2003 

and harvested in October 2003. During the following dry season the land was 

extensively grazed by cows, sheep and goats. In January 2004, five soil sub-samples (0-

20 cm) per plot were collected and mixed. These samples were passed through a 2 mm 

sieve, air dried and transported by air to CEH, Edinburgh, Scotland.  In total 12 bulked 

soil samples, (4 treatments from 3 farms) were available for this study. 

 

5.2.2 Experiment Setup 

An aliquot of 150 g soil of each soil sample collected was placed into the same 

Perspex column which has been described in section 4.2.2  

Following the protocol showed in section 4.2.2, additional aliquots of 100 g of 

soil were placed in similar diameter containers, which were periodically sub-sampled 

for gravimetric soil moisture content and soil mineral N content. All soils were 

incubated in the laboratory at a constant air temperature of 25.5º C ± 0.9 º C, simulating 

typical atmospheric conditions observed at the experimental field sites in Mali. 

To simulate rainfall, synthetic rainwater, based on the rain chemistry measured 

at Lake Malawi, the only relevant rainfall chemistry available to us (Talling and 

Lemoalle, 1998) was added. 30 ml, equivalent to 15 mm rainfall, wetted the soils 

beyond field capacity. Fluxes of NO, CO2, CH4, N2O were measured one day before  
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simulating the rainfall event and then once daily for the following 9 days as described 

below. The weight of the cores was recorded daily and water loss was calculated. After 

22 days the weight of the cores had reduced to a constant weight and 30 ml of a urea 

solution (2.5 g urea l-1), equivalent to an addition of 50 kg urea-N ha-1, was added to soil 

cores. Trace gas fluxes were measured daily for the first 5 days after treatment and then 

less frequently for the following 15-18 days. 

 

5.2.3 Trace gas flux measurements 

Nitric oxide (NO) fluxes were measured from the soil columns using a gas flow-

through system, as described in detail in section 4.2.3 although in that case the column 

was closed for 20 minutes. As well as in section 4.2.3, NO flux was calculated as the 

product of the flow rate of the air stream through the repacked soil column, the increase 

in NO concentration above the empty column and the dilution rate divided by the dry 

weight of soil which in this case was 150 g.  

Nitrous oxide (N2O), methane (CH4) and carbon dioxide (CO2) fluxes were 

measured from samples extracted from the headspace of the soil columns after sealing 

for about 30 min. The exact time was recorded. Gas samples (20 ml) were withdrawn by 

syringe and analyzed within five hours. All gases were analyzed by gas chromatography 

(Hewlett Packard 5890), using an electron-capture detector for N2O and a flame 

ionization detector fitted with a methanizer for CH4 and CO2. Ambient room air was 

collected at the beginning of each sample set. The N2O, CH4 and CO2 fluxes were 

calculated as the product of the increase in concentration above ambient laboratory air 

and volume of the headspace in the repacked soil column divided by the time the 

column was sealed and the dry weight of soil in the column.  
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5.2.4 Soil analysis  

The columns created for destructive sampling were analysed on day 1 and 10 for 

soil available NH4
+ and NO3

- concentrations and gravimetric soil moisture content daily 

by weight loss. Mineral N concentrations were estimated using Spectroquant NH4
+ and 

NO3
- test strips, which have a detection limit of 2.6 to 193 ppm for NH4

+ and from 0.45 

to 111 ppm for NO3
- (Merck). Gravimetric moisture contents were determined from the 

weight loss of 5 g subsamples after drying at 105oC for 24 hrs (Rowell 1994). 

Gravimetric moisture contents for the columns were derived from the relationship 

between wet weight of the soil column and destructive sample and the gravimetric soil 

moisture content of the latter. The water filled pore space (WFPS) was calculated 

following the methodology in section 3.2.4. Bulk densities were calculated from the 

volume of soil in the cores.  

 

5.2.5 Statistical analysis 

The statistical analysis was performed using STATGRAPHICS Plus 5.1 

(Manugistics 2000). The least significant difference (LSD) test was used for comparison 

of means between treatments. Simple ANOVA analysis determined whether N2O, NO 

and CO2 emissions were related to available N content. 
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5. 3 Results 

 

5.3.1 Simulated rainfall 

There was no significant treatment difference in the total N2O, CO2 or NO 

emitted following the simulated rainfall event which raised the WFPS to 85% (Table 

5.1). There was, however, a difference in the pattern of emissions (Fig. 5.1). The 

addition of water stimulated a small, short-lived increase in N2O emissions from all 

treatments on the third day after watering to a maximum of 0.86 ng N2O-N g-1h-1 from 

the –M-N treatment (Fig. 5.1). Thereafter the WFPS decreased rapidly from 59% to 5 % 

and N2O emissions mirrored the decrease to a flux smaller than 0.1 ng N2O-N g-1h-1 

(days 4 to 12). In general, the CO2 emissions behaved similar to N2O emissions (Fig. 

5.1). The largest CO2  peak (4.03 µg CO2 g–1 h–1) from the –M+N treatment, occurred on 

the third day after water addition when the WFPS was 68% (Fig. 5.1). However, the 

peak emission of NO following the simulated rainfall event occurred later than for N2O 

and CO2 (Fig. 5.1). The largest emissions of NO occurred from day 6 to 10 after water 

application, when the WFPS ranged from 24 to 12 %.  
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Table 5.1 Total accumulated N2O, NO and CO2 fluxes emitted after water or urea application from soils treated 

in the field with or without manure (M) and with or without urea (N) six months before the soils were collected. 

Data shown are averages and standard error of the average from three columns. Different letters within each 

column indicate significant differences between fertilizer treatment using Fisher's Unprotected Least Significant 

Difference test, p < 0.05. 

 
 

Treatment in 

the field 

 

 

N2O 

ng N2O- N g-1 soil 

 

NO 

ng NO –N g-1 soil 

CO2 

µg CO2 g-1 soil 

 

+M+N 

-M+N 

+M-N 

-M-N 

Water 

0.05 ± 0.07a 

0.87 ± 0.27a 

1.15 ± 0.58a 

1.12 ± 0.41a 

Urea 

1.20 ± 1.66a

5.60 ± 0.32b

-0.1 ± 1.19a 

0.40 ± 0.54a

Water 

0.40 ± 0.12a 

1.32 ± 0.55a 

1.78 ± 0.90a 

0.61 ± 0.32a 

Urea 

 43.91 ± 19.30a 

260.35 ± 66.82b

 11.90 ± 4.40a 

  3.81 ± 1.82a 

Water 

 6.50 ± 2.32a 

11.30 ± 4.42a

 7.90 ± 1.49a 

 6.85 ± 1.36a 

Urea 

7.32 ± 1.21a 

7.29 ± 1.59a 

7.03 ± 1.60a 

6.44 ± 0.59a 
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Fig. 5.1 Emission of N2O (a); NO (b); CO2 (c) during water and urea additions 

and changes in WFPS throughout the experimental period (d). The 

verticals bars indicate LDS at 0.05 between treatments. 
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5.3.2 Urea application 

The second water addition, this time with added urea and 23 days after the start 

of the experiment, again raised the WFPS to > 80% and generated a second pulse of 

N2O, NO and CO2 emissions (Fig. 5.1). The highest flux from this pulse was 0.86 ng 

N2O-N g-1 h-1 from the –M+N treatment, which lasted for 18 days and stopped emitting 

when the WFPS was reduced to 12% (Fig. 5.1). For the remaining treatments a pulse of 

N2O was only observed on the 4th day after urea application, when the WFPS was close 

to 60%. The accumulated N2O emission for the period 23 to 40 days ranged from -0.1 to 

5.6 ng N2O-N g-1 (Table 5.1).  

The CO2 emission following urea addition mirrored the response following 

water addition. The CO2 peak occurred on the third day after urea application and the 

emission rate in all treatments was very similar (2.5 - 3.5 µg CO2 g-1 h-1). For both 

experiments (water or urea additions) peak CO2 emissions occurred when the WFPS 

was around 68%. Cumulative CO2 emissions were the same for all treatments (6.44 -

7.32 µg CO2 g-1, p > 0.05).  

The second rewetting of the soil with aqueous application of urea resulted in a 

significantly larger pulse of NO (p < 0.05) compared with the water treatment alone 

(Fig. 5.1). Largest NO emissions (33.8 ng NO-N g-1 h-1) were recorded from soil cores 

collected from the plots previously treated with only inorganic fertilizer in the field (-

M+N). Similarly the total NO emitted (260.35 ng NO -Ng–1) for this treatment was 

significantly larger (p < 0.01) compared to the other treatments (3.8 - 43.9 ng NO -Ng–1) 

(Table 5.1). 

Only very small emissions of CH4 were measured (< 0.1 ng CH4 g-1 h-1) for all 

treatments. There were no significant differences between treatments.  
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5.3.3 Mineral N  

Following the simulated rainfall event, (WFPS 67.9 %) NO3
- and NH4

+ 

concentrations increased for all treatments. Soils collected from plots previously treated 

with only inorganic fertiliser (–M+N) had the largest mineral N concentrations (5.0 and 

6.3 mg N kg-1 dry soil of NO3
- and NH4

+ respectively) compared to soils that had 

received 6 month earlier +M-N or –M-N. Mineral NO3
- and NH4

+ concentrations after 

urea application (Table 5.2) ranged from 3.3 to 5.3 and from 73.2 to 100.3 mg N kg-1dry 

soil for NO3
- and NH4

+, respectively. 

NO emissions correlated with total mineral N (NH4
+ and NO3

-) (r2 = 0.98) 

following urea addition (Fig. 5.2). There was no significant relationship between N2O or 

CO2 emissions and available N in the urea experiment or between NO, N2O or CO2 

emission and available N in the water experiment. 
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Fig. 5.2 Relationship between cumulative NO emission rate (n=3) and soil mineral N 

concentrations 9 days after addition of urea (r = 0.98). Symbols represent soils 

samples from the following treatments: ♦, +M+N; □, +M-N; ▲, -M+N; ■, -M-

N. 

______________________________________________________________________ 123



  

Table 5.2 Soil available NO3
- and NH4

+ concentrations in the 0-10 cm soil layer during the three steps of the 

experiment. Before water addition (dry soil); after water addition and after urea addition. The treatments M, N refer 

to additions of manure (M) and urea (N) in the field six months before soils were collected. Data are averages and 

standard error of the average from 3 soils samples, except for the dry soil for which n=1. 

 
NO3

- (mg N kg-1 dry soil) NH4
+

 (mg N kg-1 dry soil) 
Treatment 

Dry soil Water Urea Dry soil Water Urea 

+M+N 

-M+N 

+M-N 

-M-N 

 0.71 a 

3.47 c 

2.33 b 

1.26 a 

 2.10 ± 0.25 a 

5.00 ± 0.44 b 

3.26 ± 1.58 ab 

1.62 ± 0.19 a 

5.33 ± 2.84 a 

3.95 ± 1.11 a 

4.15 ± 2.33 a 

3.29 ± 1.72 a 

 1.14 ab 

5.62 c 

2.42 bc 

 1.09 ab 

1.92 ± 0.20 a 

6.27 ± 2.69 b 

3.21 ± 0.17 ab 

1.38 ± 0.13 a 

  84.66 ± 14.02 a 

100.31 ±  3.96 a 

  75.97 ± 15.34 a 

  73.25 ± 16.59 a 
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5.3.4 NO/N2O Ratio 

When the WFPS was greater than 60%, the NO/N2O ratio was <1 in almost all 

treatments, both after simulated rainfall and urea additions (Fig. 5.3). Only soil 

collected from the +M-N treatment following urea application showed a ratio >1. When 

the WFPS was less than 60% all treatments in both experiments exhibited a NO/N2O 

ratio >1 (Fig.  5.3).  
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Fig. 5.3 The NO / N2O emission ratio of the total emission for the experimental period 

when the WFPS > 60 % (a) and when the WFPS < 60 % (b) after water (blue 

columns) or urea (orange columns) additions. 
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5.4 Discussion 

The application of water to dried soils produced a short lived pulse of CO2, NO, 

and N2O emissions. This observation is in agreement with previous studies from 

tropical soils (Scholes et al., 1997; Breuer et al., 2000; Dick et al., 2001) and also with 

in situ flux measurements from the field where the samples were collected (Dick et al., 

2007). The source of this “pulse” is thought to be the reactivation of nitrifying and 

denitrifying bacteria in soil, utilising the increased amount of easily decomposable 

organic C and N present due to death of fellow microbes and residual organic material 

from previous land management practice (Birch, 1985; Cabrera, 1993). These results 

demonstrated that the pulse after the first rainfall on this soil was not affected by the 

residual effect of the fertiliser that had been applied 6 months before, in spite of the fact 

that NH4
+ and NO3

- contents were higher in the –M+N treatment for the dry soil than for 

the others (Table 5.2).    

Maximum N2O and CO2 emissions were measured on the fourth and third day 

after water application, respectively, while NO maximum emission appeared on the 

tenth day (Fig. 5.1). According to the model proposed by Davison et al,. (1991) 

emissions of N2O are highest at WFPS of 60% when the potential for denitrification and 

nitrification to occur is the same. The model implies that at a WFPS>65% 

denitrification is the predominant process and that at a WFPS<65% nitrification 

dominates. In the present study the WFPS fell below 60% on the fourth day following 

the simulated rainfall event and this coincided with a reduction in N2O emission (Fig. 

5.1). It is probable that the O2 content was sufficiently high at this stage to inhibit the 

denitrifying enzymes (Smith and Tiedje, 1979). The process responsible for NO 

emissions was most likely nitrification, as peak emissions appeared when the WFPS  
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decreased to 40% due to natural evaporation from the soil cores. As with N2O, NO was 

not affected by previous treatments. The increase in soil NO3
- content as consequence of 

the nitrification of NH4
+ was very similar for all treatments (from 0.4 to 1.7 mg N kg-1)  

in this first experiment, and for this reason, the NO emissions were also very similar for 

all of the treatments (Table 5.1) . 

The application of urea resulted in N2O peaks similar to that of rain alone (Fig. 

1). The amount and duration were the same in all treatments except when the soil was 

treated in the field with only inorganic fertilizer (-M+N). Soil from this treatment 

initially emitted N2O when the WFPS was higher than 65% but the emission rate was 

still increasing until the WFPS declined to 12%. Although there are some studies from 

the tropics and temperate climates which have suggested that maximum fluxes of N2O 

occur at WFPS of 80-85% (Veldkamp et al., 1998; Dobbie et al., 1999), this study 

suggests that 78% of the pulse occurred under nitrifying conditions. Total N2O fluxes 

from the +M+N treatment were four times smaller than from the –M+N treatment (1.20 

and 5.60 ng N2O-N g-1 respectively) and in the case of +M-N, total fluxes were close to 

cero (Table 5.1). These results suggest that the residual effect of manure mitigated N2O 

when soil was rewetted with the urea solution. 

Following urea addition, NO was emitted when WFPS was less than 60% (Fig. 

5.1) most probably by the process of nitrification although emissions of NO were an 

order of magnitude higher than when WFPS was > 60%. Soil collected from plots 

treated with only inorganic fertilizer (-M+N) again showed the largest pulse. Before 

urea addition these plots had the highest NO3
- and NH4

+ concentration, and as expected 

after urea addition, NH4
+ concentrations increased considerably. Consequently, there 

was a significant correlation between soil mineral N and NO flux (Fig. 5.2). Overall  
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there were large increases (≈ 90%) in total accumulated NO and N2O concentration 

(Table 5.1) for most of the treatments when urea was added, although –M+N showed 

the highest increase for both gases. According to Vallejo et al., (2006) urea additions 

induced larger fluxes of NO and N2O than organic fertilizer in soils with low organic 

matter, because the presence of the organic C favoured complete denitrification to N2. 

Furthermore, in the field study (Dick et al., 2007), more N2O was emitted from plots 

previously fertilized with urea only (-M+N) than from those that had received manure 

and urea (+M+N). The residual effect of manure maintained the positive effect of the 

reduction in nitrogen oxide emissions after the application of urea. These results suggest 

that part of the organic matter originally applied to the soil was stored in the soil and 

remained available to microorganisms, thereby favouring the immobilization of 

ammonium. Under denitrification conditions, an increase in available carbon could also 

stimulate complete denitrification to N2 and thereby reduce the N2O/N2 ratio 

(Scholefield et al., 1997). Denitrification was also possible at microsites when WFPS 

was < 40% and easily labile organic compounds produced from organic matter probably 

acted as a source of electrons and favoured complete denitrification to N2. However, this 

hypothesis needs to be proved in these soils.  

On the other hand, methane is produced in anaerobic soils during microbial 

decomposition of organic matter. Well-drained soils, including the arid organic poor 

soil of Africa, are rarely a source for CH4.  
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5.5 Conclusion 

This study demonstrates the importance of the first rainfall for pulses of NO and 

N2O in arid tropical soils. The residual effect of N fertiliser applied to the previous crop 

had no important influence on GHG and NO emissions in the first pulse when the soil 

had not been fertilised in the days before rainfall. However, the residual effect of 

manure played an interesting role in mitigating N2O and NO emissions when rainfall 

and dissolved urea were applied to soils.  It is probable that the addition of organic 

matter to the C-poor soils of Sub-Saharan Africa resulted in lower NO and N2O 

emissions as this favoured complete denitrification to N2. We therefore recommend that 

poor farmers in Mali add organic manure to their land as this practice is both 

environmentally and economically more sustainable than the application of inorganic 

fertilisers.  
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6 

EFFECT OF IRRIGATION SYSTEM 
 

 

 

 

“Influence of drip and furrow irrigation systems on nitrogen oxides 

emissions from a horticultural crop” 
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6.1. Introduction 

The water regime is one of the key factors that influences nitrous oxide (N2O) 

and nitric oxide (NO) emissions from agricultural soils. Soil moisture controls the biotic 

and abiotic processes involved in the production, consumption and diffusion of N2O and 

NO within the soil. These gases are predominantly produced by microbial processes and 

are by-products of nitrification or intermediate products of denitrification (Firestone and 

Davison, 1989). Although these processes generally take place in the soil at the same 

time, denitrification rates rapidly increase when water filled pore space (WFPS) exceeds 

60%, predominating over nitrification, due to a decrease of O2 supply. On the other 

hand, nitrification may contribute significantly when WFPS is within the range 30 to 

70% (Davidson, 1991; Granli and Bockman, 1994). Furthermore, the water regime 

controls the amount of N leached, N mineralization, and other processes such as nitrate 

movement within the soil, all of which influence the spatial distribution of mineral N in 

the soil and consequently the production of N oxides.  

In irrigated soils, the amount of water applied and its distribution onto the soil 

are factors that affect WFPS temporally and spatially and consequently the processes 

producing emissions of N oxides. Under rainfall or sprinkler irrigation, infiltration is 

mainly vertical, and water distribution is quite homogeneous onto the soil (Mualem and 

Assouline, 1996). However, others irrigation systems, such as furrow (FI) or drip 

irrigation (DI), strongly affect the soil water distribution (Allen et al., 1998) because 

vertical and lateral infiltration are produced at the same time. Furrow irrigation is one of 

the most common surface irrigation practices because it is suitable for many row crops 

and for crops that cannot stand in water for long periods (e.g. 12-24 hours).  
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Under FI, water is applied at a high rate on furrows to promote an adequate 

lateral infiltration of water, trying to attain an homogeneous soil moisture distribution 

within the soil (Allen et al, 1998). Water flows through the macropores, temporarily 

creating a high proportion of anaerobic microsites, which probably favours 

denitrification. In practice, after irrigation most of the soil volume is wetted, although a 

small proportion of the ridge may remain dry. In arid and semiarid areas, surface drip 

irrigation (DI) has gained widespread popularity as an efficient and economically viable 

alternative (Vázquez et al., 2006), because it offers the potential to increase water and N 

use efficiency (Vázquez et al., 2005). As dripping water is applied at very low rates (2-

10 l h-1), the wetting front moves by capillarity action and only a small soil volume 

around the emitters has a water content close to saturation during irrigation (Vázquez et 

al., 2005). After the first irrigation a significant soil volume remains dry, although 

during each irrigation event the wetting front advances slightly into the soil. Under this 

irrigation system, a moisture gradient is always produced in the wetted area, from the 

emitter (higher than field capacity) to the wetting front (lower than field capacity) 

(Vázquez et al., 2005). We suspect that nitrification and denitrification may occur at the 

same time in the wetted areas of soil, but to date, no information exists about the 

emission of N oxides and the relative importance of each process in drip irrigated soils.  

Our hypothesis was that the irrigation system will affect the relative importance 

of nitrification and denitrification and thereby N oxides emissions, due to the different 

water patterns of furrow and drip irrigation. Under drip irrigation conditions, the lower 

amount of water applied in conjunction with the low water flow, probably favours more 

aerobic than anaerobic microsites, and nitrification may be an important source of N 

oxides. Additionally, the advance of the wetting front may also produce pulses of N  
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oxides from the drip irrigated areas, similar to those observed after rainfall when soil 

was dry (Scholes et al., 1997). The objectives of this study were, therefore, to compare 

NO and N2O emissions from different irrigation systems (furrow and drip) applied to a 

melon crop fertilized with mineral N, and to detect how these different methods affected 

the emission pathways (nitrification and denitrification) of these gases.  The results of 

this experiment would help to establish strategies to mitigate N oxide emissions from 

irrigated agricultural soils.  

 

6.2. Materials and methods 

 

6.2.1. Soil characteristics                 

The field experiment was carried out at the same field Station as that in chapter 

3, ‘El Encín’. Although the plots were not the same that used in potato experiment, the 

soil was the same in Taxonomy and in physico-chemical properties which were describe 

in 3.2.1 section.  

 

6.2.2 Field experiment 

The experiment was arranged according to a split-plot design. Two main plots 

(300 m2) were selected in the experimental field and these were each divided into 9 

subplots (4 m x 5 m) with paths between every 2 subplots (Fig. 6.1). The main-plot 

treatments were irrigation systems: drip irrigation and furrow irrigation. Each main-plot 

was also split according to the N fertilizer treatment, applied at rate of 175 kg N ha-1: (i) 

Anaerobic pig slurry as organic N fertilizer (AnPS); (ii) ammonium sulphate as a 

mineral N fertilizer (AS) and (iii) a control without any N fertilizer (Control). Anaerobic  
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pig slurry was collected from a pig slurry treatment plant of Almazán (Soria-Spain), 

same place as the origin of pig slurries used in chapter 3. Therefore, the anaerobic 

process was the same as describe in 3.2.2 section. Some chemical compositions of 

AnPS were: Total N, 3.7 g kg-1; Total C, 14.0 g kg-1; DOC, 0.2 g kg-1 and NH4+, 3.1g 

kg-1. A randomized complete block design with split treatments was used for the 

experiment with three replicates. The N application rate is towards the upper end of the 

range used by farmers in this area for melon crop (120-185 kg N ha-1). All subplots 

were also fertilized with 50 kg P ha-1 and 150 kg K ha-1.  
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Fig. 6.1 Plots distribution 
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Fertilizers were applied by hand and immediately incorporated into the upper 15 

cm of the soil using a rotovator. Drip irrigation is often used to apply soluble fertilizers 

at regular intervals, in small amounts, and as when required. This technique, known as 

fertigation, was not used in this experiment. Nitrogen fertilizer (mineral and organic) 

was homogeneously applied to the soil in order to permit meaningful comparisons 

between the effects of the two irrigations systems, thereby not introducing an additional 

effect of fertilizer type. Following potato experiment, AnPS was applied using the 

protocol described in 3.2.2 section to apply liquid manures. Fertilizers were applied on 

May 6th and immediately incorporated into the upper 15 cm of the soil using a rotovator. 

The drip irrigation system included two pressure-compensated drip irrigation 

lines per subplot. These were located on the soil surface, spaced 1.8 m apart, and each 

had three emitters (3 l h-1) at 1.2 m intervals (Fig. 6.2). The emitters were positioned 

near plants (10 cm) and moved twice during the first month after planting (10 cm in 

total) to favour root growth. This is common practice amongst farmers in the local area 

(Picture 6.1). 

The furrow irrigation system involved two furrows per subplot, which were 

spaced 100 cm apart and 15 cm deep. The furrows were closed at the end of the plot to 

withhold the water (Picture 6.2). The subplots were independently but simultaneously 

irrigated. Furrows were constructed, using a cultivator, after fertilizer application and 

independent volumetric water counters were used to measure the amount of irrigation 

water used on both the FI and DI treatments. 

A melon  crop (Cucumis melo L. cv. Sancho) was planted by hand on June 15th 

2006, with a plant spacing of 1.2 m. In the FI subplots, the plants were positioned 10 cm 

from the edge of the ridge (Fig. 6.2). All melons were harvested in September. 
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Fig. 6.2 Schematic distribution of wet and dry areas for dry (a) and furrow irrigation 

(b), showing the location of the chambers in each irrigation system. 

 

6.2.3 Irrigation management and moisture soil content 

Irrigation began on June15th, immediately after the melons were planted. In total, 

irrigation was applied 20 times, on a weekly basis, between June 15th and September 

20th (Fig. 6.3). Irrigation demand was calculated taking into account typical crop 

evapotranspiration (ETc) rates for this area. Crop ETc was based on the crop coefficient 

Kc using the Penman-Monteith model (Allen et al., 1998), using data from a 

meteorological station located in the experimental field. The Kc coefficient and 

components for crop transpiration (Kcb) and soil evaporation (Ke) were obtained for  

______________________________________________________________________ 139



                                                                                            6. Effect of irrigation system 
______________________________________________________________________ 

 

melon (Allen et al., 1998). As the soil was dry when the melons were planted, initial 

irrigation was required to ensure a moisture level near the plants similar to the field 

water capacity of the area (29 mm water for DI and 70 mm water for FI). For DI the 

quantity of water added was similar to the value of weekly ETc, while excess water was 

applied for FI, especially during the first 45 days, in order to simulate common practice 

amongst local melon producers. The total amounts of water applied during the study 

period were 194 and 348 mm, respectively, for drip and furrow irrigation. Total rainfall 

was less than 10 mm during the crop period.  

Spatial variations in soil moisture content in the upper 0-30 cm of the soil profile 

were calculated on a monthly basis to determine the respective proportions of wet and 

dry soil in each irrigation system. Soil samples were obtained from soil cores extracted 

with a manual core tube (2.5 cm diameter and 10 cm high) at different depths (0-10, 10-

30 and 20-30 cm) and their moisture contents were measured by gravimetric analysis. 

The sampling distances to the emitter in DI soils and to the centre of the furrow were 0, 

15, 30, 45 and 60 cm. Figure 6.2 provides a schematic view of the wet and dry areas in 

the soil profile. Additional samples were taken from wet and dry areas in the DI 

subplots and from the ridges and furrows in the FI system: the location of these samples 

coincided with the gas samples.  
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Picture 6.1  
Drip irrigation 

DRY 
AREA 

WET 
AREA 

Picture 6.2 Furrow irrigation 

 

______________________________________________________________________ 141



                                                                                            6. Effect of irrigation system 
______________________________________________________________________ 

 

 6.2.4 Sampling and analysis of N2O and NO  

Nitrous and nitric oxide fluxes were measured in manual chambers. The 

characteristics and the methodology have been described in section 3.2.3. However, in 

this experiment, some changes have been done in order to improve the measurement 

quality. The chambers were placed inside metal rings to close them.  

The metal rings were inserted into the soil, to a depth of 5 cm, the day before the 

gas samples were taken in order not to disturb the homogeneous water distribution 

during irrigation. Since DI generated two different moisture areas, two chambers were 

used on each plot: one was in the dry area and the other in the wet area. In the latter 

(Fig. 6.2), the chamber covered the moisture gradient within the wetted area (from 

central point close to emitter up to the wetting front). In the FI system, the chambers 

were placed on the slope of the furrow and on the ridge (Fig. 6.2). The chambers were 

closed for 60 min. During this time, N2O concentrations increased linearly. In contrast 

to chapter 3, gas samples (10 ml) were collected in evacuated gas sample vials. Samples 

were analyzed for N2O by gas chromatography (HP6890), using a 63Ni electron-capture 

as describe in 3.2.3 section. 

A similar gas flow-through system as described in section 4.2.3 was developed 

to measure nitric oxide (NO) in the field. For that, all chambers needed to be provided 

with inlet and outlet holes similar to those in the Perspex columns used in the laboratory 

experiment (Section 4.2.2). While NO was measured, the inlet was opened and ambient 

air was filtered through a charcoal and aluminium/KMnO4 column to remove O3 and 

NOx, which passed through the headspace of the chamber. Gas samples were pumped at 

a constant flow rate of 0.5 l min-1 through Teflon tubing from the chambers to the  
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chemiluminescense analyser (42C Environment  Environmental Instruments), which 

was situated 8 m away from the chamber. Flux measurements from soil were 

interspersed with 3 measurements from an empty chamber. These were taken in order to 

take into account reactions with the chamber walls and lids. The NO flux was calculated 

as the product of the flow rate of the air stream through the chamber and the increase in 

NO concentration with respect to the control (empty chamber). 

N2O and NO gas samples were taken on a daily basis during the first week after 

fertilizer application and then once per week until the first application of irrigation. 

Once irrigation started, gas samples were taken two or three days per week during the 

first month and then on a weekly basis in July, August and September.  

 

6.2.5 Denitrification measurements 

Denitrification rates and N2O emissions resulting from nitrification and 

denitrification were estimated in field incubations following the same methodology 

described in 3.2.3 section.  

 

6.2.6 Soil analysis 

Soil NO3
-, NH4

+ and DOC analysis, WFPS, rainfall and soil temperature were 

measured following the protocols described in 3.2.4 section.  

 

6.2.7 Statistical methods and calculations 

Total N2O-N emission, total NO-N emission and denitrification losses were 

estimated by successive linear interpolation of N2O-N emissions, NO-N emissions and 

the denitrification rate, respectively. These estimations were based on sampling date and  

______________________________________________________________________ 143



                                                                                            6. Effect of irrigation system 
______________________________________________________________________ 

 

assumed that emissions (or production) followed a linear trend over the periods during 

which no samples were taken. Calculations took into account the respective percentages 

of wet and dry soil surfaces associated with the different irrigation systems. Per plot 

values for total N2O produced by denitrification and N2O/N2 were estimated as 

described by Meijide et al. (2007).  

Statistical analyses were also performed using the STATGRAPHICS Plus 5.1 

(Manugistics, 2000). The LSD test was used for multiple comparisons of means. Simple 

correlation analyses were performed to determine whether daily N2O, NO emissions and 

denitrification rates were related to NH4
+-N and NO3

--N content, WFPS or DOC.  

 

 
6.3. Results 

 

6.3.1 Environmental conditions, evolution of mineral N and soluble organic carbon  

The WFPS of the upper 10 cm of the soil profile was 16% immediately after the 

application of fertilizers (Fig. 6.3). During the irrigation period (15th June to 14th 

September), mean WFPS remained between 65 and 83% under the FI system and 

between 56 and 75% for the wet soil areas under the DI system (Fig. 6.3). Mean WFPS 

was generally higher in FI than DI plots. Emitters generated circular wet areas on plots, 

which increased in size during the irrigation period. After the 2nd irrigation event, the 

radius of this circle at the surface was 35 cm, which increased in size with depth, 

reaching a maximum radius of 60 cm, due to the water distribution within the soil (Fig. 

6.2). At the end of the irrigation period, the radius of these circular wet areas was 50 cm 

at the soil surface. Under FI conditions, more than 80% of the soil surface remained 

wet. In the ridges, only the 0-4 cm upper soil layer remained dry. Soil moisture was  
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quite homogeneous within the soil (from 4 to 30 cm depth), although a little higher in 

the furrow (68-90% WFPS) than in the ridge (65-80% WFPS). Average daily soil 

temperature in the 0-28 cm soil layer of wet areas varied between 18 and 24ºC from 

May to September. 
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Fig. 6.3 Soil water-filled pore space (WFPS) (a) and irrigation 

amount (b) in the upper soil layer (0-10 cm) for DI and FI plots 

during the experimental period. 

 

Applying (NH4)2SO4 increased the NH4
+ concentration in the upper part of soil, 

but this increase peaked 7 days after the first irrigation under both systems (Fig. 6.4). 

Thereafter, the NH4
+ concentration rapidly decreased and values of less than 7 mg 

NH4
+-N kg-1 were registered in subsequent days, both in FI and DI. Three days after the 

greatest application of water under DI (63 mm H2O, on 3rd August), the NH4
+  
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concentration peaked again (23.9 and 9.6 mg NH4
+-N kg-1) on plots treated with 

(NH4)2SO4 and AnPS respectively (Fig. 6.4).  

Values for the soil NO3
- concentration in the upper 10 cm layer for the same 

treatments generally remained lower on FI than DI (wet areas) plots from 15th June (1st 

irrigation) to 8th August (Fig. 6.4). The fertilizer treatments applied also had an 

important influence on the results obtained. The nitrate concentration was significantly 

(p < 0.05) higher for the AS and AnPS treatments than in the Control during the 25 days 

after the first irrigation in DI (Fig.6.3). However, for AnPS treatment, NO3
- 

concentrations were very similar to the control under FI (Fig. 6.4). As occurred with the 

evolution of NH4
+, there were additional peaks for AS and AnPS under DI on 3rd 

August (85.9 mg NO3
- -N kg-1) and on 10th August (74.7 mg NO3

- -N kg-1), respectively 

for each treatment, that was not observed in the Control.  

For most of experimental period, levels of DOC from soil treated with AS and 

AnPS were significantly lower (p < 0.05) than in the Control for both irrigation systems, 

although AnPS treatment showed sometimes higher values than the Control’s one (Fig. 

6.5). The greatest variation in DOC (∆ DOC) was registered on 28th July for the wetting 

area of DI (-6.7 mg C kg-1) for AS treatment and on 20th July (-3.4 mg C kg-1) for AnPS 

treatment. Under FI system, the greatest variation in DOC were on 24th August for AS (-

9.4 mg C kg-1) and AnPS (-4.0 mg C kg-1) (Fig. 6.5).  
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Fig. 6.4 NO3
- and NH4

+ concentrations in DI (a, b) and FI (c, d) in the (0-10 cm) soil layer during the experimental period. Verticals 

bars indicate standard errors for each sample time. Single arrows indicate the date of the first irrigation. The y-axis of graphs (a)-(d) 

are at different scales. 
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Fig. 6.5 Dissolved organic C (DOC) in wet areas of DI (a) and FI (b) in the 

(0-10 cm) soil layer during the experimental period. Verticals 

bars indicate standard errors for each sample time. Single arrows 

indicate the date of first irrigation. 
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6.3.2 N2O emission 

Nitrous oxide emissions were influenced by both the type of fertilizer applied 

and the irrigation system used (Fig. 6.6). In the wet areas of the drip-irrigated and FI 

plots, the highest fluxes were produced from 9 to 15 days after the first irrigation. The 

AS, AnPS and Control treatments registered values of 27.2, 19.1 and 10.6 mg N2O-N 

m2 d-1, respectively, in DI (wet area) and 137.9, 106.9 and 18.3 mg N2O-N m2 d-1, also 

respectively, in FI. Furthermore, for the AS treatment under DI, the N2O fluxes 

observed between 8th and 23rd August were higher than in the Control and AnPS 

treatment showed another large pulse 35.7 mg N2O-N m-2 d-1. In the dry areas of the 

drip-irrigated plots, N2O fluxes from AS treatment exceeded 5 mg N2O-N m-2 d-1 for 

several days, and particularly in the second half of the irrigation period. Fluxes of N2O 

from AnPS treatment were most of the days as low as the emissions generated from 

Control plots (Fig. 6.6), except after the first irrigation where peaked until 27 N2O-N m2 

d-1. Linear regressions showed positive relationships between N2O flux rates and rate of 

NH4
+ variation in the upper soil layer (r = -0.35, p < 0.01). Others variables (WFPS, 

Temperature, DOC and NO3
-) were not correlated with N2O fluxes.  
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Fig. 6.6 Emissions of N2O in dry areas of DI (a) wet areas of DI (b) and FI (c) 

from soils during the melon-growing season. Vertical bars indicate 

standard errors for each sample time. Single arrows indicate the date of 

the first irrigation. The y-axis of graphs (a)-(c) are at different scales. 
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In general, the largest cumulative N2O emissions were registered on plots under 

FI rather than DI systems (Table 6.1). When drip irrigation was used instead of furrow 

irrigation, emissions fell by 70%, for the Control, and AS treatments and by 28% for 

AnPS treatment. The dry areas on the drip-irrigated plots emitted a similar amount of 

N2O to the wet areas (0.45 kg N2O-N ha-1) in the Control and greater amounts in the AS 

and AnPS treatments (0.94 and 0.92 kg N2O-N ha-1 for dry and 0.70 and 1.3 kg N2O-N 

ha-1 for wet areas respectively). 

Denitrification was the process responsible for most of the N2O emissions. With 

the C2H2 inhibition method (Muller et al., 1998), the respective percentages for N2O 

losses via denitrification under FI were 99%, 98% and 96% for Control, AnPS and AS, 

respectively. For the DI wet areas, losses via denitrification were 92% for the Control 

and 56% and 51% for AnPS and AS, respectively.  

 

 
 

 

 

 

 

 

 

 



 

 

 

Table 6.1 

 Total accumulated N2O and NO flux emissions and losses due to denitrification during the experiment from the Control, anaerobic pig 

slurry (AnPS) and ammonium sulphate (AS) treatment. Data are the averages of means from three repetitions ± standard deviation.  

 

                                 FURROW IRRIGATION                                                           DRIP IRRIGATION 

 

Denitrification 

losses  

(kg N2O-N ha-1) 

N2O 

(kg N2O-N ha-1) 

NO 

(g NO-N ha-1) 

Denitrification 

losses  

(kg N2O-N ha-1) 

N2O 

(kg N2O-N ha-1) 

NO 

(g NO-N ha-1) 

 

Control 

 

 7.47 ± 1.3a 2.95 ± 0.22a  21.9 ± 5.7a 4.86 ± 0.5a 0.90 ±0.12a 45.8 ± 5.1a 

AnPS 13.68 ± 0.9a 3.14± 2.9a 85.6 ± 24.2ab 11.57 ± 1.2b 2.27± 1.3b 111.88± 28.3b 

AS 11.44 ± 2.4a 5.23 ± 2.8b 228.2 ± 68.7 b 4.96 ± 0.2a 1.65 ± 0.24b 153.2 ± 10.4b 

Different letters within columns indicate significant differences applying Fisher's Unprotected Least Significant Difference test at p < 0.05



                                                                                            6. Effect of irrigation system 
______________________________________________________________________ 
 
 
6.3.3 NO fluxes 

 

No important NO peaks were observed on days following fertilizer application  

prior to irrigation. The greatest NO fluxes were registered with AS and AnPS fertilizer 

on 24th June (2.96 and 3.20 mg NO-N m-2 d-1 for AS and 0.81 and 2.98 mg NO-N m-2 d-

1 for AnPS, respectively, for FI and the wet areas of DI) (Fig. 6.7). After these NO 

peaks, the NO flux returned to zero in FI, while in DI there was  another peak, albeit at a 

lower level than the first (1.1; 0.62 and 0.37 mg NO-N m-2 d-1, respectively, for AS, 

AnPS and the Control). In the dry areas of the drip-irrigated plots, NO fluxes were 

constantly below 0.2 mg NO-N m-2 d-1, in both the Control and AS treatments, although 

a pulse close to 0.25 mg NO-N m-2 d-1was showed after the first irrigation. Linear 

regressions showed positive relationships between NO fluxes and NH4
+ (r=0.48, ***) 

and NO3
- (r=0.54, ***) concentrations, but not with other properties (WFPS, 

Temperature, DOC).  
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Fig. 6.7 Emissions of NO in dry areas of DI (a) wet areas of DI (b) and FI 

(c) from soils during the melon-growing season. Vertical bars 

indicate standard errors for each sample time. Single arrows 

indicate the date of the first irrigation. The y-axis of graphs (a)-(c) 

are at different scales. 
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The addition of (NH4)2SO4 and AnPS significantly (P < 0.05) increased total NO 

fluxes in both irrigation systems (Table 6.1). Irrigation type had an important effect on 

total NO emission. For AS, drip irrigation resulted in fluxes that were 67% smaller than 

FI, whereas total emissions from the Control and AnPS were lower in FI than in DI. For 

AS, the molar NO/N2O ratios were respectively 0.064, 0.260 and 0.043 for FI, the DI 

wet area and the DI dry area. For the AnPS, the ratios were 0.04, 0.097 and 0.035 

respectively, and for the Control were, 0.011, 0.083 and 0.066 also respectively.   

 

6.3.4 N2O+N2 production from denitrification 

Irrigation increased denitrification activity, with a peak occurring on all plots 

several days after the first application of water (Fig. 6.8). The respective values of these 

peaks were 61.52, 85.4 and 71.6 mg N2O-N m-2 d-1 for the AnPS, AS and Control 

treatments under FI, and 161.07, 71.4 and 28.4 mg N2O-N m-2 d-1 for the same 

treatments under DI (wet areas) (Fig. 6.8). For this last irrigation system, there was also 

an additional peak on August 3rd (160,1 and  99.0 mg N2O-N m-2 d-1 for AnPS and AS 

treatment respectively and 102.2 mg N2O-N m-2 d-1 for the Control), coinciding with 

high soil concentrations of NO3
- and NH4

+ (Fig. 6.8). 
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Fig. 6.8 Denitrification rate (DR) in wet areas of DI (a) and FI (b) in the (0-10 

cm) soil layer during the melon-growing season. Vertical bar indicate 

standard errors for each sample time. Single arrows indicate the date of 

the first irrigation. The y-axis of graphs (a)-(c) are at different scales. 
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Cumulative denitrification losses from the upper soil layer (0-10 cm) did not 

produce any statistically significant differences between the AS (4.96 kg N-N2O ha-1) 

and Control (4.86 kg N-N2O ha-1) treatments at p < 0.05 for DI (wet areas) (Table 6.1). 

However, in this irrigation system, there was significant differences at p < 0.05 between 

AS or Control and AnPS, due to organic treatment showed the highest values of 

denitrification losses (2.27 kg N-N2O ha-1). Under furrow system denitrification losses 

increased respectively, with estimated values of 7.47, 13.68 and 11.44 kg N-N2O ha-1 

for the Control, AnPS and AS plots.  

The N2O/N2 ratio for gas produced from denitrification was influenced by both 

the addition of N fertilizer type and the irrigation system applied. The respective values, 

which were estimated using the acetylene technique, were 0.22, 0.24 and 1.60 for the 

Control, AnPS and AS treatments, under FI, and 0.31, 0.75 and 2.50, for the same 

treatments under DI.  

 

6.4. Discussion 

 

6.4.1 Effect of irrigation type on mineral N and dissolved organic carbon in soil  

The drip irrigation system reduced the amount of water required (45%) with 

respect to the furrow irrigation system. Sharmasarkar et al. (2001) also observed a 43% 

reduction in the application of irrigation water when DI was used instead of FI to 

irrigate a sugar beet crop. This reduction was possible because significant area of the 

soil surface remained temporarily dry when drip irrigation was used (Fig. 6.2), and also 

because more deep drainage probably occurs under furrow than drip irrigation (Rajak et 

al., 2006). The rate of water application under FI was higher than the saturated 
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hydraulic conductivity of soil (0.038 ± 0.001 cm min-1), with furrows remaining flooded 

for several hours. Both the high amount and rate of water applied under the FI regime 

gave rise to the high average soil moisture contents of plots under this irrigation system 

(Fig. 6.3). As moisture content in microsites plays an important role in microbiological 

soil activity, processes such as N mineralization, nitrification and denitrification are all 

quantitatively affected by the chosen irrigation system.  

The first irrigation event favoured the dissolution of (NH4)2SO4 added as 

fertilizer, increasing the concentration of NH4
+ in the upper part of the soil profile (20-

23 mg NH4
+-N kg-1). In the case of AnPS, the highest concentration of NH4

+, which was 

the most important N fraction of pig slurry, was observed in the days following fertilizer 

application, but before the first irrigation. In contrast in the AS treatment, the NH4
+, , 

was applied directly in solution and immediately distributed onto the soil. For both 

treatments, this ion disappeared rapidly from the soil (Fig. 6.4). This may have partly 

been due to the high concentration of vermiculite in this soil, which favoured the rapid 

interlayer NH4
+ fixation (Gouveia and Eudoxie, 2007). Environmental conditions also 

favoured nitrification, which was probably partly responsible for the decrease in NH4
+-

N content. These high nitrification rates were confirmed by the appearance of NO3
--N in 

the soil, especially on the DI plots, where the NO3
--N content in the upper layer of the 

soil experienced a marked increase during the first week after the NH4
+ peak (Fig. 6.4). 

The choice of irrigation regime produced important differences in the concentration of 

mineral N in the soil. In the case of FI, the large amount of water applied probably 

leached NO3
- from the upper part of the soil profile. This would partially explain the 

significantly lower (p < 0.05) soil nitrate concentration found in FI than in DI.  

In the case of DI, some additional pulses of NH4
+ and NO3

- were observed in the 

course of the experiment. These could have been due to increases in the size of the wet 
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soil volume of drip-irrigated plots following the addition of water. The ammonium 

dissolved from fertilizers in this new wet surface was rapidly nitrified, increasing the 

nitrate concentration.  

The amount of dissolved organic carbon present in the soil was clearly 

influenced by the addition of a soluble source of N (Fig. 6.5): there was a reduction of 

6-8 mg C kg-1 in the amount of DOC when the soil was treated with (NH4)2SO4 and 2 

mg C kg-1 when was treated with AnPS. Chantigny et al. (1999) also reported that the 

DOC content decreased markedly soon after the application of 180 kg N ha-1 in the form 

of NH4NO3. They suggested that N fertilization enhances DOC consumption by soil 

microbes, thereby reducing its concentration. Taking in account that AnPS is very 

similar to a mineral fertilizer because it had a low amount of organic matter, it is 

congruent that it behaviour was similar to mineral fertilizer. The type of 

irrigationapplied had no clear effect on the DOC, although a reduction in DOC was 

observed in DI when N min (NO3
- + NH4

+) increased as a consequence of wetting, as 

occurred on 3rd August (Fig. 6.5). 

 

6.4.2 Effect of irrigation on N2O and NO emissions   

In irrigated agroecosystems, the availability of water and the management of N 

fertilizer are factors which have an important influence on N2O and NO emissions 

(Vallejo et al., 2005).  The biggest NO and N2O pulses were generated after the first 

irrigation, in the Control, AnPS and AS treatments (Fig. 6.6-6.7). According to Scholes 

et al. (1997), when the soil is dry, emissions of NO and N2O are stimulated by additions 

of water, which create a large pulse of NO and N2O. This was attributable to a 

phenomenon known as the ‘pulsing effect’, which results in water activated 

microorganisms (bacteria and fungi) stimulating nitrification and denitrification (Dick et 
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al., 2001). Higher NH4

+ and NO3
- concentrations were observed in the AS and AnPS 

fertilized soils compared with the Control in the following days after the first irrigation 

(Fig. 6.4). The influence of these ions in nitrification and denitrification processes, gave 

rise to larger emissions of N oxides from AS and AnPS treated soils compared with the 

Control under both irrigation systems.  

The irrigation system had an effect on the pattern on N2O and NO fluxes. Under 

DI, the first pulse of N2O produced in the AS and the AnPS treatments was 5.0 and 5.6 

times smaller than under FI. Estimations based on the methodology proposed by Müller 

et al. (1998) for the period that included the highest emission (2 weeks after first 

irrigation) gave a contribution of denitrification to the N2O emissions of around 70% for 

AS under FI, but only 45% for the same pathway under DI. These differences were 

justified because FI maintained a higher WFPS (65-83%) than DI (56-75%) after water 

addition. The more favourable nitrification conditions for drip irrigated soils produced 

more intensive NO pulses under DI (3.20 and 2.98 mg NO-N m-2 d-1 for AS and AnPS 

respectively in wetted areas) than under FI (2.96 and 0.81 mg NO-N m-2 d-1) for AS and 

AnPS treated soils respectively. Nitrification is generally the main source of NO (Skiba 

et al., 1993), and this has been confirmed with the high correlation observed between 

NO fluxes and the soil NH4
+ content. However, in this soil, denitrification also 

contributed to the production of NO, indicated by the high correlation with soil NO3
- 

content. In an incubation experiment, Sanchez-Martín et al. (2008) also reported a high 

NO emission after the addition of urea at high WFPS (80%) using this same soil. 

An interesting difference in the pattern of emissions of N oxides between the 

irrigation systems was the frequent pulses observed both in the wet and dry areas of DI 

soils, which were not produced with the other irrigation system. Pulses could have been 

a consequence of the advance of the wetting front after the addition of water, which 
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created a new ‘pulsing effect’. These pulses were probably produced by the nitrification 

of NH4
+

 present in these newly wetted areas, where WFPS remained below 60%.  In the 

dry areas of DI plots the subsurface advance of the wetting front also gave rise to pulses 

observed in figure 6.5 and 6.6. At depths of 20-30 cm, the radius of the wetted 

horizontal circular section increased with the addition of water and was larger than at 

the surface. At the end of irrigation period, most of the soil at this depth was wet, 

although at a level lower than field capacity.  

Under furrow irrigation, pulses were not observed more than 21 days after the 

first irrigation event, when emissions of N2O and NO were very low, similar to the 

Control. These small fluxes were produced when denitrification in the upper part of  

soil was enhanced (Fig. 6.8). The very wet conditions provided by this irrigation 

system, in conjunction with the reduction in the diffusivity of NO and N2O to the 

atmosphere from this clay loam soil (Cárdenas et al., 1993) favoured their consumption 

by denitrifiers.  This resulted in little NO and N2O emission from the soil, and probably 

produced more N2.  

The NO/N2O ratio has also been used by Williams et al. (1998) to estimate the 

main source of N2O, with ratio values of 0.260 and 0.097 for AS and AnPS in DI and 

0.083 and 0.040 for the same treatments in FI. Anderson and Levine (1986) proposed 

the possibility of a NO/N2O ratio of >1 for the predominance of nitrification. However, 

Meijide et al. (2007) established a ratio of > 0.11 for this predominance under field 

conditions on a sandy loam soil. They argued that this ratio ought to be lower for field 

than laboratory conditions because denitrifiers have a very high affinity for highly-

oxidized forms of N, such as NO3
-, before they use N2O, and similarly tend to utilise 

NO in preference to N2O (Yamulki and Jarvis, 2002). Since under field conditions, gas 
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exchange between the soil and atmosphere is often slower than that observed in a vessel 

or pot, denitrifiers have time to transform NO before it is emitted. 

The irrigation system affected N2O+N2 production through denitrification (Fig. 

6.8), and higher cumulative denitrification production was measured under FI than 

under DI in the upper part of soil (Table 6.1). This was probably due to the presence of 

a higher proportion of anaerobic microsites in FI plots. The N2O/N2 ratio was also 

affected by the water regime and a smaller ratio was estimated in FI than in DI soils.  

The higher demand of denitrifiers for electron acceptors when denitrification rate was 

enhanced promoted a higher consumption of N2O and NO and therefore this ratio 

decreased. However, the enhancement of N2O/N2 in DI did not have a significant 

influence on total N2O emissions because denitrification rate was small under these 

conditions. The presence of larger NO3
- concentrations in AS and AnPS treatments also 

gave rise to the higher N2O/N2 ratio in comparison with Control, because of the 

preference of denitrifiers to consume NO3
- before utilizing N2O (Scholefield et al., 

1997). 

In spite of WFPS-controlled nitrification and denitrification, we did not observe 

any significant correlation between daily mean WFPS and fluxes of NO and N2O. We 

speculated that the high spatial variability of moisture within the soil volume, especially 

under DI, also produced a high spatial variability in the production of N oxides. This 

variability of fluxes not only depended on the O2 in microsites, but also the 

concentration of NH4
+, NO3

- and DOC, all of which are related to the water distribution. 

It is known that salts, such as nitrates, tend to concentrate in areas with low moisture, 

such as the wetting front in DI (Li et al., 2004) or ridge in FI (Rajak et al., 2006). This 

probably occurred in our experiment with NO3
- and with DOC.    

______________________________________________________________________ 162



                                                                                            6. Effect of irrigation system 
______________________________________________________________________ 
 
 

The methodology used to distinguish N2O emission from nitrification and 

denitrification and to evaluate the N2O/N2 ratio was based on the inhibition of 

nitrification in the presence of 5-10 Pa C2H2 without blocking the N2O reductase 

required in the denitrification pathway (Müller et al., 1998). N2 and N2O production 

from nitrification were not measured directly and values were calculated from 

differences between measured denitrification rates, total N2O production rates and N2O 

production from denitrification. Others problems associated with this technique are the  

poor diffusion of acetylene within the soil, the use of acetylene by microorganisms as a 

carbon source and the catalytic decomposition of NO (Bollmann and Conrad, 1997). 

However, this methodology is useful for comparative purposes between treatments, as 

also implied by Estavillo et al., (2002), but the absolute values of N2 and N2O from 

nitrification should be interpreted with caution. It is clear that nitrification and 

denitrification processes are depended on the irrigation system and they follow the same 

N oxides emissions pattern independently of the treatments. However, results of Table 

6.1 showed that there were significant differences between treatments under both 

irrigation systems. Organic fertilizer mitigated NO emissions compared with mineral 

fertilizer in both irrigations although was more effective under FI (diminishing 62%) 

than under DI (diminishing 27%), because nitrification conditions were less favoured 

under DI. According to Vallejo et al. (2006), organic fertilizer application increased 

denitrification losses due to organic C addition, although in these experiment 

denitrification losses differences between treatments were more significant under DI 

(Table 6.1) than under FI. Our results also confirmed that the application of organic 

fertilizer to this poor organic C soil had a positive effect on N2O under FI, reducing N2O 

emission in comparison with AS, but not under DI, where AnPS produced the highest 

N2O emission. Under FI, the most anaerobic conditions favoured denitrification, and the 
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addition of C (as in the case of AnPS treatment) also reduced significantly the N2O/N2 

ratio (0.24 and 1.6 for AnPS and AS respectively).  

The choice of irrigation system is considered a critical way of saving water in 

arid and semiarid regions and maintaining optimal crop yield. In this experiment, it has 

been demonstrated that it can also be used as a tool for mitigating emissions of N 

oxides. To date, no results have been published comparing drip and furrow irrigation.  

Preliminary studies comparing subsurface drip and furrow irrigation published 

by Kallenbach et al. (2005) demonstrate that subsurface drip irrigation reduced N2O 

emissions by 50% compared with furrow irrigation. Although, our results indicate that 

the wetting pattern of DI favoured nitrification over denitrification, contributing to 

lower emissions of N oxides, more studies will be necessary to evaluate the influence of 

several parameters related to drip irrigation.  These parameters include the amount, rate 

and frequency of water application, and soils characteristics, especially hydraulic 

conductivity, which affects water distribution. Additionally, since drip irrigation is 

frequently combined with fertigation, further work is needed to evaluate the effect of 

soluble N fertilisers (frequency, rate and type of N fertiliser) applied through drip 

irrigation on the emissions of N oxides.  

 

6.5. Conclusion 

 

This study demonstrated that selection of irrigation regime had a major influence 

on N2O and NO emissions. Drip irrigation saves water and also helps to mitigate the 

production of N oxides, especially N2O. It can therefore be used as an efficient tool for  
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reducing the gases lost from fertilized soils in arid and semiarid regions. We noted that 

the different patterns of water distribution of furrow and drip irrigation directly affected 

nitrification and denitrification, the main pathways leading to the emission of N oxides. 

A significant percentage of the gases emitted from soils treated with (NH4)2SO4 and 

AnPS under drip irrigation was produced by nitrification, while under furrow irrigation, 

denitrification was more important than nitrification. The frequent pulsing effect 

produced in drip-irrigated plots, as a consequence of dry soil becoming wet, affected the 

evolution of available N and gave rise to the emission pulses of N oxides throughout the 

irrigation period. The dry areas of drip-irrigated plots also contributed to emissions of N 

oxides because the soil was wet at depth. Organic fertilizer application showed a benefit 

effect mitigating N oxide emissions compared with AS treatment under FI. However, 

more field studies are needed to evaluate the effect of these new irrigation strategies on 

emissions of N oxides and the combined effect of applying both water and N.  
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7. GENERAL DISCUSSION 

 

7.1 Effect of organic C in nitrous oxide emissions   

Most of the emissions of nitrogen oxides from the agricultural soils are the result 

of N fertilizer use (Chadwick et al., 2000; Vallejo et al., 2005; Jones et al., 2007). 

However, the contribution to these emissions differs depending on the application 

method, fertilizer composition and the climatic and soil conditions during the days 

following application. 

In general, N fertilizers includes nitrates or compounds (organic N or  

ammonium) which are transformed into nitrate, and may consequently provide a source 

of electron acceptors when the conditions favour denitrification. Besides, NH4
+ content 

of fertilizers producing emissions under nitrifying conditions as well. Organic fertilizers 

contain organic N compounds which mineralize slowly providing NH4
+ and NO3

- to the 

soil and affecting both processes, nitrification and denitrification. Organic fertilizers 

also add organic C to the soil, strongly influencing soil microbial activity which, in turn, 

influences the soil N dynamics. This effect further complicates the study of gas 

emission mechanisms, which are also strongly affected by other factors such as soil 

temperature, soil water content, pH, etc. 

In soils with low organic matter content, as those of Mediterranean areas, the use 

of organic fertilizers is necessary for maintaining soil fertility, and could be very 

beneficial to the environment by reducing emissions of nitrogen oxides. The results of 

Chapters 3, 4 and 6 demonstrate these benefits, although more data are needed to fully 

understand the processes involved. 
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7.1.1 Influence of type of fertilizer (organic vs mineral) 

The results of Chapter 4 clearly show how the addition of soluble C (glucose) 

together with a mineral fertilizer (ammonium sulphate) at a rate of 200 kg N ha-1 to a 

soil with a low C content (Spanish soil) reduced N2O and NO emissions by 95% and 

55% respectively at 90% WFPS and 23% and 71% at 40% WFPS (Table 4.1) compared 

to fertilizer addition without glucose. Even at a low ammonium sulphate application rate 

(50 kg N ha-1) the addition of glucose diminished total N2O and NO emissions at high 

WFPS by 95% and 98% respectively. These findings are corroborated by the results of 

irrigation field experiments. In the potato experiment (Chapter 3), organic fertilizers 

decreased N2O and NO emissions (i.e. using digested pig slurry the reduction was close 

to 45% for N2O and 58% for NO) compared with mineral fertilizer (urea) during the 

crop period (Table 3.3 and 3.4 ). The same beneficial effect was also observed in the 

melon experiment (Chapter 6), where the organic treatment (digested pig slurry) 

reduced N2O emissions by 40% and NO emissions by 62%, compared with the mineral 

fertilizer under furrow irrigation. At this point it is important to discuss the factors that 

have caused this behaviour. 

The effect of carbon addition can be explained by its influence on the 

denitrification process. In general, the addition of C produced significant increases in 

denitrification under field experiments (Chapters 3 and 6) (Table 3.2 and 6.1). One 

hypothesis to explain this enhancement is that, as a consequence of the high 

consumption of O2 by microorganisms when using labile C, some aerobic microsites 

gradually became anaerobic. The low O2 concentration forced denitrifiers to use 

electron acceptors such as NO3
-, which produced a marked increase in N2O and N2 

production. However, greater denitrification was not associated with higher emissions  
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of N oxides. There was also a higher consumption of N oxides as electron acceptors for 

denitrifiers, resulting in a significant decrease of emissions of N oxides and probably a 

substantial increase in N2 emissions (Table 4.2). Consequently, from the environmental 

pollution point of view, the most important thing in the denitrification process is to 

know the composition of the emitted gases during this process, because the N2 

emissions are not harmful to the environment.  

A good indicator of the extent of the denitrification processes in the soil is the 

N2O/N2 ratio. A decrease of this ratio implies a decrease in N2O emissions and/or an 

increase in N2. In more reducing conditions (less O2), nitrous oxide reductase could act 

more effectively in the use of N2O as an electron acceptor, completing the process of 

denitrification (Wever et al., 2002). The results obtained in Chapter 3 (potato 

experiment) showed that the N2O/N2 ratio after urea addition was higher than after 

organic N fertilizer application. However, the N2O/N2 ratio measured in this experiment 

was smaller than the ratio observed by Meijide et al. (2006) and Wever et al. (2002) for 

organic fertilizers in a sandy loam soil. In this case, the porosity of the soil played an 

important role. Soils used by these authors had larger macroporosity than our soil, 

favouring emission by facilitating diffusion of N2O to the atmosphere and O2 into the 

soil. This means that the denitrifiers had less opportunity to transform it into N2. In the 

melon experiment, there was also an increase in the N2O/N2 ratio from ammonium 

sulphate treatment (70% and 85% for drip irrigation and furrow respectively) compared 

with the organic treatment (digested pig slurry). This confirms that the use of organic 

fertilizers under denitrification conditions can be used as a strategy to mitigate 

emissions from C poor soils. 
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According to Skiba et al. (1993), NO flows are correlated with the NH4
+ content 

in the soil, indicating that nitrification is the main source of NO production. When 

denitrification increases, NO is also consumed more easily than N2O (Yamulki et al., 

2002). This is probably because NO is a more oxidized form and, therefore, denitrifiers 

tend to use it as an electron acceptor in preference to N2O (Table 3.4). This has led to 

the NO/N2O ratio being used by some authors (Williams et al., 1998) as a tool to 

evaluate the source of N oxides; nitrification or denitrification. Our results have 

confirmed that an increase of soil C decreased the NO/N2O ratio, for example, in the 

case of the melon experiment the ratio was 0.06 and 0.26 for furrow and drip irrigation 

respectively for the mineral treatment and 0.04 and 0.097 for the same irrigation 

methods for the organic treatment. 

The answer to the question whether the organic fertilizer should be 

recommended in irrigated systems is clear and it has been demonstrated through all the 

experiments that were carried out in this thesis. In general, urea (Chapter 3) and 

ammonium sulphate under the furrow irrigation system (Chapter 6) were the treatments 

which produced higher N2O emissions (7.2 and 5.23 kg N2O–N ha-1), surpassing the 

IPCC index of 1.25% of nitrogen applied. 

The next question to answer was whether all organic treatments showed the 

same behaviour or if, on the contrary, there were differences. The total denitrification 

losses (Table 3.2) and total N2O and NO emissions (Tables 3.3 and 3.4 respectively) 

gave the answer that the behaviour of each fertilizer was different. Chapter 3 shows that 

denitrification and the emissions N oxides depend on the different organic fractions in 

the organic fertilizer. According to this study, there was a significant correlation (p 

<0.05) between the C fractions and denitrification in each period of the experiment  
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(before, during and after irrigation). The more labile hydrocarbon fraction, 

(carbohydrate) affected the denitrification during the first period (before irrigation). 

Total soluble C explained the denitrification losses during the irrigation period and total 

C in the period after irrigation. In this last period, C mineralization from recalcitrant 

compounds (included in the total C fraction) could have used by denitrifier to obtain 

carbon. Following these results, soils treated with organic fertilizers produced 

denitrification peaks throughout the entire experimental period while the peak for 

mineral fertilizer was observed only during the irrigation period. At the same time, N 

also played an important role during each period, because denitrification losses in the 

irrigation period also depended on soluble N (mineral + organic). Our theory, in this 

case, is that the NO3
- had been limiting throughout the experiment, because it had been 

leached during irrigation period. Generally no correlation was found between 

hydrocarbon fractions and N2O emissions, which were not correlated with 

denitrification either. Nitrous oxide emission was influenced by the denitrification rate, 

and also by the N2O/N2 ratio that decreased when denitrification conditions become 

optimal. Furthermore, it is necessary to consider that some of the N2O resulted from 

nitrification, which probably was not influenced by the hydrocarbon fractions. 

NO emissions were mainly depended on the fertilizer NH4
+ content. As we have 

discussed before, this was logical taking into account that a higher NH4
+ content 

favoured NO emissions, because most of this gas came from nitrification (Skiba et al., 

1993). 

In the case of solid waste residues (compost) the C/N ratio was very important 

on N oxides fluxes. Table 3.1, shows the different C/N ratio of the organic fertilizers 

(26 and 10 for compost of municipal solid waste and compost of pig slurry,  
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respectively). When the C/N ratio is high (> 20), there was a higher soil mineral N 

consumption by microorganism (immobilisation), which could affect nitrification and 

denitrification processes. Moreover, a higher C content may also be related to a higher 

content of hydrocarbon soluble fractions, which would promote denitrification and also 

reduce the N2O/N2 ratio and, therefore, N2O emissions.  

Although the most positive effect of C addition was produced under 

denitrification conditions (wet soils), it has also been beneficial under drier conditions. 

The laboratory experiment in Chapter 4 showed that, at low WFPS (40%), the addition 

of soluble C also reduced N2O and NO emissions (by 23% and 71% respectively). In 

this case, the high consumption of O2 by microorganisms, following glucose addition, 

probably produced a deficit of O2 in a part of soil micropores, promoting denitrification 

at these sites. This effect could also take place in field experiments, especially in soil 

microsites where organic fertilizer has accumulated. For example, organic matter 

aggregates in composts or slurries, sometimes with different particle sizes, create 

anaerobic areas due to high consumption of O2 by microorganisms in those areas. 

 

7.1.2 Influence of organic fertilizer pre-treatment  

Since the rate of degradation of the main organic compounds during anaerobic 

digestion increases in the following order: cellulose, hemicellulose, proteins, fat and 

carbohydrates, the digests contained lower amounts of labile organic compounds, such 

as carbohydrates, proteins, etc (Burton and Turner, 2003). However, an enhancement  

in the more recalcitrant fractions for microorganisms (phenols, cellulose, etc) was 

observed. Therefore, dissolved organic compounds of digests were less useful for 

microorganisms than those of raw pig slurry, where carbohydrates and fatty acids were  
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at higher concentrations. Consequently less energy is available for bacteria when using 

soluble C from digests. Simplifying the process: the digest gains characteristics of a 

mineral fertilizer (rather than organic) and this has affects nitrification, denitrification 

and, consequently, emissions of N oxides.  

Composting generally requires organic wastes with a C/N in the range of 25 to 

30. Pig slurry often contains a small part of inert material added for bedding (straw or 

sawdust) and uneaten food (Burton and Turner, 2003). Since the solid fraction was 

separated from the pig slurry before composting, this fraction contained all of these 

high C/N compounds, therefore increasing this ratio, which probably ranged from 12 

to 15 (compared with 6.7 for the untreated pig slurry). It should be pointed out that we 

have not had the opportunity to analyze the uncomposted material. The lignified 

organic matter content influences the microbial availability of energy and nutrients in 

the substrate. During composting, microorganisms preferentially consume labile 

organic compounds, decreasing dissolved organic carbon, carbohydrates and proteins, 

as well as C/N which was reduced for this material to 10.3. The resulting compost 

obtained from the solid fraction of pig slurry was, therefore, a stable material with a 

low amount of dissolved organic carbon and labile organic C compounds.  

Municipal organic wastes generally include an important fraction of compounds 

with a high C/N ratio. In the experiment described in Chapter 3, composting of 

municipal solid waste was not complete when it was transported to the field. This was  

apparent from the increase in pile temperature during the days before application. The 

C/N ratio of the final product (~ 26) was higher than expected for well stabilized  

compost (~15) (Pascual et al., 1997). Dissolved organic carbon, and labile organic C  
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compounds, such carbohydrates and proteins, were also higher than expected.  

However, from a scientific point of view, this was very interesting because two  

different materials were compared: one fully stabilized compost of pig slurry and one 

incompletely stabilized municipal solid waste. The fraction of NH4
+ in the composted 

materials (3.2 and 2.3 g kg-1 for compost of pig slurry and municipal solid waste, 

respectively), indicated that anaerobic conditions could have occurred within the pile 

before application. Zucconi and De Bertoldi, (1987) established, as a reference 

content, <400 mg N kg-1 for mature compost. 

As mentioned before, the soluble C content significantly affected the 

denitrification process, with significant correlations between dissolved organic carbon 

and denitrification during the irrigation period. This is confirmed by the fact that the 

most intense denitrification peaks were produced by organic fertilizers with higher 

soluble C content: untreated slurry and the municipal solid waste (Table 3.1). Total 

denitrification losses throughout the experiment for these treatments were 33.3 and 28.5 

kg N ha-1 for municipal solid waste and untreated slurry respectively (Table 3.2). The 

digestion of the liquid fraction of pig slurry and the composting of the solid fraction 

decreased the soluble organic fractions and therefore, denitrification losses diminished 

in comparison with untreated wastes.  

Fertilizer pre-treatment also affected N2O and NO emissions. Although total 

denitrification losses from municipal solid waste were higher than compost of pig slurry 

soluble organic C content could also explain why municipal solid waste gave lower  

emissions than compost of pig slurry. The C/N ratio has been another factor used to 

explain the effect of composting on emissions. This is in agreement with Huang et al.,  
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(2004), who observed higher emissions when the C/N ratio decreased. This effect has 

been discussed before.  

Soluble C content is not the only factor influencing emissions. Total N2O 

emission from digested slurry (4.69 kg N2O-N ha-1) was lower than from untreated pig 

slurry (5.62 kg N2O-N ha-1). In this case, the greater homogeneity of digested pig slurry 

probably aided its distribution into the soil reducing the accumulation of organic matter 

aggregates which favour anaerobic processes.  

As well as the beneficial effect on the emissions of N oxides, composting and 

anaerobic digestion are also very useful for reducing odours and the presence of 

pathogens after application. From an agricultural point of view, the final product 

obtained after these treatments, digests and compost, also present several advantages 

due to their homogeneousness, which makes application easier. Some of the 

disadvantages using these fertilizers could be related to their heavy metals content, 

which generally increases during the process as consequence of the volume reduction. 

This is a factor that must be always controlled.   

 

7.1.3 Influence of soil organic C 

An important issue in this thesis is to know whether the influence of organic C 

on the emissions of N oxides can be generalized for others soils or if it is a specific 

behaviour of soils with low organic C.  Chapter 4 has tried to answer this question by 

comparing N2O and NO fluxes from a Spanish soil (low organic C) with a Scottish soil 

(high organic C). When N fertilizer was not applied (Control) the highest N2O  

emissions were produced by Scottish soil (966.21 and 0.92 ng N2O-N g-1 for Scottish 

and Spanish soil, respectively) (Table 4.2). In this case, we maintain the hypothesis that  
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the higher C content of Scottish soil probably favoured denitrification compared with 

Spanish soil. This was supported by the fact that the dissolved organic C content of  

Scottish soil was higher and the respiration rates were also 2.6 times higher than in 

Spanish soil (Table 4.2). A significant component of the CO2 emission was probably 

produced by denitrifiers under these anaerobic conditions (WFPS= 90%). However, 

N2O emission did not decrease in Scottish soil as a consequence of the higher dissolved 

organic C. On the contrary, N2O emission was greatly enhanced in this soil. In Chapter 

4, we speculated that the low pH of Scottish soil inhibited nitrous oxide reductase 

(Thomsen et al., 1994), decreasing the amount of N2 and enhancing that of N2O. 

Glucose addition increased CO2 emissions significantly and reduced N2O emissions 

under conditions of 90% WFPS in both soils when fertilized with ammonium sulphate.  

It is clear that an important finding of this study was that the addition of soluble 

organic C under denitrification conditions decreased N2O emissions as a consequence of 

the electron acceptor needs of denitrifiers which use N2O molecules in that case. 

Nevertheless, the effect was clearer in the soil with a low C content. Contrary to soil I, 

glucose addition did not reduce the emissions from Scottish soil at 40% WFPS. These 

results are in agreement with Jones et al. (2005 and 2007). We speculated in Chapter 4 

that the addition of soluble organic C produced more intensive denitrification under low 

moisture conditions, due to the large quantity of O2 consumed by microorganisms in the 

glucose oxidative process. The higher denitrification and the inhibition of nitrous oxide 

reductase due to low soil pH, as discussed before, increased N2O emissions.  

In Scottish soil, nitric oxide emissions were lower after the addition of glucose 

although this was not as significant as the decrease from Spanish soil. It is curious to 

note that NO emission was greater at 90% than at 40% WFPS in Spanish soil. This   
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behaviour is not normal and it could be produced by a high nitrification rate in this soil 

even under high moisture conditions. Denitrifiers did not consume NO (Fig. 4.2)  

ecause there was sufficient nitrate in the soil which is preferably consumed by 

microorganisms (Yamulki and Jarvis, 2002).  

These results highlight one of the principal differences observed between the 

soils; the nitrification rate. For Spanish soil, nitrification was very intensive under both 

moisture conditions (40% and 90% WFPS). The high NO3
- content measured at the end 

of the experiment confirmed this (Table 4.4).  These results are in agreement with 

Adams and Katar (1994), who showed that nitrification is possible even under high 

moisture conditions. On the contrary, Scottish soil showed a low nitrification rate even 

at 40% WFPS. Again these differences could be a consequence of soil pH. Autotrophic 

nitrification is inhibited under acid conditions (Yamulki et al., 1997).  In our experiment 

it was not completely inhibited, since nitrate was formed during the experiment. This 

was probably due to the presence of indigenous microorganisms adapted to these pH 

levels or a nitrification carried out by heterotrophic microorganisms.  

An important aspect was the effect of the mineral N application rate. Table 4.2 

shows how, at the low application rate, N2O and NO emissions decreased dramatically 

in soil I under both moisture conditions. However, for Scottish soil, N2O emissions only 

decreased significantly at 90% WFPS. The addition of glucose reduced emissions at the 

high application rate independent of soil type. 

These results demonstrate that pH and soil organic C content are two of the most 

important factors to take into account when a fertilizer is applied. The pH inhibits or 

activates the soil microorganism populations, which are the key to emissions. On the  
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other hand, soil organic C and moisture determine the mechanisms involved in these 

emissions. 

It is well known that low moisture content provides the right conditions for the 

aerobic microorganisms to activate the nitrification processes, while high moisture 

conditions promote denitrification through anaerobic microorganisms. However, there 

is another mechanism for emissions of N2O, which is characteristic of soils with low 

organic matter, denitrification by nitrifiers. According to Wrage et al. (2001), N2O can 

be produced by nitrifier microorganisms under denitrification conditions. This 

mechanism is little known because it occurs only under very specific conditions: low 

soil O2 content, application of NH4
+ and soils with low organic matter content (Wrage et 

al., 2001). In this way, soil C content (which is one of the principal differences between 

the two soils) could be partly responsible for the mechanisms of atmospheric emissions. 

The results obtained in Chapter 4 are in agreement with this hypothesis. However, there 

are studies that show how nitrifier denitrification is also favoured at low pH. Although 

more studies are needed, it is very likely that the determinant factor could be the soil C 

content.  

It has been demonstrated how the application of an organic fertilizer decreases 

emissions of nitrogen oxides compared to a mineral fertilizer in C-poor soils and that 

the addition of mineral fertilizer along with organic ones can mitigate these emissions 

independently of the soil type. Carbon can accumulate in the soil following the  

application of organic fertilizers mitigating future emissions as well. This will be 

discussed in the following section. 

 

7.1.4 Residual effect of soil C  
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Organic fertilizers contain organic N fractions which are mineralized over several 

years. A common practice to estimate the available N from manure is to assume that  

50% of organic N is mineralized during the first year. In the Chapter 3, we indicated 

that we had estimated available N from every fertilizer through incubation experiments 

following the methodology described by Sánchez et al., (1997). We estimated that the 

most likely percentage of organic N mineralised during the first year was 42-43% from 

compost of pig slurry and 27-28% from municipal solid waste. Therefore, the remaining 

organic N would be mineralized in the following years. Additionally, in arid and 

semiarid climates, soils remain dry during a part of the year and in this period 

mineralization stops. As a consequence of this dryness, a lot of bacteria, fungi and 

vegetation die increasing the N and C in the soil. 

Rain events reactivate the soil microorganisms resulting in pulses of N2O and NO. 

This ‘pulsing effect’ has been commented on in Chapter 5, although it will also be 

discussed in section 7.2.1, where we will specifically analyse the effect of water 

addition.  However, it is interesting to discuss at this point the effect of residual soil C 

on this pulsing effect.   

In Chapter 5, we explained the residual effect of the different organic fertilizers on 

these initial pulses of N oxides. Treatments had been applied 6 months before taking 

samples of a Mali soil (Dick et al., 2007). Figure 5.1 shows that the addition of water to 

these soils promoted peaks of N2O and NO.  However, these pulses were not affected by 

the treatments, probably because the accumulated soil C, as consequence of small roots 

and dead microorganisms, was sufficient to promote pulses. Due to the low organic 

matter content of this soil (0.18%), a low amount of dissolved organic compounds was 

present, which was rapidly consumed during the first water addition. However, after the  
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addition of urea solution, the residual effect of manure had an important effect on the 

emissions of N oxides, mitigating the emissions from the manure with and without urea  

reatments in comparison with those from mineral fertilisers (urea) (Table 5.1). The 

soluble organic compounds produced during the decomposition of residual organic 

matter (more recalcitrant compounds in manure) enhanced denitrification, but also 

decreased emissions of N2O and NO, bringing the results in line with those obtained in 

the Chapters 3 and 4. These results confirm that organic fertilization mitigated N2O and 

NO emissions even after 6 months following fertilizer application, soil drying and 

transport to the laboratory for the experiment (Table 5.1).  

In the field experiment carried out in Mali, application of organic manure with and 

without urea and mineral fertilizer, Dick et al.(2007) found that the lowest emissions 

were produced after the first rainfall (1 month after fertilizer application) from manure 

treated soils. After a year of successive samplings in the field, organic treatments with 

and without mineral N mitigated N2O emissions by 43% and 32% respectively 

compared with the mineral treatment.   

 

7.2 Effect of water on the emissions   

Water is one of the key factors controlling biologically produced trace gas 

emissions. According to the model proposed by Davison et al. (1991), denitrification is  

the dominant process when the soil is at WFPS> 65%, while for a WFPS <65% it is 

nitrification.  

It is well known and generally common for all types of soils that the principal 

source of NO emission is nitrification and for N2O is denitrification. The results of 

Chapter 3 of this thesis also confirm this. Tables 3.2, 3.3 and 3.4 show denitrification  
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losses and N2O and NO emissions before, during and after irrigation. It was evident that 

the largest NO emissions occurred in the period before irrigation coinciding with  

conditions favourable for nitrification, while the N2O pulses and denitrification losses 

were largest during the irrigation period. Thus, the amount of water present in the soil 

pores dictates the emission mechanism of the gases. 

Wet and dry seasons also have an important role because very intense pulses 

occur with the first rainfall following the dry season. Countries with this kind of climate 

have a different pattern of emissions of N oxides to other climates. Climatic conditions, 

therefore, play an important role in gas emissions. This is discussed in more detail in the 

following section. 

 

7.2.1 Influence of the first rainfall following the dry season  

As demonstrated in Chapter 5, the addition of water to a dry soil promoted 

reactivation of bacteria and fungi, which are using the N and C accumulated in the soil, 

producing N2O, NO and CO2 pulses. Figure 5.1 shows that these pulses are normally 

short with a duration of no more than a day and depend on the amount of water added 

(Dick et al., 2001). 

Denitrification as well as nitrification contributed to the emission of this first 

pulse. The emissions produced during denitrification were mainly N2O (Cárdenas et al.,  

2003). Dendooven and Anderson (1994) and Cárdenas et al. (2003) suggested that the 

lag period between the appearance of the N2O and N2, during the first hours of 

denitrification, could be due to the different lag times of the synthesis of enzymes 

involved in the production and consumption of N2O under anaerobic conditions. In 

Chapter 5, we demonstrated that the residual effect of organic fertilizer had a small  
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effect on the first pulse after water addition. We think, therefore, that, independent of 

soil type, the first rainfall after a dry period contributes greatly to the annual emission in  

countries with semiarid or arid climate (Dick et al., 2001). For subsequent rainfall 

events, the residual effect of organic fertilizer could be a critical factor affecting N 

oxides emission. These pulses are not exclusive to semiarid and arid climate, but also 

occur in other climates. From studies in Denmark, Jorgensen et al., (1998), showed that 

the pulsing effect is not necessarily related to semi-arid countries. Christensen and 

Tiedje (1990) have investigated the production of similar pulses in countries with ice 

and thawing cycles such as Germany. The C and N which remains in the soil during 

freezing as a consequence of microorganism death, was probably used by the new 

microorganisms that formed immediately after the thawing period. However, in arid or 

semiarid soils, the temperature is generally higher and the pulses are obviously more 

intensive. 

 The predicted effect of climate change in the semiarid and arid areas is more 

frequent erratic rainfall. This effect is predicted for Mediterranean areas, especially for 

Spain, by the most of the climate simulation models. Under this scenario, we think that 

the pattern of emissions for N oxides will be linked to the rainfall frequency for dry 

soils. More studies are needed to evaluate the influence of the pulsing effect on annual 

emissions of N oxides.  

The need to save water in arid and semiarid regions has led to the development 

of new irrigation systems for agricultural crops. The choice of the best irrigation system 

should take into account the effect of each irrigation practice on the emissions of N 

oxides. This will be discussed in the next section.   
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7.2.2 Influence of irrigation system 

Sustainability requires the preservation of water in all countries, especially in arid 

and semi-arid areas. Good agricultural practices have emerged in these areas from the 

need to provide exactly the right amount of water for each crop, avoiding, as much as 

possible, over-watering, which is also associated with environmental problems such as 

leaching. 

Drip irrigation is one of the most-developed systems of recent years in countries 

such as Spain and is widely used in the horticultural areas of the Mediterranean coast. In 

Chapter 6, we studied the effect of drip irrigation on the emissions of N oxides, and the 

results show how drip irrigation reduced the amount of water applied by 45% compared 

with furrow irrigation, which was one of the most commonly used irrigation systems 

until a few years ago. The application of water at a low flow rate at points close to the 

plant avoids the application of water where there are no roots, especially in the early 

stages of the crop. Thanks to this system, large volumes of water can be saved, but what 

effect does it have on the emissions of N oxides? 

In general, it could be said that the pattern of emissions under drip irrigation is 

associated to the water distribution within the soil. The application of water at localized 

points, created a large heterogeneity in the soil moisture distribution. Each water emitter 

produced a wet circular area at the soil surface whose radius increased during the 

following irrigations (Fig. 6.2). Below the emitter, soil moisture content was higher than 

field capacity for a long period of time. As well as vertically, the water also moved 

horizontally as a result of capillarity, promoting a high heterogeneity in water 

distribution within the wetting volume (bulb). Where the bulb bordered with dry soil 

(wetting front), WFPS was always lower than that of the field capacity (Fig. 6.2). An  
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important finding of this work was that it has been possible to determine the pattern of 

emissions of N oxides from this irrigation system. A characteristic of this emission was 

the frequent pulsing effect, which is generated as a result of the increased volume of wet 

soil after each irrigation. The rewetting of dry areas promoted the reactivation of 

microorganisms, which generated new pulses throughout the experimental period, as 

confirmed by successive N2O and NO peaks (Fig. 6.6 and 6.7). In contrast, furrow 

irrigation only produced characteristics peaks at the start of the irrigation period.  

This effect did not only influence emissions of N oxides because also had a similar 

effect on soil mineral N, resulting in several nitrate peaks throughout the experiment 

(Fig. 6.4). As discussed in previous chapters, this soil had a high nitrification rate which 

explained the rapid disappearance of NH4
+ in the soil (Fig. 6.4). 

It should be clarified that we were referring to a pulsing effect generated by the 

reactivation of microbial populations due to the dry soil rewetting. However, we must 

not forget that in this case, pulses were also produced as a consequence of fertilizer 

accumulation in the soil because it was not dissolved or distributed evenly. This is a bit 

different to the pulsing effect explained in section 7.2.1, which was due to the residual 

effect of fertilizers in the soil which, following the dry season, produces pulses with the 

first rainfall. 

We could think that in dry areas there was no microbial activity.  However, N2O and 

NO pulses in from these areas showed that this was not true. The pulses from these dry 

areas were the result of the horizontal distribution of water within the soil since the soil 

had some moisture at a depth of 20-30 cm (Fig. 6.2). 
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Although these pulses were very small compared to those obtained from the wet 

areas, they had to be taken into account when the emissions over the entire period were 

calculated under this irrigation system. 

Taking into account the emissions produced from the dry areas and the successive 

pulses generated from the wet areas, we observed that the use of drip irrigation, 

decreased N2O emissions by 70% for both control and the mineral fertilizer and by 28% 

for organic fertilizer compared with furrow irrigation. These results present another 

positive aspect of drip irrigation which was unknown until now. These emission 

reductions were mainly due to the lower volume of wet soil in drip irrigation and also 

because different pathways of N2O and NO emissions were followed for the two 

irrigation systems. The different soil moisture levels provided by each irrigation system 

activated different processes of nitrification and denitrification. 

To study the quantification of the mechanisms responsible for the emissions, we refer to 

the results obtained by Meijide et al., (2006) which established a NO/N2O ratio > 0.11 

in experimental conditions in the field, when nitrification was dominated. The results of 

Chapter 6 show that the NO/N2O ratio was 0.1 or higher for drip irrigation indicating 

that nitrification dominated, while for furrow irrigation the ratio remained less than 0.1, 

indicating that denitrification was dominant. These results are in agreement with those 

obtained using the method of Muller et al. (1998). We observed that nitrification 

produced 40% and 45% of N2O emissions under drip irrigation from organic and 

mineral fertilizer respectively, while under furrow irrigation nitrification produced only 

0.1% and 10% of N2O emissions for the same treatments.  
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On the other hand, NO emissions under drip irrigation from the control were greater 

than those obtained in furrow irrigation, which is coherent taking into account that 

nitrification dominates in this irrigation system. 

Denitrification was the main mechanism responsible for N2O emissions under the 

furrow irrigation system. This was also coherent since the WFPS was higher due to the 

high water flow favoured horizontal distribution covering of water large part of the 

micropores of soil. However, we think that nitrification also took place because NH4
+ 

concentrations in the soil decreased very fast. This was also observed in the laboratory 

experiment with the same soil (Chapter 4) under high WFPS (90%), which was 

explained by the high nitrifier capacity in this soil. As discussed before, under these 

conditions, there is the possibility of N2O emissions from the action of nitrifier 

microorganisms under denitrification conditions. With low organic content and 

optimum moisture after fertilization, our soils are the perfect candidates to emit N2O 

and NO through this mechanism. However, in this case, according to Wrage et al. 

(2001), NO3
- can not be part of this mechanism, except as an intermediary between 

nitrifying and denitrifying processes. We think, therefore, that part of the N2O losses 

under furrow irrigation could be due to this mechanism, but a part could also be from 

the coupled nitrification-denitrification process (Arah, 1997). 

The type of fertilizer (organic or mineral) also had an important effect on N2O and 

NO emissions. Since denitrification had more influence under drip than under furrow 

irrigation, the application of an organic fertilizer (digested pig slurry) promoted 

denitrification compared with mineral N (ammonium sulphate). For drip irrigation, 

denitrification losses from the digested pig slurry treatment were greater than from the 

ammonium sulphate treatment by > 6 kg N2O-N ha-1, whereas for furrow irrigation this  

_____________________________________________________________________ 189



                                                                                                       7. General Discussion 
______________________________________________________________________ 

 

difference was ~2 kg N2O-N ha-1.  However, at the same time, the positive influence of 

soluble organic C diminished the fluxes of N2O and, especially, NO. In the case of 

digested pig slurry the decrease in N2O emission compared with ammonium sulphate 

was ~2 kg N2O-N ha-1 under furrow irrigation, whereas the emission increased by 0.6 

kg N2O-N ha-1 for the organic treatment under drip irrigation. The N2O/N2 ratio was 

also affected giving a higher ratio for drip than furrow irrigation (0.75 vs. 0.24). This is 

because the O2 present in the soil under drip irrigation system partially inhibited the 

nitrogen oxide reductase enzyme, which, therefore, partially inhibited the reduction of 

N2O to N2.  

 

7.3 Proposed strategies for mitigation of nitrogen emissions  

Taking into account the results of this thesis, we propose new strategies for 

agricultural practices that will lead to environmental protection without extra cost to the 

farmer.  

 

7.3.1 Organic C application taking into account soil needs  

In general, the results obtained in the different chapters of this thesis, have been a 

tool to find out more about our agrosystem, showing how the different agro-climatic 

and soil factors have an influence on emissions of N oxides as well as providing us with 

ideas of how to mitigate the emissions. 

The most important characteristics of the soil at the El Encín field station are its pH 

(7.6) and the low organic C content (0.8%). These characteristics, combined with the 

climatic conditions of this Mediterranean region give rise to effects and mechanisms  
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absent in other soils or climates. The climate, for example, is the cause of the wet and 

dry seasons that promote the pulsing effect and the low organic matter content leads to 

emissions of N2O and NO that partly arise from the process known as nitrifier 

denitrification.    

The application of organic fertilizers to these irrigated soils enhances denitrification, 

favouring the reduction of N2O to N2, which is also promoted by the high pH. Thanks to 

these characteristics, emissions of N2O in the El Encín soils are less than those produced 

under the same conditions in soils rich in organic matter and low pH (Chapter 4). 

However, there are organic fractions of C such as soluble C, hydrocarbon, and organic 

C which play an important role in the emissions. Chapter 3 shows how nitrification and 

denitrification processes, according to the crop period, were directly related to those 

fractions. Thus, organic residues subjected to different treatments (composting, 

digestion etc.) have a direct influence on the C and N fractions acting on the different 

N2O and NO emission pathways. 

We think, therefore, that the addition of organic fertilizers to this type of soil is a 

good agricultural strategy. If the organic fertilizer has been subjected to a pre–treatment, 

then it is even more recommendable since the quality as the fertilizer increase especially 

from a health point of view.  

In addition, it has been found in Chapter 4 that in soils with different pH and organic 

matter content, the addition of a source of soluble C with a mineral fertilizer at high 

application rates also mitigates emissions compared with mineral fertilizer alone. This  

means that although it is recommended to add organic C to soils with low organic 

matter content and high pH, along with a high rate of mineral fertilizer application, it 

could be a useful exercise to reduce emissions of N oxides in any type of soil, even  
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those with high organic matter content. 

Carbon sequestration is considered by many researchers, an interesting contribution  

by soils, even in agricultural systems, to mitigate GHG emissions for individual 

countries. As it is demonstrated in this thesis, additional benefits can be expected when 

organic amendments are applied to low C content soils, where soluble organic C and 

residual C contributed to reduce N oxides in these agrosystems.   

 

7.3.2 Choice of irrigation system   

We have seen that in areas with a Mediterranean climate, such as Spain, the role of 

water by irrigation or rainfall on emissions is especially important. Water control 

through a proper irrigation system to save water and to care for the environment at the 

same time is essential. In this way, Chapter 6 has shown that drip irrigation reduced 

water use by approximately 50%, as well as decreased gas emissions. For these reasons, 

the drip irrigation system is especially recommended. 

 

7.3.3 Control of mineral fertilizer rates  

Although we have seen that in our soil it is preferable to apply organic fertilizer 

rather than minerals fertilizer, if the latter are used properly, they can be equally 

beneficial. According to the results of Chapter 4, N application rate was another very 

important factor. In Table 4.2, Spanish soil (low organic matter) under conditions of  

high soil moisture, emitted 252 and 9 ng N2O–N g-1 at low and high N rates (200 and 50 

kg N ha-1) respectively. 

Following these results, our suggestion would be that if instead of applying 200 kg 

N ha-1 all at once time, we apply 4 consecutive doses of 50 kg N ha-1 the emissions  
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would be 45 ng N2O–N g-1 avoiding a loss of 207 ng N2O–N g-1. Therefore, we 

recommend that mineral fertilizer application to the El Encín soil and soils with similar 

characteristics would be better done in small successive doses instead of a single and 

large one. 

 

7.3.4 Nitrification inhibitors  

One of the strategies to mitigate emissions is the use of nitrification inhibitors. 

However, such inhibitors are costly and their effectiveness is subject to soil and climatic 

conditions. As their name suggests, these compounds are designed to operate under 

nitrification conditions. Table 3.4 shows that the inhibitor was effective during the 

period before watering. At that time, nitrification conditions were optimal and pig slurry 

with inhibitor (DCD) reduced emissions of NO by 70% compared with pig slurry 

without inhibitor. However, the use of the DCD with pig slurry did not produce a 

significant effect on denitrification, because denitrification losses were similar to 

untreated pig slurry (Table 3.2). 

This result was the opposite to that of Meijide et al. (2006) and Vallejo et al. (2005), 

who noted a decrease in denitrification losses by DCD. However, it is necessary to take 

into account that in these cases the soil was a sandy-loam and the NO3
- leaching losses 

were higher. In this case, one of the limiting factors for denitrification (nitrate 

concentration) was decreasing.   

The use of a nitrification inhibitor, therefore, could be very useful for dryland crops 

and could also become a very effective strategy for reducing emissions in irrigated 

crops provided the application timing is carefully controlled. 
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7.4 Future proposals   

Efforts by the scientific community to understand and quantify greenhouse gas  

emissions from agricultural systems have increased in recent years. This thesis has 

taken a step forward in the quantification of emissions in agricultural systems in a 

Mediterranean climate. 

As in all scientific works, we have to provide answers to many problems and offer 

some solutions, but there are still insufficient data on emissions of N oxides from other 

agrosystems. Thanks to these results, new questions have been posed, pointing the way 

towards future challenges:  

- The El Encín field station soil as well as a large percentage of Mediterranean soils 

have specific characteristics (low organic matter, high pH), which generate 

emissions through pathways or effects (nitrifier denitrification and pulsing effect) 

that are different from other areas or countries. For this reason, it is necessary to 

continue the studies on the mechanisms that produce emissions in our soils. For 

example, it is necessary to quantify the pulsing effect in soils of our region and 

also in our country to evaluate if its influence on global annual emissions is 

significant. This research could have great importance if we consider that, with 

climate change, the rainy and dry periods are predicted to become more extreme in 

our country. 

-  In relation to the pulsing effect, it would also be important to consider if the lag  

between the production of N2O and the N2 after rewetting could be shorter due to 

the decrease in the N2O/N2 ratio.  

- It would be interesting to study if the beneficial effect of soluble C occurs in soils  
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rich in organic matter with a high pH. In this situation, nitrous oxide reductase  

would not be inhibited and the N2O/N2 ratio would possibly be lower.  

-  It would also be interesting to test if the beneficial effect of C is also true in 

dryland crops, because it is expected that in these conditions, denitrification is less  

important.  

-  It would be interesting to quantify the effect of the C/N ratio of organic fertilizers 

and in particular the compost of municipal solid waste on emissions of greenhouse 

gases and NO. Is the C/N ratio the most important factor or is the amount of 

hydrosoluble fractions more important? 

- We have studied how irrigation systems affect emissions. One future proposal is 

the study of emissions under a fertigation system, where water application is 

controlled and also the mineral fertilizer is applied gradually at low rates, as we 

recommend in section 7.3.3. It is also necessary to know how N2O and NO 

emissions are produced in a heterogeneous system from a point of view of water 

distribution, as in the case of drip irrigation. 

- This work has used DCD (dicyandiamide) as a nitrification inhibitor, which was 

very efficient in the reduction of N2O and NO emissions. Other studies have been 

carried out with other new inhibitors, such as the 3,4-dimetil pyrazole phosphate 

(DMPP), which suggest that that DMPP is a better inhibitor than DCD because it 

is not phytotoxic and it is more efficient at decreasing leaching and N2O and NO  

emissions. It would be interesting to study the effect of DMPP on our soil. 

- Climate change is a non questionable reality to which our agrosystems will have to 

adapt in the future. It is important to study adaptation strategies that include the  
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sustainability of Mediterranean agrosystems, considering pollution (specially N 

leaching, GHG emission) and the maintenance of soil quality (erosion, organic C).  

In this sense, the strategies focused on the application of organic C to maintain 

fertility and for sequestering C, must be analyzed to establish the net balance of 

GHG.  

 

.  
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8. Conclusions 
 
 

Based on the research objectives as described in Chapter 2, the following 

conclusions can be drawn: 

 

1 - The addition of a labile carbon source together with mineral N fertilizers to irrigated 

soils favoured denitrification, increasing the proportion of N2O arising from 

denitrification, decreasing the N2O/N2 emission ratio and reducing the emissions of NO 

and N2O compared to those from soils fertilized only with mineral N. This effect was 

especially effective in the C-poor semiarid soil, even at a low WFPS.  For this type of 

soil under irrigation, organic fertilizers should be recommended instead of urea or 

ammonium sulphate, because they mitigate N2O and NO emissions. 

 

2 - Differing importance of the emission pathways of N2O and NO were observed 

depending on the soil C content (C-rich or C-poor soil) and pH. Soils with low pH and 

high C content, characteristic of a maritime climate, favoured denitrification, while 

nitrification was partly inhibited. Soils with high pH and low C content, characteristic of 

Mediterranean areas, favoured nitrification and even nitrifier denitrification.    

 

3 - Anaerobic digestion and separation improved the quality of pig slurry as a fertilizer 

and is an option to mitigate denitrification losses and N2O emissions from horticultural 

crops.  

 

4 - Changes in the composition of the organic C fraction and C:N ratio, as caused by 

composting of organic residues, affected gaseous emissions. When this material had a  
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low soluble organic C content, denitrification was reduced but N2O and NO emissions 

were increased.  

 

5 - The use of nitrification inhibitor (dicyandiamide) mixed with untreated pig slurry 

mitigated N2O and NO emissions, although denitrification was not affected.  

 

6 - Selection of the correct irrigation system is extremely important from an 

environmental point of view. Drip irrigation saves water and also helps to mitigate the 

production of N oxides, especially N2O, when compared with traditional irrigation 

(furrow). Drip irrigation, therefore, can be used as an efficient tool for reducing gaseous 

losses, especially from fertilized soils in arid and semiarid regions.  

 

7 - Water distribution in each irrigation system plays an important role in the emission 

pathway of N oxides. Under furrow irrigation, denitrification was more important than 

nitrification. On the other hand, the emission pattern of N oxides from drip-irrigated 

soils was associated with nitrification more than denitrification, and to the frequent 

pulsing effect produced in drip-irrigated plots, as a consequence of dry soil becoming 

wet. 

  

8 - The pulsing effect due to the wet and dry seasons must be considered as an 

important contribution of annual emissions of N oxides in semiarid regions. 

 

9 - The residual effect of manure played an interesting role in mitigating N2O and NO 

emissions when rainfall and dissolved urea were applied to dry and C-poor soils.
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