
                                                                              

 

UUNIVERRSIDAD POLITÉÉCNICAA DE MAADRID 

Esccuela Téccnica Suuperior dde Ingenieros Aggrónomoos 

F
A
K

FERTI
ASSESS
KEY IN

CROP

ILIZAT
SING N
NTERA
P YIEL

E

TION M
NEW T
ACTION
LDS W
EMISS

MANA
TECHN

NS TO
WITH L
SIONS

AGEME
NIQUE
O INCR
LESS N

ENT: 
S AND

REASE 
N2O 

D 

TTesis Dooctoral

DDiego AAbalos 

Ingeeniero AAgrónommo 

2014 



 

 

 
 

Departamento de Química y Análisis Agrícola 

Escuela Técnica Superior de Ingenieros Agrónomos 

 

 

FERTILIZATION MANAGEMENT : ASSESSING NEW 

TECHNIQUES AND KEY INTERACTIONS TO 

INCREASE CROP YIELDS WITH LESS N2O 
EMISSIONS 

 
AUTOR 

Diego Abalos 

  Ingeniero Agrónomo 

 

DIRECTORES 

• Dr. Antonio Vallejo 

  Catedrático, Universidad Politécnica de Madrid 

• Dr. Ir. Jan Willem van Groenigen 

  Profesor asociado, Wageningen University 

 

 

 

 

Madrid, 2014



 

 

 
 



 

III 
 

 

 
 
 
 
 
Tribunal nombrado por el Magfco. Y Excmo. Sr. Rector de la Universidad Politécnica 
de Madrid, el día        de           de 2014  
 

Presidente: ____________________________________________________________ 

Secretario: _____________________________________________________________ 

Vocal: ________________________________________________________________ 

Vocal: ________________________________________________________________ 

Vocal: ________________________________________________________________  

Suplente: ______________________________________________________________ 

Suplente: ______________________________________________________________  

 

Realizado el acto de defensa y lectura de Tesis el día      de          de 2014 
 
En la E.T.S.I / Facultad  
 
 
EL PRESIDENTE                                                                                   LOS VOCALES  
 

 

                                                       EL SECRETARIO 

 

 

 



 

 
 

 

 

 

 

 

 

 

 

 

 

 

 
 



 

 

 
 

 

 

 

AGRADECIMIENTOS / ACKNOWLEDGEMENTS 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Agradecimientos / Acknowledgements 

II 
 

Esta Tesis Doctoral ha sido realizada gracias al apoyo económico del Ministerio de 

Ciencia e Innovación a través de una beca predoctoral (FPI) asociada al proyecto de 

investigación AGL2009-08412-AGR. 

 Antonio Vallejo, gracias por darme la oportunidad de realizar esta Tesis, por 

enseñarme lo mucho o poco que sé sobre investigación, por hacerme creer en mis 

cualidades, por apoyarme tanto en la Escuela como en la distancia, por todo lo que 

aprendo cada vez que intercambiamos ideas, por los buenos momentos que hemos 

pasado fuera de la ciencia, por ser mucho más que un tutor de Tesis… Muchas gracias 

Antonio. 

 A mis compañeros de penurias, Alberto, Sonia, Ángela, Laura, Mark, Emi, 

Wilson, Gemma y Patricia. Poco tengo que decir que no sepáis ya. Cuatro años de 

convivencia, con sus momentos buenos y no tan buenos. Un placer pasarlos a vuestro 

lado.  

 Al personal técnico del Departamento de Química y Análisis Agrícola de la 

Escuela (Ana, Pilar, Paloma, Javi…) por la ayuda brindada estos años y por los buenos 

momentos compartidos. A los profesores del Departamento (Manolo, José Manuel, 

Augusto, Ana…) por hacerme sentir parte de esta pequeña y disfuncional familia. A 

Lourdes le dedico un agradecimiento especial por ser un ejemplo como persona y de 

lucha en los malos momentos. 

 Gracias al personal de “El Encín”, en especial Francisco y Javi, por hacer 

posibles nuestros experimentos de campo con vuestro conocimiento y esfuerzo. 

 A los estudiantes que realizaron el Trabajo Fin de Carrera con nosotros (Lucía, 

Anna, Andrea, Alejandra…) por vuestra ayuda tanto en el campo como en el 

laboratorio y por vuestro buen humor y motivación. 



Agradecimientos / Acknowledgements 

III 
 

 A Juan, Abraham y Ajo por todos los años de Agrónomos y de Tesis doctoral, 

porque las penas compartidas son menos penas. 

 A mis Amigos, Paco, Antuan, Miguelo, Jonat, Gabi, Chanti, Ekain, Rubens… 

por ser una parte esencial de mi vida, por mantenerme -relativamente- cuerdo, y porque 

en gran medida lo que soy hoy, para bien y para mal, es gracias a vosotros. 

 Un cariñoso agradecimiento a los Héctores y a Hal por las risas que nos 

echamos “con” y “a pesar de” la ciencia. 

 A mis Padres y Hermanos (y a Bruno), por aguantarme y apoyarme, por 

dejarme aguantaros y apoyaros. Porque juntos conseguimos lo que nos proponemos. A 

Antonio, Pilar, Carlos y Almudena por ser mi nueva familia. 

 Albert Einstein once said “creativity is intelligence having fun”; I think this 

quote explains why you Jan Willem are the most creative, enthusiastic and motivating 

person I have ever met. Thanks for inspiring me to have fun in order to be a better 

researcher. And of course thanks for the Cake Wednesdays, pub-quizzes, beer tastings 

and all the great moments we had. 

 To all the great people I met in Wageningen. Natalie, Imke, Angie, Ingrid, 

Roland, Mart, Gautam, Khagendra, Marta, Ping Yu, Maddy... You made of my stay 

there a wonderful experience I will always remember with joy and gratitude.    

 Special thanks to Gerlinde de Deyn for being such a smart, funny and inspiring 

person. Getting to know you was a life-changing moment. Luckily enough I had the 

chance to become friends with you, which was an unexpected gift and an intense 

learning experience that came out of this Thesis.   



Agradecimientos / Acknowledgements 

IV 
 

 A great consequence of this Thesis was also meeting you Simon (and Ana and 

Milo ). Thanks for all the beers, pool games and work that we shared in Wageningen, 

and for those that we will share in the future. 

 To all the technical stuff of Wageningen (Eduard Hummelink, Willem 

Menkveld, Gerlinde Vink, Jaap Nelemans...) for their help and support, and for 

teaching me the very few words in Dutch that I know.  

A tu sonrisa que es mi felicidad; a tus dudas, que son las mías; a nuestras largas noches 

sin mañanas. No me has ayudado en esta Tesis porque la hemos hecho juntos, igual que 

juntos hacemos nuestros días, nuestra vida. A ti va dedicado el esfuerzo de estos años, 

porque a ti te robé el tiempo invertido. 

A Laura 

    



 

 

 
 

 

 

 

 

RESUMEN 

 

 

 

 

 

 

 

 

 

 

 

 

 



Resumen 

VI 
 

El óxido nitroso (N2O) es un potente gas de efecto invernadero (GHG) proveniente 

mayoritariamente de la fertilización nitrogenada de los suelos agrícolas. Identificar 

estrategias de manejo de la fertilización que reduzcan estas emisiones sin suponer un 

descenso de los rendimientos es vital tanto a nivel económico como medioambiental. 

Con ese propósito, en esta Tesis se han evaluado: (i) estrategias de manejo directo de la 

fertilización (inhibidores de la nitrificación/ureasa); y (ii) interacciones de los 

fertilizantes con (1) el manejo del agua, (2) residuos de cosecha y (3) diferentes especies 

de plantas. Para conseguirlo se llevaron a cabo meta-análisis, incubaciones de 

laboratorio, ensayos en invernadero y experimentos de campo. 

 Los inhibidores de la nitrificación y de la actividad ureasa se proponen 

habitualmente como medidas para reducir las pérdidas de nitrógeno (N), por lo que su 

aplicación estaría asociada al uso eficiente del N por parte de los cultivos (NUE). Sin 

embargo, su efecto sobre los rendimientos es variable. Con el objetivo de evaluar en una 

primera fase su efectividad para incrementar el NUE y la productividad de los cultivos, 

se llevó a cabo un meta-análisis. Los inhibidores de la nitrificación dicyandiamide 

(DCD) y 3,4-dimetilepyrazol phosphate (DMPP) y el inhibidor de la ureasa N-(n-butyl) 

thiophosphoric triamide (NBPT) fueron seleccionados para el análisis ya que 

generalmente son considerados las mejores opciones disponibles comercialmente. 

Nuestros resultados mostraron que su uso puede ser recomendado con el fin de 

incrementar tanto el rendimiento del cultivo como el NUE (incremento medio del 7.5% 

y 12.9%, respectivamente). Sin embargo, se observó que su efectividad depende en gran 

medida de los factores medioambientales y de manejo de los estudios evaluados. Una 

mayor respuesta fue encontrada en suelos de textura gruesa, sistemas irrigados y/o en 

cultivos que reciben altas tasas de fertilizante nitrogenado. En suelos alcalinos (pH ≥ 8), 

el inhibidor de la ureasa NBPT produjo el mayor efecto. Dado que su uso representa un 
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coste adicional para los agricultores, entender las mejores prácticas que permitan 

maximizar su efectividad es necesario para posteriormente realizar comparaciones 

efectivas con otras prácticas que incrementen la productividad de los cultivos y  el 

NUE. 

 En base a los resultados del meta-análisis, se seleccionó el NBPT como un 

inhibidor con gran potencial. Inicialmente desarrollado para reducir la volatilización de 

amoniaco (NH3), en los últimos años algunos investigadores han demostrado en 

estudios de campo un efecto mitigador de este inhibidor sobre las pérdidas de N2O 

provenientes de suelos fertilizados bajo condiciones de baja humedad del suelo. Dada la 

alta variabilidad de los experimentos de campo, donde la humedad del suelo cambia 

rápidamente, ha sido imposible entender mecanísticamente el potencial de los 

inhibidores de la ureasa (UIs) para reducir emisiones de N2O y su dependencia con 

respecto al porcentaje de poros llenos de agua del suelo (WFPS). Por lo tanto se realizó 

una incubación en laboratorio con el propósito de evaluar cuál es el principal 

mecanismo biótico tras las emisiones de N2O cuando se aplican UIs bajo diferentes 

condiciones de humedad del suelo (40, 60 y 80% WFPS), y para analizar hasta qué 

punto el WFPS regula el efecto del inhibidor sobre las emisiones de N2O. Un segundo 

UI  (i.e. PPDA) fue utilizado para comparar el efecto del NBPT con el de otro inhibidor 

de la ureasa disponible comercialmente; esto nos permitió comprobar si el efecto de 

NBPT es específico de ese inhibidor o no. Las emisiones de N2O al 40% WFPS fueron 

despreciables, siendo significativamente más bajas que las de todos los tratamientos 

fertilizantes al 60 y 80% WFPS. Comparado con la urea sin inhibidor, NBPT+U redujo 

las emisiones de N2O al 60% WFPS pero no tuvo efecto al 80% WFPS. La aplicación 

de PPDA incrementó significativamente las emisiones con respecto a la urea al 80% 

WFPS mientras que no se encontró un efecto significativo al 60% WFPS. Al 80% 
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WFPS la desnitrificación fue la principal fuente de las emisiones de N2O en todos los 

tratamientos mientras que al 60% tanto la nitrificación como la desnitrificación tuvieron 

un papel relevante. Estos resultados muestran que un correcto manejo del NBPT puede 

suponer una estrategia efectiva para mitigar las emisiones de N2O. 

 Con el objetivo de trasladar nuestros resultados de los estudios previos a 

condiciones de campo reales, se desarrolló un experimento en el que se evaluó la 

efectividad del NBPT para reducir pérdidas de N y aumentar la productividad durante 

un cultivo de cebada (Hordeum vulgare L.) en secano Mediterráneo. Se determinó el 

rendimiento del cultivo, las concentraciones de N mineral del suelo, el carbono orgánico 

disuelto (DOC), el potencial de desnitrificación, y los flujos de NH3, N2O y óxido 

nítrico (NO). La adición del inhibidor redujo las emisiones de NH3  durante los 30 días 

posteriores a la aplicación de urea en un 58% y las emisiones netas de N2O y NO 

durante los 95 días posteriores a la aplicación de urea en un 86 y 88%, respectivamente. 

El uso de NBPT también incrementó el rendimiento en grano en un 5% y el consumo de 

N en un 6%, aunque ninguno de estos incrementos fue estadísticamente significativo. 

Bajo las condiciones experimentales dadas, estos resultados demuestran el potencial del 

inhibidor de la ureasa NBPT para mitigar las emisiones de NH3, N2O y NO 

provenientes de suelos arables fertilizados con urea, mediante la ralentización de la 

hidrólisis de la urea y posterior liberación de menores concentraciones de NH4
+ a la 

capa superior del suelo. 

 El riego por goteo combinado con la aplicación dividida de fertilizante 

nitrogenado disuelto en el agua de riego (i.e. fertirriego por goteo) se considera 

normalmente una práctica eficiente para el uso del agua y de los nutrientes. Algunos de 

los principales factores (WFPS, NH4
+ y NO3

-) que regulan las emisiones de GHGs (i.e. 

N2O, CO2 y CH4) y NO pueden ser fácilmente manipulados por medio del fertirriego 
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por goteo sin que se generen disminuciones del rendimiento. Con ese propósito se 

evaluaron opciones de manejo para reducir estas emisiones en un experimento de campo 

durante un cultivo de melón (Cucumis melo L.). Los tratamientos incluyeron distintas 

frecuencias de riego (semanal/diario) y tipos de fertilizantes nitrogenados (urea/nitrato 

cálcico) aplicados por fertirriego. Fertirrigar con urea en lugar de nitrato cálcico 

aumentó las emisiones de N2O y NO por un factor de 2.4 y 2.9, respectivamente (P < 

0.005). El riego diario redujo las emisiones de NO un 42% (P < 0.005) pero aumentó las 

emisiones de CO2 un 21% (P < 0.05) comparado con el riego semanal. Analizando el 

Poder de Calentamiento global en base al rendimiento así como los factores de emisión 

del NO, concluimos que el fertirriego semanal con un fertilizante de tipo nítrico es la 

mejor opción para combinar productividad agronómica con sostenibilidad 

medioambiental en este tipo de agroecosistemas. 

 Los suelos agrícolas en las áreas semiáridas Mediterráneas se caracterizan por su 

bajo contenido en materia orgánica y bajos niveles de fertilidad. La aplicación de 

residuos de cosecha y/o abonos es una alternativa sostenible y eficiente desde el punto 

de vista económico para superar este problema. Sin embargo, estas prácticas podrían 

inducir cambios importantes en las emisiones de N2O de estos agroecosistemas, con 

impactos adicionales en las emisiones de CO2. En este contexto se llevó a cabo un 

experimento de campo durante un cultivo de cebada (Hordeum vulgare L.) bajo 

condiciones Mediterráneas para evaluar el efecto de combinar residuos de cosecha de 

maíz con distintos inputs de fertilizantes nitrogenados (purín de cerdo y/o urea) en estas 

emisiones. La incorporación de rastrojo de maíz incrementó las emisiones de N2O 

durante el periodo experimental un 105%. Sin embargo, las emisiones de NO se 

redujeron significativamente en las parcelas enmendadas con rastrojo. La sustitución 

parcial de urea por purín de cerdo redujo las emisiones netas de N2O un 46 y 39%, con 
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y sin incorporación de residuo de cosecha respectivamente. Las emisiones netas de NO 

se redujeron un 38 y un 17% para estos mismos tratamientos. El ratio molar DOC:NO3
- 

demostró predecir consistentemente las emisiones de N2O y NO. El efecto principal de 

la interacción entre el fertilizante nitrogenado y el rastrojo de maíz se dio a los 4-6 

meses de su aplicación, generando un aumento del N2O y una disminución del NO. La 

sustitución de urea por purín de cerdo puede considerarse una buena estrategia de 

manejo dado que el uso de este residuo orgánico redujo las emisiones de óxidos de N. 

 Los pastos de todo el mundo proveen numerosos servicios ecosistémicos pero 

también suponen una importante fuente de emisión de N2O, especialmente en respuesta 

a la deposición de N proveniente del ganado mientras pasta. Para explorar el papel de 

las plantas como mediadoras de estas emisiones, se analizó si las emisiones de N2O 

dependen de la riqueza en especies herbáceas y/o de la composición específica de 

especies, en ausencia y presencia de una deposición de orina. Las hipótesis fueron: 1) 

las emisiones de N2O tienen una relación negativa con la productividad de las plantas; 

2) mezclas de cuatro especies generan menores emisiones que monocultivos (dado que 

su productividad será mayor); 3) las emisiones son menores en combinaciones de 

especies con distinta morfología radicular y alta biomasa de raíz; y 4) la identidad de las 

especies clave para reducir el N2O depende de si hay orina o no. Se establecieron 

monocultivos y mezclas de dos y cuatro especies comunes en pastos con rasgos 

funcionales divergentes: Lolium perenne L. (Lp), Festuca arundinacea Schreb. (Fa), 

Phleum pratense L. (Php) y Poa trivialis L. (Pt), y se cuantificaron las emisiones de 

N2O durante 42 días. No se encontró relación entre la riqueza en especies y las 

emisiones de N2O. Sin embargo, estas emisiones fueron significativamente menores en 

ciertas combinaciones de especies. En ausencia de orina, las comunidades de plantas 

Fa+Php actuaron como un sumidero de N2O, mientras que los monocultivos de estas 
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especies constituyeron una fuente de N2O. Con aplicación de orina  la comunidad Lp+Pt 

redujo (P < 0.001) las emisiones de N2O un 44% comparado con los monocultivos de 

Lp. Las reducciones de N2O encontradas en ciertas combinaciones de especies pudieron 

explicarse por una productividad total mayor y por una complementariedad en la 

morfología radicular. Este estudio muestra que la composición de especies herbáceas es 

un componente clave que define las emisiones de N2O de los ecosistemas de pasto. La 

selección de combinaciones de plantas específicas en base a la deposición de N 

esperada puede, por lo tanto, ser clave para la mitigación de las emisiones de N2O.  
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Nitrous oxide (N2O) is a potent greenhouse gas (GHG) directly linked to applications of 

nitrogen (N) fertilizers to agricultural soils. Identifying mitigation strategies for these 

emissions based on fertilizer management without incurring in yield penalties is of 

economic and environmental concern. With that aim, this Thesis evaluated: (i) the use 

of nitrification and urease inhibitors; and (ii) interactions of N fertilizers with (1) water 

management, (2) crop residues and (3) plant species richness/identity. Meta-analysis, 

laboratory incubations, greenhouse mesocosm and field experiments were carried out in 

order to understand and develop effective mitigation strategies. 

 Nitrification and urease inhibitors are proposed as means to reduce N losses, 

thereby increasing crop nitrogen use efficiency (NUE). However, their effect on crop 

yield is variable. A meta-analysis was initially conducted to evaluate their effectiveness 

at increasing NUE and crop productivity. Commonly used nitrification inhibitors 

(dicyandiamide (DCD) and 3,4-dimethylepyrazole phosphate (DMPP)) and the urease 

inhibitor N-(n-butyl) thiophosphoric triamide (NBPT) were selected for analysis as they 

are generally considered the best available options. Our results show that their use can 

be recommended in order to increase both crop yields and NUE (grand mean increase of 

7.5% and 12.9%, respectively). However, their effectiveness was dependent on the 

environmental and management factors of the studies evaluated. Larger responses were 

found in coarse-textured soils, irrigated systems and/or crops receiving high nitrogen 

fertilizer rates. In alkaline soils (pH ≥ 8), the urease inhibitor NBPT produced the largest 

effect size. Given that their use represents an additional cost for farmers, understanding 

the best management practices to maximize their effectiveness is paramount to allow 

effective comparison with other practices that increase crop productivity and NUE. 

 Based on the meta-analysis results, NBPT was identified as a mitigation option 

with large potential. Urease inhibitors (UIs) have shown to promote high N use 
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efficiency by reducing ammonia (NH3) volatilization. In the last few years, however, 

some field researches have shown an effective mitigation of UIs over N2O losses from 

fertilized soils under conditions of low soil moisture. Given the inherent high variability 

of field experiments where soil moisture content changes rapidly, it has been impossible 

to mechanistically understand the potential of UIs to reduce N2O emissions and its 

dependency on the soil water-filled pore space (WFPS). An incubation experiment was 

carried out aiming to assess what is the main biotic mechanism behind N2O emission 

when UIs are applied under different soil moisture conditions (40, 60 and 80% WFPS), 

and to analyze to what extent the soil WFPS regulates the effect of the inhibitor over 

N2O emissions. A second UI (i.e. PPDA) was also used aiming to compare the effect of 

NBPT with that of another commercially available urease inhibitor; this allowed us to 

see if the effect of NBPT was inhibitor-specific or not. The N2O emissions at 40% 

WFPS were almost negligible, being significantly lower from all fertilized treatments 

than that produced at 60 and 80% WFPS. Compared to urea alone, NBPT+U reduced 

the N2O emissions at 60% WFPS but had no effect at 80% WFPS. The application of 

PPDA significantly increased the emissions with respect to U at 80% WFPS whereas no 

significant effect was found at 60% WFPS. At 80% WFPS denitrification was the main 

source of N2O emissions for all treatments. Both nitrification and denitrification had a 

determinant role on these emissions at 60% WFPS. These results suggest that adequate 

management of the UI NBPT can provide, under certain soil conditions, an opportunity 

for N2O mitigation. 

 We translated our previous results to realistic field conditions by means of a 

field experiment with a barley crop (Hordeum vulgare L.) under rainfed Mediterranean 

conditions in which we evaluated the effectiveness of NBPT to reduce N losses and 

increase crop yields. Crop yield, soil mineral N concentrations, dissolved organic 
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carbon (DOC), denitrification potential, NH3, N2O and nitric oxide (NO) fluxes were 

measured during the growing season. The inclusion of the inhibitor reduced NH3 

emissions in the 30 d following urea application by 58% and net N2O and NO emissions 

in the 95 d following urea application by 86 and 88%, respectively. NBPT addition also 

increased grain yield by 5% and N uptake by 6%, although neither increase was 

statistically significant. Under the experimental conditions presented here, these results 

demonstrate the potential of the urease inhibitor NBPT in abating NH3, N2O and NO 

emissions from arable soils fertilized with urea, slowing urea hydrolysis and releasing 

lower concentrations of NH4
+ to the upper soil layer.  

 Drip irrigation combined with split application of N fertilizer dissolved in the 

irrigation water (i.e. drip fertigation) is commonly considered best management practice 

for water and nutrient efficiency. Some of the main factors (WFPS, NH4
+ and NO3

-) 

regulating the emissions of GHGs (i.e. N2O, carbon dioxide (CO2) and methane (CH4)) 

and NO can easily be manipulated by drip fertigation without yield penalties. In this 

study, we tested management options to reduce these emissions in a field experiment 

with a melon (Cucumis melo L.) crop. Treatments included drip irrigation frequency 

(weekly/daily) and type of N fertilizer (urea/calcium nitrate) applied by fertigation. 

Crop yield, environmental parameters, soil mineral N concentrations, N2O, NO, CH4, 

and CO2 fluxes were measured during the growing season. Fertigation with urea instead 

of calcium nitrate increased N2O and NO emissions by a factor of 2.4 and 2.9, 

respectively (P < 0.005). Daily irrigation reduced NO emissions by 42% (P < 0.005) but 

increased CO2 emissions by 21% (P < 0.05) compared with weekly irrigation. Based on 

yield-scaled Global Warming Potential as well as NO emission factors, we conclude 

that weekly fertigation with a NO3
--based fertilizer is the best option to combine 

agronomic productivity with environmental sustainability. 
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 Agricultural soils in semiarid Mediterranean areas are characterized by low 

organic matter contents and low fertility levels. Application of crop residues and/or 

manures as amendments is a cost-effective and sustainable alternative to overcome this 

problem. However, these management practices may induce important changes in the 

nitrogen oxide emissions from these agroecosystems, with additional impacts on CO2 

emissions. In this context, a field experiment was carried out with a barley (Hordeum 

vulgare L.) crop under Mediterranean conditions to evaluate the effect of combining 

maize (Zea mays L.) residues and N fertilizer inputs (organic and/or mineral) on these 

emissions. Crop yield and N uptake, soil mineral N concentrations, dissolved organic 

carbon (DOC), denitrification capacity, N2O, NO and CO2 fluxes were measured during 

the growing season. The incorporation of maize stover increased N2O emissions during 

the experimental period by c. 105 %. Conversely, NO emissions were significantly 

reduced in the plots amended with crop residues. The partial substitution of urea by pig 

slurry reduced net N2O emissions by 46 and 39 %, with and without the incorporation 

of crop residues respectively. Net emissions of NO were reduced 38 and 17 % for the 

same treatments. Molar DOC:NO3
- ratio was found to be a robust predictor of N2O and 

NO fluxes. The main effect of the interaction between crop residue and N fertilizer 

application occurred in the medium term (4-6 month after application), enhancing N2O 

emissions and decreasing NO emissions as consequence of residue incorporation. The 

substitution of urea by pig slurry can be considered a good management strategy since 

N2O and NO emissions were reduced by the use of the organic residue. 

 Grassland ecosystems worldwide provide many important ecosystem services 

but they also function as a major source of N2O, especially in response to N deposition 

by grazing animals. In order to explore the role of plants as mediators of these 

emissions, we tested whether and how N2O emissions are dependent on grass species 
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richness and/or specific grass species composition in the absence and presence of urine 

deposition. We hypothesized that: 1) N2O emissions relate negatively to plant 

productivity; 2) four-species mixtures have lower emissions than monocultures (as they 

are expected to be more productive); 3) emissions are lowest in combinations of species 

with diverging root morphology and high root biomass; and 4) the identity of the key 

species that reduce N2O emissions is dependent on urine deposition. We established 

monocultures and two- and four-species mixtures of common grass species with 

diverging functional traits: Lolium perenne L. (Lp), Festuca arundinacea Schreb. (Fa), 

Phleum pratense L. (Php) and Poa trivialis L. (Pt), and quantified N2O emissions for 42 

days. We found no relation between plant species richness and N2O emissions. 

However, N2O emissions were significantly reduced in specific plant species 

combinations. In the absence of urine, plant communities of Fa+Php acted as a sink for 

N2O, whereas the monocultures of these species constituted a N2O source. With urine 

application Lp+Pt plant communities reduced (P < 0.001) N2O emissions by 44% 

compared to monocultures of Lp. Reductions in N2O emissions by species mixtures 

could be explained by total biomass productivity and by complementarity in root 

morphology. Our study shows that plant species composition is a key component 

underlying N2O emissions from grassland ecosystems. Selection of specific grass 

species combinations in the context of the expected nitrogen deposition regimes may 

therefore provide a key management practice for mitigation of N2O emissions. 
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1. Nitrous oxide and fertilized agricultural systems 

Because the world’s population is growing, it has been projected that we may need to 

produce 50% more food by 2050 to meet the needs of nine billion people (Tomlinson, 

2011). Nitrogen (N) fertilizers have had a tremendously beneficial impact on society, 

and at least half of humanity currently depends on the food production made possible by 

the Haber-Bosch synthesis process (Erisman et al., 2008). However, in the last years our 

improved understanding of the global N cycle has led us to a shift between how to 

increase food production, to how agricultural intensification damages environmental 

systems (Galloway et al., 2008). This shift has been driven by, among others, nitrous 

oxide (N2O) emissions, which are directly linked to applications of N fertilizers and 

manures to soil (Davidson, 2009). Nitrous oxide is of major concern because is a potent 

greenhouse gas (GHG) with a molecular global warming potential 298 times higher 

than CO2 (IPCC, 2007), and is today’s single most important ozone-depleting emission 

(Ravishankara et al., 2009). Agricultural emissions owing to N fertilizer and manure use 

(4.3-5.8 Tg N2O-N yr-1) and emissions from natural soils (6-7 Tg N2O-N yr-1) represent 

56-70% of all global N2O sources (Butterbach-Bahl et al., 2013). However, although the 

relation of N fertilizer application and N2O emissions is complex and heterogeneous 

(Fig. 1.1), the active management of agricultural systems offers possibilities for 

mitigation (Smith et al., 2008).  
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Fig. 1.1 Biotic and abiotic processes of nitrous oxide (N2O). Processes potentially leading to N2O 

formation and consumption, involved N compounds, their reaction pathways as well as their oxidation 

states are shown. Processes predominantly requiring anaerobic (or micro-aerobic) conditions are 

underlined by grey illuminated segments. (Butterbach-Bahl et al., 2013) 

2. Fertilizer management options to reduce N2O and increase crop yield 

By linking crop productivity with N2O emissions, it becomes possible to maximize 

economic viability with environmental conservation through appropriate levels of N 

fertilizer input (Mosier et al., 2006). In this sense, van Groenigen et al. (2010) 

postulated that the best management options for ‘N2O-efficient’ agronomic production 

are similar to those promoting agronomic efficiency in general (Fig. 1.2). This is 

because improving the efficiency and effectiveness of crop N use can potentially reduce 
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N2O emissions by reducing the concentrations of residual N in the soil profile (Cassman 

et al., 2003). Fertilizer management practices that improve N use efficiency include: 

adjusting application rates based on precise estimation of crop needs (e.g. precision 

farming); avoiding time delays between N application and plant N uptake (improved 

timing); placing the N more precisely into the soil to make it more accessible to crops 

roots; and avoiding excess N applications (Smith et al., 2008). The use of new fertilizer 

technologies such as nitrification and urease inhibitors has been gaining widespread 

popularity in the last years as their application may be an effective tool to link most of 

the mentioned practices. 

 

Fig. 1.2 Meta-analysis results of the relationship between nitrogen use efficiency (NUE, expressed as 

apparent recovery efficiency (in %) of applied N in kg N taken up per kg N) and (yield-scaled) N2O 

emissions. (van Groenigen et al., 2010) 

 Proposed measures to reduce N2O emissions from cropland and pasture systems 

also include water, residue and plant species management (IPCC, 2007; Table 1.1). 

However, the manipulation of these factors implies interactions with N fertilizers, and 

the outcome of such interactions in terms of N2O emissions remains largely unexplored, 
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particularly under Mediterranean climatic conditions. Agroecosystem-specific 

relationships are needed to translate general findings into fertilizer recommendations. 

 

Table 1.1 Proposed measures for mitigating greenhouse gas emissions from agricultural ecosystems, their 

apparent effects on reducing emissions of individual gases where adopted (mitigative effect), and an 

estimate of scientific confidence that the proposed practice can reduce overall net emissions at the site of 

adoption. (IPCC, 2007) 

 The aim of this Thesis is to provide a mechanistic framework for understanding 

how fertilization can be managed to reduce N2O emissions and achieve high yields 

through their direct and indirect (i.e. interactive) effects. First we identified and tested 

the use of nitrification and urease inhibitors as a fertilizer management option with large 

potential but little studied in our edaphoclimatic conditions. Then we analyzed fertilizer 

interactions with (i) water management (i.e. irrigation frequency); (ii) crop residues (i.e. 

maize straw); and (iii) plant species (i.e. the number of species present and/or the 

particular species present). 

2.1. Nitrification and urease inhibitors 

2.1.1. DCD and DMPP 
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Since about 40 years, N fertilizers stabilized by nitrification inhibitors (NIs) have been 

developed to increase the efficiency of fertilizer use by crops. NIs are compounds that 

delay bacterial oxidation of NH4
+ by depressing the activities of nitrifiers in soil. 

Specifically, they target to inhibit ammonium monooxygenase, thereby blocking the 

first reaction of the nitrifying bacteria nitrosomonas (Akiyama et al., 2010). Hundreds 

of nitrification inhibitors are known, but only a few so far have gained commercial 

importance for practical use, such as dicyandiamide (DCD) and 3,4-dimethylpyrazol-

phosphate (DMPP), both shown in Fig. 1.3. The DCD molecule is a dimeric form of 

cyanamide with high water solubility (23 g L-1 at 13 ºC) containing 65%N (Amberger, 

1986). DMPP stabilized N fertilizers contain 1.6% DMPP related to NH4
+-N 

correspondingly to 0.8 mg DMPP L-1 culture solution, about 10 times less than DCD 

stabilized N fertilizers (about 16% DCD). 

                                             

 

Fig. 1.3 Chemical structure of the nitrification inhibitors dicyandiamide (DCD, a) and 3,4-

dimethylpyrazol-phosphate (DMPP, b) and specific blocking of NH3 oxidation (c). (Adapted from 

Benckiser et al., 2013) 

 

a) b) 

c) 



General Introduction 

6 
 

 By suppressing nitrification, NIs potentially reduce subsequent denitrification 

and N leaching. In the meta-analysis by Akiyama et al. (2010) of field experimental 

data, indeed both inhibitors were found to be effective reducing N2O emissions based 

on 54 observations (Fig. 1.4). However, the degree of success was dependent on the 

inhibitor evaluated, being the NI DMPP more effective in reducing these emissions 

compared to DCD. Field studies have also shown that DMPP was more effective than 

DCD lowering NH3 volatilisation, NO3
--leaching and NO emissions (Benckiser et al., 

2013). This is because its nitrification inhibition efficacy after heavy rainfall events is 

longer lasting and its plant compatibility seems to be better than that of the more mobile 

DCD, which even increases N losses under hot climates (Pasda et al., 2001; Mahmood 

et al., 2011). In addition, DCD may have a toxicity effect on some plants (Macadam et 

al., 2003). 

 

Fig. 1.4 The effect of nitrification inhibitors (NIs) on N2O emissions, shown as relative emissions (N2O 

emissions from conventional fertilizer = 1). Mean effect and 95% CIs are shown. Numerals indicate 

number of observations. All NIs: integrated effect of all types of NI. (Akiyama et al., 2010) 
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2.1.2. NBPT 

Urease inhibitors (UIs) are compounds that delay the conversion of urea to NH4
+ and 

hence reduce the concentration of NH4
+ present in the soil solution and the potential for 

NH3 volatilization (Watson et al., 2008). Together with uptake by plants, a lower NH4
+ 

concentration in the soil can result in less N potentially undergoing subsequent 

nitrification and denitrification. However, contrasting results have been measured 

regarding the effect of these fertilizer technologies on N2O emissions. The meta-

analysis by Akiyama et al. (2010) showed no significant effect of these types of 

inhibitors on N2O emissions (Fig. 1.5). Due to the limited number of observations 

included in the analyses (i.e. 8) care must be taken when interpreting these results, 

especially considering that significant N2O reductions induced by UIs have been 

measured (e.g. Sanz-Cobena et al., 2012). This controversy suggests that environmental 

and/or management factors may drive the efficiency of UIs thereby affecting their 

influence on N2O emissions.  

 Many compounds have been evaluated as urease inhibitors (Watson et al., 2008), 

but few meet the requirements of being effective at low concentrations, non-toxic, 

stable, inexpensive and compatible with urea. N-(n-butyl) thiophosphoric triamide 

(NBPT), a structural analogue of urea (Fig. 1.6), is currently the most promising. Its 

urease inhibitory activity in soil is associated with the activity of its derivative, the 

oxygen analogue N-(n-butyl) phosphoric triamide (NBPTO). Conversion of NBPT to its 

oxygen analogue is generally rapid occurring within minutes or hours in aerobic soils 

(Sanz-Cobena et al., 2009). The inhibition of urease is mediated by NBPT and NBPTO 

competition with urea molecules for the enzyme Ni receptor sites in the structure of the 

urease molecule (Fig. 1.6; Kolodziej, 1994). 
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Fig. 1.5 Effect of urease inhibitors (UIs) on N2O emissions, shown as relative emissions (N2O emissions 

from conventional fertilizer = 1). Mean effect and 95% CIs are shown. Numerals indicate number of 

observations. All UIs: integrated effect of all UI types. (Akiyama et al., 2010) 

 

 

 

Fig. 1.6 Chemical structure of the urease inhibitor NBPT (left) and active site of urease enzymes (right) 

 

 

NBPT 
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2.2. Fertilizer interactions with water management / crop residues / plants 

2.2.1. Water management 

Irrigated agriculture plays a vital role in meeting the global food demand of a growing 

population in the context of climate change. It is estimated that nearly two-thirds of 

future food needs must come from irrigated agriculture. In these cropping systems, 

irrigation and N fertilization have been shown to be driving factors in the emission of 

N2O and as such management practices that increase water and N use efficiency are 

considered potential mitigation options for reducing these emissions (Smith et al., 

2008). Given the large impact of these highly managed factors on N2O emissions, there 

is wide scope for mitigation. Timing and amount of irrigation can potentially be used to 

reduce N2O losses from these cropping systems by avoiding large irrigation amounts 

following N fertilization or when the soil mineral N content is high. Subsurface 

fertilizer application, fertigation and drip irrigation have been proposed as potential 

mitigation techniques (Sanchez-Martin et al., 2010; Kennedy et al., 2013), but little 

research has been conducted so far linking these practices with N2O emissions, and so 

no general recommendations regarding their use can be made (e.g. Scheer et al., 2008). 

2.2.2. Crop residues 

There is a need to explore the use of the available nutrient resources that lead to 

improved crop yields with low N2O emissions. The use of organic residues such as crop 

straw from previous harvests in combination with mineral fertilizers offers potential for 

improving soil fertility and crop yields, and forms part of integrated soil fertility 

management (Vanlauwe et al., 2002). However, the outcome of the interaction between 

straw and fertilizer with regard to N2O emissions remains unclear. The release of 

nutrients and the efficiency of nutrient availability to the plant can be manipulated by 
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controlling the quality and quantity of the organic residue, which can facilitate the 

retention of added mineral fertilizers and the timing of their availability (Chivenge et 

al., 2009). Research has shown that combinations of crop straw and mineral fertilizers 

result in greater crop yields compared with sole organic residue or sole mineral 

fertilizers (Nyamangara et al., 2003; Mtambanengwe et al., 2006). This increase in grain 

yield has been attributed to improved N synchrony with combined inputs through direct 

interactions of the crop residue and N fertilizers (Vanlauwe et al., 2002). This is because 

the crop straw may temporarily immobilize nutrients from mineral fertilizers and may 

release them in synchrony with crop nutrient demand. Therefore, incorporation of straw 

into the soil may reduce N2O emissions by inducing N-fertilizer immobilization 

(Vanlauwe et al., 2001). However, mineralization of crop residues is improved with the 

combined application with N fertilizers (Vanlauwe et al., 2002). The release of organic 

C after incorporation of cereal residues having a high C:N ratio may provide the energy 

(i.e. soluble C) for denitrification, resulting in an increase of N2O emissions, 

particularly where N availability is high after N fertilizer application (Sarkodie-Addo et 

al., 2003). These very different controls on the processes driving N2O release from soils 

make it difficult to predict the effects of incorporating crop residues combined with N 

fertilizers, contributing to unexpected results. Shan and Yan (2013) by means of a meta-

analysis found that the residues increased the emissions when applied without N 

fertilizers but decreased the emissions when applied with N fertilizers (Fig. 1.7). 

However, residue effects on soil N2O emissions were highly dependent on soil 

properties, specifically soil moisture content and soil texture. The contradictory impacts 

of residue amendment on soil N2O emissions under varying soil conditions highlights 

the necessity to connect the quality and quality of crop residues with soil properties for 

predicting soil N2O emissions (Chen et al., 2013). 
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Fig. 1.7 Effect of crop residue incorporation on N2O emissions with and without N fertilizer (N2O release 

from control treatments is equal to one). Means with 95% CIs are shown. Numbers above symbols 

represent amounts of assessment. (Shan and Yan, 2013) 

2.2.3. Plants 

Plants interactions with N fertilizers may affect N2O emissions by influencing abiotic 

and biotic soil factors. These factors include especially mineral N availability in soil, 

but also the availability of C sources for the denitrifier bacterial communities, soil pH, 

soil structure and microbial community composition (Bardgett et al., 1999; Thomson et 

al., 2012). Increased primary production (i.e. total biomass) may reduce N2O emissions 

due to increased N uptake by vegetation and a consequent lower availability of soil 

mineral N. Therefore, selection of plant species or crop varieties with high N demand 

could provide a key for minimizing N2O emissions while maximizing yields. Relevant 

plant traits to achieve high N uptakes include root traits that affect nutrient acquisition 

and traits that affect nutrient utilization, such as nutrient use efficiency and biomass 

productivity. In terms of N2O emissions, plants may also affect the emissions through 
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many other traits. For instance, root morphology can affect soil physical structure and 

hydrology (Gregory, 2006), thereby influencing the N2O diffusion efficiency and 

affecting the probability of N2O to be converted to N2 before escaping to the atmosphere 

(Chapuis-Lardy et al., 2007). Differences in the composition of the nitrifying and 

denitrifying microbial communities, which may occur between plant species (Patra et 

al., 2006; Bremer et al., 2009), may also affect effects of plants on N2O loss. For 

species-rich agroecosystems such as grasslands, the number of species present (i.e. 

species richness) may be a key factor to achieve high productivity with less N2O, as 

primary production often increases with plant species richness (Cardinale et al., 2007). 

3. Fertilization and other gaseous emissions (GHG and NO) 

Although N2O is one of the main pollutants emitted from soils, there are other gases of 

economic and environmental concern associated with N fertilization and edaphoclimatic 

factors. Often an agricultural practice affects more than one gas, by more than one 

mechanism, sometimes in opposite ways so that the net benefit depends on the 

combined effects on all gases (Smith et al., 2008). Therefore, the influence and potential 

trade-offs between N fertilization and emissions other than N2O have to be considered 

on the overall environmental assessment of a cropping system.  

 Nitric oxide is one of the gaseous emissions to take into account. It contributes 

to the oxidizing capacity of the atmosphere and more especially to the chemical 

formation of tropospheric ozone (Bouwman et al., 2002), thus affecting human health 

and plant photosynthesis (Staffelbach et al., 1997). It is well-known that soil biogenic 

NO emissions increase greatly when N fertilizer is applied as fertilization provides the 

substrates for the mechanisms responsible of NO production, nitrification and 

denitrification (Skiba et al., 1993). 
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  Carbon dioxide (CO2) and methane (CH4) are the two most important 

greenhouse gases and both are affected by N fertilization (IPCC, 2007). In the case of 

CO2, the type of fertilizer (organic or inorganic) has a great influence on fluxes (Ding et 

al., 2007). The application of mineral N generally increases CO2 emissions (Iqbal et al., 

2009), although some authors have demonstrated that at high N fertilization rates, fluxes 

of CO2 decreased (Meijide et al., 2010). It has also been shown that the types of C 

(easily mineralizable and resistant organic C) and N (NO3
-, NH4

+ and organic N) added 

to the system through animal manures may interact with the C and N cycles, affecting 

the CO2 and CH4 production/consumption processes (Meijide et al., 2010). Methane is 

normally oxidized in aerobic soils (Goulding et al., 1995) but there is evidence that after 

addition of N fertilizers, including NH4
+ or NH4

+ generating compounds as urea, the 

oxidation capacity of the soil can be significantly reduced (Bodelier et al., 2000). 
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Main objective 

Nitrogen fertilizers are needed to sustain crop productivity but their use represents one 

of the major sources of N2O emissions and other pollutant losses. Our main hypothesis 

is that there is wide scope to reduce the amount of N2O emitted per unit of crop yield by 

managing direct and indirect factors associated with N fertilization. Therefore, the main 

objective of this Thesis is: 

 “To provide a mechanistic framework for understanding how fertilization can be 

managed to balance N2O emissions and crop yields through their direct and indirect 

(i.e. interactive) effects”  

 The research work has been divided in 6 experiments, which are presented in 6 

different Chapters. Each Chapter has its own specific objective and hypothesis in order 

to reach the main objective of the thesis, as explained below.  

Objective 1 

“To evaluate the effectiveness of urease and nitrification inhibitors to increase nitrogen 

use efficiency (NUE) and their overall effect on crop productivity” 

 First we identified and tested the use of nitrification and urease inhibitors as a 

fertilizer management option with large potential to reduce N losses but little studied in 

our edaphoclimatic conditions. In Chapter 3, a meta-analysis was conducted to explore 

the conditions under which the inhibitors are effective. Commonly used nitrification 

inhibitors (DCD and DMPP) and the urease inhibitor NBPT were selected as they are 

generally considered the best available options. We hypothesized that the inhibitors are 

effective only under conditions that favour high N losses.  

Objective 2  
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“To determine under which soil moisture conditions the urease inhibitor NBPT reduces 

N2O emissions” 

 Based on the results of the meta-analysis, an incubation experiment was carried 

out in Chapter 4. Here the hypothesis was that the inhibitor reduces N2O emission under 

moisture conditions in which nitrification has a determinant role on these emissions. 

Objective 3  

“To evaluate the effectiveness of NBPT to reduce N losses and increase crop yields 

under rainfed Mediterranean conditions” 

 In a field experiment with a barley crop, in Chapter 5 we translate our previous 

results to realistic field conditions. The hypothesis was that our conclusions would 

remain true under field conditions. We also explored the effect of NBPT on NH3, NO 

and NO3
- leaching. 

 The following Chapters (6, 7 and 8) focused on potential interactions of N 

fertilizers with other components of an agroecosystem which may have a major 

influence on N2O emissions and crop productivity.  

Objective 4  

“To study how interactions between water management and N fertilization can affect 

N2O emissions and crop yields” 

 In Chapter 7, water management (i.e. irrigation frequency) was manipulated 

during a drip fertigated crop and tested with two mineral fertilizers (urea and calcium 

nitrate). These systems generate gradients of soil water and mineral N. These gradients 

extend from the emitter, where moisture content can be higher than field capacity and 
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ions with low mobility (e.g. NH4
+) tend to accumulate, to the wetting front, with 

moisture content generally lower than field capacity and increased presence of highly 

mobile ions (e.g. NO3
-). Based on that, we hypothesized that (1) nitrate-based fertilizers 

would result in lower N2O fluxes than urea by reducing the role of nitrification on these 

emissions; and (2) high frequency irrigation would increase N2O emissions by 

maintaining a higher WFPS.   

Objective 5 

“To study how interactions between crop residue incorporation and N fertilization can 

affect N2O emissions and crop yields” 

 During a field experiment, we analyzed N fertilizer (urea and pig slurry) 

interactions with crop residues (i.e. maize straw) in Chapter 6. The hypothesis of this 

experiment was that the release of C from the crop residues would increase N2O 

emissions but that this increase may be offset by a correspondingly higher yield.  

Objective 6 

“To study how interactions between plants and N fertilization can affect N2O emissions 

and crop yields” 

 To explore the role of plants as mediators of N2O emissions, in Chapter 8 we 

tested whether and how N2O emissions are dependent on grass species richness and/or 

specific grass species composition in the absence and presence of N fertilizer (i.e. 

urine). Given that N2O emissions are strongly dependent on the availability of mineral 

N in soil we tested the hypotheses that: 

(1) larger species richness leads to lower N2O emissions due to larger N uptake through 

plant biomass, irrespective of urine deposition;  



Objectives 

18 
 

(2) highly productive species with large biomass decrease the emissions to a larger 

extent than low productive species, and therefore play a key role in species mixtures; 

(3) combinations of plant species with large complementarity in root properties suppress 

N2O emissions most; and  

(4) the identity of the best performing plant species combination(s) in terms of reducing 

N2O emissions depends on whether or not urine is deposited. 
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Meta-analysis of the effect of urease and 
nitrification inhibitors on crop productivity and 
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1. Introduction 

The complex nature of nitrogen (N) transformation in soils, coupled with sub-optimal 

fertilizer management practices (Cui et al., 2010), has led to low nitrogen use efficiency 

(NUE) in many instances (c. 30-50%). These factors have contributed to an increase in 

N losses such as ammonia (NH3) volatilization, nitrate (NO3
-) leaching and nitrous 

oxide (N2O) emissions (IPCC, 2007), which are of economic and environmental 

concern. Enhanced-efficiency fertilizers such as those containing nitrification inhibitors 

(NIs) and urease inhibitors (UIs) have been developed to increase NUE and reduce N 

losses by increasing the congruence between N supply and crop N demand. This effect 

is achieved by delaying the bacterial oxidation of NH4
+ (NIs) or the hydrolysis of urea 

(UIs). However, the use of these technologies is under debate because yield increases 

are rarely observed despite the additional costs (Akiyama et al., 2010). 

 Recently, a meta-analysis (MA) by Linquist et al. (2013) explored the effect of 

several enhanced-efficiency nitrogen fertilizers (i.e. NIs and UIs but also neem and slow 

release fertilizers, 17 products in total) on yield and N uptake in rice systems. These 

authors found that, on average, the use of these fertilizers led to a 5.7% increase in yield 

and an 8.0% increase in N uptake. However, caution must be exercised when 

extrapolating results from a specific crop to other crop systems. For instance, flooded 

periods are a singular management practice of rice systems which may have a major 

impact of N losses and NUE, and therefore on the efficiency of inhibitors. Rice is 

mainly cultivated in Asia (FAOSTAT, 2013). As a consequence, Thailand, Philippines 

and India provided 62.5% of the studies used in the MA, which may also increase bias 

due to climatic and experimental factors. Further analyses including other crop types are 

therefore pertinent in order to improve our understanding on the effect of NIs and UIs 

on crop yield and NUE.  
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 Among the commercial NIs available DMPP and DCD are the most widely used 

(Liu et al., 2013). NBPT is the most widely used UI (Sanz-Cobena et al., 2012). DCD is 

more used than DMPP in some countries (e.g. New Zealand) as it is cheaper, less 

volatile and relatively soluble in water (Giltrap et al., 2010). On the other hand, DMPP 

can be applied at rates about 10 times less than DCD and field studies revealed that it 

may be more effective lowering NH3 volatilisation, NO3
--leaching, and N2O emissions 

than DCD (Mahmood et al., 2011; Benckiser et al., 2013). This is because DMPP’s 

nitrification inhibition efficacy after heavy rainfall simulations lasts longer and its plant 

compatibility seems to be better than that of the more mobile DCD. NBPT has been 

found to be effective reducing N losses at relatively low concentrations under both 

laboratory and field conditions (Sanz-Cobena et al., 2008; Abalos et al., 2012). 

However, results are not consistent because the inhibitory activity of NBPT decreases as 

soil temperature increases (Carmona et al., 1990). The combined use of DCD and 

NBPT has been promoted as a tool to reduce N losses (Zaman et al., 2013). As DMPP 

has been recently released, there are currently not enough studies in combination with 

NBPT to evaluate their effect. Whether a specific product (DMPP, DCD, NBPT or 

DCD+NBPT) or the type of inhibition (nitrification or urease) leads to lower N losses 

and a hypothetical correspondingly higher NUE remains unclear. Moreover, a 

quantitative understanding of their effect on the yield of different crops is necessary in 

order to evaluate the economic value of these products. 

 The aim of this study is to integrate available results to quantitatively evaluate 

the effect of commonly used NIs (DMPP and DCD) and UIs (NBPT) on crop 

productivity and NUE. Additionally, we investigate the experimental, environmental 

and management factors which affect each inhibitor’s efficiency. 
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2. Materials and methods 

2.1. Data search and selection criteria 

A meta-analysis was conducted to characterize the response of crop productivity and 

NUE to the application of inhibitors (DMPP, DCD, NBPT and DCD+NBPT). Data 

were extracted from studies where a fertilizer without inhibitor application (control) 

could be compared to an equivalent treatment with inhibitor with all other factors 

unchanged. In order to determine the key drivers (experimental, environmental and 

management variables) affecting the response of crop productivity and NUE to 

inhibitors addition, the experiments were grouped in terms of: inhibitor type (UI, NI or 

both), experiment type (field or pot), grain yield or aboveground biomass production, 

crop type, N fertilization rate, fertilizer type (organic, mineral or both), method of 

fertilizer-inhibitor application, irrigated or rainfed system, soil pH, soil texture and 

climate. NUE (expressed as the percentage of fertilizer N applied that was taken up in 

the grain or the aboveground biomass of the plant) was calculated using the N 

difference method with total N uptake in the crop of the unfertilized treatment as the 

control. 

 A survey of literature was conducted using the ISI-Web of Science and Google 

Scholar for articles published before October 2013. Papers were scrutinized and 

included if they met the following quality criteria: i) the experimental design had to be 

sufficiently detailed to determine all critical aspects of the treatments, plot size and 

recent history, irrigation systems and fertilizer management; ii) included treatment 

replicates (minimum of three); and iii) the experimental design included a control 

without fertilizer application. Two exceptions were made to this final criterion (Di and 

Cameron, 2005; Liu et al., 2013), because the studies were considered to be accurate 
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and representative. Overall, 26 studies were used in the MA. To reduce the potential 

problem of publication bias, two studies from the grey literature (Sanchez-Martin, 2012; 

Vallejo, 2013) were also included. For both studies sufficient methodological 

information was included to demonstrate that the experimental design was sufficiently 

robust. In order to avoid bias toward short term experiments, studies conducted in 

different years or growing seasons were considered independent. Therefore, a total of 27 

studies and 160 observations were used for crop yields, and 21 studies with 94 

observations were used for NUE. When data was only provided in graphic format, 

DataThief III (Tummers, 2006), was used to extract needed data from figures. Standard 

deviation (SD) was used as a measure of variance, which was calculated from the 

published measure of variance in each study if necessary. When no measures of 

variance were given, efforts were made to obtain these from the corresponding authors. 

In addition, when no NUE SDs were provided, they were calculated from the N uptake 

SDs according to the equation proposed by Aguilera et al. (2013) as follows: 

����� � ��	
��� ��
���	���� ����/�	
� 	���
�� � ����������  !!���"            (1) 

Where #$ and #% are the number of observations in the fertilized treatment (with or 

without inhibitor, depending on the case) and control (without fertilization) treatment, 

respectively. ��$  and ��% are the standard deviations of the N uptake with and without 

fertilizer application, respectively. 

2.2. Building the datasets 

Data were grouped to maximize in-group homogenization. Crop type was grouped in 

three categories: cereals (maize, wheat, barley and rice), vegetables/industrial crops 

(capsicum, amaranth, radish, rapeseed and cotton) and forage (Lolium perenne, Lolium 
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perenne + Trifolium repens, Lolium perenne + Poa pratensis and Lolium perenne + 

Holcus lanatus + Dactylis glomerata). Soil texture was grouped into three basic classes 

(fine, medium and coarse) according to USDA (1999). Climate was grouped in the 

various thermal climate zones of the world (tropics, subtropics-summer rainfall, 

subtropics-winter rainfall, temperate-oceanic, temperate-subcontinental, temperate-

continental) defined by FAO and IIASA (2007). Soil pH was divided into three classes 

(≤ 6, 6-8 and ≥ 8) as used by Linquist et al. (2013) for comparative purposes. Fertilizer 

N rate (kg N ha-1) was grouped into three categories according to low (≤ 150), medium 

(150-300) and high (≥ 300) application rates. For the method of fertilizer-inhibitor 

application, the fertilizers with and without inhibitor were applied under the same 

conditions, but the way the inhibitors were supplied varied according to: surface 

applied-coating the fertilizer, surface applied-in solution, injected-coating the fertilizer 

and fine particle suspension. Inhibitor types were urease (NBPT), nitrification (DCD 

and DMPP) and both (DCD+NBPT). Fertilizer types were organic (cow urine and cattle 

slurry), mineral (urea, ammonium sulphate nitrate (ASN), urea-ammonium nitrate 

(UAN) and nitrogen-phosphorus-potassium fertilizer (NPK)) and both (urea + cow 

urine). Other variables analyzed were field vs pot experiments, grain yield vs 

aboveground biomass production and irrigated vs rainfed systems. 

2.3. Data analysis 

For yield and NUE, we used the natural log-transformed response ratio as a measure of 

effect size (Hedges et al., 1999): 

&# ' � ln *�+,
�+�-         (2) 
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Where .+� is the mean of the experimental group (with inhibitor), and .+% is the mean of 

the control group (without inhibitor). 

 We used MetaWin 2.1 for calculation of grouped effect sizes utilizing a 

categorical random effects model except in instances where the estimated pooled 

variance was ≤ 0, in which case a fixed effects model was used. Groups with fewer than 

two treatments were excluded from each analysis. Resampling tests were generated 

from 999 iterations. To test the effects of publication bias (Rothstein et al., 2005), we 

used the Fail-safe N technique at P = 0.05, as described by Jeffery et al. (2011). Mean 

effects were considered significantly different from zero if the 95% CI did not overlap 

zero, and different from one another if their 95% CIs were non-overlapping (Hedges et 

al., 1999).  

First we analyzed the effect sizes of the inhibitors and the inhibitor types. Then 

we analyzed the mean response ratios of the experimental, environmental and 

management factors describing the experiments of the data-set. To facilitate 

interpretation, the results of the analyses were exponentially transformed and reported 

as percentage change of fertilizer with inhibitor application relative to fertilizer without 

inhibitor application �/' 0 12 . 100. 

3. Results 

Rosenthal’s Fail-Safe N ranged between 2452 and 5499 for crop yield, and between 

1927 and 2009 for NUE. This means that a minimum of 2452 studies (or 1927 

depending on the analyzed variable) reporting an average Z value of 0 would need to be 

included in the MA to change our results from significant to non-significant at P = 0.05. 

Therefore it is unlikely that publication bias exists in the literature to a sufficient extent 

to affect the overall statistical significance of the results of this analysis. 
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3.1. Overview of the dataset 

The studies used in the MA represented a global dataset, distributed as follows: Europe 

(33%), Oceania (21%), North America (21%), Asia (21%) and South America (4%). 

They covered five climate zones: Subtropical-Winter Rainfall (52%), Temperate-

Subcontinental (31%), Subtropical-Summer Rainfall (7%), Temperate-Continental (7%) 

and Temperate-Oceanic (3%). The mean effect size for climate on crop yield and NUE 

was not significantly different for any of these zones. Most studies (71%) were 

published between 2010 and 2013. The database included field (94%) and pot 

experiments (6%). No significant differences were found between these categories. The 

majority of studies (> 90%) were short-term experiments of less than 1 year. In the 

analyzed studies the number of inhibitor applications were, 1 (78%), 2 (5%), 3 (2%), 4 

(4%), 5 (4%) and 6 (7%). 

3.2. Soil factors 

 The response ratio of crop productivity and NUE following addition of inhibitors 

was affected by soil pH (Fig. 3.1a and c). Although there was a positive response for the 

three categories, the increase in crop productivity and NUE was significantly higher 

when the inhibitors were applied to acidic soils (pH ≤ 6). 

 Crop productivity and NUE responses to inhibitors addition also varied with soil 

texture (Fig. 3.1b and d). The effect on crop yield was significantly lower for fine-

textured soils compared to medium- or coarse-textured soils, although still statistically 

significantly larger than the control treatment. The same trend was observed for NUE, 

although the difference between fine- and coarse-textured soils was not significant at P 

= 0.05. 



 

Fig. 3.1 The effect of inhibitors on crop productivity and NUE as a percentage of the control for different 

soil pH groups (a and c) and soil textures (b an

Sample sizes (i.e. the number of control

intervals 

3.3. Management factors 

The effect of inhibitors on crop productivity increased with increasing N fertilizer rates 

(Fig. 3.2a). This effect was significantly larger for the highest rate group (

compared with the lowest rate group (

also observed for the highest fertilization rates, there were no significant differences 

between the categories tested (Fig. 

group fertilizer type (mineral, organic or both; data not shown, P > 0.0

 In terms of crop productivity, irrigated systems showed a significantly higher 

response than rainfed systems to the application of inhibitors (Fig. 
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The effect of inhibitors on crop productivity and NUE as a percentage of the control for different 

soil pH groups (a and c) and soil textures (b and d). Mean effect and 95% confidence intervals are shown. 

Sample sizes (i.e. the number of control–treatment pairs) are shown on the right of the confidence 

The effect of inhibitors on crop productivity increased with increasing N fertilizer rates 

2a). This effect was significantly larger for the highest rate group (

compared with the lowest rate group (≤ 150). For NUE, although the largest effec

also observed for the highest fertilization rates, there were no significant differences 

between the categories tested (Fig. 3.2c). No significant differences were found for the 

group fertilizer type (mineral, organic or both; data not shown, P > 0.05).

In terms of crop productivity, irrigated systems showed a significantly higher 

response than rainfed systems to the application of inhibitors (Fig. 3.
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The effect of inhibitors on crop productivity and NUE as a percentage of the control for different 

d d). Mean effect and 95% confidence intervals are shown. 

ght of the confidence 

The effect of inhibitors on crop productivity increased with increasing N fertilizer rates 

2a). This effect was significantly larger for the highest rate group (≥ 300) 

 150). For NUE, although the largest effect was 

also observed for the highest fertilization rates, there were no significant differences 

2c). No significant differences were found for the 

5). 

In terms of crop productivity, irrigated systems showed a significantly higher 

3.2b). These two 
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water management classes did not significantly affect the effect of inhibitors on NUE 

(Fig. 3.2d). 

 No significant differences were found with regard to the method of fertilizer

inhibitor application (data not shown, P > 0.05).

 3.4. Inhibitors 

NBPT, DCD and DCD+NBPT increased crop productivity and NUE compared to the 

control, but with varying degrees of success for crop yield (Fig. 3

NUE but not crop productivity. The mean effect sizes were a 7.5% increase in crop 

yield, and a 12.9% increase in NUE. NBPT had the highest positive effect on crop yield 

(10%), which was significantly higher than that of DMPP but not than that of DCD 

(Fig. 3.3). The combination DCD+NBPT had an intermediate effect relative to the
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water management classes did not significantly affect the effect of inhibitors on NUE 

No significant differences were found with regard to the method of fertilizer

inhibitor application (data not shown, P > 0.05). 

NBPT, DCD and DCD+NBPT increased crop productivity and NUE compared to the 

ing degrees of success for crop yield (Fig. 3.3). DMPP increased 

NUE but not crop productivity. The mean effect sizes were a 7.5% increase in crop 

yield, and a 12.9% increase in NUE. NBPT had the highest positive effect on crop yield 
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water management classes did not significantly affect the effect of inhibitors on NUE 

No significant differences were found with regard to the method of fertilizer-

NBPT, DCD and DCD+NBPT increased crop productivity and NUE compared to the 

). DMPP increased 

NUE but not crop productivity. The mean effect sizes were a 7.5% increase in crop 

yield, and a 12.9% increase in NUE. NBPT had the highest positive effect on crop yield 

ficantly higher than that of DMPP but not than that of DCD 

). The combination DCD+NBPT had an intermediate effect relative to the 

 



 

Fig. 3.2 The effect of inhibitors on crop productivity and NUE as a percentage of the control for different 

N fertilizer rates in kg N ha-1 (a and c) and for rainfed 

95% confidence intervals are shown. Sample sizes (

on the right of the confidence intervals

application of those inhibitors separately. For NUE, the combination DCD+NBPT 

showed the largest increase (14.7%) but there were no significant differences betwe

the inhibitors tested. 

 Pooling the data for DCD and DMPP as NIs, their effect size was significantly 

lower than that of UI (NBPT) for crop productivity (Fig. 3

were found between NI, UI and Both (DCD+NBPT) for NUE.

Fig. 3.3 The effect of inhibitor type (urease (NBPT), nitrification (DCD and DMPP) and both 

(DCD+NBPT); a and c) and the different inhibitors (b and d) on crop productivity and NUE as a 
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The effect of inhibitors on crop productivity and NUE as a percentage of the control for different 

(a and c) and for rainfed vs irrigated systems (b and d). Mean effect and 

95% confidence intervals are shown. Sample sizes (i.e. the number of control–treatment pairs) are shown 

ght of the confidence intervals 

application of those inhibitors separately. For NUE, the combination DCD+NBPT 

showed the largest increase (14.7%) but there were no significant differences betwe

Pooling the data for DCD and DMPP as NIs, their effect size was significantly 

lower than that of UI (NBPT) for crop productivity (Fig. 3.3). No significant differences 

were found between NI, UI and Both (DCD+NBPT) for NUE. 

The effect of inhibitor type (urease (NBPT), nitrification (DCD and DMPP) and both 

(DCD+NBPT); a and c) and the different inhibitors (b and d) on crop productivity and NUE as a 
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irrigated systems (b and d). Mean effect and 

treatment pairs) are shown 

application of those inhibitors separately. For NUE, the combination DCD+NBPT 

showed the largest increase (14.7%) but there were no significant differences between 

Pooling the data for DCD and DMPP as NIs, their effect size was significantly 

). No significant differences 

 

The effect of inhibitor type (urease (NBPT), nitrification (DCD and DMPP) and both 

(DCD+NBPT); a and c) and the different inhibitors (b and d) on crop productivity and NUE as a 
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percentage of the control. Mean effect and 95% confidence intervals ar

number of control–treatment pairs) are shown on the ri

3.5. Crop factors 

The application of fertilizers with inhibitor increased crop yields for cereals and forage 

crops, and NUE for all the cr

fertilizers without inhibitor (Fig. 

crops than for cereals, with regard to both crop productivity and NUE. In contrast, there 

were no significant differences between these two groups and Vegetables/Industrial 

crops, due to the large variance

yield and N uptake were reported for biomass, the effect was significantly higher than 

when reported for grain.  

Fig. 3.4 The effect of inhibitors on crop productivity and NUE as a percentage of th

crop types (a and c) and for grain 
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percentage of the control. Mean effect and 95% confidence intervals are shown. Sample sizes (i.e. the 

treatment pairs) are shown on the right of the confidence intervals 

The application of fertilizers with inhibitor increased crop yields for cereals and forage 

crops, and NUE for all the crop types analyzed compared with the application of 

fertilizers without inhibitor (Fig. 3.4). The effect was significantly higher for forage 

crops than for cereals, with regard to both crop productivity and NUE. In contrast, there 

were no significant differences between these two groups and Vegetables/Industrial 

crops, due to the large variance associated with the effect size of the latter. When the 

yield and N uptake were reported for biomass, the effect was significantly higher than 

The effect of inhibitors on crop productivity and NUE as a percentage of the control for different 

crop types (a and c) and for grain vs aboveground biomass (b and d). Mean effect and 95% confidence 

e shown. Sample sizes (i.e. the 

 

The application of fertilizers with inhibitor increased crop yields for cereals and forage 

op types analyzed compared with the application of 

4). The effect was significantly higher for forage 

crops than for cereals, with regard to both crop productivity and NUE. In contrast, there 

were no significant differences between these two groups and Vegetables/Industrial 

associated with the effect size of the latter. When the 

yield and N uptake were reported for biomass, the effect was significantly higher than 

 

e control for different 

aboveground biomass (b and d). Mean effect and 95% confidence 
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intervals are shown. Sample sizes (i.e. the number of control–treatment pairs) are shown on the right of 

the confidence intervals 

4. Discussion 

4.1. General effect of inhibitors on crop yield and NUE 

Our study demonstrates that application of commonly used NIs (DMPP and DCD), or 

the UI NBPT or a combination of DCD with NBPT may be considered an effective 

strategy to increase crop yields and NUE. This effect seems to be highly consistent as it 

was observed for most of the experimental, environmental and management factors 

evaluated in the MA. However, the efficiency and thus the economic viability of these 

products were dependent on some of these factors.  

4.2. Inhibitor’s effect on crop yield and NUE: environmental factors 

Acidic soils (pH ≤ 6) showed a higher positive response to inhibitor’s application than 

neutral (pH 6-8) and alkaline soils (pH ≥ 8) (Fig. 3.1). The most likely mechanism by 

which soil pH regulated the inhibitor’s effect was by affecting NH3 volatilization. It has 

been shown that NIs may increase NH3 volatilization under laboratory and field 

conditions (Kim et al., 2012). In fact, three of the studies included in the database 

(Zaman et al., 2008; Menéndez et al., 2009; Zaman and Blennerhassett, 2010) reported 

higher NH3 losses when NIs where used. This is because ammonium remains in the soil 

for a longer period when NIs are applied. Given that neutral to alkaline soils have 

inherently higher losses through NH3 volatilization (Singh et al., 2008), it could be 

expected that the use of NIs in these soils induced higher losses in the form NH3 due to 

the increased residence time in the soil. Moreover, lower nitrification rates (as caused 

by NIs) may reduce soil acidification, which in alkaline soils may result in a 

prolongation of an elevated pH and a consequent increase in NH3 volatilization (Kim et 
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al., 2012). Therefore, in some instances application of NIs to neutral and alkaline soils 

may have increased N losses through NH3 volatilization, decreasing the overall effect of 

inhibitors on crop yield and NUE for these soils. This result is opposite to that observed 

by Linquist et al. (2013) for rice systems, where higher yields and N uptakes were 

associated with higher soil pH. These authors hypothesized that NI may be less 

effective in higher pH soils; however, we did not find such an effect. For the UI NBPT, 

which has been shown to reduce NH3 volatilization (e.g. Abalos et al., 2012), a separate 

analysis of our data revealed no significant differences for the pH ranges evaluated (data 

not shown). 

 A smaller effect size of inhibitors on crop yield was found for fine-textured soils 

compared to medium- or coarse-textured soils (Fig. 3.1). Soil texture is one of the most 

important factors affecting losses through NO3
- leaching, with fine-textured soils less 

susceptible to this form of N loss. All the inhibitors tested in our MA (both NIs and UIs) 

have been shown to be effective reducing NO3
- leaching. For example, among the 

studies included in our database, Zaman et al. (2008) reported reductions for NBPT and 

DCD+NBPT; Díez-López et al. (2008) for DMPP; and Di and Cameron (2005) for 

DCD. As a consequence, the relatively small effect size of inhibitors for fine-textured 

soils is likely due to the fact that NO3
- loss through leaching is probably lower in these 

soils.  

4.3. Inhibitor’s effect on crop yield and NUE: management factors 

The effect of inhibitors on NO3
- leaching may explain the significantly different 

response observed between irrigated and rainfed cropping systems (Fig. 3.2). Nitrate 

leaching is frequently the most important N loss process in irrigated agriculture (Follet 

et al., 1981). Conversely, very little drainage may occur in rainfed systems of low 
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rainfall Mediterranean areas (Eberbach and Pala, 2005), such as those of five studies 

included in our database (Arregui and Quemada, 2006; Arregui and Quemada, 2008; 

Abalos et al., 2012; Sanchez-Martin, 2012; Vallejo, 2013). By reducing the amount of 

NO3
- available for denitrification, NIs and UIs can also reduce denitrification-induced N 

losses, which are generally higher in irrigated than rainfed agroecosystems (Saggar et 

al., 2013). Thus, the positive response of crop yields and NUE to inhibitor application 

seems to be more consistent in irrigated agricultural systems. In this sense, the timing of 

application could be another highly relevant factor when using inhibitors. NIs and UIs 

inhibit nitrification and urease activity for short periods (1-8 weeks depending on 

environmental conditions), and their effect on yield and NUE will be affected by the 

environmental conditions during that period (Quemada et al., 2013). If there is a risk of 

intensive rainfall or high applications of irrigation water during the days following 

fertilizer application, then the effectiveness of the inhibitors could be further increased. 

 Increasing N fertilizer rates showed a larger positive response to inhibitor 

application in terms of crop yield (Fig. 3.2). This could be expected, as higher N rates 

generally lead to larger N losses. Therefore, the inhibitor’s role in reducing these losses 

will have a higher impact on crop yield. It could be argued that at higher N rates the 

yield response to inhibitors would be less pronounced because N rates may be above 

optimal and as such yields may not respond positively to an inhibitor’s application 

(Linquist et al., 2013). However, we found significant positive responses at total N 

application rates of 360 (Zaman et al., 2013), 600 (Zaman and Nguyen, 2012) and 1200 

kg N ha-1 (Di and Cameron, 2005). This is probably because all these studies were 

carried out in pastures, a unique agricultural system that allows for the use of N 

throughout the year. In these systems, the N that is not lost in the leachate or in gaseous 
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forms or removed in pasture offtake, is immobilized in the soil or retained in the plant 

roots and can be used by subsequent pastures (Di and Cameron, 2005). 

 Forage crops (i.e. pastures) were more responsive to inhibitor application than 

cereals (Fig. 3.4). This can be ascribed to a difference in management factors (fertilizer 

N rate) or experimental constraints (grain yield vs biomass). As described above, 

pastures generally receive higher N applications than cereals, which may lead to a 

higher effectiveness of inhibitors. However, both crop yield and NUE were higher when 

reported for biomass than for grain (Fig. 3.4). As cereals are harvested for grain, most of 

the studies with these crops (87%) used grain yield and grain NUE. In this analysis it is 

not possible to determine if the different response between these two crop types is due 

to this bias in reporting results. The category vegetables/industrial crops showed no 

significant differences compared to cereals and forage crops, due to the large variance 

of this group. This could be due to the low number of studies included in that category 

and due to the inherent large intra-variability within the grouped crops. Further work is 

thus necessary to elucidate the crop specific response to inhibitor’s application across a 

range of experimental and environmental variables. 

 Among the inhibitors tested, DMPP showed a significantly lower effect size in 

terms of crop productivity compared to NBPT and DCD+NBPT (Fig. 3.3). Again, a 

confounding effect induced by grain vs biomass reporting could be a potential bias 

behind these results. An analysis using grain data showed that only NBPT had a 

significantly positive response on grain yield, although there was no significant 

difference between the inhibitors themselves (data not shown). For biomass data, only 

the study by Menéndez et al. (2009) reported results for DMPP and therefore it was not 

possible to run a separate analysis on this variable. This highlights the need for more 

field studies using DMPP, which is, among the most widely used commercially 
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available inhibitors, the last one to be released. In addition, some of the effect size found 

for DCD may be because more N is applied with the DCD (i.e. DCD contains 67% N), 

as shown in Linquist et al. (2013). In some instances (e.g. Zaman and Blennerhassett, 

2010), the double inhibitor (DCD+NBPT) provided the best option for the overall 

reduction of N losses (NH3 volatilization, NO3
- leaching and denitrification). However, 

this overall reduction did not result in higher crop yields or NUE. Possibly further 

research is needed to investigate the ratio of NBPT to DCD within the double inhibitor, 

which is known to be a critical factor that determines the effect on crop productivity.  

4.4. Informational gaps and study implications 

Some authors (e.g. Menéndez et al., 2006) noticed a residual effect of nitrification 

inhibitors. Long-term experiments (> 2 years) are needed to quantify this effect. 

Furthermore, such studies are also needed to evaluate the effects of inhibitors on non-

target microbiological processes, which may affect soil quality and ultimately crop 

productivity. The physiological effect of these inhibitors on plants also requires further 

study, as it can potentially affect NUE. They have been shown to alter N metabolism by 

changing the soil NH4
+ to NO3

- ratio and, for NBPT, by direct absorption of the 

inhibitor (Cruchaga et al., 2013).  

It is possible that under some conditions, when an inhibitor’s degradation 

kinetics are low (low temperatures, limited water supply), decreasing rates of inhibitor 

would result in similar benefits as when applied at the actual recommended rates 

(Kawakami et al., 2012). In addition, the use of inhibitors may also simplify the task of 

fertilization, by reducing the number of required applications, or by allowing for a 

greater flexibility in the timing of fertilizer application (Pasda et al., 2001). Few 

experiments have assessed these potential benefits. Applying fertilizers and inhibitors in 
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a fine particle suspension has been proposed as a measure to further reduce N losses and 

increase crop yields and NUE (Di and Cameron, 2005). However, we did not find a 

significant difference between different fertilizer-inhibitor application strategies. This 

was probably due to the low number of studies providing data for this category. More 

studies using this and other innovative application techniques are therefore required.  

For pastures, targeted application of inhibitors in urine patches as opposed to the 

current practice of applying inhibitors to the whole paddock could result in economic 

and environmental benefits (Zaman et al., 2013). Also, in order to increase the longevity 

of the inhibitors, polymer coating them could be a fruitful research line (Saggar et al., 

2013). 

 Upcoming studies should clearly report information on other potential factors 

that can affect the inhibitor’s effectiveness such as soil temperature, organic matter 

content, cation exchange capacity and wind velocity. It is also recommended to include 

all sample numbers and clear measures of variance for comparative data analysis. 

 Although in our MA the use of inhibitors was found to consistently increase crop 

productivity and NUE for a relatively wide range of environmental and management 

conditions, their use represents an additional cost for farmers. Other options, such as 

optimizing water and fertilizer management may provide similar benefits without 

incurring an additional cost (Quemada et al., 2013). Given that, as we have shown, the 

inhibitor’s effectiveness decreases under these improved conditions, the economic 

viability of these products will depend on understanding which are the best practices 

associated with their use (rates, timing, expected N losses, application method) and, as 

they reduce N2O emissions, on initiatives such as the implementation of Emission 

Trading Schemes including greenhouse gas emissions from agriculture.  
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5. Conclusions 

Our results support the hypothesis that the efficiency of NIs and UIs is generally higher 

under conditions that favor high drainage (i.e. coarse-textured soils, irrigated systems) 

and if high inputs of N fertilizer are applied. If losses through NH3 volatilization are 

expected to be high (e.g. in alkaline soils), the UI NBPT is the most appropriate option. 

However, the benefits provided by these fertilizer technologies are not limited to those 

environmental and management factors. Therefore, their use can be recommended in 

order to increase both crop yields and NUE (grand mean increase of 7.5% and 12.9%, 

respectively). Further research is needed to improve our understanding of the conditions 

under which the inhibitors are economically viable, and to compare their efficiency with 

that of another options such as improved water and fertilizer management. Such work 

would allow costs to be minimized and benefits maximized, thereby enhancing food 

security and reducing the negative environmental impacts associated with fertilizer use. 
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Soil moisture content determines the effect of the 
urease inhibitor NBPT on nitrous oxide emissions 
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1. Introduction 

Productivity of intensive agricultural ecosystems is highly dependent on nitrogen (N) 

inputs from fertilizer application. Nevertheless, the low efficiency of N from fertilizers 

to reach crops represents a threat to environmental quality due to the release of reactive 

N to the environment in the form of, among others, atmospheric ammonia (NH3) (Rana 

and Mastrorilli, 1998) and the greenhouse gas (GHG) nitrous oxide (N2O) (IPCC, 

2007). Emissions of N2O from agriculture represent 58% of anthropogenic N2O 

emissions according to the IPCC estimates (IPCC, 2007), whereas total NH3 volatilized 

from ureic- and ammonium-based fertilizers is close to 17% of anthropogenic emissions 

(Buijsman et al., 1987). Urease inhibitors (UIs) have been proposed as means to reduce 

NH3 volatilization from urea application (Grant and Bailey, 1999; Sanz-Cobena et al., 

2008), which is the predominant source of inorganic N fertilizer used throughout the 

world (Harrison and Webb, 2001). Among the various types of UIs that have been 

identified and tested, derivates of the phosphorodiamidates as the N-(n-butyl) 

thiophosphoric triamide (NBPT) and the phenil phosphorodiamidate (PPDA) have been 

studied the most, showing to be effective mitigating NH3 emission at relatively low 

concentrations under both laboratory (Pedrazzini et al., 1987; Gill et al., 1997) and field 

conditions (e.g. Sanz-Cobena et al., 2008). When the two inhibitors have been 

compared, NBPT performed much better as a urease inhibitor than PPDA (e.g. Byrnes 

et al., 1989).  During the last years, the effect of NBPT on N2O emission has been a 

matter of research (Zhengping et al., 2007; Zaman et al., 2008, 2009; Menéndez et al., 

2009). The few field studies that have been carried out until 2010 indicated that UIs 

mixed with urea did not have a significant effect on N2O emission (see Akiyama et al.,  

2010 for a meta-analysis, with three studies included providing six observations). 

However, more recently, some studies showed contrary results with significant 
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reduction of N2O emission when urea was applied with NBPT (e.g. Ding et al. (2011) 

and Sanz-Cobena et al. (2012) in maize, and Dawar et al. (2012) in pastures). Ding et al. 

(2011) and Sanz-Cobena et al. (2012) showed a 38 and 54% mitigation of N2O 

emissions, respectively, by using NBPT in a maize crop fertilized with urea and with 

controlled irrigation (WFPS of 48 and 58% on average, respectively). The authors of the 

latter study evaluated, in a second cropping period, the effect of the UI over N2O 

emissions in a highly irrigated soil (i.e. soil moisture ≥70% WFPS) and then the 

inhibitor did not have a significant effect. Taking into account that nitrification and 

denitrification are the dominant sources of N2O in soils (Firestone and Davidson, 1989), 

the reported effect of UI over N2O losses must be associated with changes in these 

processes either directly (i.e. by affecting the soil microbiota) or indirectly (e.g. by 

affecting the N substrates for these processes). Since the observed abating effect of 

NBPT over N2O losses was found under soil nitrifying conditions (soil moisture ≤ 60% 

WFPS), we firstly hypothesized that UIs do not affect, neither directly nor indirectly, 

the denitrification process. Accordingly, it would be expected that UIs will affect N2O 

losses from urea fertilized soils by indirectly influencing the nitrification process. This 

is based on the fact that the inhibition of urease activity slows down the production of 

NH4
+ by retarding urea hydrolysis (Zaman et al., 2008), and therefore the soil 

nitrification rate could be decreased by the use of UIs. Our final question regarding UIs 

is derived from the fact of PPDA having been shown to be less efficient than NBPT 

inhibiting the urease activity (Byrnes et al., 1989). We hypothesized that the potential 

reduction of N2O emissions is inhibitor-specific, with NBPT leading to lower emissions 

than PPDA. 

 Trying to answer our research questions, an incubation experiment was carried 

out. To date, given the inherent high variability of field experiments where soil moisture 
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content changes rapidly, it has been impossible to understand the underlying 

mechanisms responsible of the suppression of N2O emissions associated to the use of 

NBPT and its dependency on soil WFPS. Therefore, the objectives of the study were (i) 

to assess what is the main biotic mechanism behind N2O emission when UIs are applied 

under different soil moisture conditions (40, 60 and 80% WFPS), and (ii) to analyze to 

what extent the soil WFPS regulates the effect of the inhibitor over N2O emissions. 

Additionally, PPDA was included as a treatment in order to compare the effect of NBPT 

with that of another commercially available urease inhibitor; this allowed us to see if the 

effect of NBPT was inhibitor-specific or not. 

2. Materials and methods 

2.1. Soil 

The experiment was carried using the same soil as that of Sanz-Cobena et al. (2012). 

The soil was sampled from the Ap horizon of a Calcic Haploxerepts according to the 

USDA soil taxonomy system (Soil Survey Staff, 1992) from ‘El Encín’ field station, 38 

km East of Madrid, Central Spain (latitude 40◦32´N, longitude 3◦17´W). Some of the 

physico-chemical properties of the top 0–28 cm of the soil layer, measured by standard 

methods of soil analysis (Burt, 2009), were: total organic C, 8.4 ± 0.4 g kg−1; pHH2O, 

7.9; bulk density, 1.4 ± 0.1 g cm−3 and; CaCO3, 13.2 ± 0.3 g kg−1. The soil has a sandy 

clay loam texture (clay, 28%; silt, 17%; sand, 55%) in the upper (0-28 cm) horizon. 

2.2. Experimental set up 

The study was performed to test the effect of urease inhibitors on N2O emissions at three 

moisture contents (i.e. 40, 60 and 80% WFPS). Experimental units consisted of 20 g dry 

soil in 250 mL glass jars. Prior to the experiment, the soil was air-dried, sieved (< 2 mm) 

and pre-incubated at 40% water holding capacity for 7 days, to avoid the pulse of 
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respiration associated with wetting dry soils. The fertilizer treatments were: urea (U), 

NBPT+U (0.15% w/w) and PPDA+U (2% w/w). UIs were applied at rates 

recommended in previous studies (e.g. Joo and Christians, 1986; Sanz-Cobena et al., 

2011). A control (C) treatment without N addition was also included. All units, except 

for the control, received equal total amounts of urea (120 kg N ha-1). To eliminate the 

substrate limitation for denitrifying microorganisms, nitrate was applied to fertilized 

treatments in the form of KNO3 at a rate of 50 kg N ha-1. Therefore, the total N 

application rate was 170 Kg N ha-1. The fertilizers were added as a 4 mL solution, and 

subsequently distilled water was added to all units up to reach the humidity defined for 

each soil water content. The glass jars were then sealed with a rubber stopper and 

separated into two groups for further additions of 0 and 0.01 v/v acetylene (C2H2).  

2.3. N2O flux measurements  

Headspace gas samples (vol. 10 mL) were taken with syringes after 36 h and stored in 

evacuated vials. Three replicates per treatment were used. Nitrous oxide was analyzed 

by gas chromatography (HP6890, Hewlett-Packard, Palo Alto, USA), using a flame 

ionisation detector (FID) and a 63Ni electron-capture detector.  

2.4. Calculations and statistical analysis 

Statistical analysis was performed using Statgraphics Plus 5.1 (Manugistics, 2000). The 

normal distribution of the data was checked using the Kolmogorov-Smirnov test. 

Differences between treatments were then analysed using analysis of variance 

(ANOVA, P < 0.05). The least significant difference (LSD) test was used for multiple 

comparisons between means. N2O produced in +C2H2 (0.01%) was attributed to 

denitrification, whereas N2O generated via nitrification was calculated by subtracting 

the N2O produced in +C2H2 (0.01%) from that produced in –C2H2 (Zhu et al., 2013).  
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3. Results 

3.1. N2O emission  

Nitrous oxide emissions at 40% WFPS were almost negligible, being significantly 

lower (P < 0.005) from all fertilized treatments than those produced at 60 and 80% 

WFPS (Fig. 4.1). Compared to urea alone, NBPT+U reduced N2O emissions at 60% 

WFPS but had no effect at 80% WFPS. The application of PPDA significantly 

increased the emissions with respect to U at 80% WFPS whereas no significant effect 

was found at 60% WFPS. At 80% WFPS denitrification was the main source of N2O 

emissions for all treatments. 

 

Fig. 4.1 Effect of urease inhibitors on N2O emissions (mg N2O-N kg-1 d-1) at three moisture contents (i.e. 

40, 60 and 80% WFPS). Different letters indicate significant differences by applying Fischer’s Least 

Significant Difference test at P < 0.05 

4. Discussion  
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Our results show that NBPT may be an effective option to mitigate N2O emissions when 

soil moisture content favors nitrification over denitrification (60% WFPS). This effect 

was inhibitor-specific, as PPDA did not reduce N2O emissions. However, under 

denitrifying conditions (80% WFPS), none of the inhibitors reduced N2O emissions. 

Below, we will discuss the mechanisms behind the effects observed.  

4.1. Effect of urease inhibitors on denitrification  

In contrast to our first hypothesis, we found that NBPT reduced the emissions from 

denitrification, especially at 60% WFPS. Given that NO3
- was added in order to 

eliminate the substrate limitation for denitrifying microorganisms, the reduction must be 

a consequence of a direct effect of the inhibitor on these microbial populations. 

Although there is no easy explanation for this, similar results have been previously 

found. For example, Abalos et al. (2012) observed lower denitrification potential for 

soils treated with NBPT. These authors suggested that the inhibitor could produce 

changes in the denitrifying enzymatic activity of urea fertilized soils. Due to a potential 

negative impact on soil quality, this effect should be the focus of further research on the 

use of these chemical products. However, the effect of NBPT over denitrification was 

not intense enough to decrease the total N2O emissions when moisture conditions 

favored this microbiological process (80% WFPS). This might partially explain why the 

inhibitors did not reduce N2O emissions in several studies (Akiyama et al., 2010). The 

UI PPDA did not reduce the N2O emissions from denitrification (Fig. 4.1).  

4.2. Effect of urease inhibitors on nitrification 

At 60% WFPS, NBPT consistently reduced the N2O emissions produced from 

nitrification. The most likely mechanism through which NBPT affected nitrification was 

by significantly affecting the NH4
+-N pool. The potential reduction in the size of the 
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NH4
+-N pool mediated by the inhibitor that has been previously observed in some 

studies (e.g. Sanz-Cobena et al., 2011) may have reduced the nitrification rate in such a 

way that the production of N2O was also affected during this initial period. 

 At 80% WFPS the inhibitors did not reduce the N2O emissions from nitrification 

(Fig. 4.1). This is probably because NBPT is not an effective urease inhibitor per se; it 

needs to be converted to its oxygen-analog form (NBPTO) first (Sanz-Cobena et al., 

2011). The high moisture conditions of these treatments could have reduced the NBPT 

to NBPTO conversion rate thereby reducing the potential of NBPT to affect N2O 

emissions. This could be another cause that explains why NBPT did not reduced N2O 

emissions in some field and lab experiments. 

4.3. Implications of our study 

Caution must be exercised extrapolating results from controlled laboratory studies to 

field-scale processes. For instance, our observed effects may be different as a function 

of soil types (e.g. structure, nutrient availability) and moisture contents within the 

ranges evaluated. Glass jars may also constrain to some extent the N dynamics due to 

wall effects. However, our study clearly shows that adequate management of the urease 

inhibitor NBPT may provide an opportunity for climate change mitigation. Under wet 

conditions (near-saturation) produced by traditionally non-controlled irrigated systems 

(i.e. surface or sprinkler), denitrification prevails, and the inhibitor should not be 

recommended. This is because, as shown in this study, N2O emissions would not be 

suppressed and high water additions may directly reduce NH3 volatilization to the same 

extent as NBPT alone (Sanz-Cobena et al., 2011). Conversely, its use could be 

promoted as best management practice when irrigation is applied efficiently according 

to crop requirements and during rainfed conditions in Mediterranean areas. This would 
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have several benefits: lower N2O emissions and NH3 volatilization, and a potentially 

higher N use efficiency and crop yield (Zaman et al., 2009). Nevertheless, the cost 

efficiency of this technology is still under debate as, to our knowledge, there are not 

official economic assessments of using UIs as a strategy to mitigate N losses.  

5. Conclusions 

When compared to urea alone, NBPT+U reduced N2O emissions at 60% WFPS but had 

no effect at 80% WFPS. The application of PPDA significantly increased the emissions 

with respect to U at 80% WFPS whereas no significant effect was found at 60% WFPS. 

This N2O mitigation caused by NBPT was associated with a reduction in the 

nitrification rate driven by this UI as a consequence of a lowered soil NH4
+-N 

concentration. A lower denitrification potential for the NBPT+U soil was observed, 

suggesting that the inhibitor could produce changes in the denitrifying enzymatic 

activity of urea fertilized soils. This negative effect should be the focus of further 

research on the use of these chemical products. Our incubation study clearly shows that 

adequate management of the urease inhibitor NBPT may provide an opportunity for 

mitigation of N2O emissions from urea fertilized soils. However, given that caution 

must be exercised when extrapolating results from controlled laboratory studies to field-

scale processes, field studies with NBPT under rainfed or controlled irrigation 

conditions would be necessary to increase the robustness of our conclusions. 
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1. Introduction 

Despite its importance to sustain our societies, N fertilizers are a major source of 

reactive N in the environment and pollution through, among others, ammonia (NH3), 

nitrous oxide (N2O) and nitric oxide (NO) (IPCC, 2007).  

Ammonia emissions contribute to particulate matter formation affecting human 

health and, following deposition, can result in N enrichment and acidification of natural 

ecosystems (Erisman et al., 2007). Nitrous oxide accounts for c. 8% of the current 

anthropogenic greenhouse effect (IPCC, 2007), and is considered the dominant ozone-

depleting substance emitted in the 21st century (Ravishankara et al., 2009). Nitric oxide 

contributes to the oxidizing capacity of the atmosphere and more especially to the 

chemical formation of tropospheric ozone (Bouwman et al., 2002), thus affecting 

human health and plant photosynthesis (Staffelbach et al., 1997).  

Urea has become the most widely used form of inorganic N fertilizer, due to its 

low cost of production and its high N content, accounting for c. 50% of total inorganic 

N use thorough the world (Roy and Hammond, 2004). When applied to the soil, it starts 

to be hydrolyzed quickly within 1-2 days. The associated large production of NH4
+ 

along with a temporary rise in soil pH by OH- provides ideal hotspots for NH3 

volatilization (Zaman et al., 2009). For this reason, urea fertilizing represents a priority 

area for the development of potential NH3 mitigation techniques. 

Ammonium ions are likely to be nitrified within 2-4 weeks and during that time 

significant amounts of N2O and NO are produced as by-product (Firestone and 

Davidson, 1989). Nitrate produced as a result of NH4
+ oxidation, can be lost to the 

environment as NO3
- if leaching occurs or as N2O emissions via denitrification 

(Chadwick et al., 2011). 
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One approach to reduce NH3 volatilization is based on adding compounds to the 

urea that inhibit urease activity (Gill et al., 1997). The urease inhibitor N-(n-butyl) 

thiophosphorictriamide (NBPT, trade name “Agrotain”) has shown to be highly 

effective (Sanz-Cobena et al., 2008). Under field conditions, the inhibitor is normally 

applied by coating the urea granules, which may limit the proportion of microsites 

where the enzyme is inhibited. As urease is an enzyme present in a wide variety of fungi 

and bacteria species of soil (Mobley and Hausinger, 1989), the efficiency of NBPT to 

decrease urease activity may depend on its diffusion from the application point and the 

concentration of the inhibitor maintained in the microsites.  

Despite shown effectiveness to decrease NH3 losses, to date, there are few 

reported field studies simultaneously assessing the effectiveness of the urease inhibitor 

NBPT on both NH3 and N2O emissions in rainfed arable soils from semiarid areas, and 

none including NO. In this sense, Zaman et al. (2009) reported that NBPT reduced NH3 

volatilization with no effects on N2O abatement. 

We hypothesize that urea applied with NBPT will significantly reduce NH3 

volatilization, also affecting N oxides emissions and therefore improving crop N uptake. 

With the aim of evaluating the effect of NBPT in the mitigation of NH3, N2O and NO 

emissions from urea fertilized soils, an experiment in a non-irrigated Mediterranean 

barley (Hordeum vulgare L.) field was carried out. 

2. Materials and methods 

2.1. Experimental site 

The field experiment was carried out at “El Encín” Field Station (40°32´N, 3°17´W) in 

Alcalá de Henares (Madrid). This site is located in the Henares river basin. According to 

the FAO taxonomy (FAO, 1998), the soil is a Calcaric Cambisol with a clay loam 
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texture in the upper horizon (0-28 cm). Some of the physico-chemical properties of the 

top soil layer, measured by standard methods of soil analysis (Soil Survey Laboratory 

Methods Manual, 2004), were: total organic C, 8.2 ± 0.4 g kg-1; pHH20, 7.6; bulk density, 

1.4 ± 0.1 g cm-3; CaCO3, 13.1 ± 0.3 g kg-1; dissolved organic C (DOC), 18.2 mg C kg 

soil-1; clay (<0.002 mm), 28 ± 4%; silt (0.002-0.05 mm), 17 ± 3%; sand (0.05-2 mm), 

55 ± 8%. The 10-year mean annual average temperature and rainfall for this area are 

13.2 ºC and 430 mm, respectively. 

2.2. Experimental design 

Two sets of plots (i.e. one for NH3 measurements and the other for N oxides 

measurements) were established at the same field site, which had been sown with barley 

(350 seeds m-2) in November. Four large circular plots (radius 20 m) were established 

for measurement of NH3 emissions. There were no wind-disturbing elements, e.g., trees, 

houses or other protruding landscape elements within 150 m and individual plots were 

separated by a minimum of 50 m. Fertilizer treatments were: urea (U), used in a 

granular form, and urea combined with the urease activity inhibitor NBPT (U+NBPT), 

also in a granular form; there were two replicates per treatment. A second set of small 

plots were established for measurements with a focus on N2O and NO emissions. Nine 

plots (8 x 8 m) were arranged in a randomized block design with three replicates. In 

addition to U and U+NBPT, a control (C) without N fertilizer added was included in the 

small plot measurements.  

 Fertilizers were applied by hand on 25th February at rate of 120 kg N ha-1. Urea 

was coated with the inhibitor shortly prior to application (as there was concern that the 

coated product may not be stable over the long-term), to give a proportion of inhibitor 

in the mixture of 0.20% on a urea weight basis. All plots, including the control, received 
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deionized water and the solution was analyzed for NH4
+-N by spectrophotometry using 

the nitroprussiate method (Searle, 1984). 
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Where, M is the mass of NH

period, A is the effective cross

tunnel calibrations and t the duration of t

µg m-2 s-1) from the treated area was then calculated according to:

Where x (m) is the mean fetch length (i.e. distance from the measurement mast to the 

upwind boundary of the treated area), z (m) the height of the uppermost sampler and 

the mean horizontal flux measured by each sampler at the centrally

(cm) or upwind background (bm) mast.

2.4. Sampling and analysis of N

Samples of N2O were taken 4 times during the first and second weeks after fertilizer 

application, then 2-3 times per week during the first month, and subsequently on a

weekly basis until harvest. 

N2O fluxes were measured using the closed chamber technique with opaque 

manual chambers of 19.34 L (diameter 35.6 cm, height 19.3 cm). The chambers were 

closed by fitting them into stainless steel rings which were inserted into

depth of 10 cm to minimize lateral diffusion of gases. The rings were inserted at the 

beginning of the experiment and kept in the same place throughout the analysis period 

in order to avoid the effect of soil disturbances on N fluxes. Measur

made with the barley plants inside the chambers. When the plants were higher than 20 

cm, plastic intersections of 20 cm covered with Te

the chamber. N2O samples were taken 0, 30 and 60 min after chamber

collected in evacuated gas chromatography vials. Thermometers were put inside three 
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is the mass of NH3-N collected (mg) in the sampler during the sampling 

is the effective cross-sectional area of the sampler (m2) as determined in wind 

the duration of the sampling period (s). The net flux of NH

) from the treated area was then calculated according to: 

 

Where x (m) is the mean fetch length (i.e. distance from the measurement mast to the 

upwind boundary of the treated area), z (m) the height of the uppermost sampler and 

the mean horizontal flux measured by each sampler at the centrally-locate

(cm) or upwind background (bm) mast. 

2.4. Sampling and analysis of N2O and NO 
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O fluxes were measured using the closed chamber technique with opaque 

manual chambers of 19.34 L (diameter 35.6 cm, height 19.3 cm). The chambers were 

closed by fitting them into stainless steel rings which were inserted into

depth of 10 cm to minimize lateral diffusion of gases. The rings were inserted at the 

beginning of the experiment and kept in the same place throughout the analysis period 

in order to avoid the effect of soil disturbances on N fluxes. Measurements were always 

made with the barley plants inside the chambers. When the plants were higher than 20 

cm, plastic intersections of 20 cm covered with Teflon® were used between the ring and 

O samples were taken 0, 30 and 60 min after chamber

collected in evacuated gas chromatography vials. Thermometers were put inside three 

N collected (mg) in the sampler during the sampling 

) as determined in wind 

he sampling period (s). The net flux of NH3 (F, 

Where x (m) is the mean fetch length (i.e. distance from the measurement mast to the 

upwind boundary of the treated area), z (m) the height of the uppermost sampler and  

located downwind 

O were taken 4 times during the first and second weeks after fertilizer 

3 times per week during the first month, and subsequently on a 

O fluxes were measured using the closed chamber technique with opaque 

manual chambers of 19.34 L (diameter 35.6 cm, height 19.3 cm). The chambers were 

closed by fitting them into stainless steel rings which were inserted into the soil to a 

depth of 10 cm to minimize lateral diffusion of gases. The rings were inserted at the 

beginning of the experiment and kept in the same place throughout the analysis period 

ements were always 

made with the barley plants inside the chambers. When the plants were higher than 20 

were used between the ring and 

O samples were taken 0, 30 and 60 min after chamber closure and 

collected in evacuated gas chromatography vials. Thermometers were put inside three 



Chapter 5 

56 
 

randomly selected chambers during the closure period of each measurement in order to 

correct the N2O fluxes for temperature. A syringe was used to remove 10 mL samples 

from the headspaces of each chamber via a gas-tight neoprene septum.  

Concentrations of N2O were quantified by gas chromatography, using a HP-6890 

gas chromatograph (GCs) equipped with a headspace autoanalyser (HT3), both from 

Agilent Technologies (Barcelona, Spain). HP Plot-Q capillary columns transported gas 

samples to a 63Ni electron-capture detector (ECD) to analyze N2O concentrations. The 

injector and oven temperatures were 50 ºC. The detector was set at 350 ºC. The 

increases in N2O concentrations within the chamber headspace were generally linear (R2 

> 0.90) during the sampling period (1 h). Emission rates of N2O fluxes were, therefore, 

estimated as the slope of the linear regression between concentration and time (after 

corrections for temperature) and from the ratio between chamber volume and soil 

surface area (MacKenzie et al., 1998). 

To measure NO fluxes, a gas flow-through system was used. The chamber used 

for this analysis had the same characteristics as that used for N2O sampling, but it was 

covered with Teflon® and provided with inlet and outlet holes and a transparent lid 

(Sanchez-Martin et al., 2010a).  During this measurement, air (filtered through a 

charcoal and aluminium/KMnO4 column to remove O3 and NOx) was passed through 

the headspace of the chamber and gas samples were pumped from the chambers at a 

constant flow rate of 40 L min-1 to the detection instruments through Teflon® tubing. 

Nitric oxide was analysed by a chemiluminiscence detector (AC31 M-LCD, 

Environnement S.A., Poissy, France). An identical empty chamber, which was closed at 

the bottom with Teflon® film, was used as a reference to measure the NO in the filtered 

air which entered the sampling chamber. Five measurements using the reference 

chamber were conducted in different locations of the experimental field during each 
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sampling day. As proposed by Kim et al. (1994), the NO flux was calculated from a 

mass balance equation, considering the flow rate of the air through the chamber and the 

increase in NO concentration with respect to the control (empty chamber) when the 

steady state was reached. Intensive NO measurements were carried out during the first 

month following fertilizer application in order to study the highest emissions associated 

with the different treatments applied. After the first month, NO emissions were 

measured monthly.                                                                        

2.5. Denitrification potential 

Soil samples were collected from experimental field plots 20 days before and after 

application of treatments in order to examine the denitrification potential. The potential 

ability of denitrifiers to utilize nitrate in the presence of added organic carbon was 

measured according to the technique described by Yeomans et al. (1992) with a few 

modifications. 30 g of fresh soil and 12.5 mL of a solution containing 42.9 mM KNO3 

and 42.9 mM glucose were added to 250 mL glass bottles. The bottles were sealed with 

a rubber stopper and repeatedly flushed with N2 for 10 min in order to create anaerobic 

conditions. The bottles were separated into two groups (with or without a further 

addition of acetylene 8%) to be able to determine denitrification potential to produce 

N2O and N2O+N2 by difference (Menendez et al., 2008). The bottles were then placed 

in an incubator at 25 ºC. After 0, 6 and 12 h, a 10 mL gas sample was taken from the 

headspace air, using a 20 mL syringe, and stored in a 10 mL evacuated vial 

(Vacutainers, Venojet; Terumo Europe, Madrid, Spain). Nitrous oxide was analyzed by 

gas chromatography as previously described. 

2.6. Drainage and leaching 



 

Drainage and leaching were determined from the small plots. In brief, changes in soil 

moisture were monitored using frequency domain reflectometry (FDR) probes 

(EnviroScan system, Sentek Sensor 

drainage at a depth (D) of 0.8 m was calculated by applying the following simplified 

one-dimensional (vertical) water balance equation (Sanchez

Where R is the rainfall (mm)

soil water reserve (mm). There were no visible signs of surface runoff. ETc was 

estimated using the crop coefficient Kc and the Penman

1998), with data provided by a 

Ceramic cups were inserted into the soil to 80 cm to sample the soil solution. Samples 

of leachate were taken as described in Sanchez

2.7. Soil and plant analysis

Soil samples were taken from the upper layer (0

emissions and soil properties. Four soil cores were randomly sampled for each 

treatment, both from large and small plots, and mixed in the laboratory to make the 

sample homogeneous. NH4

soil with 50 mL of KCl (1 M) and measured by automated colorimetry (AAII Auto

analyser, Technicon Hispania, Madrid, Spain). Soil NO

carbon (DOC) were determined 

water. An Orion 720A NO

was used to analyze NO3

oxidation method, as described by Mulvaney e
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Drainage and leaching were determined from the small plots. In brief, changes in soil 

moisture were monitored using frequency domain reflectometry (FDR) probes 

(EnviroScan system, Sentek Sensor Technologies, Stepney, SA, Australia). Weekly 

drainage at a depth (D) of 0.8 m was calculated by applying the following simplified 

dimensional (vertical) water balance equation (Sanchez-Martin et al., 2010b):

  

is the rainfall (mm); ETc the crop evapotranspiration (mm); ∆S

soil water reserve (mm). There were no visible signs of surface runoff. ETc was 

estimated using the crop coefficient Kc and the Penman-Monteith model (Allen et al., 

1998), with data provided by a meteorological station located on the experimental field. 

Ceramic cups were inserted into the soil to 80 cm to sample the soil solution. Samples 

of leachate were taken as described in Sanchez-Martin et al. (2010b). 

2.7. Soil and plant analysis 

were taken from the upper layer (0-10 cm) of the soil, in order to relate gas 

emissions and soil properties. Four soil cores were randomly sampled for each 

treatment, both from large and small plots, and mixed in the laboratory to make the 

4
+-N concentrations were analyzed by extracting 8 g of fresh 

soil with 50 mL of KCl (1 M) and measured by automated colorimetry (AAII Auto

analyser, Technicon Hispania, Madrid, Spain). Soil NO3
--N and dissolved organic 

carbon (DOC) were determined by extracting 8 g of fresh soil with 60 mL of deionized 

water. An Orion 720A NO3-electrode (Thermo Fisher Scientific, Beverly, MA, USA) 

3
--N and DOC content was determined by the dichromate 

oxidation method, as described by Mulvaney et al. (1997).  
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Drainage and leaching were determined from the small plots. In brief, changes in soil 

moisture were monitored using frequency domain reflectometry (FDR) probes 

Technologies, Stepney, SA, Australia). Weekly 

drainage at a depth (D) of 0.8 m was calculated by applying the following simplified 

Martin et al., 2010b): 

S the variation of 

soil water reserve (mm). There were no visible signs of surface runoff. ETc was 

Monteith model (Allen et al., 

meteorological station located on the experimental field. 

Ceramic cups were inserted into the soil to 80 cm to sample the soil solution. Samples 

10 cm) of the soil, in order to relate gas 

emissions and soil properties. Four soil cores were randomly sampled for each 

treatment, both from large and small plots, and mixed in the laboratory to make the 

N concentrations were analyzed by extracting 8 g of fresh 

soil with 50 mL of KCl (1 M) and measured by automated colorimetry (AAII Auto-

N and dissolved organic 

by extracting 8 g of fresh soil with 60 mL of deionized 

electrode (Thermo Fisher Scientific, Beverly, MA, USA) 

N and DOC content was determined by the dichromate 
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Rainfall as well as atmospheric and soil temperature data were collected by 

means of a weather station and data logger (Davis Instruments, California, EEUU) 

located in the experimental field. The station was equipped with three anemometers at 

heights 0.30, 0.80 and 1.25 m. Soil temperature was measured using a temperature 

probe inserted 10 cm into the soil. All data were monitored every 10 min. 

Water-filled pore space (WFPS) was estimated by dividing the volumetric water 

content by total soil porosity. Total soil porosity was calculated by measuring the bulk 

density of the soil according to the relationship: soil porosity = 1 – (soil bulk 

density/2.65); assuming a particle density of 2.65 Mg m-3 (Danielson and Sutherland, 

1986). Volumetric water content was determined by oven-drying soil samples at 105 ºC.  

At maturity, the yield of grain and aboveground biomass were measured by 

randomly harvesting four 0.5 x 0.5 m squares from each of the large and small plots. 

The plant components were dried in a 65 ºC oven, weighed and ground for 

determination of N concentration. The N concentration was analyzed by the Kjeldahl 

method (AOAC, 2000) using a Büchi digestion and distillation apparatus (Büchi, 

Flawil, Switzerland). N uptake by the whole plant and by the grain was obtained by 

multiplying the aboveground dry matter by the respective N percentage. 

2.8. Calculations and statistical analysis 

Passive flux samplers were continuously replaced during the experiment to measure 

NH3 fluxes. Therefore, the IHF method allowed us to calculate cumulative NH3 

emissions over an entire period as the sum of NH3 volatilized at each measurement 

interval. Cumulative N2O-N and NO-N emissions per plot were calculated by linear 

interpolations between sampling dates. It was assumed that emissions followed a linear 

trend during the periods in which no samples were taken. 
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 Statistical analysis was performed using Statgraphics Plus 5.1. The data 

distribution normality of the fluxes (NH3, N2O and NO) and of soil NH4
+, NO3

- and 

DOC was verified using the Kolmogorov-Smirnov test. In some cases, the data were 

log-transformed before analysis. Differences between treatments at each sampling event 

and in the cumulative emissions in normally distributed data were analyzed using 

analysis of variance (one-way ANOVA, P < 0.05). The Least Significant Difference 

(LSD) test was used for multiple comparisons between means. For non-normally 

distributed data (NO emission rates), the Kruskal-Wallis test was used on non-

transformed data to evaluate differences at P < 0.05. Schaich-Hamerle analysis was also 

carried out as post hoc test. Linear regression analysis were performed to determine the 

relationships between NH3-N, N2O-N and NO-N fluxes with soil NH4
+-N, NO3

--N, 

DOC and WFPS and soil temperature.  

3. Results  

3.1. Environmental conditions 

Rainfall and soil temperature data are presented in Fig. 5.1a. During the period before 

fertilization, WFPS ranged from 59 to 75% with a high mean value of 68%, mainly due 

to the sustained precipitations over the winter season. Average daily soil temperature 

was 5.8 ºC.  

Average daily soil temperature was around 7.5 ºC during the first week after 

fertilizer application, with minimum temperatures below 0 ºC. Soil temperature 

increased from 6.5 ºC in March to 22 ºC in May. The first rainfall event occurred 6 days 

after treatment application (i.e. 4.6 mm). Total rainfall during the 30 days following 

urea addition was 30.2 mm. WFPS decreased to 41% sixteen days after fertilizer 

application and then ranged from 34 to 77% until the end of the crop period. No 
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statistically significant differences between treatments (P >  0.05) were found in soil 

WFPS at any sampling time. 

 

Fig. 5.1 Weekly mean soil temperature (ºC), rainfall (mm) (a) and soil water filled pore space (%) (b) 

during the crop period. Vertical arrow indicates fertilizer application 

 



 

Fig. 5.2 NH4
+-N (mg NH4

+-N kg

concentrations in the 0–10 cm soil layer during the experimental period. Vertical lines indicate standard 

errors. Vertical arrow indicates fertilizer application

62 

N kg-1) (a), NO3
--N (mg NO3

--N kg-1) (b) and DOC (mg C kg

10 cm soil layer during the experimental period. Vertical lines indicate standard 

errors. Vertical arrow indicates fertilizer application 
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) (b) and DOC (mg C kg-1) (c) 

10 cm soil layer during the experimental period. Vertical lines indicate standard 
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3.2. Evolution of soil mineral N and DOC  

Ammonium and NO3
- concentration significantly increased (P < 0.05) in the fertilized 

topsoil (0-10 cm) with respect to the control plots, for at least 30 days after application 

(Fig. 5.2). Mean values of NH4
+ and NO3

- concentrations were significantly higher (P < 

0.05) for U than for U+NBPT, peaking up to 95 mg NH4
+-N kg-1 and 52.8 mg NO3

--N 

kg-1, 14 and 26 days after fertilizing, respectively. 

 There were no statistically significant differences (P > 0.05) in DOC 

concentration between treatments during the experiment, with DOC ranging from 10.7 

to 48.1 mg C kg-1 (Fig. 5.2c). A sharp decrease was found in DOC concentration 24 

days after fertilizer application, and especially for U plots.  

3.3. Gaseous emissions 

There were no statistically significant differences (P > 0.05) in the NH3 emission rate 

between U and U+NBPT treated soils in the 24 hours after fertilizing (Fig. 5.3). 

However, the peak emission rate measured 2 days later was significantly lower (P < 

0.05) from U+NBPT (by a factor of 2.4) than from U. Daily NH3 emissions were not 

significantly different (P > 0.05) 22 days after fertilizer application. Cumulative NH3 

emission over the measurement period was 58% lower from U+NBPT than from U, 

representing 2.8 and 6.7% of the applied urea-N, respectively (Table 5.1). 

 Urea application significantly increased N2O fluxes (P <  0.05) compared to C 

from 20 to 62 days after fertilization (Fig. 5.4a). Emission rate were significantly lower 

(P < 0.05) from U+NBPT compared to U over the same period. Peak emission rates 

were measured 31 days after fertilization. The soil acted as a sink for N2O at some 

sampling events, thus significant negative fluxes were detected, especially for the 

control soil. A positive correlation was found between N2O emission and soil NH4
+ 
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content (r = 0.35, P < 0.01). Cumulative emissions of N2O were significantly higher 

from U (6.9 times) than U+NBPT (Table 5.1), representing 0.8 and 0.11% of the 

applied urea-N, respectively. 

 

Fig. 5.3 Ammonia emission rate (kg NH3-N ha-1 d-1) during the experimental period. Vertical lines indicate 

standard errors. Vertical arrow indicates fertilizer application 

 Significantly higher (P < 0.01) NO emission was observed for U than for NBPT 

from 20 to 26 days after fertilization, with peak emission rate being 7.4 times higher for 

U than for U+NBPT. Thereafter, emissions decreased progressively and remained 

below 0.5 mg NO-N m-2 day-1 throughout the experiment.  No statistically significant 

differences were found between C and U+NBPT (P > 0.05). Daily NO emission was 

positively correlated with soil NH4
+ content (r = 0.74, P < 0.001) and soil NO3

- content 

(r = 0.50, P <  0.05). Cumulative NO emissions were 74% lower for U+NBPT than from 

U after fertilization, representing 0.52 and 0.13% of the applied urea-N, respectively 

(Table 5.1). 
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Fig. 5.4 Emissions of N2O (mg N2O-N m-2 d-1) (a) and NO (mg NO-N m-2 d-1) (b) during the experimental 

period. Vertical lines indicate standard errors. Vertical arrow indicates fertilizer application 
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Table 5.1 
Cumulative NH3-N, N2O-N and NO-N emissions during the experimental period. 

Treatment Large plots Small plots 
 NH3  

(kg NH3-N ha-1) 
N2O  
(kg N2O-N ha-1) 

NO  
(kg NO-N ha-1 ) 

C - 0.01a 0.09a 
U 8.10a 0.97b 0.63b 

U+NBPT 3.42b 0.14a 0.16a 

Different letters within columns indicate significant differences applying Fischer’s 
Unprotected Least Significant Difference (LSD) test at P < 0.05. 

 

3.4. Denitrification potential, drainage and leaching 

Following fertilizer application, the greatest denitrification potential was measured in U, 

for both N2O+N2 (786 mg (N2O+N2)-N m-2 day-1) and N2O (396 mg N2O-N m-2 day-1) 

production alone. Denitrification potential was significantly lower (P < 0.05) for 

U+NBPT, although still greater than from C (Fig. 5.5). No statistically significant 

differences (P > 0.05) between plots were found before urea fertilization. 

 Calculated weekly drainage (Equation 3) was generally (i.e. 96%) negative for 

all treatments during the experimental period. In addition, an insufficient number of 

water samples were collected from the ceramic cups, due to lack of water percolation. 

Therefore, we assumed that N losses through NO3
- leaching were negligible in our 

study. 
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Fig. 5.5 Mean values for denitrification potential a) N2O + N2 or b) N2O. Significant differences (P < 

0.05) between treatments are indicated by different upper-case (20 days after fertilization) or lower-case 

(20 days before fertilization) letters 
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3.5. Crop yield and N uptake 

Urea fertilizer, with or without NBPT, significantly increased aboveground biomass and 

grain yields, N concentrations and N uptakes (Table 5.2) compared with C (P < 0.05). 

Inclusion of NBPT led to numerical, but not statistically significant (P > 0.05) increases 

in yield, N concentration and N uptake. 

Table 5.2 
Yield, N concentration and N uptake in the grain and the aboveground biomass of barley at harvest.  
Treatment Yield (kg ha-1)  N concentration (%)  N uptake (kg N ha-1)  
 Biomass Grain  Biomass Grain  Biomass Grain  
C 1772a 973a  0.81a 1.27a  14a 12a  
U 6408b 3461b  0.98a 1.41a  64b 49b  
U+NBPT 6814b 3656b  0.99a 1.42a  68b 52b  
Different letters within columns indicate significant differences applying Fischer’s Unprotected Least 
Significant Difference (LSD) test at P < 0.05. 
 

4. Discussion  

4.1. Effect of NBPT on NH3 emissions 

The measured NH3-N loss of 6.7% of applied N from urea alone was close to the value 

of 10% used in the IPCC accounting methodology to estimate NH3 volatilization from 

fertilizer applications (IPCC, 2006), and in the range of those reported elsewhere 

(UNECE, 2001). On the other hand, the default emission factor given in the CORINAIR 

Emission Inventory Guidebook for a region with spring temperatures > 13 ºC is 20% of 

the applied N (CORINAIR, 2006). The lower emission observed in our experiment was 

probably due to the combined effect of the low temperatures measured, under which 

volatilization has been shown to be decreased (Carmona et al., 1990), and the effect of 

rainfall on the distribution of urea within the soil micropores. A number of authors have 

reported a decrease in emissions following rainfall events (e.g. Sanz-Cobena et al., 

2011). 
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 Ammonia volatilization from surface-applied urea was mainly driven by urea 

hydrolysis, which occurred rapidly after fertilizing and promoted the release of NH4
+ to 

the soil solution (Fig. 5.2a). This enhanced the difference in the NH3 concentration 

between the soil and the atmosphere, favoring volatilization (Cabrera et al., 2001). 

Under these conditions, as observed by Sanz-Cobena et al. (2008), the application of 

NBPT probably reduced urease activity. This allowed more time for urea to diffuse into 

the soil, lowering the amount of NH4
+ susceptible to be transformed in NH3 and thus 

volatilized from the upper soil (0-5 cm) (Fig. 5.2a). In  addition  to the  reduction in the  

production of  NH4
+, a slowed rate of urea hydrolysis would likely also have minimized 

the effect of a sudden rise in soil  pH,  which  is  known  to  accelerate the NH3 

volatilization rate (Zaman et al., 2009).  

4.2. Effect of NBPT on N2O and NO emissions 

The values of N2O-N emitted from U (i.e. 0.8% of the applied N) are in accordance with 

the IPCC default value (i.e. 1%), and comparable to those of other researchers 

(Bouwman et al., 2002). In the case of NO, the emission factor was 0.45% which is 

slightly below the range of 0.5-10% proposed by Stehfest and Bouwman (2006).  

The inclusion of the urease inhibitor with urea application significantly (P < 

0.05) reduced the net N2O and NO emissions during the experimental period (Table 

5.1). As these gases are formed in the soil during biological nitrification and 

denitrification, the use of the inhibitor may have affected one or both of these processes. 

The NO/N2O ratio has been traditionally used as an indirect index for evaluating the 

source of N oxides (Anderson and Levine, 1986). These authors suggested that the 

molar NO/N2O ratio was > 1 for cultures of nitrifiers, while it was less than 0.01 for 

denitrifiers. Based on this, in the urea-only treated soils nitrification was apparently the 
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most important source of these gases immediately after fertilizer application, because 

the molar NO/N2O ratio was > 1 during this initial period, when 97 and 48% of NO and 

N2O emissions respectively occurred. The importance of nitrification was confirmed 

with the correlation found between the NO and N2O fluxes with the NH4
+-N content in 

soil (Skiba et al., 1993). A similar emission pattern was followed in this initial period by 

the U+NBPT treated soils. In this case, the NO/N2O ratio was also > 1 and the same 

correlations were found, suggesting that nitrification was also the dominating process in 

this treated soil. The most likely mechanism through which NBPT affected nitrification 

was by significantly affecting the NH4
+-N pool. The reduction in the size of the NH4

+-N 

pool mediated by the inhibitor (Fig. 5.2a) may have reduced the nitrification rate in such 

a way that the production of N2O and NO was also affected during this initial period. 

A second N2O peak was observed from the U and U+NBPT treated plots 45 

days after fertilization, when the NH4
+ concentration in the soil was below 2.5 mg 

NH4
+-N kg-1 and WFPS had increased (> 70%) due to rainfall events (Fig. 5.1). Under 

these conditions, NO fluxes were depleted, with the NO/N2O ratio being lower than 

0.01 for all fertilized plots. This suggests that these gases were mainly produced through 

the denitrification process during this period. In this case, the question is: how does 

NBPT alter the denitrification process? As shown in Fig. 5.2b, U+NBPT exhibited 

significantly (P < 0.05) lower NO3
--N concentration compared to U. This supports that 

NBPT slowed urea hydrolysis, reduced NH4
+ concentrations and, thereby limited NO3

- 

supply and nitrification rate. Thus, NBPT would have reduced emissions from the 

topsoil by reducing the amount of NO3
- substrate available for denitrification.  

Another factor promoting the N2O abatement caused by NBPT was found in the 

assessment of the denitrification potential. Twenty days before fertilizer addition, the 

capacity to produce N2O from nitrate was equal in the selected plots. After fertilizer 
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addition, an increase in the denitrification potential occurred in the urea fertilized soils, 

as was expected (Christensen, 1983). In contrast, the addition of the urease inhibitor 

decreased denitrification potential (Fig. 5.5). There is no easy explanation for this. 

Although other authors (e.g. Banerjee et al., 1999) haven’t observed any effect of NBPT 

on the size of soil microbial biomass, the addition of the inhibitor may have produced 

changes in the denitrifying enzymatic activity of the urea fertilized soils. However, it 

was not possible to test this hypothesis in our study and additional experiments would 

be needed to clarify this issue. 

4.3. Overall effect of NBPT on N losses  

The inclusion of a urease inhibitor, NBPT, with urea application produced a mean 

reduction in NH3 emission of 58%, similar to that reported by Sanz-Cobena et al. (2008) 

in a similar semiarid soil. However, the abating effect of NBPT over the net N2O and 

NO emissions (86 and 88%, respectively) was greater than that previously reported 

elsewhere (Zaman et al., 2009). This sharp reduction may be related with the fact that 

the urease inhibitor is more effective at lower temperatures and in soils with low levels 

of organic carbon (Carmona et al., 1990). The soil of our study, representative of 

Mediterranean areas, is characterized among others by its low organic C content (i.e. 8.2 

g C kg-1), and the addition of fertilizer was made, in response to crop requirements, in 

February when average temperature was 6.9 ⁰C. Additionally, the rainfall monitored 

during the 30 days following urea addition (i.e. 30.2 mm) would have facilitated the 

distribution of the inhibitor within the soil micropores, enhancing its effect. 

According to the advisory code of good agricultural practices by the Expert 

Group on Ammonia Abatement (UNECE, 2001), mitigation of NH3 emissions from 

urea application can be achieved by a) specific measures based on incorporating it into 
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the soil, b) applying it during appropriate weather conditions and c) the use of urease 

inhibitors. Incorporation into the soil is not an option in this type of agricultural system, 

as the majority of straight N fertilizers, such as urea, are applied to growing crops in 

synchrony with the requirement of those crops for available-N. Application of fertilizer 

was made when rainfall events were forecast in order to enhance the contact between 

ammonium (NH4
+) and the soil cation exchange complex in such a way that NH3 would 

be decreased in the soil solution. Therefore, in this study the effectiveness of the urease 

inhibitor NBPT was assessed under the best management practices suggested by 

UNECE (2001) for rainfed winter crops of Mediterranean areas.  

 No NO3
- leaching was measured during the experimental period. Very little 

drainage may occur in low rainfall Mediterranean areas (Eberbach and Pala, 2005). In 

our study, this could be explained due to the fact that the higher rainfall rates coincided 

with a period of high crop evapotranspiration (i.e. April-May) (Fig. 5.1a). The absence 

of drainage may also be associated with the high water-holding capacity of the fine 

textured soil surface (Vermiculite, a 2:1 expanding clay mineral is the dominant form of 

clay in this soil) and the water removed by the barley roots, which can be as deep as 0.9 

m. 

It has been stated that slow urea hydrolysis caused by NBPT allows crops to 

uptake N in either urea or NH4
+ forms which may be incorporated into organic 

compounds ending in plant protein at a lower energy consumption compared to NO3
- 

(Zaman et al., 2009). In our study, the inclusion of NBPT increased both yield (i.e. 5%) 

and N uptake (i.e. 6%) with respect to U, although the differences were not statistically 

significant (P > 0.05). Similarly, other studies carried out in different agricultural 

systems reported that the application of N fertilizer with N inhibitors improved the 

bioavailability of N resulting in increased biomass yield and N uptake (Watson et al., 
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1998). However, in this experiment, statistically significant differences in yield and N 

uptake were only observed between fertilized plots and the control. 

Caution must be exercised in scaling the results of this study, pertaining to 

specific soil and micrometeorological conditions (e.g. soil pH, temperature, organic 

matter content and moisture), to other conditions. These results were obtained in a field 

experiment performed during one year, thus, they must be considered as preliminary 

results. However, from a qualitative perspective, our results suggest that the urease 

inhibitor NBPT may offer a potential mitigation tool to mitigate NH3, N2O and NO 

emissions from urea fertilized soils. 

5. Conclusions 

Application of NBPT mixed with urea slowed urea hydrolysis producing a lower release 

of NH4
+ to the upper soil layer. Decreased availability of NH4

+ had a mitigating effect 

over reactive N emissions to the atmosphere. Large reductions in NH3 emissions (58%) 

and net N2O and NO emissions (86 and 88%, respectively) were measured. Although 

results of the present study have to be interpreted considering the specific soil 

conditions under which the experiment was carried out, they provide useful evidence of 

NBPT as an effective abatement strategy over gaseous N losses from arable soils 

surface-fertilized with urea. Nevertheless, findings such as the observed effect of NBPT 

over the denitrification potential, lead us to consider that more studies under semiarid 

conditions are necessary to confirm these results and to study the influence of urease 

inhibitors on NH3, N2O and NO emissions, from both non-irrigated and irrigated crops.
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1. Introduction 

Agricultural soils are assumed to be one of the major sources of nitric oxide (NO) and 

greenhouse gases (GHGs), particularly nitrous oxide (N2O) and methane (CH4) (OECD, 

2000; IPCC, 2007). In irrigated agroecosystems, water management and N fertilization 

have been shown to be driving factors in the emission of these gases. This is because 

these factors temporally affect water-filled pore space (WFPS), soil ammonium (NH4
+) 

and nitrate (NO3
-) concentration, which regulate production, consumption and transport 

of these gases within the soil (Davidson and Schimel, 1995). In order to advise farmers 

and to formulate policies for future GHG reductions in Agriculture, it is crucial to 

understand how the irrigation and fertilizer management practices affect the emission of 

these gases. In general, agricultural practices that increase water and N use efficiency 

are considered potential mitigation options for reducing these emissions (Smith et al., 

2008). 

 Drip irrigation combined with split application of N fertilizer dissolved in the 

irrigation water (i.e. drip fertigation) is considered an efficient strategy for water and 

nutrient application during crop production (Thompson et al., 2000). This is because 

drip irrigation reduces surface evaporation and deep percolation, obtaining high water 

use efficiency, while fertigation is ideally suited for controlling the placement, time and 

rate of fertilizer N application, thereby increasing N use efficiency (Darwish et al., 

2006). The scarce information regarding GHG emissions from these agroecosystems 

indicates that they could be a promising technique for mitigating N2O emission 

(Kennedy et al., 2013). However, the results obtained so far could be conditioned by the 

limited manipulation options tested, which do not include using different irrigation 

frequencies and/or different N fertilizer types within the same study.  
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 Crop yields may be different when the same quantity of water is applied under 

different irrigation frequencies (Wang et al., 2006). More frequent irrigation can 

maintain a higher average WFPS in the upper part of soil compared with a lower 

frequency, which may stimulate denitrification, increasing N2O and also affecting NO 

fluxes. However, these increases may be offset when emissions are calculated on a 

yield-scaled basis due to a correspondingly higher crop yield (Rajput et al., 2006). 

Conversely, when water is applied in fewer irrigation events, a higher temporal 

variation of WFPS can be produced generating wet-dry cycles, especially when 

evapotranspiration is high (e.g. in a summer crop). This pattern can elevate the 

amplitude of N2O (Kallenbach et al., 2010) and NO losses produced by nitrification. 

 Many choices of N fertilizer are available for fertigation. Urea and calcium 

nitrate are very water-soluble, and thus their use in fertigation is widespread. Under the 

wet conditions (near-saturation) produced by traditionally irrigated systems (i.e. surface 

or sprinkler), denitrification prevails, and higher N2O emissions are normally observed 

from nitrate-based fertilizers compared with urea (Lesschen et al., 2011). However, the 

spatial and temporal gradients of soil water and mineral N generated when drip 

irrigation is used indicate that nitrification may also be a major contributor to the 

emission of N oxides (Sanchez-Martín et al., 2010). We therefore hypothesized that 

under this particular system nitrate-based fertilizers would not result in higher N2O 

fluxes than urea. 

 Often an agricultural practice affects more than one gas, by more than one 

mechanism, sometimes in opposite ways so that the net benefit depends on the 

combined effects on all gases (Smith et al., 2008). In this sense, the influence of N 

source and irrigation frequency on CH4 and CO2 fluxes is still ambiguous (Bodelier et 

al., 2000; Serrano-Silva et al., 2011), due to the lack of field measurements. Therefore, 
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in order to increase the environmental benefits of drip fertigation without yield penalties 

in irrigated crops, the objectives of this study were: (1) to quantify the GHG and NO 

emissions from a drip-fertigated melon crop (Cucumis melo L. cv. Iberico); (2) to 

evaluate the possibility of reducing these emissions by manipulating the drip irrigation 

frequency and/or the type of mineral N applied by fertigation; (3) to better understand 

the main abiotic factors driving the fluxes by using two sampling locations within each 

plot; and (4) to assess the emissions as a function of crop yield in order to make general 

recommendations for farmers and policy makers. 

2. Materials and methods 

2.1. Site characterization  

The study was carried out at ‘‘El Encín” field station in Madrid (latitude 40º 32’N, 

longitude 3º 17’W). The soil was a Calcic Haploxerept (Soil Survey Staff, 1992) with a 

clay loam texture (clay, 28%; silt, 17%; sand, 55%) in the upper horizon (0-28 cm) with 

vermiculite as a dominant clay mineral. Some relevant characteristics of the top 0-28 cm 

soil layer are: total organic C, 8.1 ± 0.3 g kg-1; pHH20, 7.6; bulk density, 1.4 ± 0.1 g cm-

3; and CaCO3, 13.2 ± 0.4 g kg-1. At the beginning of the experimental period, NH4
+ 

content was 0.9 mg NH4
+-N kg soil-1; NO3

- content was 12.1 mg NO3
--N kg soil-1, and 

dissolved organic C (DOC) content was 18.2 mg C kg soil-1. The mean annual 

temperature and rainfall (over the last 10 years) in this area are 13.2ºC and 460 mm, 

respectively, with summer being the driest and hottest period of the year (with rainfall 

below 13 mm and temperatures sometimes higher than 30ºC). Rainfall and temperature 

data were obtained from a meteorological station located in the field site (CR23X 

micrologger, Campbell Scientific, Shepshed, UK) equipped with a Young® tipping 

bucket rain gauge (RM Young Company, Michigan, USA). Soil temperature was 
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monitored using a temperature probe inserted 10 cm into the soil. Mean hourly data 

were stored on a data logger. 

2.2. Experimental procedure 

A total of 18 plots (5 × 5m) were selected and arranged in a randomized block design 

with three N treatments under two irrigation frequencies and with three replicates. 

Irrigation treatments comprised of two different irrigation intervals: 1 day (High 

Frequency, HF) and 7 days (Low Frequency, LF). All plots received the same total 

amount of water by the end of the experiment. Applied N treatments were: (i) Urea (U), 

(ii) Calcium Nitrate (CN) and (iii) a Control without any N fertilizer (C). Each N 

treatment was evaluated with either High or Low Frequency irrigation (i.e. HF-U, LF-

U, HF-CN, LF-CN, HF-C, and LF-C).  

 Melon seedlings were planted on 30 June 2011. Each plot included three 

planting rows placed 2 m apart with four plants per row, with a distance of 1.5 m 

between plants. A basal fertilization was applied 14 days before transplanting, spreading 

by hand 50 kg P ha-1 and 150 kg K ha-1 as Ca(H2PO4)2 and K2SO4, respectively, in all 

plots. All fertilizers including Urea and Calcium Nitrate were supplied by Fertiberia® 

(Spain, Madrid). 

 Irrigation was applied by a surface drip irrigation system that included three 

pressure-compensated drip irrigation lines per plot, located on the soil surface and 

spaced 2m apart. Each line had 9 emitters (nominal discharge of 3 L h-1), 0.5m apart. A 

total amount of 364 mm of water was applied through 91 and 13 irrigation events for 

HF and LF, respectively. The water doses to be applied were estimated from the crop 

evapotranspiration (ETc) of the previous week (net water requirements). This was 

calculated daily as ETc = Kc × ETo, where ETo is reference evapotranspiration 
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calculated by the FAO Penman-Monteith method (Allen et al., 1998) using data from a 

meteorological station located in the experimental field. The crop coefficient (Kc) was 

obtained for melon crop following the method of Allen et al. (1998). Nitrogen fertilisers 

were applied by fertigation on a weekly basis for all fertilized plots, starting on July 20th 

2011 and coinciding with the irrigation day of the low frequency treatment (i.e. LF). 

Thus, fertigation events occurred 20, 27, 34, 41, 48, 55, 62, 69 and 76 days after 

planting (DAP). A Dosatron (DI16, Dosatron International Inc., Bordeaux, France) was 

used to inject the correct rate of N fertilizer in each fertigation event, and for each 

irrigation treatment. This system used the water pressure (0.3-6 bar) as a driving force to 

suck up the fertilizers from the tank and mix them homogeneously with the irrigation 

water. This process took place in a mixer section to assure the correct application rate, 

independent of the water flow or pressure variations. The total N fertilizer application 

rate was 125 kg N ha-1, which is within the range used by farmers in this area (Sanchez-

Martin et al., 2008a). 

 The field was kept free of weeds, pests and diseases, following local practices 

(i.e. herbicides). All melons were harvested in September. 

2.3. Sampling procedure 

Soil and GHG samples were taken at two distances from the emitter point: 10 cm 

(distance 1) and 30 cm (distance 2). The centre of the chambers used for gas sampling 

(20 cm diameter, described below) were located at these distances, in order to 

completely cover the circular wet bulb (35-40 cm radius) generated by the irrigation 

system. In order to avoid disturbance of the gas flux measurements by soil sampling, the 

chambers were located on the opposite side of the emitter from the soil sampling sites. 

An accurate understanding of the GHG biochemical production pathways in soil is key 
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to the development of adequate mitigation strategies. Therefore, with this sampling 

procedure we tried to elucidate the main abiotic parameters behind the fluxes of drip 

fertigated systems, which are expected to be highly variable as a consequence of the 

spatial gradients generated by this technique (Sanchez-Martin et al., 2010). 

2.4. Soil and crop analysis 

Soil samples were taken twice per week since fertigation started (20 DAP). Three soil 

samples per plot were taken from soil cores extracted with a manual auger (2.5 cm 

diameter and 10 cm height). Water-filled pore space was calculated dividing the 

volumetric water content by the total soil porosity.  Moisture contents were determined 

by gravimetrical analysis. Total soil porosity was calculated by measuring the bulk 

density of the soil according to the relationship: soil porosity = 1- (soil bulk 

density/2.65); assuming a particle density of 2.65 Mg m-3. Soil nitrate (NO3
--N) and 

ammonium nitrogen (NH4
+-N) contents were determined by extracting 8 g of mixed 

fresh soil with 50 mL of deionized water and 1 M KCl solution, respectively. An Orion 

720A NO3-electrode (Thermo Fisher Scientific, Beverly, MA, USA) was used to 

analyze NO3
--N whereas NH4

+-N concentrations were measured by automated 

colorimetry (AAII Auto-analyzer, Technicon Hispania, Madrid, Spain) (Abalos et al., 

2012).  

 Melons were harvested by hand when they began to change color and detached 

easily from its peduncle. The number of fruits per plant and their weights were recorded 

to determine total fruit yield.  

2.5. Gaseous emissions 

Gas samples were taken using the closed chamber technique (Abalos et al., 2013) at 0, 

20, 22, 27, 29, 33, 36, 48, 50, 54, 57, 61, 64, 78, 82 and 85 DAP. Two polyvinyl 
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chloride (PVC) chambers of 6.3 L (20 cm diameter x 20 cm height) were used in each 

plot to measure N2O, CO2 and CH4 fluxes. The chambers were closed by fitting them 

into stainless steel rings which were inserted into the soil to a depth of 5 cm to minimize 

lateral diffusion of gases. A rubber stopper with a 3-way stopcock was placed in the 

wall of each chamber to take gas samples by syringe (vol. 20 mL), 0, 30 and 60 min 

after chamber closure. The gas samples were collected in evacuated gas 

chromatography vials. Horizontal water flow occurred in the soil after each irrigation 

event, and therefore the chambers and steel rings were removed after sampling to avoid 

biases in the soil moisture content of the upper soil layers. The rings were inserted 2 h 

before sampling, in order to reduce perturbation of the soil structure following ring 

insertion, which can release pulses of gases. 

 Concentrations of N2O, CO2 and CH4 were quantified by gas chromatography, 

using a HP-6890 gas chromatograph (GC) equipped with a headspace autoanalyser 

(HT3), both from Agilent Technologies (Barcelona, Spain). HP Plot-Q capillary 

columns transported gas samples to a 63Ni electron-capture detector (ECD) to analyze 

N2O concentrations and to a flame-ionization detector (FID) fitted with a methanizer for 

CH4 and CO2 concentrations. Helium was used as carrier gas. The ECD was run with 

Ar-CH4 as make-up gas. The temperatures for the column and ECD detector were 

maintained at 40 °C and 300 °C, respectively. The oven and FID were operated at 50 °C 

and 300 °C, respectively. Precision of the gas chromatographic data at ambient GHGs 

concentrations was ± 1% or better. Two gas standards comprising a mixture of gases 

(high standard with 1500 ± 7.50 ppm CO2, 10 ± 0.25 ppm CH4 and 2 ± 0.05 ppm N2O 

and low standard with 200 ± 1.00 ppm CO2, 2 ±0.10 ppm CH4 and 200 ± 6.00 ppb N2O) 

were provided by Carburos Metalicos S.A. and Air Products SA/NV, respectively, and 

used to determine a standard curve for each gas. The response of the GC was linear 
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within 200-1500 ppm for CO2 and 2-10 ppm CH4 and quadratic within 200-2000 ppb 

for N2O. Increases in GHGs concentrations within the chamber headspace were 

generally linear (R2 > 0.90) over time. Greenhouse gas flux rates were calculated from 

the change in gas concentration in the headspace air during the sampling period. This 

was estimated as the slope of the linear regression between concentration and time (after 

corrections for temperature) and from the ratio of chamber volume to soil surface area 

(Sanz-Cobena et al., 2013). 

 A gas flow-through system was used to measure NO fluxes. One chamber per 

plot was used for this analysis (volume 22 L, diameter 35 cm and height 23 cm). In this 

case, the chamber was covered with Teflon® in order to minimize reactions of NOx with 

the walls and provided with inlet an outlet holes (Abalos et al., 2013). Nitric oxide was 

analyzed by a chemiluminiscence detector (AC31M-LCD, Environment S.A., Poissy, 

France). During this measurement, air (filtered through a charcoal and 

aluminium/KMnO4 column to remove O3 and NOx) was passed through the headspace 

of the chamber and gas samples were pumped from the chambers at a constant flow rate 

to the detection instruments through Teflon® tubing. An ambient air sample was 

measured between each gas sampling. As proposed by Kim et al. (1994), the NO flux 

was calculated from a mass balance equation, considering the flow rate of the air 

through the chamber and the increase in NO concentration with respect to the control 

(empty chamber) when the steady state was reached. 

2.6. Calculations and statistical methods 

Cumulative N2O, CO2, CH4 and NO fluxes were estimated by successive linear 

interpolations between sampling dates. Mean fluxes were calculated by total emissions 

divided by the experimental duration, separately for distance 1 and 2 (Table 6.1). 
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Cumulative fluxes of N2O, CO2 and CH4 for comparing different treatments were 

calculated as the weighted average taken into account the surface of each zone (distance 

1 and 2) within the plot (Table 6.2). The emission factors (EF) of applied nitrogen 

fertilizer for N2O and NO were calculated using the total emissions from the fertilized 

treatments and the unfertilized field plots during the entire measurement period (Table 

3). The global-warming potential (GWP) of N2O and CH4 emissions was calculated in 

units of CO2 equivalents (CO2eq) over a 100-year time horizon. A radiative forcing 

potential relative to CO2 of 298 was used for N2O and 25 for CH4 (Linquist et al., 

2012). 

 Statistical analysis was performed using Statgraphics Plus 5.1 (Manugistics 

2000). The data distribution normality of the fluxes (N2O, CO2, CH4 and NO) and of 

soil NO3
- and NH4

+ concentrations was verified using the Kolmogorov-Smirnov test. 

Differences between treatments at each sampling event and in the mean and cumulative 

emissions (for normally distributed data) were evaluated using analysis of variance 

(two-way ANOVA, P < 0.05), with the factors Irrigation Frequency (I) and N 

Fertilization (F). The least significant difference (LSD) test was used for multiple 

comparisons between means. For non-normally distributed data, the Kruskal-Wallis test 

was used on non-transformed data to evaluate differences at P < 0.05.When significant 

effects were found to occur, Schaich-Hamerle analysis was carried out as post hoc test. 

The relation between N2O, CO2, CH4 and NO fluxes with soil NH4
+-N, NO3

--N, WFPS 

and temperature was tested using Pearson’s correlation. 

3. Results 

3.1. Environmental conditions and evolution of WFPS  
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The average daily soil temperature varied between 15 and 29ºC from June to 

September. Total measured rainfall throughout the crop period was 9.3 mm. Mean 

WFPS was significantly different (P < 0.05) between LF and HF and, within irrigation 

treatments, between distances 1 and 2 (Fig. 6.1). During the irrigation period, WFPS in 

the upper soil layer ranged from 22 to 83% for LF and from 51 to 78% for HF. Soil 

moisture remained below 65% for distance 2, while it reached values higher than 80% 

for distance 1. No significant differences were found in soil WFPS between fertilizer 

treatments (P > 0.05).  
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Fig. 6.1 (a) Amount of irrigation water in each irrigation system (mm)

mean soil temperature (°C) and (b) soil water

dotted arrows indicate fertigation events

fertigated crop to reduce N2O 
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(a) Amount of irrigation water in each irrigation system (mm), ETc (mm), rainfall (mm) and 

mean soil temperature (°C) and (b) soil water-filled pore space (%) during the experimental period. The 

indicate fertigation events 

 

, ETc (mm), rainfall (mm) and 

filled pore space (%) during the experimental period. The 



 

Fig. 6.2 (a, c and e) NH4
+-N and (b, d and f) NO

experimental period. Data are provided separately for the different fertilizer treatments. Vertical lines 

indicate standard errors 

3.2. Evolution of soil mineral N

The highest NH4
+ peaks were measured for the U treated plots, and were significantly 

higher (P < 0.001) than those of CN fertilized plots (Fig. 

primarily concentrated near the emitter (distance 1) with the largest peaks measured 27 

DAP for HF-U1 (48 mg NH

 The application of fertilizers significantly increased soil NO

mainly for the CN fertilized plots (Fig. 
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N and (b, d and f) NO3
--N concentrations in the 0-10 cm soil layer during the 

experimental period. Data are provided separately for the different fertilizer treatments. Vertical lines 

3.2. Evolution of soil mineral N 

peaks were measured for the U treated plots, and were significantly 

< 0.001) than those of CN fertilized plots (Fig. 6.2). Ammonium was 

primarily concentrated near the emitter (distance 1) with the largest peaks measured 27 

NH4
+-N kg-1) and LF-U1 (45 mg NH4

+-N kg-1).

The application of fertilizers significantly increased soil NO3

mainly for the CN fertilized plots (Fig. 6.2). The highest NO3
- peaks of the experimental 
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10 cm soil layer during the 

experimental period. Data are provided separately for the different fertilizer treatments. Vertical lines 

peaks were measured for the U treated plots, and were significantly 

2). Ammonium was 

primarily concentrated near the emitter (distance 1) with the largest peaks measured 27 

.  

3
- concentration, 

peaks of the experimental 
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period were measured 24h after the 2nd fertigation event (i.e. 27 DAP), for distances 1 

(91 mg NO3
--N kg-1) and 2 (57 mg NO3

--N kg-1) of the LF-CN plots. For the U treated 

plots the higher NO3
- concentrations were always measured for distance 2. The largest 

soil NO3
- content of these plots was measured for LF-U2 (41 mg NO3

--N kg-1), 64 DAP. 

3.3. N2O and NO fluxes  

Several N2O peaks were observed after fertilizers addition (Fig. 6.3). The highest N2O 

peak (5.3 mg N2O-N m-2 d-1) of the experimental period was measured 27 DAP for the 

U fertilized plots. The highest N2O peaks of the CN fertilized plots occurred the same 

day and 21d later (i.e. 48 DAP) (c. 1 mg N2O-N m-2 d-1). The largest pulses from the 

fertilized plots were always observed for distance 1, with the emissions from this zone 

being significantly higher than those from distance 2 (Table 6.1). Regression analysis 

showed that, for distance 1, N2O fluxes correlated with NH4
+ (r = 0.68, P < 0.0001, n = 

193), NO3
- (r = 0.21, P < 0.01, n = 193) and WFPS (r = 0.20, P < 0.005, n = 193). For 

distance 2, the N2O correlations found were with NO3
- (r = 0.27, P < 0.05, n = 193) and 

WFPS (r = 0.26, P < 0.0005, n = 193). Total cumulative emissions were significantly 

greater (P < 0.05) from HF-U (193.17 g N2O-N ha-1) and LF-U (192.04 g N2O-N ha-1) 

than from the other treatments (Table 6.2). 

 Fertilization and irrigation significantly affected NO emissions (Table 6.2). The 

largest NO fluxes were measured from the U treated plots, with the highest peak being 

observed 22 DAP for LF-U (12.9 mg NO-N m-2 d-1) (Fig. 6.4). Significantly lower 

emissions were measured for the High Frequency irrigated plots (P < 0.05) compared 

with LF treated plots. Pooling the soil data for distance 1 and 2 as a weighted average 

based on the surface of each zone, NO emissions correlated with NH4
+ (r = 0.58, P < 

0.0001, n = 198) and N2O emissions (r = 0.54, P < 0.0001, n = 198). Cumulative NO-N 
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emissions were significantly higher for Urea-fertigated plots, both with high (151.11 g 

NO-N ha-1) and low (283.93 g NO-N ha-1) irrigation frequency (Table 6.2). 

3.4. CO2 and CH4 fluxes 

Although CO2 fluxes followed a similar trend for all the treatments (Fig. 6.5), the 

emissions of this gas from the Control plots were significantly lower (P < 0.05) than 

those from the fertilized plots (Table 6.2). Several CO2 emission peaks were measured 

during the crop period, with a maximum of 2634.3 mg CO2-C m-2 d-1 for HF-CN1. The 

emissions from this distance (1) were significantly higher than those from distance 2, 

for the fertilized plots (Table 6.1). The High Frequency irrigation significantly increased 

CO2 emissions (Table 6.2). From the statistical analysis, CO2 emissions correlated with 

NH4
+ (r = 0.34, P < 0.0001, n = 198), NO3

- (r = 0.25, P < 0.0005, n = 198) and WFPS (r 

= 0.22, P < 0.005, n = 198) for distance 1, and with WFPS (r = 0.26, P < 0.0005, n = 

198) for distance 2. 

 The cumulative CH4 emissions were negative for all the treatments at the end of 

the experimental period (Table 6.2), although positive fluxes were measured at some 

sampling events (data not shown). The largest emission peak was observed from HF-C2 

(0.42 mg CH4-C m-2 d-1) and the largest consumption was from LF-U1 (-0.65 mg CH4-

C m-2 d-1). There were no significant correlations between CH4 fluxes and soil 

parameters.



Water management in a drip-fertigated crop to reduce N2O 

89 
 

Table 6.1 Mean  N2O-N, CO2-C and CH4-C emissions from Control (C), Calcium Nitrate (CN) and Urea (U) at two irrigation frequencies (High and Low) at two different 
distances (1 and 2) from the emitter during the experimental period 
GHG Distances C CN U 

 High Frequency Low Frequency High Frequency Low Frequency High Frequency Low Frequency 

N2O-N 
(mg N2O-N m-2 d-1) 

1 0.032a 0.049a 0.207b 0.229b 0.668b 0.685b 
2 0.017a 0.010a 0.085a 0.019a 0.179a 0.170a 

     

CO2-C 
(g CO2-C m-2 d-1) 

1 0.491a 0.441a 1.061b 0.751b 1.107b 0.800b 
2 0.386a 0.367a 0.588a 0.413a 0.478a 0.408a 

     

CH4-C 
(mg CH4-C m-2 d-1) 

1 -0.086a -0.010a -0.102a -0.122a -0.035a -0.098a 
2 -0.006a -0.008a -0.033a -0.096a -0.039a -0.059a 

Different letters within columns (and gaseous emissions) indicate significant differences by applying the Least Significant Difference (LSD) test at P < 0.05. 



 

 

Fig. 6.3 N2O fluxes during the experimental period. Data are provided separately for the different 

fertilizer treatments. Note differences in the scale of the “

standard errors 
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Fig. 6.4 NO fluxes during the experimental period. Vertical lines indicate standard errors

3.5. Fruit yield, N2O and NO emission factors and yield

Potential  

The yield and yield components are shown in Table 

increased fruit yields of U fertigated plots by 63% compared with low frequency. The 

opposite trend was observed for CN fertigated plots but in this case the differences were 

not significant (P = 0.064). Urea produced higher N

CN irrespective of the irrigation frequency. Yield

followed by U-HF; these were also the treatments with higher yields (Table 

fertigated crop to reduce N2O 
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NO fluxes during the experimental period. Vertical lines indicate standard errors

O and NO emission factors and yield-scaled Global Warming 

The yield and yield components are shown in Table 6.3. High Frequency irrigation 

increased fruit yields of U fertigated plots by 63% compared with low frequency. The 

opposite trend was observed for CN fertigated plots but in this case the differences were 

= 0.064). Urea produced higher N2O and NO emission factors than 

CN irrespective of the irrigation frequency. Yield-scaled GWP was lowest for CN

HF; these were also the treatments with higher yields (Table 

 

NO fluxes during the experimental period. Vertical lines indicate standard errors 

scaled Global Warming 

Frequency irrigation 

increased fruit yields of U fertigated plots by 63% compared with low frequency. The 

opposite trend was observed for CN fertigated plots but in this case the differences were 

emission factors than 

scaled GWP was lowest for CN-LF 

HF; these were also the treatments with higher yields (Table 6.3). 



 

Fig. 6.5 CO2 fluxes during the experimental period. Data are provided separately for the different 

fertilizer treatments. Note differences in the scale of the “

standard errors 
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Table 6.3 Fruit yield and its components (fruit number and fruit weight), emission factors (EF) and yield-scaled 
Global Warming Potential (GWP/yield) 
Fertilizer Irrigation 

Frequency 
Fruit 
number 
(m-2) 

Fruit 
weight 
(kg) 

Yield 
(Mg ha-1) 

EF (N2O) 
(%) 

EF (NO) 
(%) 

GWP / yield 
(kg CO2eq Mg-1) 

CN HF 1.24ab 3.43ab 43.18ab 0.06 0.02 11.13 

 LF 1.50b 3.61ab 53.92b 0.04 0.03 6.26 

U HF 1.51b 3.82b 57.79b 0.14 0.09 8.05 

 LF 1.07a 3.24a 35.42a 0.14 0.18 10.75 

Different letters within columns indicate significant differences by applying the Least Significant Difference (LSD) 
test at P < 0.05 
 

Table 6.2 Cumulative N2O-N, CO2-C, CH4-C and NO-N emissions over the experimental period 
Fertilizer Irrigation 

Frequency 
N2O 
(g N2O-N ha-1) 

CO2 
(kg CO2-C ha-1) 

CH4 
(g CH4-C ha-1) 

NO 
(g NO-N ha-1) 

CN HF 94.26b 453.16c -32.66a 64.04b 

 LF 66.04ab 319.21abc -60.20a 86.19bc 

U HF 193.17c 407.68bc -13.41a 151.11d 

 LF 192.04c 324.82abc -44.54a 283.93e 

C HF 13.26a 264.69ab -16.84a 40.47a 

 LF 12.91a 247.64a -2.57a 51.78ab 

Fertilizer (F)  *** * NS *** 
Irrigation Frequency 
(I) 

 NS * NS *** 

F x I  NS NS NS *** 

Different letters within columns indicate significant differences by applying the Least Significant Difference (LSD) 
test at P < 0.05 
*, **, ***: Significant at the 0.05, 0.01 and 0.005 probability level, respectively 
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4. Discussion 

4.1. Effect of drip irrigation frequency and type of mineral N applied by fertigation on 

GHG and NO emissions 

Fertigation with Urea increased N2O emissions by a factor of 2.4 (ranged from 2 in HF 

to 2.9 in LF) compared with Calcium Nitrate (Table 6.2). These significantly higher 

emissions suggest that nitrification was a major source of N2O under the environmental 

conditions of this cropping system. This is because for Urea and NH4
+-containing 

fertilizers both nitrification and denitrification can be involved in the production and 

emission of N oxides. However, denitrification is initially the only possible direct 

source of N2O and NO from NO3
--based fertilizers (Russow et al., 2008). In our 

experiment, the importance of nitrification seems to be confirmed with the high 

correlation observed between N2O fluxes and soil NH4
+ content (Skiba et al., 1993). 

This finding is consistent with the NO fluxes. The use of Urea instead of Calcium 

Nitrate increased the NO emissions by a factor of 2.9 (2.3 in HF and 3.3 in LF) (Table 

6.2), with the largest NO peaks being measured when soil NH4
+ content was high (Fig. 

6.2e). It is known that the main source of NO from soils is nitrification (Skiba et al., 

1993) and several authors (e.g. Meijide et al., 2007; Sanchez Martín et al., 2010) have 

previously reported NO peaks associated with high levels of nitrification in irrigated 

soils fertilized with Urea. Thus, these results confirm that fertigation with Calcium 

Nitrate instead of Urea or NH4
+-based fertilizers may provide a key for mitigation of 

N2O and NO emissions from drip-irrigated systems. 

 The spatial variation in abiotic soil factors (i.e. WFPS and mineral N) around the 

emitter promoted by drip-fertigation produced shifts on the relative importance of 

nitrification and denitrification in N2O production. Nitrous oxide emissions from both
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fertilizer treatments were higher from the zone closer to the emitter (distance 1) than 

those from zone 2 (Table 6.1). For nitrate-treated soils, where denitrification is expected 

to be the main source of these emissions, the higher fluxes from distance 1 (for both LF 

and HF) were probably due to the differences in WFPS between zones. This is because, 

although higher NO3
- concentrations were measured at distance 2, denitrification rates 

were limited by the WFPS of this zone (<60% most of the time). Fig. 6.6 confirms this 

effect; N2O fluxes peaked in this soil when WFPS ranged between 60-80%. The slightly 

higher WFPS observed at distance 2 for HF compared with LF (Fig. 1) also explains the 

higher fluxes due to denitrification for CN fertilized plots at this distance. On the other 

hand, the higher N2O fluxes from U compared with CN at distance 1 suggest that 

nitrification was an important source of N2O even at this zone (Table 6.1), where WFPS 

was frequently > 60%. Sanchez-Martín et al. (2008b) also observed large nitrification 

rates and N2O fluxes at WFPS values close to 80% in soils treated with urea. Although 

the WFPS at distance 2 could have triggered the nitrification process for Urea-treated 

soils, the lower concentration of NH4
+ for this zone compared with the zone close to the 

emitter limited the magnitude of the N2O fluxes.  

 High Frequency irrigation reduced NO emissions (26 and 46% reduction for CN 

and U, respectively) when compared with the low frequency treatment (Table 6.2). 

Therefore, targeted management of irrigation frequency can be a mitigation strategy for 

these emissions. During nitrification, nitric oxide emissions are generally considered to 

peak at a WFPS below 60% (del Prado et al., 2006). In agreement with this value the 

highest peaks of our study were measured in the range of 40-60% WFPS (Fig. 6.6b). 

Since the start of irrigation, the HF plots maintained a WFPS above 60% for distance 1, 

where NH4
+ ions, if present, were accumulated. Conversely, LF plots (both for distance 

1 and 2) had a WFPS within the optimum range for NO emissions during most of the 
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experimental period (Fig. 6.1b). Thus, daily irrigation provided soil moisture conditions 

unfavorable for NO production through the nitrification process, thus, reducing the 

emissions of this gas. Additionally, a lower frequency of irrigation generated more 

extreme wet-dry cycles, coinciding with the period of higher crop evapotranspiration 

(Fig. 6.1a). These fluctuations in soil moisture content have been shown to enhance 

nitrification rates (Fierer and Schimel, 2002) and therefore trigger NO emissions. By 

irrigating daily this was avoided. Another mechanism by which the High Frequency 

irrigation treatment reduced NO emissions could be by affecting its reduction (i.e. 

consumption by denitrifiers). Daily irrigation might have reduced gas diffusion 

efficiency making it more difficult for NO to escape from this clay loam soil, enhancing 

NO reduction (Vallejo et al., 2006). 

 Both the irrigation frequency and N fertilization had a significant effect on CO2 

emissions (Table 6.2). The Low Frequency irrigation treatment reduced CO2 emissions 

by 21% compared to the daily irrigation system. Soil moisture content is one of the 

factors with a higher impact on CO2 fluxes from soils (Jabro et al., 2008). Positive 

(Franzluebbers et al., 2002) as well as negative (Lou et al., 2004) effects of WFPS on 

soil CO2 flux have been reported. The effect found in our study may be due to the fact 

that frequent irrigation sustained a mean WFPS of 66%, close to the optimum (c. 70%) 

for stimulating microbial activity and enhance root respiration, thereby increasing CO2 

emission from the soil surface (Ding et al., 2007). The importance of the 70% WFPS 

threshold during our study is shown in Figure 6.6c. Further evidence is shown by the 

positive correlation found between WFPS and CO2 fluxes, and the significantly higher 

emissions measured from the zone close to the emitter point (Table 6.1), which 

maintained a 30% higher WFPS compared with more distant areas (Fig. 6.1). The 

application of N fertilizers significantly increased CO2 emissions with respect to the 
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control plots (Table 6.2). This was likely to be because microbial activity is often 

stimulated by the addition of inorganic N fertilizer (Mendoza et al., 2006) and emission 

of CO2, thus, increases (Aarnio and Martikainen, 1996). The correlation found between 

soil mineral N and CO2 fluxes seems to be explained by these processes. Moreover, N 

fertilization stimulated plant growth and then also the root respiration rate. However, in 

our study there were no significant differences of CO2 emissions between Urea or 

Calcium Nitrate fertilized plots. 

4.2. Can drip-fertigation be considered a GHG and NO mitigation strategy for irrigated 

cropping systems? 

The N2O emission factors (EFs) of the drip-fertigated treatments, ranging from 0.04% 

to 0.14% (Table 6.3), are substantially below the IPCC Tier I default value (i.e. 1%), 

and below the EF for conventionally irrigated crops in Mediterranean cropping systems 

(i.e. 0.98%, Aguilera et al., 2013). They are also lower than those reported by Sanchez-

Martin et al. (2008a, 2010) for drip-irrigated crops fertilized by single, surface 

applications of ammonium sulphate (0.42%) and digested pig slurry (0.90%). These 

results suggest that drip irrigation combined with fertigation may be a mitigation 

strategy for N2O emissions. This would seem to be confirmed by the similar, low EF 

(i.e. 0.26%) obtained for a drip-fertigated almond crop by Schellenberg et al. (2012). 

The low N2O emissions of these systems might have been ascribed to three reasons. 

Firstly, drip irrigation reduces the amount of water applied compared with other 

conventional systems (Sharmasarkar et al., 2001) reducing the soil WFPS below the 

optimum for N2O emissions, which is in the range of 70-90% depending on soil type 

(Butterbach-Bahl et al., 2013). In our study, for instance, the WFPS of the wet bulb 

(weighted average between distance 1 and 2) was below 65% during 84% of the 

experimental period; it never exceeded 50% in the study of Schellenberget al. (2012); 
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and it ranged between 20-30% and 40-60% in Kallenbach et al. (2010) and Kennedy et 

al. (2013), respectively. Second, fertigation could have also reduced these emissions by 

increasing N use efficiency, as split N fertilization directly in the root zone may serve to 

match the rate of soil N supply to the rate of plant N uptake (Castellanos et al., 2013). 

Higher plant N uptake may reduce the N2O emissions by reducing the availability of 

ammonium and nitrate for the processes of nitrification and denitrification. The third 

mechanism is due to the spatial gradient of soil water and mineral N of these systems. In 

our study, similar to others (Li et al., 2003), nitrate accumulated towards the boundary 

of the wet bulb through transport in the water flow; however, the mean WFPS of this 

zone (distance 2) was 50%, unfavorable for denitrification. Conversely, higher 

concentrations of ammonium, a less mobile ion, were found in the proximity of the 

emitter where the mean WFPS was 65% (distance 1) (Fig. 6.2). These moisture 

conditions decrease nitrification rates. Therefore, where the substrates for denitrification 

and nitrification were available, the soil moisture conditions limited the activity of the 

respective microbiological process. Increased plant N uptake and lower nitrification 

rates could also explain the low NO emissions of our study. The average EF for NO 

(0.08%) was 8.75 times lower than the worldwide average for fertilized croplands 

(Bouwman et al., 2002). 

 Another benefit of this agroecosystem appears to be steady CH4 oxidation, 

which offsets emissions of N2O and CO2. Ranging from -13.41 to -60.20 g CH4-C ha-1, 

our fluxes are in accordance with those of Schellenberg et al. (2012) for a drip-

fertigated crop (-23.3 to -81.0 g CH4-C ha-1). To our knowledge, there are no data on 

cumulative CO2 fluxes from a similar production system. Kallenbach et al. (2010) 

measured CO2 emissions from a sub-surface drip-irrigated crop, reporting daily flux 

ranges comparable to ours. These authors found that, compared with furrow irrigation, 
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sub-surface drip irrigation had lower CO2 emissions for the majority of the sampling 

dates. 

 The majority of these studies were performed under similar climatic conditions 

(i.e. semi-arid Mediterranean climate), where drip-fertigation systems are more widely 

adopted. These areas share low organic matter contents (c. 1%) and often low levels of 

mineral nutrients (Aguilera et al., 2013). As a consequence, further studies in other 

locations are needed to confirm these results, which depend on local conditions and 

therefore may vary from region to region. 

4.3. Implications for drip-fertigation management 

Van Groenigen et al. (2010) postulated that in a world with increasing food demand and 

limited land area for expansion of agriculture, N2O emissions (or GWP) should be 

assessed as a function of crop yield (i.e. yield-scaled GWP). To our knowledge, this 

study reports the first account of yield-scaled GWP for a horticultural crop. Besides, 

Spain is the world’s fifth-largest producer of melon. Approximately one-third of its 

annual production is exported, making Spain the world’s largest exporter (FAOSTAT, 

2009). Sixty-seven per cent of the area under melon cultivation in Spain is drip-

fertigated (MARM, 2009). Therefore, evaluating the environmental implications of this 

cropping system on a yield basis is of major interest and can be considered as 

representative of an affordable management practice.  

 The current study shows that drip-irrigation best management practices from 

both an economic and environmental perspective are constrained by the election of the 

N fertilizer applied. Based on yield-scaled GWP results (Table 6.3), High Frequency 

irrigation (i.e. daily) should be recommended if Urea is applied, while Low Frequency 

irrigation (i.e. weekly) would the best option if a NO3
--based fertilizer is used. Daily 
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irrigation when Urea is applied could have the additional benefit of reducing NH3 

volatilization (Sanz-Cobena et al., 2011), which is a significant N loss of summer crops. 

In our study this effect seems to be supported by the higher yield of Urea-fertigated 

plots when High Frequency irrigation was applied. Urea fertigation represents a priority 

area for the development of potential GHG mitigation techniques, because due to its 

low cost and its high N content (46%), it has become the most widely used form of 

fertilizer N (Roy and Hammond, 2004). However, caution must be exercised 

establishing general recommendations for farmers regarding Urea fertigation, taking 

into account that its use was also associated with higher NO losses (Table 6.3). Nitric 

oxide contributes to the oxidizing capacity of the atmosphere and more especially to the 

chemical formation of tropospheric ozone (Bouwman et al., 2002), thus affecting 

human health and plant photosynthesis (Staffelbach et al., 1997). Therefore, its 

influence on the overall environmental assessment of a cropping system must be 

considered. In this context, our results suggest that weekly fertigation with a NO3
--based 

fertilizer seems to be the most suitable option in order to improve environmental quality 

and sustain productivity under the specific conditions of these agroecosystems.  

5. Conclusions 

We conclude that drip irrigation combined with fertigation may be a mitigation strategy 

for N2O and NO emissions, although further research is needed to confirm these results 

under different soil conditions. Fertigation with calcium nitrate instead of urea 

improved the environmental benefits of this system by reducing further these emissions. 

This effect was attributed to the lower concentration of soil NH4
+ generated by this 

fertilizer, which decreased nitrification rates. This microbiological process had an 

important effect on the emissions due to the gradient of soil moisture and mineral N 

generated by drip-fertigation. If urea is applied, high frequency irrigation (i.e. daily) 
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should be recommended as a measure to reduce NO emissions. However, among all the 

treatments tested in our study and based on yield-scaled GWP, weekly fertigation with a 

nitrate-based fertilizer seems to be the most suitable option in order to link agronomic 

productivity to environmental sustainability during a drip-fertigated crop. 
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Role of maize stover incorporation on nitrogen 
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1. Introduction  

Agricultural soils are one of the main anthropogenic sources of nitrous oxide (N2O) and 

nitric oxide (NO) (IPCC, 2007). Nitrous oxide accounts for c. 8% of the current 

anthropogenic greenhouse effect (IPCC, 2007), and is considered to be the dominant 

ozone-depleting substance emitted in the 21st century (Ravishankara et al., 2009). Nitric 

oxide is highly reactive in the atmosphere, contributing to its oxidizing capacity and 

more specifically to the chemical formation of tropospheric ozone, thereby affecting 

human health and plant photosynthesis (Staffelbach et al., 1997). Agriculture is also 

associated with the greenhouse gas (GHG) carbon dioxide (CO2), accounting for 1% of 

the global CO2 emissions (OECD, 2000). However, agriculture has a significant climate 

change mitigation potential which could change its position from one of the largest 

emitters to a much smaller emitter or even a net sink of GHGs (Bellarby et al., 2008). In 

this sense, because organic and mineral nitrogen (N) fertilizers are known to be key 

variables in the regulation of trace gas emissions from agricultural soils (IPCC, 2007) 

the active management of agricultural practices associated with fertilization provides an 

opportunity for climate change mitigation (Smith and Conen, 2004).  

Returning crop straw to the soil has being proposed as a measure to increase soil 

fertility, as crop residues are a source of soil organic matter, which is the primary source 

of plant nutrients and an energy source for soil microorganisms (Malhi et al., 2011). 

Residue quality is the primary factor controlling decomposition rates and N release. 

Among the strongest determinant quality parameters are the C:N ratio and N, lignin and 

soluble polyphenol contents (Palm and Rowland, 1997). Crop residues with C:N ratios 

greater than 20, such as those of cereals, are difficult to break down and usually 

decompose more quickly when N fertilizer is applied (Snyder et al., 2009). Therefore, 

adding a complementary source of N (mineral or organic) when crop residues are 
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incorporated into the soil could stimulate straw mineralization increasing N-use 

efficiency and producing higher yields (Garcia-Ruiz and Baggs, 2007). 

A mechanism by which the interactive effect of crop residues and N fertilizers 

can affect N gaseous emissions was suggested by Vanlauwe et al. (2001). The 

application of N-fertilizer can create high levels of available N that exceed plant 

demand, leading to potential N losses as gaseous emissions (e.g. N2O and NO). 

Incorporation of straw into the soil may reduce these emissions by inducing N-fertilizer 

immobilization. This temporary immobilization delays N release until later in the 

season, and thereby may serve to match the rate of soil N supply with the rate of plant N 

uptake. As evidence for this mechanism, in an incubation experiment, Gentile et al. 

(2008) found a reduction of fertilizer-derived N2O emissions when mineral fertilizer 

was combined with low quality (C:N ratio >42:1; lignin content <15%; polyphenol 

content < 4%) maize (Zea mays L.) residue. 

Conversely, some studies have shown that crop residue incorporation can 

increase N2O emissions from soil (e.g. Huang et al., 2004; Frimpong and Baggs, 2010). 

The release of organic C after incorporation of cereal residues having a high C:N ratio 

may provide the energy for denitrification, resulting in an increase of N2O emissions, 

particularly where N availability is high after N-fertilizer application (Sarkodie-Addo et 

al., 2003). Little is known about the combined effect of N fertilizer and crop residue 

addition on NO emissions from croplands, due to a lack of field studies involving both 

factors (Yao et al., 2009; Liu et al., 2011). 

Alternative N sources for use in agricultural production need to be examined to 

allow replacement or substitution of synthetic N-fertilizer use (i.e. urea), a product of 

fossil fuel based energy. Nitrogen sources which are available in large quantities in 
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many countries are animal manures, including pig slurries, from intensive livestock 

production facilities (Meade et al., 2011). It has been shown that the types of C (easily 

mineralizable and resistant organic C) and N (NO3
-, NH4

+ and organic N) added to the 

system through animal manures may interact with the N cycle, affecting the N2O/NO 

production/consumption processes (Chadwick et al., 2000).  

The objective of this study was to evaluate the effect of applying maize residues 

and fertilizer inputs (organic and/or mineral), combined or alone, on nitrogen oxide 

emissions under field conditions during a barley (Hordeum vulgare L.) crop. An 

additional objective was to relate these emissions with crop N uptake; analyzing N2O 

and NO emissions on a yield basis provides information for estimating the 

environmental impacts of intensive agricultural production systems (van Groenigen et 

al., 2010). We hypothesized that the release of C from the crop residues would increase 

N2O emissions but that this increase may be offset by a correspondingly higher yield. 

To gain a better understanding of the effect of the management practices tested on the 

overall GHG budget, CO2 emissions were also analyzed during the experimental period.  

2. Materials and methods 

2.1. Soil characteristics 

The field experiment was carried out at “El Encín” Field Station (40°32´N, 3°17´W) in 

Alcalá de Henares (Madrid), located in the Henares river basin. According to the USDA 

soil taxonomy system (Soil Survey Staff, 1992), the soil is a Calcic Haploxerept with a 

clay loam texture in the upper horizon (0-28 cm). Some physico-chemical properties of 

the top soil layer were: total organic C, 8.2 ± 0.4 g kg-1; pHH20,7.6; bulk density, 1.4 ± 

0.1 g cm-3; CaCO3, 13.1 ± 0.3 g kg-1; clay, 28%; silt, 17%; sand, 55%; total N, 0.75 ± 



Chapter 7 

108 
 

0.12 g kg-1. The 10-year mean temperature was 13.2ºC and the mean annual rainfall 

over the same period, 430 mm. 

2.2. Experimental design 

Eighteen plots (8 x 8m) were selected and arranged in a randomized complete block 

design with 2 factors, crop residue management practices (remove (-R) or retain (+R)), 

and fertilizer type (control without N-fertilizer application (C), pig slurry + urea 

(PS+U), and urea (U)). There were three replicates of every treatment. 

The harvested maize straw from the previous crop was cut into pieces of 10-20 

cm, homogenized, quantified and spread or removed, depending on the treatment, on 

10th November 2010. Sub samples were collected on the same day for laboratory 

analysis. The maize straw was applied at a rate equal to 5149 kg C ha-1, corresponding 

to the average straw yield from the previous maize crop. On 15th November 2010, all 

plots received a blanket basal application of 50 kg P ha-1 as triple superphosphate and 

50 kg K ha-1 as potassium sulfate by broadcasting and incorporating the fertilizers into 

the upper 10 cm of the soil using a rotovator.  

Pig slurry was obtained from a treatment plant at Almazán (Soria, Spain). A 

rotary sieve drum (0.9 mm mesh) was used to separate the solid and liquid fractions of 

the manure. Separation of the solid fraction reduced the viscosity and so facilitated 

distribution and infiltration into the soil. The characteristics of the applied liquid pig 

slurry were: total N, 3.1 g kg-1; total C, 18.02 g kg-1; DOC, 0.5 g kg-1; NH4
+-N, 2.3 g kg-

1; pH, 7.51 and dry matter, 16 g kg-1. 

The application of fertilizers was adjusted to provide 150 kg total N ha-1 during 

the crop period, in two separate applications. Before sowing (16th November 2010), 50 

kg N ha-1 were applied as urea or pig slurry depending on the treatment. The remaining 
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100 kg N ha-1 were applied as urea for all fertilized treatments, as a top-dressing (25th 

February 2011). Pig slurry was applied to the soil using a watering can, connected by a 

hosepipe to a 100 L tank, to produce a uniform distribution on the soil surface. An exact 

weight of urea was broadcast by hand. Immediately after the first fertilizer application, a 

rotovator was used to incorporate the maize straw, slurry and urea into the upper soil 

layer (0-10cm), and the experiment started. Barley (Hordeum vulgare L. cv Bornova) 

was sown on 25th November 2010 by direct drilling, at a rate of 350 seeds m-2. The field 

was kept free of weeds, pests and diseases, following local practices (i.e. herbicides). 

Harvesting took place on 20th June 2011. 

To facilitate analysis, our data acquisition was divided into two different periods 

according to the fertilizer applications. The first fertilization covered the period from the 

incorporation of the maize straw in mid-November, to the crop GS 25, in mid-February. 

The period from mid-February to harvest, hereafter is referred to as the second 

fertilization. 

2.3. Sampling and analysis of gases 

Nitrous oxide and CO2 fluxes were measured using the closed chamber technique 

(Clayton et al., 1994) with opaque manual chambers of 19.34 L (diameter 35.6 cm, 

height 19.3 cm). The chambers were closed by fitting them into stainless steel rings 

which were inserted into the soil to a depth of 10 cm to minimize lateral diffusion of 

gases. Measurements were always made with the barley plants inside the chambers. 

When the plants were higher than 19 cm, plastic intersections of 19 cm covered with 

Teflon were used between the ring and the chamber. Gas samples (vol. 20 mL) were 

taken by syringe 0, 30 and 60 min after chamber closure and collected in evacuated gas 

chromatography vials. Thermometers were placed inside three randomly selected 
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chambers during the closure period of each measurement in order to correct the fluxes 

for temperature.  

Concentrations of N2O and CO2 were quantified by gas chromatography, using a 

HP-6890 gas chromatograph (GC) equipped with a headspace auto-analyzer (HT3), 

both from Agilent Technologies (Barcelona, Spain). HP Plot-Q capillary columns 

transported gas samples to a 63Ni electron-capture detector (ECD) to analyze N2O 

concentrations. CO2 was reduced by a methanizer and then analyzed by a flame 

ionization detector (FID). Gas samples were taken from the chambers four times during 

the first and second weeks after fertilizer applications, then two to three times per week 

during the following month, and subsequently on a weekly basis until the end of the 

crop period. 

To measure NO fluxes, a gas flow-through system was used. The chamber used 

for this analysis had the same characteristics as that used for GHGs sampling, but it was 

covered with Teflon and provided with inlet and outlet holes and a transparent lid 

(Sanchez-Martin et al., 2010a). During this measurement, air (filtered through a 

charcoal and aluminium/KMnO4 column to remove O3 and NOx) was passed through 

the headspace of the chamber and gas samples were pumped from the chambers at a 

constant flow rate of 40 L min-1 to the detection instruments through Teflon tubing. NO 

was analyzed by a chemiluminiscence detector (AC31 M-LCD, Environnement S.A., 

Poissy, France). An ambient air sample was taken and measured between each gas 

sampling. For the gas sampling, concentrations were measured continuously until they 

gave a constant value; this normally took approximately 5 min per sample. The NO flux 

was calculated as described in Sanz-Cobena et al. (2012). Intensive NO measurements 

were carried out during the first month following fertilizer applications in order to study 
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the highest emissions associated with the different treatments. After the first month, NO 

emissions were measured monthly.   

2.4. Denitrification capacity    

Laboratory incubations were undertaken to investigate the impact of carbon availability 

on N2O emissions. For this purpose we measured the denitrification capacity of soils 

collected on two sampling dates. The first soil sample was taken 16 days after the 

residue incorporation (26 November), and the second sample was taken when the 

highest N2O emission peak of the measurement period was observed (30 March), one 

month after the second fertilizer addition. Three replicates for each treatment were used. 

Denitrification capacity was measured according to the technique described by 

Yeomans et al. (1992) with a few modifications. Into 250 mL glass bottles, 30 g of fresh 

soil and 12.5 mL of a solution containing 42.9 mM KNO3 were added. The bottles were 

sealed with a rubber stopper, repeatedly flushed with N2 (10 min) and separated into two 

groups (with or without a further addition of acetylene 8%). After 0, 6 and 12 h, gas 

samples (vol. 10 mL) were taken and stored in evacuated vials. Nitrous oxide was 

analyzed by gas chromatography as previously described. 

2.5. Soil and crop residue analysis 

Every day of gas sampling, soil samples were taken from the upper layer (0-10 cm) of 

the soil, in order to relate gas emissions to soil properties. Four soil cores were 

randomly sampled close to the ring for each plot and mixed in the laboratory to make 

the sample homogeneous. Soil NO3
--N and dissolved organic carbon (DOC) were 

determined by extracting 8 g of fresh soil with 60 mL of deionized water. An Orion 

720A NO3-electrode (Thermo Fisher Scientific, Beverly, MA, USA) was used to 

analyze NO3
--N and DOC content was determined as described by Mulvaney et al. 
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(1997). NH4
+-N concentrations were analyzed by extracting 8 g of fresh soil with 50 mL 

of KCl (1 M) and measured by automated colorimetry (AAII Auto-analyzer, Technicon 

Hispania, Madrid, Spain). Water-filled pore space (WFPS) was estimated by dividing 

the volumetric water content by total soil porosity. Total soil porosity was calculated by 

measuring the bulk density of the soil according to the relationship: soil porosity = 1 – 

(soil bulk density/2.65); assuming a particle density of 2.65 Mg m-3 (Danielson and 

Sutherland, 1986). Volumetric water content was determined by oven-drying soil 

samples at 105ºC. Rainfall and temperature data were obtained hourly from a 

meteorological station located at the field site. A temperature probe inserted 10 cm into 

the soil was used to measure soil temperature. 

At maturity, the yield of grain and aboveground biomass were measured by 

randomly harvesting four 0.5 x 0.5m squares from each plot. The plant components 

were dried in a 65ºC oven, weighed and ground for determination of N concentration 

(AOAC, 2000).  

The physicochemical properties of the crop residue are shown in Table 7.1. 

According to these properties, the maize residues were classified as Class III, and so are 

advised to be applied in combination with N fertilizer (Gentile et al., 2008). Total N was 

assessed as described previously. Cellulose, hemicellulose and lignin were determined 

from neutral detergent fibre (Mertens, 2002), acid detergent fibre and acid detergent 

lignin (AOAC, 2000). Total soluble polyphenols were determined by the Folin-

Ciocalteau method (Constantinides and Fownes, 1994).  
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Table 7.1 Crop residue (maize stover) characteristics* 

Total N 
(g kg-1) 

Total C 
(g kg-1) 

C/N 
 

Lignin 
(%) 

Cellulose 
(%) 

Hemicellulose 
(%) 

Polyphenols 
(%) 

3.81±0.12 487.32±0.13 127.81±0.15 4.47±0.46 32.14±2.39 30.45±4.29 1.45±0.06 

* Means ± standard deviation of twelve replicates 

 

2.6. Calculations and statistical analysis 

Cumulative N2O-N, NO-N and CO2-C emissions per plot were calculated by linear 

interpolations between sampling dates. It was assumed that emissions followed a linear 

trend during the periods in which no samples were taken. The emission factors (EF) of 

applied nitrogen fertilizer for N2O and NO were calculated using the total emissions 

from the fertilized treatments and the unfertilized field plots during the entire 

measurement period. Yield scaled N2O and NO emissions were calculated based on van 

Groenigen et al. (2010), considering total N uptake (i.e. by grain and straw) and 

cumulative N2O and NO emissions, respectively.   

 Statistical analysis was performed using Statgraphics Centurion XVI. The data 

distribution normality of the fluxes (N2O, NO and CO2) and of soil NH4
+, NO3

- and 

DOC was verified using the Kolmogorov-Smirnov test. In some cases, the data were 

log-transformed before analysis. Differences between treatments at each sampling event 

and in the cumulative emissions in normally distributed data were analyzed using 

analysis of variance (two-way ANOVA, P < 0.05), being the factors crop residue 

incorporation and nitrogen fertilization (i.e. Residue and Fertilizer). The Least 

Significant Difference (LSD) test was used for multiple comparisons between means. 

For non-normally distributed data, the Kruskal-Wallis test was used on non-transformed 

data to evaluate differences at P < 0.05. When significant effects were found to occur, 
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Schaich-Hamerle analysis was carried out as post hoc test. Linear regression analyses 

were performed to determine the relationships between N2O-N, NO-N and CO2-C 

fluxes and soil NH4
+-N, NO3

--N and DOC and between WFPS and soil temperature. 

Non-linear regressions were used to determine the best fit equation between N2O and 

NO emissions and the molar DOC:NO3
- ratio. 

3. Results 

 

Fig. 7.1 (a) Weekly mean soil temperature (ºC) and rainfall (mm) and (b) soil water filled pore space (%) 

during the crop period 
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3.1. Environmental conditions 

During the first fertilization period, soil moisture ranged from 59 to 75% WFPS, with a 

high mean value of 68%, mainly due to the continuous precipitations over the winter 

season (Fig. 7.1). Average daily soil temperature was 5.8ºC. The incorporation of crop 

residues did not show any effect on soil temperature.  

 Average daily soil temperature was c. 7.5ºC after the second fertilization in 

February, with minimum air temperatures below 0ºC and highest of 22ºC in May. 

WFPS decreased to 41% after 16 days in this period and then ranged between 34 and 

77% until harvest. No significant differences between treatments (P > 0.05) were found 

in soil WFPS at any sampling time.  

3.2. Changes in soil mineral N and DOC 

Organic and mineral fertilizers significantly increased (P < 0.05) the ammonium and 

nitrate concentrations in the topsoil (0-10 cm) with respect to the control plots, for at 

least 30 days after application (Fig. 7.2a, b, c, d). No statistically significant differences 

(P > 0.05) were seen for NH4
+ and NO3

- concentrations from fertilized plots, either with 

and without residue incorporation, for the first fertilization period. Soil NH4
+ content 

varied between 0.5 and 40.7 mg NH4
+-N kg-1 during this initial period. The largest soil 

NO3
- value was measured in the U (-R) plots (22 mg NO3

--N kg-1). Similarly, no 

statistically significant differences (P > 0.05) were found between fertilized treatments 

for soil NH4
+ and NO3

+ concentrations during the second fertilization period. In this 

period, soil NH4
+ and NO3

- contents ranged between 0.4 and 94.7 mg NH4
+-N kg-1and 

between 0.3 and 37.8 mg NO3
--N kg-1, respectively. 

 Dissolved organic carbon ranged from 5.2 to 56.8 mg C kg-1 during the crop 

period. The application of pig slurry significantly increased (P < 0.05) the DOC 
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concentration in comparison to U and C plots during the first fertilization period, both 

with and without residue incorporation (Fig. 7.2e, f). Incorporation of crop residues in 

November significantly increased (P < 0.05) the DOC concentrations of fertilized plots 

(i.e. U and PS+U) at the moment of the second fertilizer application.  

 

Fig. 7.2 (a, b) NH4
+-N, (c, d) NO3

--N and (e, f) DOC concentrations in the 0–10 cm soil layer during the 

experimental period. Data are provided separately for treatments with (right) and without (left) crop 

residue incorporation. Vertical lines indicate standard errors. The continuous arrows indicate the date of 

fertilizer application and the dotted arrow indicates the incorporation of crop residues 

3.3. Fluxes of nitrous oxide  
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Nitrous oxide emissions were significantly increased (P < 0.05) by adding fertilizers and 

crop residues, with several emission peaks occurring during the experimental period 

(Fig. 7.3a, b). The highest emission peaks of the winter season were observed for all 

fertilized treatments 24 days after N fertilization. The U treatments showed the largest 

fluxes (1.7 and 1.5 mg N2O-N m-2 day-1), with and without crop residues added, 

respectively. After these peaks, N2O fluxes decreased, ranging from 0 to 0.5 mg N2O-N 

m-2 day-1 for all treatments, with no significant differences between them (P > 0.05).  

In the second fertilization period, daily N2O fluxes significantly (P < 0.01) 

increased over a period of 44 days (i.e. from 17th March to 30th April) from fertilized 

plots in comparison to C. Throughout this period, N2O emissions from plots with 

residue incorporation were significantly higher (P < 0.05) than those from plots without 

residue incorporation, with the highest peaks measured for U (+R) (3.8 mg N2O-N m-2 

day-1) and PS+U (+R) (3.2 mg N2O-N m-2 day-1). Afterward, N2O fluxes decreased 

sharply for all treatments. The soil acted as a sink (i.e. negative fluxes) for N2O at some 

sampling events, especially for C (-R). Positive correlations were found between N2O 

emission and three soil parameters, NO3
--N (r = 0.21, P < 0.05, n = 108), NH4

+-N (r = 

0.20, P < 0.05, n = 108) and soil temperature (r = 0.20, P < 0.05, n = 108). During the 

second fertilization period, a statistically significant positive correlation was found 

between N2O and DOC (r = 0.20, P < 0.05, n = 108). 

 When each period was considered independently, cumulative N2O emissions 

were higher in the second fertilization period (c. 80% of total annual emission). Total 

cumulative emissions during the experimental period were greater from U (+R) (1.29 kg 

N2O-N ha-1) and PS+U (+R) (0.76 kg N2O-N ha-1) than from the other treated plots 

(Table 7.2), although this increase in emissions was found to not be statistically 

significant (P > 0.05). 
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Fig. 7.3 Fluxes of (a, b) N2O and (c, d) NO during the experimental period. Data are provided separately 

for treatments with (right) and without (left) crop residue incorporation. Vertical lines indicate standard 

errors. The continuous arrows indicate the date of fertilizer application and the dotted arrow indicates the 

incorporation of crop residues  

3.4. Fluxes of nitric oxide  

A significant increase (P < 0.05) in the NO emission rate was observed in all fertilized 

plots within 19 days following the first fertilizer application (Fig. 7.3c, d). In this 

period, the largest fluxes were measured 6 and 8days after fertilization, from the U (-R) 

(8.3 mg NO-N m-2 day-1) and the U (+R) (8.6 mg NO-N m-2 day-1) treated plots, 

respectively. After 20-25 days NO fluxes remained below 0.5 mg NO-N m-2 day-1 in all 

treatments, and occasionally negatives fluxes were measured. During the second 
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fertilization period, the largest fluxes of NO were associated with the PS+U (-R) treated 

soils (15.6 mg NO-N m-2 day-1) 21 days after fertilization. Nitric oxide fluxes were 

significantly correlated with N2O (r = 0.23, P < 0.05, n = 84), NO3
--N (r = 0.42, P < 

0.001, n = 84) and NH4
+-N (r = 0.25, P < 0.05, n = 84). 

 Cumulative NO-N emissions were significantly higher from urea fertilized plots 

without crop residue incorporation (1.39 kg NO-N ha-1), than that of the other 

treatments (Table 7.2).  

3.5. Fluxes of carbon dioxide 

Respiration rates were lower than 1000 mg CO2-C m-2 day-1during the first fertilization 

period (Fig. 7.4). The highest peak was measured on 19thJanuary for the PS+U (+R) 

treatment (937 mg CO2-C m-2 day-1), and the lowest on 16th December, for U (+R) (9 

mg CO2-C m-2 day-1) and U (-R) (10 mg CO2-C m-2 day-1). Emissions increased sharply 

after the second fertilization for all treatments, being significantly higher from the plots 

with crop residue incorporation (P < 0.05). The largest flux was observed for U (+R) 

(7384 mg CO2-C m-2 day-1) on 28th March. The CO2 emissions correlated significantly 

with soil temperature (r = 0.47, P < 0.001, n = 108), N2O (r = 0.49, P < 0.005, n = 108) 

and NO emissions (r = 0.23, P < 0.05, n = 84). 

 Total cumulative emissions from N fertilized plots were significantly higher (P < 

0.005) than that from the C plots, being the highest emissions measured for U (+R) and 

PS+U (+R), of 3208 and 3102 kg CO2-C ha-1 respectively (Table 7.2).  
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Fig. 7.4 Fluxes of CO2 during the experimental period. Data are provided separately for treatments (a) 

without and (b) with crop residue incorporation. Vertical lines indicate standard errors. The continuous 

arrows indicate the date of fertilizer application and the dotted arrow indicates the incorporation of crop 

residues 

3.6. Denitrification capacity 

Following fertilizer application and residue incorporation in November, denitrification 

capacity was significantly higher (P < 0.05) in the PS+U (+R) plots compared to all 

other treatments. After the second fertilization, mean denitrification capacity was 

significantly lower (P < 0.05) in the N fertilized plots without residue incorporation, 

than that of the plots with residue incorporation (Fig. 7.5). Urea fertilized soils with 

residue incorporation (i.e. U (+R)) had the highest denitrification capacity on 30th 

March. 
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Fig. 7.5 Mean values for denitrification capacity. Significant differences (P < 0.05) between treatments 

are indicated by different upper-case (26 November) or lower-case (30 March) letters 

 

 

Fig. 7.6 Regression of (a) N2O and (b) NO on DOC:NO3
- ratio. The inset panels show the low values 

more clearly. The intercept of the dash line on the X-axis represents the molar ratio of DOC:NO3
- equated 

to 2 

3.7. Relationship between N2O and NO emissions with molar DOC:NO3
- ratio 
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Most of the significant N2O pulses occurred when the molar DOC:NO3
- ratio was close 

to the unity. Negative N2O fluxes were measured when the ratio was above 2. The best-

fit equation for these data (Fig. 7.6a) was y = 0.27 x-0.432 (r = 0.51, P < 0.001, n = 90). 

Nitric oxide emission pulses (> 2 mg NO-N m-2 day-1) were observed when the ratio 

was lower than 2 (Fig. 7.6b). Statistical analyses showed that y = (3.388) -0.542x was 

the empirical model for these variables (r = 0.53, P < 0.005, n = 52). 

4. Discussion 

Agricultural soils in semiarid Mediterranean areas are characterized by low organic 

matter contents, and low fertility levels mainly due to a warm and dry climate and the 

cultivation system employed (Garcia-Gil et al., 2000). Application of crop residues 

and/or manures as amendments is a cost-effective and sustainable alternative to improve 

the organic matter content of these soils. However, as demonstrated by this study, these 

management practices may induce important changes in some of the processes leading 

to trace gas emissions from these agroecosystems. 

 The incorporation of maize straw increased the N2O emissions during the 

experimental period by c. 105%. This effect was significant during the second period of 

our study (P < 0.05), when the emissions from the U and PS+U plots amended with 

crop residues were 138 and 90% higher, respectively, than that for the same fertilizer 

treatments without residue incorporation (Table 7.2). These significantly higher 

emissions were most likely due to a higher denitrification capacity stimulated by the C 

substrate added with the maize straw. The availability of both organic C and NO3
- 

regulates denitrification (Taylor and Townsend, 2010). In our laboratory study under 

anaerobic and non-limiting NO3
- conditions, the denitrification capacity was 

significantly higher for the plots amended with crop residues 140 days after its addition 
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(Fig. 7.5). This may reflect a higher C availability in these plots as the progressive 

increase of DOC content after 30 days in the plots where the residues were incorporated 

would seem to suggest (Fig. 7.2f). Another factor promoting the higher N2O emissions 

from these plots was found from an analysis of the CO2 fluxes. The higher CO2 

emissions of the crop residue amended plots may be indicative of greater respiration 

(Table 7.2). This may have created more anaerobic microsites in the soil (Drury et al., 

1991), thus increasing N2O production through denitrification. 

The addition of maize straw did not immobilize the soil mineral N. Crop 

residues with C:N ratio less than 30 are expected to result in net N mineralization, while 

those with C:N ratios higher than 30, as is generally the case in cereal straw, cause 

immobilization (Alexander, 1977). Cayuela et al. (2009) found that wheat straw (C:N = 

198) and cotton cardings (C:N = 30.5) led to a rapid immobilization of N that affected 

microbial biomass size and activity, and subsequent N mineralization. Similarly, 

sorghum stover (C:N = 72) and maize straw (C:N = 32) resulted in N immobilization 

during incubation experiments (Das et al., 1993; Hadas et al., 2004). Immobilization of 

soil N may decrease N2O emissions due to decreased availability of ammonium and 

nitrate for the processes of nitrification and denitrification (Baggs et al., 2000; Huang et 

al., 2004). This immobilization of soil N can be partially reduced if N fertilizer is added 

(Yao et al., 2009). This is probably because at high N fertilizer rates there is adequate N 

for both crop and microorganisms, as observed by Malhi et al. (2001). In our study, this 

effect is indicated by similar sizes of the soil mineral N pool between fertilized plots 

with and without residue incorporation (Fig. 7.2a, b, c, d), similarly as found by others 

(e.g. Liu et al., 2011). 
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Table 7.2 Cumulative N2O-N, NO-N and CO2-C emissions over the different periods of the experiment 

Crop Residue Fertilizer First Fertilization Second Fertilization  Total   

  N2O 
(g N2O-N ha-1) 

NO 
(g NO-N ha-1) 

CO2 
(kg CO2-C ha-1) 

N2O 
(g N2O-N ha-1) 

NO 
(g NO-N ha-1) 

CO2 
(kg CO2-C ha-1) 

N2O 
(g N2O-N ha-1) 

NO 
(g NO-N ha-1) 

CO2 
(kg CO2-C ha-1) 

+ R C 8.4a 140.0a 150.2a 142.7ab 33.9a 961.4a 150.9ab 173.9a 1111.6a 

 PS + U 90.3a 286.6ab 325.3b 678.5bc 525.1b 2776.9c 768.5bc 811.7b 3102.2c 

 U 249.5b 478.5c 354.5bc 1046.8c 728.4c 2854.3c 1296.0c 1206.9c 3208.9c 

- R C -6.3a 147.0a 276.8ab 3.3a 47.0a 1380.1ab -3.0a 194.0a 1656.9ab 

 PS + U 56.0a 322.5b 241.2ab 356.3ab 865.5c 2438.1bc 412.4ab 1188.0c 2679.4bc 

 U 232.6b 477.9c 326.1b 440.3abc 912.9d 2629.2c 673.0abc 1390.8d 2955.3c 

Residue  NS NS NS * ** * * * * 

Fertilizer  *** *** * NS * *** *** *** *** 

Residue x Fertilizer  NS NS * NS NS NS NS NS NS 

Different letters within columns indicate significant differences by applying the Least Significant Difference (LSD) test at P < 0.05 
*, **, ***: Significant at the 0.05, 0.01 and 0.005 probability level, respectively 
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 Nitric oxide emissions were reduced in the plots amended with crop residues. 

The reduction was particularly significant (P < 0.01) during the second period of the 

experiment, likely as a consequence of increased NO consumption through 

denitrification processes (Skiba and Ball, 2002). The ratio NO/N2O is an indicator for 

distinguishing the prevalence of nitrification or denitrification (e.g. Sanz-Cobena et al., 

2012). Anderson and Levine (1986) found that the molar ratio of NO/N2O was usually 

greater than unity for nitrifiers and much less than unity for denitrifiers. During the 

emission pulse of the second fertilization period, c. 74 and 51% of NO/N2O ratios from 

fertilized treatments, with and without crop residues respectively, were <1. Therefore, in 

the maize stover amended plots, these gases could have been mainly produced through 

the denitrification process. Under these conditions, NO reduction (i.e. consumption by 

denitrifiers) was enhanced, leading to reductions in the emissions of this gas. This may 

show an indirect soil C influence over NO emissions. Further evidence of this effect is 

shown in Fig. 7.6b. When the molar DOC:NO3
- ratio was above 2, the emission pulses 

of NO were significantly reduced. This could be due to the use of NO as electron-

acceptor by denitrifying organisms under NO3
- limiting conditions. 

 The addition of crop residues did not have any significant effect on N2O and NO 

emissions during the first fertilization period (Table 7.2). One reason for this may be, as 

Heal et al. (1997) explained, that substrates with C:N ratios higher than 75, as is the 

case in maize straw, are difficult to break down by soil microbiota. Additionally, sub-

optimal soil temperatures in winter could also contribute to a lower decomposition rate. 

Considering that the N2O and NO emission pulse occurred in a period of c. 20 days after 

the first fertilization, there was probably insufficient time for biological decomposition 

of the crop residues within this initial period. This may suggest that laboratory studies, 

which generally last less than 50 days (e.g. Aulakh et al., 1991; Flessa and Beese, 1995; 
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Huang et al., 2004), may lead to biased conclusions regarding the effect of crop residues 

on gaseous emissions from soils. 

 The cumulative N2O emissions of the control treatment (i.e. without either 

residue or fertilizer addition) were -3.01 g N2O-N ha-1. Therefore, these plots acted as a 

sink for N2O during the experimental period. Net N2O consumption has previously been 

measured in agricultural systems (Yamulki et al., 1995; Merino et al., 2004). The main 

N2O consumption pathway is likely to be denitrification, in which N2O may be reduced 

to N2. As discussed previously, denitrifying bacteria tend to utilize oxidized forms of N 

such as NO3
- as electron-acceptor before utilizing N2O or NO (Yamulki and Jarvis, 

2002). In the control plots, the availability of mineral N was limited throughout the 

experimental period but not the C substrate (Fig. 7.2). These conditions promote N2O 

consumption (Sanchez-Martin et al., 2010b). Most of the negative N2O fluxes occurred 

when the molar DOC:NO3
- ratio was above 2 (Fig. 7.6a). These results suggest that 

from this value of 2, denitrifiers use N2O and NO for their catabolic processes. The 

incorporation of crop residues to the control plots without N fertilization depleted this 

sink effect, with cumulative emissions from this treatment (i.e. C (+R)) of 150.9 g N2O-

N ha-1. 

 Some studies have shown that a mitigation strategy to reduce N2O and NO 

emissions is the substitution of urea by pig slurry at pre-plant fertilization (Vallejo et al., 

2006; Meijide et al., 2007). Pig slurry application at sidedress is infrequent among 

farmers due to the heavy equipment needed for its incorporation which can damage the 

root system of growing crops. In this study, the partial substitution of urea by pig slurry 

(i.e. PS+U compared to U) reduced net N2O emissions by 46% from the plots where the 

crop residues were incorporated, and by 39% from the plots without residue 

incorporation. In the case of net NO emissions, 38 and 17% reductions were measured 
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for the same treatments, respectively. As shown by others, the most likely mechanisms 

through which pig slurry reduced N2O and NO emissions were by significantly reducing 

the N2O/N2 ratio (Dittert et al., 2005) and promoting the NO reduction (Sanchez-Martin 

et al., 2008), respectively. The lower emissions could also be due to a lower mineral N 

level in the pig slurry treatments. 

 The N2O emission factors, ranging from 0.28 to 0.76% of the applied N, are 

below the IPCC default value (i.e. 1%), suggesting that national inventories may 

overestimate actual N2O emissions from these type of agroecosystems. In the case of 

NO, the average emission factor (0.64%) was comparable to the worldwide average 

(0.7%) for fertilized croplands (Bouwman et al., 2002). This study provides the first 

dataset on yield-scaled N2O and NO emissions in relation to the management practices 

tested under Mediterranean conditions. Our yield-scaled N2O emissions are within the 

range reported as optimal by van Groenigen et al. (2010) (5-16 g N2O-N kg-1 above-

ground N uptake). However, the N surpluses (i.e. applied N minus above-ground N 

uptake) were always higher than those recommended by these authors (0-50 kg N ha-1), 

suggesting that agroecosystems-specific relationships are needed to better link 

agronomic productivity to environmental sustainability. Taking into account the 

possible long-term soil carbon sequestration by adding residues, which has both 

agricultural and climate change mitigation aspects, caution must be exercised 

establishing general recommendations for farmers based on the incorporation of maize 

residues. In our study, such addition significantly increased N2O (c. 112%) and slightly 

decreased NO (c. 28%) yield-scaled emissions (Table 7.3). Although higher yields 

(8.5%) and N uptakes (24%) were obtained from the fertilized plots with residue 

incorporation, contrary to our hypothesis, these increases were not large enough to 

offset the corresponding increase in N2O emissions.  
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 The influence of crop residues on trace gas emissions have been traditionally 

studied using a wide range of residues. However, farmers usually do not have 

amendments available other than the residues obtained from a previous crop. Taking 

into account that a typical crop rotation includes maize followed by barley or wheat, the 

assessment made in our study can be considered as representative of a common and 

affordable management practice. Particularly when considering that the use of crop 

residues to conserve soil and water in arid and semiarid areas is becoming more and 

more important (Lampurlanés and Cantero-Martínez, 2006). 

 The evaluation of pig slurry as an important N source with environmental 

implications is of major interest in countries with high swine populations. In this study, 

the partial substitution of urea by pig slurry significantly reduced net N2O and NO 

emissions either when the crop residues were incorporated or not. An interesting finding 

was that when the emissions were linked to yield data, this positive effect of pig slurry 

was reduced for N2O and almost disappeared for NO (Table 7.3). However, the 

Table 7.3 Crop yield and N uptake, emission factors (EF) and yield-scaled emissions from barley field plots 

Treatments 
Yield 
 (Mg ha-1) 

N uptake  
(kg N ha-1) 

EF  
(%) 

Yield-scaled emissions 
(g N2O-N or NO-N kg-1 
N uptake) 

 
Straw Grain Total Straw Grain Total N2O NO N2O NO 

C (+R) 0.64a 0.80a 1.44a 4.2a 10.3a 14.5a - - 10.4 11.9 

PS + U (+R) 2.83b 3.24b 6.08b 24.4bc 43.6b 68.1bc 0.41 0.42 11.3 11.9 

U (+R) 2.94b 3.46b 6.40b 31.1c 49.2b 80.3c 0.76 0.68 16.1 15.0 

C (-R) 0.79a 0.98a 1.77a 5.0a 12.8a 17.8a - - - 0.2 10.9 

PS + U (-R) 2.62b 3.06b 5.68b 15.9b 39.9b 55.8b 0.28 0.66 7.4 21.3 

U (-R) 2.71b 3.10b 5.82b 21.3bc 42.4b 63.7bc 0.45 0.79 10.6 21.9 

 
Different letters within columns indicate significant differences by applying the Least Significant Difference (LSD) test at P < 
0.05 
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substitution of urea by pig slurry can be considered a good management strategy since 

N2O and NO yield-scaled emissions were not enhanced by the use of the organic 

residue. As a consequence, we recommend routine reporting of crop N uptake rates in N 

loss studies to translate general findings into fertilizer recommendations. 

5. Conclusions 

This study highlights the key role of C added with maize stover residues in the 

emissions of N2O and NO from soils with a low organic C content. The incorporation of 

crop residues increased the N2O emissions (c. 105%) due to the stimulation of the 

denitrifying activity by providing soil microorganisms with available carbon in the 

presence of nitrate. However, NO emissions were significantly reduced in the plots 

amended with crop residues, likely as a consequence of increased NO consumption 

through denitrification. Both N2O and NO fluxes were highly dependent on the soil 

DOC:NO3
- ratio. An affordable mitigation strategy to reduce these emissions was found 

to be the partial substitution of urea by pig slurry. This is based on the fact that the 

addition of pig slurry decreased net N2O and NO emissions by 43 and 27%, 

respectively. 
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1. Introduction 

Grassland ecosystems worldwide provide vital goods and ecosystem services. These 

include producing forage (primary productivity) for domestic livestock and sequestering 

carbon (C) in plant biomass and soil organic matter (De Deyn et al., 2008). However, 

the latter beneficial effect on the net greenhouse gas (GHG) balance is largely offset by 

fluxes of nitrous oxide (N2O), of which grassland ecosystems account for 18% of global 

emissions (Lee et al., 1997; Lubbers et al., 2011). Nitrous oxide is a potent GHG with a 

molecular global warming potential 298 times higher than CO2 (IPCC, 2007), and is 

today’s single most important ozone-depleting emission (Ravishankara et al., 2009). 

Whereas the role of grassland species richness and composition as key drivers of 

primary productivity and C sequestration has been widely studied (e.g. De Deyn et al., 

2009; Dias et al., 2010), its influence on N2O emissions remains largely unexplored 

apart from a few studies that found that legumes tend to stimulate N2O emissions (e.g. 

Niklaus et al., 2006).  

 Plant species richness (i.e. the number of species present) and/or community 

composition (i.e. the particular species present) may affect N2O emissions by 

influencing abiotic and biotic soil factors. These factors include mineral nitrogen (N) 

availability in soil, and the availability of C sources for the denitrifier bacterial 

communities, soil pH, soil structure and microbial community composition (Bardgett et 

al., 1999; Thomson et al., 2012).  

 In grassland ecosystems, urine deposition by large herbivores creates pulses of 

high N addition, which triggers N2O emissions (van Groenigen et al., 2005). Increased 

N availability often suppresses legume species, promoting the dominance of specific 

grass species in grassland communities (Smith et al., 2008; De Deyn et al., 2011). It 
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may also increase the level of species dominance in general (Fridley, 2002), which 

implies that the role of the dominant species in providing ecosystem services should be 

greater in more fertile habitats. However, urine deposition also generates an 

environment that may create a stress response due to increases in osmotic pressure and 

high concentration of free NH3 in the rhizosphere (Petersen et al., 2004). Ecological 

theory predicts that stressful abiotic conditions may promote positive interactions 

between plant species (facilitation) through protection of stress-sensitive species by the 

more stress-tolerant species, leading to positive biodiversity-productivity relations, 

increased N uptake and consequent reduced N2O emissions (Cavieres and Badano, 

2009). However, the outcome of plant-plant interactions may vary depending on the 

stress tolerance and competitive ability of the interacting species (Maestre et al., 2009), 

suggesting that plant community composition rather than species richness per se is 

likely to be the main driver of such relationships. 

Primary production often increases with plant species richness (Cardinale et al., 

2007), which may reduce N2O emissions due to increased N uptake by vegetation and a 

consequent lower availability of soil mineral N. Reductions of soil mineral N with 

increased species richness can indeed often be explained by increased plant biomass 

production (Tilman et al., 1996; Hooper and Vitousek, 1998; Scherer-Lorenzen et al., 

2003; Niklaus et al., 2006). The increased use of soil resources by different plant 

species in species mixtures is attributed to complementarity effects, which have often 

been found to be driven by plant community composition rather than by plant species 

richness per se (Hooper et al., 2005). This suggests that combinations of plants species 

with high dissimilarity in trait values could have a higher impact on primary 

productivity and soil mineral N concentration than plant species richness (Maire et al., 

2009), potentially leading to a production-induced reduction of N2O emissions. 
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Relevant traits to achieve complementarity include root traits that affect nutrient 

acquisition such as specific root length (SRL), and traits that affect nutrient utilization, 

such as nutrient use efficiency and biomass productivity. 

 A better mechanistic understanding of how plant communities may affect N2O 

emissions is essential to elucidate the links between plant diversity and identity and 

climate change and to provide a basis to develop mitigation strategies through adequate 

land management. The aim of this study was therefore (i) to test how N2O emissions 

from grassland without legumes and in the absence and presence of high N deposition 

can be reduced by manipulating grass species richness and community composition; and 

(ii) to determine which plant functional traits may drive the suppression of N2O 

emissions. Given that N2O emissions are strongly dependent on the availability of 

mineral N in soil we tested the hypotheses that: 

(1) larger species richness leads to lower N2O emissions due to larger N uptake through 

plant biomass, irrespective of urine deposition;  

(2) highly productive species with large biomass decrease the emissions to a larger 

extent than low productive species, and therefore play a key role in species mixtures; 

(3) combinations of plant species with large complementarity in root properties suppress 

N2O emissions most; and  

(4) the identity of the best performing plant species combination(s) in terms of reducing 

N2O emissions depends on whether or not urine is deposited. 

2. Materials and methods 

2.1. Experimental design 
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We set up a greenhouse mesocosm experiment for quantification of N2O emissions over 

42 days as a function of grass community composition and species richness. We used 

four grass species, all common in moderately or highly productive grasslands: Lolium 

perenne L. (Lp), Festuca arundinacea Schreb. (Fa), Phleum pratense L. (Php) and Poa 

trivialis L. (Pt). These plant species differ in their functional traits (Table 8.1) with 

respect to average root diameter, rooting depth (Kutschera and Lichtenegger, 1982), leaf 

N content, specific leaf area and leaf dry matter content (Pontes et al., 2007). There 

were 12 plant treatments covering a diversity gradient of one, two and four species: no 

plants (Control); monocultures of the four grass species; all possible combinations of 

two-species; and a mixture with all four species. All plant communities were tested in 

the absence and presence of a pulse of urine (a simulated urine patch). Artificial urine 

was applied at a rate of 400 kg N ha-1, composed following Kool et al. (2006): urea 

(76% of total N), hippuric acid (3%), allantoin (16%), uric acid (1%) and creatinine 

(4%). The N application rate is within the typical N deposition range of urine patches, 

200-800 kg N ha-1 (Oenema et al., 1997). In addition, salts were applied at the rate of 14 

g L-1 KHCO3, 10.5 g L-1 KCl, 0.4 g L-1 CaCl2
.2H2O, 1.2 g L-1 MgCl.5H2O and 3.7 g L-1 

Na2SO4. The experiment was arranged in a factorial randomized complete block design 

with five replications laid out in five blocks. Therefore, the total number of mesocosms 

at the start of the experiment was 120.  

 Mesocosms were constructed of PVC columns (20 cm diameter, 23 cm height), 

filled with 7 kg of air-dried soil. Sandy soil (typic Endoaquoll, 75% sand, 23% silt, and 

2% clay) was collected at the experimental farm ‘Droevendaal’ (51°59′ N, 5°39′ E) 

from 0 to 25 cm soil depth. The soil contained 14.6 g total C kg-1, 1.3 g total N kg-1, and 

had a pH (measured in 0.01 M CaCl2) of 5.4. The soil was sieved through an 8 mm 

screen; air-dried at 20°C; and repeatedly mixed to ensure homogeneity. Soil moisture 
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content was brought to 60% water holding capacity (WHC) during the experiment, and 

was gravimetrically adjusted every two days for each individual mesocosm. A PVC 

tube with a diameter of 5 cm was installed in the middle of the mesocosm area to 

prevent disturbance of the soil surface during soil moisture correction. Four weeks after 

planting the seedlings, plants were clipped to 3 cm above the soil surface, urine was 

applied to half of the pots and the experiment started (i.e. day 0). 

 Two rainfall events of 5 and 10 mm were simulated on experimental days 5 and 

26, respectively. In this way, we mimicked field conditions were showers might provide 

strong and transient increases in the soil denitrification potential, allowing us to 

determine whether the effects were robust with respect to natural perturbations. 

 

Table 8.1 Plant traits of the grass species in our species pool. Values based on Kutschera and Lichtenegger, 1982 (root diameter and rooting 
depth) and Pontes et al., 2007 (leaf nitrogen content, specific leaf area and leaf dry matter content) 

Plant species Root Diameter Rooting Depth Leaf Nitrogen Content* Specific Leaf Area* Leaf Dry Matter Content* 

 (mm) (cm) (mg g-1 DM) (m² kg-1 DM) (mg g-1) 

Lolium perenne 0.30-0.42 59 41 23 201 

Festuca arundinacea 0.40-0.55 273 36 18 218 

Phleum pratense 0.15-0.25 64 45 31 223 

Poa trivialis 0.17-0.20 32 43 29 231 

* Values for a nitrogen application rate of 360 kg N ha-1 

 

2.2. Plants 

The seeds of the grass species were provided by the same supplier (Cruydt-hoeck, 

Groningen, The Netherlands), apart from the seeds of L. perenne that were purchased 

from Barenbrug, The Netherlands. Prior to the start of the experiment, seeds were 

surface-sterilized by dipping them in diluted bleach (1% v:v) for one minute and 

thoroughly rinsing them with sterile distilled water. Disinfected seeds were germinated 

in moist quartz sand. Per mesocosm, 20 seedlings were planted in one of 20 fixed 
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positions, evenly distributed over the surface area of the mesocosm. For the species 

mixtures the position of the individuals of each plant species was different for each of 

the five replicates and determined at random to minimize potential effects of planting 

position. One week after transplanting, dead seedlings were recorded and replaced. The 

planted seedlings were pre-grown in the greenhouse for four weeks, receiving water 

daily and 60 kg N ha-1 in the form of NH4NO3. Weeds were removed by hand during the 

experiment in order to maintain the original species composition. 

2.3. Root and shoot analysis  

The plants were clipped to a height of 3 cm aboveground on days 21 and 42. The 

clipped vegetation was oven-dried at 70ºC, weighed and ground to 2 mm. Subsamples 

were ball-milled, dried at 105ºC and weighed out into tin capsules (approx. 4 mg). 

These subsamples were sent to the UC Davis Stable Isotope Facility and analyzed for N, 

C and 13C content, using a PDZ Europa ANCA-GSL elemental analyzer, interfaced to a 

PDZ Europa 20–20 IRMS (Sercon Ltd., Cheshire, UK). At the final harvest, roots were 

recovered by wet-sieving, oven-dried at 70ºC and weighed. Prior to drying a 

representative subsample of fresh roots of the monocultures were collected for 

determination of the specific root length (SRL). These roots were stained with neutral 

red, spread out in a glass tray with water and scanned following Bouma et al. (2000), 

after which the roots were dried and weighed. The total root length and diameter were 

determined by analyzing the images with WinRHIZO (Regent Instruments Inc., 

Quebec, Canada). These measurements of root length and dry biomass were used to 

calculate the SRL (root length per unit dry root biomass). 

2.4. Soil analysis  
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Soil samples were taken on days 14 and 42 using a 1 cm diameter soil auger. Three soil 

cores per mesocosm were taken for each sample date. The remaining holes were filled 

with quartz sand to avoid alterations of gaseous diffusion. Moist soils were extracted by 

shaking (1/10 w/v, dry weight basis) with 0.01 M CaCl2 for 2 h (Schouten et al., 2012). 

Extracts were centrifuged (15 min) and filtered (0.45 µm) before analysis. Soil pH was 

measured in the CaCl2 extracts. NH4
+ and NO3

- concentrations were determined by 

automated colorimetry (Brann en LuebbeTrAAcs 800 Autoanalyzer, Skalar Analytical 

B.V. Breda, The Netherlands). Dissolved organic N (DON) and C (DOC) were 

analyzed by a TOC-TN analyzer (Skalar Analytical, Breda, The Netherlands). 

2.5. Nitrous oxide fluxes 

Nitrous oxide emissions were measured 28 times during the 42 day experiment using a 

closed flux chamber. Daily measurements were performed for 4-5 days after the 

clippings and rainfall events, and subsequently the frequency was decreased to three 

times per week. N2O concentrations in the headspace of the mesocosms were measured 

with an Innova 1312 photo-acoustic infrared gas analyzer (LumaSense Technologies 

A/S, Ballerup, Denmark), using two Teflon tubes and a soda-lime filter to minimize 

interference by CO2. The analyzer corrected for the interference of water vapor and any 

remaining CO2. Cumulative emissions were calculated assuming linear changes in gas 

concentration between measurements. 

 Actual denitrification was quantified on the same dates when soil analyses were 

taken, following the acetylene (C2H2) inhibition technique (Aulakh et al., 1982), as 

modified by van Beek et al. (2004). Briefly, we incubated soil samples (30 g) in PVC 

containers in which 7% of the gas phase was replaced by C2H2. 24 and 48 h after 
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acetylene addition, N2O concentrations were measured with a photo-acoustic infrared 

gas monitor as described above. 

2.6. Calculations and statistical analysis 

The data were analyzed to investigate effects of identity (using only the monocultures), 

plant community composition, as well as species richness (1, 2 and 4) on N2O emissions 

(SPSS, Chicago IL). We used General Linear Models (GLM) with blocks as a random 

factor and species richness or plant community as a fixed factor. All the analyses were 

performed separately for treatments with and without urine application because of the 

very large differences between those treatments in terms of N2O emissions. In addition, 

the effect of presence/absence of L. perenne (with urine) and F. arundinacea (without 

urine) within two-species mixtures was tested. To separate effects of plant community 

composition from that of total biomass (i.e. shoot plus root biomass) of the community, 

the model was run with and without total biomass included as co-factor. The same 

analysis was carried out with monoculture data to test the effect of SRL. Prior to the 

statistical tests the data were analysed to determine whether the conditions of normality 

(Kolmogorov-Smirnov test) and equality of variance (Levene test) were satisfied. 

Where needed to fulfill these assumptions, the data were log-transformed before 

analysis (without urine: N2O, NO3
-, pH and N uptake; with urine: N2O, root and total 

biomass, N uptake, SRL and root diameter). Where treatment effects proved to be 

significant, Fisher’s Least Significant Test (LSD) was used as post-hoc test to ascertain 

differences among treatment levels. The relation between soil (Table 8.2 and 8.3) and 

plant (Table 8.4 and 8.5) parameters with cumulative N2O emissions was tested by 

Pearson’s correlation. 
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3. Results 

3.1. Nitrous oxide fluxes 

Increased plant species richness per se did not decrease N2O fluxes (Fig. 8.1), as the 

lowest emissions were measured for two-species mixtures (P < 0.05), irrespective of 

urine application. In contrast, plant species identity of monocultures (with urine, P < 

0.001) and community composition in two-species mixtures (both without, P = 0.009, 

and with urine, P < 0.001) significantly affected N2O emissions (Fig. 8.2). In treatments 

without urine (Fig. 8.2a), cumulative N2O emissions were lowest for the two-species 

mixture Fa+Php (-0.48 mg N2O-N m-2) and highest for the four-species mixture (1.39 

mg N2O-N m-2). The presence of F. arundinacea (Fa) within two-species mixtures 

reduced N2O emissions (P < 0.05) compared with its absence. These emissions could 

not be explained by differences in plant biomass production or N in the plant biomass. 

 In plant communities that received urine (Fig. 8.2b), N2O emissions were three 

orders of magnitude higher than in treatments without urine (Fig. 8.2a). However, 

across the treatments with urine (Fig. 8.2b) combining Pt with Lp reduced N2O 

emissions by 44% compared to Lp monocultures and by 52% compared to the 

monoculture with highest emissions Fa. Overall the presence of L. perenne in the two-

species mixtures that received urine was a major factor for achieving lower emissions (P 

< 0.001). 
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Fig. 8.1 Cumulative N2O emissions and total biomass (i.e. shoot plus root) in relation to plant species 

richness. Data are provided separately for plant communities without (a and c) and with (b and d) urine 

application. Error bars indicate standard errors. Significant differences are indicated by different letters (P 

< 0.05) 

 

Total plant biomass accounted for a significant part of the variation in N2O emissions 

across all plant communities (P < 0.05), with reduced emissions as biomass increased. 

Nevertheless, plant community composition remained significant after accounting for 

the effects of plant biomass. Across the monocultures SRL explained a significant part 

in the reduction in N2O emissions with lower emissions as SRL increased (P < 0.001), 

but species identity still remained significant after accounting for species differences in 
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Fig. 8.2 Cumulative N2O emissions and total shoot (per plant species) and root biomass in relation to plant community. Data are provided 

separately for plant communities without (a and c) and with (b and d) urine application. Error bars indicate standard errors. Significant 

differences are indicated by different letters (P < 0.05) 
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SRL. The plant communities subjected to urine deposition that yielded lowest N2O 

emissions comprised mixtures of the high productive species L. perenne and the 

moderately productive yet more fine rooting (high SRL) species P. trivialis. Together 

these species produced high aboveground biomass and the highest root biomass across 

all plant communities (Fig. 8.2d). 

 The relation between root biomass and N2O emission across all plant 

communities depended on urine deposition and was negative with urine application (r = 

-0.38, P < 0.005) and positive without urine application (r = 0.34, P < 0.05). No 

significant differences between plant communities (P > 0.05) were found in actual 

denitrification rates at any sampling time (data not shown). 

3.2. Plant traits 

Shoot, root and total biomass, as well as shoot N uptake and C/N ratio and shoot/root 

ratio were significantly affected (P < 0.001) by plant community composition and 

species identity, both with and without urine application (Tables 8.2 and 8.3). Across all 

monocultures, L. perenne was the most productive species (expressed as total biomass). 

Its proportional shoot biomass in two-species mixtures was higher in treatments where 

urine was added (Fig. 8.2c, d). Significant species identity effects (P < 0.001) were also 

found for SRL and root diameter. Nevertheless, independent of urine addition, P. 

trivialis was the species with the highest SRL (Tables 8.2 and 8.3). 

 When grown in monoculture, the 13C shift of P. pratense (day 21) and F. 

arundinacea (day 42) was higher than that of the other species (Fig. 8.3). Scorching was 

rapidly found (2-3 days) in these species after urine application. In four-species 

mixtures differences in isotope shifts disappeared, with no statistically significant 
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differences between plant species on both sampling dates (P > 0.05). The same was true 

for the two-species mixtures on day 21. 

Table 8.2 Plant traits for the communities without urine addition 

Plant 
Community 

Shoot/Root  
Ratio 

Shoot 
N uptake 

Shoot 
C/N Ratio 

Specific  
Root Length 

Root 
Diameter 

Root 
RYT* 

 (g m-2)  (m g-1) (mm)  

Lp 1.20a 6.68bc 13.86de 154.04a 0.41d  

Fa 1.80abc 6.30ab 13.75de 185.48a 0.37c  

Php 3.31e 6.91bc 10.57a 419.45b 0.27b  

Pt 3.69e 8.31d 11.79ab 741.78c 0.22a  

Lp+Fa 1.54ab 6.02a 14.46e   0.90 

Lp+Php 1.74abc 6.77bc 12.79bcd   1.09 

Lp+Pt 1.04a 6.89bc 13.44cde   1.72 

Fa+Php 2.27bcd 6.66abc 12.04abc   1.03 

Fa+Pt 2.83cde 7.04c 12.82bcd   0.88 

Php+Pt 3.20de 7.22c 12.17bc   1.15 

Lp+Fa+Php+Pt 2.08abc 6.90bc 12.92bcde   1.00 

P-value <0.001 <0.001 < 0.001 < 0.001 < 0.001  

Different letters within columns indicate significant differences by applying the Least Significant 
Difference (LSD) test at P < 0.05 
* RYT: Relative Yield Total 
 
 
 
 
 

Table 8.3 Plant traits for the communities with urine addition 

Plant Community Shoot/Root 
Ratio 

Shoot 
N uptake 

Shoot 
C/N Ratio 

Specific  
Root Length 

Root 
Diameter 

Root 
RYT* 

 (g m-2)  (m g-1) (mm)  

Lp 4.24ab 17.44e 7.33ab 221.38a 0.41b  

Fa 5.03b 7.97b 6.56a 309.89a 0.37b  

Php 7.98c 2.96a 9.44d 479.34b 0.28a  

Pt 6.87c 10.11cd 8.27c 935.88c 0.22a  

Lp+Fa 4.32ab 11.38d 7.65bc   0.97 

Lp+Php 3.75ab 11.76d 7.81bc   1.50 

Lp+Pt 2.26a 12.35d 7.93bc   1.91 

Fa+Php 2.32a 5.27a 7.85bc   2.39 

Fa+Pt 5.46b 10.40cd 7.88bc   1.38 

Php+Pt 9.40c 7.84b 8.40c   1.04 

Lp+Fa+Php+Pt 4.11ab 10.97cd 7.73bc   1.49 

P-value <0.001 <0.001 <0.001 <0.001 <0.001  

Different letters within columns indicate significant differences by applying the Least Significant 
Difference (LSD) test at P < 0.05 
* RYT: Relative Yield Total 
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3.3. Soil parameters 

In treatments without urine application, soil NO3
- concentrations were significantly 

affected (P < 0.001) by plant community composition on both sampling dates (Table 

8.4), decreasing over time from an average value of 9.1 mg kg-1 soil (day 14) to 1.3 mg 

kg-1 soil (day 42). Across the monocultures, NO3
- concentrations were significantly 

higher (P < 0.05) for P. pratense than for the other plant species but this was not 

associated with higher N2O emissions. On the last sampling day, soil pH and DOC were 

significantly (P < 0.001) different between plant communities, but were not affected by 

plant species richness per se. Soil pH ranged from 5.13 in Fa+Pt to 5.63 in Ph+Pt. 

Neither of these parameters showed a consistent relation with N2O emissions. 

 In treatments with urine application, pH was significantly different between 

plant communities on both sampling dates, ranging from 5.22 in Lp to 5.56 in Lp+Php 

on day 14 and from 5.06 in Fa to 5.29 in Lp+Fa on day 42  (Table 8.5). On day 42, 

DOC, NH4
+ and NO3

- concentrations were also affected by plant community 

composition. All these parameters were dependent on species identity (P < 0.05). There 

was a significant negative relation between N2O emissions and pH (r = -0.46, P < 0.001) 

and a positive one between N2O and NO3
- concentration (r = 0.40, P < 0.001). Shoot and 

root biomass were negatively correlated with soil NO3
- concentration (shoots: r = -0.63, 

P < 0.001; roots: r = -0.53, P < 0.001). Plant species richness had a significant effect on 

NO3
- concentration on day 42 (P < 0.05), in increasing order from 2 < 1 < 4. 
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Table 8.4 Soil parameters for the plant communities without urine addition 

Plant 
Community 

Day 14  Day 42 

pH DOC 
(mg kg-1) 

NH4-N 
(mg kg-1) 

(NO3+NO2)-N 
(mg kg-1) 

DON 
(mg kg-1) 

 pH DOC 
(mg kg-1) 

NH4-N 
(mg kg-1) 

(NO3+NO2)-N 
(mg kg-1) 

DON 
(mg kg-1) 

Lp 5.48 77.4 3.8 3.7ab 5.4  5.48cd 56.3bc 2.1 0.8a 4.0 

Fa 5.51 81.8 3.7 2.1a 4.9  5.41b  55.1b 2.0 0.9ab 3.9 

Php 5.45 78.6 4.3 18.9d 5.8  5.47bcd 53.3ab 2.1 3.3d 3.8 

Pt 5.38 78.4 4.2 12.3cd 5.2  5.41bc 54.0ab 2.1 1.3bc 3.9 

Lp+Fa 5.50 78.2 4.0 3.7ab 4.4  5.44bcd 54.3ab 2.1 0.7a 3.7 

Lp+Php 5.45 75.9 3.9 6.4abc 4.7  5.46bcd 51.1a 2.2 1.2abc 3.7 

Lp+Pt 5.51 74.9 3.7 11.0bcd 5.0  5.45bcd 54.4ab 1.8 0.9ab 4.1 

Fa+Php 5.49 79.0 3.9 12.2cd 5.0  5.45bcd 55.0b 1.8 1.3bc 4.2 

Fa+Pt 5.49 79.0 3.8 8.3abc 5.1  5.13a 55.1b 1.9 1.1ab 4.0 

Php+Pt 5.48 79.8 3.6 13.1cd 4.9  5.63e 58.8c 2.0 1.8c 4.2 

Lp+Fa+Php+Pt 5.49 77.6 3.6 8.6abc 5.4  5.50d 55.9bc 2.2 1.0ab 4.3 

P-value NS NS NS <0.001 NS  <0.001 <0.001 NS <0.001 NS 

Different letters within columns indicate significant differences by applying the Least Significant Difference (LSD) test at P < 0.05 
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Table 8.5 Soil parameters for the plant communities with urine addition 

Plant 
Community 

Day 14  Day 42 

pH DOC 
(mg kg-1) 

NH4-N 
(mg kg-1) 

(NO3+NO2)-N 
(mg kg-1) 

DON 
(mg kg-1) 

 pH DOC 
(mg kg-1) 

NH4-N 
(mg kg-1) 

(NO3+NO2)-N 
(mg kg-1) 

DON 
(mg kg-1) 

Lp 5.22a 91.5 30.5 102.4a 5.1de  5.21cd 63.0abc 2.5a 75.9ab 4.0 

Fa 5.29ab 81.6 30.2 100.7a 2.3abc  5.06ab 65.8abcd 3.0a 113.1b 0.6 

Php 5.26a 83.3 36.7 104.5ab 1.8a  5.09abc 71.4d 6.5b 168.5c 2.3 

Pt 5.51d 82.8 53.7 103.9a 2.1ab  5.18bcd 62.8ab 4.2a 101.2b 2.5 

Lp+Fa 5.42bcd 88.1 48.1 88.1a 3.4abcd  5.29d 61.6a 3.2a 73.7ab 2.9 

Lp+Php 5.56d 88.4 57.4 101.6a 4.0cde  5.20cd 62.8a 3.4a 77.0ab 4.3 

Lp+Pt 5.44cd 87.0 39.5 84.3a 2.2ab  5.23cd 63.3abc 2.7a 51.9a 4.7 

Fa+Php 5.36abc 91.0 42.1 98.6a 3.8bcde  5.22cd 66.8abcd 4.1a 104.0b 2.5 

Fa+Pt 5.34abc 82.3 28.8 98.6a 2.3abc  5.09abc 65.6abcd 2.4a 104.5b 0.4 

Php+Pt 5.34abc 82.0 41.0 105.2b 2.5abc  5.18bcd 68.8cd 3.9a 117.8b 1.3 

Lp+Fa+Php+Pt 5.35abc 80.8 36.3 95.0a 2.1ab  5.17bcd 68.1bcd 3.9a 95.6ab 2.9 

P-value <0.001 NS NS 0.017 <0.001  0.005 0.006 0.001 <0.001 NS 

Different letters within columns indicate significant differences by applying the Least Significant Difference (LSD) test at P < 0.05 
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Fig. 8.3 Shift in Carbon isotope discrimination (

(a) and Day 42 (b). Significant differences between treatments (within monocultures, two

mixtures) are indicated by different letters (

147 

Shift in Carbon isotope discrimination (∆). Data are provided separately for samples taken on Day 21 

Significant differences between treatments (within monocultures, two

mixtures) are indicated by different letters (P < 0.05) 

Data are provided separately for samples taken on Day 21 

Significant differences between treatments (within monocultures, two- or four-species 
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4. Discussion 

4.1. Species richness, productivity and N2O emission 

In contrast to our first hypothesis, larger plant species richness did not decrease N2O 

emissions. The hypothesis was based on the assumption that increased species richness 

would lead to higher biomass production, as has been reported in many grassland 

biodiversity studies (Hooper et al., 2005; Cardinale et al., 2007). However, we did not 

find significant differences in biomass production across the diversity gradient (Fig. 

8.1). This could be due to the absence of legumes as these N-fixing species have strong 

positive effects on biomass in species mixtures (Hooper et al., 2005). However, positive 

effects of species richness on biomass production have also been found in experiments 

without legumes and have been attributed to complementarity in the use of soil 

resources and/or increased nitrogen use efficiency (NUE) of the plant species when 

grown with other species (van Ruijven and Berendse, 2005). In our experiment the 

availability of mineral N in the soil was not lower in the most species-rich communities 

compared to the monocultures or two-species mixtures (Tables 8.4 and 8.5) and the 

NUE did not increase across the diversity gradient, as shown by the C/N ratios (Tables 

8.2 and 8.3). This may be due to the relatively short duration of our experiment (Tilman 

et al., 2001), as well as the fact that N was still available at relative high levels when 

urine was applied. 

 Our results show that plant community composition, both with and without urine 

addition, rather than plant species richness per se drives the reduction of N2O emissions. 

Combinations of two-species showed the largest potential to mitigate N2O emissions. 

We also found that the composition of best performing plant species combinations was 

dependent on whether or not urine was applied. Below, we will discuss the optimal 
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species combinations in the presence or absence of urine, and link them to specific plant 

traits. 

4.2. Plant traits affecting N2O emission: absence of urine 

Without urine addition, higher biomass production did not result in lower N2O 

emissions and few significant differences in N2O emissions between plant communities 

were found. For instance, L. perenne had significantly higher biomass and lower soil 

NO3
- concentrations (day 14) than P. pratense; however, despite these differences N2O 

emissions did not differ significantly between them. Under N-limiting conditions, 

arguably more important than the actual size of the relative N pools is the flux rate 

through these pools (Jones et al., 2005). It has been shown that fast-growing species of 

nutrient-rich habitats such as L. perenne increase mineralisation of N from soil organic 

matter (SOM) to a greater extent than more conservative species, thereby increasing 

their plant growth (van der Krift and Berendse, 2001; Personeni and Loiseau, 2005). 

This may in part explain the higher biomass production of this species in our study. 

Additionally, this higher N availability may temporarily enhance N2O emissions, given 

that soil microbes as nitrifiers and denitrifiers are good competitors for both NH4
+ and 

NO3
- (Hodge et al., 2000). However, as found in many studies, the rate of net N uptake 

is 4- to 6-fold higher for faster-growing species compared to slower-growing plant 

species (e.g. Poorter et al., 1991). This fast flux between soil N supply and N use by 

both plants and microorganisms would result in no build-up of a soil mineral N pool, 

confirming the results obtained by Jackson et al. (1989) in unfertilized grassland, and 

would explain the decoupling between biomass production and N2O emissions. As a 

consequence, under N-limiting conditions the acceleration of the N cycle caused by 

fast-growing species (Orwin et al., 2010) is likely to offset the production-induced 

reduction of N2O emissions that we hypothesized.  
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 In this context, the presence of F. arundinacea within two-species mixtures in 

soil without urine deposition induced lower N2O emissions. This species, which 

dominates upland pastures with low grazing disturbance (Louault et al., 2005), showed 

moderate biomass productivity (Fig. 8.2c). It has been previously classified as a tall but 

conservative grass species, characterized by a low leaf N content and specific leaf area 

(Table 8.1), and a low root uptake capacity (Maire et al., 2009). Although there were no 

significant differences in N2O emissions between the monocultures (Fig. 8.2a), the 

combination of F. arundinacea (Fa) with P. pratense (Php), the least productive species 

in our species pool, acted as a strong sink for N2O. Net consumption of N2O is generally 

assumed to be driven by denitrification, as N2O may be the only electron acceptor left 

for denitrification when soil NO3
- concentrations are very low (Chapuis-Lardy et al., 

2007). This implies that the flow through the mineral N pool, during the experimental 

period, was lower for this plant community. Given the fast turnover rate of this pool, 

further studies should increase the soil sampling frequency of our experiment in order to 

accurately determine this effect. 

 A plant trait that deserves particular attention is C exudation, due to its context-

dependent control of the denitrification N2O/N2 product ratio. Although we did not 

measure it directly, the quantity of C exuded is thought to be positively correlated with 

root biomass (Orwin et al., 2010; Bengtson et al., 2012). Under N-limiting conditions, 

the literature clearly indicates that root exudation contributes to the proposed faster N 

cycling of fast-growing species through decomposition of SOM (i.e. induce a priming 

effect) (van der Krift and Berendse, 2001; Kuzyakov, 2006), which may consequently 

enhance N2O emissions. This is consistent with the positive correlation between root 

biomass and N2O emissions in our study without urine application. This finding, 

supporting our previous statements, suggests that combinations of conservative species 
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that slow down the N cycle may provide a key for further mitigation of N2O emissions 

from grasslands of low grazing intensity. 

4.3. Plant traits affecting N2O emission: presence of urine 

In treatments with urine (i.e. under non N-limiting conditions) the differences in N2O 

emissions between the plant communities were largely explained by biomass 

productivity. As a consequence, the presence of the most productive species in 

monoculture, L. perenne, which consistently dominated mixed plant communities (Fig. 

8.2d), was a determining factor for lower emissions of N2O. The dominance of this 

species in terms of biomass under conditions of high N availability is a common finding 

of previous studies (Bardgett et al., 1999). Inherent high growth rates give a competitive 

advantage to L. perenne, but this species also showed a relatively low δ
13C shift, 

indicating that it was able to tolerate the salt stress imposed by the deposition of urine 

which likely also indirectly promoted its dominance (Fig. 8.3). Moreover, this species 

has often been found to negatively impact soil microbial activity to a greater extent than 

other grassland species (Bardgett et al., 1999; Wardle and Nicholson, 1996; Innes et al., 

2004), which could have been an important factor leading to the observed decrease in 

N2O emissions. 

Despite the fact that plant biomass was a strong explanatory parameter, the N2O 

emissions of L. perenne in monoculture were not the lowest across all monocultures and 

plant species mixtures (Fig. 8.2b). This suggests that traits other than productivity 

related to plant-plant interactions are also important when trying to manipulate plants 

species composition to reduce N2O emissions. 

 With urine addition, the plant community composed of L. perenne and P. 

trivialis had the lowest N2O emissions, which might be ascribed to a number of causes. 
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These were the two most productive species when grown in monoculture, and when 

grown together they had the highest biomass production (although not significantly 

different from L. perenne in monoculture). While this implies a high N demand to 

sustain their growth, the key factor for reducing N2O emissions probably results from 

the contrasting root foraging strategies that these species use for N acquisition, allowing 

them to achieve a high complementarity. Based on the monoculture data, L. perenne 

was the species which invested more in root biomass (i.e. it had the highest root 

biomass and lowest shoot to root ratio, Table 8.3), thereby using the “scale strategy” 

that confers high root uptake capacity (Aerts and Chapin, 2000). Conversely, P. trivialis 

invested more than the other species in SRL following the “precision strategy” (Maire et 

al., 2009) that may provide access to the N hotspots which had not previously been 

emptied by L. perenne. The combination of these species resulted in high 

complementarity as shown by a more efficient capture of mineral N, lower soil NO3
- 

concentration and consequent lower N2O emissions. Moreover, this plant community 

had the highest total root biomass, and this biomass was higher than expected based on 

the root biomass of their monocultures (Root RYT > 1).  

 Future research should focus on other parameters that are likely to affect N2O 

emissions as well. For instance, root morphology can affect soil physical structure and 

hydrology (Gregory, 2006), thereby influencing the N2O diffusion efficiency and 

affecting the probability of N2O to be converted to N2 before escaping to the atmosphere 

(Chapuis-Lardy et al., 2007). Differences in the composition of the nitrifying and 

denitrifying microbial communities, which may occur between plant species (Patra et 

al., 2006; Bremer et al., 2009), may also affect effects of species composition and/or 

plant species richness on N2O loss. Long-term experiments would be needed to quantify 
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these effects, as the composition of plant-specific microbiological communities varies 

over time (Bremer et al., 2009). 

4.4. Implications for land management 

Caution must be exercised when extrapolating results from controlled mesocosm studies 

to field-scale processes. For instance, our observed effects may vary somewhat as a 

function of soil types (structure, nutrient availability) and moisture contents. 

Mesocosms may also constrain to some extent the root-N dynamics due to wall effects. 

However, our study clearly shows that adequate land management through targeted 

selection of plant species may provide an opportunity for climate change mitigation. We 

have explored the role of plant functional traits to provide a mechanistic framework for 

understanding how different grassland plant species and plant community compositions 

may drive the suppression of N2O emissions through the direct and indirect effects of 

their inherent traits. In intensively grazed grasslands, highly productive species with 

high grazing value such as L. perenne should be recommended in combination with 

species with a complementary N acquisition strategy (i.e. high SRL). An additional 

benefit provided by this combination of plant species may be increased C sequestration 

due to higher root biomass production. Conversely, in grasslands with low grazing 

pressure and N availability, F. arundinacea combined with another conservative species 

should be promoted in order to slow down the N and C cycles, thereby reducing N2O 

emissions and enhancing soil organic C build up (De Deyn et al., 2008). 
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In the last few decades the rate of N fertilizer application has tremendously increased 

because the application of mineral fertilizers is the most advantageous and fastest way 

to increase crop yields. As evidence, in the field studies of this Thesis the yields for 

control treatments without N fertilizer application can be considered unacceptable from 

both an economic and food security perspective (Chapters 5, 6 and 7). However, this 

management practice induces drastic changes in the soil environment which are 

associated with the availability of nutrients for plants but also for soil microorganisms. 

Processes related with the N cycle such as nitrification and denitrification are controlled 

by the concentrations of NH4
+ and/or NO3

- in soils. In order to propose effective 

mitigation strategies for N2O emissions it is necessary to understand whether and how N 

fertilization affects these biotic processes.  

1. Nitrogen fertilization and biotic processes leading to N2O production  

1.1. Urease inhibitors  

Urease inhibitors were developed as a means to reduce NH3 volatilization when urea is 

applied. Indeed, in Chapter 5 we confirmed this effect during a barley crop as the 

inclusion of the inhibitor NBPT reduced NH3 emissions in the 30 days following urea 

application by 58%. An interesting finding of this Thesis was that NBPT can also be 

used to reduce N2O (Chapters 4 and 5) and NO (Chapter 5) emissions. This is because 

by decreasing urea hydrolysis, the release of NH4
+ is slowed down and thus nitrification 

rates are reduced in such a way that the production of N2O and NO is also affected. 

Therefore, NBPT can be an effective option to mitigate N oxides emissions under 

conditions in which nitrification have a determinant role on these emissions. We found 

for the first time that NBPT may also reduce denitrification potential. Although other 

authors (e.g. Banerjee et al., 1999) have not observed any effect of NBPT on the size of 
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soil microbial biomass, the addition of the inhibitor seems to produce changes in the 

denitrifying enzymatic activity of urea fertilized soils.  

1.2. Interaction N fertilizer type - soil moisture content  

The type of N fertilizer is a well-known driver of N2O emissions which determines the 

relative importance of the different soil processes producing these emissions. In Chapter 

6 we showed that urea fertilization induced higher N2O losses compared with a nitrate-

based fertilizer, with large peaks measured even when soil WFPS was >75%. This 

suggests that nitrification had a determinant role on these emissions. Elevated NO 

emissions when urea was applied (Chapters 5, 6 and 7) confirm the importance of 

nitrification as this process is generally considered the main source of NO from soils. 

The relatively unknown mechanism nitrifier-denitrification may be another process of 

importance in this type of soils; further research is needed to verify the contribution of 

this pathway to the total N2O emissions from these agroecosystems.  

 In this context the question is: should nitrate-based fertilizers be recommended 

instead of urea or ammonium-based fertilizers in Mediterranean agroecosystems? 

Although our results point in that direction, several confounding variables must be 

analyzed before general recommendations can be made. Environmental controls, such 

as rainfall and temperature, and management factors such as irrigation, tillage and N 

fertilizer placement play key roles in determining the proportion of N2O emitted due to 

nitrification and denitrification, and therefore best fertilizer practices depend on these 

variables. For example, under the wet conditions (near-saturation) produced by 

traditionally irrigated systems (i.e. surface or sprinkler), denitrification prevails, and 

higher N2O emissions are normally observed from nitrate-based fertilizers compared 

with urea (Lesschen et al., 2011). In addition, plant responses to NH4
+ or NO3

- nutrition 
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are species-dependent which constrains the election of N fertilizer type. Even among 

ammonium-based fertilizers, urea and ammonium sulfate additions potentially affect in 

different ways N2O emissions because they have different nitrification rates and have 

opposite effects on soil pH (Burger and Venterea, 2011). Therefore, further research is 

needed to allow effective comparison between N fertilizer types in the context of 

specific environmental, management and crop factors. Urea fertilization may represent a 

priority area for the development of potential N2O mitigation techniques, because due to 

its low cost and its high N content (46%), it has become the most widely used form of 

fertilizer N (Roy and Hammond, 2004).  

 Given that significant N2O fluxes from nitrification were measured when urea 

was applied, the use of urease and nitrification inhibitors can be considered effective 

mitigation strategies for these emissions. Results in line with these finding have been 

previously reported by others.  

1.3. Interaction N fertilizer type - C addition 

The release of organic C after incorporation of crop residues may provide the energy for 

denitrification, resulting in an increase of N2O emissions, particularly where N 

availability is high after N fertilizer application (Sarkodie-Addo et al., 2003). However, 

as shown in Chapter 7, when cereal residues having a high C:N ratio are used it may 

take several weeks for soil biota to break down the residues, especially under sub-

optimal soil temperatures in winter. As a second top-dressing fertilization was carried 

out after winter, the main effect of the interaction between crop residue and N fertilizer 

application occurred in the medium term (4-6 month after application), enhancing N2O 

emissions. By predicting residue-specific mineralization rates, application of N 
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fertilizers when C availability is high can be avoided, thereby reducing the negative 

effects of residue incorporation. 

 On the other hand, not always increased C availability generates higher N2O 

fluxes, as shown by others in studies where organic versus mineral fertilization has been 

compared. In general, the most likely mechanism through which organic fertilizers 

reduce N2O emissions is by reducing the N2O/N2 ratio (Dittert et al., 2005). In Chapter 

7 we also showed that the molar DOC:NO3
- ratio may provide a mechanistic tool to 

study C effects on N2O -and NO- emissions. Most of the negative N2O fluxes occurred 

when the molar DOC:NO3
- ratio was above 2 suggesting that above this value, 

denitrifiers use N2O and NO as electron-acceptors for their catabolic processes.  

1.4. Interaction N fertilizer - plants 

Plants and microbes are considered to compete for any available N, particularly for 

NH4
+ and NO3

-. Therefore, as shown in Chapter 8, fast-growing plant species may out-

compete soil microbes such as nitrifiers and denitrifiers for fertilizer N, thereby 

reducing N2O emissions. For species-rich agroecosystems such as grasslands, 

combining plant species with contrasting root foraging strategies for N acquisition may 

favour N uptake by plants over microorganisms. Interestingly, the opposite trend was 

observed when no N fertilizer was added. In this case, fast-growing species may 

increase mineralization of N from soil organic matter to a greater extent than more 

conservative species, thereby increasing their plant growth and ultimately N2O 

emissions.  

 We hypothesized that larger species richness leads to lower N2O emissions due 

to larger N uptake through plant biomass. However, we did not find that effect, possibly 
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due to the relatively short duration of our experiment. Further research is needed to 

elucidate the links between plant diversity and climate change. 

2. Nitrogen fertilization and emissions of CO2 and CH4  

Given that the soil C and N cycles are closely related, fertilizer application had a 

significant role on the emission of other GHGs such as CO2 and CH4. In Chapters 6 and 

7 we showed during field studies with barley and melon crops that N fertilization 

increases CO2 emissions. This was likely to be because microbial activity is often 

stimulated by the addition of N fertilizer (Mendoza et al., 2006) and emission of CO2, 

thus, increases. Moreover, N fertilization stimulated plant growth and then also the root 

respiration rate. However, in this Thesis there were no significant differences of CO2 

emissions between fertilizer types. For either urea compared to urea plus pig slurry 

(Chapter 7), or urea compared to calcium nitrate (Chapter 6), no significant differences 

were found. 

 A similar pattern was observed for CH4 emissions. Methane can be eliminated in 

soils via microbial oxidation, which takes place in the aerobic zone of methanogenic 

soils (methanotrophy). Some studies (e.g. Bodelier et al., 2000) have shown that the 

activity and population size of methanotrophic bacterial communities were substantially 

enhanced by the addition of mineral N fertilizer, and that the absence of mineral N in 

soil resulted in methanotrophs becoming inactive and probably non-growing. We 

detected this effect in the control plots of Chapter 7 (data not shown), where no N 

fertilizer was applied and only a very low N concentration was found. The highest CH4 

emissions were measured in these plots. However, although the addition of N affected 

CH4 emissions in that study, no significant differences were measured between 

fertilized treatments (Urea vs Pig slurry). Neither between urea and calcium nitrate in 
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Chapter 6. Therefore, it seems that fertilizer type is not a relevant factor affecting CO2 

or CH4 emissions from agroecosystems whilst the opposite is true for fertilizer addition. 

3. Best management practices for nitrogen fertilization 

Best management practices should be based in maximizing crop productivity and 

minimizing N2O emissions. In this sense, yield-scaled N2O emissions are an effective 

tool in order to propose good management practices associated with N fertilization. 

- Use of urease and nitrification inhibitors. In Chapter 3, by means of a statistical meta-

analysis we showed that their use can be recommended in order to increase both crop 

yields and N use efficiency (mean increase of 7.5% and 12.9%, respectively). Initially 

developed to reduce NO3
- leaching (NIs) and NH3 volatilization (UIs), other authors 

have shown their potential to mitigate N2O emissions. For NBPT, in Chapters 4 and 5 

we identified under which conditions the inhibitor affects these emissions. Its use can 

therefore be recommended when urea is applied for rainfed systems and for irrigated 

systems when irrigation is applied efficiently according to crop requirements (i.e. 

avoiding denitrifying conditions).  

- Use of drip-fertigation. This technique to supply irrigation water and fertilizers can be 

recommended as shown in Chapter 6. Although environmental information regarding 

this technique is still scarce, the results obtained so far indicate that N2O emission 

factors decrease when drip-fertigation is used instead of conventional irrigation systems. 

The type of N fertilizer applied was a key factor affecting both crop yields and pollutant 

emissions. Based on that, nitrate-based fertilizers should be recommended over urea. If 

urea has to be applied due to economic constrains, high frequency irrigation can be a 

management option to reduce the emissions associated with this fertilizer. 
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- Residue management. Application of crop residues and/or manures as amendments is a 

cost-effective and sustainable alternative to improve the organic matter content of 

semiarid Mediterranean soils. However, as demonstrated in Chapter 7, these 

management practices may increase trace gas emissions from these agroecosystems. 

Careful timing of incorporation in the autumn is required because of the increased 

potential for denitrification after rainfall. Based in mineralization rates, incorporation of 

residues should be made in such a way that the release of nutrients from the residue 

occur after N fertilizer applications.  

- Plant species combinations. In grasslands, where more than one species can be sown, 

combining two species with high dissimilarity in root traits may have a large impact on 

primary productivity and soil mineral N concentration, potentially leading to a reduction 

of N2O emissions. However, the composition of best performing plant species 

combinations is dependent on whether or not urine is applied. In intensively grazed 

grasslands, highly productive species with high grazing value such as L. perenne should 

be recommended in combination with species with a complementary N acquisition 

strategy (i.e., high SRL). Conversely, in grasslands with low grazing pressure and N 

availability, F. arundinacea combined with another conservative species should be 

promoted to slow down the N and C cycles, thereby reducing N2O emissions and 

enhancing soil organic C buildup. 

- Other factors affecting N2O emissions from fertilized soils. Apart from the factors 

evaluated in this Thesis, there are other key management factors determining crop 

productivity and N2O emissions from fertilized agricultural systems. These include 

management practices directly affecting N availability, or indirectly modifying the soil 

microclimate and cycling of C and N. Examples are tillage (conventional, minimum and 
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no-till systems), crop rotations including N-fixing crops, use of cover crops, N 

placement, phosphorus fertilization and liming.  

4. Future research  

During our research with inhibitors we found a number of knowledge gaps that should 

be addressed by future field research: the residual effect of nitrification inhibitors should 

be evaluated in long-term experiments (> 2 years); studies are also needed to evaluate 

the effects of inhibitors on non-target microbiological processes; the physiological 

effect of these inhibitors on plants requires further study; different fertilizer-inhibitor 

application strategies such as fine particle suspension deserve further attention; targeted 

application of inhibitors in urine patches as opposed to the current practice of applying 

inhibitors to the whole paddock could result in economic and environmental benefits; 

polymer coating the inhibitors could be a fruitful research line; comparisons with other 

management practices (optimizing water and fertilizer use) or technologies (biochar 

application) remain to be done.  

 Upcoming studies should clearly report information on other potential factors 

that can affect the inhibitor’s effectiveness such as soil temperature, organic matter 

content, cation exchange capacity and wind velocity. It is also recommended to include 

all sample numbers and clear measures of variance for comparative data analysis. 

 When urea is applied, further reductions of N2O emissions could be achieved in 

drip-fertigated systems if a proper management of irrigation frequency is combined with 

a nitrification/urease inhibitor. Moreover, as drip-fertigated systems are generally used 

for high-value horticultural crops, the combination would probably be cost-effective. 

 Many operational factors with regard to drip-fertigated systems can be 

manipulated affecting the overall effect of these systems on N2O emissions. For sub-



General Discussion 

165 
 

surface systems, the depth and distance from the irrigation line with respect to the crops 

may be a key factor affecting both crop yields and emissions. Also, the distance 

between emitters as well as their nominal discharge may affect the wet bulb and thus the 

N2O fluxes. 

 In this Thesis we speculated that the higher CO2 emissions of the crop residue 

amended plots may be indicative of greater respiration. This may have created more 

anaerobic microsites in the soil, thus increasing N2O production through denitrification. 

A recent meta-analysis by Chen et al. (2013) further demonstrated a positive correlation 

between soil CO2 and N2O following crop residue addition. Further research is needed 

to evaluate if soil respiration could be an effective predictor for soil N2O emissions after 

crop residue addition. 

 We also found that the molar soil DOC:NO3
- ratio was a robust predictor of N2O 

and NO fluxes. To date, this relation has not been quantitatively studied for a range of 

soil factors such as texture, pH and water content. Such work would allow a better 

understanding of the controls on N2O emissions from soils. 

 The addition of crop residues did not have a significant effect on N2O and NO 

emissions during the first fertilization period (November-February). Considering that 

the N2O and NO emission pulse occurred in a period of c. 20 days after the first 

fertilization, there was probably insufficient time for biological decomposition of the 

crop residues within this initial period. This may suggest that laboratory studies, which 

generally last less than 50 days (e.g. Aulakh et al., 1991; Flessa and Beese, 1995; Huang 

et al., 2004), may lead to biased conclusions regarding the effect of crop residues on 

gaseous emissions from soils. Long-term experiments under field conditions are 
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therefore needed to increase our understanding on the effect of crop residues on N 

losses. 

 Taking into account the possible long-term soil carbon sequestration by adding 

residues, which has both agricultural and climate change mitigation aspects, caution 

must be exercised establishing general recommendations for farmers based on the 

incorporation of maize residues. Integral life cycle analysis would be needed for a full 

assessment. 

 Studying plant effects on N2O emissions a plant trait that deserves particular 

attention is C exudation, due to its context-dependent control of the denitrification 

N2O/N2 product ratio. Although we did not measure it directly, the quantity of C exuded 

is thought to be positively correlated with root biomass (Bengtson et al., 2012). Under 

N-limiting conditions, the literature indicates that root exudation contributes to a faster 

N cycling of fast-growing species through decomposition of SOM (i.e. induce a priming 

effect) (van Der Krift and Berendse, 2001; Kuzyakov, 2006), which may consequently 

enhance N2O emissions. This effect has never been explored and thus the role of root 

exudation on N2O emissions needs to be clarified in future studies. 

 Given the fast turnover rate of the soil mineral N pool when no N fertilizer is 

added, further studies should have a high soil sampling frequency (i.e. 4-5 days per 

week, eventually multiple samples per day) to accurately elucidate treatment effects on 

soil biotic and abiotic factors. 

 We showed for the first time that plant species composition is a key component 

underlying N2O emissions from grassland ecosystems. Innovative approaches are 

needed to develop this mitigation strategy. Tools such as isotope labeling, isotopomer 
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ratios and molecular techniques may contribute to better understand the mechanisms by 

which plant combinations affect N2O emissions from this type of agroecosystems.
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Based on the research objectives described in Chapter 2, the following conclusions can 

be drawn: 

1. Urease and nitrification can be recommended in order to increase both crop yields 

and nitrogen use efficiency. Their effectiveness depends on environmental and 

management factors. Larger responses are found in coarse-textured soils, irrigated 

systems and/or crops receiving high nitrogen fertilizer rates. In alkaline soils (pH ≥ 8), 

the urease inhibitor NBPT produces the largest effect.  

“Given that their use represents an additional cost for farmers, understanding the best 

management practices to maximize their effectiveness is paramount to allow 

comparison with other cost-effective practices that increase crop productivity and 

NUE” 

2. Adequate management of the urease inhibitor NBPT may provide an opportunity for 

mitigation of N2O emissions from urea fertilized soils. The main process leading to N2O 

affected by this inhibitor was nitrification; therefore its effectiveness depends on soil 

WFPS.  

3. If all factors affecting semiarid Mediterranean agroecosystems are considered, NBPT 

application is recommended under rainfed or controlled irrigation conditions. Therefore, 

correct use of NBPT may have the following benefits: lower emissions of NH3, N2O 

and NO; lower losses in the form of NO3
- leaching; and higher nitrogen use efficiency 

and crop productivity.  

4. Drip-irrigation combined with split application of nitrogen fertilizer dissolved in the 

irrigation water (i.e. drip-fertigation) is considered an efficient strategy for water and 

nutrient application during crop production. This technique may have the additional 

benefits of reducing N2O and NO emissions without yield penalties.  
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5. Drip-irrigation best management practices from both an economic and environmental 

perspective are constrained by the election of the N fertilizer applied. Nitrate-based 

fertilizers should be recommended over urea. If urea has to be applied due to economic 

constrains, high frequency irrigation can be a management option to reduce the 

emissions associated with this fertilizer. 

6. The incorporation of maize crop residues in autumn increased the N2O emissions 

produced after top-dressing fertilization in winter. This implies that synchronizing crop 

nutrient demand and the release of nutrients from residues may have negative effects on 

N2O emission from C-poor soils. 

“By predicting specific residue-soil mineralization rates, the timing of N fertilizer 

application can be managed in order to avoid the negative effects of residue 

incorporation” 

7. Plant species composition is a key component underlying N2O emissions from 

grassland ecosystems. Selection of specific grass species combinations in the context of 

the expected nitrogen deposition regimes may therefore provide a key for mitigation of 

N2O emissions. 
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