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Resumen 

 La agricultura es uno de los principales contribuyentes a las emisiones globales 

de Gases de Efecto Invernadero (GEI), principalmente a través del óxido nitroso (N2O). 

Las emisiones a escala mundial del gas reactivo óxido nítrico (NO) en sistemas 

agrícolas constituyen también un importante problema medioambiental. Una visión 

integrada de las mejores estrategias de manejo (por ejemplo, laboreo reducido o siembra 

directa, el uso de cultivos captura en agrosistemas de regadío, rotación de cultivos 

incluyendo leguminosas, manejo del riego, uso de inhibidores de la nitrificación o 

actividad ureasa y elección de la fuente y fraccionamiento del nitrógeno, N) carece 

muchas veces de un balance completo de todas las posibles fuentes y sumideros de GEI, 

incluyendo secuestro de carbono (C) y las emisiones de dióxido de carbono (CO2) 

derivadas de los insumos y operaciones agrícolas, particularmente cuando se llevan a 

cabo prácticas de Agricultura de Conservación. El objetivo principal de esta Tesis fue 

evaluar posibles estrategias de mitigación de GEI (principalmente N2O) y NO, basadas 

en Agricultura de Conservación, manejo de la fertilización N y su interacción con el 

riego, en sistemas de secano y regadío, con el fin de encontrar las prácticas que 

supongan un balance óptimo desde el punto de vista económico y medioambiental, es 

decir, mitigación de emisiones y mantenimiento/incremento de los rendimientos. Para 

llevar a cabo este objetivo, se establecieron varios ensayos en condiciones de clima 

mediterráneo semiárido (Comunidad de Madrid, centro de España) en cultivos de 

secano y regadío. Las emisiones de GEI (principalmente N2O, pero también metano, 

CH4, y respiración), parámetros de suelo (por ejemplo, C orgánico disuelto o N mineral) 

y los rendimientos fueron evaluados. Además, se emplearon técnicas isotópicas 

(enriquecimiento en N15) para cuantificar la contribución relativa del fertilizante 

nitrogenado sintético (en una rotación intraanual con cultivos captura), y la importancia 

relativa de los distintos procesos bioquímicos en un cultivo en regadío tras añadir un 
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Resumen 

fertilizante con o sin inhibidor de la nitrificación. También se llevó a cabo un 

experimento de laboratorio empleando C14 para evaluar el efecto de la temperatura y 

tipo de suelo en la eficacia y comportamiento en suelo de dos inhibidores de la 

nitrificación. 

Las prácticas de Agricultura de Conservación, como el no laboreo, la inclusión 

de una leguminosa (sin fertilización N) en rotaciones de secano o el uso de cultivos 

captura en regadío mostraron, por lo general, una efecto pequeño en las emisiones 

directas de N2O, pero redujeron significativamente el poder de calentamiento global sin 

afectar a los rendimientos.  

El nuevo inhibidor de la nitrificación 2-(3,4-dimethyl-1H-pyrazol-1-yl) succinic 

acid isomeric mixture (DMPSA) redujo sistemáticamente las emisiones de óxidos de N 

aplicado con nitrato amónico o nitrato amónico cálcico en maíz (Zea mays L.) en 

regadío. Los análisis de 15N2O revelaron que los procesos derivados de la oxidación del 

amonio (NH4
+) contribuyeron más a las emisiones de N2O que la desnitrificación. 

Sorprendentemente, se observó un efecto del inhibidor en este proceso. La contribución 

relativa del fertilizante nitrogenado sintético fue mayor que en un sistema con cultivos 

cubierta, en el cual los residuos con una alta relación C:N pueden incrementar las 

emisiones procedentes del fertilizante. El DMPSA también fue efectivo en un cultivo de 

secano (Triticum aestivum L.), pero sólo aplicado con urea, que dio lugar a mayores 

emisiones que el nitrato amónico cálcico. El ensayo en laboratorio demostró que la 

mineralización de los dos inhibidores más comercializados en Europa no tiene una gran 

influencia en su eficiencia, que estuvo claramente influenciada por el tipo de suelo y la 

temperatura. El uso de inhibidores de la ureasa (per se o en combinación con el 

inhibidor de la nitrificación DMPSA como doble inhibidor) generalmente redujo las 
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Resumen 

emisiones de óxidos de N en condiciones de secano y regadío, pero generalmente dando 

lugar a porcentajes de mitigación más bajos que el DMPSA.  

El fertirriego es considerado como una técnica eficiente de aplicación de agua y 

fertilizantes durante el cultivo. Su uso en maíz redujo las emisiones de óxidos de N (en 

proporción similar o incluso mayor al inhibidor DMPSA) sin afectar al rendimiento en 

grano e incluso incrementando la producción de biomasa aérea. La frecuencia de riego 

(que afectó a la humedad del suelo) y la distribución espacial del N mineral fueron las 

variables clave para explicar las menores emisiones en riego por goteo, en comparación 

con la aspersión. En el cultivo de trigo panadero en secano, el manejo de la aplicación 

del N a través del fraccionamiento en cobertera también mitigó las emisiones, pero en 

menor medida que el uso del inhibidor DMPSA.  

En cultivos mediterráneos de secano, la adopción de prácticas de agricultura de 

conservación (no laboreo y rotación con leguminosas) y la sustitución de urea por 

nitrato amónico cálcico son estrategias compatibles que deben llevarse a cabo para 

reducir emisiones de GEI sin afectar a los rendimientos, teniendo además potenciales 

ventajas en relación a la calidad del suelo (según lo indicado en estudios previos) , la 

reducción del coste en fertilizantes o pesticidas, o incrementos en la eficiencia del uso 

del N o la proteína del grano.  

Respecto al cultivo de maíz en regadío, se recomienda la combinación de 

cultivos captura, fertilización integrada, y fertirriego para reducir las emisiones de GEI 

escaladas al rendimiento, sin afectar a la producción de grano. El uso de inhibidores de 

la nitrificación o ureasa durante el cultivo principal también puede considerarse como 

una alternativa interesante. Las prácticas evaluadas y las bajas emisiones por unidad de 

superficie (0.2-2.0 kg N ha-1) y escaladas al rendimiento (0.6-5.5 g N2O-N kg N-1) que 
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Resumen 

se han obtenido en los experimentos de esta Tesis pueden contribuir a la adopción de 

factores de emisión y estrategias de mitigación específicos para cada tipo de sistema 

agrícola en zonas mediterráneas. 
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Abstract 

Agriculture is one of the main contributors to greenhouse gas (GHG) emissions, 

mainly through the release of nitrous oxide (N2O). The global emissions of nitric oxide 

(NO), a reactive nitrogen (N) trace gas, from cropping systems are also of major 

environmental concern. An integrated assessment of best management strategies (e.g. 

minimum or zero tillage, the use of cover crops in irrigated agro-ecosystems, crop 

rotation including legumes, irrigation management, use of nitrification/urease inhibitors 

or the management of N source and timing) usually lacks a complete balance between 

all possible GHG sources and sinks, including carbon (C) sequestration and carbon 

dioxide (CO2) emissions from farm operations and inputs, particularly when 

Conservation Agriculture practices are stablished. The main objective of this Thesis was 

to evaluate possible N2O and NO mitigation strategies (based on Conservation 

Agriculture, N fertilization and its interaction with irrigation) in both rainfed and 

irrigated Mediterranean agro-ecosystems, in order to find the practices that provide the 

best balance between environmental and economic viewpoints, i.e. GHG and NO 

mitigation and the maintenance/enhancement of crop yields. In order to achieve this 

objective, several field experiments were stablished under dry Mediterraean conditions 

(Comunidad de Madrid, Centre of Spain) involving rainfed and irrigated crops. GHG 

(mainly N2O and methane, CH4) and NO emissions, soil parameters (e.g. dissolved 

organic C and mineral N) and crop yields were quantified. Isotopic techniques (i.e. 15N 

enrichment) were employed at field conditions to determine the relative contribution of 

N synthetic fertilizer to N2O losses (in a cover-cropping managed system), as well as 

the importance of distinct biochemical processes in an irrigated crop after the addition 

of a nitrification inhibitor. In addition, the influence of soil and temperature on the fate 

and efficacy of nitrification inhibitors was studied under laboratory conditions by using 

14C labelling. 
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Abstract 

Conservation Agriculture practices, such as no tillage, the inclusion of a non-

fertilized legume in rainfed rotations and the use of cover crops in irrigated systems 

generally showed a neutral response on N2O emissions, but significantly reduced the 

global warming potential (total GHG emissions, CO2-equivalents) without yield 

penalties.  

The new nitrification inhibitor 2-(3,4-dimethyl-1H-pyrazol-1-yl) succinic acid 

isomeric mixture (DMPSA) systematically decreased N oxides emissions when applied 

with calcium ammonium nitrate or ammonium nitrate in irrigated maize (Zea mays L.). 

The 15N2O analysis revealed that the biochemical processes derived from ammonium 

(NH4
+) oxidation were major contributors to N2O losses, compared to denitrification. 

Surprisingly, an effect of the inhibitor on this process was observed. The relative 

contribution of N synthetic fertilizer was higher than in a system including cover crops, 

in which the cereal residues with high C:N ratio can increase N2O losses from the 

synthetic fertilizer. The effectiveness of DMPSA was also observed in a rainfed wheat 

(Triticum aestivum L.) crop, but only with urea, which led to higher emissions than 

calcium ammonium nitrate. The laboratory experiment demonstrated that the 

mineralization of two widespread nitrification inhibitors did not seem to have major 

influence on their inhibition efficacy, which was clearly influenced by soil and 

temperature. The use of urease inhibitors (alone or with the nitrification inhibitor 

DMPSA) significantly mitigated N oxides emissions under rainfed and irrigated 

conditions, but generally leading to lower N oxides mitigation efficacy than that of 

DMPSA.  

Drip-fertigation is considered an efficient strategy for water and N application 

during crop production. Its use in maize decreased N oxides emissions (in a similar or 

even higher proportion as DMPSA) without affecting grain yield and increasing 
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Abstract 

aboveground biomass production. The irrigation frequency (affecting soil moisture) and 

mineral N spatial distribution were the key drivers explaining lower N2O fluxes under 

drip irrigation, in comparison to those in sprinkler. In the rainfed wheat crop, the 

management of N fertilization timing through splitting dressing application also 

decreased N oxide fluxes, but in a lower proportion than DMPSA.  

In rainfed Mediterranean areas, the adoption of Conservation Agriculture 

practices (i.e. no tillage and crop rotation including legumes) and the substitution of 

urea by calcium ammonium nitrate are compatible strategies that should be 

implemented to reduce GHG emissions without affecting yields, offering further 

potential advantages concerning soil quality (as indicated in previous studies), the 

reduction of costs from pesticides/fertilizers or increments in N use efficiency or grain 

protein.  

With regards to irrigated maize, the combination of cover crops, integrated soil 

fertility management and fertigation can be recommended to reduce the yield-scaled 

GHG emissions without affecting grain productivities. The use of urease and 

nitrification inhibitors during the cash crop phase should be considered also as a good 

alternative. The strategies evaluated and the reported low area-scaled (0.2-2.0 kg N ha-1) 

and yield-scaled (0.6-5.5 g N2O-N kg N-1) emissions throughout this Thesis may 

contribute the adoption of appropriate mitigation practices and specific N oxides 

emission factors for each agro-ecosystem in Mediterranean regions.  
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Drip or drip-fertigation 
DCD 

 
Dicyandiamide 

DI 
 

Double inhibitor (NBPT+DMPSA) 
DMPP 

 
3,4-dimethylpyrazole phosphate 
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Y-S NO 

 
Yield-scaled NO emissions 

YSNE 
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Chapter 1 

1. The N issue: environmental and economic insights 

In 2050, the population is projected to be about 9 billion (Braun, 2007), so 

agriculture should meet an increasing demand for bio-based products while also 

meeting the major goals of sustainable productivity, food safety and quality, 

maintenance of the landscape and biodiversity and a multifunctional land use (Spiertz, 

2010; Billen et al., 2015). Despite great efforts to improve plant nutrition and crop 

productivity, current agricultural systems are still characterized by low nitrogen (N) use 

efficiency (NUE) (Sutton et al., 2013) and there is a global imbalance between food 

production and fertilizers consumption (Liu et al., 2015a). It is estimated that nearly 

70% of applied N-fertilizer is lost from production systems to the atmosphere or 

groundwater (Mulvaney et al., 2009). The low NUE has detrimental consequences, 

since N losses negatively affect human health and the environment, through e.g. 

eutrophication and climate change, as will be discussed below. Moreover, from an 

economic viewpoint, it is estimated that 90 US$ billion is lost from N-fertilizers 

(Subbarao et al., 2015). 

Quantitatively, ammonia (NH3) volatilization and nitrate (NO3
-) leaching are the 

main gaseous and hydrological N loss pathways, respectively (Zhou et al., 2016). Both 

reactive N losses are associated with negative environmental (e.g. eutrophication or 

acidification) and health (e.g. formation of secondary particles, limits for NO3
- -N 

concentration in drinkable water) impacts (McIsaac et al., 2001; Li et al., 2007; Erisman 

et al., 2008; Van Grinsven et al. 2013). On average, a 17.6% of N applied through 

ammonium (NH4
+ -N) based fertilizers is lost via NH3 volatilization, ranging from 0.9 

to 64% between world regions, depending on climate, fertilizer N form and application 

method (Pan et al. 2016). The factors affecting NH3 volatilization have been broadly 

studied, and several mitigation strategies have been proposed. Some of them, such as 
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the use of urease inhibitors, the incorporation of manures and synthetic fertilizers or the 

reduction of the use of urea, may provide and optimum balance between mitigation of 

area-scaled and yield-scaled NH3 emissions, reduction of N surplus and enhancement of 

NUE and yield in Mediterranean regions, e.g. Spain (Sanz-Cobena et al., 2014a). 

Concerning NO3
- leaching, N losses can be highly variable, but the IPCC’s 

methodology assumes that 30% of the fertilizer N is leached and/or lost in runoff of 

water to streams and rivers (Eggleston et al., 2006). Again, several management 

strategies such as the use of cover crops, nitrification inhibitors or adjusted N and –

particularly- water input have been demonstrated to be effective in NO3
- leaching 

mitigation (Quemada et al., 2013). 

Other N losses such as N oxides (nitrous oxide, N2O, or nitric oxide, NO) are not 

quantitatively important (agronomically), but their emission can result in severe 

environmental consequences. Nitrous oxide plays an important role on climate change, 

since it is a greenhouse gas (GHG) whose global warming potential is 265 times higher 

than that of CO2 (IPCC, 2014). Moreover, N2O is a highly stable gas, whose persistence 

in the atmosphere reaches 118 years (Prather and Hsu, 2010). Nitrous oxide losses have 

increased exponentially in the postindustrial era (see Fig. 1.1) mainly as a result of the 

intensification of agriculture since the manufacturing and use of synthetic N fertilizers, 

and also due to increased fossil fuel burning and the land use change. Recently, the 

radiative forcing, which is an important concept for prediction of surface temperature 

change, has increased by 11% since 1998 for N2O (Ussiri and Lal, 2013).  
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Fig. 1.1 Evolution of N2O emissions in the postindustrial era (Ussiri and Lal, 2013). 

In addition to its potential global warming, N2O also plays and important role on 

the stratosphere chemistry. The photochemical degradation of this trace gas releases 

nitrogen oxides (NOx i.e. NO + NO2) which destroy stratospheric ozone (O3) through 

the catalyzed reaction processes shown in Fig. 1.2 (Crutzen, 2016). Currently, N2O is 

considered the single most important of the anthropogenic O3 depletion potential 

emission (Ravishankara et al., 2009). 

Fig. 1.2 Catalytic destruction of O3 by nitrogen oxides (NOx i.e. NO + NO2) (Ussiri and Lal, 2013). 

Agriculture is the main source of global N2O losses (Leip et al., 2011; Davidson 

and Kanter, 2014) (Fig. 1.3), thus contributing up to 14% to global warming potential in 

a 100-year horizon (IPCC, 2014). Reducing GHG emissions from agriculture is 

essential to avoid increments of the mitigation cost in other sectors and to guarantee the 
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feasibility the objective to limit warming by 2 °C above pre-industrial levels 

(Wollenberg et al., 2016), by 2030. In order to find best agricultural practices to 

mitigate N2O emissions, it is important to know the biochemical processes of the N 

cycle leading to the production and release of this gas from soils. The main processes 

involved (Ussiri and Lal, 2013) are: 

• Autotrophic nitrification: is the aerobic oxidation of (NH4
+) to 

nitrate (NO3
-) (Fig. 1.4) by NH3-oxidizing bacteria or archaea, which has been 

suggested as the dominant process in calcareous low-C content soils (Aguilera et 

al., 2013a) and it is limited at low O2 availability and therefore high water filled-

pore-space (WFPS) values (Firestone and Davidson, 1989).  

• Heterotrophic denitrification: is the stepwise reduction of NO3
- to 

N2 by bacteria, archaea and some fungi, which occurs when NO3
- or NO2

- are 

used as alternative terminal electron acceptors when O2 supply is limited (Fig. 

1.4). This process is the main contributor to N2O losses at WFPS ranging from 

60 to 90%, or even at WFPS < 40% when crop residues are not removed from 

soil (Li et al., 2016). Denitrification is limited when organic carbon (C) 

availability is low. Soil conditions are important to determine not only total 

denitrification rates, but also the end products of this process, i.e. the N2O/N2 

ratio, which increases at low pH (Baggs et al., 2010) and low DOC/NO3
- ratio 

(Abalos et al., 2013; Benckiser et al., 2015), which causes N2O/N2 to decrease at 

WFPS >80% (Friedl et al., 2016). Much larger quantities of the innocuous N2 

are emitted globally in comparison to those of N2O (particularly when 

conditions are favorable for complete denitrification, e.g. grasslands), affecting 

the NUE in agro-ecosystems.  
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Fig. 1.3 (a) Natural and anthropogenic N2O emissions and contribution of agriculture to anthropogenic 
emissions (Davidson and Kanter, 2014) and (b) contribution of Agriculture, Forestry and Other Land Use 
(AFOLU) to global direct and indirect GHG emissions (IPCC, 2014). 
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Fig. 1.4 (a) Main N2O and NO production pathways in Mediterranean areas (Kool et al., 2009) and (b) 
ecological niche for distinct N oxides production processes (Wrage et al., 2001). 

The NO3
- produced by nitrification can be used by denitrifiers when favorable 

conditions for both processes occur in soil neighboring microhabitats (Wrage et al., 

2001), and this is known as coupled nitrification-denitrification (Fig. 1.4a). Another 

process resulting in N2O production is the nitrifier denitrification, which is the oxidation 

of NH3 to NO2
- followed by the reduction of NO2

- to N2O or N2. This sequence of 

reactions is carried out only by NH3-oxidizers, and could be a significant contributor to 

N2O losses when moisture conditions/organic matter content are sub-optimal for 

denitrification (Kool et al., 2011) (Fig. 1.4b). Nitrous oxide can be also released by 

other processes, whose relevance in N2O budget is considered marginal in 
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Mediterranean areas, such as nitrification and denitrification produced by heterotrophic 

nitrifiers under aerobic conditions (Roberston and Kuenen, 1990; Chen et al., 2015a), 

dissimilatory nitrate reduction to ammonium (Chen et al., 2015b), chemodenitrification 

(Wrage et al., 2001) and codenitrification (Selbie et al., 2015).  

Nitric oxide is a highly reactive constituent of the troposphere and impacts 

human health and crop productivity (Skiba et al., 1997, Pappin et al., 2016). Whereas 

N2O is a potent GHG itself, NO acts indirectly as a precursor of O3, the third largest 

contributor to radiative forcing (Denman et al., 2007). Tropospheric O3 is a phytotoxic 

compound which affects mammal health, ecosystem functioning and primary 

production (Medinets et al., 2016). In addition to the effect on the destruction of 

stratospheric O3 (which has been indicated above), NO also contributes through its 

oxidation to the formation of acid rain (Pilegaard, 2013). The global NO production is ~ 

9 Tg N yr-1 (20-24 Tg N yr-1 of NOx) (Denman et al., 2007; Medinets et al., 2015). The 

main sources of NO in the troposphere are fossil fuel combustion, biomass burning, soil 

emissions and lightning (Medinets et al., 2015). In agricultural areas, the soil is the main 

contributor due to low anthropogenic emissions (Butterbach-Bahl et al., 2009) while in 

forested areas a significant amount of NO is captured as NO2 by the canopy (Ganzeveld 

et al., 2002). Concerning soil NO emissions, nitrification has been traditionally 

distinguished as the main NO contributor, and the NO/N2O ratio has been employed as 

an indicator of the predominance of nitrification (if >1) or denitrification (if < 1) 

(Abalos et al., 2013). Recent studies indicated that indeed nitrification causes the 

greatest proportion of NO fluxes under aerobic conditions (Medinets et al., 2015), but 

denitrification led to significant and short-living peaks under anaerobic conditions 

(Russow et al., 2009; Loick et al., 2016), although it is considered that an important 

proportion of NO generated through denitrification is also consumed by denitrifiers due 
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to its limited diffusion, which makes NO unlikely to escape from soil (Skiba et al., 

1997). The chemodenitrifcation to soil NO losses may be also significant under 

favorable conditions, e.g. acid soils (pH < 5) (Medinets et al., 2015). The same applies 

to nitrifier denitrification, although its quantitative contribution is not certain yet 

(Pilegaard, 2013). 

2. Need for an estimation of specific N oxides emission factors

There are different possible methods for estimating direct soil N2O losses. 

Current national emission inventories generally follow the TIER 1 methodology, which 

involves the use of a default value of 1% (or 1.25%) for direct N2O emission factor (EF, 

the percentage of fertilizer N applied which is emitted as N2O) (IPCC, 2006). The 

review of Aguilera et al. (2013a) pointed out that the IPCC default value leads to a N2O 

overestimation in both rainfed and low-water input irrigated Mediterranean areas, while 

resulting in a underestimation of N2O losses in other climatic areas (Gerber et al., 2016). 

That was recently confirmed by the meta-analysis of Cayuela et al. (2017), which 

reported an average EF of 0.50% for Mediterranean cropping systems, that was highly 

dependent on soil (e.g. texture) and management conditions, particularly water and N 

management. Thus, contrasting EFs were obtained for rainfed (average 0.27%, 

depending on the mean rainfall amount), drip-irrigated (average 0.51%) or sprinkler- 

irrigated cropping areas (average 0.91%, statistically similar to the IPCC default value). 

Accordingly, the EF was also influenced by the type of fertilizer (organic versus 

synthetic) or the use of fertilization technologies (e.g. nitrification or urease inhibitors). 

An accurate assessment of the impacts of agriculture on N oxides emissions requires, 

therefore, the calculation of specific EFs through other methodologies, such us TIER 2 

(using available country specific emission factors) or TIER 3 (modelling or 

measurement approaches that may be used to predict emissions from whole countries or 

8 



 Chapter 1 

regions for which experimental measurements are impracticable) (De Klein et al., 

2006). 

With regards to NO, Stehfest and Bouwman (2006) concluded that the EF could 

range from 0.5 to 10%. In Mediterranean areas, Guardia et al. (2017a) in an irrigated 

maize field obtained an average EF of 1.2% (0.4-3.5%, depending on the type of 

fertilizer and irrigation system). Other studies reported even lower EFs, e.g. Abalos et 

al. (2012) (0.45%, in a rainfed Mediterranean barley crop) or Liu et al. (2015b) (0.26-

0.36%, in a calcareous low-C content soil). The dependence of NO EF on 

environmental and management conditions still remains unclear. An adequate and 

specific quantification of NO emission is essential to the development of N footprint 

tools for consumers, institutions, events and decision-making regarding offsets 

(Galloway et al., 2014). 

3. N oxides mitigation strategies

Several strategies to reduce N oxides losses from agricultural soils have been 

broadly evaluated. The most promising ones in Mediterranean areas are: 

• Management of N fertilization through different strategies:

o Selection of the most appropriate N source. The use of organic sources

could help to overcome the problem of the management of farm

manures, and a reduction of area-scaled N2O losses with solid organic

sources (Aguilera et al., 2013a). Conversely, the use of these

amendments could be technically and environmentally inadvisable if

farms are far from agricultural lands, and have negative trade-offs with

regards to crop yields (Abalos et al., 2016; Guardia et al., 2017a). Other

options could be the change of ammonium (NH4
+ -N) based fertilizers to
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nitrate (NO3
- -N) based ones, which can reduce N2O emissions in low-C 

content soils where most N oxides losses come from nitrification (Zhang 

et al., 2016). This strategy can trigger the opposite effect in humid 

temperate agro-ecosystems, e.g. grasslands (Smith et al., 2012; Roche et 

al., 2016).  

o Use of nitrification and/or urease inhibitors. Urease inhibitors were

developed to reduce NH3 volatilization through the delay in the

conversion of urea to NH4
+ (Watson et al., 2008).  Nitrification inhibitors

retard the conversion of NH4
+ into NO2

- as the first step of nitrification

(Ruser and Schulz, 2015). The effectiveness of both products on NO and

N2O abatement has been demonstrated in recent meta-analysis (Qiao et

al., 2015; Gilsanz et al., 2016; Thapa et al., 2016) and field studies in

Mediterranean areas (Abalos et al., 2012; Sanz-Cobena et al., 2012;

Guardia et al., 2017b).

o Management of N timing, rate and placement. The first two practices

mean the adjustment of N fertilization to crop needs, thus decreasing N

surplus and direct/indirect N oxides emissions (Skiba et al.; 1997; Kim et

al., 2015; Sanz-Cobena et al., 2017; Venterea et al., 2016). The N

placement has been as a critical practice to reduce NH3 volatilization, but

also affecting N2O emissions (Venterea et al., 2005; Chadwick et al.,

2011). 

• Conservation Agriculture practices:

o Tillage: due to changes produced in soil properties after conversion from

conventional tillage to reduced/no tillage, the factors affecting soil

biochemical processes and consequently N oxides fluxes are modified
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(Six et al., 2004). The meta-analysis of Van Kessel et al. (2013) reported 

that there is not any overall effect of reduced tillage or no tillage on area-

scaled N2O emissions, even though those were significantly mitigated in 

long-term experiments in dry climates. In Mediterranean areas, little 

effect has been generally observed (Plaza-Bonilla et al., 2014a; Tellez-

Rio et al., 2015a; b) 

o Crop rotation: long crop rotations have been proposed in rainfed

Mediterranean cropping systems to improve soil quality and reduce

inputs consumption (Sanz-Cobena et al., 2017). The inclusion of fallow

and/or legume phases may offer opportunities for mitigating direct and

indirect N oxides emissions due or zero synthetic N input (Jensen et al.,

2012; Jeuffroy et al., 2013). However, in irrigated crops, the replacement

of bare fallow by cover crops (CCs) is a recommended practice to

mitigate NO3
- leaching (Quemada et al., 2013), although increments of

direct N2O losses (particularly with legume CCs) were observed in the

meta-analysis of Basche et al. (2014). An integrated assessment of the

whole intercrop-cash crop cycle in combination with improved

fertilization management (i.e. adjusted N rate) is needed.

• Irrigation: the management of irrigation (i.e. irrigation system, water input and

frequency) affects the moisture content expressed as water-filled pore space

(WFPS), which is a limiting factor for N oxides emission in semi-arid areas (e.g.

Mediterranean) where irrigation during low-rainfall periods is required (Aguilera

et al., 2013a). The potential of water-saving irrigation systems with higher

irrigation frequency (e.g. surface and subsurface drip) for reducing N2O and NO

emissions have been showed in Mediterranean areas (Kallenbach et al., 2010;
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Sánchez-Martín et al., 2010; Abalos et al., 2014a; Cayuela et al., 2017; Guardia 

et al., 2017a). An improved management of both water and N supply can be 

achieved combining drip-irrigation with N fertilization through drip-fertigation 

(Vallejo et al., 2014), but information about its effect on N oxide emissions in 

comparison to other irrigation and N fertilization management is still scarce. 

4. GHG balance

Some of the agricultural practices indicated above not only affect N2O losses, 

but also other GHG sources, such as methane (CH4) emission/uptake, soil organic 

carbon (SOC) stocks (which are influenced by long-term Conservation Agriculture 

practices) (Plaza-Bonilla et al., 2015) and carbon dioxide (CO2) emissions from farm 

inputs and operations (Dendooven et al., 2012). Therefore, these N2O mitigation 

practices must be compared on a global warming potential basis (CO2-equivalent 

emissions), particularly due to the relatively low weight of N2O losses in Mediterranean 

areas (Aguilera et al., 2015), in comparison to other climatic areas (Rees et al., 2013).  

Livestock, manures and flooded rice culture are some of the major 

anthropogenic sources of CH4 emissions (Chadwick et al., 2011; IPCC, 2014). On the 

other hand, aerobic agricultural soils act normally as CH4 sinks through its oxidation by 

methanotrophic microorganisms (Powlson et al., 1997). Soil moisture (and therefore 

oxygen availability), SOC and mineral N contents are the main soil properties affecting 

CH4 uptake capacity of aerobic soils (Le Mer and Roger, 2001), which barely 

compensates the N-fertiliser-induced N2O emissions (Hellebrand et al., 2003). Carbon 

dioxide is emitted due to the respiration of roots and soil microorganisms, but these 

fluxes from soil are not included in the net GHG emissions, since are largely offset by 

CO2 photosynthetic fixation, so the C balance is estimated through changes in SOC 

contents (Robertson et al., 2000). 
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The calculation of net GHG emissions considering all possible sources and sinks 

help to elaborate the C footprint of agricultural outputs (Liu et al., 2016), which can be 

developed per unit of farmland (thus focusing more on environmental health) or per 

kilogram of crop yield or yield of livestock product (focusing on increasing yield while 

reducing the GHG emissions). The latest approach integrates better both economic and 

environmental sustainability. Best management practices must meet not only the 

reduction of reactive N and GHG emissions, but also ensuring the maintenance (or 

enhancement) of crop yields and N efficiency, thus reducing the C or N footprint on a 

yield-scaled basis (Sanz-Cobena et al., 2014a). The reduction of yield-scaled emissions 

is closely related to the N surplus (defined as the N application minus the above-ground 

N uptake) at the end of the cropping period (Fig. 1.7) (Van Groenigen et al., 2010). 

Some of the mitigation practices suggested in Section 1.3 have neutral or positive 

response on NUE and crop yields, e.g. the use of nitrification/urease inhibitors (Abalos 

et al., 2014b), cover cropping (Tonitto et al., 2006) or Conservation Tillage in semi-arid 

areas and/or dry seasons (Pittelkow et al., 2015; Kuhn et al., 2016), as well as the 

improved management of N fertilization (Venterea et al., 2016). Therefore, any 

assessment of mitigation practices must integrate the quantification of N oxides and 

GHG emissions, crop yields and N efficiency, also analyzing possible barriers (e.g. 

technical and economic constraints) and opportunities (e.g. enhancement of food 

quality, input saving) to their implementation (Sanz-Cobena et al., 2017). 
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Fig. 1.5 Meta-analysis results of the relationship between N surplus and yield-scaled N2O emissions (Van 
Groenigen et al., 2010). 
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Significant amounts of N2O and NO emissions are emitted from agricultural 

land. These emissions should be quantified considering the main crop-soil combinations 

and management practices of a country to recommend the best practices. Our main 

hypothesis is that some agricultural practices offer an opportunity for GHG and NO 

mitigation without yield penalties, leading to lower amount of pollutants emitted per 

kilogram of crop production. Therefore, the main objective of this Thesis is: 

“To evaluate possible N2O and NO mitigation strategies in both rainfed and 

irrigated Mediterranean agro-ecosystems, in order to find the practices that provide the 

best balance between both environmental and economic perspectives, i.e. GHG and NO 

mitigation and the maintenance/enhancement of crop yields” 

To achieve this, the research has been divided into 6 experiments, which are 

presented in 6 different Chapters, each one with its own specific objective: 

Objective 1  

“To study the interacting effect of three tillage treatments (conventional tillage 

(CT), minimum tillage (MT), and no tillage (NT)) and two different crops (vetch 

preceded by wheat; and barley preceded by vetch) on GHG (N2O, CH4, CO2) emissions, 

yield-scaled N2O emissions and GWP”. 

Objective 2 

“To evaluate the effect of two different cover crop species (barley and vetch) 

versus fallow on GHG emissions during the cover cropping period and from the 

following maize cash crop period in an integrated soil fertility management system, as 

well as the contribution of the synthetic fertilizer and other N sources to N2O emissions 

using 15N labelled fertilizer” 
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Objective 3 

“To determine the efficacy and fate of two 14C-labelled Nitrification Inhibitors 

(DCD and DMPP), in two contrasting soils and at three different temperatures, i.e. 

sorption, mineralization, and recovery in the soil extractable pool” 

Objective 4  

“To measure the effect of the new inhibitor DMPSA on GHG (particularly N2O) 

emissions in an irrigated Mediterranean crop, elaborating on the contribution of 

biochemical processes to N2O losses through 15N labelling techniques” 

Objective 5 

“To evaluate the effect of a urease (NBPT) and nitrification (DMPSA) inhibitor 

and synthetic fertilizers applied by drip-fertigation (without inhibitors); compared with 

conventional management (synthetic fertilizers applied at dressing in sprinkler-

irrigated maize) on N oxides losses and maize yield” 

Objective 6: 

“To study how the use of fertilization technologies (nitrification and/or urease 

inhibitors) affect N2O and NO losses, yield and breadmaking quality in a rainfed winter 

wheat crop, in comparison to management of N source and N timing (i.e. split 

application of synthetic fertilizers)” 

To address these objectives, Conservation Agriculture practices (i.e. 

reduced/zero tillage and crop rotation) were evaluated in a rainfed and irrigated crop in 

Chapter 3 and 4, respectively. Yield-scaled emissions and net GHG balance (CO2-

equivalent emissions) were calculated to understand the overall GHG balance (since 
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these practices can affect the consumption of inputs and SOC stocks) and gain a 

complete overview of the economic and environmental suitability of these practices. 

The use of nitrification and/or urease inhibitors was evaluated under field 

conditions in both rainfed (Chapter 8) and irrigated (Chapter 7) agro-ecosystems. 

Moreover, the use of inhibitors was compared to other N management techniques, i.e. 

different synthetic sources (urea and calcium ammonium nitrate) and the management 

of N timing. This strategy was adapted to rainfed (i.e. split versus single broadcast 

application) and irrigated conditions (i.e single broadcast application under sprinkler 

irrigation versus N supply through drip-fertigation). Consequently, the interaction 

between the irrigation system and N fertilization was also discussed in Chapter 7. 

Nitrification inhibitors are effective N oxides mitigation strategies, and their 

efficacy often depends on environmental conditions. To elaborate on the understanding 

of the variables affecting NIs performance and dynamics in soil, a laboratory 

experiment was conducted (Chapter 5). In addition, a field experiment was carried out 

(Chapter 6) to understand how a NI affects the amount of N2O coming from different N 

forms (NH4
+ and NO3

-) and therefore to understand the effectiveness of NIs from a 

biochemical perspective. 

As for the assessment of Conservation Agriculture practices, the effect of N 

fertilization management on GHG/NO emissions was completed with the evaluation of 

yield, yield-scaled emissions (Chapter 7 and 8) and even quality (Chapter 8). Mitigation 

strategies based on Conservation Agriculture and N fertilization management were 

therefore evaluated within this Thesis, aiming to give practical recommendations about 

the more sustainable practices for both rainfed (Chapter 3, 8) and irrigated (Chapter 4, 6 

19 
 



  

 

Chapter 2 

and 7) cropping systems, understanding the factors and processes affecting some of 

these mitigation strategies (Chapters 5 and 6). 

 

20 
 



CHAPTER 3 
Effect of tillage and crop (cereal versus 

legume) on greenhouse gas emissions and 
Global Warming Potential in a non-irrigated 

Mediterranean field 





  Chapter 3 

1. Introduction 

Agricultural practices, such as nitrogen (N) fertilization, account for 60 % of 

nitrous oxide (N2O) anthropogenic emissions. Nitrous oxide is a greenhouse gas (GHG) 

whose Global Warming Potential (GWP, 100-year time horizon) is 265 times higher 

(without inclusion of climate-carbon feedbacks) than that of carbon dioxide (CO2) 

(Myhre et al., 2013). Agriculture is also responsible for other GHG emissions, such as 

methane (CH4) and CO2. In this context, Rees et al., (2013) considered that potential 

strategies for mitigating total emissions in each cropping system could be developed by 

making changes in the variables that influence the biochemical processes that trigger 

GHG emissions from soils, as a result of agricultural operations (e.g. fertilization, 

tillage, and crop rotation). 

Semiarid and arid regions, which represent more than a third of global land, are 

widely used for rainfed grain crops (Harrison and Pearce, 2000). In these areas, the 

adoption of conservation agricultural systems including cereal-legume rotations is being 

promoted and continues to increase each year (Kassam et al., 2010). This is likely due 

to the improvements in soil physicochemical properties and ecology, as well as 

economic benefits, that have been associated to these practices (Masri and Ryan, 2006; 

Roger-Estrade et al., 2010; Kassam et al., 2012). Moreover, with the new EU mandatory 

policy, forage legumes are liable to receive the greening payment due to crop 

diversification and as surfaces of ecological interest (since they are N fixing crops), and 

also payments associated to crop production. In Spain, which is the leading country in 

terms of adoption of no-till in Europe (Kassam et al., 2010), the surface area of cereal-

forage vetch rotation has doubled in the last four years (MAGRAMA, 2013).   

Legume crops have been reported as a N2O mitigation strategy in many studies 

(Jensen et al., 2012) since no synthetic N is added to the soil. However, grain legumes 
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can produce N2O emissions, mainly through N release from root exudates during the 

growing season and from decomposition of crop residues after harvest (Rochette and 

Janzen, 2005; Wichern et al., 2008; Tellez-Rio et al., 2015a). Management practices, 

such as soil incorporation of legume residues, and environmental/soil conditions have a 

great influence on N2O fluxes derived from legumes. Previous studies have, therefore, 

reported a high variability in N2O fluxes (0.03–7.09 kg N2O–N ha−1 yr-1) (Jensen et al. 

2012). Most previous studies comparing cereal and legume crops have used maize as 

the cereal (characterized by high water availability and N input during the cereal 

growing season) (Drury et al., 2008; Omonode et al., 2011; Dendooven et al., 2012) or 

have compared cereals and legumes as catch crops during the intercrop period (Sanz-

Cobena et al., 2014b, Bayer et al., 2015). Little is known about rainfed legume-winter 

cereal annual rotations in semi-arid areas, in comparison with cereal monoculture. 

Moreover, questions including whether legumes mitigate more N2O emissions than 

cereals remain unanswered.   

 Controversy exists about the effect of tillage on GHG emissions from soils. 

Either abatement (Six et al., 2004, Dendooven et al., 2012) or enhancement (Baggs et 

al., 2003; Beare et al., 2009) of N2O fluxes have been reported following the adoption 

of conservation tillage. The meta-analysis of 41 studies carried out by Van Kessel et al. 

(2013) showed that results are highly dependent on experimental duration, climatic 

conditions, crop residue composition and management, and N fertilization placement. 

However, the studies included in this meta-analysis did not consider the interaction 

effect between tillage and crop. Therefore, further research is needed to gain insight into 

the ‘tillage x crop’ interaction and its effect on N2O emissions, as well as into the 

response of CH4 and CO2 emissions to tillage. 
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Moreover, an adequate assessment of the effects of conservation tillage practices 

and crop effect (cereal versus legume) on GHG balance requires both site-specific 

emission data and data on the emissions from inputs production, farm operations 

(Barton et al., 2013) and carbon (C) sequestration. The adoption of NT can increase C 

stocks in the surface soil layer (Puget and Lal, 2005; Álvaro-Fuentes et al., 2014), 

although some authors have reported that greater soil organic C (SOC) content is 

accumulated near the bottom of the plow layer in tilled soils (Angers and Eriksen-

Hamel, 2008). The best way to assess whether the adoption of NT can effectively 

increase C sequestration and its relative contribution to the GWP is through long-term 

experiments. 

The main objective of this study was to evaluate the effect of three tillage 

treatments (conventional tillage (CT), minimum tillage (MT), and no tillage (NT)), two 

different crops (vetch preceded by wheat; and barley preceded by vetch) and the 

interaction of both factors on GHG (N2O, CH4, CO2) emissions, yield-scaled N2O 

emissions (YSNE) and GWP (CO2-equivalent emissions, CO2-eq). We hypothesized 

that: 1) N2O emissions would be lower in NT plots than in CT plots, due to climate 

conditions and experimental duration (Van Kessel et al., 2013), 2) N2O emissions would 

be lower in the legume (vetch, V) than in the cereal crop (barley, B), due to the 

application of mineral N fertilizer in B combined with the effect of V residues, which 

had a lower C:N than that of the wheat residues that was left/incorporated before the V 

cropping phase and 3) The replacement of continuous cropping of cereal by cereal-

legume rotation with NT management would be an advisable practice to ensure farm 

sustainability due to the lower labor use in NT and lack of N fertilizer application in V, 

which lead to an abatement of CO2 equivalents. 
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2. Materials and methods

2.1. Site characteristics 

The field experiment was carried out at “La Canaleja” Station (40º 32´N, 3º 

20´W, 600 m.a.s.l.), in Alcalá de Henares (Madrid, Spain), where a long-term tillage 

experiment was established in 1994. Since then, several crop (cereal-legume-fallow) 

rotations have been cultivated (Martín-Lammerding et al. 2011). From 2005, the annual 

crop rotation has been fallow-wheat (Triticum aestivum L. var. Marius)-vetch (Vicia 

sativa L. var. Senda)-barley (Hordeum vulgare L. var. Kika), for each tillage system 

(NT, MT, CT). 

The soil was a sandy-loam Calcic Haploxeralf (Soil Survey Staff, 2010). The 

main physicochemical properties of the top soil layer (0-15 cm) were: sand, 50.8 %; silt, 

37.7%; clay, 11.5%; CaCO3, 41.6 g kg-1; pHH2O, 7.9 and EC, 121.3 µS cm-1. The site has 

a semiarid Mediterranean climate with dry summers. Mean annual temperature and 

rainfall from 1994-2013 for this area were 13.5 ºC and 402.7 mm, respectively. 

Hourly rainfall and air temperature data were obtained from a meteorological 

station located at the field site. Soil temperature was measured in each tillage system by 

inserting a temperature probe 15 cm into the soil. Mean hourly temperature data were 

stored on a data logger. 

2.2. Experimental design and management 

This experiment was conducted from October 2012 to October 2013 under 

rainfed conditions. The experimental design consisted of a split-plot, divided into three 

main plots corresponding to the tillage systems -NT, MT and CT- in a randomized 

complete three-block design. Each plot was further divided into five sub-plots (10 m x 

25 m), assigned in completely randomized design to all phases of crop rotation 
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involving fallow-wheat-vetch-barley and wheat in monoculture. Here, only V and B 

subplots were studied giving eighteen subplots (3 plots x 2 subplots x 3 replicates -

blocks-). 

Ploughing was conducted in the first week of October with a moldboard (20 cm 

depth) in CT plots, and with a chisel plough (15 cm depth) in MT plots. Then, a 

cultivator pass was carried out in late October 2012 for both tillage treatments. Thus, 

crop residues (which were left on the ground during summer in all tillage treatments) 

were almost completely incorporated into the soil in CT, whereas approximately 30% of 

the surface of MT was covered with the previous season’s crop residues. No tillage 

involved direct drilling and spraying with glyphosate (at a rate of 2 L ha-1 of Sting 

Monsanto ®) for weed control, and the previous season’s crop residues were retained on 

the soil surface. Vetch was seeded on 29th November 2012 with 120 kg seed ha-1, while 

B was seeded on 14th November 2012 with 210 kg seed ha-1. Mineral fertilization and a 

post-emergence herbicide treatment were only applied to B subplots. Nitrogen was 

applied at seeding (16 kg N ha-1 as NPK, 8-24-8) and again on 8th March 2013 (54 kg N 

ha-1as NH4NO3, 27-0-0). A post-emergence herbicide treatment was applied in mid-

February 2013 using Herbimur Doble® at a rate of 1.6 L ha-1. Insecticide or fungicide 

applications were not necessary in any of the experimental plots. Vetch and B were 

harvested on 12th May 2013 and 18th June 2013, respectively. 

2.3. Sampling and analysis of GHG  

Fluxes of N2O, CH4 and CO2 were measured from October 2012 to October 

2013 using the closed chamber technique with opaque manual chambers. One chamber 

(diameter 35.6 cm, height 19.3 cm, volume 19.1 L) was placed in each subplot. 

Chambers were hermetically closed (for 1 h) by fitting them into stainless steel rings 

inserted in the soil at a depth of 5 cm at the beginning of the study to minimize lateral 
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diffusion of gases and avoid soil disturbance associated with the insertion of chambers 

in the soil. Rings were only removed during management practices. Each chamber had a 

rubber sealing tape to guarantee an airtight seal between the chamber and the ring. A 

rubber stopper with a 3-way stopcock was placed in the wall of each chamber to take 

gas samples. Greenhouse gas measurements were always taken with B/V plants inside 

the chamber. When plants exceeded the chamber height (19.3 cm), plastic intersections 

of 19 cm were used between the ring and the chamber.  

Gas samples were taken twice per week during the first month after fertilization 

events or during rainfall periods, and then, every week or every two weeks until the end 

of the crop period. After harvest, one sample was taken each month. All samples were 

taken at the same time of day (10–12 am) to minimize any effects of diurnal variation in 

emissions. 

Measurements of N2O, CO2 and CH4 emissions were taken at 0, 30 and 60 min 

to test the linearity of gas accumulation in each chamber. Gas samples (100 mL) were 

removed from the headspace of each chamber using a syringe and transferred to 20 mL 

gas vials sealed with a gas-tight neoprene septum. Vials were previously flushed in the 

field using 80 mL of the gas sample. Samples were analyzed by gas chromatography 

using a HP-6890 gas chromatograph equipped with a headspace autoanalyzer (HT3) 

from Agilent Technologies (Barcelona, Spain). HP Plot-Q capillary columns transported 

gas samples to a 63Ni electron-capture detector (Micro-ECD) to analyze N2O 

concentrations and to a flame ionization detector (FID) connected to a methanizer to 

measure CH4 and CO2 (previously reduced to CH4). The temperatures of the injector, 

oven and detector were 50ºC, 50ºC and 350ºC, respectively. The accuracy of the gas 

chromatographic data 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 
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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 Metálicos S.A. and Air Products SA/NV, respectively, 

and used to determine a standard curve for each gas.  

The increases in GHG concentrations within the chamber headspace were 

generally linear (R2> 0.90) during the sampling period (1h). Therefore, emission rates of 

fluxes were 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). Cumulative N2O-N, CH4-C and CO2-C, 

emissions per plot during the sampling period were estimated by linear interpolations 

between sampling dates, multiplying the mean flux of two successive determinations by 

the length of the period between sampling and adding that amount to the previous 

cumulative total (Sanz-Cobena et al., 2014b). 

2.4. Soil and grain sampling and analyses 

In May 2012, composite soil samples were collected from each subplot at depths 

of 0 to 7.5 cm, 7.5 to 15 cm and 15 to 30 cm. Soil samples were air-dried and sieved. 

Soil organic C was then determined using the wet oxidation method (Walkey-Black). In 

addition, bulk density was determined using intact core samplers as described in 

Grossman and Reinsch (2002).  

In order to relate gas emissions to soil properties, soil samples were collected 

from the 0-15 cm depth during the growing season on almost all gas-sampling 

occasions, particularly after each fertilization event. Three soil cores (2.5 cm diameter 

and 15 cm length) were randomly sampled close to the ring in each subplot, and then 

mixed and homogenized in the laboratory. Soil dissolved organic C (DOC) was 

determined by extracting 8 g of homogeneously mixed soil with 50 mL of deionized 
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water. Afterwards, DOC content was analyzed with a total organic C analyser (multi 

N/C 3100 Analityk Jena) with an IR detector. Soil ammonium (NH4
+-N) and nitrate 

(NO3
–-N) concentrations were analyzed using 8 g of homogeneously mixed soil 

extracted with 50 mL of KCl (1 M), and measured by automated colorimetric 

determination using a flow injection analyzer (FIAS 400 Perkin Elmer) with a UV-V 

spectrophotometer detector. The water-filled pore space (WFPS) was calculated by 

dividing the volumetric water content by total soil porosity. Total soil porosity was 

calculated according to the relationship: soil porosity = (1- soil bulk density/2.65), 

assuming a particle density of 2.65 g cm-3 (Danielson et al., 1986). As in Gómez-

Paccard et al. (2015), we only measured bulk density once a year (before the start of the 

experiment, as indicated above), considering that although bulk density diminishes in 

the topsoil layer immediately after tillage, this effect is short-lived and is followed by a 

rapid reorganization of the soil. Gravimetric water content was determined by drying 

soil samples at 105 °C in a MA30 Sartorius ® oven.  

Grain yield and above-ground biomass were measured by harvesting two 

randomly selected 0.5 x 0.5 m squares from each subplot. After sampling V, the rest of 

the plots were trimmed (regardless of the tillage system), so that V residues were 

chopped and left on the surface. Aerial biomass was cut by hand at the soil level and 

weighed after separating weed and crop biomass. Grain and straw were also separated in 

the case of B. Total C and N content of cereal (grain and straw) and vetch biomass were 

determined with an elemental analyzer (TruMac CN Leco). 

2.5. Yield-scaled N2O emissions and CO2-equivalent emissions calculations 

Yield-scaled N2O emissions were calculated as the ratio of the cumulative 

emissions of N2O-N at the end of the experimental period to the above-ground N uptake 

(Nup), and expressed as g N2O-N kg Nup-1 (Van Groenigen et al., 2010). The GWP 
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expressed in CO2-eq, was estimated taking into account cumulative soil emissions of 

N2O and CH4 assuming a 100-year time horizon (Myhre et al., 2013) (GHG-GWP). We 

also considered C sequestration in the first 30 cm of soil and CO2 emissions from fuel 

used in farm operations (e.g. tillage, herbicide and fertilizer applications, seeding and 

harvest) and from manufacturing inputs (operation GHG emission + input GHG 

emission). The “∆ soil C GWP” component, as an indicator of C soil balance, was 

calculated taking the difference in SOC stocks between CT (as baseline) and the rest of 

tillage treatments, dividing it by the number of years since the experiment started and 

using the CO2/C molar ratio (Thelen et al., 2010). Different soil masses between tillage 

treatments (as a result of different bulk densities of the tillage treatments) may influence 

the differences in C sequestration. To avoid this bias, the comparison of C stocks was 

made on a fixed soil mass basis, as described in Ellert and Bettany (1995). As tillage 

events were performed shallowly (0-20 cm layer), and differences between tillage 

systems in SOC contents tend to decrease with depth (Baker et al., 2007), we only 

considered the 0-30 cm soil depth for calculating C sequestration. This is a deeper soil 

layer than in previous studies (e.g. Mosier et al., 2005) in order to include the soil layer 

altered by moldboard tillage events (Angers and Eriksen-Hamel, 2008). Net GWP was, 

therefore, calculated as follows (Dendooven et al., 2012):  

Net GWP = ∆ soil C GWP + soil N2O flux + soil CH4 flux + operation GHG emission + 

input GHG emission (1) 

We also included a net GWP calculation without considering input GHG flux 

(Net Farm GWP). Default values of GHG emissions derived from farm operations and 

manufacturing inputs have been reported by West and Marland (2002), Lal (2004) and 

Snyder et al. (2009) (Table 3.1). 
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Table 3.1 Annual CO2-equivalent emissions related to agronomic practices (operations and inputs) in the different tillage (no tillage, NT, minimum tillage, MT, and conventional tillage, CT) and crop 
(vetch, V, and barley, B) treatments. 

Source CO2 equivalents Observations Reference 

Operations 

Conventional tillage (moldboard plow) 98.1 kg CO2 ha-1  tillage-1 One moldboard operation in CT plots West and Marland, 2002 

Minimum tillage 32 kg CO2 ha-1 tillage-1 Two and one tillage operations in MT and CT plots, respectively West and Marland, 2002 

Herbicide application 5.1 kg CO2 ha-1  spraying-1 Two applications in B-NT plots and one application in B-MT and B-CT 
plots Lal, 2004 

Seeding fertilizer application 45.3 kg CO2 ha-1 application-1 Dressing fertilization was spreading homogenously by hand. West and Marland, 2002 

Sowing 17.3 and 13.9 kg CO2 ha-1  sowing-1 For NT and MT/CT, respectively Lal, 2004 

Harvesting 60.39 kg CO2 ha-1  harvesting-1 West and Marland, 2002 

Inputs 

Herbicides 17.2 kg CO2 kg-1 3.6 L ha-1 in B-NT and 1.6 L ha-1 in B-MT and B-CT. Density =1 kg L-1 
was assumed West and Marland, 2002 

N  seeding 3.1 kg CO2 kg-1 16 kg N ha-1 applied in B West and Marland, 2002 

P seeding 0.6 kg CO2 kg-1 48 kg P2O5 ha-1 applied in B West and Marland, 2002 

K seeding 0.4 kg CO2 kg-1 16 kg K2O ha-1 applied in B West and Marland, 2002 

N dressing 9.7 kg CO2 kg N-AN-1* 54 kg N ha-1 applied as AN Snyder et al., 2009 

Seed 0.11 kg CO2 kg-1 210 and 120 kg ha-1 in B and V, respectively. The same CO2 emissions 
were assumed for both crops West and Marland, 2002 

* AN means Ammonium Nitrate
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2.6.  Statistical analysis 

Statistical analyses were carried out with Statgraphics Plus 5.1. Analyses of 

variance of the split-plot experiment were performed for almost all variables in the 

experiment (except climatic ones). Data distribution normality and variance uniformity 

were assessed by the Shapiro-Wilk test and Levene’s statistic, respectively, and log-

transformed before analysis when necessary (e.g. N2O emissions during Period III, total 

N2O emissions, NH4
+-N). Means were separated by Tukey's honest significance test at 

P<0.05. For non-normally distributed data, the Kruskal–Wallis test was used on non-

transformed data to evaluate differences at P<0.05. Linear regression analyses were 

carried out to determine relationships between cumulative gas fluxes and average 

WFPS, soil temperature, DOC, NH4
+-N and NO3

--N. Correlations were performed 

between these variables for the average/cumulative values (n=18) and also for the dates 

when both gas and soil samples were taken (n=22), with a 95 % significance level. 

3. Results

3.1. Environmental conditions, mineral N, DOC and SOC contents 

Total rainfall (Fig. 3.1a) was 376 mm, of which 297 mm occurred during the 

crop period. Mean annual temperature (Fig. 3.1a) was 13.7 °C. Water-filled pore space 

in the upper soil layer is shown in Figure 3.1b and c. Values were mostly within the 40-

60% range during autumn, winter and spring, decreasing from May until the end of the 

experiment with values below 20%. The number of days with WFPS above 50% was 

45-55, 5-10 and 15-25 for NT, MT and CT treatments, respectively; whereas the mean 

number of days for the B and V treatments was 23 and 30, respectively. 
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Fig. 3.1 (a) Weekly mean air and soil temperatures (°C) and rainfall (mm) and soil WFPS (%) in the three 
tillage treatments (no tillage, NT, minimum tillage, MT,  and conventional tillage, CT) in (b) vetch (V) 
and (c) barley (B) during the experimental period. 

In V subplots, topsoil NH4
+-N content was generally below 15 mg NH4

+-N kg-1, 

and mean NH4
+-N content (1.5 mg NH4

+-N kg-1) was significantly lower (P<0.001) than 

in B (7.9 mg NH4
+-N kg-1). In the latter, NH4

+-N content (Fig. 3.2a, b) showed a peak 

during autumn-winter and again in spring, reaching the highest value in B-MT (49.7 mg 
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NH4
+-N kg soil-1) as a result of fertilization events. Soil NO3

--N content of the topsoil 

(Fig. 3.2c, d) increased after fertilization events in B subplots, whereas in V subplots an 

increment was observed after harvest (12th May 2013). Average NO3
--N content 

(considering the whole year) was also significantly higher (P<0.01) in B subplots (11.8 

mg NO3
--N kg-1) than in V subplots (4.8 mg NO3

--N kg-1). No differences in mineral N 

content were found between tillage treatments (P>0.05).  

No tillage (NT) significantly increased (P<0.05) topsoil DOC content compared 

with MT and CT on several sampling dates (Fig. 3.2e, f) in both crops. Considering the 

whole crop period, mean DOC content for NT was 115.2 mg C kg soil-1, which was 

46% (P<0.05) and 18% (P>0.05) higher than that obtained for CT (79.0 mg C kg soil-1) 

and MT (97.3 mg C kg soil-1), respectively. As for the crop factor, mean topsoil DOC 

content was 104.6 and 89.7 mg C kg soil-1 for V and B, respectively (P<0.05). Soil 

organic C and C sequestration rates (expressed as Mg CO2 ha-1 yr-1) are shown in Table 

3.2. No tillage significantly increased (P<0.05) SOC concentrations in the 0-7.5 cm 

layer, and C sequestration in the 0-30 cm layer. Given that no significant differences 

were observed in SOC contents between both crops after almost 20 years of crop 

rotation (P>0.05, data not shown), the same SOC and C sequestration values were 

assumed for both crops in GWP calculations. 
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Table 3.2 Bulk density (Mg m-3), SOC content (g C kg-1) in the 0-7.5, 7.5-15 and 15-30 cm layers, total SOC content (Mg C ha−1) and C sequestration (C seq, Mg CO2 ha-1 yr-

1) in the 0-30 cm depth of the different tillage treatments (no tillage, NT, minimum tillage, MT, and conventional tillage, CT).

Bulk density (Mg m-3) SOC (g kg -1) Total SOC (Mg ha-1)  C seq (Mg CO2  ha-1 yr-1) 

Depth (cm) 0-7.5 7.5-30 0-7.5 7.5-15 15-30 0-30 

Year 2012 (2007) 2012 2012 (2007) 

Tillage 
NT 1.39 (1.52) 1.55 (1.58) 11.0  b 6.5 7.3 38.3  b (33.2) 7.8  b (8.7) 

MT 1.22 (1.24) 1.43 (1.36) 7.8   a 7.2 6.6 31.9  a (32.7) 6.5  a (8.6) 

CT 1.30 (1.38) 1.52 (1.49) 6.1   a 6.3 6.3 28.3  a (31.9) 5.8  a (8.4) 
S.E. 0.10 0.5 0.9 1.0 2.5 0.5 

Values in brackets have been obtained from Martín-Lammerding et al. (2011) and correspond to 2007. C sequestration rate was calculated dividing by the number of years 
since the experiment started (18) and considering the CO2/C molar ratio. Different letters within columns indicate significant differences by applying the Tukey's honest 
significance test at P<0.05. Standard Error (S.E.) is given for each effect. 
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Fig. 3.2 (a, b) NH4
+-N; (c, d) NO3

- -N; and (e, f) DOC concentrations in the 0–15 cm soil layer during the 
experimental period for the three tillage treatments (no tillage, NT, minimum tillage, MT,  and 
conventional tillage, CT). Data are provided separately for V (left) and B (right) treatments. Vertical lines 
indicate standard errors. 

3.2. Nitrous oxide, CH4 and CO2 emissions 

Nitrous oxide (N2O) fluxes ranged from -0.04 to 0.34 mg N2O-N m-2 d-1 in B, 

and from -0.02 to 0.29 mg N2O-N m-2 d-1 in V subplots (Fig. 3.3a, b). Several emission 

peaks were observed during the experimental period, and small negative N2O fluxes 

were measured on several occasions in all treatments. Increases in N2O fluxes were 

observed in spring and autumn in both crops, particularly in B after seeding and 

dressing fertilization. At the beginning of the crop season before mineral fertilization, 

emission peaks were observed in all tillage and crop treatments (pulse effect). Winter 
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peaks also occurred in B and V and were generally more pronounced in the latter, 

especially in the MT and CT treatments. Cumulative N2O emissions were calculated for 

four time periods, following Tellez-Rio et al. (2015a), for V in the same experimental 

area (Table 3.3, Fig. 3.4a, b): Period I- from the beginning of the experiment to the end 

of autumn, including all tillage events and seeding fertilization in B; Period II- from the 

beginning of winter to the end of April, including top dressing fertilization in B; Period 

III- from the end of Period II until cereal harvest (beginning of summer); and Period IV- 

from harvest to the end of the experimental period. A significant interaction (P<0.05) 

was found between tillage and crop effects in total N2O cumulative emissions and 

cumulative N2O emissions during Period II (Table 3.3, Fig. 3.5). In the CT and MT 

treatments, V subplots showed the highest N2O cumulative emissions (P<0.05), whereas 

in the NT plots B had higher N2O emissions than V, although differences between the 

two crops were not significant (P>0.05). Nitrous oxide fluxes correlated with mean 

DOC content in NT plots (P<0.05, n=18, r=0.44), with WFPS in B subplots (P<0.05, 

n=18, r=0.46), and with NH4
+-N in both crops (P<0.05, n=22, r=0.43). 
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Fig. 3.3 Daily N2O (a,b), CH4 (c,d) and CO2 (e,f)  emissions for no tillage (NT), minimum tillage (MT) 
and conventional tillage (CT) treatments. Data are provided separately for vetch (left) and barley (right) 
treatments. Vertical lines indicate standard errors. 
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Fig. 3.4 Cumulative N2O emissions for no tillage (NT), minimum tillage (MT) and conventional tillage 
(CT) treatments during the four measurement periods (I, II, III and IV) in (a) vetch (V) and (b) barley (B). 
Vertical lines indicate standard errors. 

Fig. 3.5 Significant ´tillage x crop´ interaction for N2O cumulative emissions. The (*) indicates 
significant differences within each tillage (no tillage, NT, minimum tillage, MT, and conventional tillage, 
CT) between the two crops (vetch, V, and barley, B) at P<0.05. Vertical bars indicate the standard error 
of the mean. 

Methane emissions ranged from -2.0 to 0.4 mg CH4-C m-2 d-1 (Fig. 3.3c, d). 

Although some positive fluxes were observed, all subplots were net CH4 sinks during 

most of the experimental period. A significant correlation was found between CH4

cumulative fluxes and mean WFPS values (P < 0.05, n=18, r=0.56). Respiration rates 

remained below 1.0 g CO2-C m-2 d-1 until spring and then increased, reaching values of 

11.7 and 4.9 g CO2-C m-2 d-1 for V and B, respectively (Fig. 3.3e, f). At the end of the 

crop growing season, CO2 fluxes decreased again. No significant differences were 
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found in cumulative CH4 or CO2 emissions for tillage or crop factors (Table 3.3). 

Conversely, the highest spring CO2 peak (18th April 2013) was significantly greater in V 

(P<0.05), especially under conservation tillage treatments (MT, NT). Total CO2 fluxes 

were significantly correlated with cumulative N2O emissions (P<0.05, n=18, r=0.48) 

and soil temperature (P<0.05, n = 18, r = 0.45). 
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Table 3.3 Cumulative N2O-N emissions over the different periods of field experiment, total cumulative N2O-N, CH4-C and CO2-C fluxes and yield-scaled N2O emissions 
(YSNE) in the different tillage (no tillage, NT, minimum tillage, MT, and conventional tillage, CT) and crop (vetch, V, and barley, B) treatments.  

Effect 
N2O cumulative emission (g N2O-N ha-1 yr-1)              Total N2O-N         

(g N2O-N ha-1 yr-1) 
CH4 cumulative emission CO2 cumulative emission YSNE 

I period II period III period IV period (g CH4-C ha-1 yr-1) (Mg CO2-C ha-1 yr-1) (g N2O-N kg N up-1) 

Tillage P = 0.189 P = 0.137 P = 0.275 P = 0.497 P = 0.931 P = 0.193 P = 0.095 P = 0.133 
NT 57.0 84.8 46.0 11.9 199.7 -580.8 2.9 1.6 
MT 51.8 103.2 57.9 1.0 213.9 -890.9 3.5 2.0 
CT 88.7 93.8 20.0 6.0 208.6 -760.9 2.9 1.4 

S.E. 12.4 5.0 14.4 5.9 30.6 90.8 0.2 0.2 
Crop P = 0.527 P = 0.002 P = 0.811 P = 0.767 P = 0.021 P = 0.501 P = 0.178 P = 0.005 

V 62.8 125.3  b 43.2 11.5 235.9  b -710.4 3.3 1.0  a 
B 68.9 62.6  a 39.4 8.0 178.9 a -790.0 2.9 2.3  b 

S.E. 6.3 8.5 10.6 7.8 15.0 70.6 0.2 0.2 
Tillage x crop P = 0.480 P = 0.040 P = 0.821 P = 0.377 P = 0.049 P = 0.386 P = 0.222 P = 0.395 

V-NT 50.6 88.6 Aa 42.0 10.35 191.1 Aa -625.2 2.7 0.6 
B-NT 64.0 80.9 Aa 50.0 13.4 208.3  Aa -550.0 3.0 2.6 
V-MT 56.9 155.6 Bb  65.6 9.9 288.0  Ba -750.0 3.8 1.5 
B-MT 46.6 50.8 Aa   50.1 13.1 160.7 Aa -1048.3 2.2 2.4 
V-CT 81.5 131.5 Bab  21.9 14.4 249.3 Ba -765.5 3.3 0.8 
B-CT 96.0 56.1 Aa   18.1 -2.5 167.7 Aa -772.3 2.4 1.9 
S.E. * 15.5 20.8 26.0 19.2 34.8 185.3 1.5 0.5 

S.E. ** 16.3 46.3 

Different letters within columns indicate significant differences by applying the Tukey's honest significance test at P<0.05. Standard Error (S.E.) is given for each effect. * is 
the standard error of the mean when comparing crops within each tillage treatment. In the case of significant interactions, the standard error of the mean when comparing 
tillage treatments within a crop (**) is also given. Different capital letters in the interaction indicate significant differences between crops within a tillage treatment, whereas 
different lowercase letters indicate significant differences between tillage treatments within a crop, by applying the Tukey's honest significance test at P<0.05. 
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3.3. Crop yields, YSNE and CO2-equivalent emissions 

Biomass yields in V subplots were significantly lower (P<0.05) in MT than in 

CT and NT (Table 3.4). In contrast, tillage did not significantly alter B grain yield or 

YSNE. 

No significant differences in net GHG-GWP were found between tillage or crop 

treatments (Table 3.5). Net GWP, Net Farm GWP and Net GWP without considering C 

sequestration (data not shown) were significantly lower in V than in B, and in the NT 

treatment compared to MT/CT (P<0.05). The yield-scaled GWP was not affected by 

tillage (Table 3.4). A significant ´tillage x crop` interaction was found in Net GWP and 

Net farm GWP (P<0.05). This significant result for interaction was due to a low 

standard error of the mean, even though the differences between both crops for each 

tillage system were in the same range (Table 3.5). The relative contribution of each 

GWP component to mean Net GWP, which will be discussed in section 4.3, is shown in 

Fig. 3.6.
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Table 3.4 Biomass yield (kg ha-1), N yield (kg N ha-1) and yield-scaled Global Warming Potential (YS-GWP, kg CO2 eq kg product-1) of vetch and barley, and barley grain yield in the 
different tillage treatments (no tillage, NT, minimum tillage, MT, and conventional tillage, CT).  

Tillage 
Vetch Barley 

Biomass  yield N acquisition 
YS-GWP 

Biomass yield Grain yield (at 12% mositure) N acquisition 
YS-GWP 

(kg dry matter ha-1) (kg N ha-1) (kg dry matter ha-1) (kg ha-1) (kg N ha-1) 
NT 8199 ± 521 b 300.0 ± 19.1  b -0.22 ± 0.1 8640 ± 2000 4231 ± 1091 81.6 ± 21.0 -0.57 ± 0.41 
MT 5162 ± 840 a 186.8 ± 43.0  a -0.01 ± 0.1 7680 ± 3145 3683 ± 1721 76.2 ± 35.6 -0.02 ± 0.41 
CT 7145 ± 2054 b 320.8 ± 92.2  b 0.05 ± 0.1 7800 ± 1006 3567 ± 312 88.4 ± 7.7 0.04 ± 0.41 
S.E. 695 41.3 0.08 1287 687 14,2 0.29 

Means ± Standar deviations. Different letters within columns indicate significant differences by applying the Tukey's honest significance test at P< 0.05. Standard Error (S.E.) 
of tillage effect is given for each variable.
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Table 3.5 Estimated Global Warming Potential (GWP, kg CO2 eq ha -1 yr-1) for the different tillage (no 
tillage, NT, minimum tillage, MT, and conventional tillage, CT) and crop (vetch, V, and barley, B) 
treatments.  

Global Warming Potential (kg CO2 eq ha -1 yr-1) 

Effect GHG-GWP a C seq b Operations Inputs Net GWP c Net farm GWP
d 

Tillage P = 0.431 P = 0.001 P = 0.012 P = 0.000 

NT 27.7 -2034.4  a 105.4 402.7 -1498.7 a -1183.3 a 

MT 26.1 -220.0  b 163.4 385.4 335.1  b -11.3  b 

CT 35.5 0  b 229.6 385.4 650.5  b 273.3  b 

S.E. 4.9 708.4 713.4 713.4 

Crop P = 0.225 P = 0.000 P = 0.003 

V 31.9 -751.5 140.1 48.4 -531.1  a -556.1  a 

B 27.6 -751.5 192.2 733.9 202.3  b -524.9  b 

S.E. 2.3 2.3 2.3 

Tillage x crop P = 0.088 P = 0.001 P = 0.041 

V-NT 24.8 -1883.5  Aa -1931.90  Aa 

B-NT 30.5 -1113.8 Ba -1870.75 Ba 

V-MT 33.9 0.55 Aa  -47.86 Aa  

B-MT 18.4 709.6 Ba -12.90 Ba 

V-CT 37.0 289.8 Aa  241.39 Aa  

B-CT 34.0 1011.3 Ba  288.77 Ba 

S.E.* 5.5 5.5 5.5 

S.E.** 1008.8 1008.8 

Different letters within columns indicate significant differences by applying the Tukey's honest 
significance test at P<0.05. Standard Error (S.E.) is given for each effect. * is the standard error of the 
mean when comparing crops within each tillage treatment. In the case of significant interactions, the 
standard error of the mean when comparing tillage treatments within a crop (**) is also given. Different 
capital letters in the interaction indicate significant differences between crops within a tillage treatment, 
whereas different lowercase letters indicate significant differences between tillage treatments within a 
crop, by applying the Tukey's honest significance test at P<0.05. 
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Fig. 3.6 Contribution of each GWP component (kg CO2-eq ha-1yr-1) to mean Net GWP values in the 
different tillage (no tillage, NT, minimum tillage, MT, and conventional tillage, CT) and crop (vetch, V, 
and barley, B) treatments. The ´GHG-GWP` component indicates the sum of CO2 equivalents from N2O 
and CH4 emissions, considering a 100-year horizon. 

4. Discussion

4.1. Effect of crop and long-term tillage systems on N2O emissions 

Our study suggests that the effect of long-term tillage treatments in rainfed 

Mediterranean agro-ecosystems on N2O emissions is highly influenced by the 

interaction with crop effect (winter cereal or forage legume), affecting the 

predominance of soil biochemical processes and their final products. We hypothesized 

that the interaction between tillage and previous crop residues could also play a key role 

in N2O emissions. Moreover, the low N2O fluxes, as a consequence of climatic 

conditions and management practices, highlight the need to consider other components 

of the GHG balance and the N emitted/N uptake ratio in order to recommend the best 

cost-effective mitigation options. 

In relation to the effect of tillage on N2O emissions, NT did not result in lower 

N2O emissions in this long-term experiment in any of the two crops, which was contrary 
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to our hypothesis. However, this is in agreement with Rochette (2008), who evaluated 

25 field studies that compared NT and CT treatments and concluded that NT promoted 

higher N2O fluxes in poorly-aerated soils, whereas in well or medium-aerated soils the 

effect of NT on N2O was small, sometimes even decreasing fluxes. Following 

Rochette’s (2008) classification criteria, we indexed our soil as well-aerated (good 

drainage combined with precipitation below 400 mm during the growing season), and 

thus expected NT to have a non-significant effect on N2O emissions (Table 3.3), in spite 

of higher SOC (Table 3.2) and DOC contents (Fig. 3.2e, f) . Moreover, no differences in 

bulk density (Table 3.2) were observed between the NT and CT treatments. Therefore, 

apparent improvements in soil structure, which have been associated to the adoption of 

NT (Six et al., 2004; Plaza-Bonilla et al., 2013), were not observed in our study. 

An interesting result was the significant ´tillage x crop` interaction observed 

(Table 3.3, Fig. 3.5). Vetch emitted more N2O than B in the CT and MT treatments 

(P<0.05), whereas N2O emissions were similar for both crops in NT (P>0.05). We 

identified Period II (mid-December to the end of April) as the most influential for 

cumulative emissions and the ‘crop x tillage’ interaction observed (Table 3.3, Fig. 3.4). 

As NH4
+ and NO3

- contents, which were significantly higher in B, are directly involved 

in nitrification and denitrification processes, respectively, we expected more N2O to be 

produced in B treatment. Barton et al. (2013) indicated that nitrification rather than 

denitrification was the main source of N2O in legume-cereal rotation under semiarid 

conditions. Although the predominance of nitrification is consistent with the correlation 

between soil NH4
+ -N and N2O fluxes, the results obtained for Period II do not support 

this hypothesis, because higher NH4
+ concentrations in B did not result in higher fluxes 

in these subplots. We suggest that denitrification could be the main process producing 

the differences observed in N2O fluxes during Period II, when the highest WFPS values 
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were observed. Some abiotic factors favoring denitrification (i.e. soil DOC contents and 

the number of days with WFPS > 50%) were higher in V than in B. These could have 

offset other factors that may have favoured greater N2O losses in B subplots, such as 

higher NH4
+ and NO3

- contents. The balance between N2O production and consumption 

by denitrifiers could explain the significant ´tillage x crop` interaction observed (Table 

3.3). In B, the tendency for larger emissions in B-NT compared with B-CT and B-MT 

(Fig. 3.5, Table 3.3) could be explained by conditions conducive to denitrification in 

non-tilled soils (i.e. higher WFPS and DOC content) (Fig. 3.1c, 3.2e, f). In V, the 

numerically (but not statistically) lower emissions observed in V–NT could be due to a 

greater potential to denitrify through to N2 rather than N2O under favorable 

denitrification conditions (DOC content) associated with both tillage (NT) and crop (V) 

factors (Saggar et al., 2013). The low NO3
- -N content (< 5 mg NO3

--N kg-1) observed in 

V could lead to the use of N2O as an electron acceptor instead of more oxidized forms 

(i.e. NO3
-), thus decreasing the N2O/N2 ratio. Hence, the higher NO3

--N content in B 

subplots could explain the increase in N2O fluxes in the tillage treatment (NT) with 

most propitious conditions (higher DOC, WFPS) for denitrification (Fig. 3.5). This is 

supported by the DOC/NO3
- ratio, which Abalos et al. (2013) considered to be a good 

indicator of N2O fluxes, highlighting the increased consumption of N2O when 

DOC/NO3
->2. In our experiment, the higher ratio in V-NT (mean 40.3) than in B-NT 

(mean 8.2) (data not shown) suggested that N2O consumption was more favored in V. 

The effect of tillage and residue type on mineralization rates could also partially 

explain the ´tillage x crop` interaction. Higher denitrification losses (which may have 

had a large influence on cumulative N2O emissions in this experiment, as suggested 

above) and slower mineralization rates were expected in V. This is because these 

subplots were amended with a high C:N wheat residue (mean C content: 42.2 %, mean 
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N content: 0.40 %), which is difficult to break down by soil microbiota (Heal et al., 

1997) and provides a C source for denitrifiers. In fact, Abalos et al. (2013) observed a 

peak of N2O in spring (6 months after the incorporation of maize stover) due to a 

synergic effect between C released from residue mineralization and N applied at 

dressing. On the other hand, the V residue, which is much less recalcitrant because of its 

lower C:N ratio (mean C content:  41.0 %, mean N content: 3.71 %), was applied in B 

subplots. Tillage could also have had an important effect on mineralization of previous 

residues in our experiment. In the case of wheat residue (V subplots) the treatments that 

incorporated residue in the soil (MT, CT) had faster mineralization rates (and higher 

N2O fluxes) than NT treatments, where residues were left on the soil surface (Almaraz 

et al., 2009). In the case of V residues (B subplots), the spring N2O peak associated with 

a slower mineralization rate could be expected in NT. Therefore, crop residues could 

have played a key role in N2O emissions, and that should be taken into account in the 

comparison between V and B. 

As expected, cumulative N2O emissions (167.7 to 288.0 g N2O-N ha-1 yr-1) 

(Table 3.3) were in the lowest ranges reported for rainfed legumes and cereals (Jensen 

et al., 2012; Kim et al., 2013). These low emissions were due to low winter 

temperatures and WFPS values (<50% from 310 to 360 days depending on tillage 

treatment), which are the most limiting factors for winter rainfed crops (Aguilera et al., 

2013a). Moreover, the low or zero fertilizer amendment and soil conditions (e.g. low 

fertility and SOC contents, and good aeration) did not favour high N losses (MacKenzie 

et al., 1998; Cui et al., 2012). 
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4.2. Methane emissions 

All crop and tillage treatments were net sinks of CH4 as usually reported in 

arable soils (Snyder et al., 2009), and no significant differences were found between 

tillage or crop treatments (Table 3.3, P>0.05). These results on the effect of tillage were 

consistent with those of other studies under semiarid conditions (Tellez-Rio et al. 

2015a; b; Plaza-Bonilla et al., 2014a). The absence of significant effects could be due to 

the low soil moisture content maintained throughout almost all the experimental period 

and the non-significant improvement of soil porosity in the NT system (Table 3.2), 

which could have been caused by the high sand content of the soil (see section 2.1). 

Crop fertilization did not produce significant differences on CH4 emissions. Soil 

NH4
+ is known to inhibit CH4 consumption by methanotrophs due to competitive 

inhibition of the enzyme responsible for CH4 oxidation (CH4 monooxygenase) with the 

NH3 monooxygenase (Dunfield and Knowles, 1995; Le Mer and Roger, 2001). 

Nevertheless, in our experiment CH4 sinks were similar in V (non-fertilized) and B 

(fertilized). The low amount of NH4
+ applied as fertilizer to B (28 kg NH4

+-N ha-1 at 

dressing), which increased soil NH4
+-N content only during 50-60 days after 

application, may not be enough to produce significant differences.  

4.3. Yield-scaled N2O emissions and CO2-equivalent emissions 

The N2O efficiency of a cropping system, in a context of increasing food 

demand, should be expressed in terms of YSNE (Van Groenigen et al., 2010). In 

addition, crop yields should be also assessed independently, aiming to find strategies 

potentially acceptable by farmers (minimizing the YSNE without significant yield 

decrease) (Sanz-Cobena et al., 2014a). Considering all potential GHG sinks and sources 
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is also mandatory when implementing management practices with potential side-effects 

on C sequestration, input demand and fuel consumption (Robertson et al., 2000). 

No differences were observed in grain or biomass yields between the NT and CT 

treatments (Table 3.4), probably because 2013 was an average year in terms of rainfall 

(Fig. 3.1a), especially during the most critical period of the crop growing cycle 

(flowering period at spring), which could have masked differences in soil water content 

and water use efficiency due to tillage. In the meta-analysis of Van Kessel et al. (2013), 

no significant effect of NT on crop yield was found under conditions similar to those of 

our experiment (dry climate and > 10 years since NT/CT implementation). Our results 

were also supported by the meta-analysis of Pittelkow et al. (2015) for the climatic and 

management conditions of our study (dry climate, rainfed conditions, 0 or low N rate 

and crop rotation with retention of residues). By contrast, significantly lower yield 

values were obtained in V-MT than in V-NT/V-CT (Table 3.4), which could be a result 

of higher weed population of these plots (Armengot et al., 2015).  

Yield-scaled N2O emissions were 2.4 times higher in B than in V (P<0.01) 

(Table 3.3), which is the same proportion obtained by Malhi and Lemke (2007) in a 

comparison of barley and pea crops. However, the comparison between a fertilized 

cereal and a non-fertilized N fixing crop should be taken with caution as it is estimated 

that 78% of biomass N in forage legumes comes from N2 fixation (Anglade et al., 

2015), thus affecting the residual N in soils and potential N losses. Yield-scaled N2O 

emission values were considerably low compared to those reported in the meta-analysis 

of Van Groenigen et al. (2010) for low (< 100 kg ha-1) or even zero N-input systems, 

but in agreement with those reported by Tellez-Rio et al. (2015a) for V under similar 

conditions. When this index was expressed as kg of CO2-eq emitted per kg of grain 

produced, values (0.01-0.02) were also consistent with those obtained by Plaza-Bonilla 

51 



 Chapter 3 

et al. (2014b) in a rainfed Mediterranean barley field, and were much lower than the 

mean value obtained by Skinner et al. (2014) for arable non-organic fields (0.15 kg 

CO2-eq kg DM−1). Although this campaign could be considered as “representative” with 

regard to rainfall and temperature, YSNE should also be assessed under more unusual 

conditions (e.g. very dry and very wet campaigns, that could affect N2O fluxes and the 

effect of tillage on crop yields) in order to determine the range of YSNE values in this 

agro-ecosystem and for each treatment. Unlike Van Kessel et al. (2013), who described 

a significant decrease in N2O emissions per kg of yield in dry climates and long-term 

experiments (≥ 10 years) under NT systems, we did not find differences in YSNE 

between tillage treatments. This could be due to the small differences in yield and low 

total N2O emissions. 

Net GWP calculations identified NT and V as the most sustainable alternatives 

among the tillage and crop factors, respectively. The comparison of Net GWP 

components showed that N2O fluxes (<120 kg CO2-eq ha-1) had a lower influence than 

C sequestration, farm inputs or operations (Fig. 3.6). A similar result was found by 

Aguilera et al. (2015) in a Life Cycle Assessment of Mediterranean cropping systems. 

However, contrasting results have been found in other crop systems where N2O fluxes 

were above 200 kg CO2-eq ha-1 (Adviento-Borbe et al., 2007; Dendooven et al., 2012). 

 In relation to the tillage treatments, NT had the highest C sequestration rate, in 

agreement with results from previous studies (Franzluebbers et al., 1998; Morris et al., 

2004), and the lowest Net GWP value (-1498.7 kg CO2-eq ha-1 yr-1, Table 3.5), as 

shown by the greater mean annual C sequestration in NT compared to CT (Table 3.2). 

However, this mean value (´∆ soil C GWP` component) is dependent on factors such as: 

1) the soil depth used for calculation, which may have affected SOC distribution in NT

versus CT systems (Baker et al. 2007); and 2) the assumption of a linear C sequestration 
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pattern in time, when the annual rate actually tends to decrease in the long-term 

(Álvaro-Fuentes et al., 2014). In this sense, values reported by Martin-Lammerding et 

al. (2011) corresponding to 2007 (Table 3.2), revealed that bulk density and C stocks 

are very dependent on the number of years considered since the beginning of the 

experiment. Another consideration is that this component measured the relative increase 

in C sequestration (using CT as a baseline), so it might only be valid for comparing 

treatments. With the information from 2007, C sequestration would have differed much 

less between tillage treatments, highlighting the bias associated to this index and the 

need to strongly consider site-specific GHG emissions data. 

Farm operations and inputs, which were considered for CO2-eq emissions 

calculation, were also dependent on tillage. No tillage plots had the lowest ‘operation + 

input GHG emission’ value (508.1 kg CO2-eq ha-1 yr-1), mainly due to a reduction in the 

number of labor operations. Therefore, other farm operations and inputs, such as 

herbicide application and manufacturing, which were more frequent in NT than in tilled 

plots, had a lower impact on CO2-eq emissions than the fuel demand for tillage 

operations. In this sense, cumulative N2O emissions in NT plots would have to reach 

almost 405 g N2O-N ha-1 yr-1 to obtain similar values to the CO2-eq from tillage and 

other farm operations in CT. This is twice the value of those reported in this experiment, 

but in the range of other studies in Mediterranean areas (Aguilera et al., 2013a). If the 

effect of C sequestration is also considered, NT would have to emit 8.8 kg N2O-N ha-1 

yr-1, which is even greater than the emission rate of European grasslands sites (Rees et 

al., 2013). Regardless of the uncertainties associated with the calculation of C 

sequestration, N2O losses were smaller than CO2-eq from farm inputs and operations 

(Fig. 3.6). Therefore, the adoption of NT should be recommended for reducing CO2-eq 

emissions in rainfed semi-arid agro-ecosystems. 
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In this long-term experiment, the crop factor affected Net GWP components 

such as N2O emissions (higher in V than in B) and farm operations and inputs (higher in 

B than in V) (Table 3.5, Fig. 3.6). Carbon dioxide fluxes derived from the higher 

fertilizer and herbicide demand in B explained the higher Net-GWP in this treatment. 

Thus, N2O emissions in V subplots would have to be 10 times higher (2.4 kg N2O-N ha-

1 yr-1) than those reported to offset CO2-eq from farm operations and manufacturing 

inputs associated with B crops in this experimental area. Our results agree with those of 

Mosier et al. (2005) and Adviento-Borbe et al. (2007) under different climatic 

conditions, suggesting that crop rotation systems including legumes are advisable 

strategies to reduce CO2-eq emissions as opposed to continuous cropping of winter 

cereals, and an opportunity to lower farm costs as a result of lower input demands 

(Kassam et al. 2012; Jensen et al., 2012). These results should be confirmed with further 

long-term experiments assessing the whole rainfed crop rotation (fallow-cereal-legume-

cereal), compared with cereal monoculture and cereal-based rotations (cereal-fallow) in 

semi-arid agro-ecosystems. 

5. Conclusions

Low cumulative N2O fluxes (which were influenced by ‘tillage x crop’ 

interactions) and yield-scaled N2O losses constituted an important advantage of rainfed 

cereal/legume agro-ecosystems. The analysis of other GHG sources and potential sinks 

through Net GWP calculations indicate that NT was the most useful strategy to reduce 

CO2-eq fluxes, mainly as a result of C sequestration and lower fuel consumption. 

Furthermore, the non-fertilized legume crop is also recommended for reducing CO2-eq 

emissions (in spite of higher N2O emissions under CT and MT), mainly through the 

reduction of inputs (N fertilizers and herbicides). Therefore, the use of Conservation 

Agriculture practices such as NT and crop rotation including legumes, as opposed to 
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continuous cropping of winter cereals, could be considered as a good strategy in 

semiarid agro-ecosystems for decreasing Net GWP without affecting crop yield. 

55 





CHAPTER 4 
Effect of cover crops on greenhouse gas 

emissions in an irrigated field under 
integrated soil fertility management 





Chapter 4 

1. Introduction

Improved resource-use efficiencies are pivotal components of a sustainable

agriculture that meets human needs and protects natural resources (Spiertz, 2010). 

Several strategies have been proposed to improve the efficiency of intensive irrigated 

systems, where nitrate (NO3
-) leaching losses are of major concern, both during cash 

crop and winter fallow periods (Quemada et al., 2013). In this sense, replacing winter 

intercrop fallow with cover crops (CCs) has been reported to decrease NO3
- leaching via 

retention of post-harvest surplus inorganic nitrogen (N) (Wagner-Riddle and Thurtell, 

1998), consequently improving N use efficiency of the cropping system (Gabriel and 

Quemada, 2011). Furthermore, the use of CCs as green manure for the subsequent cash 

crop may further increase soil fertility and N use efficiency (Tonitto et al., 2006; 

Veenstra et al., 2007) through slow release of N and other nutrients from the crop 

residues, leading to synthetic fertilizer saving.   

From an environmental point of view, N fertilization is closely related with the 

production and emission of nitrous oxide (N2O) (Davidson and Kanter, 2014), a 

greenhouse gas (GHG) with a molecular global warming potential c. 300 times that of 

carbon dioxide (CO2) (IPCC, 2007). Nitrous oxide released from agricultural soils is 

mainly generated by nitrification and denitrification processes, which are influenced by 

several soil variables (Firestone and Davidson, 1989). Thereby, modifying these 

parameters through agricultural management practices (e.g. fertilization, crop rotation, 

tillage or irrigation) aiming to optimize N inputs, can lead to strategies for reducing the 

emission of this gas (Ussiri and Lal, 2013). In order to identify the most effective GHG 

mitigation strategies, side-effects on methane (CH4) uptake and CO2 emission (i.e. 
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respiration) from soils, which are also influenced by agricultural practices (Snyder et al., 

2009), need to be considered.  

To date, the available information linking GHG emission and maize-winter CCs 

rotation in the scientific literature is scarce. The most important knowledge gaps include 

effects of plant species selection and CCs residue management (i.e. retention, 

incorporation or removal) (Basche et al., 2014). Cover crop species may affect N2O 

emissions in contrasting ways, by influencing abiotic and biotic soil factors. These 

factors include mineral N availability in soil and the availability of carbon (C) sources 

for the denitrifier bacterial communities, soil pH, soil structure and microbial 

community composition (Abalos et al., 2014c). For example, non-legume CCs such as 

winter cereals could contribute to a reduction of N2O emissions due to their deep roots, 

which allow them to extract soil N more efficiently than legumes (Kallenbach et al., 

2010). Conversely, it has been suggested that the higher C:N ratio of their residues as 

compared to those of legumes may provide energy (C) for denitrifiers, thereby leading 

to higher N2O losses in the presence of mineral N-NO3
- from fertilizers (Sarkodie-Addo 

et al., 2003). In this sense, the presence of cereal residues can increase the abundance of 

denitrifying microorganisms (Gao et al., 2016), thus enhancing denitrification losses 

when soil conditions are favorable (e.g. high NO3
- availability and soil moisture after 

rainfall or irrigation events, particularly in fine-textured soils) (Stehfest and Bouwman 

2006; Baral et al., 2016). Besides, winter CCs can also abate indirect gaseous N losses 

through the reduction of leaching and subsequent emissions from water resources 

(Feyereisen et al., 2006). Thus, the estimated N2O mitigation potential for winter CCs 

ranges from 0.2 to 1.1 kg N2O ha-1 yr-1 according to Ussiri and Lal (2013).  

In a CC-maize rotation system, mineral fertilizer application to the cash crop 

could have an important effect on N use efficiency and N losses from the agro-
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ecosystem. Different methods for calculating the N application rate (e.g. conventional or 

integrated) can be employed by farmers, affecting the amount of synthetic N applied to 

soil and the overall effect of CCs on N2O fluxes. Integrated Soil Fertility Management 

(ISFM) (Kimani et al., 2003) provides an opportunity to optimize the use of available 

resources, thereby reducing pollution and costs from over-use of N fertilizers 

(conventional management). ISFM involves the use of inorganic fertilizers and organic 

inputs, such as green manure, aiming to maximize agronomic efficiency (Vanlauwe et 

al., 2011). When applying this technique to a CC-maize crop rotation, N fertilization 

rate for maize is calculated taking into account the background soil mineral N and the 

expected available N from mineralization of CC residues, which depends on residue 

composition. Differences in soil mineral N during the cash crop phase may be 

significantly reduced if ISFM practices are employed, affecting the GHG balance of the 

CC-cash crop cropping system.  

Only one study has investigated the effect of CCs on N2O emissions in 

Mediterranean cropping systems (Sanz-Cobena et al., 2014b). These authors found an 

effect of CCs species on N2O emissions during the intercrop period. After 4 years of CC 

(vetch, barley or rape)-maize rotation, vetch was the only CC species that significantly 

enhanced N2O losses compared to fallow, mainly due to its capacity to fix atmospheric 

N2 and because of higher N surplus from the previous cropping phases in these plots. In 

this study a conventional fertilization (same N synthetic rate for all treatments) was 

applied during the maize phase; how ISFM practices may affect these findings remains 

unknown. Moreover, the relative contribution of mineral N fertilizer, CC residues 

and/or soil mineral N to N2O losses during the cash crop has not been assessed yet. In 

this sense, stable isotope analysis (i.e. 15N) represents a way to identify the source and 

the dominant processes involved in N2O production (Arah, 1997). Stable Isotope 
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techniques have been used in field studies evaluating N leaching and/or plant recovery 

in systems with cover crops (Bergström et al., 2001; Gabriel and Quemada, 2011; 

Gabriel et al., 2016). Furthermore, some laboratory studies have evaluated the effect of 

different crop residues on N2O losses using 15N techniques (Baggs et al., 2003; Li et al., 

2016); but to date, no previous studies have evaluated the relative contribution of cover 

crops (which include the aboveground biomass and the decomposition of root biomass) 

and N synthetic fertilizers to N2O emissions under field conditions. A comprehensive 

understanding of the N2O biochemical production pathways and nutrient sources is 

crucial for the development of effective mitigation strategies. 

The objective of this study was to evaluate the effect of two different CC species 

(barley and vetch) and fallow on GHG emissions during the CC period and during the 

following maize cash crop period in an ISFM system. An additional objective was to 

study the contribution of the synthetic fertilizer and other N sources to N2O emissions 

using 15N labelled fertilizer. We hypothesized that: 1) the presence of CCs instead of 

fallow would affect N2O losses, leading to higher emissions in the case of the legume 

CC (vetch) in accordance with the studies of Basche et al. (2014) and Sanz-Cobena et 

al. (2014b); and 2) in spite of the ISFM during the maize period, which theoretically 

would lead to similar soil N availability for all plots, the distinct composition of the CC 

residues would affect N2O emissions. In order to test these hypotheses, a field 

experiment was carried out using the same management system for 8 years, measuring 

GHGs during the 8th year. To gain a better understanding of the effect of the 

management practices tested on the overall GHG budget of a cropping system, CH4, 

CO2 and yield-scaled N2O emissions were also analyzed during the experimental 

period. The relative contribution of each N source (synthetic fertilizer or soil 
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endogenous N, including N mineralized from the CCs) to N2O emissions was also 

evaluated by 15N-labelled ammonium nitrate in a parallel experiment.  

2. Materials and methods

2.1. Site characteristics 

The study was conducted at “La Chimenea” field station (40°03′N, 03°31′W, 

550 m a.s.l.), located in the central Tajo river basin near Aranjuez (Madrid, Spain), 

where an experiment involving cover cropping systems and conservation tillage has 

been carried out since 2006. Soil at the field site is a silty clay loam (Typic Calcixerept; 

Soil Survey Staff, 2014). Some of the physico-chemical properties of the top 0–10 cm 

soil layer, as measured by conventional methods, were: pHH2O, 8.16; total organic C, 

19.0 g kg− 1; CaCO3, 198 g kg− 1; clay, 25%; silt, 49% and sand, 26%. Bulk density of 

the topsoil layer determined in intact core samples (Grossman and Reinsch, 2002) was 

1.46 g cm− 3. Average ammonium (NH4
+) content at the beginning of the experiment 

was 0.42±0.2 mg N kg soil-1 (without differences between treatments). Nitrate 

concentrations were 1.5±0.2 mg N kg soil-1 in fallow and barley and 0.9±0.1 mg N kg 

soil-1 in vetch. Initial dissolved organic C (DOC) contents were 56.0±7 mg C kg soil-1 in 

vetch and fallow and 68.8±5 mg C kg soil-1 in barley. The area has a Mediterranean 

semiarid climate, with a mean annual air temperature of 14 °C. The coldest month is 

January with a mean temperature of 6 °C, and the hottest month is August with a mean 

temperature of 24 °C. During the last 30 years, the mean annual precipitation has been 

approximately 350 mm (17 mm from July to August and 131 mm from September to 

November). 

Hourly rainfall and air temperature data were obtained from a meteorological 

station located at the field site (CR10X, Campbell Scientific Ltd, Shepshed, UK). A 
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temperature probe inserted 10 cm into the soil was used to measure soil temperature. 

Mean hourly temperature data were stored on a data logger. 

2.2. Experimental design and agronomic management 

Twelve plots (12m × 12m) were randomly distributed in four replications of 

three cover cropping treatments, including a cereal and a legume: 1) barley (B) 

(Hordeum vulgare L., cv. Vanessa), 2) vetch (V) (Vicia sativa L., cv. Vereda), and 3) 

traditional winter fallow (F). Cover crop seeds were broadcast by hand over the stubble 

of the previous crop and covered with a shallow cultivator (5 cm depth) on October 10th 

2013, at a rate of 180 and 150 kg ha− 1 for B and V, respectively. The cover cropping 

phase finished on March 14th 2014 following local practices, with an application of 

glyphosate (N-phosphonomethyl glycine) at a rate of 0.7 kg a.e. ha-1. Even though the 

safe use of glyphosate is under discussion since years (Chang and Delzell, 2016), it was 

used in order to preserve the same killing method in all the campaigns in this long-term 

experiment under conservation tillage management. All the CC residues were left on top 

of the soil. Thereafter, a new set of N fertilizer treatments was set up for the maize cash 

crop phase. Maize (Zea mays L., Pioneer P1574, FAO Class 700) was direct drilled on 

April 7th 2014 in all plots, resulting in a plant population density of 7.5 plants m−2; 

harvesting took place on September 25th 2014. The fertilizer treatments consisted of 

ammonium nitrate applied on 2nd June at three rates: 170, 140 and 190 kg N ha-1 in F, V 

and B plots, respectively, according to ISFM practices. For the calculation of each N 

rate, the N available in the soil (which was calculated following soil analysis as 

described below), the expected N uptake by maize crop, and the estimated N 

mineralized from V and B residues were taken into account, assuming that crop 

requirements were 236.3 kg N ha-1 (Quemada et al., 2014). Estimated N use efficiency 

of maize plants for calculating N application rate was 70% according to the N use 
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efficiency obtained during the previous years in the same experimental area. Each plot 

received P as triple superphosphate (45% P2O5, Fertiberia®, Madrid, Spain) at a rate of 

69 kg P2O5 ha-1, and K as potassium chloride (60% K2O, Fertiberia®, Madrid, Spain), at 

a rate of 120 kg K2O ha-1 just before sowing maize. All N, P and K fertilizers were 

broadcast by hand, and immediately after N fertilization the field was irrigated to 

prevent ammonia volatilization. The main crop previous to sowing CCs was sunflower 

(Helianthus annuus L., var. Sambro). Neither the sunflower nor the CCs were fertilized. 

In order to determine the amount of N2O derived from the N fertilizers, double-

labelled ammonium nitrate (15NH4
15NO3, 5 % atom 15N, from Cambridge Isotope 

Laboratories, Inc., Massachusetts, USA) was applied on 2m x 2m subplots established 

within each plot at a rate of 130 kg N ha-1. In order to reduce biases due to the use of 

different N rates (e.g. apparent priming effects or different mixing ratios between the 

added and resident soil N pools) the same amount of N was applied for all treatments. In 

each subplot, the CC residue was also left on top of the soil. This application took place 

on 26th May by spreading the fertilizer homogenously with a hand sprayer, followed by 

an irrigation event. 

Sprinkler irrigation was applied to the maize crop in a total amount of 688.5 mm 

in 31 irrigation events. Sprinklers were installed in a 12m x 12m framework. 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 calculated by the FAO Penman–Monteith 

method (Allen et al., 1998) using data from the meteorological station located in the 

experimental field. The crop coefficient (Kc) was obtained using the relationship for 

maize in semiarid conditions (Martínez-Cob, 2008).  
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Two different periods were considered for data reporting and analysis: Period I 

(from CC sowing to N fertilization of the maize crop), and Period II (from N 

fertilization of maize to the end of the experimental period, after maize harvest). 

2.3. GHG emissions sampling and analyzing 

Fluxes of N2O, CH4 and CO2 were measured from October 2013 to October 

2014 using opaque manual circular static chambers as described in detail by Abalos et 

al. (2013). One chamber (diameter 35.6 cm, height 19.3 cm) was located in each 

experimental plot. The chambers were hermetically closed (for 1 h) by fitting them into 

stainless steel rings, which were inserted at the beginning of the study into the soil to a 

depth of 5 cm to minimize the lateral diffusion of gases and to avoid the soil disturbance 

associated with the insertion of the chambers in the soil. The rings were only removed 

during management events. Each chamber had a rubber sealing tape to guarantee an 

airtight seal between the chamber and the ring and was covered with a radiant barrier 

reflective foil to reduce temperature gradients between inside and outside. A rubber 

stopper with a 3-way stopcock was placed in the wall of each chamber to take gas 

samples. Greenhouse gas measurements were always made with barley/vetch plants 

inside the chamber. During the maize period, gas chambers were set up between maize 

rows. 

During Period I, GHGs were sampled weekly or every two weeks. During the 

first month after maize fertilization, gas samples were taken twice per week. 

Afterwards, gas sampling was performed weekly or fortnightly, until the end of the 

cropping period. To minimize any effects of diurnal variation in emissions, samples 

were always taken at the same time of the day (10–12 am), that is reported as a 

representative time (Reeves and Wang, 2015). 
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Measurements of N2O, CO2 and CH4 emissions were made at 0, 30 and 60 min 

to test the linearity of gas accumulation in each chamber. Gas samples (100 mL) were 

removed from the headspace of each chamber by syringe and transferred to 20 mL gas 

vials sealed with a gas-tight neoprene septum. The vials were previously flushed in the 

field using 80 mL of the gas sample. Samples were analyzed by gas chromatography 

using a HP-6890 gas chromatograph equipped with a headspace autoanalyzer (HT3), 

both from Agilent Technologies (Barcelona, Spain). Inert gases were separated by HP 

Plot-Q capillary columns. The gas chromatograph was equipped with a 63Ni electron-

capture detector (Micro-ECD) to analyze N2O concentrations, and with a flame 

ionization detector (FID) connected to a methanizer to measure CH4 and CO2 

(previously reduced to CH4). The temperatures of the injector, oven and ECD were 50, 

50 and 350ºC, respectively. The accuracy of the gas chromatographic data 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 

Metálicos 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 within 200–1500 ppm for CO2 

and 2–10 ppm CH4 and quadratic within 200–2000 ppb for N2O. 

The increases in N2O, CH4 and CO2 concentrations within the chamber 

headspace were generally (80% of cases) linear (R2> 0.90) during the sampling period 

(1h). Therefore, emission rates of fluxes were 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). 

Cumulative N2O, CH4 and CO2, emissions per plot during the sampling period were 

estimated by linear interpolations between sampling dates, multiplying the mean flux of 
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two successive determinations by the length of the period between sampling and adding 

that amount to the previous cumulative total (Sanz-Cobena et al., 2014b). The 

measurement of CO2 emissions from soil including plants in opaque chambers only 

includes ecosystem respiration but not photosynthesis (Meijide et al., 2010). 

2.4. 15N isotope analysis 

Gas samples from the subplots receiving double-labelled AN fertilizer were 

taken after 60 min static chamber closure 1, 4, 9, 11, 15, 18, 22 and 25 days after 

fertilizer application. Stable 15N isotope analysis of N2O contained in the gas samples 

was carried out on a cryo-focusing gas chromatography unit coupled to a 20/20 isotope 

ratio mass spectrometer (both from SerCon Ltd., Crewe, UK). Ambient samples were 

taken occasionally as required for the subsequent isotopic calculations. Solutions of 6.6 

and 2.9 atom% ammonium sulphate [(NH4)2SO4] were prepared and used to generate 

6.6 and 2.9 atom% N2O (Laughlin et al., 1997) which were used as reference and 

quality control standards. In order to calculate the atom percent excess (ape) of the N2O 

emitted in the sub-plots, the mean natural abundance of atmospheric N2O from the 

ambient samples (0.369 atom% 15N) was subtracted from the measured enriched gas 

samples. To obtain the N2O flux that was derived from fertilizer (N2O −Ndff), the 

following equation was used (Senbayram et al., 2009): 

N2O −Ndff = 𝑁𝑁2𝑂𝑂 − 𝑁𝑁 ×  �𝑁𝑁2𝑂𝑂_𝑎𝑎𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝑎𝑎𝑎𝑎𝑎𝑎𝑓𝑓𝑠𝑠𝑓𝑓𝑓𝑓𝑓𝑓𝑠𝑠𝑓𝑓𝑓𝑓𝑠𝑠𝑓𝑓
�  (1) 

in which ‘𝑁𝑁2𝑂𝑂 − 𝑁𝑁’ is the N2O emission from soil, ‘N2O _ apesample’ is the 15N 

atom% excess of emitted N2O, and ‘apefertilizer’ is the 15N atom% excess of the applied 

fertilizer (Senbayram et al., 2009). 
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2.5. Soil and crop analyses 

In order to relate gas emissions to soil properties, soil samples were collected at 

0-10 cm depth during the growing season on almost all gas-sampling occasions, 

particularly after each fertilization event. Three soil cores (2.5 cm diameter and 15 cm 

length) were randomly sampled close to the ring in each plot, and then mixed and 

homogenized in the laboratory. Soil NH4
+ and NO3

– concentrations were analyzed using 

8 g of soil extracted with 50 mL of KCl (1 M), and measured by automated colorimetric 

determination using a flow injection analyzer (FIAS 400 Perkin Elmer) provided with a 

UV-V spectrophotometer detector. Soil (DOC) was determined by extracting 8 g of 

homogeneously mixed soil with 50 mL of deionized water (and subsequently filtering), 

and analyzed with a total organic C analyser (multi N/C 3100 Analityk Jena) equipped 

with an IR detector. The water-filled pore space (WFPS) was calculated by dividing the 

volumetric water content by total soil porosity. Total soil porosity was calculated 

according to the relationship: soil porosity = (1- soil bulk density/2.65), assuming a 

particle density of 2.65 g cm-3 (Danielson et al., 1986). Gravimetric water content was 

determined by oven-drying soil samples at 105 °C with a MA30 Sartorius ®.  

Four 0.5m × 0.5m squares were randomly harvested from each plot, before 

killing the CC by applying glyphosate. Aerial biomass was cut by hand at soil level, 

dried, weighed and ground. A subsample was taken for determination of total N content. 

From these samples was determined CC biomass and N contribution to the subsequent 

maize. 

At maize harvest, two 8 m central rows in each plot were collected and weighed 

in the field following separation of grain and straw. For aboveground N uptake 

calculations, N content was determined in subsamples of grain and biomass. Total N 
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content on maize and CC subsamples were determined with an elemental analyzer 

(TruMac CN Leco). 

2.6. Calculations and statistical analysis 

Yield-scaled N2O emissions and N surplus in the maize cash crop were 

calculated as the amount of N2O emitted (considering the emissions of the whole 

experiment, i.e. Period I + Period II) per unit of above-ground N uptake, and taking the 

difference between N application and above-ground N uptake, respectively (Van 

Groenigen et al., 2010).  

Statistical analyses were carried out with Statgraphics Plus 5.1. Analyses of 

variance were performed for all variables over the experiment (except climatic ones), 

for both periods indicated in section 2.2. Data distribution normality and variance 

uniformity were previously assessed by Shapiro-Wilk test and Levene’s statistic, 

respectively, and transformed (log10, root-square, arcsin or inverse) before analysis 

when necessary. Means of soil parameters were separated by Tukey's honest 

significance test at P<0.05, while cumulative GHG emissions, yield-scaled N2O 

emissions and N surplus were compared by the orthogonal contrasts method at P<0.05. 

For non-normally distributed data, the Kruskal–Wallis test was used on non-

transformed data to evaluate differences at P<0.05. Linear correlations were carried out 

to determine relationships between gas fluxes and WFPS, soil temperature, DOC, NH4
+ 

and NO3
-. Theses analyses were performed using the mean/cumulative data of the 

replicates of the CC treatments (n=12), and also for all the dates when soil and GHG 

were sampled, for Period I (n=16), Period II (n=11) and the whole experimental period 

(n=27). 
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3. Results

3.1. Cover crop (Period I)  

3.1.1. Environmental conditions and WFPS 

Mean soil temperature during the intercrop period was 8.8°C, ranging from 1.8 

(December) to 15.5°C (April) (Fig. 4.1a), which were typical values in the experimental 

area. Mean soil temperature during maize cropping period was 24.6°C, which was also 

a standard value for this region. The accumulated rainfall during this period was 215 

mm, whereas the 30-year mean is 253 mm. Water-Filled Pore Space ranged from 40 to 

81% (Fig. 4.1b). No significant differences were observed for WFPS mean values 

between the different treatments (P>0.05). 
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Fig. 4.1 Daily mean soil temperature (°C) rainfall and irrigation (mm) (a) and soil WFPS (%) in the three 
cover crop (CC) treatments (fallow, F, vetch, V, and barley, B) during Period I (b) and II (c). Vertical 
lines indicate standard errors. 

3.1.2. Mineral N, DOC and cover crop residues 

Topsoil NH4
+ content was below 5 mg N kg soil-1 most of the time in Period I, 

although a peak was observed after maize sowing (55 days after CCs kill date) (Fig. 

4.2a), with the highest values reached in B (50 mg N kg soil-1). Mean NH4
+ content was 
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significantly higher in B than in F (P<0.05), but daily NH4
+ concentrations between 

treatments were only significantly different between treatments in one sampling date 

(210 days after CCs sowing). Nitrate content increased after CCs killing, reaching 

values above 25 mg N kg soil-1 in V treatment (Fig. 4.2c). Mean NO3
- content during 

Period I was significantly higher in the V plots than in the B and F plots (P<0.001). 

Dissolved Organic C ranged from 60 to 130 mg C kg soil -1 (Fig. 4.2e). Average topsoil 

DOC content was significantly higher in B than in V and F (10% and 12%, respectively, 

P<0.01) but differences were only observed in some sampling dates. The total amount 

of cover crop biomass left on the ground was 540.5±26.5 and 1106.7±93.6 kg dry 

matter ha-1 in B and V, respectively. Accordingly, the total N content of these residues 

was 11.0±0.6 and 41.3±4.5 kg N ha-1 in B and V, respectively. 
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Fig. 4.2 NH4
+-N (a, b); NO3

- -N (c, d); and DOC (e, f) concentrations in the 0–10 cm soil layer for the 
three cover crop (CC) treatments (fallow, F, vetch, V, and barley, B) during both cropping periods: 
intercrop (left) and maize (right). The black arrows indicate the time of spraying glyphosate over the 
cover crops. The dotted arrows indicate the time of maize sowing. Vertical lines indicate standard errors. 

3.1.3. GHG fluxes 

Nitrous oxide fluxes ranged from -0.06 to 0.22 mg N m-2 d-1 (Fig. 4.3a) in Period 

I. The soil acted as a sink for N2O at some sampling dates, especially for the F plots. 

Cumulative fluxes at the end of Period I were significantly greater in CC treatments 

compared to F (1.6 and 2.6 higher in B and V, respectively) (P<0.05; Table 4.1). Net 

CH4 uptake was observed in all intercrop treatments, and daily fluxes ranged from -0.60 

to 0.25 mg C m-2 d-1 (data not shown). No significant differences were observed 
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between treatments in cumulative CH4 fluxes at the end of Period I (P>0.05; Table 4.1). 

Carbon dioxide fluxes (data not shown) remained below 1 g C m-2 d-1 during the 

intercrop period. Greatest fluxes were observed in B although differences in cumulative 

fluxes were not significant (P>0.05; Table 4.1) in the whole intercrop period, but soil 

respiration was increased in B, with respect to F, from mid-February to the end of 

Period I. Nitrous oxide emissions were significantly correlated to CO2 fluxes (P<0.01, 

n=17, r=0.69) and soil temperature (P<0.05, n=17, r=0.55). 

Fig. 4.3 N2O emissions for the three cover crop (CC) treatments (fallow, F, vetch, V, and barley, B) 
during Period I (a) and II (b). The black arrows indicate the time of spraying glyphosate over the cover 
crops. The dotted arrows indicate the time of maize sowing. Vertical lines indicate standard errors. 
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Table 4.1 Total cumulative N2O-N, CH4-C and CO2-C fluxes, yield-scaled N2O emissions and N surplus in the three cover crop treatments (fallow, F, vetch, V, and barley, B) 
at the end of both cropping periods. P value was calculated with Student’s t-test and d.f.=9. (*) and S.E. denote significant at P<0.05 and the standard error of the mean, 
respectively. 

Treatment 
N2O CH4 CO2 Surplus Yield-scaled N2O emissions 

kg N2O-N ha-1 kg CH4-C ha-1 kg CO2-C ha-1 kg N ha-1 g N2O-N kg  aboveground N uptake-1 

End of 
Period I 

F 0.05 -0.30 443.02 
V 0.13 -0.28 463.01 
B 0.08 -0.24 582.13 

S.E. 0.03 0.07 46.33 

F versus CCs 
Estimate -11.48 -11.45 -134.37 

t-test -2.5 -0.61 -1.00 
P value  0.03 (*) 0.56 0.34 

V versus B 
Estimate 5.29 -6.23 -127.50 

t-test 1.99 -0.57 -1.64 
P value 0.08 0.58 0.14 

End of 
Period II 

F 0.57 -0.46 2595.07 31.47 4.21 
V 0.48 -0.33 2778.84 13.72 3.06 
B 0.74 -0.35 2372.07 55.94 5.64 

S.E. 0.10 0.08 177.35 15.30 0.85 

F versus CCs 
Estimate -7.46 -23.69 83.36 -3.16 -0.12 

t-test -0.30 -1.25 0.19 -0.08 -0.14 
P value 0.77 0.24 0.86 0.94 0.89 

V versus B 
Estimate -26.59 2.08 417.8 -38.67 -2.59 

t-test -1.90 0.19 1.62 -1.79 -2.16 
P value 0.09 0.85 0.14 0.11 0.06 
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3.2. Maize crop (Period II) 

3.2.1. Environmental conditions and WFPS 

Mean soil temperature ranged from 19.6 (reached in September) to 32.3°C 

(reached in August) with a mean value of 27.9°C (Fig. 4.1a). Total rainfall during the 

maize crop period was 57 mm. Water-Filled Pore Space ranged from 19 to 84% (Fig. 

4.1c). Higher mean WFPS values (P<0.01) were measured in B during some sampling 

dates.  

3.2.2. Mineral N and DOC 

Topsoil NH4
+ content increased rapidly after N fertilization (Fig. 4.2b) 

decreasing to values below 10 mg N kg soil-1 from 15 days after fertilization to the end 

of the experimental period. Nitrate concentrations (Fig. 4.2d) also peaked after AN 

addition, reaching the highest value (170 mg N kg soil-1) 15 days after fertilization in B 

(P<0.05). No significant differences (P>0.05) between treatments were observed in 

average soil NH4
+ or NO3

- during maize phase. Dissolved Organic C ranged from 56 to 

138 mg C kg soil -1 (Fig. 4.2f). Average topsoil DOC content was 26 and 44% higher in 

B than in V and F, respectively (P<0.001). 

3.2.3. GHG fluxes, Yield-Scaled N2O emissions and N surplus 

Nitrous oxide fluxes ranged from 0.0 to 5.6 mg N m-2 d-1 (Fig. 4.3b). The highest 

N2O emission peak was observed 1-4 days after fertilization for all plots. Other peaks 

were subsequently observed until 25 days after fertilization, particularly in B plots 

where N2O emissions 23 and 25 days after fertilization were higher (P<0.05) than those 

of F and V (Fig. 4.3b). No significant differences in cumulative N2O fluxes were 

observed between treatments throughout or at the end of the maize crop period (Table 
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4.1), albeit fluxes were numerically higher in B than in V (0.05<P<0.10). Daily N2O 

emissions were significantly correlated with NH4
+ topsoil content (P<0.05, n=12, 

r=0.84). 

As in the previous period, all treatments were CH4 sinks, without significant 

differences between treatments (P>0.05; Table 4.1). Respiration rates ranged from 0.15 

to 3.0 g C m-2 d-1; no significant differences (P>0.05; Table 4.1) were observed among 

the CO2 values for the different treatments. Yield-scaled N2O emissions and N surplus 

are shown in Table 4.1. No significant differences were observed between treatments 

although these values were generally lower in V than in B (0.05<P<0.15). 

Considering the whole cropping period (Period I and Period II), N2O fluxes 

significantly correlated with WFPS (P<0.05, n=12, r=0.61), NH4
+ (P<0.05, n=27, 

r=0.84) and NO3
- (P<0.05, n=27, r=0.50). 

3.2.4. Fertilizer-derived N2O emissions 

The proportion (%) of N2O losses from ammonium nitrate, calculated by 

isotopic analyses, is represented in Fig. 4.4. The highest percentages of N2O fluxes 

derived from the synthetic fertilizer were observed one day after fertilization, ranging 

from 34% (V) to 67% (B). On average, almost 50% of N2O emissions in the first 

sampling event after N synthetic fertilization came from other sources (i.e. soil 

endogenous N, including N mineralized from the CCs). The mean percentage of N2O 

losses from synthetic fertilizer throughout all sampling dates was 2.5 times higher in B 

compared to V (P<0.05) and was positively correlated with DOC concentrations 

(P<0.05, n=12, r=0.71). There were no significant differences between V and F 

(P>0.05). 
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Fig. 4.4 Proportion of N2O losses (%) coming from N synthetic fertilizer during Period II, for the three 
cover crop treatments (fallow, F, vetch, V, and barley, B). Vertical lines indicate standard errors. “NS” 
and * denote not significant and significant at P<0.05, respectively. 

4. Discussion

4.1. Role of CCs in N2O emissions: Period I 

Cover crop treatments (V and B) increased N2O losses compared to F, especially 

in the case of V (Table 4.1). These results  are consistent with the meta-analysis of 

Basche et al. (2014), which showed that overall CCs increase N2O fluxes (compared to 

bare fallow), with highly significant increments in the case of legumes and a lower 

effect in the case of non-legume CCs. In the same experimental area, Sanz-Cobena et al. 

(2014b) found that V was the only CC significantly affecting N2O emissions. The 

greatest differences between treatments were observed at the beginning (13-40 days 

after CCs sowing), and at the end of this period (229 days after CCs sowing) (Fig. 4.3a). 

On these dates, the mild soil temperatures and the relatively high moisture content were 

more suitable for soil biochemical processes, which may trigger N2O emissions (Fig. 

4.1a, b) (Firestone and Davidson, 1989). Average topsoil NO3
- was significantly higher 

in V (Fig. 4.2b), which was the treatment that led to the highest N2O emissions. 
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Legumes such as V are capable of biologically fixing atmospheric N2, thereby 

increasing soil NO3
- content with potential to be denitrified. Further, the mineralization 

of the most recalcitrant fraction of the previous V residue (which supplies nearly four 

times more N than the B residue, as indicated in section 3.1.2) together with high C-

content sunflower residue could also explain higher NO3
- contents in V plots (Frimpong 

et al., 2011), and higher N2O losses from denitrification (Baggs et al., 2000). After CCs 

kill date, N release from decomposition of roots and nodules and faster mineralization 

of V residue compared to that of B (shown by NO3
- in soil in Fig. 4.2c) are the most 

plausible explanation for the N2O increases at the end of the intercrop period (Fig. 4.3a) 

(Rochette and Janzen, 2005; Wichern et al., 2008).  

Some studies (e.g. Justes et al., 1999; Nemecek et al., 2008) have pointed out 

that N2O losses can be reduced with the use of CCs, due to the extraction of plant-

available N unused by previous cash crop. However, in our study lower N2O emissions 

were measured from F plots without CCs during the intercrop period. This may be a 

consequence of higher NO3
- leaching in F plots (Gabriel et al., 2012; Quemada et al., 

2013), limiting the availability of the substrate for denitrification. Frequent rainfall 

during the intercrop period (Fig. 4.1a) and the absence of N uptake by CCs may have 

led to N losses through leaching, resulting in low concentrations of soil mineral N in F 

plots. 

Nitrous oxide emissions were low during this period, but in the range of those 

reported by Sanz-Cobena et al. (2014b) in the same experimental area. Total emissions 

during Period I represented 8, 10 and 21% of total cumulative emissions in F, B and V, 

respectively (Table 4.1). The absence of N fertilizer application to the soil combined 

with the low soil temperatures during winter – which were far from the optimum values 

for nitrification and denitrification (25-30 °C) processes (Ussiri and Lal, 2013) – may 
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have caused these low N2O fluxes. The significant positive correlation between soil 

temperature and N2O fluxes during this period highlights the key role of this parameter 

as a driver of soil emissions (Schindlbacher et al., 2004; García-Marco et al., 2014).  

4.2. Role of CCs in N2O emissions: Period II 

Isotopic analysis during Period II, in which ISFM was carried out, showed that a 

significant proportion of N2O emissions came from endogenous soil N or the 

mineralization of crop residues, especially after the first days following N fertilization 

(Fig. 4.4). In this sense, even though an interaction between crop residue and N fertilizer 

application has been previously described (e.g. in Abalos et al., 2013), the similar 

proportion of N2O losses coming from fertilizer in B and F (without residue) one day 

after N fertilization revealed the importance of soil mineral N contained in the 

micropores for the N2O bursts after the first irrigation events, with respect to the N 

released from CC residues.  

As we hypothesized, the different CCs played a key role in the N2O emissions 

during Period II. Barley plots had higher N2O emissions than fallow or V-residue plots 

(at the 10% significance level; Table 4.1). Further, a higher proportion of N2O 

emissions was derived from the fertilizer in B-residue than in V-residue plots (Fig. 4.4). 

These results are in agreement with those of Baggs et al. (2003), who reported a higher 

percentage of N2O derived from the 15N-labeled fertilizer using a cereal (ryegrass) as 

surface mulching instead of a legume (bean), in a field trial with zero-tillage 

management. The differences between B and V in terms of cumulative N2O emissions 

and in the relative contribution of each source to these emissions (fertilizer- or soil-N) 

could be explained by: i) the higher C:N residue of B (20.7±0.7 while that of V was 

11.1±0.1, according to Alonso-Ayuso et al. (2014)) may have provided an energy 
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source for denitrification (Sarkodie-Addo et al., 2003), favoring the reduction of the 

NO3
- supplied by the synthetic fertilizer and enhancing N2O emissions, as supported by 

the positive correlation of DOC with the proportion of N2O coming from the synthetic 

fertilizer; ii) NO3
- concentrations, which tended to be higher in B during the maize 

cropping phase, could have led to incomplete denitrification and larger N2O/N2 ratios 

(Yamulki and Jarvis, 2002);  iii) the easily mineralizable V residue (with low C:N ratio) 

provided an additional N source for soil microorganisms, thus decreasing the relative 

amount of N2O derived from the synthetic fertilizer (Baggs et al., 2000; Shan and Yan, 

2013); and iv) V plots were fertilized with a lower amount of immediately available N 

(i.e. ammonium nitrate) than B plots, which could have resulted in better 

synchronization between N release and crop needs (Ussiri and Lal, 2013) in V plots. 

Supporting these findings, Bayer et al. (2015) recently concluded that partially 

supplying the maize N requirements with winter legume cover-crops can be considered 

a N2O mitigation strategy in subtropical agro-ecosystems.  

The mineralization of B residues resulted in higher DOC contents for these plots 

compared to the F or V plots (P<0.001). This was observed in both Period I (as a 

consequence of soil C changes after the 8-year cover-cropping management) and Period 

II (due to the CC decomposition). Although in the present study the correlation between 

DOC and N2O emissions was not significant, positive correlations have been previously 

found in other low-C Mediterranean soils (e.g. Vallejo et al., 2006; López-Fernández et 

al., 2007). Some authors have suggested that residues with a high C:N ratio can induce 

microbial N immobilization (Frimpong and Baggs, 2010, Dendooven et al., 2012). In 

our experiment, a N2O peak was observed in B plots 20-25 days after fertilization (Fig. 

4.3b) after a remarkable increase of NO3
- content (Fig. 4.2d), which may be a result of a 

re-mineralization of previously immobilized N in these plots.  
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The positive correlation of N2O fluxes and soil NO3
- content and WFPS during 

the whole cycle further supports the importance of denitrification process for explaining 

N2O losses in this agro-ecosystem (Davidson et al., 1991; García-Marco et al., 2014). 

However, the strong positive correlation of N2O with NH4
+ indicated that nitrification 

was also a major process leading to N2O fluxes, and showed that the continuous drying-

wetting cycles during a summer irrigated maize crop in a semi-arid region can lead to 

favorable WFPS conditions for both nitrification and denitrification processes (Fig. 

4.1c) (Bateman and Baggs, 2005). Emission Factors ranged from 0.2 to 0.6% of the 

synthetic N applied, which were lower than the IPCC default value of 1%.  As 

explained above, ecological conditions during the intercrop period (rainfall and 

temperature) and maize phase (temperature) could be considered as normal (based on 

the 30-year average) in Mediterranean areas. Aguilera et al. (2013a) obtained a higher 

emission factor for high (1.01%) and low (0.66%) water-irrigation conditions in a meta-

analysis of Mediterranean cropping systems. We hypothesized that management 

practices may have contributed to these low emissions, but other inherent factors such 

as soil pH should be also considered. Indeed, a higher N2O/N2 ratio has been associated 

to acidic soils, so lower N2O emissions from denitrification could be expected in 

alkaline soils (Mørkved et al., 2007; Baggs et al., 2010). 

4.3. Methane and CO2 emissions 

As is generally found in non-flooded arable soils, all treatments were net CH4 

sinks (Snyder et al., 2009). No significant differences were observed between treatments 

in any of the two periods (Table 4.1), which is similar to the pattern observed by Sanz-

Cobena et al. (2014b). Some authors (Dunfield and Knowles, 1995; Tate, 2015) have 

suggested an inhibitory effect of soil NH4
+ on CH4 uptake. Low NH4

+ contents during 

almost all of the CCs and maize cycle may explain the apparent lack of this inhibitory 
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effect (Banger et al., 2012). However, during the dates when the highest NH4
+ contents 

were reached in V and B (225 days after CCs sowing) (Fig. 4.3a), CH4 emissions were 

significantly higher for these plots (0.12 and 0.16 mg CH4-C m-2 d-1 for V and B, 

respectively) than for F (-0.01 mg CH4-C m-2 d-1) (data not shown). Similarly, the NH4
+ 

peak observed two days after fertilization (Fig. 4.3b) decreased in the order V>F>B, the 

same trend as CH4 emissions (which were 0.03, -0.04 and -0.63 mg CH4-C m-2 d-1 in V, 

F and B, respectively; data not shown). Contrary to Sanz-Cobena et al. (2014b), the 

presence of CCs did not increase CO2 fluxes (Table 4.1) during the whole Period I 

(which was longer than that considered by these authors), even though higher fluxes 

were associated to B (but not V) with respect to F plots in the last phase of the intercrop, 

probably as a consequence of higher root biomass and plant respiration rates in the 

cereal (B) than in the legume (V). Differences from fall to early-winter were not 

significant, since low soil temperatures limited respiration activity. The decomposition 

of CC residues and the growth of maize rooting system resulted in an increase of CO2 

fluxes during Period II (Oorts et al., 2007; Chirinda et al., 2010), although differences 

between treatments were not observed. 

4.4. Yield-scaled emissions, N surplus and general assessment 

Yield–scaled N2O emissions ranged from 1.74 to 7.15 g N2O-N kg aboveground 

N uptake-1, which is about 1-4 times lower than those reported in the meta-analysis of -

Van Groenigen et al. (2010) for a fertilizer N application rate of 150-200 kg ha-1. Mean 

N surpluses of V and F (Table 4.1) were in the recommended range (0-50 kg N ha−1) by 

Van Groenigen et al. (2010), while the mean N surplus in B (55 kg N ha−1) was also 

close to optimal. In spite of higher N2O emissions in V during Period I (which 

accounted for a low proportion of total cumulative N2O losses during the experiment), 

these plots did not emit greater amounts of N2O per kg of N taken up by the maize 
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plants, and even tended to decrease yield-scaled N2O emissions and N surplus (Table 

4.1). 

Adjusting fertilizer N rate to soil endogenous N led to lower N2O fluxes than 

previous experiments where conventional N rates were applied (e.g. Adviento-Borbe et 

al., 2007; Hoben et al., 2011; Sanz-Cobena et al., 2012; Li et al., 2015), in agreement 

with the study of Migliorati et al. (2014a). Moreover, CO2 equivalent emissions 

associated to manufacturing and transport of N synthetic fertilizers (Lal, 2004) can be 

reduced when low synthetic N input strategies, such as ISMF, are employed. Our results 

highlight the critical importance of the cash crop period on total N2O emissions, and 

demonstrate that the use of either non-legume and –particularly- legume CCs combined 

with ISFM may provide an optimum balance between GHG emissions from crop 

production and agronomic efficiency (i.e. lowering synthetic N requirements for a 

subsequent cash crop, and leading to similar YSNE as a fallow).  

The use of CCs has environmental implications beyond effects on direct soil 

N2O emissions. For instance, CCs can mitigate indirect N2O losses (from NO3
- 

leaching). In the study of Gabriel et al. (2012), conducted in the same experimental area, 

NO3
- leaching was reduced (on average) by 30% and 59% in V and B, respectively. 

Considering an emission factor of 0.075 from N leached (De Klein et al., 2006), indirect 

N2O losses from leaching could be mitigated by 0.23±0.16  and 0.45±0.17  kg N ha-1 yr-

1 if V and B are used as CCs, respectively. Furthermore, the recent meta-analysis of 

Poeplau and Don (2015) revealed a C sequestration potential of 0.32±0.08 Mg C ha-1 yr-

1 with the introduction of CCs. These environmental factors together with CO2

emissions associated to CCs sowing and killing, should be assessed in future studies in 

order to confirm the potential of CCs for increasing both the agronomic and 

environmental efficiency of irrigated cropping areas. 
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5. Conclusions

Our study confirmed that the presence of CCs (particularly V) during the 

intercrop period increased N2O losses, but the contribution of this phase to cumulative 

N2O emissions considering  the whole cropping cycle (intercrop-cash crop) was low (8-

21%). The high influence of the maize crop period over total N2O losses was not only 

due to N synthetic fertilization, but also to CC residue mineralization and especially 

endogenous soil N. The type of CC residue determined the N synthetic rate in a ISFM 

system and affected the percentage of N2O losses coming from N fertilizer/soil N as 

well as the pattern of N2O losses during the maize phase (through changes in soil NH4
+, 

NO3
- and DOC concentrations). By employing ISFM, similar N2O emissions were 

measured from CCs and F treatments at the end of the whole cropping period, resulting 

in low yield-scaled N2O emissions (3-6 g N2O-N kg aboveground N uptake-1) and N 

surplus (31 to 56 kg N ha-1). Replacing winter F by CCs did not affect significantly CH4 

uptake or respiration rates neither during intercrop or maize cropping periods. Our 

results highlight the critical importance of the cash crop period on total N2O emissions, 

and demonstrate that the use of non-legume and –particularly- legume CCs combined 

with ISFM could be considered as an efficient practice from both environmental and 

agronomic points of view, leading to similar N2O losses per kilogram of aboveground N 

uptake as bare fallow.   
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1. Introduction

Nitrification inhibitors (NIs) offer the potential to decrease reactive nitrogen 

(Nr) losses (which occur when large quantities of ammonium [NH4
+ -N] based 

fertilizers are applied to agricultural soils) and to enhance N use efficiency and crop 

productivity (Yang et al., 2016). When NH4
+ -N is applied to soil, it can be oxidized to 

nitrate (NO3
-) through nitrification, a biotic process which occurs under aerobic 

conditions (Medinets et al., 2015). This process is one of the major contributors to 

nitrous oxide (N2O) and nitric oxide emissions (NO) (Ussiri and Lal, 2013), which are 

released due to the oxidation of intermediates of the nitrification process, i.e. 

hydroxylamine (NH2OH) and nitrite (NO2
-) (Ruser and Schulz, 2015). Therefore, the 

inhibition of the first step of nitrification (oxidation of NH4
+ to NH2OH) causes a direct 

reduction of N oxides emissions (Akiyama et al., 2010). In addition, the limited 

availability of the final product of nitrification, prevents losses of NO3
- via leaching to 

groundwater (Quemada et al., 2013) and N oxides emissions from denitrification (the 

heterotrophic reduction of NO3
- to N2), which has been described as the main N2O loss 

pathway (Skiba and Smith, 2000) and a source of NO (Loick et al., 2016).  

Nitrous oxide is a powerful greenhouse gas and ozone-depleting substance 

(IPCC, 2014), while NO contributes to the formation of tropospheric ozone and acid 

rain (Pilegaard, 2013). Nitrate leaching is frequently the main N loss pathway in 

irrigated agro-ecosystems (Quemada et al., 2013), causing eutrophication in surface 

water bodies and a reduction of groundwater quality (McIsaac et al., 2001). The use of 

NIs in intensive agriculture therefore represents one potential management option to 

reduce the environmental and health costs associated with these water and atmospheric 

pollutants (Qiao et al., 2015), and provides an opportunity for increased benefits 

through the enhancement of N use efficiency and crop yields (Abalos et al., 2014b). 
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Many synthetic (Akiyama et al., 2010) and natural compounds (Subbarao et al., 

2015) can act as NIs, with dicyandiamide (DCD) and 3,4-dimethylpyrazole phosphate 

(DMPP) representing two of the most commonly used NIs in Europe (Gilsanz et al., 

2016). DCD has been the main inhibitor employed in several countries such as New 

Zealand, due to its low cost, low mobility in soils and water solubility (Giltrap et al., 

2010). Conversely, this inhibitor has been voluntarily withdrawn from New Zealand due 

to the traces of DCD that were found in infant milk exported to China (Pal et al., 2016). 

On the other hand, DMPP can be added at rates about 10 times less than DCD (Zerulla 

et al., 2001; Benckiser et al., 2013), with similar, or even higher, reported efficacies 

(Weiske et al., 2001).  

With regards to the inhibition efficiency of DCD and DMPP, published meta-

analysis assessments have reported statistically similar average performances of both 

NIs in mitigating N2O emissions (Gilsanz et al., 2016) and enhancing N use efficiency 

or crop yields (Abalos et al., 2014b). Conversely, several studies have reported that the 

efficiency of DMPP surpassed that of DCD in decreasing soil NO3
- concentrations 

and/or N2O emissions, or increasing crop productivities (Pereira et al., 2010; Liu et al., 

2013; Kou et al., 2015). In addition to inhibition efficacy, the behaviour of these 

products in soil is linked to soil processes (e.g. mineralization, microbial uptake, water 

extractability) and hence, to soil properties (Zhang et al., 2004; Barth et al., 2008; 

McGeough et al., 2016). To date, few studies have evaluated these processes (Marsden 

et al., 2016), therefore, it is important to understand the key variables affecting the 

efficacy and fate of NIs, in order to choose the most effective product in each situation, 

according to health, economic and environmental viewpoints.  

Several physical and/or biochemical processes may influence the efficacy of 

NIs. For example, the water solubility and leaching potential has been shown to be 
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higher for DCD than DMPP (Weiske et al., 2001; Kim et al., 2012a), thus resulting in 

spatial dislocation of soil NH4
+ and the inhibitor, possibly affecting the duration of the 

inhibiting effect. However, a recent study of Marsden et al. (2016) employing 14C-

labelled NIs, showed that the mobility of both inhibitors were similar. Another possible 

factor is the microbial mineralization of NIs. Some studies have found that DCD 

degraded faster than DMPP in soil, using direct NI measurements by chromatography-

based methods (Weiske et al., 2001) or 14C labelling of NIs and subsequent 

measurement of rates of 14CO2 emission after application to soil (Marsden et al., 2016). 

The sorption of NIs to the soil matrix (i.e. clays and organic matter) and immobilization 

by non-target microorganisms have also been linked to a decrease in the efficacy of NIs. 

Previous studies demonstrated that sorption (which could reduce the concentration of 

the NI in soil solution, and effectiveness on nitrifying microorganisms in the short term) 

is higher for DCD than DMPP (Marsden et al., 2016), while also higher microbial 

assimilation of DCD is expected due to the lower degradability and bioavailability of 

the heterocyclic DMPP compound (Chaves et al., 2006).  

In addition, soil temperature has been shown to be a key factor affecting the 

inhibition effect (Mahmood et al., 2011; Menéndez et al., 2012; McGeough et al., 

2016), due to the influence on microbial activity, and hence mineralization and 

nitrification kinetics. Yet, the complex interactions between inhibitor type, soil 

properties and temperature remains poorly understood. 

In this context, a laboratory experiment was conducted to compare the amount of 

14C-labelled DCD and DMPP which is sorbed, mineralized and recovered in the soil 

extractable pool, in two contrasting soils at three different temperatures. Concurrently, 

the influence of these three factors on the evolution of soil ammonium (NH4
+) and 

nitrate (NO3
-) contents was investigated. We hypothesized that (1) greater 
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mineralization would occur for DCD (in comparison to DMPP) and at higher 

temperatures, thus decreasing the inhibition efficacy, and (2) higher sorption and 

microbial assimilation would be observed for DCD and in the soil with a higher organic 

matter content and microbial biomass, affecting the proportion of NIs mineralized and 

extracted.    

2. Materials and methods

2.1. Soil properties 

Two contrasting soils (from Spain and from UK) were used in this study (Table 

5.1).We aimed to compare two soils from different climatic areas and agricultural land 

use, which mainly differed in pH and organic C content. The soil from Spain (E) was an 

arable soil collected from “El Encín” field station (40°32′N, 3°17′W) and was a 

calcareous sandy clay loam Calcic Haploxerept (Soil Survey Staff, 1992) with 

vermiculite as a dominant clay mineral. The soil from UK (BE) was collected from a 

permanent grassland at Henfaes Agricultural Research Station, Abergwyngregyn, North 

Wales (53°14′N, 4°01′W), and was a loamy Eutric Cambisol. At each site, independent 

replicate soil samples (n=3; 0–10 cm) were collected, sieved to pass 2 mm, and stored at 

4 °C in gas permeable polythene bags until the start of the experiment. Soil moisture 

content was determined by oven drying (105 °C, 24 h) and soil organic matter content 

by loss-on-ignition (450 °C, 16 h; Ball 1964). Soil pH was measured using standard 

electrodes in 1:2.5 (w/v) soil-to-distilled water suspensions. Microbial biomass C and N 

were determined by CHCl3 fumigation-extraction according to Voroney et al. (2008) 

using KEC and KEN correction factors of 0.35 and 0.50, respectively.  Initial NO3
– and 

NH4
+ contents in 1:5 (w/v) soil-to-0.5 M K2SO4 extracts were determined using the 

colorimetric method of Miranda et al. (2001) and Mulvaney (1996), respectively. Total 

Cu content, which could affect the efficiency of NIs (Ruser and Schulz, 2015, 
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McGeough et al., 2016) was determined by atomic absorption spectrophotometry 

(AAnalyst 700, PerkinElmer 2000), after treating dried soil samples with HNO3 and HF, 

followed by digestion in Teflon bombs in a microwave oven. 

Table 5.1 Properties of soils (0–10 cm) used in the experiment. 

Parameter Soil 
E (Sandy clay loam) BE (Loam) 

Sand (%) 55 49 
Silt (%) 17 31 
Clay (%) 28 20 
Bulk density (g cm−3) 1.4 1.1 
Cation exchange capacity (meq 100 g-1) 25.7 14 
pH 7.6 6.0 
CaCO3 (g kg-1) 13.2 <0.1 
Total organic C (%) 0.8 3.1 
Extractable NO3

- (mg N kg-1) 5.9±0.2  a 8.0±0.4 b 
Extractable NH4

+ (mg N kg-1) 5.3±0.2  a 5.8±0.2 b 
Cu (mg kg-1) 15.3±0.1  a 23.3±0.3  b 
Microbial C (g kg−1) 0.22±0.03  a 0.28±0.03  b 
Microbial N (mg kg−1) 3.64±0.55  a 22.08±1.08  b 

Different letters within rows indicate significant differences by applying the Tukey's honest significance 
test at P<0.05. Values represent means ± standard error of the mean (when included). 

2.2. DMPP and DCD mineralization within soils 

To determine the mineralization rates of 5-14C-DMPP and [U]14C-DCD 

(American Radiolabelled Chemicals, St Louis, MO, USA) in the two soils (E and BE) at 

contrasting soil temperatures (10, 20 and 30ºC), a replicated (n=3) factorial 14C-

labelling experiment was employed. Briefly, 5 g of field-moist soil was weighed into 50 

cm3 polypropylene tubes. NH4Cl was applied to each treatment at a rate of 100 kg N ha-

1 (i.e. 0.5 ml, 3 g l-1), together with 14C-DMPP (at a commercial rate of 1 kg ha-1, i.e. 0.5 

ml 30 mg l-1, ca. 2 kBq ml-1) or 14C-DCD (at a commercial rate of 10 kg ha-1, i.e. 0.5 ml 

300 mg l-1; ca. 2 kBq ml-1). Subsequently, deionized water was added to each tube to 

achieve 50% water-filled pore space (WFPS) in each soil, to achieve suitable soil 
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aeration status for nitrification to proceed. WFPS was calculated by dividing the 

volumetric water content by total soil porosity. Evolved 14CO2 was captured in 1 M 

NaOH traps (1 ml; capture efficiency >95 %; Hill et al. 2007), which were changed 

after 1, 3, 6, 10, 14, 18, 21, 28, 35 and 63 days. The 14C activity in the recovered NaOH 

solution was determined using a Wallac 1404 Liquid Scintillation Counter (Wallac 

EG&G, Milton Keynes, UK) after mixing with HiSafe 3 scintillant (PerkinElmer, 

Llantrisant, UK). 

After the last 14CO2 measurement, the remaining activity in the soils was 

quantified by extracting with ice-cold 0.5 M K2SO4 (1:5 w/v). Samples were shaken 

(150 rev min-1) for 30 min and subsequently centrifuged (10 000 g, 10 min). The 

activity in the supernatant was measured as above. 

2.3. Recovery of 14C in soil extract 

The amount of NI which remained extractable in soil was analysed alongside the 

mineralization assay described above. In this case, 2 g of field-moist soil (n=3) was 

added to 20 ml polypropylene vials. Ammonium chloride and NIs were added at the 

same rates as in the mineralization experiment, and deionized water was added to reach 

50% WFPS. Labelled 14C-NIs were added at 5 kBq ml-1 (0.2 ml). The amount of 

substrate (14C-DMPP or 14C-DCD) remaining in the soil (combination of the soil 

solution pool and the exchangeable pool) was measured after 1, 3, 6, 10, 14, 18, 21 and 

28 days. This was evaluated by extracting the soil with ice-cold 0.5 M K2SO4, and 

analysing the activity in the resulting extracts by liquid scintillation counting, where 

both procedures are described in section 2.2.   
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2.4. Sorption 

The amount of DCD and DMPP sorbed to either soil was determined as 

described by Marsden et al. (2015). Briefly, 14C-DCD or 14C-DMPP was applied (50 µl; 

ca. 1 kBq) to 1 g (n=3) of air-dried soil, where a total of 8 concentrations of 14C-DCD 

and 14C-DMPP were used, ranging from 0.08-10 mg NI l-1. Subsequently, 5 ml of 0.01 

M CaCl2 was added to the soils and the soil suspensions were shaken (0.5 h; 150 rev 

min-1) on a rotary shaker. An aliquot (1.5 ml) was then centrifuged (10 000 g; 5 min) 

and the 14C activity in the supernatant determined by liquid scintillation counting as 

described above. Sorption isotherms were determined for 14C-DCD and 14C-DMPP in 

the two contrasting soils and the partition coefficient (Kd) for the NIs determined via 

Equation 1, where Cads (µg g-1) is the concentration adsorbed to the soil solid phase at 

equilibrium and Csol (µg l-1) is the adsorbate concentration remaining in solution at 

equilibrium. 

Kd = Cads / Csol (1) 

2.5. Soil mineral N content 

Alongside the 14C experiments described above, a further set of samples were 

established to monitor the effects of the NIs on the dynamics of soil NH4
+ and NO3

- 

content over time. 5 g fresh weight of each soil was weighed into 50 cm3 polypropylene 

tubes, as for the mineralization experiment. The NH4Cl and the NIs (non 14C-labelled 

DCD and DMPP) were applied at the same rates as described in section 2.2 and 2.3.  

Two additional treatments were included: NH4Cl at 100 kg N ha-1 without NIs 

(no NI) and a control without NH4Cl or NIs addition (C). Deionized water was added to 

bring the soil in all treatments up to 50% WFPS, and then the tubes were incubated at 

10, 20 and 30 ºC. All the fertilizer-soil-temperature combinations were replicated three 

times. After 0, 1, 3, 6, 10, 14, 18, 21 and 28 days replicate samples from each treatment 
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(n=3) destructively harvested and their mineral N content determined. A 28 day period 

was chosen based on known period of active inhibition for DMPP and DCD (Benckiser 

et al., 2013; Chaves et al., 2006). At each sampling date, NH4
+ and NO3

- were extracted 

with 25 mL of 0.5 M K2SO4, and measured using the same procedure described in 

section 2.1.  

2.6. Calculations and statistical analysis 

The mineralization rates of the inhibitors and the changes in NO3
- content with 

incubation time were modelled with a first- or a zero-order reaction kinetic model, as 

described in Zhao et al. (2007). Afterwards, the half-life was calculated as C0/2k or 

ln(2)/k for zero and first-order reactions, respectively, where C0 was the initial 

concentration of substrate and k was the kinetic constant.. To determine the significance 

of the effects of NI type, soil type and temperature on mineralization, 14C recovery in 

soil extract, and inhibition efficacy, a three-way ANOVA was conducted. The normality 

(Shapiro-Wilk test) and homogeneity of variance assumptions (Levene’s test) were 

assessed prior to conducting the ANOVA. Data were arcsin or log-transformed before 

analysis when ANOVA assumptions were not met with the original data. Means were 

separated by Tukey's honest significance test at P<0.05. For non-normally distributed 

data, the Kruskal–Wallis test was used on non-transformed data to evaluate differences 

at P<0.05. Linear correlations were carried out to determine relationships between 

mineralization of DMPP and DCD and average NH4
+ and NO3

- contents, considering 

also the effectiveness on nitrification inhibition (comparison between NH4
+ and NO3

- 

contents in NIs and –NI treatments) (n=36). All statistical analyses were carried out 

with Statgraphics Plus 5.1.  
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Statistical analyses were carried out with Statgraphics Plus 5.1. Analyses of 

variance of the split-plot experiment were performed for almost all variables in the 

experiment (except climatic ones). Data distribution normality and variance uniformity 

were assessed by the Shapiro-Wilk test and Levene’s statistic, respectively, and log-

transformed before analysis when necessary (e.g. N2O emissions during Period III, total 

N2O emissions, NH4
+-N). Means were separated by Tukey's honest significance test at 

P<0.05. For non-normally distributed data, the Kruskal–Wallis test was used on non-

transformed data to evaluate differences at P<0.05. Linear regression analyses were 

carried out to determine relationships between cumulative gas fluxes and average 

WFPS, soil temperature, DOC, NH4
+-N and NO3

--N. Correlations were performed 

between these variables for the average/cumulative values (n=18) and also for the dates 

when both gas and soil samples were taken (n=22), with a 95 % significance level. 

3. Results

3.1. Substrate mineralization and soil extractable pool 

Mineralization patterns were linear and stabilized 63 days after NIs and NH4Cl 

addition in most treatments (Fig. 5.1). On average, 6.3 and 11.8% of 14C-DCD and 14C–

DMPP, respectively, was mineralized by day 28 after N addition (Table 5.2). One 

month later, the cumulative 14CO2 released was 10.7 and 15.3% for DCD and DMPP, 

respectively. On average for both NIs, the mineralization was highest at 30ºC, and was 

reduced by 39% and 49% at 20oC and 10ºC, respectively (P<0.05). Conversely, the 

mineralization differences between temperatures were lower for DMPP and only 

significant when comparing 30 ºC with 20 ºC and 10 ºC. The mineralization of DMPP 

was not affected by soil type, while more DCD was mineralized in the calcareous soil 

than in the non-calcareous soil. The soil*inhibitor interaction effect on NI 

mineralization for DCD was particularly remarkable at 30 °C. The DMPP was 

97 



 Chapter 5 

mineralized similarly in both soils (Fig. 5.1c, d) at 30 °C. Conversely, a greater 

mineralization of DCD was observed in the E than in the BE soil at this temperature 

(Fig. 5.1a, b). The mineralization of NIs in all treatments followed a first-order kinetics 

model (Table 5.3). Results confirmed that NI half-life decreased with increasing 

temperature, and was greater for DCD than for DMPP across both soil types. The 

sensitivity of mineralization to temperature, evaluated with the Q10 parameter, is shown 

in Table 5.4. DMPP mineralization showed a significantly lower sensitivity to 

temperature than DCD mineralization. Regarding the soil effect, the response of the 

mineralization to temperature was higher in the E than in the BE soil for DCD (with 

similar behaviour in both soils for DMPP). 

Table 5.2 Proportion of 14C-labelled nitrification inhibitors mineralized, recoverable by 0.5 M K2SO4 or 
unrecoverable for two different soils incubated at different temperatures for either 1 or 2 months. 

Factor 
Microbial mineralization 

(%) 
Recovery by K2SO4 extract 

(%) 
Non-recoverable 

(%) 
28 days 63 days 28 days 63 days 28 days 63 days 

Inhibitor *** *** *** *** *** *** 

DCD 6.3 a 10.7 a 67.0 b 58.7 b 26.6 a 31.9 a 

DMPP 11.8 b 15.3 b 21.6 a 17.3 a 66.6 b 67.3 b 

S.E. 0.2 0.4 0.35 1.4 0.36 1.6 

Soil *** *** *** *** *** *** 

BE 7.7 a 10.5 a 39.2 a 31.4 a 53.1 b 58.1 b 

E 10.3 b 15.5 b 49.4 b 44.7 b 40.2 a 41.2 a 

S.E. 0.2 0.4 0.35 1.4 0.43 1.6 

Temperature (°C) *** *** *** NS *** NS 

10 6.0 a 9.4 a 46.3 c 39.4 47.7 b 51.2 b 

20 8.1 b 11.3 b 44.6 b 38.2 47.3 b 50.5 ab 

30 12.9 c 18.4 c 42.1 a 36.5 45.0 a 47.2 a 

S.E. 0.20 0.4 0.43 1.7 0.43 1.4 

Inhibitor by Soil *** *** NS NS *** NS 

DCD- BE 3.9 a 6.2 a 62.0 51.8 34.0 b 42.0 

DCD-E 8.6 b 15.2 b 72.0 65.7 19.2 a 21.9 
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DMPP-BE 11.5 c 14.9 c 16.4 11.0 72.1 d 74.1 

DMPP-E 11.9 d 15.8 c 26.8 23.7 61.2 c 60.5 

S.E. 0.2 0.5 0.49 2.0 0.5 1.6 

Soil by Temperature *** *** *** NS *** NS 

BE-10 5.3 a 7.8 a 43.7 c 31.9 51.0 d 60.3 

BE-20 7.6 c 10.8 b 40.0 b 31.8 52.4 e 57.3 

BE- 30 10.3 e 13.0 c 33.9 a 30.4 55.8 f 56.6 

E-10 6.8 b 11.0 b 48.9 d 47.0 44.4 c 42.0 

E-20 8.7 d 11.7 c 49.1 d 44.6 42.2 b 43.7 

E-30 15.5 f 23.9 d 50.0 d 42.5 34.1 a 37.8 

S.E. 0.3 0.6 0.6 2.5 0.62 2.0 

Inhibitor by Temperature NS *** *** NS NS NS 

DCD-10 3.4 5.5 a 71.1 d 62.8 25.4 a 31.7 

DCD-20 5.0 8.0 b 67.5 c 57.7 27.5 b 34.3 

DCD-30 10.4 18.7 e 62.5 b 55.7 26.9 b 29.8 

DMPP-10 8.7 13.3 c 21.5 a 16.1 69.9 f 70.6 

DMPP-20 11.2 14.6 d 21.7 a 18.7 67.0 e 66.7 

DMPP-30 15.3 18.2 e 21.7 a 17.2 63.0 d 64.6 

S.E. 0.3 0.6 0.6 2.5 0.62 2.0 

Different letters within columns indicate significant differences by applying the Tukey's honest 
significance test at P<0.05. Standard Error (S.E.) is given for each effect (n=3). *, ** and *** denote 
significant at P<0.05, P<0.01 and P< .001, respectively and “NS” denotes not significant. 
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Table 5.3 Half-life of each nitrification inhibitor (DCD and DMPP) in the two soils (E and BE) and at 
three different temperatures (10, 20 and 30 °C). The R2 coefficient and the P value indicate the degree 
and significance of correlation with a first-order kinetic model. Standard Error (S.E.) is given for each 
effect. 

Treatment Half-life (days) R2 P value 
BE 10 DCD 1222 0.87 < 0.001 
BE 20 DCD 786 0.95 < 0.001 
BE 30 DCD 520 0.93 < 0.001 
E 10 DCD 654 0.96 < 0.001 
E 20 DCD 444 0.93 < 0.001 
E 30 DCD 186 0.98 < 0.001 
BE 10 DMPP 360 0.90 < 0.001 
BE 20 DMPP 273 0.82 < 0.001 
BE 30 DMPP 260 0.68 < 0.01 
E 10 DMPP 245 0.96 < 0.001 
E 20 DMPP 288 0.79 < 0.001 
E 30 DMPP 211 0.75 < 0.001 

       S.E. 88 
Inhibitor average 

DCD 635 
DMPP 273 

       S.E.  82 
Soil average 

BE 570 
E 338 

       S.E. 113 
Temperature average 

10 620 
20 448 
30 294 
S.E. 138 
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Table 5.4 Q10 values describing the microbial mineralization of either DCD or DMPP in two different 
soils over two temperature ranges. 

Treatment Temperature range Mean 
10-20°C 20-30°C 

DCD 
BE 1.55 1.51  a 1.53  a 
E 1.47 2.38  b 1.93  b 

DMPP 
BE 1.32  b 1.05  a 1.18 
E 0.85  a 1.37  b 1.11 

Average inhibitor 
DCD 1.73  b 
DMPP 1.15  a 

Average soil 
BE 1.36 
E  1.52 

Fig. 5.1 Mineralization of NIs (DCD or DMPP) expressed as a percentage of the total 14C-substrate added 
to two contrasting soils at the three different temperatures (10, 20 and 30°C). The panels show DCD 
mineralization in (a) BE soil and (b) E soil; and for DMPP in the (c) BE soil and (d) E soil. Vertical bars 
indicate standard errors of the mean (n=3). 

The amount of DCD and DMPP extractable from the soil with concentrated 

K2SO4 decreased over time (Fig. 5.2). The amount of 14C recovered in the K2SO4 
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extracts after 63 days ranged from 11 to 66% of the initial amount applied (Table 5.2). 

The recovery in the extractable pool at both 28 and 63 days was substantially higher for 

14C-DCD than for 14C-DMPP (P<0.001). This pool was also higher in the E soil than in 

the BE soil. In contrast, the 14C recovery in soil extract was not significantly affected by 

temperature at 63 days. A negative correlation between NI mineralization and soil 

extractable K2SO4 pool was seen (P<0.001, n= 6, r=0.63). 

Fig. 5.2 Recovery of 14C-labelled NIs (DCD or DMPP) with K2SO4 expressed as a percentage of the total 
14C-substrate added to two contrasting soils at the three different temperatures (10, 20 and 30°C). The 
panels show DCD mineralization in (a) BE soil and (b) E soil; and for DMPP in the (c) BE soil and (d) E 
soil. Vertical bars indicate standard errors of the mean (n=3). 

The amount of NIs which remained unrecoverable (neither mineralized nor 

extracted by K2SO4) was significantly higher for DMPP than for DCD (Table 5.2), and 

in the BE soil (with lower mineralization and 14C recovery in soil extract) than in the E 

soil. As for the K2SO4 extractable pool, temperature had little influence on the size of 

the non-recoverable 14C pool (e.g. the mean values ranged from 47% to 51% for the 

different temperatures), and it showed less dependence on time than the other pools 

(data not shown). 
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3.2. Net production of mineral N 

Ammonium concentrations for each temperature and NI treatment are shown in 

Fig. 5.3. Both inhibitors resulted in significantly greater NH4
+ concentrations, with 

respect to –NI treatment, particularly from days 6 to 21. These increased NH4
+ 

concentrations were particularly noteworthy (and more long-lasting) at 30 ºC, compared 

with lower temperatures. In the case of DMPP, NH4
+ concentrations were higher than 

that in the corresponding unamended controls (-NI) from the first day after fertilization, 

while no differences between DCD and –NI were observed during the first 6 days after 

NIs-NH4Cl addition. After 28 days, all fertilized treatments reached the base NH4
+ 

levels of the unfertilized control treatment.  

Nitrate concentrations increased from 3 days after NIs+NH4Cl addition, reaching 

maximum values at ca. 20 days and remaining nearly constant until the end of the 

experiment (Fig. 5.3b, d, f). Both inhibitors decreased measured and average NO3
- 

concentrations compared to –NI, and even the non-fertilized C treatment (P<0.05). A 

significant correlation of NO3
- concentrations with mineralization (P<0.01, n=6, r=0.42) 

was obtained. 
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Fig. 5.3 Soil NH4
+ (left) and NO3

- (right) contents at 10 °C (a, b), 20 °C (c, d) and 30 °C (e, f) for DCD, 
DMPP, NH4Cl without nitrification inhibitors (no NI) and control (C). The data shows the average 
concentrations of both soils (see Table 5.1). Vertical bars indicate standard errors of the mean, n=3. 

The effectiveness of the inhibition of the nitrification process (Table 5.5) was 

calculated through the kinetic constant and the half-life of nitrification, as explained in 

section 2.6. In all cases, nitrification significantly correlated with a first-order kinetic 

model (P<0.05), except for the DMPP-BE-10 treatment, which correlated with a zero-

order kinetic model. The lower the kinetic constant is (or the longer the half-life is), the 

more effective the inhibitor is (the inhibition of nitrification in this case). The 

nitrification half-life, which ranged from 8 to 75 days, was lowest at 20 °C, with respect 
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to 10 oC and 30 °C, for both NIs. As for the recovery of the inhibitors in the different 

pools, significant interactions were observed. DMPP was more effective than DCD 

(longer half-life of NH4
+) in BE soil, but the opposite (higher half-life of DCD) was 

observed for soil E. Both inhibitors were more effective in the BE soil, although 

differences were higher for DMPP than for DCD. In addition, Fig. 5.4 represents the 

increase in the half-life of nitrification due to DCD or DMPP, for each soil and 

temperature, with respect to no NI. This figure, which represents the 

inhibitor*soil*temperature interactions, shows that the lowest efficiency was in the E 

soil at 30ºC, for both inhibitors (even there was no effect of DMPP under these 

conditions, with respect to the addition of no fertilizer or inhibitor). Both soils showed a 

different trend with regards to temperature: the lowest efficiency occurred at 20 ºC in 

the BE soil, and at 30 ºC in the E soil.  
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Table 5.5 Half-life of nitrification for each inhibitor (DCD and DMPP), soil (E and BE, see Table 5.1) 
and temperatures (10, 20 and 30 °C). All treatments all conformed well (P<0.05) to a first-order kinetic 
model.  

Factor Half-life (d-1) 
With NIs Without NIs 

Inhibitor *** 
DCD 40.4  b 
DMPP 33.0  a 
S.E. 1.1 

Soil *** * 
BE 48.6  b 6.7  b 
E 24.9  a 4.6  a 
S.E. 1.1 0.9 

Temperature *** NS 
10 45.9  b 5.5 
20 22.9  a 6.6 
30 41.4  b 4.8 
S.E. 1.3 1.2 

Inhibitor * Soil *** 
DCD- BE 43.2  c 
DCD-E 37.7  b 
DMPP-BE 54.0  d 
DMPP-E 12.1  a 
S.E. 3,75 

Soil * Temperature *** * 
BE-10 45.0  d 6.7  ab  
BE-20 26.2  c 8.6  b 
BE- 30 74.5  e 4.7  a 
E-10 46.7  d 4.3  a 
E-20 19.7  b 4.6  a 
E-30 8.4  a 4.8  a 
S.E. 1.9 1.7 

Inhibitor * Temperature *** 
DCD-10 55.7  e 
DCD-20 27.5  b 
DCD-30 38.2  c 
DMPP-10 36.0  c 
DMPP-20 18.4  a 
DMPP-30 44.7  d 
S.E. 1.9 

Different letters within columns indicate significant differences by applying the Tukey's honest 
significance test at P<0.05. Standard Error (S.E.) is given for each effect. *, ** and *** denote significant 
at P<0.05, P<0.01 and P<0.001, respectively. “NS” denote not significant. 
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Fig. 5.4 Increase in half-lives (days) of nitrification for the inhibitors (DCD and DMPP) in the two soils 
(E and BE, see Table 5.1) and for the three temperatures tested (10 °C, 20 °C and 30 °C) with respect to 
no application of nitrification inhibitors. Vertical bars indicate standard errors of the mean (n=3).  

3.3. Sorption 

Sorption isotherms for DCD and DMPP in the two soils are presented in Fig. 

5.5. In the DMPP-E isotherm one outlier (corresponding to 5 mg DMPP l-1, 4.2 mg l-1 in 

equilibrium) was removed after applying Dixon's Q test. The partition coefficients (Kd, 

from 1 to 10 mg L-1 of initial NIs concentration), calculated as the slope of the sorption 

isotherms corresponding to both soils and inhibitors, were 4.11 for E-DCD, 1.43 for 

BE-DCD, 0.49 for E-DMPP and 0.90 for BE-DMPP. This coefficient was higher for 

DCD than for DMPP, regardless of soil type. Conversely, the soil*inhibitor interaction 

meant that in the case of DCD, Kd was greater in the E than in the BE soil, while the 

opposite was observed for DMPP (higher Kd in BE than in E soil). 
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Fig. 5.5 Linear sorption isotherms for 14C-DCD in the (a) BE soil (b) E soil, and for 14C-DMPP in the (c) 
BE soil and (d) E soil. Bi-directional error bars represent the standard errors of the mean for sorption and 
equilibrium solution concentrations, n=3. 

4. Discussion

4.1. Nitrification inhibitor mineralization in soil 

Studying the degradation of these compounds in different soils and at different 

temperatures is an issue of major interest. Under optimal conditions, the NIs should be 

mineralized at a rate that allows the occurrence of the inhibition effect, and then degrade 

relatively quickly to not disturb the soil microbiota, wider soil functioning (Ruser and 

Schulz, 2015), or enter the food chain (Marsden et al., 2015; Pal et al., 2016). 

Controversy surrounds this point, however, since a residual effect could contribute to 

enhanced efficiency of NIs through subsequent cropping campaigns (Alonso-Ayuso et 

al., 2016).  
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In contrast to our initial hypothesis, more DMPP than DCD was mineralized at 

28 and 63 days after N addition (Fig. 5.1, Table 5.2). In fact, the average half-life of 

DCD was 2.3 times higher than that of DMPP (Table 5.3), and was much higher than 

that reported by the studies of Kelliher et al. (2008; 64 days at 20°C) or Barneze et al. 

(2015; 10 days at 15°C). The higher half-life of DCD (compared to that of DMPP) was 

consistent in both soils and for low and medium temperatures, but differences were not 

statistically significant at 30 °C (highest rates of mineralization were observed at this 

temperature, apparently masking the differences between inhibitors). The soil*inhibitor 

interaction indicated that the differences in the mineralization between both NIs were 

lower in the E (with higher mineralization rates, thus possibly masking the differences) 

than in the BE soil. Our findings are not consistent with previous literature, e.g. Weiske 

et al. (2001) (in a brown earth Fluvisol) or Zerulla et al. (2001) (in a loamy sand soil) 

found that DCD decreased in soil more rapidly than DMPP. Our results may be caused 

by the different experimental conditions, since in the field study of Weiske et al. (2001), 

the highly soluble DCD could have been leached within the soil profile (Kim et al., 

2012a), leading to a loss of DCD. However, similar translocation of both inhibitors 

down the soil profile was observed by Marsden et al. (2016). These authors also 

measured the mineralization (0-8 h) of both 14C-labelled NIs, also finding faster 

mineralization of DCD than that of DMPP. They argued that the characteristics of the 

molecule (a heterocyclic compound) cause DMPP to be resistant to microbial attack 

(Chaves et al., 2006). Although the authors of these previous studies hypothesized that 

microbial community degrade DCD faster than DMPP, this was not measured for a 

period longer than 24 hours. Therefore, the reported longer effect of DMPP on the 

abundance of ammonium-oxidizing bacteria (Kou et al., 2015) could be a result of 
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higher amount of DMPP which remained non-measured (neither respired nor K2SO4 

extracted) pool (Table 5.2), instead of lower mineralization rates.  

The effect of temperature on NI mineralization was largely independent of soil 

type and inhibitor: with increasing temperatures, a higher percentage of NIs was 

respired. The previous studies of Rajbanshi et al. (1992) or Kelliher et al. (2008) found 

that the degradation of DCD increased with temperature, supporting our findings. The 

Q10 values revealed that the mineralization of DMPP was much less influenced by 

temperature than that of DCD. In this sense, Menéndez et al. (2012) found that the 

persistence of DMPP in soil did not depend on temperature. Kelliher et al. (2008) 

quantified the relationship between temperature and DCD degradation. They observed 

that at higher temperatures (e.g. 25 °C), a 1 °C increment caused a disproportional 

decrease in DCD half-life with respect to the same increase at lower temperatures (e.g. 5 

°C). Accordingly, in our experiment, the largest differences occurred between 20 ºC and 

30 ºC, rather than between 10 ºC and 20 ºC (Table 5.4). 

4.2. Recovery of 14C-labelled nitrification inhibitors in soil extracts 

The amount of 14C-NIs extracted by K2SO4 was barely influenced by 

temperature, particularly in the case of DMPP (Table 5.2), in agreement with Menéndez 

et al. (2012). The soil extractable pool was significantly larger for DCD than for DMPP, 

indicating a higher potential of DCD to move within the soil solution and therefore, to 

be translocated or leached down the soil profile (Kim et al., 2012a). Conversely, 

Marsden et al. (2016) did not find significant differences between the mobility of DCD 

and that of DMPP, also showing that the solubility of DMPP was higher than that of 

DCD. With regards to the soil type effect, greater amounts of 14C were recovered in the 

soil extracts in the calcareous soil E than in the non-calcareous soil, regardless of 
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temperature or type of inhibitor. This suggests there is a higher potential for microbial 

immobilization in the non-calcareous soil (Marsden et al., 2016), which is consistent 

with its higher microbial biomass.  

4.3. Sorption of nitrification inhibitors 

Supporting our hypothesis, the sorption isotherms and Kd values revealed that 

more DCD was sorbed to the soil matrix than DMPP, regardless of soil type. The higher 

sorption of DCD was consistent with the significantly higher recovery of this inhibitor 

in the soil K2SO4 extractable pool. There is not a clear explanation for these results, 

since DMPP is positively charged, so a higher sorption of this compound would have 

been expected (as opposed to DCD), particularly at basic pH conditions (which cause 

amphipathic DCD to be negatively charged). Conversely, these results confirmed those 

of the previous laboratory experiment carried out by Marsden et al. (2016) in 

contrasting mineral and organic soils. As found by Zhang et al. (2004), higher sorption 

of DCD was found in the soil with higher pH. These authors suggested that at a more 

alkaline soil pH, negatively charged DCD becomes sorbed to metal oxides. However, 

the sorption of DMPP was higher in the BE, possibly indicating the key role of 

negatively charged domains within organic matter in adsorption processes (Marsden et 

al., 2016). Sorption has been associated to i) lower effectiveness in the short term, due 

to the protection of NIs from nitrifying microorganisms; and ii) an extension of 

inhibitory effect due to the protection from microbial degradation (Barth et al., 2001).  

4.4. Non-recoverable nitrification inhibitor pool in soil 

On average, the amount of NIs in the non-recoverable 14C pool was much lower 

for DCD (average 32%) than for DMPP (average 63%, being the main pool for this 

inhibitor). This pool could be associated with, i) microbial uptake, as suggested by 
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Marsden et al. (2016); or ii) strong quasi-irreversible binding of NIs into the clays or 

organic matter matrix, preventing recovery with K2SO4. The hypothesis of microbial 

assimilation is consistent with the higher amount of NIs in the non-measured 14C pool 

which was obtained in the BE soil, with higher C and N microbial biomass (Table 5.1). 

If the non-measured 14C pool is associated with microbial immobilization, our results 

show that DMPP was more likely to be taken up by microbes than DCD. Contrastingly, 

Marsden et al. (2016) observed a similar microbial uptake for both DCD and DMPP. As 

opposed to DCD, the greatest proportion of DMPP remained non-measured (Table 5.2), 

so further research is needed to determine the fate of DMPP which is not mineralized or 

extracted by K2SO4. 

4.5. Interactions between nitrification inhibitor type and soil 

Our results showed that the effectiveness of DCD and DMPP in delaying 

nitrification activity differed between both inhibitors, and was highly influenced by soil 

type and temperature. Contrary to our initial hypothesis, the mineralization did not seem 

to have a major influence on the inhibitors efficacy, as shown by the average half-life of 

inhibitors (454 days; Table 5.3), which was much higher than that of the substrate of 

nitrification (NH4
+; 36.7 days; Table 5.5).  The trends in soil mineral N over time, 

revealed that when most of NH4
+ was depleted (approximately one month after N 

addition), and therefore oxidized to NO3
-, the mineralization of NIs was below 20% in 

all treatments (Table 5.2). Moreover, differences in the mineralization rates at 63 days 

between each NI-soil-temperature combination did not surpass 15% (in absolute 

values). In addition, no significant correlation between soil mineralization and 

inhibition efficiency (measured as the half-life of the NO3
- evolution) was found.  

The efficiency of DCD and DMPP was mainly driven by the interaction with 

soil properties, i.e. DMPP was more effective than DCD in the BE soil (Fig. 5.4, Table 
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5.5) while DCD was more effective than DMPP in the E soil. These differences may be 

explained by the effect of the contrasting physico-chemical properties in both soils, e.g. 

soil pH (Table 5.1). Most comparative studies between both inhibitors have found that 

DMPP was more effective than DCD in the inhibition of NH4
+ oxidation. Excluding the 

experiment of Kou et al. (2015), in which different NI application rates as those used in 

this study were applied, almost all previous studies (e.g. Weiske et al., 2001; Chaves et 

al., 2006; Fangueiro et al., 2009; Di and Cameron, 2011) were performed under acidic 

soil conditions, as those of the BE soil. The reported higher efficacy of DMPP than that 

of DCD in this soil was, therefore, in agreement with these previous findings. Even 

though there are fewer studies on the effectiveness of DMPP compared to DCD in the 

UK (Misselbrook et al., 2014), our results suggest the potential of DMPP to achieve 

higher nitrification inhibition rates than DCD in grasslands soils (acid pH and relatively 

low CEC) as the BE (Fig. 5.4). 

Regardless of the type of NI, the acid soil with the lowest CEC and clay content 

(BE) was associated with significantly higher efficacies of DCD and DMPP (Fig. 5.4, 

Table 5.5). In the case of DCD, the soil factors affecting its efficacy have received much 

research attention. The recent experiment of McGeough et al. (2016) pointed out that 

the effectiveness of this inhibitor was negatively correlated with organic matter content 

(which was higher in the BE soil). Conversely, the clay content and CEC (which were 

higher in the E soil) were also pointed out as factors which decrease DCD inhibition 

efficacy. With regards to DMPP, its efficiency decreased markedly in the E soil, in 

comparison to that in the BE soil. Soil texture (particularly clay content) has also been 

suggested as a relevant factor driving the effectiveness of this NI (Wu et al., 2007; Barth 

et al., 2008). As indicated above, the higher clay content and CEC in the E soil could be 

related to a greater number of binding sites for the positively charged DMPP, 
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potentially reducing the amount of DMPP available for the inhibition of nitrification 

(Shi et al., 2016). Although this hypothesis is consistent with our results, the DMPP 

sorption coefficient (Kd) was even lower in the E than in the BE soil. The efficacy of 

NIs could be also dependent on the type of clays mineralogy and the structure of the 

organic matter (Zhang et al., 2004; McGeough et al., 2016; Shi et al., 2016). In any 

case, further research is required to elucidate accurately the drivers of DMPP efficacy, 

which showed, with respect to DCD, higher dependence on soil properties.  

4.6. Effect of temperature on nitrification inhibition efficacy 

The effectiveness of NIs was also influenced by temperature (Table 5.5), with a 

different pattern in each soil. In the E soil, the efficacy of both DCD and DMPP 

decreased in the order 10 ºC > 20 ºC > 30 ºC (Fig. 5.4). These results are consistent with 

those of Ali et al. (2008) and Mahmood et al. (2011), where it was observed that DCD 

was ineffective in calcareous soils (like E) at high temperatures. This effect could be a 

result of Ca content or alkaline soil pH. Whilst both properties significantly influenced 

the effect of DCD on N2O emissions, there was no significant effect on the % of 

inhibition of net NO3
- production (McGeough et al., 2016). The lower persistence and 

stability of NIs at higher soil temperatures has been proposed as the most likely 

hypothesis to explain this temperature effect (Zerulla et al., 2001; Gilsanz et al., 2016). 

As indicated above, in spite of the mean amount of NIs which was degraded in the E 

soil at 30 ºC was twice that at 20 ºC and 10ºC (Table 5.2), the contrasting kinetics of 

nitrification and mineralization revealed that both processes were not closely linked, and 

mineralization may only explain partially the differences in inhibition efficacy.  

In the BE soil, the efficacy was highest at 30 ºC and lowest at 20 ºC, showing 

intermediate values at 10 ºC. Again, this tendency was observed for both inhibitors. The 
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evolution of NH4
+ content (Fig. 5.3a, c, e) revealed that some increments in the 

concentration of the NH4
+ occurred, particularly at 30 °C and in the higher organic 

matter content BE soil, suggesting that mineralization process was also active during the 

incubation period. Higher mineralization and nitrification activities at the highest 

temperature (30 ºC) (Focht and Verstraete, 1977) could have enhanced the effect of NIs 

in comparison to the no NI treatment. Although differences in the half-lives of 

nitrification in the no NI treatment were low between the different temperatures in the 

BE soil (Table 5.5), the values suggest that this process was favoured at 30 ºC in this 

soil. Our results also suggest a possible “soil adaptation effect” of soil nitrifying 

microbiota, not only to each specific physico-chemical property, but also to inherent 

soil temperatures, thus influencing the effectiveness of inhibitors. 

5. Conclusions

Contrary to previous findings, higher mineralization of DMPP was observed, in 

comparison to that of DCD, although the kinetic of mineralization of these nitrification 

inhibitors was not necessarily linked with their overall effectiveness. The effectiveness 

of both NIs was higher in the more acidic BE soil (pH 6.0). The nitrification inhibition 

efficacy of DMPP was highly dependent on soil type (in comparison to that of DCD), 

decreasing in the alkaline low-organic C content soil (pH 7.6). Comparing the 

behaviour of both NIs, higher amounts of 14C-DCD was sorbed to the soil matrix and 

recovered in the soil extract, while the amount of NIs in the non-measured (neither 

mineralized nor K2SO4 extracted) pool was much lower for DCD than for DMPP. 

Temperature was also a key factor influencing NIs efficacy (which was at a minimum at 

20 ºC and 30 ºC in the acidic BE and calcareous E soils, respectively) and 

mineralization (which increased with temperature). The cost-effective use of NIs 

requires the evaluation of the interactions between the type of NI, soil properties and 
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regional temperature fluctuations. This laboratory experiment may be a starting point to 

analyse the drivers of the efficacy of DMPP and DCD, and may contribute to the 

understanding of the behaviour of both NIs in the soil in the short-term, as well as the 

possible effects in the medium/long term, which should be confirmed and explored 

under field conditions. 
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1. Introduction

Finding strategies to maximize nitrogen (N) use efficiency (NUE) and reduce N 

losses is a major goal for sustainable crop production (Sutton et al., 2013). These N 

losses involve water-soluble forms (e.g. nitrate, NO3
-) and gaseous emissions (e.g. 

ammonia, NH3, nitric oxide, NO, nitrous oxide, N2O). Nitrous oxide is a persistent and 

harmful greenhouse gas (GHG) whose global warming potential is 265 times that of 

carbon dioxide (CO2) (IPCC, 2014). One strategy is the use of nitrification inhibitors, 

which delay the oxidation of ammonium (NH4
+) to NO3

-, thus increasing the 

opportunity for plant N uptake and reducing leaching of NO3
- and emissions of N 

oxides (Quemada et al., 2013; Qiao et al., 2015), which are derived directly or indirectly 

from the nitrification process. Therefore, the use of nitrification inhibitors appears to be 

a good strategy to achieve an optimal balance between farm and environmental costs 

(Abalos et al., 2014b; Thapa et al., 2016; Yang et al., 2016). 

The efficiency of nitrification inhibitors reducing N2O losses has been 

demonstrated under several pedo-climatic and management conditions (Feng et al., 

2016; Gilsanz et al., 2016). Most previous studies have focused on dicyandiamide 

(DCD) or 3,4-dimethylpyrazole phosphate (DMPP). Conversely, little is known about 

the new inhibitor 2-(3,4-dimethyl-1H-pyrazol-1-yl) succinic acid isomeric mixture 

(DMPSA). This novel nitrification inhibitor differs from DMPP in the presence of the 

succinic group instead of phosphate. The combination with succinic acid results in (i) 

less volatilization of DMP; (ii) a smoother and prolonged availability of DMP in the 

soil; (iii) combination with any mineral fertilizer (e.g. urea, calcium ammonium nitrate, 

diammonium phosphate) and (iv) the same inhibitory effect as established nitrification 

inhibitor for a lower concentration (CA 2933591 A1 2015/06/18 Patent; Pacholski et al., 

2016). 
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Previous meta-analysis studies provided an average inhibition efficacy (ranging 

from 30 to 42%), but it has been demonstrated that the effectiveness of nitrification 

inhibitors in abating N2O emissions is highly dependent on soil type and weather 

(Mahmood et al., 2011; Misselbrook et al., 2014; Abalos et al., 2017). Environmental 

conditions affect the relative influence of the distinct biochemical processes which 

cause the release of N2O. Therefore, it is important to accurately determine the 

dominant processes leading to N oxide emissions in each specific cropping area, in 

order to i) understand the mechanisms which drive nitrification inhibitors efficiency; 

and ii) find if other alternative strategies (e.g. changing N source) can be implemented 

with similar mitigation performance and lower monetary costs than nitrification 

inhibitors (Migliorati et al., 2014b; Harty et al., 2016). In this sense, the use of stable 

isotope 15N techniques emerged as an accurate and useful tool to discriminate between 

different possible N2O sources (Stevens et al., 1997). When using the two single-

labelled ammonium nitrate (NH4NO3) forms (i.e. 15NH4NO3 and NH4
15NO3) it is 

possible to quantify the importance of the processes derived from 15NH4
+ i.e. 

nitrification, nitrifier denitrification or coupled nitrification-denitrification; and 15NO3
- 

i.e. denitrification or dissimilatory NO3
- reduction to NH4

+ (DNRA, Wrage et al., 2001; 

Medinets et al., 2015).  

Besides, the use of single 15N labelled fertilizers in nitrification inhibitors 

experiments provides an opportunity to detect reliably if nitrification inhibitors have a 

short-term effect on non-target microorganisms (Florio et al., 2016), particularly on 

denitrifying community (thus affecting N oxides losses from denitrification). So far, 

little information has been published with regards to the effect of nitrification inhibitors 

on denitrifiers, but the recent study of Kou et al. (2015) reported a decline in the copy 

numbers of the genes encoding the nitrite reductase (which catalyzes the reduction of 
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nitrite to gaseous nitric oxide), i.e. NirS and NirK, in the presence of a pyrazole-based 

inhibitor (DMPP).  

In this context, a field experiment was carried out aiming to measure the effect 

of the new inhibitor DMPSA on N2O losses in an irrigated crop. Concurrently, methane 

(CH4) and soil respiration were measured to detect if changes on soil mineral N due to 

the application of DMPSA could affect CH4 uptake capacity (Aronson and Helliker, 

2010) and non-target microorganisms (not only those involved in the N cycle), 

respectively. Single-labelled 15NH4NO3 and NH4
15NO3 were applied in parallel 

microplots to study the main biochemical processes involved in the emission of N2O, 

aiming to discover the most effective mitigation strategies. We hypothesized that 

DMPSA would be efficient in the abatement of N2O emissions in a C-poor soil, in 

which processes derived from NH4
+ oxidation would be confirmed as the main N2O 

contributors, even under irrigated conditions. 

2. Materials and methods

2.1 Site description 

The study was carried out at “El Encín” field station in Madrid (latitude 40° 

32′N, longitude 3° 17′W). The soil was a Calcic Haploxerept (Soil Survey Staff, 1992) 

with a sandy 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 as follows: total organic C, 8.1 ± 0.3 g kg−1; pHH2O, 7.6; 

bulk density, 1.1 ± 0.1 g cm−3; and CaCO3, 13.2 ± 0.4 g kg−1. At the beginning of the 

experimental period, the NH4
+ content was 1.0 ± 0.7 mg NH4

+–N kg soil−1 and the NO3
− 

content was 9.6 ± 1.1 mg NO3
−–N kg soil−1. The site has a semiarid Mediterranean 

climate with a dry and hot summer period, and the mean annual temperature and rainfall 
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(over the last 10 years) in this area is 13.2 °C and 460 mm, respectively. The soil 

temperature was monitored using a temperature probe (SKTS 200, Skye Instruments 

Ltd., Llandrindod Wells, UK) inserted 10 cm into the soil. 

2.2 Experimental design and management 

The experiment was conducted from April to October 2015 in a maize crop. A 

total of 12 microplots (1 m × 1 m) were selected and arranged in a complete randomized 

design with three replicates. Each microplot received labelled 15NH4NO3 or NH4
15NO3 

(98 atom % 15N, Campro Scientific GmbH, Berlin, Germany) and unlabelled NH4NO3, 

with and without the nitrification inhibitor 2-(3,4-dimethyl-1H-pyrazol-1-yl) succinic 

acid isomeric mixture (DMPSA), provided by EuroChem Agro. Those treatments were 

applied as a top-dressing (on 24th June) at a rate of 180 kg total N ha-1 (half as 

15NH4NO3 or NH4
15NO3 and the other half as NH4NO3). A solution of 2 L (24.5 atom % 

15N) of each treatment was prepared and homogenously applied over the soil surface of 

the microplots with a hand sprayer. The proportion of DMPSA in the fertilizer was that 

recommended by the manufacturer, i.e. 0.8% of the NH4
+-N applied. The treatments 

applied, their designation and application rate are summarized in Table 6.1. 

Additionally, a control treatment with no N fertilization (C) was included to compare 

GHG emissions. Those microplots were installed in the middle of larger plots (covering 

an area of 45 m2 each) that were fertilized with unlabeled commercial fertilizers 

(calcium ammonium nitrate with and without DMPSA and no N fertilization), following 

the same rate as that applied in its appropriate microplot. Each microplot was 

surrounded by an outside squared boundary (1 m x 1 m) and a row of six maize plants 

was in the middle. 
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Table 6.1 Treatments applied in 15N microplots (N rates correspond to the labelled and unlabelled AN 
applied). 

 A cultivator pass was performed before sowing (13th April 2015). Maize (Zea 

mays L. FAO class 600) was sown on 17th April 2015 with a plant density of 7.50 plants 

m-2. A basal fertilization was applied on 14th April 2015, by hand at the rate of 50 kg P 

ha−1 and 150 kg K ha−1 as Ca(H2PO4)2 and K2SO4, respectively, in all plots. Irrigation 

was carried out using a 12 m × 12 m sprinkler irrigation system at a height of 2.5 m. A 

total amount of 705 mm of water was applied from late May to early September in 31 

irrigation events. The field was kept free of weeds, pests and diseases, following local 

practices (e.g. herbicides, pesticides, etc.). The maize was harvested on 28th October 

2015. 

2.3 GHG sampling and analyses 

Fluxes of N2O, CH4 and CO2 were measured during the maize cropping cycle 

using opaque manual circular static chambers as described in detail by Sanz-Cobena et 

al. (2014b). The chambers (diameter 35.6 cm, height 11 cm) were hermetically closed 

for 1 hour, by fitting them into stainless steel rings, which were inserted at the 

beginning of the study into the soil to a depth of 10 cm to minimize the lateral diffusion 

of gases and avoid the soil disturbance associated with the insertion of the chambers in 

the soil. The rings were only removed during management events. One chamber was 

located in each microplot. 

Treatment applied Designation N rate 
(kg N ha-1) 

15NH4NO3 + NH4NO3 15AN 90 + 90 
NH4

15NO3 + NH4NO3 A15N 90 + 90 
15NH4NO3 + NH4NO3 + DMPSA 15AN+DMPSA 90 + 90 + 0 
NH4

15NO3 + NH4NO3 + DMPSA A15N+DMPSA 90 + 90 + 0 
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Gas samples were taken 6 times per week during the first week after 

fertilization. During the second week after fertilization, GHGs were sampled three 

times. The gas sampling frequency was then gradually decreased until the end of the 

experiment, but samples were taken after all irrigation or rainfall events and at the same 

time of day (10–12 am) in order to minimize any effects of diurnal variations in the 

emissions (Reeves and Wang, 2015). Gas samples were taken in 20 ml vials at 0, 30 and 

60 min to test the linearity of gas accumulation in each chamber. Measurements of N2O, 

CO2 and CH4 concentrations in the vials were made to estimate the emissions. The 

increases in N2O, CH4 and CO2 concentrations within the chamber headspace were 

generally linear (> 90% of cases, particularly when the highest fluxes or emission peaks 

were reported, R2> 0.90) during the sampling period (1h). In the case of nonlinear 

fluxes, linear regressions were performed, since it has been described as the 

recommended option for three sampling points (Venterea et al., 2012). 

The concentrations of N2O, CO2 and CH4 were quantified by gas 

chromatography, using a HP-6890 gas chromatograph (GC) equipped with a headspace 

autoanalyzer (HT3), both from Agilent Technologies (Barcelona, Spain). HP Plot-Q 

capillary columns transported the gas samples to a 63Ni electron-capture detector (ECD) 

to analyze the N2O concentrations and to a flame-ionization detector (FID) fitted with a 

methanizer to analyze the CH4 and CO2 concentrations. Cumulative gas emissions 

during the experimental period were calculated as described by Menéndez et al. (2006), 

by multiplying the average flux of two successive determinations by the length of the 

period between sampling and adding that amount to the previous cumulative total. 
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2.4 15N isotope analysis and calculations 

Three 12 ml vials (Exetainers, Labco, Lampeter, UK) containing gas from the 

headspace at 60 min per microplot and per sampling date were collected during the 2 

weeks following N addition. One of these replicated vials was used to measure N2O flux 

as explained in section 2.3. The other two vials corresponding to 3, 4, 6, 8, 10 and 13 

days after fertilization (during the N2O emission peaks) were sent to Rothamsted 

Research North Wyke to measure the 15N enrichment of N2O and N2, by using a TG2 

trace gas analyzer interfaced to a 20-22 isotope ratio mass spectrometer (both from 

SerCon Ltd., Crewe, UK). For the N2O analysis, solutions of 6 and 30 atom% 

ammonium sulphate ((NH4)2SO4) were prepared and used to generate 6 and 30 atom% 

N2O (Laughlin et al., 1997) and used as reference and quality control standards. During 

the experiment, the mean natural abundance of atmospheric N2O (0.3663 atom% 15N) 

was subtracted from the 15N enrichment of the samples to calculate the atom percent 

excess (ape). To obtain the N2O flux that was derived from fertilizer (N2O −Ndff), the 

following equation was used (Senbayram et al., 2009): 

N2O −Ndff = 𝑁𝑁2𝑂𝑂 − 𝑁𝑁 ×  �𝑁𝑁2𝑂𝑂_𝑎𝑎𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝑎𝑎𝑎𝑎𝑎𝑎𝑓𝑓𝑠𝑠𝑓𝑓𝑓𝑓𝑓𝑓𝑠𝑠𝑓𝑓𝑓𝑓𝑠𝑠𝑓𝑓
�           (1) 

in which ‘𝑁𝑁2𝑂𝑂 − 𝑁𝑁’ is the N2O emission from soil expressed as mg m-2 d-1, 

‘N2O _ apesample’ is the 15N atom% excess of emitted N2O, and ‘apefertilizer’ is the 15N 

atom% excess of the applied fertilizer (Senbayram et al., 2009). To obtain the N2O flux 

that was derived from soil (N2O −Ndfs), the following equation was used: 

N2O −Ndfs = 100 – (N2O −Ndf15AN) – (N2O −NdfA15N)          (2) 

In the above equation, ‘N2O−Ndf15AN and N2O−NdfA15N’ is the N2O flux that was 

derived from fertilizer 15AN or A15N, respectively. 
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2.5 Soil analyses 

To relate gas emissions to soil properties, soil samples were collected from two 

depths (0-2 cm and 2-10 cm) during the experimental period on almost all gas-sampling 

days. One soil core was randomly sampled close to the ring in each microplot and then 

mixed and homogenized in the laboratory. The soil NH4
+-N and NO3

–-N concentrations 

were analyzed using 8 g of soil extracted with 50 mL of KCl (1 M) and measured by 

automated colorimetric determination using a flow injection analyzer (FIAS 400 Perkin 

Elmer) with a UV-V spectrophotometer detector. Soil dissolved organic C (DOC) was 

determined by extracting 8 g of homogeneously mixed soil with 50 mL of deionized 

water. Afterwards, DOC content was analyzed using a total organic C analyser (multi 

N/C 3100 Analityk Jena) with an IR detector. Water-filled pore space (WFPS) was 

calculated by dividing the volumetric water content by the total soil porosity, assuming 

a particle density of 2.65 g cm-3. The gravimetric water content was determined by 

oven-drying soil samples at 105 °C with a MA30 Sartorius® moisture analyzer.  

2.6 Statistical methods 

Data analysis was performed using Statgraphics Plus v. 5.1. Analyses of 

variance (one-way ANOVA for 15N in plant and soil, two-way ANOVA for 15N2O and 

15N2) were performed for all variables throughout the experiment. Data distribution 

normality and variance uniformity were previously assessed by the Shapiro-Wilk test 

and Levene´s statistic, respectively, and log-transformed before analysis when 

necessary. The means were separated by the LSD test at P<0.05. For non-normally 

distributed data, the Kruskal–Wallis test was used on non-transformed data to evaluate 

the differences at P<0.05. 
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3. Results

3.1 Environmental conditions, soil mineral N and DOC 

The mean soil temperature (at 10 cm depth) during the maize cropping period 

was 20.5°C, a typical value in the experimental area. During the whole maize cycle (6 

months), soil WFPS ranged from 18 to 76% (data not shown), while values from one 

day before N fertilization to 36 days after N fertilization (during the N2O peaks, see 

section 3.2) ranged from 35 to 63% (Fig. 6.1). 

Fig. 6.1 Soil water-filled pore space (WFPS) and soil temperature at 10 cm depth during the first 36 days 
after N fertilization (during the N2O peak, see Fig. 6.3). Vertical bars indicate standard errors. 

Soil NH4
+ contents increased after N addition, decreasing thereafter to values 

below 10 mg N kg soil-1 from 7 (at 2-10 cm depth) or 23 (at 0-2 cm depth) days after 

fertilization to the end of the experimental period. During the first two months after N 

fertilization (Fig. 6.2), the nitrification inhibitor DMPSA significantly increased the 

average NH4
+ content in both 0-2 cm and 2-10 cm layers (by 48% and 60%, 

respectively). The NO3
- contents, were significantly reduced in the AN+DMPSA 

treatment compared to AN. That was also observed in the 0-2 cm (43% reduction) and 
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2-10 cm layers (42% reduction). The NH4
+ and NO3

- contents in the upper layer 

exceeded those of the 2-10 cm layer by an average factor of 3.3 and 2.0, respectively. 

During the maize cropping period, DOC contents of the topsoil (0.10 cm) ranged from 

76 to 123 mg C kg dry soil-1, and no significant differences were found between 

treatments.  

Fig. 6.2 Average NH4
+ -N (a) and NO3

- -N (b) concentrations in the 0-2 cm and 2-10 cm soil layers 
during the first two months after application of ammonium nitrate (AN) with and without the inhibitor 
DMPSA. Different letters within columns indicate significant differences within each period of the year, 
by applying the LSD test at P<0.05. Vertical bars indicate standard errors. 

3.2 GHG emissions 

During the maize cropping period, N2O emissions ranged from 0.0 to 4.2 mg N 

m-2 d-1 (Fig. 6.3). Before N fertilization, and from one month after N addition to the end 
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of the experimental period, fluxes were < 0.1 mg N m-2 d-1; therefore, only the days 

during the peak N2O emission have been represented in Fig. 6.3 in order to improve its 

visualization. Fluxes increased 3 days after N addition, and the greatest N2O peak 

occurred 6 days after fertilization. The nitrification inhibitor DMPSA significantly 

decreased (by 49%) cumulative N2O fluxes at the end of the experimental period: these 

were 231 and 118 g N ha-1 for AN and AN+DMPSA, respectively. Fluxes from the 

AN+DMPSA treatment did not differ significantly to those from the C treatment.  

Fig. 6.3 Daily N2O fluxes during the first 36 days after N fertilization for the different treatments: 
ammonium nitrate (AN), ammonium nitrate + DMPSA (AN+DMPSA) and control (C). Vertical bars 
indicate standard errors. 

Negative CH4 fluxes were generally observed throughout the maize cropping 

season. Since no significant differences were observed between treatments for 

cumulative CH4 oxidation (data not shown), the nitrification inhibitor also resulted in a 

significant mitigation of CO2 equivalent emissions (52% reduction), taking into account 

the global warming potential of N2O (265 times that of CO2) and CH4 (28 times that of 

CO2) over 100 years (IPCC, 2014). Respiration rates ranged from 0.5 to 4.2 g C ha-1. 

Maximum fluxes were observed 6 days after N fertilization, as for N2O emissions. 

Consequently, a significant and high correlation between both fluxes (P<0.001, n=20; 
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r=0.90) was obtained throughout cropping season. As for N2O emissions, cumulative 

respiration fluxes were significantly lower in AN+DMPSA (1.2 Mg C ha-1) than in AN 

(1.6 Mg C ha-1).  

3.3 Contribution of different sources to N2O emissions 

The amount of N2O coming from exogenous NH4
+, exogenous NO3

- and 

endogenous soil N during the week in which the peak occurred is shown in Fig. 6.4. In 

the the AN treatment, the 15N2O analysis revealed that 6 days after fertilization (when 

the highest N2O increment was noticed, see Fig. 6.4a) the percentages of N2O losses 

coming from 15AN, A15N and soil N were 90, 10 and 0%, respectively. On day 3 after N 

fertilization (when a smaller peak occurred), those relative contributions were 41, 12 

and 46% for 15AN, A15N and soil, respectively. Therefore, the relative contribution of 

exogenous NH4
+ to N2O losses was significantly higher than that of exogenous NO3

-, 

during the days when 15N2O was analysed. 

In the case of the AN+DMPSA, endogenous soil N was the main source of N2O 

losses even during the days of highest N2O emissions (Fig. 6.4b), and its relative 

contribution ranged from 70 to 80% of N2O during the first two weeks after N 

fertilization. No significant differences between the amount coming from exogenous 

NH4
+ and exogenous NO3

- were observed in this treatment.  Comparing both fertilized 

treatments (AN and AN+DMPSA), the use of DMPSA decreased N2O losses from 

NH4
+ (P<0.05), and emissions from exogenous NO3

- were also significantly decreased 

in the DMPSA-based treatment. Furthermore, the nitrification inhibitor also tended to 

lower the emissions coming from endogenous soil N, but differences were not 

statistically significant 
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Fig. 6.4 Amount of N2O coming from 15AN, A15N and soil N in (a) ammonium nitrate (AN) and (b) 
AN+DMPSA.  

4. Discussion

4.1 Effect of DMPSA and N substrate on gaseous N fluxes 

The nitrification inhibitor DMPSA showed high effectiveness in reducing N2O 

losses (49% abatement). Even though other nitrification inhibitors such as DCD, DMPP 

or nitrapyrin have been broadly evaluated and showed positive effect (Akiyama et al., 

2010), information of the performance of this new inhibitor is scarce. Our results 

revealed even higher mitigation efficiency of DMPSA than that reported by Gilsanz et 

al. (2016) for DCD (average 42%) and DMPP (average 40%) in a meta-analysis from 

39 recent studies. This result could be due to i) higher efficacy of inhibitors under 
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management conditions which lead to high N2O losses (e.g. irrigated crops in semi-arid 

areas, with continuous drying-rewetting cycles) (Abalos et al., 2014b; Guardia et al., 

2017a); ii) notable effect of nitrification inhibitors on sandy-clay loam soils, with an 

average of 50.0% ± 12.4 mitigation (Gilsanz et al., 2016); and iii) the chemical 

properties of DMPSA (succinic group), as explained in Section 1 (Introduction). The 

study of Huérfano et al. (2016) evaluated the use of DMPSA with ammonium sulphate 

in a rainfed wheat crop under Mediterranean humid conditions, finding that this 

inhibitor reduced N2O losses (by 11-56%). Our results suggest that the use of DMPSA 

could be a promising mitigation option under humid or irrigated conditions, which 

normally lead to higher N2O emission factors in semi-arid areas (Cayuela et al., 2017).  

As expected, the 15N2O analysis revealed that the application of DMPSA 

significantly decreased the amount of N2O emissions coming from 15NH4NO3 (Fig. 6.4). 

Therefore, the inhibitor was an effective technique to reduce N2O emissions arising 

from direct NH4
+ oxidation. These processes could have been: i) nitrification 

(predominant under aerobic conditions and low C-content soils) (Firestone and 

Davidson, 1989); ii) coupled nitrification-denitrification, which can occur if favorable 

conditions for both processes occur in soil neighboring microhabitats, e.g. varying soil 

moisture conditions (irrigated areas with drying-rewetting cycles) (Guardia et al., 

2017b); or iii) nitrifier denitrification, which could be relevant under soil organic C 

concentrations and moisture conditions which are sub-optimal for denitrification (Kool 

et al., 2011). Even though we could not discriminate between all these potential 

processes, all of them involve the oxidation of NH4
+ to hydroxylamine (first step of 

nitrification), so the inhibition of the ammonium monooxygenase is expected to 

mitigate the emissions coming from all of these biochemical processes (i.e. from 

exogenous 15NH4
+), as we actually observed (Fig. 6.4). The effectiveness on the 
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inhibition of NH4
+ oxidation was also supported by average soil mineral contents, since 

the DMPSA increased NH4
+ and consequently decreased NO3

- concentrations 

(numerically or statistically, depending on soil depth, Fig. 6.2).  

An interesting result was that in spite of the fact that N2O losses from A15N were 

low, these were also significantly reduced in the AN+DMPSA treatment, compared to 

AN. Our results suggest that in addition to the indirect effect of nitrification inhibitors 

on denitrification (due to the delay in the nitrification and the reduced availability of the 

substrate for denitrification) (Ruser and Schulz, 2015), these compounds could also 

have a direct effect on denitrifiers. Previous studies based on incubation methods (e.g. 

Bremner and Yeomans, 1986; Vallejo et al., 2001; Hatch et al., 2005) did not find any 

effect of nitrification inhibitors (nitrapyrin, DCD, isobutylenediurea or DMPP) on direct 

losses from denitrification. In contrast, our approach involves the use of stable isotopes 

(15N) at field conditions, representing a more accurate and representative way to identify 

the effect of nitrification inhibitors on the N2O release from the heterotrophic reduction 

of NO3
-. Dong et al. (2013) or Kou et al. (2015) found that DMPP reduced the copy 

numbers of genes encoding the enzymes that catalyse the reduction of soluble nitrite 

(NO2
−) to gaseous nitric oxide (NO): NirK and/or NirS. However, a NH4

+-N based 

fertilizer (urea) was employed in these experiments, so these authors attributed their 

results to a restricted denitrification due to the lower NO3
- availability.  

Previous findings could help to explain this effect of DMPSA on denitrifying 

microorganisms. For instance, Maienza et al. (2014) found that DMPP caused a 

depletion of fungal growth. Since fungal denitrifier communities generally lack the gene 

encoding N2O reductase, they are associated with an increment of the N2O/N2 ratio 

(Mothapo et al., 2015). Consequently, a negative effect of pyrazole-based compounds 

on fungal community could be associated to a reduction of N2O losses coming from 
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denitrification. In addition, if pyrazole compounds act as metal chelators (Ruser and 

Schulz, 2015), we hypothesized that the nitrification inhibitors could have affected the 

reduction of NO2
− to NO, since this step can be catalyzed by two different nitrite 

reductases: NirS (which contains a cytochrome cd1 active site) and NirK (a multi-Cu 

oxidase metalloprotein family) (Jones et al., 2008; Glass and Orphan, 2012). Moreover, 

Garbeva et al. (2007) reported that ammonium oxidizing bacteria contain the nirK gene, 

so the effect of DMPP on this community of nitrifiers (Ruser and Schulz, 2015) could 

decrease the abundance of nirK copy numbers. Further research involving changes in 

microbial function is required to confirm our findings and understand the possible 

influence of pyrazole-based nitrification inhibitors on denitrifying communities and the 

final products of denitrification. With regards to endogenous soil N, a tendency (non-

significant) to reduce the amount of N2O losses coming from this source was found. The 

N2O losses from endogenous soil N may have come mostly from the reduction of 

residual NO3
-, since the NH4

+ concentration before N addition was low.  

In addition to the effectiveness of DMPSA, our results also showed that the N 

source must also be considered as a mitigation strategy. In the AN treatment, the 

amount of N2O losses coming from NO3
- was much lower than that from NH4

+, 

particularly at the emission peak (Fig. 6.4). This suggests that the choice of N fertilizers 

containing NO3
--N can be considered as a N2O mitigation strategy in irrigated crops 

(Abalos et al., 2014a; Zhang et al., 2016; Guardia et al., 2017b). Even though the water 

availability is not a limiting factor for denitrification in irrigated semi-arid areas 

(Aguilera et al., 2013a), the high soil temperatures during summer lead to continuous 

drying-rewetting cycles, favoring coupled nitrification-denitrification (Guardia et al., 

2017b). The reverse (denitrification followed by nitrification) was also found in some 

studies with slurry addition (Cardenas et al., 2007; Koster et al., 2015). The WFPS 
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conditions in the micropores after irrigation events may have promoted the reduction of 

N2O to N2 (Friedl et al., 2016), thus decreasing N2O losses from A15N.  Therefore, the 

recommended use of NO3
--N synthetic sources under conditions similar to those of our 

experimental area should not be extrapolated to all type of soils and climates. In 

cropping areas with a predominance of denitrification (e.g. temperate humid 

grasslands), urea (an NH4
+ -N based fertilizer) resulted in lower N2O losses than AN 

(Roche et al., 2016). Best mitigation practices should be adopted taking into account the 

ecological and management conditions, as well as side effects on crop yields and farm 

costs (which are influenced by the change of N source, including the use of nitrification 

inhibitors), in order to find sustainable strategies which are potentially suitable for 

farmers. 

4.2 Effect of DMPSA on CH4 and CO2 fluxes 

DMPSA decreased daily respiration rates at all sampling dates (data not shown) 

and cumulative fluxes at the end of the maize cropping cycle (P<0.05). A depletion of 

respiration fluxes could be a result of lower respiration of soil microorganisms or lower 

root respiration (which is related to lower root biomass). The latest hypothesis seems 

less plausible, since an increment of root biomass was observed in the plots which 

received DMPSA. Some previous studies (Weiske et al., 2001; Pfab et al., 2012; 

Maienza et al., 2014; Florio et al., 2016) have found a reduction of soil respiration after 

DMPP addition. Since nitrifying and denitrifying communities are only a small 

percentage of soil microbiota, this result could suggest that pyrazole compounds as 

DMPSA could have affected the activity of non-targeted microorganisms in the short-

term, and this effect should be investigated in further experiments.  
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An effect of mineral N on methanotrophic activity due to the competitive 

inhibition of CH4 monooxygenase with the AMO monooxygenase has been previously 

suggested (Dunfield and Knowles, 1995). Therefore, changes in topsoil NH4
+ and NO3

- 

availability (Fig. 6.2) due to the presence of nitrification inhibitors (e.g. DMPSA) could 

affect methanotrophy rates. The study of Aronson and Helliker (2010) indicated that 

small N additions tend to stimulate CH4 oxidation, whereas large additions are 

inhibitory. In our study, the same amount of N was added to the microplots fertilized 

with AN and AN+DMPSA, and the differences in mineral N contents (Fig. 6.2) did not 

cause a significant change in CH4 uptake. In agreement with our results, no significant 

effect of DMPSA on CH4 emissions was found by Huérfano et al. (2016), while Weiske 

et al. (2001), Pereira et al. (2010), Menéndez et al. (2012) or Rime and Niklaus (2017) 

did not find any effect of DMPP on cumulative CH4 oxidation. 

5. Conclusions

Our results confirmed that the new inhibitor DMPSA was an effective strategy 

to mitigate total N2O emissions, particularly those coming from NH4
+ oxidation, but 

also those coming from NO3
- reduction. When the fertilizer was applied without 

DMPSA, the majority of N2O fluxes in the emission peaks were generated from 15NH4
+ 

(nitrification and/or denitrification and/or coupled nitrification denitrification). The 

predominance of these biochemical processes suggests that the change of NH4
+ -N 

based forms to NO3
- -N ones can also be considered as a promising N2O mitigation 

practice in Mediterranean areas. When the inhibitor was added, the endogenous soil N 

was the main source of N2O losses, and those also tended to decrease due to DMPSA 

addition. The effect of DMPSA on non-target microorganisms (as suggested by the 

effect of the inhibitor on respiration fluxes and N2O losses from denitrification) should 

be investigated in further experiments. The use of DMPSA was confirmed as a highly 
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effective tool to reduce N2O emissions in the days following N application in irrigated 

crops of semi-arid areas.  
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1. Introduction

With production of almost 700 Mt, maize is one of the three most important 

crops in the world (FAO, 2014). Thus, the intensive production of maize is of major 

economic relevance in regions such as USA and Canada (Corn Belt), China, Mexico, 

Brazil, Argentina and irrigated semi-arid areas (e.g. Mediterranean regions). Due to its 

high water and fertilizer (particularly nitrogen, N) demand, maize cropping has a high 

potential to generate large N losses, through ammonia (NH3) volatilization, nitrate 

(NO3
-) leaching and N oxides emissions (Rimski-Korsakov et al., 2012; Huang et al., 

2015; Abalos et al., 2016; Cayuela et al., 2017). The latter include nitrous oxide (N2O), 

a harmful greenhouse gas (GHG) (Myhre et al., 2013) which is mainly produced 

through the soil microbial processes of nitrification and denitrification (Firestone and 

Davidson, 1989); and nitric oxide (NO), which is involved in the formation of 

tropospheric ozone and is mainly generated through nitrification (Skiba et al., 1997). 

Finding management practices that lead to lower N losses while maintaining yield is, 

therefore, crucial in maize cropping areas, to assure both economic and environmental 

sustainability of these agro-ecosystems.  

Some potential strategies have been suggested for reducing N losses in maize 

areas. These involve: i) the substitution of synthetic fertilizers by organic ones, which 

has been shown to penalize crop yields (Abalos et al., 2016; Guardia et al., 2017a); ii) 

the use of urease inhibitors (Sanz-Cobena et al., 2012); iii) the use of nitrification 

inhibitors (NIs) (Migliorati et al., 2014b); iv) the use of water-saving irrigation 

strategies such as drip irrigation (Guardia et al., 2017a) and v) the split application of N 

fertilization in order to improve the synchronization of N supply to maize demand 

(Quemada et al, 2013). The last two mitigation options could be combined through drip-

fertigation systems, which can be technically achievable in maize areas without yield 
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penalties (Couto et al., 2013), as well as improving weed management. Several field 

studies have demonstrated that drip irrigation reduces emissions N oxides (Sánchez-

Martín et al., 2008; 2010). With regards to fertigation, Kennedy et al. (2013) reported 

that the integrated management of a processing tomato field (including fertigation) 

emitted less N2O and had greater crop yield than the conventional system (furrow 

irrigation and seeding fertilization) as a result of lower substrate (mineral N) 

availability. By contrast, Vallejo et al. (2014) highlighted the potential of drip-

fertigation to give higher N2O emissions when compared with basal fertilization and 

drip irrigation, but with low emission factors in both cases. So far, no studies have been 

published about the effect of drip-irrigation on losses of N oxides in maize cropping 

areas. 

The use of urease inhibitors such as N-butyl thiophosphorictriamide (NBPT) is 

an effective strategy to mitigate NH3 volatilization (Bittman et al., 2014), but some 

studies have pointed out their potential for also reducing N2O (Sanz-Cobena et al., 

2012) and NO losses (Abalos et al., 2012). The use of nitrification inhibitors has been 

described as a useful tool for enhancing N use efficiency and, therefore, abating N 

losses (Akiyama et al., 2010; Qiao et al., 2015, Gilsanz et al., 2016), which can also 

improve crop yields (Abalos et al., 2014b). To date, studies have mainly focused on 

dicyandiamide (DCD) and 3,4 dimethylpyrazol phosphate (DMPP), which have been 

extensively evaluated under several climatic conditions. Conversely, no studies have yet 

evaluated the effectiveness of new inhibitors such as 2-(3,4-dimethyl-1H-pyrazol-1-yl) 

succinic acid isomeric mixture (DMPSA) on abating yield-scaled N oxide emissions. 

This new inhibitor was developed to be used with basic reaction fertilizers (e.g. calcium 

ammonium nitrate, CAN), which cause DMPP to be unstable. 
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Since cost appears to be the main barrier for a broad adoption by farmers 

(Timilsena et al., 2015), the comparison of the mitigation potential of inhibitors and 

drip-fertigation, as well as the yield response, needs to be carried out. Other potential 

cost-effective mitigation strategies, such us changing the N source (e.g. replacing urea 

by CAN) could be of interest in maize cropping areas with large nitrification losses, 

such as low C-content semi-arid soils (Aguilera et al., 2013a; Zhang et al., 2016).  

The main objectives of this experiment were to evaluate the effect of 1) urease 

(NBPT) and nitrification (DMPSA) inhibitors and 2) mineral fertilizers (CAN and urea) 

applied by drip-fertigation; compared with conventional management (CAN and urea 

without inhibitors applied at dressing in sprinkler-irrigated maize) in mitigating N2O 

and NO losses. The response of crop yield and N uptake to these treatments was also 

assessed. Additionally, the modification of soil moisture content and its distribution 

through the soil profile as a result of different water-management systems may affect 

CO2 (Borken and Matzner, 2009) and CH4 fluxes (Tate, 2015), so they were also 

measured. Our hypothesis was that alternative management practices (inhibitors and 

drip-fertigation) could mitigate GHG and NO losses while enhancing crop yields. 

2. Materials and methods

2.1 Site description 

The study was carried out at “El Encín” field station in Madrid (latitude 40° 

32′N, longitude 3° 17′W). The soil was a Calcic Haploxerept (Soil Survey Staff, 1992) 

with a sandy 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 as follows: total organic C, 8.1 ± 0.3 g kg−1; pHH2O, 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, the NH4
+ content was 1.0 mg NH4

+–N kg soil−1; the NO3
− content 
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was 15.9 mg NO3
−–N kg soil−1; and the dissolved organic C (DOC) content was 50.8 

mg C kg soil−1. The site has a semiarid Mediterranean climate with a dry and hot 

summer period, and the mean annual temperature and rainfall (over the last 10 years) in 

this area are 13.2 °C and 460 mm, respectively. 

Rainfall and temperature data were obtained from a meteorological station 

located at the field site (CR23X micro logger, Campbell Scientific, Shepshed, UK, 

equipped with a Young® tipping bucket rain gauge (RM Young Company, Michigan, 

USA). The soil temperature was monitored using a temperature probe (SKTS 200, Skye 

Instruments Ltd., Llandrindod Wells, UK) inserted 10 cm into the soil. The mean hourly 

data were stored on a data logger (DataHog, Skye Instruments Ltd., Llandrindod Wells, 

UK). 

2.2 Experimental design and management 

A total of 24 plots (7 m × 6.5 m) were selected and arranged in a split plot 

design with 8 irrigation-fertilization combinations: (i) Urea-sprinkler irrigation (U-S), 

(ii) CAN-sprinkler irrigation (CAN-S), (iii) Urea + NBPT (UTEC®) with sprinkler 

irrigation (UI-S), (iv) CAN + DMPSA with sprinkler irrigation (CAN+NI-S) (v) Urea 

applied by drip-fertigation (U-D), (vi) CAN applied by drip-fertigation (CAN-D), (vii) 

Control without any N fertilizer with sprinkler irrigation (C-S), (viii) and with drip 

irrigation (C-D).  

The experiment was conducted during two consecutive cropping seasons, 2014 

and 2015. In both of them, a cultivator pass was performed before seeding (15th and 13th 

April in 2014 and 2015, respectively). Maize (Zea mays L. FAO class 600) was sown 

on 7th May and 17th April in 2014 and 2015, respectively, with a plant density of 7.50 

plants m-2. A basal fertilization was applied on 30th April 2014 and 14th April 2015, 
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spreading by hand 50 kg P ha−1 and 150 kg K ha−1 as Ca(H2PO4)2 and K2SO4, 

respectively, in all plots.  

For treatments U-S, CAN-S, U-I and CAN-NI 180 kg N ha-1 were spread by 

hand onto the surface of the plots on 17th June (both years). The fertigation in the 

corresponding plots (U-D and CAN-D) was split into two applications of 90 kg N ha-1 at 

6 and 10-12 pair of leaves stage (180 kg N ha-1 in total). A non-electric proportional 

dispenser (Dosatron DI16-11GPM, Dosatron International Inc., Bordeaux, France) was 

used to inject the correct rate of N fertilizer in each fertigation event. 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.  

In the plots with drip irrigation, a system was used that had one pressure-

compensated irrigation line for each pair of maize lines. Consequently, each plot had 

half of the surface between rows with drip lines (“wet area”) and half without drip lines 

(“dry area”). Each line had 20 emitters (nominal discharge of 4 L h−1), 0.33 m apart. 

Irrigation was carried out three times per week with a total of 48 and 44 irrigation 

events during 2014 and 2015, respectively. In sprinkler plots, irrigation was carried out 

using a 12 m × 12 m sprinkler irrigation system at a height of 2.5 m. A total amount of 

688 and 705 mm of water were applied during 2014 and 2015, respectively, from late 

May to early September. In sprinkler-irrigated plots, irrigation was performed twice per 

week, resulting in 32 and 31 events during 2014 and 2015, respectively. All plots 

received the same total amount of water by the end of the experiment, taking into 

account the flow and pressure of each water emitter. The water doses to be applied were 

estimated from the crop evapotranspiration (ETc) of the previous week (net water 
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requirements). This was calculated daily as ETc. = Kc × ETo, where ETo is the 

reference evapotranspiration 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 the maize crop following the method of Allen et 

al. (1998). The field was kept free of weeds, pests and diseases, following local 

practices (e.g. herbicides, pesticides, etc.). The maize was harvested on 24th and 16th 

October in 2014 and 2015, respectively, and the maize stover was left on the ground and 

subsequently incorporated with a cultivator. 

2.3 GHG sampling and analyses 

Fluxes of N2O, CH4 and CO2 were measured from April 2014 to late October 

2016 using opaque manual circular static chambers as described in detail by Sanz-

Cobena et al. (2014b). The chambers (diameter 35.6 cm, height 19.3 cm) were 

hermetically closed (during 1 h) by fitting them into stainless steel rings, which were 

inserted at the beginning of the study into the soil to a depth of 5 cm to minimize the 

lateral diffusion of gases and avoid the soil disturbance associated with the insertion of 

the chambers in the soil. The rings were only removed during management events. One 

chamber was located in sprinkler-irrigated plots, while in the drip-irrigated treatments 

two chambers (one in the wet and one in the dry areas) were used. 

Gas samples were taken twice per week during the first month after all 

fertilization events. The gas sampling frequency was then gradually decreased until the 

next fertilization event (June 2015) or the end of the experiment (October 2015). 

Samples were taken at the same time of day (10–12 am) in order to minimize any 

effects of diurnal variations in the emissions (Reeves and Wang, 2015). Measurements 

of N2O, CO2 and CH4 emissions were made at 0, 30 and 60 min to test the linearity of 

gas accumulation in each chamber. The increases in N2O, CH4 and CO2 concentrations 
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within the chamber headspace were generally linear (> 90% of cases, particularly when 

highest fluxes or emission peaks were reported, R2> 0.90) during the sampling period 

(1h). In the case of nonlinear fluxes, linear regressions were performed, since it has 

been described as the recommended option for three sampling points (Venterea et al., 

2012). 

The concentrations of N2O, CO2 and CH4 were quantified by gas 

chromatography, using a HP-6890 gas chromatograph (GC) equipped with a headspace 

autoanalyzer (HT3), both from Agilent Technologies (Barcelona, Spain). HP Plot-Q 

capillary columns transported the gas samples to a 63Ni electron-capture detector (ECD) 

to analyze the N2O concentrations and to a flame-ionization detector (FID) fitted with a 

methanizer for the CH4 and CO2 concentrations.  

A gas flow-through system was used to measure the NO fluxes. One chamber 

per plot was used for this analysis (diameter 35.6 cm, height 19.3 cm). The interior of 

the chamber was covered with Teflon® to minimize the reactions of NOx with the walls 

and with the chamber had inlet and outlet holes (Abalos et al., 2014a). The nitric oxide 

was analyzed using a chemiluminiscence detector (AC31M-LCD, Environnement 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 the 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 chamber measurements. 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, as proposed by Kim et al. (1994). 
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2.4 Soil and crop analyses 

To relate gas emissions to soil properties, soil samples were collected from a 

depth of 0-10 cm during the experimental period on almost all gas-sampling days, 

particularly after each fertilization event. Three soil cores were randomly sampled close 

to the ring in each plot and then mixed and homogenized in the laboratory. The soil 

NH4
+-N and NO3

–-N concentrations were analysed using 8 g of soil extracted with 50 

mL of KCl (1 M) and measured by automated colorimetric determination using a flow 

injection analyzer (FIAS 400 Perkin Elmer) provided with a UV-V spectrophotometer 

detector. Soil DOC was determined by extracting 8 g of homogeneously mixed soil with 

50 mL of deionized water and then analyzing the resulting solution with a total organic 

C analyzer (multi N/C 3100 Analityk Jena) equipped with an IR detector. Water-filled 

pore space (WFPS) was calculated by dividing the volumetric water content by the total 

soil porosity. The total soil porosity was calculated according to the following 

relationship: soil porosity = (1 - soil bulk density/2.65), assuming a particle density of 

2.65 g cm-3 (Danielson et al., 1986). The gravimetric water content was determined by 

oven-drying soil samples at 105 °C with a MA30 Sartorius® moisture analyzer.  

The maize was harvested at physiological maturity (black-layer stage). One 

sample in each plot, consisting of 5 lm, was collected to determine the total grain (at 14 

% moisture level) and above-ground biomass yields. The total C and N content of the 

maize grain and above-ground biomass were determined by elemental analysis with a 

LECO TruMac CN analyzer®. 

2.5 Calculations and statistical methods 

The cumulative N2O, CO2, CH4 and NO fluxes were estimated by successive 

linear interpolations between the sampling dates. In drip irrigated plots, GHG and NO 
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fluxes were calculated considering the weighted average, taking into account the surface 

area of each zone (wet: with drip irrigation line and dry: without drip irrigation line) 

within the plot (Abalos et al., 2014a). In addition, the cumulative fluxes of the wet and 

dry areas were also compared. The yield-scaled N2O emissions (YSNE) were expressed 

as the ratio between the amount of N emitted as N2O and the above-ground N uptake 

(Van Groenigen et al., 2010).  

The analysis of data was performed using Statgraphics Plus v. 5.1. Analyses of 

variance were performed for all variables throughout the experiment. Data distribution 

normality and variance uniformity were previously assessed by Shapiro-Wilk test and 

Levene´s statistic, respectively, and log-transformed before analysis when necessary. 

The means were separated by the LSD test at P<0.05. For non-normally distributed 

data, the Kruskal–Wallis test was used on non-transformed data to evaluate the 

differences at P<0.05. Linear correlations were carried out to determine the 

relationships between the gas fluxes and WFPS, soil temperature, DOC, NH4
+-N and 

NO3
--N. These analyses were performed using the mean/cumulative data of the 

replicates of all the fertilizer-irrigation treatments (including both dry and wet areas of 

the drip-irrigated plots), and also for all the days when the soil and GHG were 

simultaneously sampled. 

3. Results

3.1 Environmental conditions and soil WFPS 

The mean soil temperature (at 10 cm depth) during the maize cropping period 

was 20.7 and 20.5°C in 2014 and 2015, respectively, which were typical values in the 

experimental area. During the intercrop period, the mean soil temperature was 9.2°C 

and the accumulated rainfall was 218 mm. The evolution of WFPS in sprinkler and 

drip-irrigated plots is shown in Fig. 7.1. The values ranged from 10 to 88% during the 
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maize cropping period. The WFPS fluctuated more in the S plots (two irrigation events 

per week) than in the D plots (three irrigation events per week) during the irrigation 

period. The dry areas in the D plots had significantly lower WFPS values than the wet 

areas or the S plots (P<0.05), except after rainfall events or when irrigation was not 

carried out. 

Fig. 7.1 Evolution of soil WFPS (%) in the sprinkler and drip irrigation plots (wet and dry areas). Vertical 
bars indicate standard errors. 

3.2 Mineral N and DOC 

During maize cropping phase, three different periods have been considered for 

the average mineral N concentration in the topsoil (Fig. 7.2): Period I (from the 

beginning of maize cropping period to the first fertigation event -not included-, 

involving the fertilization of sprinkler-irrigated treatments); Period II (from the first to 

the second fertigation event) and Period III (from the second fertigation event to 

harvest). During the intercrop period, topsoil NH4
+ and NO3

- contents were always < 5 

and 10 mg N kg soil-1, respectively, without significant differences between treatments 

(data not shown). 
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The topsoil NH4
+ content increased markedly after N fertilizer application. In 

both years, a significant enhancement of average NH4
+ concentrations in the case of 

CAN+NI-S, with respect to CAN-S, was observed (Fig. 7.2a, b). This increment was 

observed during Period I (in both years) and Period II (only in 2015). During 2014, 

concentrations in the sprinkler-irrigated plots decreased rapidly to values below 10 mg 

N kg soil-1, while in 2015 the average NH4
+ topsoil concentrations in the CAN+NI-S 

treatment were >35 mg N kg-1 in Period II and III. No effect of the UI-S on average 

NH4
+ concentrations was observed (Fig. 7.2c, d), although during 2014, this treatment 

tended to decrease NH4
+ content, with respect to U-S. The application of N-fertilizers 

through fertigation resulted in U-D and CAN-D having significantly higher average 

NH4
+ contents during Period III (in both years) and Period II (in 2014), than in the non-

fertilized treatments (Fig. 7.2a, b, c, d). In the fertigated plots, NH4
+ concentrations were 

significantly higher in the wet than in the dry areas (Fig. 7.3).  

The CAN+NI-S treatment significantly decreased NO3
- concentrations in both 

years, compared with CAN without DMPSA, during Period I (Fig. 7.2e, f). With 

regards to the U-based treatments, the UI-S treatment decreased NO3
- concentrations 

numerically (but not statistically) compared with U-S. Both fertigated treatments had 

the highest average NO3
- concentrations during Period II and III (Fig. 7.2e, f, g, h) 

during 2014, with concentrations above 20 mg N kg soil-1 until September. During 

2015, increases in the fertigated plots were only significant with respect to C-S. 

Generally, NO3
- contents were significantly higher in 2015 than in 2014 in sprinkler-

fertilized treatments (U-S, UI-S, CAN-S, CAN+NI-S), but the opposite trend was 

observed for fertigated treatments (U-D, CAN-D) (P<0.05). In contrast to the NH4
+ 

concentrations, those of NO3
- were significantly higher in the dry than in the wet areas 

(although no differences were found in CAN-D during 2015) (Fig. 7.3). 
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Daily DOC contents ranged from 28 to 171 mg C kg soil-1 with the highest 

concentrations during the two months following N fertilization (data not shown). 

Average DOC concentrations during maize cropping period are shown in Fig. 7.2i and j. 

On average, DOC was significantly higher in 2015 than in 2014. Drip-irrigated 

treatments had the lowest average DOC contents during 2014, and differences between 

treatments during 2015 were negligible. Accordingly, in sprinkler-irrigated plots, N-

fertilized treatments increased DOC contents with respect to C-S, but only during 2014. 
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Fig. 7.2 NH4
+-N (a, b, c, d); NO3

- -N (e, f, g, h); and DOC (i, j) concentrations in the 0–10 cm soil layer 
during the experimental period for the different treatments (C-S, control with sprinkler irrigation, U-S, 
urea with sprinkler irrigation, CAN-S, calcium ammonium nitrate with Sprinkler irrigation, UI-S, urea 
with NBPT with sprinkler irrigation, CAN+NI-S, CAN with DMPSA with sprinkler irrigation, C-D, 
control with drip irrigation, U-D, urea applied through drip-fertigation, CAN-D, CAN applied through 
drip-fertigation). Data are provided separately for 2014 (left) and 2015 (right) and split into Period I (until 
the first fertigation event, including broadcast N fertilization in sprinkler plots), II (until the second 
fertigation) and III (until harvest) in the case of mineral N. Values in drip-irrigated plots are the average 
between wet and dry areas. Different letters within columns indicate significant differences within each 
period of year, by applying the LSD test at P<0.05. Vertical bars indicate standard errors. 

Fig. 7.3 NH4
+-N (a) and NO3

- -N (b); concentrations in the 0–10 cm soil layer during the maize cropping 
period for the different drip-irrigated treatments (control, urea and calcium ammonium nitrate, CAN) in 
the dry (without drip lines) and wet (with drip lines) areas. Vertical lines indicate standard errors. The * 
denotes significant differences between wet and dry areas for each treatment and year, by applying the 
LSD test at P<0.05. Vertical lines indicate standard errors. 

3.3 Emissions of N oxides 

Daily N2O emissions from late-May to late-August (which includes the emission 

peaks) are shown in Fig. 7.4. During the intercrop period, all N2O fluxes were < 0.1 mg 

N m-2 d-1
, accounting for less than 10% of total cumulative emissions during maize 

cropping periods (data not shown). No significant differences between treatments were 

observed during this period. Nitrous oxide fluxes ranged from -0.1 (UI-S on 14th 

January 2014) to 22.3 mg N m-2 d-1 (U-S on 19th June 2015). Emission peaks were 

observed after each fertilization event. Cumulative fluxes in 2014 decreased in the 

order: U-S = CAN-S > inhibitors > fertigation > control (P<0.05) (Table 7.1). In 2015, 

cumulative fluxes decreased in the order U-S > CAN-S = UI-S > CAN+NI-S = 

fertigated treatments = control (P<0.05). Emissions of N2O were significantly higher in 
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2015 than in 2014. In drip plots, a zone effect was found, with N2O emissions being 

higher in the wet areas than in the dry areas (Fig. 7.5). A positive correlation of N2O 

fluxes with NH4
+ (P<0.001, n=66, r=0.61) and NO3

- (P<0.01, n=61, r=0.42) 

concentrations was obtained. 

Fig. 7.4 Daily N2O emissions during summer the period for the different treatments (C-S, control with 
sprinkler irrigation, U-S, urea with sprinkler irrigation, CAN-S, calcium ammonium nitrate with Sprinkler 
irrigation, UI-S, urea with NBPT with sprinkler irrigation, CAN+NI-S, CAN with DMPSA with sprinkler 
irrigation, C-D, control with drip irrigation, U-D, urea applied through drip-fertigation, CAN-D, CAN 
applied through drip-fertigation). Data are provided separately for 2014 (left) and 2015 (right). Values in 
drip-irrigated plots are the average between wet and dry areas. The solid and dotted arrows indicate the 
time of N fertilization in sprinkler plot and the beginning of each fertigation, respectively. Vertical bars 
indicate standard errors. 
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Fig. 7.5 Daily N2O emissions during the experimental period for the different treatments (C-D, control in 
with irrigation, U-D, urea applied through drip-fertigation, CAN-D, CAN applied through drip-
fertigation). Data are provided separately for separately for wet (a) and dry (b) areas. The dotted arrows 
indicate the start of each fertigation. Vertical lines indicate standard errors. 

Figure 7.6 shows daily NO emissions including the emission burst (summer 

period). During the intercrop period, all NO fluxes were < 2 mg N m-2 d-1 and 

cumulative fluxes were statistically similar in all treatments. Nitric oxide emissions 

ranged from 0.4 to 10.4 mg N m-2 d-1 in 2014 and from -0.1 to 198.8 mg N m-2 d-1 in 

2015. During 2014, no significant differences between treatments were found in 

cumulative NO emissions (Table 7.1). In 2015, cumulative NO emissions decreased in 

the order CAN-S > CAN+NI-S > CAN-D (for CAN-based treatments) and U-S > UI-S 

> U-D (for U-based treatments) (P<0.05). As for N2O emissions, CAN-S significantly 

decreased NO emissions with respect to U-S in the second year. Nitric oxide emissions 

correlated significantly with N2O emissions (P<0.001, n=61, r=0.61), NH4
+ (P<0.001, 

n=61, r=0.61) and NO3
- (P<0.001, n=61, r=0.49) during both years. 
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Fig. 7.6 Daily NO emissions during the summer period for the different treatments (C-S, control in 
sprinkler irrigation, U-S, urea in sprinkler irrigation, CAN-S, Calcium Ammonium Nitrate in Sprinkler 
irrigation, UI-S, urea with NBPT in sprinkler irrigation, CAN+NI-S, CAN with DMPSA in sprinkler 
irrigation, C-D, control in drip irrigation, U-D, urea applied through drip-fertigation, CAN-D, CAN 
applied through drip-fertigation). Data are provided separately for 2014 (left) and 2015 (right). Values in 
drip-irrigated plots are the average between wet and dry areas. The solid and dotted arrows indicate the 
time of N fertilization in sprinkler plot and the beginning of each fertigation, respectively. Vertical bars 
indicate standard errors. 

3.4 CH4 emission and respiration rates 

All fertilizer-irrigation combinations were net CH4 sinks, although daily fluxes 

ranged from -1.5 to 0.8 mg C m-2 d-1 (data not shown). Cumulative CH4 uptake was 

significantly higher in U-S than in U-D (Table 7.1) and in CAN-S than in CAN+NI-

S/CAN-D. Methane fluxes inversely correlated with NH4
+ (P<0.05, n=33, r=-0.41) and 

DOC (P<0.01, n=33, r=-0.51) concentrations during 2014. Respiration fluxes ranged 

from 0.1 to 7.8 g C m-2 d-1. In 2014, cumulative respiration fluxes were significantly 

larger in sprinkler irrigation treatments (P<0.05) (Table 7.1). In 2015, this tendency 

continued, but differences were only significant between the control treatments, U-D 
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versus U-S, and CAN-D versus CAN+NI-S. In drip-irrigated treatments, respiration 

rates were lower in the dry than in the wet areas (P<0.05) (data not shown). The U 

treatment had the highest respiration rates. These fluxes correlated with N2O emissions 

(P<0.001, n=61, r=0.67), soil temperature (P<0.001, n=61, r=0.67), NH4
+ (P<0.05, 

n=61, r=0.47) and NO3
- (P<0.05, n=61, r=0.32). During the intercrop period, all 

respiration rates were < 2 g C m-2 d-1, and neither CH4 uptake nor CO2 emissions were 

significantly affected by the different treatments. 
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Table 7.1 Cumulative N2O-N, NO-N, CH4-C and CO2-C fluxes for the different treatments (C-S, control with sprinkler irrigation, U-S, urea with sprinkler irrigation, CAN-S, calcium 
ammonium nitrate with Sprinkler irrigation, UI-S, urea + NBPT with sprinkler irrigation, CAN+NI-S, CAN + DMPSA with sprinkler irrigation, C-D, control with drip irrigation, U-D, urea 
applied through drip-fertigation, CAN-D, CAN applied through drip-fertigation). Different letters within columns indicate significant differences by applying the LSD test at P<0.05. 
Standard Error (S.E.) is given for each effect. 

Treatment N2O cumulative emission   (kg N-N2O ha-1)      NO cumulative emission   (kg N-NO ha-1)    CH4 cumulative emission  (g C-CH4 ha-1) CO2 cumulative emission (Mg C-CO2 ha-1)   

2014 2015 2014 2015 2014 2015 2014 2015 

C-S 0.17  b 0.26  a 2.19  0.45  a -327.40  abc -84.59  b 6.68  b 3.73 bcd 
C-D 0.10  a 0.08  a 2.68 1.18  b 0.28  d -1071.08  a 2.13  a 2.24  a 
U-S 1.32  d 2.01  c 2.58 14.42  f -541.77  ab -542.38  a 6.26  b 5.12  e 

CAN-S 1.45  d 1.14  b 2.72 9.06  e -592.50  a -481.59  a 5.96  b 3.91 cde 
UI-S 0.56  c 1.10  b 2.32 4.14  d -524.80  ab -425.72  a 5.56  b 4.33  cde 

CAN+NI-S 0.61  c 0.48  a 2.38 2.16  c -252.25  bcd -713.37  a 6.61  b 4.28 de 
U-D 0.24  b 0.52  a 3.58 1.30  b -122.45  cd -1239.28  a 2.35  a 2.52  ab 

CAN-D 0.25  b 0.27  a 3.76 1.27  b -138.71  cd -1366.77  a 2.25  a 3.00  abc 
S.E. 0.10 0.17 0.54 0.96 108.56 168.45 0.53 0.39 
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3.5 Yield parameters and YSNE 

Grain yield (Table 7.2) was not significantly influenced by the alternative 

management strategies in either of the two years. In 2014, biomass yield decreased in 

the order fertigation treatments > inhibitors = U-S = CAN-S > control. In 2015, biomass 

production in U-based treatments was not significantly different, while CAN+NI-S and 

CAN-D increased biomass production by 26% and 34%, respectively, with respect to 

CAN-S. Consequently, YSNE during 2014 decreased in the order conventional 

treatments > inhibitors > fertigation for both U and CAN-based treatments (P<0.05) 

(Table 7.2).  In 2015, both CAN+NI-S and CAN-D decreased YSNE with respect to 

CAN-S (71 and 76%, respectively) while U-D significantly decreased YSNE compared 

with U-S and U-I. Similarly to the grain yield, the alternative management strategies did 

not affect N uptake by in either of the two years (Table 7.2).  
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Table 7.2 Grain and biomass yield, aboveground N uptake, and yield-scaled N2O emissions for the different treatments (C-S, control with sprinkler irrigation, U-S, urea with sprinkler 
irrigation, CAN-S, calcium ammonium nitrate with Sprinkler irrigation, UI-S, urea + NBPT with sprinkler irrigation, CAN+NI-S, CAN + DMPSA with sprinkler irrigation, C-D, control 
with drip irrigation, U-D, urea applied through drip-fertigation, CAN-D, CAN applied through drip-fertigation). Different letters within columns indicate significant differences by applying 
the LSD test at P<0.05. Standard Error (S.E.) is given for each effect. 

Treatment Grain yield  (kg N ha-1)       Biomass yield  (kg N ha-1)       Aboveground N uptake (kg ha-1) Yield-scaled N2O emissions (g kg -1)                         
2014 2015 2014 2015 2014 2015 2014 2015 

C-S 3540  a 4810  a 8476  a 21857  a 77  a 167  a 2.84  cde 3.00  abc 
C-D 5122  a 4324  a 17143  b 20571  a 104  a 92  a 1.01  a 0.91  a 
U-S 15598  b 12031  b 26857  c 41238  bc 278  b 394  b 4.91  de 5.48  c 

CAN-S 17079  b 11713  b 24762  c 33500  b 260  b 276  b 5.61  e 4.35  bc 
UI 14997  b 12653  b 25952  c 41000  bc 247  b 361  b 2.26  bc 3.06  abc 

CAN-NI 14982  b 14638  b 25714  c 42071  c 246  b 379  b 2.54  cd 1.25  a 
U-D 12076  b 12726  b 36667  d 39333  bc 248  b 259  b 1.00  a 2.02  ab 

CAN-D 12598  b 13213  b 34286  d 44810  c 249  b 252  b 1.10  ab 1.07 a 
S.E. 1328 1766 2009 2620 27 52 0.55 0.90 
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4. Discussion

4.1 Effect of alternative management strategies (inhibitors/fertigation) on N2O and 

NO emissions 

Compared with CAN alone, the new NI DMPSA significantly reduced N2O 

emissions in 2014 (57% abatement) and 2015 (58% abatement) (Table 7.1). To date, 

several studies have demonstrated the effectiveness of pyrazole-based inhibitors, such 

as DMPP, for mitigating N2O losses (Akiyama et al., 2010, Gilsanz et al., 2016). 

However, no information on the effect of DMPSA has been published yet. Our results 

confirm that this inhibitor can significantly inhibit nitrification, resulting in lower NO3
- 

contents and higher NH4
+ concentrations after N addition (Fig. 7.2a, b, e, f), thus 

abating N2O losses from both nitrification (directly) and denitrification (indirectly, by 

decreasing the availability of the substrate for denitrifiers) (Firestone and Davidson, 

1989). The inhibitory effect obtained in our study surpassed that reported by Gilsanz et 

al. (2016) for DMPP in croplands for sandy-clay loam soils (average reduction of 24%). 

The predominance of nitrification in low-C content soils of semi-arid areas (Aguilera et 

al., 2013a) could have contributed to the high efficiency we observed. The effect of 

DMPSA on NO losses was less consistent, with a reduction of 5% (which was not 

statistically significant) and 76% in 2014 and 2015, respectively. Since nitrification has 

been described as the main source of NO (Skiba et al., 1997), we speculate that soil 

moisture conditions during the first week after N addition were more favorable for 

nitrification during 2015 (when irrigation events were performed 1 and 6 days after N 

addition). Water-filled pore space ranged from 48% to 52% when the NO peak was 

observed (06/21/2015), which are optimum values for the predominance of nitrification 

(Pilegaard, 2013). In the previous year (when irrigation events were performed 1, 3 and 

6 days after fertilization), WFPS was above 70%. Our results suggest that irrigation 
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management (frequency and water regime) during the first days after N fertilization may 

play a key role in the effectiveness of NIs at reducing NO losses, particularly during 

periods with high microbial activity (i.e. summer crops with high soil temperatures). 

Our study also supports the potential of NIs to mitigate NO losses, as shown by recent 

meta-analysis studies (Qiao et al., 2015; Yang et al. 2016). 

The use of urease inhibitors such as NBPT is recommended as a management 

option for reducing NH3 losses (Sanz-Cobena et al., 2014a), but also shows promising 

results for the abatement of N oxides under non-irrigated (Abalos et al., 2012) and 

irrigated conditions (Sanz-Cobena et al., 2012). As observed for DMPSA, the UI-S 

treatment significantly reduced N2O emissions (by 58% and 45% in 2014 and 2015, 

respectively) compared with U alone, while NO emissions were only significantly 

mitigated during 2015 (by 71%, Table 7.1). In an irrigated assay performed in the same 

experimental area, Sanz-Cobena et al. (2012) found that the effect of NBPT in both N2O 

and NO emissions was very influenced by the irrigation management during the 

following weeks after fertilization, with negligible effect at the highest irrigation 

frequency. This was also observed in our experiment for NO, whereas N2O was 

significantly reduced in both years in the case of UI-S, compared with U-S.  The 

correlation of NH4
+ topsoil concentrations with both N2O and NO emissions, as well as 

a NO/N2O ratio > 1, confirmed the important role played by nitrification. A slower 

release of NH4
+ can result in lower nitrification rates (Zaman et al., 2009), which in turn 

would reduce the availability of the NO3
- substrate for denitrification (Abalos et al., 

2012). In our study, topsoil NO3
- concentrations tended to decrease in UI-S compared 

with U-S, but differences were not statistically significant (Fig. 7.2g, h).  

Increases in water and nutrient use efficiency make drip-fertigation an advisable 

strategy to improve plant nutrition and reduce nutrient losses (e.g. N) (Kennedy et al., 
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2013). Our results demonstrated that the application of U and CAN through fertigation 

significantly decreased N2O emissions during both years, when compared with 

conventional management (sprinkler irrigation, U-S and CAN-S). Fertigation mitigated 

N2O emissions by 83% in the case of CAN, and 81% the case of U, during 2014. 

Moreover, fertigation even decreased N2O losses compared to inhibitor-based 

treatments (P<0.05). This was also observed during 2015, when U-D decreased N2O 

cumulative losses by 53 and 75% compared with UI-S and U-S, respectively. With 

regards to CAN-based treatments, CAN-D mitigated N2O emissions by 44% (not 

statistically significant at P=0.05) and 76%, with respect to CAN+NI-S and CAN-S, 

respectively. Kennedy et al. (2013) found a significant reduction of N2O losses when an 

integrated management (including fertigation) was implemented, compared with 

conventional management including furrow irrigation. Lower soil mineral N 

concentrations observed in the fertigation treatment could explain these results (Fig. 

7.2). In our study, maximum NH4
+ concentrations where significantly lower in the 

fertigated treatments (P<0.05), while NO3
- contents were also generally lower in 

fertigated than in conventional treatments (Fig. 7.2). These results may suggest an 

effective N uptake as a result of application method and timing, although differences 

between treatments in aboveground N uptake were not significant (Table 7.2). 

Moreover, the WFPS distribution showed that in dry areas values were mostly below 

levels that promote the highest N2O losses (50-70%) (Linn and Doran, 1984), while 

WFPS values in the wet areas (sometimes above 80%) may have favored the reduction 

of N2O to N2, thus decreasing N2O losses. This agrees with Maris et al. (2015) who 

found that highest emissions in a fertigated olive orchard were observed at 60-80% 

WFPS, as a result of denitrification. Moreover, WFPS values in wet areas were 

considerably less variable than those in S plots (with lower irrigation frequency). This 

suppressed the drying-rewetting cycles which promote coupled nitrification-
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denitrification (Guardia et al., 2017a) and, therefore, high N2O losses in semi-arid areas. 

The different behavior in drip-irrigated soils of NH4
+ (less mobile, therefore may 

accumulate in the wet areas where moisture conditions favor denitrification) and NO3
- 

ions (higher mobility, thus accumulating in the transition zone between the dry and wet 

areas with favorable conditions for nitrification) may have also contributed to the low 

emissions in drip-fertigated treatments (Vallejo et al., 2014). Indeed, higher NO3
- and 

NH4
+ contents were observed in dry and wet areas, respectively (Fig. 7.3). The effect of 

fertigation on NO losses was only observed in 2015, due to the low emissions in 2014 

(Fig. 7.6, Table 7.1). The application of CAN through drip-fertigation significantly 

mitigated NO emissions with respect to the conventional treatment CAN-S (86%) and 

even CAN+NI-S (41%). The spatial and temporal distribution of soil moisture and 

mineral N drove, as explained above, the low NO emissions in drip-fertigated 

treatments.  

The experiment of Abalos et al. (2014a), performed in a fertigated watermelon 

crop under similar conditions, revealed that fertigation with urea instead of calcium 

nitrate increased N2O by a factor of 2.4. In our experiment, we did not find significant 

differences in N2O or NO losses between U-D and CAN-D (Table 7.1), with low 

emissions in both treatments. However, N2O and NO losses were significantly increased 

(by factors of 1.8 and 1.6, respectively) in U-S compared with CAN-S during 2015 (the 

year with highest N2O and NO losses). Ammonium-based fertilizers (such as urea) can 

produce N2O through both nitrification and denitrification processes. The importance of 

nitrification in semi-arid areas (Aguilera et al., 2013a; Zhang et al., 2016), which was 

confirmed by the correlations of N2O losses with NH4
+ content and NO emissions, led 

to the U treatments releasing more N2O and NO than the CAN treatments (50% of NH4
+ 

-N and 50% of NO3
- -N). This was observed for the irrigation system (sprinkler) and the 
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campaign (2015) that had the most propitious conditions for nitrification during the first 

days following N fertilization.  

4.2 Effect of alternative management strategies (inhibitors/fertigation) on CH4 and 

CO2 emissions 

Methane oxidation capacity was barely affected by management treatments in 

both years (Table 7.1). Some studies have demonstrated that the effect of soil NH4
+ on 

CH4 uptake depends on N rate (small additions tend to stimulate CH4 oxidation, while 

large additions are inhibitory) (Veraart et al., 2015). Although the N rate used in our 

study (180 kg ha-1) is above the threshold of 100 kg ha-1 established in the meta-analysis 

of Aronson and Helliker (2010), our N rate was adjusted to maize demand, thus 

masking the effect of NH4
+ on methanotrophy. The lack of effect of NIs on CH4 is 

consistent with the meta-analyses of Qiao et al. (2015) and Yang et al. (2016) that show 

a non-significant tendency of inhibitors to decrease CH4 oxidation. Although the 

differences in NH4
+ content in the fertilized treatments were not enough to cause 

significant differences in CH4 uptake between them, the non-fertilized C-S was the 

treatment that resulted in lowest CH4 uptake (significantly different to that of fertilized 

treatments) in 2015 (Table 7.2). Concerning drip-irrigated plots, the low CH4 sink 

measured during the first campaign was in agreement with Guardia et al. (2017a), who 

argued that soil WFPS in the dry areas was too low to stimulate the activity of 

methanotrophic microorganisms. In the following campaign, differences were not 

statistically significant due to large variability of fluxes; but drip-irrigated plots resulted 

in numerically higher CH4 oxidation rates, due to higher methanotrophy after the 

irrigation period (October and November, data not shown). This effect suggests that the 

horizontal mobility of low amounts of residual mineral N towards dry areas in drip-

irrigated plots (Fig. 7.3) could have stimulated a CH4 sink after the first rainfall events 
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in autumn (Aronson and Helliker, 2010). This would have increased soil moisture in dry 

areas thus making conditions favourable for methanotrophic activity (Le mer and Roger, 

2001). In addition, this residual mineral N in dry areas could have promoted the 

suppression of methanogens (Malyan et al., 2016).     

Soil respiration was only affected by the irrigation system (and not by 

fertilization), being significantly lower in drip-irrigated plots. Largest CO2 pulses are 

reported as a result of rewetting of dried soils (Liang et al., 2016), which are conditions 

that could be associated to sprinkler irrigation plots rather than the wet areas of drip-

irrigated plots. Taking into account the global warming potential of N2O and CH4 over a 

100 year time horizon (IPCC, 2014), N2O emissions mostly drove the GHG balance in 

this irrigated field since the average contribution of CH4 oxidation was < 10% (data not 

shown). Therefore, management practices for mitigating GHG emissons in irrigated 

semi-arid agro-ecosystems should, therefore, focus on N2O losses. 

4.3 Selecting the best management practices in irrigated maize 

Best management practices in irrigated maize must meet the pivotal goals of 

minimizing environmental impact (e.g. N losses) without penalizing crop yield. The 

scaling of N losses to N uptake (YSNE), which was introduced by Van Groenigen et al. 

(2010), appears, therefore, to be a useful index to identify the most sustainable 

techniques. To be potentially acceptable by farmers, best management practices must 

not only minimize YSNE, but also result in similar or increased yield as conventional 

practices (Sanz-Cobena et al., 2014a). The inhibitor-based treatments (UI-S and 

CAN+NI-S) did not significantly affect grain yield or N uptake. Only the NI DMPSA 

significantly increased biomass yield during 2015 (Table 7.2). This result is in 

agreement with Abalos et al. (2014b), who found a better response of inhibitors for 

biomass than for grain productivity. The results suggest a residual effect of DMPSA, 
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which performed better in the second campaign with regards to biomass production. 

Consequently, the use of DMPSA was an effective technique for mitigating YSNE in 

both years, while NBPT only decreased this index significantly during the first year. 

Fertigated treatments gave the lowest YSNE, even improving on the efficacy of 

the inhibitors in both years (with the exception of DMPSA during 2015, which had a 

similar efficacy as CAN applied by fertigation). The application of water and N through 

drip fertigation did not penalize grain yields and even enhanced biomass production in 

most cases. 

The price of inhibitors has been the main barrier for a generalized adoption of 

these products by farmers (Timilsena et al., 2015). Our results demonstrated that the 

application of fertilizers through drip-fertigation can improve on the performance of 

inhibitors for mitigating emissions of N oxides, without penalizing grain yields. 

Moreover, the use of an irrigation system with higher water use efficiency (i.e. drip) can 

result in lower water consumption, thus mitigating CO2 equivalents associated with 

energy used for pumping (Lal, 2004). There are technical and economic barriers 

associated with conversion to and maintenance of drip-fertigation in maize fields (Sanz-

Cobena et al., 2017), particularly in large cropping surfaces. In situations where drip-

fertigation is not technically or economically feasible, inhibitors (particularly the NI 

DMPSA, which resulted in similar YSNE as CAN-D in 2015) could be an economically 

acceptable alternative (Yang et al., 2016) for improving the sustainability of 

conventional irrigated maize fields in semi-arid regions. 

5. Conclusions

Compared with conventional management of irrigated maize, two strategies 

arise as the most effective to abate losses of N oxides GHG emissions while 
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maintaining yield: N supply through drip-fertigation (regardless of N source: U or 

CAN) and the use of the new nitrification inhibitor DMPSA in sprinkler irrigation. Both 

management practices were effective in mitigating N2O and YSNE losses, thus reducing 

CO2-equivalent emissions without penalizing grain yield. Additionally, a positive 

response of biomass yield and NO losses to both practices was observed, depending on 

the campaign. Low NO emissions during the first cropping season masked differences 

between treatments. Inasmuch as the cost of inhibitors represents the main barrier for a 

widespread adoption at farm level, the installation of drip-fertigation when establishing 

new maize plantations (when technically viable), is a promising tool for mitigating N 

oxides while maintaining crop yields, thus minimizing yield-scaled losses.   

We confirmed that the use of NBPT was a useful strategy to reduce N2O 

emissions in both years, while the abatement of YSNE was only significant in one of 

the two cropping seasons. A significant mitigation of NO losses, compared with urea 

alone, was only observed in the second campaign. The effect of the N source on the 

emissions of N oxides (i.e. lower emissions in CAN compared with urea) was only 

found when comparing both fertilizers in sprinkler-irrigated plots and in the campaign 

with highest N losses and more favorable soil conditions for nitrification (after N 

application). These two strategies (urease inhibitors and substitution of urea by CAN) 

must be assessed in future studies to confirm their potential to mitigate N losses without 

penalizing yields.
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1. Introduction 

Reducing gaseous and leaching losses of N is a major aim of sustainable 

agriculture because it implies an increase in N use efficiency (NUE) of modern 

agricultural systems (Subbarao et al., 2015) and a cost saving due to a reduction of N 

fertilizer use (Yang et al., 2016). These losses include those of N oxides, i.e. nitrous 

oxide –which is a harmful greenhouse gas (GHG) (IPCC, 2014)- and nitric oxide (NO) 

–which contributes to the destruction of stratospheric O3, and the formation of acid rain 

and tropospheric O3, the third largest contributor to positive radiative forcing (Pilegaard, 

2013). In order to be potentially adopted by farmers, best agricultural management 

practices for the mitigation of emissions of N oxides should maintain (or increase) crop 

yield and quality. 

Various strategies have been proposed and assessed to date. One of these is the 

use of nitrification and/or urease inhibitors. The latter slow the hydrolisis of urea, while 

nitrification inhibitors delay microbial oxidation of ammonium (NH4
+) to nitrate (NO3

-) 

(Akiyama et al., 2010). The effectiveness of nitrification inhibitors (NIs), such as 

dicyandiamide (DCD), or 3,4-dimethylpyrazole phosphate (DMPP) on the abatement of 

N2O and NO emissions has been broadly demonstrated under a wide range of conditions 

in previous studies (e.g Gilsanz et al., 2016; Thapa et al., 2016). However, their 

performance is highly related to environmental/management conditions, which affect 

nitrification and denitrification processes (Ussiri and Lal, 2013). New nitrification 

inhibitors, such as the (3,4-dimethyl-1H-pyrazol-1-yl) succinic acid isomeric mixture 

(DMPSA), are being investigating in order to improve NI effectivity in different crop 

systems and with different fertilizers (e.g. calcium ammonium nitrate, CAN). To date, 

no studies have evaluated the effectiveness of DMPSA under semiarid-conditions for 
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rainfed cereal crops, where nitrification is normally the main process involved in the 

production of N oxides (Aguilera et al., 2013a).  

In the case of the urease inhibitor N-butyl thiophosphorictriamide (NBPT), 

which is an effective and widespread ammonia (NH3) mitigation strategy (Sanz-Cobena 

et al., 2014a), the recent meta-analysis of Feng et al. (2016) reported an overall N2O 

mitigation effect of this compound. Reduced soil N2O fluxes, as well as those of NO, 

have also been observed under semi-arid conditions (Abalos et al., 2012; Sanz-Cobena 

et al., 2012; Guardia et al., 2017b) with the use of NBPT. Since the application of 

nitrification inhibitors to urea does not affect the hydrolysis rate, NH3 volatilization is 

not reduced and it could even be increased due to the higher amount of NH4
+ in the 

topsoil, as a result of the inhibition of NH4
+ oxidation (Kim et al., 2012b). In this sense, 

a possible strategy to mitigate emissions of both NH3 and N oxides from urea is the 

combination of NBPT with nitrification inhibitors, therefore maintaining the potential 

benefit of each inhibitor. The capacity of these products to achieve an optimum balance 

in the reduction of all N pollutant forms has been pointed out (Zaman and Nguyen, 

2012). It is, therefore, important to assess whether this increased effectiveness results in 

higher NUE or grain yield/quality. Previous studies have evaluated the use of double 

nitrification-urease inhibitors for grasslands (e.g. Zaman and Blennerhassett, 2010; 

Zaman et al., 2013) or irrigated systems (e.g. Halvorson et al., 2010; Sanz-Cobena et al., 

2012; Kawakami et al., 2012), but little is known about the effectiveness of these 

inhibitors under rainfed semi-arid conditions. Similarly, the use of urea with DMPSA or 

the double NBPT-DMPSA inhibitor has not been evaluated.  

Improving the timing of N applications is one of the “4R” strategies (right rate, 

right source, right timing, and right placement) to optimize N efficiency (Venterea et al., 

2016). With regards to N timing, some authors have suggested that splitting N 
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applications can even be more effective than using nitrification inhibitors (Quemada et 

al., 2013; Guardia et al., 2017b), in combination with an improved water management. 

The comparison of splitting N applications and the use of inhibitors in rainfed semi-arid 

areas, where N oxides losses are generally low (Cayuela et al., 2017), must be assessed 

in order to determine the most cost-effective practices.  

Another proposed strategy is the use of the right N source. In this sense, NH4
+ -

N based fertilizers have been associated with larger N losses than those containing NO3
- 

-N in calcareous, low C content and well-drained soils (Guardia et al., 2017, Zhang et 

al., 2016), whilst the opposite has been observed in grasslands (Harty et al., 2016), 

where denitrification is the main process leading to the release of N oxides (Skiba and 

Smith, 2000).  

In this context, a field experiment was carried out to measure emissions of N 

oxides (N2O and NO) in a rainfed soft winter wheat crop, in which the use of urea with 

and without nitrification and/or urease inhibitors was compared with split urea (two 

dressing applications) and calcium ammonium nitrate (which was also evaluated as a 

single-application, split in two applications or with a nitrification inhibitor). We 

hypothesized that the improvement of N application timing would mitigate emissions of 

N oxides to a similar extent to that of nitrification/urease inhibitors in a rainfed semi-

arid agro-ecosystem, in which low N fluxes usually mask the effect of inhibitors 

(Abalos et al., 2017). To obtain a better understanding of the most advisable practices 

from the standpoints of both the environment and farmer economy, methane (CH4) 

uptake, grain yield, NUE and grain quality (protein content, gluten strength) were also 

evaluated. 
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2. Materials and methods

2.1 Site description 

The field experiment was carried out at the field station “CENTER”, situated 

near Torrejon de Ardoz (Madrid, Spain), in the Henares river basin, (latitude 40°25´N, 

longitude 3°29’W). According to the Soil Taxonomy of USDA the soil is a Typic 

xerofluvent (Soil Survey Staff, 2014) with a silt loam texture (10% clay, 59.5% silt, and 

30.5% sand) in the upper horizon (0-20 cm). The basic soil characteristics of the topsoil 

are: total organic Carbon, 1.20 g kg-1, total Nitrogen, 1.64 g kg-1, bulk density, 1.27 Mg 

m-3, water pH, 8.2, and CaCO3, 8.16 g kg-1. Calculated from the data of the 

meteorological station situated at the experimental site, the mean annual average 

temperature and rainfall during the last 10 years has been 14.1°C and 393 mm, 

respectively.  

Hourly wind speed, wind direction, rainfall, radiation and air temperature data 

were obtained from the meteorological station. A temperature probe inserted 10 cm into 

the soil was used to measure soil temperature. 

2.2 Experimental design and management 

A randomized complete block design with three replicates was used, with each 

plot covering an area of 64 m2 (8 m x 8 m). The application of fertilizers was adjusted to 

provide 120 kg total N ha-1 for all treatments during the crop period. The different 

fertilizer treatments were: 1) Urea (U); 2) Urea + NBPT (UTEC®) (UI); 3) Urea + 

DMPSA (U+NI); 4) Urea + UTEC + DMPSA (U+DI); 5) Urea split in two dressing 

applications (60 kg N ha-1 + 60 kg N ha-1) (SU) 6) Calcium Ammonium Nitrate (CAN); 

7) CAN + DMPSA (CAN+NI); 8) CAN split in two dressing applications (60 kg N ha-1

+ 60 kg N ha-1) (SCAN) ; and 9) Control with no N fertilization (C). The proportion of 

NBPT and DMPSA in the fertilizers was 0.8% of the NH4
+-N. The N treatments were 
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applied at top-dressing (26th February 2016). In the case of N split treatments (SU and 

SCAN), the second N fertilization was applied on 31st March at the end of the tillering 

stage/beginning of stem elongation. All fertilizers (provided by EuroChem Agro) were 

applied to the soil surface in granular form by hand. The phosphorus (Olsen method) 

and potassium (K) concentrations were analyzed at the beginning of the experiment. No 

P or K seeding fertilization was applied since contents were high for both nutrients. The 

field was seeded on 27th October with winter wheat (Triticum aestivum L. ´Ingenio`) at 

200 kg ha-1.  

2.3 Gas sampling 

During the first 45 days following fertilization, samples of gases and soil were 

taken 2-3 times per week since this was considered the most critical period for high gas 

emissions. Afterwards, the frequency of sampling was decreased progressively. The 

GHG (N2O, CH4 and CO2) fluxes were measured using the closed chamber technique. 

Opaque circle static chambers of 19.3 L were placed in each plot and fitted into stainless 

steel rings, which were inserted into the soil to a depth of 10 cm at the beginning of the 

experiment in order to avoid lateral diffusion of gases and disturbance of the gas fluxes 

(Davidson et al., 2002). After closing, two gas samples were taken at times t0 and t60 

(60-min interval) from the headspace of each chamber with 20 mL syringes fitted with 

3-way stopcocks, and transferred to vials sealed with a gas-tight neoprene septum, 

appropriate for their posterior analysis by the Gas Chromatograph (GC).  

Concentrations of GHG in the gas samples were determined using an HP-6890 

GC (Agilent Technologies, Barcelona, Spain). The GC was fitted with a flame 

ionization detector (FID) (for measuring CH4) and a 63Ni electron capture detector 

(ECD) (for measuring N2O). The CO2 was converted into CH4 by a methanizer, and its 

concentration was also determined by the FID. The GC was equipped with a headspace 
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autoanalyzer (HT3), and HP Plot-Q capillary columns. The temperature of both 

injection and oven were 50°C, while the detector temperature was 350°C. The fluxes of 

N2O, CH4 and CO2 were calculated from the change in the chamber gas concentration 

during the 60 minutes the chambers were closed. This was estimated as the slope of the 

linear regression of concentration with time, considering both the chamber volume and 

soil surface area, (Van Cleemput and Boeckx, 2005). 

NO fluxes were measured using a gas flow-through system on the same days as 

the N2O measurements (during summer period). One chamber per plot was used for this 

analysis (volume 22 L, diameter 35 cm and height 23 cm). In this case, the interior of 

the chamber was covered with Teflon® to minimize the reactions of NOx with the walls 

and the chamber had inlet and outlet holes (Abalos et al., 2014a). The nitric oxide was 

analysed using a chemiluminiscence detector (AC31M-LCD, Environnement S.A., 

Poissy, France). Air (filtered through a charcoal and aluminium/KMnO4 column to 

remove O3 and NOx) was passed through the headspace of the chamber, and the gas 

samples were pumped from the chambers at a constant flow rate to the detection 

instruments via Teflon® tubing. The ambient air concentration 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 concentration was reached. 

2.4 Soil and crop sampling and analysis 

Soil samples were taken frequently in order to determine the moisture content, 

NH4
+-N and NO3

–-N concentrations, and relate them to the gas emissions. Three soil 

cores were randomly sampled from the upper layer (0-10 cm) around the chamber of 

each plot and mixed in the laboratory to obtain a homogeneous sample. Soil NH4
+ and 

NO3
– concentrations were analyzed using 8 g of soil extracted with 50 mL of KCl (1 M) 
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and measured by automated colorimetry using a flow injection analyzer (FIAS 400 

Perkin Elmer) with a UV-V spectrophotometer detector. The WFPS was calculated by 

dividing the volumetric water content by total soil porosity. Total soil porosity was 

calculated using the relationship: soil porosity = (1- soil bulk density/2.65), assuming a 

particle density of 2.65 g cm-3 (Danielson et al., 1986). Gravimetric water content was 

determined by oven-drying soil samples at 105°C with a Sartorius® MA30 Moisture 

Analyzer.  

The wheat was harvested on 21st June with a research plot combine 

(Wintersteiger Inc.). Previous to this, the plants of one row were harvested to determine 

the total N content of grain and straw, which were measured using a TruMac CN Leco 

elemental analyzer. In addition, the SDS-sedimentation (SDSS) volume, which is highly 

correlated with the deformation energy and therefore with gluten strength, was 

determined as described by Dick and Quick (1983). 

2.5 Calculations and statistical methods 

Cumulative gas emissions during the experimental period were calculated as 

proposed by Menéndez et al. (2006), by multiplying the average flux of two successive 

determinations by the length of the period between sampling and adding that amount to 

the previous cumulative total. The global-warming potential of N2O and CH4 emissions 

was calculated in units of CO2-equivalents over a 100-year time horizon. A radiative 

forcing potential relative to CO2 of 265 was used for N2O and 28 for CH4 (IPCC, 2014). 

Greenhouse gas intensity and yield-scaled NO emissions (Y-S NO) were calculated as 

the ratios of CO2-equivalent emissions to grain yield and NO-N emissions to grain 

yield, respectively (Shang et al., 2011). 
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Data analysis was performed using Statgraphics Plus 5.1. Analyses of variance 

were carried out for almost all variables measured in the experiment (except for the 

meteorology). Data distribution normality and variance uniformity were previously 

assessed using the Shapiro-Wilk test and Levene’s statistic, respectively, and 

transformed (log10, root-square, arcsine or inverse) before analysis when necessary. 

Means were separated by LSD test at P< 0.05. For non-normally distributed data, the 

Kruskal–Wallis test was used on non-transformed data to evaluate differences at P< 

0.05. Simple Linear Regression analyses were performed to determine the relationships 

between N2O-N, NO-N, CO2-C and CH4-C fluxes with soil NH4
+-N, NO3

--N, WFPS 

and soil temperature. 

3. Results

3.1 Environmental conditions and soil mineral N 

The mean soil temperature during the wheat cropping cycle was 11.6°C (9.4°C 

during the first month following N fertilization) (Fig. 8.1), and the minimum and 

maximum air temperatures were -6.7 and 35.0 °C, respectively. Total precipitation over 

the wheat cropping cycle was 340 mm (92 mm during the first 45 days following N 

fertilization). Soil WFPS ranged between 11 and 60% (Fig. 8.2). 
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Fig. 8.1 Daily rainfall (mm), mean soil temperature at 10 cm and mean air temperature (°C) during the 
experimental period.

Fig. 8.2 Soil Moisture content expressed as water filled pore space (WFPS, %) during the experimental 
period. 

Topsoil NH4
+ concentrations increased after N addition and generally stayed 

above 50 mg N kg-1 until late March (beginning of stem elongation). Mean NH4
+ 

contents were significantly lower for the treatments with NBPT (UI and U+DI 

treatments) (Fig. 8.3a). The nitrification inhibitor DMPSA increased NH4
+ contents but 

this was only significant at the beginning of stem elongation. With regards to NO3
- 

contents, major increments were observed one week after fertilization in CAN-based 
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treatments. All inhibitor-based treatments (NBPT and/or DMPSA) and SU significantly 

reduced mean NO3
- concentrations after N fertilization (in the tillering and stem 

elongation stages) with respect to U (Fig. 8.3b). The use of DMPSA also decreased 

mean NO3
- concentrations in CAN+NI, with respect to CAN. Split U and SCAN led to 

significant increments of mineral N contents following the second dressing fertilization, 

particularly in the SCAN treatment. During this period, U+DI also increased NH4
+ and 

NO3
- contents, with respect to U.  

Fig. 8.3 Mean topsoil (0-10 cm) NH4
+ (a) and NO3

- concentrations (b) after first N fertilization (tillering 
and stem elongation stages) and after 2nd dressing N application; for the different urea-based treatments 
(urea, U, urea + NBPT, UI, urea + DMPSA, U+NI, urea + NBPT + DMPSA, U+DI, split urea, SU, 
control, C) and calcium ammonium nitrate (CAN)-based treatments (CAN, CAN + DMPSA, CAN+NI, 
split CAN, SCAN). First and 2nd N applications were carried out on 26th February and 31st March, 
respectively. Vertical bars indicate standard errors. 
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3.2 Gaseous emissions 

3.2.1 Emissions of N oxides 

Figure 8.4 shows emissions of N oxides from mid-February to the end of May, 

thus including both N fertilization events. Outside of this period, emissions of both NO 

and N2O were negligible (< 1 and from -0.1 to 0.1 mg N m-2 d-1 for NO and N2O, 

respectively), and are not shown to improve readability of the figures. Nitric oxide 

fluxes ranged from -0.36 to 7.76 mg N m-2 d-1 (Fig. 8.4a, c, e). The largest emissions of 

this gas were observed 35-42 days following N fertilization (first week of April) for U-

based treatments. Nitric oxide also peaked during the first week following N addition, 

particularly for the CAN-based treatments. Cumulative NO emissions (Table 8.1) were 

significantly abated when inhibitors were used in U-based treatments. Moreover, U+NI 

had significantly lower cumulative emissions than U+DI and UI. Split urea also 

mitigated NO emissions with respect to U, to a similar extent to U+DI and UI. With 

regards to the CAN-based treatments, the nitrification inhibitor DMPSA and the split 

CAN treatment resulted in 9 and 6% mitigation, respectively, compared with CAN 

alone, but differences were not statistically significant. Nitric oxide emissions in the 

CAN treatment were significantly lower than those in U (69% abatement). 

Nitrous oxide fluxes ranged from -0.12 (U+DI on 7th March) to 0.94 mg N m-2 d-

1 (U on 25th March). The highest peak was reported 28 days after N fertilization, and the 

U treatment also had a smaller peak 52 days after N fertilization (Fig. 8.4b, d, f). The 

soil acted as a sink (i.e. negative fluxes) for N2O on some sampling days, particularly on 

7th March (10 days after fertilization). This was observed for all treatments except C 

(Fig. 8.4b, d, f). All fertilized treatments increased cumulative N2O fluxes with respect 

to the unfertilized control (P <0.05), and cumulative emissions were significantly 

higher in U than in the rest of the fertilized treatments (including CAN without 
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DMPSA) (Table 8.1). Again, SU abated N2O emissions with respect to U, but to a lesser 

extent than U+NI (with UI and U+DI having intermediate results). In contrast, SCAN 

significantly increased N2O cumulative losses, with respect to CAN and CAN+NI. A 

strong and positive correlation between N2O and NO fluxes was found (P<0.001, n=21, 

r=0.89). Nitric oxide fluxes also correlated with NH4
+ contents (P<0.05, n=21, r=0.65). 

Fig. 8.4 NO (a, c, e) and N2O (b, d, f) emissions during the experimental period in the urea-based 
treatments (urea, U, urea + NBPT, UI, urea + DMPSA, U+NI, urea + NBPT + DMPSA, U+DI, split urea, 
SU, control, C) and the calcium ammonium nitrate (CAN)-based treatments (CAN, CAN + DMPSA, 
CAN+NI, split CAN, SCAN). The dotted arrows indicate N fertilization events and vertical bars indicate 
standard errors. 
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3.2.2 CH4 emissions and CO2-equivalent emissions 

Methane fluxes ranged from -1.7 to 2.6 mg C m-2 d-1 and the soil acted as a CH4 

sink on most sampling dates (data not shown). Maximum CH4 fluxes were reported on 

25th March (the same day of the N2O emission peak) and fluxes of both GHGs were 

significantly correlated (P<0.05, n=24, r=0.49). Cumulative CH4 oxidation was 

statistically similar in all treatments (Table 8.1) and neither the inhibitors nor the N 

fertilization affected CH4 uptake. As a result of this and the higher weight of N2O in the 

calculation of CO2-equivalent emissions, the differences in net GHG balance between 

treatments were strongly affected by N2O cumulative losses (Table 8.1). The addition of 

urease or nitrification inhibitors to urea, as well the split application, significantly 

reduced CO2-equivalent emissions and there were no differences between inhibitor 

treatments. As for N2O emissions, no effect of CAN+NI, with respect to CAN alone, 

was observed. All CAN-based treatments (CAN, CAN+NI, SCAN) decreased CO2-

equivalent emissions, with respect to the U treatments.  
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Table 8.1 Cumulative NO, N2O fluxes, CH4 uptake and total GHG (CO2-equivalent) emissions for the urea-based treatments (urea, U, urea + NBPT, UI, urea + DMPSA, U+NI, 
urea + NBPT + DMPSA, U+DI, split urea, SU, control, C) and the calcium ammonium nitrate (CAN)-based treatments (CAN and CAN + DMPSA, CAN+NI, split CAN, 
SCAN). 

Treatments NO (g N ha-1) N2O (g N ha-1) CH4 (g C ha-1) Total GHG (kg CO2 ha-1) 
C 169.9 a 38.3  a -140.2 6.2 a 
U 1886.8 d 189.1 d -235.5 43.5 d 
UI 693.0 c 102.8 bc -215.2 21.2 bc 

U+NI 408.2 b 87.3  b -152.3 18.1 bc 
U+DI 608.7 c 92.5 bc -86.8 22.1 bc 

SU 812.3 c 120.9 c -127.3 29.3 c 
CAN 587.0 bc 79.2  b -157.2 16.5 ab 

CAN+NI 533.3 bc 87.3  b -185.9 17.9 bc 
SCAN 553.3 bc 122.9 c -239.0 25.9 bc 

S.E. 169.0 13.3 54.0 3.9 
P value 0.000 0.000 0.473 0.000 

     Different letters within columns indicate significant differences by applying the Least Significant Difference (LSD) test at P< 0.05. S.E. is the Standard 
Error of the mean. The values of NO were log-transformed.
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3.3 Yield and grain N content 

In general, the fertilized treatments had significantly larger grain and biomass 

yields than C (P < 0.05) (Table 8.2). The treatments based on splitting N or 

nitrification/urease inhibitors did not increase grain or biomass yield for U or CAN. By 

contrast, UI tended to increase grain yield in U-based treatments, while SCAN tended to 

decrease it in CAN-based treatments. With regards to grain N content and SDSS 

volume (Table 8.2), all fertilized treatments increased these parameters, with respect to 

C, although SDSS volume in CAN+NI and U+NI was not statistically different from 

that of C. A significant correlation between grain N content and SDSS volume (P<0.01, 

n=36, r=0.56) was found. All inhibitors tended to increase grain N content in U-based 

treatments, but differences were only significant in the case of U+DI, with respect to U. 

In addition, this treatment tended to increase NUE (compared with the other U-based 

treatments) but differences were not statistically significant (except with respect to SU, 

which had the lowest NUE). With regards to CAN strategies, the new inhibitor DMPSA 

tended to reduce SDSS volume and significantly decreased grain N content and NUE, 

while the SCAN treatment (which tended to decrease grain yield) numerically increased 

the grain N content.  

187 



Table 8.2 Grain and Biomass Yield, N content in grain, SDSS volume and N use efficiency (NUE) for urea-based treatments (urea, U, urea + NBPT, UI, urea + DMPSA, U+NI, urea + NBPT + 
DMPSA, U+DI, split urea, SU, control, C) and calcium ammonium nitrate (CAN)-based treatments (CAN and CAN + DMPSA, CAN+NI, split CAN, SCAN). 

Treatments Grain yield  (kg ha-1) Biomass yield        (kg ha-1) N grain (%) NUE (%) SDSS volume (mm) 
C 2199 a 3528  a 2.24 a 90.3  a 
U 2981 bc 7339  b 2.86 bc 61.1  abc 99.4  b 
UI 3025 c 7048  b 2.97 bcd 65.5  bcd 99.3  b 

U+NI 2959 bc 5941  b 2.91 bcde 62.7  abc 96.8  ab 
U+DI 2766 bc 6107  b 3.18 de 77.3 cd 101.0  b 

SU 2941  bc 6155  b 2.85  bc 50.4  a 98.9  b 
CAN 2988 bc 6754  b 3.12 cde 78.9 d 102.0  b 

CAN+NI 2974 bc 6130  b 2.73  b 58.5  ab 95.3  ab 
SCAN 2595 ab 6363  b 3.22  e 73.6  cd 101.9  b 

S.E. 142 698 0.1 5.6 2.6 
P value 0.004 0.000 0.000 0.000 0.084 

Different letters within columns indicate significant differences by applying the Least Significant Difference (LSD) test at P< 0.05. S.E. is the Standard Error of the mean.
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3.4 GHGI and yield-scaled NO emissions 

All fertilization strategies significantly reduced GHGI and Y-S NO, with respect 

to U alone (Table 8.3). In addition, the U+NI treatment resulted in lower Y-S NO 

emissions than SU, UI and U+DI, and decreased GHGI with respect to SU. With 

regards to the CAN-based treatments, the use of DMPSA did not mitigate GHGI or Y-S 

NO, due to the low emissions of N oxides associated with the CAN treatment, which 

significantly reduced both ratios with respect to U (Table 8.3). Splitting CAN in two 

dressing applications did not affect Y-S NO emissions but increased GHGI.  

Table 8.3 Greenhouse gas intensity (GHGI, g CO2-eq kg grain-1) and yield-scaled NO emissions (Y-S 
NO, g N kg grain-1) in urea-based treatments (urea, U, urea + NBPT, UI, urea + DMPSA, U+NI, urea + 
NBPT + DMPSA, U+DI, split urea, SU, control, C) and calcium ammonium nitrate (CAN)-based 
treatments (CAN and CAN + DMPSA, CAN+NI, split CAN, SCAN). 

Treatments GHGI  (g CO2-eq kg grain-1)    Y-S NO emissions (g N kg grain-1) 
C 2.9  a 0.08  a 
U 14.6  d 0.63  e  
UI 7.1  b 0.23  cd 

U+NI 6.1  b 0.14  b 
U+DI 8.0  bc 0.22  cd 

SU 10.0  c 0.29  d 
CAN 5.6  ab 0.20  cd 

CAN+NI 6.1  b   0.18  bc 
SCAN 10.0 c 0.21  cd 

S.E. 1.0 0.04 
P value 0.000 0.000 

Different letters within columns indicate significant differences by applying the Least Significant 
Difference (LSD) test at P< 0.05. S.E. is the Standard Error of the mean. 

4. Discussion

4.1 Effect of nitrification and urease inhibitors on emissions of N oxides 

As we hypothesized, nitrification and urease inhibitors, as well as the double 

nitrification-urease inhibitor (U+DI) were effective in the mitigation of emissions of N 

oxides with respect to U alone. These results are consistent with previous meta-analysis 

studies (e.g. Akiyama et al., 2010; Qiao et al., 2015; Gilsanz et al., 2016; Feng et al., 
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2016) and field experiments performed under similar climatic and management 

conditions (e.g. Abalos et al., 2012; 2017). However, most field studies and meta-

analyses are focused on DCD and DMPP, while information on DMPSA is still scarce. 

Our results confirmed the high effectiveness of this new inhibitor when applied with a 

NH4
+ -N based fertilizer (urea) as reported by Huérfano et al. (2016) under humid 

Mediterranean conditions with ammonium sulfate as the N source. The urease inhibitor 

(NBPT) reduced cumulative NO and N2O losses by 63 and 45%, respectively. The 

effectiveness was lower than that reported by Abalos et al. (2012) in a winter barley 

rainfed crop (86 and 88% mitigation of N2O and NO), but was statistically similar, in 

the case of N2O, to the efficacy of DMPSA. These authors attributed the mitigation of N 

oxides following the application of NBPT to the reduction of NH4
+ concentrations 

resulting from the slower hydrolysis of urea, as we also observed (Fig. 8.3). In addition, 

NO3
- contents were also significantly reduced.  

By contrast, the use of DMPSA with CAN did not mitigate neither N2O nor NO 

emissions in this rainfed agro-ecosystem. Contrasting findings were reported by 

Guardia et al. (2017) in an irrigated maize crop, in which N2O and NO emissions were 

reduced by 58 and 44%, respectively. However, this mitigation was not significant for 

NO emissions in the year with lowest cumulative fluxes. We hypothesize, therefore, that 

the effect of inhibitors is more evident when conditions for greater N losses occur 

(Abalos et al., 2014b), while their effect is less noteworthy when N fluxes are small. 

Indeed, the recent study of Huérfano et al. (2016), reported a significant effect of 

DMPSA when N2O fluxes were high (1121 g N ha-1) but not when they were lower 

(468 g N ha-1). Cumulative fluxes in the CAN treatment in our study (< 100 g N ha-1) 

were not large enough to produce significant differences when DMPSA was applied 

with this fertilizer. 
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Although WFPS contents were very low for nitrification to occur during the first 

weeks following fertilization (Fig. 8.2), as shown by the high NH4
+ contents measured 

until mid-March (Fig. 8.3a), we hypothesize that nitrification was the main process 

responsible for the emission of N oxides in our experiment once moisture conditions 

were favorable. This was supported by high NO/N2O ratios following N fertilization 

(Akiyama et al., 2004) in the treatments without NIs or the lower emissions of N oxides 

associated with CAN (a fertilizer which contains NO3
--N). Nitrification has been 

proposed as the main source of NO (Skiba et al., 1997), so the correlation between N2O 

and NO fluxes (see section 3.2.1) also indicate that the aerobic oxidation of NH4
+ to 

NO3
- was also a major source of N2O in our experiment. A recent study (Loick et al., 

2016) reported that denitrification, which has been associated with the largest N2O 

emissions (Skiba and Smith, 2000), can also give rise to notable NO peaks. The low soil 

organic C content has been described as the main limiting factor for the dominance of 

denitrification in Mediterranean areas (Aguilera et al., 2013a), and so low fluxes of N 

oxides arising from denitrification could be expected (see Chapter 6).  

The use of the double NBPT-DMPSA inhibitor significantly decreased NO and 

N2O cumulative emissions. These products were developed to achieve a reduction in 

total N losses combining the beneficial effect of urease inhibitor on NH3 volatilization 

abatement and that of NIs on the reduction of emissions of N oxides and N leaching 

(Kim et al., 2012b; Pan et al., 2016). The study of Zaman and Nguyen (2012) in a 

grassland agro-ecosystem found that the double inhibitor was the best strategy to reduce 

of all forms of N pollutants. However, in our experiment, the U+DI as well as the UI 

treatment resulted in larger N2O and NO losses numerically and statistically, 

respectively, with respect to U+NI (Table 8.1). Consequently, the potential benefit of 

each type of inhibitor was not completely maintained, and the double inhibitor 
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performed similarly to NBPT alone. Similar results were obtained by Sanz-Cobena et 

al. (2012) in an irrigated maize field, in which U with NBPT alone or with DCD were 

tested. Even though the mitigation efficiency of U+DI and UI for emissions of N oxides 

was generally surpassed by that of U+NI, the NH3 mitigation potential of NBPT (Pan et 

al., 2016) should also be taken into account, since the amount of N loss is greater than 

that of other gaseous forms (Zhou et al., 2016).  Future experiments are needed to test if 

urease and nitrification inhibitors perform similarly under different climatic conditions. 

In addition to the effect on the total N balance, the response of crop yield and grain N 

content to these treatments must also be assessed in order to assess the benefits of the 

double inhibitor strategy. 

4.2 Effect of split N application on emissions of N oxides 

Splitting N fertilization (i.e. applying N at the right time) is part of the “4R” 

approach to optimize N fertilization and N efficiency (Venterea et al., 2016; Wang et 

al., 2016). In our study, the SU treatment (i.e. 60 kg N ha-1 at the beginning of tillering 

and 60 kg N ha-1 at the beginning of stem elongation), resulted in a significant 

mitigation of NO (by 57%) and N2O (by 37%) compared with non-split U, which was 

not statistically different to that of UI and U+DI. The significant reduction of average 

soil NH4
+ and NO3

- contents (with respect to U) limited the substrate availability for 

nitrifying and denitrifying microorganisms (Fig. 8.3) and therefore, emissions of N 

oxides (Ussiri and Lal, 2013). In an irrigated agro-ecosystem, the study of Guardia et al. 

(2017) also found that the split N supply through drip-fertigation significantly reduced 

emissions of N oxides (to an even greater extent than urease/nitrification inhibitors). 

However, based on our results, the use of DMPSA (in the single form) should be 

encouraged as the most effective mitigation strategy for urea.  
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With regards to the CAN-based treatments, splitting the fertilization did not have 

any effect on NO emissions, and resulted in a significant increase of N2O emissions 

(Table 8.1). As indicated in section 4.1, low emissions of N oxides in the CAN 

treatment may have hidden the effect of alternative strategies. Moreover, the largest 

rainfall events and WFPS values, which occurred after the second fertilization (31st 

March), concurrently with soil mineral N availability (Figs. 8.2, 8.3b), enhanced the 

release of N2O from denitrification (Bateman and Baggs, 2005). Consequently, our 

results confirm that not only rainfall amount but also its irregular distribution, as well as 

its interaction with the N source, are important factors affecting N2O losses in rainfed 

semi-arid agro-ecosystems (Abalos et al., 2017).  

4.3 Effect of N source on emissions of N oxides 

Emissions of N oxides were significantly abated in the CAN treatment, with 

respect to U (69% and 58% reduction for NO and N2O, respectively). Due to low fluxes 

of N oxides in CAN plots (as indicated above), alternative CAN-based strategies 

(CAN+NI and SCAN) were not effective, while CAN demonstrated a mitigation 

potential (with respect to U) as high as that of U+NI, for both NO and N2O. Similar 

results were found under irrigated conditions by Abalos et al. (2014a) and Guardia et al. 

(2017), when comparing contrasting N sources (NH4
+ -N and/or NO3

- -N). Additionally, 

results from Chapter 6 highlighted that N2O losses from exogenous NH4
+ -N clearly 

surpassed those from NO3
- -N, when ammonium nitrate was applied in an irrigated 

field. Therefore, even under irrigated conditions, denitrification could not be considered 

as the major N2O source in these low C-content soils. These results were confirmed in 

our study under rainfed conditions, and are in agreement with those of Zhang et al. 

(2016), who concluded that nitrification was also the main contributor to N2O losses in 

the North China Plain.  
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4.4 CH4 uptake and CO2-equivalent emissions 

Methane oxidation was not affected by any of the fertilization strategies, i.e. N 

source (CAN versus U, inhibitors), N timing or even N rate (since the CH4 sink was 

statistically similar in the control to that of all N fertilized treatments). Conversely, the 

highest peaks of N2O and CH4 were observed on the same date leading to a significant 

correlation between the fluxes of both GHG (see section 3.2.2). This may have been the 

result of favorable moisture conditions (Fig. 8.2) for methanogenic microorganisms (Le 

Mer and Roger, 2001) and the transformation of soil NH4
+ to NO3

-, indicating active 

nitrification. In the case of DMPSA, our results are in agreement with Huérfano et al. 

(2016), who did not observe any effect of DMPSA on net CH4 oxidation, compared 

with ammonium sulphate without the inhibitor. Consequently, N2O losses were the 

main driver of GHG emissions (Table 8.1).The assessment of net CO2 equivalent 

emissions confirmed that inhibitors are optimal mitigation options, as well as SU. In 

addition, substituting U by CAN resulted in the lowest GHG emissions, which were 

significantly lower than that of SU.  

4.5 Grain yield and quality, N efficiency and yield-scaled emissions 

The monetary cost is one of the main barriers to a widespread use of nitrification 

and urease inhibitors (Sanz-Cobena et al., 2017). Consequently, it is important to 

evaluate the effects of these products on yield and quality in order to obtain a complete 

view of their potential advantages, in addition to the documented economic benefit of 

reducing the environmental impacts of N pollutants (Qiao et al., 2015, Yang et al., 

2016). A positive overall effect on yield and NUE has been reported in several meta-

analyses. However, these significant mean increases are always lower than 10% (in the 

case of yield) and 20% (in the case of NUE), and are highly dependent on 

environmental and management conditions (Abalos et al., 2014b; Qiao et al, 2015; Feng 
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et al., 2016, Thapa et al., 2016). In this sense, Abalos et al. (2014b) pointed out that the 

effect of urease and nitrification inhibitors on grain yield and NUE was lower under 

conditions that do not favor high N losses. In our experiment, in which small emissions 

of N oxides were observed and N leaching is expected to be low, we did not find any 

significant effect of inhibitors on grain or biomass yield, supporting this assumption, 

and in agreement with previous studies carried out under similar conditions (Abalos et 

al., 2012; 2017). The same holds for the effect of N timing, although the split 

application of CAN tended to reduce grain yield (Table 8.2).  

In addition to grain yield, farmers could improve net margin through 

improvements in grain quality or NUE (thus opening the opportunity to reduce N input). 

In our experiment, grain and breadmaking quality were assessed through grain N 

content (i.e protein content) and SDSS volume (a parameter that correlates with gluten 

strength) (Callejo et al., 2016). All inhibitors tended to increase grain N content in U-

based treatments, but differences were only significant in the case of U+DI. Therefore, 

the reduction of emissions of N oxides (Table 8.1), in addition to the well-documented 

abatements of NH3 emissions (Sanz-Cobena et al., 2014a) and NO3
- leaching (Quemada 

et al., 2013), by the use of both urease and nitrification inhibitors, respectively, may 

have resulted in an increased N content in grain, thus improving protein content. In 

addition, this treatment tended to increase NUE and led to the highest SDSS value 

(compared with the other U-based treatments) but differences were not statistically 

significant. This contrasts with the effect of applying the new inhibitor DMPSA with 

CAN, which gave lower grain N content, rheological properties (SDSS) and NUE than 

the application of CAN alone. Moreover, the single dressing application of CAN 

without the inhibitor even increased these parameters numerically with respect to U 

(Tables 8.2 and 8.3). Small reductions of grain N uptake in inhibitor-based treatments 
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were also found by Mahmood et al. (2011) and Halvorson et al. (2010) under alkaline 

soil conditions. Additionally, the use of DMPSA in a single application with ammonium 

sulphate also reduced N recovery, grain yield and grain protein, with respect to the 

fertilizer without inhibitor, in the field experiment of Huérfano et al. (2016). By 

contrast, no effect of splitting CAN application was found on NUE, SDSS volume or 

grain protein, although the latter tended to be larger with respect to CAN alone (and was 

significantly higher than that of U treatment), possibly as a result of the lower grain 

yield (Table 8.2).  

Our results demonstrate that most of the alternative treatments evaluated 

(inhibitors or splitting N) are attractive options for reducing the emissions of CO2 

equivalents or NO per kilogram of grain yield (Table 8.3). This was observed for U, but 

not for the low N-emission CAN treatment. Differences between inhibitors in U-based 

treatments for almost all evaluated parameters were negligible, but U+NI was the most 

effective option for mitigate Y-S NO emissions. On the other hand, the well-

documented abatements of NH3 emissions with the use of NBPT (Sanz-Cobena et al., 

2014a) provide additional advantages of UI and U+DI, with respect to U+NI. 

5. Conclusions

An improved management of N fertilization through the use of inhibitors or N 

timing resulted in an abatement of GHGI. The double-inhibitor, which in general 

behaved similarly to UI, gave an optimum balance between mitigation of N pollutants, 

yield, NUE, protein content and gluten strength, although the manufacturing cost should 

also be taken into account. Splitting dressing applications of U was a more advisable 

option than a single application, but was less effective for mitigating GHGI and Y-S NO 

than inhibitor-based treatments and also decreased NUE with respect to UI and U+DI. 

The use of nitrification and/or urease inhibitors or the substitution of U by CAN is 
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recommended to minimize the emissions of N oxides per kilogram of grain yield and 

consequently increase the sustainability of rainfed winter-cereal cropping systems in 

Mediterranean areas, without apparent breadmaking quality penalties. 
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The future of agriculture systems requires important changes at the farm level in 

order to integrate high crop yields and food and environmental quality, in a context of 

climate change and food security. These changes should be based on several agricultural 

practices adequately assessed under each specific cropping system. In this Chapter, the 

importance of Conservation Agriculture and the enhancement of the efficacy of N 

fertilizers (e.g. those containing nitrification or urease inhibitors) on different 

components of the net greenhouse (GHG) balance are summarized for common 

Mediterranean crops. An integrated assessment of best management strategies usually 

lacks: i) the complete balance between all possible GHG sources and sinks, including C 

sequestration and CO2 emissions from farm operations and inputs, in rainfed 

Conservation Agriculture systems (Chapter 3); ii) the measurement of GHG emissions 

during the whole CC-cash crop rotation, assessing the contribution of exogenous and 

endogenous N in an integrated fertilization approach (Chapter 4); and iii) the 

comparison between inhibitors and an efficient use of N (source and timing) in both 

rainfed and irrigated crops (and in this case, the relationships between N and water 

management) (Chapter 7 and 8). The main advances in the understanding of 

mechanistic processes leading to N oxides (such as nitrification and denitrification) 

(Chapter 6) are also discussed in this Thesis, as well as the behavior of nitrification 

inhibitors in soils at different temperatures (Chapter 5).  

1. Assessment of Best Agricultural Practices to reduce N oxides and total

GHG emissions, increase yield and improve yield-scaled emissions

1.1 Do Conservation Agriculture practices enhance GHG emission? 

1.1.1 Conservation Tillage 

Conservation agriculture practices integrate three elements to preserve soil 

quality and long-term crop production: crop rotation, minimal soil disturbance 
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(conservation tillage) and permanent soil cover (FAO, 2013). Several benefits have 

been associated with no tillage (NT) or minimum tillage (MT) with regards to the 

conservation of physic-chemical quality (Verhulst et al. 2010) and soil ecology (Roger-

Estrade et al., 2010). Conversely, the effects of these practices on GHG emissions 

(particularly nitrous oxide, N2O) must be considered before recommending them as the 

most sustainable options. Moreover, all the components of GHG balance must be 

quantified, due to the critical influence of the long-term implementation of these 

practices on C stocks and inputs consumption (Robertson et al., 2000; Abdalla et al., 

2016) and the usually low N2O losses in rainfed semi-arid areas, e.g. Mediterranean 

(Table 9.1; Cayuela et al., 2017). Our results showed that in spite of complex 

interactions with crop effect and management of crop residues (Chapter 3), neither long-

term NT nor MT showed a noteworthy effect on N2O losses, in comparison to CT. Our 

results were, therefore, in agreement with those of previous studies in Mediterranean 

areas (Plaza-Bonilla et al., 2014a; Tellez-Rio et al., 2015a; b), in spite of the global N2O 

mitigating effect of conservation tillage obtained in the meta-analysis of Van Kessel et 

al. (2013) for long-term experiments in dry climates. In any case, the apparently neutral 

response of N2O losses to conservation tillage suggests the comparison of its weight 

with that of other GHG sinks/sources. Methane oxidation also had little impact on 

carbon dioxide (CO2)-equivalent emissions, and was not affected by tillage, as in 

Tellez-Rio et al. (2015a; b, 2017). Our results revealed that the influence of N2O losses 

in the overall GHG balance was lower than that of inputs and operations, and 

particularly than C sequestration. Our calculations of annual C sequestration may be 

biased by the assumption of a linear pattern, while the recent study of Kuhn et al. (2016) 

revealed that the maximum C sequestration rate may occur 10 years after conversion. 

Our findings as well as the results from available literature confirmed that conservation 
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tillage should be recommended to reduce CO2-equivalent emissions in rainfed 

Mediterranean areas, due to the small weigh of N2O (Aguilera et al., 2015) and the 

potential for increasing C sequestration and reducing CO2-equivalent emissions 

(particularly from fuel consumption).  The meta-analysis of Aguilera et al. (2013b) or 

Abdalla et al. (2016) also confirmed the enhancement of C stock and the abatement of 

CO2-equivalent emissions with NT management, particularly under conditions which 

were similar as those of our study (arid climates, in poor sandy and low C-content soils, 

long-term experiments and combination with crop rotation).  
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Table 9.1 Area and yield-scaled N2O emissions in the different experiments of this Thesis. The CO2-equivalent emissions (CO2-eq) are ranked within each experiment, with 
increasing number corresponding to higher emissions. 

Chapter Crop System Cover 
Crops 

Minimum/Zero 
Tillage 

N rate Fertilizer 
type 

Adjusted N 
rates NIs/UIs Fertigation/  

Split N 

Area-scaled N2O 
emissions 

Yield-scaled N2O 
emissions CO2-eq 

(kg N ha-1) (kg N2O-N ha-1) (g N2O-N kg Nup-1) 

3 Barley Rainfed NO NO < 100 NPK, CAN YES NO YES 0.17 1.9 4 
3 Barley Rainfed NO YES < 100 NPK, CAN YES NO YES 0.16-0.21 2.4-2.6 2 
3 Vetch Rainfed NO NO 0 - YES NO NO 0.25 0.8 3 
3 Vetch Rainfed NO YES 0 - YES NO NO 0.19-0.29 0.6-1.5 1 

4 Maize Irrigated NO YES 170 CAN YES NO NO 0.57 4.21 2 
4 Maize Irrigated YES YES 140-190 CAN YES NO NO 0.48-0.74 3.06-5.64 1 

7 Maize Irrigated NO NO 180 CAN/Urea NO a NO NO 1.14-2.01 4.35-5.48 3 
7 Maize Irrigated NO NO 180 CAN/Urea NO a YES NO 0.48-1.10 1.25-3.06 2 
7 Maize Irrigated NO NO 180 CAN/Urea NO a NO YES 0.24-0.52 1.00-2.02 1 

8 Wheat b Rainfed NO NO 120 CAN/Urea NO NO NO 0.08-0.19 0.48-1.22 3 c 
8 Wheat b Rainfed NO NO 120 CAN/Urea NO YES NO 0.09-0.10 0.58-0.64 1 
8 Wheat b Rainfed NO NO 120 CAN/Urea NO NO YES 0.12 0.75-0.85 2 

a The N rate was not adjusted using Integrated Soil Fertility Management, but low N rates were employed. 

b In this case, the area and yield-scaled N2O emissions are given for a period of 6 months. 

c N2O missions and CO2-equivalent emissions were highest for urea (U), but lowest for calcium ammonium nitrate (CAN). 
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1.1.2 Crop rotation in rainfed agro-ecosystems 

Crop rotations in rainfed Mediterranean agro-ecosystems usually involve the 

inclusion of annual phases of fallow and/or grain legume crops, in addition to winter 

cereals (which are generally the main crops of the rotations, in terms of economic 

profitability). In Chapter 3, CO2-equivalent emissions of a winter cereal (barley, 

preceded by vetch) and of vetch (preceded by wheat) were compared. Our results 

showed that although barley was fertilized; this crop did not result in higher emissions 

than the non-fertilized legume, due to the low fluxes associated with winter cereal crops 

in Mediterranean areas, with an average 0.26% of applied N, according Cayuela et al. 

(2017). Furthermore, vetch resulted in higher N2O fluxes than barley under MT and CT. 

These results were explained by the interaction of tillage with previous crop residues. 

As found in other studies (e.g. Sarkodie-Addo et al., 2003), when high C:N residues (as 

those of wheat, the previous phase of vetch crop) are incorporated to low C-content 

soils, they can stimulate N2O losses from denitrification, which was demonstrated to be 

an important source even at low WFPS (40%) when crop residues are not removed from 

the field (Li et al., 2016). In agreement with Abalos et al. (2013), the DOC/NO3
- ratio 

was a key indicator to understand the tillage*crop interaction. The results of Chapter 3 

were in agreement with those of Chapter 4 under contrasting management conditions 

(irrigated maize-CC rotation), since it was found that the high C:N barley residue 

favored more N2O losses than the low C:N vetch residue.  

The small global warming potential of N2O fluxes in Mediterranean rainfed 

rotations compared with other GHG sources, as found by Aguilera et al. (2015), caused 

the indirect emissions from inputs (herbicides, N fertilizers) to be the main contributors 

to total GHG balance (CO2-equivalent emissions). Consequently, it was demonstrated 
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that rotation with legumes in rainfed semi-arid cropping systems, as well as 

conservation tillage practices, should be recommended for GHG mitigation.  

1.1.3 Crop rotation in irrigated systems: cover crops 

In irrigated systems, the use of CCs have been proposed as an alternative to bare 

fallow during the intercrop period, in order to avoid large N losses (particularly NO3
- 

leaching) after cash crop period (which generally is over-fertilized) (Gabriel et al., 

2012). In chapter 4, GHG emissions were measured during the intercrop period (in 

which a cereal –barley- and a legume –vetch- were compared as in Chapter 3) and the 

subsequent maize (cash crop) phase. In order to meet the goals of conservation and 

sustainable agriculture, GHG emissions were measured in a medium-term reduced 

tillage system (8 years) and maize was fertilized following an integrated soil fertility 

management (ISFM) approach, aiming to minimize N losses and to increase the 

efficiency in the use of N synthetic fertilization. Our results showed that in spite of 

higher emissions of CC treatments during the rainfed non-fertilized intercrop period 

(particularly vetch, in agreement with Chapter 3), the use of both legume and non-

legume CCs combined with ISFM did not increase GHG losses at the end of cash crop 

phase. The results obtained during the intercrop confirmed the findings of Basche et al. 

(2014) or Sanz-Cobena et al. (2014b). 

As found in Chapter 3, the higher C:N ratio of the cereal residue led to a greater 

proportion of N2O losses from the synthetic fertilizer in these plots, when compared to 

vetch. Although nitrification rather denitrification has been demonstrated to be the main 

source of N2O production in Mediterranean soils, even in irrigated fields (see Chapter 

6), the recent study of Li et al. (2016) reported, as indicated above, that the presence of 

CC residues can stimulate denitrification even at lower WFPS values, so coupled 
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nitrification-denitrification probably caused a considerable N2O release in irrigated 

maize crops (Chapter 3, 6 and 7). Endogenous N (coming from residues and particularly 

from soils) was an important contributor to the peaks of N2O emission, as observed in 

Chapter 6 in the first N2O peak (3 days after fertilization, see Fig. 6.4).  

It was demonstrated that the substitution of bare fallow by CCs in irrigated 

cropping systems did not increase soil GHG emissions. Conversely, the net GHG 

balance requires the estimation of CO2 emissions from inputs, operations, indirect N2O 

losses (derived from NO3
- leaching) and C sequestration. Our results demonstrated that 

both CCs reduced CO2-equivalent emissions. The abatement was higher for barley 

(66%) than for vetch (25%) due to the higher C sequestration (that was a result of 

higher C:N ratio of cereal residues) and lower indirect N2O emissions (Table 9.2, Fig. 

9.1). However, the uncertainties associated with the assumption of linear C 

sequestration rates (see Chapter 3), suggest that V is also an advisable option when an 

ISFM is adopted, since it offers an opportunity for reducing synthetic N input. With 

regards to N leaching, data has been obtained from the study of Gabriel et al. (2012), 

which was performed in the same experimental area and during several campaigns. 

Conversely, these results should be taken with caution since the effectiveness of 

growing CCs to mitigate N leaching has been inconsistent (Teixeira et al., 2016); and 

the N management (i.e. ISFM adoption) was not the same in the years of the study of 

Gabriel et al. (2012) (which also reported high variability as showed by the standard 

errors in Table 9.2). Recent studies have also included the albedo change in the CCs 

GHG balance (Kaye and Quemada, 2017), whose contribution to GHG mitigation may 

reach (on average) 25 g CO2-eq m-2 yr-1 (although with high variability). In spite of 

these uncertainties, the replacement of bare fallow by CCs should be promoted to 

reduce total GHGs from irrigated agro-ecosystems.  
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Table 9.2 Estimated total GHG emissions (kg C eq ha -1 yr-1) for the different treatments (fallow, F, vetch, V, and barley, B). Data includes average value for each component 
of GHG balance ± standard error. 

CO2 source/sink Reference 
kg C/ha 

F V B 
GHG emissions a Chapter 4 136,9±39,3 115,2±8,4 185,7±18,6 

Indirect N2O emissions Gabriel et al. (2012) 183,0±72,4 131,1±61,2 68,3±27,3 
Cultivator pass Chapter 4 and Lal (2004) 4,0±1,9 4,0±1,9 4,0±1,9 

CCs sowing Chapter 4 and Lal (2004) 3,2±0,8 3,2±0,8 3,2±0,8 
CCs killing Chapter 4 and Lal (2004) 1,4±1,3 1,4±1,3 1,4±1,3 
Herbicide Chapter 4 and Lal (2004) 6,37±1,9 6,37±1,9 6,37±1,9 

N synthetic fertilizer Chapter 4 and Lal (2004) 221±51 182±42 247±57 
P synthetic fertilizer Chapter 4 and Lal (2004) 13,8±4,1 13,8±4,1 13,8±4,1 
K synthetic fertilizer Chapter 4 and Lal (2004) 18±7,2 18±7,2 18±7,2 
Fertilizer spreading Chapter 4 and Lal (2004) 7,6±2,5 7,6±2,5 7,6±2,5 

Irrigation Chapter 4, Lal (2004) and Follet (2001) 191,3 191,3 191,3 
Harvest Chapter 4 and Lal (2004) 10±1,5 10±1,5 10±1,5 

C sequestration García-González (2017) 0±246 -85±187 -482±305 
TOTAL  796,7±427,7 599,0±319,5 274,5±428,7 

a A radiative forcing potential relative to CO2 of 265 was used for N2O and 28 for CH4 (IPCC, 2014)
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Fig. 9.1 Contribution of each source or sink of greenhouse gas emissions to CO2-equivalent emissions (kg 
C ha-1) for the different treatments (fallow, F, vetch, V, and barley, B). 

These results and those of Chapter 3 evidenced that agronomical practices such 

as increased use of legume in rotations and their use as of CCs only have a limited 

effect on direct GHG emissions (Iqbal et al., 2015), so their adoption should be 

considered on the basis of the benefits they have to address other important agronomic 

or environmental issues (Peyrard et al., 2016), e.g. the protection if soil from erosion 

(Hargrove, 1991), increasing water retention capacity (Quemada and Cabrera, 2002; 

Suddick et al., 2010), improving weed control (Bugg et al., 2007) and soil microbial 

quality (Balota et al., 2014), and reducing soil salinity during the early stages of cash 

crop (Gabriel et al., 2012). In order to gain a complete overview of these systems, the 

effects on yield, yield-scaled emissions, NUE, N surplus and economic costs will be 

discussed below.  
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1.2 GHG mitigation through N fertilization management 

1.2.1 Urease and nitrification inhibitors, an optimal strategy under certain 

conditions 

 The most widespread UI (N-butyl thiophosphorictriamide, NBPT) inhibits 

competitively the enzyme urease through its conversion to an oxygen analogue 

(NBPTO) (Manunza et al., 1999), thus slowing the hydrolysis of urea to NH3. 

Nitrification inhibitors such as dicyandiamide (DCD) and 3,4-dimethylpyrazole 

phosphate (DMPP) inhibit the first step of nitrification (oxidation of NH3 to 

hydroxylamine, catalyzed by the ammonia monooxygenase, AMO). The main 

mechanisms proposed to explain the inhibition effect of NIs have been (1) the 

interaction with AMO by indiscriminate binding to the complex of membrane-bound 

proteins (for DMPP) or blocking the electron transport (for DCD) (Benckiser et al., 

2013), and (2) the removal of the co-factors of AMO (i.e. metals, particularly Cu), thus 

behaving as chelating compounds (Ruser and Schulz, 2015). The new NI 2-(3,4-

dimethyl-1H-pyrazol-1-yl) succinic acid isomeric mixture (DMPSA), has been little 

studied so far, but its inhibition mechanism is expected to be similar to that of DMPP.  

Although several meta-analysis have reported a high mitigation effect of NIs on 

N2O mitigation, which is barely dependent of soil conditions (Yang et al., 2016; Gilsanz 

et al., 2016), low N2O emissions in semi-arid areas (particularly in winter rainfed crops, 

Table 9.1) may result in variable NIs efficacy within consecutive campaigns (Abalos et 

al., 2017), in comparison to the N fertilizer without inhibitor. The results obtained in 

this Thesis supported these findings, since the new NI DMPSA was effective in an 

irrigated (higher N2O losses) maize crop (Chapters 6, 7) and under rainfed (lower N2O 

emissions) conditions (Chapter 8), but in this case only when applied with U (not with 

CAN, due to low N oxides fluxes). In the irrigated maize, N2O emission factors when 
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applying NIS (EFs) ranged from 0.10-0.25%, while in the winter wheat crop (Chapter 8) 

the EFs were even below 0.10%. These EFs are in agreement with the meta-analysis of 

Cayuela et al. (2017) in Mediterranean areas, which reported an average value of 0.14% 

for inhibitors that was not significantly different from the unfertilized control. Our 

results demonstrate that NIs can be effective in winter cereal crops, in which variable 

results can be obtained (Abalos et al., 2017), supporting the findings of Chapter 5 

(higher efficacy of NIs at low-medium temperatures, as those that occur during wheat 

cycle). Only when conditions/N sources favor low N2O fluxes (e.g. CAN), the effect of 

NIs may be masked, but not as a result of lower efficacy. 

An interesting beneficial effect of NIs is the mitigation of NO emission (Qiao et 

al., 2015), which is an important N reactive compound emitted after urea or NH4
+ -

based fertilizers application (Pilegaard, 2013). In fact, significant NO losses (4.8% and 

7.8% of N applied for CAN and U, respectively) were found under favorable conditions 

for nitrification (e.g. high N rates, low organic C content soils, high soil temperatures 

and (Chapter 7). In our experiments, DMPSA significantly mitigated NO emissions 

under rainfed (Chapter 8) and irrigated conditions (Chapter 7). However, in the rainfed 

crop the effect was dependent on N source (only effective with urea). Concerning 

irrigated conditions, the effectiveness in NO reduction was dependent on the cropping 

campaing. As indicated above, in both cases the effect was masked when fluxes were 

lower. The EFs for NO with DMPSA ranged from 0.10 to 0.95%, so the use of DMPSA 

appears as an interesting practice from both agronomical and environmental 

perspectives. Although in Chapter 5 it was demonstrated that pyrazole-based NIs can 

perform worse than DCD under calcareous soils and high temperatures, we obtained a 

high mitigation efficacy under field conditions. The continuous drying-rewetting cycles 

caused a predominance of nitrification and coupled nitrification-denitrification (Chapter 
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6), favoring high N losses in low C-content soils and resulting in a high effectiveness of 

DMPSA, in comparison to the use of fertilizer without inhibitor. Our laboratory results 

suggest that the efficacy of DCD could be even higher in Mediterranean conditions, but 

its use is under discussion since residues were found in New Zealand dairy products 

(Marsden et al., 2015) and evidences for plant uptake were pointed out (Pal et al., 2016). 

Concerning the effect of NBPT, N2O EF was < 0.10% in the rainfed wheat crop 

(Chapter 8), and ranged from 0.21 to 0.47% in the irrigated maize crop (Chapter 7). 

With regards to NO emissions, the EF was 0.44% in the wheat crop. In the maize 

experiment, the EF was low in the first campaign (<0.1%) and higher in the second 

(2.1%), but only in the latter campaign the mitigation effect was numerically and 

statistically evident. In Chapter 8, the use of UI and U+DMPSA was compared with the 

double DMPSA+NBPT form. Our findings highlight that the double inhibitor did not 

improve the performance of the NBPT alone, with regards to the mitigation of N oxides. 

These results under rainfed conditions were in agreement with those of Sanz-Cobena et 

al. (2012) under irrigated conditions. Following this criteria, U+DMPSA is the most 

promising inhibitor-based strategy in rainfed areas if other NH3 mitigation practices 

(Sanz-Cobena et al., 2014a) are adopted, while the use of NBPT or the double inhibitor 

may provide the best balance in the mitigation of N2O and N reactive forms (NH3, NO).  

With regards to CH4 and respiration fluxes, all cropping systems evaluated 

(under rainfed or irrigated conditions) were net CH4 sinks, as generally observed in non-

flooded agricultural cropping systems (Tate et al., 2015). The soil methanotrophic 

activity is influenced by soil moisture, decreasing from values above field capacity (Le 

Mer and Roger, 2001). In agreement, in the field experiments of this Thesis –and 

including the results of Guardia et al. (2017a) performed in the same experimental site 

and campaign as Chapter 7, CH4 oxidation was generally higher under rainfed (average 
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-0.74 kg C ha-1) than under irrigated conditions (average -0.43 kg C ha-1). The influence 

of N fertilization on CH4 oxidation capacity has been discussed for decades (Dunfield 

and Knowles, 1995; Le Mer and Roger, 2001) and both competitive and synergistic 

effects have been proposed, depending on N rate and source (Mosier et al., 1991; 

Bodelier and Landbroek, 2004; Aronson and Helliker, 2010). In all the experiments 

involving inhibitors, any consistent effect of UI or NIs was found, suggesting that small 

and temporary effects of inhibitors on soil mineral N contents are not enough to affect 

methanotrophic activity. Our results are supported by the meta-analysis of Qiao et al. 

(2015) and Yang et al. (2016).  

Respiration fluxes were generally not affected by inhibitors (Chapters, 7 and 8). 

The measurement technique did not distinguish between soil and roots respiration. As 

will be discussed below, inhibitors did not show any effect on biomass yields, so it 

could be expected that root respiration was similar the treatments with and without 

inhibitors, masking possible effects on soil microbiota. Conversely, in the microplots 

experiment (Chapter 6), the crop density was lower and a decrease of soil respiration 

was found. This effect was associated to a decline in the activity of non-targeted 

microorganisms, at least in the short-term, and was in agreement with previous findings 

(Ruser and Schulz, 2015). In summary, the use of UIs and/or NIs did not affect CH4

oxidation, and it is not expected to increment the CO2-equivalent emissions associated 

to inputs, operations or C sequestration, with respect to the fertilizers without inhibitors. 

Therefore, both DMPSA and NBPT are good mitigation options considering the total 

GHG balance, so the response on N oxides mitigation and farm economy (i.e. crop 

productivity and quality and monetary cost) should be compared to that of other N 

fertilization management strategies.  

213 



 Chapter 9 

1.2.2 Effect of N source, timing and drip-fertigation 

Synchronization between N supply and plant demand is considered an essential 

strategy to increase NUE and consequently to reduce N losses (Quemada et al., 2013; 

Sutton et al., 2013). In rainfed agro-ecosystems (Chapter 8), this can be done by 

splitting dressing applications within the adequate cropping phases (López-Bellido et 

al., 2005). In irrigated agro-ecosystems, split N fertilization can be performed through 

fertigation (e.g. drip-fertigation) (Chapter 7). In this case, N fluxes are not only affected 

by N application, but also by the interaction with water. Our results demonstrated that in 

both agro-ecosystems, the management of N timing led to a decrease of N oxides 

emissions, but with a different degree of efficacy in comparison to inhibitors. In the 

irrigated maize experiment the application of CAN or U through drip-fertigation (split 

in two dressing applications) resulted in lower or similar N oxides emissions as NBPT 

or DMPSA treatmtents, so it can be concluded that it was the most effective area-scaled 

emissions mitigation practice, as reported by Quemada et al. (2013) for N leaching 

losses. In this case, the interaction of drip-irrigation (which generates dry and wet areas) 

with mineral N distribution (i.e. accumulation of NH4
+ and NO3

- in the wet areas and the 

transition zone between the dry and wet areas, respectively) (Vallejo et al., 2014) could 

have contributed to the low emissions in drip-fertigated treatments, as explained in 

Chapter 7. In rainfed agro-ecosystems (i.e. wheat experiment), splitting CAN and U 

generally resulted in the same CO2-equivalent emissions as inhibitors, even though N2O 

emissions (and NO emissions, in the case of U-based treatments) were significantly 

increased (for both CAN and U) with respect to DMPSA (Chapter 8).  

With regards to N source (urea versus CAN) the efficiency of CAN reducing 

CO2-equivalent emissions in the wheat experiment was the highest (numerically, and 

statistically similar to that of U with DMPSA and/or NBPT) (Chapter 8). Emissions 
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were so low that CAN+DMPSA or split CAN did not show any further improvement 

with respect to the single application of CAN. Further research is needed due to the high 

climatic variability in rainfed semi-arid cropping areas. In irrigated crops, the use of 

CAN was a promising mitigation potential, but was clearly surpassed by the application 

of CAN with DMPSA or through drip-fertigation, and the mitigation depended on the 

campaign. In any case, our results show the use of CAN instead of U should be 

promoted in Mediterranean areas. The meta-analysis of Shcherbak et al. (2014) 

supported these findings, although higher N2O emissions are derived (on average) from 

ammonium nitrate than from U. 

As for inhibitors, the N source and N timing did not show any effect on CH4 

oxidation in the rainfed wheat field (Chapter 8). In the irrigated maize, drip-fertigated 

plots generally reduced methanotrophic activity and respiration fluxes (Chapter 7), but 

it was associated with the irrigation system (sprinkler versus drip) which provides a 

different water distribution within soil surface and depth. The extremely low WFPS 

contents in the dry areas of drip plots decreased both methanotrophic activity and soil 

respiration (Le Mer and Roger, 2001; Fraser et al., 2016). In agreement, that was also 

found in the study of Guardia et al. (2017a), in which the N fertilizers were broadcasted 

(not applied through fertigation) in the drip irrigated plots.  

With regards to rainfed areas, the little increments in CO2 equivalent emissions 

that could be associated to the increased number of fertilizer applications (Lal, 2004) 

reaffirm the use of NIs/UIs and particularly CAN (single application) as the best 

mitigation practices, surpassing split application. In irrigated agro-ecosystems, the water 

saving that is associated with drip irrigated systems (in comparison to sprinkler and 

particularly furrow)  could provide further advantages concerning total GHG emissions 

(Lal, 2004; Aguilera et al., 2015; Sanz-Cobena et al., 2017) and water footprint.  
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In the following section, I discuss the most appropriate GHG mitigation 

practices and the best cost-effective agricultural strategies (and possible synergies or 

incompatibilities) based on their potential economic barriers and opportunities (cost and 

viability, yield, yield-scaled emissions and quality). 

1.3 What are the best cost-effective strategies to increase sustainability in 

Mediterranean agroecosystems? 

1.3.1 Rainfed cropping systems 

In the previous sections, it has been concluded that reduced tillage (particularly 

NT) and crop rotation including legumes (concerning Conservation Agriculture) and the 

use of NIs/UIs and particularly CAN instead of U (concerning fertilization strategies) as 

the most effective GHG mitigation strategies (Table 9.1). These practices must meet the 

sustainability of crop yields and the abatement of yield-scaled emissions (Sanz-Cobena 

et al., 2014a). With regards to tillage practices, NT resulted in similar yields as CT (Van 

Kessel et al., 2013; Pittelkow et al., 2015), while MT reduced grain and biomass 

productivities (Chapter 3). The same tendency was observed in the study of Tellez-Rio 

et al. (2017) and was attributed to the increased weed pressure under MT (Armengot et 

al., 2015; Santín-Montanyá et al., 2016). Considering the small effect of NT on N2O 

fluxes and grain yields, it did not affect yield-scaled N2O emissions, so it can be 

concluded that this practice should be promoted due to the improvement of soil quality 

(Kassam et al., 2010), the sustainability of yields –even an increase of crop yields could 

be produced in dry yields with NT (Morell et al., 2011, Tellez-Rio et al., 2017) - and the 

reduction of total GHGs (CO2 equivalents) (Abdalla et al., 2016). The widespread 

adoption of NT requires overcoming of the main problems identified by farmers (e.g. 

weed presence, herbicide price, legal barriers and resistances, inadequate zero-till drill 

technology in wet clay soils or crop residues management to avoid pest incidence), 
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which often cause NT to be only partially adopted (Carmona et al., 2015). Crop rotation 

including legumes or fallow (as opposed to cereal monoculture) can increase cereal 

yields (Kintché et al., 2015; López-Bellido et al., 2000; Tellez-Rio et al., 2017), but the 

economic margin in the whole rotation (i.e. lower revenue associated to legumes and 

particularly fallow) is under discussion. In this sense, the possible cost abatement 

derived from pest incidence (which is higher under continuous cropping of cereals) 

needs to be considered. Furthermore, the profit margin of vetch and barley can be 

similar in Mediterranean areas e.g. Central Spain (ECREA, 2013). It should be also 

considered that with the new EU mandatory policy, forage legumes (e.g. vetch) are 

liable to receive the greening payment due to crop diversification and surfaces of 

ecological interest (as N fixing crops), and also payments associated to crop production. 

In the recent review of Sanz-Cobena et al. (2017), both Conservation Agriculture (no 

tillage/crop rotation) practices were considered to be advisable considering potential 

costs and benefits. 

Regarding fertilization strategies, inhibitors and CAN significantly reduced NO 

emissions and total CO2-equivalent emissions, with respect to U. In the winter wheat 

experiment, grain yields and quality were also measured in order to gain a better 

understanding of both environmental impacts and farm economy (Chapter 8). The 

substitution of U by CAN also mitigated CO2-equivalent emissions per kg of grain 

yield) without affecting grain yield. Inhibitor-based treatments (U+NI, U+DI and UI) 

resulted in a statistically similar abatement of GHGI as CAN. With regards to 

breadmaking quality, little effect of N source was noticed, but CAN also tended to 

increase grain protein without affecting gluten strength (SDSS volume), while U+DI 

and SCAN were the only treatments which significantly increased grain protein. The 

use of CAN also showed a potential to reduce costs due to the significant improvement 
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of NUE, in comparison to U. The effectiveness of CAN should be analyzed over 

multiple years and in other Mediterranean areas to test if it is the best strategy regardless 

of climatic variability and soil properties. If not, the use of inhibitors with U appears 

also as an advisable practice. Higher manufacturing costs are associated to the double 

inhibitor (NBPT + DMPSA) with respect to single inhibitor forms, while the 

performance of all treatments was similar. When choosing between single-inhibitor 

forms, U+NI was the most effective yield-scaled NO emissions mitigation strategy 

(Chapter 8), but the UI offers further advantages with regards to NH3 mitigation (Pan et 

al., 2016), which are out of the boundaries of this Thesis. In rainfed Mediterranean 

areas, the adoption of Conservation Agriculture practices and the substitution of U by 

CAN are compatible strategies that should be implemented to reduce GHG emissions 

without affecting yields, offering further potential advantages concerning soil quality, 

the reduction of costs from pesticides or increments in NUE or grain protein. 

1.3.2 Irrigated cropping systems 

In this Thesis, several possible practices to mitigate GHG emissions in irrigated 

cropping systems have been evaluated, i.e. the substitution of bare fallow by CCs 

(Chapter 4), the management of N fertilization (i.e. N source, the use of nitrification or 

urease inhibitors) and its interaction with water management (i.e. fertigation) (Chapter 

7). We demonstrated that the use of CCs with an ISFM is a good strategy to reduce total 

CO2-equivalent emissions (Fig. 9.1, Tables 9.1 and 9.2). Therefore, is important to 

assess if this practice leads to similar (or enhanced) yields and similar (or decreased) 

yield-scaled N2O emissions. The previous experiments of Gabriel and Quemada (2011) 

and Gabriel et al. (2016) in the same experimental area did not find any significant 

effect of CCs treatments on grain or biomass yields. With regards to yield-scaled N2O 

emissions (Chapter 4), vetch tended to decrease this ratio, with respect to barley. In 

218 



 Chapter 9 

addition, this treatment also tended to decrease N surplus (Chapter 4) and increase N 

uptake (Gabriel et al., 2016). The main disadvantages attributed to cover cropping 

systems are the depletion of soil moisture in agro-ecosystems with inadequate water 

supply, or the extra expenses of planting and killing the cover crops (Ussiri and Lal, 

2013), although profits could be obtained when CC biomass is sold as forage (Gabriel et 

al., 2013) or through synthetic fertilizer saving in the case of legume CCs (Chapter 4). 

Our results demonstrated that the use of cover cropping in irrigated treatments should be 

encouraged to decrease total GHG emissions without yield penalties. Therefore, the 

reduction of monetary cost and CO2 equivalents associated to lower synthetic N input, 

as well as the numerically increments on N efficiency and reductions of yield-scaled 

N2O emissions and N surplus, suggest vetch as the best cover cropping alternative. 

However, in sandy well-drained soil with a high risk of N leaching, the use of barley 

should be promoted to reduce the water and indirect atmospheric pollution without 

negative trade-offs concerning yield-scaled N2O emissions.  

In the experiment of Chapter 4, the use of CCs was combined with an 

improvement of N management through N rate (ISFM) and a conservation tillage 

system. The first two strategies should be recommended and are compatible with the 

management of water and N during the cash crop, which will be discussed below. In 

contrast, controversy exists about the adoption of Conservation Tillage practices in 

irrigated agro-ecosystems. Even though some studies have reported a lack of yield 

penalties (Boulal and Gómez-Macpherson, 2010; Cid et al., 2014), the complex weed 

management is still an important barrier for NT/MT adoption under irrigated conditions 

(Carmona et al., 2015). The use of CCs under ISFM should be combined (and it is 

feasible) with and adequate management of N fertilization and irrigation during the 

growth of the cash crop. 
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Once the cash crop is established, the efficiency in the mitigation of N oxides 

emissions decreased in the order fertigation > inhibitors > substitution of U by CAN 

(Table 9.1). The UI treatment was not always as efficient as CAN + DMPSA, while the 

mitigation potential of CAN without DMPSA was dependent on irrigation management 

in the first week after N addition. All these proposed practices, alternative to the 

conventional dressing application of U under sprinkler irrigation, did not show any 

effect on grain yield (Chapter 7). Biomass yield was generally increased in the case of 

fertigation treatments, although that did not involve an increment of aboveground N 

uptake due to the relatively high biomass production of the drip-irrigated control. 

Regarding inhibitors-based strategies, a significant effect was noticed only in the second 

campaign and for DMPSA. This increment could be a result of a “residual effect” of 

inhibitors, as found by Alonso-Ayuso et al. (2016) for DMPP, and as a consequence of 

possible temporal microbial immobilization or strong binding (to organic matter-clay 

matrix) of pyrazole compounds (Chapter 5), which showed a less amount recovered on 

the mineralization and soil extractable pool. 

Due to the small influence of these strategies on crop productivities, the 

alternative management strategies based on inhibitors, N source or fertigation led to a 

significant depletion of yield-scaled N2O emissions. During the first campaign of 

cropping, fertigation surpassed inhibitors as a yield-scaled mitigation strategy. As for 

biomass yield, in the second campaign the inhibitors performed similarly as fertigation, 

suggesting again a residual effect that should be investigated in further essays. In 

summary, fertigation arises as the most promising alternative to reduce the GHG 

emissions per kilogram of grain yield, without affecting grain productivities in irrigated 

maize crops. The extension of fertigation has been proposed as a promising mitigation 

strategy in Mediterranean areas, where water scarcity is often of major concern (Abalos 
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et al., 2014a). This practice can provide a remarkable public net benefit (through 

mitigation) and also a considerable private net benefit to the farmer, so its widespread 

adoption requires the extension and training to farmers without strongly requiring 

positive incentives or technology change (Sanz-Cobena et al., 2017). Under certain 

conditions, fertigation can suppose noteworthy economic and technical barriers (e.g. 

conversion from other irrigation system or maintenance, particularly in big surfaces). In 

these cases, the use of UI and NIs such as DMPSA should be considered also as a good 

alternative. The change of U to CAN appears as a less efficient option, but mandatory 

for farmers that cannot afford the implementation of fertigation or the use of inhibitors. 

In this case, the irrigation by sprinklers should be limited during the following days to 

prevent high losses from denitrification (Chapter 7).  

2. Advances in the knowledge of biotic processes involved in N oxides emission

This Thesis has improved the knowledge of N oxides emissions in

Mediterranean areas from a mechanistic point of view, especially for nitrification 

inhibitors and emissions from cover cropping management in irrigated maize.  Our 

findings highlighted that during the emission peaks, the contribution of synthetic 

fertilizers and endogenous N is highly dependent on N fertilization management. Thus, 

the combination of CCs and adjusted synthetic N rates resulted in a relatively low 

amount (30-70%) of N2O coming from exogenous N sources (Chapter 4), as recently 

found by Wang et al. (2016). Moreover, an effect of the type of CC residue was found, 

suggesting that the use of cereal CCs can increase N2O losses coming from synthetic 

fertilizer applied during the maize phase, particularly if conventional synthetic N rates 

are applied. On the other hand, the contribution of synthetic fertilizer can reach almost 

100% in the N2O emission peaks when cover cropping management is not implemented, 

although the role of endogenous soil N is not always negligible (Chapter 6). In this 
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sense, the numerical (but not statistically significant) reduction of soil N2O emissions in 

the DMPSA treatment (Chapter 6) reasserted that the use of NIs as a good mitigation 

strategy, also in cover-cropping managed irrigated systems. 

Our 15N experiment (Chapter 6) confirmed the predominance of nitrification 

(and/or nitrifier denitrification and/or coupled nitification-denitrification) in the 

production and release of N oxides, and demonstrated the high NIs efficacy reported in 

this Thesis (Chapters 6, 7) and previous studies in Mediterranean cropping systems 

(Cayuela et al., 2017). The double labeled 15NH4
15NO3 experiment confirmed both 

qualitatively and quantitatively that the reduction of N2O loss coming from the NH4
+ -N 

was due to the DMPSA inhibitor. Moreover, the effect of DMPSA on denitrifying 

microorganisms is in agreement with Kou et al. (2015), who found that DMPP but not 

DCD affected the community of denitrifiers. This effect on denitrifying communities 

could help explain the high N oxides mitigation efficacy of DMPSA in irrigated maize, 

in spite of the low nitrification inhibition capacity of the pyrazole-NI DMPP in the 

calcareous soil at high soil temperatures, which was found in the incubation experiment 

(Chapter 5). With regards to NBPT, an effect on denitrification potential was also found 

by Sanz-Cobena et al. (2014c). This effect on non-targeted microorganisms could also 

contribute to explain the high effectiveness of UI on the abatement of N oxides that was 

observed in this Thesis (Chapter 7 and 8) under contrasting cropping systems. 

It has been showed that the use of DMPP is of interest when applied with 

organic N sources in Mediterranean conditions (Guardia et al., 2017a), and also could 

be effective in temperate grasslands soils (Chapter 5). The new NI DMPSA appears to 

be a better mitigation option in summer irrigated crops in Mediterranean areas, 

especially considering that DMPP is unstable with basic reaction fertilizers as CAN 

(Huérfano et al., 2016). Further research is needed to confirm if DMPSA has the same 
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behavior as DMPP with regards to mineralization, binding to organic matter/clays and 

microbial uptake, being the 14C labelling a novel and accurate technique under 

laboratory conditions.  

3. Future Research

During our research we found a number of knowledge gaps that should be 

addressed by future field research. With regards to inhibitors, our results in Chapter 5 

highlighted that even though soil properties affecting DCD efficacy have been broadly 

assessed (McGeough et al., 2016), the drivers of the effectiveness pyrazole-based 

compounds (i.e. DMPP, DMPSA) need to be further addressed under laboratory and 

field conditions. The recent study of Abalos et al. (2017) pointed out that the climatic 

variability of Mediterranean areas affected the effectiveness of inhibitors. Therefore, the 

comparison between urease and/or nitrification inhibitors versus other N management 

practices (N timing, N source) under rainfed conditions (Chapter 8) requires the 

evaluation through several consecutive cropping campaigns in order to confirm our 

results. In Chapter 6, an effect of DMPSA on non-target microbiological processes (i.e. 

denitrification, soil respiration) was reported. This 15N tracing study under field 

conditions could be complemented with an analysis of the functional genes involved in 

these non-target soil biochemical processes. This effect has been demonstrated by Kou 

et al. (2015), but under different management (e.g. NIs rate) and ecological conditions. 

Since a possible “adaptation effect” of soil microbiota was suggested in Chapter 5, 

assessing the response of non-target microorganisms to the application of NIs within 

consecutive years in contrasting soils is an issue of major interest. The possible effect of 

NIs on denitrifying communities should also be addressed in Mediterranean areas 

through the release of N2 (the end product of denitrification), which has been recently 

performed under field conditions and 15N analysis (Buchen et al., 2016). 
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The study of Alonso-Ayuso et al. (2016) confirmed a residual effect of DMPP 

on crop yield. In Chapter 7, a better performance of DMPSA regarding N2O mitigation 

and biomass production was found in the second campaign of application. This effect 

should be further investigated under different edaphic, climatic and management 

conditions. Moreover, results of Chapter 5 suggest that a considerable proportion of NIs 

(or their metabolites) could remain in the soil after the cropping season. Therefore, the 

possible “residual effect” on N2O emission should be also studied without applying 

again the NI in the following campaign, being the 15N labelling an adequate tool for this 

purpose.  

Crop rotations and NIs have been proposed as advisable yield-scaled mitigation 

strategies in both rainfed and irrigated cropping systems (see section 4.1 and 4.2 of this 

Chapter). The inclusion in the rotation of crops whose residues or root exudates produce 

“biological nitrification inhibition” (Subbarao et al., 2015), such as Brassicaceae or 

some cereal landraces (O’Sullivan et a., 2016) may enhance the CO2-equivalent 

emissions mitigation potential achieved when legumes (Chapter 3, 4) or fallow (Tellez-

Rio et al., 2015b) cropping phases are established. 

The relevance of an accurate assessment of dominant biochemical processes for 

adopting the best cost-effective practices has been pointed out throughout this Thesis, 

particularly on Chapter 6. Elaborating on the knowledge of biotic mechanisms in 

Mediterranean areas through genetic (i.e. abundance of gene encoding the enzymes that 

catalyze the steps of nitrification and denitrification, e.g. Amo, NirS, NirK, NosZ) and 

isotopic techniques (e.g. 15N and 18O, isotopomers 14N15N16O and 15N14N16O) may 

contribute to complement the results of Chapter 6, enabling the differentiation between 

the processes derived from NH4
+ oxidation (Decock and Six, 2013). 
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In a context of increasing worldwide population and food demand, the need of 

considering the amount of N emitted in relation to the N yielded (or per kilogram of 

grain/biomass production) was proposed by Van Groenigen et al. (2010) and is 

currently widespread in studies measuring GHGs, together with NUE and N surplus, as 

in the different chapters of this Thesis. In addition, the cost-benefit assessment of the 

proposed mitigation strategies also demand the evaluation of crop quality, as performed 

in Chapter 8. The N management (source, timing, fertilizer technology) has been shown 

to influence the parameters related to chemical (e.g. % of grain protein) and 

technological (e.g. breadmaking) quality, and additional analyses (e.g. gliadins and 

glutenins, influence of N management in the quality other crops) could be done in future 

experiments.  

The results of this Thesis confirm those of the meta-analysis of Cayuela et al. 

(2017) that the IPCC default EF and TIER 1 methodology often overestimates the 

emission of N oxides (particularly N2O) in Mediterranean areas. The broadly 

implementation of automatic measurement techniques will be necessary to obtain the 

EFs of each region, crop and management condition with increased accuracy.  
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Based on the research objectives described in Chapter 2, the following conclusions can 

be drawn: 

1. Low N2O emissions per kilogram of N applied, below the 1% IPCC default

value, particularly in rainfed agro-ecosystems (barley, vetch and wheat crops),

were verified. Consequently, the consideration of other GHG sources and sinks

(i.e. CH4 oxidation, SOC stocks, inputs and farm operations) is needed to

recommend the best management practices.

2. The use of Conservation Agriculture practices such as NT and crop rotation

including legumes, as opposed to continuous cropping of winter cereals, could

be considered as a good strategy in semiarid agro-ecosystems for decreasing net

GWP without affecting crop yield.

3. The use of non-legume and, particularly, legume CCs combined with ISFM

could be considered as an efficient practice to decrease CO2-equivalent

emissions without yield penalties in irrigated maize. With regards to direct N2O

emissions, the use of CCs increased these losses during the intercropping stage,

but not from the whole annual rotation. The high influence of the cash crop

(maize) phase over total N2O losses was not only due to N synthetic fertilization,

but also to CC residue mineralization and especially endogenous soil N.

4. Contrary to previous findings, higher mineralization of 14C-DMPP was

observed, in comparison to that of 14C-DCD, although the kinetics of

mineralization (which increased with temperature) of these nitrification

inhibitors did not seem to have major influence on their inhibition efficacy.  The

nitrification inhibition efficacy of DMPP was highly dependent on soil type (in

comparison to that of DCD), decreasing in the basic low-organic C content soil.
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5. Both the enhanced efficiency N fertilizers (e.g. nitrification inhibitors such as

DMPSA) and the choice of the appropriate N source (e.g. CAN instead of urea)

are advisable N oxides mitigation practices. The use of the new nitrification

inhibitor DMPSA in irrigated crops should be recommended to decrease N2O

emissions coming from NH4
+ oxidation (which was the main contributor) and

even from NO3
- reduction (i.e. denitrification).

6. Compared with conventional management of irrigated maize, two strategies

arose as the most effective to abate losses of N oxides and GHG emissions while

maintaining yields: N supply through drip-fertigation (regardless of N source: U

or CAN) and the use of the new nitrification inhibitor DMPSA in sprinkler

irrigation.

7. The use of nitrification (e.g. DMPSA) and/or urease inhibitors (e.g. NBPT) or

the substitution of urea by CAN should be recommended to minimize the ratio

of N oxides emissions per kilogram of grain yield, and consequently to increase

the sustainability of rainfed winter-cereal cropping systems in Mediterranean

areas, without apparent breadmaking quality penalties.

8. Overall, in rainfed Mediterranean areas, the adoption of Conservation

Agriculture practices (i.e. no tillage and crop rotation including legumes) and the

substitution of urea by CAN are compatible strategies that should be

implemented to reduce GHG emissions without affecting yields, offering further

potential advantages concerning soil quality, the reduction of costs from

pesticides or increments in NUE or grain protein. Concerning irrigated cropping

systems, the combination of cover crops, integrated soil fertility management

and fertigation arises as best option to reduce the GHG emissions per kilogram

of grain yield, without affecting grain productivities in irrigated maize crops.
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The use of urease and nitrification inhibitors should be considered also as a good 

alternative. 
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